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CGRM'S

Ceramic, Glasses and Refractory
Composite Materials Symposium
Seramik, Cam ve Refrakter 
Malzemeler Sempozyumu

EM'S Energy Materials Symposium
Enerji Malzemeleri Sempozyumu

MDPM'S

Materials Degradation and Protection Methods
Symposium
Malzemelerin Bozunumu ve Korunma Yöntemleri
Sempozyumu

MST'S Melting and Solidifi cation Technologies Symposium
Ergitme ve Katılaşma Teknolojileri Sempozyumu

NFM'S

Non-Ferrous Materials; Production and
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Recycling and Metallurgical Waste
Management Symposium
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STA'S

Steelmaking Technologies and
Applications Symposium
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25 October Thursday / 25 Ekim Perşembe 2018
Hall Sedef / Salon Sedef

11.20 - 12.00 Nanoceramic Dispersion Strengthened 316L Stainless 
Steels: Structural and Mechanical Properties

CSABA BALÁZSI
Hungarian Academy of Sciences - Hungarian

26 October Friday / 26 Ekim Cuma 2018
Hall Marmara / Salon Marmara

13.30 - 14.10 SHS as Possible Alternative Production Route for 
Ni50-XTi50CuX SMA: Advantages and Limitations

PAOLA BASSANI
CNR ICMATE Institute of Condensed Matter Chemistry and 
Technologies for Energy - Italy

26 October Friday / 26 Ekim Cuma 2018
Hall Karadeniz / Salon Karadeniz

13.30 - 13.50 State of Charge Measurement Techniques on 
Electrochemical Cells Based on Impedance Spectroscopy

CAN AKSAKAL
İnci GS Yuasa Akü Sanayi - Türkiye

27 October Saturday / 27 Ekim Cumartesi 2018
Hall Marmara / Salon Marmara

15.10 - 15.50 Structural Properties of Nanocomposite SiO2-TiO2 
Microspheres

SIMION SIMON
Babes-Bolyai University - Romania
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Uygulamaları Sempozyumu

NFM'S
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NFM'S
Session 1
Session Chairman / Oturum Başkanı: CEM KAHRUMAN

10.00 - 10.20 An Investigation of the Microstructure and Mechanical Properties of Inconel 718 and 
Hastelloy-X Alloys Produced by Selective Laser Melting
Bertu Birkan Gül, Yeşim Nur Gülcan, Güney Mert Bilgin
Tusaş Engine Industries Inc.
Türkiye

10.20 - 10.40 The Effect of Thermohydrogen Process on the Mechanical Properties of the Ti-6Al-4V Alloy 
Produced by Selective Laser Melting
Güney Mert Bilgin¹, Ziya Esen², Arcan F. Dericioğlu¹
¹Middle East Technical University, ²Çankaya University
Türkiye

10.40 - 11.00 Design, Production and Characterization of AlTiVMnSiX (x=0.25, 0.50) Low Density High 
Entropy Alloys (LDHEAs)
Gökhan Polat¹,², Ziya Anıl Erdal¹, Yunus Eren Kalay¹
¹Middle East Technical University, ²Necmettin Erbakan University
Türkiye

NFM'S
Session 2
Session Chairman / Oturum Başkanı: GÖKHAN ORHAN

11.20 - 11.40 A Brief Review of Hydrometallurgical Methods in Extractive Metallurgy of Marine Ores
Arman Ehsani¹,²,³, Burçin Kaymakoğlu¹, İlhan Ehsani², Yakup Emre Tanrıkulu¹
¹Adana Science and Technology University, ²Hacettepe University, ³Karadeniz Technical University
Türkiye

11.40 - 12.00 Dissolution Behaviour of Lateritic Nickel Ore in HCl and HCl-C2H5OH-H2O Medias
Fatih Celalettin Türkmen, Gürkan Oymak, Elif Uzun
Marmara University
Türkiye

12.00 - 12.20 Roasting of Molybdenite Concentrates in Pilot Scale Rotary Furnace
Selçuk Kan, Kağan Benzeşik, M. Şeref Sönmez, Onuralp Yücel
İstanbul Technical University
Türkiye

12.20 - 12.40 Electrochemical Formation of Alloys of Aluminum in Molten Salts
Çağlar Polat¹, Metehan Erdoğan², İshak Karakaya¹
¹Middle East Technical University, ² Ankara Yıldırım Beyazıt University
Türkiye

25 October Thursday / 25 Ekim 2018
Hall Marmara / Salon Marmara
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NFM'S
Session 3
Session Chairman / Oturum Başkanı: ARCAN DERİCİOĞLU

13.30 - 13.50 Effect of Ti Addition on Microstructure, Mechanical Properties and Wear Behavior of a 
Nickel Aluminum Bronze
Turhan Ürün Koçak¹, Tuba Özeren², C. Fahir Arısoy¹ 
¹İstanbul Technical University, ²Sağlam Metal Sanayi ve Ticaret A.Ş.
Türkiye

13.50 - 14.10 Synthesis and Structural Characterization of Co-Al Binary Alloys
Ali Fırat Dinler, Amdulla O. Mekhrabov, M. Vedat Akdeniz 
Middle East Technical University
Türkiye

14.10 - 14.30 Production and Characterization of Ti-Mg Composites for Various Applications
Ezgi Bütev Öcal¹,², Ziya Esen¹, Arcan F. Dericioğlu²
¹Çankaya University, ²Middle East Technical University
Türkiye

14.30 - 14.50 The Impact of Volume Fraction of Commercially Pure Titanium Reinforcement on 
Aluminium Matrix Bimetal Composite Properties 
Kaan Gençer, Rıdvan Gecü, Ahmet Karaaslan
Yıldız Technical University
Türkiye

NFM'S
Session 4
Session Chairman / Oturum Başkanı: İSHAK KARAKAYA

15.10 - 15.30 Reduction of Germanium Dioxide by Ethanol
Melek Cumbul Altay, Şerafettin Eroğlu
İstanbul University-Cerrahpaşa
Türkiye

15.30 - 15.50 The Effect of Nano Al2O3 Particle Addition on the Mechanical Properties of Mg-5Sn Alloy
Hüseyin Karaer, Güven Yarkadaş, Güher Tan, Hüseyin Şevik
Mersin University
Türkiye

15.50 - 16.10 Effect of Alloying Elements on Microstructure of Ni-15Al Superalloys
Mehmet Şahin Ataş¹,², Mehmet Yıldırım¹,²
¹Selçuk University,²Konya Technical University
Türkiye

16.10 - 16.30 Investigation of Zn Addition on Mechanical and Microstructural Properties at Brazed 
Material
Çisem Doğan, Ali Ulaş Malcıoğlu, Canan İnel 
ASAŞ Alüminyum Sanayi ve Ticaret A.Ş.
Türkiye

25 October Thursday / 25 Ekim 2018
Hall Marmara / Salon Marmara
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16.50 - 17.10 Effect of Mechanical Alloying and Sequential Milling on the Microstructure and 
Mechanical Properties of Al-12.6 wt.% Si-2 wt.% VB2/VC Hybrid Composites
Emre Tekoğlu, Sıddıka Mertdinç, Duygu Ağaoğulları, Mustafa Lütfi Öveçoğlu
İstanbul Technical University
Türkiye

17.10 - 17.30 Characterization Investigations of NbB2/NbC Particulate Reinforced Al-7 Wt.% Si 
Composites Synthesized via Various Milling Processes and Pressureless Sintering
Sıddıka Mertdinç, Emre Tekoğlu, Duygu Ağaoğulları, Mustafa Lütfi Öveçoğlu
İstanbul Technical University
Türkiye

17.30 - 17.50 The Effect of Ball Milling Time on the Properties of Silver Coated Copper Materials 
Produced by Powder Metallurgy
Temel Varol, Ümit Alver, Onur Güler, Fatih Erdemir
Karadeniz Technical University
Türkiye

NFM'S
Session 5
Session Chairman / Oturum Başkanı: ERMAN CAR

25 October Thursday / 25 Ekim 2018
Hall Marmara / Salon Marmara

26 October Friday / 26 Ekim 2018
Hall Marmara / Salon Marmara

NFM'S
Session 6
Session Chairman / Oturum Başkanı: S. CAN KURNAZ

10.00 - 10.20 Magnesium Alloys: Current Status
A. Arslan Kaya¹, Gianfranco Palumbo², Donato Sorgente³,4

¹Muğla Sıtkı Koçman University, ²Politecnico di Bari, 
³Università degli Studi della Basilicata, 4IFN UOS Bari
Türkiye, Italy

10.20 - 10.40 Magnesium as a Critical Raw Material
Ahmet Turan¹, Erman Car², Onuralp Yücel³
¹Yalova University, ²Metkim Ltd., ³İstanbul Technical University
Türkiye

10.40 - 11.00 Magnesium Metal Production with Magneterm Process by Using Aluminum Powder
Yahya Bayrak, Mahmut Erol, Sercan Basit, Ahmet Ekerim
Yıldız Technical University
Türkiye
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26 October Friday / 26 Ekim 2018
Hall Marmara / Salon Marmara

11.20 - 11.40 Improvement of Mg-Based ZXM Alloys as Degradable Biomaterials
Alper İncesu, Ali Güngör
Karabük University
Türkiye

11.40 - 12.00 Investigation of Effect of Boron Additions on AZ 80 Magnesium Alloy Properties
S. Can Kurnaz, Ahmet Özel, Aysun Ayday
Sakarya University
Türkiye

12.00 - 12.20 Effect of the Cu Alloying on the Precipitation Behavior of Al-Mg-Si Alloys
Seren Özer, Arcan F. Dericioğlu
Middle East Technical University
Türkiye

12.20 - 12.40 Wear Behavior of SiC Reinforced AZ91 Magnesium Matrix Composites Fabricated by High 
Pressure Die Casting
Ali Serdar Vanlı, Bedri Onur Küçükyıldırım, Anıl Akdoğan
Yıldız Technical University
Türkiye

NFM'S
Session 7
Session Chairman / Oturum Başkanı: Ali ULUS

NFM'S
Session 8
Session Chairman / Oturum Başkanı: BORA DERİN

13.30 - 13.50 SHS as Possible Alternative Production Route for Ni50-XTi50CuX SMA: Advantages and Limitations
Paola Bassani¹, Enrico Bassani¹, Berk Keskin², Bora Derin²
¹CNR ICMATE Institute of Condensed Matter Chemistry and Technologies for Energy, ²İstanbul Technical 
University
Italy, Türkiye
(Invited Lecturer)

13.50 - 14.10 Production of Nickel Boron Alloys via Self-Propagating High Temperature Synthesis
Ömür Can Odabaş¹, Mehmet Buğdaycı², Selçuk Kan¹, Onuralp Yücel¹
¹İstanbul Technical University, ²Yalova University 
Türkiye

14.10 - 14.30 The Fabrication and Characterization of Ternary Boride Composites by Combustion 
Synthesis Method
Sevinch Rahimi Moghdaam, Bora Derin
İstanbul Technical University
Türkiye

14.30 - 14.50 Effect of BaO, CaO and CaC2 Addition on the Metallothermic Sr Production 
Mehmet Buğdaycı¹, Ahmet Turan¹, Onuralp Yücel²
¹Yalova University, ²İstanbul Technical University
Türkiye
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15.10 - 15.30 Removal of Carbonaceous Species in Aluminium Melts 
Mertol Gökelma, Trygve Storm Aernæs, Gabriella Tranell 
Norwegian University of Science and Technology 
Norway

15.30 - 15.50 Investigation of the Parameters that Affect the Vacuum Metalothermic Method and the 
Calcium Reduction
Kerem Can Taşyürek¹, Mehmet Buğdaycı¹,², Onuralp Yücel¹
¹İstanbul Technical University, ²Yalova University
Türkiye

15.50 - 16.10 The Effect of Cold Deformation Factors on the Mechanical Behaviour of 3XXX Serial 
Wrought Processing Alloys
Hamdi Ekici, Emre Petek, Onur Ay, Ayşegül Bilen, Ali Ulus
Teknik Alüminyum Sanayi A.Ş.
Türkiye

16.10 - 16.30 The Retrogression and Re-Aging of AA2048
G. İpek Selimoğlu, Merve Halimler
Eskişehir Technical University
Türkiye

NFM'S
Session 9
Session Chairman / Oturum Başkanı: PAOLA BASSANI

26 October Friday / 26 Ekim 2018
Hall Marmara / Salon Marmara

NFM'S
Session 10
Session Chairman / Oturum Başkanı: MERTOL GÖKELMA

16.50 - 17.10 Towards Saving Some of Your Fuel
Zeynep Begüm Kurt¹, Tanya Aycan Başer², A. Arslan Kaya³
¹Toksan Yedek Parça İmalat Ticaret ve Sanayi A.Ş, ² Tofaş Türk Otomobil Fabrikası A.Ş., ³Muğla Sıtkı Koçman 
University
Türkiye

17.10 - 17.30 Production of Al2024 Foams by Powder Space Holder Technique
Temel Varol, Müslim Çelebi, Aykut Çanakçı, Serdar Özkaya
Karadeniz Technical University
Türkiye

17.30 - 17.50 Effect of Chemical Composition, Solution Treatment and Artificial Aging on Microstructure 
and Mechanical Properties of AA 2011
O. Halil Çelik, Asım Zeybek, Görkem Özçelik, Mehmet Buğra Güner
ASAŞ Alüminyum Sanayi ve Ticaret A.Ş.
Türkiye
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27 October Saturday / 27 Ekim 2018
Hall Marmara / Salon Marmara

NFM'S
Session 11
Session Chairman / Oturum Başkanı: AHMET TURAN

10.20 - 10.40 The Effect of Thermomechanical Treatment on Aging Behavior of AA2048
G. İpek Selimoğlu, Kadir Yalçın, Ertuğrul İşlek
Eskişehir Technical University
Türkiye

10.40 - 11.00 Comparison of Wear and Mechanical Properties of Copper Alloys Used as Welding 
Electrodes and Plunger Tips
Tuba Özeren, Taner Yenigün, Nebi Akgün, Erkan Artut, Feriha Birol
Sağlam Metal A.Ş.
Türkiye

NFM'S
Session 12
Session Chairman / Oturum Başkanı: ALİ ARSLAN KAYA

11.20 - 11.40 Effect of Different Air Venting Desings on Porosity in High Pressure Aluminum Die Casting Process
Aykut Doğan¹,², Onur Kenar¹,², Burak Erdil¹, Ekrem Altuncu²
¹Arpek Arkan Aluminum, ²Sakarya University
Türkiye

11.40 - 12.00 Manufacturing of Aluminium Alloy Couplings at Different Temperatures and Pressures For 
Fire Cabinets and Fire Hoses
Hüsnügül Yılmaz Atay¹, Hakan Oktar², Nazım Haydar Yıldırım², Özgür Atay²
¹İzmir Katip Çelebi University, 
²A Yangın Güvenlik Sistemleri  San. Tic. A.Ş
Türkiye

12.00 - 12.20 Investigation of Mechanical Properties of SiC and Al2O3 Reinforcement in Aluminum Metal 
Matrix Composite Produced by Mechanical Stirring Promoted with Ultrasonic Stirring 
Application
U. Aybarç¹, D. Dışpınar², E. Dokumacı³, O. Ertuğrul4, M. Ö. Seydibeyoğlu4

¹CMS Jant ve Makine San. A.Ş., ²İstanbul University-Cerrahpaşa, 
³Dokuz Eylül University, 4İzmir Katip Çelebi University
Türkiye

12.20 - 12.40 Effect of Preform Binders on the Properties of AA7075 Matrix Composites
Kubilay Öztürk, Alptekin Kısasöz, Ahmet Karaaslan
Yıldız Technical University
Türkiye
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27 October Saturday / 27 Ekim 2018
Hall Marmara / Salon Marmara

NFM'S
Session 13
Session Chairman / Oturum Başkanı: AHMET KARAASLAN

13.30 - 13.50 Effects of Reheating Time on Hardness and Microstructural Properties of Thixoforged 
AA2014 Alloy Manufactured via Cooling Slope Casting
Serhat Acar, Kerem Altuğ Güler
Yıldız Technical University
Türkiye

13.50 - 14.10 Investigation of Alternative Thermo-Mechanical Processes in 3005 Aluminum Alloy for 
Automotive Industry
Çisem Doğan, Ali Ulaş Malcıoğlu, Canan İnel
ASAŞ Alüminyum Sanayi ve Ticaret A.Ş.
Türkiye

14.30 - 14.50 Measurement of Thermal Conductivity Variation with Temperature for Solid Materials 
Using Longitudinal Heat Flow Method
Mahmut Erol, Sercan Basit, Yahya Bayrak, Necmettin Maraşlı
Yıldız Technical University
Türkiye
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Ceramic, Glasses and 
Refractory Materials Symposium 

Seramik, Cam ve 
Refrakter Malzemeler Sempozyumu

CGRM'S
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25 October Thursday / 25 Ekim 2018
Hall Sedef / Salon Sedef

CGRM'S
Session 1
Session Chairman / Oturum Başkanı: ÇEKDAR VAKIFAHMETOĞLU

10.00 - 10.20 Influence of Graphite Type on the Properties of Al2O3-SiC-C Castables 
Ziya Aslanoğlu
Superates Refractory Inc
Türkiye

10.20 - 10.40 Investigation of the Effect of Silicon Carbide Additive on Mechanical and Thermal 
Properties of Alumina Silicate Refractories
Bora Yay, H. Çağdaş Karakuş, Erhan Akıncı
CMS Jant ve Makina Sanayi A.Ş.
Türkiye

10.40 - 11.00 MgO C Tuğlalarda Antioksidan Kaynağı Olarak Kullanılan Al, Mg, Si, Mg-Al Alaşımları ve 
Bunların Kombinasyonlarının Koklaşma Sonrası Özelliklere, Oksidasyon Davranışına ve 
Hidratasyon Direncine Etkisi
Görkem Yanık, Ozan Uylas, Yakup Yalçınkaya, Özkan Kurukavak, Nafiz Özdemir
Kütahya Manyezit Sanayi A.Ş.
Türkiye

CGRM'S
Session 2
Session Chairman / Oturum Başkanı: FİLİZ ŞAHİN

11.20 - 12.00 Nanoceramic Dispersion Strengthened 316L Stainless Steels: Structural and Mechanical 
Properties
Csaba Balázsi
Hungarian Academy of Sciences
Hungarian
(Invited Lecturer)

12.00 - 12.20 Performance of Solid SiAlON Milling Tools Doped With Different Rare Earth Elements on 
High Speed Milling of Inconel 718
Ali Çelik¹, Melike Sert Alağaç², Alpagut Kara³, Servet Turan³, Ferhat Kara³
¹Bilecik Şeyh Edebali University, ²Alp Aviation Co., ³Anadolu University
Türkiye

12.20 - 12.40 The Effects of Phase Diversity on the Optical Properties of SiAlON Ceramics
Suna Avcıoğlu¹, Semra Kurama²
¹Ondokuz Mayıs University, ²Anadolu University
Türkiye
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25 October Thursday / 25 Ekim 2018
Hall Sedef / Salon Sedef

CGRM'S
Session 3
Session Chairman / Oturum Başkanı: AYŞE KALEMTAŞ

13.30 - 13.50 Effect of Zircon and Y2O3 Addition on the Sintering and Mechanical Behaviour of In-Situ 
Formed Spinel-Mullite-Corondum Ceramic Composites
Neslihan Başaran, Gökhan Tuğyanoğlu, Ahmet Çapoğlu
Gebze Technical University
Türkiye

13.50 - 14.10 The Effects of a Newly Developed Binder System on the Slag Corrosion Behavior and 
Thermal Shock Resistance of an Alumina Based Cement Free Castable
Melis Oktay¹, Serdar Özgen²
¹Metamin A.Ş., ²İstanbul Technical University
Türkiye

14.10 - 14.30 Tribological Properties of a Porous Sodium Borosilicate Glass
Emre Burak Ertuş¹,², Çekdar Vakıfahmetoğlu³, Abdullah Öztürk¹
¹Middle East Technical University, ²KTO Karatay University, ³İzmir Institute of Technology
Türkiye

14.30 - 14.50 Production of Photocatalytically Active TiO2-P2O5 Glasses by the Sol-Gel Process
Yiğit Cansın Öztürk¹, Asmae Bouziani¹, Mert Efe¹, Jongee Park², Volkan Kalem³, Abdullah Öztürk¹
¹Middle East Technical University, ²Atılım University, ³Selçuk University
Türkiye

CGRM'S
Session 4
Session Chairman / Oturum Başkanı: ABDULLAH ÖZTÜRK

15.10 - 15.30 Production and Development of AlON Ceramics with Various Additives by Reactive Spark 
Plasma Sintering
Müfit Kaçar, Sefa Mert Semerciöz, Mert Atay, Ahmet Hakan Güler, Demet Aydoğmuş, Barış 
Yavaş, İpek Akın Karadayı, Gültekin Göller, Onuralp Yücel, Filiz Şahin
İstanbul Technical University / Türkiye

15.30 - 15.50 Effect of Eu3+ and Tb+3 Doping Content on Optical Properties of Lu2O3 Produced for 
Scintillation Applications
Tolga Taylı¹, Behiye Yüksel², Gökhan Orhan¹, Berk Alkan³, Ahmet Umut Söyler4, Kadri Vefa Ezirmik5

¹İstanbul University-Cerrahpaşa, ²İstanbul Aydın University, ³İstanbul Technical University, 4Teta Glass 
Technologies, 5Atatürk University / Türkiye

15.50 - 16.10 Application of Two-Stepped Ion Exchange on Soda Lime Glass for Mechanical Improvement
Süheyla Aydın, Duygu Güldiren, İpek Erdem
İstanbul Technical University / Türkiye

16.10 - 16.30 The Effect of Annealing Time Period on the Internal Stress of the Artistic Glasses 
Göktuğ Günkaya, Ecem Yılmaz
Anadolu University / Türkiye
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CGRM'S
Session 5
Session Chairman / Oturum Başkanı: ONURALP YÜCEL

16.50 - 17.10 Transparent Glazes with Basalt Addition 
Elif Eren Gültekin
Selçuk University
Türkiye

17.10 - 17.30 Optimizing the Migration Behavior of Enamel Coatings Used as Food Contact Materials 
Kağan Benzeşik¹, Meltem İpekçi¹, Alper Yeşilçubuk², Filiz Çınar Şahin¹, Onuralp Yücel¹
¹İstanbul Technical University, ²Arçelik A.Ş. 
Türkiye

17.30 - 17.50 SiOC Ceramic for Water Purification 
Damla Zeydanlı¹, Çekdar Vakıfahmetoğlu²
¹İstanbul Technical University, ²İzmir Institute of Technology
Türkiye

25 October Thursday / 25 Ekim 2018
Hall Sedef / Salon Sedef

26 October Friday / 26 Ekim 2018
Hall Sedef / Salon Sedef

CGRM'S
Session 6
Session Chairman / Oturum Başkanı: ALPAGUT KARA

10.00 - 10.20 Investigations on Alternative Matrix Materials Towards the Efficiency of SiC Formation in 
C/SiC Ceramic Composites
Simge Tülbez¹, Ziya Esen², Arcan F. Dericioğlu¹
¹Middle East Technical University, ²Çankaya University
Türkiye

10.20 - 10.40 Synthesis of High Purity Boron Carbide Powders via 
Sol-Gel Method
Suna Avcıoğlu¹,², Figen Kaya², Cengiz Kaya³
¹Ondokuz Mayıs University, ²Yıldız Technical University, 
³Sabancı University
Türkiye

10.40 - 11.00 Effect of GNP-CNT (GNT) Addition on Properties of ZRC-TIC Composites Prepared by Spark 
Plasma Sintering
Burak Çağrı Ocak, Barış Yavaş, İpek Akın, Onuralp Yücel, Filiz Şahin, Gültekin Göller
İstanbul Technical University
Türkiye



2719. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

26 October Friday / 26 Ekim 2018
Hall Sedef / Salon Sedef

CGRM'S
Session 7
Session Chairman / Oturum Başkanı:  FİGEN KAYA

11.20 - 11.40 Investigation the Oxidation Resistance of TZM Alloy Prepared by Spark Plasma Sintering 
Method
Barış Yavaş, İpek Akın, Onuralp Yücel, Filiz Şahin, Gültekin Göller
İstanbul Technical University
Türkiye

11.40 - 12.00 Reactive Spark Plasma Sintering of TaB2 Ceramics
Melis Kaplan, Onuralp Yücel, Filiz Şahin, Gültekin Göller, İpek Akın
İstanbul Technical University
Türkiye

12.00 - 12.20 Mechanical Properties and Oxidation Behavior of TiB2-GNP Composites
Burak Çağrı Ocak, Filiz Çınar Şahin, Gültekin Göller, İpek Akın
İstanbul Technical University
Türkiye

12.20 - 12.40 High-Frequency Induction Heating Sintering of Electrospray Deposited La2Mo2O9

Suna Avcıoğlu, Tuğba Mutuk, Mevlüt Gürbüz, Sinem Çevik
Ondokuz Mayıs University
Türkiye

CGRM'S
Session 8
Session Chairman / Oturum Başkanı: ÇEKDAR VAKIFAHMETOĞLU

13.30 - 13.50 Investigation of Li Addition on Physical and Electrical Properties of KNN Ceramics via 
Spark Plasma Sintering
Mehmet Kahraman Özmen, Barış Yavaş, İpek Akın, Onuralp Yücel, Filiz Şahin, Gültekin Göller
İstanbul Technical University
Türkiye

13.50 - 14.10 Development of Piezoelectric (K1-xNax)NbO3 Ceramics: The Route to High Quality Ceramics 
Through Process Optimization
Hansu Birol
Aselsan A.Ş.
Türkiye

14.10 - 14.30 Dielectric Property-Microstructure Relation in Magnesium Calcium Titanate Ceramics
Merve Ergin¹,³, Özgür Birer³, Nuri Solak², Abdullah Öztürk¹
¹Middle East Technical University, ²İstanbul Technical University, ³Aselsan A.Ş.
Türkiye

14.30 - 14.50 The Effects of Mechanical Activation on Microstructural Properties of Zirconium Doped 
(Na0.5Bi0.5)TiO3 Ceramics  
Derya Kırsever, Hüseyin Özkan Toplan
Sakarya University
Türkiye
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26 October Friday / 26 Ekim 2018
Hall Sedef / Salon Sedef

CGRM'S
Session 9
Session Chairman / Oturum Başkanı:  M. ŞEREF SÖNMEZ

15.10 - 15.30 Mechanical and Microstructural Evolution of Solid Graphite Rocket Nozzle Throats in 
Extreme Temperature and Pressure Conditions
Burçin Kaygusuz¹, Barış Nigar¹,², Levent Ünlüsoy², Demirkan Çöker¹, Sezer Özerinç¹
¹Middle East Technical University, ²Roketsan Missile Industries Inc.
Türkiye

15.30 - 15.50 Development of ZrB2 Reinforced Eutectic Ceramics
Öykü Kurulgan, Kübra Gürcan, Erhan Ayas
Anadolu University
Türkiye

15.50 - 16.10 Comparative Study of CMAS and Hot Corrosion Behaviour of Single Layered and 
Functionally Graded Thermal Barrier Coatings
Fatih Kırbıyık, Gültekin Göller
İstanbul Technical University
Türkiye

16.10 - 16.30 Effect of CMAS on Thermal Shock Performance of Plasma Sprayed YSZ TBCS
Emre Bal¹, Muhammet Karabaş², Yılmaz Taptık¹
¹İstanbul Technical University, ²Hakkari University
Türkiye

CGRM'S
Session 10
Session Chairman / Oturum Başkanı: FİLİZ ŞAHİN

16.50 - 17.10 Effect of Citric Acid Ratio on the Synthesis of Tungsten Trioxide by Solution Combustion 
Route
Ş. Samet Kaplan, M. Şeref Sönmez
İstanbul Technical University
Türkiye

17.10 - 17.30 Formation Mechanism of Strontium Cobaltite from Equimolar Mixture of Co(NO3)2.6H2O and 
Sr(NO3)2 in Ar Atmosphere
Cemal Aslan, Ahmet Orkun Kalpaklı, Sedat İlhan, Cem Kahruman, İbrahim Yusufoğlu
İstanbul University-Cerrahpaşa
Türkiye

17.30 - 17.50 Synthesis of Manganese Doped Zinc Oxide Nanofibers by Electrospinning Method and 
Investigation of the Photocatalytic Activities
Elif Baylan¹,², Özlem Altıntaş Yıldırım¹,²
¹Selçuk University, ²Konya Technical University
Türkiye
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Nanomaterials Symposium

Nanomalzemeler Sempozyumu 

NM'S
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25 October Thursday / 25 Ekim 2018
Hall Büyükada / Salon Büyükada

NM'S
Session 1
Session Chairman / Oturum Başkanı: BURAK ÖZKAL

10.00 - 10.20 Preparation of 2D g-C3N4/TiO2 Heterojunction Nanocomposites for Photocatalytic 
Applications 
Pelin Gündoğmuş¹, Asmae Bouziani¹, Nursev Erdoğan², Jongee Park³, Abdullah Öztürk¹
¹Middle East Technical University, ²TAI, ³Atılım University
Türkiye

10.20 - 10.40 Preparation of Nanocomposite Foams Based on Polysulfone and Carbon-Based 
Nanoparticles Using WVIPS
Mustafa Kerem Yücetürk¹, Hooman Abbasi², Marcelo Antunes², Süheyla Aydın¹, Jose Ignacio 
Velasco²
¹İstanbul Technical University, ²Universitat Politècnica de Catalunya
Türkiye, Spain

10.40 - 11.00 Microstructure and Wear Behavior of Graphene Nanoplatelets Reinforced Magnesium 
Matrix Composites Fabricated by Solidification Processing
Neslihan Yağmur Böber, Sinan Kandemir
İzmir Institute of Technology
Türkiye

NM'S
Session 2
Session Chairman / Oturum Başkanı: MELTEM SEZEN

11.40 - 12.00 Synthesis of Hierarchical Calcium Carbonate Particles
Çağatay Mert Oral¹, Batur Ercan¹, Derya Kapusuz²
¹Middle East Technical University, ²Gaziantep University
Türkiye

12.00 - 12.20 Novel Synthesis of Cobalt Based Binary Boride Nanoparticles by Using Metal Chloride 
Powder Blends
Sina Khoshsima, Zerrin Altıntaş, Mehmet Somer, Özge Balcı
Koç University
Türkiye

12.20 - 12.40 Production and Analysis of Manganese Ferrite with Solution Combustion Synthesis
Gamze Durmaz, Şevki Samet Kaplan, M. Şeref Sönmez
İstanbul Technical University
Türkiye
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25 October Thursday / 25 Ekim 2018
Hall Büyükada / Salon Büyükada

NM'S
Session 3
Session Chairman / Oturum Başkanı: SABAHATTİN GÜRMEN

13.30 - 13.50 Mechanical Properties and Deformation Behavior of Novel Fe-Based Binders with Hybrid 
Structure for Diamond Cutting Tool
P. A. Loginov, D. A. Sidorenko, E. A. Levashov
Scientific-Educational Center of SHS
Russia

13.50 - 14.10 Nanoporous Copper via Chemical Dealloying of Brass
Merve Ercan¹, Fatih Pişkin¹,², Tayfur Öztürk¹
¹Middle East Technical University, ²Muğla Sıtkı Koçman University
Türkiye

14.10 - 14.30 Probing the Mechanical Behavior of Nanostructured Materials Through Micropillar 
Compression Experiments
Alican Tuncay Alpkaya¹, Amir Motallebzadeh², Sezer Özerinç¹
¹Middle East Technical University,² Koç University
Türkiye

14.30 - 14.50 Effect of Thermal Oxidation Atmosphere on Photoelectrochemical (PEC) Water Splitting of 
Hematite Produced from Electrodeposited Fe Film 
Selim Demirci¹, Mehmet Masum Tünçay¹, Tuncay Dikici², Cevat Sarıoğlu¹
¹Marmara University, ²Dokuz Eylul University
Türkiye
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TANAP
Trans-Anatolian Natural Gas Pipeline

(TANAP) Project

TANAP Doğalgaz Boru Hattı Projesi

SPECIAL SESSION
ÖZEL OTURUM

Opening Speech / Açılış Konuşması

Management of Pipeline Projects - TANAP Example
Boru Hattı Projelerinin Yönetimi - TANAP Örneği

Fatih ERDEM - QHSSE Director of TANAP
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25 October Thursday / 25 Ekim 2018
Hall Büyükada / Salon Büyükada

TANAP
Session 1
Session Chairman / Oturum Başkanı: C. HAKAN GÜR

15.10 - 15.30 Values Added by TANAP Project on Steel Pipe Industry in Turkey
Mehmet Kaan Dönmez, Alper Toprak
TANAP
Türkiye

15.30 - 15.50 Implementation of Engineering Critical Assessment and Fitness for Purpose Approach on 
TANAP Pipeline Welding
Arash Shadmani, Pieter Erasmus
TANAP
Türkiye

15.50 - 16.10 Determination of Quasistatic Fracture Toughness and Fracture Resistance Curves for On-
Shore and Off-Shore Pipeline Systems
Uygar Tosun¹, Koray Yurtışık², Süha Tirkeş²
¹Ion Industrial Metallurgy Research and Development Limited, 
²Middle East Technical University
Türkiye

16.10 - 16.30 Detailed Implementation of Automated Ultrasonic Testing (AUT) on One of the Worlds’s 
Largest Pipelines-TANAP
Daniel Greyling, Alper Toprak
TANAP
Türkiye
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Recycling and Metallurgical Waste 
Management Symposium

Geri Dönüşüm ve Atık Yönetimi Sempozyumu

RMWM'S
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RMWM'S
Session 1
Session Chairman / Oturum Başkanı: AHMET TURAN

10.00 - 10.20 Hydrometallurgical Extraction of Zinc from EAF Dust in Nitric Acid Solution
Tuğba Yücel, Mert Zorağa, Sedat İlhan, Ahmet Orkun Kalpaklı
İstanbul University-Cerrahpaşa
Türkiye

10.20 - 10.40 Thermochemical Calculations of Fayalite Type Slags After Addition of Fluxing Agents 
During Smelting and Converting Stages
Aydın Ruşen¹, Bora Derin²
¹Karamanoğlu Mehmetbey University, ²İstanbul Technical University
Türkiye

10.40 - 11.00 Recycling of Waste Ferrous Powders Obtained from Waste Foundry Sand to Matrix Material
Sinem Çevik, Berke Kovancı, Suna Avcıoğlu, Mevlüt Gürbüz
Ondokuz Mayıs University
Türkiye

25 October Thursday / 25 Ekim 2018
Hall Karadeniz / Salon Karadeniz

RMWM'S
Session 2
Session Chairman / Oturum Başkanı: M. ŞEREF SÖNMEZ

11.20 - 11.40 Valorisation of Pidgeon Process Reduction Slag for In-Situ CO2 Capture
Ahmet Turan¹, Maria Teresa Izquierdo², Scott Barbour³, Susana Garcia³, 
M. Mercedes Maroto-Valer³
¹Yalova University, ²Instituto de Carboquimica, ³Heriot-Watt University
Türkiye, Spain, UK

11.40 - 12.00 Rare-Earth Element Recovery from Nd-Fe-B Hard Magnets via a Hydrometallurgical Route
Haydar Güneş¹, Hüseyin Eren Obuz¹, Ezgi Oğur², Furkan Çapraz², Murat Alkan¹
¹Dokuz Eylül University, ²Izmir Institute of Technology
Türkiye

12.00 - 12.20 Collection of Metal Powders from Recycled Hard Particle Embedded Composite Cutting 
Tools
Tansu Altunbaşak¹, Mehmet Kul², İshak Karakaya¹
¹Middle East Technical University, ²Cumhuriyet University
Türkiye

12.20 - 12.40 Dissolution Behavior of Zinc during the Mechanochemical Processing of EAF Dust in 
Sulfuric Acid Solution
Melike Uzun, Mert Zorağa, Sedat İlhan, Ahmet Orkun Kalpaklı
İstanbul University-Cerrahpaşa
Türkiye
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25 October Thursday / 25 Ekim 2018
Hall Büyükada / Salon Büyükada

RMWM'S
Session 3
Session Chairman / Oturum Başkanı: MEHMET BUĞDAYCI

16.50 - 17.10 Effect of Fly Ash Filler on Mechanical Performance of E-glass/Polyester Composites
Aylin Bekem, Burak Birol, Nilüfer Duygulu
Yıldız Technical University
Türkiye

17.10 - 17.30 Orange II Adsorption with Ti Doped SrO Reduction Waste
Pelin Demirçivi Baran, Mehmet Buğdaycı
Yalova University
Türkiye

17.30 - 17.50 Tetracycline Adsorption with Zr Doped SrO Reduction Waste
Pelin Demirçivi Baran, Mehmet Buğdaycı, Esra Bilgin Şimşek
Yalova University
Türkiye
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Biomaterials Symposium

Biyomalzemeler Sempozyumu 

BM'S
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25 October Thursday / 25 Ekim 2018
Hall Karadeniz / Salon Karadeniz

BM'S
Session 1
Session Chairman / Oturum Başkanı: İPEK KARADAYI

14.10 - 14.30 Effect of an Ionomer on the Mechanical Performance of Flame Retardant ABS Formulations
Zeynep Yurdakul¹, Vera Realinho², M. Antunes², Süheyla Aydın³, Jose Ignacio Velasco²
¹Sabancı University, ²Universitat Politècnica de Catalunya, ³İstanbul Technical University
Türkiye, Spain

14.30 - 14.50 Anodized Tantalum for Orthopedic Applications
Ece Uslu, Batur Ercan
Middle East Technical University
Türkiye

BM'S
Session 2
Session Chairman / Oturum Başkanı: BATUR ERCAN

15.10 - 15.30 Fabrication and Characterization of a Silk Fibroin Based Cardiac Patch
Yiğithan Tufan¹, Hayriye Öztatlı², Bora Garipcan², Batur Ercan¹
¹Middle East Technical University, ²Boğaziçi University
Türkiye

15.30 - 15.50 Fabrication of Monticellite Based Bioactive Porous Scaffolds Obtained from Boron 
Derivative Waste by Porogen Leaching Technique
Levent Köroğlu, Betül Aydemir, Erhan Ayas
Anadolu University
Türkiye

15.50 - 16.10 Formation of Titanium Oxide Layers Decorated by Gold Nanoparticles on the Surface of  
Ti6Al4V Alloy
İdil Meriç İkiz¹, Ezgi Yantiri¹, Ezgi Bütev Öcal², Özgür Duygulu³, Ziya Esen¹
¹Çankaya University, ²Middle East Technical University, 
³TUBITAK Marmara Research Center
Türkiye

16.10 - 16.30 Structural and Functional Characterization of MgO and Na-Based Coatings on Ti6Al4V Alloy
Gülberk Selin Kıran¹, Burak Ünal¹, Teksen Tügen¹, Ezgi Bütev Öcal¹,², Ziya Esen¹
¹Çankaya University, ²Middle East Technical University
Türkiye
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25 October Thursday / 25 Ekim 2018
Hall Karadeniz / Salon Karadeniz

BM'S
Session 3
Session Chairman / Oturum Başkanı: BATUR ERCAN

16.50 - 17.10 Surface Modification of Ti Implants Used in Dental Applications
Gökçen Erdem¹, Özen Gürsoy¹, Aslı Günay Bulutsuz², Çiğdem Mercan³, Ezgi Tan¹, A. Bülent 
Katiboğlu4, Gökhan Orhan¹, Derya Dışpınar¹    
¹İstanbul University-Cerrahpaşa, ²Yıldız Technical University, ³İstanbul Aydın University, 4Beykent University
Türkiye

17.10 - 17.30 An Alternative Process Design For Production of Mg(OH)2 from Waste Dolomite
Esra Tanısalı, Cenk Cenikli, Rıdvan Orman, Yasin Kılıç, Güldem Kartal Şireli, Servet İbrahim Timur
İstanbul Technical University
Türkiye

17.30 - 17.50 Characterization of Co-Cr Laser Metal Powder After Sintering with Different Methods
Gürel Pekkan, Eda Taşçı, Keriman Pekkan, Murat Ispalarlı
Dumlupınar University
Türkiye
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Steelmaking Technologies and 
Applications Symposium

Çelik Üretim Teknolojileri ve 
Uygulamaları Sempozyumu

STA'S
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26 October Friday / 26 Ekim 2018
Hall Büyükada / Salon Büyükada

STA'S
Session 1
Session Chairman / Oturum Başkanı: C. HAKAN GÜR

10.00 - 10.20 Factors Influencing Mechanical Properties of Sintered Steels: Density and Carbon Content
Nuray Beköz Üllen¹, Ceyda Yeşilay²
¹İstanbul University-Cerrahpaşa, ²GKN Sinter İstanbul Metals Industry and Trade Inc.
Türkiye

10.20 - 10.40 Efficient Special Steelmaking, a Technology Comparison
Dennis Hüttenmeister, Michael Hohmann, Ulrich Biebricher, Gerhard Brückmann 
ALD Vacuum Technologies GmbH
Germany

10.40 - 11.00 The Effect of Nitrogen-Containing Vanadium Alloying Element Additions on the Properties 
of S550MC Grade Steels
Özcan Kaya¹, Kıvanç Çeitnkaya¹, Dilara Çimen¹, Zafer Çetin¹, Bora Derin²
¹Ereğli Demir Çelik, ²İstanbul Technical University
Türkiye

STA'S
Session 2
Session Chairman / Oturum Başkanı: C. HAKAN GÜR

12.00 - 12.20 Intelligent Cost Cutting Challenges in High Carbon Ferrochrome Operations While 
Diversifying Products
Alparslan Malazgirt, Yavuzhan Kaya
Yılmaden Holding Inc.
Türkiye

12.20 - 12.40 Online Training and Certification of Non-Destructive Testing Personnel
Ertuğrul Yılmaz
Ankalite Kalite Kontrol
Türkiye
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STA'S
Session 3
Session Chairman / Oturum Başkanı: KELAMİ ŞEŞEN

13.30 - 13.50 Coke Oven Battery Temperature Map Creation with Level 2 Intelligent System
Ümit A. Tanrıkulu, Ahmet Beşkardeş, Erman Kaya, Barış Ünsal
İskenderun Demir ve Çelik A.Ş.
Türkiye

13.50 - 14.10 Mineralogical Investigations on the Phase Formation of Iron Ore Sinter
Ömer Saltuk Bölükbaşı
İskenderun Technical University
Türkiye

14.10 - 14.30 A Modeling Investigation on the Viscosity of Fayalite Slags by FactsageTM

Faruk Kaya¹, Sabrine Khadhraoui², Bora Derin¹
¹İstanbul Technical University, ²SMS Group GmbH
Türkiye, Germany

14.30 - 14.50 Relation Between Copper Effect in Copper Bearing Carbon Steels
Elif Güloğlu¹, Selçuk Yeşiltepe², M. Kelami Şeşen²
¹İstanbul University-Cerrahpaşa, ²İstanbul Technical University
Türkiye

26 October Friday / 26 Ekim 2018
Hall Büyükada / Salon Büyükada

STA'S
Session 4
Session Chairman / Oturum Başkanı: KELAMİ ŞEŞEN

15.10 - 15.30 IF-Çeliklerinde Kristalografik Dokunun Soğuk Ezme Miktarıyla Değişimi ve 
Şekillendirilebilirliğe Etkisi
The Variation of Crystallographic Texture with Cold Reduction Amount and the Effect of Formability 
Properties of IF-Steels

Ümran Başkaya¹, Gözde Aldıkaçtı¹, Kemal Davut², Yasemin Kılıç¹
¹Ereğli Demir Çelik, ²Atılım University / Türkiye

15.50 - 16.10 Biyel Kolları İçin Yüksek Mukavemetli Yeni Mikroalaşımlı Çelik
New High Strength Microalloyed Steel for Connecting Rods

İsmail İrfan Ayhan¹, Nurten Başak Dürger¹, Bertan Parmaksızoğlu¹, Ersoy Erişir² 
¹Çemtaş Çelik Makine Sanayi A.Ş., ²Kocaeli Universitesi, ²OBER Ar-Ge Teknolojileri İmalat Sanayi / Türkiye

16.10 - 16.30 Investigetion of Diffrent Immersion Time on High Carbon Steel Wire’s Mechanical Properties
Sevim Gökçe Esen, Melih Yıldırımoğuz, Serkan Savcıoğlu
Çelik Halat ve Tel Sanayi A.Ş. / Türkiye
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26 October Friday / 26 Ekim 2018
Hall Büyükada / Salon Büyükada

STA'S
Session 5
Session Chairman / Oturum Başkanı: SAKİN ZEYTİN

16.50 - 17.10 A Practical Application of Hot Metal Desiliconization Process in Blast Furnace Casthouse
Kerem Doğan¹, Bora Derin²
¹Ereğli Demir Çelik, ²İstanbul Technical University
Türkiye

17.10 - 17.30 Sürekli Dökümde EMS Akımının Makrosegregasyon Üzerine Etkisinin İncelenmesi
Investigation of the Effect of EMS Current on Macrosegregation in Continuous Casting

İlker Ayçiçek¹, Nuri Solak²
¹İskenderun Demir ve Çelik A.Ş., ²İstanbul Teknik Üniversitesi
Türkiye

17.30 - 17.50 Examination of the Influence of Sinter Hardening Process on Prealloyed Metal Powders
Mehmet Günen, Adem Bakkaloğlu, Cihan Balaban
Yıldız Technical University
Türkiye

26 October Friday / 26 Ekim 2018
Hall Karadeniz / Salon Karadeniz

17.10 - 17.30 Sliding Wear Characteristics of AISI 2205 Duplex Stainless Steel Cooled in Various 
Environments after Solution Treatment
Rıdvan Gecü, Alptekin Kısasöz, Ahmet Karaaslan
Yıldız Technical University
Türkiye

17.30 - 17.50 Wear Resistance of GX300CrNiMoW 12 6 1 1 High Chromium White Cast Iron
Serdar Osman Yılmaz, İbrahim Savaş Dalmış, Kenan Çınar
Namık Kemal University
Türkiye

STA'S
Session 6
Session Chairman / Oturum Başkanı: C. FAHİR ARISOY
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Energy Materials Symposium

Enerji Malzemeleri Sempozyumu

EM'S
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26 October Friday / 26 Ekim 2018
Hall Karadeniz / Salon Karadeniz

EM'S
Session 1
Session Chairman / Oturum Başkanı: TAYFUR ÖZTÜRK

10.00 - 10.20 Structural and Electrochemical Properties of LaMn1-xMxO3 (M=Ni, Co) Based Supercapacitor 
Electrodes
Esra Binici¹, Uğur Ünal², Nuri Solak¹, Ceren Yılmaz Akkaya²
¹İstanbul Technical University, ²Koç University
Türkiye

10.20 - 10.40 Synthesis of Dual Oxide Cathode for IT-SOFCs via Thermal Plasma
Havva Eda Aysal¹, Doğancan Sarı¹, Fatih Pişkin², Tayfur Öztürk¹
¹Middle East Technical University, ²Muğla Sıtkı Koçman University
Türkiye

10.40 - 11.00 Laser Ablated Single Walled Carbon Nanotube Films as Microsupercapacitors 
Mete Batuhan Durukan, Kamil Çınar, Alpan Bek, Hüsnü Emrah Ünalan
Middle East Technical University
Türkiye

EM'S
Session 2
Session Chairman / Oturum Başkanı: BİLLUR DENİZ POLAT

11.20 - 11.40 The Effect of Ni/Co Ratio on the Electrochemical Performances of Nickel-Cobalt-Oxide 
Powders as Anodes for Lithium Ion Batteries
Reyhan Solmaz¹,², B. Deniz Karahan¹, Özgül Keleş²
¹İstanbul Medipol University, ²İstanbul Technical University
Türkiye

11.40 - 12.00 Graphene Assisted NMC Based Cathode Electrodes with Enhanced Charge Rate and Energy 
Storage
Hatice Güngör, Aslıhan Güler, Aslan Çoban, Mehmet Oğuz Güler, Hatem Akbulut
Sakarya University
Türkiye

12.00 - 12.20 The Effect of Binders on the Electrochemical Properties If NMC Based Cathode Electrodes
Lütfullah Özdoğan, Aslıhan Güler, Hatice Güngör, Şeyma Özcan Duman, Deniz Kuruahmet, Aslan 
Çoban, Mustafa Mahmut Singil, Engin Alkan, Mehmet Oğuz Güler, Hatem Akbulut
Sakarya University
Türkiye
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EM'S
Session 3
Session Chairman / Oturum Başkanı: ÖZGÜL KELEŞ

13.30 - 14.10 State of Charge Measurement Techniques on Electrochemical Cells Based on Impedance 
Spectroscopy
Can Aksakal  
İnci GS Yuasa Akü Sanayi
Türkiye 
(Invited Lecturer)

14.10 - 14.30 The Stiff Thermal Resistance Estimation of an Electric Current Activated Sintering System
Suayb Çağrı Yener¹, Tuba Yener¹, Reşat Mutlu²
¹Sakarya University, ²Namık Kemal University
Türkiye

14.30 - 14.50 A New Composite Material Based on Anodic Aluminum Oxide (AAO) for Thermal Energy 
Storage Systems
Bengisu Yılmaz¹, Behiye Yüksel¹, Gökhan Orhan², Zafer Utlu³, Devrim Aydın4, Saffa Rıffat5

¹İstanbul Aydın University, ²İstanbul University-Cerrahpaşa, 
³İstanbul Gedik University, 4The Eastern Mediterranean University, 
5The University of Nottingham
Türkiye, Cyprus

26 October Friday / 26 Ekim 2018
Hall Karadeniz / Salon Karadeniz

EM'S
Session 4
Session Chairman / Oturum Başkanı: GÖKÇE HAPÇI AĞAOĞLU

15.10 - 15.30 Direct Synthesis of La-Ni Based Hydrogen Storage Alloys from the Oxide Form
Alanur Binal Aybar, Mustafa Anık
Eskişehir Osmangazi Universitesi
Türkiye

15.30 - 15.50 Performance Comparison of Different Alloy Particles as Catalyst Materials for Polymer 
Electrolyte Membrane Fuel Cells
Burak Küçükelyas², Doğaç Tarı¹, Duygu Yeşiltepe Özçelik¹, Semih Ateş¹, Şerzat Safaltın¹, 
Sebahattin Gürmen¹
¹İstanbul Technical University, ²Bursa Technical University
Türkiye

15.50 - 16.10 Reduced Graphene Oxide/FeNiCoCu Catalyst Materials Production, Characterization for 
PEMFC; Its Electrochemical Modelling Studies, and Performance Comparison
Doğaç Tarı¹, Semih Ateş¹, Burak Küçükelyas², Duygu Yeşiltepe Özçelik¹, Şerzat Safaltın¹, 
Sebahattin Gürmen¹
¹İstanbul Technical University, ²Bursa Technical University
Türkiye



4719. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Surface Treatment and 
Heat Treatment Symposium

Yüzey İşlemler ve Isıl İşlem Sempozyumu

STHT'S
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10.00 - 10.20 Control of Layers Growth Kinetics During Nitriding at High Temperature of Z06CnD16-04 
Steel
Torchane Lazhar
Tebessa University
Algeria

10.20 - 10.40 Effect of Heat Treatment on the Microstructure and Surface Properties of Ni-Based 
Platings
Mertcan Başkan¹, Metehan Erdoğan², İshak Karakaya¹
¹Middle East Technical University, ²Ankara Yıldırım Beyazıt University
Türkiye

10.40 - 11.00 Non-Destructive Determination of Surface Residual Stresses in the Carburized SAE 8620 
Steel Components
Tuğçe Kaleli, C. Hakan Gür
Middle East Technical University
Türkiye

STHT'S
Session 1
Session Chairman / Oturum Başkanı: MACİT ÖZENBAŞ

27 October Saturday / 27 Ekim 2018
Hall Sedef / Salon Sedef

STHT'S
Session 2
Session Chairman / Oturum Başkanı: AHMET TURAN

11.20 - 11.40 Characteristics of Surface Properties of Aluminum Flat Products Related with Different 
Annealing Temperature and Cleaning Properties
Emel Çalışkan, Ahmet Seisoğlu, Erdem Güler, Sadık Kaan İpek, Ali Ulus
Teknik Alüminyum Sanayi A.Ş.
Türkiye

11.40 - 12.00 Surface Modification of Ti6Al4V Alloy by Pack Siliconizing Method
Gözde Çelebi Efe, İbrahim Altınsoy, Tuba Yener, Mediha İpek, Cuma Bindal, Sakin Zeytin
Sakarya University
Türkiye

12.00 - 12.20 Mechanical, Structural and Tribological Properties of TiAlZrN Coated AISI H13 Steel
Yaşar Sert¹, Levent Kara², Tevfik Küçükömeroğlu¹, İhsan Efeoğlu³
¹Karadeniz Technical University, ²Erzincan University, ³Atatürk University
Türkiye

12.20 - 12.40 Effect of Deep Sub-Zero Treatment Time on Heat Treated Calmax® Cold Work Tool Steel
F. Koray Arslan², Aziz Hatman², İbrahim Altınsoy¹, Gözde Çelebi Efe¹, Tuba Yener¹, Mediha İpek¹, 
Cuma Bindal¹, Sakin Zeytin¹
¹Sakarya University, ²Uddeholm Turkey
Türkiye
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27 October Saturday / 27 Ekim 2018
Hall Sedef / Salon Sedef

13.30 - 13.50 Characterization of TiO2 Reinforced Electroless Ni-P-B-W-TiO2 Multi Alloy Coatings: The 
Effect of TiO2 Concentration
Seda Ulu¹, Hasan Algül¹, Abdülkadir Akyol¹, Oğuzhan Bilaç¹, Harun Gül², Mehmet Uysal¹, Ahmet Alp¹
¹Sakarya University, ²Düzce University
Türkiye

13.50 - 14.10 Non-Destructive Evaluation of Surface Residual Stresses in Shot-Peened Steels 
Salim Çalışkan¹, C. Hakan Gür²,³
¹Turkish Aerospace Industry, ²Welding Technology and NDT Center, ³Middle East Technical University
Türkiye

14.10 - 14.30 Microstructural Analysis of Austempered Ductile Iron Castings by Electron Back-Scatter 
Diffraction (EBSD) Technique
Alp Yalçın¹, Barış Çetin², Rabia Günay², Halim Meço², Kemal Davut¹
¹Atılım University, ²FNSS Defense Systems Co. Inc.
Türkiye

STHT'S
Session 3
Session Chairman / Oturum Başkanı: FATİH ÜSTEL
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Melting and Solidifi cation Technologies 
Symposium

Ergitme ve Katılaşma Teknolojileri 
Sempozyumu

MST'S
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10.00 - 10.20 Energy Saving and Environmental Effects of Oxy-Fuel Combustion Technology
Ezgi Demiralp, Erman Car¹
¹Metkim Ltd.
Türkiye

10.20 - 10.40 Mechanical Properties of FeCoCrNi High Entropy Alloy (HEA) Produced from Industrial Raw 
Materials by Induction Melting
Ziya Anıl Erdal¹, Gökhan Polat¹,², Yunus Eren Kalay¹
¹Middle East Technical University, ²Necmettin Erbakan University
Türkiye

MST'S
Session 1
Session Chairman / Oturum Başkanı: ERMAN CAR

27 October Saturday / 27 Ekim 2018
Hall Büyükada / Salon Büyükada

11.40 - 12.00 Development of a Novel Ductile Cast Iron for Elevated Temperatures by ThermoCalc 
Studies: Effect of Aluminum Content
Gülşah Aktaş Çelik¹, Maria-Ioanna T. Tzini², Şeyda Polat¹, Ş. Hakan Atapek¹, Gregory. N. 
Haidemenopoulos²,³
¹Kocaeli University, 
²University of Thessaly, ³Khalifa University of Science and Technology
Türkiye, Grece, UAE

12.00 - 12.20 Analyzing of Cold Box Binder System and Determination of Its Effects on Cast Parts
Haydar Kahraman¹,², Alper Emre Güvendik¹, Silvia Simge Talu², Eray Koyuncu¹, Serkan Çelik¹, 
Özge Aksın Artok¹, Ümit Cöcen²
¹Çukurova Kimya Endüstrisi A.Ş., ²Dokuz Eylül University
Türkiye

12.20 - 12.40 Computation of the Effect of Alloying Elements on the Physical Properties of SiMo Ductile 
Cast Iron 
Gülşah Aktaş Çelik¹, Mariginna I. T. Tzini², Ş. Hakan Atapek¹, Şeyda Polat¹, Gregory N. 
Haidemenopoulos²,³
¹Kocaeli University, 
²University of Thessaly, ³Khalifa University of Science and Technology
Türkiye, Grece, UAE

MST'S
Session 2
Session Chairman / Oturum Başkanı: DERYA DIŞPINAR
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13.30 - 13.50 Dependency of Eutectic Spacing and Microhardenss on Directions and Magnitudes of 
Uniform Electrical Field in the Al-Cu Eutectic Alloy
Sercan Basit, Mahmut Erol, Yahya Bayrak, Necmettin Maraşlı
Yıldız Technical University
Türkiye

13.50 - 14.10 The Effect of Bifilm and Sr Modification on the Mechanical Properties of A413 Alloy 
Muhammet Uludağ¹, Mikdat Gürtaran¹, Derya Dışpınar²
¹Bursa Technical University, ²İstanbul University-Cerrahpaşa
Türkiye

14.10 - 14.30 An Assesment on the Effect of Degassing and Ti Grain Refiner on T6 Heat Treatment 
Efficiency in A380 Alloy
Cantekin Kaykılarlı¹, Muhammet Uludağ¹, Burak Küçükelyas¹, Deniz Uzunsoy¹, Derya Dışpınar²
¹Bursa Technical University, ²İstanbul University-Cerrahpaşa
Türkiye

14.30 - 14.50 Melt Quality Increasing Study with Grain Refinement in 356 Aluminium Alloy
Özen Gürsoy, Eray Erzi, Derya Dışpınar
İstanbul University-Cerrahpaşa
Türkiye

MST'S
Session 3
Session Chairman / Oturum Başkanı: ALİ KALKANLI

27 October Saturday / 27 Ekim 2018
Hall Büyükada / Salon Büyükada

15.10 - 15.30 Effect of Surface Roughness and Joint Clearance on Microstructure and Interfacial 
Strength of 304 Stainless Steel Joints Brazed with BNi-2

Mertcan Başkan¹, Tansu Altunbaşak¹, Orkun Umur Önem²
¹Middle East Technical University, ²Roketsan Missile Industries Inc.
Türkiye

15.30 - 15.50 Effect of Residual Stresses on the Structural Safety of the Butt Welded Structural Steels
Caner Batıgün, C. Hakan Gür
Middle East Technical University
Türkiye

15.50 - 16.10 The Effect of Silver Coating on the Corrosion Behavior of Copper Based Materials
Ümit Alver, Onur Güler, Temel Varol, Mustafa Aslan
Karadeniz Technical University
Türkiye

MST'S
Session 4
Session Chairman / Oturum Başkanı: C. HAKAN GÜR
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Materials Degradation and Protection Methods 
Symposium

Malzemelerin Bozunumu ve Korunma Yöntemleri 
Sempozyumu

MDPM'S
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10.00 - 10.20 The Investigation of the Effect of Nitrocarburizing on the Corrosion Resistance of AISI 4140 
Steel 
Ümit Alver, Onur Güler, Hamdullah Çuvalcı, Doğancan Demir
Karadeniz Technical University
Türkiye

10.20 - 10.40 Tribological Behavior of TiAlNi, AlTiN, AlCrN Coatings Under Dry and Lubricated Conditions
Doğuş Özkan¹, Yaman Erarslan², Levent Kara³, M. Alper Yılmaz¹, M. Barış Yağcı4, Egemen 
Sulukan¹
¹National Defense University, ²Yıldız Technical University, ³Erzincan University, 4Koç University
Türkiye

10.40 - 11.00 Tribological Characterization of Cast and Selective Laser Melted Co-Cr-Mo Alloys under 
Dry and Wet Conditions
Kezban Duran¹, Harun Mindivan², Ş. Hakan Atapek¹, Maksim Simov³, Tsanka Dikova³
¹Kocaeli University, ²Bilecik Şeyh Edebali University, ³Medical University of Varna
Türkiye, Bulgaria

MDPM'S
Session 1
Session Chairman / Oturum Başkanı: MUSTAFA ÜRGEN

27 October Saturday / 27 Ekim 2018
Hall Sedef / Salon Karadeniz

11.20 - 11.40 Corrosion Behaviour of Sr Modified A360 Alloys
İnal Kaan Duygun, Gökçe Hapçı Ağaoğlu, Derya Dışpınar, Gökhan Orhan
İstanbul University-Cerrahpaşa
Türkiye

11.40 - 12.00 Effect of Voltage and Charge Densities on Nanoporous Oxide Pore Diameter on AA1050
Mustafa Kocabaş¹, İlyas Şavklıyıldız¹, Michele Curioni², Nurhan Cansever³
¹Selçuk University, ²University of Manchester, ³Yıldız Technical University
Türkiye, England

12.00 - 12.20 Effect of Tin Additions on the Corrosion Behaviors of Zinc-Nickel Coatings
Reyhan Solmaz¹,², B. Deniz Karahan¹
¹İstanbul Medipol University, ²İstanbul Technical University
Türkiye

12.20 - 12.40 Delivering World Class Water Treatment Practices to a Major MENA Steel Company
Chandrashekhar S. Rane
Nalco Water, Ecolab
UAE
(Commercial Presentation)

MDPM'S
Session 2
Session Chairman / Oturum Başkanı: MUSTAFA ÜRGEN
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Employee Health and Safety in Our Sector: "The 
Movement of Safe and Sound Together" by METEM 

Sektörümüzde Çalışan Sağlığı ve Güvenliği: METEM 
Birlikte Sağ Salim Hareketi

SPECIAL SESSION
ÖZEL OTURUM
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27 October Saturday / 27 Ekim 2018
Hall Karadeniz / Salon Karadeniz

BSS Hareketinin Dayandığı Prensipler ve Hedefler
The Principles of "The Movement of Safe and Sound Together" 
and its Objectives 

Doç. Dr. İdil Işık

Örnek Bir Uygulama Tanıtımı : ÇSG Kültür Analizi 
Uygulaması
A Brief Presentation of Interventions Included in the Movement: 
Organizational Health and Safety Culture Analysis 

Doç. Dr. İdil Işık

BSS En Sağ Salim İşyeri Projelerinin Uygulanış Süreci
The Process for the Determination of "The Safest and Soundest 
Companies of the Sector" 

Elif Sungur

Soru-Cevap-Öneriler
Questions-Answers-Comments

Special Session
Özel Oturum
Session Chairman / Oturum Başkanı: MÜZEYYEN GENCER

Time / Saat: 13.30 – 14.50



CLOSING SESSION
KAPANIŞ OTURUMU
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15.10 - 15.50 Structural Properties of Nanocomposite SiO2-TiO2 
Microspheres
Simion Simon
Babes-Bolyai University
Romania

(Invited Lecturer)

15.50 - 16.10 Closing Lemarks / Kapanış Konuşması
Onuralp Yücel
Chairman of the Congress Organization Committe
Türkiye

CLOSING SESSION
KAPANIŞ OTURUMU
Session Chairman / Oturum Başkanı: GÜLTEKİN GÖLLER

27 October Saturday / 27 Ekim 2018
Hall Marmara / Salon Marmara



POSTER PRESENTATIONS
POSTER SUNUMLAR
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Non-Ferrous Materials; Production and Applications Symposium
Demir Dışı Malzemeler; Üretim ve Uygulamaları Sempozyumu 

NFM'S-P02 Reciprocating Wear Behavior of AA7075/SiCp Composites Fabricated using Powder 
Metallurgy and Hot Pressing
Kenan Kaynak, Ulaş Matik
Karabük University
Türkiye

NFM'S-P04 Nickel and Cobalt Exraction from Caldag Lateritic Nickel Ores by Hydrometallurgical 
Processes
Ozan Çoban¹,², Serkan Başlayıcı¹,³, Mahmut Ercan Açma¹
¹İstanbul Technical University, ²İstanbul Gedik University, 
³İstanbul Medipol University
Türkiye

NFM'S-P05 Property Development of EBM Processed Ti-6Al-4V Alloy Through Hydrogen Treatments
Merve Nur Doğu¹, Ziya Esen², Evren Tan³, Berkay Gümüş³, Arcan F. Dericioğlu¹
¹Middle East Technical University, ²Çankaya University, 
³Aselsan A.Ş.
Türkiye

NFM'S-P06 Effect of Preheating Treatment on Corrosion Behavior of AA6063 Alloy
Gürcan Canbay, Alptekin Kısasöz, Ahmet Karaaslan
Yıldız Technical University
Türkiye

NFM'S-P07 Influence of Cooling Conditions on the Microstructure of G-NiCr28W
Yaren Salduz, Ceren Başaran, Alptekin Kısasöz, 
Ahmet Karaaslan
Yıldız Technical University
Türkiye

NFM'S-P08 Effect of Heat Treatment on the Microstructure and Mechanical Properties of Additively 
Manufactured Inconel 718 Alloy
Cansinem Tüzemen, Rıfat Yılmaz, Cemre Tığlı
Tusaş Engine Industries
Türkiye

NFM'S-P09 Effect of Temperature on Mechanical Properties of 
Al-Zn-Mg Alloy Extrusions
Asım Zeybek, O. Halil Çelik
ASAŞ Alüminyum Sanayi ve Ticaret A.Ş.
Türkiye
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NFM'S-P13 A Study on the Effects of Solution Heat Treatment Time on Eutectic Silicon Morphology for 
A380 Alloy
Serhat Acar, Rıdvan Gecü, Alptekin Kısasöz, Kerem Altuğ Güler, Ahmet Karaaslan
Yıldız Technical University / Türkiye

NFM'S-P14 Alloy Design for the Development and Production of Titanium Based Bulk Metallic Glasses
Iraz Begüm Demir, Amdulla O. Mekhrabov, M. Vedat Akdeniz
Middle East Technical University / Türkiye

NFM'S-P15 Production of Magnesium-Strontium Alloy via Vacuum Aluminothermic Process
Mehmet Buğdaycı¹, Ahmet Turan¹, Onuralp Yücel²
¹Yalova University, ²İstanbul Technical University / Türkiye

NFM'S-P16 Effects of Mo and B Additions on Induction Hardening of Fe-C-Ni-Cu Metal Matrix 
Composites Produced by Warm Compaction Method
Tarık Gün¹, Mehmet Şimşir², Bahadır Karaca¹, Fatih Özaydın¹
¹Estaş Eksantrik Sanayi ve Tic. A.Ş., ²Cumhuriyet University / Türkiye

NFM'S-P17 NiTi-(Cu-Fe) Shape Memory Alloys Produced by Combustion Synthesis
Berk Keskin¹, Paola Bassani², Bora Derin¹
¹İstanbul Technical University, ²CNR ICMATE / Türkiye, Italy

NFM'S-P18 Effects of Different Mechanical Alloying Parameters on Microstructure of High 
Temperature Nanocrystalline Cu-Ta Alloys
Onur Dinçer¹,², M. Kaan Pehlivanoğlu¹, Arcan F. Dericioğlu²
¹TÜBİTAK SAGE, ²Middle East Technical University / Türkiye

NFM'S-P19 Synthesis and Structural Characterization of Multifunctional Ti Alloy: Gum Metal
Orkun Elçin, Amdulla O. Mekhrabov, M.Vedat Akdeniz
Middle East Technical University / Türkiye

NFM'S-P20 Mechanical Properties of Aged Al8Si3CuFe Aluminium Alloy
Ebru Başer, Alper İncesu, Ali Güngör
Karabük University / Türkiye

NFM'S-P21 Computational Fluid Dynamics Investigation of a Smelting Cyclone
Şerzat Safaltın, Sebahattin Gürmen
İstanbul Technical University / Türkiye

NFM'S-P22 Pressure Die Infiltration of Aluminum Into Plasma Electrolytic Oxidation Coated Open-Cell 
Aluminum Foams 
Fatih Çavuşlu¹,², Kemal Korkmaz¹, Metin Usta¹,³
¹Gebze Technical University, ²Adana Science and Technology University, ³Marmara Research Center
Türkiye



62 IMMC 2018   |   19th International Metallurgy & Materials Congress

POSTER PRESENTATIONS
POSTER SUNUMLAR

NFM'S-P23 Production of Co-Cu-Ni-Al Multi Component Alloys via Resistive Sintering
Azmi Erdoğan¹, Tuba Yener², Sakin Zeytin²
¹Bartın University, ²Sakarya University
Türkiye

NFM'S-P25 Investigation of Copper and Copper Alloys After Equal Channel Angular Pressing - Conform
Aslıhan Gökduman, Hakan Yılmazer, Adem Bakkaloğlu
Yildiz Technical University
Türkiye

NFM'S-P26 Effect of Secondary Aging on Microstructure and Mechanical Properties of Al-Si Alloys
Rıdvan Özsoy¹,²,³, Mehmet Yıldırım¹,²
¹Selçuk University, ²Konya Technical University, 
³Şirvanlı Aluminum Casting and Machining Incorporation
Türkiye

NFM'S-P27 Microstructural and Mechanical Characterization of Al-12.6 wt.% Si-2 wt.% NbB2/NbC 
Hybrid Composites Fabricated via Mechanical Alloying and Sequential Milling 
Emre Tekoğlu, Sıddıka Mertdinç, Duygu Ağaoğulları, 
Mustafa Lütfi Öveçoğlu
İstanbul Technical University
Türkiye

NFM'S-P28 Non-Destructive Characterization of Cold Rolled 
Low-Carbon Steels
C. Hakan Gür¹, Janez Grum², H. İlker Yelbay¹, B. Pecnik¹, 
R. Sturm²
¹Middle East Technical University, ²University of Ljubljana
Türkiye, Slovenia

NFM'S-P29 Aluminum Alloy with High Magnesium Content: Casting Studies for Microstructural 
Evolution and Bifilm Index Studies with Different Alloying Elements
Kamil Armağan Gül¹, Özen Gürsoy², Eyüp Sabri Kayali³, 
Eray Erzi², Derya Dışpınar²
¹Oyak-Renault, ²İstanbul University-Cerrahpaşa, 
³İstanbul Technical University
Türkiye

NFM'S-P30 Effect of Yttria Addition on the Microstructure and Mechanical Properties of Alumina 
Doped Hydroxyapatite
Serdar Pazarlıoğlu, İsmail Akın Kıyıcı, Serdar Salman
Marmara University
Türkiye
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NFM'S-P31 Performance Evaluation of Overflow Desings on Cold Shut and Blister Defects on Aluminum 
Die Casting
Onur Kenar¹,², Aykut Doğan¹,², Fuat Topçu¹, Ekrem Altuncu²
¹Arpek Arkan Aluminum, ²Sakarya University
Türkiye

NFM'S-P34 Determination of Liquid Metal Quality With Deep Etching Method
Furkan Tezer, Özen Gürsoy, Eray Erzi, Mert Zorağa, 
Derya Dışpınar
İstanbul University-Cerrahpaşa
Türkiye

NFM'S-P35 Hot Flue Gas Desulphurization by Calcined Dolomite
Serkan Başlayıcı¹,², Levent Öncel³, Mahmut Ercan Açma¹
¹İstanbul Technical University, ²İstanbul Medipol University, 
³Sinop University
Türkiye

Ceramic, Glasses and Refractory Materials Symposium
Seramik, Cam ve Refrakter Malzemeler Sempozyumu 

CGRM'S-P01 Synthesis of Ceramic Materials in Ti-B-N-Me and 
Ti-B-N-C-Me Systems 
G. Oniashvili, Z. Aslamazashvili, G. Tavadze, G. Zakharov
F. Tavadze Institute of Metallurgy and Materials Science
Georgia

CGRM'S-P03 Production and Characterization of ZnO Doped Yttria Stabilized Zirconia Ceramic Blocks
Bektaş Taha Altıparmak¹, Asmae Bouziani¹, Jongee Park², Abdullah Öztürk¹
¹Middle East Technical University, ²Atılım University
Türkiye

CGRM'S-P05 Advantages of Steel Production Quality/Cost and Operational Mechanisms with Dolomite 
Bricks in Steel Laddle
Barış Genç, Erzen Erez, Yasin Genç
Haznedar Refrakter San. A.Ş.
Türkiye

CGRM'S-P07 Microstructural Investigation of Sol-Gel Derived Seeded Alumina Powders
Bediha Orbay, Azade Yelten Yılmaz, Suat Yılmaz
İstanbul University-Cerrahpaşa
Türkiye
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CGRM'S-P08 Effect of SrO Adition on CaO, MgO, SiO2 and Al2O3 (CMAS) Glass-Ceramic System
Utku Kıvanç Kurtkapmaz, Hüseyin Özkan Toplan, Nil Toplan
Sakarya University
Türkiye

CGRM'S-P09 Comparison Effect of Production Methods on Corrosion Behaviour of CAS Based Glass-
Ceramics
Zafer Yavuz Merkit¹, Bahadır Aydın², Nil Toplan¹
¹Sakarya University, ²İstanbul University-Cerrahpaşa
Türkiye

CGRM'S-P10 Structural Characterization of Fe5W3B2 Powder Metallurgy Alloy
Mustafa Durmaz, Uğur Şen, Şaduman Şen
Sakarya University
Türkiye

CGRM'S-P11 Synthesis of Metal Borides Powders in Combustion Mode
Aizhan Seidualiyeva, Ðaster ÐÐmunur, Roza Abdulkarimova
Al-Farabi Kazakh National University
Kazakhstan

Nanomaterials Symposium
Nanomalzemeler Sempozyumu

NM'S-P02 Transparent Thin Film Heaters Based on Copper Nanowire Networks
Doğancan Tigan, Sevim Polat Genlik, Bilge İmer, Hüsnü Emrah Ünalan
Middle East Technical University
Türkiye

NM'S-P03 Nanowire Modified Antibacterial Fabrics
Doğa Doğanay¹, Akın Kanıcıoğlu², Şahin Coşkun¹, 
Gülçin Akça², Hüsnü Emrah Ünalan¹
¹Middle East Technical University, ²Gazi University
Türkiye

NM'S-P04 Mechanical Properties of Layered Metallic Glass-Crystalline Metal Nanocomposites
Mohammad Abboud¹, Amir Fadaie¹, Amir Motallebzadeh² , Sezer Özerinç¹
¹Middle East Technical University, ²Koç University
Türkiye

NM'S-P05 Synthesis and Structural Characterization of Bulk and Nanoalloys of Ni-B Binary Systems
Halim Seçkin Tekekaya, Amdulla O. Mekhrabov, 
M. Vedat Akdeniz
Middle East Technical University
Türkiye
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NM'S-P06 Advanced Micromechanical Characterization Techniques for Understanding Materials 
Behavior at the Nanoscale
Sezer Özerinç¹, Mohammad Abboud¹, Amir Motallebzadeh², Yunus Eren Kalay¹
¹Middle East Technical University, ²Koç University
Türkiye

NM'S-P07 Effect of Acid Catalyser on the Synthesis of Photocatalytically Active Titanium Dioxide 
Nanopowders 
Ahmed Hafedh Mohammed Mohammed¹, Jongee Park¹, Abdullah Öztürk²
¹Atılım University, ²Middle East Technical University
Türkiye

NM'S-P08 Effect of HNO3 on the Synthesis of TiO2 Nanostructures by Hydrothermal Process
Nursev Erdogan¹,², Asmae Bouziani¹, Jongee Park³, 
Abdullah Öztürk¹
¹Middle East Technical University, ²Turkish Aerospace Industry, 
³Atılım University
Türkiye

NM'S-P09 Microstructural Investigation of Nanostructured Er-Doped Yttrium Oxide Powders
Fatma Ünal¹, Elif Emil¹,², Sebahattin Gürmen¹, 
Kürşat Kazmanlı¹, Mustafa Ürgen¹
¹İstanbul Technical University, ²Turkish German University
Türkiye

NM'S-P10 Preparation of Silica Aerogel by Ambient Pressure Drying Process Using Diatomite Powder
Reyhan Arslan, Görey Eğribel, Emre Mudam, Nil Toplan
Sakarya University
Türkiye

NM'S-P11 Synthesis of SiO2 Aerogel via Ambient Pressure Drying Process Using Perlite Powder
Emre Mudam, Semih Efe, Nazan Saraç, Nil Toplan
Sakarya University
Türkiye

NM'S-P12 Influence of Ytterbium Addition on the Microstructural Parameters of Nanostructured 
Yttrium Oxide Synthesized via Aerosol Route 
Elif Emil¹,², Sebahattin Gürmen¹
¹İstanbul Technical University, ²Turkish-German University
Türkiye

NM'S-P13 The Effect of the Tungsten Content in Electroless Ni-P-B Coatings
Abdülkadir Akyol¹, Hasan Algül¹, Seda Ulu¹, Oğuzhan Bilaç¹, Mehmet Uysal¹, Harun Gül², Ahmet 
Alp¹
¹Sakarya University, ²Düzce University
Türkiye
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NM'S-P15 Characterization of Dual Cation Doped ZnO Films (DAZO) Sytnhesis by Sol-Gel Method
Semra Kurama, Atilla Yazal
Anadolu University
Türkiye

NM'S-P16 Cathodoluminescence Studies and Characterization of Yb Doped Y2O3 Synthesized by Wet 
Chemical Method
Elif Emil¹,², Fatma Ünal¹, Kürşat Kazmanlı¹, 
Sebahattin Gürmen¹
¹İstanbul Technical University, ²Turkish-German University
Türkiye

NM'S-P17 The Effect of Calcination Temperature, Time and Dopant Rate on Crystallite Size of Doped 
Y2O3 Nanopowders
Fatma Ünal, Faruk Kaya, Sebahattin Gürmen, 
Kürşat Kazmanlı, Mustafa Ürgen
İstanbul Technical University
Türkiye

NM'S-P18 Fabrication of Graphene/Silver Nanowire Based Transparent Conductive Solar Cell 
Electrodes via LBL Deposition
B. Tuğba Camic¹,³,4, Faruk Oytun², Meltem Sezen¹, 
M. Hasan Aslan³, Fevzihan Başarır4

¹Sabancı University, ²İstanbul Technical University, 
³Gebze Technical University, 4TÜBİTAK-Marmara Research Center
Türkiye

NM'S-P19 Preparing Alginate based Hydrogels with Different Compositions and Additives for Wound 
Dressing Applications
Fatma Erdemir, Seray Akoğlu, Hüseyin Küçükkeçeci, 
Tugay Yıldırım, Duygu Yeşiltepe Özçelik, Şerzat Safaltın, Sebahattin Gürmen
İstanbul Technical University
Türkiye

Biomaterials Symposium
Biyomalzemeler Sempozyumu

BM'S-P01 Characterization of Cactus Nopal Natural Fiber as Potential Reinforcement of Epoxy 
Composites: Mechanical and Vibration Analysis
Errouane Lahouaria, Kasdali Hafsa, Deghoul Nadjia, 
Merzoug Abdelrezak, Boussoufi Aicha 
Laboratoire Structure De Composite et Materiaux Innovants
Algeria
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BM'S-P02 Microstructure and Mechanical Properties of Si3N4 Based Biocomposites
Dilan Bozkurt, Melis Kaplan, İpek Akın, Gültekin Göller
İstanbul Technical University
Türkiye

BM'S-P03 Manufacturing of Metal Based Dental Brackets
Özge Yalman¹, Ahmet Topuz²
¹Koç University, ²Arel University
Türkiye

BM'S-P06 Characterization of Peo-Deposited TiO2/HA Nanocomposite Coatings 
Fatma Songur, E. Arslan, B. Dikici
Atatürk University
Türkiye

BM'S-P07 Production of Luffa Cylindrica Reinforced Silk 
Fibroin/Chitosan Hydrogel Scaffolds for Cartilage Tissue Defects
İbrahim Erkut Özer, Aylin Ziylan Albayrak, 
Oylum Çolpankan Güneş, Gizem Baysan, Hasan Havıtçıoğlu
Dokuz Eylül University
Türkiye

BM'S-P08 M-V-O (M=Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn) Type Compounds: Microwave Syntheses and 
Structural Characterization 
Gülşah Çelikgül
Balıkesir University
Türkiye

BM'S-P09 Direct Focused Ion Litography of Biphasic Calcium Phosphate (BCP) Bioceramics Surfaces
Feray Bakan, Melike Çokol Çakmak, Meltem Sezen, Elif Çelik, Zaeema Khan
Sabancı University
Türkiye

Steelmaking Technologies and Applications Symposium
Çelik Üretim Teknolojileri ve Uygulamaları Sempozyumu

STA'S-P01 Failure Analysis of Hot Forging Dies
Nuray Beköz Üllen
İstanbul University-Cerrahpaşa
Türkiye

STA'S-P02 Investigating the Effect of Compaction Temperature on Dry Sliding Wear Behavior of 
Austempered High Carbon Powder Metal Steel
Onur Altuntaş, Ahmet Güral
Gazi University
Türkiye
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STA'S-P04 Influence of Cryogenic Treatment and Tempering on AISI H13 Hot Work Tool Steel 
Melika ÖZER¹, Kemal DAVUT², Alpay ÖZER¹
¹Gazi University, ²Atılım University
Türkiye

STA'S-P05 The Effect of Welding Parameters on Tensile-Shear Force of Resistance Spot Welded 
Dissimilar Dual-Phase Steels
Yusuf Sadi Aslanlar¹, Uğur Özsaraç², Melih Kekik², 
Zafer Barlas², Hacı Aslan³, Salim Aslanlar²
¹Yıldız Kalıp Sanayi ve Ticaret A.Ş, ²Sakarya University, 
³Karasu Technical High School
Türkiye

STA'S-P06 Investigation of the Effect of Weld Time and Weld Current on Tensile-Peel Force of DP600-
DP800 Joint Prepared by Resistance Spot Welding
Uğur Özsaraç¹, Yusuf Sadi Aslanlar², Melih Kekik¹, 
Zafer Barlas¹, Salim Aslanlar¹, Hacı Aslan³
¹Sakarya University, ²Yıldız Kalıp Sanayi ve Ticaret A.Ş., 
³Karasu Technical High School
Türkiye

STA'S-P07 Effect of Weld Nugget Diameter on Tensile-Shear Force in Resistance Spot Welded 
1200M-DP800HF Joint
Uğur Özsaraç¹, Yusuf Sadi Aslanlar², Melih Kekik¹, 
Zafer Barlas¹, Salim Aslanlar¹, Hacı Aslan³
¹Sakarya University, ²Yıldız Kalıp Sanayi ve Ticaret A.Ş., 
³Karasu Technical High School
Türkiye

STA'S-P08 The Investigation of the Effect of Weld Nugget Geometry on Mechanical Properties of 
Dissimilar AHSS Joints by Resistance Spot Welding
Uğur Özsaraç¹, Yusuf Sadi Aslanlar², Melih Kekik¹, 
Zafer Barlas¹, Salim Aslanlar¹, Hacı Aslan³
¹Sakarya University, ²Yıldız Kalıp Sanayi ve Ticaret A.Ş., 
³Karasu Technical High School
Türkiye

STA'S-P09 Bulanık Mantık Yaklaşımıyla Sinter Fabrikasında 
Nem Kontrolü
Moisture Control in Sinter Plant by Fuzzy Logic Approach

Ahmet Beşkardeş, Serkan Çevik
İskenderun Demir ve Çelik A.Ş.
Türkiye
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STA'S-P10 Demiryolu Bağlantılarında Gergi Kıskacı Olarak Kullanılan 38Si7 Çelik Kangal Kalitesinde 
Isıl İşlem Prosesi Sonrası Oluşan Heterojen Sertliğin Giderilmesi
Removal of Heterogeneous Hardness After Heat Treatment Process of 38Si7 Steel Wire Rod Grade 
for Tension Clamps in Railway Fastening Systems

Serdar Günbay¹, Erhan Sakallı², Hamdi Gül¹, Ahmet Sağlam¹
¹İskenderun Demir ve Çelik A.Ş., ²Ereğli Demir ve Çelik Fab. T.A.Ş.
Türkiye

STA'S-P11 EN 10025-2:2004 S355 J2 Kalite Çeliklerin Mekanik Özelliklerinin Deney Tasarımı 
Yaklaşımı ile Modellenmesi
The Modeling of Mechanical Properties of EN 10025-2:2004 S355j2 Grade Steel by Experimental 
Design Approach

İlker Ayçiçek, Muhammet Bilen, Koray Aray, Kübra Karakuzulu, Burcu Soysal Atan, Ferhat Uğur, 
Alperen Terzi
İskenderun Demir ve Çelik A.Ş.
Türkiye

STA'S-P12 Granüle İnba Sisteminde Tamburda Kullanılan Elek Tasarımı Değiştirilerek Kullanım 
Süresinin 3 Aydan 15 Aya Uzatılması
Improving the Life Span of the Plate Screens at Slag Granulation System (Inba) from 3 Months up to 
15 Months, via Alteration of Screen Design

İbrahim Çakmak, Mehmet Atıl Tunç
İskenderun Demir ve Çelik A.Ş.
Türkiye

STA'S-P13 İsdemir Sinter Fabrikasında Uzman Sistem Uygulamaları
Expert System Applications in Isdemir Sinter Plant

Ahmet Beşkardeş
İskenderun Demir ve Çelik A.Ş.
Türkiye

STA'S-P14 İsdemir’de Üretilen API 5l:2012 / EN ISO 3183:2012 Standardına Ait Kaliteler ve PSL1 &PSL2 
Ayrımına Göre Yapılan Testler
Steel Grades Produced in Isdemir According to API 5L:2012/EN ISO 3183:2012 and Mechanical 
Tests Performed Depending on PSL1 & PSL2

Muhammet Bilen, Nalan Gül Uğur
İskenderun Demir ve Çelik A.Ş.
Türkiye

STA'S-P15 Sinter Tesisi Kükürt Dioksit Emisyonun Seviye-2 Matematiksel Modeli ile Optimizasyonu
Optimization of Sinter Plant Sulfur Dioxide Emission by Level 2 Mathematical Model

Ahmet Beşkardeş, Serkan Çevik, Burcu Soysal Atan, 
Ramazan Yaraşır
İskenderun Demir ve Çelik A.Ş.
Türkiye
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STA'S-P16 Sinterin Açık Alanda Stoklanmasının ve Maniplasyonunun Sinter Kalitesi ve Boyutu Üzerine 
Etkisi
Effect of Stocking and Manipulation Activities on Quality and Size of Sinter

Orhan Çifci, Orkun Hasdemir, Serkan Çevik, Sadi Balaban
İskenderun Demir ve Çelik A.Ş.
Türkiye

STA'S-P17 Sıvı Ham Demir Kükürt Giderme Prosesinde Kullanılan Granüle Magnezyum Tüketiminin 
Seviye-2 Yazılımı ile Optimizasyonu
Optimization of Granular Magnesium Amount Using in Hot Metal Desulfurization Process with 
Level-2 Software In İsdemir

Kaan Özmen¹, Turan Görkem Eskiyurt¹, Hikmet Şahin¹, 
Haldun Erkal¹, Tayfun Kocabaş², Abdurrahman Mesud Çakır¹, Burcu Soysal Atan¹
¹İskenderun Demir ve Çelik A.Ş., ²Oyak Maden Metalurji Grubu
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Abstract

Selective Laser Melting (SLM) is a revolutionary process 
that eliminates several drawbacks of conventional 
manufacturing techniques with allowing rapid fabrication 
of the complex geometries without need of expensive 
tools. In aero-engine industry specialized production 
methods are required to produce high performance parts 
especially for hot section turbine components. Inconel 
718 (IN718) and Hastelloy-X (HX) are nickel based 
super alloys that have been widely used in stationary and 
rotational engine components such as disks, combustion 
chambers, blades and vanes up to 600-700°C. In this 
study, IN718 and HX samples were manufactured by 
using SLM method in two different built directions: 
parallel (z-axis) and perpendicular (xy-axis) to the built 
direction. Microstructural investigations showed that 
grain orientations strictly depend on heat flow direction 
which the columnar grains are generally formed 
perpendicular to the base plate. Moreover, due to rapid 
cooling of melt pool, cellular microstructure was 
obtained after SLM for both of the alloys. Tensile tests 
were also performed for evaluating strength properties of 
SLMed specimens at room temperatures.  

1. Introduction 

Additive manufacturing (AM) (also described by various 
terms, e.g., rapid prototyping, rapid manufacturing, 3D 
printing, solid free form fabrication) is a revolutionary 
process in which complex 3D parts are built layer-by-
layer directly from CAD data. AM has remarkable 
advantages over conventional manufacturing methods 
like freedom to produce complex geometries, removal of 
expensive tooling, short lead time, optimum material 
usage, manufacturing of near-net shape parts with good 
dimensional accuracy [1]. 

Selective laser melting (SLM) is a powder bed fusion 
based AM process where 3D parts are produced from raw 
material powder via laser source under inert atmosphere. 
In SLM, a powder layer is scanned by a laser beam. 
Upon irradiation, when sufficient power is applied to 
powder layer, then the powder melts and forms a liquid 
pool. Subsequently, the liquid pool solidifies and cools 
down rapidly and forms the cross section of a layer. After 
completing a layer, build platform is lowered by one 
layer thickness and a new powder layer is laid. The 
process repeats until the complete part is built. Finally, 
the part is removed from the built platform and if 
necessary, secondary operations are performed [1, 2]. 

The nickel based superalloy 718, commonly known as 
IN718, is a precipitation hardenable material that 
especially used for production of high temperature parts 
in gas turbine engines due to its superior creep and 
fatigue properties. IN718 is mainly strengthened by 
coherent  disk-shaped particles in the fcc 
𝛾 matrix. There is also another form of  phase 
under overaged conditions which are undesired 
incoherent acicular 𝛿 particles. Hastelloy-X (HX) is a 
solid solution strengthened superalloy that widely used in 
combustion parts of the gas turbines. Besides solid 
solution strengthening mechanism, Hastelloy-X is also 
strengthened by carbide, intermetallic precipitation [3, 4].  

Conventional production of complex IN718 and HX 
aerospace parts are inconvenient and expensive because 
of the subtractive fabrication nature of these 
manufacturing methods. Therefore, nowadays, there are 
many studies about SLM of IN718 and HX parts [5-10]. 
Although SLM provides crucial advantages on 
conventional methods, high cooling rates obtained in 
SLM process lead to formation of non-equilibrium 
microstructure [10].
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In this study, IN718 and HX specimens were 
manufactured by using SLM in both parallel (XY) and 
perpendicular (Z) to the built direction. Depending on the 
built direction mechanical behaviors and microstructural 
properties were evaluated and compared among each 
other for as-built IN718 and HX superalloys. 

2. Experimental Procedure 

IN718 and HX powders were used to produce as-built 
samples in this study. Whereas the prealloyed IN718 
powders have a particle size distribution between 16-45 
μm, the particle size distribution of prealloyed HX 
powders is 18-51 μm. IN718 and HX powders were 
provided by the LPW and EOS, respectively. The SEM 
images of IN718 and HX powders where the chemical 
compositions given in Table 2, are shown in Figure 1. 

Figure 1. SEM images of a) IN718 powders and b)HX 
powders

Cylindrical, cubic and rectangular prism samples were 
built on XY and Z directions for utilizing tensile tests and 
metallographic characterization. Totally 24 samples made 
of IN718 and HX were produced by EOS M290 SLM 
machine. The blank dimensions of these samples are 
given in Table 1. 

Table 1. Blank dimensions of samples 
       mm Tensile Test   Characterization 

Z-Cylindirical 14,5 x 81 - 
XY-Prismatic 15 x 14,5 x 80 -

Cubic - 15 x 15 x 15 

The cubic samples were manufactured in order to 
investigate several properties including density, hardness 
and microstructure. After sample production was 
completed, blank parts were separated from the base 
plate by wire-EDM, and cut surfaces were cleaned by 
using sand blasting. The density of the cubic samples was 
evaluated by image analysis method. Rockwell hardness 
testing was performed using Emcotest Durajet G5 
machine. Cubic samples were cut by abrasive cutter 
before micro hardness testing and microstructural 
investigations in both parallel and perpendicular to the 
built direction. The Vickers micro hardness testing was 
carried out using Innovatest 400D Machine and each of 

the data which is given in Table 4 and Table 5 represents 
an average of measurements from five tests. The samples 
were mounted, ground from 80 to1000 meshes for each 1 
min and polished with 3  for 3 min. Samples were 
etched and then NIKON ECLIPSE MA200 optical 
microscope was used for the microstructural 
characterization.

Tensile test specimens were machined by milling for 
room temperature tensile tests conforming to ASTM E8. 
Tensile testing was carried out using a servo hydraulic 
MTS 370.10 machine. 

3. Results and Discussion 

The chemical compositions of IN718 and HX powders 
and samples can be found in Table 2. By examining this 
table, it can be understood that chemical compositions 
where not changed significantly after SLM 
manufacturing.

Table 2. Chemical compositions of powders used and as-
built specimens 

Elements
wt% 

IN718
Powder

HX
Powder

IN718
As-Built

HX
As-Built

C 0.05 0.01 0.049 0.01 
Mn 0.09 0.01 0.058 0.044 
Si 0.05 0.15 0.049 0.1 
P <0.01 <0.01 - - 
S <0.01 <0.005 - - 
Cr 19.13 20.98 19.1 21.6 
Co <1 1.44 0.18 2.57 
Mo 3.1 8.54 3.02 8.5 
Nb 5.14 - 5.22 <0.003 
Ti 0.94 0.05 0.85 0.09 
Al 0.44 0.04 0.46 0.049 
Fe Balance 18.25 17.6 18.4 
Ni 52.86 Balance 53.2 47.4 
W - 0.70 0.05 0.93 

The SLM as-built microstructure of IN718 samples is 
shown in Figure 2 for both XY and Z direction. Melt 
pools which have the arc-shaped configuration can be 
seen in Figure 2.b) with corresponding average depth as 
84.5 . On the other hand, the microstructure of SLM 
as-built HX samples is illustrated in Figure 3 for both XY 
and Z direction. Melt pools which have the arc-shaped 
configuration can be seen in Figure 3.b) with 
corresponding average depth as 98 μm. Whereas the 
average distance between laser tracks is around 109 μm
for IN718, this value is approximately 112.5 μm for HX. 
These values were determined by examining Figure 2.b) 
and Figure 3.b) microstructure images. 
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a) XY Direction  b)   Z Direction 
Figure 2: Optical images of SLMed IN718 

microstructures. 

a) XY Direction  b)   Z Direction 
Figure 3: Optical images of SLMed HX microstructures. 

In this study, optical image analysis method was used to 
obtain the bulk densities of samples which were given in 
Table 3. According to relative density results, it is seen 
that SLM allows manufacturing of IN718 and HX parts 
having relative densities more than 99%. In addition, the 
related results show that build orientation does not affect 
the relative densities remarkably. 

Table 3. Relative Densities (%) of IN718 and HX as-
built samples 

XY Direction 99.98±0.007As-Built IN718
Z Direction 99.98±0.004
XY Direction 99.99±0.004As-built HX
Z Direction 99.98±0.008

In Table 4 and Table 5, average microhardness (HV) and 
average macrohardness (HRC) results are shown for as-
built IN718 and HX alloys respectively.  When results for 
IN718 and HX alloys are compared, it can be found that 
hardness values of IN718 alloy are greater than the 
hardness values of HX as expected and the difference in 
HV is about 50.

Table 4. Average microhardness and macrohardness 
values for as-built IN718 samples. 

IN718 As Built 

XY Z 

Average Microhardness 
(HV) 318,3 ± 17,46 329,2 ± 7,37 

Average Macrohardness 
(HRC)

25,4 ± 0,64 25,1 ± 4,65 

On the other hand, hardness measurements were 
performed for samples built in both XY direction and Z 

directon to be able to show the effect of built orientation 
on hardness values. However, results demonstrate that 
built orientation does not affect the hardness property of 
the material significantly. 

Table 5. Average microhardness and macrohardness 
values for as-built HX samples. 

HX As Built  

XY Z 

Average Microhardness 
(HV) 264,8 ± 11,02 275,6 ± 9,69 

Average Macrohardness 
(HRC)

16,8 ± 0,96 19,6 ± 6,53 

Normalized strength values for IN718 and HX samples 
are compared to strength values found in ASTM F3055 
and AMS 5536 specifications respectively, in Figure 4. 
AMS F3055 specification covers additively 
manufactured UNS N07718 components using full-melt 
powder bed fusion such as selective laser melting and 
electron beam melting while AMS 5536 specification 
covers a corrosion and heat-resistant nickel alloy (UNS 
N06002) in the form of sheet, strip, and plate procured in 
inch/pound units. As it can be seen in Figure 4, both yield 
and ultimate tensile strength of SLMed IN718 samples 
are much greater than the strength values in ASTM 
F3055. On the other hand, when room temperature 
strength of SLMed HX samples are compared to strength 
values in AMS 5536, it was understood that yield and 
tensile strength for XY built SLMed samples are higher 
than the values in related specification. Only tensile 
strength was slightly lower in Z direction for HX 
samples. Moreover, SLMed IN718 samples have higher 
yield and tensile strength than SLMed HX samples. In 
addition, it should be emphasized that for both SLMed 
materials, all strength values in XY direction are greater 
than values in Z direction.    

Figure 4. Normalized Strength values of as-built IN718 
and HX alloys. 
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4. Conclusions 

The main purpose of this study was to investigate and to 
compare the metallurgical and mechanical properties of 
IN718 and HX alloys which are both manufactured via 
SLM. Therefore, cylindrical, cubic and rectangular prism 
samples were manufactured in two different built 
directions: parallel (z-axis) and perpendicular (xy-axis) to 
the built direction in SLM method. Within this scope, 
microstructural analysis, porosity analysis, tensile and 
hardness tests were performed. The main conclusions 
were summarized as follows:  

• Chemical compositions of SLMed samples do not 
differ from chemical composition of powder used as 
raw material significantly. 

• Microstructural investigations demonstrated that grain 
orientations depend on heat flow direction. Moreover, 
the columnar grains formed perpendicular to the base 
plate for both IN718 and HX materials. In addition, 
cellular microstructures were attained for both of the 
alloys.

• SLM allows manufacturing IN718 and HX parts 
having relative densities which are more than 99%. 

• Hardness values of IN718 alloy are greater than the 
hardness values of HX as expected and the difference 
in microhardness is about 50 HV regardless of built 
orientation.

• Yield and ultimate tensile strength of SLMed IN718 
samples fulfill the requirements of ASTM F3055 
specification in both building directions. 

• SLMed HX samples have superiority in yield strength 
in comparison to AMS 5536.  

• SLMed IN718 samples have higher yield and ultimate 
tensile strength than SLMed HX samples independent 
on the building direction. 
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Abstract 

Selective laser melting (SLM) is a powder bed fusion type additive 
manufacturing (AM) process that allows fabrication of complex and 
detailed components from computer aided design (CAD) model in one 
single step without the need of costly tools.Ti-6Al-4V alloy is widely 
used in the applications where high specific strength is required 
particularly in aero engine discs, frames and compressors.Production 
of the Ti-6Al-4V alloy with a conventional methodis inadequate in 
manufacturing complex shaped parts used especially in the aero 
engine industry; therefore, SLM processes arebeing developed in 
order to enable rapid manufacturing of the Ti-6Al-4V alloy 
forintricate components. However, in SLM technologydue to large 
thermal inputs during production ductility of Ti-6Al-4V parts are 
inferior to conventionally produced ones without post heat 
treatment.Therefore, post processing of SLM processed parts is highly 
required to obtain desired mechanical properties which meet the 
specifications of the aerospace industry. In this study, as an alternative 
to typical heat treatments, a thermohydrogen process (THP) based on 
hydrogenation and dehydrogenation steps were applied to SLM 
processed Ti-6Al-4V alloy to refine the microstructure and to improve 
its mechanical properties. The starting non-equilibrium ′ martensitic 
phase of SLM processedTi-6Al-4V alloy was transformed to  (TiH2) 
and  phases after the hydrogen treatment at 650°C for 1h. When the 
hydrogenated alloy was vacuum treated at 700°C for 18h, 
discontinuous and fine /  duplex microstructure formed as a result of 
this dehydrogenation step. 2-step THP post-process heat treatmentwas 
found to increase the alloy’s ductility without degrading its strength. 
The effect of the novel 2-step THP was also compared with that of the 
4-step THP which has been applied to cast and wrought Ti-6Al-4V 
parts conventionally. It was determined that the novel 2-stepTHP 
ismore beneficial for SLM fabricated Ti-6Al-4V parts in terms 
increasing their ductility while optimizing their strength in contrast to 
conventional 4-step THP. 

1. Introduction 

Ti-6Al-4V alloy is widely used in the applications where high 
temperature strength is required along with weight saving for a 
product design [1]. Ti-6Al-4V weight share is more than 25% in the 
fan and compression sections of aero engine disks and blades, which 
have an operating temperature of about 500 °C [2]. Additionally, Ti-
6Al-4V can be used as artificial implant in the body environment, 
since it has good biocompatibility and great corrosion resistance [3]. 
An additive manufacturing method like selective laser melting (SLM) 

allows direct production of a part from CAD model with 
nodeferments seen in case of conventional manufacturing cycles. 
Compared to conventional fabrication techniques, additive 
manufacturing (AM) of Ti-6Al-4V alloys offers various advantages 
including near net shape production of complex structural designs 
without the need of expensive molds, dies and labor force [4]. Thus, 
in recent years, SLM has become more popular in a wide variety of 
fields producing complex Ti-6Al-4V parts [5]. Besides various 
advantages, it was found that rapid solidification in SLM gives rise to 
some problems like formation of non-equilibrium phases in the 
microstructure. A very fine, acicular martensite forms in the 
microstructure when Ti-6Al-4V parts are fabricated by SLM. 
Moreover, laser beam induced highly localized heat input leads to 
residual internal stresses while short interaction time of laser also 
causes segregation in the structure [6]. Mechanical properties of the 
SLM processed Ti-6Al-4Valloys such as strength, ductility, fracture 
toughness and fatigue resistance drastically change in a negative 
manner. Therefore, post processing of SLM parts is highly needed to 
ensure desired mechanical properties that meet the specifications of 
the standards particularly adapted to aerospace and biomedical fields 
[7]. In this study, thermohydrogen process (THP) wasutilized onSLM 
fabricated Ti-6Al-4V parts as an alternative post process heat 
treatment to refine the microstructure and improve the mechanical 
properties of the samples without changing their shape and 
dimensional tolerances. SLM fabricated Ti-6Al-4V parts were 
alternatively post processed byTHP to eliminate conventional heat 
treatments which may require complex equipment. The most crucial 
feature of THP is that it does not involve deformation of the material 
so that the mechanical properties of SLM fabricated Ti-6Al-4V parts 
can be improved without shape change. Previous studies in the 
literature have shown that temporary alloying of Ti-6Al-4V with 
hydrogen has a remarkable impact on phase transformations, since 
hydrogen promotes the formationof  phase while retardingthe 
phase formation [8, 9].Present study intends to develop a novel post 
processing heat treatment techniquefor SLM fabricated Ti-6Al-4V 
parts to obtain optimal mechanical properties conforming to the 
ASTM standards for AM fabricated parts. There are two main steps in 
THP; hydrogenation and dehydrogenation. Hydrogenation step is 
done on the purpose of increasing hydrogen content which results in 
anew phase distribution with finer grains in the microstructure. Once 
the novel microstructure is obtained, the hydrogen content must be 
lowered once again to avoid the future hydrogen embrittlement [10]. 
Since alloying of hydrogen is a reversible process in titanium alloys, 
hydrogen removalcan be utilized using vacuum or inert gas 
environment at an elevated temperature [11]. Consequently, when the 
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alloy is dehydrogenated, the novel microstructure is achieved and the 
mechanical properties are improved compared to the results presented 
inthe previousstudies [8-11]. 

2. Experimental Studies 

2.1. As-Manufactured Materials 

SLM fabricated Ti-6Al-4V samples were manufactured using 
identical process parameters such as layer thickness (t), scanning 
velocity (v), laser power (P), hatch spacing (h) to maintain the same 
volumetric energy density (E).To achieve high density, spherical 
powders with an average particle size of 30 m were used, and each 
layer was deposited in a zigzag pattern. The initial microstructure of 
SLM fabricated as manufactured specimens consisted of ′martensite 
(Figure 1). 

Figure 1: Optical micrograph of SLM fabricated as manufactured
 Ti-6Al-4V alloy. 

2.2. Characterization 

The nominal chemical composition of the SLM fabricated specimens 
were measured using inductively coupled plasma opticalemission 
spectroscopy (ICPOES). Hydrogen, nitrogen and oxygen contents 
were determined using LECO TCH600 (Table 1). 

Table 1: Chemical composition of as-manufactured alloy. 
Al V Fe O C N H Ti 

6.13 4.03 0.27 0.15 0.076 0.042 0.0042 bal. 

Before the microstructural analysis, SiC grinding papers up to 2000 
grit were used to grind the specimens. After polishing with a diamond 
paste up to 1 m, Kroll’s reagent etchant solution (85 ml distilled 
water, 5 ml HNO3 and 10 ml HF) was used to reveal the 
microstructure. Prepared surfaces were analyzed using Huvitz HDS-
5800 digital microscope and also using FEI NOVA 430 Nano 
Scanning Electron Microscope (SEM). X-Ray Diffraction (XRD) 
analysis using Cu K  radiation was performed on Bruker D8 Advance 
Eco device. 

The 100 kN capacity Instron 5582 Universal Testing Machine 
equipped with the Instron 2663-821 video extensometer device was 
used with a constant cross head speed of 0.5 mm min-1 to determine 
the stress-strain behavior during tensile testing. Tensile yield strengths 
were determined using 0.2% offset method. Elastic modulus of the 
specimens was calculated from the slopes of the linear regions of the 
stress-strain curves. The tensile test samples were fabricated to their 
final shape using SLM in accordance with the ASTM 8E, i.e. no extra 
machining was applied to obtain the tensile test specimens. 

2.3. Thermo-Hydrogen Processing (THP) 

Two types of THP were carried out in the scope of the study. The 
first,conventional THP includes hydrogenation treatment, 
solutionizing treatment, eutectoid decomposition and vacuum 
dehydrogenation as schematically illustrated in Figure 2(a). The 
second,newly developed THP consists of hydrogenation and 
subsequent vacuum dehydrogenation steps only without raising the 
temperature above  transition temperature (Figure 2(b)). 

Figure 2: THP treatments with; (a) 4-steps, (b) 2-steps. 

SLM produced specimens were cut precisely as 2 mm thick disks of 
10 mm in diameter. Disks were firstly put in a quartz tube which is50 
mm in diameter and 1000 mm in length. Both sides of the tube was 
precisely sealed and mounted in a horizontal laboratory tube furnace. 
Followingpurging cycles, specimens were hydrogenated at various 
temperatures under flowing gas mixture composed of 25 vol.% 
hydrogen and 75 vol.% argon for 1 hour while keeping the gas 
pressure constant at 1 atm. Hydrogen and argon injection system was 
consistently regulated using a digital flow meter directly linked to the 
gas sources. Gas flow and pressure were continuously kept constant 
during hydrogenation,  solutionizing and eutectoid decomposition 
treatments. To achieve the hydrogen content given in the ASTM 
F2924 standard vacuum dehydrogenation treatment was applied [7]. 
10-5torr pressure was maintained by a turbomolecular pump attached 
to the quartz tube. 

3. Results and Discussion 

As presented in experimental section, two different THP treatments (4 
steps and 2 steps) were performed on theSLM fabricated specimens. 
First type of THP was conducted in 4 steps as referred by Fang et al. 
[11]. In this treatment, firstly, hydrogenation steps were applied to 
samples to determine the maximum hydrogen absorption 
temperature.Ti-6Al-4V specimens were kept under flowing hydrogen 
and argon (25vol% H2 + 75vol% Ar) gas mixture at a constant 
pressure and temperatures. Next, prior to dehydrogenation step, 
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Figure 4: Stress-strain curves of SLM fabricated; as-manufactured, 4-
step THPed and 2-step THPed alloys [7]. 

Figure 5:Optical micrographs after dehydrogenation at different 
magnifications; (a) 4-Steps THP 1000x, (b) 2-Steps THP 1000X, (c) 

4-Steps THP 100x, (d) 4-Steps THP 100x

4. Conclusion: 

Additive manufacturing affects the microstructure of the Ti-6Al-4V 
alloys, thereby, changing their mechanical properties. SLM fabricated 
as-manufacturedalloy contains only hcp '-martensitic phase in its 
microstructure. Therefore, yield strength and UTS of SLM fabricated 
samples were found to be 1141.5 and 1246.7 MPa, respectively. 
Besides, SLM fabricated samples with martensitic microstructure 
displayed low ductility which isaround 4.70 %.  

FCC -hydride phase, which is the basic requirement for 
microstructural refinement, has been observed to form 

byhydrogenation at and above 650 °C, since the 1.19 wt.% hydrogen 
levels were maintained at thosetemperatures. Dehydrogenation 
treatment at 700 °C for 18 h was found to be optimum in terms of 
obtaining fine microstructure containing  and β phases which results 
in0.0019 wt.%remaining hydrogen. 

4-step THP process caused excessive grain growth, although it 
resulted in transformation of '-martensitic phase to a very fine 
microstructure composed of discontinuous α and β phases. Therefore, 
after 4-step THP, average elongations decreased to 3.47%. 
Elimination of β-solutionizing and eutectoid decomposition in 2-step 
THP prevented grain growth, and grain size remained almost the 
same, since the temperature never reached up to 100% βphase region. 
Moreover, this treatment resulted in very fine microstructure similar 
to 4-step THP. Therefore, elongation values increased up to 9.83%. It 
was found that 2-step THP can be applied to SLMfabricated Ti-6Al-
4V alloy parts successfully to refine their microstructures and increase 
ductility while keeping their strengths at reasonable levels without 
theneed for a hot deformation process as a secondary treatment. 
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Abstract

Recently, there has been a great attention on HEAs to 
obtain robust mechanical, magnetic and thermal 
properties. However, there are limited studies on low 
density high entropy alloys (LDHEA) due to 
difficulty to produce such alloys with single or dual 
solid solution phases from low density elements. The 
development of LDHEA particularly for industrial 
applications is one of the challenge in this field.  In 
the present study, HEA ability of low density 
elements are studied in details.  In this manner, light 
weight elements such as Al, Si, Ti, V, Mn were 
studied using empirical thermo-physical parameters to 
test their ability to be produced as HEA. The 
candidate AlTiVMnSiX (x=0.25, 0.50) LDHEAs were 
produced using arc-melting and induction melting 
techniques.  Single phase LDHEAs and small amount 
of intermetallic compounds (ICs) with densities as 
low as 4.61 gr/cm3, 730 and 821 HV were produced. 
We discussed mechanisms of the LDHEA production 
and the critical properties through a combined study 
of mechanical and microstructure analyses. This 
project is being supported by TUBITAK, under the 
project number 216M058. 

1. Introduction

Traditional alloy systems are based on one or two 
principal elements that minor alloying elements are 
added to improve the properties of the alloys. Due to 
the limited number of elements on periodic table, it 
restricts combination of these elements to produce 
new alloy systems and improve their properties. In 
this manner, a new alloy system which is called as 
High Entropy Alloy (HEA) was first proposed in 
1995 that there is no such a restriction in this new 
alloys system. HEAs contain at least five principal 
elements with 5-35 at. % for each element that 
provide an opportunity to study in a wide range to 
produce new alloys. Although HEAs were first 

proposed in 1995 as terminology, it has been started 
to study since 2004 by Yeh at al. Recently, there are 
so many studies on mechanical, magnetic, and 
thermal properties of HEAs [1], [2]. 

Basically, HEA term is based on the highest 
configurational entropy (Sconf) of the alloy system 
containing at least five principal elements. However, 
the traditional alloy systems depended principally on 
one or two main components with addition of small 
amount of alloying elements to improve the 
properties or processability of the materials [3]. 
According to the Gibbs phase rule, when the number 
of main element is increased, the formation of 
intermetallic compounds and complicated 
microstructures, which could lead to brittleness and 
processing problems, may take place [4]. However, 
studies conducted by Yeh et al. show that alloys with 
five or more principal elements and the 
concentrations between 5 and 35 at. % can be 
obtained without the formation of intermetallic phases 
[5], [6]. Solid solution phases have usually higher 
mixing entropy compared to intermetallics that can 
decrease greatly the Gibbs free energy of the system 
[7]. Therefore, HEAs generally form face centered 
cubic (FCC) and/or body centered cubic (BCC) 
structures rather than many complex phases, in 
addition, secondary phases such as hexagonal close 
packed (HCP) structure, nano sized precipitated and 
amorphous phases can be observed [8]–[11].

When equi-atomic composition is prepared for each 
component of an alloy containing five or more 
principle elements, it is shown that Skonf/R = lnN (N: 
number of elements present in the alloy, R: gas 
constant). From this equation, when five principle 
elements are chosen for a HEA, Sconf/R will be equal 
to ln5=1.61. If Skonf/R is equal or higher than this 
critical value, this alloy can be defined as a HEA [4], 
[12].
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HEAs are commonly studied due to their room and 
high temperature strength, structural stability, 
corrosion and wear resistance. So far, however, there 
are a very few studies about production of low 
density high entropy alloys (LDHEAs). The 
calculated thermo-physical parameters for low density 
elements make difficulties to design an LDHEA 
without intermetallic phases. Thus, design and 
production of LDHEAs play an important role in this 
area. In the present study, HEA forming ability of low 
density elements are studied.  In this manner, light 
weight elements which are Al, Si, Ti, V, Mn used to 
obtain a LDHEA relative to the density of Fe (7.86 
gr/cm3).

2. Experimental Procedure 
2.1. Design of the LDHEAs 

Due to the main parameter which is low density, the 
elements with low density are used mainly to produce 
relatively light weight HEAs. The main critical 
reference density value is the density of Fe (7.86 
gr/cm3). Another important criterion for element 
selection is their costs. Because of the mentioned 
criteria, the main elements that used in the current 
study are Ti, V, Mn, Al and Si. At least five elements 
are combined with 5-35 at.%  for each candidate 
element to produce LDHEA solid solution.  

Thermodynamic parameters are used to define the 
conditions of solid solutions in HEAs. In this manner, 

Sconf, Hmix, atomic size difference ( ) and valance 
electron concentration (VEC) parameters are 
calculated to predict HEA forming ability of 
candidate elements. Sconf value can be calculated 
based on thermodynamic principles. That calculations 
are done as follow [13]: 

𝑆𝑅 𝑖 𝑁𝑐𝑖𝑙𝑛𝑐𝑖               (1)   

𝑆𝑅 𝑙𝑛𝑁                   (2) 

where ci the concentration of ith element in the alloy. 
Hmix,  and 𝑟 for an alloy system are calculated 

based on the following equations [13]: 

𝛥𝐻𝑚𝑖𝑥 𝑥𝑗 𝑁𝑖 𝑁𝛥𝐻𝑖𝑗𝑐𝑖𝑐𝑗             (3) 

𝑥𝑖 𝑁𝑐𝑖 𝑟𝑖𝑟              (4) 

𝑟 𝑖 𝑁𝑐𝑖𝑟𝑖               (5) 

VEC of the multicomponent HEA systems is used to 
predict the resultant crystal structure. VEC is 
calculated according to the following formula [14]:

𝑉𝐸𝐶 𝑐𝑖𝑉𝐸𝐶𝑖              (6) 

AlTiVMnSiX (x=0.25, 0.50) LDHEAs are designed 
based on the given thermo-physical equations. 

2.2. Production and Characterization of the 
LDHEAs

The selected LDHEAs are prepared by arc-melting of 
pure elements in a high-purity argon atmosphere to 
avoid oxidation problem. Edmund Bühler Arc Melter 
MAM-1 is used with suction casting stage to produce 
cylindrical shape samples. The crystal structure of 
samples identified by X-ray diffraction (XRD). It is 
the most important step of the characterization 
procedure for the present study. The samples are 
determined whether they have solid solution HEA 
phase(s) or not using this technique. If the samples 
contain solid solution phase(s), the other 
characterization techniques are applied. Scanning 
electron microscope (SEM) micrographs are used to 
determine morphology and distributions of the phases 
in the samples.  Also, energy dispersive X-ray 
spectrometry (EDS) analyses are applied to check the 
chemical composition of the samples. Mechanical 
properties of HEAs directly affected by their 
microstructures and compositions. Hardness test is 
performed according to the ASTM standards to 
investigate mechanical properties of AlTiVMnSiX
(x=0.25, 0.50) LDHEAs. 

3. Results and Discussion 

Thermo-physical calculation results of the candidate 
LDHEAs are shown in  Table 1. The candidate 
LDHEAs are selected based on these density, ,

Hmix, VEC, Smix parameters. Although these 
parameters satisfy to predict the resultant crystal 
structure of the produced alloys, the XRD patterns of 
LDHEAs slightly deviates from that prediction. 
However, in addition to these main phases, 
intermetallic compounds (ICs) peaks are observed in 
the XRD patterns of the alloys (Figure 2).

Table 1. Calculated thermo-physical parameters for 
candidate LDHEA 
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XRD Patterns of AlTiVMnSiX (x=0.25, 0.50) 
LDHEAs are shown in Figure 1. It is seen in the XRD 
patterns that the primary phase of the produced alloys 
is HEA. However, in addition to HEA phases, 
intermetallic compounds (IC) are observed in the 
alloy. When the amount of Si element is increased 
from 0.25 to 0.50 the intensities of ICs increase. The 
differences in thermo-physical calculations between 
these two alloys show that, when the atomic amount 
of Si is increased from x=0.25 to 0.50,  parameter 
increase from 6.89 to 7.75 (%). Additionally, Hmix

value decreases from -18.39 to -21.19 with increasing 
Si. These two critical value promotes formation of 
ICs.

Figure 1. XRD patterns of AlTiVMnSix (x=0.25, 
0.50) LDHEAs 

Optical microscope images of AlTiVMnSix (x=0.25, 
0.50) are shown in Figure 2. The images of 
AlTiVMnSi0.50 HEA reveal that the sample has the 
same morphology from the corner to the side (Figure 
2 (a,b)). Also, it is seen in the figures that the sample 
has two phases. When the phases are matched with 
XRD patterns (Figure 1), it is shown that the sample 
consist of HEA and IC phases. The integrated 
intensities of XRD peaks for each phase show that the 
amount of HEA phase is higher than IC. Therefore, it 
is possible to label the bright fields as HEA phase, 
and the dark ones as IC due to high amount of bright 
fields that matching with XRD. 

Figure 2. Optical microscope images (1000x) of a) 
AlTiVMnSi0.50-corner, b) AlTiVMnSi0.50-center, c) 

AlTiVMnSi0.25-corner, d) AlTiVMnSi0.25-center

In Figure 2 (c-d), voids are present in the 
AlTiVMnSi0.25 LDHEA due to the casting defects. 
Also, the corner and center of the LDHEA has the 
similar micro structure. When the optical microscope 
images and XRD patterns of AlTiVMnSi0.25 and
AlTiVMnSi0.50 are compared, it is obvious that the 
amount of ICs in AlTiVMnSi0.25 is lower than 
AlTiVMnSi0.50. In Figure 2 (a-d)  the sharpness of the 
phases which is characteristic for ICs is lower in 
AlTiVMnSi0.25.

Figure 3. SEM image EDS analysis of 
AlTiVMnSi0.25 LDHEA

When the optical images of AlTiVMnSi0.25 LDHEA 
are analyzed in detail, it is observed that an additional 
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gray phase is present between the bright grains. SEM 
analyses are applied to investigate these phases. SEM 
image and EDS analysis of the AlTiVMnSi0.25 is
shown in Figure 3. The sample has a primary HEA 
phase with ICs. EDS analysis of each phase shows 
that the amount of Si in the intermetallic phase is 
30.95 (at. %) although, it is 1.61 (at. %)  in the 
primary HEA phase. It proves that Si promotes 
formation of ICs in the alloy. The gray phases in the 
optical microscope images matches with ICs in SEM 
for the AlTiVMnSi0.25 LDHEA.  

Vickers hardness test results of AlTiVMnSi0.25 and 
AlTiVMnSi0.50 LDHEAs is shown in Figure 4. The 
hardnesses are taken from one side to the opposite 
side of the samples. The hardness results show that 
there is not a dramatic difference in the same samples 
from one side to the other side. However, the 
hardnesses of the AlTiVMnSi0.25 and AlTiVMnSi0.50

are 730 and 821 HV, respectively. Also, it is already 
known that the amount of ICs in AlTiVMnSi0.50 is 
higher than AlTiVMnSi0.25. Due to the higher amount 
of ICs in AlTiVMnSi0.50 LDHEA, the hardness of the 
alloy higher than AlTiVMnSi0.25 LDHEA. 

Figure 4. Hardnesses of AlTiVMnSiX (x=0.25, 0.50) 

4. Conclusion 

HEA forming ability, structural and mechanical 
characterization of AlTiVMnSix (x=0.25, 0.50) are 
investigated to produce LDHEA. It is shown that the 
main phases in these alloys are BCC+ICs. The 
amount of ICs increases with increasing Si content. 
The morphology of the phases is similar in the whole 
structure from side to side for both LDHEAs. SEM 
images show that AlTiVMnSi0.50 HEA has sharp IC 
phases. These phases increase the hardness of the 
LDHEAs that hardnesses of AlTiVMnSi0.25 and 
AlTiVMnSi0.50 are 730 and 821 HV, respectively. 
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Abstract

Marine surroundings (i.e., Seas and Oceans) constitute 
about 71% of the earth’s surface. It consists of an 
enormous reservoir of numerous mineral deposits such as 
massive sulfides, manganese nodules and cobalt-rich 
ferromanganese crusts. These mineral deposits could be a 
possible choice to satisfy the rising demand for raw 
materials and ores in the metal industry. Since 1960’s a 
variety of metallurgical processes 
(pyro/hydrometallurgical) have been developed to deal 
with marine ore deposits and extract different metals such 
as Au, Cu, Ni, Co etc. hydrometallurgical methods as 
proven technological treatments could be applied to the 
extraction of metals from concentrates (after pre-
treatments like crushing, grinding, physical separation, 
flotation, etc.) or directly from crushed marine ores. In 
this paper, we briefly review developments of 
hydrometallurgical treatments (mainly leaching, modern 
bio-hydrometallurgical processes) of marine ores. 

1. Introduction 

Seas and oceans cover about 71% of the earth’s surface. 
They contain an enormous stock of various mineral 
resources such as sedimentary (marine placers), massive 
sulfide ore deposits, manganese nodules and cobalt-rich 
ferromanganese crusts. Sea and ocean floor ore deposits 
could make a contribution the meeting of ever-rising 
demand for raw materials in the metal industry. On this 
subject, more research and development appear to be 
required to ensure maximum benefit from mineral 
resources of the marine environment. For the last five 
decades, a variety of mineral and metallurgical processes 
have been studied and developed to deal with marine ores 
and extract metals such as Au, Ni, Cu, Co, Mn, Sn, 
platinum group metals (PGM), Zr, Th, etc., from mineral 
deposits [1]–[3]. 

Generally speaking, there are two broad categories of 
mineral processing technology for marine minerals in 
terms of deposit structure, namely; technology for 
unconsolidated deposits (e.g., placer deposits), 
technology for semi-consolidated and consolidated 
(massive sulfide, manganese nodules, gold veins and 
cobalt-rich crusts) deposits. They may occur in a variety 
of forms, including beds, crusts, nodules, and at all water 
depths. To explain the extraction processes and recovery 
of metals from marine deposits, it is essential to have 
adequate information about physical/chemical properties 
and mineralogy of minerals of the deposits. The 
extraction techniques could be mainly divided into two 
major categories, i.e., low temperature 
hydrometallurgical and high-temperature 
pyrometallurgical treatments. The hydrometallurgical 
treatments include mainly leaching with various lixiviant 
(acids; e.g. HCl, H2SO4, etc.; basic medium; e.g. 
ammoniacal, etc.) and reducing reagents (e.g. pyrite, 
carbon, Na2SO3, etc.). Moreover, the modern bio-
hydrometallurgical processes have been applied to 
marine ores (esp. Mn nodules) in several previous 
studies. [4]–[6]. Pyrometallurgical processes are 
undesirable because of the cost of removing the water 
content of nodules and crusts (up to 45%). In this paper, 
we focused on hydrometallurgical processes (due to their 
advantages over pyrometallurgical processes; e.g. energy 
consumption, environmental friendly, etc.) of marine 
ores. Firstly, marine ores and their properties would be 
discussed shortly and then the pre-treatments and 
hydrometallurgical processes of the marine ores would be 
explained in brief. 

2. Marine Ores and Their Properties 

Aforementioned, marine ores constitute of two main 
deposits in terms of deposit structure; i.e., unconsolidated 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

120 IMMC 2018   |   19th International Metallurgy & Materials Congress

deposits (e.g., placer deposits), semi-
consolidated/consolidated (massive sulfide, Mn nodules, 
Au veins and Co-rich crusts) deposits. Unconsolidated 
deposits include Au, Pt, cassiterite (SnO2), titanium 
oxides (ilmenite, rutile), zircon (ZrSiO4), monazite ((Ce, 
La)PO4), diamonds, and a few others. Mineral deposits in 
this category include nodules, crusts, veins, and massive 
deposits, as of polymetallic sulfides [2], [5]. In this part 
of the paper, these types of deposits broadly categorized 
into two main groups, namely polymetallic massive 
sulfide ores and manganese nodules/cobalt-rich crusts. 

2.1. Polymetallic massive sulfides 

Since 1979, seafloor polymetallic sulfides have been 
found in the modern ocean floor at water depths ranging 
from about 1500 to 3700 m. Although only a small 
portion (less than 5%) of the world’s ocean ridge system 
has been explored in detail, about 20 deposits have been 
located in the Pacific Ocean, four in the Atlantic and one 
each in the Indian Ocean and the Mediterranean Sea. One 
of the largest deposits occurs in the Atlantis II Deep of 
the Red Sea. However, an evaluation of the economic 
significance of these deposits is limited by the lack of 
sufficient data concerning their distribution, size and bulk 
composition. Several individual deposits contain between 
1 and 5 million tons of massive sulfide (East Pacific Rise 
13°N, Hydrothermal Field) and only two deposits 
(Middle Valley and Atlantis 11 Deep, Red Sea) are 
known to contain considerably higher amounts of 
sulfides ranging between 50 and 100 million tones [4]. 

The mineralogy of these deposits mainly consists of 
varying proportions of pyrrhotite (Fe(1-x)S; x=0 to 0.2), 
pyrite/marcasite (FeS), sphalerite/wurtzite (ZnS), 
chalcopyrite (CuFeS2), bornite (Cu5FeS4), barite 
(BaSO4), anhydrite (CaSO4) and amorphous silica (SiO2).
Massive sulfide deposits additionally may contain 
abundant galena (PbS), realgar (AsS), orpiment (As2S3)
and locally native gold. Chemical analyses show that the 
seafloor deposits contain notable concentrations of Cu 
(1.3-5.1 wt. %) and Zn (4.7-34 wt. %) comparable to 
those of massive sulfide deposits on land. Gold and silver 
concentrations are locally high in samples from a number 
of deposits (up to 6.7 ppm Au and 1000 ppm Ag) and 
may reach concentrations of more than 50 ppm Au and 
1.1 wt. % Ag in massive sulfides from back-arc rifts, 
which are dominated by felsic volcanic rocks. Precious 
metal contents of seafloor sulfides thus are well within 
the range of those found in land-based deposits [4], [5], 
[7].

An important project (i.e. Solwara project) which has 
been running on seafloor massive sulfide deposits in the 
Bismarck Sea (at total 19 regions in Papua New Ginea). 
The mineralogy of the deposit mainly consists of CuFeS2

and ZnS, with subsidiary FeS2, Cu5FeS4, PbS, Au and 
Ag. At Solwara-1 ore deposit, Cu is present almost 
exclusively as the CuFeS2 and As is the only significant 
deleterious element in the ore. The average grade of 
valuable metals in this deposit (assuming all the regions) 
are as follows: Au: 15.5 g/ton, Cu 9.6% wt., Ag: 138 
g/ton, Zn: 5.1% [8]. 

2.2. Manganese nodules/cobalt-rich crusts 

The HMS Challenger Expedition of 1873-1876 
discovered the black hydrous manganese dioxide 
concentrations, i.e., manganese nodules or in some 
sources polymetallic nodules. The MnO2 deposits were 
later called ferromanganese nodules due to their high iron 
content. Also these deposits could be used as an excellent 
source of Cu, Ni, Co and, Mo. They are mostly found in 
the oceans basins of the world. The currently known 
distribution of manganese nodules and ferromanganese 
crusts on the ocean floor is based on information 
acquired by drill cores, dredged samples, seafloor photos, 
video camera records and direct observation from 
submersibles. Manganese nodules are comprised mainly 
of oxides of manganese and iron together with various 
metals were mentioned before. Goethite (FeO-OH) has 
been determined to be the most common iron-rich phase 
[9]–[12].

Nodules may contain up to 2.5% Cu, 2.0% Ni, 1.0% Co, 
40.0% Mn, 27.0% Fe (all in wt.%), as well as smaller 
quantities of 22 other metals including Mo, Pb and Zn. 
Mineral-rich nodules are usually found at depths of 
approximately 4000 m or greater. The size of manganese 
nodules is dependent on the size of the nucleus, rate and 
duration of the accretion process, and burial of nodules 
after attaining a particular size. The sizes vary from 
micro nodules (<1cm diameter) to nodules (> 1cm < 15 
cm diameter) and macro nodules (>15 cm diameter) [11], 
[12].

Moreover, ocean nodules have unique physical 
characteristics, which have very significant effects on the 
extraction of various metals from them. They are very 
porous (up to 0.62 by volume) and have a large surface 
area (up to 287 m2/g). Because of the considerable 
porosity, they contain a fair amount of water (usually 
about 30-40 wt.%), and due to this notable property, they 
consume the major part of the energy in the case of 
pyrometallurgical processes [11]–[13]. 

3. Pre-Treatment (Mineral Processing) 

Mineral processing involves separating ore from 
worthless constituents and transforming it into 
intermediate or final mineral products. The number and 
type of steps involved in a particular process may vary 
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considerably depending on the characteristics of the ore 
and the end product or products to be extracted. Mineral 
processing encompasses a wide range of techniques from 
relatively straightforward mechanical/physical operations 
to complex chemical procedures [6], [14], [15]. 

In most cases, the first step in processing ores containing 
mineral grains is size separation. Generally, size 
separation could be needed to control the size of material 
fed to other equipment in the processing flow, reduce the 
volume of ore and/or produce a product of equal size 
particles. It is accomplished by use of various types of 
screens (e.g., trommel in case of coarser materials; sand 
and gravel) and classifiers (e.g. hydrocyclone in case of 
smaller particles). In case of unconsolidated deposits (e.g. 
placer deposits), the minerals are generally heavier than 
the silicate and other gangue with which they may be 
mixed. Thus, traditional gravity separation methods (e.g., 
shaking table, heavy media separation, etc.) and modern 
gravity and centrifugal devices (e.g., Multi-Gravity 
Separator (MGS), Knelson®, etc.) are used to concentrate 
these kinds of ores. Moreover, magnetic separation 
techniques are used to separate minerals with magnetic 
properties (e.g. magnetite, ilmenite). Also, conducting 
minerals (e.g. rutile, ilmenite) may be separated from 
non-conductors (zircon, monazite) using electrostatic 
separation [2], [16]. 

Mineral deposits in the category of semi-
consolidated/consolidated deposits include nodules, 
crusts, veins, and massive deposits, as of polymetallic 
sulfides. Processing of these minerals is likely to require 
crushing or grinding to reduce particle size, followed by 
chemical separation methods. in most cases flotation 
and/or other chemical processing (i.e., 
hydro/pyrometallurgy) are required to beneficiate the 
minerals [2], [16]. 

4. Hydrometallurgical Treatments 

As previously mentioned, the high porosity of the 
manganese nodules results in high moisture content (30-
40% by wt.), and this property results in the consumption 
of significant thermal energy in the case of 
pyrometallurgical treatments. As Agarwal et al [13] have 
pointed out, although manganese constitutes a major part 
of the nodules, production of manganese from the 
nodules can never compete with land-based dry 
manganese ores if the economy of extraction is taken into 
consideration. In such circumstances, the primary 
objective of nodules processing becomes extraction of 
minor but valuable metals associated with the Mn phase, 
such as Cu, Ni, and Co. Unfortunately, the concentration 
of Cu, Ni, and Co in the nodules across the oceans are 
found to be below 2%. At these low concentrations, 
pyrometallurgy is not an economically viable option. 

Moreover, hydrometallurgical processes do not emit any 
harmful gaseous effluents like most of the 
pyrometallurgical processes. Therefore, hydrometallurgy 
offers a probable process route here as in the case of 
other low-grade ores [11], [12]. 

Hydrometallurgical treatment refers to low-temperature 
leaching, purification and extraction processes. The 
hydrometallurgical treatments mainly include leaching 
with various lixiviant (acids; HCl, H2SO4, bases; 
ammonia leaching) with reducing agents (pyrite, carbon, 
coal, phenols, glucose, etc.) and modern bio-
hydrometallurgical processes which studied mainly in 
Mn Nodules. 

4.1. Leaching Processes 

Two types of leaching processes can be considered; 
leaching by mineral acid and ammoniacal leaching. The 
parameters controlling both of these processes are 
mineralogy, pulp density and size fraction of the nodules, 
concentration of the leaching reagent, temperature and 
pressure of leaching, the presence and dosage of any 
reducing agent in the medium, pH of the medium (in the 
case of ammoniacal leaching), and time period of 
leaching [2], [12]. Hydrometallurgical extraction 
methods applicable to Mn nodules from the literature are 
summarized in Table 1. 

Table 2. Summary of literature in the hydrometallurgical 
extraction of Mn nodules 

% Metal Leac.
Agen. 

Red. Agen. Time (h)/ 
Temp.(°C) Cu Ni Co Mn

Ref. 

HCl Na2SO3/Pyr
ite/Carbon,
Propanol,
Butanol,
Coal

2-4/
Ambient-98

75-
92

75-
84

52.6
-80

0-
100

[12],
[17],
[18]

H2SO4 Phenol/ 
Glucose/H2

O2/

1 min-6/ 
Ambient-
160

90-
98

80-
99

30-
99

5-99 [11],
[12],
[19],
[20]

NH3/NH4/
Cl

Glucose/
Reduction
(400-700
°C)

2-6/
Ambient 

85-
100

80-
90

50-
60

- [21] 

4.2. Bio- Hydrometallurgical Processes 

The period of modern bio-hydrometallurgy was initiated 
with the first patent on heap bio-leaching of Cu in 1958. 
However, the enlargement of bio-hydrometallurgy into 
the recovery of other metals came up only in the 1980s. 
Bio-hydrometallurgy is now being applied on a trading 
scale for the leaching of copper and the pretreatment of 
refractory gold ores. An enormous potential exists for 
bio-leaching and bio-beneficiation of a wide range of 
base metal and platinum group metals. However, there 
have been a very few cases of lab-scale studies on bio-
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leaching of ocean Mn nodules, let alone the commercial 
application. Mn nodules can actually be viewed as a 
conglomerate of transition metal oxides having Mn (IV) 
and/or Fe (III) oxide as major phases. The valuable minor 
components such as Cu, Co, and Ni are disseminated 
within these two major phases by either adsorption 
mechanism or lattice-substitution. Mn reducing 
heterotrophs can be thought of as potential bio-leaching 
agents. Most of the Mn-reducing fungi and some of the 
bacteria reduce it non-enzymatically. A probable 
mechanism of the reduction can also be the production of 
metabolic products that act as strong reductants for Mn 
(IV) oxides [12]. 

5. Conclusion 

Marine environment (i.e., Seas and Oceans) comprises 
more than 70% of the earth’s surface. It contains an 
excessive reservoir of numerous mineral deposits (i.e. 
unconsolidated, semi consolidated/consolidated mineral 
deposits). These mineral deposits could be an alternative 
to meet the rising demand for raw materials and ores in 
the metal industry. Hydrometallurgical methods as 
proven technological treatments could be applied to the 
extraction of metals from concentrates (after pre-
treatments like crushing, grinding, physical separation, 
flotation, etc.). In this paper, hydrometallurgical 
treatments, i.e., mainly leaching with lixiviant and 
reducing agents and modern bio-hydrometallurgical 
processes, briefly reviewed to extract metals (e.g., Cu, 
Au, Ag, Pt, Sn, etc.) and other valuable minerals and 
compounds from marine ores. 
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Abstract

In this study; HCl ve HCl-C2H5OH-H2O leaching 
behaviour of the ore sample containing 1,87 %Ni 
obtained from Karaçam (Eski ehir-Turkey) lateritic 
deposit that started operation recently was investigated. 
Acid concentration, temperature and reaction time were 
investigated as variables by comparison leaching tests 
and the optimum leaching conditions were determined by 
Ni,Fe, Co and Mg analyses. 
In the HCl leaching experiments 70°C, 8N HCl 
concentration and a reaction time of 90 minutes were 
found to be the optimum parameters in the tests repeated 
for HCl leaching and Ni and Fe contents in the solution 
phase were found as 97,09% and 97,84% respectively. 
Leaching experiments were also done using mixed-
aqueous HCl-C2H5OH-H2O solvent system that improved 
interesting results for some different complex ores but no 
improvements were observed compared to HCl leaching. 
Bulk (pH:10) and selective (pH:10 and pH:5,5) 
precipitation tests were performed on the pregnant HCl 
leach solutions obtained at optimum leaching conditions 
for the recovery of Ni from solution. Ni and Fe 
precipitation recoveries from HCl leach solution was 
found 2,94%. Although the grade of 2,94% Ni obtained 
for the precipitate from the HCl leach solution was of 
high grade ore quality. In the selective precipitation tests, 
after removel of Fe at pH:10, nickel was precipitated at 
pH:5,5 and the Ni grades of the precipitates obtained 
from HCl leach solution, was determined as 13,43%. 

1. Introduction
In the beneficiation of sulphide nickel ores, mostly 
pyrometallurgical methods are used. On the other hand, 
about 39% of lateritic ores are beneficiated by 
pyrometallurgical, and 61% are beneficiated by 
hydrometallurgical methods [1]. In laterite beneficiation, 
the ore properties are of significance; that is to say, 
limonitic ores are eneficiated by high pressure acid 
leaching or via the Caron process, nontronitic ores are 
beneficiated by high pressure acid leaching or heat 
treatment (smelting), and ores containing serpentine by 
pyrometallurgical methods [2, 3, 4]. 
Having complex mineralogies, lateritic nickel deposits 

that have commercial value mostly do not contain free 
nickel minerals; and their nickel content is in the form of 
being adsorbed on to iron oxide and/or silicate minerals or 
in the form of a substituent in the structure of these 
minerals by translocation [5]. For this reason, upgrading 
their nickel content by classical mineral processing 
methods does not giove satisfactory results; and 
pyrometallurgical and/or hydrometallurgical methods are 
used for industrial beneficiation of lateritic nickel deposits 
[6].
In the beneficiation of lateritic nickel ores with 
hydrometallurgical methods, mostly the classical 
sulphuric acid leaching method is used. However, the 
increase in demand for nickel has led to the search for 
new processes, such as bacterial leaching methods, also 
called bioleaching, and the use of organic acids such as 
oxalic, citric, acetic, and formic acid, as well as 
hydrochloric, perchloric and hydrofluoric acid leaching 
[7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. In these studies, 
atmospheric chloride leach processes proposed include the 
Jaguar process [17, 18]. 

In accordance with the increase in nickel consumption 
around the world, the processability of the lateritic nickel 
deposits in our country has also been considered, and ore 
production and bulk leaching projects were initiated at the 
Çalda  and Gördes deposits. Since the year 2004, 
approximately 140 million USD has been spent including 
the research and development studies and Caldag project 
has now been brought into construction phase. When up 
and running, the project will provide direct employment 
to over 500 people [19]. Besides the Çalda  and Gördes 
deposits, there is another lateritic nickel ore deposit that 
has started production, in the Karaçam (Mihalıççık-
Eski ehir) region. Reserve studies in this region have been 
underway for some time, and as a result of the evaluation 
of certain areas, it is estimated that there is a reserve of 
approximately 5 million tons of ore with a grade of over 
1% nickel. 
In the literature, studies have been reported on the 
dissolution of lateritic nickel ores in hydrochloric acid 
media and the extraction of nickel from pregnant 
solutions; however, there is no study on the beneficiation 
of the lateritic nickel ore at Karaçam [20, 21, 22, 23, 24, 
25].



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

124 IMMC 2018   |   19th International Metallurgy & Materials Congress

 
In this study, after analyzing the physical and chemical 
properties of the sample taken from the Karaçam ore 
deposit, the atmospheric hydrochloric acid leaching 
behaviour of the ore was determined. Then, considering 
the results of the atmospheric hydrochloric acid leaching 
tests, comparative experiments were done in order to 
demonstrate the dissolution behaviour of the ore in a 
HCI- C2H5OH-H2O medium. Additionally, the subject of 
nickel recovery through bulk and selective precipitation 
from pregnant leach solutions obtained under optimum 
leaching conditions is also examined. 
 
2. Experimental Procedure 

The primary objective of the present studies was to 
determine the behaviour of lateritic nickel ore from the 
Eski ehir-Mihal çç k-Karaçam deposit in a hydrochloric 
acid leach under atmospheric conditions, and the leach 
experiments were repeated using mixed aquous medias 
for comparative purposes. In these experimental studies, 
hydrochloric acid (37%, d:1.19 g/cm3) and de-ionized 
water were used. Chemical analysis of Ni, Co, Fe, and 
Mg was carried out with an atomic absorption 
spectrometer. Solid samples were also analysed by XRD 
(Rigaku D/max-2200 XRD Diffractometer-CuK ) and 
TG/DTA (Setaram Labsys Thermal Analyzer, heating 
rate-air atmosphere at 10°C/minute), and particle size 
analyses were performed using a Sympatek laser grain 
size analyzer. 
 
2.1. Characterisation of the ore sample 
Approximately 50 kg of sample from the Eski ehir-
Mihal çç k-Karaçam deposit was taken from the raw ore 
and sieved to collect the fraction below 5 mm. The 
grain size of the raw ore was further reduced by using a 
roll crusher and the samples to be used in the 
experiments were prepared by sieving at 0.50 mm. As 
per the particle size distribution of the sample used in 
the experiments given in Figure 1, the entire sample 
passes a particle size of 650 m, and 80% of the sample 
passes a particle size of 273 m.  

 
Figure 1. Particle size distribution curve of the 
Karaçam ore sample. 

 
The moisture content of the test sample was determined 
to be 6.69% and the solids density is 2.70 g/cm3. The 
chemical composition of the sample, as analyzed by 
atomic adsorption, and its loss on ignition value are 
shown in Table 1. 

The XRD pattern of the ore, given in Figure 2, shows that 
quartz (card number: 46–1045) and goethite (card 
number: 81–463) are the main minerals in the ore. Apart 
from these main phases, serpentine group clays and 
hematite (card number: 36–426) were shown to be present 
in the ore. As can be seen in Figure 2, no peaks of a 
separate mineral containing nickel in the XRD pattern was 
found, indicating that the nickel coexists with clay group 
minerals and/or inside the structure of goethite [26, 27, 
28]. 
 
Table 1. Chemical composition of the Karaçam ore 
sample. 
Element Ni Co Fe Mg Loss on Ignition 
% 1,87 0,09 26,77 3,39 11,44 

 
TG/DTA analysis was performed on the ore sample over 
the 25 to 1000°C temperature range, and the curves are 
presented in Figure 2. The endothermic peak at about 
303°C is indicative of goethite’s transformation to 
hematite, as per Reaction 1[29]. 
2FeOOH = Fe2O3 + H2O                         
(1) 
Decomposition of antigorite (serpentine) is indicated by 
the peak at 630°C (Reaction 2), and following that an 
exothermic peak indicates forsterite (Mg2SiO4) formation 
at about 800°C, as per Reaction 3 [30]. 
 
Mg3Si2O5(OH)4=Mg3Si2O7+2H2O                                            
(2) 
2Mg3Si2O7 = 3Mg2SiO4 + SiO2                         
(3)  

 
Figure 2. XRD pattern and TG/DTA curve of the 
Karaçam ore sample. 
 
In all leaching experiments, ore samples used were dried 
for 2 hours at 105°C. Using a 1/3 w/v solid/liquid ratio, as 
indicated by preliminary tests, 40 gram sample was 
leached in 120 ml solvent at different acid concentrations, 
temperatures and times in a 200 ml pyrex reactor. The 
leaching experiments were carried out in a pyrex reactor 
placed in a water bath and the bath temperature was 
controlled with a thermocouple within a temperature 
range of ± 0.1°C. The mixed aquous media leaching 
experiments were carried out under the same conditions, 
using a reflux condenser. 
 
3. Results and Discussion 
3.1. Hydrochloric acid leaching 
Leaching experiments were carried out over the range of 
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1-8N hydrochloric acid concentration at a leaching time 
of 30 minutes, at the 20°C, 45°C, 70°C and 95°C 
temperature conditions. The results are shown in Figure 
3.
In the experiments carried out at 20°C, extraction was 
found to follow the order of Co>Mg>Ni>Fe. There was 
an increase in Co, Ni and Fe dissolution over the range of 
1-4N HCl concentration; however, there was a steady 
decrease in Mg dissolution. The highest extractions 
achieved for Co, Ni, and Fe were 58.74%, 19.32% and 
16.59% at 8N HCl concentration, respectively, while the 
highest value for Mg dissolution (34.47%) was reached at 
a 1N HCl concentration. 
The irregularities in the dissolutions have become more 
significant at 45°C (Figure 3); decreasing trends in 
dissolution at 70°C were observed at 3N HCl 
concentration, increasing dissolutions at higher acid 
concentrations reached to the values of 100%, 94.37%, 
93.03% and 92.85% for Co, Ni, Fe and Mg in 8N HCl 
concentration. At 95°C, the irregularity have disappeared 
and all the extraction ratios reached to the close values to 
each other at the concentration of 8N acid with increasing 
HCl concentration, which were 98.33%, 100%, 97.75% 
and 97.72% for Ni, Co, Fe and Mg.  
Considering the results of the foregoing experiments, it 
was decided to investigate the effect of leaching time, 
considering that there are significant increases in the 
extractions of the metals when the HCl concentration 
increases from 6N to 8N at 45°C. The time and the extent 
of this rapid increase has been explored at a constant 
temperature of 45°C, carrying out leaching experiments 
of 30–60–90–120–240 minutes at 6N and 8N HCl 
concentrations. In the leaching experiments at 6N HCl 
and at a temperature of 45°C, an increase in dissolution 
was observed during the first 60 minutes 
(Co>Mg>Ni>Fe), maintaing the dissolution order as 
leach time is extended further.  

Figure 3. Effects of HCl concentration on the dissolution 
of Ni, Co, Fe and Mg at different leaching temperatures. 

Further leaching experiments were carried out at a 
temperature of 70°C over the range of 4-8N HCl 
concentration, with results having been presented in 
Figure 5. At a temperature of 70°C and a leaching time of 
90 minutes at a 4N HCl concentration, there was a rapid 

increase in Co dissolution, a steady increase in Ni and Mg 
dissolution, and a slight increase in Fe dissolution. The 
dissolution trend for all elements decreases between 30–
60 minutes. At 70°C and 8N HCl concentrations, the 
extractions of metals reaches almost completely able to be 
extracted at the end of the 240 minutes period or leaching 
in HCl medium, conditions of T=70°C, [HCl]=8N and 
t=90 were regarded as the optimum Co could be extracted 
to an extent of 99.31%, Ni extraction was 97.09%, Mg 
extraction 96.73% and Fe extraction was 97.84%. 
Further experiments were conducted over the range of 1-
6N HCl concentration at a temperature of 95°C for 30–
240 minutes of leaching, and results are presented in 
Figure 4. In the leaching experiments performed, the 
dissolution order for all leaching times at a 1N HCl 
concentration (Figure 3-4) is Mg>Ni>Co>Fe. There was 
an increase in dissolution of Co with time, but no 
significant change was observed for Mg, Ni and Fe. 
Except for some iron in solution at 30 minutes, Fe 
extraction was negligible. Mg dissolution was the highest, 
followed by Ni and Co, respectively, at a leach residence 
time of 240 minutes. Irregular dissolution behaviours 
were observed when the HCl concentration was increased 
to 2N. After 240 minutes, the following extractions were 
achieved: Mg 77.56%, Co 60.52%, Ni 45.39% and Fe 
8.04%. 

Figure 4. Effect of leaching time on the dissolution of Ni, 
Co, Fe and Mg at different HCl concentrations at 70°C. 

3.2. HCl-C2H5OH-H2O Media Leaching
Hydrochloric acid media experiments gave good results 
when considering the extraction of nickel and cobalt 
values. The HCl media was mixed with absolute ethanol 
in different volumetric amounts (25%, 50% and 75%) for 
the purpose of improving the extraction values and 
achieving selectivity. Mixed aquous (HCl-C2H5OH-H2O) 
leaching experiments were carried out at different 
temperatures, acid concentrations, leaching time and 
ethanol concentrations. Significant Ni, Co, Fe and Mg 
extraction results are given in Table 2 for mixed aquous 
leaching experiments. 

Table 2. Some significant extraction results for HCl and 
mixed aquous medias. 
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3.3. Bulk and Selective Precipitation 
As a result of the leaching experiments carried out, the 
recovery of iron and nickel in the pregnant solution 
obtained under optimum conditions was studied by 
precipitation. For this purpose, the pH value was changed 
by NaOH addition and the recovery of iron and nickel in 
the dissolved phase by bulk and selective precipitation 
was investigated. 

4. Conclusion 
In the acidic leaching experiments carried out in order to 
determine the dissolution behaviour of Karaçam lateritic 
nickel ore within the media of HCl and HCl-C2H5OH, the 
acid concentration, temperature, time have been 
optimized. Within the created atmospheric HCl acid 
leaching optimum conditions ([HCl]:8N, T:70°C, t:90 
minutes), it has been understood that nickel and iron 
show similar dissolution behaviour, and nickel can be 
extracted at the value of 97.09% and the iron can be 
extracted at 97.84%. 
Atmospheric acid leaching experiments in HCl-C2H5OH-
H2O medias have been carried out for the purpose of 
improving the results obtained under optimum conditions 
in HCl media. The amount of ethanol was used in three 
different volumes (25%, 50%, 75%) in mixed aqueous 
media. The effect of acid concentration, temperature and 
leaching time were also determined in the HCl-C2H5OH-
H2O medias compared to the HCl media. Primarily, the 
effects of temperature and acid concentration on the 
leaching time of the 30 minutes reaction in different 
ethanol contents were studied and after these experiments 
leaching time optimization is investigated at  45°C  in 
6N-8N acid concentrations. As a result of these 
experiments, when results are compared with HCl media 
in mixed aquous medias dissolution rates not seen that 
any improvement and it was determined that the best 
again HCl media. Atmospheric acid leaching experiments 
have also been performed in HCl media compared to 
mixed aquous medias, for the purpose of improving the 
extraction values in the leaching process and achieving 
selectivity. And in these experiments, acid concentration, 
temperature and time are optimized as well as in the case 

of hydrochloric acid leaching. Optimum conditions 
([HCl]:8N, T:70°C, t:90 min) were obtained at a lower 
acid concentration and temperature. Under these 
conditions, it was determined that nickel can be extracted 
at the value of 97.09% and the iron at 97.84%. 

Bulk (pH:10) and selective (pH:10 and pH:5,5) 
precipitation tests were performed on the pregnant HCl 
leach solutions obtained at optimum leaching conditions 
for the recovery of Ni from solution. Ni and Fe 
precipitation recoveries from HCl leach solution was 
found 2,94%. Although the grade of 2,94% Ni obtained 
for the precipitate from the HCl leach solution was of high 
grade ore quality. In the selective precipitation tests, after 
removel of Fe at pH:10, nickel was precipitated at pH:5,5 
and the Ni grades of the precipitates obtained from HCl 
leach solution, was determined as 13,43%. 
As a result of all experiments applicable flowsheet is 
given in Figure 5. 

Figure 5. Applicable flowsheet extraction of Ni from ore. 
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Abstract 

Molybdenum is a refractory metal that has melting 
point at 2610°C. Its atomic number is 42 and it is 
mostly used as an alloying element in steels to 
enhance properties such as high temperature 
strength and high temperature corrosion resistance. 
Molybdenum metal can be produced by hydrogen 
reduction of technical grade MoO3. Technical grade 
MoO3 is produced via oxidizing roasting of 
molybdenite (MoS2) and this roasting process can 
be performed in multiple hearth furnace, batch type 
furnace, fluidized bed furnace and rotary furnace. 
Technical grade MoO3 should contain less than 
0.15 wt. % S. 

In this study MoS2 is roasted in pilot scale rotary 
furnace. Roasting experiments were performed at 
500, 550, 600, 625, 650°C and the weight of the 
samples were 300-500 g. Roasting experiments 
were carried out both under normal air condition 
and 200% stoichiometric air conditions. S 
concentration is reduced to 0.612% from 39.1% via 
roasting. After roasting experiments, the samples 
were subjected to sulphuric acid leaching process in 
order to reduce copper content below the standards. 
Thus, Cu content was reduced to 0.02% while S 
content was reduced to 0.06%. The raw materials 
and the products were characterized by using AAS 
(atomic absorption spectrometry) and XRD (X-Ray 
Diffraction) techniques.

1. Introduction 
 
MoO3 is the key compound to produce 
molybdenum products such as molybdenum metal, 
ferromolybdenum and other chemical compounds. 
Molybdenum trioxide is obtained via oxidation 
roasting of molybdenite (MoS2) concentrates. 
Oxidation begins at 360°C but it becomes 
significant after 500°C.  The temperature should not 
exceed 650-700°C due to high volatility of
molybdenum trioxide. A roasted concentrate 
contains approximately 80-90% MoO3, 3-8% FeO, 
3-10% SiO2, 0.4-2% CuO, 0.05-0.15% S. If the 
sulphur amount is higher than 0.15%, the 
concentrate is reroasted. Oxidation roasting of 
molybdenite concentrates have been studied for 
many years and it is believed that the roasting 
process contains 2 step which given below:  

MoS2 + 3O2  MoO2 + 2SO2 (1) 
MoO2 + 0.5O2  MoO3 (2) 

Although Lu Wang et al. studied oxidation roasting 
of molybdenite concentrate in pure oxygen 
atmosphere. Their result shows that molybdenite 
was oxidized directly to MoO3 in pure oxygen 
atmosphere. MoO2 observed only when 
molybdenite concentrates were roasted in air 
atmosphere. They also observed sintered products 
and it contains both MoO3 and unreacted MoS2. [I2] 

Zivkovic and Sestak have used Kissinger and 
Ozawa methods to determine the kinetic parameters 
of the reactions. [I4] MoS3 is roasted and DTA 
analysis is made. MoS3 firstly reduced to MoS2 and 
then 2 steps oxidation were observed.  

The aim of this study is to produce MoO3 starting 
from domestic MoS2 concentrate via total oxidizing 
roasting and leaching processes.  

2. Experimental Procedure 
 
In this study molybdenite concentrates which 
obtained from Özdo u n . Tic. Ltd. ti. is roasted 
in rotary furnace. Chemical composition of the 
concentrates is given at Table 1 and XRD analysis 
in Figure 1. 

Table 1. Chemical analyses of molybdenite concentrates. 
Mo 52.03 Si 1.30 
S 39.19 Al 0.45 
C 0.05 Ca 0.60 
Cu 2.56 Mg 0.17 
Pb 0.08 

 
Figure 1. XRD analysis of molybdenite concentrate. 
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Roasting processes are made in rotary furnace 
which is given in Figure 2 schematically. The 
roasting experiments parameters are given in Table 
2. Firstly molybdenite concentrates are roasted 
under atmospheric conditions for 1 and 2 hours. 
Then stoichiometrically air are blown in to the tube 
and roasting experiments are made under 100% and 
200% air conditions. The air needed to oxidize 
MoS2 was calculated according to the eq. 3.  

MoS2 + 3.5O2  MoO3 + 2SO2                            (3) 

Figure 2. Rotary kiln (1-Gas collector, 2-Gear,             
3-Stainless steel reaction tube, 4-Mixing wing, 5-Charge 

materials, 6-Thermocouple, 7-SiC resistance.) 
 
XRD and chemical analysis are made to roasted 
concentrates. Then it was aimed to remove copper, 
which is the main impurity in molybdenum 
trioxide, and the products of the roasting 
experiments which reached the optimum result 
were used as input to leaching experiments. In the 
leaching experiments, the parameters were 
determined according to the study of Jae-Chun Lee 
et al. and the study of Kagan Benzesik. 20 grams of 
roasted samples were leached at room temperature 
with Merck quality 98% H2SO4, for 15 min. The 
effect of hydrogen peroxide addition were also 

investigated. Leach experiments parameters are 
given in Table 3.   
The solution was mixed with the magnetic stirrer 
during the process. After the leaching experiments, 
solid-liquid separation was made with blue band 
filter paper. The leach solids were dried at 105ºC 
for 12 hours.

3. Results and Discussion 

During the roasting experiments, samples were 
taken respectively at specified intervals (5, 10, 15, 
30, 45, 60, 90, 120, 180 min.) and subjected to S 
analysis. The changes of S contents depending on 
time with different roasting temperatures were 
given in figure 3, 4 and 5.  

 
Figure 3. Change of sulphur content of roasted samples 

in ait atmosphere. 

After the roasting experiments, the optimum result 
was obtained in experiment 9 which has the lowest 
concentration of sulphur as roasting duration of 3 
hours with 200% stoichiometric air blowing at 
625°C. As a result of this experiment, the sulphur 
content was reduced to 0.612%. 

Table 2. Roasting experiments parameters. 
Experiment No Temperature (°C) Duration (Hour) Air Condition Air Stoichiometry 

1 500 1 Atmospheric -
2 600 2 Atmospheric -
3 650 2 Atmospheric -
4 600 2 9.71 lt/min 100% 
5 600 2 19.42 lt/min 200% 
6 500 3 7.76 lt/min 200% 
7 550 3 7.76 lt/min 200% 
8 600 3 7.76 lt/min 200% 
9 625 3 7.76 lt/min 200% 

Table 3. Leaching experiments parameters. 
Experiment 

No
Temperature 

(°C)
Duration 
(Minutes) 

Sample 
Weight (g) Molarity (M) S/L Ratio H2O2 addition (ml) 

1
Room 

temperature 15 20 0.6 1/5

0
2 2
3 4
4 6
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Figure 4. Change of sulphur content of roasted samples 

with 100 % and 200 % air blown duration of 2 hours. 

 
Figure 5. Change of sulphur content of roasted samples 

with 200 % air blown duration of 3 hours. 

In particular, as seen in Figure 5, which is the third 
set of experiments, it appears that after the second 
hour there is a slowdown in the elimination of 
sulphur. It is seen that all the peaks belong to the 
molybdenum trioxide in XRD analysis of roasted 
sample in Figure 6. This XRD result belongs to the 
experiment in which 200% stoichiometric air is 
blown for 3 hours at 625ºC.

 
Figure 6. XRD analysis of roasted sample at 625°C 

under 200 % air conditions for 3 hours. 
 
Molybdenum trioxide used in the leaching 
experiments has Cu concentration of 2.41% which 
is above the standards, Mo concentration of 52.24% 
and S concentration of 0.53%.  Concentrations of 
Cu and S in leach residues are given in Table 4. An 
increase in the precipitated copper was observed by 
the addition of H2O2 and the Cu in the molybdenum 
trioxide was reduced to 0.02% by the addition of 6 
ml of H2O2. Furthermore, with the addition of 
H2O2, a decrease in S concentration was also 
observed. However, when 6 ml H2O2 was added, a 
relatively small increase was observed. The most 
efficient result was obtained in a 4 ml H2O2

adjuvant experiment and the S concentration was 
reduced to 0.0637 

Table 4. Chemical analysis of leach solids. 
Experiment 

Number 
Addition of 
H2O2 (ml) Leach Residues 

  Cu (%) S (%) 
1 0 0.044 0.206 
2 2 0.036 0.189 
3 4 0.027 0.064 
4 6 0.020 0.074 

 
4. Conclusion 
 
Reduction of the sulphur concentration in the 
concentrate by roasting in the rotary kiln is at 
500 C, 600 C, 625 C and 650 C; atmospheric 
conditions, 100% and 200% stoichiometric air 
blowing conditions are investigated. Samples were 
taken at certain times during the roasting process 
and sulphur concentrations were measured. As the 
stoichiometric air ratio and temperature increased, 
the concentration of sulphur decreased. The most 
favorable conditions were determined to be 200% 
stoichiometric air blowing at 625°C, resulting in 
molybdenum trioxide containing 52.24% Mo, 
2.41% Cu and 0.53 %S. The effect of addition of 
hydrogen peroxide to removal of Cu and S in 
leaching experiments was investigated. 
Experiments were carried out by adding 2, 4 and 6 
ml of hydrogen peroxide to a solution of 0.6 
molarity of H2SO4 in a ratio of 1/5 solid-liquid. An 
increase in the removal of Cu and S was detected 
when the hydrogen peroxide addition was 
increased, but a relatively small increase in the S 
concentration was observed in the experiment in 
which 6 ml of hydrogen peroxide was added. In 
terms of Cu removal, the most efficient result was 
seen in the experiment in which 6 mL of hydrogen 
peroxide was added and the Cu concentration was 
reduced to 0.02 and the S concentration to 0.074. S 
removal, the most efficient result was seen in the 
experiment with 4 ml of hydrogen peroxide added, 
and the S concentration was reduced to 0.064 and 
the Cu concentration was reduced to 0.027. In both 
cases commercial grade molybdenum trioxide was 
produced. During the roasting in rotary kiln of 
molybdenum concentrates, it is determined that 
calcine is sticking to the inner wall of the furnace 
due to partial melting or sintering, and it is 
recommended to carry out experiments to 
mechanically prevent these adhesions (eg mill ball 
addition). 
For further studies, it is estimated that the copper 
dissolved in leach solution can be recovered by 
cementation.  
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Abstract 

Aluminum alloys have been the most commonly used 
structural non-ferrous metallic materials in aerospace and 
defense industry. Formation of intermetallic compounds 
with the alloying elements tailors the properties of the 
aluminum alloys. Among these elements, scandium, takes 
the great attention due to offering the combination of 
excellent properties with the help of Al3Sc intermetallics. 
An alternative and eco-friendly alloy production method, 
molten salt electrolysis, was applied to produce Al-Sc 
alloys by electrochemically reducing Sc compounds in this 
study. The chemical and structural characterizations of 
alloys were done by Optical and Scanning Electron 
Microscopy to assure the formation of Al3Sc intermetallics 

1. Introduction 

Scandium is the first member of the transition metals and 
the lightest rare earth metal in the periodic table [1]. It is 
more abundant than some of the well-known metals like 
lead. The primary scandium source is the mineral called 
thortveitite. In addition to thortveitite, there are more than 
a hundred of scandium bearing sources in the earth crust. 
However, these sources contain low amount of scandium 
and extraction of scandium from these sources is not 
feasible. Currently, scandium is extracted from the tailings 
of uranium ores as a byproduct in the form of Sc2O3.
Nevertheless, the low production volume of the extracted 
scandium makes the price of scandium and its compounds 
expensive [2]. 

Recently, the production method of nickel changed from 
pyrometallurgical to hydrometallurgical route, it became  
possible to operate the low grade lateritic nickel ore 
bearing scandium. It is anticipated that this nickel ore will 
make the extraction of scandium feasible and economic 
[3]. According to the study of Xu and Li [4], a minimum 
scandium content of  0.002% can be considered as 
adequate for processing. Another study done 
Topkaya [5], supports the above mentioned studies and 
shows the possibility of extraction of Sc from the lateritic 
nickel ore in Turkey. 

At present, metallic scandium is produced by the 
metallothermic reduction of ScF3 with Ca. However, the 
extracted scandium reported up to now is in the form of 
Sc2O3 [2].  Sc2O3 is a very stable compound  which makes 
the reduction process difficult [6]. Therefore, scandium 
oxide  is subjected to a fluorination process at 1600oC to 
obtain less stable ScF3 that can be reduced by Ca [7]. The 
major applications of scandium include Al-Sc alloys and 
solid oxide fuel cells [2]. Al-Sc alloys (e.g. Al-Sc and Al-
Mg-Sc) have a great potential and applicability especially in 
aerospace and defense industries. Upon addition of 
scandium into aluminum or aluminum alloys, an 
intermetallic phase, Al3Sc forms which is coherent with 
aluminum matrix and has beneficial effects on the properties 
such as corrosion resistance, weldability, hot cracking 
resistance and superplasticity [8,9]. 

In the literature, Al-Sc alloy production by molten salt 
electrolysis is mainly based on the Sc2O3 raw material and 
cryolite melts (both sodium and potassium cryolite) as the 
electrolyte [10-13] which resemble the Hall-
process. Also, there are few studies in which Sc2O3 is 
electrochemically reduced in molten CaCl2 based 
electrolytes [13-15]. In addition to these, there is a recent 
study focused on the electrochemical reduction of ScF3 in 
molten CaCl2 [16].  

In the present study, the possibility of electrochemical 
production of Al-Sc alloys by reducing a domestic 
scandium raw material, extracted from lateritic nickel ore, 
in molten CaCl2  NaCl mixture at 800oC was examined. 

2. Experimental Procedure 

In this study, a domestic scandium bearing raw material, 
containing ScF3, NaScF4 and NaSc3F6 (99.9 % total purity), 
which was extracted from nickel reserves 

 by META Nickel Cobalt Company, 
6060 aluminum alloy (AA 6060), anhydrous CaCl2 (Merck, 
102378) and NaCl (Sigma Aldrich, 13423) were used as the 
raw materials. A graphite crucible was used to hold the raw 
materials and acted as the cathode, whereas a graphite rod 
was used as the anode of the electrochemical cell. 
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The XRD result of the hydrometallurgically obtained 
scandium bearing powder   and the optical emission 
spectroscopy result of the extruded 6060 Al bar were given 
in Fig.1 and Table 1, respectively 

Figure 1: XRD pattern of the scandium raw material 

Table 1. Chemical Composition of the AA 6060 (wt%) 

After characterization of the raw materials, the next step in 
the experimental study was the drying of the salt mixture. 
Due to hygrospic nature of the salts used (especially CaCl2)
as electrolyte, they were subjected to a drying process taking 
place under vacuum for 24 hours in a graphite crucible. After 
the drying process, the CaCl2 - NaCl salt mixture in 1:1 
weight ratio,   scandium raw material corresponding to 2 wt 
% of the salt mixture and 6060 aluminum alloy in the form 
of sectioned bar were charged into the graphite crucible. 
Next, the graphite crucible was placed into a reaction 
chamber made of quartz. Then, the reaction chamber was 
placed into a vertical split furnace. It should be noted that 
the experimental setup used in this study was similar to the 
one present in reference [16]. The furnace was run to the 
target temperature of 800oC under argon (99.999% purity) 
gas flow. When temperature reached to 800oC, graphite 
anode was immersed into the molten salt. Then, the anode 
and cathode connections were clamped to the DC power 
supply. Finally, the electrolysis process was started by 
applying 3.2 V potential difference.  

After the experiments, the aluminum alloy sample was 
recovered from the solidified salt by dissolving the salt in 
water. Then, the Al-Sc alloy sample was cleaned with 
ethanol to remove any residual salt on the outer surface of 
the  sample. Finally, the Al-Sc alloy sample was 
characterized by using optical microscope and SEM-EDS. 

3. Results and Discussion 

The Al-Sc alloy sample after cleaning was sectioned into 
several pieces for structural examination. In Fig.2, the 
optical micrograph of as polished Al-Sc alloy sample is 
given. In this micrograph, the slightly darker phase in 
spherical form represents the Al3Sc intermetallics and the 

-Al. According to the Al-Sc binary 
phase diagram shown in Fig.3 [17], the above mentioned 
phase mixture is seen in the Al rich side, where the amount 
of scandium is less than 30wt%.  

Figure 2: Optical micrograph of as polished Al-Sc alloy 
sample  

This situation was confirmed by the EDS analysis taken 
from the section of Al-Sc alloy shown in Fig.4. As given in 
Table 2, the weight percent of Sc in  the matrix phase was 
around 12. In addition to this, another EDS analysis was 
taken from the  spherical particles shown in Fig.4 and the  
results are given in Table 3. As indicated in Table 3, there 
was a 3:1 ratio between the atomic percentages  of Sc and 
Al, which indicates  the stoichiometry  of Al3Sc compound. 

Figure 3: Al-Sc binary phase diagram. Reproduced from 
[17] 

Si Mg Fe Ti V Cu Al
0.396 0.290 0.189 0.025 0.01 0.008 balance 

Al3Sc 
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Figure 4: SEM micrograph of Al-Sc alloy sample  

Table 2. Chemical composition of the matrix phase given 
in Fig.4  

Table 3. Chemical composition of the spherical particles 
given in Fig.4

4. Conclusions 

Al-Sc  alloys are vital metallic materials for the 
applications where light weight is crucial. The 
significance of these alloys is due to addition of Sc 
element which enables formation of Al3Sc coherent 
intermetallics that improve the properties of  pure Al and 
commercial Al alloys considerably. Recently, as the Sc 
raw material, oxide compound of scandium (Sc2O3) is 
extracted from the tailings of uranium ores. Due to 
thermodynamic stability, reduction of this compound is 
difficult and is transformed into less stable ScF3 by a high 
temperature fluorination process which increases the 
production cost of both Sc and Al-Sc alloy. Thus, 
extraction of Sc in the form of ScF3 is very important. 
Previous research showed that the nickel reserves in 

 can be regarded as 
the source for Sc element and it can be extracted directly 
in the form ScF3 which decrease the production cost of Al-
Sc.  

In the present study, the domestic scandium bearing 
powder as a mixture of  fluoride compounds was used as 
the scandium raw material to produce Al-Sc alloys. Molten 
salt electrolysis was chosen as the production method 
primarily to minimize Sc losses due to the highly reactive 
characteristics of Sc and its compounds.   

The sample after electrolysis was characterized by optical 
microscope and SEM-EDS. The preliminary results 
showed that fluoride compounds were electrochemically 
reduced to Sc successfully in CaCl2  NaCl molten salt 
mixture at 800oC by applying 3.2V and alloyed in situ with 
Al.  Therefore, the scandium bearing powder extracted 

a promising Sc source for 
Turkey. 
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Abstract 

used industrial copper alloys. Because of their high wear 

bearings in variety of industries. Different attempts to 
increase strength and wear resistance of this alloy group 
including element additions were reported in the 
literature. In this work, effect of Titanium addition on 
microstructure, mechanical properties and wear 
behavior of a Nickel Aluminum bronze was investigated. 
For this purpose, two with low and high titanium 
addition were prepared by casting and forging method. 
Effect of titanium addition on microstructure was 
examined. Hardness, tensile strength and ductility of 
samples were measured and wear tests were performed. 

1. Introduction 

Nickel aluminum are one of the widely used materials in 
the industry because of its high strength, wear resistance 
and corrosion resistance [1]. These alloys contain 
aluminum, nickel, iron. Aluminum is the main alloying 
element of nickel aluminum bronzes. Iron refines grain 

its toughness and impact 
resistance while nickel increases its hardness and 
strength [2].  

microstructures. Typical cast 

intermetallic 

their microstructure. With decreasing volume fraction 
increase 

hardness and tensile strength tent to increase while 
elongation decreases [4

, adhesive wear becomes dominant while 
abrasive wear occurs more if volume fraction of hard 
phases is higher [5].  

Different attempts to increase strength and wear 

approach is to increase the properties by optimizing 
production parameters. Researchers reported increase on 
mechanical properties by determining optimal hot 

deformation ratio [6], forging temperature [7] and 
optimizing heat treatment conditions [8].  A popular 
approach to strengthen copper alloys is severe plastic 
deformation. ECAP [9] and FSP [10] applied to 
and high increases on mechanical properties were 
reported. Another method to strengthen materials is 
surface modification. Increase of wear resistance 
reported in the literature by laser surface alloying of 

].  Although laser surface 
modification is an effective way to increase materials 
properties, its effect is limited by the surface. Similarly, 
severe plastic deformation has some disadvantages. 
Although 
properties, it brings more cost and time loss for 
manufacturers. On the other hand, addition of different 
alloying elements is effective for bulk materials and 
more cost efficient. Kongjie Jin et al. reported that Cr 
and Ag addition can increase strength ]. 
Nwambu C.N et al. made Ti and Zr additions to Cu-10Al 
alloy and reported promising increases on tensile 
strength and ductility [13].   

The purpose of this work is to determine effect of 
titanium addition on properties and structure of 
For this purpose, alloys with different titanium contents 
were produced by casting method. Cast specimens were 
also forged. Chemical compositions of cast materials 
were determined by wet chemical analysis. 
Microstructures were examined and phase fractions are 
determined by an image analysis software. Mechanical 
tests, notch impact test and wear tests were performed to 
both cast and forged samples.   

2. Experimental Procedure 

2.1. Materials 

Alloys were prepared by casting method. Casting 
operations were carried out with an induction furnace. 
Cu-10,20Al-4,67Ni-3,05Fe alloy was used as raw 
material for castings. Raw material was melted, then 30 
wt. % CuTi master alloy was charged into the furnace. 
Two castings were made with  0,2 and 0,9 wt. % titanium 
content. An additional alloy casted without titanium 
content with the purpose of using for comparisons. 
Chemical compositions of castings were determined by 
wet chemical analysis. Chemical composition of alloys 
is given on Table 1.  
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Table 1. Chemical compositions of produced alloys. 

Sample No Composition % wt. 
Al Ni Fe Ti 

CuAl10Ni5Fe4 A 10,19 4,41 3,01  - 
CuAl10Ni5Fe4-0,2 Ti B 9,99 4,3 3 0,2 
CuAl10Ni5Fe4-0,9 Ti C 9,62 4,07 2,97 0,88 

Cast alloys were forged with 80% deformation degree at 
870oC. Cylindrical ingots with diameter 68mm were 
forged to 27x27 cross section.  

2.2. Metallographic observation 

Metallographic samples were prepared by grinding and 
polishing. 5 g FeCl3 + 5 ml HCl + 100 ml H2O solution 
were used for chemical etching. Microstructures of 
samples were investigated by Optical Light Microscope, 
volume fractions of phases were determined by an image 
analysis software.  

2.3. Mechanical testing 

The Vickers hardness of samples were measured using 
1000 g load. Six tests were conducted and average values 
are given on the paper.  Tensile tests were conducted, 
impact tests were carried on Charpy impact test machine. 

2.4. Wear tests 

A ball-on-disc reciprocating wear tester was used for the 
wear tests of samples. A steel ball with a diameter of 6 
mm was used with a sliding speed of 10 mm/sec. Overall 
sliding distance and stroke of the reciprocating motion 
were 10 m and 5.0 mm, respectively, 4N normal load 
was chosen for the tests. The temperature and the relative 
humidity 
respectively. The wear track area was calculated by 
using 2D contact type profilometer.   

3. Results and Discussion 

3.1. Macrostructures 

Cast alloys were examined by macro etching in attempt 
to determine the grain size evaluation with increasing Ti 
content. Macrostructures of alloy are showed on Figure 
1.Grain refining effect of Ti is clear on cast nickel 
aluminum bronzes.  

Figure 1. Macrostructures of cast alloys, a) Alloy A, b) 
Alloy B, c) Alloy C 

3.2. Microstructures 

Microstructures of alloy without titanium addition (alloy 
A) are shown on Figure 2.  

Figure 2. Microstructures of alloy A, a) as cast -100x, 
b) as cast  500x, c) forged 100x, d) forged  500x 

Cast sample of alloy A shows a typical microstructure of 
a NAB. Alfa, beta and some kappa phases ) were 
identified by using the schematic representation of the 
phases in NAB given on Figure 4 which was published 
by F. Hasan at all [14]. According to their investigation, 

content is less than 5%.  Results were confirming their 
 was obtained in the microstructure.  

Figure 4. Schematic representation of the phases in 
NAB 

After forging NAB microstructure is tend to refined and  
are dissolved in if deformation temperature is high[7]. 

Structure of cast samples of alloy 
phases were dissolved on current work.  

Microstructures of alloy with 0,2% titanium content 
(alloy B) is shown on Figure 4. 
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Figure 4. Microstructures of alloy B, a) as cast -100x, 
b) as cast  500x, c) forged 100x, d) forged  500x 

phase seems to be increased on cast samples. 
also distributed on alpha phase. After forging structure 
became finer but  phases were not dissolved 
comparing with alloy A.  phases were became more 
globular and course. Microstructures of alloy with 0,9% 
titanium content is shown on Figure 5. Microstructures 
of cast samples of alloy C reveals that by increase of 

was decreased 
while coarse and lamellar shaped intermetallic phases 
formed.  

Figure 5. Microstructures of alloy C, a) as cast -100x, 
b) as cast  500x, c) forged 100x, d) forged  500x 

Phase analysis images of cast samples are shown on 
Figure 6 and results are given on Table 2. Red marked 
areas show alpha phase, yellow marked areas show beta 
phase and green marked areas show kappa phases.  

Figure 6. Phase analysis images of cast samples, a) 
Alloy A b) alloy B c) alloy C 

Table 2. Volume fractions of phases on cast alloys. 
Phase A B C
Beta 9,71 6,19 8,08 

Kappa 44,07 57,09 37,75 
Alpha 46,22 36,72 54,17 

According to phase analysis results, volume fraction of 
soft alpha phase was decreased by 0,2% Ti addition. 
With further Ti addition volume fraction of alpha phase 
was increased again. On the other hand, volume fraction 
of hard kappa phases was increased by addition of 0,2% 
Ti and decreased by increasing Ti content.  

Phase analysis images of cast samples are shown on 
Figure 7 and results are given on Table 3.  

Figure 7. Phase analysis images of forged samples, a) 
Alloy A b) alloy B c) alloy C 

Table 2. Volume fractions of phases on forged alloys. 
Phase A B C

Beta 37,39 39,13 38,55 
Kappa 36,1 33,32 37,62 
Alfa 26,52 27,55 23,83 

Phase analysis shows that, volume fraction of alpha 
decreased and volume fraction of hard beta phase was 
increased by the forging of cast alloys.  

3.3. Mechanical properties 

Tensile test results, hardness and impact resistance of the 
cast and forged alloys are shown on table 3. 

Table 3. Mechanical properties of cast alloys. 
Sample Yield 

Strenght 
(MPa) 

Tensile 
Strenght 
(MPa) 

Elong. 
(%)

Hardness 
(HV) 

Impact 
Energy 

(J)

A 305 668,5 14 172,6 28,5 
B 311 621 7,5 181,5 15,7 
C 277 484 6 155,0 11,8 

A- forged 560 797 7 236,4 20,6 
B- forged 662 848 8,66 242,1 14,7 
C- forged 568  799  13 240,8 12,7 
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Yuanyuan Li at all. determined that mechanical 
properties of NABs are strongly depend on volume 
fraction ratio of soft alpha phase and hard phases [4]. On 
current work, yield strength and hardness were increased 
by decrease of soft beta phase because of 0,2% titanium 
addition to cast material. With increasing titanium 
content volume fraction of alpha phase was increased 
and coarse intermetallic phases formed, this combination 
led decrease on both hardness and strength and 
elongation of the cast material. After forging strength 
and hardness of all alloys were increased due to increase 
of volume fraction of beta phase and strain hardening 
effect of forging.  

3.4. Wear properties 

Wear area loss of cast A, B and C alloys were 
23.848mm2, 26.340mm2, 23.990mm2 respectively. 
Between cast samples, wear loss of alloy A is a bit lower 
but results are similar for both alloys. After forging wear 
area loss of alloy A, B and C were determined as 
22.036mm2, 21.896mm2 and 22.013mm2 respectively. 
Wear losses of three alloys are even more close after 
forging. Comparison of wear losses are given on Figure 
8
increased after forging. Wear loss of all three alloys 
became even more close after forging.  

Figure 8. Wear area loss of cast and forged alloys.  

Wear profiles of A, B and C alloys in cast and forged 
conditions are shown on Figure 9 and wear surfaces of 
cast and forged alloys are shown on Figure 10.  

Figure 9. Wear profiles of samples. A) cast, B) forged  

Wear profiles of alloys were similar in cast condition.  
Wear profiles of forged alloys are similar too. 
Comparing with cast samples, wear profiles of forged 
parts were more smooth.  

4. Conclusions 

Grain sizes of cast alloys were refined by titanium 
addition. 0,2% addition of titanium increased hardness 
and yield strength slightly however when titanium 
addition increased to 0,9% both strength and elongation 
of cast alloys were decreased. During examination of 

 phase and decrease 
of soft alpha phase were determined. Volume fraction of 
alpha phase was increased while coarse and angled 
intermetallic phases formed when titanium content 
increased to 0,9%. Reason of decrease on strength and 
ductility is increase on volume fraction of alpha phase 
and coarse and angled intermetallic. Cast alloys with 
different titanium contents has similar wear behaviors.  
By forging structure of all alloys were refined and 

-39% from 6-
9%. This effect on microstructure led increase of 
strength and hardness while wear area loss of all alloys 
decreased. t grain size is not the only 
criteria that effects wear behavior and strength of NAB 
because of its complex microstructures.  
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Abstract

As a part of an investigation on the design and 
development of Co-based superalloys for high-
temperature applications, studies have been made to 
investigate synthesis route, heat treatment regime and 
structural characterization of binary Co-Al alloys. 
Cobalt-rich side of Co-Al binary system was examined 
by preparing 6 different alloy compositions (1.23, 8.40, 
16.72, 19.50, 21.50 and 25 at. % Al), which were 
produced by arc melting technique. It has been found that 

Al) reveal primary FCC-Co and eutectic mixture B2-type 
ordered CoAl and HCP-Co phases at room temperature 
whereas no CoAl precipitation was detected for low Al 

Furthermore, 
martensitic phase transformation which does not require 
fast cooling rates has yielded to FCC to HCP 
transformation in low Al containing alloys. It is 
interesting to note that, solidification and heat treated 
structures of Co-Al binary alloys disagree and not 
consistent with current equilibrium phase diagrams 
published in literature. 

1. Introduction

Co-based superalloys are commonly used in static 
components such as stationary vanes because of their 
superior hot corrosion, oxidation, sulfidation resistance 
and phase stability at elevated temperatures [1]. Their 
lower strength values (due to limits in strengthening with 
solid solution or carbide precipitation) make them 
unusable for blade and disk applications requiring higher 
strength values [2]. However, recently Co based 
superalloys with L12- -Co3(Al,W) 
precipitate microstructure has drawn attention as a 
suitable alloy structure which could be a substitute for the 
still in use Ni-based superalloys [3]. Among Cobalt base 
binary commercial alloys, Co-Al binary stands out as one 
of the most essential system. It can be used as hard 
magnets [4], shape memory alloys [5-7] and a base alloy  

system for high-temperature applications [3]. There are 
both experimental and calculated phase diagrams of Co-
Al alloy system published in literature [8-12]. But they 
are all inconsistent with each other and the presence of 
dashed lines in Cobalt-rich side of phase diagram implies 
that there are not enough experimental data to plot solid 
lines. The Co-Al phase diagram was first investigated  by 
Guillet [13, 14] and then few years later Gwyer [15] 
reported a full phase diagram, in which three 
intermetallics phases of Co3Al13, Co2Al5 and CoAl were 
identified. However, there was no distinguishing of hcp 
and fcc cobalt phases in phase diagram. Hansen et al. 
[16] stated in their study that eutectic composition lies at 
19.5 at. % Al, however this proposal was revised by 
Stout et al. [17]. In this study, the eutectic composition 
was given as 18.7 at.% Al. Also, in 1985 Wall et al. [18] 
report that the eutectic composition very close to one 
suggested by Stout et al. [17]. In 1993, Köster [19] 
published a paper where phase diagrams of binary Co-Al 
and ternary Co-Al-Fe alloys were examined, in which 
eutectic point was given as 19.5 at. % Al for binary alloy 
and again there was no information in terms of 
polymorphic transition from fcc to hcp cobalt. Dupin and 
Ansara stated in their work [20] that two phase field of 
fcc-Co+CoAl needs extensive annealing time to achieve 
thermodynamic equilibrium because of considerable 
variation in solubility. In 1989, the most extensive phase 
diagram of Co-Al binary system was reported by 
McAlister [6], which is given in Figure 1. It is evident 
from Fig. 1 that there are still too many dashed lines in 
Co-Al binary phase diagram. To sum up the findings 
about Co-rich side of binary Co-Al phase diagram, the 
position of Co-Al eutectic (in Co-rich side) is ambiguous 
in literature. Besides there is little information in 
literature regarding fcc-Co to hcp-Co transformation that 
is supposed to be occur at 300 0C when Co is alloyed 
with Al. 

In this present study, therefore, the effects of various 
cooling/casting conditions and annealing treatment on 
solidification microstructures, type and content of 
possible equilibrium phases and phase transformation 
behavior of Co-rich Co-Al binary alloys are presented.
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 [6]

Figure 2. As-cast SEM images of (a) 1.23; (b) 8.40; (c) 16.72; 
(d) 19.50; (e) 21.50 and (f) 25 at. % Al binary alloys.

2. Experimental Procedure 

Series of Co-Al binary alloys were produced by arc-
melting using a non-consumable tungsten electrode and a 
water-cooled coper tray in a high-purity argon 
atmosphere. High purity of elements (Co=99.9 wt. % and 
Al=99.9 wt. % purity) were used. Alloy compositions 
and their respective weights before and after the casting 
are given in Table 1. Since the melting point of 
Aluminum is much lower than Cobalt, Aluminum 
evaporation can occur during arc-melting, however, 
measured Al losses were negligible (Table 1). To achieve 
higher composition homogeneity, the alloys were melted 
3 times in a zirconium-gettered argon atmosphere. A 
slice of each alloy was annealed at 1300 0C for 24 hours 
in encapsulated and vacuumed quartz tubes.

Table 1. Weight measurements before & after castings

Alloy 
(at. % Al) 

Weight Before 
Casting (g) 

Weight After  
Casting (g) 

wt. % Al  
Loss 

1.23 8.82517 8.82225 0.03 
8.40 8.76684 8.76542 0.02 

16.72 9.19383 9.18713 0.07 
19.50 10.26515 10.26020 0.05 
21.50 9.06813 9.06716 0.01 
25.00 9.72725 9.71985 0.08 

The microstructures were examined using scanning 
electron microscopy (SEM, JEOL JSM-6400) coupled 
with energy-dispersive X-ray spectrometry (EDS). The 
SEM samples were prepared using standard 
metallographic techniques and etched with a solution 
containing 50 % HCl and 50 % HNO3. Differential 
Scanning Calorimetry (DSC) measurements were 
performed with Setaram SETSYS 16/18 high 
temperature thermal analyzer at a heating rate of 10 

°C/min under constant argon flow. 

3. Results and Discussion 

The as-cast SEM micrographs were given in Figure 2. 
For low Al containing alloys (1.23 and 8.20 at. % Al), it 
is clear that they exhibit single -Co phase solid solution. 
However, it is apparent from Co-Al phase diagram that 
solubility of Al in this phase is virtually zero. This may 
indicate that there -Co phase 
that have some solubility of Al. 

For high  Al), there exist 
- -

CoAl and -Co. One expects to obtain only CoAl and -
Co at room temperature because phase diagram shows 
there is a eutectoid reaction where fcc-Co transforms into 
hcp-Co. However, DSC results show no such reaction 
that is supposed to happen at 3000 le 
dictates that 3 phase cannot coexist at the equilibrium 
condition except for invariant points for binary system. 

- -CoAl 
Fcc-Co 
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Figure 3. DSC measurements of as-cast Co-Al alloys. 

Figure 4. Hardness comparisons of heat treated binary Co-Al 
alloys and pure Cobalt. 

Thermal analysis measurements of the as-cast alloys 
(Figure 3) show that there is only one peak that may 
correspond to B2 A2 order-disorder at around 13500C
for alloys having at. % Al 19.50. 

As-annealed SEM micrographs of 6 binary alloys were 
given in Figure 4. Low Aluminum containing alloys 
show only -Co martensitic phase even in furnace cooled 
condition. For high Aluminum containing alloys, there 
are -Co phase in favor of 

- - -Co indicates that 
equilibrium kinetics of Co-rich side of Co-Al binary 
system is very sluggish requiring extensive periods of 
annealing to reach equilibrium. Out of all 6 alloys, there 
was no sign of precipitation of L12 ordered Co3Al phase.  

Microhardness measurements were taken for pure Cobalt 
and 6 binary alloys in Vickers scale at 500 kgf. 15 
different microhardness values were taken for each 
specimen and results are averaged (Figure 5). It is evident 
that for low Al containing alloys, hardness values are 
lower than for pure Cobalt. This may be attributed to the 
fact that Aluminum is softer than Cobalt element and 
alloying of Co with small amounts of Al leads to 
decrease in their hardness. It is seen from Fig. 5 that for 
high Al containing alloys, as the Aluminum content 

increases hardness goes up. This can be explained by 
formation of -CoAl intermetallic phase precipitates in 
high-Al containing Co-Al alloys, amount of which 
increases with increasing Al content and known to be 
very hard and brittle. 

Fcc-Co 

- -CoAl 
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4. Conclusion 

Microstructure, phase evolutions, thermal properties and 
microhardness of 6 Cobalt rich alloys have been 
investigated: 

- For low Al containing alloys, only -Co phase 
was found to exist and -CoAl 
phase was not detected even after high 
temperature annealing heat treatment. 
Martensitic transform - -Co 
was observed.  

- For high Al containing alloys, primary -Co 
coexisted wi -Co and 

-CoAl. 24 hours of annealing at 1300 0C
followed by furnace cooling revealed some 
consumption of fcc-Co in favor of -Co and 

-CoAl phases.  This points out the fact that 
extensive periods of annealing heat treatment 
may be needed to reach thermodynamic 
equilibrium. Also, existence of primary fcc-Co 
phase even for 25 at. % Al alloy indicate that 
eutectic point must have even higher Al content 
than what is reported in literature (~20 at. % Al. 
[6])  

Solidification and heat treated structures of Co-Al binary 
alloys disagree and not consistent with current 
equilibrium phase diagrams published in literature. 
Further annealing heat treatments and microstructural 
investigations are required for clarification of types and 
content of equilibrium phases at Co-rich side of Co-Al 
phase diagram.  
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Abstract 

In the present study, a new type of Ti-Mg/AZ91 composite 
has been successfully manufactured using pressureless 
infiltration method to be used for structural and functional 
applications. Porous Ti6Al4V alloy skeleton structure was 
produced by loose powder sintering which was then filled 
with either liquid magnesium or AZ91 alloy at around 800 
C under high purity argon atmosphere in order to obtain 

Ti-Mg composites. Starting porous preforms contained 40 
vol% open porosity, and nearly all of the pores were 
completely filled with Mg or Mg alloy after infiltration 
without formation of secondary phases and intermetallics. 
Quasi-static compression tests along with hydrogen 
evolution tests were performed in simulated body fluid 
environment in order to understand the corrosion tendency 
of the Ti-Mg composites and to evaluate their potential 
applications in biomedical industry. 

1. Introduction 

In biomedical applications metallic biomaterials like 
stainless steel, cobalt-chromium and titanium alloys have 
been designed as permanent implants, which may 
necessitates additional surgery operation for the removal 
of the implants. Therefore, biodegradable implants have 
been gained importance, since they accelerate the healing 
process and increase the patient  satisfaction by 
eliminating secondary surgical operation [1,2]. However, 
the degradation rate of the implants is crucial to overcome 
possible tissue damage and to maintain mechanical 
integrity during healing stage. Biodegradable materials are 
expected to dissolve gradually and then to disappear 
completely as the tissue healing is completed. Among the 
metallic materials used in biomedical applications, 
biodegradable magnesium has been preferred due to its 
superior mechanical properties together with its similar 
elastic modulus and density to that of bone [3,4]. In 
addition, Mg and its alloys play a significant role in growth 

and strengthening behavior of bone so that usage of them 
have been become a vital requirement [3,5]. 

However, Mg and Mg alloys are among the most active 
metals in terms of their electrochemical properties. 
Therefore, they are readily oxidized when they are subject 
to corrosive environments. As a result of the rapid 
degradation of Mg, hydrogen gas (H2) can accumulate 
around the implant and cause tissue death which delays the 
healing process [1,6]. Furthermore, degradable 
magnesium implants must preserve their biomechanical 
integrities for a certain period of time in order to fulfill the 
desired function. Therefore, the degradation rate of 
magnesium should be balanced with the newly formed 
bone growth rate [5]. For this reason, it is expected that the 
biodegradable Mg and its alloy should have both strength 
and modulus of elasticity close to that of bone while 
revealing sufficient dissolution behavior. Nevertheless, 
they do not provide the mechanical integrity required for 
load bearing applications due to their high dissolution 
rates. 

On the other hand, titanium (Ti) and titanium alloys, which 
are classified as bioinert materials, have been preferred in 
biomedical applications due to their superior corrosion 
resistance, high fatigue strength and good 
biocompatibility. However, the difference between the 
elastic moduli of titanium implants and bone prevents the 
transfer of the applied load so that stress shielding
problem may arise. Consequently, recent studies have 
focused on reducing the elastic modulus of Ti and Ti 
alloys by introducing pores to the structure [7,8]. Use of a 
porous structure reduces the stress shielding problem and 
allows bone tissue to grow through the pores. Although 
interconnected porous structure reduces the 
biomechanical mismatch between the bone and the 
implant material, it is not sufficient to enhance 
osseointegration of Ti and its alloys [9 11]. 
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In the literature, researchers have considered to combine 
corrosion resistant titanium with biodegradable 
magnesium which is expected to reveal good 
biocompatibility and low elastic modulus [12,13]. Liu et 
al. produced Ti-Mg composites by infiltration method in 
which porous Ti preforms were immersed in liquid Mg at 
700 C under protective environment followed by cooling 
down to room temperature [14]. They found out that the 
elastic modulus of the composite was close to that of pure 
magnesium, and mechanical strength was found to be 
much higher than that of Ti-preforms. Jiang et al. [12], on 
the other hand, produced Mg-based Ti-Mg composite by 
infiltration casting, and they determined that the 
mechanical properties of the produced Ti-Mg composites 
were similar to that of bone. However, they reported that 
magnesium dissolved very quickly so that the mechanical 
integrity of the Ti-Mg composites could not be maintained 
when immersed in artificial body fluid [12]. 

In the present study, it is aimed to produce biomedical 
Ti6Al4V/Mg and Ti6Al4V/AZ91 alloy composites, which 
are expected to display both bioinert and biodegradable 
characteristics. For this purpose, Ti6Al4V/Mg and 
Ti6Al4V/AZ91 composites were fabricated by infiltration 
of liquid Mg or AZ91 alloys to porous Ti6Al4V structure 
produced by loose powder sintering. Structural analysis 
and phase identification of the composite samples were 
performed by optical microscope. Porosity content and 
density measurements of the produced porous Ti6Al4V 
alloy and Ti6Al4V/Mg as well as Ti6Al4V/AZ91 

principle. Finally, the corrosion behaviors of the 
composites were investigated and compared by means of 
hydrogen evolution tests and pH change measurements in 
a simulated body fluid (SBF). In addition, mechanical 
properties of the Ti-Mg composites were examined by 
quasi-static compression tests. 

2. Experimental Procedure 

2.1. Materials and Methods 

Ti6Al4V alloy powders of  particle size were used 
as starting materials for the production of porous samples. 
Spherical Mg powder 
(99.8% purity, Tangshan Weihao Magnesium Powder Co. 
Ltd.) and AZ91 alloy chips were utilized in the infiltration 
process. Prior to the production of the composites, porous 
Ti6Al4V alloy structures were manufactured through the 
use of loose powder sintering method. During this process, 
initially the powders were placed in quartz crucibles 6 mm 
in diameter, and then they were slowly heated to 1100 
for 1 h under protective argon atmosphere followed by 

furnace cooling to room temperature. In order to produce 
Ti6Al4V/Mg and Ti6Al4V/AZ91 alloy composites 
pressureless infiltration method was chosen. Firstly, all 
manufactured porous Ti6Al4V alloy preforms were 
carefully placed in the stainless steel crucibles which were 
then filled with spherical Mg powders or AZ91 alloy 
chips. Next, crucibles were heated up to 800 C with the 
heating rate of 10 C/min under high purity argon gas and 
kept at this temperature for 20 min in order to allow the 
infiltration of liquid magnesium or AZ91 alloy through the 
pores of Ti6Al4V preform. Finally, samples were slowly 
cooled to room temperature in the furnace so as to obtain 
Ti-Mg composites. 

2.2. Corrosion Studies 

Corrosion behavior of the Ti6Al4V/Mg and 
Ti6Al4V/AZ91 alloy composites was determined using 
the hydrogen evolution rate test and pH change 
measurements. H2 gas evolution rate test is used to assess 
the long term degradation performance of the Mg/Mg 
alloy and Ti-Mg composites. In this method, samples were 
submerged in the simulated body fluid (SBF, 36.5 

, and a collector was placed in the medium 
directly above the samples in order to capture the evolved 
H2 gas. A collector involved an inverted funnel and 
burette. Therefore, the evolved H2 gas is collected by an 
upside down funnel which covering the sample under test, 
and the volume of hydrogen in the burette is recorded at 
specific time intervals. Additionally, pH of the SBF 
solution was recorded at the end of each immersion day 
(1, 2, 5, 10 and 20 days) with the help of a pH meter 
(HANNA HI 9812-5). 

2.3. Characterization 

Density and porosity contents of the porous Ti6Al4V 
alloys and Ti-Mg composites were measured using xylol, 
(CH3)3C6H as the immersion medium utilizing a 
precision balance (Precisa XB 220 A) on the basis of the 
Archimedes  principle. Microstructures of the samples 
were characterized by the optical microscope (Nikon 
Eclipse LV150). Compression behavior of both porous 
Ti6Al4V alloy and Ti-Mg composites was determined by 
quasi-static compression tests using MTS Criterion Model 
45 Universal testing machine. 

3. Results and Discussion 

3.1. Microstructural Examination 

Porous Ti6Al4V alloy preforms containing around 42 
vol.% porosity were successfully manufactured by loose 
powder sintering method. Figure 1(a) displays the 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

146 IMMC 2018   |   19th International Metallurgy & Materials Congress

structure of loose powder sintered porous Ti6Al4V alloy 
skeleton which exhibited homogenously distributed 
irregular pores prior to magnesium infiltration. 
Underlying microstructure of the porous samples was 
determined to contain (light 
region)  (dark region), Figure 1(b). 

Figure 1. Optical microscope image of as produced 
porous Ti6Al4V preform showing (a) open porous 

structure and (b) lamellar microstructure. 

Ti6Al4V/Mg and Ti6Al4V/AZ91 composites have been 
manufactured infiltrating liquid Mg or AZ91 alloy. As 
shown in Table 1, starting Ti6Al4V preform had around 
42 vol% porosity while both types of the composites 
exhibited porosity content lower than 2 vol% after 
infiltration with liquid pure magnesium or AZ91 alloy. In 
addition, densities of both composites were higher than 
that of the porous preform, Table 1, as expected. 

Table 1. Comparison of density and porosity content of 
the manufactured porous preform and the composites.

Density 
(g/cm3)

Porosity Content 
(vol.%) 

Porous Ti6Al4V 2.54 42.6 
Ti6Al4V/Mg 3.24 1.2 
Ti6Al4V/AZ91 3.29 0.4 

3.2. Mechanical Characterization 

Quasi-static compression tests were utilized to determine 
the compression behavior of both as-manufactured porous 
Ti6Al4V preform and the Ti-Mg composites. As shown in 
Figure 2, both Ti6Al4V/Mg and Ti6Al4V/AZ91 
composites exhibited linear elastic behavior at small 
strains followed by the yielding. Although fracture strain 
values were similar at around 0.09 and 0.11 for 
Ti6Al4V/Mg and Ti6Al4V/AZ91 composites, 
respectively, Ti6Al4V/AZ91 reached a higher maximum 
stress value. In contrast to the composites, as 
manufactured porous Ti6Al4V preform exhibited 
comparatively low peak stress which was around 57 MPa, 
Figure 2. Additionally, elastic modulus values of both 
composites were determined as 7.5 GPa and 8 GPa which 

were closer to that of bone (3-20 GPa [15]). Therefore, 
fabricated composites can be evaluated as candidate load 
bearing materials in biomedical applications. 

Figure 2. Stress-strain curves of porous Ti6Al4V and 
Ti6Al4V/Mg and Ti6Al4V/AZ91 composites. 

3.3. Hydrogen (H2) Gas Evolution Rate Measurement 

According to the results of H2 gas evolution rate 
measurements, calculated corrosion rates of Ti6Al4V/Mg 
and Ti6Al4V/AZ91 composites after immersion in SBF 
for various periods are given in Figure 3. For magnesium, 
the overall corrosion reaction is shown in equation 1 in 
which one mole of Mg generates one mole of hydrogen 
(H2) gas [16]; 

.

According to equation 1, it can be said that the evolution 
of 1 mole of H2 gas (22.4 liter) is directly related to the 
dissolution of 1 mole of Mg. Therefore, measuring the 
volume of H2 gas is equivalent to measuring the mass loss 
of the Mg. As a result, corrosion rates of both composites 
can be determined by H2 gas evolution rate measurement. 

As it can be seen in Figure 3, the initial degradation rates 
of the two composites were fast which slowed down over 
time becoming constant after a period. According to Eq.1, 
magnesium hydroxide film formed quickly when 
magnesium exposed to the SBF solution. Therefore, it was 
thought that corrosion products were formed on the 
sample surface at the initial stage of corrosion and then 
they became thicker so that they acted as a protective 
surface layer against further degradation. Thus, adhesive 
corrosion products inhibited further corrosion of the two 
composite samples. In addition to this, some reaction 
products released from the Ti6Al4V/Mg composite settled 
down to the bottom of the container during the immersion 
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test, which shows that the protective layer has dissolved 
and lost its integrity. Among the two types of the 
composites, Ti6Al4V/Mg composite had relatively faster 
corrosion rate than Ti6Al4V/AZ91 composite. In addition, 
pH change of the SBF solution was recorded at the end of 
each immersion day. At the initial stage of immersion, pH 
of the solution was reached to 9.8 for both composites due 
to the formation of hydroxide ions during corrosion of 
magnesium. However, it decreased to lower values, 8.5-
8.8, in time and remained constant during the remaining 
period. 

Figure 3. Hydrogen (H2) gas evolution rate of 
Ti6Al4V/Mg and Ti6Al4V/AZ91 composites. 

4. Conclusion 

Ti6Al4V/Mg and Ti6Al4V/AZ91 composites were 
successfully manufactured by pressureless infiltration of 
liquid Mg and AZ91 alloy through the pores of loosely 
sintered Ti6Al4V alloy preforms. By infiltration almost all 
of the open porosity of the initial Ti6Al4V alloy preforms, 

40 vol.%, was filled with either liquid magnesium or 
AZ91. Among the two composites produced, 
Ti6Al4V/AZ91 composite revealed mechanical properties 
more closely matching to the needs of an implant material 
Its elastic modulus value (8 GPa) was closer to that of bone 
(3-20 GPa), which makes it a suitable candidate material 
for biomedical applications. In addition, Ti6Al4V/AZ91 
composite exhibited higher corrosion resistance compared 
to Ti6Al4V/Mg according to the H2 gas evolution rate 
measurements in SBF, which yielded more controlled 
degradation rate. 
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Abstract

In this study, the effect of commercially pure Ti 
volume fraction on the properties of Al-Ti bimetal 
composites manufactured by using CP-Ti sawdusts 
which allow environmentally friendly and low cost 
production was investigated. For this purpose, CP-
Ti sawdusts were assembled under 110, 220, 330 
and 440 MPa pressures and monoblock preforms 
including %50, %35, %25 and %20 porosity were 
attained, respectively. Infıltration of A356 Al alloy 
was carried out into these preforms via investment 
casting method under vacuum atmosphere. %50, 
%65, %75 and %80 CP-Ti reinforced A356 matrix 
composites were successfully manufactured after 
infiltration process. Produced composites were 
characterized by light optical microscope and 
Vickers microhardness measurements. Reaction 
phase was obtained at the interface between A356 
and CP-Ti alloys for all samples. With increasing 
volume fraction of CP-Ti, intermetallic compound 
layer thickness was increased from 5.77 μm to 
13.48 μm. Increase in layer thickness provided 
increase in hardness. For %80 CP-Ti reinforced 
composite, IMC hardness was reached up to 542 
HV0.01.  

1. Introduction 

Metal matrix composites (MMCs) have been 
attracted attention due to their improved physical 
and mechanical properties. The application areas of 
aluminium as a matrix material have been increased 
recently, especially with the commercialization of 
MMCs. Al matrix composites (AMCs) become 
very popular owing to their superior specific 
strength, good ductility, high elastic modulus, low 
coefficients of thermal expansion (CTE), high wear 
resistance and excellent corrosion resistance [1]. 
AMCs have been used in the fields of aviation, 
space, defense industry, electronics, sporting goods 
and automotive sector under favour of these 
advantageous properties [2]. Al2O3, SiC, B4C and 
TiC are the most commonly used reinforcements in 

AMCs [3-6]. Due to the production problems such 
as wettability and undesired intermetallic 
compound (IMC) formation between reinforcement 
and matrix phases, the use of metal reinforcements 
instead of ceramics was increased [7].  Bringing Al 
alloys and commercially pure Ti (CP-Ti) together 
can achieve a combination of excellent properties 
such as low density, high oxidation resistance at 
elevated temperatures, high strength and rigidity. 
The composites of these two alloys can compete 
with the ceramic reinforcements considering 
mechanical and tribological properties, without 
losing ductility and toughness of the matrix 
material [8, 9].  

In this study, the effect of volume fraction of CP-Ti 
on the properties of Al-Ti bimetal composites was 
researched. Microstructural evaluation of 
manufactured bimetal composite specimens as 
functions of layer thickness and hardness 
measurements was discussed.  

2. Experimental 

CP-Ti reinforced A356 Al matrix bimetal 
composites were produced by investment casting 
technique. This process consists of three steps: 
mould making, casting and characterization. 

2.1 Mould Making 

The molten wax was cast into a cylindrical plastic 
mould at 85 °C and wax model in 25 mm diameter 
and 50 mm height was obtained. For castable 
plaster slurry, the water/powder ratio was chosen as 
40%. 500 g investment powder was mixed with 200 
g water to get castable slurry. The wax model was 
settled in a stainless steel flask and obtained slurry 
was poured in it under vibration. The mould was 
allowed to stand for 2 h in undisturbed condition. 
The wax removal process was carried out at 110 °C 
for 1 h to attain mould cavity. After dewaxing, the 
mold was gradually heated to 700 °C for complete 
removal of residual wax carbon in plaster mould.  
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2.2 Casting 

After mould making step, casting operation was 
performed. A356 alloy was selected as a matrix due 
to its excellent fluidity and castability properties. 
CP-Ti was chosen as a reinforcement to strengthen 
mechanical and tribological properties of A356 
matrix. Nearly same sized CP-Ti sawdusts were 
pressed under difference forces to get one-piece 
performs with varied porosities. 110, 220, 330 and 
440 MPa pressures were used to attain CP-Ti 
preforms. By the effects of different pressures, four 
preforms with various porosities (50%, 35%, 25% 
and 20%, respectively) were obtained. Perforated 
flask was taken out from furnace at 700°C and 
placed into the vacuum chamber. Preforms were 
placed in the mould cavity and its vacancies were 
infiltrated by A356 melt. All casting processes were 
performed at 730°C. When solidification was 
completed, the mould was water cooled and bimetal 
composites were taken out.  

2.3 Characterization 

For cross-sectional analysis of manufactured 
composites, pieces were cut out from the specimens 
and subjected to grinding and polishing processes. 
The micrographs were taken by light optical 
microscope. Micro-Vickers hardness test device 
was used to determine the hardness of reaction 
phase between A356 and CP-Ti. 100 mN load was 
applied to sample surfaces. After holding samples 
under 100 mN for 10 s, applied load was removed 
and hardness values were measured by using 
HV=1.8544 F/d2 formula where HV is Vickers 
hardness, F is applied test load and d is the average 
diagonal distance of concave part of the indenter 
trace.

3. Results and Discussion 

The micrographs of produced CP-Ti reinforced 
A356 matrix bimetal composites with varied CP-Ti 
volume fractions were demonstrated in Fig. 1. It 
was determined from the microstructures that Al 
matrix composites including 50%, 65%, 75% and 
80% CP-Ti were successfully manufactured 
without any pouring defects. Good metallurgical 
and mechanical bonding was achieved at the 
interfaces for all samples. White regions indicate 
A356 Al alloy while dark regions refer CP-Ti 
reinforcements. The purplish layers between matrix 
and reinforcement are reaction phases which was 
formed during melt infiltration casting.  

Fig. 1. The micrographs of A356 matrix bimetal 
composites with (a) 50%, (b) 65% (c) 75% (d) 80% 

volume fractions of CP-Ti 
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Fig. 2. Layer thickness of reaction phases as a 
function of CP-Ti volume fraction 

Increased CP-Ti volume fraction with increasing 
preform pressure affected the composite interfaces. 
IMC layer thicknesses of bimetal composites as a 
function of CP-Ti volume fraction were given in 
Fig. 2. According to the results, the layer thickness 
of reaction phase at the interface was increased with 
increasing CP-Ti ratio. Molten A356 alloy 
interacted with more CP-Ti and consequently 
diffusion between reinforcement and matrix phases 
became easier. The increase in layer thickness of 
reaction phases can be associated with this 
situation.

Fig. 3. The hardness of reaction phase as a function 
of CP-Ti volume fraction 

Fig. 3 shows the results of IMC hardness 
measurements with varied CP-Ti volume fractions. 
It was inferred from considering Fig. 2 and Fig. 3 
together that increased reaction phase thickness 

provided increase in hardness. The hardness values 
were changed from 479 to 542 HV0.01 with 
increased CP-Ti ratio. Al3Ti hardness has a value of 
520HV in the literature [10] and it was seen that the 
values obtained as a result of the microhardness test 
are consistent with both Al-Ti phase diagram and 
literature findings. It can be concluded that the 
reaction phase formed between A356 and CP-Ti is 
Al3Ti. 

4. Conclusion 

In this study, the influence of the volume fraction of 
CP-Ti reinforcement on the A356 matrix bimetal 
composite properties was examined. Bimetal 
composite structures were successfully fabricated 
by investment casting method under vacuum 
atmosphere. Good metallurgical and mechanical 
bonding was achieved at the interfaces of all 
samples. The reaction phase at the interface was 
determined as Al3Ti phase. According to the 
obtained results, the layer thicknesses and the 
hardnesses of IMC at the interfaces were increased 
with the increase of CP-Ti volume fraction. These 
increments can be explained by the increased 
diffusion rate between A356 and CP-Ti with 
increasing CP-Ti ratio in the composite structure. 
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Abstract 

In this study Mg-5Sn alloy was reinforced with 1 and 2 
volume % alumina particles of sizes smaller than 1 
micron using cold pressure die casting in order to 
produce a higher strength Mg-5Sn alloy matrix 
composite. Microstructural analysis of the alloy and 
the composite was carried out using XRD and 
Scanning Electron Microscopy (SEM). Mechanical 
properties were evaluated through tensile tests and 
hardness measurements. It was found that addition of 
nano-Al2O3 particles to the Mg-6Sn alloy improved the 
mechanical properties. XRD results show the presence 
of both Mg2Sn phase and Al2O3 particles in the Mg 
rich matrix.  

1. Introduction

In recent years, it can be observed that one of the 
targets is to lower the growing environmental impact 
of CO2 emission by further reduction via more 
lightweight vehicles for transportation industry. For 
instance, a 10 % reduction in vehicle weight leads to a 
reduction in fuel- consumption of between 0,3 and 0,5 
l/100km. Therefore, the importance of lighter materials 
is increasing day by day. With lower density and 
specific strength ratio, Magnesium (Mg) alloys are one 
of the potential candidates among light structural 
materials for industrial applications. However, service 
temperature requirements in applications such as 
power-train components like gearbox housings may be 
as high as 150°C. Therefore Mg die cast alloys with 
superior elevated temperature properties are needed. 
Hence, a lot of researchers have been studying 
magnesium-based composites for this problem with 
more excellent mechanical properties such as elastic 
module and yield strength. Especially, the addition of 
some nano reinforcing particles to magnesium alloys in 
order to improve the elevated temperature properties 
have gained attention by scientists due to their 
excellent properties compared to micro particles [1-
11]. The addition of Sn to magnesium leads to an 
improvement in the high temperature properties of the 
alloy such as creep resistance [12,13]. The aim of the 
study is to further improve the mechanical properties 
of the alloy through the introduction of sub-micron or 
even nano sized ceramic particles of Al2O3 which also 
enhances the high temperature properties of the alloy.

2. Experimental Procedure 

Mg-5Sn alloy was selected as matrix material in this 
study. The Al2O3/Mg-5Sn nano-composites were 
prepared in an induction furnace using a SiC crucible 
under a gas mixture of carbon dioxide (CO2) and 
sulphur hexafluoride (2% SF6). The alumina particle 
volume fractions were 1 and 2%, respectively. After 
adding the nano-particles, the slurry was heated up to 
the temperature of 750°C and casted using a 100-
tonnes clamping and 76kN injection force cold 
chamber high-pressure die cast machine

Brinell hardness of the alloys was measured by using 
an applied load of 31.25 kg and a ball diameter of 2.5 
mm as indenter. The load was applied for 30 s. The 
hardness of each alloy was taken as the average of ten 
readings.

Uniaxial tensile tests were performed using universal 
tensile testing machine with a ram velocity of 
0.2mm/min. at room temperature (according to ASTM 
E8M-04). Each test was repeated four times.  

3. Results and Discussion 
3.1. Microstructural Investigations 

When Mg-Sn binary phase diagram is 
considered, Sn solubility is found to be  ~14.85% at 
561°C while it diminishes to nearly zero at room 
temperature leading to a secondary phase formation 
during solidification. Therefore the intermetallic 
Mg2Sn which has relatively high melting temperature 
(770°C) could be formed. This leads to considerable 
improvement in high temperature performance of the 
alloy, especially in creep resistance.

In Figure 1 XRD diffractograms of samples 
with 1 vol% and 2 vol %Al2O3 are given. The 
difference in terms of Al2O3 content is barely 
observable but more peaks belonging to Al2O3 could be 
be seen in the second diffractogram. The presence of 
Mg2Sn intermetallic phase is also easily noticed.
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Figure 1. XRD diffractograms for Mg-5Sn-1vol% 
Al2O3 and Mg-5Sn-2vol% Al2O3, respectively. 

In Figure 2, the microstructure of Mg-5Sn 
alloy is presented. In alloys and composites produced 
through injection force cold chamber high-pressure die 
casting method, it is known that a homogeneous grain 
size distribution cannot be obtained which is 
observable in Figures 2 and 3.

In Figure 3, the microstructures of the 
composites (a) Mg-5Sn-%1 Al2O3 and (b)Mg-5Sn-%2 
Al2O3 are shown. It is clearly visible that the addition 
of alumina particles resulted in the reduction of 
average grain size of the alloy. 

Figure 2. SEM image of Al-5Sn alloy

Figure 3. SEM images of (a) Mg-5Sn-%1 Al2O3 and 
(b) Mg-5Sn-%2 Al2O3

In Figure 4, EDS analysis result of the Mg-5Sn-%2 
Al2O3 composite is given. Atomic percentages of the 
elements taken from data at point 2 shows that the 
particle is Al2O3 while at point 1 -Mg phase is found. 
The particles in square shape could also be regarded as 
Al2O3 with sizes less than 1 micron. at point 2 and 
kompozit malzemesinin EDS analizi görülmektedir.  

Figure 4. SEM image of 2 % Al2O3 - Al-5Sn 
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Table 1. EDS results taken from point 1 and 2 in 
Figure 4.

The
point
ehere

Kimyasal Bile im (at.%) 

 Mg Sn Al O 

1 99.75  0.25 - - 

2 21.52 - 36.78  41.70

3.2. Mechanical Properties 

In Table 2 and Figure 5, hardness, yield and tensile 
strength values as well as % elongation of the samples 
produced were introduced.  In Figure 5, the addition of 
Al2O3 particles were found to enhance the hardness, 
yield and tensile strengths of the alloy. Additionally, 
the ductility of the alloy, as represented in % 
elongation values, was found to be improved after the 
process. The yield strength of the alloy has increased 
from 80 MPa to 105 MPa with 1% addition while it has 
been further amplified through 2 % addition to 115 
MPa. Hence about 31 % increase in the yield strength 
of the alloy could be attained by the addition of 1 % 
Al2O3 while an increase of around 43% could be 
maintained with 2 vol % Al2O3 addition.

Table 2. The yield strength, tensile strength, % 
elongation and hardness data of the samples.

In terms of tensile strengths, a 20 % 
increase, from 108 MPa to 130 MPa, for 1 vol % Al2O3
addition was reached while a 39% improvement, an 
increment to 130 MPa, could be attained with 2 % 
Al2O3 addition.  It is interesting that the % elongation 
could also be improved through the addition of sub-
micron sized Al2O3 particles in the alloy. A 25 % 
increase from 7.5 to 10% could be obtained in 2 vol% 
Al2O3 added composite.

Figure 5. Mechanical test results of the samples.

In Figure 5 it is seen that the hardness of the alloy has 
also been improved by the addition of Al2O3 particles.  
The hardness of Mg-5Sn alloy increased from 43 HB 
to 52 HB with a 20% rise of hardness as a result of 1 % 
Al2O3 addition. The rise of hardness is larger in 2 % 
Al2O3 addition an leads to about 34% increase from 43 
to 58 HB.

The improvement in the mechanical properties is a 
result of two main effects. The first one is the reduction 
in grain size. The Al2O3 particles, which have very 
high melting temperatures, act as nucleation sites 
during solidification and ease of nucleation results in 
finer grain size. The grain size reduction, which is one 
of the basic methods of strengthening, leads to 
hindering of the dislocation motion. The second reason 
is dispersion strengthening due to the tiny particles of 
Al2O3. The dispersed particles also hinder the 
dislocation motion and causes strengthening. Despite 
the very low amount of additions, due to sub-micron 
and even nano size of the Al2O3 particles, the particles 
were very effective both in grain size reduction and in 
dispersion strengthening.

4. Conclusion  

The study shows that additions as low as 1 and 2 
vol% of sub-micron/nano-sized Al2O3 to produce 
composite with a Mg-5Sn alloy as matrix lead to 
considerable strengthening of the alloy. The 2 
vol% Al2O3 addition resulted in 43% increase of 
yield strength, a 39% increase of tensile strength, a 
34% increase of 25% elongation. It is concluded 
that the improvements in mechanical properties 
were related to the grain size refinement during 
solidification and dispersion strengthening due to 
Al2O3 particles dispersed in the structure.
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Abstract

Ni-base superalloys can be considered as promising 
materials at high temperature structural applications due to 
their excellent corrosion and oxidation resistance, high 
creep strength and high strength at elevated temperatures 
(above 500 oC). These unique physical and mechanical 
properties are directly attributed their microstructure 
composed of L12 ordered  strenthening precipitates 
dispersed in the disordered  matrix. The life time of these 
alloys strongly depends on the microstructure and its 
temporal evolution. The microstructural properties are 
directly effected by alloy composition and proper heat-
treatment. In this study, it is aimed to investigate the effect 
of alloying additions on the microstructural properties such 
as size, distribution, morphology and volume fraction of 
precipitates in as-cast Ni-15Al composition. 

1. Introduction 

Ni-base superalloys can be widely used in commercial and 
military jet engines, land-based gas turbine blades, 
aerospace and marine propulsion engines due to their high 
strength at elevated temperatures, considerable fatique 
resistance and excellent corrosion resistance [1-6]. The 
superior high temperature mechanical and physical 
properties of Ni-base superalloys can be attributed to their 
unique microstructure consisting of L12 type ordered, 
(Ni3Al), precipitates distributed coherently within a FCC 
(Ni) matrix phase [7]. In Ni-base superalloys, alloying 
element additions have generally resulted in either solid-
solution strengthening for  phase stabilizers such as W, 
Mo, Cr and Co or precipitation hardening with optimization 
of volume fraction of the  phase for  forming elements 
such as Ti, Nb and Ta [6].

Moreover, the levels of alloying additions have also an 
important effect on the microstructure and the resultant 
mechanical and physical properties of polycrystalline Ni-
base superalloys. When designing a new Ni-base superalloy 
containing  phase forming alloying elements such as Ti, 
Nb Ta, Hf or Y, the amount of these alloying elements have 
to be optimized [6]. For relatively low alloying amounts, 
these alloying elements preferentially partition the  phase 

and improve the strength of the alloy [8]. However, when 
the concentration of these alloying additions exceed the 
solubility limit, unwanted secondary phases such as  
(Ni3Nb),  (Ni6AlNb), Ni5Hf, Ni5Y, Ni17Y2 and etc. can be 
formed within the microstructure [9-11]. These secondary 
phases may have detrimental effects on mechanical 
properties, temperature capability and some other physical 
properties of the alloy. In this study, it is aimed to 
investigate the effect of alloying additions of Nb and Y on 
microstructure, phase relationships and microhardness of 
Ni-15Al alloy. 

2. Experimental Procedure 

2.1. Production of the samples

The Ni85Al15 nXn, where X= Nb and Y, alloys (n=2 and 4 
at.%) were prepared by arc melting using a non-
consumable tungsten electrode and a water-cooled copper 
tray in a high-purity argon atmosphere. Samples of 10–15 g 
were produced using high-purity constituent elements 
(Ni=99.95 wt. %, Al=99.9 wt. %, Nb=99.9 wt. %, and 
Y=99.9 wt. % purity). Prior to arc melting the furnace 
chamber was evacuated to 10 5 mbar. Arc melting was then 
performed under an argon inert gas atmosphere. Each alloy 
was remelted several times to achieve greater composition 
homogeneity. The weight loss during the arc-melting 
process was less than 0.5 wt. %. 

2.2. Characterization

X-ray diffraction (XRD) analyses were conducted using a 
Rigaku D/Max-2200 PC diffractometer with Cu-K
radiation (  = 1.54056 Å) and an X-ray source operating 
voltage of 40 kV to identify the phases present in the 
samples. XRD scans were performed in the 2  range of 
20°–130° using a scanning rate of 2°/min. The
microstructures were examined using scanning electron 
microscopy with SM Zeiss LS-10 model and FEI Nova 
Nano 430 field-emission gun (FEG) coupled with energy-
dispersive X-ray spectrometry (EDS). The SEM samples 
were prepared using standard metallographic techniques 
and etched with a solution containing 100 ml HCl/100 ml 
deionized H2O/1 g K2S2O5 mixture. Vickers microhardness 
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was measured using a Microbul-1000D instrument on 
samples polished to 1 μm, with an applied load of 200 g 
sustained for 10 s, using the average value of 10 
independent measurements made on several grains. The 
standard errors for all quantities are calculated based on 
counting statistics and reconstruction scaling errors using 
standard error propagation methods [12], and represent two 
standard deviations from the mean. Individual 
precipitates within the images were traced by hand using 
commercial software (Adobe Photoshop 6.1) and the 
dimensions of the traced areas were determined using NIH 
Image 1.62, a freeware image-processing program which 
fits the precipitate cross-sectional areas to a rectangular box 
or to a best-fit ellipse. 

3. Results and Discussion 

Before going through a detailed analysis of the effect of Nb 
and Y on the structural properties of Ni85Al15 alloy, 
microstructural examination and phase analysis of Ni85Al15
alloy have been performed. The optical microscopy image 
for binary Ni85Al15 alloy is shown in Figure 1. The 
solidification microstructure of the binary Ni85Al15 alloy 
consists of (  + ) dendrites and interdendritic  regions. 
The size of the  precipitates are relatively larger because 
interdendritic regions are last solidifying regions. 

Figure1. Optical micrograph of binary Ni85Al15 alloy. 

Figure 2. XRD patterns of binary Ni85Al15 alloy. 
Phase analysis of binary Ni85Al15 alloy have been 
conducted by XRD technique (Figure 2). The presence of 
the (100), (110), (210) and (211) super-structure peaks 
confirms the existence of L12-type ordered  phase. 
However, the fundamental peaks referring as (111), (200), 
(220), (311) and (400) are composed of two individual 
peaks corresponding to  and  phases. The lattice 
parameters of  and  phases are very close to each other 
and their diffraction peaks overlap. In addition, the lattice 
parameter of the  phase have been calculated by applying 
well-known Bragg’s Law. Calculated lattice parameter for 
binary Ni85Al15 alloy is 3.569 Å and it coincides well with 
the literature data (3.560 Å) [13] and standard data (3.572 
Å) [JCPDS 09-00097]. 

Figure 3. SEM micrographs of Ni85Al15 nYn alloys,
n= (a) 2 and (b) 4. 

The microstructures of ternary Ni85Al15 nYn alloys are given 
in Figure 3. The microstructures of Ni85Al15 nYn alloys 
consisted of primary crystalized  dendrites, eutectic 
mixture and Ni5Y phase enclosing the  dendrites. The 
constituents of the eutectic phase mixture were  phase 
(dark) and Ni17Y2 (light) intermetallic compound. The 
constituent phases we shown in Figure 5. The volume 
fraction of Ni5Y and Ni17Y2 phases increased with 
increasing Y content. Ni5Y and Ni17Y2 phases formed due 
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to the limited solid solubility of Y in  (Ni) phase. In 
ternary Ni-Al-Y ternary phase diagram, investigated 
compositions lie between the  (Ni), Ni17Y2 and Ni5Y
regions. In addition, following invariant reaction occurs at 
1333 °C for Ni-18.3Al-3.7 composition [Ni-Al-Y phase 
diagram]:

Liquid  Ni5Y + Ni17Y2 + (Ni)                                                    
(1)

However,  (Ni3Al) phase has not been observed in the 
microstructures of investigated Ni85Al15 nYn alloys.

Figure 4. XRD patterns of Ni85Al15 nYn alloys.

Formation of Ni5Y and Ni17Y2 phases were also confirmed 
with XRD (Figure 4) and EDS analyses. The presence of 
diffraction lines corresponding to Ni5Y and Ni17Y2 revealed 
the formation of these phases for both compositions. Based 
on the results of EDS analyses, the compositions of the 
phases were as following; (i)  phase: Ni-11.7Al-0.2Y, (ii) 
Ni5Y: Ni-5.5Al-14.1Y and (iii) Ni17Y2: Ni-3.1Al-11.9Y.

Figure 6. Detailed SEM micrographs of Ni85Al13Y2 alloy
showing the constituent phases.  

Figure 6 shows the microstructures of ternary 
Ni85Al15 nNbn alloys. The microstructure of Ni85Al13Nb2
alloy consists of  (Ni) phase, formation of  phase was 

only observed for Ni85Al11Nb4 alloy. Cuboidal 
precipitates have average particle size of 221.6 nm and they 
are uniformly distributed along the  matrix. The exact 
composition of the precipitates were determined as Ni-
14.4Al-8.5Nb by EDS analysis.

   

Figure 6. FESEM micrographs of Ni85Al15 nNbn alloys,
n= (a) 2 and (b) 4. 

For the two-dimensional (2D)  precipitate size 
distributions (PSD), the numbers of -precipitates were 
plotted in a histogram (Figure 7). A narrow PSD yielding a 
tail for large values of RPS/<RPS>.
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Figure 7. -precipitate size distribution for
Ni85Al11Nb4 alloy.

The results of the microhardness measurements are listed in 
Table 1. Microhardness value strongly increased with 
addition of Nb and Y. Moreover, hardness also increased 
with increasing alloying element content. In Ni-Al-Y 
alloys, the hardening mechanism is precipitation 
strengthening arises from Ni5Y phase. In Ni-Al-Nb system, 
hardening mechanism is composition dependent; for (i) 
Ni85Al13Nb2 alloy solid solution strengthening is only 
hardening mechanism, whereas for (ii) Ni85Al11Nb4 alloy
solid solution strengthening and precipitation strengthening 
due to  phase are the hardening mechanisms. 

Table 1. Vickers microhardness measurements for 
Ni85Al15 nXn alloys.

Alloys Micro-Hardness 
(Vickers)

Ni85Al15 194±6

Ni85Al13Y2 302±13

Ni85Al11Y4 335±19

Ni85Al13Nb2 344±19

Ni85Al11Nb4 363±6

4. Conclusion 

The microstructures, phase relationships and microhardness 
of Ni85Al15 nNbn and Ni85Al15 nYn, where n = 2 and 4 at.%, 
were investigated, and the following conclusions can be 
drawn:

•  phase precipitation was only observed for 
Ni85Al11Nb4 alloy and  precipitates have average 
particle size of 221.6 nm and cuboidal 
morphology. 

• For Ni85Al15 nYn alloys, Ni5Y and Ni17Y2 phases 
were formed as a secondary phase due to the 
limited solid solubility of Y in  (Ni) phase. 

• Volume fraction of the Ni5Y and Ni17Y2 phases 
increased with increasing Y content. 

• Addition of both Nb and Y to Ni-15Al alloy 
increased the microhardness.  
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3XXX aluminum alloy series have extensive utilization area in automotive industry as finstock and heat exchanger in terms 
of its high thermal conductivity, corrosion resistance, strength and good formability. Complicated assemblies like heat 
exchanger or finstock are produced by brazing method in order to ensure the thermal conductivity. In present work; the 
effect of Zn and Zr addition was observed on brazed material’s microstructural and mechanical properties. As part of 
investigating the Zn and Zr addition, 3003 alloy was produced by twin roll casting method in industrial scale, then optimum 
thermo-mechanical process was executed using laboratory type furnace and mill. Mechanical tests were carried out for 
indicating the required temper designation. Microstructural analysis was accomplished through scanning electron 
microscopy and optical microscopy pursuant to investigating the phase structure and grain structure along with 
metallographic characterization. Besides that, Vickers micro-hardness test was conducted for determining hardness of the 
material’s matrix. In addition to this, corrosion test was performed in order to analyze the effects of Zn addition on 
microstructural properties. 

1. Introduction

In automotive applications, aluminum alloys are frequently 
used since they have the favorable specific strength, low 
cost, high thermal conductivity, excellent formability and 
good corrosion resistance properties. Especially, the 
automotive heat exchangers are widely manufactured from 
aluminum alloys like 3XXX series in order to substitute the 
traditional materials like stainless steel. As a production 
method for final product of automotive finstocks, brazing is 
used in terms of little loss of mechanical strength and 
minimal thermal distortion. Commonly, heat exchanger as 
finstocks must have the thermal conductivity and a 
sacrificial effect on corrosion resistance. Therefore, fins 
corroded first since this sacrificial effect exist. Regarding to 
these features of aluminum alloys, 3XXX series can be 
used as fins and tubes in automotive heat exchanger 
applications [1-4]. 

Alloying elements and phases of 3XXX are crucial for 
providing some unique properties that were identified 
previously. Plenty of study demonstrated that some of the 
alloying elements in 3XXX alloys such as Fe and Si have 
significant effect on Mn solubility and precipitation of 
dispersoids [2]. During the solidification, Al6(Fe, Mn) and 

-Al(Fe,Mn)Si phases are formed. Moreover, the high ratio 
of Si around 0.5 wt..% promotes the -Al(Fe,Mn)Si 
formation while the low Si ratio around 0.15 wt.% assists 
the Al6(Fe,Mn) phase generation [3,4]. Notable hardening 
effect is delivered by high ratio of Mn and Si in the 3XXX 
series aluminum alloy due to forming more precipitated 
dispersoids. Plenty of dispersoids bring with the hardening 
mechanism of dispersion hardening [3, 5].  

Small amount of Zr addition implies some positive results 
such as enhancement of strength, sag resistance, grain 
growth for the delay of high temperature deformation. 
Al3Zr particles form during either solidification or heat 
treatment and constrain the grain boundaries among the 
recrystallization and grain growth. That’s why it diminishes 
the nucleation and reveals the coarse grain structure of the 
material. In some cases, these coarse grain structures are 
desired for the specific material properties such as sag 
resistance. In order to bring material resistant against 
buckling (sag resistance), coarse grain structure is the key 
parameter [3-5].  

In present work, effect of Zn and Zr addition to the either 
brazed or not materials microstructural, mechanical and 
corrosion properties.

2. Experimental Procedure  

Thermo-mechanical process experiments were 
accomplished in the laboratory conditions after the coil had 
produced by twin roll casting process in ASAS Aluminum 
as industrial scale. The chemical compositions of the 
3XXX alloys with and without Zr% and Zn% addition are 
given in the Table 1. 

Table 1: The chemical compositions of the 3XXX of 
interest.

As part of thermo-mechanical processes; annealing and 
rolling steps were executed in laboratory scale annealing 
furnace and mill, respectively. Both the alloys of interest 
were exposured the same production method and 
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conditions in the laboratory. Materials cold rolled until the 
homogenization annealing which was carried out at 550oC-
580oC. Then, the specimens were rolled to inter-annealing 
thickness and the annealing process was proceeded at 
400oC-450oC After inter-annealing was completed, once 
again the samples rolled down to final foil thickness. 
Brazing process was applied to final thickness of the 
materials at 600oC/10 minutes to investigate the 
microstructural and mechanical properties.  

Mechanical test specimens were prepared as 0o to the 
rolling direction of aluminum foils that was produced in 
laboratory scale. Tensile properties of samples were 
analyzed twice of each specimen using a Zwick Z1.0 model 
testing machine as convenient for TS EN ISO 6892-1 
standard. The hardness values of the samples were 
measured with Vickers micro-hardness (Zwick/Roell ZHV 
10) by using applied load 0,2 gr for 10 s.5 readings 
measured for each specimen in transverse cross-section and 
averaged.

Metallographic sample preparation was conducted by 
grinding the specimens with SiC papers and polishing with 
diamond suspension and colloidal silica, respectively. In 
order to examine the grain structure of materials’ ZEISS 
Scope.A1 model optical microscope was used. Intermetallic 
analysis of the samples were examined in ZEISS EVO/ MA 
15 SEM-EDS. 

All of the specimens for electrochemical experiments were 
prepared by degreasing with acetone in ultrasonic agitation 
device and then rinsing with distilled water. Then, samples 
with 3.14 cm2 surface area were used for identifying the 
corrosion properties by Tafel method measuring respect to 
saturated calomel electrode in 0.5 M NaCl solution. 

3. Result and Discussion 

As cast-strip of the both alloys’ optical microscopy images 
on the etched transverse cross section direction are shown 
in the Figure 1. Especially the Zr addition provides coarser 
grains in aluminum alloy since it causes the Al3Zr particle 
generation which encapsulates the grain boundaries during 
the recrystallization and grain growth. [3]. However, in this 
case as it is indicated in the SEM and EDS mapping images 
(Figure 2-3), a few Al-Zr precipitates are encountered in 
the structure as Al3Zr. So that, zirconium itself generates 
the coarser grains also, coarse grain structure is substantial 
to ensure well sag resistance for fin materials. As-cast 
conditions, 30031 has higher grain size value than 30032 
aluminum alloy through Zr addition (Table 2) [1]. 

In Figure 2-3, SEM images and EDS mapping analysis of 
each alloy can be observed. 3XXX alloys have higher Si 
concentration which is 30031 in that case, commonly 

contains -Al(Fe,Mn)Si dispersoids, while Al6(Fe, Mn) 
precipitates does not exist in the matrix [8]. On the 
contrary, 30032 aluminum alloy includes both the 
intermetallic which are -Al(Fe,Mn)Si and Al6(Fe,Mn) due 
to lower Si content than the 30031 [3]. 

                            
                                (a)        (b)    

Figure 1: Etched transverse cross section images of each 
alloy on optical microscopy as-cast microstructure; a) 

30031 b) 30032 

Table 2: Average grain size values of each alloy. 

Alloy Average Grain Size Standart Deviation 
30031 158,728 38,55 
30032 54,546 7,43 

EDS Mapping analysis were accomplished in order to 
exhibit elemental distribution of each alloy. Containing of 
Fe, Mn, Si phases are common for 3xxx series as it can be 
seen in the Figure 2-3 map analysis. Zn and Zr mostly 
distribute in the matrix except a trace of Zr generates the 
Al3Zr particle precipitation by reducing the nucleation [3].
Zn distribution in the 30031 aluminum alloy stimulates the 
tensile strength enhancement by precipitation hardening 
mechanism [2]. 

Microstructural images of brazed materials are represented 
in Figure 4 as 30031 and 30032 respectively. In order to 
have good sag resistance properties, coarser grains are 
desired as it is stated before. In terms of Zr addition to the 
30031 alloy grains are coarser than 30032 alloy at final 
conditions after brazing.

It is obvious that both the tensile and   yield strength   of 
the  30031 aluminum alloy (with Zr and Zn)  have higher 
values than the 30032 aluminum alloy either brazed or  not 
. At higher temperatures, adequate strength and sag 
resistance are needed for fin materials; therefore 30031 
aluminum mechanical properties are convenient [1]. Effect 
of alloying elements as Mn , Si, Zn and Zr on strength 
proceeded  even after brazing processing  according to  the 
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test results. Therefore, even after brazing process 30031 aluminum alloy has higher  strength.

Figure 2: Microstructural images  of AA 30031 as-cast thickness; a) SEM images on centerline segregation b) SEM-
EDS mapping images 

Figure 3: Microstructural images  of AA 30032 as-cast thickness; a) SEM images on centerline segregation b) SEM-
EDS mapping images 

(a)

  (b) 
Figure 4: Microstructural images of brazed 30031(a) and 30032(b) aluminum alloys at polarized light. 

Table 3: HV 0.2 measurements for each alloy 
consisting 30031 and 30032. 

Process Step/Alloy 30031 30032 
As cast 62,25 49,2 

Cold rolled 91,25 65,8 
Homogenizing annealed 38,2 43,6 

Cold rolled 87 73,6 
Inter annealed 38,2 39,2 

Besides that, Zr addition also provides strength when 
the content is 0,01-0,3% [3,5,7]. 

Table 3 demonstrates micro hardness values of the 
both 30031 and 30032 as-cast, cold rolled and 
annealed conditions. 30031 has higher Vickers 
hardness value than the 30032 aluminum alloy as-cast 

S Mn

Fe ZnZr

Si

Mn Fe
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conditions since particularly zinc has an effect to 
strengthening the alloy. [7].  

Figure 5: Tensile test results of both the alloys before 
and after brazing process. 

In Figure 6, Tafel polarization curves for each alloy is 
given. 30031 aluminum alloy has -848 mV corrosion 
potential while 30032 aluminum alloy has -754 
(Table 4). Since Zn has the sacrificial effect, 30031 
has more negative potential than 30032 aluminum 
alloy in 0.5 M NaCl solution. Thus, it can be said that 
Zn reduces the corrosion potential of aluminum 
alloys. Moreover, corrosion rate of 30031 aluminum 
alloy is approximately twice of 30032 aluminum 
alloy due to Zn content.

Table 4: Tafel polarization curve.  
Alloy Corrosion 

Potential(mV)
Corrosion Rate 

(μA.cm-2)
30031 -848 1,13 μA.cm-2

30032 -754 0,06 μA. cm-2

Figure 6: Tafel polarization curves of each alloy in 
0.5 M NaCl solution. 
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4. Conclusion 

In present work, Zr addition provides material coarser 
grains which enhances the sag resistance. Besides, Zr 
and Zn containing alloy has higher strength than alloy 
which do not containing even after brazing process.

Effect of Zn addition appears mostly strength and the 
corrosion properties of the materials. In terms of Zn 
content, corrosion potential become more negative 
which enhances the sacrificial properties of fin 
materials. Also, corrosion rate increases with addition 
of Zn.  
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Abstract 

In this study, Al-12.6 wt.% Si-2 wt.% VB2/VC) 
composite synthesized by sequentially milling 
(mechanical alloying (MA) and/or cryogenic milling 
(CM) were investigated in terms of microstructural 
and mechanical properties. VB2-VC hybrid powders 
were previously synthesized from V2O5, B2O3 and C 
powder blends in our laboratory facilities using high 
energy milling for 5 h and annealed at 1400 C for 12 
h. The VB2-VC hybrid powders were added into the 
matrix Al-12.6 wt.% Si powders to constitute the Al-
12.6 wt.% Si-2 wt.% VB2/VC powders blends which 
were mechanically alloyed (MA'd) for 4 h using 
SpexTM Mixer/Mill, followed by cryomilling for 10 
min in a SpexTM

for the last time as 1 h in SpexTM Mixer/Mill again. 
sequentially milled (S  powders were 

compacted in a hydraulic press with a uniaxial 
pressure of 450 MPa. Compacted samples were 

Microstructural characterizations of the MA'd and 
 powders and the sintered composites were 

performed using X-ray diffractometry (XRD), 
scanning electron microscopy (SEM) and differential 
thermal analysis (DTA) techniques. Density, 
microhardness and wear tests were performed on the 
sintered composite samples. Sequentially milled and 
sintered Al-12.6 wt.% Si-2 wt.% VB2-VC sample had 
the highest mean microhardness value (249.33 44.26 
HV) and wear volume loss (0.0032 mm3/m), 
respectively. 

1. Introduction 

Owing to their low density, high strength, high elastic 
modulus, high wear, aluminum (Al) and its 
alloys/composites are widely used for aerospace, 
automotive and many other industrial applications [1
4]. Al-Si based metal matrix composites (MMCs) 
contain several hard reinforcing materials such as 
carbides (TiC, SiC, ZrC, etc.), nitrides (Si3N4, BN, 
etc.), oxides (ZrO2, Al2O3, etc.) and borides (TiB2,
ZrB2, etc.) [5 10]. 

MMCs have been mostly produced by conventional 
casting methods [11,12]. Recently, MA prior to the 
sintering process has been utilized to fabricate 
composites [13,14]. MA is defined as a novel solid-
state powder metallurgy process for producing 
composite metal powders by the help of repeated cold 
welding, fracturing and re-welding mechanism in a 
high-energy ball mill [15]. 

VB2 and VC has high melting point, good wear and 
corrosion resistance, high hardness, high electrical and 
thermal conductivity and high chemical stability like 
other borides of the transition metals of groups IVB 
and VB [16,17].  

In this study, VB2-VC particulates were used as 
reinforcement materials in order to improve the 
mechanical properties of the Al-12.6Si matrix MMCs. 
VB2-VC reinforced Al-12.6Si matrix MMCs were 
produced by using MA and SM, cold pressing and 
conventional sintering methods and the properties of 
the relevant MMCs were investigated in terms of 
microstructural, physical and mechanical properties. 

2. Experimental Procedure 

VB2-VC powders which were used as reinforcement 
materials were synthesized in our laboratory facilities 
and the details of the synthesis procedure was 
presented elsewhere [18]. Laboratory-synthesized 
VB2-VC powders were incorporated into the Al-12.6 
wt.% Si matrix powders (Al-12.6Si) with the amount 
of 2 wt.% via mechanical alloying (MA) for 4 h in a 

steel vial/balls with a ball-to-powder weight ratio of 

with liquid N2

circulated around the cylindrical polycarbonate 
milling vial. A stainless steel impactor was 
magnetically shuttled back and forth against two 
stationary end-plugs at a rate of 900 collisions/min. 
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CM started with an initial pre-cooling step of 15 min 
and followed by milling (for 5 min) and cooling (for 5 
min) cycles. CM time was selected as 10 min (2 
cycles). 

agglomeration and excessive cold welding during the 
MA, 2 wt.% stearic acid (CH3(CH2)16COOH) was 
added as a process control agent (PCA) into the 
powder batches. Powder blends were prepared under 
inert Ar atmosphere (LindeTM, 99.999% purity) to 
prevent the surface oxidation of metallic powders in a 
PlaslabsTM glove-box. After the MA, phase analysis 
were cond -ray 
diffractometer (CuK  radiation, 35 kV, 40 mA). 

 powders were carried out using a JEOLTM JCM 
6000 scanning electron microscope (SEM). 

 powders were compacted under 400 MPa in a 
-action hydraulic press to produce green 

compacts with a diameter of about 12 mm. Compacts 

conditions in a LinnTM HT-1800 high- temperature 
controlled-atmosphere furnace. Microstructural 
characterizations of the sintered samples were carried 
out using XRD and SEM. Densities of the MMCs were 
calculated through Archimedes method, and hardness 

Vickers microhardness tester under 100 g loading 
conditions for 10 s. A reciprocating wear tester 
(TribotechTM Oscillating Tribotester) was used to 
examine wear performance of the samples under dry 
sliding conditions against a 100Cr6 ball (  6 mm) with 
a sliding speed of 10 mm/s at room temperature. 
Normal load and total sliding distance were 4 N and 
25 m, respectively. 

3. Results and Discussion 

powders, respectively. As seen in Fig. 1(a, b), both 

microstructure. It can be stated that the incorporated 
microstructure are significantly acquired as a result of 
intensive plastic deformation during the MA of 
powders. 
distribution 
shows that particles are furtherly fractured during CM 
and following MA. 

Figure 1. SEM images of the:
powders, respectively. 

powders. Only, Al, Si and VB2 phases are observed 
from the XRD patterns. However, VC phase could not 
be seen in the XRD patterns of the powders. This can 
be attributed to the low amount of the VC phase in the 

that 
the detection limit of the XRD device used in this 
study is < vol.% 3. In addition, it is clear from the XRD 
that any undesired reaction did not occur between Al, 
Si and reinforcing particles during MA and SM of the 
related powders. 

Figure 2. XRD patterns of the:
powders, respectively. 

powders are given at Fig. 3. Endothermic peak at the 
580.47 -

n, pure 

the lower value encountered in the endothermic peak 
temperature can be associated with the Si diffusion 
into Al matrix during milling. 
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Figure 3. 

Fig. 4(a, b) shows the SEM images of the sintered 

The secondary particles of primary Si and VB2-VC are 
found to display more fine and homogeneous 
distribution in the matrix of sintered composite from 

known that particles can fracture more effectively 
during CM due to its low temperature milling 
environment. For this reason, during CM followed by 
MA does seem to provide effective fracturing of the 
powders. 

Figure 4. Representative SEM images of the 
Al12.6Si-2VB2/VC composites sintered from the: (a)

Table 1 shows the EDS results tahen from Fig. 4(b). It 
is clear that the white particles contain high quantity 
of V element and as seen in point C, they are belong 
to VB2-VC reinforcing particles. Point A belongs to 
the matrix composition and prove that the Si is 
homogeneously distributed in the Al12.6Si matrix 
since the quantity of Si at that point is 9.81 wt.%. 
Lastly, high amount of Si (87.13 wt.%) at point B 
reveals that the related point contain primary Si which 
was not diffused into the Al matrix. 

Table 1. EDS results taken from Fig. 4(b). 

Al Si V

A 91.09 9.81 -

B 12.87 87.13 -

C 0.52 0.32 97.16 

Table 2 shows the density, microhardness and wear 
volume loss values of the sintered composites from 

of 93.16% , a microhardness value of 184.64 HV and 
a wear volume loss value of 0.0076 mm3/m. On the 

omposite has a relative 
density, microhardness and wear volume loss values 
of 93.19%, 249.33 HV and 0.0032 mm3/m, 
respectively. The results show hardness and wear 
resistance 

Fine 
and homogeneous distribution of the primary Si and 
reinforcing particles seem to increase the 
microhardness and the wear resistance of the 
composites by almost 1.5 and 2 times, respectively. 

Table 2. Density and microhardness results.

Sample 
Relative 
density 

(%)

Hardness 
(HV)

Wear 
volume loss 

(mm3/m) 

93.16 184.64 
31.81

0.0076 

93.19 249.33 
44.26

0.0032 

4. Conclusion 

Based on the characterization investigations of the 
Al12.6Si-2VB2/VC composites, general results can be 
drawn as: 

 
similar incorporated microstructure. 

particle distribution in size compared to 

 
powders revealed that any additional phase 
did not form during milling. 

 Endothermic peak temperature at the DSC 
 powder indicated a Si 

diffusion into Al matrix. 
 SEM images of the sintered composites 

pointed out the finer and more homogeneous 
distribution of primary Si and VB2-VC 
reinforcing particles throughout the Al12.6Si 
matrix. 

 Relative microhardness and wear volume 

sintered samples compared to those sintered 
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Abstract 

The influence of milling type on the microstructural, 
physical and mechanical properties of NbB2/NbC
particulate reinforced Al - 7 wt. % Si metal matrix 
composites was investigated in this study. NbB2/NbC
particles were incorporated into the Al - 7 wt. % Si 
alloy with the amount of 2 wt. %, and NbB2/NbC
reinforced Al - 7 wt. % Si powders were prepared. 
They were fabricated via four different milling 
methods consisting of mechanical alloying in a high 
energy ball mill, mechanical alloying in a planetary 
ball mill, sequential milling in the high energy ball 
mill and planetary ball mill, and sequential milling in 
the high energy ball mill and cryogenic mill. Powder 

h in Spex 8000D Mixer/Mill (at 1200 rpm) or for 12 h 
in FRITSCH/Pulverisette planetary ball mill (at 400 
rpm) in a hardened steel vial using hardened steel balls 
with 7/1 ball-to-powder weight ratio. Additionally, 4 

owders were mixed with the non-milled 
for 12 h in 

planetary ball mill. Finally, owders were 
cryomilled for 10 min in Spex 6870 Freezer/Mill and 

8000D Mixer/Mill again to 
fabricate sequentially milled (mechanical alloying and 
cryogenic milling) powders. Microstructural 
characterization of the as-blended and milled powders 
were conducted via X-ray diffractometer (XRD), and 
scanning electron microscope (SEM). Also, thermal 
properties of the powders were investigated by using 
differential scanning calorimeter (DSC). After the 
characterizations of the powders, they were 
compacted with uniaxial hydraulic press under 450 
MPa to produce cylindrical samples (with 12 mm 
diameter). After that, compacted powders were 

for 
2 h. Density measurements and Vickers 
microhardness measurements of the sintered samples 
were conducted. Although, microhardness value of the 
composite milled at planetary ball mill was 89.66 HV, 
microhardness values reached up to 114.53, 108.7 and 
114
sequentially milled composites (high energy ball 
mill/planetary ball mill, and high energy ball 
mill/cryogenic mill), respectively. Improvement in the 

mechanical properties of the composites was mostly 
related with the microstructural evolution obtained by 
means of mechanical alloying and cryogenic milling. 

1. Introduction 

Al-Si based metal matrix composites are generally 
fabricated via liquid-state casting processes. However, 
there are some studies about the solid-state processing 
methods for production of Al-Si based composites [1
4]. Amongst them, MA is one of the solid-state 
production method that based on the welding, 
fracturing and rewelding of the particles due to the 
interaction between the powders and milling balls 
and/or walls of the milling media [5 7]. Various types 
of milling equipment are used for MA studies. They 
have different capacities, efficiencies and 
heating/cooling media [5]. Planetary ball mills ( 400
rpm), SPEXTM mixer mills ( 1200 rpm), attritor mills 
are some mill types that are usually used for MA 
applications. Besides, MA can be conducted at the 
cryogenic temperatures by using circulated liquid 
nitrogen in the mills. This milling method is generally 
used for ductile materials such as Al, Cu, etc [5].  
The aim of the present study is enhancement of the 
physical, mechanical and microstructural properties of 
the NbB2/NbC reinforced Al - 7 wt. % Si composites 
with milling and also determination of the effect of the 
different milling processes on the properties of the 
composites. NbB2 and NbC powders were used as 
reinforcement materials due to their superior thermal, 
physical, chemical and mechanical properties [8,9].  

2. Experimental Procedure 

The powders used as starting materials were: 
elemental Al (supplied by Alfa AesarTM, 99.5 % 
purity m) and Si (supplied by Alfa 
AesarTM, 99.99 % purity, m) 
powders and NbB2/NbC composite powders that were 

[8] at laboratory facilities. 
The starting materials were mixed to constitute 2 wt. 
% NbB2/NbC reinforced Al  7 wt. % Si alloys with 
the addition of 2 wt. % stearic acid (C18H36O2, ZAG, 
99.5 % purity) as a process control agent. Hereafter, 
this composition were named as Al7Si-2NbB2/NbC.
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Starting powders were mixed in a WABTM T2C 
Turbula blender for 30 min before the milling 
processes to produce as-blended powders. Fabrication 
of the Al7Si-2NbB2/NbC composites were conducted 
in four different milling methods. At first process 
(M1), mechanical alloying (MA) of the blended 
powders 
Mixer/Mill (1200 rpm) for 4 h by using a hardened 
steel vial (50 ml) and balls (  6 mm) with a ball-to-
powder weight ratio of 7/1. At second process (M2), 
MA of the as-blended powders was carried out in a 
FRITSCHTM (400 rpm) for 12 h by using a hardened 
steel vial (500 ml) and balls (  6 mm) with a ball-to-
powder weight ratio of 7/1. At third process (M3), as-
blended powders were combined with the powders 
produced by M1 process (2 wt. %) and d in a 
FRITSCHTM (400 rpm) for 12 h. Finally, at fourth 
process (M4),  (
Mixer/Mill) 
Freezer/Mill using a cylindrical polycarbonate vial 
and stainless steel rods with liquid N2
refrigerated) circulated around the vial externally. 
Working conditions of the cryomill were: collision 
rate of 900 collisions/min, 15 min initial pre-cooling 
step followed by cycles of milling (10 min) and 
cooling (5 min) steps. Then, these cryomilled powders 
also milled for 1 h in Spex 8000D Mixer/Mill.
Handling of the powder blends were done in a 

(under Ar gas supplied by 
 99.999 % purity) to inhibit the oxidation. 

Phase analyses of the as-blended and milled powders 
were conducted via 
powder diffractometer with CuK  (
radiation, 35 kV and 40 mA operating conditions. 
Average crystallite sizes and lattice deformations were 
predicted with Bruker -AXS TOPAS 4.2 software. 
Thermal properties of the powders were investigated 
by using TATM Instruments SDT Q600 differential 
scanning calorimeter (DSC). Also, particle sizes of the 

Nano-Flex particle size analyzer (PSA) in distilled 
water media. After each milling, composite powders 
were compacted -0710 one-action 
hydraulic press under 450 MPa uniaxial pressure. 
Compacted samples were debinded in a 
tube furnace under Ar gas flow at 420 C for 2 h 
(heating and cooling rate = 2 C/min). Debinded bodies 

-1800 furnace under 
Ar atmosphere at 570 C for 5 h (heating and cooling 
rate = 10 C/min). Microstructural investigations were 
performed with optical microscope (OM) and 
JCM-6000Plus NeoScope scanning electron 
microscope (SEM) that equipped with EDS. Densities 
of the sintered composites were measured using the 
Archimedes method, and Vickers microhardness 
measurements of the sintered samples were conducted 
by using of 
under a load of 25 g for 10 s. After the 30 successful 
indentations, average microhardness values and 
standard deviations were determined. Also, wear 

properties of the composites were determined via 

tribotester by using 100Cr6 hardfacing steel balls (  6 
mm) under 3 N applied force, 5 mm/s sliding speed 
and 25,000 mm total sliding distance. 

3. Results and Discussion 

The microstructural characterizations of the as-
blended and those of milled powders were carried out 
by SEM (Fig. 1). SEM micrograph of the as-blended 
powders shows irrregular shaped initial powders (Fig. 
1a). Powder morphologies transformed to flaky 
shaped and agglomerated particles via mechanical 
alloying due to the continuous welding, fracturing and 
rewelding mechanisms. Although, milled powders by 
using M1, M2 and M3 processes have plate-like 
morphologies, M4 powders consist of equiaxed 
particles. Therefore, cryogenic milling media help to 
the formation of equiaxed particles.

Figure 1. SEM images of the as-blended Al7Si-
2NbB2/NbC powders (a) and those milled with various 
processes: M1 (b), M2 (c), M3 (d) and M4 (e). 

After MA, only Al, Si and NbB2 phases have been 
identified in the XRD patterns of Al7Si-2NbB2/NbC 
powders. NbC phase was not detected because weight 
percentage of the NbC in the powders were not high 
enough for detection sensitivity of the XRD [8]. 
Additionally, there is no intermetallic phase formation 
and contamination from the milling media.

Figure 2. XRD patterns of the as-blended Al7Si-
2NbB2/NbC powders (a) and those milled with various 
processes: M1 (b), M2 (c), M3 (d) and M4 (e). 

Decrease in Al peak intensities and broadening of 
peaks represent the reductions in the average 
crystallite size and increases in the average lattice 
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 Calculated average 
crystallite size and lattice deformation values were 
given at Table 1. Crystallite sizes of the particles were 
decreased dramatically by MA. Amongst all the milled 
samples, M4 powders have the lowest crystallite size 
value. Besides, lattice strain values change 
significantly after milling. The highest lattice strain 
was reached via cryogenic milling. On the other hand, 
particle size measurements of the all MA d samples 
were performed and average particle sizes were listed 
at Table 1. Particle size of the as-blended powders 
were greater than the 6 inside the 
measurement ranges of particle sizer. Particle sizes of 
the milled powders using various processes changed 
between 0.2 and 0.5 m. 

Table 1. Average crystallite sizes, lattice deformations 
and particle sizes of the as-blended and milled Al7Si-
2NbB2/NbC powders. 

Sample

Average 
crystallite

size
(nm)

Lattice
deformation 

(%)

Average 
particle

size

As-
blended 574.1 0.07 >6

M1 73.7 0.28 0.46 
M2 72.8 0.24 0.20 
M3 70.4 0.31 0.35 
M4 40.4 0.51 0.48 

h with planetary ball mill powders (M2) are given at 
Fig. 2. Endothermic peak at the 578.29
to eutectic temperature of Al-Si binary phase diagram 

-Si powder mixtures has 

temperature represents the melting of Al [10]. 
Therefore, Si solubility into Al matrix increases via 
MA. 

Figure 2. DSC thermogram of the M2 powders. 

After the pressing and sintering, the presence of the 
porosities was observed by OM images of the as-
blended and sintered composites (Fig. 3a). As seen in 
Fig. 3b-e, composites with low porosities were 
produced. Mechanical alloying processes attributed to 
the formation of homogeneous microstructures. These 

homogeneous phase distributions affect the 
mechanical and physical properties of the sintered 
composites.  

Figure 3. OM images of the samples sintered from as-
blended Al7Si-2NbB2/NbC powders (a) and from 
milled powders: M1 (b), M2 (c), M3 (d) and M4 (e). 

SEM investigations were conducted to the 
representative composites sintered from both as-

powders (Fig. 4.). 
Microstructural evaluations during milling showed a 
uniform distribution of the phases.  

Figure 4. Representative SEM images of the Al7Si-
2NbB2/NbC composites sintered from the as-blended 
and M1 powders. 

EDS analysis results for Al7Si-2NbB2/NbC
composites are given at Table 2. Al-rich regions 
(region A) were surrounded by the Si-rich regions 
(region B) in the as-blended and sintered composites. 
Additionally, NbB2/NbC reinforcement particles were 
seen as bright points at the SEM image and region C 
represents the reinforcement particles. NbB2/NbC 
reinforcement particles were homogeneously 
distributed into the matrix, so mechanical and physical 

enhanced. 

Table 2. EDS results of the as-blended and sintered 
Al7Si-2NbB2/NbC composites.

Al 
(wt.%) 

Si 
(wt.%) 

Nb 
(wt.%) 

B
(wt.%) 

A 99.43 0.57 - -
B 2.87 97.13 - -
C 0.41 - 53.17 46.42 

Archimedes densities and Vickers microhardness 
values of the all sintered samples are given at Table 3. 
Samples milled with different methods and sintered 
had higher densities than those as-blended and sintered 
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one. The microhardness values increase due to the 
particle size refinement and dispersion strengthening. 
Microstructural homogeneity was observed by 
milling. 4 h mechanically alloyed, and sequentially 
milled and sintered samples have highest 
microhardness values (nearly 114 HV) due to their 
homogeneous reinforcement dispersions. Amongst the 

h in planetary ball mill 
and sintered sample has the lowest density and inferior 
hardness values. Moreover, M1 and M4 samples have 
the similar wear volume loss value of 0.294 mm3.

Table 3. Density and microhardness results of the 
Al7Si-2NbB2/NbC composites sintered from the as-
blended and milled powders.

Sample Relative density 
(%) 

Hardness 
(HV)

As-
blended 82.1 

M1 86.3
M2 83.3
M3 87.1
M4 85.4 114.6

4. Conclusion 

Based on the characterization investigations of the 
Al7Si-2NbB2/NbC composites, general results were 
listed below. 

 Only Al, Si and NbB2 phases were detected 
as a result of the XRD investigations. 

 Both average crystallite sizes and particle 
sizes reduced by MA. The lowest crystallite 
size value was achieved with M4 (mechanical 
alloying for 4 h and cryogenic milling) 
process. Also, M4 powders have not exhibit 
the lowest particle size value because of the 
agglomeration. 

 Endothermic temperature shift to the eutectic 
temperature indicating that Si diffused into 
the Al matrix and formed Al solid solution. 

 Homogeneous microstructures can be 
obtained with MA processes. According to 
the OM images, milled with M1 (mechanical 
alloying for 4 h) and M4 powders have more 
homogeneous microstructures. 

 Therefore, mechanical properties of the 
denser M1 and M4 samples are better the 
other ones. 
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Abstract
In this study, the effect of the ball milling time on 
the properties of silver coated copper materials was 
investigated. Initially, the uncoated copper powders 
were mechanically milled in a tungsten carbide 
bowl with tungsten carbide balls for 30 and 60 min. 
After the milling process, the milled copper 
powders were coated with silver by chemical route. 
The coating parameters were coating solution 
temperature (60 oC), mixing speed of coating 
solution (600 rpm) and pH degree of the solution 
(12). The Brinell hardness method was used for 
obtain of hardness values of the bulk materials 
produced from silver coated copper powders. The 
microstructure of the samples was examined with a 
stereo microscope. Investigated results indicated 
that ball milling time affects the coating thickness 
of silver coated copper materials and so physical 
and mechanical properties of silver coated copper 
based materials changes positively. 

1. Introduction 

Copper has always been a favorite material since 
the beginning of electrical applications. The 
electrical conductivity is the best value after the 
silver, because the cost of the raw material is 
relatively low compared to metals with high other 
electrical conductivity (silver) and the ability to be 
machined is good [1]. 
Although graphite and polymeric coatings are 
proposed to prevent the oxidation problem of 
copper particles, these coating types cause the 
conductivity to decrease. Therefore, silver plating 
on copper particles is used alternatively because 
silver is the best conductor and the silver oxidation 
resistance is too high [2]. Finer copper powders 
have greater surface area therefore the silver 
content decreases. The agglomeration phenomenon 
of fine powder also affects the sedimentation of 
silver ion onto copper surface and copper powder 
with coarse grains, the silver content after coating is 
relatively high. Because of this, flake powders 
provide higher silver content after the coating 
process onto the copper powders.  

This phenomenon can be enhanced with mechanical 
milling process to change of the copper 
morphology to flake form. After this, powder 
metallurgy method can be used for the produce of 
the green bulk samples including the silver coated 
copper powders [3-5]. 
 
2. Experimental Procedure 

The used copper powders with load of 15 g as a 
substrate powders for coating with an average 
particle size of about 65 m and chemical purity of 
higher than 99.0% (Alfa Aesar Company, 
Karlsruhe, Germany) was first mechanical milled 
for 30 and 60 min and dispersed in a solution 
including HCl and ethanol (Tekkim Chemical 
Industry, Bursa, Turkey) with ratio of 1:1 to remove 
oxide layer on the copper powders before 
electroless coating process. After this process, the 
obtained copper powders from the solution were 
cleaned with distilled water and ethanol for several 
times to remove the remaining the chemical 
products in the solution. An aqueous solution 
including distilled water, silver nitrate (AgNO3) and 
sodium hydroxide (NH4OH) was prepared in a 
separate vessel. During the prepare AgNO3-
NH4OH aqueous solution, NH4OH was added 
dropwise into the AgNO3 aqueous solution. After 
the complete of preparing this solution, the 
chelating agent of sodium-potassium tartrate 
(KNaC4H4O6·4H2O) were added to reduce silver 
ions in the AgNO3 solution. Finally, the cleaned 
copper powders at the beginning were added into 
the AgNO3- NH4OH- KNaC4H4O6·4H2O aqueous 
solution to coat of silver on the copper powders. 
After the coating process, the copper powders were 
separated from the solution and washed with 
ethanol three times to remove chemical products. 
The silver coated copper powders were dried in a 
stove at 60 oC for 5 h. The ratio of AgNO3 to 
chelating agent (KNaC4H4O6·4H2O) were 1:1 and 
NH4OH were added until the pH value of the 
solution achieve to 11. The temperature of the 
coating solution was fixed to 60 oC while the 
rotation speed of the mixture for the coating 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

177
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

solution was chosen 600 rpm. The coating process 
was performed for 30 min. The produced silver 
coated copper powders were sintered in a mold and 
pressed under a pressure of 600 MPa and at a 
temperature of 500 oC. The investigation of the 
powders morphology was carried out with a stereo 
microscope. The phase analysis of nanocomposite 
powder samples was evaluated by X-ray diffraction 
(XRD, PANalytical - X'Pert³ Pro). The powder 
sizes were measured with a powder size measuring 
device (Malvern 2000, Mastersizer) before and after 
coating. The hardness values were determined with 
using brinell hardness method (2.5 mm ball and the 
load of 6.25 kgf). The density of the green bulk 
samples were measured with Archimede's method. 
 
3. Results and discussion 

n Fig. 1.; 0mc, 30mc and 60mc describe the 
unmilled copper powders, milled copper powders 
for 30 min and 60 min while 0msc, 30msc and 
60msc indicate the silver coated unmilled copper 
powders, silver coated copper powders milled 30 
min and 60 min, respectively. Table 1 shows the 
silver content on the copper powders after the 
electroless silver coating process, coating thickness, 
electrical conductivity of the bulk samples 
produced from milled and silver coated copper 
powders. Table 2 shows that theoretical and 
experimental density with the porosity values of the 
bulk samples according to various milling times of 
the copper powders before silver coating process. 
As can be seen in Table 1, with the increase of the 
milling time of the copper powders, the reduce of 
the silver content and coating thickness on the 
copper powders increased because the form of the 
copper powders transformed to flake from 
spherical. However, spherical copper powders has 
higher surface area, flake powders has greater 
ability of be reduced silver ions. And the hardness 
values of the bulk samples increased with the raise 
of the milling time because of the deformation 
hardening of the copper powders before silver 
coating. With the milling process, the sinter ability 
and pressing ability decreased because of that 
porosity value increased and electrical conductivity 
decreased after the produce bulk samples include 
silver coated copper powders. But this phenomenon 
was minimum for the milled copper powders for 60 
min. Because for 60 min, even so the copper 
powders have flake form, the copper powders 
cracked after the agglomeration at the milling time 
of 30 min. At 30 min, the copper powders were 
cold-welded and agglomerated. As can be seen in 
Fig. 2., when the copper powders milled for 30 min, 
they had still spherical shape and silver region is 
less than that of 60 min. Besides, in the 
microstructure of bulk samples produced from 
silver coated copper particles that were milled for 

60 min, as can be seen Fig. 2 (b), grains 
transformed to irregular shape about flake. This 
shows that the grain shape of the copper particles 
was effective to be dispersed silver reduction on the 
particles. 
 

 
Figure 1. XRD patterns of the copper and silver 

coated copper powders 
 

Table 1. Some properties of the bulk samples 
produced from silver coated copper powders 

Silver coated copper sample 

Milling 
time 
(min) 

Silver 
content 

(%) 

Silver 
coating 

thickness 
( ) 

Electrical 
conductivity 

(IACS) 

Hardness 
(HBN) 

0 21 6,5 98,2 85,2 

30 25 7,4 90,4 87,2 

60 29 11,1 96,3 96,6 

 
 

Table 2. The physical properties of the produced 
samples 

Copper bulk sample  
Milling 
Time 
(min) 

Teorical 
density 
(g/cm3) 

Experimental 
density 
(g/cm3) 

Porosity 
(%) 

0 8, 96 8,85 1,22 
30 8,96 8,43 5,91 
60 8,96 8,78 2 

Silver coated copper sample  
Milling 
Time 
(min) 

Teorical 
density 
(g/cm3) 

Experimental 
density 
(g/cm3) 

Porosity 
(%) 

0 9,28 9,04 2,59 
30 9,34 8,96 4,09 
60 9,40 9,14 2,80 
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Figure 2. Microstructure of the bulk samples 

produced from silver coated copper powders which 
ball milled for (a) 30 min and (b) 60 min. 

 
4. Conclusion 

In this study, the effect of the ball milling time on 
the quality of the silver coating on the copper 
powders was investigated to mill the copper 
powders for 30 and 60 min before the electroless 
coating process. Firstly, electroless silver coating 
was done successfully on the copper powders. 
Initial copper powders had spherical morphology 
while after ball milling, their shape transformed to 
irregular and flake morphology. As the copper 
powders shape converted to flake and irregular 
morphology, with same coating bath including 
same coating chemicals with same ratios, the more 
silver reduction was seen on the copper particles. 
while the silver coating thickness on the copper 
particles was about 7,5 m after the milling of the 
copper powders 30 min, that of 60 min was about 
11 m. This also showed that silver content in the 
microstructure of the samples produced from 
electroless silver coated copper powders milled for 
30 min was about %25 that of 60 min was about % 
29. 
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Abstract

Magnesium alloys has been serving humanity over a century with changing modes of attention and 

for a variety of applications spanning from medical, sports, and automotive to aerospace. Current 

mode of attention, now we may say for over the past two decades, stems from the increasing demand 

for lightweight in automotive.  Th is paper, rather than presenting specifi c uses or demands of diff erent 

applications, will focus on the ailments of otherwise ill-faithed magnesium alloys. We will try to shed 

some light onto whether magnesium alloys are becoming more competitive at the engineering front 

in terms of their properties. 
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Abstract

The term “critical raw materials” (CRMs) is used to 
describe raw materials which are economically and 
strategically important for the European Union (EU) and, 
their resources are under risk to obtain for a sustainable 
European economy. The first report concerning CRMs was 
released in 2011 containing 14 raw materials and, the list 
was extended to 27 in 2017. Magnesium, borates and 
antimony which have remarkable resources in Turkey are 
in the current list of CRMs. Approximately 1 million 
tonnes of magnesium metal is produced across the World 
per year (by the year 2017). Magnesium is the lightest 
structural metal and it makes magnesium strategical for 
products which lightweight is critical such as 
transportation, aviation, space and electronic goods. In the 
present study, classification and properties of CRMs, their 
importance and the current place of magnesium metal and 
its alloys were discussed with future predictions. 

1. Introduction 

Raw materials which are important for the development 
and the sustainability of economy in the European Union 
are described as Critical Raw Materials (CRMs). CRMs do 
not include the raw materials for energy production and 
agricultural goods [1]. In the member states of the EU, a lot 
of works are being carried out on the supply risks of CRMs 
to determine current status and to develop future 
perspectives [2, 3]. To accept a raw material as CRM, it is 
necessary to meet with following aspects: 

• Limited resources,   
• High economic value for key industries in the EU such 

as environmental, automotive, defence, medical, 
electronics,

• High import dependency, 
• Deposits (or resources) of a raw material located in a 

few countries across the world, 
• Raw materials which are not easy to find substitutional 

materials in the near future [1]. 

In the first list of the European Commission released in 
2011, only 14 raw materials were included whilst the 
number was increased to 20 in the revised list in 2014 [4]. 

The current list was released in 2017 and included 27 raw 
materials as CRMs as seen in Table 1 [5]. 

Table 1. Current list of CRMs released in 2017 [5]. 
Antimony Baryte Beryllium Bismuth 

Borate Cobalt Coking coal Fluorspar 
Gallium Germanium Hafnium Helium 

Indium Magnesium Natural 
graphite

Natural 
rubber

Niobium Phosphate rock Phosphorus Scandium 
Silicon metal Tantalum Tungsten Vanadium 

Platinum
Group
Metals 

Heavy Rare 
Earth Elements 

Light Rare 
Earth 

Elements 

The production of CRMs in the EU, via enhancing 
recycling rates and launching new mining activities, was 
wanted to incentivise through the list of CRMs. It also 
helps to understand how the security of supply of raw 
materials can be achieved from different geographical 
sources. CRMs are a priority area in the EU Circular 
Economy Action Plan. The list was also purposed to 
increase foreign direct investments in the EU [5]. 

2. History of CRMs 

Raw materials and resources have been critical and 
strategical in the history, not only for today. For instance, it 
was well known that Alsace-Lorraine region where has 
very important coal resources was one of the reasons of 
World War I [2, 6]. Many countries, including the EU, have 
conducted works to determine the CRMs and future 
projections. Particularly, the recent issue between Japan 
and China on ‘‘the rare earth metals’’ showed the 
importance of critical raw materials again. The most 
remarkable works on the CRMs were primarily released by 
the EU and the UK. Those are ‘‘Tackling the challenges in 
commodity markets and on raw materials’’ which was 
released by the EU – European Commission (2011) and the 
‘‘Risk List’’ by British Geological Survey (2011) [2, 7, 8]. 

The list which was released by European Commission in 
2011 was included 14 raw materials after the assessment of 
41 candidate raw materials. Those were antimony, 
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beryllium, cobalt, fluorspar, gallium, germanium, graphite, 
indium, magnesium, niobium, platinum group metals, rare 
earth elements, tantalum and tungsten. The raw materials 
for energy production and agricultural goods were not 
involved in the list regarding to the assessment procedure 
of CRMs; briefly the list only includes non-energy and 
non-agricultural raw materials [7]. The original list was 
revised to 20 CRMs in 2014 by the addition of borates, 
chromium, coking coal, magnesite, phosphate rock and 
silicon. Tantalum was excluded from the list and, the rare 
earth elements were separated into two sub-groups as heavy 
rare earth elements and light rare earth elements [4]. The 
last, and the up-to-date, version of the list was formed in 
2017 as seen in Table 1. Baryte, hafnium, helium, natural 
rubber, phosphorus, scandium, tantalum and vanadium 
were included in the list with the subtraction of chromium 
[5].

3. Selection Procedure of CRMs 

Basically, supply risk and economic importance are two 
key factors to determine CRMs apart from overall detailed 
calculation methodology (Figure 1) [5]. 

Figure 1. Supply risk vs. Economic importance for CRMs 
(re-scaled from the original figure) [5]. 

The assessment methodology of CRMs has been used for 
the determination of raw materials for the reports released 
by European commission in 2011, 2014 and 2017 
respectively. The methodology has got some modifications 
from the first one to the third report [9]. Current 
methodology is being explained with the following 
statements. 

Ad-Hoc working group on Defining Critical Raw Materials 
(AHWGCRM) in European Commission developed the EU 
criticality methodology April 2009 and June 2010. For 
assessment, the Supply Risk is calculated with Equation 1 

whilst Equation 2 is used for the calculation of the 
Economic Importance [9, 10]. 

SR = HHIWGI · (1  EoLRIR) · SI                                        (1) 

Where SR is supply risk, HHI is the Herfindahl Hirschman 
Index, WGI is the scaled World Governance Index, EoLRIR
is the End-of-Life Recycling Input Rate and SI is the 
Substitution Index [9]. 

                                                              (2) 

Where AS is the share of demand of a raw material in a 
megasector and QS is the megasectors’s Gross Value 
Added [9]. 

4. Magnesium as a CRM 

Increasing use of light components in equipment, devices 
and vehicles increases the demand of light metals such as 
aluminium, titanium and magnesium. Magnesium (Mg) is 
the lightest structural metal with a density of 1.738 g·cm-3

and, its alloys have quite good and promising mechanical 
properties. Therefore, magnesium is used in lots of 
industries to meet with weight reduction requirements such 
as electronics (laptop and mobile phone frames), aeroplanes 
(construction components), aerospace (satellite 
components) and automotive (direction wheels, joint 
components) etc. The Pidgeon Process is the main method 
of primary magnesium production across the World. It is 
employed to produce metallic Mg from calcined dolomite 
(CaO·MgO) ores [10-13]. Lloyd Montgomery Pidgeon 
developed the process in the beginning of 1940s in Canada 
because of the increasing demand of magnesium metal 
during the World War II [14-15]. 

In the method, calcined dolomite is reacted with FeSi 
(ferrosilicon) reductant in steel (air-tight) retorts. Thus, the 
process is carried out under the vacuum atmosphere of ~1 
mbar (in practice). Reactions take place at temperatures 
between 1200 – 1250 °C for about 6 hours. The application 
of the process under vacuum is a thermodynamical 
requirement. After cooling of the products, magnesium 
crown and slag phases are mechanically taken out from 
retorts. The main reaction of the Pidgeon Process is given 
with Eq. 3 [11, 16-18]. 

2MgO·CaO + FeSi  2Mg + Ca2SiO4 + Fe                     (3) 

In 2016, 1,010,000 tonnes of primary magnesium metal 
were produced and, approximately its 880,000 tonnes 
(~87.1%) were produced in China [19]. 88-90% of global 
primary magnesium is delivered through the Pidgeon 
Process whereas remaining production is conducted 
through the electrolytic process [20, 21]. 

5. Future Projection 
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In the next 20 years, it is reckoned that the demand on the 
raw materials will remarkably increase, particularly 
regarding to the need on oil recourses. Consumption rates 
of raw materials increase between 3-5% annually. To 
mitigate the pressure on natural resources, it is necessary to 
enhance efficiency on mining operations. It is clear to see 
that the use of scraps and wastes-containing valuable 
materials will increase. The recycling of base metals, such 
as iron-steel, copper, aluminium, lead, is already done with 
high rates. Furthermore, recycling rates will increase for 
other metals like magnesium, beryllium, gallium, lithium 
and rare earth metals. Magnesium is the lightest structural 
metal and, its demand and production rates increase day by 
day. It is predicted that the Mg will be in the CRMs list of 
the EU for the next decades [22, 23]. 

6. Conclusion 

In the present study, the definition of critical raw materials 
(CRMs), selection methodology, historical background and 
magnesium as a CRM were investigated and discussed. The 
current list of CRMs was released in 2017 with 27 raw 
materials including magnesium. The need on the 
production of lighter vehicles and devices increases the 
demand (also the production rate) of light structural metals 
like magnesium (d: 1.738 g·cm-3). This density value makes 
the magnesium the lightest structural metal and, it is 
predicted that magnesium will be in the list of CRMs for 
long years with its critical properties.  
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Abstract 

Metallic magnesium was produced by the reaction of 
aluminum powder with magnesium oxide in an electric 
arc furnace. This process was performed with calcium 
magnesium aluminate flux. In the literature, other 
reducing agents such as silicone metal and carbide were 
used for reduction of magnesium. In this study, raw 
magnesium oxide powders were used as magnesium 
source, and aluminum powders were used as reducing 
agent to reduce magnesium oxide. Magnesium oxides, 
aluminum powders and calcium magnesium aluminate 
flux were mixed and this homogenous mixture was 
pressed in a mold under constant force. Afterwards, the 
mixture put in a graphite crucible to melt at electric arc 
furnace by isolated melting system. Magnesium vapor 
occurs during melting process was transferred to cold 
chamber and condensed here for solidification. Physical 
properties of solid magnesium powders were 
characterized by XRD analysis and purity of Mg powders 
was determined by Carbon Determination Device. 

1. Introduction 

Magnesium is the eighth most abundant element in the 

could be produced from different sources including sea 
water, lake brines, camallite, dolomite, serpentine and 
magnesite [1]. 

Magnesium is a light metals and used in many different 
areas such as aircraft, rockets and automobile industry, as 
well as the desulphurisation and nodularization of iron 
and steel, corrosion applications, production of Al-Mg 
alloys and some chemical applications [2,3,4,5]. Also it 
is the lightest of all the commonly used structured metals.  
Because of this property magnesium replaces denser 
materials, not only steels, cast irons, and copper-based 
alloys, but also aluminum alloys with magnesium-based 
alloys [6]. 

Two main processes are used in the production of mg: 
electrolysis of molten magnesium chloride and thermal 
reduction of magnesia [7] or pyrometallurgical 
techniques [8]. Pyrometallurgical techniques can be 

divided into carbothermic and metallothermic reduction 
techniques [8]. 
Magnesite and dolomite are widely used as magnesium 
raw materials and these raw materials can produce high 
purity magnesium by thermal reduction process [3]. 

Although the silicotermic reduction method in pidgeon 
process is widely used over the world, we have used the 
aluminatermic reduction method in the MagnetTerm 
process. 

In this study, it was aimed to determine optimum 
experimental conditions for magnesium production. For 
this purpose, the current values and the experiment 
period have been changed and the conditions have been 
examined.

2. Experimental Procedure 

High purity MgO powder, MERCK, was used as a 
magnesium source. As reducing agent the aluminum 
shavings was used which chemical composition S1 Titan  
given in Table 1. Chemical composition of the aluminum 
shavings obtained from S1 TITAN 600 BRUKER XRF 
analyzer. 

Table 1. Chemical composition of the aluminum.  

Al Mg Fe Si Cu Zn Mn Ti 

98,71 0,48 0,43 0,22 0,05 0,04 0,04 0,01 

CaO-Al2O3-MgO compound, prepared in advance, was 
used as a flux. Each substance were supplied from 
MERCK. The flux has the ratio of 65-35-5 wt.% CaO, 
Al2O3 and MgO, respectively. The mixture procedure of 
the flux preparation was conducted at 1400 C for 4 h.  

The ratio of Mg:Al was adjusted 1:1 and the ratio of 
MgO:flux was 1:1 as well. The desired composition was 
weighed and mixed in a stainless steel container with 
ceramic ball at 120 rpm for 30 min to obtain 
homogeneously distributed mixture. And then the 
mixture was wetted by distilled water and compressed 
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under a pressure of 40 MPa. The images of prepared 
pellets and mold are demonstrated in Figure 1. 

Figure 1. The images of the molds and prepared pellets 
used in magnesium production. 

The experiments were performed using an electric arc 
furnace under inert atmosphere. The schematic 
appearance of the furnace is given in Figure 2. Parts of 
the experimental setting; 1 water entrance, 2 water exist, 
3 stainless steel body, 4 graphite pot, 5 alumina 
refractory, 6 upper cover, 7 graphite electrode, 8 
conductive table(Cu), 9 Mg(steam) condensation zone, 
10 metal sealing, 11 vacuum 10-1atm, 12 vacuum valve, 
13 argon gas enter, 14 argon shut off valve, 15 vacuum 
gage, 16 graphite conductor.  

Figure 2. Schematic appearance of the electric arc 
furnace. 

The experiments were carried out in total of six 
conditions with two different time periods (1 min and 1.5 
min) and three different current rates (400, 500 and 600 
Amperes). As can be seen in Figure 2, the removable 
graphite crucible is fixed to the system with a 
molybdenum reinforced graphite conductivity carrier at 
the bottom. The graphite crucible, graphite conductivity 
provider, conductive table and the graphite electrode was 
separated from the stainless steel body by the silicone 
seals. Since the temperatures were too high during the 

test, the seals were protected by water cooling so that the 
seals were not damaged during high temperatures. The 
seals serve both as electrical insulation and as a vacuum 
seal. 

for 8 hours to remove 
physical water. Moisture-free samples were placed in 
graphite crucible as 36 grams. The cap and electrode 
were placed and then vacuum was applied. The cover and 
electrode were fixed to the body with screws. The 
vacuum was turned off and argon gas was sent to the 
system and this process was repeated 3 times to evacuate 
the oxygen. At the end of this process, the system was 
fixed at 740 mmHg pressure and then arc process was 
applied. During arc operation, the air relief valve is kept 
open to prevent pressurisation caused by the expansion of 
the existing gases in the system. 

At increasing temperatures during the test, magnesium 
was reduced by aluminum about 1500 degrees and 
passed into the vapor phase. The magnesium vapor was 
condensed in the cooled stainless steel body walls along 
the way out of the system. After the system has cooled 
down, the cover was opened and then powders in the pot 
(slag, unreduced MgO and Carbon) and magnesium 
powder on the stainless steel body were collected.  

After the samples were collected, the theoretical yield 
was calculated by weighing. Then XRD analysis was 
performed with the PANalytical X'Pert Pro XRD device 
to determine the degree of purity of the powders. Carbon 
analysis was carried out to determine the amount of 
carbon coming from the graphite crucible and graphite 
electrode by Behr CS 50 HT carbon analyzer. 

3.Results and Discussion 

Firstly, XRD analysis was performed to determine the 
undesirable impurity elements in the powders, and results 
were given in Figure 3. 
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Figure 3. XRD Analysis results of magnesium powders 
(1: 600A 1.5 mins, 2: 500A 1.5 mins, 3: 400A 1.5 mins, 

4: 600A 1 min, 5: 500A 1 min, 6: 400A 1 min). 

From the phases shows in Figure 3, phase represents 
the metallic magnesium phase and phase represents the 
MgO phase.

The XRD analysis results showed that nearly all of the 
condensed products were pure magnesium and a small 
fraction of it was oxidized. It was observed that almost 
all oxide contents was the same, whereas in the 
experiment number six (400 Amps and 1 minute) it was 
observed that magnesium was slightly more oxidized 
than the others. This situation was thought to be due to 
gas leakage from the system during cooling after arc, 
rather than changes in experimental conditions. In 
addition, due to the high temperatures during arcing, 
there is no evaporation of the aluminum without 
reduction. It was observed that the slag pieces did not 
reach the condensation zone with magnesium vapor 
during the experiment. 

The presence of carbon or graphite material in the 
powders could not be detected by the XRD analyzer. 
Therefore, the carbon determination experiment was 
carried out and the obtained results were given in     
Table 2. Also, the same values were graphically shown in 
Figure 4. 

Table 2. % Carbon content of magnesium powders. 
Current (A) 400 500 600 
Time (min) 1 1.5 1 1.5 1 1.5 

Carbon (%) 14.6 9.5 6.9 13.8 7.0 5.7 

Figure 4. % Carbon amount graph of magnesium 
powders. 

As can be seen in Figure 4, as the applied current 
increases, the amount of carbon in the products also 
increases. This situation was also similar in experiments 
performed at 1 and 1.5 minutes. In particular, it was 
observed that the amount of carbon measured in the test 
results of 600 Amperes for two time slots is too high. 

Table 3. % Efficiency values of magnesium powders. 
Expt. 
No 1 2 3 4 5 6

%
Efficie

ncy 
85,13 81,39 73,66 80.88 52,28 41,06 

The efficiency values of magnesium were given in Table 
3. These values were graphically shown in Figure 5. 

Figure 5. % Efficiency value graph of produced 
magnesium. 

As seen in Figure 5, as the applied current rate decreases, 
the efficiency also decreases. These decreases were not in 
the same ratio at 1 and 1.5 minutes. While a slight 
decrease was observed when the efficiency values 
decreased from 600A to 500A for 1.5 minutes, the same 
situation was much more for 1 minute. In the experiment 
performed at 400A for 1 minute, it was seen that the 
efficiency value is lower than 50%. 
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4.Conclusion 

As a result of the experiments, it was observed that the 
efficiency increases with the increase of the current and 
the duration of the experiment. However, as the applied 
current rate increased, the amount of carbon content in 
the magnesium powders increased either. At the end of 
the experiment, the amount of carbon in the samples was 
determined to be very high at 600A and for both time 
zones, and the efficiency was adversely affected. 
Considering the energy consumption, it was determined 
that the optimum conditions for this experiment were 1,5 
min and 500A. 
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Abstract

The change in microstructure, hardness and mechanical 
properties were investigated by adding 0.1% and 0.2% boron 
to AZ 80 magnesium alloy. AZ 80 alloy has a microstructure 
consisting of -Mg and Mg17Al12. The boron addition 
modifies the structure by reducing the size of the 
magnesium grains and the Mg17Al12 compound in the 
microstructure. Hardness and strength were found to increase 
with the addition of boron. 

1. Introduction

The studies on Mg alloys are generally focused to increase 
mechanical properties. The addition of alloying elements is 
one of the most important methods of increasing strength. Tin, 
silicon and rare earth elements are seen as the most preferred 
alloying elements. The effect of the alloying elements in the 
structure is either to modify the microstructure or to form 
intermetallic compounds. The boron element is among the 
elements used in aluminum alloys. The utilization of 
magnesium and its alloys in the automotive industry has 
therefore significantly increased in past few years [1–3].
However, only a few magnesium alloys especially produced by 
pressure die-casting are used since it has lower mechanical 
properties and corrosion resistance than that of aluminum 
alloys [4,5]. In general, magnesium alloys are based on Mg–Al 
systems and it is well known, Al containing Mg alloys include 
the _-Mg17Al12 compound that detrimentally influences the 
mechanical properties [5–7]. Therefore, the third alloying 
element such as stronsium (Sr), calcium (Ca), and tin (Sn) are 
added to these alloys in order to improve the mechanical 
properties [3,8–11].

2. Experimental Procedure 

The alloys in this study were made using pure Mg, Al, Zn and 
Al 4% B master alloy. The casting temperature of the alloys 
was 720 ° C. The melting was carried out in a stainless steel 
crucible and in a protective gas (CO2 / 4% SF6) atmosphere by 
using electrical resistance furnace. The metal mold temperature 
was 150 ° C. Microstructure, hardness and tensile tests were 
carried out on the alloys produced. The tensile tests were 
carried out using at least 3 specimens, and also Brinell 
hardness (31.25 kg-1 mm steel ball) at least 5 traces. The 
casting system in which the alloys were produced and the 
example casting were shown in Fig1. 

Figure 1. The casting system and an AZ 80 alloy.  

Table 1. The chemical composition of the alloys. 

 Al Zn B Mg 

AZ 80 7.78 0.44 - remain 

AZ 80/0.1 B 7.54 0.45 0.1 remain 

AZ 80/0.2 B 7.65 0.47 0.2 remain 

3. Results and Discussion 

The SEM images of the alloys were given in Figure 2a,b,c. 
From Fig.2, AZ 80 alloy is composed of -Mg (dark area) and 

-Mg17Al12 intermetallic compound (white) at the grain 
boundary of -Mg. By comparing with Figures 2a to 2b and c, it 
has been observed that the size of both the -Mg phase and the 
intermetallic compound -Mg17Al12 decreased with boron 
addition. The shape of the -Mg17Al12 intermetallic compound 
has not changed. In the EDS analyzes, it was determined that 
the zinc dissolved in the Mg17Al12 compound. 

(a) AZ 80                           (b) AZ 80/0.1 B                               

                                         (c) AZ 80/0.2 B 
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The tensile strength, elongation and hardness values of the 
alloys are given in Table 2. Boron addition increased the 
tensile strength and elongation value of AZ 80 alloy. The 
highest tensile strength and elongation value were obtained in 
the alloy containing 0.1 Boron. The increase in tensile strength 
and elongation by boron addition is thought to be due to the 
modification of the microstructure of the AZ 80 alloy. Smaller 

-Mg particles and -Mg17Al12 intermetallic compound were 
obtained by boron addition. -Mg17Al12 intermetallic 
compound is brittle. The hardness values of the alloys were 
found not to change with the addition of boron. 

Table 1. Mechanical results of the alloys. 

4.Conclusion

It has been found that the addition of boron causes 
considerable increases in the mechanical properties of the AZ 
80 magnesium alloy. Boron is effective in aluminum alloys. It 
is thought that it will also contribute positively to the 
properties of Mg alloys. 
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Abstract  

In the present study, the effect of varying amounts of 
copper (Cu) addition on the kinetics of the precipitation 
behavior of heat treatable 6000 series Al-Mg-Si alloys 
have been investigated by means of scanning electron 
microscopy (SEM), differential scanning calorimetry 
(DSC), X-ray diffraction (XRD) and Vickers 
microhardness measurements. Presence of Cu can greatly 
enhance the mechanical properties, particularly strength 
and hardness by refining the precipitate distribution and 
increasing the stability of GP zones. Alloys containing 
varying amounts of Cu (Cu content more than 2.5 wt%) 
were cast into copper mold using an induction casting 
system under Argon atmosphere, and their final chemical 
compositions were determined by optical emission 
spectroscopy. As-cast alloys were homogenized at 500°C 
for 30 min which included heating from room 
temperature at a rate of 20°C/min followed by 
quenching. Characterization studies were focused on the 
temperatures where phase changes occur as determined 
by the peaks appearing in DSC curves to better 
understand the precipitation behavior of nano-scale 
metastable precipitates at different temperatures. 

1. Introduction 

Heat treatable Al-Mg-Si alloys (6000 series Al alloys) 
are widely used as structural materials for automotive, 
aircraft and civil construction applications due to their 
low density, high strength, good formability and high 
corrosion resistance in the ambient environments1. In 
general, there are two methods widely used to enhance 
the mechanical properties of these alloys: post-heat 
treatment and microalloying. The T6 heat treatment is 
usually applied to these alloys in order to improve the 
mechanical properties that consists of the following 
steps; i) solution treatment of the Al-Mg-Si alloys at a 
temperature just below the eutectic temperature (500-
575°C) long enough to dissolve the second phases, ii) 
followed by water or forced air quenching to room 
temperature, iii) artificially aging at a lower temperature 
(160-180°C) to obtain precipitation in the matrix2.
During the aging heat treatment, the high density of 

nano-scale metastable precipitates ( and ) formed in 
the Al matrix provides an increase in the strength of the 
alloy3. Besides the heat treatment, small addition of 
various alloying elements such as Cu, Ag and Zr also 
modifies the microstructure of the alloys to improve the 
mechanical properties4. Cu is one of the most significant 
microalloying elements in Al-Mg-Si alloys to increase 
the mechanical properties of these alloys, especially 
strength and ductility both at ambient and elevated 
temperatures. The presence of Cu enhances the aging 
kinetics by accelerating of the formation of  phase5,6. In 
addition, it provides formation of intermetallic 
precipitates (either as blocky CuAl2 or as alternating 
lamellae of -Al and CuAl2) during solidification2. The 
precipitation sequence in Al-Mg-Si alloys with high Cu 
content has been already investigated which is given 
below as7;

1. SSSS – GPZ – – –  (CuAl2)

2. SSSS – GPBZ – S – S – S (Al2CuMg) 

3. SSSS – GPZ – – –  (Mg2Si) 

4. SSSS – QP – QC – Q (AlCuMgSi / 
Al5Cu2Mg8Si6, Al4CuMg5Si4, Al4Cu2Mg8Si7,
Al3Cu2Mg9Si7)

where SSSS is supersaturated solid solution, GPZ is 
Guinier-Preston zones, GPBZ is Guinier-Preston-
Bagaryastskii zones, QP and QC are metastable 
precursors of equilibrium Q-phase and all the rest of the 
abbreviations denote a specific metastable or stable 
phase. 

In the current study, effect of varying amounts of Cu 
alloying on the kinetics of the precipitation behavior and 
mechanical properties of Al-6063 alloys were 
investigated using scanning electron microscopy (SEM), 
differential scanning calorimetry (DSC), X-ray 
diffraction (XRD) and hardness tests. 

2. Experimental Procedure 

In this study, high-purity Cu (99.9 wt%) was added as the 
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alloying element in the Al-6063 alloy with the nominal 
composition given in Table 1.

Table 1. Chemical composition of the studied alloy. 

Chemical Composition (wt.%) 
Mg Si Fe Al 
0.55 0.48 0.1 Bal. 

Rods of this alloy 12mm in diameter and 70mm in length 
containing varying amounts of Cu (5, 8 and 11 wt%) 
were cast into copper mold using an induction melting 
and casting system under Argon atmosphere. Their final 
chemical compositions were measured by optical 
emission spectroscopy. As-cast specimens were 
homogenized at 500°C for 30 min in order to improve 
compositional homogeneity which included heating from 
room temperature at a rate of 20°C/min followed by 
quenching. 
The morphology of the as-cast specimens was 
investigated under SEM. The surfaces of the as-cast 
specimens were prepared using standard metallographic 
sample preparation steps (grinding, polishing etc.) and 
etched with Keller’s reagent (5ml HNO3, 3ml HCl, 3ml 
HF in 190ml distilled water). XRD analyses were 
conducted using Cu-K  (  = 1.5406 Å) radiation to 
determine the phases formed during casting with a fixed 
scan speed of 0.5°/min.
Differential scanning calorimetry (DSC) analyses were 
carried out under a dynamic atmosphere of nitrogen to 
understand the phase transformations between 30°C and 
500°C with heating and cooling rates of 10 °C/min and 
70 °C/min, respectively. Specimens of about 15 mg 
weight were cut and cleaned before the thermal analyses. 
Vickers hardness measurements were performed on the 
polished cross sections of the specimens with a load of 
200 g and holding time of 10 seconds. The hardness 
measurements were taken from 5 different points with 2 
mm intervals and the results were averaged. 

3. Results and Discussion

3.1. Microstructural Analysis 

Fig. 1 presents as-cast microstructures of the Al-6063 
alloy without (0 wt% Cu) and with (5, 8 and 11 wt% 
Cu) Cu containing. It was observed that addition of Cu 
affects both the grain size and morphology of the as-cast 
alloy. As can be seen, the addition of Cu promotes the 
grains to form in a dendritic structure along with the 
reduction of their size. The reason of this reduction can 
be attributed to the segregation of the solute atoms in 
the alloy the amount of which becomes more 
pronounced with increasing Cu content. Presence of 
these segregated elements prevents the grain boundary 
motion and leads to formation of smaller grains in the 
as-cast microstructure. 

Figure 1. As-cast microstructures of the alloys 
containing a) 0, b) 5, c) 8 and d) 11 wt. % Cu. 

3.2. Phase Analysis 

XRD results of the as-cast copper containing Al-6063 
alloys are shown in Fig.2. Only (Al) matrix phase was 
observed in the Cu-free as-cast alloy. For the alloy 
containing 5 wt% Cu, low intensity CuAl2 peaks started 
to appear along with the (Al) phase. Both number and 
intensity of the  (CuAl2) peaks increased as the copper 
content of the alloy was increased. In addition, small 
amount of Mg2Si compound also appeared in the Cu 
containing alloys. Thus, it is obvious that the amount of 
CuAl2 and Mg2Si phases increases with the addition of 
Cu to the Al-6063 alloy. 

Figure 2. XRD patterns of the Cu-free and 5, 8 and 11 
wt% Cu containing Al-6063 alloys in as-cast condition. 

a b

dc
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3.3. Precipitation Sequence during Aging 

The non-isothermal DSC curves of the as-cast Al-6063 
alloy without (0 wt% Cu) and with (5, 8 and 11 wt% 
Cu) Cu addition is shown in Fig.3. For the Cu-free alloy 
designated as 6063, three exothermic peaks were 
observed in the DSC curve. The precipitation sequence 
in Al-Mg-Si alloys was reported to be SSSS – GPZ –
– –  (Mg2Si) in the literature studies. Therefore, the 
two exothermic reactions A and B can be attributed to 
the formation of the and  precipitates, respectively. 
These reactions were followed by an endothermic 
reaction C at around 375°C which can be interpreted as 
the dissolution of the formed precipitates. The last 
exothermic reaction D can be explained by the 
precipitation of large  (Mg2Si) precipitates. 

Figure 3. Typical non-isothermal DSC curves of the 
Cu-free and 5, 8 and 11 wt% Cu containing Al-6063 
alloys at 10 °C/min heating rate. 

For the Cu-containing alloys, the exothermic reaction I 
at around 165°C can be attributed to GP zone formation. 
The endothermic reaction II can be explained by the 
dissolution of the formed GP zones. According to the 
precipitation sequences in Al-Mg-Si-Cu alloys 
mentioned before, the two exothermic reactions III/IV 
can be attributed to precipitation reactions of either 
S / , / or /  phases, respectively. The other 
exothermic reaction V can be related to Q or  
precipitates. The endothermic peak VI can be ascribed 
by the dissolution of the formed precipitates. The last 
exothermic reaction VII can be attributed to the 
precipitation of large  (Mg2Si) precipitates. 

As mentioned before in the XRD analysis results, high 
intensity  peaks as well as low intensity Mg2Si peaks 
appeared in the XRD diffractograms of the Cu 
containing alloys. Thus, the exothermic peaks III and IV 

can be attributed to the formation of and 
precipitates, respectively. 

3.4. Hardness Measurements 

Fig. 4 shows the average Vickers hardness values of all 
four as-cast alloys. It is clear that presence of Cu 
alloying element causes formation of  (CuAl2) phase 
and the amount of phase increases with increasing Cu 
content. As can be seen in the results, increase in the 
CuAl2 precipitates causes an increase in the 
microhardness value of the as-cast alloy. It is obvious 
that the average microhardness value of Cu containing 
cast alloys were higher than that of the Cu-free alloy. 

Figure 4. Average Vickers hardness values of the as-
cast Cu-free and 5, 8 and 11 wt% Cu containing Al-
6063 alloys. 

Conclusion 

The effect of varying Cu content on the kinetics of the 
precipitation behavior and microstructure of the Al-
6063 alloys was investigated. Based on the obtained 
results the conclusion can be drawn; 

1- Presence of Cu promotes the dendritic structure 
formation and results in a finer grain size during 
solidification. 

2- Amount of CuAl2 phase increases in the Al-6063 
alloy with the addition of Cu. Small amount of Mg2Si 
phase also appeared in the Cu containing alloys. 

3- The precipitation sequence of the commercial Al-
6063 alloy was altered by the addition of Cu as an 
alloying element, and  (CuAl2) precipitates typical in 
Al-Cu binary system were observed in the structure in 
addition to the Mg2Si phase typical in Al-6063 alloys.  
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4- Average microhardness value of the as-cast alloy 
increases with increasing Cu content, and hence higher 
amount of  (CuAl2) precipitates. 
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Abstract

This study investigates the wear behavior of AZ91 
Magnesium (Mg) matrix composites reinforced with 
silicon carbide (SiC) fabricated by the infiltration of 
matrix material into a SiC containing ceramic preform 
by cold chamber high-pressure die casting method. 
Wear tests were conducted on a ball-on-disc wear 
testing device at room temperature under dry sliding 
conditions in accordance with ASTM G99 standard 
using Ø6 mm 100Cr6 ball under 5 N load within a 
sliding velocity of 60 mm/s with 500 m distance and 3 
mm implementation radius. Specific wear rates were 
calculated using the disk wear loss determined from the 
wear track measurements. The microstructure and the 
morphology of the wear surfaces are studied by 
scanning electron microscopy (SEM) equipped with an 
energy-dispersive X-ray spectroscope (EDS). Under 
the applied dry sliding conditions we improved the 
wear resistance of composites and reduced the specific 
wear rate down to 5.07x10-4 mm3/Nm by using high-
pressure die casting process. Moreover, we achieved an 
incredible increase in the macro hardness (more than 
140%) by the reinforcing properties of SiC particles in 
the preforms. 

1. Introduction

Mg and its alloys have great interest in the industrial 
area as well as the scientific area regarding to their 
superior properties such as low density, good 
castability and high specific strength [1]. These 
properties have quite importance for components used 
in automotive and aerospace industry such as engine 
parts, bearings and brake rotors. However, their wear 
resistances are inadequate for specific applications 
listed above [1-3]; therefore, Mg and Mg alloy 
composite studies are carried out to improve the 
limited properties of these materials.The first Mg 
composite studies started at the 90’s, using SiC, Al2O3,
and boron fibers and particles to enhance the 
mechanical and tribological properties including wear 
resistance [4-6]. It is noted that SiC particle reinforced 
Mg composites obtain higher wear resistance compared 
to Al2O3 reinforced ones [1]. 

Saravanan et. al. [6] fabricated SiC reinforced pure Mg 
composites by melt stir technique and observed that 
wear rates are decreased for two orders of magnitude 
compared to the pure Mg. In another study carried out 

by Lim and co-workers [4], SiC reinforced AZ91 Mg 
alloys are produced by powder metallurgy using cold 
compaction of elemental powders, sintering in the 
vacuum environment and extruding them to the final 
sample shape. Wear tests in this study are carried out 
under different loading (10 N and 30 N) and sliding 
speed (0.2, 0.5, 1, 2 and 5 m/s) conditions. Results of 
the study showed us that under 10 N loading forces, 
SiC reinforced composites have high wear resistance in 
all sliding speed conditions; however, under 30 N 
loading forces SiC showed an efficacy just at moderate 
speeds (between 1 to 2 m/s).  

Labib et. al. [7] have also studied dry tribological 
behavior of SiC reinforced pure Mg composites at 
room and elevated temperatures owing to the 
economical obtainability and good stability of SiC in 
Mg. They used powder metallurgy methods to fabricate 
composites in order of cold compacting of powders, 
hot pressing and hot extrusion and investigated the 
wear rates under room temperature (25°C) and elevated 
temperature (100, 150 and 200°C) conditions. Results 
of the study show that addition of 15 vol.% SiC 
increased the wear resistance at all testing conditions. 

Increasing the particle reinforcement ratio without 
losing the strength of interface bonding between matrix 
and reinforcement is important to improve the 
properties of composites. Thus, some researchers use 
infiltration of molten matrix metal into a preform 
which contains reinforcements. Turan et. al [8], used 
this technique by pressure infiltration of molten AZ91 
into B4C and SiC preforms to produce 50 vol.% B4C
and 50 vol.% SiC reinforced AZ91 Mg matrix 
composites, respectively; and observed that wear 
characteristics of SiC reinforced composites are better 
than B4C reinforced ones under two different loading 
(20 and 30 N) conditions. In this study, we preferred 
cold-chamber high-pressure die casting method for the 
fabrication of SiC reinforced AZ91 composites to 
improve wear resistance and carry out a new 
manufacturing method for the future of new industrial 
scale applications. 

2. Experimental Procedure 

Size of the required die casting machine is basically 
determined by the shot volume and the projection area 
of the casting product including the designed gating 
system considering the maximum pressure during the 
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intensification phase. METAL PRES (Turkey), MP100 
Type, cold chamber die casting machine is preferred 
for production line. And many types of co-equipment 
are used in the melting process of Mg alloys. The used 
melting resistance furnace unit is a stable crucible type 
electrical resistance furnace, MELTEC (Austria), 
MDF-200C. It is integrated to the production line for 
the experiments. The protection of molten Mg alloy 
with the protective gases (fluxless method) is preferred 
for the casting procedure. The used protection gas 
mixing unit PGM-3000 and dosing channel 1400-V3 
type are produced by MELTEC GmbH. One of the 
most effective protective atmospheres in casting 
process of the Mg alloys is the mixture of fluorinated 
gases. Furthermore, the geometrical and mathematical 
design of the gating system calculated for the cavity. 
Die halves are made of EN X40CrMoV5-1 hot work 
tool steel and hardened 48 HRC. The die heating and 
cooling device, ISITAN, CH210-S Type, is used to 
have a homogeneous temperature distribution of the 
fixed and the moveable die halves [9]. 

SiC reinforced AZ91 Mg matrix composites are 
fabricated by using ceramic preform reinforcements 
with 10 ppi void ratio that includes sharp edged SiC 
particulates with the mean diameter of nearly 15 μm. 
The macrograph and micrograph of the preform sample 
is given in Figure 1(a-b), respectively. The 
manufactured casting die suitable for the snug fit of the 
preform and realized the fabrication of SiC/AZ91 Mg 
composites by high-pressure die casting process. Die 
temperature is arranged as 200°C and SiC preforms are 
heated up to 400°C in another electrical resistance 
furnace in order to provide the flow of liquid Mg alloy 
smoothly. The specific injection pressure of the molten 
Mg alloy is selected as 1200 bar according to the 
porosity measurements of the previous studies of the 
authors [10]. Melting bath temperature was set to 
680°C and dosing channel temperature was preferred 
as 700°C. We used a mixture of %99.75 N2 + %0.25 
SF6 (volume fraction) gasses as the protective 
atmosphere for the melting furnace and dosing channel 
and applied the gas into the furnace with 600 L/h flow 
rate. The samples are machined into a bar form (15x15 
mm2 in cross section and 100 mm in length) by milling 
and then cut into pieces by sample cutting device for 
final porosity measurements. After porosity 
measurements we carried out using electronic 
analytical balance with 0.001 g precision, we mounted 
the SiC/AZ91 Mg samples into bakelite and prepared 
the surface by grinding and polishing and reached an 
average roughness (Ra) below 0.8 μm for the wear test 
according to ASTM G99 [11].  

Roughness measurements were carried out with 
“Taylor Hobson Form Talysurf Intra 50” type 
profilometer and achieved data was processed using 
“TalySurf Intra” software [12].  60 mm stylus arm 
length, 2 μm radius size of conisphere diamond stylus 
tip, 1 mm/s of speed with 1 mN force and 0.08 mm cut-

off value were used in the measurements of the contact 
stylus instrument. Owing to the high accuracy traverse 
datum, skidless measurements are processed [13]. We 
measured hardness of the samples by Brinell hardness 
testing method under 62.5 g load and 5 s dwelling time 
and results are given in Table 1. Wear tests are 
performed by Tribotechnic (France) ball-on-disk 
testing device at room temperature in accordance with 
ASTM G99 [11]. We realized the wear tests by using 
Ø6 mm 100Cr6 ball with parameters of 5 N load, 60 
mm/s velocity and 500 m distance that ball covers it on 
the disk at 3 mm implementation radius.  The volume 
of wear loss was calculated by determining the disk 
wear loss by measuring the wear track width by a 
stereomicroscope. Finally, the microstructure and the 
morphology of the wear surfaces on the samples were 
studied by Phenom XL scanning electron microscope 
(SEM) equipped with an energy-dispersive X-ray 
spectroscope (EDS). 

Figure 1. SiC contained ceramic preform (a) macrograph and 
(b) micrograph (B&W print) 

3. Results & Discussion 

At the beginning of fabrication processes, AZ91 Mg 
matrix material is subjected to a phase analysis by 
using X-Ray Diffraction (Philips PANalytical - PW 
3060/40 XRD) in order to confirm the phases of the 
material and the XRD spectrum is given in Figure 2. 
We determine -Mg ve -Mg17Al12 phases in the AZ91 
structure, unsurprisingly. Then, the particle sizes of the 
SiC’s are measured by length measurements over SEM 
micrographs and an example of these measurements is 
shown in Figure 1. The average of the measured 
lengths demonstrates that the average particle size is 
around 13.6 μm.  Firstly on the fabrication part, virgin 
AZ91 Mg alloy samples are manufactured by the high-
pressure die casting method and the selected 
parameters are successfully verified by the gravimetric 
tests carried out using electronic analytical balance. 
Later on, SiC/AZ91 Mg composites are fabricated by 
the infiltration of molten matrix material into the 
ceramic preforms that placed into the die cavity. 
Composite fabrication process steps are visualized in 
the Figure 3. Gravimetric tests show us the success of 
the parameters for the composite manufacturing as 
well. The final porosity measurement results indicate 
that the fabrication is accomplished with the porosity 
ratio less than 3% (±1) and we can rate as industrially 
applicable due to the porosity values below 5% [14]. 
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Afterwards, we mounted the samples, grinded and 
polished the surfaces and achieved the Ra of 0.26 ±0.03 
μm from all samples which is suitable for the wear test 
according to ASTM G99 [11]. 

Figure 2. XRD spectrum of AZ91 used as a matrix material 

Figure 3. Composite fabrication process steps: (a) taking 
preform from the curing furnace, (b) transfer of preform to 

the die, (c) placing the preform into the die cavity, (d) closed 
view of the die ready for casting, (e) transfer of the molten 

matrix material (arrow indicates the molten AZ91 Mg alloy), 
(f) removal of the cast composite from the die, (g) rear and 
(h) front view of the composite as cast (arrows indicate the 

reinforcements) 

Hardness test results given in Table 1 shows us the 
virgin AZ91 alloy has approximately 69 HB of 
hardness and compatible with the high-pressure die 
casted AZ91 hardness results takes place in the 
literature (average 70 HB) [15, 16]. Composite 
hardness results given in Table 1 indicate that the 
average hardness is 208 HB with a high standard 
deviation value of 37 HB. Nevertheless, the minimum 
value of hardness (166.4 HB) has an incredible 
increase more than 140% and is quite higher than the 
literature results (125 HB with 20 vol. % SiC 
reinforcement) found out [17]. 

Specific wear rate results (Table 1) for virgin AZ91 
and composite materials are determined by calculating 
the disk volume loss from the wear track by using the 
simplified equation for the disk volume loss given as: 

𝑉 𝜋 𝑅 𝑤 𝑟             (1) 

where R is the wear track radius, w the track width and 
r the ball radius is an approximate geometric relation 
and the result is correct to 1 % for w/R <0.3, and is 
correct to 5 % for w/R <0.8.  Thus, we added on the 
correction of 5 % to the virgin matrix and 3 % to the 
composite for the w/R ratios of 0.39 and 0.28, 
respectively.

Table 1. Average Hardness and specific wear rate  
Sample Hardness

[HB]
Specific Wear Rate 

[mm3/Nm] 
Virgin Matrix 68.6 ±2.2 1.4233 x 10-3

Composite 208.2 ±37.3 0.5072 x 10-3

Specific wear rates specified by the disk volume loss 
method indicate that we achieved significantly less 
specific wear ratio of 0.507x10-3 mm3/Nm by the 
SiC/AZ91 Mg composites. We found from the 
literature that the maximum enhancement in the wear 
properties is achieved in the study of Labib et. al [7]. 
They used Mg matrix material with a specific wear rate 
of nearly 1.5x10-3 mm3/Nm and which is nearly the 
same as our matrix material with 1.42x10-3 mm3/Nm. 
After the reinforcement, Labib et. al. achieved specific 
wear ratio between 1.2 x10-3 – 1.6x10-3 mm3/Nm.  It is 
clearly seen that by our reinforcement method, it is 
possible to achieve a better improvement and lower 
specific wear rate result compared to the previous 
study of Labib et. al. [7].  

SEM micrographs given in Figure 4(a) show us the 
condition of the wear track on the virgin matrix 
material surface. Narrow and shallow wear scars 
indicate the abrasion formed by the hard and rigid 
abrasive pieces split by the friction of the ball and 
sample surface, penetrate and scratch/drag on the 
surface with the surface of the slightly flattened ball 
surface. The wear track mostly comprises abrasion 
wear scars and abrasion is known as the most frequent 
type of the wear type seen between metallic surfaces. 
The pieces break away from the sample is ordinarily 
removed from the sample surface just as chips. By this 
means, the mass loss method is quite applicable for the 
abrasion wear type which is mostly seen in our virgin 
matrix samples. Besides the abrasion, we discover dark 
and rugged surfaces seem to be covered by thin layer 
of fine particles in Figure 4(b, d). The EDS analysis 
shown in Figure 4(e) identified that strong oxygen 
(39.52 wt.%) and Mg (45.03 wt.%) peaks and the 
stoichiometric oxide concentration remark us the 
presence of high amount of MgO (70.97%). This 
feature points out the oxidative wear caused by the heat 
generation due to the friction between ball and sample 
surfaces during dry sliding process in the atmospheric 
condition. The oxide fragments showed up on the wear 
tracks indicate us the existence of the oxidative wear; 
however these regions are in low quantity so as to 
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effect the volume change of the wear track. We can 
also observe another mechanism of plastic deformation 
on the wear track of virgin matrix material samples as a 
third kind of adhesive wear type (Figure 4(c)). Tips of 
the rough surfaces stick together during the sliding 
friction between metal-metal surfaces. By this means, 
the stress on this region achieve to the yield point 
occasionally. Thus, a fair amount of material slip in 
shear from the surface; however the stress cannot reach 
to the rupture point and the material is smear to the 
surface as a partial plastic deformation. This small 
quantity of adhesive wear seen in the wear track is not 
capable of material removal and may not change the 
volume of neither the wear track nor the sample. 

Figure 4. SEM micrographs of virgin matrix material: (a) 
general view of the wear track mostly showing the abrasion, 

(b) oxidative wear, (c) adhesive wear, (d) EDS target point on 
the oxide fragment, and (e) EDS spectrum and analysis result 

including the stoichiometric oxide concentrations

Wear track SEM micrographs of SiC/Mg alloy 
composites are given in Figure 5 for both the low and 
high reinforced zones. It is firstly understood that both 
low and high reinforced zones have nearly the same 
wear characteristics. The matrix region of the 
composite come across the wearing line entirely has 
the abrasion scars as we determined on the surfaces of 
virgin matrix materials. Abrasion scars are observed 
easily where the reinforcement ratio is low (Figure 
5(a)). We expected to see less abrasion scars over the 
highly reinforced regions owing to the high hardness 
and rigidity of SiC reinforcements (Figure 5(b)). In 
fact, the presence of the hard particles has a wear effect 
on the abrasive balls nearly in the amount of 1.5 x 10-5

mm3/Nm specific wear rate. It is obviously seen from 
the SEM image (Figure 5(c)) taken by greater 
magnification (2400x) than other images, abrasion on 
the high reinforced regions are rare and shallow. The 
slight increase on the sliding surface of the ball owing 
to the abrasion give rise to the reinforcements reduce 

the penetration of the ball and save the matrix material 
from the wearing effect. 

Figure 5. SEM micrographs of SiC/AZ91 Mg composite: 
wear track from (a) low reinforced region, (b) high reinforced 
region, and (c) scars of matrix in the high reinforced region 

with a greater magnification (2400x)  

4. Conclusions 

a. We fabricated SiC/AZ91 Mg composites by the 
infiltration of AZ91 Mg matrix material into a SiC 
containing preform successfully using cold-
chamber high-pressure die casting method for the 
first time and achieved porosity level less than 3% 
for both the virgin matrix materials and the 
composites.

b. We achieved an improvement more than 140 % on 
the macro hardness of fabricated composites with 
the help of reinforcing characteristics of SiC 
particles preforms.

c. The presences of SiC particles not only improve 
the wear resistance by their hardness and rigidity 
but also they enclose the matrix in high reinforced 
regions and prevent the ball penetration to the 
matrix geometrically. By this means, our 
composites exhibit better wear resistance (nearly 
64% enhancement) and we achieve a remarkable 
amount of reduction in the specific wear rates. 

d. The dominant wear mechanism is abrasion under 
the applied dry sliding wear conditions. However, 
we observe oxidative and adhesive wear types 
fragmentary. The amount of oxidation and the 
plastic deformation seen in the wear tracks are too 
few to effect the volume change and the wear 
rates.
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Abstract 

Shape memory alloys are extremely interesting smart 
materials, that can be employed in several applications, 
from biomedical to automotive field. Their use is 
limited primarily because of their costs related not only 
to alloy production but also to processability. Recently, 
costs reduced due to increased number of producerrs, 
and new production technologies are tryed in order to 
achieve nearly net shape products. Among these 
processes SHS could be considered. NiTi can be 
produced by SHS even if limitations are encountered 
due to secondary phases formation, but limited studies 
are available about processability of ternary alloys 
through SHS.  
In this study the characteristics of NiTiCu shape 
memory alloys produced by SHS are presented. 
Microstructural investigation revealed the presence of 
NiTiCu matrix phase, characterised by shape memory 
properties, together with secondary phases which do 
not present any transformation. Calorimetric analyses 
were performed in order to assess transformation 
temperatures. XRD investigation performed at room 
temperature, above and below transformation 
temperatures helped in the identification of the type of 
phase transformation. Results were compared with 
typical properties of conventionally produced NiTiCu 
alloys, and possible applications are also discussed. 

1. Introduction 

Among Shape Memory Alloys, only NiTi alloys are 
widely commercialised, due to its excellent 
performances as superelastic material, and recovery 
properties coupled with good mechanical properties, 
corrosion resistance and biocompatibility. In order to 
fullfill specific applications,  also ternary alloys have 
been developed, for use in non – medical applications. 
Among them, Ni50-xTi50Cux alloys have been developed 
as they provides narrow transformation hysteresis,  
useful for actuators [1-4].  
Another characteristic of ternary NiTiCu alloys is 
higher damping capacity compared to binary alloys, 
that could allow their usage in damping applications 
[5]. An alternative, less expensive and faster  
production route, with respect to conventional one (that 
start from ingot melting) could let to wider usage of 

such alloys in non biomedical application: Self 
propagating High temperature Sinthesys (SHS) can 
satisfy such requirements.  
SHS process has been already considered for NiTi 
alloys production. To author’s knowledge, however,  
most of the research studies on SHS-produced NiTi 
alloys are related to binary composition, as through 
SHS process, porous NiTi could be obtained for 
biomedical application. A lack of information do exist 
about the effect of ternary element addition to Ni-Ti 
reaction. 
In this work, combustion sinthesys of ternary Ni50-

xTi50Cux alloys have been attempted. The produced 
specimens were characterised by SEM (Scanning 
Electron Microscope) coupled with EDXS (Energy 
Dispersive X-ray Spectroscopy) detector, X-ray 
Diffraction (XRD), and Differential Scanning 
Calorimetry (DSC)  analyses. 

2. Experimental procedure 

A range of Ni50-xTi50Cux compositions were 
considered,  in which Ni is increasingly substituted by 
Cu, at fixed Ti atomic content (X= 5,10,15,20,25).  
Pure (above 99.5%) Ni, Ti and Cu powders were mixed 
in a turbula mixer for 12 hours under Argon 
atmosphere. Pellets were pressed under the pressure of 
60 MPa into cylinder of about 15mm height and 12.8 
mm diameter, with a relative density of about 65% .  
The pelleted samples were inserted in a batch reactor, 
in which they can be preheated. Three level of 
preheating were considered (240°C-330°C-420°C). 
Tungsten wire was used at top of the compacted 
samples in order to trigger the combustion reaction. 
The reactor was swept by Argon few times to avoid  
oxidation of samples. All the experiment were recorded 
by HD camera. 
The reacted pellets were cut longitudinally: one half 
was prepared for microstructural investigations through 
conventional metallographic grinding and polishing. 
The other half was further sectioned in order to prepare 
DSC specimen weighing  about 100mg. Thermal 
analyses were performed with Q100 DSC (TA 
Instruments)(analyses performed between -150°C and 
200°C, two cycle for each specimen). SEM analyses 
were performed with a Field Emission SEM (SU70, 
Hitachi), coupled with EDXS detector (Thermo 
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Scientific). XRD analyses were performed with a 
diffractometer (Panalytical X'Pert Pro) using Cu K
radiation operating at 40 kV and 30 mA in the 15-100 
2theta range. The diffractometer was equipped with a 
TTK-450 (Anton Paar) heating/cooling chamber. X-ray 
patterns were acquired at 25 °C. Additionally, on 
selected samples, XRD analyses were performed also 
at 200°C, in order to get information on fully austenitic 
structures.  

3. Results 

3.1. SHS experiments 

All the tested conditions let to completely reacted 
specimen. The shape features of the specimens are 
collected in table 1, while an example of lognitudinal 
section appearence, for Ni35Ti50Cu15 specimens is 
reported in Figure1. At the lower preheating 
temperature the specimens generally reacted preserving 
their shape and size, while internal porosity 
reorganized.  Naked eye visible pores were formed that 
often reached the surface, resulting in a rough surface 
of the specimens, but  also small, micrometric pores 
were formed. A general trend was observed at 
increasing pre-heating temperatures:  the number of 
pores decrease, their size increase and eventually, no 
pores are present and the samples loose its cylindrical 
shape and collapsed. This latter event can be easily 
explained by excessive heating of the specimen that led 
to very high content of liquid phase in the specimens, 
that could not retain the cylindrical shape. 
Ni50-xTi50Cux alloys show different sensitivity to 
preheating temperature: it can be observed that for low 
amount of copper addition, porous structure can be 
preserved, while above 20% Cu addition, the samples 
preserved a rather cylindrical shape, even if with a 
reduced porosity and shrinkage of upper part of the 
specimen were observed. 

Table 1: Ni50-xTi50Cux samples morphology 

X Pre-heating temperature 
240°C 330°C 420°C 

5 Big pores Porous Melted 
10 Big pores Big pores Big pores 
15 Big pores Big pores Partly collapsed 
20 Slightly shrinked Slightly shrinked Slightly shrinked 
25 Slightly shrinked Slightly shrinked Slightly shrinked 

 

 
Figure 1: Longitudinal section of Ni35Ti50Cu15

specimen, preheated, left to right, at 240-330-420°C. 

3.2. Specimen characterization 

DSC analyses 

For every composition, DSC analyses were performed 
on the samples preheated at 330°C (603 K). All the 
specimens showed the presence of a martensitic 
transformation characterized by narrow hysteresis 
(between direct and inverse transformation, that did not 
vary between first and second cycle. Main features 
(Martensite formation start temperature Ms, Austenite 
formation finish temperature Af, enthalpy of 
transformation on cooling dHc) are presented in table 2. 
Two examples are also shown in Figures 2 and 3: in the 
first case a two-step transformation can be appreciate, 
where only the first peak is well defined (between 65 
and 53°C), the second starts at about 53°C but its end is 
not well defined. The second example (figure 3) reports 
a single step transformation. 

Table 2: Ni50-xTi50Cux DSC analyses main features 
X 5 10 15 20 25 

Ms [°C] 61.5 64.1 69.6 73.7 74.7 
Af [°C] 86.6 72.5 75.9 78.5 79.5 

dHc [J/g] 18 3.5 0.6 7.3 9.8 

Irrespectively of Cu content, Ms is in the range 60-
75°C, as expected for Ni50-xTi50Cux alloys. More 
interestingly, dHc values vary a lot: for X=10 and 15 a 
two-step transformation is present, those ending 
temperature could not be defined with a sufficient 
degree of certainty: an underestimation of spread of the 
transformation led to underestimated dHc values.  

 
Figure 2: DSC analysis for  Ni40Ti50Cu10, preheated at 330°C 

 
Figure 3: DSC analysis for Ni30Ti50Cu20, preheated at 330°C 
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XRD analyses 

All XRD spectra show the presence of B19 peak 
accompanied by B2, and B19’ peak. Due to the broad 
aspect of the peaks, a detailed phase analyses can’t be 
performed: in most cases a single broad peak is 
observed in the theta region where peaks from two or 
more phases are expected.  
In all spectra, B19(002) peak at about 40.1° can be 
observed at room temperature: the same peak can not 
be observed in XRD collected at 200°C, demonstrating  
complete inverse transformation from martensite to 
austenite. The comparison of the curve at room 
temperature with ones at high temperature allow also to 
assess the presence of considerable amount of 
secondary phases. An intense peak can be observed at 
about 42°-43°. The peak can be indexed as the sum of 
many contribution: B2(110), B19((020) and B19(111), 
and also peaks from secondary phases. At the different 
temperatures, the peak evolves in term of intensity and 
width, due to the different contributions of the phases, 
rather than to disappear.  
Small peaks related to Ni(Cu)3Ti and Ti2Ni(Cu) 
secondary phases can also be observed between 
B19(002) and the big peak describe above.  

Figure 4: XRD pattern of  Ni35Ti50Cu15, preheated at 330°C 
(vertical axe: counts [a.u.], horizontal axe: 2theta [°]). 

Analises performed at room temperature  (blue curve) and 
200°C (red curve). 

SEM and EDXS analyses 

SEM observation with secondary electron (SE) 
detector confirmed the presence, in specimen with low 
amount of Cu, of micrometric pores in addition to 
bigger ones that could be observed by naked eye 
(Figure 5). 
All the specimen displayed similar features, even if in 
different amounts for each composition. EDX analyses 
evidenced that the composition of the matrix, 
especially for high Cu content is not homogeneous: Cu 
content range over 10-15%. The matrix of the 
specimen present a relative ratio of element that varies 

between Ni50-xTi50Cux type, (nominal composition) to 
Ni50-x/2Ti50-x/2Cux,, type, in which Cu substitutes both Ni 
and Ti, quite different from nominal one. Relief effects 
due to selective polishing of martensitic structure were 
observed (Figure 6): they are typical of martensitic 
structures.  

Figure 5: SEM micrographs of  Ni40Ti50Cu10, preheated at
330°C: up) SE micrograph (sensitive to topography), down) 

BSE micrograph (sensitive to composition). Nominal 
magnification 300x   

Besides the matrix, other secondary phases can be 
observed, whose appearance with Back Scatter 
Electron detector (BSE) is either brighter (rich of 
heavy elements, namely Cu and Ni) or darker (rich of 
light elements, Ti and possibly C, O).  
Morphology varied from phase to phase. Dark phases 
are present as polygonal particles or branched particles 
with rounded shape, whilst bright phases are present as 
acicular particles of wide areas with convex irregular 
boundary.  
EDXS analyses confirmed that different phases 
formed. Dark ones are of the type Ti2(Ni,Cu)1 . 
Relative ratio between Ni and Cu varied from 1-2  to 6-
8 discontinuously: possibly different crystal structures 
are related to these different composition. Bright 
phases are characterized by high Ni and/or Cu content: 
in this case relative ratio between Ni and Cu varies, but 
in a more continuous way, between lower than 1 (Cu 
rich) to 8-9. 

Position [°2Theta] (Copper (Cu))
20 30 40 50 60 70 80 90

 NTC15-63 25C scan lentissima 15-100 1h10m

 NTC15-63 200C scan lentissima 15-100 1h10m
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Detailed analyses of such secondary phases was 
beyond the scope of the work. 
For the specimen with the higher Cu content (X=20, 
25) bright regions with very high Cu could be detected, 
in which Copper content above  60% at. was measured.  

Figure 6: SEM micrographs of  Ni40Ti50Cu10, preheated at
330°C: up) SE micrograph (sensitive to topography), down) 

BSE micrograph (sensitive to composition). Nominal 
magnification 4kx   

4. Conclusions 

Experimental tests confirmed the feasibility of SHS 
production of Ni50-xTi50Cux alloys with shape memory 
properties. The produced alloys showed a certain 
degree of inhomogeneity and also the presence of 
secondary phases, confirmed by XRD, SEM and EDXS 
analyses. DSC analyses showed one or two step 
martensitic transformation. Literature survey confirms 
the presence of two phase transformation in Ni50-

xTi50Cux alloys, even if limited at Cu content from 6 to 
15%. The analyzed samples show the presence of two 
stage transformation also for Cu content above the 
mentioned range. Possibly the transformation sequence 
is B2-B19 (M)- B19’ (M’). Some of them can be 
ascribed to as modification of binary Ti2Ni or Ni3Ti, 
with Cu substituting for Ni or both Ni and Ti. 
EXD analyses confirm the presence of such phases. 
Moreover, it was verified that the matrix of the system 

for high Cu content, is not constant but show strong 
differences of Cu content, that replace Ni.  
Despites these complex microstructural features, 
martensitic transformation was detected. As damping 
properties depend from several factors, among which 
phase boundaries and  twin boundaries in martensitic 
structures, possibly these material could possess 
promising damping properties, obtained with a very 
simple production method.  
Mechanical properties and damping properties will be 
tested in order to confirm such assumptions. 
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Abstract

Nickel boron alloys are generally preferred as master alloys 
and brazing filler materials. Especially in the production of 
high-performance complex alloys, using master alloys has 
particularly important role. In terms of final product 
properties, master alloy composition and purity effects 
many critical material behaviors. Within the scope of this 
study production of nickel boron master alloy (NiB) which 
includes 15 wt.% boron alloys were investigated. Instead of 
its industrial production methods, carbothermic and 
aluminothermic processes in DC electric arc furnace (EAF), 
self propagating high tempreture synthesis (SHS) were used. 
The SHS method provides the possibility of production in a 
very short time without requiring external energy except 
trigger energy to start the reaction. During the experiments, 
amounts of initial powder ratio calculated using with 
FactSage 7.1 thermochemistry simulation program. 
Thermochemical evaluations were made to estimate the 
adiabatic temperatures and possible product compositions in 
the final product by using FactSage 7.1 thermochemical 
software. The SHS process was performed in alumina 
crucibles which were pre-heated in an oven. Under normal 
gravity and air environment, oxide powders of metals ( NiO, 
B2O3 ) and Al as a metallic reductant were used. While 
increasing B2O3 ratio the results were close to commercial 
NiB composition and best boron ratio in NiB were obtained 
from stoichiometric %115 B2O3 experiment. This alloy 
includes 11.47 wt.% B, 77.55 wt.% Ni and was successfully 
produced with 80% Ni, 58% B recovery.  
 

1. Introduction

Self-propagating High-temperature Synthesis (SHS) is a 
type of reaction synthesis that bases upon the heat 
generation between reactants by giving trigger energy to 
obtain products by virtue of self-sustaining reaction. SHS, 
eliminates the main drawback of traditional production 
processes: high energy capacity and low productivity. Due 
to the fact that it requires a minimum amount of equipment, 
a punch and die or ceramic crucible, reactant powders, 
mixing equipment and an ignition source, this method is 
enormously cost-saving among other processes. Different 
types of carbides, borides, nitrides, silicides, oxides, 
hydrides, and complex intermetallics can be synthesized via 
SHS. Carbothermic and aluminothermic reduction of boron 
oxide (B2O3) and boric acid (H3BO3) is mainly used to 
produce nickel boron alloys (NiB) with a B content ranging 
from 15-20% in a D.C. arc furnace. Charcoal or wood chips  
 

and other carbonaceous materials used as reductants for the 
production of NiB obviously present a competitive price 
advantage over common metallic reductants such as Al, Mg, 
Ca and Si. Notwithstanding the low Al content of the final 
alloys produced by the carbothermic process, inevitably 
carbon contamination in final product is exist. 
 

2. Experimental Procedure 

In the experimental set NiO and B2O3 powders are used as 
nickel and boron source, Al powders are used as a reductant. 
All reactants properties were given at Table 1. 
 

Table 1. Purities and grain size of reactants. 
 

Component Purity, % Grain Size 
  

NiO / Ni 99,03 / 77,87 < 45 m 
 

B2O3 99,50 
 

< 150 m 
 

Al 94,00* < 45 m 
 

*0,028% Fe, 0,29% Cr, 0,56% Zn, 0,45% Mn, 4,65% Mg, 
0,12% Si. 

 
Thermodynamic calculations for many reaction systems, 
adiabatic temperatures were investigated before performing 
any experiments. Possible phases and required initial 
mixture amounts calculated with using FactSage 7.1 
thermochemical simulation program. The starting materials 
were nickel oxide (NiO), boron oxide (B2O3) and aluminum 
(Al) powders. Before the reaction, the alumina crucibles 
undergo pre-heating at 500oC for 20 minutes. First 
experimental setup reductant amount was increased from 
95% to 120% stoichiometry with 5% interval. Metal 
recovery and SHS yield were calculated.  
Adiabatic temperature (Tad) is a very important parameter 
to predict the self-sustainability of the reaction. If the Tad of 
reaction is higher than 2073 K, the reaction is exothermic
and self-sustainable. The Tad of the formation of NiB 
(given as Eq. 3) was calculated as 2673,3 K by using 
FactSage 7.1.
 
3NiO + 2Al                3Ni + Al2O3                                     (1) 
B2O3 + 2Al                 2B + Al2O3            (2) 
6NiO + 3B2O3 + 10Al               6NiB + 5Al2O3                           (3) 
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Figure 1. Adiabatic temperature with increasing Al. 

Figure 2. Possible phases depending on increasing
aluminum.

Those ingredients of various proportions were mixed for 15 
minutes in turbula mixer and then transferred into an 
alumina crucible. In second stage; electrical current was 
integrated into the system via tungsten wire which is 
inserted into the charge. Hereby combustion was occured 
and reaction took place within the pot. After the experiment, 
SHS product was kept waiting for cooling than metal and 
slag samples were took for characterization process. 

3. Results and Discussion 

NiB containing SHS products were analyzed by chemical 
analysis and atomic absorption spectrometry (AAS, Perkin 
Elmer Analyst 800) techniques. 
Chemical analysis of SHS products metal and slag phase 
related experiments were presented in Table 2. 
According to Table 2. Boron content of the mixture 
decreases with increasing Al amount. 

Table 2. Chemical Analysis of SHS Products. 

Experiment %Ni %B %Al %Si

95Al  83.97  9.00  5.81  0.33  

100Al  80.00  9.46  9.71  0.33  

105Al  79.38  8.75  10.63  0.28  

110Al  79.28  8.12  11.55  0.22  

115Al  76.97  7.95  13.40  0.33  

120Al  72.64  7.01  17.67  0.51  

After the chemical analysis of the SHS products metallic 
distribution ratios of elements in the metal, slag and gasify 
were investigated. Figure 2. shows metal (Ni,B,Al) 
distribution among metal, slag and gas phase of the 
experiments.

Figure 3. Metal recoveries of the experiments. 

Figure 3 presents that highest Ni recovery was observed at 
95% stoichiometric mixture. On the other hand the highest 
boron recovery was observed at 100% stoichiometric 
mixture. 

4. Conclusion

In conclusion the parameters which affect NiB production 
via SHS method were investigated. Increasing the amount of 
reductant leads to increment in Al content in SHS product. 
In the future study we are going to do brazing paste from 
nickel boron powders and Al dross will use as reductant. 

References

[1] Yılmaz, F. ve en, U. (1996). Ala ımların Yapı ve 
Özellikleri, 31-53. Adapazarı.



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

208 IMMC 2018   |   19th International Metallurgy & Materials Congress

[2] Habashi, F. (1998). Introduction. In F. Habashi (Ed.), 
Alloys: Preparation, Properties, Application 
(Sf. 1-12). Wiley-VCH, Weinheim. 

[3] Habashi, F. (2005). Fire and the art of metals: a short 
history of pyrometallurgy. Trans. Inst. Min. 
Metall. C. 114 (1) 165-171. 

[4] M. Alkan, K.C. Tasyürek, M. Bugdayci, A. Turan, O.   
Yücel, DC Electric Arc Furnace Application 
for Production of Nickel-Boron Master 
Alloys, JOM. 69 (2017) 1654–1662. 

[5] Sauthoff, G. (1995). Intermetallics (Sf. 6-51). Wiley-
VCH, Weinheim. 

[6] S.A. Seyyed Ebrahimi, S.M. Masoudpanah, H. Amiri, 
M. Yousefzadeh, Magnetic properties of 
MnZn ferrite nanoparticles obtained by SHS 
and sol-gel autocombustion techniques, 
Ceram. Int. 40 (2014) 6713–6718. 

[7] Varna, A. ve Mukasyan, A. S. (2002). Combustion 
synthesis of intermetallic compounds. In A. 
A. Borisov, L. De Luca and A. Merzhanov 
(Eds.), Self-Propagating High-Temperature 
Synthesis of Materials (Sf. 1-34). Taylor & 
Francis, New York, NY. 

 [8] Alkan, M. (2014). Kendili inden lerleyen Yüksek 
Sıcaklık Sentezi Yöntemi le Yeni ve Özel 
Ala ımların Üretimi ve Geli tirilmesi.
(Doktora Tezi) stanbul Teknik Üniversitesi, 
Fen Bilimleri Enstitüsü, stanbul.

[9] Baker, H. (1992). Introduction to alloy phase diagrams. 
In ASM Handbook (Cilt 3, Sf. 6-59). ASM 
International, Materials Park, OH. 

[10] Özdemir, Ö. (2004). Ni-Al ntermetalik Malzemeler,
Metalurji Dergisi, (137), 57-63. 

[11] Weber, J.H. (2001). Nickel Alloys: Nomenclature 
Encyclopedia of Materials: Science and 
Technology (Second Edition), 6141-614.



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

209
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Th e Fabrication and Characterization of Ternary Boride Composites by 
Combustion Synthesis Method

Sevinch Rahimi Moghdaam, Bora Derin

Istanbul Technical University, Faculty of Chemical and Metallurgical Engineering, 
Department of Metallurgical and Materials Engineering, Istanbul, Turkey

  
  
  
  
  

  

Abstract 

In this study, the influence of different stoichiometric ratios 
of raw materials such as metal oxides (MoO3, Fe2O3, etc), 
B2O3 and Al on the formation of complex ternary borides of 
M3B2-type structure was investigated. The simultaneous 
production of hard phase and matrix was achieved using 
simple and low-cost combustion synthesis process. The 
simulation of the initial mixture was done to estimate the 
adiabatic temperature and the possible phases by using 
FactSage. The composition, microstructure and mechanical 
properties of products were analyzed by SEM, XRD, AAS, 
and microhardness methods.   

1. Introduction 

Due to the uneven distribution of tungsten resources, some 
studies have focused on finding alternative materials with 
less or no tungsten in composition [1]. Transition�metal 
borides are known for their unique physical, chemical and 
mechanical properties such as good refractoriness, 
chemical inertness, high hardness, and metallic 
conductivity [2]. Takagi et al have synthesized composites 
consist of M3B2-type complex ternary borides (Mo2NiB2

or Mo2FeB2) as hard phase and a transition metal as a 
matrix using reaction boronizing sintering method. They 
found that these types of cermets have been presented 
excellent physical properties such as high hardness and 
TRS values of about 84-89 HRA and 1.7-2.4 GPa, 
respectively. The Mo2FeB2 based cermets have high 
hardness and fracture toughness values similar to 
cemented carbide cermets. They possess lower density and 
thermal expansion coefficient that found to be close to 
steels [3,4]. Because the sintering method has some 
drawbacks such as high energy consumption, choosing an 
inexpensive production method for these hard materials to 
increase their abundance has great importance. 
Self-propagating high temperature synthesis (SHS) is a 
method which has been used for the production of high 
temperature ceramics, intermetallics and composites in a 
one-step operation. This technique has the advantage of 
providing high purity products, low energy requirements  

and simplicity of the process over the conventional high 
temperature methods [5]. Different types of pure 
refractory metals, binary and ternary alloys, ceramics 
and composites have been produced using thermite-type 
SHS process during reactions occurring in the 
exothermic systems [6]. The indicative parameter of 
self-propagating reaction is adiabatic temperature (Tad) 
which has to be higher than 1527°C (1800K).  
In this study, the formation of Mo2FeB2 ternary boride 
phase in composites with intermetallic (Fe-Al) matrix 
during SHS synthesis method was investigated. 
The effect of raw materials ratio on the phase 
composition and microstructure of products was studied. 

2. Experimental Procedure  
Before every experiment, thermodynamical studies were 

conducted by using FactSage 7.0 software
[referans n koymakaleninaynisiolsun]. The effect of raw 
material ratios on the SHS results was determined using 
“Equilibrium” module of the Factsage7.0 which assumes 
chemical equilibrium by “Gibbs Energy Minimization” 
method. 
In the experiments, MoO3 (99.5% purity), Fe2O3 (95% 
purity), B2O3 (94% purity), Al (99.7% purity) and Al2O3

were used as raw materials.B2O3 was obtained by 
the calcination of 99.5 % pure boric acid (H3BO3, Eti 
Holding Inc.) in a nickel crucible at 800 °C for 2 hours 
followed by milling and sieving. 
The amounts of prepared raw materials mixture were
calculated from the following equation (1) and presented 
in Table (1). 

1 (Fe2O3+2Al) + 2 (MoO3+Al) + 3 (B2O3 + Al) 
FexMoyBz -Fe+ Al2O3                                                  (1) 

The thoroughly mixed raw materials were dried at about
100°C for 30 minutes and were compacted. The mixtures 
were placed into a copper crucible with an inner diameter 
of 50mm, a wall thickness of 5 mm and a height of 45mm.
A tungsten filament on top of the powder mixture,  
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connected to a 20VA power supp
exothermic reaction. After the combust
metallic part was separated from the sl
bulk metallic samples were 
metallographically prepared for furt
crystal structure of the final product is 
ray diffractometer (XRD, PANalytical P
Cu Ka radiation), microstructure and
phases were characterized by sc
microscopy and energy dispersive spe
Jeol JSM-840) and the elemental analys
by AAS spectrometry (Perkin-Elmer 
hardness test (Shimadzu Corporation 
carried out on the specimens to identif
properties. 

Table 1. Amount of raw materials 
production of SHS composites 

Experiment number MoO3/F

Sample-1 1.6/0

Sample-2 1.6/0
Sample-3 1.6/1

3. Results and Discussion 

In order to simulate the SHS reaction, 2 m
mole of Fe2O3, 1 mole of B2O3 wer
different amounts of Al. The reactions 
assumed as adiabatic ( H=0) and 
temperature was selected as 25 °C. Figu
the Al content in the raw materials in
reduction of oxides starts. Among the o
dissolve in the slag phase due to 
temperature. MoO3 transforms to MoO2

release Mo when Al reaches to 4.2 mole
phase reacts with Mo to form alloys. A
amount of Al (7.5 moles), the elemental 
concluded from the figure that with incr
reducing agent, the total gaseous phase c
AlBO2(g), % 34.714 Al2O(g), % 3.34 Fe
1.22 (BO)2(g), % 1.162 Al(g) and % 1
system increases. The adiabatic temper
FactSage at the stoichiometric ratio of ra
to 2700°C. 
The SHS product consist of % 68.17 Mo
B, and % 2 Al (in %wt) at the stoichiom
the system. Thermodynamically, un
reduction of metal oxides and boron tri
diffusion of Al in the final product com
avoided due to the high percentage of g

ply, initiated the 
tion synthesis, the 
lag. The produced 

weighed and 
ther analyses.The 
determined by X-

PW3040/60 with a 
d composition of 
canning electron 
ectroscopy (SEM, 
sis was performed 
1100B). Vickers 
HMV) was also 

fy the mechanical 

(moles) used for 

Fe2O3/B2O3/
Al 

0.6/0.8/6

.9/0.8/6.5

.3/0.8/7.2

moles of MoO3, 0.75 
re equilibrated with 
of the process were 
the initial reaction 
ure shows that when 
ncreases, the partial 
oxides B2O3 starts to 

its lower melting 
2 and then reduces to 
es. Then Fe in liquid 
At the stoichiometric 

B and Al form. It is 
reasing Al amount as 
consisting of % 44.74 
e(g),  % 2.73 BO(g), 
1.113 B2O3(g) in the 
rature calculated by 
aw materials reaches 

o, % 26.1 Fe, % 3.74 
metric ratio of Al in 

nless the complete 
oxide occurs but the 

mposition couldn’t be 
gas formation during 

   According to the results of 
different ratio of raw materi
observe the effect of increasin

Figure 1. Thermochemica
composition ver

The elemental analysis of the
that there is a difference betw
results of B and Al we
concentration in alloys reache
the Fe in the compositions. 
As it is expected, diffusion o
the formation of Fe-Al interm
in matrix phase of the obtain
the XRD results as shown in F

Figure 2. XRD results of com
sample-2 and 3) sample-3
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FactSage calculations, three 
ials was chosen in order to 

ng Fe2O3 amount were used. 

al calculation for product 
rsus Al addition
e products with AAS shows
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ight percentages. The Al 

es to 11-12% wt by replacing 

of Al in final product causes 
metallics as a dominant phase 
ned composites according to 
Figure 2. 
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combustion. At the other hand, the tota
99.12 Al2O3, % 0.52 B2O3, % 0.366 FeO
(in %wt).  

By starting Fe2O3amount from 0.6 in
mixture, the needle-like MoB (point1, 
was produced in sample-1. 

Figure 3. SEM analysis of the sam

As in sample3 with higher Fe2O3 (1.3
disappears and ternary boride of Mo
instead. The morphology of the produce
matrix phases in composites were obse
analysis methods. The formation of 
boride is confirmed by the EDS spectrom
Fig.4). The particles with a rectangular s
determined to be Mo2FeB2 (M3B2-type) 
the tetragonal crystal structure. The dispe
(point2, Fig.4) in the matrix were also de
MoFe by EDS analysis. The matrix 
consists of Fe-Al binary composition wi
Mo (about 12%wt) as shown in figure4 (
The average hardness values of thes
obtained from the Vickers hardness testi
from 5to 10 different points at 5N indent
The average hardness value reaches 885
3. The strength of composites 
reinforcement/matrix ratio and the perc
borides in the as-cast alloys. 

al slag consist of % 
O and % 0.01 Fe2O3

n starting materials 
Fig.3) binary phase 

mple 1 (x500)

3moles), MoB phase 
o2FeB2 was formed 
ed reinforcement and 
erved by SEM/EDS

Mo2FeB2 complex 
metry results (point1, 
shape (light gray) are 
ternary borides with 
ersed eutectic phases 
etected as iron-based 
(dark gray region) 

ith the dissolution of 
(point3).   
se composites were
ing of samples tested 
tation load. 
5HV±170 in sample-

depends on the 
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Figure 4. SEM analysis 

4. Conclusion 
The M3B2 complex boride 
FeAl matrix were produced b
this study, the effect of Fe
structure and composition of
Large differences were found
matrix hardness values rangin
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Abstract 

In this study production of strontium metal from its oxide 
was studied under the vacuum atmosphere via 
metallothermic process. In the experiments SrO which has 
99 % purity was used. Effects of Al powder addition, 
temperature changes and time were investigated on 
recovering of metallic strontium. Effects of BaO, CaO and 
CaC2 addition were also investigated. The final residues 
were examined for their chemical composition. XRD, AAS. 
More than 90 % of strontium metal recovery was observed. 

1. Introduction 

Strontium is an element which is used in many advanced 
technology applications. Barium strontium titanat, strontium 
bismuth titanat, and strontium bismuth tantalat thin films are 
promising materials in ferroelectric and Schottky-based 
microelectronics technologies, especially for memory 
applications. Physical vapor deposition (PVD) techniques as 
magnetron sputtering, thermal evaporation and molecular 
beam epitaxy (MBE) are the most widely used methods for 
growth of these thin films [1-3]. In these techniques high-
purity of Sr metal is used as evaporation sources and 
sputtering targets. Furthermore, metallic strontium is used as 
a "getter" in electron tubes, and as an alloying elements in 
aluminum alloys [4]. 

The most used Sr compound is SrCO3 and widespread 
process used in production of SrCO3  is the 
hydrometallurgical carbonation of celestite. Although there 
are considerable amount of Selestite reserves, SrCO3 and 
strontinum metal are not being produced in Turkey, yet [5]. 

Concentrated celestite (SrSO4) is conversed to SrCO3 in 
carbonate media. Black ash and direct conversion processes 
are currently used methods. There are many satisfactory 
studies about hydrometallurgical carbonation of celestite 
and decomposition of SrCO3 [6, 7]. Since strontium metal is 
prod 3 is need to be 
decomposed to SrO.   

Strontium is produced only by the thermal method for 
industrial use. Timminco Metals, Ontario, Canada used a 
method similar to the Pidgeon Process in the production of 
strontium. However complete details on the actual strontium 
production route is not determined clearly [8]. In this study, 
production of strontium metal from its oxide was studied. 
The present work aims to investigate the parameters 
effecting the aluminothermic reduction of SrO using 
aluminum metal.  In the experiments, charge composition, 
amount of reducing metal and time were taken as variables 
in order to obtain high recovery efficiencies. 

Theoretical investigations  

FactSage 6.4 program was used for thermodynamic 
calculations. During thermodynamic investigation firstly 
strontium oxide aluminothermic reduction were examined. 
According to Figure 1. Sr(g)
vacuum atmosphere. On the other hand there is an another 
phase SrOAl2O3(g) which reduces to Sr recoveries. 

Fig. 1: SrO Aluminothermic Reduction 

In order to obtain strontium metal at lower temperatures for 
Eq. 1, partial pressure of the strontium aluminate vapour 
and/or activity of Al should be lowered. For this aim, 
vacuum technique and additions of BaO for formation of a 
basic slag (BaO.Al2O3) are needed. Figure 2 exactly presents 
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amount of SrOAl2O3(g) phases are dramatically reduced and 
Sr(g) amount increased. 

Fig. 2: Effect of BaO on the SrO Aluminothermic Reduction 

3 SrO + 2Al + BaO = 3Sr + BaO.Al2O3                (Eq. 1) 

By using the FactSage 6.4 program the Figure 3 was 
simulated for aluminothermic reduction of SrO by Al 
powder with CaO addition also in order to eliminate 
strontium aluminate phases. As can be seen in the figure 3 
reduction of strontium oxide starts at around 970 0C and it 
totally reduced to metallic Sr under pressure of 1 mbar 
without SrOAl2O3. Reaction realize according to Equation 2. 

(g) +CaO + SrO Al2O3                (Eq. 2) 

Fig. 3: Effect of CaO on the SrO Aluminothermic Reduction                                 

2. Experimental Procedure 

Raw materials: In the experiments, synthetic SrO is used as 
strontium source. Al powder was used as reducing agent, 
CaO, CaC2 and BaO was used for slag formation.  

Reduction technique: The schematic diagram of the 
experimental set up was illustrated in  Fig. 4. The 
temperature was measured by 6RhPt-30RhPt (EL-18)
thermocouple. The reduction process was carried out in a 
retort made from Incoloy 800H/HT alloy [10]. In order to 
pump the retort for vacuum, a two stage compact rotary vane 
pump was used. 

The stoichiometric ratios of Al, BaO and CaO were together 
selected 100 %, 200 %  and 300 %, CaC2 selected 25 %, 50 
%, 75 %, 100 % and 200 %.   The desired weight ratios of 
SrO, BaO/CaO/CaC2 and Al metal powder were mixed 
thoroughly for different experimental sets.  The mixtures 
were weighted and briquetted.  Briquettes were put in an 
alumina boat.  The charged boat was inserted into the retort 
at room temperature.  After closing the retort cover, the 
inside pressure was decreased to 1-5 mbar.  In order to 
condensate the strontium vapour formed during the 
reduction reactions, a cooling copper tube was mounted at 
the retort cover.  After the furnace attained to the required 
temperature, the retort was inserted into the furnace.  Since 
the furnace temperature decreases after inserting the retort, 
initial time was started when the furnace reached the desired 
temperature. 

At the end of the reduction experiments, the retort was left 
in the furnace at the same vacuum values and was cooled to 
room temperature.  Then, the cover was opened and the 
condensed strontium metal on the cooling section and the 
residue left in the boat were weighted and analyzed 
chemically.  The degree of Sr metal recovery was calculated 
as 

Sr Recovery, % = 100  [(Wt x % Srt)/(W0 x % Sr0)] x 100 (Eq. 3) 

where Wt the weight of the residue at time t, % Srt the weight 
percent of the strontium in the residue at time t, W0 is the 
weight of the briquette, and % Sr0 the weight percentage of 
the strontium of the briquette. 

Fig. 4: Schematic diagram of experimental setup. 1- Furnace, 2- 
retort made from Incoloy 800H/HT alloy, 3-Briquetted charge, 4 Sr 
condensation section, 5-Cooling water in and out, 6-Vacuum 
connection, 7-Vacuum pump, 8-Digital pressure gauge, 9- EL 18 
thermocouple, 10-Ice water box, 11-Temperature measuring unit. 
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3. Results and Discussion 

 In the first experimental set, effects of time and the 
stoichiometric ratio of reducing agent on recovery were 
investigated in this work. The experiments results which 
were  and 1 mbar for 60, 120, 180 and 
240 minutes were shown in Fig. 5. It is clearly observed from 
Figure 5., 100 % stoic. ratios Sr recoveries are lower than 
other mixtures, to improve this values, 360 and 480 minutes 
experiments were applied for 100 % stoichiometric 
mixtures.
ratio of Al and BaO the recovery of strontium metal is 
increased. For example 40,1%  and 96,89 % of recovery of 
strontium is observed while the stoichiometric ratios of Al 
powder and BaO were 100 % and 300 % respectively.  

Fig. 5:  Effect of time on strontium recovery for different BaO 
stoic. 

After the BaO addition experiments, effect of CaO addition 
on the Sr recoveries were examined for different 
temperatures. The experiments results which were carried 
out at 120 min. and 1 mbar for 

were shown in Fig. 6. In parallel with the increase 
in temperature and CaO, Sr yield also increased. The highest 
Sr yield detected at 1250C 300 % stoic. experiment with 
84.34 %. 

Fig. 6:  Effect of temperature on strontium recovery for 
different CaO stoic.

In the last experimental set effect of CaC2 addition for 
different temperature on Sr recovery were investigated. The 

experiments results which were carried out at 240 min. and 
1 mbar for were 
shown in Fig. 7. CaC2 addition was firstly encourage the Sr(g)
formation after the 50 % stoic. addition it was reduced Sr 
recoveries. The highest Sr yield observed at 1250C 50% 
stoic. CaC2 set with 74.04 %. 

Fig. 7:  Effect of temperature on strontium recovery for different 
CaC2 stoic.

4. Conclusion 

On the basis of the results of the present study of 
aluminothermic reduction of SrO by Al powder under 1-5 
mbar pressure for different stoichiometric amount of 
reducing agent and time, following conclusions can be 
drawn: 

Highest Sr recoveries were determined as:  1) 96,89 % with 
addition of 300 % stoichiometric Al and BaO for 240 min.. 
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The presence of non-metallic inclusions in aluminium has become more critical with 

increasing demands on surface quality and low final wall thicknesses of products. Oxides, 

carbides, nitrides and borides are the most common non-metallic inclusions found in 

aluminium melts. Aluminium carbide particles are usually very small (<5um), however, they 

can have crucial impacts on mechanical and optical properties of products if they 

agglomerate. This work focuses on removing aluminium carbide particles by remelting, 

flotation and gas-solid reactions. The experiments have been performed in a 1 kg primary 

melt containing 30-50 ppm carbides, different gas mixtures were lanced through a ceramic 

porous media which generated bubbles in the melt. A removal efficiency up to 90% by 

remelting trials and a further removal up to 70% by flotation/reaction were achieved.
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Abstract 

We present this paper as an investigation of the 
theoretical and the industrial define of the processes 
for the metallic calcium production by 
metalothermic process in the vacuum atmosphere. In 
the experimental, Al is the only reductant that using 
for the metallothermic calcium production. In this 
study, effects of percentage of Al stoichiometry as a 
reductant, time variances of reduction and 
temperature of reduction were investigated. Because 
the reductant as a Al is high-cost reductant, so the 
process optimization is too important for the mass 
production of the metallic calcium with the Pidgeon 
Process. The experimentals were carried out at 

150%Al stoichiometry to produce metallic calcium 
from the residue of metallic magnesium production 
residue. Both raw materials and residue phases were 
characterized by using AAS (Atomic Absorption 
Spectrometry), XRD (X-Ray Diffraction 
Spectrometry) and chemical analysis techniques. 
Experimental results were investigated that to 
determine the highest efficiency of reduction 
conditions. From the results of this experiments, it 
was understood that the use of Al with the increasing 
stoichiometry increases the efficiency of the metallic 
calcium production with the increasing of reduction 
time. 

1. Introduction 

Calcium is a shiny silver-white metal and it is quite 
ductile and soft. Calcium metal is oxidizing 
immediately in the air of moisture or above the 

readily reacts with water to form calcium hydroxide. 
This 

in an inert atmosphere or under vacuum. Calcium is 
never existing naturally freely due to the chemical 
reactivity with oxygen. Main calcium containing 
minerals are; the three carbonates calcite, aragonite 

and dolomite; the sulphates gypsum and anhydrite; 
and fluorites in the form of fluorite or fluorspar. The 
main component of the sedimentary rock samples as 
limestone, chalk, marble, dolomite to the egg shell 
and pearl are calcite formation. In addition, the 
limestone mineral is the most common source of 
metallic calcium production [2,3]. 

Calcium resource is plentiful and the most important 
are calcite, dolomite, gypsum and anhydride. The 
major country of industrial scale calcium producers 
are Russia, China, America and France.  Russian 
calcium production facilities are producing 4000 
tons of metallic calcium annually. China as a main 
producer has increased the amount of calcium 
production in last 5-6 years, and the common reason 
for this increasing is related with there were only two 
companies producing the calcium with the 
electrolytic way in 1960's but later then production 
by aluminothermic process has been starting and lots 
of companies has started the metallic calcium 
production. China is currently producing 30000-
35000 tons of calcium with aluminothermic 
production method while they are still produces 
4000-6000 tons of calcium using electrolytic 
process. USA produces approximately 1000-2000 
tons of calcium using the aluminothermic method. 
Also France has facilities for the production of 
calcium metal but they aren't producing for now. The 
reserves of the calcium are almost unlimited due to 
the presence of living organisms [4,5,6]. 

For the first time in 1808, calcium was obtained by 
the electrolysis of the anhydrous, molten calcium 
chloride [7]. The first aluminothermic process is 
developed by the Goldschmidt in 1898 with the 
reduction of the metal oxides by a metal exchange 
reaction. This process enhances significance in the 
extraction technology of refractory metals [8]. In 
times, the electrolysis method of production calcium 
left its place to the metalothermic reduction process. 
Nowadays pure calcium metal is obtained by the 
industrial scale metalothermic reduction of calcium 
oxide with the aluminum [3,9]. The mixture of the 
calcium oxide and the aluminum powder is heated 
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gins producing 
calcium metal [10]. Thermit word is described the 
exothermic reactions of the metallic oxides with the 
aluminum form of the aluminum oxide and metals or 
alloys. This kind of process release huge heat and its 
sufficient way to heat the product phases above their 
melting points. Recently thermite reaction described 
as a broader class of reactions. And we also defined 
it as a metal reacting with a metallic or a non-
metallic oxide to produce more stable or 
corresponding metal. The form of the general 
reduction reaction could be written in a form of 
general as shown by Equation 1 [11]. 

 A + (1) 

M is a metal or an alloy and A is metal or non-metal, 

is generated by the reaction. 

In aluminothermic Ca production processes, 
aluminum or Aluminum based materials are used as 
the reductant of CaO based raw materials. Reduction 
of Ca is carried out at high temperatures under 
vacuum atmosphere. Ca is in the gas phase at 
reduction temperatures. The general reaction is 
shown by the Equation 2. 

2O3 (2) 

The first calcium production is conducted via the 
Pidgeon Process which they were used aluminum as 
a reducing material.  

under vacuum atmosphere. The stochiometry of 
aluminum had been taken %100, %110 and %120 
respectively. And the 100 pounds of retort recoveries 
are obtained %85,8, %92,0 and %96,0 of calcium 
have been observed. Heating cycles of the 
experimentals are 12, 17 and 24 hours respectively 
[12].  

2. Experimental Procedure 

Raw material was provided by domestic sources of 
Mg reduction residue for using as a calcium source. 
Residue was analyzed by using chemical analysis 
and AAS (Perkin Elmer Analyst 800) techniques.  

Chemical analysis of residue is given in Table 1. and 
Al (min. %99,5 by wt.) was also employed as a 
reductant. 

Table 1. Chemical analysis of Mg 
production residue. 

CaO MgO Al2O3 Fe2O3 SiO2 Na2O K2O
57.65 3.68 0.35 5.55 28.35 0.57 0.18 

The XRD pattern of residue was obtained by using 
PANalytical PW3040/60 XRD. XRD pattern is 

given in Figure 1. The residue comprises mainly 
CaO and SiO2 according to the XRD pattern. 

Figure 1. X-ray diffraction (XRD) pattern of raw 
materials of residue. 

Stainless steel with the shape of cylindrical retort 
was used as a pot in the experimentals. The calcium 
metal was vaporized and the residue was stand into 
the retort inside of the ceramic base.  To achieve the 
vacuum atmosphere inside of the retort, dual stage 
rotary vane mechanical vacuum pump Edwards 8 
E2M8 Rotary Vane Dual Stage Mechanical Vacuum 
Pump used which can hold a final pressure of 1x10-3

mbar.  
The furnace has SiC resistance and the retort was 
externally heated at maximum temperature of 

be found elsewhere [15]. Experiments of the 

100%Al, 125%Al and 150%Al stoichiometry of 
reductant and the times depends on 60-120-180-240 
minutes. Final stage of the reduction, the steel retort 
was left to cooling up into the furnace at the exact 
same vacuum values and it was continued until the 
room temperature. After that the cover was opened it 
up and the residue left in the ceramic base were 
weighted and analyzed. The level of Ca metal 
recovery was calculated from residue by using the 
equation was given below. 

Ca recovery % (from residue) = {[(Ca0% x W0)
(Ca1% x W1)]/ (Ca0% x W0)} x 100    (3) 

Where W0 is the weight of raw materials, Ca0% is 
the weight percentage of calcium in raw materials, 
W1 is the weight of residue, and Ca1% is the weight 
percentage of calcium in residue. 

In this study, experimental procedures were setup to 
investigate the effects of reductants on the Pidgeon 
Process with the changing of the stoichiometry of Al 
and the time. At first experimental setup, the change 
of Ca recovery was investigated with the 100%Al 
reductant while increasing the reduction time. 
Secondly, 125%Al reductant stoichiomerty was used 
with the increasing of the reduction time. Thirdly, 
150%Al reductant stoichiomerty was used with the 
increasing of the reduction time. All experimental 
setups were conducted with 1 liter retort and 
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minutes and increased to 240 minutes step by step. 
Average process pressure was about 0.5 mbar. 

3. Results and Discussion 

Experimental trials began with the theoretical 
requirement 100%Al stoichiometric reductant and 
time effect was investigated for calcium reduction at 

production residue and 100%Al stoichiometric 
powder mixtures were prepared and experiments 
were conducted the same amount of mixtures value 
of 9g. And the recovery rate of calcium was 
calculated from the residue. It was obviousely seen 
that the 100%Al reductand and the extended time 
was not affect the recovery rate of calcium.  

The recovery rate results were 3% to 19% at first 

125%Al the recovery rate results were 5% to 21% at 

150%Al the recovery rate results were 5% to 20% at 
second experimentals. That showed us the amount of 
the reductant was not enough for getting Ca 
reduction with the high recovery rates. 

recovery was detected for the charge amount of 9g, 
150%Al stoichiometr
22%. In these experiments, the crown type of Ca 
could not be collected. Figure 2 shows that the Ca 
amounts in residues and Ca recovery rates for Al 
reductant with increasing stoichiometry and process 

e difference is evaluated 
between the Ca recovery rates were increasing with 
the time and Al stoichiomerty increasing.  

The recovery rate results were 7% to 20% at first 

125%Al the recovery rate results were 6% to 20% at 

150%Al the recovery rate results were 11% to 22% 
at second experimentals. That showed us the amount 
of the reductant was not enough for getting Ca 
reduction with the high recovery rates. 

In the t
CaO amount in residue was obtained in the 
experiment conducted with 150%Al and 240 
minutes recovery rate %68.  

The recovery rate results were 25% to 60% at first 

125%Al the recovery rate results were 36% to 67% 
at second experimentals.  

very 
rate results were 37% to 72% at second 
experimentals. That showed us the amount of the 
reductant was enough for getting Ca reduction with 
the high recovery rates. 

Figure 2. Ca recovery rates for Al reductant with 
increasing stoichiometry and process duration at 

480 min 
under 1 mbar. 

5. Conclusion 

The reduction of the magnesium production residue 
raw materials were investigated by using different 
reductant stoichiometry of 100%Al, 125%Al and 

the process durations between 60 to 240 minutes. In 
accordance with the results of experimental studies, 
the highest Ca recovery from residue obtained at the 
experiment with 9 g charge weight, 150% 

reduction time, therefore highest recovery rate was 
investigated that 68%. Despite the high cost of Al as 
a reductant for the metallothermic reduction of 
calcium, the optimization of the process is too 
important for the mass production expenses. The 
experimental results showed us that the time 
increased 60 minutes to 240 minutes, recovery rate 
of Ca increased. For instance, 150%Al stoichiometry 
60 minutes has recovery ratio about 37% meanwhile 
150%Al 240minutes Ca recovery ratio is increased 

most effective parameters of the reduction of 

these conditions makes this process more adequate 
for economic concern of mass production. 
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Abstract 

Aluminum has become a material seen in all aspects of daily life 
thanks to it has low density, high strength, high elasticity, 
recyclability, high resistance to corrosion, easy workability, high 
heat and electrical conductivity, light and heat reflectivity and 
environmental friendliness.  One of the economical methods of 
producing aluminum sheet is continuous casting technique with 
twin roll casting. The sheets produced by this technique are 
subjected to the cold rolling process after the casting process. Since 
the processing alloys cast by twin roll casting can not be hardened 
by heat treatment, the most important factor in the hardening 
process is mechanical processes. 
In this study, The effects of the rate of deformation, the speed of 
tensile test and rolling direction in 3XXX series wrought 
processing alloys on engineering yield and tensile stresses, true 
tensile and yield stresses, strain hardening exponent, strain rate 
sensitivity exponent, elastic modulus, plastic modules are 
investigated. The mathematical models are created with using three  
factors (The Speed of Tensile Test, Deformation Rate, Rolling 
Direction) for four difeerent responses (True Tensile Stress, True 
Yield Stress, True Tensile Strain, True Yield Strain). 

1. INTRODUCTION 

1.1. Physical Bases of The Study 

3XXX Aluminum alloy stands out for its high formability in 
aluminum processing alloys. This alloy has a particularly high deep 
drawing capabiling, high ductility as well as high strength 
properties that make it rigid material. One of the economical 
production methods of this material is the twin roll casting 
production technique. The microstructure image of the 3XXX plate 
alloy formed by twin roll casting is as follows: 

Figure 1: Microstructure Image in Twin Casting Process [1] 
In the twin roll casting process, the cross section of the slab is 
narrow, the liquid is in direct contact with the steel ascast sheet 
(roll), and the rolling at the same time during solidification causes 
the longitudinal expansion of the graines. This heterogeneity is 
enhanced by the cold rolling process that follows. Even if the 
negative effects are tried to be reduced by the annealing casting 
process, that can not be solved completely. 

One of the most common methods of determining mechanical 
properties in metallic materials is the tensile test. The tensile test 
results are affected from the casting conditions as well as the 
amount of deformation of the material, deformation rate and 
tensile-rolling direction. 

As the amount of deformation increases, the grain size decreases 
and the density of dislocations increases, so that the yield and 
tensile strengths are known usually as higher than normal values. 

The plastic deformation of multicrystalline materials occurs due to 
grain boundary shift and spreading creep. However, grain boundary 
shifts and shear mechanism are not suitable for deformation at very 
high rates applied at room temperature, as they are mechanisms that 
occur at very high temperatures and at very low rates of 
deformation. The most effective mechanism for plastic deformation 
of FCC crystal materials is  plain shift [2-3-4-5]. 

Deformation rate is known to be less effective in FCC crystal 
structure metals than other metals in experiments at room 
temperature [6]. 

Another parameter is the rolling direction. Studies show that the  
tensile test for the  gives the highest results 
(tensile, yield strength) and tensile test for  45  rolling direction 
gives the lowest results [7]. 

1.2. Mathematical Bases of The Study 

The formulas used to calculate the material constants as a result of 
the mechanical deformation of the materials are as follows; 

                                                                                           (1) 

                                                                                     (2) 
                                                                                                                                     (3)

                                                                                              (4) 
                                                               (5) 
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                                                                                     (6) 

                                                                        (7) 

                                                                                    (8) 

                                                                 (9) 

=                                                                                           (10) 
m(1+e)                                                                               (11)  
                                                                                        (12) 

                                                                      (13)  
                                                                                                                      (14) 

Terms and abbreviations in equations are at follows; 
Engineering Tensile Stress , T: True Tensile Stress, A: Area, e:
Engineering Strain,  True Strain,  Deformation Rate, Lo: Length 
(t = 0), Li: Length (t = i), m: Strain Rate Sevsitivity, n: Strain 
Hardening Coefficient, D: Material Factor  

2. Materials and Methods 

2.1.  Sample Preperation 

Optic Emission (OE) Spectrometry analysis results of the samples 
that used in experiments are showed in Table 1. OES analysis 
confirmed that the chemical composition of the samples is 3XXX. 

Table 1. OES Analysis of 3XXX Samples
Si Fe Cu Mn Mg Zn Ti Al 

0,222 0,542 0,075 1,195 0,817 0,028 0,028 96,99 

 to rolling direction were taken 
from each sample set. A schematic representation of the taking 
sample process is given in Figure 2. 

Sample sets are prepared by the processes given in Figure 3. 

Figure 3: The Process of Sample Set Preparation

2.2. Method of Experiments 

The samples were subjected to plastic deformation at 0%, 20%, 
40%, 60% and 80% and get for were 
subjected to the tensile test at 0.00074, 0.00223, 0.0067, 0.0201 and 
0.603 s-1, and a total of 75 experiments were repeated 3 times. 

2.3. Method of Analysis 

Response surface methodology is the total of statistical and 
mathematical methods that are useful for the modeling and 
analyzing engineering problems. In this technique, the main 
purpose is to optimize the response that is influenced by various 
parameters. Response surface methodology also quantifies the 
relationship between the controllable input parameters and the 
obtained response surface. 
The design procedure of response surface methodology follows as 
below used items. 
(i) Determining of a series of experiments for convincing 
measurement of the response. 
(ii) Developing a mathematical model through the instrument of 
regression and variance analysis. 
(iii) Determining optimal set of experimental parameters that 
produce a maximum or minimum value of response. 
(iv)Putting forth the direct and interactive effects of process 
parameters on the response through two and three dimensional 
plots. 

The most commonly used types of surface response methodologies 
are the central composite design and the box behnken (BB) design. 
The BB  design is a quadratic design in that it does not comprise an 
embedded or fractional factorial design. In this design the operation 

     Figure 2: The Samples Position Based on Rolling Direction 
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combinations are at the midpoints of edges of the process space and 
at the center. These designs require 3 levels of each factor. BB 
designs are more limited in orthogonal blocking than central 
composite designs. 

Figure 4. Box Behnken design. (a) The design, as derived from a  
cube; (b)representation as interlocking 22 factorial experiments [9] 

BB design requires an experiment number according to N = k2 + k 
+ cp, where (k) is the factor (parameter) number and (cp) is the 
repetition number of the central point. BB is a spherical, revolving 
design. Thanks to that it can be viewed as a cube (Fig 4.). It consists 
of a central point and the middle points of the edges. However, it 
can also be viewed as consisting of three interlocking 22 factorial 
design and a central point (Fig.4 (b)). [9,10] 

In this study, the response surface methodology was used for 
finding out the relationship between the response functions (True 
Tensile Stress, True Yield Stress, True Tensile Strain and True 
Yield Strain) and variables (The speed of tensile test, Deformation 
ratio, Rolling direction).  Minitab 17 was used for mentioned 
experimental design and mathematical modelling. 

3. Results and Discussion 

3.1. Results of Tensile Tests and Determining of Coefficients 

Basically, engineering values were obtained by using the formulas 
specified in equations 1 and 2 for the calculation of yield and tensile 
stress values. Formulas 9, 10, 11 are used to calculate true values 
with equations 4 - 8 by keeping volume change constant while 
calculating values such as true yield stress, true tensile stress, true 
strain of materials. Equations 12-14 are used in the derivation and 
calculation of D, m and n values.  
According to tensile test results, coefficients (D, m and n) are 
determined and showed in Table 2. 

Table 

2.

Tensile 

Test 
Results and Calculated Coefficients 
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3.2. Results of Experimental Design and Mathematical 
Modelling 

Three values can be specified for a factor when the method 
variables generate a response according to the maximum minimum 
and the data in the center. These variables are shown in table 3.

Table 3. Independent Variables For BB Design
(-1) (0) (1) 

The Speed of Tensile Test (V) 0,00074 0,0067 0,0603 
Deformation Ratio (D) 0 40 80 
Rolling Direction (R) 0 45 90 

3.2.1. Variance Analysis of Variables and Regression 
Equations for Each Response 

3.2.1.1. Response Surface Regression: True Tensile Strain  
versus The Speed of Tensile Test (1/s); Rolling Direction; 
Deformation Ratio (%)  

The P-values, R-sq and Regression equations obtained from the 
analysis of the experimental results in the Response Surface 
Method.

   

True Strain (Tensile) = 0,001069 + 0,0155*V- 0,000010*R 
+ 0,000061*D- 0,175*V*V+ 0,0*R*R-
0,0*D*D+ 0,000070*V*R-0,000314*V*D  0,0*R*D 

3.2.1.2. Response Surface Regression: True Yield Strain  
versus The Speed of Tensile Test; Rolling Direction; 
Deformation Ratio 

True Strain (Yield) = 0,11321 + 0,913*V  - 0,000133*R-
0,004588*D-9,59 V*V+ 0,000001*R*R 0,000043 D*D-
0,00028*V *R-0,00480*V *D + 0,000000*R*D 

3.2.1.3. Response Surface Regression: True Yield Stress 
versus The Speed of Tensile Test; Rolling Direction; 
Deformation Ratio 

Source                                      

Model                                                                0,000

Linear                        0,000

    The Speed of Tensile Test                         0,385

0,895

    Deformation rate (%)                                  0,000

  Square                      0,503

    The Speed of Tensile Test*The Speed of Tensile Test       0,666

0,142

    Deformation rate (%)*Deformation rate (%)                     0,940

  2-Way Interaction                          0,108

0,624

    The Speed of Tensile Test*Deformation rate (%)               0,093

0,080

Error

Total

S  R-sq  R-sq(adj)    R-sq(pred)
0,0010008 67,33% 62,74% 57,92%

Model Summary

  Source                                    

Model                                                      0,000

Linear                                                  0,000

    The Speed of Tensile Test                             0,251

0,828

    Deformation rate (%)                                   0,000

Square                                                   0,000

    The Speed of Tensile Test*The Speed of Tensile Test     0,249

0,578
    Deformation rate (%)*Deformation rate (%)                    0,000
  2-Way Interaction               0,651

0,924

    The Speed of Tensile Test*Deformation rate (%)         0,205

0,995

Error

Total

S  R-sq  R-sq(adj)    R-sq(pred)
0,0204113 85,13% 83,04% 79,75%

Model Summary
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True Yield Strength = 103,82  124*V - 0,344*R + 4,820*D 
+ 358*V*V+ 0,00426*R*R - 0,02767*D*D+ 1,78*V*R 
+ 0,20*V*D - 0,00303*R*D 

3.2.1.4. Response Surface Regression: True Tensile Stress 
versus The Speed of Tensile Test; Rolling Direction; 
Deformation Ratio 

   

True Tensile Stress = 208,85 + 6*V - 0,3157*R + 0,9514*D-
102*V*V + 0,003003*R*R 
+ 0,009301*D*D+ 0,652*V*R- 1,329*V*D- 0,001856*R*D 

Based on all these assumptions, modeling of responses using 3 
different factors, R-sq coefficient for true yield stress(92.53%), true 
tensile stress(98.51%), true yield strain(79.75%) indicate the 
avaliability of the model. However creating model for true tensile 
strain (57.92%) is determined to be not valid.   

3.2.2. The Effects of Variables on Different Responses 

3.2.2.1. The Effect Of Variables on True Yield Strain 

When the True Yield Strain is selected as the response in the BB 
method used for modeling, the result of the variance analysis is 
found to be the speed of tensile test and deformation rate of the 
variables that had the more effective on the determined response. 
Accordingly, in the graph of contour plot in Figure 5, the yield 
strain is decreased with the increase of the deformation rate at the 
same speed of tensile test value. With the increase of the 
deformation rate, it can be deduced that the value of the yield strain 
value is more influenced by the speed of the tensile test variable. 
The R-sq value of this model is 79.75%. The interpretations from 
the graph conform to the experimental results.

Figure  5. Contour Plot Graphs for True Yield Strain vs The 
Speed of Tensile Test; Deformation Rate 

3.2.2.2. The Effect of Variables on True Yield Stress  

Source                                       

Model                                                     0,000

  Linear                                                 0,000

    The Speed of Tensile Test                            0,893

0,690

    Deformation rate (%)                                 0,000

Square                                                0,000

    The Speed of Tensile Test*The Speed of Tensile Test      0,963
0,073

    Deformation rate (%)*Deformation rate (%)               0,000

  2-Way Interaction                                      0,498

0,517

    The Speed of Tensile Test*Deformation rate (%)        0,954

0,164

Error                          

Total                         

S  R-sq  R-sq(adj)    R-sq(pred)
19,2685 94,31% 93,51% 92,53%

Model Summary

S  R-sq  R-sq(adj)    R-sq(pred)
5,11692 98,93% 98,78% 98,51%

Model Summary

Source                                       

Model                                                                 0,000

  Linear                                                0,000

    The Speed of Tensile Test                         0,379

0,000

    Deformation rate (%)                                  0,000

  Square                                                 0,000

    The Speed of Tensile Test*The Speed of Tensile Test   0,961

0,000

    Deformation rate (%)*Deformation rate (%)             0,000

  2-Way Interaction                                       0,007

0,371

    The Speed of Tensile Test*Deformation rate (%)        0,163

0,002

Error                         

Total                         
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When True Yield Stress is selected as the response in the modeling, 
the variables more affecting the response are the rolling direction 
and the deformation rate. The R-sq value of the model is 92.53%. 
In contour plot plot drawn depending on these variables, True Yield 
Stress value increases with increase of deformation rate. At high 
deformation rates, response is more affected than rolling direction. 
The interpretations for the graph correspond to the experimental 
results.

Figure 6. Contour Plot Graphs for True Yield Stess vs Rolling 
Direction; Deformation Rate 

3.2.2.3. The Effect of Variables on True Tensile Stress  

When the True Tensile Test is selected as the response in the 
modeling process, it is seen that the variables affecting the resultant 
variance analysis are Rolling Direction and Deformation Rate. In 
the graph of the contour plot in Figure 7 drawn by these variables, 
it is observed that the true tensile stress value of the unit increases 
by increasing the deformation rate. The effect of the rolling 
direction variable is greater at high deformation rate rates. The R-
sq value of the model is 98.78%. Interpretations for the graph are 
in accordance with experimental results. 

Figure 7. Contour Plot Graphs for True Tensile Stress vs Rolling 
Direction; Deformation Rate 

CONCLUSION 

1- The P-values, R-sq and Regression equations 
obtained from the variance and regression analysis of the 

experimental results in the Response Surface Method. The 
mathematical models with using three  factors (The Speed of 
Tensile Test, Deformation Rate, Rolling Direction) for four 
difeerent responses (True Tensile Stress, True Yield Stress, 
True Tensile Strain, True Yield Strain) are created. According 
to R-sq coefficient, for true yield stress(92.53%), true tensile 
stress(98.51%), true yield strain(79.75%) indicate the 
avaliability of the model. However creating model for true 
tensile strain (57.92%) is determined to be not valid.    

2- According to experimental results of tensile tests and 
calculated true stress and strain values, when deformation rate 
is increased, true tensile and yield stresses increase, true tensile 
and yield strains decrease. Another factor is rolling direction. 
When s values are the highest 
and true strain values lowest on constant deformation rate and 
constant speed of tensile test. Finally, if other variables is held 
constant, the rate of tensile test does not appear to cause a 
dramatic change in true stress and strain values. 

3-  The D, m and n values of the material are derived 
from the Ludwig equation (3). As the deformation rate of the 
material increases, the average D value increases and the 
average value of n decreases. m-values are not changing 
depending on the speed of tensile test because of that 
experiments were carried out at room temperature. Also m 
values decrease as the deformation rate increases. 

4- The non-linearity in the derived m and n values is 
indicative of the deformation of the material was occured by 
sliding in the grain [111] plane in the FCC crystal structure 
rather than the grain boundaries. Breakages were made by 
transgranular mechanism. [2,3] 

Future work; 

By the tensile tests performed at different temperatures and for 
different aloys, the changes in mechanical stress and stain values of 
the material and the changes in stain rate sensitivity (m), stain 
hardening exponent (n) and material constant (D) values can be 
examined in the future works.
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Abstract 

Aluminum alloys are widely used especially in aircraft and 
automobile industries due to their high mechanical 
performance in combination with low density. Processes 
that improve mechanical properties of these alloys are 
generally well determined. However, increasing the 
strength of an aluminum alloy generally results in the 
decreased corrosion resistance due to the nature of the 
precipitates present. There are several researches in the 
literature on increasing strength without sacrificing 
corrosion resistance for aluminum alloys such as 7075 and 
2024. However, there is not any study on AA2048, to the 
best of our knowledge. The aim of this study is to optimize 
the strength with corrosion resistance for AA 2048. 
Retrogression and re-aging heat treatment is found to be 
suitable for this aim. Since the data on artificial aging 
behavior of AA2048 was not well established in literature, 
first of all, the aging curve was determined by hardness 
measurements. Afterwards, retrogression was applied on 
naturally aged AA2048 at 250 °C, followed by re-aging at 
200oC for varying time. The effects of applied heat 
treatments were characterized by hardness measurements 
as well as corrosion tests.   

1. Introduction 

Aluminum alloys are the most commonly used alloys 
among the non-ferrous alloys because of their high 
corrosion resistance at atmospheric conditions, high 
specific strength, relatively good fracture toughness and 
comparatively low cost [1-2]. Especially, 2XXX and 
7XXX series aluminum alloys are widely used in 
aerospace industry [3]. 

2XXX series belong to the heat-treatable, wrought 
aluminum alloys. Since the high strength levels can be 
attained under peak-aging conditions, corrosion resistance 
of these alloys is commonly low due to the nature of the 
precipitates [4]. Retrogression and re-aging (RRA) is a 
common technique, which is used to optimize the strength 
and corrosion resistance of aluminum alloys. There are 
several studies in the literature about the retrogression and  

re-aging of aluminum alloys such as 2024 and 7075 alloys 
[5,6,7,8]. However, there is not any study on 2048 alloy 
even though it has better corrosion resistance than 2024 
alloy with a comparable strength. Therefore, the aim of 
this study is to establish a heat treatment route that will 
optimize the strength and corrosion resistance of 2048 
alloy. For this purpose, the effect of retrogression as well 
as re-aging treatment for varying time periods has been 
analyzed by employing hardness and corrosion tests. 
Moreover, microstructural characterization was 
performed to support the test results. 

2. Experimental Procedure 

Commercial 2048-T351 alloy (solution heat treated, stress 
relieved by stretching) have been purchased from Seykoç 
Alüminyum Paz. ve 
with a length of 100 mm, width of 50 mm and thickness of 
10 mm. Elemental analysis of the plates has been 
conducted by UV-VIS Spectrometer (SPECTROMAXx, 
Spectro Analytical Instruments GmbH, Germany). The 
average of 5 measurements has been given in Table 1.  

Table 1. Quantitative analysis result of 2048 plate 
(values are given in wt%). 

Al Cu Mg Mn Fe Si 
94,1 3,44 1,43 0,502 0,12 0,0494 

2.1. Heat Treatment 

Solutionizing of 2048 plates were performed at 500 C for 
16 hours. After solutionizing, plates were kept at room 
temperature for 5 days since hardness was stabilized at 129 
HV after 5 days of natural aging. Retrogression and re-
aging (RRA) treatment was applied to naturally aged 2048 
alloy by considering the literature on RRA of 2024 alloy 
[4]. Retrogression temperature was selected as 250 C. 
Since the retrogression treatment results in a decrease in 
hardness due to the big and incoherent precipitate 
formation especially at the grain boundaries, the optimum 
retrogression time was determined by hardness 
measurements taken after retrogression for varying time.   
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The general trend in retrogression and re-aging treatment 
is to apply T6 heat treatment as the re-aging [6, 9, 10].
Therefore, artificial aging was applied at 200 C up to 24 
hours to find the peak aging condition. The peak hardness 
of 146 HV was attained after aging at 200 C for 18 hours 
(Table 2). Accordingly, the re-aging treatment was 
conducted at 200 C for varying time periods. 

Table 2. The change of hardness with artificial aging 
time. 

Aging Time (h) Hardness (HV) 
6

12 
18 

132 
137 
146 

24 127 

2.2 Characterization

After each treatment, hardness values were measured with 
Vickers micro hardness (M1C 010, EMCO-TEST, 
Austria) to analyze the effect of heat treatment on the 
strength of 2048 alloy. The average of at least 5 
measurements was used to determine the hardness value. 

Since the main aim of the retrogression and re-aging 
treatment is to optimize the strength with the corrosion 
resistance, 2048 alloys with varying processing history 
(Table 3) have been subjected to corrosion tests. For this 
purpose, the surface of the corrosion test specimens was 
finely ground and coated with paraffin remaining an open 
surface area of 10 mm x 10 mm. 3.5 wt% NaCl solution 
was used as the corrosive medium and the weight losses 
were measured during 3 days. 2048 alloy, which was 
artificially aged for 18 hours (peak-aged), was also 
subjected to corrosion test in order to be used as the 
reference.

 Table 3. Heat treatment history of 2048 alloys, which 
were subjected to corrosion tests. 

Furthermore, optical microscope (Primotech, Zeiss, 
Germany) was employed in the evaluation of the 
microstructures attained after various treatments. 

3. Results and Discussion 

As it was given in Figure 1, increasing retrogression time 
from 30 min to 1 h at 250 C did not result in a pronounced 
change in hardness. 

Figure 1. The change of hardness with retrogression time. 

The optical micrographs, on the other hand, indicated that 
precipitation at the grain boundaries has started after 45 
minutes of retrogression (Figure 2). Accordingly, re-aging 
treatment was conducted at 200 C for varying time 
periods after retrogression at 250 C for 45 minutes.

(a) 
Figure 2. Optical micrographs of 2048 alloys after 

retrogression for (a) 30 min, (b) 45 min followed by 10h 
re-aging. 

Specimen 
nb. 

Retrogression 
time 
(min) 

Re-aging time 
(h)

1 30 10
2 45 1
3 45 5
4 45 10
5 45 12
6 Peak-aged (reference) 
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(b) 
Figure 2. Optical micrographs of 2048 alloys after 

retrogression for (a) 30 min, (b) 45 min followed by 10h 
re-aging. 

The dark regions, which were distributed randomly on the 
surface, cannot be eliminated during the surface 
preparation and should not be mistakenly considered as 
precipitates. 

The average hardness values after re-aging treatment were 
measured as 122 HV and 132 HV for 1 and 5 hours of re-
aging, respectively. The hardness was decreased to 126 
HV and 129 HV after re-aging for 10 and 12 hours, 
respectively (Figure 3). Since the prolonged aging at 200 
C did not result in better hardness values, it was 

concluded that the optimum re-aging time is 5 hours.

Figure 3.  The effect of re-aging time on the hardness of 
2048 alloy. 

The optical micrographs of 2048 alloy, which was re-aged 
for 5 h, revealed that there were big precipitates at grain 

boundaries in addition to homogeneously distributed small 
precipitates inside the grains (Figure 4). The big 
precipitates were thought to be  precipitates while the 
smaller ones were [11]. 

(a) 

(b) 

Figure 4. Optical micrographs of 2048 alloy after 5h re-
aging: (a) 500X and (b) 1000X magnification. 

After evaluation of the relative strength values with 
hardness tests, 2048 alloys with various heat treatment 
histories were subjected to corrosion tests. The change of 
weight loss with continued immersion up to 3 days was 
given in Figure 4. All 2048 alloys have displayed better 
corrosion resistance with respect to peak-aged one after 
RRA treatment. However, the best corrosion resistance 
was displayed by 2048 alloy, which was re-aged for 5 h.  
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Figure 5. Weight losses (mg/cm2) due to corrosion after 
various heat treatments. 

When the results of hardness measurements were 
considered in combination with that of corrosion tests, it 
can be concluded that the optimum hardness and 
corrosion resistance can be attained after retrogression at 
250 C for 45 minutes followed by re-aging at 200 C for 
5 hours. Moreover, it was observed that the weight loss 
due to corrosion was found to be decreased ~60% of the 
peak-aged alloy with RRA treatment.

4. Conclusions 

In the present study, the effects of retrogression and re-
aging treatment on hardness and corrosion resistance of 
2048 alloy has been investigated and following 
conclusions were deduced: 

1. Optimum retrogression was achieved at 250 C after 
45 minutes. 

2. The microstructure taken after re-aging treatment 
has revealed the presence of both big precipitates 
segregated at grain boundaries and small 
precipitates, which were homogeneously distributed 
inside the grains. 

3. Both maximum hardness and corrosion resistance 
was attained by 5 hours of re-aging.  

4. The weight loss due to corrosion was reduced to 
~60% of the peak-aged alloy with RRA treatment. 
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Abstract

This study aimed to save weight without 
compromising on the functions and the mechanical 
requirements of the trunk lid goose-neck hinges 
made of steel by substituting with tubular extrudites 
made of AA6082 alloy. The key problem involved 
the behavior of the welded joints following bending 
and press forming operations in the alloy employed 
that showed natural ageing. A thorough 
optimization study finally led to a weight saving 
ratios of about 52-56% depending on the tubular 
profile shape.

1. Introduction 

AA6xxx series offers medium-to-high strength 
levels and occupies a central position in the banana-
chart of aluminum alloys (Fig.1) [1]. Better-known 
as an age-hardenable aluminum alloy series, the 
specific yield strength of 6xxx alloys can be 
comparable to the ultimate tensile strength of some 
boron steels (Fig.2) [1]. Semi-products made of 
6xxx alloys necessitates T4 condition prior to 
shaping into the final forms, while the final 
mechanical properties achieved through artificial 
ageing [2-4].  A6082 with its excess Si offers better 
formability and strength combinations as compared 
to its sister alloys in the same series that contains 
higher Mg/Si ratios [4]. It is also worth noting that 

chemical composition ranges for any member of an 
Al alloy group, as is the case for AA6xxx, is quite 
wide and consequently the specific composition of 
any Al alloy may show compositional differences 
as compared to its equivalent depending on the 
producer. Furthermore, the alloys of the series show 
room temperature ageing as well, and consequently 
the artificial ageing response can be different than 
expected [5]. Such differences reflect upon the 
properties of the products. In addition, there exist 
differences in downstream processing conditions 
from one company to the other during part 
productions. Consequently, production lines may 
well have to experiment to come up with the best 
solution for their case. 

Trunk lid hinges come in three types, of those, the 
goose-neck type is the one which is more frequently 
used. This type of hinge, being in tubular or hollow 
profile form, is at one end attached to the trunk lid 
and the other end attached to the body with a 
bracket that enables free movement in the rotational 
axis. Goose-neck trunk lid hinges, being more 
voluminous and therefore heavier as compared to 
other types, are suitable both for substitution with 
new mechanisms that provide the same 
functionality as well as for weight-reduction 
attempts. 

This study aimed to substitute the existing two 
types of, tubular and hollow square profile, goose-
neck steel materials with AA6082-T4 in order to 
meet the same requirements after forming 
operations (bending and pressing) and to achieve 
some weight saving in assembled state.  

2. Experimental 

Naturally aged semi-products purchased from Onat 
Profil Co. and having the composition given in 
Table 1 were employed. Welded joints on A6082-
T4 samples were made by using TPS 320i C 
PULSE /4R/FSC type MIG machine, employing 
76Amp and 30V with Al 4043, and 73 Amp and 
30V Al 5356 filler wire of 1mm Ø. The chemical 
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composition and the mechanical properties of the filler material are given in Table 2 and 3. 

 Figure 1. Banana-chart of aluminum alloys used in automotive.[1] 

Figure 2.  Comparison of   specific strength of 6xxx series with some steels. [1]

Table 1. Composition of AA6082 extrudites. 
(wt.%) 

Si Fe Cu Mn Mg Ti Al 
0.85 0.25 0.04 0.041 0.79 0.01 97.40

Table 2. Al 4043 Filler wire chemical composition. 

MIG 
wire Mg Mn Cr Ti Si Al 

Al 
4043

   4.5-
6.0 Bal. 

Al 
5356

4.50-
5.50

0.05-
0.20

0.05-
0.20

0.06-
0.15

Bal.  

2.1 Structural Analysis 

The mechanical properties, namely the yield and 
tensile strengths and elongation, of the weld zones 
of aluminum parts joined via MIG welding are 
about 50% lower as compared to the base metal. 
Therefore the computer based analysis was 
undertaken assuming, including the safety margins, 
a yield strength value of 240MPa and 10% 
elongation for the heat affected zones (HAZ) of the 
hinges.

Table 3. Mechanical properties of filler wires. 

Filler
Wire 

Yield Str.
(MPa) 

UTS
(MPa) 

Elongtion
A5 (%) 

Al 4043 > 40 > 120 > 8 

Al 5356 > 110 > 235 > 17 
2.2.1 Mechanical Tests 

Tensile tests were conducted to assess the effect of 
welding on the mechanical properties of the joints. 
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The sample dimensions of the welded plates of 
AA6082-T4 were 2x100x300mm.

2.3 Strengthening Approach 

In order to compensate the drop in the strength in 
HAZ, two different heat treatment procedures were 
employed following MIG welding. In the first 
approach, welded parts were initially solutionized 
at 530 °C for 1 h followed by air cooling. 
Subsequently, the parts were artificially aged at two 
different temperatures, namely 200 °C and 180 °C 
for different length of times. In the second 
approach, the welded parts were only subjected to 
artificial ageing at two different temperatures, i.e. 
200 °C and 180 °C, for various time lengths 
without any prior solutionizing treatment.       

2.4 Testing Procedures 

2.4.1 Mechanical Tests and Microstructural 
Analysis

Tensile mechanical properties of welded samples 
were tested by using ZWICK /ROELL tensile test 
machine, and hardness values obtained via HV.01. 
Microstructures of weldments were examined on 
polished and etched sections via light microscopy. 

To determine the penetration level of weldings, 12 
samples taken from different locations were 
immersed in acid solutions prior to penetrant tests. 
The minimum acceptance level 0.2mm penetration 
is per standard tests specifications. Fig.3 shows 
examples of penetration depth in cross sections of 
the profile and bracket. 

2.4.2 Performance Tests  

The heat treated and non-heat treated goose-neck 
hinges were subjected to structural performance 
tests such as wind test under 500N force, side-
loading, gas-spring tests in open and closed 
conditions, and fatigue tests for 25000 cycles. 

3. Results and Discussion 

Prior to any strengthening applications, the 
weldments made with Al 4043 and Al 5356 wires 
yielded a rupture force of 10950N and 15000N, 
respectively. Following a series of strengthening 
treatments after welding with 4043 wire, it was 
observed that the rupture force increased with 
increasing ageing time and temperatures. It was 
found that the solutionizing treatment conducted at 

530°C did not lead to a noticeable hardness change 
for weldings with 4043 wire. A maximum rupture 
force of 13964N was observed after the ageing 
treatment at 200°C for 1h. The maximum rupture 
force obtained with 5356 wire was 21100N after an 
ageing treatment at 180°C for 5h. Since the 
acceptance critera for the welded structure were 
240MPa yield and 320MPa tensile strength levels 
with an elongation value of 10% it was realized, 
also considering the cost, that the welding with 
Al4043 wire was successful enough following an 
artificial ageing treatment at 200°C for 1h. 

The microstructures of the weld cross sections are 
given in Fig.1. Examinations on HAZ revealed that 
the transition zone was more uniform and less 
prone to cracking and pore formations along weld 
zones with 4043 wire as compared to those with 
5356 wire.

The hardness measurements results are presented in 
Fig.2. Although, the maximum hardness value of 
85-90 Hv was observed in HAZ of weldings with 
5356 wire after ageing at 200°C for 1h, the 
hardness variation along the weld zone was greatest 
showing a range of 40-85 Hv as compared to the 
variation range of 60-75 Hv in non-heat treated as 
well as artificially aged conditions of weldings with 
4043.

Penetration tests showed that weld penetration was 
greater than the required minimum of 0.2mm in all 
weldments. Fig.3 shows that weld penetration was 
2mm between the hollow square extrudite profile 
material and the case. 

Performance tests such as wind test under 500N 
force, side-loading, gas-spring tests in open and 
closed conditions yielded all equivalent values, 
giving less than 0.5mm plastic deformation. 
Prototypes also passed the standard fatıgue tests 
conducted at 0.8-6 Nm for 25000 cycles. 

4. Conclusions 

Having been found acceptable per technical 
requirements, the goose-neck hinges produced by 
using extruded AA6082 alloy having a square 
hollow profile gave a weight reduction of 52% 
while the tubular profile 58% as compared to the 
current steel material.  Such a weight reduction has 
been calculated to be equivalent to a fuel saving of 
0.01L per 100Km. 
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Figure 1. Light microscopy images of the weld zones: (a-c) with welding wire Al 4043: a) o heat treatment, b) 
530°C-1h + artificial ageing at 200 °C-1h, c) Artificial ageing at 200 °C-1h; (d, e) with welding wire Al 5356: d) 

No heat treatment, e) Artificial ageing at 200 °C-1h. 

Figure 2. Hardness measurements on welded samples.  

Figure 3. Weld penetrations in the cross sections of hollow profile extrudites.
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Abstract
Open cell Al2024 foams with varying porosities 
were successfully fabricated by powder-space 
holder technique using spherical granulated sodium 
chloride (NaCl) particles (500 m) as space holders. 
In order to ensure sufficient handling strength in 
cold compacted pallets, 2 wt.% polyvinyl alcohol 
(PVA) solutions (wt.% PVA and 95 wt.% water) 
was mixed with the mixture of AA2024 and NaCl 
powders prior to cold compaction. Green compacts 
were sintered at 5600C for 2.5h under the vacuum 
atmosphere. After sintering, NaCl salt was removed 
by dissolving it in hot water. The cell morphology 
of sintered AA2024 foams was examined using a 
scanning electron microscope. The micro-
architectural characteristics, density, porosity and 
hardness of the Al-foams were evaluated to 
examine their suitability as engineering 
applications. The results revealed that the powder-
space holder technique was practically feasible. 
From SEM observation of the pore structures of the 
fabricated AA2024 foams, it was found that almost 
the entire specimen had a pore structure similar to 
the NaCl morphology, regardless of the NaCl 
volume fraction. 

1. Introduction 

Porous materials have been used for a lot of 
industrial areas such as automotive, aerospace, 
defense and energy due to energy absorption 
ability, energy absorption properties and superior 
acoustic performance [1] and have found a wide 
range of applications, such as, light weight 
sandwich panels, heat exchangers, exhaust 
mufflers, filters, biomedical prostheses, sound 
barriers and vibration dampers.  Metal foams have 
emerged as promising materials due to their 
superior combination of properties such as low 
density, high energy absorption capacity, and high 
bending strength [2,3]. Porous structure of metal 
foams, which changing from 40 to 90, provides 
these excellent properties [1]. Also, the metal foams 
can be used for high temperature applications, such 

as cooling system, heat exchanger and heat 
shielding [4]. 
Aluminum (Al) foams are a lightweight, non-
flammable and porous materials with high energy 
absorption, lower conductivity and better sound 
absorptivity and electromagnetic pulse shielding 
comparing with bulk Al.[5]. Al foams are widely 
used because of its low cost, relatively easy 
manufacturing with functional shapes and 
geometries, and good mechanical properties 
compared to other low melting metals. Al foams 
have compressive strength and shock absorbing 
capacity, and so they are preferred to automotive, 
railway, and aerospace applications where light 
weight and shock absorbing properties are of 
priority. The Physical and mechanical properties of 
Al foams can be improved by controlling the foam 
parameters such as foam density, porosity, 
morphology (shape and size of the cells). Also, Al 
foams are ideal for energy absorption materials due 
to their ability to undergo plastic deformation at a 
nearly constant stress level. Sandwich panels 
fabricated by using Al foam can be used as 
lightweight crash pads in transport materials [6]. 
 
During the last years, a lot of processing 
technologies have been developed for fabrication of 
aluminum foams. Among these, the space-holder 
technique is well suited for the production of fairly 
uniform and homogeneous open-cell foams of low 
melting point metals such as aluminum In the space 
holder technique, carbamide, sodium chloride, 
carbonate particles and several polymers were used 
as extractable materials for manufacturing metal-
foams [7]. In this study a space-holder method for 
fabricating Al2024-foams using sodium chloride 
particles as a leachable material is reported. The 
present paper aims to study the influence of sodium 
chloride content on the relative density, porosity, 
microstructure and hardness of the produced 
Al2024-foams. 
 
2. Experimental Procedure 

AA2024 powders (d0.5:25 m) with chemical 
composition of (in wt.%) 4.85 Cu, 1.78 Mg, 0.312 
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Mn, 0.005 Ti supplied by Gundogdu Exhoterm 
Company, was used as the parent material and 
sodium chloride as a leachable space-holder 
material in this study. The sodium chloride particles 
used in this study are a type of commercial salt with 
average size of 500 μm. It is cheap and easy to 
purchase in the market. The AA2024 powder and 
the sodium chlorid particle with a chosen size range 
were weighed using an electronic balance with an 
accuracy of 0.001 g. The volume fraction of each 
constitutive element in the powder mixture can then 
be easily obtained by conversion of the weights into 
volumes.
Initially, the metal powders were mixed thoroughly 
with sodium chloride powder at a pre-specified 
weight ratio depending on the desired porosity of 
the final product. A small amount of PLA (about 
2% in weight) was added in the mixture in order to 
avoid segregation of dissimilar powder and 
particles. The mixed powders were compacted 
using a hydraulic press. The mixture was uniaxially 
pressed at a given pressure, varied over a range of 
300 MPa, in a stainless steel cylindrical mold with a 
diameter of 30 mm and height of 50 mm. The 
sodium chloride powder was removed from the 
green compact by water leaching at 800C. The final 
stage involved sintering which was performed in a 
vacuum furnace (p = 0.01 MPa) at the temperature 
of 560 C and the holding time was fixed to 2.5 h. 
Fig. 1 shows the steps for fabrication of AA2024 
foams via space holder technique. 

Figure 1. Schematic representation of AA2024 
foam fabrication steps.

The density f of the final AA2024-foam was 
calculated by dividing the mass of the foam by its 
volume, which was measured based on Archimedes 
principle. The porosity of the as-manufactured 
AA2024-foam Pf was estimated by Pf 
=1 f/ AA2024, where f is the calculated density 
of the foam and AA2024  is the density of 
aluminum ( AA2024,  = 2.79 g/cm3). 
A scanning electron microscope was used to 
characterize the cell morphology and cell wall 

microstructure of the produced foams. Vickers 
Microhardness measurements of sintered foam 
samples were made using Innovatest microhardness 
tester at a load of 100 gf. For each sample, average 
of 6 microhardness measurements has been 
reported. 

3. Results and discussion 

The morphologies of the initial powders and 
sodium chloride powders were given in Fig. 2. It 
can be seen in Fig. 2., the as-received AA2024 
powders have acicular, angular and irregular shape 
while the sodium chloride powders have spherical 
shape. 

Figure 2. The initial morphologies of as-received 
powder; (a) Al2024 powders and (b) NaCl particles 

Fig. 3a-c demonstrates a homogeneous distribution 
of NaCl particles and also pore distribution. As the 
NaCl content increases from 30 to 70 (wt.%), the 
sample exhibits more pore structure and also more 
porosity. As can be seen in Fig. 3, pore morphology 
is spherical shape.  Moreover, the foam shows 
interconnected cellular microstructure. When the 
foam microstructure examine, it is observed the 
large spherical cells with homogeneous pores.
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(a)

(b)

(c)

Figure 3. The pore microstructure images of 
samples at different magnifications, (a) 30% NaCI, 

(b) 50% NaCl and (c)70% NaClWith increasing  

As a result of the presence of pores important 
changes is observed in the densities of the 
fabricated Al2024 foams. For the Al2024 alloy, 
density value is 2.78 g/cm3; while the end of 
foaming with space holder method the densities are 
changed importantly. The amount of NaCl from 30 
wt% to 70 wt%, the porosity of the Al2024 foams 
increased from 15% to 65%, and the density 
decreased from 1.60 g/cm3 to 0.68 g/cm3.

Figure 4. The change of density and porosity 
content with increasing NaCl content

Fig. 5 shows the variation of hardness changing 
NaCl content. It should be noted that hardness 
decreases with increasing pore content which 
increases with increasing space holder content.  
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Figure 5. The change of hardness content with 
increasing NaCl content  

4. Conclusion 

In the study, an endeavor has been made to 
synthesis Al2024 foams by space holder method 
and analyzes its properties such as microstructure, 
density, porosity and hardness. From the detailed 
experimental investigation, the following 
conclusions have been made; 
1) The uniform pore distribution is observed inm 
the Al2024 alloy matrix without non-homogenous 
distribution.
2) The mass fraction percentage of NaCl content 
has significantly effect on the density and porosity 
of Al2024 foams. 
3) Pore content increased with increasing NaCl 
content and also density and hardness decreased 
due to porosity effect.
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Abstract

In this study, the effects of chemical composition, 
solution treatment and artificial aging parameters on 
microstructure and mechanical properties of an Al-Cu 
alloy have been studied. Solidus temperature of the alloy 
were determined by DSC analysis. Optical microscopy, 
XRD and SEM/EDS methods were used for 
characterization. It has been showed that the mechanical 
properties of the alloy have significantly been improved 
by the increasing solution treatment temperature and 
artificial aging time depending on the chemical 
composition.

1. Introduction 

Aluminum alloys are widely used in aerospace and 
automobile industries due to their low density, good 
mechanical properties and corrosion resistance [1,2]. 
2000 series aluminum alloys in which copper is the 
principal alloying element, although other elements, 
notably magnesium, may be specified. 2xxx series alloys 
are widely used in aircraft where their high hardness, 
strength is valued. These alloys require solution heat 
treatment to obtain optimum properties; in the solution 
heat-treated condition, mechanical properties are similar 
to, and sometimes exceed, those of low-carbon steel 
[3,4].

The alloys in the 2xxx series do not have as good 
corrosion resistance as most other aluminum alloys, and 
under certain conditions they may be subject to 
intergranular corrosion. Besides, high hardness, strength, 

good weldability, high fracture toughness are the other 
properties of 2xxx series aluminum alloys [3, 5, 6]. 

2011 aluminum alloy is a high mechanical strength alloy 
that machines exceptionally well because of the Bi and 
Pb content. It is often called free machining alloy (FMA) 
and well suited to use in automatic lathes. Machining at 
high speeds (1500 – 2000 RPM) produces fine chips that 
are easily removed. The excellent machining 
characteristics allow the production of complex and 
detailed parts. In some circumstances 2011 alloy can 
replace free machining brass without the need for 
alterations to tooling. It has poor corrosion resistance 
which means parts made from 2011 alloy tend to be 
anodized to provide additional surface protection [7]. 

This paper shows the effect of chemical composition, 
solution treatment temperature, aging parameters on 
mechanical properties of 2011 aluminum alloys.

2. Experimental Procedure 

2011 alloy 1800 mm length and 355 mm diameter billets 
which had 4 different chemical composition were 
prepared by direct chill casting method in prototype 
casting facility. The chemical composition of the alloys 
are listed in Table 1. The billets were homogenized at 
480 °C for 12 hours and cooled down with air. To obtain 
T6 hear treatment, Al-Cu alloys followed heat treatments 
of solution treatment at 510 and 525 °C for 2 hours, 
quenching in water at 20 °C. After solution treatment, 
artificial aging at different temperatures for various times 
were performed. Hardness were measured by Emco Test 
M4C and mechanical properties tests were performed by 
Zwick Roell Z250 universal testing machine. 
Metallographic microscope (Zeiss Axio Scope A1) was 
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employed for metallographic microstructure analysis. 
SEM observations were performed on scanning electron 
microscope (Zeiss Evo MA15). Heat and process flow 
chart is given in Figure 1. 

Table 1. Chemical composition of the billets (% wt.)

Alloy E* Si Fe Cu Bi 
S** 0.40 0.70 5.0-6.0 0.2-0.6 
1 0.40 0.47 5.67 0.31 
2 0.47 0.24 5.64 0.43 
3 0.14 0.12 4.83 0.28 
4 0.22 0.35 4.82 0.32 
E* Pb Zn Mg Al 
S* 0.2-0.6 0.3 - Bal. 
1 0.22 0.001 - Bal. 
2 0.41 0.001 - Bal. 
3 0.28 0.001 - Bal. 

2011

4 0.24 0.001 - Bal. 
E*: Element 
S**: Standard

Figure 1. Heat and process flow chart of experiments 

Figure 2. Schmetic view of extrusion process: a) press b) 
profile

55 MN (5500 tons) SMS direct extrusion press located at 
ASA  Aluminum was used for profile manufacturing. 
Extrusion schematic view and profile are shown in 

Figure 1. Each billet was heated to 200 °C in gas furnace. 
Each hot billet was then heated to 450- 460 °C separately 
in induction furnace before extrusion. Each billet then 
extruded to shape of 68 mm wide and 30 mm thick with 
profile speeds between 1 – 3.1 m/minutes. Extrusion 
parameters for each billet is shown in Table 2. Extruded 
profiles were cooled (quenched) with water pool at the 
press exit. Profile codes are come from billet codes. 

Table 2. Extrusion parameters 

Billet
Temperature

(°C)

Profile
Speed

(m/min.) 

Press Exit 
Temperature

(°C)
Billet-1 460 1.0 474 
Billet-2 450 2.0, 2.5, 3.1 465, 472, 474 
Billet-3 450 2.8 472 
Billet-4 450 2.7 465 

After extrusion, profiles were subjected to various heat 
treatments. Some profiles were left for natural aging for 
10 days, some for 20 days and then solution treated and 
quenched then artificially aged. Solution heat treatment 
(ST) process was heating up the profiles to 510 and 525 
°C and holding for 120 minutes then quenching into 
water at 20 °C. Heat treatments applied to profiles are 
shown in Table 3.

Table 3. Heat treatments after extrusion 

Natural 
Aging (Days) 

Solution
Treatment

Artificial Aging 
Condition 

ST-1 10 510 °C 2 h 160 °C 12 hours 
ST-2 10 525 °C 2 h 160 °C 12 hours 
HT-1 20 525 °C 2 h 170 °C 12 hours 
HT-2 20 525 °C 2 h 180 °C 12 hours 
HT-3 20 525 °C 2 h 165 °C 16 hours 
HT-4 20 525 °C 2 h 170 °C 8 hours 
HT-5 20 525 °C 2 h 180 °C 6 hours 
HT-6 20 525 °C 2 h 180 °C 8 hours 

3. Results and Discussion 

Figure 3 demonstrates the microstructure of as cast and 
homogenized 2011 alloy. Dendritic  phases can be seen 
as cast conditions. Homogenization temperature is not 
high enough for precipitate and intermetallic particles to 
dissolve inside matrix for Al-Cu alloy in homogenized 
images. Homogenization temperature is necessary to 
optimize with the changing chemical composition of 
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alloy. Higher temperature increases the possibility of 
local melting of the residual phases. As cast and 
homogenized SEM image of billet-3 is given in Figure 4. 
Billet-3 was homogenized better than other billets at 480 
°C.   

Figure 3. Optical microstructures of billets: a) billet-1, c) 
billet-2, e) billet-3 and g) billet-4 as cast, b) billet-1, d) 

billet-2, f) billet-3 and h) billet-4 homogenized 

EDS analysis of as cast condition billet-3 is given in 
Figure 5 which light grey particle is mostly Bi-Pb phase.

Figure 6 shows mechanical properties of the solution 
treated at 510 and 525 °C and than aged at 160 °C 12 
hours. It is obvious that yield and tensile strength of the 
Al-Cu alloy increases up to 386 MPa with increasing the 
solution temperature from 510 to 525 °C. 

Figure 4. SEM image of billet-3: left) as cast, right) 
homogenized

Figure 5. EDS analysis of as cast billet-3 

Tensile strength results are shown in Figure 7 after aged 
at different temperatures and holding times.
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Artificial aging at 160 °C does not reveal an appreciable 
improvement in yield strength, probably because up to 
this aging temperature, the GP zones and/or precipitates 
formed may not be sufficient enough to reflect noticeable 
changes in the yield strength. It is observed that 
mechanical properties of profile 2 and 4 chemical 
composition are effecting with temperature change.

Figure 6. Yield and tensile strengths of profiles solution 
treated at 510 and 525 °C 

Figure 7. Tensile strengths of profiles solution treated at 
525 °C than agaed at different temperatures and times 

4. Conclusion 

4 different chemical composition of 2011 alloy billets 
were succesfully prepared by vertical semi continous 
direct chill casting method in prototype casting facility in 
ASA  Aluminum. After casting process, 4 billet were 
homogenized at 480 °C for 12 hours. It was observed 
from optical and SEM images that homogenization 
temperature should be higher. Solid rectengular profiles 
were produced with extrusion technique in 5500 tons 
extrusion press with 2 cavities die. Profiles were cooled 
after press exit with water pool to room temperature. 
Profiles were natural aged for 10 and 20 days. 510 and 
525 °C temperatures were used for solution treatment 
proces and it was found that 525 °C is more effective to 
get better mechanical properties. Aging experiments were 
carried out at different temperatures from 160 to 180 °C 
with different holding times like 6, 8, 12 and 16 hours. 
The ultimate tensile strength shows the maximum after 
solution treated at 525 °C and aging at 170 °C 8 hours.  
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Abstract 

2048 aluminum alloy is a heat treatable wrought alloy with 
a good corrosion resistance, high specific strength and 
high fracture toughness. Although various 
thermomechanical treatments exist in the case of AA2024, 
no such treatment for AA2048 has been determined in the 
literature, to the best of our knowledge. Therefore, the aim 
of this study is to analyze the effect of thermomechanical 
treatment on aging characteristics of AA2048. Since the 
data on artificial aging behavior of AA2048 was not 
established well in literature, the first step of this study 
includes the determination of aging curve by hardness 
measurements. Thermomechanical treatment, on the other 
hand, is an effective method to increase the rate of 
precipitation. After obtaining the hardness variation with 
aging time, the effect of deformation on aging behavior 
was analyzed. With this aim, cold-rolling up to 20% was 
applied after solutionizing at 500 °C, followed by aging up 
to 6h at 200°C. Hardness measurements were employed to 
observe the effect of cold-rolling on aging behavior.  

1. Introduction 

Aluminum alloys are the most commonly used alloys 
among the non-ferrous systems because of their superior 
properties in combination with relatively low cost. They 
are commonly used in aviation industry because of their 
good formability, high corrosion resistance at atmospheric 
conditions, high specific strength, relatively good fracture 
toughness and low density [1-2]. 

2XXX series aluminum alloys are among the high strength 
aluminum alloys due to their ability to be heat-treated. 
Most of the studies in the literature on 2XXX series focus 
on 2024 alloy [3,4,5,6,7,8]. However, 2048 alloy is 
thought to be a better alternative to 2024 since it has higher 
ductility and fracture toughness [1]. 

The strength of the age-hardenable alloys can be further 
increased with the aid of thermomechanical treatments. 

There are studies on the thermomechanical treatment of 
age-hardenable aluminum alloys in the literature, which 
employ cold deformation methods such as rolling, 
extrusion, equal channel angular pressing (ECAP) 
[9,10,11,12]. Thermomechanical processing of age-
hardenable alloys has commonly conducted by 
introduction of cold-deformation between the 
solutionizing and aging steps of the aging heat-treatment. 
Since the increased dislocation density enhances the 
precipitation, peak-aging time can be reduced, and even 
higher strength values can be obtained with this type of 
treatment. Accordingly, the aim of this study is to analyze 
the effect of thermomechanical treatment on the strength 
of 2048 alloy. With this aim, cold-rolling up to 20% was 
applied after solutionizing at 500°C, followed by aging at 
200°C. Hardness measurements were employed to 
observe the effect of thermomechanical treatment on the 
strength of 2048 alloy.  

2. Experimental Procedure 

Commercial 2048-T351 alloy has been purchased from 

of plates with a length of 100 mm, width of 50 mm and 
thickness of 10 mm. Elemental analysis of the plates 
(Table 1) has been conducted by UV-VIS Spectrometer 
(SPECTROMAXx, Spectro Analytical Instruments 
GmbH, Germany). 

Table 1. Quantitative analysis result of 2048 plate 
(values are given in wt%). 

Al Cu Mg Mn Fe Si 
94,1 3,44 1,43 0,502 0,12 0,0494 

The transformation temperatures of as-received AA2048 
(Figure 1) were determined by differential scanning 
calorimeter (DSC) (Q2000, TA Instruments, U.S.A.) with 
a heating rate of 10°C/min. The analysis was performed 
under nitrogen atmosphere in a temperature range of 50°C 
to 400°C. According to DSC curve, three exothermic and 
one endothermic reaction have taken place. Similar to 
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2024 aluminum alloy, 2048 alloy has displayed two small 
exothermic peaks around 60 C and 80 C, respectively. 
These peaks were attributed to the formation of GPB 
(Guinier-Preston-Bagaryatsky) zones [12]. The 
endothermic peak between 160 C and 210 C was believed 
to be due to the dissolution of GPB zones. The third 
exothermic peak at around 240 C, on the other hand, was 
believed to be due to S-type precipitate formation. 

Figure 1. DSC curve of as-received plate. 

2.1. Heat Treatment 

Solutionizing of 2048 plates was conducted at 500 C for 
16 hours (ST). After solutionizing, artificial aging was 
performed at 200 C for 6 (ST-6), 12 (ST-12), 18 (ST-18) 
and 24 hours (ST-24), respectively. 

2.2 Thermomechanical Treatment 

In order to analyze the effect of deformation, 10%, 15% 
and 20% deformation have been applied by cold rolling 
before aging (ST-C10, ST-C15, ST-C20). The artificial 
aging temperature was kept constant at 200 C. 

2.3 Characterization Studies 

X-ray diffraction (XRD) analyses were conducted using a 
conventional diffractometer (MiniFlex600, Rigaku, 
Japan) with Cu-K  radiation, operating at 40 kV and 

of 30°-90° with a scanning speed of 2°/min. Moreover, 
hardness values were measured with Vickers micro 
hardness (M1C 010, EMCO-TEST, Austria) after each 
treatment by application of 5 kg. load for a holding time 
of 10 seconds. The average values of at least five 
measurements were used to determine the hardness values. 

3. Results and Discussion 

XRD results of artificially aged (ST-6) and 
thermomechanically treated (ST-C15) 2048 alloys are 
given in Figure 2. Although, there is slight evidence of 
Al2Cu and Al2CuMg precipitate formation after artificial 
aging and thermomechanical treatment, respectively, it 
was hard to deduce any certain conclusion since the peaks 
of the precipitates either coincide with that of -Al peaks 
or they have very low intensity making them hardly be 
differentiable from the background noise [13,14]. 

Figure 2. XRD results of a) ST-6 and c) ST-C15. 

The effects of both aging and thermomechanical 
treatments were more recognizable from the hardness test 
results. The hardness was increased from 106 HV (after 
solutionizing) to 146 HV after aging at 200 C for 18 hours 
(Figure 3). The prolonged aging up to 24 hours has 
resulted over-aging and accordingly lower hardness. 

Figure 3. The effect of artificial aging time on hardness. 
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The hardness was further increased by the applied cold-
rolling before aging. As it is obvious from Figure 4, the 
maximum hardness of 153 HV was obtained after 15% 
deformation even though the aging time was reduced to 6 
hours. 

Further increase in the amount of deformation up to 20% 
has caused a decrease in hardness, which was believed to 
be due to either over-aging of 2048 alloy or increase of the 
recovery rate before the nucleation of precipitates.   

Figure 4. Effect of deformation on the hardness. 

Since the peak hardness was achieved at 15% deformation, 
the effect of aging time on the hardness of 
thermomechanically treated 2048 alloy has been 
investigated by varying the aging time. As it was given in 
Figure 5, increased aging time at 200 C has led to a 
decrease in the hardness. Accordingly, it can be said that 
the peak aging condition after 15% cold deformation has 
been attained by 6 h aging at 200 C. 

Figure 5. Effect of aging time on ST-C15 2048 alloy. 

4. Conclusions 

In the present work, the artificial aging conditions of 2048 
aluminum alloy as well as the effect of deformation on the 
aging behavior has been investigated and following results 
are obtained: 

1) The peak hardness of 146 HV was obtained by aging at 
200 C for 18 h. 

2) Artificial aging time has been decreased from 18 hours 
to 6 hours by applying cold rolling prior to aging.  

3) Hardness has been increased from 131 HV to 153 HV 
with cold rolling before aging while keeping aging time 
constant at 6 hours. 

4) It was observed that, increasing deformation amount 
from 10% to 15% led to an increase in hardness from 149 
HV to 153 HV. However, further increase in deformation 
up to 20% has caused a decrease in hardness, which was 
believed to be due to either over-aging of 2048 alloy or 
increase of the recovery rate before aging.    
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Abstract 

CuCoNiBe and CuNiSi copper alloys are widely used as 
welding electrodes and molding applications due to their 
high wear resistance and good electrical conductivity 
properties. In this study, wear properties of two CuNiSi 
alloys and a CuCoNiBe alloy were compared at room and 

 Additionally, mechanical 
properties, hardness and electrical conductivity values of 
the alloys were determined and evaluated. 

1. Introduction 

High copper alloys are widely used for resistance welding 
electrodes and molding tool applications due to their 
properties such as high strength and wear properties, good 
electrical and thermal conductivity. Among high copper 
alloys, Cu-Be alloys have attracted much attention for 
such applications. However, their higher cost due to 
expensive Be content have always led to searching 
cheaper alternative copper alloys. Cu-Ni-Si alloys are 
considered as a promising copper alloy group alternative 
to Cu-Be alloys for such applications. CuNiSi alloys, also 
called Corson alloys, are age hardening alloys. They are 
used either without addition of alloying element or their 
various properties can be improved adding alloying 
elements such as Cr, Zr, Mg. [1-7].  

Higher wear resistance and mechanical properties are 
important properties for resistance welding electrode and 
molding tool applications. The alloys could be classified 
by measuring mechanical properties and wear resistance. 

In this study, wear properties of a Be containing 
CuCoNiBe (CCNB) and two Ni, Si containing CuNiSiCr 
(NSH) and CuNiSiCrZr (NSS) alloys prepared in 
acco

alternative alloy to Be containing copper alloy. Wear tests 

and under a load of 10 N. Weight loss and friction 
coefficients of the alloys were compared in order to 

specifies alternatives. Additionally microstructure and 
mechanical properties of the alloys were determined and 
evaluated with their wear test results.  

2. Experimental 

2.1. Materials 

Three alloys were cast in permanent mould. Their 
chemical analysis after casting are given Table 1-2. The 
samples taken from the ingots were submitted to heat 
treatments of solutionizing and ageing following hot 

onditions 
were applied. The specimens were prepared in the 
dimensions of 46*46mm cutting from the forged rods. 

Table 1. Chemical Composition of NSH and NSS
Alloys.

Materia
l

Cu
%

Ni
%

Si% Cr% Fe% Zr
%

NSH 95,3 3,15 0,79
9

0,47
7

0,123 

NSS 95,9 2,49 0,74
8

0,39
4

0,046
1

0,3 

Table 2. Chemical Composition of CCNB Alloy. 
Material Cu% Ni% Co% Be% Fe% 
CCNB 97,3 1,05 1,06 0,459 0,0581 

2.2. Metallography 

Microstructure of the aged samples after heat treatments 
were examined using a Nikon Eclipse MA 100 model light 
microscope after metallographic preparation. The samples 
were grounded with first coarse and then fine sand papers 
and final surfaces were polis
diamond solution. The samples were etched with a 
chemical solution of 50 mL HCl + 10 mL   + 10 g 

 + 100 mL to determine the phases.  
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2.3. Mechanical tests and conductivity 
measurements  

Mechanical tests and conductivity measurements were 
made on the prepared samples. Hardness measurements 
were made by using Vickers hardness tester of Struers 
Duramin under 0,5 kgf load at room temparature and after 
wear tests at . Hardness values were determined by 
taking average of multiple measurements. Tensile tests 
were performed according to ASTM E8/E8M using MTS 
C45.504 universal test machine. Dimensions of the tensile 
test samples are shown in Figure 1. Electrical conductivity 
was measured using a GE Inspection Tech Auto Sigma 
3000 instrument. 

Figure 1. Dimension of the tensile test samples. 

2.4. Wear tests 

Wear tests were conducted under the load of 10N at room 

T30M-HT (Figure 2). Aluminium oxide balls were forced 
against copper alloy disc samples. Wear samples were of 

friction coefficient for both temperatures were determined 
to evaluate wear resistance of the alloys.  

Figure 2. Pin on disc wear test parameters. 

3. Results and Discussion 

3.1. Microstructural characterization of aged condition 

Microstructure of three alloys NSH (CuNiSiCr), NSS 
(CuNiSiCrZr),  and CCNB (CuCoNiBe) are given in 
Figure 3a, b and c respectively.  
.

   
Figure 3. Optical light microscope images of the aged 
alloys a) NSH, b) NSS, c) CCNB. 

CuNiSi alloys, also called Corson alloys, are age 
hardening alloys. They can be used without any alloying 
element or their various properties can be improved 
adding alloying elements such as Cr, Zr, Mg. The resulting 
precipitates and their formation mechanism are reported in 
various studies [4]. The precipitation reaction can not only 
improve strength but also enhance the electrical 
conductivity of the alloy by depletion of the solute 
elements from the matrix. Age hardening in this system 
was first investigated by Corson and the precipitating 

-
-binary section of the Cu-Ni-Si 

a

b

c
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ternary diagram [5]. In Cr containing Cu-Ni-Si  alloys,  
Cr2Si3 -

-Cu matrix [2].  Optical micrographs of the NSS 
and NSH alloys show that very small partical distribution 
at aged conditions, whi -

In the solidification of Cu- -Cu and resembling
Chinese scripts primary beryllides are crystallized from 
the liquid phase. T -phase peritectic reaction occurs 
with decrease in temperature. This phase transforms into 

beryllides phase that occurs during solidification is best 
observed as a blue-gray color in the polished state. The 
secondary beryllium phase is seen in a certain 
crystallographic orientation and in plaques morphology. 

-
precipitates with aging [8]. The microstructure images of 
the CCNB alloy, it is observed that the  (Ni,Co) beryllides 
reprecipitate in the copper phase by aging (Figure 3c). 

3.2. Hardness, conductivity and mechanical 
properties of alloys 

Table 3. shows hardness and electrical conductivity of 
the aged alloys. The alloy of CCNB has the highest 
hardness, tensile and yield strength and electrical 
conductivity while NSS has the lowest ones as expected. 

hardness of the alloys increases likely due to progression 
of aging at higher temperatures.  

Table 3.Hardness values of the alloys after wear tests at 
room and 400 C and electrical conductivity 
measurements. 

Hardness (HV-0.5 kgf) 

Electrical 
Conductivity 

(MS/m) 

Material Room 
Temperatur

400

NSS    21,5 

NSH 23,7 

CCNB    26,4 

Table 4. Mechanical properties of the alloys. 

Material 

Tensile 
Strength 
(MPa) 

Yield 
Strength 
(MPa) % Elongation 

     NSS 589,6 498,7 12,3 
NSH 764,1 662,7 7,8 

CCNB 809,7 668,3 14,9 

3.3. Wear resistance and friction coefficient 
Mass loses (mg) of there alloys after wear tests at room 
temperature and  are shown in Figure 4 and Table 
5.  

Mass loss results of room temperatures experiments reveal 
that CCNB has the highest wear loss (27,5 mg) while NSS 
has the lowest one (9,1 mg) (Table 5). On the other hand,  
all of the alloys have lower mass loss (NSS, NSH and 
CCNB 7; 8,8 and  8,6 mg respectively)  at 400
compared to room temperature and their mass loss values 
were close to each other. 

It is expected that the harder the alloy is the higher wear 
resistance according to Archard wear equation [9,10]. 
However, the hardest alloy CCNB shows the higher mass 
loss at room temperature indicating lower wear resistance. 
Explanation of this result needs to more examination of 
the worn surfaces by using SEM and 3D profilometer. 

Figure 4. Mass loss in specimens as a result of wear 
tests. 
Table 5. Values of mass losses (mg). 

Mass Loss (mg) 
NSS NSH CCNB 

Room 
Temperature (22) 

9,1 17,3 27,5 

          400 7 8,8 8,6 

The behavior of the friction coefficient of three alloys was 
similar at both test temperatures (Fig 5, 6 and 7 and Table 
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6). All the alloys have lower friction coefficient values at 
the beginning of the wear test at room temperature.  Then, 
it reached to higher values with large scatterings after from 
a distance changing depending on alloy (300 m for NSS 
and NSH, 100 m for CCNB). At high test temperature 

stable and lower along all wear test. 

Table 6. Approximate values of friction coefficient of the 

Temperature Coefficient of Friction  
NSS NSH CCNB 

Room 
Temperature  

0.5 to 0.7-
0.95 (after 

300 m) 

0.5 to 0.8-
1.0 (after 
300 m) 

0.5 to 0.8-
0.9 (after 
100 m) 

400 0.6 0.55 0.4

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Friction coefficient graphs of  NSH sample 
obtained during wear test a) room temperature and b) at 

.

Figure 6. Friction coefficient graphs of  NSS samples 
obtained during wear test a) room temperature and b) at 

Although mass loss results and hardness values of the 
alloys at room temperature wear test are contradictory and 
require further investigation, high temperature results 
appears to be more meaningful and consistent. 
Furthermore, since both applications are high temperature 
application, high temperature wear results appear to be 
more suitable in terms of determining alternative alloy for 
electrode and mold application. 

a) 

b) 

a) 

b) 

a) 

b) 
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Figure 7. Friction coefficient graphs of  CCNB sample 
obtained during wear test a) room temperature and b) at 

1. Conclusions  

Among investigated three alloys NSS (CuNiSiCrZr), NSH 
(CuNiSiCr),  and CCNB (CuCoNiBe), Be containing 
CCNB alloy has the highest hardness, electrical 
conductivity and mechanical properties.  

NSS and NSH alloys revealed lower mass loss while the 
CCNB had the highest mass loss at room temperature 

alloys was similiar. It was low at the beginning of wear 
test, then increased with large scattering. 

at room temperature wear tests. Friction coefficient values 
were small and stable along all wear test. 

Altough mass loss results and hardness values of the alloys 
at room temperature wear test are contradictory and 
require further investigation, high temperature results 
appears to be more meaningful and consistent. 
Furthermore, since both applications are high temperature 
application, high temperature wear results appear to be 
more suitable in terms of determining alternative alloy for 
electrode and mold application. 

As a result, both NSS and NSH alloy could be offered as 
electrode and mold materials alternative to CCNB alloy. 
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Abstract 

In the automotive industry, high pressure die casting 

technology is used in especially the production of brake 

system parts in order to reduce weight accordingly. Due to 

increased customer demands and reliability expectations, 

porosity levels are becoming more significant requirement 

on brake system parts. In order to acquire the required 

porosity levels, it is necessary to control the venting 

efficiency on the die. High pressure die casting aluminum 

alloy products generally contain gas porosity in different 

levels and ratios due to gas compression during high speed 

injection of molten metal into the die cavity. Proper die 

design and venting of the air in the die and also optimized 

process parameters have a very critical precaution to 

reduce the gas porosity. Today, there are various venting 

systems used for facilitating the evacuation of air from 

mold. The use of vent systems in the die casting processes 

are increasing both product quality and process efficiency. 

In this study, the performance of 2D vent and 3D vent 

designs examined in HPDC process with aluminum alloy 

of AlSi9Cu3Fe. In addition, X-Ray, SEM techniques have 

been used to compare different venting design 

performances. As a result of the experimental studies; 

Using 3D venting systems are increasing brake system 

product safety by means of reduced gas porosity on parts.  

 

 

1. Introduction 
 
In the automotive industry aluminum alloys are often 

preferred material in parts that provide significant 

advantages such as lightweight, attractive appearance, 

excellent machinability and high corrosion resistance [1]. 

In particular, the aluminum silicon copper (Al-Si-Cu) die 

cast alloys are widely used in different application fields 

because of their good castability. High pressure die casting 

is a near-net shape manufacturing process in which molten 

metal is injected into a metal mould at high speeds and 

allowed to solidify under high pressures [2]. High pressure 

die casting (HPDC) is a cost-effective process widely used 

to produce components with forming capability of 

complex shaped castings with fine grain microstructure as 

well as excellent surface and excellent dimensional 

accuracy [2,3].  

 

Porosity in cast automotive components is one of the 

important quality problems in HPDC process. This is 

because porosity often causes leaking problems, surface 

defects and machining problems [4,5]. Depending on its 

functionality, each type of casting has its own tolerance 

limits on porosity levels at certain locations in the casting. 

There are two types of porosity that affect casting quality, 

namely gas porosity and shrinkage porosity. The 

shrinkage porosity is often caused by the formation of 

porosity due to solidification, whereas the gas porosity is 
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believed to be caused mainly by trapped air, trapped 

steam, gas from vaporized lubricant and hydrogen gas. 

The solubility of hydrogen in molten die casting aluminum 

is very high, whereas air entrapments from turbulent flow 

are the main factors affecting casting quality. Vacuum 

technology has been demonstrated that when applied 

correctly, these procedures can reduce the gas content.  

 

From past to present, many venting systems are used in 

high pressure die casting method. Firstly, conventional 

method started to be used, which with air gaps. In the later 

applications, chill vents started to be used. Conventional 

chill vents are commonly used in the die casting industry 

to ventilate air from the die cavity through a corrugated 

gap. Conventional chill vents (2D) can be use with 

vacuum, but their weakness is that the small evacuation 

area restricts the rate of air evacuation. Typically the gap 

is less than 1 mm in depth and about 100 mm in width. It 

can also be used as a vacuum valve when it is connected 

to a vacuum system [6]. In the following years mechanical 

vacuum valves began to be used. This type of valve is shut 

off mechanically by the metal impact or by sensing the 

metal front during the very last stages of cavity filling. The 

mechanical type of valve is highly efficient. However, it 

has been observed that machine shutdown times are very 

high in processes using mechanical vacuum valves.  

 

In recent years, three-dimensional (3D) valve systems 

have been developed and started to be used in automotive 

high pressure casting systems. These systems can be used 

both as a vent and as a vacuum valve. Wang’s study shown 

that [7]; 3D venting systems when used as a vent is more 

efficient than a conventional chill vent which connected to 

a vacuum system, and can achieve nearly the same 

evacuation efficiency as the best available from a simple 

vacuum system. In another study Wang et all [7]; 3D 

venting systems when used in the die casting process; the 

machine downtime which caused by vacuum defects has 

been reduced. In this study, the performance of 2D vent 

and 3D vent designs examined and compared in HPDC 

process. 

2. Experimental Procedure 
 
This study used AlSi9Cu3(Fe) alloy, which is one of the 

most commonly used aluminum alloy in high pressure die 

casting alloys. Air brake system part was selected to 

observe effects of two air venting systems. In this study, 3 

dimensional (3D) and 2 dimensional (2D) venting systems 

were used to investigate the effect of different venting 

systems on casting parts quality.  

 

Molten metal was degassed and H2 level retained at 

standard levels. According to measurements, the density 

index is below 4. 

 

Selected casting parameters for process is given on Table 

1. This study has been worked X-ray radioscopy (Yxlon,   

160 kW) and scanning electron microscope techniques 

(Tescan Vega, BSE mode) in order to make porosity 

analyzes of the 3D venting system and 2D venting system. 

 

Table 1: Die casting process parameters  

Casting 

Temperature 

(oC) 

Die 

Preperation 

Time (s) 

2. Phase 

Velocity 

(m/s) 

Working 

Pressure 

(bar) 

Ejection 

Time (s) 

660 16 4 600 5 

 
3. Results and Discussion 

 
X-ray images of specimens taken from parts of complex 

automotive compressors made for comparison of 3D 

venting system 2D venting system were examined (Figure 

1). Although the casting applications are made under the 

same conditions, it is seen that the amount of porosity in 

the sample produced with the 3D venting system is less. 

When comparing X-ray results locally, the part used for 

the 2D venting system shows Level 3 porosity and Level 
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1 porosity for the part where the 3D venting system is used 

according to ASTM E505 standards. 

 

 

Figure 1: X-ray images of part using 2D venting system 

(left) and part using 3D venting system (right) 

 

In the sections taken from the reference regions shown in 

Figure 1, SEM examination carried out and the porosity 

type was determined. SEM results compared in Figure 2 

to observe the effect of the two venting systems on the 

part.  

 

When the SEM images of the samples taken from 

reference region 1 are examined, it is seen that the 

formation of gas porosity in the part using 2D venting 

system is much higher than that of 3D venting system. The 

amount of gas porosity ratio is reduced by 3D venting 

design.  

 

When a two-dimensional valve system is used both 

shrinkage and gas porosity occurrences are observed. As 

shown in Fig. 3, numerous micro porosities were found 

along with the tear porosity in random geometric form at 

390 micron size. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: SEM results of part using 2D venting system 

(top) and part using 3D venting system (bottom) from 

reference region 1 

 

 

Figure 3: Shrinkage seen 2D venting system used 

 

When the dimensions of the gas porosity are examined in 

the samples taken from the second reference zone (red 

dashed line 2), it is seen that the gas porosity formed when 

the 3D system is used is 3 times lower than the gas porosity 

formed when the 2D system is used In Figure 4. The 

electron microscope image obtained from the castings 

made with the 2D valve design shows that the gas porosity 

has a geometry close to the spherical shape and has a 

diameter of 107 ± 4 m. On the contrary, in the castings 

made with the 3D valve design, the porosity dimensions 

 
1 
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were clearly decreased and maximum pore size has 45 m. 

The specimens were examined by taking 2.5 mm2 areas 

from 6 parts and the average porosity reduction is fourfold. 

 

 

Figure 4: SEM results of part using 2D venting system 

(top) and part using 3D venting system (bottom) from 

reference region 2 

 
4. Conclusion 
 

The most effective factor on the gas porosity in the 

literature studies is the 3 phase and the filling time, but the 

ventilated systems in molds and the part quality 

improvements also play an important role in gas 

evacuation. Between the parts produced with 2D and 3D 

systems, there were important differences in porosity 

ratios and dimensions. In this study, it was determined that 

the 3D venting system caused the productivity increase in 

the HPDC process and besides it decreased the gas 

porosity by 1,2 in 2,5 mm2 area. It was determined that the 

gas outflow facilitated and the downtime in the system 

decreased. This will also increase the life of the vacuum 

valve. At this point, the maintenance costs of the vacuum 

systems will be reduced. 
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Abstrac
t

Aluminum is the world’s most abundant metal and is the 
third most common element, comprising 8% of the earth’s 
crust. The versatility of this material makes it the most 
widely used metal after steel. Besides its unique 
combinations of properties such as soft, ductile, corrosion 
resistant and high electrical conductivity, aluminum is one 
of the lightest engineering metals, having a strength to 
weight ratio superior to steel. However, alloying with 
other elements is necessary to provide the higher strengths 
needed for other applications. In this study, aluminum 
alloys were produced for firefighting systems. Aluminum 
fittings used in the coupling for fire cabinets and fire 
hoses produced by injection of aluminum. ETIAL 150 
ingot is used in the joint construction. The melted material 
was heated to different temperatures and compressed at 
different pressures to the final shape by means of an 
injection machine to see the temperature and pressure 
dependency of the structures. After injection process, 
alloy structures were investigated. Characterizations were 
carried out by XRD, SEM and Vickers hardness test.  
Moreover, Charpy impact test was performed to see the 
mechanical behaviors of the obtained samples. The 
changes of material structure and mechanical properties 
according to the production temperature and the pressure 
were also investigated. 

1. Introduction

Fire occurs every day all over the world, killing people, 
causing great losses for the economy. Moreover, it burns 
residential and commercial facilities that contain 
hazardous materials and the nature is being destroyed. It 
seems not possible to completely prevent the fire from 
happening presently; hence fire extinguishing becomes 
very important. In this sense, fire fighting equipments 
are developed for the fire suppression to save lives by 
trained fire fighters, or an ordinary user at the scene of 
the fire.

Fire hoses are designed for emergency fire protection use 
in industrial and other environments where they are 
stored on swing reels for prolonged periods. They are 
high-pressure hoses that carry water or other fire 
retardant, such as foam, to a fire to extinguish it. In order 

to fulfill the task, they must be rugged, lightweight, 
durable, abrasion-resistant hoses transfer water and other 
fire retardants at high pressures. Moreover, they should 
resist acid, alkalies, gasoline, oils and ozone.  

In this study, aluminum has been used to produce fire 
couplings for fire cabinets and fire hoses. Aluminum is 
one of the most versatile, economical, and attractive 
metallic materials for a broad range of uses. Its alloys, 
which are second only to steels in use as structural 
metals, provide unique combinations of lightweight, 
higher corrosion and wear resistance properties. Etial 
150 is chosen as an aluminum alloy, in that it has been 
used in the fire industry due to its higher corrosion and 
wear resistance. The alloys have been commonly 
produced by high pressure die injection. The melted 
material was heated to different temperatures and 
compressed at different pressures to the final shape. 
After injection process, alloy structures were 
investigated. Characterizations were carried out by XRD, 
SEM and Vickers hardness test.  Moreover, Charpy 
impact test was performed to see the mechanical 
behaviors of the obtained samples. 

2. Experimental Procedure

For studying the influences of processing parameters in 
the die injection process, the aluminum alloys were 
manufactured as the basis of preliminary experiment. 
Beside aluminum, the chemical composition of the 
experimental specimen ETIAL 150 as an ingot is shown 
in Table 1. It is supplied by KMS Geri Dönü üm Döküm 
malat Sanayi ve Tic. Ltd. ti. Experimental specimens 

were fabricated by using HTME 200 die injection 
machine (Hidroteknik, Turkey) shown in Figure 1.a.  

Table 1. Etial 150 Al alloying elements 
Fe Si Cu   Mn Mg Zn Ni Ti Pb Sn 

E
T

A
L

15
0

1,0 11,0-
13,0

1,75-
2,5

0,5 0,4 0,7 0,3 0,1 0,1 0,1 

As a first step of the process, Etial 150 was melted in a 
2344 tool steel crucible at a controlled temperature. The 
internal surface of the die was applied with a water based 
die coat before each injection which acts as a lubricant 
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between the molten metal and die, and also prevents the 
adhesion between the metal and the die. The molten metal 
was poured to die with a GGG40 ladle (Figure 1.b.).  Its 
pouring temperature was 635 oC. The appearances of 
microstructure for the alloys are controlled by the die 
injection process parameters; temperature and pressure 
listed in Table 2. The metal alloy was ejected from the die 
and it is allowed to cool in air. The die injected alloy 
specimen is demonstrated in and Figure 2. 

Table 2. Practical die-injection process parameters 
Specimen Code Temperature Pressure
LT4 550 oC 4 tons 
LT8 550 oC 8 tons 
LT12 550 oC 12 tons 
LT16 550 oC 16 tons 
LT20 550 oC 20 tons 
HT4 640 oC 4 tons 
HT8 640 oC 8 tons 
HT12 640 oC 12 tons 
HT16 640 oC 16 tons 
HT20 640 oC 20 tons 

a) b) 
Figure 1. Die injection machine 

Figure 2. Die injected alloy specimen 

The phase analysis of the metal alloys was performed with 
the help of a Empyrean X-ray diffractometer with Cu K
radiation ( =1.540 Å), in the 2  range of 20-800. The 
surface morphology and microstructure were characterized 
by a scanning electron microscope (SEM, Zeiss Sigma 300 
VP-FESEM). The hardness of the specimen was 

determined using a Vickers hardness testing machine The 
mechanical behaviors of samples were tested by Charpy 
impact test machine (AL A) according to EN ISO 148-1. 

3. Results and Discussion

The X-ray diffraction pattern of the aluminum alloy is 
given in Figure 3. Very characteristics peaks are 
observed related with Al alloys. The peaks of 38.5, 44.5, 
65 and 79 degrees are refering Al and AlSi. 32, 35 and 
39 degreees are AlFeSi. 22, 38 and 43 degrees are 
refering to AlCu [4,5,6].  

Figure 3. XRD analysis of the alloy 

The microstructure of the aluminum alloy is presented in 
Figure 4. The matrix structure has generally come from 
phase. However, depending on the heat treatment and 
pressure conditions, it has been found that this phase 
contains shrunken and spherical Si and other 
intermetallic phases. The microstructure shows the 
interdendritic particles of euctectic silicon, AlCu and 
AlFeSi in a matrix of aluminum solid solution [7]. At 
high pressure, the surface quality is better than lower 
ones. Moreover, at lower temperatures there seem more 
pores and defects at the surfaces comparing to the higher 
ones.
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Figure 4. SEM analysis of the alloys 

The hardness of the aluminum alloys are given in Table 3. 
According to these results it can be said that low 
temperature process specimens have higher hardness. As 
hardness is a measure of the resistance to localized plastic 
deformation induced by either mechanical indentation or 
abrasion, it is important for the fire couplings. Working 
pressure is at least 12 bar for those fire hoses and 
couplings. So they must be resistive to this force without 
any plastic deformation, distortion or leakage.

Table 3. Vickers hardness of the alloys. 
Specimen Code Hardness
LT4 49.2 HV 
LT8 51.0 HV 
LT12 51.6 HV 
LT16 53.7 HV 
LT20 48.9 HV 
HT4 42.6 HV 
HT8 40.4 HV 
HT12 41.7 HV 
HT16 43.4 HV 
HT20 52.3 HV 

The mechanical behaviours of the aluminum alloy 
specimens were examined by using Charpy impact test 
according to EN ISO 148-1 (Figure 5).  The results are 
demonstrated in Table 4. It can be said that at higher 
temperatures the fracture energy is increased. This is why 
high viscosity makes injection difficult at low temperature. 
On the other hand, too high temperature is not suitable for 
this process, because composition of the alloy may be 
deteriorated, such as Silicon burns. Moreover, generally 
speaking at lower pressure fracture energy is higher. In the 
case of low pressure injection with the help of an injection 
piston, there is time for the inside air to escape and less 
porosity occurs.

Table 4. Charpy impact test results 
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LT4 10,00 8,00 0,80 20°C 0 0,40 0,40 3,92 

LT8 10,00 8,00 0,80 20°C 0 0,40 0,40 3,92 

LT12 10,00 8,00 0,80 20°C 0 0,30 0,30 2,94 

LT16 10,00 8,00 0,80 20°C 0 0,30 0,30 2,94 

LT20 10,00 8,00 0,80 20°C 0 0,40 0,40 2,94 

HT4 10,00 8,00 0,80 20°C 0 0,40 0,40 3,92 

HT8 10,00 8,00 0,80 20°C 0 0,40 0,40 3,92 

HT12 10,00 8,00 0,80 20°C 0 0,40 0,40 3,92 

HT16 10,00 8,00 0,80 20°C 0 0,40 0,40 3,92 

HT20 10,00 8,00 0,80 20°C 0 0,30 0,30 2,94 
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        Figure 5. Charpy impact test machine 

4. Conclusion 

Etial 150 Aluminum alloy has been used to produce fire 
couplings for cabinets and fire hoses by high pressure die 
injection. The variable process parameters used are: 550 oC
and 640 oC, and the 4, 8, 12, 16 and 20 tons for the 
temperature and pressures, respectively. Very 
characteristic peaks are observed related with Al alloys 
by referring Al, AlSi, AlFeSi and AlCu. At higher 
pressures, the surface quality is better than lower ones. 
At lower temperatures there seem more pores and 
defects at the surfaces comparing to the higher ones. At 
higher temperatures the fracture energy is increased. This 
is why high viscosity makes injection difficult at low 
temperature. On the other hand, too high temperature is 
not suitable for this process, as composition of the alloy 
may be deteriorated. Generally speaking at lower pressure 
fracture energy is higher. Although high pressure makes 
the surface good, it is better to make it at low pressure in 
relation to the internal structure and to reduce pores. In the 
same way, the injection process should be performed at 
high temperature instead of low temperature, in order to 
ensure the fluidity of the material, reducing viscosity, 
needed for the injection process. 
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Abstract

The attention on composite material increases day 
by day. Because of their mechanical properties, 
composite materials have taken the place of heavy 
industrial material as well as aluminum. This study 
focuses on aluminum metal matrix composites 
(AMMC) produced by mechanical stirring 
supported with ultrasonic stirring application. 
Silicon carbide (SiC) and aluminum oxide (Al2O3) 
were used as reinforcement material. T6 heat 
treatment was applied to samples. To determine 
mechanical results, tensile test was applied. The 
experimental results were analyzed to determine the 
answers of two questions to obtain higher 
mechanical features; which reinforcement material 
should be used and in which amount of 
reinforcement should be added. 

1. Introduction 

Composite materials compose of two or more 
different kind of materials such as metal, ceramic 
and plastic. Main material is called matrix and 
additional material is called reinforcement. 
Reinforcement material could be used as fiber, 
particulate or whiskers form [1-4]. Aluminum and 
its alloys have been drawn attention especially for 
last 20 years for metal matrix composites systems 
[5-7]. Aluminum oxide (Al2O3) and silicon carbide 
(SiC) are the most widely used as reinforcements 
[8-10].

SiC reinforcement was investigated by many 
researches [11-16]. The conclusion of these 
researches SiC increases the mechanical properties 
of aluminum and its alloys. And also Al2O3 
reinforcement took attention of researchers. They 
investigated different amount of reinforcement and 
particle sizes [17-19]. The particle size is important 
especially for agglomeration and homogeneity of 
distribution. If nano Al2O3 is used, the producing 
schedule is important. So that different producing 
types have also been used such as pressure 
infiltration casting, squeeze casting mixing 
technique. But stir casting is the cheapest and 
simplest producing technique especially for 
particulate-reinforced composites [20]. 

The present study was undertaken to investigate the 
effects of different amount of both SiC (average 
particle size: 53 μm) and Al2O3 (average particle 
size: 65μm) reinforcement on mechanical features 
of aluminum composite. To produce composite 
samples, mechanical stirring promoted with 
ultrasonic stirring was applied.

2. Experimental Procedure 

Table 1 shows the primary A356 (AlSi7Mg0.3) 
which was used as matrix material. Both SiC 
obtained from Kuhmichel (Turkey) and Al2O3 
obtained from ermet (Turkey) were used as 
reinforcement materials.  

Table 1. Chemical composition (wt%) of matrix alloy A356 

Si Fe Cu Mn Mg Zn Ti Al
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A356 7,3 0,1 0,1 0,05 0,3 0,05 0,1 rest

Fig 1 a shows the flow chart of experimental 
procedure. A charge of 4 kg of the A356 alloy was 
introduced to the crucible and heated up to 750 ˚C
in melting furnace as shown in Fig 1 b and c. 
During melting process of alloy, SiC and Al2O3 
ceramic powders were weighed according to 0,5-1-
1,5 %wt and preheated at 750 °C for 2 hours to 
improve the wettability between particles and 
matrix. And reference sample was produced to 
compare the alteration of test results. 

(a)

(b)       (c) 
Figure 1 (a) Flow chart of experimental (b) Measurement of 
A356 ingots. (c) Crucible in furnace. 

After aluminum melted, one crucible was taken out 
from the furnace then slag over the surface was 
removed. Mechanical stirring was applied by 
Optimum B20-400 V at 600 rpm. Mechanical 
stirrer was submerged to stir (Fig 2 a). When 
stirring started, ceramic powder was added. After 1 
min, mechanical stirring was stopped and ultrasonic 
sonotrode was submerged to apply ultrasonic 
cavitation for 1 min (Fig 2 b). The ultrasonic 
stirring was applied by Rtul brand machine which is 
capable of 3 kW of electric energy at a constant 
resonant frequency of 19,8 kHz. 

After all stirring procedure finished composite melt 
was poured into preheated mold at 320 °C. Tensile 
test samples were prepared in accordance with DIN 
EN ISO 6892-1 (in Fig 3c). Tensile tests were 
applied by Zwick Z100 model tensile testing 
machine, in accordance with DIN EN 10002-1. 

Figure 2 (a) Mechanical stirrer (b) Ultrasonic stirrer 

All samples were heat treated at T6 conditions that 
were solutionized at 540 C for 4 h and then 
quenched in water at 80 C, artificially aged at 155 
C for 3 h. 

Figure 3 a) Preheated mold, b) After pouring and c) Tensile test 
sample

Brinell Hardness test applied according to DIN EN 
ISO 6506-1 standard to all samples by using Innova 
Test Nemesis 9000 brand machine.

3. Results and Discussion 

Fig. 4, Fig. 5, Fig. 6 and Fig. 7 show the tensile test 
results of YS (Yield Strength), UTS (Ultimate 
Tensile Strength), elongation and QI (Quality 
Index), respectively. Quality Index [21, 22] were 
calculated by using tensile test results as 
demonstrated in Equation 1: 

(1)

QI; Quality index (MPa) 
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UTS; ultimate tensile strength (MPa) 
K; constant (for A356 is equivalent to 150 MPa) 
Elongation; (%) 

This index helps engineers to evaluate of suitable 
conditions for material selection [22]. 

Fig 4 shows YS values. It can be say that YS values 
of composites with SiC reinforcement do not 
regular change according to addition amount. But 
the other group which includes Al2O3 
reinforcement, YS values increases by increasing 
the amount of reinforcement. Whatever all YS 
values of composite with Al2O3 is lower than the 
results of reference sample. Composite with 1%wt 
SiC shows the highest result.

Figure 4 Alteration of YS of all samples tensile test results 

As seen in Fig 5, the distribution of reference 
samples results is not able to acceptable. It can be 
clearly seen that composites with SiC show higher 
UTS results than the other ceramic powder 
additives. If comparison with reference, composite 
produced with 1%wt SiC has nearly 15% higher 
UTS result. 220 MPa is acceptable also to produce 
aluminum wheels. So all of UTS results of 
composite samples is nearly higher than this 
acceptable value. 

Figure 5 Alteration of UTS of all samples tensile test results 

Fig 6 demonstrates the distribution of elongation 
results. It should be minimum 4% for aluminum 
alloy wheel. It is seen in Fig 6 that only composite 
with 1%wt SiC has higher value than the minimum. 

Fig 7 indicates the value of QI which is calculated 
from mechanical test results. It is desirable that QI 
is as high as possible. So it can be clearly say that 
composite with 1%wt SiC shows the highest. 

Figure 6 Alteration of Elongation of all samples tensile test 
results

Figure 7 Alteration of QI of all samples tensile test results

Fig 8 shows the hardness test result of all samples. 
According to these results, the highest value was 
obtained with 1%wt SiC additive. But the other 
results is less than reference sample especially 
composite with 0,5%SiC as 51 HB. 

4. Conclusion 
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The aim of this study is to investigate the effect of 
SiC and Al2O3 reinforcements on mechanical 
properties of aluminum matrix composite. Tensile 
test and hardness test were performed to all 
samples. The following conclusions may be drawn: 

(1) The highest YS result is obtained with 1%wt 
SiC additive. Compared with reference sample, YS 
of composite with 1%wt SiC increased 
approximately 5%.  

(2) The highest UTS result is obtained with 1%wt 
SiC additive. Compared with reference sample, 
UTS of composite with 1%wt SiC increased 
approximately 15%. 

(3) The highest elongation result is obtained with 
1%wt SiC additive. Compared with reference 
sample, elongation of composite with 1%wt SiC 
increased approximately 2.5 times higher. 

(4) The highest QI calculated is obtained with 
1%wt SiC additive. Compared with reference 
sample, QI of composite with 1%wt SiC increased 
approximately 35%. 

(5) The highest hardness is obtained with 1%wt SiC 
additive. Compared with reference sample, 
hardness of composite with 1%wt SiC increased 
approximately 11%. 
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Abstract 

Composites are produced when two or more 
materials or phases are used together to give a 
combination of properties that cannot be attained 
otherwise. Composite materials may be selected to 
give unusual combinations of stiffness, strength, 
weight, high-temperature performance, corrosion 
resistance, hardness, or conductivity. 
Metal-Matrix Composites (MMCs) are a diverse 
class of materials that consist of a metallic alloy 
matrix typically reinforced with a ceramic phase in 
the form of particles, platelets, whiskers, short fibers, 
and continuously aligned fibers. By far one of the 
most common commercial MMCs are based on 
aluminum alloys reinforced with ceramic 
particulates. One of the production methods of 
MMCs is the infiltration technique. In order to obtain 
a composite with this method, it is necessary to 
prepare a shape called preform which is formed by 
the combination of reinforcing materials. In this 
study, effect of preform components on the 
properties of AA7075-SiCp and AA7075- SiCp/B4Cp
was investigated. SiCp and SiCp/B4Cp preforms were 
fabricated by using PVA and colloidal silica in 
various volume fractions. Also, preforms were 
infiltrated with AA7075 by block mould investment 
casting to produce AA7075 matrix composites. 
Preforms and composite materials were 
characterized by light metal microscopy and 
hardness tests. 

Keywords: Metal matrix composite, AA7075-SiCp, 
AA7075- SiCp/B4Cp, preform 

Introduction 

Composite materials are called that two or more 
materials come together at macro level to form better 
properties. The composites consist of two structures: 
the matrix structure and the reinforcement element. 
The matrix structure is the basic material of the 
composite, which constitutes the majority of the 
composition and which also supports the reinforcing 
element by surrounding it. The reinforcement 
element is the part added to the structure to improve 
the physical and mechanical properties of the matrix 
structure and to carry the load to the material. The 
compatibility of these two structures is very 
important factor for the composite for obtaining 
better properties [1]. 

Discontinuous reinforcements are used in two 
different ways as scraps and particles. The uniform 
distribution of reinforcement elements in the matrix 
structure ensure better mechanical and physical 
properties [2,3]. 

Metal matrix composite (MMC) materials are the 
most preferred materials after polymer-based 
composites due to high elastic modulus, strength, 
hardness, corrosion resistance. MMCs are widely 
used in the automotive, aerospace, aviation, defense 
and electronics industries with their superior 
strength properties. In MMC materials, the matrix 
structure consists of metal or alloys, whereas the 
reinforcement element is usually made of ceramic 
materials. As matrix structure, alloys show better 
properties than pure metal. Aluminum, Magnesium, 
Copper, Titanium and alloys of these materials are 
used as the matrix structure in MMCs. It is desirable 
that the materials to be used as the matrix have low 
density, high toughness and mechanical properties. 
Thus, at lower weights, better material production is 
achieved [4,5]. 

In the case of chemical incompatibility between the 
structures, bond formation at the interfaces does not 
possible. This situation causes the formation of 
lower strength values. Increasing the wettability, 
controlling the chemical reactions and reducing the 
oxidation is necessary for obtaining the bonding of 
matrix and reinforcement structures [3, 6, 7]. 

A number of approaches are used for the production 
of components via infiltration casting. Preform 
properties are critical for fabrication of MMCs. 
Content of the preform, types of the binders and the 
volatile components affect the preform properties [8, 
9].

In this study, effect of binders on the properties of 
MMCs was investigated. For this purpose, SiC based 
preforms were fabricated with various binders in 
different amount and AA7075 matrix composites 
were produced. 

Experimental

AA7075 alloy, SiC and B4C ceramic powders were 
used to produce MMCs. Chemical composition of 
the AA7075 alloy was given in Table 1. 
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Table 1. Chemical composition of AA7075 alloy 
(wt. %) 

Mg Mn Si Cu Fe
2.5 0.3 0.4 1.6 0.5 
Cr Ti Zn Al 

0.23 0.2 5.6 Bal. 

SiC and B4C powders, polyvinyl alcohol (PVA) and 
colloidal silica were provided as raw materials to 
produce preforms. Water-based PVA solution was 
prepared with 20% wt. PVA. The compositions of 
the fabricated preforms were shown in Table 2. 

Table 2. Compositions of fabricated preform. 

Figure 1. Flow chart of preform making. 

SiC and B4C powders, PVA solution and colloidal 
silica were mixed for obtaining homogeneous slurry 
and cast into silicone molds. Hardened preforms 
were taken out after holding for 24 h at room 
temperature. Then, the preforms were dried at 110 

2h. The flow chart of preform making was given in 
Figure 1. 

At the end of the sintering process, SiC and SiC-B4C
based preforms with 8 mm in height and 17 mm in 
diameter were obtained as shown in Figure 2. 

Investment casting was used for fabrication of 
AA7075 based composites. Flash mold was 

the flash mold into the vacuum casting machine. -105

Pa pressure was applied during the casting process. 

Vacuum assisted casting machine and the casting 
process were seen in Figure 3. 

Figure 2. Macrostructures of the fabricated 
preforms. 

Figure 3. Schematic illustration of casting process. 

Microstructure properties of the fabricated preforms 
were characterized by light metal microscope and 
mechanical properties of the specimens were 
determined with Brinell hardness test that was 
carried out using 62.5 kp test load and 2.5 mm 
diameter indentation tip. 

Results and Discussion 

AA7075 matrix, SiC and SiC-B4C reinforcement 
composite specimens were manufactured with the 
vacuum assisted block investment casting technique.  
The amounts of colloidal silica and PVA used in 
preform production were varied to obtain preforms 
with different porosity. 

Microstructures of the fabricated composites were 
given in Figure 4. The amount of volatile component 
in terms of PVA affected the pore ratio of preform. 
Increasing PVA content increased the amount of 
pore ratio. Thus, infiltration ability of the preforms 
was enhanced with higher pore ratio in the fabricated 
preforms. When amount of colloidal silica content of 
the preforms was examined, it was seen that 
colloidal silica created a strong binding of the 
powders, which caused closing of some pores during 
sintering of the preforms. Sintering of the preforms 
with colloidal silica reduced the open pore content of 

SiC 
(g) 

B4C
(g) 

Colloidal
silica (CS) 

(ml) 

PVA 
solution 

(ml) 
20 - 2 30 
20 - 4 30 
20 - 4 20 
20 - 15 15 
20 - - 30 
10 10 2 30 
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the preform caused a lower infiltration rate. Also, 
pore ratio of the preforms were reduced with 
decreasing PVA content as seen in Figure 4c. When 
the amount of PVA volume ratio in the preform was 
kept in a certain value, amount of pore size was 
increased together with the amount of colloidal silica 
and a continuous pore network was occurred in the 
preform during sintering process. A hybrid 
composite was obtained by mixing 10g SiC and 10g 
B4C powders. The optimum parameters for 
fabrication of the hybrid preform were obtained by 
pre-experiments carried out with SiC powders. 
Optimum preform content was determined as 30 ml 
PVA and 2 ml colloidal silica. 

Figure 4. Microstructures of the composite 
specimens fabricated by preform containing a) 30 
ml PVA and 2 ml CS, b) 30 ml PVA and 4 ml CS, 
c) 20 ml PVA and 4 ml CS, d) 15 ml PVA and 15 

ml CS, e) 10g SiC and 10g B4C, 
30 ml PVA and 2 ml CS. 

Macrostructures of the composite with different 
preform parameters, 15 ml PVA and 15 ml CS and 
30ml PVA were given in Figure 5. No liquid metal 
infiltration was occurred for figure 5(b). Preform of 
the figure 5(b) only had 30 ml PVA. During the 
sintering process, PVA was volatilized at lower 
temperatures. Pores were getting closed and melt 
infiltration was not achieved due to absence of 
colloidal silica and PVA.  

Effects of the SiC and B4C particulates on the 
mechanical properties of the specimens were 
investigated with hardness tests. The average 
hardness values of the specimens were compared 

with hardness values of the matrix material as shown 
in Figure 6. 

Matrix-reinforcement interface is one of the 
important parameters affecting the mechanical 
properties of composite materials. The infiltration 
rate of the liquid metal into the structure, affects the 
interfacial bonding. As the rate of infiltration 
increases, the liquid metal more wets the 
reinforcement material, resulting in more and 
stronger interface bonds. In this experimental study 
the highest infiltration rate was obtained for sample 
fabricated with a preform containing 30 ml PVA and 
4 ml CS and the highest hardness value was found in 
this material. Other hardness rates varied with 
infiltration rates. 

Figure 5. Macrostructures of the composite 
specimens fabricated by preform containing            

a) 30 PVA and 2 ml CS, b) 30 ml PVA. 

Figure 6. Brinell hardness values of the specimens. 

Thus, the hardness value of sample fabricated with a 
preform containing 20 ml PVA and 4 ml colloidal 
silica was 90.38 HB. The hardness value was 
determined in hybrid composite was 90.71 HB. 

Conclusion 

AA7075 matrix and SiC and SiC+B4C based 
composites were successfully fabricated by 
investment casting method. The properties of the 
specimens were characterized using hardness tests 
and microstructure analysis. Vacuum assisted 
investment casting method has a great potential for 
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improving infiltration and wetting ability of 
reinforcement with molten metal. Especially, fully 
infiltrated SiC preforms containing 30ml PVA and 2 
ml colloidal silica were produced using vacuum 
assisted investment casting. 
The infiltration rates varied as the preform 
parameters changed. The amount of pores was 
increased in the preforms with the increasing amount 
of PVA. Increasing amount of colloidal silica 
reduced the volume fraction of pores, but excess 
amount of colloidal silica in the preform produced a 
continuous pore network in the structure, which 
enhanced the infiltration ability during the casting 
process. 
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Abstract

In recent decades, semi-solid metal processing 
techniques have emerged as an effective 
manufacturing method for producing near net shape 
products with several advantages comparing to 
conventional production methods. These methods 
have been widely studied especially for commonly 
used aluminum casting alloys such as A356, A357 
and A380. 2xxx series aluminum wrought alloys, 
include Cu as main alloying element, have been 
preferred mainly as structural components in 
aircraft industry due to their high relative strength, 
yet the vast majority of those components are 
produced via rolling or extrusion processes. In this 
study; cooling slope casting was applied to produce 
necessary feedstock for thixoforging of AA2014 
alloy. A copper tube with the length of 650 mm was 
employed as a cooling slope during feedstock 
production process. Castings were performed at 668 
°C and the tilt angle was 60° for copper tube. 
Cylindrical specimens with appropriate dimensions 
were cut from the feedstock and one specimen was 
kept as reference. Obtained specimens were 
reheated at 618 °C for 20, 40, 60 and 80 minutes as 
couples. Subsequently, one specimen from each 
couples was quenched in the water and the other 
one was thixoforged with 50% deformation via a 
hydraulic press. Microstructural evaluation was 
carried out by spheroidization index and average 
globule size measurements for every sample. 
Brinell hardness test was implemented to observe 
the effects of reheating time during thixoforging 
process on a mechanical property.  
Keywords: AA2014, thixoforging, cooling slope 
casting.

Introduction

Understanding of thixotropic features of metallic 
materials in 1970s pioneered a new forming 
technology which is called semi-solid metal 
forming (SSMF) [1]. In SSMF, obtaining of 
globular microstructure is mandatory and it can be 
possible with either a reheating step after primal 
solidification (thixo route) or it can be without any 
intermediate solidification and integral to forming 
step itself (rheo route) [2]. During processing at 
solidification range, partial melt flows through 
globular solid phase and thusly materials become 
available to be formed [3]. Advantages like; more 

laminar die filling due to lesser turbulence, 
extended mould life because of milder forming 
temperature comparing to conventional casting 
methods and better mechanical properties with 
globular microstructure bring SSMF to the fore 
among other forming technologies [4]–[6].
Several methods have been explored for feedstock 
production to SSMF and these methods are mainly 
divided into two categories as liquid and solid state 
routes. Liquid state routes are immensely studied 
for common aluminum casting alloys like A356 and 
A380 [7]–[10]. Cooling slope casting method 
places one of those liquid state routes. In this 
method molten alloy is cast through a cooling tube 
with a mild superheat. Both shear forces caused by 
tilt angle of cooling plate and high cooling rate due 
to tube material or cooling system repress dendritic 
growth in this method [11]. On the other hand solid 
state routes such as SIMA and RAP are only viable 
for wrought aluminum alloys because they require 
deformed feedstocks for further recrystallization 
step prior to forming [12]. However introduced 
deformation may differ along whole specimen 
because of dimensional limitations at components 
with wider diameter and it may result with 
heterogeneity in microstructure after solid state 
SSMF processes [13]. 
In this study, thixoforming feedstocks of AA2014 
alloy were produced by cooling slope casting 
method using a copper tube. Thixoforging 
processes were carried out in open die with %50 
deformation. Effects of reheating time were 
investigated with evaluating microstructures and 
hardness measurements.

Experimental 

AA2014 alloy with chemical composition as given 
in Table 1 was melt at 30 °C of its liquidus 
temperature, 668 °C, in electric resistance melting 
furnace. Low superheated liquid metal was cast 
through a cooling slope made of copper with 650 
mm length and 60° tilt angle into a metal mould. 
Copper slope was coated with hexagonal boron-
nitride prior to casting for avoiding metal adhesion 
and liquid metal reactions with tube. Nine 
specimens obtained via machining, each was with 
40 mm height and 40 mm diameter. One specimen 
was kept as reference and the others were reheated 
for 20, 40, 60 and 80 minutes as couples at 618 °C. 
Melting range of alloy approximately stands 
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between 507 and 638 °C, and at present processing 
temperature estimated liquid fraction was about 
20%. After reheating, one of the each doubles was 
quenched in water and the other one thixoforged in 
open die with 50% deformation.  

Table 1. Chemical composition of AA2014 alloy 
(wt. %) 

Cu Si Mn Mg 
4.06 0.74 0.51 0.26 
    
Fe Ti Pb Al 
0.33 0.03 0.01 Bal. 

All specimens were ground, polished and etched 
with Keller solution. Microstructural examinations 
were carried out with image analyser assisted Nicon 
Eclipse MA100 optic microscope. Brinell hardness 
tests were carried out with 62.5 kgF load and 2.5 
mm tip diameter.             

Results and Discussion 

Microstructure of cooling slope as-cast specimen 
was given in Figure 1. Microstructure of alloy 
mainly consists of primary aluminum crystals with 
CuAl2 intermetallic around the grain boundaries.  It 
can be seen that fine, near-equiaxed grains started 
to form due to cooling slope effects. 

Figure 1. Optical microstructure of cooling slope 
as-cast AA2014 

Microstructures of quenched and thixoforged 
specimens were given in Figure 2. It can be seen 
that even with lowest reheating time high rate of 
spheroidization was obtained. Moreover, grain 
coarsening was inevitable with increased reheating 
times. After thixoforging process, all specimens 
almost maintained their globular grain structure 
which was formed subsequent to reheating step. 

Figure 2. Microstructures of quenched and 
thixoforged specimens after reheating 

In order to evaluate the feedstock properties, 
furthermore to realize the relation between 
microstructure and hardness property; 
spherodization indexes (SI) and average grain sizes 
calculated from microstructures and they were 
given in Table 2 and Figure 3 respectively. Brinell 
hardness values of the specimens were also given in 
Figure 4.
Table 2. Spherodization Index (SI) of As-Cast and 

Quenched Samples 

CS
As-

Cast

20 min 
quenched

40 min 
quenched

Spherodization
Index 0.884 0.929 0.935 

60 min 
quenched

80 min 
quenched

Spherodization
Index 0.918 0.927 
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Figure 3. Average grain sizes 

According to results, all reheated samples has 
reached close values for spherodization, albeit 40 
minutes reheated and quenched sample has the 
most globular microstructure with 0,935 SI.  Beside 
of optimum liquid fraction, spheroidization index is 
another crucial parameter for an effective 
thixoforming process in order to better flow of 
partial melt during forming. For that reason, more 
globular microstructures are essential for 
thixoforming feedstocks. 

Figure 4. Brinell hardness values for all samples 

Maximum hardness values were obtained for 20 
minutes reheated samples. Hardness values 
decreased with increasing reheating time in relation 
with grain coarsening.

Conclusion 

Cooling slope casting method was employed to 
produce thixoforging feedstock for AA2014 alloy. 
These conclusions may be highlighted by obtained 
results;
1) Cooling slope casting was successfully 
implemented for AA2014 alloy to produce globular 
feedstock for further thixoforming processes. 
2) Maximum sphericity was obtained in 40 
minutes reheated sample with 0.935 spherodization 
index.
3) Maximum hardness was obtained on 20 
minutes reheated samples owing to finer 
microstructure. 
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3005 aluminum alloy has significant potential usage in building and automotive applications due to its hardness and 
corrosion resistance. In this study, twin roll casted 3005 aluminum alloy was examined in terms of alternative thermo-
mechanical processes to utilize in automotive industry. Formability of materials influenced unfavorably by undissolved 
intermetallic due to high solidification rates in twin roll casting method. Regarding this, carrying out the most convenient 
thermo-mechanical processes is essential in order to eliminate this undesirable condition. Effect of alternative annealing 
temperatures and performing annealing processes at varied deformation fractions were observed. Besides that, effects of 
homogenization annealing conditions on microstructure were investigated on different process stages. Deep drawing tests 
were proceed for indicating the most appropriate formability behavior. Strain hardening exponent and planar anisotropy 
coefficient were accomplished for deep drawing. Characterization of the materials were performed with SEM and optical 
microscopy in order to analyze the intermetallics distribution, phases’ identification and grain structure.    

1. Introduction

Lightweight solutions of automotive industry encompass 
utilization of aluminum alloys in order to diminish fuel 
consumption and CO2 emissions. Besides that, as the 3xxx 
series aluminum alloys have relatively good strength and 
formability. These materials preferentially handle for 
automotive sector on several components [1-2]. 

Twin roll casting method offers high productivity 
compared to traditional Direct Chill casting method 
although excess casting speed cause intermetallics on mid 
plane which can imply as centerline segregations [3-4]. 
Homogenization annealing is essential process to eliminate 
segregations since it can alter the microstructure and 
enhance the mechanical properties. Intermetallic particles 
can influence the alloys’ strength and recrystallization 
behavior pursuant to homogenization conditions. After 
homogenization, taking consideration of Mn rich 
dispersoids formation, it is fundamental to control 
intermetallic structure during annealing [5-7]. 

Throughout the homogenization annealing as heat 
treatment; type, size and distribution of comprising 
intermetallics affect the recrystallization, deformation 
behavior and mechanical properties in 3XXX aluminum 
alloys. Next to that, in order to have high volume fraction 
of -Al(Mn,Fe)Si dispersoids to accomplish good 
mechanical properties, optimum Fe% content must be 
ensured. Fe% and Si% content in the alloy reduces the Mn 
solubility and accelerates the Mn-bearing dispersoids’ 
precipitation in the matrix. [8-10].  

3xxx alloys including 1% Mn amount are favorable for 
applications requiring deep drawing properties. Texture 
development is evident in deep drawing behavior of sheet. 

On the purpose of enhancing drawability, material’s 
mechanical and microstructural properties should improve 
such as planar anisotropy and grain orientation. [11-12] 

Present study investigates to perform alternative thermo-
mechanical processes to achieve good formability, fine, 
dispersed and equiaxed grain structure which demands for 
automotive applications.   

2. Experimental Procedure 

The AA 3005 strips were casted in industrial scale by twin 
roll casting method in ASAS Aluminum casting line and 
material’s chemical composition was given in Table 1.

Table 1. Chemical composition of 3005 alloy. 
Alloy Fe Si Mn Mg Cu 

wt.% 0,5-0,7 0,4-0,6 1,0-1,5 0,2-0,6 0,2- 0,3 

Alternative thermo-mechanical processes were applied to 
sheets in laboratory scale and Table 2 summarizes 
diversified downstream processes accomplished in this 
study.  
                     Table 2. Process Parameters. 

Process 1-a Process 1-b Process 2-a Process 2-b 
As-Cast As-Cast As-Cast As-Cast 

Homogeniza
tion. (540°) 

Homogeniza
tion. (560°) Cold rolling Cold rolling

Cold R. Cold R. Homogeniza
tion. (540°) 

Homogeniza
tion. (560°)

Inter.
annealing

Inter.
annealing

Cold R. 
(0,5mm) 

Cold R. 
(0,5mm) 

Cold R. 
(0,5mm) 

Cold R. 
(0,5mm) 

Recrys.
annealing

Recrys.
annealing

Recrys.
annealing

Recrys.
annealing
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Rolling and annealing processes of the samples were 
carried out in laboratory type cold rolling mill with 
Nabertherm model heat treatment furnace.  

Mechanical test samples were prepared 0°, 45° and 90° to 
the rolling direction of aluminum sheets. Mechanical and 
deep drawing properties of samples were analyzed by 
tensile and erichsen tests and determined from two 
samples for each experiments using a Zwick/Roell Z050 
model tensile machine as convenient for TS EN ISO 6892-
1 standard. 

The planar anisotropy ( R) which calculated from plastic 
strain ratio values during tensile test, determined along 0°, 
45° and 90° of rolling directions by using following 
formulas. 

R=(ro+r90+-2r45)/2                                   (1)  

Metallographic preparation was fulfilled with mould the 
samples to bakelite resin, grinding by SiC papers, 
polishing with diamond suspension and colloidal silica 
respectively. In order to analyze the grain structure, ZEISS 
Scope.A1 model optical microscopy was used. Grain 

orientation was observed in terms of this method. The 
average grain size was measured on subsurface regions 
using the linear intercept method.

EDS analysis and mapping of the specimens were 
examined in SEM (Scanning Electron Microscopy) 
equipped ZEISS EVO MA 15.  

3. Results and Discussion 

Typical etched microstructure under polarized light and 
representative SEM image of of 3005 as-cast sample are 
shown in Fig 1 respectively. After casting, mid plane’s 
grain structures are coarser than outermost layers as its 
typical microstructure of twin roll casting. According to 
SEM-EDS analysis, diversified intermetallic phases 
dispersed on centerline segregations in as-cast conditions. 
On centerline segregations, major phase of  gray Al6(Mn, 
Fe) phase, light gray -Al(Mn, Fe)Si phase and minor 
phase of black Mg2Si are precipitated [8,13]. 

(b)

(a)                                                    (c)

Figure 1. Microstructure of as-cast specimen a) Grain structure under polarized light b) SEM image on centerline 
segregation c) SEM-Mapping. 

Alternative homogenization heat treatment conditions 
were applied to all processes and grain structures of 
annealed samples were demonstrated in Figure 2.  When 
the transverse cross section of grain structures examined, 
remarkable differences observed between Process 1 and 
Process 2. In both annealed samples, outermost surfaces 
compose of elongated grains whereas mid plane consist of 
equiaxed grain structure. However, during homogenization 
grain coarsening arised in both processes due to 

polygonization in outermost surfaces [14]. In Process 1, 
excessive coarse grains occurred compared to Process 2 
because of dislocation density. Before homogenization, 
strips of Process 2 cold rolled approximately 30% and 
dislocation density increased due to work hardening and 
this situation decreases polygonization ratio. 

With the purpose of ensure recrystallized homogeneous 
grain structure, intemediate annealing occured on Process 

Mg

Si Fe

Mn

Al6(Mn,Fe) 

-Al(Mn, Fe)Si 

Mg2Si
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1 samples and it was represented in Fig. 3. Although 
coarse grains could not eliminate completely on surfaces in 
the case of elevated homogenization annealing temperature 
of 560°C, microstructure  get more homogeneous 
throughout the cross-section. Compared grain structures 
with homogenized specimen for Process 1, grains are finer 
and more equiaxed after intermediate annealing. 

          (a)               (b)                (c)               (d) 
Figure 2. Microstructures of samples after 
homogenization annealing; (a) Process 1-540°C, (b) 
Process 1-560°C, (c) Process 2-540°C, (b) Process 2-
560°C

                               (a)                 (b)        
Figure 3. Microstructures of samples after inter. 
annealing; (a) Process 1-a (b) Process 1-b. 

As a result of recrystallization annealing, O temper is 
obtained for all final product of the samples (Table 3). 
Mechanical results show that microstructural alterations 
have influence on material’s deep drawing behavior. 
Process 2 exhibited better deep drawing behavior 
compared as to Process 1. Formability of aluminum sheet 
material dependent on material’s strain hardening 
exponent, erichsen values and grain size. For final product 
of Process 1, strain hardening exponent is approximately 
0,210-0,211 whereas Process 2 sample’s 0,216 due to 
different thermo-mechanical processes. Homogenization 
temperature has no obvious influence on strain hardening 
component. Tjally et. al. [m] investigated the mechanical 
and anisotropic behavior of aluminum strip and observed 
that the material which have low planar anisotropy, and 

relatively high strain hardening exponent, demonstrate 
better deep drawing behavior.
After recrystallization annealing at same conditions, planar 
anisotropy conversions of Process 1-2 are shown in Fig 4.  
Although the average anisotropy values of specimen of 
Process 2 was lower than Process 1 values, increasing 
homogenization temperature had led to rise of R value. 
This status can attributed to decomposition of grain 
orientations after homogenization in elevated 
temperatures. Optimum thermo-mechanical processes 
promote material to have uniform grain orientations. 
However, low yield strength and planar anisotropy exhibit 
comparatively better deep drawing behavior accompanied 
with good formability. [15] 

Table 3. Tensile test results after recrystallization 
annealing
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1-a 60 142 22,7 9 0,211 O 
1-b 61 136 22,3 9 0,210 O 
2-a 58 134 17,8 9,3 0,216 O 
2-b 56 133 17,1 9,1 0,216 O 

Figure 4. Anisotropy values of Process 1 and 2 after 
recrystallization annealing. 

After recrystallization annealing, optimum deep drawable 
sample investigated for Process 2-a. Microstructure of 
final product of Process 2-a and intermetallic distribution 
on centerline segregation are shown in Fig. 5 respectively. 
Uniform recrystallized grains observed along transverse 
cross-section of final product. Primary phase of gray 
Al6(MnFe) and minor phase light gray -Al(MnFe)Si 
determined after EDS analysis. Minor black Mg2Si phases 
which increase yield strength and decrease elongation, 
dissolved after homogenization. Dispersoid phases 
transform from plate like to spherical morphology. Besides 
that, increasing homogenization temperature lead -
Al(MnFe)Si dissolve to aluminum matrix and ensure 
Al6(MnFe) phase to precipitate. It is known from literature 
that -Al(MnFe)Si phase improve material’s mechanical 
properties. SEM-EDS analysis show that alpha phase did 
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not dissolve and that can be attributed to -Al(MnFe)Si 
dispersoid have relatively high thermal stability [8,13]. 

(a)

(b)
Figure 5. Microstructure of final product after 
recrystallization annealing for Process 2-a, a) Grain 
structure under polarized light b) SEM image on centerline 
segregation

4. Conclusions 

The results of this study can be summarized as follows: 

SEM-EDS analysis reveal that as-cast microstructure 
consists of Al6(Mn,Fe), -Al(Mn,Fe)Si and Mg2Si
intermetallic phases. 

Deformation ratio before homogenization is evident in 
deep drawing products owing to formability. If 
homogenization was conducted without cold rolling, 
deformation hardening does not occur in the material and 
deformation texturing is not effective. Hereby, the pinning 
effect is more efficient because of the low density of 
dislocations and excessive coarse grains on the surfaces. 

Coarse grains can not remove thoroughly on surfaces after 
intermediate annealing for Process 1 despite high 
temperature annealing. 
Mg2Si constituent phase dissolved after thermo-
mechanical process that influences on enhancement the 
formability of material. 

There is inverse proportion between planar anisotropy and 
strain hardening coefficient that influences deep drawing 
behavior. Thereupon, best deep drawing behavior observed 
in Process 2-a which homogenized after deformation. In 
processes prior to final thickness, uniform recrystallized 
grain structure distribution of material along the cross-
section provides relatively lower planar anisotropy in the 
final product and ensures higher erichsen values. 
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Abstract 

Thermal conductivity (K) is the main fundamental 
property of materials such as density, melting point, 
entropy, enthalpy, resistance, and crystal structure 
parameters. Although the values of K for pure metallic 
materials were obtained theoretically and experimentally, 
there are not sufficient information and data available 
about the thermal conductivity of multicomponent 
materials. A new longitudinal heat flow apparatus was 
designed to measure the thermal conductivity variation 
with temperature in solid materials for high temperature. 
Thermal conductivity variations with temperature for 
pure Al and aluminum and zinc metals were measured 
with the longitudinal heat flow apparatus. A comparison 
of present results with the previous works was made. The 
longitudinal heat flow apparatus designed in present 
work can be used to measure the thermal conductivity 
variation with temperature for multi component metallic 
alloys as well as pure metallic materials up to 1173 K.  

1.  Introduction 

Various thermal conductivity measurement methods have 
been announced in recent years. They can be categorized 
under two main techniques: steady state and non-steady 
state methods. The former bases on equilibrium state 
determined from rate of the heat flow per unit area and 
the temperature gradient in specimen. The later can be 
calculated from correlation between temperature 
distribution depending on time, thermal diffusivity and 
typically rate of heat flow. 

The longitudinal heat flow method is a most common 
method for thermal conductivity measurement. The flow 
of heat in rod specimen should be adjusted at axial 
direction. With the neglection of the radial gain and loss 
in process, thermal conductivity can be calculated by the 
given in following expression [1, 2]. 

                     (1) 

It is known as Fourier-Biot heat conduction equation. 
Where K is the thermal conductivity of the sample, A is 
the cross- 2-X1 is the 
distance between the points of the thermocouples and 

2-T1 is the temperature difference between X2 and 
X1 points. 

The thermal conductivity value of the materials is a 
typical characteristic for metals. However, the current 
values are vulnerable to most intrinsic and extrinsic 
parameters including purity, type and size of the phases, 
direction of the grain, applied thermomechanical 
treatments, utilization temperature and coatings [3-7]. In 
addition, the calculated and established values of the pure 
metal are not enough for its alloys. Numerous alloys, 
consist of binary or multi components with different 
physical and mechanical properties, need to be properly 
investigated by present or novel measurement methods. 

Recently, a longitudinal heat flow apparatus was 
designed to measure the thermal conductivity of solid 
materials [8] and the thermal conductivity variation with 
temperature for some lead-free solder alloys were 
measured with the longitudinal heat flow apparatus 
[9,10]. Thermal conductivity variation with temperature 
for solid materials can be measured up to 773 K with the 
longitudinal heat flow apparatus desi
[8]. It has an operation temperature limitation.  

The aim of the present study was to overcome this 
limitation on the experimental technique. Thus, a new 
longitudinal heat flow apparatus was designed to measure 
the thermal conductivity variation with temperature up to 
1173 K for solid materials and the calibration of the 
system was performed by using high purity aluminum 
and zinc.  

2.  Experimental Procedure 

The longitudinal heat flow apparatus consists of hot stage 
and cold stage as shown in Figure 1.  The hot stage was 
constructed to heat the sample from one side and it was 
constructed from an alumina tube, 80 mm ID, 60 mm OD 
and 150 mm long as shown in Figure 1. Kanthal A1 
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resistance wires, insulated in ceramic beads were wound 
on the alumina tube to give a hot zone; 100 mm in length. 

transformer was placed in the supply circuit, stepping the 
maximum current down to 10 amperes. 

Figure 1. Block diagram of the longitudinal heat flow 
apparatus. 

Eurotherm 2604 type controller. The hot stage can be 
operated up to 1173 K degrees. A copper block was 
vertically fixed into cylindrical hot stage to obtain a 
lumped system, has uniform temperatures. Two holes 
were drilled into cross sections of copper bar. One hole, 
10 mm in diameter and 30 mm depth was drilled into 
cross section at the bottom of cooper bar to place one 
side of sample into hot zone, the other hole, 2 mm in 
diameter and 50 mm depth was drilled at the top of 
copper bar to place the block temperatures 

closed. 

The hot stage was placed in an insulated box and the 
space between box and alumina tube was filled with 
Kaowool ceramic fibre. The box with hot stage was 
placed vertically into vertical metal carcass as shown in 
Figure 1. 

The cold stage was made of one end closed stainless steel 
bore, 50 mm ID, 60 mm OD and 150 mm in length as 
shown in Figure 1.  5 mm thick a stainless steel lid was 
fixed at open end of stainless steel bore. A hole of 10 mm 
in diameter was drilled at the centre of lid to handle or 
fixed vertically and immerse the specimen into cooling 

fluid. The cooling fluid inlet and outlet and 
ets were placed onto side surface of 

one end closed stainless steel bore as shown in Figure 1.   

The hot stage is placed at top of the metal carcass as the 
cold stage is placed at bottom of the metal carcass to 
prevent convection effect on heat conduction into 
specimen as shown in Figure 1. The distance between the 
bottom of hot stage and top of cold stage was kept 
typically 10 mm to get linear temperature gradient into 
specimen. The cooling is achieved by using a Poly 
Science heating / refrigerating circulating bath containing 
an aqueous ethylene glycol solution. The temperature of 
the circulating baths was kept constant at 268 K. 

The graphite crucible to prepare molten alloy is made by 
drilling a hole, 25 mm in diameter and 200 mm in depth 
into a graphite rood of 250 mm in length and 40 mm 
diameter. The other graphite crucible to prepare 
specimen was also made by drilling holes, 90 mm in 
depth and 10 mm in diameter into graphite rods of 100 
mm in length and 25 mm in diameter. A hole, 1.2 mm in 
diameter was drilled at the bottom of specimen crucible 

ure 2. 

Figure 2. Schematic illustration of the specimen. 

Just before use, the pure metals of Al and Zn were 
chemically cleaned and dried. All metals had a purity of 
99.99%. Approximately 1x10-4 m 3 of metals was melted 
in a graphite crucible to form the molten alloys using the 
vacuum melting furnace. This amount of alloy was 
sufficient to produce samples for the measurements of 
thermal conductivity. When the metals were melted, the 
molten alloy was stirred with a graphite rod to get 
homogenous the molten alloy. After stirring, the molten 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

278 IMMC 2018   |   19th International Metallurgy & Materials Congress

held in a specially constructed hot filling furnace at 
approximately 50 K above the melting temperature of the 
alloys and solidified from bottom to top with the cooling 
jacket. When the liquid alloy in graphite crucibles got 
completely solidified, it was left to cool to room 
temperature. 

graphite crucible, cut into 80 mm length and then placed 
into the longitudinal heat flow apparatus for thermal 
conductivity measurements. The temperatures at different 
parts of the specimen were measured with mineral 
insulated metal sheathed, 0.25 mm in diameter K type 

thermocouples. Three thermocouples were placed with a 

elastomer glue. Before inserting the thermocouples into 
specimen, the photograph of thermocouples positions 
was taken to measure the distance between the 
thermocouples ( X) with optical microscope. All 
thermocouples were then inserted together into alumina 
tubes, 1.2 mm OD shown 
in Figure 2 and the ends of the measurements 
thermocouples were then connected to the measurement 

thermocouple were also connected the measurement unit. 
The details of the experimental system are given in 
reference [8]. 

The specimens for Zn and Al were heated from room 
temperature to 10 or 20 K below the melting points of Zn 
and Al in step of 50 and 100 K, respectively and 
annealed for at least four hours for each step under steady 
state conditions. During the experiment, a constant 
longitudinal temperature gradient was provided by using 
hot and cold stages and K-type thermocouples (0.5 mm 
diameter) were used to measure the temperatures of the 
specimen and copper block. The measurements of the 
constant current and potential difference to determine the 
heat flow through to specimen were made for each 
annealing temperature. 

After all desired power settings and temperature 
measurements had been completed during the heating 
procedure, the sample was left to cool to room 
temperature. Then, the sample was cut transversely near 
the measurement points. The transverse and longitudinal 
sections of the specimen were examined for porosity, 
crack and casting defects to make sure that these would 
not introduce any errors to the measurements. Typical 
data for measurements of heat flow rates are given in 
Table 1. 

The thermal conductivities of the alloys are calculated 

for each heating step. The total experimental error in the 

measurements of thermal conductivity with longitudinal 
heat flow apparatus is about 9 % [8]. 

Table 1. Typical experimental data to determine heat 
flow rate into aluminum rod specimen at different 

temperatures. 
Temperature 

(K) 373 473 573 673 773 873 973

IWOS (A) 0.84 1.40 1.84 2.32 2.82 3.26 3.51 

VWOS (V) 8.13 13.45 17.70 22.12 27.34 31.69 34.25 

QWOS (W) 6.83 18.83 32.57 51.32 77.10 103.31 120.22 

IWS (A) 1.16 1.72 2.28 2.86 3.39 3.84 4.16 

VWS (V) 10.65 16.3 21.1 27.25 32.63 37.65 40.82 

QWS (W) 12.35 29.12 50.39 77.34 110.62 144.58 169.81 
Q=QWS-QWOS

(W) 5.52 10.29 17.82 26.62 33.52 41.23 49.59 

IWOS : Current passing through to heater without specimen  
IWS : Current passing through to heater with specimen
VWOS: Potential drop at the ends of heater without specimen 
VWS: Potential drop at the ends of heater with specimen 
QWOS: Input power given to heater without specimen  
QWS: Input power given to heater with specimen 
Q: Heat flow rate through to specimen

3.  Results and Discussion 

As mention above, a longitudinal heat flow apparatus 
8] was redesigned 

for high temperatures. For confidence of experimental 
technique, the calibration and test of experimental 
apparatus for higher temperature was made by measuring 
the thermal conductivity variation with temperature for 
pure Zn and Al. The melting temperatures of pure 
aluminium and zinc are 933 and 688 K, respectively. 

Thermal conductivity variations with temperature were 
measured from pure Al and pure Zn with the longitudinal 
heat flow apparatus by heating from one side using a hot 
stage in steps of 50 K up to 20 K below their melting 
temperatures while the other side of specimens was kept 
cool by using a cold stage. The variation of thermal 
conductivity with temperature for pure Al and pure Zn
were given in Table 2 and plotted in Figures 3 and 4. The 
thermal conductivity of pure Al and pure Zn at their 
melting temperature were found to be 202.5 and 95.87, 
W/Km, respectively by extrapolation the thermal 
conductivity curves to the melting temperatures.  

A comparison of the variation of thermal conductivity, K 
with temperature for pure Al, and pure Zn measured in 
present work with the variation of thermal conductivity, 
K with temperature for pure Al, pure Mg and pure Zn 
same metals measured in previous work [11] is also 
given in Figure 3 and 4. As can be seen from Figure 3 
and 4, the lines of thermal conductivity variation with 
temperature for pure Al and pure Zn measured in present 
work are close to the lines of thermal conductivity 
variation with temperature for pure Al and pure Zn 
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measured in previous works [11] but at higher 
temperature the present results for pure Al are slightly 
higher than the lines of thermal conductivity variation 
with temperature for the same metals measured in 
previous works [11]. But generally present results are in 
a good agreement with the previous works in the range of 
experimental error. This means that the present 
experimental technique is capable to easily and 
sensitively determine the variation of thermal 
conductivity with temperature for solid materials which 
have higher melting temperature as well as low melting 
temperature. 

Figure 3. Variation of thermal conductivity with 
temperature for pure Zn. 

Figure 4. Variation of thermal conductivity with 
temperature for pure Al. 

4. Conclusion 

Variations of thermal conductivity with temperature for 
pure aluminum and zinc were measured with the 
longitudinal heat flow apparatus, modified in present 
work for high temperature. The data obtained from the 
novel system has acceptable experimental error 
compared to literature. The measured values 
demonstrated that the novel system exhibited reliable 

results even during relatively conductive materials 
investigation can be operated up to 1173 K to measure 
thermal conductivity variation with temperature for any 
kinds of solid materials as well as metallic materials. 
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Abstract

The influence of silicon carbide particulates (SiCp) on 
the wear behavior of Al–Zn–Mg–Cu alloy (AA7075)–
SiCp composites has been evaluated using a 
reciprocating wear apparatus. The AA7075 alloy and 
composites with 10, 20 and 30 wt.% SiC particles were 
fabricated by powder metallurgy method and hot 
pressing proces. The effects of the amounts of SiC 
particles on the microstructure, hardness and 
reciprocating wear behavior of the AA7075-SiC 
composites (T6 treated) were investigated. The results 
indicated that the hardness and wear resistance of 
composites are increased by increasing the amounts of 
SiC particles. The increase in hardness by addition of 
SiCp is due to increases of the hard phase content of the 
matrix. However, increase in SiCp content of the 
composites leads to SiCp agglomeration which 
increased the porosity in the matrix. 

1. Introduction

AA7075 alloy (Al–Zn–Mg–Cu) has a superior 
combination of properties, such as high strength and 
fracture toughness, low density, good workability and 
weldability, and remarkable stress corrosion cracking 
resistance [1]. This alloys have long been regarded as 
some of the best candidates for demanding structural 
applications in the aerospace and automotive 
industries. In fact, 7xxx series Al alloys represent some 
of the highest strength Al alloys in commercial use [1]. 
On the other hand, it is well established that 
introducing a hard particle in an Al-matrix can lead to 
significant improvements in wear and erosion 
resistance, stiffness, hardness and strength [2]. Ceramic 
materials generally used to reinforce Al alloys are SiC, 
TiC, TiB2, AlN, Si3N4, Al2O3 and SiO2 [3]. In general, 
SiCp reinforced aluminum alloy composites with 
enhanced mechanical properties [4]. 

In this study, SiCp reinforced AA7075 alloy 
composites were successfully fabricated by the powder 
metallurgy and hot pressing process. The combined 
effects of hot pressing temperature and reinforcement 
weight fraction on the wear behavior of the composites 
have been studied. 

2. Materials and methods  

AA7075 powders were blended with different weight 
(10, 20 and 30 wt.%) SiC powders (Fig. 1). The 
blended powders were pressed by a two-step hot 
pressing process. The mixed powders were firstly 
pressed at 350ºC with the pressure of 200 MPa for 1 
min and then were pressed at 475 ºC with the pressure 
of 125 MPa for 1 min. After that, the compacts were 
cooled down to ambient temperature under pressure 
(125 MPa) to 300 ºC and decompressed. The samples 
had a dimension of 35 mm in diameter and 12 mm in 
thickness (Fig. 2). All samples were machined into a 
disc shape with a diameter of 35 mm and a thickness of 
8 mm. After machining, the samples were prepared by 
grinding with SiC abrasive paper and mechanical 
polishing with diamond paste (3 μm) to obtain a good 
surface finish.

Figure 1. AA7075 powders and SiC ceramic particles 

Figure 2. Hot pressed compact. 

For the T6 heat treatment process, the specimens were 
solidified at temperature 480 °C for 2 h and quenched 
in water, then aged at a temperature of 120 °C for 24 h 
in air. 

The density of the compacts was measured by the 
Archimedes’s method, while the theoretical densities 
calculated by taking the densities of AA7075 
aluminium alloy and SiC particles were equal to 2.81 
and 3.21 g/cm3, respectively.
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porosity, experimental density, theoretical
density,
Hardness tests were performed on all samples using a 
Brinell hardness tester with 2.5 mm diameter ball 
indenter and 31.25 kgf load. The wear resistance test 
was performed on a reciprocating ball-on-disk UTS 
tribometer T10/20 under dry sliding conditions. Wear 
tests were carried out at normal loads of 10, 20 and 40 
N and at the sliding distance of 500 m with sliding 
velocity of 0.2 m/s. A 6 mm diameter AISI 52100 steel 
ball was used as the counter body. The wear resistance 
of the samples was determined by the wear depth. The 
worn surfaces of samples were studied with Scanning 
Electron Microscope (SEM) and Energy-Dispersive X-
ray Spectroscopy (EDX).

3. Results and Discussion 

Microstructures of alloy and composite samples are 
shown in Fig. 3. AA7075 alloy sample have a finely 
dispersed pores (Fig. 3a). Also, in the 10 wt.% SiCp
reinforced composite sample, the particles were 
homogeneously distributed compared to other 
composite specimens. However, in the 20 and 30 wt.% 
SiCp reinforced composite samples, the dispersion of 
the ceramic particles is not uniform and the particles 
have high tendency for agglomeration and clustering. 
Increasing of particle content tend to easily 
agglomerate, and this may probably result in lower 
strength value [5].

Figure 3. Microstructure of (a) alloy and (b) 10, (c) 20 
and 30 wt.% SiC reinforced composite samples. 

The variation of teorical ( ) and experimental ( )
densities with SiCp weight percent is shown in Fig. 4. 
The figure shows that the density has increased with 
increasing SiC content up to 20 wt.% SiC content.          
However, the density of composite samples with 30 
wt.% SiC particles has decreased due to agglomeration 
at high content of reinforcement (Fig. 5). The porosity 
of the composite samples increased with increasing SiC 
content and reached its maximum value in the 
composite samples with 30 wt.% SiC content (Fig. 5). 
As a result, the amount of SiC particles increases above 
the critical level leads to agglomeration and porosity 
increases [6,7]. 

Figure 4. The variation of density with SiC particle 
content.

Figure 5. The variation of porosity with SiC particle 
content.

The influence of SiCp content on hardness is shown in 
Fig. 6. Considering this figure, by increasing the 
amount of SiC, composite hardness increases since its 
hardness is much higher than that of AA7075 alloy 
[6,7]. Some other studies report that increasing the 
amount of hard SiC particles in the matrix would result 
in more dislocations that increases the hardness of the 
composite [8]. Also, the effect of the precipitation 
hardening behavior of the samples on their hardness 
should not be ignored. 

Figure 6. The influence of SiC particles content on 
hardness.
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The wear resistance of the samples was determined by 
the wear depth. Wear depth of the samples as a 
function of particle content at loads of 10, 20 and 40 N 
is shown in Fig. 7. Wear depth of samples increased 
depending on increased the applied load. This indicated 
that the amount of wear increased due to the increase in 
applied load. Ceramic particle reinforced composites 
shows better wear resistance compared to the AA7075 
alloy samples. In the composite samples, the wear 
depth reduces by the increasing particle content. This is 
evident from the wear tracks of alloy and composite 
(30 wt.% SiC) samples (Fig. 8 and Fig. 9). The wear 
tracks of the AA7075 alloy sample are wider and 
deeper than that of the composite specimens. The hard 
reinforcement particles in the composite samples are to 
carry the applied load, stresses and to avoid plastic 
deformation which leads to decrease in the wear rate 
[3].

Figure 7. The variation of wear depth with SiCp
content and applied load. 

Figure 8. Wear tracks of the AA7075 alloy and 
composite (30 wt.% SiC) samples.  

Fig. 9 shows the worn surface morphology of the 
alloy and composite (30 wt.% SiC) samples against 
AISI 52100 carbon steel ball at the load of 10 N. It 
is seen that wear tracks of the samples show severe 
adhesion, scuffing and deeper grooves generated 
along the sliding direction. On the worn surface of 
the alloy sample, plastic deformation was observed 
to be effective. 

Figure 9. Worn surfaces the AA7075 alloy and 
composite (30 wt.% SiC) samples.

4. Conclusion 

The AA7075 alloy and SiCp reinforced composites 
were successfully fabricated by combining powder 
metallurgy and hot pressing processes. By increasing 
the amount of SiC, the hardness and wear resistance of 
the composites increased. The amount of SiC particles 
increases above the critical level leads to 
agglomeration and porosity increases. The main wear 
mechanism in the samples was identified as abrasive 
wear.
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Abstract 

In that study that we conducted, first atmospheric pressure 
sulphuric acid leaching was applied to the lateritic nickel 
ore and the effects of the parameters such as leaching 
duration, leaching temperature, acid concentration, grain 
size and pulp density on nickel and cobalt extractions were 
determined and according to these optimized parameters, 
with 150 g/l acid concentration, at 800C leaching 
temperature and in 120 minutes leaching duration, with 10 
% pulp density and 0,074 mm grain size, it was achieved to 
extract nickel with 69,89% and cobalt with 62,80% 
efficiencies. Then, by the way of applying of the process of 
pug-roast-leach, the effect of parameters such as acid 
amount, roasting temperature, roasting duration, leaching 
duration and pulp density on nickel and cobalt extractions 
were determined and according to these optimized 
parameters, by using sulphuric acid 150 wt % of ore, at 
3000C roasting temperature and in 60 minutes roasting 
duration, in 30 minutes after roasting leaching duration and 
with 0,125 g/l pulp density, it was achieved to extract 
nickel with 76,80% and cobalt with 45,75% efficiencies. It 
has been seen that instead of acid leaching, acid pug-roast-
leach process is more effective in nickel extraction from 
lateritic ores. 

1. Introduction 

Despite 73% of nickel sources in earth are lateritic, only 
44% of the total nickel is being produced from laterites [1]. 
To meet future demand for nickel, there is an increasing 
proportion of nickel being extracted from laterite ores [2]. 
Because of that reason and also dangerous effects of 
production process from sulfide formed ores on the 
environment, production of nickel from lateritic ores has 
become very significant.  

Production of nickel from lateritic ores is carried out in 
three different ways: hydrometallurgical, pyrometallurgical 
and hydrometallurgical-pyrometallurgical methods 
according to the magnesium content and the ratio of nickel 
to iron [3]. 

In our country, especially in Manisa Caldag region, there 
are approximately 68.5 million tons of lateritic structured 

nickel ore, from which nickel can be produced by 
hydrometallurgical processes, with relatively low 
magnesium and low nickel / iron ratio [4]. 

Hydrometallurgical processes that applied to lateritic ores 
can be investigated in 3 groups as high pressure acid 
leaching, atmospheric pressure acid leaching and acid pug-
roast-leach process which was our main focus point in this 
project. Nickel production can be achieved economically 
from ore containing Mg below 4% with high pressure acid 
leach process. [5] However, studies have been made to 
apply atmospheric pressure acid leaching due to high cost 
autoclave requirement of high pressure acid leach. In the 
atmospheric pressure acid leaching studies that conducted, 
it was possible to obtain 85% nickel in 40-80 days from the 
iron-containing ore containing less than 50% [6]. 

The aim of this study is to determine the optimum 
parameters of nickel and cobalt production from limonitic 
formed lateritic nickel ores which have been taken from 
Manisa Caldag region by the atmospheric pressure 
sulphuric acid leaching and also acid pug-roast-leaching 
processes and then, hydroxide precipitation process; to 
evaluate these hydrometallurgical processes kinetically and 
to produce these metals most effectively and hereby, to 
contribute to the development of industrial production 
processes. 

2. Experimental Procedure 

On experimental study, 2 different methods have been 
implemented on nickel ore to take the nickel into the 
solution. First, atmospheric pressure sulphuric acid 
leaching process and then acid pug – roast – leach process 
have been applied to the grinded lateritic nickel ores and 
leaching efficiencies of these 2 methods were compared. 
After taking the nickel into the solution, iron removal and 
mixed hydroxide precipitation processes applied to the 
pregnant solution that obtained from acid pug - roast –
leach process. On Figure 1, flow chart of experimental 
study has been given.

The results of experiments were obtained with chemical 
analysis of solutions with Perkin Almer Aanalyst 800 
Atomic Absorption Spectroscopy and chemical analysis of 
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precipitated metal compound powders remained in filters 
after solid-liquid separation. 

Figure 1. Flow chart of experimental studies 

2.1. Atmospheric pressure acid leaching 

On leaching experiments, 10 g of lateritic ore, magnetic 
stirrer (800 rpm), diluted sulphuric acid, filtration system 
were used and effects of parameters such as leaching 
duration, leaching temperature, acid concentration, particle 
size and pulp density on nickel, cobalt and iron leaching 
efficiencies were investigated and obtained parameters 
have been optimized. 

2.2. Acid pug – roast – water leaching 

On acid pug – roast - water leaching process, 10 g of 
lateritic ore, concentrated (% 96-98 purity) sulphuric acid, 
atmosphere controlled furnace, magnetic stirrer (800 rpm), 
distilled water and filtration system were used and effects 
of parameters such as acid/ore ratio, roasting duration, 
roasting temperature, leaching duration and pulp density on 
nickel, cobalt and iron leaching efficiencies were 
investigated and these parameters have been optimized. 

NiO(s) + H2SO4(l)  NiSO4(s) + H2O(g)                    (1) 

CoO(s) + H2SO4(l)  CoSO4(s) + H2O(g)                    (2) 

Fe2O3(s) + 3H2SO4(l)  Fe2(SO4)3(s) + 3H2O(g)                      (3) 

FeO(s) + H2SO4(l)  FeSO4(s) + H2O(g)             (4) 

The chemistry of roasting process has been shown on the 
equations above. According to these chemical reactions, 
water insoluble nickel, cobalt and iron oxides had been 
converted to water soluble sulphates of these metals during 
roasting process. 

2.3. Iron removal process

After nickel, cobalt, iron and low amounts of other metals 
such as Al, Mg, Mn, Cr, Zn were taken into solution, before 
the extraction of nickel and cobalt from solution, iron 
removal process was implemented. To remove the iron by 
neutralization which is called goethite precipitation 
process, first, oxidation of ferrous ions to ferric ions has to 
be provided. Because, the solubulity value of ferrous ions’ 
changes with pH is very close to nickel and cobalt ions’ 
values as it can be seen on metal hydroxides’ precipitation
diagrams. After oxidation, pH was adjusted from 1,0 to 2,5 
with addition of NaOH and iron was precipitated. The 
chemistry of the oxidation and precipitation reactions 
taking place in this process have been shown on Equations 
5-6. 

2 Fe+2SO4
-2 + H2SO4 + H2O2  Fe2

+3(SO4)3
-2+2H2O (5)

Fe2(SO4)3 + 6NaOH  3Na2SO4 + 2Fe(OH)3                  (6) 

2.4. Mixed Hydroxide Precipitation Process 

After removal of iron from solution, by adjusting the pH 
value of pregnant solution with 3,33 M NaOH from 2,5 to 
7,5, nickel and cobalt hydroxides were precipitated 
according to the Equation 7-8.  

NiSO4 + 2NaOH  Na2SO4 + Ni(OH)2(s)             (7)

CoSO4 + 2NaOH  Na2SO4 + Co(OH)2 (s)              (8)

3. Results and Discussion 

The chemical analysis result of lateritic nickel ore has been 
given in Table 1.  

Table 1. Chemical analysis results of lateritic ores
Ni Fe Co Al2O3 MgO SiO2

1,41 24,94 0,062 4,0 5,88 40,9 

Figure 2. Particle size distribution results of sample 

According to particle size anaylsis, as it can be seen in 
Figure 2, average particle size of grinded ore is 27,757 m.

Atmospheric pressure sulphuric acid leaching process 
experiments were carried out, the parameters that affects 
the leaching efficiency were investigated and following 
results were obtained; 
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As it can be seen in Figure 3, because nickel and cobalt 
leaching efficiencies did not increase considerably over 90 
minutes of leaching duration, optimum leaching duration 
was determined as 90 minutes.  

Figure 3. Effect of leaching duration 

Figure 4. Effect of acid concentration 

As it can be seen in Figure 4, because nickel leaching 
efficiency did not increase considerably and iron leaching 
efficiency increased dramatically, despite cobalt leaching 
efficiency kept increasing over 150 g/l acid concentration, 
this value was determined as optimum. 

Figure 5. Effect of leaching temperature 

According to the results seen in Figure 5, increase of the 
leaching temperature caused increase of the leaching 
efficiency of nickel, cobalt and iron almost linearly. 
However, the efficiency of nickel and cobalt did not 
increase significantly over 800C while efficiency of iron 
did. So, 800C determined as optimum leaching temperature. 

Figure 6. Effect of particle size of sample 

As it can be seen in Figure 6, with a decrease of particle 
size from 100 m to 74 m, especially cobalt leaching 
efficiencies increased significantly. This shows that kinetic 
principles of cobalt’s leaching is more important than 
nickel’s. Optimum particle size value was determined as 74 

m. 

Figure 7. Effect of pulp density 

According to the results of experiments that conducted with 
different pulp densities, it could be seen that especially 
over 20 % pulp density value, the leaching efficiencies of 
nickel and cobalt decreased dramatically. In the scope of 
industrial production, the pulp density can be changed 
between 10-20 % according to the conditions of facility. 
When we consider the importance of nickel metal, we 
determined 10 % pulp density as optimum value. 

Rather than dissolving metal oxides directly with sulfuric 
acid; acid pugging - roasting - leaching process was carried 
out experimentally in order to determine how the leaching 
efficiencies of nickel and cobalt, which are significant 
metals present in lateritic ores, and iron, as contaminating 
metal, will be changed when metal oxides are first 
converted into water soluble metal sulphates and then 
dissolved in water. The following results were obtained. 

Figure 8. Effect of Acid/Ore ratio in pugging process 

When calculated according to the Equations 1-4 given 
above, at least 70 % of ore’s weight concentrated sulphuric 
acid (H2SO4) is required theoretically. However, according 
to the results given in Figure 8, 150 % of ore’s weight 
sulphuric acid is the optimum value for obtaining most 
efficient leaching process because over this value, the 
leaching efficiency of nickel and cobalt did not increase 
significantly while iron’s did.

According to the experiment results shown in Figure 9, the 
optimum roasting duration value has been determined as 30 
minutes due to leaching efficiency of nickel and cobalt did 
not increase significantly over 30 minutes. 
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Figure 9. Effect of roasting duration 

Figure 10. Effect of roasting temperature 

According to the results of experiment, increasing roasting 
temperature increased the leaching efficiency of both nickel 
and cobalt significantly up to 3000C. So, this temperature 
value determined as optimum.  

Figure 11. Effect of water leaching duration 

After roasting experiments and process optimizations, in 
order to see the effect of water leaching duration 
experiments were carried out and according to the results, 
30 minutes was long enough for receiving the metals into 
solution so 30 minutes determined as optimum duration for 
water leaching process. 

Figure 12. Effect of pulp density in water leaching process 

According to the result seen in Figure 12, especially the 
leaching efficiencies of nickel and cobalt decreased with 
the increase of pulp density. At 100 g/l pulp density, the 
efficiencies were the highest but when the pulp density was 

increased to 125 g/l, leaching efficiency of iron decreased 
significantly and therefore that value was determined as 
optimum.  

When all the results were evaluated, with the optimum 
parameters, in acid pug – roast – leach process, the 
leaching efficiency of nickel was higher and iron was lower 
than the efficiencies in atmospheric pressure acid leaching. 
For that reason, nickel extraction processes, which are iron 
removal and hydroxide precipitation experiments, were 
carried out on the solution that taken from water leaching 
step. After all the precipitation processes, it was determined 
that 88,14 % of iron had been precipitated with 17,18 % 
nickel loss and 90,81 % of nickel and 75,22 % of cobalt 
could be precipitated.  

4. Conclusion 

According to the results obtained; instead of direct 
sulphuric acid leaching process, with applying of pug-roast-
leach process, it has been seen that nickel extractions could 
be increased by 9,88 %, iron leaching efficiency could be 
decreased by 8,69 % which would decrease the amount of 
chemicals required for the oxidation and neutralization. 
Also, the processes could be completed in 33,33 % less 
time.  

According to these result, it has been seen that the lateritic 
ores in Manisa-Caldag are utilizable to produce nickel and 
cobalt effectively. It was clearly seen that Turkey has the 
necessary and sufficient resources to produce stainless 
steels, high quality alloyed steels and nickel and cobalt 
super alloys efficiently. 
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Abstract  

Ti-6Al-4V alloy attracts attention as the most preferred 
material in defense and aviation-space industries due to its 
low density, high specific strength and corrosion 
resistance as well as its high fatigue strength. In contrast 
to conventional techniques, production of very complex 
shaped Ti-alloys is possible at a single step using additive 
manufacturing (AM) techniques which also allow energy 
and time saving. Among these techniques, Electron Beam 
Melting (EBM) technique is capable of producing parts 
with relative densities over 99% with comparatively low 
residual stresses. However, a high temperature post-
process annealing heat treatment is inevitable to increase 
the ductility of the EBM manufactured component. The 
decrease in strength, possibility of distortion and 
microstructural coarsening are some of the drawbacks of 
such annealing processes. For this reason, in the present 
study, thermo-hydrogen treatment is used as an alternative 
post-process heat treatment for microstructural 
refinement, residual stress reduction and ductility 
improvement in EBM manufactured Ti-6Al-4V alloy parts 
without degrading the strength of the alloy. For this 
purpose, EBM manufactured samples were hydrogenated 
and dehydrogenated between 600 and 800 C under Ar-H2
gas mixture atmosphere and high vacuum, respectively. 
Microstructural refinement and phase changes during the 
thermo-hydrogen treatment were characterized, and the 
effect of the thermo-hydrogen process on the mechanical 
properties was observed using micro-hardness tests. 

1. Introduction 

Titanium and its alloys have high corrosion resistance, 
high specific strength, high cycle fatigue strength and low 
density. They have been used in defense, aviation-space, 
chemical and biomedical industries due to their superior 
properties [1]. Among titanium alloys, Ti-6Al-4V alloy (in 

of its high strength to weight ratio and heat treatability in 
addition to the aforementioned properties [2,3]. In order to 
produce Ti-6Al-4V alloy parts, more than one 
conventional technique (casting, powder metallurgy, 
welding/joining, forging and etc.) is used and the number  

of the techniques required changes 
geometry [4].  

Especially, defense and aviation-space industries may 
need very complex geometries, which are not possible to 
be produced in a single step by conventional techniques. 
In addition, they are not cost effective if thousands of 
samples are not manufactured at a time where the part 
geometry and design change constantly. Thus, Additive 
Manufacturing (AM) is used providing energy and time 
savings when very complex shaped special Ti-6Al-4V 
alloy parts are fabricated with limited numbers in a single 
step [5,6]. Basically, AM is based on creating a 3D model 
of the component and producing it layer by layer. Electron 
Beam Melting technique (EBM) which uses electron beam 
as an energy source provides higher density (more than 
99%) and relatively low residual stress when compared to 
other AM techniques [7]. Although EBM produces 3D 
complex parts in short durations, residual stresses are 
inevitable. For this reason, post-process heat treatment is 
necessary to eliminate residual stresses while increasing 
ductility to reach desired properties with controlled 
microstructure. 

Conventional post-process annealing heat treatment is 
able to decrease residual stresses and increase ductility, yet 
it also reduces strength of the alloy below the values given 
in ASTM F2924-14 standard. Additionally, hot isostatic 
pressing (HIP) is commonly used after the AM to obtain 
denser alloy parts also providing stress relieving. 
However, HIP is an expensive process, since it requires 
complex equipment [8-10]. Therefore, an alternative heat 
treatment called Thermo-Hydrogen Process (THP) is 
widely used for cast and powder metallurgy products of 
titanium and titanium alloys to improve mechanical 
properties. Bilgin et. al. [2] modified the conventional 
THP for Ti-6Al-4V alloy parts produced by Selective 
Laser Melting (SLM). Due high solubility and reversible 
solution/dissolution of hydrogen in titanium alloys, THP 
is applied as alloying with hydrogen and dealloying under 
high vacuum to increase strength of the alloy by the 
refining coarse initial microstructure [11-13]. In the 
current study, THP was applied to investigate the property 
improvement in EBM processed Ti-6Al-4V alloy.  
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2. Experimental Procedure 

2.1. As-Received Samples 

In the present study, Ti-6Al-4V alloy parts were produced 
using EBM. The initial microstructure of the samples 
consisted of Al rich  and vanadium rich  as 
shown in Fig.1. 

Figure 1. SEM micrograph of as-received EBM 
fabricated Ti-6Al-4V alloy part.  

2.2. Thermo-Hydrogen Process (THP) 

THP basically includes hydrogenation treatment and 
dehydrogenation as schematically illustrated in Fig.2. 

Figure 2. Steps of the modified THP. 

EBM fabricated Ti-6Al-4V alloy specimens were cut 
precisely as discs 10 mm in diameter and 3 mm in 
thickness. These samples were firstly put in a quartz tube 
(50 mm in diameter and 1000 mm in length) mounted in a 
horizontal laboratory tube furnace. After that, vacuum-
argon purging cycles were applied to clean the chamber 
atmosphere. Subsequently, hydrogenation was conducted 
at various temperatures (between 600-800 C) under 
flowing gas consisted of 50 vol% hydrogen and 50 vol% 
argon for 1 hour. After hydrogenation, hydrogen was 
removed from the samples under high vacuum (10-5 torr) 
at 700 C for 18 h (as optimized by Bilgin et. al.) to reach 
the hydrogen content defined in ASTM F2924-14 at the 
dehydrogenation step.

2.3. Characterization 

Samples were grinded with SiC grinding papers up to 2000 
grit size before the microstructural analysis. Polishing was 

etchant solution (92 ml distilled water, 6 ml HNO3 and 2 
ml HF) was used to reveal the microstructure. 
Microstructures of the samples were analyzed using 
Huvitz HDS-5800 digital microscope and also using FEI 
NOVA 430 Nano Scanning Electron Microscope (SEM). 
Micro hardness measurements were performed with a load 
of 500 g and holding time of 20 seconds using Shimadzu 
HMV-2T microhardness tester. 

3. Results and Discussion 

3.1. Hydrogenation 

According to literature, hydrogen solubility of titanium 
alloys depends on temperature [14]. Therefore, to obtain 
information about the hydrogen solubility of the EBM 
fabricated Ti-6Al-4V alloys, hydrogenation was done. 
According to current and previous studies conducted on 
Ti-6Al-4V alloy produced by SLM [2], hydrogen 
solubility reaches to a value as high as 1.2 wt% at 650 C. 
Therefore, hydrogenation treatments were conducted at 
650 C to maximize the hydrogen level before the 
dehydrogenation step. Microstructure of the EBM sample 
hydrogenated at 650 C is shown in Fig.3. Hydrogenation 
changed the starting lamellar +  microstructure (Fig. 1) 
to a needle like structure. Similar microstructure was also 
obtained in the study of Bilgin et. al [2], where the 
dominant, needle like phase was characterized as TiH2

-phase during hydrogenation is 
crucial, since it provides refinement of the microstructure 
by transformation to fine -phase during the subsequent 
dehydrogenation step. The change of the microstructure 
after hydrogenation can also be revealed by hardness 
measurements. Hardness increased at the hydrogenation 
step by 5-10%  phase which 
caused lattice distortion (Fig.4). 

Figure 3. SEM micrograph of the EBM fabricated Ti-
6Al-4V alloy part hydrogenated at 650 C.  
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Figure 4. Hardness values of the samples in the as-
received, hydrogenated and dehydrogenated conditions. 

3.2. Dehydrogenation 

Dehydrogenation was conducted under high vacuum (10-5

torr) for microstructural refinement and ductility 
improvement while also preventing hydrogen 
embrittlement. As a result of dehydrogenation needle-like 
morphology seen after hydrogenation turned into lamellar 
microstructure similar to that of starting one where dark 
and bright phases are characterized as and  phases, 
respectively (Figure 5). Although the size of the bright 
phase ( ) decreased notably, there was a slight overall 
microstructural refinement. The hardness measurement 
also displayed almost no difference in as-received and 
dehydrogenated conditions (Figure 4). Therefore, 
dehydrogenation treatment duration should be optimized 
to allow complete removal of hydrogen from the structure 
while preserving the fine microstructure achieved by the 
to  phase transformation preventing it from coarsening. 

Figure 5. SEM micrograph of the EBM fabricated Ti-
6Al-4V alloy part dehydrogenated at 700 C.  

4. Conclusions 

Microstructure of the EBM fabricated Ti-6Al-4V alloy 
samples was modified by the THP, where it was shown to 
be a potential alternative post-process heat treatment to 
enhance the mechanical properties to the desired levels. 

Although fine microstructure was obtained after 
dehydrogenation step, temperature-time combinations 
need to be optimized to tune the microstructure to obtain 
improved ductility while preserving the strength of the 
EBM fabricated Ti-6Al-4V alloys. 
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Abstract 

AA6XXX alloys have decent mechanical properties 
due to their precipitation hardening ability. Solution 
treatment and the aging process can enhance the 
mechanical properties of AA6XXX alloys by a 
formation of intermetallic precipitates in a matrix 
structure. Also, the formation of intermetallic 
precipitates alters the corrosion resistance of the 
AA6XXX alloys. Solution treatment temperature 
and time, aging conditions (aging temperature, aging 
time, pre-heating) can affect the properties of 
precipitates [1-5].  
In this study, an effect of preheating on corrosion 
properties of aged AA6063 alloy was investigated.  

solution treated specimens were artificially aged by 
two different aging processes. In the first aging 
process, solution treated specimens were aged at 

second process, solution treated specimens were pre-

ged 
samples were characterized by light microscopy, 
image analysis and corrosion tests. Corrosion tests 
were carried out according to BS EN ISO 11846. 
Pre-heating and over-aging altered the corrosion 
properties of the AA6063 alloy [6-11]. 

Keywords: AA6063, heat treatment, artificial aging, 
corrosion 

Introduction 

Aluminium alloys are widely used in automobile 
industry, food packaging, light-weight vehicles and 
marine structures due to lightness, high specific 
strength, formability and corrosion resistance. Also, 
aluminium alloys could be in contact with various 
acidic and alkaline media. Thus, determining the 
corrosion properties of aluminium alloys is critical. 

AA6063 aluminium alloys are one of the most used 
alloy among the aluminium alloys. The AA6063 
aluminum alloy has Al, Mg and Si as main alloying 
elements and generally classified in high corrosion 
resistance group. Mechanical properties of the 
AA6063 alloys can be improved with age hardening, 
but corrosion properties of the AA6XXX alloys can 
be decreased during the aging process. 

In this study, corrosion behaviour of AA6063 was 
investigated in aging process with pre-heating 
treatment.  

Experimental

AA6063 was used in experimental studies and 
chemical composition of the AA6063 alloy was 
given in Table 1.   

Table 1. Chemical composition of the AA6063 
alloy (wt.%). 

Si Mg Fe Cu Al 
0.415 0.678 0.210 0.051 Bal. 

Solution treatment of alloy AA6063 was applied at 

respectively following the solution treatment. Other 
group of samples were pre-

nd 36h, 
respectively. 

Heat-treated samples were grinded and polished 

Keller reagent to reveal microstructures of the 
samples. Light optical microscope (Nikon Eclipse 
MA100) was used for microstructural investigations. 
Surface of the corroded samples were examined with 
light metal microscopy and Corrosion properties of 
the samples were determined by calculating the 
corrosion rate values. 

Results and Discussion 

Microstructures of the 2h and 36h aged samples with 
and without pre-treatment were given in Figure 1. 
Precipitates were formed in the matrix structure with 
aging treatment as seen in Figure 1. While there was 
a continuous precipitate structure in the aged 
samples without preheating, precipitates in the 
microstructure of preheated samples did not show a 
continuous structure. Precipitates formed in the pre-
heated aged samples were as equiaxed particulates. 
The preheating process hindered formation of the 
continuous precipitates and caused the formation of 
precipitates in the form of particulates. 
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Figure 1. Microstructures of the aged samples a) 
aged for 2h without pre- heating, b) aged for 36h 

without pre- heating, c) aged for 2h with pre- 
heating, d) aged for 36h with pre-heating. 

Corrosion rates of the aged samples were determined 
with Equation 1 by using Corrosion loss values. 

Corrosion Rate (mm/year) = 87.6 x (w/dAt)             (1) 

Where; w is weight loss in milligrams, d is metal 
density in g/cm3, A is an area of the sample in cm2

and t is the time of exposure of the metal sample in 

hours [12]. Also, corrosion rates were given in 
Figure 2. When the corrosion rates of the samples 
were compared, it has been observed that the pre-
heated samples generally showed lower corrosion 
rates. Samples aged for 2h showed the lowest 
corrosion resistance and also, samples aged for 36h 
showed the highest corrosion resistance. Pre-heating 
treatment did not create a significant effect for 2h 
and 36h aging duration. As emphasized before, 
preheating hindered the continuity of precipitation 
and promoted the formation of coaxial particulates. 
Optimum aging conditions were 5h and 12h aging 
time in the aging process of AA6063 alloy. In these 
conditions, the precipitates within the matrix reached 
a certain size and provide the desired mechanical 
properties. Also, over-aging condition occurred in 
36h aging process. The pre-heating process 
significantly increased the corrosion resistance for 
optimum aging conditions providing the desired 
mechanical properties. 

Figure 2. Corrosion rates of the aged samples. 

Figure 3. Corroded cross-sections of the aged 
samples a) aged for 5h with pre-heating, b) aged for 

5h without pre-heating. 
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Corroded cross-sections of the samples aged for 5h 
were given in Figure 3. The highest difference. The 
greatest difference between the corrosion rates of 
pre-heated and non-pre-heated samples was obtained 
for 5h aging. When these samples were examined, 
severe damage occurred on the surface of the sample 
aged without pre-heating. With the application of the 
pre-heating process, the severe surface damage did 
not occur and corrosion damage was occurred as 
capillary cracks. The continuous structure of the 
precipitates formed in samples aged without pre-
heating was occurred severe surface damage in the 
corrosion environment. Also, corrosion rate 
increased together with surface damage. 

Figure 4. Corroded cross-sections of the aged 
samples a) aged for 36h with pre-heating, b) aged 

for 36h without pre-heating. 

Corroded cross-sections of the samples aged for 36h 
were given in Figure 4. Figure 4a represents the 
microstructure of sample aged for 36h with pre-
heating and also, Figure 4b represents the 
microstructure of sample aged for 36h without pre-
heating. In the preheated sample, the maximum 
c

-pre-heated sample, 

was more severe for non-pre-heated sample. 
Moreover, the corrosion crack formed in the pre-
heated sample was thinner than in the non-pre-
heated sample. Although 36h aged samples had 
similar corrosion rate values in preheated and non-

pre-heated conditions, surface damage was more 
severe for non-pre-heated sample.

Conclusion 

Solution treatment process was applied to AA6063 
alloy at 530 C for 1h. S
for 2h, 5h, 12h and 36h, respectively following the 
solution treatment. Moreover, one group of samples 
subjected to pre-heating treatment before the aging 
at 175 . Corrosion rates of the specimens 
decreased with increasing aging time. Moreover, the 
pre-heating treatment significantly increased the 
corrosion resistance for optimum aging conditions 
providing the desired mechanical properties. 
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Abstract 

G-NiCr28W alloy is a heat resistant alloy and it is 
widely used in high temperature applications. 
Microstructure of G-NiCr28W alloy has austenite-
like matrix structure and distributed carbides in the 
matrix phase. MC, M7C3 and M23C6 carbides 
compose in the matrix structure based on the 
chemical composition and MC carbides can 
transform to M7C3 and M23C6 carbides. Also, 
solution treatment process has influence on the 
microstructure of the G-NiCr28W alloy. In this 
study, effect of cooling regime following the 
solution treatment process on the microstructure of 
G-NiCr28W was studied. Solution treatment was 
applied with various cooling regimes at 1100 C for 
1h. Especially, phase transformations between the 
1100 C and 600 C temperature range were 
investigated and also, dissolution and formation of 
stable and metastable carbide structures were 
examined. Transformations in the microstructure of 
G-NiCr28W alloy were investigated with light 
optical microscopy, SEM and image analysis. It was 
seen that microstructural properties of the samples 
differed due to applied cooling regime. 

Keywords: G-NiCr28W, solution treatment, phase 
transformation 

Introduction 

Nickel-based heat resistant alloys are widely used in 
high temperature applications owing to their higher 
mechanical properties and thermal stability. Also, 
these alloys have higher creep strength, good fatigue 
properties, corrosion and oxidation resistance at 
elevated operating temperatures [1-5]. 

G-NiCr28W is one of the most used alloy among the 
nickel-based heat resistant alloys. G-NiCr28W has 
face centered cubic (FCC) matrix phase and eutectic 
carbide structures at grain boundaries. Eutectic 
carbides are chromium carbides and also, in the form 
of M7C3 and M23C6. The carbide structure of G-
NiCr28W may be changed with cooling conditions 
occurred after heat treatment process or high 
temperature operations. For this reason, determining 
the microstructure of G-NiCr28W for cooling 
conditions from elevated temperatures is important. 

In this study, microstructure properties of G-
NiCr28W under different cooling conditions 

following solution treatment process were 
investigated. 

Experimental

G-NiCr28W alloy was used in experimental studies 
and also, chemical composition of the alloy was 
given in Table 1. 

Table 1. Chemical composition of G-NiCr28W 
alloy (wt. %) 

C Si Mn S P
0.53 1.22 0.90 0.02 0.03 
Cr Mo W Fe Ni

27.35 0.21 4.82 13.75 Bal. 

Samples were solution-
and cooled with two different cooling rates (in 3 and 

properties of G-NiCr28W alloy during the cooling 
process. Heat treatment procedure applied in 
experimental studies was given in Figure 1. 

Figure 1. Heat treatment procedure applied in 
experimental studies. 

Metallographic preparation was performed by 
grinding and polishing. Polishing was performed by 

m diamond paste and also, electrolytic 
etching was applied in 1% NaOH solution with 3V 
potential at appropriate time to reveal the 
microstructure. Light metal microscope (Nikon 
Eclipse MA100) and scanning electron microscope 
(Zeiss EVO LS10) were used for microstructural 
characterization. 
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Results and Discussion 

Microstructures of the sample
hours and 6 hours were given in Figure 2. Matrix 

observed for both samples. Secondary carbides were 
formed in both cooling conditions like small 
particulates as seen in Figure 2. At the 

6 hours, the secondary carbides were clustered in 
certain regions and rod-like secondary carbide 
structures were observed. Also, under slow cooling 
conditions, oxide structures were formed at a higher 
rate due to the longer exposure of the material to 
oxygen at high temperatures. 

Figure 2. Microstructures of the samples steady 
cooled in 6 

hours. 

EDS analysis of the matrix structures were given in 
Table 2. As seen in the light microscope images, the 
primary carbides were dissolved and the secondary 
carbide formation were occurred in slower cooling 
conditions following the solution treatment. As a 
result of these changes in the primary carbide 
structure, significant changes occurred in the 
composition of the matrix phase as well as the 
formation of secondary carbides. In the samples 

temperature, the FCC matrix phase had Ni, Fe, Cr 
and Mn in almost the same proportions. However, in 

rate, the matrix phase had higher W content. Low 
cooling rate caused dissolution of primary carbides. 
When the composition of the matrix phase was 
examined comparatively in the samples cooled to 

Fe were decreased and the ratio of Cr and W were 
increased significantly for the samples cooled to 

ticularly in the case of lower cooling rate, 
the Cr content of the matrix was 45.6% and the W 
ratio was 9.2%. In the case of slower cooling 
conditions, the primary carbide dissolution increased 
the proportion of carbide forming elements such as 
Cr and W in the matrix composition. 

Table 2. Elemental contents in wt.% of FCC matrix 
structures. 

Ni Fe Cr W Others 
52.9 18.5 23.2 3.5 Bal. 

Ni Fe Cr W Others 
51.9 17.7 23.5 4.8 Bal. 

Ni Fe Cr W Others 
42.3 13.2 33.6 7.6 Bal. 

Ni Fe Cr W Others 
19.0 9.2 45.6 9.2 Bal. 

Table 3. Elemental contents of the primary carbides 
.

Sample Cr W Fe Ni

in 180 minutes 76.5 7.6 5.2 5.6 

in 360 minutes 75.7 6.7 5.3 6.0 

EDS analysis of the primary carbides in samples 

from the Table 3 that primary carbide structure 
became poorer in terms of Cr and W under lower 
cooling rate. It has been emphasized that primary 
carbides tended to dissolve in lower cooling rate. 
Also, formation of secondary carbides and 
enrichment of the matrix phase in terms of Cr and W 
were occurred due to impoverishment of existing 
primary carbides in Cr and W contents. 

hours was given in Figure 3. Also, elemental 
contents of the spots in Figure 3 were given in Table 

three different secondary carbide structures were 
formed within the matrix phase. First one was seen 
at Point 1 as a small particulates. This phase was the 
initial phase of secondary carbide formation and had 
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a leading role in the formation of other secondary 
carbides (Point 2 and 3). Ni and Fe content of the 
initial carbide structure was higher than the other 
carbides and also, composition of the carbide was 
similar with matrix phase composition. The other 
secondary carbides that occurred in the matrix 
structure were seen as rod-like (Point 2) and 
rectangular shaped (Point 3). The formation of these 
types of carbides was seen intensely for the lower 
cooling rate and comprised with enrichment of initial 
secondary carbide in terms of Cr and W. Especially, 
W had an important role in the formation of rod-like 
and rectangular shaped secondary carbides. These 
carbides contained higher Cr and W, lower Ni and 
Fe than the initial secondary carbides. 

Figure 3. SEM micrographs of sample cooled 

Table 4. Elemental contents of the spots in Figure 3 
(wt.%). 

Spot Cr W Fe Ni
1 31.9 5.4 15.9 43.6 
2 44.1 7.3 13.5 32.2 
3 45.6 9.2 9.2 19.0 

Conclusion 

Solution treatment process was applied to G-
NiCr28W samples at 1100 C for 1h. Samples were 
subjected to different cooling regimes following the 
solution treatment process. Primary carbides showed 
dissolution tendency with steady cooling. Also, 
secondary carbide formation was dominant in lower 
cooling rate. Secondary carbides with various shapes 
were formed in the microstructure of sample cooled 

C in 6 hours. Moreover it was determined that 
dissolution of primary carbides was important for 
secondary carbide formation in G-NiCr28W alloy. 
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Abstract

Inconel 718 is a commonly used precipitation hardenable 
material for high temperature applications since it has high 
corrosion and oxidation resistance and high strength at 
elevated temperature. Selective Laser Melting (SLM) 
process of the metal alloys provides many advantages to 
produce aircraft engine parts when compared to the other 
conventional manufacturing techniques such as 
geometrical flexibility, internal features and shorter 
production time. Furthermore, there are several secondary 
processes such as hot isostatic pressing and heat treatment 
that directly influence ultimate mechanical and 
metallurgical properties of SLMed parts. In this study, 
Inconel 718 specimens were produced by SLM and 
characterized to understand how heat treatment impacts on 
the microstructure and the mechanical properties. Porosity 
measurement, melt pool changes and other microstructural 
investigations were performed on the as-built and heat 
treated specimens. Results showed that melt pool 
boundaries were disappeared after heat treatment 
operation. Tensile and hardness tests were also carried out 
for both circumstances. Yield and maximum tensile 
strength properties were improved for precipitation 
hardened samples. 

1. Introduction 

Nickel-based superalloys have been developed since 1950s 
and have been widely used for several industrial 
applications over the past four decades. Inconel 718 is the 
age hardenable nickel based superalloy that contains high 
amounts of major alloying elements including Fe, Cr and 
Nb. Inconel 718 is generally  characterized by its 
competitive mechanical properties such as great creep and 
fatigue properties, high strength, as well as oxidation and 
corrosion resistance at high temperatures up to ~700°C [1]. 
Because of these attractive mechanical properties, Inconel 
718 broadly used for the manufacturing of main structural 
components of gas turbines, jet engines and nuclear reactor 
applications. Inconel 718 is mainly strengthened by the 
precipitation of ' and '' which are coherent secondary 
phases, within face centered cubic (FCC)  matrix. ' has a 
FCC crystal structure  with a composition of Ni3(Al,Ti) 
and '' has a body centered tetragonal (BCT) crystal 

structure with a composition of Ni3Nb. Moreover, there are 
several other phases could be exist that identified as 
topological close packed (TCP), Laves 
(Ni,Cr,Fe)3(Nb,Ti,Mo), MC carbides (Nb,T)C and 
(Ni3Nb).  phase has an orthorhombic crystal structure and 
precipitates incoherently. The precipitation of  phase in 
Inconel 718 does not improve the the strength of the 
material. However, although it is undesired phase, 
noncontinuous precipitation of  phases at grain 
boundaries is beneficial for controlling of grain size [2]. 

Selective Laser Melting (SLM) is a powder bed additive 
manufacturing (AM) technology that can be used directly 
for fabrication of metallic parts from CAD model by using 
a high power focused laser beam. Furthermore, near net 
shape and/or complex geometries could be produced by 
controlling of melting subsequent powder layer by layer 
[3]. Inconel 718 is a promising candidate for industrial 
applications of SLM manufactured parts. The SLM 
process offers several advantages in comparison to 
traditional manufacturing technologies. It reduces 
production steps, increases flexibility, and provides high 
efficiency and high relative density (~99.99%). without 
expensive tooling or mold costs [3]. However, SLM 
process has some drawbacks such as the high thermal 
gradients and cooling rates that developed in the parts due 
to the high energy laser beam with small spot size and high 
velocity during the process. So there is notable internal 
thermal stresses emerged SLMed parts after process.  In 
addition, rapid solidification of thin layers results in 
directional grain growth, microsegregation of chemical 
composition and creation of non-equilibrium phases. 
Therefore, the SLMed parts in most cases need additional 
post processing operations such as heat treatment for stress 
relieving and aging to enhance optimum mechanical 
properties for SLMed parts [4].  

According to several studies in the literature; mechanical 
properties of as-built Inconel 718 parts mostly depends on 
aging heat treatment and it increases tensile strength 
compared to as built ones while percent elongation 
decreases. In addition to heat treatment, the porosity of the 
final part plays an important role on the mechanical 
performance of the materials as well [2-6]. In this study, 
the effect of precipitation heat treatment on the 
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microstructural and mechanical properties of Inconel 718 
material such as chemical composition, density, 
microstructure, hardness and tensile properties. Tests were 
carried out for both as built and aged samples in parallel 
and perpendicular to the built direction.  

2. Experimental Procedure 

In the scope of this experimental study, the pre-alloyed 
Inconel 718 powder was used as a starting material that 
supplied by LPW which have 16 – 45 μm nominal particle 
size distribution with spherical morphology [7]. The 
chemical composition of the starting powder is given in 
Table 3. Three different types of samples were produced 
by using SLM machine (EOS M290) under argon 
atmosphere. Prismatic and cylindrical blanks were built for 
tensile tests as well cubic specimens were produced to 
investigate chemical composition, microstructural analysis, 
densification and mechanical behavior. Blanks and 
specimens were built twice; one for examination of as-
built condition and another for examination of heat-treated 
samples. The blank dimensions of those samples are given 
in Table 1. 

Table 1. Blank dimensions of specimens

Samples       Dimensions (mm) 

Z-Cylindrical 14.5 x 81 -

XY-Prismatic 15 x 14.5 x 80 - 

Cubic - 15 x 15 x 15 

SLMed samples were cut from the base plate by using 
Wire Electro Discharge Machine (WEDM) in TEI facility. 
Then surface cleaning were done by sand blasting 
machines and blanks were machined in lathe to obtain 
tensile specimen geometries. The room temperature tensile 
tests were performed conforming to ASTM E8. Tensile 
testing was carried out by using a servo hydraulic MTS 
370.10 equipment. 

Table 2. Heat treatment parameters (AMS 5663) [8]

Process
Temperature

( )

Soaking
Time

(hour)

Cooling
procedure

Solution Anneal 980 1 Air 

Ageing
Treatment (1) 720 8 

Furnace cool to 
620

in 2 hours 

Ageing
Treatment (2) 620 8 Air 

Standard solutionizing and precipitation hardening 
treatment was applied to as built samples and heat 
treatment parameters prescribed by AMS 5663 are given in 
Table 2 [8]. 

Cubic samples were cut by abrasive cutter and then each 
sample was hot mounted before grinding and polishing 
processes. Microstructural investigations were carried out 
for two different build directions as shown in Figure 3.

Chemical composition of the as built and heat treated 
materials was determined by Optical Emission 
Spectroscopy (OES). The relative densities of the 
specimens were determined by image analysis via 
MATLAB software after taking micrographs in the 
NIKON ECLIPSE MA200 Optical Microscope. 

Figure 1. The direction of microstructural investigations 
with respect to build directions 

In order to determine hardness of specimens, Vickers 
hardness (HV) method was applied under load of 500 grf 
and dwell time of 10 seconds. The average values and 
standard deviations were calculated by using of the five 
individual measurements of each sample. 

3. Results and Discussion 

The comparative results of chemical compositions of as 
received powder; SLMed sample and heat treated sample 
were given in Table 3. According to the OES results, 
chemical compositions do not change significantly after 
SLM fabrication and subsequent heat treatment. 

Table 3. Chemical compositions of as received powder, as 
built and heat treated specimens 

Elements Ni Cr Fe Nb Mo Ti Al 

Powder
718

52.86 19.1
3

Balanc
e

5.14 3.1 0.94 0.44 

As-Built
718

53.2 19.1 17.6 5.22 3.02 0.85
6

0.464

Heat
Treated
718

53.2 19.3 17.4 5.23 2.98 0.84
2

0.460

The relative densities of cubic samples were presented in 
Table 4. It is observed from results that the relative 
densities are independent from built direction.  The 
maximum reachable density level was obtained as 99.98% 
for almost all samples in this study. Moreover, 
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precipitation hardening heat treatment does not affect the 
relative density values of samples. 

Table 4. Relative densities of SLM manufactured Inconel 
718 alloy 

Sample As-Built
Cube (XY) 

As-Built
Cube (Z) 

Heat
treated
AMS 5663
(XY)

Heat
treated
AMS 5663
(Z)

Relative
density
(%) 

99.98±0.007 99.98±0.004 99.98±0.014 99.98±0.007

The typical microstructure of SLM process for as-built 
samples is shown in Figure 2 for both XY and Z direction. 
Laser tracks can be seen in Figure 2a and average distance 
between laser tracks are 109 μm which are commonly 
named as hatch distance. There is no any porosity between 
hatch distances so the value of hatch distance is convenient 
for this study. Melt pools have the arc-shaped 
configuration and they are presented in Figure 2b with 
average depth 84.5 μm so this indicate laser beam could 
sufficiently remelt at least two previous layers [6]. There 
are also columnar grains observed in figure 2b. Grains 
have elongated through the direction of heat transfer which 
flows down to base plate. 

a) XY Direction b) Z Direction 

Figure 2. Microstructures of As-Built Samples 

Figure 3 illustrates the microstructures of precipitation 
heat treated samples for XY and Z directions as well. It 
can be clearly seen that laser tracks and melt pool 
microstructure  disappeared after heat treatment which 
indicates that heat treatment lead to recrystallization and 
decreased the anisotropy of as-built microstructure. 

a) XY Direction b) Z Direction 

Figure 3. Microstructure of Heat Treated Samples   

Microhardness results were given in Figure 4. The data 
suggest that built direction does not have considerable 
effect on the hardness of SLMed samples. On the other 
hand, precipitation hardening increases the hardness more 
than 50% versus as built cubes. 

Figure 4. Microhardnesesof SLMed and heat treated 
samples in XY and Z direction 

Normalized tensile properties of specimens and were 
shown in Figure 5 and compared with standard values 
given AMS 5663 Since, the components which are made 
of Inconel 718 alloy mainly operated for harsh 
environments and additional heat treatment is necessary to 
achieve desired mechanical properties after SLM process 
[2].

Figure 5. Normalized strength values of as-built and heat 
treated samples 

Therefore, the tensile properties of as-built samples were 
relatively lower than requirements in AMS 5663 standard. 
Both of yield and tensile strength of as built materials were 
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significantly increased by precipitation hardening heat 
treatment 84% and 43% respectively. Moreover, SLMed 
and heat treated samples have 20% higher yield and 15% 
higher tensile strength than forged and heat treated 
samples (AMS 5663). However, percent elongation was 
considerably decreased as 47% by the result of aging. 

4. Conclusion 

In this experimental study, 3 different types of specimen 
were produced via SLM method as cylindrical, prismatic 
and cubic. The effect of heat treatment on as built 
materials was investigated by the meaning of 
microstructural characterization and mechanical behavior 
as well as comparison with forging material properties. 

The results are summarized below:   

• Chemical composition of starting material does not 
significantly change after the SLM process. 

• It is found that Inconel 718 can be produced by SLM 
method with more than 99% relative density  

• The typical microstructures consists of laser tracks in 
XY direction and melt pool boundaries in Z direction 
were disappeared as the result of heat treatment. 

• Precipitation hardening heat treatment increased the 
microhardness values more than 50 % in any 
direction.

• Yield strength and tensile strength of heat treated 
samples increased 84% and 43% respectively while 
percent elongation decreased 47% when compared 
with the as built samples. 

• SLMed + Heat treated samples have higher yield and 
tensile strength than forged + heat treated Inconel 
718 which are more than 20% and 15% respectively. 
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Abstract

The effects of artificial aging parameters and extrusion 
exit temperatures have been studied on mechanical 
properties of EN AW 7003 aluminum alloy have been 
studied by universal tensile testing. 55 MN (5500 ton) 
direct extrusion press was used for production of thin 
solid profile. It has showed that single step artificial 
aging with shorter times (8 hours) can be enough for 
achieving T5 condition instead of longer (24 hours) 2-
step aging. Subsequent aging after solution treatment did 
not improve mechanical properties dramatically. 
Artificial aging immediately after extrusion, after natural 
aging for 16 days and after solution treatment exhibit 
similar mechanical properties. This study also showed 
that; above a certain limit, press exit temperature does not 
have a significant effect on mechanical properties.

1. Introduction 

7000 series aluminum alloys have been the primary 
material for structural components of military aircrafts, 
helicopters, automobiles, trams, trains, architectures, etc. 
for several decades [1-2]. The main reason for this is: 
7000 series aluminum alloys has very high specific 
strengths [3]. Ultimate tensile strength (UTS) values over 
600 MPa can be achieved with densities around 2.7 
g/cm3.

Aluminum extrusion is an efficient way of shaping these 
series alloys. Forming into complex cross-sectional 
shapes with various wall thickness distributions can be 

obtained [4]. However due to high Zn content of 7000 
series aluminum alloys, extrudability is more difficult 
when compared to most common aluminum extrusion 
alloys, 6060 and 6063. 

Most 7000 series aluminum alloys have low weldability, 
however 7003 alloy can be counted in weldable 
aluminum alloys. Although 7003 has good weldability, 
very limited number of investigations were carried out so 
far, instead,  main studies were focused on more popular 
7000 series alloys like 7075, 7050 and 7020.

This paper shows the effect of aging parameters and 
extrusion exit temperatures on mechanical properties of 
7003 aluminum alloys.

2. Experimental Procedure 

12 Logs with 355 mm diameter and 1569 mm length 
were prepared by direct-chill casting. Chemical 
composition of the logs are shown in Table 1. 4-step 
homogenization treatment was conducted under the 
conditions shown in Table 2. All logs were subjected to 
visual inspection and ultrasonic testing for crack control 
after homogenization. 3 logs were then cut to 1450 mm 
length for extrusion. 

Table 1. Chemical composition of the billets (%wt.)

Si Fe Cu Mn 
0.27 0.16 0.06 0.04 

7003

Mg Zn Cr Zr 
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 0.55 5.15 0.02 0.06 

Table 2. Homogenization conditions 

 Temperature (°C) Hold Time (hr) 
1.Step 210 3 
2.Step 335 1 
3.Step 465 4 
4.Step 480 12 

Cooling Furnace cooling (Furnace Door: Open)

55 MN (5500 ton) SMS direct extrusion press located at 
ASAS Aluminyum (Figure 1) was used for profile 
manufacturing. Each billet was heated to 200 °C in gas 
furnace. Each hot billet was then heated to 470 °C, 480 
°C and 490 °C separately in induction furnace before 
extrusion. Each billet then extruded to shape of 51 mm 
wide and 4.5 mm thick with profile speeds between 3.7 – 
5.1 m/min. Extrusion parameters for each billet is shown 
in Table 3. Extruded profiles were cooled (quenched) 
with water spray at the press exit. 

Figure 1. 55 MN (5500 ton) direct extrusion press 
located at ASAS Aluminyum 

Table 3. Extrusion parameters 

Billet 
Temperature 

(°C) 

Profile 
Speed

(m/min.) 

Press Exit 
Temperature 

(°C) 
Billet-A 470 3.7 495 
Billet-B 480 4.9 505 
Billet-C 490 5.1 515 

After extrusion, profiles were subjected to various heat 
treatments. Some profiles were artificially aged 
immediately, some were left for natural aging for 16 days 
and then artificially aged and others were solution treated 
and quenched then artificially aged. Solution heat 
treatment (ST) process was heating up the profiles to 475 
°C and holding for 70 mins. then quenching into water. 
Thermal treatments applied to profiles are shown in 
Table 4. 

Aged profiles were cut longitudinally into flat tensile test 
specimens and then tested by Zwick universal tensile 
testing machine. Hardness measurements were performed 
by Emcotest Brinell hardness machine. 

Table 4. Heat treatments after extrusion 

Natural 
Aging 
(Days)

Solution
Treatment

(ST)
Artificial Aging Condition 

1 0 - 115 °C, 8 hr. + 165 °C, 16 hr. 

2 0 - 145 °C, 12 hr. 

3 0 - 165 °C, 12 hr. 

4 16 - 115 °C, 8 hr. + 165 °C, 16 hr. 

5 16 - 115 °C, 4 hr. + 165 °C, 8 hr. 

6 16 - 115 °C, 2 hr. + 165 °C, 4 hr. 

7 16 475 °C, 70
min. 115 °C, 8 hr. + 165 °C, 16 hr. 

8 16 475 °C, 70
min. 115 °C, 4 hr. + 165 °C, 8 hr. 

9 16 - - 

3. Results and Discussion 

Mechanical properties of EN AW 7003 alloy in T5 
condition are defined as min. 260 MPa yield strength 
(Rp0.2), min. 310 MPa tensile strength (Rm) and min. %8 
elongation (A50mm) [5]. Results of aging conditions are 
compared to these values.

Mechanical properties of profiles produced with different 
extrusion parameters after 24 hours 2-step aging are 
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shown in Table 5. It can be seen that all 3 productions 
shows similar mechanical properties. There is negligible 
increase (5 MPa) in yield strength with increasing press 
exit temperature.

Table 5. Mechanical properties after aging of profiles 
with different extrusion parameters 

Rp0.2 (MPa) Rm (MPa) A50mm (%)
Billet-A 314 348 14.5 
Billet-B 316 349 14.4 
Billet-C 319 349 14.0 

Hardness tests show that profiles had hardness values 
between 70 HB and 75 HB 1 day later after extrusion. 
After 16 days of natural aging hardness values reached 
85-90 HB.

Table 6 shows the tensile test results of profiles aged 
with different aging parameters shown before in Table 4. 
All of the aged profiles meet the standard T5 
requirement. Natural aged profile (Profile 9) has lower 
mechanical properties.  

Table 6. Mechanical properties of profiles aged with 
different aging parameters 

Rp0.2 (MPa) Rm (MPa) A50mm (%) 
Standard

T5 Min. 260 Min. 310 Min. 8 

1 315 348 13 
2 306 358 15 
3 302 340 12 
4 312 344 14 
5 316 352 15 
6 310 356 15 
7 316 349 14 
8 320 358 14 
9 251 386 14 

Tensile test results show that solution treatment after 16 
days natural aging did not improve mechanical 
properties. Same aging parameter has similar effect on 
mechanical properties directly after extrusion, after 
natural aging for 16 days and after 16 days + solution 
treatment. Therefore, it can be said that; for 7003 alloys 
rushing for aging after extrusion is not very important. 
Single step aging parameters with shorter times were also 
successful for achieving T5 condition.  

Conclusion 

Various aging parameters and 3 extrusion parameters 
were studied for 7003 alloy extrusion. It is found that 
natural aging sensitivity of 7003 alloy is not very critical 
up to 16 days. Shorter artificial aging parameters can 
bring profiles to T5 condition. 24 hours aging and 6 
hours aging show similar mechanical properties.
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Abstract

In this study, effects of solution heat treatment time 
were investigated for A380 alloy cast at 730 °C. 
Solution heat treatments were carried out at 525 °C 
for 3, 6 and 12 hours. All samples including as-
casts were ground, polished and etched, and all 
microstructures were evaluated via image analyzer 
assisted light microscope with identifying 
secondary dendritic arm spacing (SDAS) for as-cast 
specimen and derivations on aspect ratio of eutectic 
silicon for heat treated samples.  Brinell hardness 
tests were carried out on each sample in order to 
correlate the hardness properties with 
microstructural variations and to determine the 
optimum solution heat treatment time for obtaining 
the highest hardness value. 
Keywords: A380, solution heat treatment, aspect 
ratio.

Introduction

Aluminum alloys have been immensely used in 
various industries mainly in automotive and 
aviation due to their high specific strength, good 
formability, high corrosion resistance, and their 
availability for recycling [1,2]. Al-Si-Mg alloys are 
extensively preferred in automotive industry in both 
wrought and cast forms and they reach their 
maximum strength by precipitation hardening heat 
treatment [3]. However heat treatments on 
aluminum alloys are both time and energy intense 
processes. At the end of the process finer 
morphology of precipitates and more globular and 
refined form of silicon particles are desired [4,5]. 
In this study solution heat treatment for 3, 6 and 12 
hours was applied to A380 samples cast in 
permanent (metal) mould in order to determine 
optimum duration. Effects of heat treatment time 
were investigated with evaluating eutectic 
morphology and hardness properties for each 
sample.   

Experimental 

In this study A380 alloy, with chemical 
composition as given in Table 1, was cast at 730 °C 
in permanent mould. Obtained specimens by 
machining were solution heat treated at 525° C for 
3, 6 and 12 hours. All specimens were ground up to 
2000 grit SiC paper, polished with 1 μm diamond 

solution and etched with % 0.5 HF solution. 
Microstructure images were taken with Nicon 
Eclipse MA100 optical microscope. Effect of the 
cooling rate on secondary dendrite arm spacing 
(SDAS) and relation between heat treatment time 
and aspect ratio of silicon particles were 
investigated through taken images. Hardness 
measurements were taken with Brinell hardness 
device with 62.5 kg force load and 2.5 mm tip 
diameter.

Table 1. Chemical composition of A380 alloy (wt. 
%) 

Si Cu Fe Mg 
8.92 3.21 0.97 0.10 
    
Mn Zn Ni Al 
0.46 2.98 0.47 Bal. 

Results and Discussion 

The as-cast microstructure of the metal mould were 
shown in Figure 1 which consists of dendritic (Al) 
phase, dark grey plate-like eutectic silicon phase, ß-
Fe and CuAl2 intermetallics. In terms of dendrite 
spacing depending on cooling rate, it can be seen 
that the (Al) and the eutectic silicon phases were 
composed in fine morphology due to high heat 
transfer coefficient of metal mould.  

Figure 1. Optical microstructure of as-cast A380 
casting

Microstructures of solution heat treated samples are 
given in Figure 2. High cooling rate restricts the 
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dendrite coarsening thus reducing the SDAS and 
consequently changing eutectic Si morphologies 
from coarse plate-like to short-rod shape even 
spherical shape for metal mould casting. The mean 
SDAS value for metal mould as-cast specimen was 
found 17.01 μm.  
Aspect ratio of the particles were measured in order 
to define the morphological changes in eutectic 
silicon. The aspect ratio is the ratio of length to 
width for selected particle, and it is usually 
measured for understanding the transformation of 
plate-like morphology to more rounded one. Aspect 
ratio values become lesser as the particles get more 
rounded shape. Aspect ratios were found by taking 
20 different measurements from each sample for 
silicon particles and the results are given in Figure 
3.  According to these results optimum solution 
heat treatment time is 3 hours for for samples 
among the selected durations in order to obtain 
minimum aspect ratio. 

Figure 2. The microstructures of the after solution 
heat treatment for different times; a) 3h b) 6h c) 12h 

Figure 3. Aspect ratio of eutectic silicon particles as 
function of solution heat treatment 

Figure 4 shows the hardness properties of as-cast 
and solution heat treated specimens.

Figure 4. Hardness values

Hardness of as-cast sample was measured 99.47 
HB. Maximum hardness value was also obtained 
for 3 hours of solution heat treatment. Excessive 
treatment caused slight decrease on hardness values 
due to its poor effects on  Al and eutectic silicon 
particles. Also with increasing treatment time 
secondary particles became coarsened and less 
spheroidized. 

Conclusion 

Permanent (metal) mould casting method was 
employed in this study for A380 alloy. Cast 
samples were solution heat treated for 3, 6 and 12 
hours. Minimum aspect ratio and maximum 
hardness values were obtained for 3 hours treated 
specimen. 
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Abstract

In order to investigate effect of possible candidate 
alloying elements on bulk glass forming ability of Ti 
based bulk metallic glasses, two different 
multicomponent alloy systems were selected as 
Ti48Cu30Ni10Al7V5 and Ti47Cu30Ni10Al7V5Si1. Samples of 
these multicomponent alloy systems were produced by 
using arc melting water cooled copper mold suction 
casting under argon atmosphere. The effect of addition of 
potential alloying elements on the bulk glass forming 
ability and the phase formation/transformation behavior 
of Ti based BMG will be presented by structural 
characterization techniques. 

1. Introduction

Bulk metallic glasses (BMGs) are a relatively new class 
of metallic alloys having many unique properties such as 
high yield strength (typically above 2 GPa), improved 
elastic behavior (up to 2% strain), corrosion and wear 
resistance and lower elastic modulus due to their 
disordered atomic structure [1]. In the family of BMGs, 
because of requirement for reduced energy consumption, 
particular interest is given to the BMGs based on 
lightweight elements such as Al, Mg, Ca and Ti. Among 
them, only Ti-based alloy systems currently exhibit the 
required toughness to be used in structural engineering 
applications [2]. Therefore, Ti-based BMGs are 
promising as a new family of lightweight materials to be 
used in medical applications, defense, automotive and 
aerospace industries. However most of the Ti based 
metallic glasses have poor bulk glass forming ability 
(BGFA) which restrict their potential applications. 

From the most general aspect, if the liquid phase is 
stabilized upon cooling and the competing crystalline 
phases are difficult to precipitate out, then the glass 
formation would be obtained. Thus, glass formation 
involves two components: 
• Liquid phase stability 
• Stability of the competing crystalline phases 

(resistance to crystallization) 

Liquid phase stability is related to the thermodynamic 
factors and resistance to crystallization depends on 
kinetic factors. As part of studying the formation of 
metallic glasses, investigation of BGFA of 
multicomponent alloy systems has a great importance. 
However, there is no standard definition for this. Up to 
now many indicators have been developed such as the 
amount of negative heat of mixing [3], solidification 
model [4], deep eutectic rule [5], the degree of atomic 
size mismatch [6], a reduced transition temperature Trg 
[7] (= Tg/Tm, where Tm is the liquidus temperature in 
this case) and supercooled liquid range Txg [8] (= Tx - 
Tg, where Tx is the onset crystallization temperature) etc.  

Many of these approaches to predict the GFA of alloys 
require a thermophysical data of the potential candidate 
alloys. For this reason, theoretical modelling and 
computer simulation studies are much more beneficial. 
Prediction of the GFA of an alloy without doing 
excessive number of experiments to produce the glassy 
alloy can be possible. In this context, some theoretical
modelling and computer simulations have been 
developed in recent years [9].

2. Experimental Procedure

Based on solidification model [4] and theoretical 
calculations [10] proposed by Akdeniz and Mekhrabov 
two different Ti-based alloy compositions; 

• Alloy1: Ti48Cu30Ni10Al7V5 and
• Alloy2: Ti47Cu30Ni10Al7V5Si1

were prepared by mixing the appropriate amounts of high 
purity constituents. Alloy preparation was performed by 
arc melting under Ti-gettered argon atmosphere.  Each 
composition was remelted several times to improve 
chemical homogeneity. Then by using suction casting 
into copper mold in the form of cylindrical rod with 
diameter of 3 mm and length of 150 mm in argon 
atmosphere, Figure 1. The cooling rate at the suction part 
of sample is significantly faster than the cooling rate at 
the button part of sample.
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Samples were prepared by means of standard 
metallographical technique and microstructural 
characterizations of the samples were performed by 
optical microscope and FEI Quanta 400F field emission 
scanning electron microscope (FESEM) equipped with 
energy dispersive spectroscopy (EDS). EDS was used to 
identify the composition of the alloy and the phases were 
presented in microstructure. Samples were examined by 
X-Ray Diffraction (XRD) analysis by D/MAX 2200 
Diffractometer. Monochromatic Cu K  was used during 
the analysis in the diffraction angle (2 ) range of 20-100° 
with a scanning rate of 0.1°/min. 

Figure 1. Parts of sample produced by copper mold 
suction casting.

3. Results and Discussion

The formation of metallic glass is the result of the 
suppression of the crystallization process during cooling 
from liquid melt. Accordingly, composition with high 
BGFA can also be termed as the composition with the 
minimum driving force for crystallization. As a result, 
searching for compositions with good BGFA, phase 
diagrams can be used as a guideline. It is clear that, 
systems with compositions in the range of phases having 
growth problems such as intermetallics are good 
candidates for finding alloys with high BGFA. Also, 
systems which have a sequential peritectic and eutectic 
transformations exhibit higher level of complexity of 
crystallization process [4]. Consequently, Ti-Cu binary 
system, which includes eutectic point at 960 0C combined
two intermetallics and sequence of eutectic and peritectic 
reaction, seems to be good candidate for high BGFA. 

Figure 2. Ti-Cu binary phase diagram 
However, selection of potential candidate alloying 
elements which were predicted to increase the BGFA of 
the Ti-Cu binary system by theoretical calculations and 
computer simulation was performed by taking into 
account following criteria [10]:

• An increase in the negative heat of mixing ( Hmix). 
• A decrease in the critical cooling rate (Rc). 

Therefore, based on the theoretical calculations [10] Ni, 
Al, V and Si are selected for alloying the Ti-Cu binary 
system. These elements are reported to decrease Rc and 
calculated Hmix values are given in Table 1.

Table 1. Calculated data of Hmix and Rc
Ti64Cu35X1 Hmix J/mol (104) RcK/s 

(105)None (binary) -1.8072 2.2140
Si -1.8517 1.5856
V -1.8354 1.7114
Al -1.8230 1.7880
Ni -1.7960 1.9070

The effects of Si on formation and development of 
solidification structures under conventional cooling 
conditions, i.e. button part, are given in Figure 3 (a) and 
(b) for Alloy1 and Alloy2 respectively. Despite only 
atomic 1% of silicon content, microstructure of the 
composition with Si is significantly different from that of 
the composition without Si. In accordance with their 
comparison of XRD pattern given in Figure 4, the 
difference originates due to formation and/or volume 
fraction of TiAlCu2 phase.  It is evident Figure 4 that as 
alloy composition without Si (Alloy1) display TiCu, 
high intensity Ti2Cu, low intensity TiAlCu2 and 
(Ti(Ni1-x Cux) peaks, composition with Si shows TiCu, 
low intensity Ti2Cu and high intensity TiAlCu2 peaks. 
This would tend to suggest that presence of Si favors the 
formation of large faceted TiAlCu2 intermetallic particles 
distributed uniformly within the microstructure as shown 
in Figure 3(b) and Figure 6. These intermetallic phases 
can also be observed in Alloy1 as fine interdendritic 
particles which were further identified by EDS analysis, 
Figure 5. 

(a) (b)
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Figure 3. Optical microscope images: (a) composition 
without Si; (b) composition with Si. 

Figure 4. Comparison of X-ray scattering diffractogram 
between slow cooled parts of alloy composition without 

Si and with Si. 

Figure 5. Optical microscope and FESEM images of 
alloy composition without Si. (1) TiAlCu2 and (2) eutectic 

mixture of TiCu and Ti2Cu. 

Figure 6. Optical microscope and FESEM images of 
alloy composition with Si. (1) TiAlCu2 and (2) eutectic 

mixture of TiCu and Ti2Cu. 

It is interesting to note that increasing solidification rate, 
i.e under non-equilibrium rapid cooling conditions 
formation of Ti2Cu and TiAlCu2 intermetallic phases are 
suppressed and only TiCu phase can be observed for 
both compositions, Figure 7 (a) and (b) for the 
composition without Si and for composition with Si 
respectively.

Figure 7. Comparative XRD pattern button and suction 
casting part: (a) composition without Si; (b) composition 

with Si. 

Moreover, contrary to Alloy 1, presence of Si in alloy 
composition leads to formation of approximately 40μm in 
thickness amorphous phase at the surface of the rod 
where solidification rate significantly higher, Figure 8. 
The cooling rate eventually decreases towards the center 
of the specimen and thus the variation of the 
cooling/solidification rate across the cross section of the 
specimen is accompanied by the structural transition from 
surface to center. The featureless zone implying the 
presence of the amorphous phase at the surface undergoes 
crystallization process at a certain thickness and display 
planar growth morphology, Figure 9. This plane growth 
solidification structures survive until the solid liquid 
interface is subjected to morphological instability where 
cellular and/or dendritic solidification is observed 
towards the center of the specimen, Figure 8 (b). 

Figure 8. Optical microscope images: (a) composition 
without Si; (b) composition with Si. 

(a) (b)

(a)

(b)
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Figure 9. FESEM images of alloy composition with Si 
arrow shows where crystallization starts. 

4. Conclusion 

Effects of alloying element addition (Ni, Al, V and Si) on 
bulk glass forming ability of Ti-Cu based bulk metallic 
glasses have been evaluated by using structural 
characterization techniques. Microstructure of samples 
considerably changed by the minor addition of Si. 
Formation of Ti2Cu and TiAlCu2 intermetallic phases are 
inhibited under non-equilibrium rapid cooling conditions 
for both compositions. In addition to this, in the alloy 
composition with Si (Ti47Cu30Ni10Al7V5Si1),
approximately 40μm in thickness amorphous structure is 
obtained at the outer zone of fast cooled part. 

It is also worth to note that Si plays an important role for 
the formation amorphous structure in this Ti-based alloy 
composition at a certain degree.  Therefore, attempts will 
be made to enlarge the extent of amorphous phase 
formation by increasing the BGFA of the Ti-Cu based 
alloy via alloy design. 
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Abstract 

In this study, calcined dolomite and SrO reduced together 
with Al and FeSi. During experiment %100 stoc. calcine 
dolomite-FeSi mixture was prepared and %100 stoc. SrO-Al 
mixture added to charge with %2.5, %5, %7.5 and %10 
ratios respectively. 
In addition change of temperature was examined in the 
experiments. The final residues were characterized for their 
chemical composition. XRD, AAS and Flame Photometer 
devices were used for chemical analysis. More than 90 % 
magnesium and % 78 strontium recoveries were observed. 

1. Introduction 

Magnesium alloys are the lightest structural alloys 
commercially available and have great potential for 
applications in automotive, aerospace, and other industries. 
At present, a lot of ways are being investigated in the world 
in order to further improve the mechanical properties and 
processing performances of magnesium alloys. It is known 
that the grain refinement is an important method of elevating 
properties and improving formability for magnesium alloys. 
Recent results indicated that Sr element which has been 
widely used in industrial practice especially for the 
modification of Al-Si alloys, was potential effective 
additions of grain refinement for magnesium alloys [1-3]. 
Since adding pure Sr to magnesium alloys would produce 
serious burning loss thus the amount of Sr is difficult to 
control, strontium (Sr) is frequently used in master alloy 
form, such as Al-Sr and Mg-Sr master alloys. Recent 
investigations indicated that, although adding Al-Sr or Mg-
Sr master alloys to magnesium alloys such as AZ31 could 
effectively refine the grains of magnesium alloys, the 
refining efficiency of the latter is higher than that of the 
former [1]. Therefore, the production of Mg-Sr master alloys 
has received much global attention and many methods such 
as direct reaction, metallothermic reduction, vacuum 
thermal reduction and electrolysis methods, have been 
developed [4-12]. 

Nayeb et al. was investigated Mg-Sr system and calculated 
the phase diagram. Figure 1 presents Mg-Sr phase 
diagram[13]. According to Fig 1 there are many Mg-Sr 
phases such as Mg17Sr2, Mg38Sr9, Mg23Sr6 and Mg2Sr. 

Fig. 1: Mg-Sr Phase Diagram [13]. 

Zeng et al. investigated effect of Sr addition on the Mg alloys 
mechanical properties. Figure 2 shows change of elongation 
and yield strength depend on the Sr amount in Mg alloys. 
According to Fig 2 best yield strength obtain with 0.01 
weight percent Sr amount. So Mg17Sr2 best alloy for high 
strength values [14]. 

Fig. 2: Effect of Sr addition on the cast Mg alloys mechanical 
properties [14]. 
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In this study Metallothermic magnesium & strontium alloys 
production was investigated and Mg17Sr2 alloy get target 
compound for this work. 

Theoretical investigations  

G0-T diagram for oxide formation indicates that MgO and 
SrO reduction with aluminum are only possible beyond 850 
0C and 10190C respectively. By using the FactSage 6.4 
thermodynamic database the Figure 3 was simulated for 
aluminothermic reduction of MgO and SrO by Al powder at 
different temperatures under 1 bar and 1 mbar of vacuum 
atmosphere. Figure 3 shows minimum reduction 
temperature of MgO and SrO with different reductans. 
According to Figure 3 aluminum is the best alternative to 
reduce both reactans because it gives minimum temperature 
values for reduction. As the Mg reduction proceeds 
according to equation 1, the Sr reduction proceeds according 
to equation 2. 

2 MgO.CaO + 2Al = 2Mg + CaO.Al2O3                (Eq. 1) 
  4 SrO + 2Al+CaO = 2Sr + CaO+ SrOAl2O3           (Eq. 2) 

Fig. 3  T diagram of  MgO(a),SrO(b) for different reductant 
under pressure of 1 mbar. 

                                                                 

2. Experimental Procedure 

Raw materials: In the experiments, synthetic SrO is used as 
strontium source and Agean region calcined dolomite used 
as Mg source. Al powder was used as reducing agent and 
CaF2 was used for slag formation.  

Reduction technique: The schematic diagram of the 
experimental set up was illustrated in Fig. 4. The 
temperature was measured by 6RhPt-30RhPt (EL-18)
thermocouple. The reduction process was carried out in a 
retort made from Incoloy 800H/HT alloy. In order to pump 
the retort for vacuum, a two stage compact rotary vane pump 
was used. 

Fig. 4: Schematic diagram of experimental setup. 1- Furnace, 2- 
retort made from Incoloy 800H/HT alloy, 3-Briquetted charge, 4 
Sr condensation section, 5-Cooling water in and out, 6-Vacuum 

connection, 7-Vacuum pump, 8-Digital pressure gauge, 9- EL 18 
thermocouple, 10-Ice water box, 11-Temperature measuring unit. 

The stoichiometric ratios of Al were selected 100 % and  in 
order to make Mg17Sr2 alloy %2.5, 5, 7.5 and 10 SrO-Al 
mixture were added to charge respectively for different 
temperature, from 11000C to 12500C with 500C breaks.   The 
desired weight ratios of SrO, calcined dolomite and Al metal 
powder were mixed throughly.  The mixture was weighted 
and briquetted.  Briquettes were put in an alumina boat.  The 
charged boat was inserted into the retort at room 
temperature.  After closing the retort cover, the inside 
pressure was decreased to 1-5 mbar.  In order to condensate 
the magnesium-strontium vapour formed during the 
reduction reactions, a cooling copper tube was mounted at 
the retort cover.  After the furnace attained to the required 
temperature, the retort was inserted into the furnace.  Since 
the furnace temperature decreases after inserting the retort, 
initial time was started when the furnace reached the desired 
temperature. 

At the end of the reduction experiments, the retort was left 
in the furnace at the same vacuum values and was cooled to 
room temperature.  Then, the cover was opened and the 
condensed magnesium-strontium metal on the cooling 
section and the residue left in the boat were weighted and 
analyzed chemically.  The degree of Mg-Sr metal recovery 
was calculated as 
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Mg-Sr Recovery, % = 100  [(Wt x % Mg-Srt)/(W0 x % Mg-
Sr0)] x 100                                                                  (Eq. 3) 

where Wt the weight of the residue at time t, % Mg-Srt the 
weight percent of the magnesium-strontium in the residue at 
time t, W0 is the weight of the briquette, and %Mg- Sr0 the 
weight percentage of the magnesium-strontium of the 
briquette. 

3. Results and Discussion 

The effects of temperature and the stoichiometric strontium 
addition 
observed that with increasing 

 the recovery of magnesium and strontium metal are 
increased. For example recovery of magnesium, 72,01%  
and 86,89 % is observed while the reduction temperature 
were 1100  and 1250  respectively. 

The experiments results which were carried out at 240 
minutes for 1100 , 1150 , 1200  and  were 
shown in Fig. 5 and Fig 6. It is observed that with increasing 
temperature the recovery of magnesium and strontium metal 
also increased. For example, recoveries of strontium were 
determined to be 47,1 % after 1100  and 72,89 % after 
1250 reduction temperature. Mg and Sr concentration in 
the residue decreased with increasing temperature. For 
example strontium concentration in residue were determined 
to be 69 % after 60 min. and 2,25 % after 240 minutes 
reduction time.  

Fig. 5:  Effect of temperature on magnesium recovery 

Fig. 6:  Effect of temperature on Sr recovery 
After the investigation of temperature effect, in order to 
increase recoveries, effect of time was examined. In this 
experimental set 6 and 8 hours experiments applied. Both 
Mg recovery increased to 97.1% in 1250 C, 8 hour with % 
5 Sr addition. In this circumstances Sr recovery was 
calculated % 81.2. Figure 7 presents effect of time on the Sr 
and Mg recovery. 

Fig. 7:  Effect of time on Mg and Sr recovery 

4. Conclusion 

On the basis of the results of the present study of 
aluminothermic reduction of calcined dolomite and SrO by 
Al powder under 1-5 mbar pressure for different 
stoichiometric amount and temperature, following 
conclusions can be drawn: 

In experiments in which magnesium and strontium co-
reduction conditions were investigated, the mixture for both 
oxide raw materials was reduced with Al. In this 
experimental set, the highest recovery yield values were 

determined to be 97.1% for Mg and 81.2% for Sr in the 8-
hour experiment. 
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Abstract

In this study, effects of addition of Mo (0.6, 1.2 and 1.8 
wt%)  and B (0.2, 0.6 and 1.0 wt%) elements into Fe base 
metal matrix composites (Fe- 0.8 C- 2.0 Cu- 3.0 Ni (wt%)) 
were investigated. The composite materials were produced 
by applying warm compaction and free sintering methods 
sequentially. Green composites were produced under 
pressure of 650 MPa at 160 °C. Then, the green products 
have been sintered at 1050 °C and 60 min sintering time in 
controlled Argon (Ar) gas atmosphere. After production of 
the composite samples, induction hardening heat treatment 
was applied to composite samples. The microstructures of 
the samples have been examined before and after induction 
hardening under optical microscopy. Surface hardness and 
density of the composite samples were measured. The 
results have showed that the addition of Mo and B elements 
increases surface hardness of the Fe based composite 
material. The highest surface hardness has been obtained in 
the case of Mo=1.8 and B=1.0 composition.  

1. Introduction 

The application of powder metallurgy (PM) manufacturing 
processes is growing and often it replaces traditional metal-
forming operations because of a near-net shape forming 
capability, a more efficient material utilization, a relatively 
low energy consumption and capital cost [1]. In particular, 
the demand for PM steel components is significantly
increasing and different PM steels have found applications, 
mainly in the automotive industry for engine and 
transmission systems [1]. 

Therefore, some P/M structural parts with high sintered 
density as well as high wear resistance have been found 
wide applications in the automotive systems, such as cam 
lobes, gears and valve seats, etc., mainly required for good 
wear resistance [2]. The surface hardening was usually 
carried out for these components to obtain a harder layer on 
surfaces and tough core in the center, which exhibit both 
high wear resistance and strength.

In the past few years, surface hardening processes such as 
gas nitriding [3] plasma nitriding, glow-discharge treatment 
[4], nitriding and nitrocarburizing [5], as well as surface 
carburizing [6] treatments have been widely used for 
surface hardening treatments of P/M parts. Solid 
carburization, as a traditional carburization method, has a 
lot of shortages such as poor working condition, long 
heating duration and low productivity. Then it has been 
replaced by gas carburization, vacuum carburization, ion 
carburization and fluid carburization. However, solid 
carburization can produce parts with simple equipment’s 
and low cost. 

The density of warm compaction material, Fe–4Ni–1.5Cu–
0.5Mo, could be higher than 7.25 g/cm3 [7]. Company of 
Hoeganaes AB had made iron-based materials with 
strength of 1299 MPa through warm compaction with 
single sintering [8]. Effect of warm compaction on the 
property of Fe–Ni–Cu–Mo–C was studied in literature. PM 
materials of high density, strength and toughness made 
through warm compaction or die wall lubrication were 
often reported [9]. 

In order to improve the mechanical properties, surface 
compaction methods such as shot peening, deep rolling, 
laser shock compression as well as different heat treatment 
processes are used. The purpose of the mentioned 
procedure is to increase the strength and the wear resistance 
as well as to achieve a more favorable structure for 
improved strength carburizing [10]. 

The aim of this study is to produce Fe-based (Fe-0.8C-
2.0Cu-3.0Ni-XMo-YB (%)) metal matrix composite by 
warm compacting method for gear production. The effects 
of Mo (%0.6-1.2-1.8) and B (%0.2-0.6-1.0) additions were 
investigated on the hardness, the density and microstructure 
properties in induction hardening. 
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2. Experimental Procedure 

The water atomized iron powder together with nickel, 
copper, molybdenum, boron and graphite with purity 
higher than 99%, were used for this experiment. The 
average diameters of particles were in the range of <68 μm
for iron, <44μm for copper, <37 μm for nickel, <88 μm for 
molybdenum, <15 μm for boron powder and graphite 
powder. The composition of powder mixture is 0.8 wt.% C, 
2 wt% Cu, 3.0 wt% Ni, (0.6-1.2-1.8)wt% Mo, (0.2-0.6-0.8) 
wt% B, 0.6 wt % zinc stearate and iron base. The chemical 
composition for different specimens is given in Table 1. In 
this study, effect of mechanical properties was investigated 
different amount of Mo and B powder. The powder 
mixtures were homogenized in a turbula mixer for 30 min.  

Table 1. Chemical compositions of materials

The pre-heated mixed powders were pressed in a steel mold 
at temperature from room temperature to 160 °C. 
Compacting pressure was 650 MPa. Cylindrical specimens 
were obtained the dimension of 15x10 mm.   

The re-pressed compacts were sintered with an argon 
atmosphere. The specimens were heated to 550 °C at a 
heating rate 10 °C/min and held at 550 °C for 30 min in 
order to remove the lubricants. Then, continuously 
elevating the temperature to 1150 °C and held for 60 min. 
Then High frequency current is applied to the metal for 
rapid surface heating. The heated part is rapidly cooled by 
using any cooling fluids.  Parts were heated to 850°C 
temperature and parts rapidly cooled in high frequency 
induction bench. All compacts were welded by 2.5 kW, 900 
kHz (high frequency) induction system for 10 second. 

Mechanical and microstructural studies of the samples were 
performed.

3. Result And Discussion 
3.1. Hardness Result 

Hardness tests were conducted in the INSTRON-
WOLPERT macro hardness testers. HRA hardness values 
of the specimens were measured by using 60 kgf loads. 
Five hardness measurements were carried out for each 
sample and average value of hardness was presented. 

Table 2. Hardness and density measurement result  

Samples deneysel

(g/cm3)
%Porozite

Before
Hardening

Hardness (HRa)

After
 Hardening 

Hardness (HRa)
1 6,94 11,8 44,28 67,34 
2 7,02 10,6 53,44 71,65 
3 7,12 9,07 63,92 73,76 
4 6,95 11,9 43,02 63,63 
5 7,07 10,03 57,3 71,48 
6 7,14 8,9 65,5 72,26 
7 6,95 12,02 48,1 66,05 
8 7,02 10,9 66,4 70,17 
9 7,12 9,41 67,5 73,82 

The mean of the hardness values are given in Table 2. The 
maximum hardness was obtained in sample 9. Hardness 
values are proportionally increased with the increase of Mo 
and B added. Boron addition increased the grain thinning 
and ability to get water. Molybdenum is a strong carbide 
and nitride-forming element. Since the molybdenum used 
in conjunction with Ni, the hardness of the material 
increased. The highest surface hardness has been obtained 
Mo=1.8 and B=1.0 composition. The maximum hardness 
was obtained 73.82 HRa after hardening in sample 9. 

3.2. Microstructure 

Metallographic sections were prepared by grinding, 
diamond polishing, and etching with %2 Nital for 5–10 s. 
The metallographic observations were conducted on a 
metal microscope Nikon Eclipse MA200. The 
microstructures of samples were examined both before and 
after hardening. Fig. 1-3 shows the metallographic structure 
of the samples after nital etching. 

Material 1 Material 2 Material 3 

Material 4 Material 5 Material 6 

Material 7 Material 8 Material 9 

Figure 1. Microstructure of samples number 1-9 before induction 
hardening (100X) 

Material Fe
(wt.%)

Ni
(wt.%)

Cu
(wt.%)

C
(wt.%)

Mo
(wt.%)

B
(wt.%)

1 93.4 3.0 2.0 0.8 0.6 0.2 
2 93.0 3.0 2.0 0.8 0.6 0.6 
3 92.6 3.0 2.0 0.8 0.6 1 
4 92.8 3.0 2.0 0.8 1.2 0.2 
5 92.4 3.0 2.0 0.8 1.2 0.6 
6 92.0 3.0 2.0 0.8 1.2 1 
7 92.2 3.0 2.0 0.8 1.8 0.2 
8 91.8 3.0 2.0 0.8 1.8 0.6 
9 91.8 3.0 2.0 0.8 1.8 1 
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Material 1 Material 2 Material 3 

Material 4 Material 5 Material 6 

Material 7 Material 8 Material 9 

Figure 2. Microstructure of samples material number1-9 after 
induction hardening (100X )

After induction hardening the martensite phase is seen as 
intense in microstructure. Samples were hardened by the 
center as a small section of material. It leads to grain 
thinning with the increasing addition of boron. 
Molybdenum is a strong carbide and nitride-forming 
element. It increased the hardenability it is used in 
conjunction with nickel. Martensite and regional bainite 
structure are increasing with the increase of the amount of 
molybdenum in the composition.  

4. Results 

The densities of sintered samples were measured by 
Archimedes technique and the porosities in the samples 
were calculated. The warm compaction parameters (P, T 
and t) were kept constant in this study. So the effect of the 
density has not been of composite materials. The average 
ranges from %9-12 porosity ratio of the material. It is 
necessary to increase the sintering temperature and time to 
reduce the amount of porosity.  

The addition of boron and molybdenum increased the 
hardness of the material. The increase in molybdenum 
addition allowed the critical quenching rate to be lower, 
thus increasing the hardness. 

Carbides are also increasing as the amount of added 
molybdenum increases in the microstructure. 
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Abstract

This study investigates the effect of addition of some 
elements such as Fe and Cu to the well-known shape 
memory allooy NiTi by conbustyion synthessis 
method. In addition to the experimental study, Gibbs 
energy minimisation method was used for the 
thermochemical calculations with appropriate alloy 
database. The experimental products were 
characterised by using Scanning Electron Microscopy 
(SEM), X-ray diffraction (XRD), Differential Scanning 
Calorimetry (DSC) to investigate the shape memory 
effects of the alloys.

1. Introduction

NiTi is the most diffused among Shape Memory Alloys 
due to its excellent performances as superelastic 
material, and recovery properties coupled with good 
mechanical properties, corrosion resistance and 
biocompatibility. It can be used in several application 
field, from biomedical to aerospace applications. NiTi 
is available as sheet, tubes or wire. Increased interest in 
porous NiTi has rised in the last years as possible bone 
replacement meterial and high damping material, due 
to apparent reduction of Elastic modulus shown by 
porous structures. Porous NiTi can be produced by 
high temperature sintering under controlled 
atmosphere, or by additive manufactoring., both 
requiring generally long times, and that can lead to 
relatively coarse microstructure and reduced 
performances. It can be produced also by combustion 
synthesys method, with much shorter production times 
[1-4]. Unfortunatly several studies shown that not only 
NiTi is produced but also secondary phases, that show 
no shape memory effect, and can be detrimental for 
biomedical applications (Ni3Ti) [5]. Evaluation of 
secondary phases that forms in NiTi produced by 
combustion methods is hence of interest. NiTi can be 
alloyed with Fe and Cu without loosing Shape Memory 
properties. The addition of a third element modifies the 
sinthesys reaction of NiTi and consequently phase 
formation. Combustion synthesis were attempted for 
different ratio of Fe and Cu that sobstituted Ni in NiTi 
equiatomic alloy. Reactions were studied from 
themochemical point of view with Factage 
Thermochemical Software [6], and produced specimen 
were analysed by SEM, XRD, and DSC analyses. 

2. Experimental procedure 

Two composition were selected: Ti0.5Ni0.4Cu0.075Fe0.025
and Ti0.5Ni0.4Cu0.025Fe0.075, atomic ratios. Pure (above 
99.5%) Ni, Ti, Fe and Cu powders were mixed in a 
turbula mixer for 12 hours under Argon atmosphere. 
Pellets were pressed under the pressure of 70 MPa into 
cylinder of 15mm height and 12 mm diameter.
The pelleted samples were inserted in a batch reactor. 
Preheating temperature was monitored by using two 
thermocouples: two values were used (230 and 430 
°C). Tungsten wire was used at top of the compacted 
samples in order to trigger the combustion reaction. 
The reactor was swept by Argon few times to avoid  
oxidation of samples. All the experiment were recorded 
by HD camera. 

Table 1: Samples composition and preheating 
temperatures

Preheating Temperature(°C) Sample composition (%at) 230 430 
%2,5Cu-%7,5Fe NTC1 NTC2 
%7,5Cu-%2,5Fe NTC3 NTC4 

The reacted specimen were longitudinally cut in two 
halves. XRD measurements and SEM observations 
were performed on one of the longitudinal section after 
metallographic preparation. The other part of the 
sample was cut in order to prepare specimens with a 
mass of about 100mg for DSC analyses.

3. Results 

3.1 Thermochemical Calculations 

The Factage Thermochemical Software was used to 
predict adiabatic temperature (Tad), and to estimate the 
effect of preheating temperature. Results are presented 
in Figure 1. In the investigated range, increasing Fe 
content increases solid phase ratio and also Tad.
Noticeably, a marked difference in liquid phase ratio is 
observed at the two considered preheating temperature: 
far more liquid phase is present when considering the 
higher preheating temperature.
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Figure 1: a)Cu(and Fe) mole ratio vs Preheating 
b)Cu(and Fe) mole ratio vs Tad

3.2 Combustion synthetized specimen results 

The specimens preheated at the lower  temperature, 
namely NTC-1 and NTC-3, did not propagate to the 
end point, whilst the other specimen were completely 
reacted. Reacted specimens can be observed in Fig.2; 
noticeably, among NTC1 and NTC3, the latter, which 
should have the lowest Tad, is also the less reacted 
specimen. Reduction of height due to partial 
densification can also be observed. The latter is more 
pronounced in specimen NTC4, which should have the 
higher liquid phase content among the four tested 
conditions.
Only the completely reacted specimens were further 
analyzed.

Figure 2: a)NTC-1 and NTC-2 at 230 and 430°C  b) 
NTC-3 and NTC-4 at 230 and 430°C respectively 

The results of the XRD analyses for NTC2 and NTC4 
are given in Figure 3. Main peaks can be associated to 
cubic parent phase of NiTi, and Ti2Ni secondary phase. 
The results of DSC analysis showed the presence of 
typical thermoelastic martensitic transformation of 
shape memory alloys, even if characterised by wider 
tranformation temperature ranges than binary NiTi. 
Transformation temperature range of the two specimen 
are different: NTC-4 shows higher transformation 
temperatures (Martesite starting temperature: about 
53°C) than NTC-2 (Martesite starting temperature: 
about 15°C). This is consisten with known effect of Cu 
addition [4] and Fe addition [7] to NiTi.  

Figure 3: XRD Analysis for samples %7,5Cu-%2,5Fe 
(NTC 2) and %2,5Cu-%7,5Fe (NTC 4) when the 

preheating temperature is 430°C 

Figure 4: SEM micrograph for samples a) %2,5Cu-
%7,5Fe (NTC 2),  b)  %7,5Cu-%2,5Fe NTC-4) 

b

a
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SEM observation revealed a quite complex 
microstructure: back scattered detector micrograph 
clearly show lack of homogeneity on microscopic 
scale. Aas can be appreciated in Figure 4, the 
microstructure is characterised for both samles of wide 
pores but also micrometric pores (black areas): local 
enrichment of heavy elements (Fe, Cu, Ni) is present 
(light grey areas), with irregular shape.  
EDXS (Energy Dispersion Xray Spectrometry) 
analyses revealed a relative homogeneous composition 
at macroscale, corresponding to the nominal 
composition of the specimens, whilst severe 
segregation could be observed on microscale. 
Examples are reported in Figure 5 and Table 2 for 
specimen NTC2, and Figure 6 and Table 3 for 
specimen NTC4. 

Figure 5: Back scattered micrograph and EDXS 
analised areas for samples %2,5Cu-7,5Fe (NTC2) 

Table 2: EDXS results for regions depicted in Figure5
for sample  %2,5Cu-%7,5Fe (NTC2) 

For the specimen with lower Cu content, most of the 
analyses  revealed a content of Ti rather close to 
50%at. Noticeably, no region with very low Ti content 
that could recall Ni3Ti phase or similar, was noticed. 
Region with composition close to Ti2Ni intermetallic 
can be observed.
EDS studies was also conducted on sample NTC-4 
(7.5% Cu - 2.5% Fe). Apparently higher Ti content 
fluctuation can be observed: regions with composition 
close to Ti2Ni can be easily found, as well as region 
with Ti content well below 50%at. Also in this case no 
composition close to (Ni, Fe, Cu)3Ti can be observed; 
on the contrary a phase with chemical composition 
approximately Ti1Ni1(Cu,Fe)1 can be observed.

In both samples, matrix with Ti content cose to 50% is 
accompanied with a relatively higher Ni content than 
nominal composition, and a mixture of Cu and Fe, in 
which the Fe/Cu ratio is lower than nominal 
composition.
This can justify the transformation temperatures 
obtained from DSC analyses: a ternary alloys with 
more than 5% Fe has generally transformation 
temperature well below 0°C: the addition of Cu, those 
transformation temperatures stabilization effect is well 
known [2], contributes in limiting the decrease of 
transformation temperaturews for  sample NTC4. 

Figure 6: Back scattered micrograph and EDXS 
analised areas for samples %7,5Cu-%2,5Fe (NTC4) 

Table 3: EDXS results for regions depicted in Figure6
for samples %7,5Cu-%2,5Fe (NTC4) 

4. Conclusions 

Two quaternary NiTiFeCu shape memory alloys were 
produced successfully by combustion synthesis: 
reaction was completed only if sufficiently high 
preheating temperature was used.
1) Thermodynamic calculations allowed to verify that 
for increasing preheating temperature and Cu content, 
the liquid phase content at reaction temperature is 
increased., thus resulting in increased densification of 
the specimen.

(at %)  Ti  Ni  Fe  Cu 
NTC2_pt1 58,19 25,01 16,8  
NTC2_pt2 56,21 28,1 15,69  
NTC2_pt3 48,56 39,77 11,67  
NTC2_pt4 67,48 31,28 1,24  
NTC2_pt5 49,83 45,68 1,67 2,82 
NTC2_pt6 60,26 36,22 1,14 2,39 
NTC2_pt7 47,70 43,96 5,25 3,08 

Sample (at %)  Ti  Ni  Fe  Cu 
NTC4_pt1 34,84 35,31 15,89 13,96 

NTC4_pt2 47,57 26,56 21,07 4,79 

NTC4_pt3 66,15 30,3  3,55 
NTC4_pt4 66,21 18  15,79 

NTC4_pt5 61,16 34,24  4,61 
NTC4_pt6 47,65 31,13 17,46 3,76 

NTC4_pt7 50,77 41,42  7,81 
NTC4_pt8 44,36 32,72 19,52 3,4 

NTC4_pt9 34,66 35,46 16,49 13,4 

NTC4_pt10 47,16 31,02 18,25 3,57 
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3) Homogeneity at macro-scale is obtained. Ti2Ni, Fe 
or Cu enrichment regions are found at micro size as a 
results of SHS process. 
4) DSC analyses revealed the presence of reversible 
Austenite to Martensite transformation,  which strating 
temperatures are 15 to 53 °C respectively for NTC2 
and NTC4. Higher Cu ratio increases A to M 
transformation temperatures.  
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Abstract 

Copper (Cu) offers good machinability, good formability 
and have high thermal and electrical conductivity for 
numerous applications such as thrust chamber of liquid 
rocket engine, nuclear reactor and electromechanical 
launch systems requiring high heat flux transfer. To 
improve mechanical properties without losing the 
thermal conductivity, nanocrystalline structures have 
been receiving substantial attention. Immiscible elements 
give accomplished method to the design of materials with 
astonishing structural stability and mechanical strength at 
high temperatures for metal alloying. Cu-Ta is a 
significant, immiscible system that has been considered 
as a candidate for high temperature stability applications. 
To produce immiscible Cu-Ta alloys severe plastic 
deformation methods are mostly preferred. In this study, 
the effects of the variation of mechanical alloying 
parameters like ball-to-powder weight ratio and process 
control agents (PCAs) on the densification of 
nanocrystalline Cu-Ta alloys have been studied. The base 
alloy was selected as 99.5 wt% Cu and 0.5 wt% Ta. Ball-
to-Powder weight ratio (BPR) was varied from 15:1 to 
5:1. Furthermore, methanol, toluene and hexane were 
used as PCA during high energy milling of Cu-Ta alloys. 
Density measurements and scanning electron microscopy 
characterization were conducted for both milled and 
sintered products. 

1. Introduction 

Copper (Cu) is a widely-used metal due to the advantages 
of high electrical and thermal conductivities, outstanding 
corrosion resistance and ease of production. However, in 
the pure form, mechanical properties of copper 
deteriorate dramatically at elevated temperature 
conditions. Based on the prevailing necessity for 
materials which possess high thermal conductivity 
coupled with high strength and provide resistance to 
softening and degradation, different copper alloys have 
been developed. As in the case of all other engineering 
metals, keeping mechanical properties optimized or 
maximized under relatively high temperatures is also 
hard for copper and its alloys. The challenging idea of 

developing a material with improved mechanical strength 
and conductivity for use in extreme temperature 
conditions is extended to copper alloys for tailoring the 
material properties by altering the general microstructural 
characteristics. 

Nanocrystalline materials have received and continue to 
receive significant interest for their ability to reveal 
enhanced mechanical properties, specifically, 
strengthening via the Hall Petch mechanism, compared 
to materials with a coarse-grained microstructure [1] [2]. 

Immiscible elements make it possible to design materials 
with surprising structural stability and mechanical 
strength at high temperatures as alloying elements. 
Immiscible elements tend to strongly segregate at grain 
boundaries (GBs), reducing their free energy and thus the 
driving force for grain growth. They can also reduce GB 
mobility through the solute drag effect. In addition, 
immiscible elements often form highly dispersed 
particles that effectively pinch GBs and create strong 
barriers to dislocation motion [3].  

Cu-Ta is an important immiscible system that has been 
studied as a candidate for high temperature stability 
applications. The melting temperatures of Cu and Ta are 
very different; 1083 and 3017 °C, respectively. Cu-Ta 
alloys show high thermal stability at elevated 
temperatures in comparison to other Cu-based alloys. 
The increase in strength was attributed to the thermal 
decomposition of a non-equilibrium Cu rich Cu-Ta solid 
solution over a range of temperatures (700  900 °C), 
which led to the formation of high density, small 
coherent Ta-rich nanoclusters about 2 nm in size. The 
presence of these Ta-rich nanoclusters within grains and 
along grain boundaries resulted in strength levels as high 
as approximately twice those predicted by Hall Petch 
hardening [4]. 

To produce immiscible Cu-Ta alloys, mostly preferred 
technique is high energy ball milling. Severe plastic 
deformation can be applied to the powder mixture by 
high energy milling operation.  
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In view of the above discussion, the main objective of 
this study is to understand the effect of varying 
mechanical alloying parameters like ball-to-powder 
weight ratio and process control agents (PCAs) on the 
densification of nanocrystalline Cu-Ta alloys. The base 
alloy was selected as 99.5 wt% Cu and 0.5 wt% Ta. Ball-
to-Powder weight ratio (BPR) varied from 15:1 to 5:1. In 
addition to this, methanol, toluene and hexane were used 
as PCA during high energy milling of Cu-Ta alloys.  

2. Experimental Procedure 

1-3 d Cu (gas atomized, CPCN, 
(irregular, MIL-

SPEC, USA) elemental powders were used in this study. 
The elemental powders were of 99.9 % and higher in 
purity, and average particle sizes were as specified by the 
suppliers. The shape and morphology of the powder 
particles were investigated using scanning electron 
microscope (SEM) (6400 JSM, Jeol, Japan). For the 
mixing of the powders, elemental Cu and Ta powders 
were weighted in a Sartorius CP3200S Model Precision 
Balance to + 0.01 g accuracy. Powders were weighted 
separately and put into hardened steel jars. 0.5 grams of 
Methanol, toluene or hexane were used as PCA 
separately. Mechanical alloying (MA) was carried out in 
planetary ball mill (PM-400, Retsch, German) with 
hardened tool steel jars. In these operations 9 mm 
diameter steel balls (DIN 52100) were used. The speed of 
mixing was 200 rpm for all mechanical alloying 
operations. The jars were purged by argon gas before MA 
to minimize the oxidation of powder during the milling 
process. To understand the effect of BPR and PCAs, 
different powder mixtures were studied. The studied 
powder mixtures and alloy codes are given in  ºC under 
hydrogen atmosphere for 1 hour. After sintering, density 
measurements were done by the aid of Xylene using 
Archimedes  principle. The theoretical, measured and 
relative densities are given in Table 2. By changing BPR, 
powders were directly affected in terms of morphology. 
At lower BPR, powders are agglomerated and cannot be . 
Milled powders were pressed by a hydraulic press under 
280 MPa using a 3-pieces steel die assembly. 
Compressed powders were sintered at 1000ºC under 
hydrogen atmosphere for 1 hour in a horizontal tube 
furnace (TF1700, Protherm Furnaces, Turkey). 

Milled powders and fracture surfaces of sintered alloys 
were characterized by scanning electron microscope 
(Evo, Zeiss, German). Densities of the alloys were 
measured by Archimedes  immersion technique using 
xylene having a density of 0.865 g/cm3. The measured 
densities were divided by the theoretical densities and 
then multiplied by 100 in order to determine the percent 
relative densities (%RD) of the alloys. The theoretical 

densities were estimated using the rule of mixtures 
method. 

3. Results and Discussion 

In general, mechanical alloying (MA) involves loading 
the blended elemental or pre-alloyed powder particles 
along with the grinding medium in a vial and subjecting 
them to heavy deformation. During this process the 
powder particles are repeatedly flattened, cold welded, 
fractured, and rewelded. The methods of cold welding 
and fracturing, as well as their kinetics and predominance 
at any stage, depend mostly on the deformation 
characteristics of the starting powders. In the present 
study, starting powders are spherical Cu and 
agglomerated Ta. To understand the effect of Ball-to-
Powder weight ratio (BPR) on mechanical alloying of 
Cu-Ta powders, BPR values of 15:1, 10:1 and 5:1 were 
studied. After 24 hours of milling, powders were 
separated from the balls. By naked eye, milled powders 
were observed to have varying characteristics by 
increasing order of BPR. During pressing, 5:1 BPR 
milled powders (CuTa5/1) could not be compacted, 
neither with mechanical press nor with cold isostatic 
press. CuTa5/1 milled powder can be seen in Figure 1. 
Milled powders were characterized by scanning electron 
microscope. Micrographs are given in Figure 3. 

Figure 1. CuTa5/1 milled alloy. 

As given in Figure 3, different BPR for milling operation 
changes the powder characteristics. Higher BPR values 
like 15:1 leads to flattened structure whereas 5:1 BPR 
reveals spherical, large particles. During high energy ball 
milling, cold welded and fractured surfaces were 
encountered due to ductile nature of Cu and Ta (Figure 
2). 
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Figure 2. Evidence of cold welding and fracture surface of CuTa10/1 alloy sample (1500X).

Table 1. Compositions, BPR and PCA of the Cu-Ta Alloys Investigated

All other milled powders could be compacted by the 
hydraulic press using 5 tons of pressure (280 MPa). 
Sintering operation was performed in a tube furnace at 
1000 ºC under hydrogen atmosphere for 1 hour. After 
sintering, density measurements were done by the aid of 
Xylene using Archimedes  principle. The theoretical, 
measured and relative densities are given in Table 2. By 
changing BPR, powders were directly affected in terms 
of morphology. At lower BPR, powders are 
agglomerated and cannot be compressed. On the other 
hand, increasing BPR to 15:1 also affects the sintered 
density. As can be seen in Table 2, the relative density of 
CuTa15/1 is relatively lower than that of CuTa10/1. It is 
known that, at a high BPR, because of an increase in the 
weight proportion of the balls, the mean free path of the 
grinding balls decreases and the number of collisions per 
unit time increases. Consequently, more energy is 
transferred to the powder particles resulting in faster 
alloying. The more energy transferred to powder, the 
more temperature increases [5]. Therefore, by increasing 
temperature Cu-Ta powders which are highly ductile 
become agglomerated. To sum up, in this case, 5:1 and 
15:1 BPR are not suitable for Cu-Ta milling. The 
optimized BPR value for this study is believed to be 10:1. 
As a process control agent (PCA) toluene, hexane or 

methanol were used. PCA is added to the powder mixture 
during milling to reduce the effect of excessive cold 
welding and as a carbon source for TaC formation. PCAs 
adsorb on the surface of the powder particles and 
minimize cold welding among powder particles, thereby 
inhibiting agglomeration. The surface-active agents 
adsorbed on particle surfaces interfere with cold welding 
and lower the surface tension of the solid material. By 
lowering surface tension, powders can be milled in 
shorter time and milled products can be finer [5]. In this 
study, toluene, hexane and methanol were used as PCAs 
at 10:1 BPR. From the sintered products, it can be 
understood that toluene added powders have higher 
density compared to others. Molecular weights of 
toluene, hexane and methanol are 92.14, 86.12 and 32.04 
g/mol, respectively. Higher sintered density of both 
CuTa10/1 and CuTa15/1 may be attributed to the higher 
molecular weight of toluene.  

After sintering operation fracture surfaces of studied 
alloys were investigated. The micrographs of fracture 
surfaces are given in Figure 4. These surfaces indicate 
that sintering occurred between particles; however, due to 
the flattened and irregular shape of the milled particles 

Alloy Code
Powder 

PCA Ball Weight 
(g) BPR

Cu (wt%) Cu (g) Ta (wt%) Ta (g) 

CuTa15/1 99.5 29.85 0.5 0.15 0.5 g Toluene 450 15:1 

CuTa10/1 99.5 29.85 0.5 0.15 0.5 g Toluene 300 10:1 

CuTa5/1 99.5 29.85 0.5 0.15 0.5 g Toluene 150 5:1

CuTa10/1-Met 99.5 29.85 0.5 0.15 0.5 g Methanol 300 10:1

CuTa10/1-Hex 99.5 29.85 0.5 0.15 0.5 g Hexane 300 10:1
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density could not reach to the respective theoretical 
density.

4. Conclusion 

The effect of BPR and different PCA addition into Cu-Ta 
alloys were investigated in this study. The results of the 
study can be concluded as follows: 

1. During mechanical alloying of Cu-Ta powder 
agglomeration was observed due to ductile nature of 
the constituent elements.  

2. By increasing BPR from 5:1 to 15:1 powder 
microstructure turned from spherical morphology to 
flattened structure.  

3. Optimum mechanical alloying parameter for this 
study can be regarded as 10:1 BPR with toluene as 
PCA addition. 

4. Addition of different PCA into powder mixture 
affected the sintered relative density.  

Figure 3. Micrographs of investigated alloy samples (Scanning electron microscope, 200X) [(a) CuTa15/1, (b) CuTa10/1, 
(c) CuTa5/1, (d) CuTa10/1-Met (e) CuTa10/1-Hex)]. 

Figure 4. Fracture surface of sintered alloys (Scanning electron microscope, 400X) [(a) CuTa15/1, (b) CuTa10/1, (c) 
CuTa10/1-Met (d) CuTa10/1-Hex)]. 

Table 2. The theoretical, measured and relative densities 
of sintered Cu-Ta alloys investigated.

Alloy Code 
Theoretical 

Density 
(g/cm3)

Measured 
Density 
(g/cm3)

Relative 
Density 

(%)
CuTa15/1 8.71 5.50 63.1 

CuTa10/1 8.71 6.67 76.6 

CuTa5/1 8.71 - -

CuTa10/1-Met 8.71 4.30 49.4 

CuTa10/1-Hex 8.71 4.77 54.8 
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Abstract 

A relatively new class of -phase having a body-centered cubic structure Ti alloy termed multifunctional titanium alloy 
(MFTA) or ‘Gum Metal’ with the composition of Ti-23Nb-07Ta-2Zr-O (mole %) has been shown to possess many 
interesting properties such as superplasticity at room temperature without extensive work hardening. In the heavily deformed 
state, it also possesses an ultra-low elastic modulus, ultra-high strength, large elasticity, and Elinvar and Invar properties. In 
this study, we have synthesized this alloy composition by a melting process, contrary to the original alloy, which was 
manufactured via a unique powder metallurgy process. The objective of this study is to show if the ‘super’ mechanical 
properties of this alloy composition could still be obtained by this alternative way of processing and compositions.  

1. Introduction 

Scientists have been trying to produce a material which 
has high yield strength and low elastic modulus for 
applications like artificial bonds and implants. As a result 
of these studies [5,6], it was found that the best candidate 
materials are beta or near beta titanium alloys because 
these alloys having low elastic modulus and high yield 
strength are non-toxic for the human body. However, 
beta titanium alloys produced up to now have not met 
these requirements. The reason for that mechanical 
properties, elastic modulus and yield strength values of 
titanium alloys change with the changing heat and plastic 
deformation, as a consequence of dislocation activity. 
Finally, new beta titanium alloy was developed by Saito 
and his team in Toyota central research lab in 2003 [1]. 
This new alloy can satisfy desired properties due to 
unchanging physical properties while plastic 
deformation at room temperature. Also, it has ultra-low 
elastic modulus (55 GPa), ultra-high strength (2000 
MPa) Fig. 1 (b), large elastic deformation (2.5%) Fig. 1 
(a), super cold-workability (up to 99%), Invar 
(temperature independent expansion and contraction) 
and Elinvar properties from -200 to +250 oC (temperature 
invariant elasticity) Fig. 1 (c, d) [2]. All these properties 
are achieved by cold working. Because of these 
properties, the new alloy is called ‘gum metal.’ This alloy 
consists of the combination of V-A and IV-A elements, 
which stabilize -phase and reduce elastic modulus 
without changing the yield strength in titanium alloys, 
and oxygen which inhibits the dislocation activity by 
forming a cluster with zirconium. 

Figure 1. Typical properties of Gum Metal: (a) stress-
strain curve, (b) relationship between strength and 
ductility, (c) Invar property and (d) Elinvar property [2] 

In a normal situation, dislocation movement restricted 
alloys become brittle; however, this is not the case for 
gum metal since it has extraordinary plastic deformation 
mechanism called ‘giant fault’ (Fig. 2). The giant fault is 
a planar fault like a shearing, but the only difference is 
that there is no dislocation movement. To obtain gum 
metal properties, shear modulus should be as low as 
possible. According to Saito [4], ultralow shear modulus 
with ultra-high yield strength can be obtained when 
theoretical calculations called ‘magic numbers’ are 
satisfied. These magic numbers are (i) number of valence 
electron (e/a) is approximately 4.24, (ii) bond order value 
(Bo) is approximately 2.87 and (iii) d electron orbital 
energy level (Md) is approximately 2.45. The first 
developed gum metal composition is Ti-23Nb-0.7Ta-
2Zr-O (mol %) which conforms to three magic numbers. 
When the following conditions are satisfied, gum metal 
properties can be obtained.  
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 Magic numbers are satisfied. 
 Amount of oxygen is more than 0.7%. 
 Cold working is applied. 
 Only  phase forms.

In this present study, gum metal has been produced by 
using arc melting technique which is much simpler and 
more conventional method rather than powder 
metallurgy processes. Moreover, by changing the 
composition while adhering to the magic numbers, the 
effect of the elements on the gum metal has been 
examined and alloys like gum metal have been produced. 

Figure 2. Plastic deformation produces in Gum Metal [3] 

2. Experimental Procedure 

Based on their calculated magic numbers the following 
alloy compositions have been prepared as shown in Table 
1.  

Table 1. Compositions and magic numbers of alloys 

Sample (Mole %) e/a Bo Md Nb Ta V Zr Al O
(i) 23.8 - - 2 - 1.2 4.238 2.869 2.451 
(ii) 23 - 0.93 2 - 1.2 4.239 2.867 2.446 
(iii) 25 0.7 - 2 2 1.2 4.277 2.868 2.446 

Samples were produced by mixing the appropriate 
amounts of high purity constituents by using arc melting 
furnace under argon gas and cooled in the copper mold. 
Oxygen content was controlled by TiO2 powder.  

As cast samples subsequently were cold worked by 
means of a hydraulic press at room temperature. Due to 
an elliptical cross-section of samples in button form, the 
cold worked ratio is not constant, so calculated thickness 
reduction is approximately 30-60%. Structural 
characterization of samples was carried out by X-Ray 
Diffraction (XRD) using Bruker D8 Advance. Cu-K  
radiation of wavelength 1.540562 A° and angle range 
2 = 20°-90° with a scanning rate of 0,02°/min were 
used. Microstructural investigations were performed by 
using Scanning Electron Microscopy (SEM) and the 
composition of the sample was verified by Energy 
Dispersive Spectroscopy (EDS). Micro hardness 
measurement of samples was done by Shimadzu 
Microhardness Tester with the load of 9.8 N.  

3. Results and Discussion 

Prior to deformation, as-cast alloys consist of only beta 
phase as shown in X-ray diffraction pattern (Fig 3). 
However, it has been reported that orthorhombic ” 
martensite phase could appear in metastable  titanium 
alloys due to  to ” phase transformation during
quenching or deformation [7,8]. The formation of ” 
phase in our samples could have been suppressed by the 
presence of  stabilizer alloying elements such as Nb, V, 
and Ta with the help of interstitial oxygen. 

Figure 3. XRD patterns of as-cast sample (i) Ti-23.8Nb-
2Zr-1.2O, sample (ii) Ti-23Nb- 0.93V-2Zr-1.2O and 
sample (iii) Ti-25Nb-0.7Ta-2Zr-2Al-1.2O 

Figure 4. Microstructures of as-cast (a) sample (i), (b) sample (ii) and (c) sample (iii)

(a)                                                                             (b)                                                                            (c) 
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Figure 5. Microstructures after 40-50% cold working at room temperature: (a) sample (i) (b) sample (ii) and (c) sample (iii) 

Figure 6. FESEM image of deformation bands 

Through thickness solidification structures of as-cast 
samples has shown that planar growth morphologies 
were observed in the region where samples were in 
contact with the copper mold and subjected to a high 
solidification rate. During solidification, the solid-liquid 
interface undergoes morphological instability because of 
the changing growth velocity thus there is a structural 
transition from planar growth to dendritic solidification 
as the solidification rate decreases moving away from the 
contact surface as shown in Figure 4. The extent of the 
plane front solidification could be enlarged by suitable 
alloying additions.  

The microstructure of each alloy dramatically changes 
after the cold working in which deformation ‘lamella’
bands are observed especially in planar growth zone, 
Figure 5. It is evident from fig. 5 that deformation bands 
nucleated at the grain boundary and propagated into grain 
interior. Nevertheless, band width decreases from 
initiation site to its endpoint, Figure 6. It is interesting to 
note that Al alloying addition seems to increase the 
number and complexity of deformation bands. The XRD 
patterns given in Fig 7 reveal that cold deformation leads 
to the formation of stress-induced ” and  phases which 
may possibly form along the length of the deformation 
band. It has been reported that diffusionless phase 
transformation after deformation process, such as  ” 
(bcc to orthorhombic) or  (bcc to hexagonal) in 
metastable  titanium alloys results in twin formation [8]. 
Thus, the presence of ” and  phases in these samples 

Figure 7. XRD patterns of as-cast sample (i) Ti-23.8Nb-
2Zr-1.2O, sample (ii) Ti-23Nb- 0.93V-2Zr-1.2O and 
sample (iii) Ti-25Nb-0.7Ta-2Zr-2Al-1.2O 

suggests that this deformation bands may be considered 
as deformation twinning. However, this point requires 
further investigations.  

Mechanical Properties could be predicted by using 
hardness test before and after deformation. Work 
hardening ratio (WHR) is the hardness rate changing 
between as-casted and cold-worked alloys. Table 2 
shows the effects of cold working on hardness value and 
work hardening ratio is shown in Table 3. The hardness 
of conventional  titanium alloys increases when cold 
working ratio increases. However, it is seemed in that 
table increasing in the cold working ratio from 30% to 
60% does not change the hardness value. Furthermore, 
WHR of the sample (i) is as low as 4,3%. This suggests 
that these prepared samples have super-plastic 
deformability at room temperature without work 
hardening [1,5] 

Table 2. Effects of cold working on hardness value in 
terms of the cold working ratio in thickness and work 
hardening ratio 

Sample (C.W) HV1 (WHR) 
As-Cast 30% 60% 30% 60% 

(i) 259±12 270±13 273±15 4,3 5,4 
(ii) 257±6 284±6 280±6 10,5 8,9 
(iii) 244±8 269±8 270±8 10,2 10,6 

1,5 m

0,8 m

Grain Boundary 

Deformation bands 

(a)                                                                             (b)                                                                            (c) 
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4. Conclusion 

Metastable  phase titanium alloys composed of Nb, Ta, 
V, Zr, Al and oxygen, were prepared by using arc melting 
furnace under argon gas. Then, the basic mechanical 
property, solidification morphology and deformation 
mechanism of our samples were investigated. 

The practical level of investigated  phase alloys 
corresponds to a Gum metal was successfully fabricated. 

The extent of the planar growth area in solidification 
structure was enlarged by the addition of aluminum, 
tantalum and vanadium. 

Stress-induced martensite ” and  phases were formed 
in each alloy after the deformation process. 

Microstructure changes after the cold working where 
deformation bands are observed. The presence of ” 
suggests that some of these bands could be deformation 
twinning. Further investigations like TEM examination 
is needed. 

Work hardening ratio of each alloy is between 4% and 
10%. Up to 30% deformation, work hardening ratio 
increases up to 10%. However, further deformation does 
not change the work hardening ratio. This means that 
these alloys are hard to work hardening. 
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Abstract
Cyclone type furnaces are used in smelting processes 
(e.g. Kivcet, Contop) as an alternative to vertical furnace 
compenents regarding to their lower volume and high 
rate of particle reduction mechanisms. Application of 
cyclone smelting furnaces are first introduced in 1950s 
with intention to react metal powders in high purity 
oxygen gas at elevated temperatures to reach good 
agreement by means of volume shrinking and rapid 
reactions. High temperature, thermal expansion and high 
gas injection velocities introduce turbulent flow fields 
which result as complexity in control of process. In this 
paper, finite volume method is used to numerically 
simulate the convective heat transfer in flow field of a 
high speed smelting cyclone plant. 

1. Introduction 
Autogenous or more commonly flash smelting process is 
based on concentrate smelting with initial ignition and 
continuous burning of reduction gas and pulverized raw 
materials into matte [1]. Commonly vertical shafts with 
burners are used for production of copper, zinc, lead and 
other relevant non-ferrous metals. Due to design 
considerations like volume, combustion rate and 
efficiency, cyclone chambers were suggested in mid 
1950s. Smelting cyclones are recognized for their small 
volume, high gas velocities, reaction rates, thermal 
efficiencies and most importantly high smelting rates[1, 
2].
Smelting cyclones consist of a large aspect ratio 
diameter-height chamber, equipped with one or more 
tangential tuyeres that act as an inlet of concentrate and 
reduction gas (high purity oxygen), and to openings on 
top and down of chamber. Top opening is used as an 
exhaust while bottom lets heavier products to enter matte 
region of furnace. Angled inclination of chamber walls 
enable combustion gases to form swirl while rapid 
expansion, high oxygen content and high temperature 
enable reduction reactions [1-3]. Due to geometry and 

high input velocities, swirl velocities reach upto 50 m.s-1

during continuous reduction [1-2]. 
Process dependent approximations are considered with 
both analytical and practical studies in order to improve 
efficiencies while forming better understanding with 
related transport phenomenas. Especially, swirl 
mechanism is directly related to turbulent flow dynamics, 
but it is hard to visualize flow profiles, temperature 
regions and mass flow rates of input/output regions with 
practical observations. Modeling and simulation tools can 
be used to show related phenomenas with well known 
numerical methods based on finite approaches [4-6]. 
In this paper, flow fields, turbulent properties and thermal 
interactions of a smelting cyclone is studied with finite 
volume and steady-state approximations. The numerical 
method is based on the OpenFOAM (Open Field 
Operation and Manupilation) C++ library pack with 
state-of-art numerical schemes and solvers optimized for 
computational fluid dynamics calculations.

2. Experimental 
In silico studies are divided into two parts. In the first 
part, model geometry definition, meshing, boundary 
conditions and parameters estimations are evaluated. 
Second part includes numerical simulation, parameter 
estimation and methodology. 

2.1. Geometry, Meshing, Boundary Conditions and 
Material Properties 
A 3-D geometry with approximately 4 m height, 2 m 
diameter size and rectangular shape intake is taken as a 
component of interest. Since the geometry has complex 
features like rectangular intake-cylinder cross section, 
exhaust region matches, angled conical surfaces etc., 
snappyHexMesh algorithm is used to obtain low 
skewness, high orthogonal homogeneous mesh structure 
with nearly 400000 cells, which is adequate for 
simulations. 
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Figure 1. Geometry with mesh and boundary conditions 

Inlet is chosen as rectangular section while mid semi-
cylinder is outlet region. Remaining boundaries are 
calculated with wall functions (dimensionless wall 
distance) amplified with turbulent kinematic viscosity, 
based on turbulence kinetic energy. Air mixture is used 
as gas material during simulation runs.  

2.2. Numerical Simulation 
Thermophysical approach for pure mixture of a perfect 
gas which is sensible to internal energy is used as 
material model, coupled with Prandtl constant 
calculations into Reynolds averaged Navier-Stokes 
(RANS) formula. Primary constants are calculated given 
in Table 1. RANS is configured to k-  SST (shear stress 
transport) turbulence model and computed with 2 
separate solvers. Pressure is calculated with geometric 
algebraic multigrid solver with Gauss-Seidel smoother 
function, while velocity, turbulent kinetic energy, rate of 
dissipation near wall and rate of dissipation in large scale 
fluid is solved with smooth solver with symmetric Gauss-
Seidel smoother function. Relaxation factors for velocity 
and turbulent constant are used for better error evaluation 
for iteration steps.

Table 1. Primary constants for Reynolds Averaged 
Navier Stokes and turbulence model 

Parameter Formula Value[unit] 
Fully-Developed Velocity inlet value 10[ms-1]
Hydraulic Diamater, Dh 4Area/Wetted

Perimeter
0.685[m]

Turbulent Length Scale, L  0.04[m] 
Reynolds Constant, Re 4.6 105

Turbulent Intensity, I 0.16Re-0.125 3.2%
Turbulent Kinetic Energy 

in Freestream, k 
1.5(UI)2 0.15[m2s-2]

Specific Dissipation at 
wall, w 

𝑘𝐿 18[s-1]

3. Result and Discussion 

3.1. Flow Fields 
The plots in figure 2, 3 and 4 display the x, y plane 
velocity fields and stream profile of overall cyclone 
smelter. Stream profile is integrated with Runge-Kutta 
integrator to volumetric cells in a virtual spherical region 
to initiate streamlines. Figure 2 and 3 shows high gas 
velocity near walls and cyclone flow formation in mid 
and outlet region of cyclone smelter. Figure 4 shows 
streamline profiles and velocities. Due to low aspect 
ration of outlet region, streamlines show angled incline at 
bottom. 

Figure 2.  x-axis normal to plane velocity distribution. 

Figure 3. y-axis normal to plane velocity distribution. 
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Figure 4. Top plane liquid fraction after cooling 1 hour 

3.2. Temperature Distribution 
The plot in figure 5 shows the temperature profile after 
reaching thermally equilibria. It is clearly seen that due to 
very high velocities and turbulent energy dissipations, 
thermal characteristics are based on primarly convection 
rather than convection & radiation. 

Figure 5. Temperature profile at steady state thermal 
equilibrium. 

4. Conclusion 
Swirls, turbulent fields and temperature profiles of a 
smelting cyclone modeled with finite volume method. 
Steady state phenomena investigated with iterative 
solvers for RANS k-  SST model. 3 dimensional 400000 
cell mesh is structured with snappyHexMesh algorithm. 
Simulation results show that outlet geometry entities 

require optimization for better cyclone formation and 
thermal characteristics show that due to high velocities, 
heat transfer is based on primarily convective 
mechanisms. Model can further improved with kinematic 
particle cloud or discrete element methods and chemical 
reduction reactions. 
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Abstract

Composite aluminum panels were produced by 
infiltrating A383 aluminum casting alloy into 
ceramic coated open-cell aluminum foams. Ceramic 
coating was formed through plasma electrolytic 
oxidation treatment (PEO) on aluminum foams. A 
network of an aluminum-ceramic-aluminum 
sandwich-like structure was obtained after the 
vacuum-assisted pressure die casting of aluminum. 
Bending and wear testing of the composite 
aluminum panels were investigated. It was found 
that the maximum flexural strength of the 
composite panel was 249 MPa, while it was 349 
MPa for A383 aluminum casting alloy. The friction 
coefficient of the composite panel was lower than 
A383 aluminum casting alloy. A383 aluminum 
casting alloy exhibited a suddenly fracture during 
bending test, while composite panels exhibit 
slowly.

1. Introduction 

Metal foams constitute a new group of materials 
with good mechanical properties and low weight 
due to their porous structure. The combination of 
good mechanical and physical properties of the 
metal foams increases their possible use in 
structural and functional areas [1]. Among the light 
metals, particularly aluminum is preferred with the 
properties of low melting temperature, ductile and 
high specific strength in the production of foams. 
Therefore, there are many studies to determine and 
to improve the mechanical properties of the 
aluminum foams in the literature. However, current 
studies have focused on improvement of 
manufacturing methods affecting the properties of 
the aluminum foams. On the other hand, surface 
coating techniques are performed to improve the 
mechanical properties of aluminum foams in recent 
years. In the literature, there are several studies for 
coating of bulk aluminum metals, but only a few 
focus on aluminum foams. In these studies, 
aluminum foams were coated with 

electrodeposition [2–4], anodizing [5] and plasma 
electrolytic oxidation methods [6,7]. A composite 
material comprising a network of the ceramic 
surface layer with the metallic core was obtained 
after coating treatments. Investigations show that 
the coatings improve the mechanical properties of 
aluminum foams. 

In this study, at first step, aluminum foams were 
coated with ceramic layer by plasma electrolytic 
oxidation treatment. Then, as a second step, 
composite foams were infiltrated with an aluminum 
casting alloy graded as A383 by vacuum-assisted 
pressure die casting process. In a study, magnesium 
alloy was infiltrated into aluminum foam by high 
pressure die casting for a bicycle application [9]. 
The process yielded a reduction on the casting part 
while decreasing its mechanical properties. Pressure 
die casting is one of the liquid state fabrication 
techniques for metal matrix composites (MMCs). In 
this process, molten metal is solidified under high 
pressure to improve the properties of the metal and 
to form a near-net shape product at the same time 
[8]. Aluminum and magnesium alloys are generally 
used as matrix material due to their low density, 
good castability, and high specific mechanical 
properties.

The aim of this study is to investigate the 
mechanical behavior of the PEO coated and 
infiltrated of aluminum alloy into coated foam by 
pressure die casting process. 

2. Experimental Procedure 

PEO treatment was performed on 60  60  6 mm3

Duocel (ERG Materials and Aerospace Corp) 
aluminum foams. Duocel aluminum foam is open-
cell and comprising a network of struts composed 
of 6061-T6 aluminum alloy throughout the 
material. Materials are supplied as 20 ppi and 40 
ppi pore density and 10-12% average relative 
density. PEO treatments were carried out in an 
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aqueous electrolyte solution containing 4 g/l 
Na2SiO3, 2 g /l Na2P2O7, and 2 g/l KOH. Duocel 
aluminum foams were treated for 30, 60, and 90 
minutes at a current density of 0.7-0.8 A/cm2.

PEO treated aluminum foams were infiltrated by 
vacuum-assisted pressure die casting. A383 
aluminum alloy was chosen as the matrix metal. A 
mold containing a cavity in which composite foam 
samples can be placed was manufactured and 
connected to the casting machine. The mold was 
made of H13 tool steel and heat treated. Mold 
temperature was set to 230 C by circulating oil 
through the mold using heating and cooling 
regulators. Vacuum condition was provided by 
connecting the vacuum device separately to the 
pressure casting machine from above the fixed 
mold in order to evacuate air and undesired gases in 
the mold cavity. Composite foam samples were 
placed in the mold cavity after being heated in an 
oven up to 200 ° C. The liquid aluminum was 
infiltrated into the pores of the composite foam 
structure placed in the mold cavity with a high 
piston pressure of 80-90 bar. The final composite 
material that solidified after 15 seconds has been 
removed from the substrate after the infiltration 
process has been applied. 

The coating phases formed after the PEO 
treatments were investigated by X-ray 
diffractometer (XRD; Rigaku MiniFlex600) 
operated at 40 kV and 15 mA with a Cu-K
radiation (1,54 Å) between 20°-90° and 0.02°/min 
step size. XRD analysis was performed on powder 
samples by grinding the ceramic-coated aluminum 
foams with a mortar.  The characterization of the 
cross-section of the infiltrated composite materials 
was examined by scanning electron microscope 
(SEM; Philips XL300 SFEG). 

Three-point bending tests were carried out with an 
Instron AGS-X type tester at a test speed of 0.5 
mm/min according to the BS EN ISO 7438: 2005 
standard. Test specimens, as specified in the 
standard; were machined from the final composite 
materials by waterjet with the dimension of 56  20 

 6 mm3. The distance between the supports was 
set to 40 mm. 

CSM Tribometer wear tester was used to measure 
wear behaviors and friction coefficient of the final 
composite materials. Wear test of each specimen 
was carried out under a load of 2 N in a dry friction 
condition against an Inox 440C steel ball with a 
diameter of 6 mm along 100 m distance and 0,1 m/s 
velocity. The wear rates and the average friction 
coefficients were obtained by CMS tribometer. 

3. Results and Discussion

3.1. Microstructure Characterization 

Ceramic coating was deposited on the Duocel 
aluminum foams by PEO treatment. A network of 
struts building up the aluminum foam with 20 ppi 
pore density is seen in Figure 1-a. PEO treated 
aluminum foam struts and magnification of the 
surface of a strut is shown in Figure 1-b and Figure 
1-c. Surface morphology consists of discharge 
channels/craters, nodular structures, and cracks. 
The discharge channels are surrounded by molten 
oxide ejected through channels and rapidly 
solidified by contacting with electrolyte [10]. The 
porous nature of the surface morphology was 
formed as a result of these discharge channel [11]. 
PEO coating was comprised of two layers; an outer 
layer and an inner layer (Figure1-d). The outer layer 
includes dense and a few rough pores whereas inner 
layer includes many pores. 

Figure 1. SEM images of the (a) untreated, (b) 
PEO treated aluminum foam struts, (c) cross-

section of the PEO treated strut, and (d) surface 
morphology of the PEO coated strut. 

Figure 2 shows the X-ray diffraction patterns of the 
PEO treated aluminum foams. Mullite, corundum 
and gamma alumina phases were detected at the 
coated surface layers. Corundum phase is formed 
only at long treatment time (90 min). At short 
treatment times (30 min and 60 min), the 
transformation of the gamma alumina to corundum 
did not occur. Cross-section of the PEO coated and 
infiltrated A383 aluminum alloy is seen in Figure 3. 
Three distinct regions were revealed in the SEM; 
(1) infiltrated A383 aluminum alloy, (2) PEO 
coating, and (3) 6061 aluminum alloy substrate. 
The network of an aluminum-ceramic-aluminum 
sandwich-like structure is obtained after the 
vacuum-assisted pressure die casting of aluminum. 
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(a)

(b)

Figure 2. XRD patterns of PEO treated aluminum 
foams with (a) 20 ppi, and (b) 40 ppi pore density. 

(a)

(b)

Figure 3. SEM images of the cross-section of the 
final composite materials after the PEO treated and 
infiltrated of A383 aluminum alloy for (a) 20 ppi 

pore density and (b) 40 ppi pore density. 

3.2. Mechanical Properties of Composite Panels 

Pressure die casting of A383 aluminum alloy into 
the PEO coated composite foams were performed 
successfully. However, some casting cavity or 
porosity can be seen. Flexural strength of composite 
materials was decreased in comparison to A383 
aluminum alloy (346 MPa). The average flexural 
strength of composite materials is given in Table 1. 

Table 1. Average flexural strengths of the final 
composite materials. 

Average
Flexural
Strength
(MPa)

Average
Flexural
Strength
(MPa)

Composite

20 ppi 40 ppi 
30 min 210,72 238,04 
60 min 207,85 219,18 
90 min 200,52 211,22 

Average flexural strength was decreased with 
increasing PEO treatment time. As the coating 
thickness increases with the PEO treatment time, 
conversion fraction of aluminum strut to the 
ceramic coating was higher for long treatment 
times. Therefore, aluminum strut exhibited brittle 
behavior causing to decrease bending moment of 
the strut. 

Figure 4 shows that A383 aluminum alloy was 
fractured in suddenly after the maximum load while 
the composite materials were fractured in slowly. 
The crack formation and propagation were moved 
along the coating/aluminum matrix interface. A383 
aluminum exhibited some plastic deformation until 
the maximum load. 
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(a)

(b)

Figure 4. Load-extension curves of PEO coated 
and infiltrated final composite materials obtained 

by three-point bend test for (a) 20ppi and (b) 40ppi 
pore density. 

The wear rate of the composite panels was 
decreased (Figure 5). Wear resistance of the 
composite panels was improved due to the network 
of the PEO coated struts. Unlike the wear rates, the 
average friction coefficient of the treated layers was 
increased for 90 min treatment time for 20 ppi pore 
density, and for 30 min and 90 min for 40 ppi pore 
density.

(a)

(b)

Figure 5. Average wear rate and friction coefficient 
of A383 aluminum alloy and (a) 20 ppi and (b) 40 

ppi composite panels.

Figure 6 shows the wear surface of A383 aluminum 
alloy and composite panels. A383 aluminum alloy 
exposed the adhesive type wear mechanism, while 
composite panels exposed to abrasive wear 
mechanism. Plastic deformation indicates that 
localized adhesion of one surface to another surface 
arises from adhesive wear. The network of the PEO 
coated struts formed a barrier for the steel ball. 

(a)

(b)
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(c)

Figure 6. SEM images of the wear surface of the 
(a) A383 aluminum alloy, (b) 20 ppi and (c) 40 ppi 

composite panels.

4. Conclusion 

The network of an aluminum-ceramic-aluminum 
sandwich-like structure is obtained after the 
vacuum-assisted pressure die casting of aluminum. 
It was found that the flexural strength of the 
composite panel was 249 MPa, while it was 349 
MPa for A383 aluminum casting alloy. Wear rate 
of the composite panel was lower than A383 
aluminum casting alloy. A383 aluminum casting 
alloy exhibited a suddenly fracture during bending 
test, while composite panels exhibit slowly. 
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Abstract

Multi component alloys emerge as a new research area in 
materials science and engineering in recent years. In this 
work, three different compositions of Al-Co-Cu-Ni 
elements powders with high purity (99,5 wt.%) and particle 
size of 45 μm (-325 mesh) were used to produce multi 
component alloys via Electric Current Activated (Assisted) 
Sintering (ECAS) process at 2200 Amper for 90 seconds. 
Microstructures of sintered samples were investigated by 
scanning electron microscopes (SEM), phases in samples 
were analyzed by XRD and their hardness was measured 
by Vickers hardness tester ranged from 288 to 422 HV. 

1. Introduction 

In recent years, scientists have introduced a new kind of 
alloy, consisting of at least 5 elements, and more ductile, 
and durable, even at low temperatures [1,2,3,4]. These 
alloys, which are called multi-component or high-entropy 
alloys, contain elements such as chromium, manganese, 
iron, cobalt, and nickel, and not only similar with ordinary 
alloys, but also having a dominant element [5,6]. These 
alloys are called high entropy alloys because the alloys 
have high mixing entropy. As a result, simple solid 
solutions are formed instead of complex compounds. The 
increase in mixture entropy in alloys simplifies the 
formation of solid melt phases in a simple structure and 
reduces the number of phases [7,8,9,10]. Multi-component 
alloys can have high strength / high hardness [11,12], 
exceptional wear resistance [13,14], excellent high 
temperature resistance [15], good structural stability, good 
corrosion and oxidation [16,17].

Multicomponent alloys are generally produced by two 
different methods. One of them is the smelting-casting 
method [18,19] and the other is the mechanical mixing-
sintering [20,21].  

In this study, alloys in different compositions of Al, Cu, Ni 
and Co elements were produced by electric assisted 
sintering method and their microstructure and hardness 
properties were investigated. 

2. Experimental Procedure 

High purity (>99.5 wt.%) Al, Co, Co and Ni powders with 
particle size less than 45 mm were used as starting 
materials. The compositions of the powder can be seen in 
Table 1. were mixed in a planetary ball-miller for 5 h at 
250 rpm in air atmosphere. Methanol was added as a 
process control agent to inhibit the particle agglomeration. 
In order to provide the contacts between individual 
powders in the initial period of the process, the samples 
were pressed with a die with a compression load of 250 
MPa for 1 min. Dimensions of a compact were 15 mm in 
diameter and 3 mm in thickness. After obtaining the 
samples, direct electric current (2200A, 1.2–1.8 V) was 
applied to the specimen with a pressure of 50 MPa for 90 
seconds using the Electric-Current-Activated Sintering 
technique in an open-atmosphere (ECAS) system, as shown 
in Figure 1. In order to remove the sample after sintering 
easily, the punches and the specimens were separated by 
graphite foils of 0.2 mm in thickness. After the sintering, 
the specimens were unloaded and cooled to room 
temperature.

Table 1. Chemical compositions of the as-sintered alloys. 
wt.% Sample Al Co Cu Ni

C1 10 30 30 30
C2 16 28 28 28
C3 25 25 25 25
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Figure. 1. Schematic presentation of the electric-
current-assisted sintering (ECAS) process

3.Results and Discussion 

The XRD patterns obtained from the sintered 
multicomponent alloys are shown in Figure 2. In all alloys 
have BCC, FCC phases as well as metallic nickel 
(unreacted) peaks. Apart from that, the elemental metal 
peak is not present in XRD analyzes. As a result, the 
applied current is considered to be suitable for 
transformations, although not sufficient to complete the 
reactions. The strongest peak in the Al-containing C3 alloy 
at the high end belongs to the AlCu phase whereas the 
strongest peak in the other alloys belongs to the BCC 
phase.

Figure 2. XRD patterns of the as-sintered C1, C2 and C3 
alloys.

SEM microstructure images of the sintered samples are 
presented in Figure 3. Sintering process is obtained by the 
resistance against to the current applied to the sample. A 
rapid temperature rising is provided by the resistance of the 
sample and mold to electric current. During the sintering 

process, temperature was determined with the help of laser 
thermometer. The temperature was about 500°C in 60 
seconds outside of the mold. At the end of the sintering 
process, the temperature was increased to about 750°C. In 
the sample, the interaction occurred between the powders 
under these temperatures. In the SEM images, a two-phase 
structure of dark and light color is can be detected in the 
alloys. When the EDS map in Figure. 4 is evaluated, it is 
seen that, in some regions in the alloys similar to the XRD 
analyzes, the elements in the other regions form new phases 
except that the Ni element remains unreacted in small 
amounts. When the elemental distribution is observed, 
except for the nickel particles which are not mixed, it is 
seen that Cu element is enriched in some regions, and 
besides the amount of Al in these regions, other elements 
are in average values in regions where Cu element is low. 
This is due to the mixture enthalpy values between the 
elements. The fact that Cu has a positive mixture enthalpy 
values with other elements causes it to enrich in another 
phase, while ensuring that the enthalpy of the mixture 
between Al and Al is somewhere in the range of relatively 
negative values. 

(a)

(b)

(c)
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Figure 3. SEM images of as-sintered alloys (a)C1, (b)C2, 
(c)C3.

Figure 4. SEM-MAP Analyse of as sintered C3 alloy. 

Hardness values of C1, C2 and C3 alloys were determined 
as 288, 329 and 422 HV respectively, after sintering. 
Hardness values also increased with increasing Al content 
in the alloy composition. This has been attributed to Al 
forming strong bonds with other elements, resulting in high 
internal distortion in the lattice due to its high atomic radius 
compared to other elements and to increase hardness of the 
alloy by forming hard intermetallic phases. 

.
4. Conclusion 

In this study, microstructure and hardness characterization 
of multi-component alloys consisting of Al-Co-Cu-Ni 
metals were made by ECAS. Conclusions can be 
summarized as: 

• Successful production was achieved in a very 
short time with ECAS in all alloys.  

• In some regions Ni particles remained in the 
composite as unreacted metallic nickel form. 
However, it was determined that all the 
components participated in the reaction and 
formed new phases 

• XRD analyzes showed that changing Al ratio in 
alloys did not cause any change in the formation 
of the new phases. 

• In the SEM-EDS analyzes, it was determined that 
alloys formed new phases depending on the 
enthalpy values of the mixtures between the 
metals. 
 Cu is found rich in light phase and is found to be 
Al with Cu in these regions.

In other regions, the other elements were determined at 
equal rates. 
• It was determined that the hardness of the alloys 
increased from 288HV to 422HV due to the distortion 
caused by the Al atoms in the cage, the formation of strong 
bonds and the formation of hard intermetallic phases. 
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Abstract 

Recently, one of the Severe Plastic Deformation (SPD) methods is equal channel angular pressing-conform 
(ECAP-Comform), that have a lot of research on. In this study, Cu-0,18wt%Sn and Cu-0.23wt%Sn alloys was 
processed by ECAP-Conform at 400 C to obtain ultra-fine grained (UFG) structure. Microstructure and 
mechanical properties of pure copper and Cu-Sn(%0.18), Cu-Sn(%0.23) alloys subjected to 1 and 2 ECAP-
Conform passes were compared with unprocessed samples. The microstructure evoluation was followed by 
Optical Microscopy(OM) and Scanning Electron Microscopy (SEM). EBSD analysis was carried out.  

Keywords: copper, copper alloys, ECAP-Conform, ECAP, SPD 

1. Introduction 

   The evolution of microstructure during severe 
plastic deformation (SPD) and the properties of 
materials thus processed have received considerable 
attention in the literature [1,2,3]. To date, a great 
number of results has been obtained, and the 
fundamental principles related to the formation of 
an ultrafine-grain (UFG) structure and the 
enhancement of mechanical properties in metals 
and alloys via SPD have been formulated [1,2,3]. 

    Microstructural changes are markedly influenced 
by mechanical twinning which provides rapid grain 
refinement [3,4,5]. but the twinning mode is 
expected to vary depending on material purity, 
deformation temperature, and initial texture. 
Concomitant grain refinement suppresses twin 
activity [5,6,7,8], and microstructure evolution at 
higher strains is presumably governed by other 
mechanism(s)[3]. Crystallographic slip and 
deformation twinning determine the character of 
preferred orientation of grains, i.e. crystallographic 
texture, in metal materials [9,10]. As a result one 
may assert that analysis of the formed 
crystallographic textures as a result of modeling is 
an important tool for studying the mechanisms of 
plastic deformation in metals and alloys [9,10].  

   As a rule, continuous processes of material 
processing and manufacturing are employed in 
industrial scale production. Thus, development of 

ECAP techniques and their application are very 
topical. Development and application of the 
continuous ECAP scheme are very important for 
producing bulk nanostructured billets. The 
‘‘Conform’’ extrusion principle developed in 1974 
by Etherington [20] is used in the scheme of 
continuous ECAP. During the Conform-extrusion, 
material is extruded through the die with the 
channels (Fig. 1). The active friction force, which 
appears between the deformed material and the 
rotating roll, makes continuous extrusion possible 
without any decrease of the cross section and 
insufficient heating of the material. Then the billet 
is subjected to shear in the zone of two channels 
intersection. When passing through the outlet, the 
billet length was more than 1 m. Besides, the billet 
is possible to be rotated at a random angle about the 
longitudinal axis between the subsequent passes 
[11].

   As a result the grain takes the shape different 
from the shape of an ellipsoidal cavity. At the final 
stage internal stresses impose on the grain, the 
stresses are caused by the differences between the 
sizes of the ellipsoid cavity and grain and described 
by the stress tensor  . The stresses induce 
additional strain  . As a result the grain assumes 
the shape that strictly corresponds to the cavity 
shape. This approach enables counting the quantity 
of acting slip systems in every grain, determining 
the character of its rotation and stresses acting in it 
at each deformation step. It is assumed that in the 
stressed state conditions a certain crystallographic 
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slip occurs in any of possible slip systems, even if 
the resolved shear stress is small [11].  

Fig. 1. Scheme of ECAP-Conform 

speed and casting temperature can be adjusted 
precisely in the system. To prevent oxidation of the 
alloy during processing, the liquid metal surface is 
covered with special graphite casting dust [12]. 

Extrusion of Rod:   
The TJ400 copper bus bar continuous rotary 

extrusion line uses 20mm oxygen-free copper 
rods which can be simply produces using upward 
casting technique as the feedstock to manufacture 
high quality oxygen-free copper bus bar with a 
sectional area below 2000mm2.
   Adopting the innovative online scrapless cutting 
technique, this range of continuous rotary extrusion 
machine maximizes the feedstock utilization rate, 
which helps users cut down production cost. 

Table 1. Chemical compositions of Cu-0.18wt%Sn and cu-0.23wt%Sn  alloys 

Cu-0.18wt%Sn 
Element Sn Zn Pb P Mg Se Cu 
Mass % 0,17 <0.001 <0.001 <0.02 <0.0021 <0.0001 bal. 

Cu-0.23wt%Sn 

Element Sn Zn Pb P Mg Se Cu

Mass % 0,22 <0.001 <0.001 <0.0008 <0.013 <0.0002 bal. 

Table 2. Other Parameters for ECAP-Conform 

Nominal Diameter of Extrusion Wheel (mm) 400

Rated Speed of Extrusion Whell (rpm) 12,5 

Max. Width of Product (mm) 170

Section Area of Product (mm2) 100-2000 

Average Output (kg/h) 1300

Scrap (%) 5-8 

1. Experimental 

Material and Methods 

Continuous casting:  
Cu-Sn alloys were produced at 1100-1200 C in 20 

mm wire rod sizes in a continuous casting furnace 
(Rautomead) with a graphite pot of 500 kg capacity 
used for the production of non-ferrous metals. Cu-
Sn alloys were produced in two different types of 
wire rod containing 0.18% and 0.23% by weight 
(Table 1). Equipped with high automation 
technology, many parameters including casting  

    The modular structure of main components and 
the extrusion die ensures convenient parts 
replacement, thus minimizing the maintenance cost. 
   The maximum extruded copper product width is 
up to 170mm and average production speed of the 
continuous rotary extrusion line reaches 1100 kg/h. 
   This continuous rotary extrusion line is originally 
designed for copper bus bar production. Also, it can 
be utilized for manufacturing the copper bar, copper 
rod and other types of extruded copper products 
that are widely used in the motors, transformers and 
power distribution cabinets [12,13]. 
Equal Channel Angular Pressing – Conform: 
In this study, we used TLJ400 Conform machine. 
At the start the mold is heated up to around 800  C. 
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The temperature of the copper bar can be as high as 
500C in the mold. Other parameters are as shown in 
Table II. [12] 

Material Characterizations 
   The microstructure of the samples was 
characterized by Electron Backscattered Diffraction 
(EBSD). The specimens were subjected to 
metallurgical sample preparation methods to make 
the mirror polished. The samples were sanded with 
sanders numbered 400, 1200, 2500 and 4000 
respectively and then mirror polished by 
electrolytic polishing. There were 250 ml 
phosphoric acid, 250 ml ethyl alcohol, 50 ml propyl 
alcohol and 500 ml distilled water in the electrolytic 
polishing solution[12]. 
   Diffraction-based techniques for localized crystal 
orientation measurements, such as EBSD, are of 
central importance today for a characterization of 
these fine-scale microstructural features 
[12,14,15,16]. The EBSD measurement was 
performed in a JOEL JSM-7001F Field Emission 
SEM (at 20 kV accelerate voltage) using the Oxford 
Instruments HKL Channel 5 Software package. The 
data obtained by EBSD were analyzed at two 
values of boundary misorientation (sub grains with 

  2  and grains with   15 ). Each examined 
specimen was analyzed in the section denoted XZ. 
Where axis X is parallel to the last pressing 
direction and axis Z perpendicular to the bottom of 
the channel [12,17,18].  
    The phase constitution of each specimen was 
analyzed at rh position by XRD using a Cu-K  
radiation tube with a voltage of 40 kV and a current 
of 40 mA. The specimens for the XRD analysis 
were wet polished using water-proof emery papers 
of up to #4000 and were then buff polished to 
obtain. [12,19] 

2. Results 

  

  

Fig. 2. Optical microscopy pictures; a and b Cu-
0.18wt%Sn c and d Cu-0.23wt%Sn before 
ECAP-Conform passes 

Fig. 3. EBSD analysis resultant material 
microstructures; a). Cu- 0.18wt%Sn in central 
region after 1 ECAP-Conform pass, b). Cu- 
0.23wt%Sn in central region after 1 ECAP-
Conform pass, c). Cu- 0.18wt%Sn in central 
region after 2 ECAP-Conform passes, d). Cu- 
0.23wt%Sn in central region after 2 ECAP-
Conform passes 

According to equivalent diameter grain size; ~ 1.4 
m with twins, ~ 3.0 m without twins for Cu-

0.18wt%Sn after 1 ECAP-Conform pass sample, ~ 
1.5 m with twins, ~ 2.6 m without twins for Cu-
0.23wt%Sn after 1 ECAP-Conform pass sample, ~ 
1.5 m with twins, ~ 2.8 m without twins for Cu- 
0.18wt%Sn after 2 ECAP-Conform passes sample,  
~ 1.4 m with twins, ~ 1.9 m without twins for 
Cu- 0.23wt%Sn after 2 ECAP-Conform passes 
sample.  

3. Conclusion 

   This study was conducted to investigate the effect 
of ECAP-Conform on microstructure in different 
copper alloys. According to this: 

1. 1. Before ECAP-Conform process, the grain 
structure could show by naked eye. After 
ECAP-Conform process, the samples had 
finer-grained structure. The samples with the 
smallest grain size are after 2 ECAP-
Conform passes and they have 1.5 m with 
twins   1.9 m without twins grain size.
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2. As a result of ECAP-Conform applied at 400 ° C, 
twinning was observed in the microstructure due to 
the temperature reaching the recrystallization 
temperature. 

3. The effect of alloy ratio was not observed. 
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Abstract

Eutectic and near-eutectic Al-Si alloys are highly used in 
automotive industry due to their high strength to weight 
ratio, excellent abrasion and corrosion resistance. The 
mechanical properties of these materials are strongly 
affected by the size, volume fraction, morphology and 
distribution of the silicon particles in the matrix phase as 
well as the presence of Sr as a microstructure modifier and 
proper aging treatments. In this study, the effect of 
secondary aging on the microstructure and mechanical 
properties of AlSi10Mg and AlSi7Mg have been 
investigated in detail. The microstructural examination was 
carried out using optical microscopy, mechanical properties 
were investigated by hardness and, tension tests. Age-
hardened samples exhibited very similar tension behavior. 
Among age-hardened samples, 4h aged samples  had 
highest hardness value for both alloys. After secondary 
aging, further hardening was observed for AlSi7Mg alloy, 
while AlSi10Mg hardened slightly. 

1. Introduction 

Eutectic and near-eutectic Al-Si alloys have many potential 
applications in automotive industry such as cylnder blocks, 
cylinder heads, pistons, valve lifters and steering knuckles 
due to their low density, good corrosion and abrasion 
resistance, low coefficient of thermal expansion, good 
castability and high strength-to-weight ratio [1-7]. 
Mechanical properties of Al-Si cast alloys depend on 
several factors such as chemical composition (Si content), 
microstructural features such as the morphology of -Al 
dendrites, the size, distrubition and morphology of eutectic 
Si, the presence of modifiers and the presence of some 
other intermetallic compounds present in the microstructure 
[2].

The age hardening characteristics of Al-Si cast alloys have 
also strong effect on mechanical properties. Compared to 
standard T6 treatment, multiple-stage or secondary ageing 
treatments can further improve the hardening response. An 
important amount of study has been conducted in order to 
investigate the multistage aging treatments and effective 

results have been obtained about the influence of this 
treatment on strength and toughness of Al-alloys [8-12]. 
Secondary ageing is a heat-treatment that involves an aging 
treatment at relatively lower temperatures (80-110°C) for 
an extended period of time after the T6 treatment. In this 
study, it is aimed to investigate the effect of secondary 
ageing treatment on microtructures and resultant 
mechanical properties of commercial AlSi10Mg and 
AlSi7Mg alloys. 

2. Experimental Procedure 

2.1. Production of the samples

AlSi10Mg (EN-AC 43000) and AlSi7Mg0.3 (EN-AC 
42100)  alloys were produced by a commercially available 
Ecotherm Sem 600/82 model induction furnace with a 
capacity of 600 kg. The induction furnace was filled with 
both primary AlSi10Mg and AlSi7Mg0.3 ingots obtained 
from ETI ALUMINYUM and scrap runners and risers 
obtained from previous castings. The relative amounts of 
primary ingots and scraps were 40% and 60%, respectively. 
The melting temperature was maintained as 720-750 °C. 
Both alloys were grain-refined by adding Ti was added as 
Al-5%Ti-1%B form  and modified by adding Sr in an Al-
10%Sr master alloy form (500 gr). All melts were degassed 
using pure, dry argon injected into the  melt for ~15 min by 
means of a rotary degassing impeller in order to ensure 
homogenous mixing of the modifiers. The degassed melt 
was carefully poured into tension test specimen shaped 
1045 steel metallic molds. 

2.1. Heat-treatment 

The samples were solution heat-treated at 540 °C for 5h, 
then rapidly quenched in warm water at 45 °C, followed by 
artificial aging at 180 °C for 4, 6, 8, 10 and 12 h. Finally, 
samples were cooled in air. Then, secondary aging 
treatment were applied to aged samples. In this treatment, 
samples were re-aged at relatively lower temperature of 
100 °C for 135 hours. The solution and aging treatments 
were carried out in a Protherm PLF 130/9 electric furnace 
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equipped with a programmable temperature controller 
(±2°C). The aging delay was less than 10 s. 

2.3. Characterization

The chemical analysis of the as-cast samples were 
performed using a GNR Solaris-CCD NF model optical 
emission spectrometer. Phase analysis of the samples was 
carried out using X-ray diffraction (XRD) analyses. XRD 
analyses were conducted using a Bruker D8 Discover 
model diffractometer with Cu-K  radiation (  = 1.54056 Å) 
and an X-ray source operating voltage of 40 kV. XRD 
scans were performed in the 2  range of 20°–100° using a 
scanning rate of 2°/min. For metallographic examinations, 
cylindrical specimens of 12 mm diameter and 4 mm length 
were sectioned off to represent each condition. Then, 
samples were mechanically grinded (with 120-1200 grit 
SiC papers), and polished with 1 μm Al2O3 suspension. 
Finally, samples were etched with Keller solution. 
Microstructures of the sample surfaces were examined 
using a Nikon Eclipse MA100 model optical microscope. 
Mechanical properties of the alloys were determined with 
hardness and tension tests. Brinell hardness was measured 
using a Digirock RBOV model hardness tester on samples 
polished to 1 μm, with an applied load of 62.5 kgf and a 
steel ball of 2.5 mm. The mean hardness values were 
determined by averaging at least 5 independent 
measurements made on for each condition. The tension test 
specimens were machined to the standard shape and 
dimensions as specified in the ASTM E8/E8M (Standard 
Test Methods for Tension Testing of Metallic Materials). 
The aged specimens were pulled to fracture at room 
temperature at a strain rate of 5 x 10-4 s-1 using a servo-
hydraulic MTS Mechanical Testing equipment.   

3. Results and Discussion 

Table 1 lists the chemical compositions of the investigated 
as-cast samples. The measured compositions of the 
AlSi10Mg and AlSi7Mg alloys generally agreed well with 
the composition given in the standards. Si contents of the 
alloys (8.642% and 6.435%) were a bit lower than 
minimum value given in the EN-AC 43000 and EN-AC 
42100 standards (9% and 7%, respectively), whereas Cu 
contents (~0.06%) were a little higher than the standard 
value of 0.03%. these deviations are mainly due to the 
commercial purity pre-alloys and scraps used in the 
production of the samples.

Figure 1 shows the XRD patterns of as-cast samples. 
According to the XRD patterns, secondary intermetallic -
Al4FeSi2 phase was present besides Al and Si phases. The 
relative intensity of the diffraction lines corresponding to 
the -Al4FeSi2 phase were higher in the patterns of 
AlSi10Mg alloy. This result revealed that amount of  -
Al4FeSi2 phase was higher for AlSi10Mg alloy due to 
higher Fe content (0.352%) compared to that of AlSi7Mg 
(0.165%). The solid solubility of Fe in -Al phase is very 
low (< 0.04%), and ternary intermetallic -Al4FeSi2, -
Al5FeSi and -AlFeSi secondary phases can easily be 
formed in Al-Si alloys even if Fe concentration is low.  

Figure 1. XRD patterns of as-cast AlSi10Mg  
and AlSi7Mg alloys. 

Microstructures for AlSi10Mg and AlSi7Mg alloys in the 
as-cast and age-hardened condition are shown in Figures 2 
and 3. The microstructures of all samples were composed 
primary -Al dendrites (light phase) and eutectic Silicon 
particles. However, needle-like -Al4FeSi2 particles were 
also observed in the micrographs. In the microstructures of 
as-cast samples, fine eutectic morphology revealed the 
presence of grain refiners or modifiers added during the 
casting period. After aging fine Si eutectic coarsened and 
transformed into rods or particles. At high temperatures, 
eutectic structures may tend to coarsen to reduce the 
interfacial area and improve the interfacial bond strength 
[13]. However, after secondary-aging, morphology and size 
of the eutectic Si did not change too much but amount of Si 
increased especially for AlSi10Mg alloy. 

Table 1. Chemical compositions of the as-cast AlSi10Mg and AlSi7Mg alloys.
Element  Al Si Fe Mg Cu Mn Ti Sr Cr Ni Zn Sn

AlSi10Mg 90.312 8.642 0.356 0.333 0.063 0.152 0.053 0.003 0.003 0.010 0.000 0.00
0

Chemical
Composition

(wt.%)  AlSi7Mg 92.804 6.435 0.158 0.443 0.065 0.032 0.016 0.001 0.000 0.006 0.000 0.00
0
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Figure 2. Optical micrographs of AlSi10Mg alloys. 

Figure 3. Optical micrographs of AlSi7Mg alloys. 

Figure 4. Optical micrographs of AlSi10Mg and AlSi7Mg alloys after secondary aging.
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Results of the hardness measurements after aging and 
secondary-aging were given in Table 1 and Table 2, 
respectively. Both alloys were hardened after aging and the 
highest hardness values were observed for 4h aged 
samples. Increasing the aging time resulted in decreasing 
the hardness. Moreover, the samples of AlSi7Mg alloy had 
higher hardness values for all aging conditions compared to 
the samples of AlSi10Mg alloy 

Table 1. Hardness measurements for AlSi10Mg and 
AlSi7Mg alloys. 

Alloys
AlSi10Mg AlSi7MgCondition
Hardness
(Brinell) 

Hardness
(Brinell)

As-cast 50 46 
Solutionized 61 65 

4h 127 127 
6h 114 124 
8h 100 119 

10h 114 116 
12h 105 113 

After secondary aging, the hardness of AlSi7Mg samples 
incraesed, while the hardness of AlSi10Mg samples did not 
change too much. This is due to the fact that 
microstructural features such as size, morphology and 
volume fraction of constituent phase did not change much 
after secondary aging for AlSi10Mg alloy. However, for 
AlSi7Mg alloy, secondary-aging led to an increase in 
volume fraction of silicon. Thus, AlSi7Mg samples 
hardened with secondary aging.    

Table 2. Hardness measurements for AlSi10Mg and 
AlSi7Mg alloys. 

Alloys
AlSi10Mg AlSi7MgCondition
Hardness
(Brinell) 

Hardness
(Brinell)

4h 128 135 
6h 114 128 
8h 100 126 

10h 116 118 
12h 106 118 

Room temperature tensile properties of age-hardened 
AlSi10Mg and AlSi7Mg alloys are listed in Table 3. 
Results for as-cast and 8h age-hardened samples were not 
included since the experiments are still being conducted. 
According to the results, AlSi10Mg samples had higher 
yield and tensile strength with lower ductility compared to 
AlSi7Mg samples. In order to evaluate the room 
temperature mechanical properties in detail, further 
analysis and measurements should be performed. 

Table 3. Tensile properties of AlSi10Mg and  
AlSi7Mg alloys. 

Alloy Aging
(hours)

Yield 
Strength

(MPa) 

Tensile
Strength

(MPa) 

Fracture
Strain

(%) 
4h 245 282 2.3 
6h 244 282 1,2 

10h 244 274 1.0 AlSi10Mg

12h 245 285 1.66 
4h 273 315 2.4 
6h 270 311 1.93 

10h 273 304 1.49 AlSi7Mg

12h 276 313 1.93 

4. Conclusion 

The effect of secondary-aging on microstructures and room 
temperature mechanical properties of AlSi10Mg and 
AlSi7Mg alloys were investigated in detail, and the 
following conclusions can be drawn:  

• Fine eutectic silicon coarsened and transformed to 
particles with age-hardening treatment. 

• 4h age-hardened samples exhibited the highest 
hardness.

• After secondary aging, new Si particles 
precipitated for AlSi7Mg alloys and these particles 
further hardened the alloy. 
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Abstract 

In this study, microstructural and mechanical 
properties of a Al-12.6 wt.% Si-2 wt.% NbB2/NbC 
composite synthesized by sequentially milling 
(mechanical alloying (MA) and/or cryogenic milling 
(CM) were investigated. NbB2-NbC powders were 
synthesized from Nb2O5, B2O3 and C blends using 
high energy milling for 5 h and annealed at 1400 C
for 12 h. The NbB2-NbC hybrid powders were mixed 
with the matrix Al-12.6 wt.% Si powders to constitute 
the Al-12.6 wt.% Si-2 wt.% NbB2-NbC powders 
blends which were mechanically alloyed (MA'd) for 4 
h using SpexTM Mixer/Mill, followed by cryomilling 
for 10 min in a SpexTM 6870 Freezer/Mill and finally 

 the last time as 1 h in SpexTM Mixer/Mill 
 powders 

were compacted in a hydraulic press with a uniaxial 
pressure of 450 MPa. Compacted samples were 

Microstructural characterizations of the MA'd and 
powders and the sintered composites were 

performed using X-ray diffractometry (XRD) and 
scanning electron microscopy (SEM) techniques. 
Density and microhardness measurements were 
performed on the sintered composite samples. 
Sequentially milled and sintered Al-12.6 wt.% Si-2 
wt.% NbB2-NbC samples had the highest mean 

1. Introduction 

Aluminum (Al) and its alloys/composites are widely 
used for aerospace, automotive and many other 
industrial applications owing to their low density, high 
strength, high elastic modulus, high wear [1 4]. Al-Si 
based metal matrix composites (MMCs) can be 
improved with several hard reinforcing materials such 
as carbides (TiC, SiC, ZrC, etc.), nitrides (Si3N4, BN, 
etc.), oxides (ZrO2, Al2O3, etc.) and borides (TiB2,
ZrB2, etc.) [5 10].  

MMCs have been mostly produced by conventional 
casting methods [11, 12]. Recently, MA prior to the 
sintering process has been utilized to fabricate 
composites [13, 14]. MA is defined as a novel solid-
state powder metallurgy process for producing 
composite metal powders by the help of repeated cold 
welding, fracturing and re-welding mechanism in a 
high-energy ball mill [15].  

NbB2 and NbC has high melting point, good wear and 
corrosion resistance, high hardness, high electrical and 
thermal conductivity and high chemical stability like 
other carbides and borides of the transition metals of 
groups IVB and VB [10, 16].  

In this study, NbB2-NbC particulates were utilized as 
reinforcement materials in order to improve the 
mechanical properties of the Al-12.6Si matrix MMCs. 
NbB2-NbC reinforced Al-12.6Si matrix MMCs were 
produced by using MA, cold pressing and 
conventional sintering methods and the properties of 
the relevant MMCs were investigated in terms of 
microstructural, physical and mechanical properties. 

2. Experimental Procedure 

NbB2-NbC powders, which were synthesized 

used as reinforcement materials [10,17]. They were 
mechanochemically synthesized for 5 h from the 
Nb2O5-B2O3-Mg powder blends and annealed at 1400 
C for 12 h [10,17]. Laboratory-synthesized NbB2-

NbC powders were incorporated into the Al-12.6 wt.% 
Si matrix powders (Al-12.6Si) with the amount of 2 
wt.% via mechanical alloying (MA) for 4 h in a 

steel vial/balls with a ball-to-powder weight ratio of 

with liquid N2

circulated around the cylindrical polycarbonate 
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milling vial. A stainless steel impactor was 
magnetically shuttled back and forth against two 
stationary end-plugs at a rate of 900 collisions/min. 
CM started with an initial pre-cooling step of 15 min 
and followed by milling (for 5 min) and cooling (for 5 
min) cycles. CM time was selected as 10 min (2 
cycles). 0

agglomeration and excessive cold welding during the 
MA, 2 wt.% stearic acid (CH3(CH2)16COOH) was 
added as a process control agent (PCA) into the 
powder batches. Powder blends were prepared under 
inert Ar atmosphere (LindeTM, 99.999% purity) to 
prevent the surface oxidation of metallic powders in a 
PlaslabsTM glove-box. After the MA, phase analysis 
were cond -ray 
diffractometer (CuK  radiation, 35 kV, 40 mA). 

 powders were carried out using a JEOLTM JCM 
and 

powders were compacted under 400 MPa in a 
-action hydraulic press to produce green 

compacts with a diameter of about 12 mm. Compacts 

conditions in a LinnTM HT-1800 high- temperature 
controlled-atmosphere furnace. Microstructural 
characterizations of the sintered samples were carried 
out using XRD and SEM. Densities of the MMCs were 
calculated through Archimedes method, Hardness 

Vickers microhardness tester under 100 g loading 
conditions for 10 s.  

3. Results and Discussion 

powders, respectively. As seen in Fig. 1(a, b), both 

size and also possess an incorporated microstructure. 
It can be stated that the incorporated microstructure 
are significantly acquired as a result of intensive 
plastic deformation during the MA of powders. 

Figure 1. SEM images of the:  (b
powders, respectively. 

powders. Only, Al, Si and NbB2 phases are observed 
from the XRD patterns. However, NbC phase could 
not be seen in the XRD patterns of the powders. This 
can be attributed to the low amount of the NbC phase 

mentioned that the detection limit of the XRD device 
used in this study is < vol.% 3. In addition, it is clear 
from the XRD that any undesired reaction did not 
occur between Al, Si and reinforcing particles during 
MA and SM of the related powders. 

Figure 2. XRD patterns of the:
powders, respectively. 

Representative DSC thermogram of the 
powders are given at Fig. 3. Endothermic peak at the 
581.93  to eutectic temperature of Al-
Si binary p

the lower value encountered in the endothermic peak 
temperature can be associated with the Si diffusion 
into Al matrix during milling. 

Figure 3. DSC thermogram of the 

Fig. 4(a, b) shows the SEM images of the sintered 

The secondary particles of primary Si and NbB2-NbC 
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are found to display more fine and homogeneous 
distribution in the matrix of sintered composite from 

known that particles can fracture more effectively 
during CM due to its low temperature milling 
environment. For this reason, during CM followed by 
MA seem to provide effective fracturing of the 
powders. 

Figure 4. Representative SEM images of the 
Al12.6Si-2NbB2/NbC composites sintered from the:

Table 1 shows the EDS results taken from Fig. 4(b). It 
is clear that the white particles contain high quantity 
of Nb element and as seen in point C, they are belong 
to NbB2-NbC reinforcing particles. Point A belongs to 
the matrix composition and prove that the Si is 
homogeneously distributed in the Al12.6Si matrix 
since the quantity of Si at that point is 10.27 wt.%. 
Lastly, high amount of Si (88.31 wt.%) at point B 
reveals that the related point contain primary Si which 
is not diffused into the Al matrix. 

Table 1. EDS results taken from Fig. 4(b). 

Al Si Nb 

A 89.42 10.27 0.31 

B 11.61 88.31 0.08 

C 32.36 23.68 43.66 

Table 2 shows the density and microhardness values 

composites has a relative density of 90.98% and a 
microhardness value of 119.74 HV. On the other hand, 

microhardness values of 86.76% and 346.87, 
respectively. The results show that the relative density 
of the composite decrease and microhardness value 

above, fine and homogeneous distribution of the 
secondary particles of primary Si and NbB2-NbC are 
obtained by SM. Therefore, hardness increased by 
almost 3 times due to effective Orowan mechanism. 

Table 2. Density and microhardness results.

Sample Relative density 
(%)

Hardness 
(HV)

90.68 119.74 22.5 
86.76 

4. Conclusion 

Based on the characterization investigations of the 
Al12.6Si-2NbB2/NbC composites, general results can 
be drawn as: 

 
similar incorporated microstructure. 

 
powders revealed that any additional phase 
did not form during milling. 

 Endothermic peak temperature at the DSC 

diffusion into Al matrix. 

 SEM images of the sintered composites 
pointed out the finer and more homogeneous 
distribution of primary Si and NbB2-NbC 
reinforcing particles throughout the Al12.6Si 
matrix. 

 Relative density of the sintered composite 
decreased and microhardness values of that 
increased (by 3 times) after SM.  
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Abstract
Cold rolled steels are widely used as basic materials in 
wide range of end applications such as automobiles, 
electrical appliances, and various types of containers. 
Plastic deformation affects the magnetic properties due 
to magnetic-elastic interactions between the magnetic 
domain walls and dislocations and residual stress 
fields. The aim of this study was to investigate the 
ability of the Magnetic Barkhausen Noise (MBN) 
method for non-destructive evaluation of the cold-
rolled low-C steels. The results showed that the MBN 
emission is sensitive to the severity of cold rolling 
however the measurement method needs improvement 
to differentiate the effects of microstructure and 
residual stress.

Keywords: cold rolling; low-C steel; non-destructive 
evaluation; magnetic Barkhausen noise 

1. Introduction

Dimensional accuracy, deformability and service 
performance of the cold-rolled low-C steel products are 
mainly dependent on the residual stresses and texture. 
Macro residual stresses cause distortions during 
subsequent production stages whereas deformability of 
the sheets are critically dependent on the texture. The 
most significant factor for cold rolling texture in low-C 
steels is the degree of rolling reduction, and to some 
extent the prior texture. 

Ferromagnetic materials tend to minimize their internal 
magnetic energy by forming a multi-domain structure 
in which the domains have randomly distributed 
magnetization directions (Figure 1). Within a domain, 
whose size is less than the grain size, all magnetic 
moments are aligned and the electron spins have the 
same orientation. The interactions among the magnetic 
moments of the atoms cause a minimum energy 
condition when magnetic moments have a parallel 

alignment causing a directional anisotropy. The 
spontaneous tendency of the magnetic moments to 
rotate into the magnetically easy directions is a critical 
factor for magnetic properties. Plastic deformation 
affects the magnetic structure of the ferromagnetic 
materials. Crystallographic anisotropy and stress 
anisotropy determine the directions of the magnetically 
easy axes. Thus, the combined effects of 
crystallographic texture and residual stresses create 
complex magnetic anisotropy in the cold-rolled steels. 

Figure 1 Schematic view of magnetic domains and 
domain walls 

Magnetic Barkhausen Noise (MBN) is affected by 
metallurgical structure, residual stress and material 
anisotropy. Under the effect of an external magnetic 
field when a domain wall is moving it has to pass the 
discontinuities or obstacles (dislocations, grain 
boundaries, precipitates, etc.) in the crystal structure. A 
local variation in the easy axis, which lowers the 
energy of the domain wall interacting with the obstacle, 
occurs depending upon the type of obstacle. Also, 
strain fields in the lattice create additional magnetic 
anisotropies in the microstructure. A stronger magnetic 
field is needed to prevent the domain wall from being 
pinned at the obstacles. Thus, investigation of domain 
wall pinning can give information about the 
microstructure such as presence of dislocations, grain 
boundaries, second phase grains or precipitates. For 
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instance, the domain walls face very strong barriers 
such as dense dislocation tangles and cell structures 
created by dislocations whose density in metals 
typically varies in the range 1010-1016 m 2 [1].

MBN technique can detect the residual stress 
differences on the basis of the changing area in the
domain walls. Compressive residual stress reduces the 
MBN emission due to decrease in the total area of 
domain walls in contrast to the tensile residual stress. 
Altpeter and Dobmann developed an approach 
combining MBN amplitude, coercivity force, distortion 
factor of the tangential magnetic field and dynamic 
magnetostriction to separate the influence of residual 
stress from the influence of texture [2]. Grum et al. 
reported that the micromagnetic method with constant 
magnetisation current is more reliable to analyze the 
degree of cold deformation [3]. Stefanita et al. 
measured magnetic anisotropy of cold rolled low-C 
steels. Angular preference of MBN energy in the 
undeformed sheets was destroyed at intermediate 
reduction ratios, and restored with further reduction 
[4]. Liu et al. reported that MBN r.m.s. voltage 
increases with reduction ratio below 20%, and tend to 
saturate at higher rolling ratios in the cold-rolled mild 
steels [5]. Bükki-Deme et al. investigated orientation 
and depth dependence of MBN in the rolled steel 
sheets. The specimens in the rolling direction showed 
larger MBN energy and strong depth dependence [6]. 
Akcaoglu and Gür reported that the MBN polar graphs 
show a significant variation in magnetic anisotropy as a 
function of the degree of cold-rolling [7]. Fiorillo et al. 
focused on the plastic-deformation-dependent magnetic 
properties of steels [9]. This study aims to investigate 
the ability of the MBN method for non-destructive 
evaluation of the cold-rolled low-C steels. 

2. Experimental Procedure 

Various specimens were prepared by cold rolling of 
annealed SAE 1015 sheets. The initial dimensions were 
300mmx40mm with different thicknesses, however, the 
final thickness of all specimens is 3.5 mm. The 
specimens whose thicknesses were reduced by 20%, 
40% and 60%, were characterized by metallographic 
investigations and hardness measurements. MBN 
measurements were performed on the surfaces of the 
specimens using Rollscan 500-2 system. The signal 
amplification was 10 dB, the excitation frequency was 
125 Hz. The received signals were filtered in the range 
of 1-200 kHz. The surface residual stresses were 
measured by the XRD method with Cr-K  radiation for 
the (211) plane. The procedure consists of posing the 
specimens at 0o, 45o, and 90o. The stresses were 
calculated using the Dölle-Hauk method. 

3. Results and Discussion 

All specimens have ferritic microstructure, and a grain 
alignment exists along the rolling direction. Hardness 
increases with the severity of the cold-rolling. 

XRD measurement results in Figure 2 show that 
surface residual stress in the rolling direction is slightly 
tensile for 20% deformation, however, it becomes 
compressive for 40% deformation, and reaches a 
maximum after 60% deformation. It indicates that the 
crystallographic texture effects the residual stress 
distribution depending upon the level of cold rolling, 
i.e., residual stresses are redistributed through 
reorientation of crystallographic planes. 

Figure 3 shows that along the rolling direction the 
MBN signal height increases for the 20% thickness 
reduction, however, starts to decrease with further 
increase in the level of cold deformation. Similar 
tendency was reported in the literature [4,5]. The MBN 
signal height has the maximum value for the 20% 
deformation case where the surface residual stress is 
tensile. It is known that the tensile residual stress 
causes an increase in the MBN signal height opposite 
to the effect of the compressive residual stress. Thus, 
the changes in the MBN peak height can be attributed 
to the alterations in the residual stress state.

During cold-rolling, plastic deformation occurs by the 
motion of existing dislocations and the generation of 
new ones. In ferritic steel, dislocations move and 
dislocation sources are activated on the most densely 
packed planes at the beginning of plastic straining. As 
the severity of plastic deformation increases, new slip 
planes are activated and the dislocations start to pin 
each other which makes the plastic deformation more 
difficult.

Domain walls interact with dislocations to a different 
extent. Besides the localized interaction of domain 
walls with dislocations, the plastic straining interferes 
with the domain structure through the residual stress 
field. Thus, the specimens that were cold-rolled with 
different severity levels show differences in the 
Barkhausen noise emission during MBN 
measurements.

Cold-rolling generates a macro residual stress field 
across the thickness. The surface layer has compressive 
residual stresses, thus, it shows magnetically harder 
behaviour. The local compressive residual stress fields 
at grain size scale act as obstacles against the motion of 
domains.

Crystallographic texture also influences the magnetic 
structure and the residual stress fields, and thus MBN 
emission.  
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Figure 2. Effect of the thickness reduction on the 
surface residual stress 

Figure 3. Effect of cold-rolling on the MBN signal 
height

4. Conclusion 

Plastic deformation affects the magnetic properties 
therefore measurement of magnetic properties may 
provide useful information for evaluation of the cold-
rolled products. In this study, the ability of the 
Magnetic Barkhausen Noise (MBN) method for non-
destructive evaluation of the cold-rolled low-C steels
was investigated.  

The MBN emission is sensitive to the severity of cold 
rolling. The combined effects of crystallographic 
texture, microstructure and residual stresses create 
complex magnetic anisotropy.

For more efficient use of the MBN method, it is 
important to select the optimum magnetizing 
parameters and sensor. Moreover, it is necessary to 
separate the individual effects of the competing 
parameters on the MBN emission. 
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Abstract

The use of lighter, more robust and highly recyclable 
materials are now widespread strategy when compared to 
existing materials. In the present study, casting of 
Aluminum Alloy with High Magnesium Content has 
been performed with addition of Boron, Strontium and 
Titanium elements. Castability and Bi-film index 
evolution have been studied.Traditional gravity casting 
have been selected as the casting method. Effect of 
temperature and constituents into spiral mold casting has 
been studied to assess flow behavior Solidification under 
vacuum conditions have been performed to evaluate 
bifilm index and metal oxide layers which are entrapped 
within the structure during casting and soldification. 
Tensile tests have been performed to evaluate 
mechanical strenght of the manufactured alloys. 

1. Introduction

In order to study high content magnesium alloy and 
alloying elements effect, bifilm index studies and 
microstructural changes must be evaluated jointly. 

According to Campbell, pore formation is due to oxide 
films within the metal melt. They are the source of pore 
formation and property degradation eventually failure of 
the structure [1] 

Characterization of melt is important to assess bifilm 
index and subsequent material performance.Because 
melt quality and pore formation strongly influence 
subsequent property evolution of the material [2]. 

Reduced Pressure Test (RPT) for Bifilm Assessment is a 
technique which provide assesment for the numbers and 
size of the bifilms in the melt.[3] Therefore mechanical 

property decrease can be explained if it is due to metal 
melt, bifilms or due to other factors 

Therefore both microstructural studies and RPT 
experiments have been done for this study. Tensile tests 
have also been performed to asses mechanical properties. 

2. Experimental Procedure 

The alloys used in experiments are AlMg1 and AlMg5  
base alloys. The addition of strontium , Boron , Titanium 
and Zirconium have been done after the melting of base 
alloys.

The mold patterns used in the research are gravitational 
casting type molds. First  mold is cyclinder type with u-
shape pouring tip. In order to study different soldification 
rates and microstructural evolution, 3-step soldification 
mold has been used. The dimensions are given in figX. 

The  alloy used in each experiment was prepared in an 
electrical resistance melting furnace with a casting 
temperature of 750 C.  A3 type casting laddle has been 
used.

Degassing and upgassing have not been performed. 
Although degassing procedure clearly improves melty 
quality and decrease pore formation and bifilm formation 
[2] , at this stage of investigation, degassing has not 
applied.

After a stage of melting , alloying and holding; the alloy 
is poured into mold cavities after surface has been 
cleared of oxide layers. Steel molds have been pre-heated 
to 50degC to prevent fast solidification. 

2.1. BiFilm ndex Studies 
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For bifilm study and counts cupcake geometry RPT mold 
has been used to perform casting under vacuum 
condition.

Specimens have been poured into the RPT machine mold 
and left to solidify under vacumed conditions for 5 
minutes. Bifilm specimens were cast in RPT machine 
under 2atm pressure drop level. 

Figure 1. Molds that has been used for tensile tests and 
microstructural evaluation. 

2.2. Microstructural Studies 

Microstructural analysis specimens were cut from the 
middle and fragments have been molded with cold resins 
for each cross section of the step geometry.  These 
specimens have been prepared with Metkon rotary 
grinder/ polisher machine with 400,800,1200, grade SiC 
grinding papers and polishing paper with silica solution. 

2.3. Mechanical Tests 

Tensile tests have been done in Instron testing machine 
with 10-2 strain rate.

3. Results and Discussions 

In Table 1 , major alloying scheme has been given for 
present studies.For AlMg5 alloy derivation 
TitaniumBoronStrontium addition has been found 
effective for microstructural refinement, evolution and 
bi-film index counts. Zirconium addition did not yield 
that outcome. 

Table 1. List of Alloy Complexity of the Castings 

Alloys  Composition 
AlMg5 Standart Composition 
AlMg5 5083 H111 grade 
AlMgXY X: Boron and Y: 

Strontium 
AlMgX  
AlMgXT T:Titanium 
AlMgXZ Z: Zirconium 

AlMgXYZTW W: Antimony  
Table 2. Spiral Mold Fludity Values 

 Distance 
Reached

Preheat T 
0C

AlMg-BorSr 23 100 
AlMg-BorSr  24,5 150 
AlMg-BorSr 28,5 200 

AlMg - TiBorSr 24 100 
AlMg TiBorSrZr 24 100 

From spiral mold fluidity studies, addition of Titanium 
increase fluidity of AlMg4 alloys for same preheat 
condition when compared with Boron Strontium alloyed 
counterpart.
Zirconium addition did not give better results in terms of 
fluidity.
It must be taken into account that fluidity study has been 
conducted with a permanent steel mold. 

As given in table 3, only Boron and Boron Strontium 
addition has been ruled out due high bi-film index and 
formation of metal oxide layers and porosities during 
solidification

Table 3. Bi-Film Index Counts and Numbers 

AlMg5 + Bi-Film Index Number 

Bor 416 496 

Bor 322 349 

BorSr 355 172 

BorSr 205 252 

BSrTi 44 69 

BSrTi 162 244 

BSrTi 65 84 

BSrTi 107 150 

Figure 2.AlMgBor RPT specimen Cross Section 
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Figure 3. AlMgBSr RPT specimen Cross Section 

Figure 4. AlMgBorSrTi RPT specimen Cross Section 

Refinement of solidification structure can be seen 
through Figure 2-4. It can be seen from the Figure 5 and 
Figure 6 that Titanium addition significantly change 
microstructrue and provides grain refinement.

Figure5. Effect of Boron-Strontium in spiral mold cross 
section

Figure 6 :Effect of Titanium-boron-Strontium in spiral 
mold cross section 

Effect of Ti and Zr on AlMgBoron microstructure has 
been given in Figure 7 to 9 

Alloying elements had no significant effect for Yield 
strength and tensile strength values for AlMg alloy. 

Elongation and Ductility has been improved compared to 
pure AlMg and AlMgBoron alloy. 

It has been also seen upon inspected fracture surfaces 
that tensile test specimens have failed abruptly at 
porosity and stress intensity locations. 

Figure 7. AlMgB Microstructure 

Figure 8. AlMgBTiZr Microstructure 

Figure 9.AlMgBorTiSr 

 YS, Tensile % El. at 
break
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AlMg4B 82 151 6,7 

AlMg4BSr 84,5 140,5 6.35 

AlMg4BZr 75 149,5 10,5 

AlMg4BSrTi 81,3 157,6 13,45 

AlMg4BSrZr 80 147 8,25 

In order to observe melt quality effect with higher 
alloying effect, in the second step, industrial grade 5083 
H111 alloy has been used as base AlMg5 source. 
Titanium and Zirconium amount have been increased up 
to 0,75% weight percentage. To protect Magnesium 
Antimony has been added at %0,4 [x]. 

Figure 10.BSrTiSn RPT specimen Cross Section 

Figure 11.BSrZrSn RPT specimen Cross Section 

Figure 12.BSrTiZrSn RPT specimen Cross Section 

Figure 10 shows only Ti addtion, Figure 11 shows only 
Zr addition and Fig 12shows both Ti and Zr addition to 
AlMg alloy. 

Table 5. Bi-Film Index Counts and Numbers 

AlMg5 + Bi-Film Index Number 

BSrSnTi 230,9 159 

BSrSnZr 268 182 

BSrSnTiZr 182,8 183 

According to Figure 7-9 and Table 5, alloying a high 
magnesium content alloy with high Titanium and 
Zirconium content yielded similar Bi-film index counts 
and numbers when compared alloyed specimens in table 
3. This is attributed to the importance of melt quality of 
base alloy. 

Another important point is to apply degassing and non-
traditional casting which reduces turbulent flow of melt.  

4. Conclusion 

Bi-film count is decreased with alloying elements to Al-
Mg5 as shown in table 2. Titanium and Zirconium is 
successful alloying options.Table 5 shows similar Bi-
film index values despite higher Ti and Zr content 
addition.

Melt quality is important factor when high content 
master alloying is desired. 

Tensile tests shows lower experimental values than 
prediction. As specimens have been fabricated via 
conventional gravity casting into the steel molds, these 
low values have been attributed to faster cooling rates , 
porosity formation and casting defects which cannot be 
prevented thus causing failure. 

Higher Magnesium content for Alluminum alloys 
requires degassing and more uniform/ slow cooling rates. 
Otherwise porosities and metal films will stay in the 
microstructure causing abrupt failure. 

For high magnesium and hgh master alloy content 
casting studies, sand Casting, degassing, sustaining non 
turbulent metal flow, low pressure casting must be taken 
into account if good casting quality is desired. 
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Abstract

In the present study, hydroxyapatite-alumina (Al2O3)-yttria
(Y2O3) composites with different ratios of additives were 
prepared via pressureless sintering between 1100oC and 
1300oC for 4 hours to produce new candidate bioceramic for 
load bearing applications in human body. The rate of Al2O3
was wt%2.5 and it was wt%0.5, %1.5 and %2.5 for Y2O3.
Scanning electron microscopy (SEM) and X-ray diffraction 
patterns (XRD) were used to study the microstructure and 
phase analysis. Density, porosity, microhardness and 
compression strength measurements were carried out to 
determination of mechanical properties of monolithic HA as 
well as composites. Y2O3 addition HA-A binary composites 
helps to improvement of properties. 

1. Introduction

Humans begin to age from they are born and they can face 
to some problems such as traffic, work and/or sports 
accidents which harms to their organs and/or tissues [1]. 
Bone defects that occur due to various types of accidents, and 
trauma or diseases, must be filled or reconstructed, are one of 
the most clinically encountered cases [2]. Due to its high 
healing capacity, the bone can heal small bone defects on its 
own. However, when large-sized bone injuries occured, bone 
grafts are needed to repair the bone defects [3,4]. There are 
treatment methods such as allograft, xenograft, autograft, and 
vascularized bone graft for the repair of large bone defects 
[5,6]. However, in the use of these methods some problems 
can be occured, they can cause to disease in the donor area, 
anatomical incompatibilities, unforeseen graft resorption, 
long surgical operation time and formation of new bone 
defects [7-10]. These restrictions can be eliminated by the 
production of biomaterials that have serial production 
possibility, economic and to be used as desired in the amount 
[11]. Hydroxyapatite (HA) as a biomaterial can be used in 
human body because of its excellent osteo conduction, 
bioactivity, and biocompatibility with human tissues. 
However, the poor mechanical properties of HA such as 
inherent brittleness, poor fatigue resistance, strength and 
particularly its low fracture toughness (Kıc) of <1 MPa m1/2

are its major drawbacks for load-bearing applications [12]. 
Advanced alumina (Al2O3) ceramics were used for 
components with tribological, mechanical, chemical and 
thermal requirements such as seal rings, drawn cones, guides 
or bearing parts. Favourable properties of alumina for these 

applications are high stiffness and hardness, temperature 
stability, corrosion and wear resistance, as well as low 
density [13]. Al2O3 can also used to reinforcement of HA 
ceramics [14-16], but the use of Al2O3 at high rates than 
10wt% caused to the decomposition of HA at high ratio. To 
eliminate that problem, Al2O3 should be used at low rates 
and/or an additive, which has no negative affect on the 
biocompability of hydroxyapatite/alumina composite and 
also contribute to the improvement the mechanical properties, 
should be used to HA-Al2O3 composites [17]. Yttria (Y2O3)
as a ceramic material finds extensive application in sensors, 
optics and as a transparent material [18], and also had used to 
additive material to HA derived from bovine [19] and turkey 
bone [20]. K.E. Öksüz and A. Özer had studied on the 
microstructural properties of HA-%50Al2O3 with %0.5 and 
%1 Y2O3 [21]. As said by K.E. Öksüz and A. Özer, HA 
completely decomposed to TCP at sintering temperature of 
1550oC. In the present study, the ternary composites of HA-
Al2O3-Y2O3 were prepared by the additives of Al2O3 and 
Y2O3 at low ratios in order to not to cause decomposition of 
HA at higher ratios. A series of tests were used to examine 
the microstructural, mechanical and bioactivity properties of 
HA-Al2O3-Y2O3 composites. 

2. Experimental Method

HA purchased from Across Organics Company was used 
as matrix material and it was reinforced with Al2O3 and Y2O3
powders purchased from Sigma Aldrich and they were mixed 
at 180 rpm for 2h. in a zirconia coated stainless steel with the 
addition of ethanol and zirconia balls with size of 10 mm in 
diameter to prepare the composites as shown in Table 1. 
Mixtured powders were pelleted according to our previous 
study [22]. Pelleted powders were sintered at five different 
temperatures ranging from 900oC and 1300oC for 4h at ramp 
rate of 5oC.min-1. Phase analysis were performed to the 
powders obtained from compression test samples crushed 
into ceramic mortar using Philips X’Pert X-ray diffraction 
(XRD) device at room temperature using Cu-K  as the 
radiation source at a scan speed of 0.6° per minute and a step 
scan of 0.02o in the range of 2  values between 25° and 50°. 
Surface morphologies of the sintered samples were 
determined by FEI Sirion XL30 scanning electron 
microscope(SEM) after gold coating. The apperant densities 
and porosities of the sintered samples were calculated using 
Archimedes method. Theoretical densities the starting 
materials were taken as 3.156 for HA [23], 3.970 for Al2O3
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[24] and 5.032 for Y2O3 [25], respectively. The samples were 
firstly grind with 800, 1200 and 2500 mesh SiC paper and 
then polished with 10, 5, 3 and 1 μm diamond paste until 
obtaining the mirror like surfaces before microhardness 
measurements. 200 gr load was used for 20 seconds for 
microhardness measurements. Compression tests were 
carried out to ten samples using a universal testing machine 
(Devotrans FU 50kN, Turkey) under a loading rate of 2 
mm/min. 
                       Table 1 The compositions of the samples 

Group Composition (wt%) 
1 HA (%100) 
2 HA-2.5Al2O3

3.1 HA-2.5Al2O3-0.5Y2O3

3.2 HA-2.5Al2O3-1.5 Y2O33
3.3 HA-2.5Al2O3-2.5 Y2O3

3. Results and Discussion 

As shown in Fig 1, HA without additives not decomposed 
until temperature of 1200oC. At that temperature it 
decomposed into beta-tricalcium phosphate ( -TCP) and 
when the temperature is attained to 1300oC, it consists of HA, 

-TCP, alpha- tricalcium phosphate ( -TCP) and calcium 
oxide (CaO) phases. Decomposition of HA can be explained 
by the Reaction 3.1 as following.

Ca10(PO4)6(OH)2      3Ca3(PO4)2 + CaO + H2O        (3.1) 

Figure 1. XRD analysis of monolithic HA depending on 
sintering temperature 

However, Al2O3 and Y2O3 added HA decomposed at lower 
temperature compared to monolithic HA. HA with Al2O3
additive consist of some calcium aluminate phases, which 
leads to the decomposition of HA at high level as stated by 
Ref [26], with HA, -TCP and -TCP (•: HA, : -TCP, : -
TCP, 1: -Al2O3, 2: CaAl4O7, 3: Ca3Al2O6, 4: Ca2Al2O5, 5: 
Ca5Al6O14 which occur due to the reaction between HA and 
Al2O3 powder as shown in Fig 2. Calcium aluminates formed 
in the present study have higher mechanical properties than 
HA as well as they do not cause to the reduction in biological 
properties of its as stated by Ref. [27].

Figure 2. XRD analysis of Al2O3 doped HA
Morever, Y2O3 additive to HA-Al2O3 binary composite 

caused to the formation of yttrium aluminium oxide (AlYO3)
and calcium yttrium trialuminium oxide (CaAl3YO7) phases 
with non-reacted Y2O3 as shown in Fig 3. These phases due 
to the reaction between CaO, Al2O3 and Y2O3 powders had 
been also observed in previous study [28].

Figure 3. XRD analysis of Y2O3 added 
hydroxyapatite/alumina composite 

(a)

(b)

(c)
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Figure 4. illustrate the SEM images of sintered HA with and 
without additives. The samples sintered at temperature of 
1100oC have porous structures formed between the grains. 
The grains start to growth at elevated temperatures in non-
homogenous form with the formation of microcracks. This 
can be explained by the dissimilar thermal expansion 
coefficients of the phases occured in the samples. Microcrack 
sizes in monolithic HA are bigger than the others. This is due 
to the inhibition of grain growth by the additives. It is also 
seen that grain growth in HA-2.5A composite can be 
decreased by the Y2O3 additives as shown in Table 2. It 
contribute the improvement of mechanical properties as 
stated by Hall-Petch equation [29].  
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As shown in Table 2, the maximum compressive value 
of monolithic HA was obtained at the temperature of 1100 
C, but it decreased by increasing temperature although 

increment were observed in the values of density and μ-
hardness. The porosity values of the sintered samples 
decreased as expected until the densification is completed. 
Y2O3 additive to hydroxyapatite/alumina composite have 
positive affect on the decreasing of porosity values. At the 
porosity levels of 2%, the  compressive values of the 

composites attained to maximum values. The higher 
compressive values of the composites compared to 
monolithic HA is related to the obtaining of homogenous 
grains. It is well known that the increase in density in ceramic 
materials causes an increase in the mechanical properties, but 
HA is sintering at temperatures of 1250-1300oC caused to 
decomposed and formation of inhomogeneous grains with 
low mechanical properties [30] As also seen from the 
compressive values of the samples, it decreased when the 
sintering temperature attained to 1300oC. This is due to the 
formation of -TCP phase. It has  compressive value ranged 
from 5 to 30 MPa [31] which is lower than HA (200-918 
MPa for dense HA [32]) and -TCP phases (120 MPa [33]). 

Table 2 Mechanical properties of the HA with and without additives (A: 
porosity (%),B: density (gr/cm3), and C: μ-hardness (GPa) and D: compressive

(MPa)) 
 T(oC) HA HA-

2.5A
HA-
2.5A-
0.5Y

HA-
2.5A-
1.5Y

HA-
2.5A-
2.5Y

1100oC 26,58 21,54 16,87 20,57 23,73
1200oC 4,01 3,51 2,17 1,81 2,80 A

1300oC 2,91 2,53 2,14 1,24 1,89
1100oC 2,31 2,45 2,53 2,50 2,43 
1200oC 3,029 3,031 2,98 3,03 3,023B
1300oC 3,06 3,032 3,04 3,08 3,06 
1100oC 1,51 1,64 2,03 1,88 1,60
1200oC 4,76 4,57 4,41 4,69 4,62 C

1300oC 4,87 4,77 4,78 5,05 4,93
1100oC 130,2 138,5 144,2 155 139 
1200oC 101,8 182,7 195,5 184,3 178,6D

1300oC 65,6 153 160,7 157,2 126 

4. Conclusion 

This study showed that mechanical properties of HA can be 
improved by the additive, and the addition of Y2O3 to 
HA/Al2O3 composite has positive affect on the its 
sinterability and mechanical properties. 
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Abstract 

 

Aluminum alloys based cast parts which are 

products of high pressure die casting, are most 

commonly used in automotive industry. Leakage 

requirements are significant in aluminum alloy cast 

parts in the automotive industry. Besides the 

advantages of high pressure die casting process, 

there are also many disadvantages and risks. One of 

the biggest risk in aluminum parts produced by high 

pressure die casting (HPDC) process is air 

entrapment inside the mold cavity. The air 

entrapment inside the mold cavity create cold shuts 

and blister defects on the surface of the part which 

can cause high leakage on the part. Improvements 

of die design, overflow and optimized process 

parameters ensure to reduce the cold shuts and 

blister defects effectively and also additionally 

increases both product quality and process 

efficiency. In this study, the results of two different 

mold designs with different venting areas were 

examined. The results of two different overflow 

designs on mold were compared on MAGMASOFT 

high pressure die casting simulation program and 

X-Ray investigation. The experimental simulation 

results shown that both cold shuts and blister 

defects can be significantly reduced by increasing 

venting area. 

 

 

 

1. Introduction 

 

High pressure die casting (HPDC) is an important 

process in the manufacturing of high volume and 

low cost automotive components, such as air brake 

system housings, air condition system housings and 

exhaust gas treatment system components. In 

HPDC process liquid metal (molten aluminum 

alloy) is injected into the die at high speed (30–100 

m/s) and under high pressure through complex gate 

and runner systems with strong generation of 

turbulence in the flow [1]. For these reasons HPDC 

can be considered a “defect generating process” [3]. 

The complexity of the dies in the HPDC process 

(fixed and movable plates, cores, cooling channels, 

etc.) and the machine parameters (injection 

temperature, piston velocities, cycle times, etc.) 

increase the number of boundary conditions to be 

included in the modelling [2]. The geometric 

complexity of the dies and small wall thicknesses 

lead to strongly 3D fluid flow with significant free 

surface fragmentation and splashing. The order in 

which the various parts of the die fill and the 

positioning of the air vents are crucial to forming 

homogeneous cast components with minimal 

entrapped voids. This is influenced by the design of 

the gating and venting system and also the 

geometry of the die [1]. Due to this condition in the 

design procedure, the simulation is becoming more 

important. Simulation can make a casting system 
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optimal and also elevate the casting quality with 

less experiment [4]. All these difficulties reveal the 

challenge of obtaining accurate HPDC simulation 

models and the interest of their adjustment to 

reproduce the real process as much as possible [2]. 

 

Consequently, a well-designed gating and overflow 

system is very important to produce good quality 

die castings by providing a homogenous mold 

filling pattern. Flow analysis of the component is 

done in order to visibly analysis the cavity filling 

and venting process. Ranmath et all, a cold chamber 

die casted product (a Gas Emission System 

component) was chosen. Initially when the 

component was casted numerous defects such as 

Cold shuts, Blister, and Gas porosity were found. 

This in turn led to rejection of number of parts. In 

order to improve the quality of the castings 

produced, the total venting surface area was 

changed from the existing overflow to modified 

branched venting arms [5].  

 

2. Problem Identification 

 

Due to the existing overflow system in the existing 

model, the following defects occur in the casting 

leading to rejection and loss in quality. Hence, a 

new optimized venting design is necessary in order 

to remove defects from the casting [5]. 

 

2.1. Casting Defects in the existing Design 

 

Cold Shuts; cold shuts is a defect that the 

previously solidified regions in the die are joined 

with the subsequent liquid metal, and the result of 

this combination is that the oxide layer between 

them is not fully welded [6]. Blister, a blister 

consists in small surface areas that blown up when 

the internal pressure of sub-surface gas-related 

porosity is high enough to plastically deform the 

thin metallic surface layer that covers it [7]. 

3. Experimental Procedure 

 

In this research; AlSi12Cu1(Fe) alloy that chemical 

analysis given in Table 1 was used for the cast 

material. After degassing of molten alloy, high 

pressure die casting process was carried out at 

industrial scale in accordance with the process 

parameters given in Table 2. Cold shuts and blister 

defects on the 1,9 kg casting part have been tried to 

eliminated by re-designing of the air venting arms, 

as shown in Figure 1. With the change in design, 

the venting surface area has been increased to 312 

mm2 from 126 mm2.  

 

Table 1. Chemical composition of AlSi12Cu1(Fe)  

Si Fe Cu Mn Mg Cr 

10,5-

13,5 
0,6-1,1 0,7-1,2 

0,55 

Max 

0,35 

Max 

0,10 

Max 

Ni Zn Pb Sn Ti Al. 

0,30 

Max 

0,55 

Max 

0,20 

Max 

0,10 

Max 

0,02-

0,15 
Rem. 

 

Table 2. HPDC process parameters of the cast part. 

Casting 

Temperature (°C) 

2. Phase Velocity 

(m/s) 

Working 

Pressure (Bar) 

660 4,30 1050 

 

 

Figure 1. Existing (a) and re-designed (b) venting 

systems of the cast part used in the experimental 

work. 

 

 

 

 

(a) (b) 
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4. Results and Discussion 

 

The study was carried out both experimentally and 

also with the Magma casting simulation program. 

The effect of different overflow system designs on 

casting quality examined in order to decrease 

rejection of number of parts that has cold shuts and 

blister defects, both given in Figure 2. The optimum 

mold design and parameters selected by using the 

Magma Soft high pressure casting simulation 

program. For comparison of simulation results, the 

liquid metal behavior during filling examined using 

the Air Entrapment and Air Pressure modules of the 

simulation program. High pressure die casting of 

the parts are done with The Buhler real time 

controlled die casting machine. X-ray radiography 

method used for the analysis of the produced parts.  

 

 

Figure 2. Cold shut and blister defects macrograph 

on the surface of the part. 

 

By increasing the total venting surface area on the 

part from 126 mm² to 312 mm² there is significant 

improving of air entrapment of the modified 

branched venting arms Fig.3. Also it is clearly 

shown from the air pressure results of the 

simulation, modified design has greater than the 

existing mold for air venting Fig4. Through 

increased venting surface area more air can vacate 

die space and less air entrapped according to the 

existing mold design at the time that die filled 

100%. 

 

 

Figure 3. Magma Air entrapment results of existing 

mold (a) and modified mold (b). 

 

Figure 4. Magma Air pressure results of existing 

mold (a) and modified mold (b). 

 

In the cast part used in the experimental study, in 

the castings with the existing old venting design, in 

addition to the defects of cold shuts and blister that 

are visually detected on the surface of the part, X-

Ray examinations shows internal defects due to not 

being able to vacate the air inside the mold space. 

After the re-design of the mold venting system, all 

the defects detected by visual or X-Ray 

examinations have been removed. The positive 

effect of increasing the venting surface area to the 

internal structure of the part can be clearly seen in 

the X-Ray images given in Fig 6. 
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Figure 6. X-ray images of parts casted according to 

two different (a-existing b-modified mold) designs. 

 

4. Conclusion 

 

Due to negative effect on rejection rates and 

production efficiency, the paper focused on the 

improving of the venting system of a exhaust gas 

treatment system part which has high leak proofing 

expectations. In addition to the cold shuts and 

blister defects observed on the surfaces of the parts 

produced by the existing venting design, internal 

casting defects were observed due to the fact that 

the entrapped air remaining in the mold could not 

be ejected during the casting of the parts by X-ray 

inspection. Therefore, the venting surface area has 

been increased to 312 mm2 from 126 mm2 with the 

new design, and the simulation results are evaluated 

also new parts casted. After all these simulation 

studies, it was seen that the new venting design has 

positive effect on the part quality as a result of the 

visual and X-ray examinations. 
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Abstract
Al-Si alloys are widely used in many fields of industry, 
primarily automotive, due to their good casting 
characteristics, heat treatment suitability, high mechanical 
properties, low density and high corrosion resistance[1]. 
Bifilms have been degrading mechanical properties by 
bringing porosities therefore bifilms have to be removed 
from the melt in order to obtain high-quality castings. In 
this study, the deeply etch method was applied to Al-Si 
casting alloys in order to understand the formation 
mechanism of the bifilms. It was aimed to can be see 
clearly of bifilms. For this purpose, the aluminum oxide 
film layer formed on the surface of liquid aluminum and 
examined up to the nanometer size has been not wanted to 
react to with the solutions used, and in addition, the 
reaction and dissolution of aluminum were aimed. The 
tensile bar specimen casted from the AlSi10Mg alloy at 
725°C and the RPT specimen obtained from the previously 
casted RPT samples and the samples obtained from the slag 
were deeply etched with H2SO4, HNO3, NaOH, NaCl 
solutions at various temperatures and concentrations. 
Finally, an aluminum oxide layer was formed on the 
sample surface at 500°C using a LENTON device. After 
that, one half of the surface was left in the form of old 
oxide. The other half was sanded. Samples cut from the 
tensile bars were also submerged in 1M H2SO4, HNO3
solutions for 5 and 10 min at 50°C. 

1. Introduction 

The researchers have been using the deep etch method for a 
variety of purposes. The main purpose of this method is to 
make the inside of the structuring visible by removing the 
metal from the surface. Various acid and bases can be used 
in different composition for metal removal from the 
surface. Louvis E. et al. claimed that oxide layers are 
formed when 40 wt% NaOH is used for the A6061 alloy 
[2].  Alexander and Greer used this method to determine 
the degree of conversion of the Al6(Fe,Mn) phase to the -
Al-(Fe,Mn)-Si [3]. Makhlouf and Guthy used this method 
to describe the mechanisms and crystallography of the Al-
Si eutectic reaction[4]. Ghomashchi R. made deep etch 
using 10% NaOH and studied AlTiSi intermetallics [5]. In 
another study, Nafisi and Ghomashchi examined the silicon 
modification by adding Sr and using %10 HF[6]. With 

these, It has not been observed in the literature that the deep 
etch method is used to examine bifilms. 
If the oxide formed on the surface is dragged into the liquid 
aluminum by turbulence as shown in Fig.1 The dry and wet 
faces of the oxide collide with each other and fold over and 
trap the air inside. 

Figure 1. Formation mechanism of bifilms. 

So by acting like a crack in the liquid, a ceramic-ceramic 
unbound interface occurs and causes the casting piece to 
fail. This defect is called a double oxide film. Stationary 
conditions during solidification allow the folded bifilms to 
reshape and open in the form of a flat crack. With this 
action, bifilms increase their harmful effects by 10 times. 
Campbell[7] defines this mechanism as folding/unfolding 
and furling/unfurling. These types of cracks can be 
suspended in liquid aluminum for a long time. The reason 
for this is that the density of the aluminum oxide is close to 
the density of the liquid aluminum. If the bifilms are 
suspended in the liquid metal, they affect the mechanical 
properties negatively. Therefore it is necessary to keep 
under control the hydrogen gas and the bifilms to increase 
the metal quality. Dispinar indicates that to achieve a good 
casting bifilm index should be between 0-70 mm, while in 
a bad casting it is between 70-350 [8]. 
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2. Experimental Procedure 

2.1. Materials 

HNO3 (Merck 65%), H2SO4 (Merck 98%), NaCl (Merck), 
NaOH (Merck) solutions were used at different 
concentrations in the experiments. The samples used in the 
experiments were produce from AlSi10Mg, AlSi12 alloys 
and A201 alloy slag. 

2.2. Method 

In order to apply the deep etch process to Al-Si alloys, 
firstly 2M HNO3 solution was prepared in the volumetric 
flask. Then the AlSi10Mg alloy was melted at 725°C using 
an atmospheric resistance furnace. Samples were produced 
by casting melt in to die molds in the shape of tensile bars. 
The obtained tensile bar sample was cut into 7 pieces. 
These samples were sanded with sandpaper 240-320-400-
800 respectively. Four samples were deeply etched in 2M 
HNO3 solution at room temperature for 1,6,24 and 48 hours 
respectively. The other 3 samples were deeply etched in a 
2M HNO3 solution for 1,4,6 hours at 50°C respectively and  
after etching process the samples were cleaned by 
ultrasonic cleaner with acetone for 5 minutes to clean all 
remaining physical and chemical contaminants on the 
surface and then examined in the scanning electron 
microscope (Jeol,5600 SEM). 
In the second set of experiments, the 1M HNO3 , 1M 
H2SO4 and 1M NaOH solutions were used. In these 
solutions, a total of 6 samples which were obtained by 
cutting from reduced pressure test (RPT) samples of the 
AlSi12 alloy were used. Two samples were used for each 
solutions at 50°C. These two samples were deep etched at 
given solutions for 1 and 2 hours respectively and the also 
these samples were cleaned with ultrasonic cleaner and 
investigated with SEM.  
In the third set of experiments, 9 samples were obtained 
from RPT samples of AlSi12 alloy. The 9 samples obtained 
were deeply etched in 1M NaCl, 1M H2SO4 and 1M HNO3
solutions at 50°C for 5,15,30 minutes as 3 samples in each 
solution. In addition, 6 samples of aluminum alloy slag 
containing %6 Cu, %0.5 Sn were deep etched for 15 and 30 
minutes as 2 samples in each solution to measure how the 
oxide in the slag would react.
In the fourth set of experiments, 4 samples obtained from 
the tensile bar used. One surface of the samples was sanded 
to 600 grit sandpaper. However, the old oxide film layer 
was formed on the other surface by keeping it at 500°C for 
8 hours in LENTON. It is thought that the old oxide part 
will react differently from the new oxide part. Thus, the 
samples were deeply etched for 5 and 10 minutes in 1M 
H2SO4 and 1M HNO3 solutions at 50°C. 

3. Results and Discussion 

Figure 2. SEM image of 2M HNO3 in 25°C, 48 h.

Figure 3. SEM image of 2M HNO3 in 50°C, 4 h x750. 

Part of the aluminum and oxide layer has been removing 
from the surface, and as a result, the silicons are clearly 
visible in Fig.3.

Figure 4. SEM image of 1M H2SO4  in 50°C, 2 h. 

Iron intermetallics have been dissolved in 1M sulfuric acid 
in Fig.4.
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                  Area 1                                     Area 2

Figure 5. Second Test EDS image in 1M H2SO4 50°C, 2 h 
x2000

The modification of silicon can be seen in the fig.5.  

                                               a) 

Figure 6. EDS image of 1M NaOH in 50°C, 2h x350. 

It can be seen from Fig.6 that the sodium aluminate 
compound accumulating on the aluminum surface. Bifilms 
could not be determined for this reason.

Figure 7. SEM image of 1M HNO3 in 50°C, 1 h. 

Figure 8. SEM image of 1M HNO3 in 50°C, 30 min. 

The silicone modification were detected in dendrites in 
samples deeply etched with nitric acid for 1 hour in Fig.7. 
When we looked at Fig.7 the different responses within the 
porosity and on the surface can be seen.

.

Figure 9. SEM image of 1M NaCl in 50°C, 30 min. 

When deep etch is applied with NaCl of different phases 
formed due to corrosive effect on dendrites in the Fig.9.
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Figure 10. Slag sample of 1M HNO3 in 50°C, 30 min. 

It was observed that the oxide layer in the slag sample has 
started to split after 30 minutes which can be seen in Fig.10  

A) H2SO4 , 10 min , 50°C, sanded part

B) H2SO4 , 10 min , 50°C , oxidized part 

Figure 11. SEM image of 1M H2SO4 in 50°C, 10 min. 

It is seen that the sanded part is less dissolved than the 
oxidized part in the Fig.11.

4. Conclusion 
When the SEM photographs are examined, Bifilms in the 
porosity, had been dissolved at 50°C and room temperature 
due to high deep etch times and concentration. 
In the other step, although the concentration of the solution 
and the duration of the deep etch was reduced, no bifilms 
were observed. This is because of the deep etch time was 
considered to be too long. In addition, when looking at the 
SEM photographs, the inner part of the porosity is 
dominated by the eutectic silicon. On the surface, it can be 
see  that dendrites dominate.  
Looking at the SEM images of obtained after the deep etch 
process, different phases have been forming due to the 
corrosive effect on the surface of the dendrites in the deep 
etched sample with 1M NaCl in 30 minute. 
The slag sample, it appears that it begins to dissolve when 
it reaches the 30th minute of the oxide layer. 
It has been detected that the sanded part is less dissolved 
than the oxidized part. 
According to the parameters used in this study, it has been 
determined that oxides and bifilms have been dissolving 
continuously.
However, it is believed to can be a very useful method for 
the modification of silicon. 
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Abstract 

are beginning to cause serious problems. The energy demand 
is increasing due to the population growth. Solid fuels, 
which are used as energy sources, are one of the main 
reasons of the increase in basic sulphur dioxide emissions.   

There is serious effort on reducing sulphur dioxide emissions 
around the globe. It causes great harm to nature to release 
sulphur dioxide emissions directly to the nature, especially 
from the systems, which consume solid fuel as energy 
source. SO2 emission values determined by the Europe 

3 3d. Companies are 
allowed to exceed the hourly limit 24 times per year and 
daily limit 3 times per year. Companies that do not comply 
with these terms confront sanctions such as fines and 
mandatory shutdowns. For this reason, it is necessary to 
carry out studies about decreasing sulphur dioxide emission.  

Nowadays, several methods are used for removal of sulphur 
dioxide from emissions. SO2 gas is an important raw 
material for sulphuric acid production. However, in order to 
produce sulphuric acid commercially from SO2 gas, sulphur 
dioxide content of flue gas must be over 6-8%. These gases, 
which are commercially unsuitable for sulphuric acid 
production but still contain SO2 over the limit values, should 
be filtered to prevent their harmful effects on human health 
and nature.  

1. Introduction 

There is a growing awareness of atmospheric pollution by 
sulfur oxides in power plant stack gas and massive efforts 
are being made in many parts of the world to develope 
suitable process for controlling them. The removal of sulfur 
dioxide from flue gas by intecting pulverized dry limestone 

Germany in a plant scale test. Since then the numerous 
numbers of investigators tried that with different ways with 
different sorbents respectively. The results obtained with 
these studies ranged from ten percent to eighty percent sulfur 

dioxite removal with different ratio of stoichiometric amount 
of limestone  dolomite to sulfur dioxide. 

Kutahya Yaylababa dolomite is the best option for this 
process and it gives us way better result beyond our 
imaginations. For the Kure pyrite concentrate is chosen for 
using as sulfur dioxide source. Sulfur dioxide is primarily 
produced for sulfuric acid manufacture. In the United 
States in 1979, 23.6 million tons of sulfur dioxide was used 
in this way, compared with 150 thousand tons used for other 
purposes. Most sulfur dioxide is produced by 
the combustion of elemental sulfur. Some sulfur dioxide is 
also produced by roasting pyrite and other sulfide ores in air. 
Sulfur dioxide is an intermediate in the production of 
sulfuric acid, being converted to sulfur trioxide, and then to 
oleum, which is made into sulfuric acid. Sulfur dioxide  
for this purpose is made when sulfur combines with oxygen.  
The method of converting sulfur dioxide to sulfuric acid is 
called the contact process. Several billion kilograms are 
produced annually for this purpose [1-6]. 

In order to capture SO2 gases, dolomite can be used as 
sorbent. The thermodynamics of this process can be stated 
as reactions shown in Eq.1.1 and Eq.1.2. 

CaO + SO2 2  CaSO4 873= -257784,5 J) (1.1) 
MgO + SO2 2  MgSO4 873 = -117367,5 J) (1.2) 

Aim of this study is to achieve limit SO2 values by 
optimizing the efficiency of coarse pre-filtering method with 
dolomite as sorbent material in place of expensive filtering 
methods for fluid bed systems and/or systems using high 
sulfur coal as fuel.  

2. Experimental Procedure 

In this study, lowering emission values by filtering flue 
gases, which contain SO2 which is not high enough to 
produce sulfuric acid but higher than the limit emission 
value, with calcined dolomite was investigated. In 

2
from the flue gas, pyrite was used as SO2 source. 
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Chemical analyses of samples were performed with Thermo 
Fisher Scientific X-Series 2 ICP-IMS. Electrical tube 
furnace was used for roasting operation. Siebtechnick ring 
crusher was employed for grinding operation. Binder FD53 
drying-oven was used to dry the samples. Dwyer rotameter 
was used in adjusting the air flow rate. Particle size 
measurement of the samples was carried out with Malvern 
Mastersizer 2000 particle size analyzer. 

Chemical analysis of calcined dolomite is given in Table 1. 

Table 1: Chemical analysis of calcined dolomite 

CaO MgO Fe2O3 SiO2 Na2O
Loss on 
ignition 

57.59 31.0 0.12 1.07 0.0086 9.52 

Chemical analysis of pyrite is given in Table 2. 

Table 2: Chemical analysis of pyrite

Fe S Cu SiO2 Mg Ca Zn
38.18 41.67 0.58 9.33 0.38 0.77 0.097 

The average grain size of the calcined dolomite used was 42 
.

In roasting experiments, pyrite was weighed before and after 
the roasting operation and weight loss was calculated. 

In SO2 capture experiments, different air flow rates were 
used. SO2 releases in roasting operations with dolomite 
filtering and without dolomite filtering for all air flow rates 
were determined. Obtained values were compared. 

In SO2 analysis experiments, titrimetric method was used. 
Following this method, the flue gas was captured in 
hydrogen peroxide solution in wash bottle and sulfiric acid 
was formed. This newly formed sulfiric acid was titrated 
with a base, of which the normality value was known, and 
the SO2 concentration was evaluated thusly.

The flue gas is transferred to each of the two wash bottles, 
which are connected in series. Inside each wash bottle there 
is 100 ml of  %1 H2O2 solution. During this process SOx is 
oxidated by H2O2 to acid. The amount of SOx which escaped 
from the first gas washing bottle is captured in the second 
washing bottle. At the end of the process, the solutions in 
these bottles are taken and titrated with a known alkali (1 N 
Na2CO3) and the resulting amount of SO2 in the flue gas is 
evaluated.  

The reactions taking place in the gas washing bottles are 
shown in Eq.2.1. and Eq.2.2. 

SO2+ H2O2  SO3+H2O   (2.1) 

SO3+ H2O  H2SO4   (2.2) 

Resulting reaction is shown in Eq. 2.3. 

SO2 + H2O2  H2SO4   (2.3) 

The reaction taking place in the titration of this acid is shown 
in Eq. 2.4.

H2SO4 + Na2CO3  Na2SO4+H2CO3 (2.4) 

The formula shown in Eq. 2.5. along with the stochiometric 
equation above are used to calculate the SO2 concentration 
in the gas mass;

 (2.5) 

N=Normality of Base  

S=Amount of Base Consumed (ml)

3. Results and Discussion 

In roasting experiments, the theoretical amount of air to roast 
the pyrite was determined firstly. Then 2, 4, 6, 8 times the 
evaluated amount of air was used in the experiments.  

S + O2  SO2      (3.1) 

  (3.2) 

m: Mass of Specimen 
: Molecular weight of Sulphur 

In the process of roasting pyrite, the results of 
the  experiments done to determine the amount of air 
necessary to roast pyrite are shown in Table 3. Two times 
the evaluated air amount was found not to be sufficient. Four 
times this amount was deemed as sufficient and increasing 
the amount of air used above four times the evaluated value 
did not show any significant improvements. Thus, the 
optimal amount of air to be used was set as four times the 
calculated theoretical value. 

Table 3: Amount of air to roast pyrite 

Flow Rate 
(lt/min) 

Duration 
(min) 

Total Blown 
Air Volume 
/ Required 

Air Volume 

Weight 
Loss (%) 

1 15 2 32.11 
1 30 4 35.48 
1 45 6 35.47 
1 60 8 35.49 
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Figure 1: Total Blown Air Volume / Required Air Volume Ratio 

The results of the experiments done at constant temperature 
of 600 degrees Celsius and varying air flow rates are shown 
in Table 4. First the empty container was weighed, secondly 
the full container was weighed. Then the roasting process 
was done and the reduction in the mass of pyrite and the 
increase in the mass of dolomite was calculated. SO2 capture 
data were determined by the comparison with the control 
group after the titration process. 

Table 4: Flow rate and Capture efficiency at 600 0C

Flow Rate (lt/min) Capture efficiency (%) 
1 70.58 

0.8 70.97 
0.6 71.45 
0.4 72.41 

SO2 capturing experiments show that better results are 
obtained in low air flow. The main reason for this is the 
increase in the contact time between the solid and the gas. 
The contact surface required for reactions to occur is the 
same but the contact time is increased. Therefore, the flue 
gas desulphurisation efficiency is increasing in low air flow. 
Figure 2 shows the effect of air flow on the SO2 retention 
efficiency at constant temperature. 

Figure 2. Effect of Air flow on the SO2 retention efficiency 

4. Conclusion 

Mineralogical analysis of dolomite was executed. 
Subsequently, it was thermodynamically calculated and 
shown that dolomite used in this study can capture SO2 at the 

were revealed with experimental studies. 

ons were determined by 
experimental studies. Required optimum air quantity was 
calculated theoretically and determined by experimentation. 
Four times of the theoretically calculated air is enough for 
roasting process. In optimum conditions, required air 
quantity was between 2 and 4 times of the theoretical 
calculations, depending on the content of the concentrate. 

2
capture yield was over 70%. However, it is expected that 
there may be a small decrease in capture yield for high 

2 capture yield but it is expected that 
yield may increase in lower temperatures. 

When all results were evaluated, filtering with dolomite is 
sufficient for the plants with emission upper limits of 1285 

/m3 /m3 /m3 per year. 
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Abstract 

Aluminum silicate acidic refractories used in aluminum production are exposed to aggressive environments. 
Therefore, it is desirable that the thermal and mechanical properties are good as well as the high corrosion 
resistance. Thermal shocks or damage resulting from abrasion in refractories are directly influenced by production 
efficiency. When refractory life is reduced, renewal cost and production delays cause significant problems. 
Different additives are added to the refractories to reduce these problems. In this study, the effects of silicon carbide 
on thermal shock and mechanical properties of alumina silicate refractories were investigated among these 
additives. Thermal shock tests were carried out by producing refractory samples in different chemical compositions 
and the effect of silicon carbide addition on thermal shock was investigated. The effect of the silicon carbide 
additive on the mechanical properties was also investigated by 3-point bending test in this study. 

1. Introduction  
The biggest problem has been encountered in 
refractories used in aluminum production is the damage 
of the refractory because of the corrosion [1]. On the 
other hand, in regions not in contact with liquid metal, 
various damage is observed in refractories exposed to 
high temperature during melting. The most important 
of these damages are thermal shock and mechanical 
damages. Various additives are added to refractories to 
prevent these damages. Among these additives, it has 
been observed that silicon carbide (SiC) has a positive 
effect on thermal shock and mechanical properties in 
the literature. Although SiC additive refractories are 
generally used in the cement industry [2], it was seen in 
the studies have been carried out that SiC admixtures 
improve strength, refractoriness, wear and thermal 
shock properties in refractories [3-6]. Therefore, it is 
expected to improve the problems encountered with the 
use of SiC additive refractories in areas where thermal 
shock and mechanical damage are experienced on the 
liquid metal in the aluminum sector. 

Refractoriness, thermal and mechanical properties of 
refractories are related by composition and material 
quality. In many refractor applications, the thermal 
shock resistance has a significant effect on refractory 
performance. There is a bi-directional approach to 
determining this damage mechanism; these definitions 
are included in the literature as thermal shock damage 
resistance [7-10] or thermal stress fracture initiation 
[11,12] and these are used to characterize thermal shock 
resistance. The thermal shock resistance of refractories 

can be examined by immersing the samples at high 
temperature in environments such as low temperature 
water, oil, liquid metal. The water immersion or quench 
test is the most common method for calculating the 
thermal shock resistance of refractories. The aim of this 
study is to determine the effect of SiC additive and 
compare it with conventional refractories by testing the 
thermal shock and mechanical resistance of SiC 
additive refractories at different ratios. 

2. Experimental Procedure 
2.1. Materials 
At the first stage of the experimental studies, 
refractories containing SiC additive were supplied at 
different ratios. The compositions of these refractories 
are tabulated on the Table 1. 

Table 1. The composition of the refractories used in 
the study. 

Refractory 
Code 

Al2O3
%

SiO2
%

Fe2O3
%

CaO
%

SiC
%

A 55,7 23,6 0,7 1,4 14,4 
B 39,9 16,1 0,4 1,4 38,4 
C 19,3 5,5 - 1,4 67 

D* 52 44,6 0,8 1,6 -
*Current isolation refractory. 

Cup test specimens (100 mm x100 mm) were prepared 
for thermal shock test. Experiments were then carried 
out after 200 mm x 200 mm plates were prepared for 
the strength test. 
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2.2. Thermal shock test 

After the thermal shock samples had been completely 
dried, they were immersed in the water at room 
temperature suddenly after waiting for 1 hour in the 900  

 C furnace. Afterwards, the samples placed in the 
furnace were held 
again in water. Following the thermal shock test, the 
photos of the samples are given below.

A B

C D
Figure 1. Sample photos after thermal shock test.

2.3. Image analysis 

After the thermal shock test, examinations were carried 
out on the optical microscope to examine the damage  

to the specimens in more detail. Damage quantities of 
the samples were determined by taking measurements 
from areas where cracks were most intense.

A B



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

388 IMMC 2018   |   19th International Metallurgy & Materials Congress

C D
Figure 2. Optical microscope photos at 2.5X magnification after thermal shock test. 

Table 2. Crack lengths of refractories. 
A B C D

324 - - 178 

2.4. Mechanical test 

3-point bending test was performed to measure the 
strength of the materials. The test was performed with 
the V=1 mm/min parameter on the Shimadzu AG-
100kNX device. The results are given in Table 3 and 
Figure 3. 

Table 3. 3-point bending test results. 
Sample Maximum force (N) 

A 849 
B 1364 
C 910 
D 1555 

Figure 3. 3-point bending test result graphic. 

3. Results and Discussion 
Different tests were performed to investigate the effect 
of SiC addition on thermal shock and mechanical 
properties in refractories. 

The results of the refractories containing approximately 
%15 %40 and %70 SiC additive are tabulated on the 
Table 4. In order to compare the results obtained after 
the tests made, grades were given to the samples 
according to the results of thermal shock and 
mechanical resistance. 

Sample SiC
(%)

Thermal 
Shock 

Resistance 
Strength 

A 15 Poor Poor 
B 40 Good Good 
C 70 Good Poor 
D - Poor Good 

As a result of this study, the effect of SiC addition on 
the thermal shock and mechanical properties of 
alumina silicate refractories was compared. Compared 
with the refractories used in the insulation zones, the 
best result on the basis of thermal shock and mechanical 
resistance is given by 40% SiC additive refractory. This 
refractory can be used in the areas where these damage 
mechanisms are experienced. 
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Özet

MgO-C tu lalar mükemmel termal ok dirençleri ve 
cüruf ataklarına kar ı dirençleri sayesinde çelik 
yapım potalarında, elektrik ark ocaklarında (EAF) 
ve bazik oksijen fırınlarında yaygın olarak tercih 
edilmektedirler. Ancak oksidasyon direnci karbon 
içeren tu lalarda çözülmesi gereken önemli bir 
problemdir. MgO C tu laların oksidasyon direncini 
artırmak için farklı antioksidan kaynakları
kullanılabilmektedir. Antioksidanlar karbon içeren 
tu lalarda oksidasyon direncini geli tirmesi yanında
kokla ma sonrası özellikleri ve hidratasyon 
direncini de geli tirir. Bu çalı mada MgO C 
tu lalarda antioksidan kayna ı olarak Al, Mg, Si, 
Al-Mg ala ımı ve kombinasyonlarının kullanımı
ara tırılmı tır. Her bir numunenin oksidasyon 
indeksi ile belirlenen oksidasyon davranı ı
kokla ma öncesi ve sonrası; yo unlu u, görünür 
porozite de eri, so uk kırma dayanımı (CCS), 
termal ok davranı ı ve hidratasyon davranı ı ile 
de erlendirilmi tir.

1.Giri

MgO-C tu lalar çelik yapımında kullanılmaya 
ba ladı ı günden beri, bazik oksijen fırınları (BOF), 
elektrik ark ocakları (EAO), pota ocakları gibi çelik 
yapım ocaklarının ana refrakter malzemesi 
olmu lardır. MgO-C tu lalar kullanıldı ı ocak 
tipine, kullanıldı ı oca ın bölgesine göre farklı
karbon miktarlarında üretilmektedirler. Karbonun 
yani genelde karbon kayna ı olarak kullanılan
grafitin MgO-C tu lalar üzerinde önemli pozitif 
etkileri bulunmaktadır. Bu pozitif etkilerden ilki 
grafitin sa ladı ı termal iletkenlik sayesinde, 
tu laların sahip oldu u termal oklara kar ı
dirençtir. kinci önemli etki ise grafit sahip oldu u
yüksek enerji sayesinde MgO-C tu laların cüruf ve 
çelik tarafından ıslanmasını engelleyerek kimyasal 
saldırılara kar ı önemli direnç sa lar.[1] 

Bu avantajlarının yanında grafitin en önemli 
eksikliklerinden bir tanesi dü ük oksidasyon 
direncidir. E itlik 1.1, 1.2 ve 1.3’te oldu u gibi 
karbon MgO’nun oksijeni, havadaki serbest 
oksijen, cürufta bulunan indirgenebilir metal 
oksitlerin oksijeni ile oksitlenebilir. Bu dü ük
oksidasyon direnci nedeniyle çalı ma
sıcaklıklarında meydana gelen karbon kaybı tu la
içerisinde poroziteye neden olur, bu porlar cüruf 
penetrasyonu için yol olu turur, bu durum da tu la
ömrünü kısaltır.

MgO + C  Mg(b) + CO(g)……………….(1.1)                   

 C + O2(g)  CO(g)  ....................................(1.2) 

MeO(cüruf) + C  Me(metal banyosu) + 
CO(g)……………………………….………(1.3) 

MgO-C tu lalar üzerinde yapılan özellikleri 
geli tirme çalı maları sırasında, tu la yapısına
oksijen alma iste i karbondan daha yüksek olan 
metal oksitler katkılanarak, karbonun oksijen 
direnci arttırılmı tır. lk kullanılmaya ba lanan ve 
halen tu la üretimlerinde en çok kullanılan
antioksidanlar Al ve Si metal tozlarıdır. Daha sonra 
bu metal tozlarını yine farklı karaktere sahip Mg, 
Mg-Al ala ımının metal tozları ve SiC, B4C, ZrB2,
AlN gibi bazı seramik tozları takip etmi lerdir.
Bu antioksidanların çalı ma mekanizmaları ve 
etkileri üzerine literatürde oldukça fazla çalı ma
bulunmaktadır, yapılan ve bu çalı mada 
yararlanılan kaynakların referans listesi çalı manın
sonunda listelenmi tir [1-12]. Bu çalı mada dört 
farklı antioksidan ve onların farklı
kombinasyonlarının, antioksidan etkileri, mekanik 
özellikleri ve hidrasyon dirençleri kar ıla tırılmı tır. 

2. Deneysel Çalı malar 

Çalı malarda MgO hammaddesi olarak yüksek 
kalite fused, sinter MgO (KÜMA , Türkiye) ve 
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do al pulsu grafit kullanılmı tır. Ba layıcı olarak 
da sıvı ve toz novalak reçine kullanılmı tır.
Antioksidan ticari olarak piyasada bulunan 
alüminyum, magnezyum, alüminyum magnezyum 
ala ımı, silisyum metal tozları kullanılmı tır. Tablo 
2.1’de deneme reçeteleri sunulmu tur.

Tablo 2.1. Deneme Reçeteleri 

Hammaddeler, ba layıcılar ve katkılar KÜMA
Refrakter tu la fabrikası üretim artlarında
karı tırılıp ekillendirilmi tir. ekillendirilen
tu lalar yine üretim sürecindeki artlar ile 
kürlenmi tir. Tu lalardan 5x5x5 cm uzunluklarında
küp eklinde tu la numuneleri kesilmi tir. Tu laları
kokla tırılması grafite gömülü olarak 900°C 
sıcaklı ında 2 saat gerçekle tirilmi tir. Tu laların
görünür poroziteleri ASTM C 830-00 standardına
göre, tu laların so ukta basma mukavemetleri 
ASTM C133-97 standardına göre 
gerçekle tirilmi tir. Oksidasyon testleri ise 1100°C 
sıcaklıkta oksidatif ortamda 4 saat gerçekle tirilmi
ve e itlik 2.1’e göre oksidasyon indeksleri 
incelenmi tir, burada dü ük oksidasyon indeksi 
yüksek oksidasyon direncini göstermektedir.

Tu laların hidrasyon dirençlerinin ölçülmesi için 
1100°C sıcaklı a yükseltilen numuneleri nemli 
ortamda bekletilerek meydana gelen de i imler 
gözlemlenmi tir. Termal ok direnci içinde önceden 
1100°C sıcaklı a yükseltilen tu lalar 2 saat 
bekletilerek oda sıcaklı ına çıkarılmı  burada 4 
dakika basınçlı hava üflenmi tir. 25 çevrim sonrası
sa lam kalan kesitlerin so ukta basma 
mukavemetleri ölçülerek sınıflandırma yapılmı tır. 

3. Sonuçlar ve Tartı ma 

MgO-C refrakterlerin çalı ma artlarında
gösterecekleri davranı lar, bu refrakterlerin 
kokla ma sonrası gösterdikleri porozite, so ukta
basma mukavemeti ve oksidasyon indeksi gibi 
özellikleriyle do rudan ba lantılıdır.
MgO C refrakterler kokla ma testine tâbi 
tutulduktan sonra grafitin oksidasyonu ve  

ba layıcının serbest karbon olarak bozunması
sebebiyle  CO,CO2, H2, H2O gibi gaz çıkı ları
gözlemlenir. Bu gazların tu la bünyesinden 
çıkı ı açık porozite olarak tespit edilir. 
Kullanılan ba layıcının kalıcı karbonunun 
mümkün oldu unca yüksek olması tercih edilir. 
Genellikle fenolik reçineler %50-60 arasında
serbest karbon üretirler.[13] 
Kokla ma sonrası elde edilen porozite 

de erlerinin olabildi ince dü ük olması istenilir, 
genel olarak %10-15 arasında görünür porozite 
de erleri elde edilir.
Antioksidanlar bünyedeki karbon ile reaksiyona 
girer ve karbür - oksitleri olu turur. Buda 
bünyedeki gözeneklili in dü mesine sebep 
olur.[14] Yapılan çalı mada elde edilen kokla ma
sonrası porozite de erleri ekil 3.1 de 
görülmektedir. Bu sonuçlara göre antioksidan 
ilavesi olarak magnezyum tozu kullanımı,  genel 
olarak tanımlanmı  kokla ma sonrası porozite 
de erlerinin altında sonuçlar tespit edilmesini 
sa lamı tır.

ekil 3.1 Kokla ma sonrası porozite de erleri

Antioksidan içermeyen MgO C tu lalarda grafitin 
çalı ma ortam ve sıcaklıklarında oksitlenmesi ile 
basınç de erlerinde dü ü  gözlemlenir. Antioksidan 
kullanımı ile olu an karbür ve oksitler basınç
de erlerinde artı a sebep olur. ekil 3.2’de 
antioksidan kullanımı ve basınç de erlerindeki
de i im görülmektedir. Elde edilen sonuçlara göre 
antioksidan kayna ı olarak magnezyum tozu, Mg-
Al ala ım tozu ve Mg-Al ala ım tozuna silisyum 
tozu ilavesi kokla ma sonrası basınç de erlerinde
antioksidan olmayan tu laya göre artı a sebep 
olurken antioksidan ilavesi olarak kullanılan
silisyum tozu, Al tozuna silisyum tozu ilavesi ve 
magnezyum tozuna silisyum tozu ilavesi 

0

5

10

18/29 18/30 18/31 18/32 18/33 18/34 18/35 18/36

Kokla ma Sonrası Porozite De erleri %

18/29 18/30 18/31 18/32 18/33 18/34 18/35 18/36

MgO 88 88 88 88 88 88 88 88 
Grafit 12 12 12 12 12 12 12 12 
Reçine + + + + + + + + 

Al - + - - + - - - 
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Mg-Al - - - + - - - + 
Si - - - - + + + + 
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antioksidansız tu la kokla ma sonrası basınç
de erlerine göre dü ük sonuçlar elde edilmesine 
sebep olmu tur. Kokla ma sonrası basınç ve 
porozite de erlerinde uyum tespit 
edilmi tir.( ekil3.3.)

ekil 3.2 Kokla ma sonrası basınç de erleri

ekil 3.3 K.S. Basınç ve porozite de erleri

Reçetelerin oksidasyon davranı ları okside olmu
alan esas alınarak hesaplanan oksidasyon indeksi ile 
sınıflandırılmı tır. Elde edilen kesitler 
incelendi inde kullanılan tüm antioksidan türlerinin 
oksitlenme yüzeyini dü ürerek antioksidan 
davranı ı gösterdi i tespit edilmi tir.( ekil 3.4) 

18/29 18/30 18/31 18/32 

 18/34 18/35  

ekil 3.4 Oksidasyon testi kesitleri 

Oksidasyon indeksi sonuçlarına göre magnezyum 
tozu, magnezyum alüminyum tozu ve bunlara %0,5 

silisyum tozu ilavesi benzer oksidasyon davranı ı
göstermi tir.( ekil3.5)

ekil 3.5. Oksidasyon indeksi sonuçları

Grafitin oksitlenmesine sebep olan oksijen, tu la
bünyesindeki gözeneklerden geçerek oksidasyon 
direncini yükseltmektedir. Antioksidanların
olu turdu u spinel forsterit gibi bile enler tu la
porozitesini dü ürerek oksidasyon direncini 
iyile tirmektedir.[15] Bu ili ki kokla ma sonrası
porozite ve oksidasyon indeksinin paralel e im 
gösterdi i ekil 3.6 de görülmektedir. 

ekil 3.6. KS porozite ve oksidasyon indeksi 

Numunelerin belirtilen yöntemle gerçekle tirilen
hidratasyon testi sonuçlarına göre ekil 3.6’da 
Alüminyum tozu kullanılan reçetede olu an
Al(OH)3 yapısı sebebi ile tu lada bozunma tespit 
edilmi tir. Olu an Al(OH)3 yapısı E itlik 3.1-3.5 ‘ 
de açıklanmı tır.[16] Aynı reçeteye silisyum tozu 
ilave edildi inde hidratasyon direncinin geli ti i,
parçalanma olmadı ı görülmü tür ( ekil 3.7) 
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ekil 3.7. Hidratasyon testi sonrası görünümler 

4Al(s) + 3O2 (g) = 2Al2O3 (s)                          (3.1) 

4Al(l) + 3C(s) =Al4C3 (s)                      (3.2) 

Al4C3 (s) + MgO (s) = MgAl2O4(s)       (3.3) 

Al2O3(s) + MgO (s) = MgAl2O4(s)       (3.4) 

Al4C3(s)+12 H2O (g) = 3CH4(g) + 4Al(OH)3(s)(3.5)

Üretilen tu laların termal ok sonuçları ekil
3.8.’de bulunmaktadır, elde edilen sonuçlara göre 
en yüksek termal ok de erine antioksidan kayna ı
olarak magnezyum tozu ve magnezyum alüminyum 
tozu kullanıldı ında ula ılmı tır.

ekil 3.8.Termal ok sonrası so uk dayanım

4. De erlendirme 

Antioksidan kayna ı olarak magnezyum tozu ve 
magnezyum alüminyum tozu kullanımı alüminyum 
tozu kullanımına göre kokla ma sonrası so ukta
basma mukavemeti, porozite ve oksidasyon 
direncinin iyile mesine sebep olmu tur. Kokla ma 
sonrası so ukta basma mukavemeti, porozite ve 
oksidasyon direnci sonuçları birbiri ile uyumlu 
sonuçlar vermi tir. Oksidasyon testinden elde 
edilen kesitler incelendi inde kullanılan tüm 
antioksidan türlerinin oksitlenme yüzeyini 

dü ürerek antioksidan davranı ı gösterdi i tespit 
edilmi tir. Oksidasyon indeksi sonuçlarına göre 
magnezyum tozu, magnezyum alüminyum tozu ve 
bunlara silisyum tozu ilavesi benzer oksidasyon 
davranı ı göstermi tir Kokla ma sonrası porozite, 
basınç ve oksidasyon indeksi de erleri uyumlu 
sonuçlar vermi tir. Alüminyum tozuna silisyum 
tozu ilave edildi inde hidratasyon direncinin 
artmasıyla birlikte termal ok dayanımı
de i memi tir.
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Nanoceramic Dispersion Strengthened 316L Stainless Steels: Structural and 
Mechanical Properties

Csaba Balázsi

Hungarian Academy of Sciences - Hungarian  

Abstract

Nano-sized ceramic powders have been used to study the eff ect of ceramic addition on the 

structural and mechanical properties of the Höganäs 316L stainless steel. Two alloys have been 

prepared with 0.33wt% and 1wt% Si3N4 addition. Based on our former works, fi ve hours of 

high effi  cient attrition milling are effi  cient to obtain homogenous dispersion of the nano-size 

ceramic particles on the surface of the steel grains. Th e morphological changes of the stainless 

steel grains, the covering and the dispersion of the ceramic particles have been observed by 

Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and verifi ed 

by Energy-dispersive X-ray spectroscopy (EDS). A fast sintering of the mixtures has been 

performed by Spark Plasma Sintering (SPS) in order to obtain submicron sized structure. Th e 

mechanical properties of the solid samples have been presented and tested using three points 

bending, micro-hardness and tibological tests.
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Abstract 

Inconel 718 is a heat resistant superalloy used for 
manufacturing of critical components at the hot zone of 
an aircraft engine due to its outstanding high 
temperature mechanical and chemical properties. On 
the other hand, these superior properties as well as low 
thermal conductivity, high tendency to work hardening 
and built up edge (BUE) layer on the cutting face of the 
tool, make Inconel 718 one of the most difficult to cut 
metals. Therefore, there are limited number of tool 
materials which can be operated at aggressive cutting 
conditions during machining of superalloys. SiAlON 
based ceramics in the form of solid milling cutter were 
developed and utilized for high speed rough milling of 
superalloys, recently. The cutting performance of 
SiAlON based tools strongly depends on various 

-SiAlON phase 
ratio, solubility of Al2O3 -SiAlON crystal structure 
(defined as z value), rare earth dopant type used in the 

-SiAlON, doped 
with four different rare earth (Y, Yb, Er and Ce) 
element was manufactured in the form of a solid 
milling cutter and tested on high speed milling of 
Inconel 718. It was observed that the main wear 
mechanism was the diffusion subsequent to adhesion 
and Y and Er doped SiAlON tools showed significantly 
better wear resistance in comparison to the other tools. 

1. Introduction 

Nickel based superalloys with outstanding high 
temperature mechanical and chemical resistance are 
used for manufacturing of the critical heat resistant 
parts of an aircraft engine. However, high shear 
strength, high tendency to work-hardening and to form 
built-up-edge (BUE) at the tool rake face during 
machining and low thermal conductivity make these 
materials difficult to machine [1]. Machining of Inconel 
718, one of the most widely utilized superalloys, was 
reported 16, 6 and 4 times more difficult than 
machining of aluminum, low carbon steel and hardened 

steel, respectively [2]. Therefore, there is always a 
strong demand for a high wear resistant tool material 
which can be operated for machining of Inconel 718, 
successfully. Although WC-Co based cutting tools can 
be used for machining of Inconel 718 alloy up to a 
cutting speed of 50 m/min, motivation for 
manufacturing of the Inconel parts in shorter time by 
increasing the cutting speed hinders the application of 
these tools [3]. Zheng et al. [4] defined the machining 
at cutting speeds higher than 200 m/min. as ultra-high 
speed and there are limited tool materials can be 
operated under extreme cutting conditions which is the 
result of high cutting speed and pressure. -SiAlON 
ceramic cutting tools with an optimum combination of 
hardness and fracture toughness, outstanding high 
temperature mechanical and chemical durability and 
high thermal shock resistance are one of the most 
suitable materials for these challenging application [5]. 
Altin et al. [6] investigated the wear of SiAlON turning 
inserts as a function of cutting speed and tool geometry. 
The authors stated that while flank and crater wear were 
dominant mechanisms for square inserts, flank and 
notch wear were mainly observed at the cutting edges 
of round inserts. In a similar investigation, Li et al. [7] 
tested SiAlON based inserts at different cutting speeds 
and observed the notch and flank wear as dominant 
wear mechanisms at low (120 m/min) and high (300 
m/min) cutting speeds, respectively. Zheng et al. [8] 
also reported the adhesion and the abrasion as main 
wear mechanisms observed during turning of Inconel 
718 at high cutting speeds.  

In spite of their superior properties over carbide 
counterparts, the literature on the utilization of SiAlON 
inserts on high-speed milling of Inconel 718 is limited. 
Zheng et al. [4] manufactured and tested functionally 
graded SiAlON-TiCN inserts together with Al2O3-SiCw

tools on high-speed milling of Inconel 718 alloy at 
various cutting speeds. They reported that the superior 
wear resistance of graded tool was observed at the 
cutting speeds between 700-900 m/min. Tian et al. [9]
studied high-speed face milling of Inconel 718 with 
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SiAlON ceramic inserts under dry cutting conditions. 
They found the notch wear as dominant mechanism 
when the cutting speed is relatively low (600 1400 
m/min.) and the adhesion wear at higher cutting speeds 
in the range of 1800 3000 m/min. Unlikely to these 

10] manufactured solid SiAlON 
based milling tools and investigated the comparative 
performance of these tools at high speed side milling 
experiments conducted at ~600 m/min. for the first time 
in the literature. A severe adhesion of work piece 
material to the cutting edge and a subsequent crater 
formation at the tool edge was reported under dry 
cutting conditions.  

The cutting performance of SiAlON based tools 
strongly depends on various material parameters such 

-SiAlON phase ratio, solubility of Al2O3 in 
-SiAlON crystal structure (z value), rare earth dopant 

type used in the composition, etc. While the effects of 
these variables on the performance of SiAlON cutting 
inserts used in high speed turning and milling of 
superalloys are substantially clear, the performance of 
solid SiAlON milling tools dependent on these 
parameters has not been investigated in detail, yet. The 
aim of this study to investigate dopant-dependent 
milling performance of -SiAlON solid milling 
cutter prepared with four different rare earth (Y, Yb, Er 
and Ce) on high speed milling of Inconel 718.  

2. Experimental Procedure 
2.1. Manufacturing of SiAlON milling tools

An -SiAlON composed of Y2O3 as main dopant and 
a small amount of Sm2O3 and CaO (in the form of 
CaCO3) was used as the reference composition, the 
milling performance of which was previously 
investigated in [10]. While this composition was 
designated as S-Y, the other compositions derived from 
S-Y by replacing the main dopant with Yb, Er and Ce 
was labelled as S-Yb, S-Er and S-Ce, respectively.  

-Si3N4 (UBE-SN10), AlN (Tokuyama-E grade), 
Al2O3 (Sumitomo-HPA) and other rare-earth additive 
oxides (Y2O3 (Treibacher), Yb2O3 (Treibacher), Er2O3

(Treibacher), CeO2 (Treibacher) and Sm2O3

(Treibacher)) were weighed in proper amounts and 
charged to an attritory mill in aqueous medium for the 
homogenization of the slurries. The slurries were then 
further mixed for one hour after the addition of organic 
pressing additives in the amount of 6 wt.% of the total 
solid loading. Then, SiAlON granules with an average 
diameter of 100 m were obtained by the atomization 
of the SiAlON slurries in the chamber of a pilot-scale 
spray dryer. After this step, the granules were 
transferred to a cylindirical flexible polyurethane mold 
and compacted in an isostatic press (CIP) at 200 MPa 
in order to obtain green SiAlON rods. A binder burn-

out 
prior to sintering of green SiAlON rods. After that, 
SiAlON rods were densified in a Gas Pressure Sintering 
(GPS) furnace (FCT- 2

gas pressure. After sintering, SiAlON rods were ground 
based on a six-flute milling tool geometry developed 
for SiAlON based solid milling tools by Davis et al. 
[11]. A representative picture of SiAlON milling tools 
was given in Figure 1. 

Figure 1. A representative picture of solid SiAlON milling 
tools after whell-grinding (Diameter: 12mm). 

2.2. High speed milling tests of SiAlON milling tools 

High-speed milling tests were carried out with a 5 axis 
horizontal CNC machining center (Makino-GF8). A 
cylindrical Inconel 718 part with a diameter of 100 mm 
was used as work-piece materials in the tests. The 
elemental composition of Inconel 718 alloy is given in 
Table 1. An extreme cutting speed was selected as ~590 
m/min. in order to increase cutting zone temperature 

The radial (ae) and axial depth of cut (ap)
were selected as 0.635 mm and 9.652 mm, respectively. 
The wear at the cutting edge of the tools was analyzed 
every two continuous cutting tests, one of which starts 
at d= 100 mm and ends d= 20 mm. The overall 
performance tests were stopped after the sixth 
continuous tests for each tool. The wear at the cutting 
edges of the tools were examined by a scanning 
electron microscope (SEM).  

Table 1. Elementel composition of Inconel 718 alloy used in 
high-speed machining tests. 

Fe Cr Al Nb Mo Ti Ni 

wt.% 18.33 15.26 4.42 3.60 2.35 0.76 Balance 

3. Results and Discussion 
3.1. Properties of SiAlON ceramics 

Figure 2 (a)-(d) shows the back-scattered electron (BE) 
images and (e) shows the x-ray diffraction (XRD) 
patterns of the SiAlON compositions after sintering. 
The microstructure of the SiAlON compositions is 
formed by the dark gray needle-like -SiAlON grains 
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and equiaxed -SiAlON grains which appear more 
brighter due to partial solubility of high atomic number 

-Si3N4 crystal lattice. The white 
islands in sub-micron size distributed throughout the 
microstructure are the oxynitride phase. It is seen in 
Figure 2 (a)-(c) that the microstructural characteristics 
of S-Y, S-Yb and S-Er samples were quite similar to 
each other in terms of grain shape, size and amount of 

-SiAlON phases. On the other hand, -SiAlON 
grains were not detected in the microstructure of Ce-
doped sample (Figure 2 (d)), proving that the 
stabilization of -SiAlON phase was not achieved by 
Ce in comparison to the other rare earth elements. This 
was also confirmed by XRD analysis given in Fig. 2 
(e). According to Ekstrom [12], the largest rare-earth 
cation to be able to enter the -SiAlON structure alone 
is Nd3+

cations such as La3+ (r= 2+ (r=
are considered unable to occupy alone the interstitial 
sites in -SiAlON crystal structure. In this study, 5 
mole % of Sm3+ and Ca2+ (with a radius of 0.958 and 1 

+2;
however, stabilization of -phase was not achieved 
because of their insufficient amounts in the 
composition. A considerable crystallization of grain 
boundary phase in the form of melilite (a nitrogen-rich 
refractory phase) with a general formula of 
Ln2Si3 xAlxO3+xN4 x was also detected in XRD patterns.

Figure 2. The microstructures of (a) S-Y, (b) S-Yb, (c) S-Er, 
(d) S-Ce and (e) XRD patterns of corresponding samples. 

3.2 High speed milling performance of SiAlON tools 

Figure 3 shows the worn flank faces of the SiAlON 
tools after 2nd, 4th and 6th tests. A uniform adhesion of 
the work-piece material to the cutting surfaces of the 
tools occurred due to extreme temperature at the cutting 
zone above softening point of Inconel 718, which was 
reported  After the 2nd

test, a characteristic accumulation of Inconel 718 alloy 
at the tip of the cutting edges was also observed. The 
amount of accumulated Inconel 718 at these regions for 
S-Y and S-Er tools was considerably lower than that of 
S-Yb and S-Ce tools. This is probably the result of 
different wetting characteristics of the SiAlON tools, 
which was probably affected by the type of rare-earth 
elements used in the composition. After 4th and 6th tests, 
the amount of accumulated Inconel 718 layers at the 
tool tips increased due to progressive wear of the 
milling tools. In case of Yb-doped composition, a crater 
with ~100 m width and ~500 m length formed by the 
instantaneous removal of this adhered Inconel 718 was 
observed after the 4th test. The formation of these 
relatively huge craters indicates that the strength of S-
Yb-diffusion layer interface was not enough to protect 
the surface integrity of the tool. The thermal expansion 
mismatch between SiAlON and diffusion products 
plays an important role on the strength of this interface 
and therefore formation of crates [10]. Since the wear 
occurred as the consequence of the instantaneous 
removal of the adhered Inconel 718 layer together with 
the fragments of the tool material from the flank face, 
it became impossible to express the comparative wear 
behavior of the milling tools quantitatively. However, 
it is obvious in Figure 3 that the chemical wear 
resistance of Y and Er-doped SiAlON milling tools 
were much higher than that of Yb and Ce-doped 
counterparts.  

Figure 3. The micrographs of the cutting faces of the tools 
after 2nd 4th and 6th side milling tests. 
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In order to reveal the chemical composition of the 
diffusion products, the worn surface of S-Yb tool after 
6th test was investigated in detail by EDX analysis 
which is given in Figure 4. It is clear in Figure 4 that 
the diffusion layer at the tool tip composed mainly of 
Al, Cr and O as well as Ti. The Al-rich diffusion 
products at the Si3N4 based ceramic cutting tools was 
also reported by Tian et al. [9]. According to these 
elements distributed throughout the diffusion scale, 
(Al,Cr)2TiO5 crystallization on the tool face was 
expected. Since the thermal expansion coefficient of 
this phase (~0.68 10-6 K-1) is much lower than that of 
SiAlON substrate (~3 10-6 K-1), a quick removal of the 
diffusion scale from the cutting edge due to the 
formation of large number of thermal cracks was 
expected. Consequently, compatibility of diffusion 
products with the SiAlON substrate as well as wetting 
behavior of the substrate were strongly dependent on 
the type of rare-earth used in the starting composition, 
which determines the machining performance of solid 
SiAlON milling tools. 

Figure 4. EDX maps showing the distribution of the elements 
in the worn surface of the S-Yb milling tool

4. Conclusion

In this study, high speed machining performance of 
solid SiAlON ceramics doped with different rare-earth 
elements was investigated. Although comparative wear 
behavior of the milling tools was not obtained 

quantitatively due to instantaneous removal of the 
adhered Inconel 718 layer together with the fragments 
of the tool material from the flank face, it was obvious 
that superior wear resistance of Y and Er doped 
SiAlON tools was determined. Moreover, a diffusion 
scale composed of Al, Cr, Ti and O elements was 
formed at the tool tip. The type of the rare-earth dopants 
was expected to affect the compatibility of this scale 
and therefore chemical wear resistance of the tool.  
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Abstract 

In this study, Dy+3, Y+3 and La+3 doped SiAlON ceramics 
were successfully fabricated by using spark plasma sintering 
(SPS) method. The effects of additive cation and processing 
conditions on the morphological evolution as well as on the 
phase assembly of SiAlON ceramics was investigated. The 
influence of phase diversity on the optical properties of 
sialon ceramics were also discussed. The microstructure and 
phase characterization of the samples were carried out by 
using SEM and XRD techniques, respectively. The IR 
transmittance of the sintered SiAlON ceramics were 
inspected in 1000 7000 cm-1 wave number region by using 
FTIR. According to the results, the existence of secondary 
phases such as AlN-polytypoids and oxynitride glassy phase 
reduces the optical transmission of SiAlON ceramics. The 
Dy+3 cation contributes better to the formation of single-

-SiAlON. Therefore, highest IR transmission 
(42.2%) were observed on Dy- -SiAlON sample. 
Additionally, final grain size/grain size distribution and 
density of the sintered bodies are influential factors on 
optical properties of SiAlON ceramics. 

1. Introduction 

SiAlON ceramics are a solid solution of Si3N4-Al2O3 and 
have generally been used for structural applications because 
of their excellent fracture toughness and strength, 
outstanding chemical stability and wear resistance. The most 
commonly known phases of SiAlON ceramics are alpha 

-SiAlON. Also, a small amount of glassy 
phase, melilite and AlN-polytypoids may be seen on the final 
microstructure of SiAlON ceramics. Due to the significant 
dependence of the mechanical properties on microstructure, 
microstructural development of SiAlON ceramics have been 
widely discussed for structural applications [1, 2]. -SiAlON 
is characterised by high toughness and strength because of 
its elongated grain morphology. On the other hand,  

-SiAlON grains tend to have a small, equiaxed morphology 
which results in materials have a higher hardness but a lower 

-SiAlON [3].  

In recent years, the number of studies investigating optical 
of SiAlON ceramics keep rising. The wide range of  

-SiAlON compositions and dopants such as alkali earth 
cations (Ca2+ and Mg2+) and rare earth elemets (Lu3+, Nd3+,
Sm3+, Tb3+) have been tried to improve optical properties of 

-SiAlON [4-7]. Additionally, the production of transparent 
SiAlONs with numerous sintering techniques such as spark 
plasma sintering (SPS), hot isostatic pressing (HIP), hot 
press (HP) and gas pressure sintering (GPS) has been 
reported [8-12].  

Developing the optical futures of SiAlON ceramics for 
military applications such as transparent armors or high-
speed infrared guided missiles which require not only the 
optical or IR transmittance but also the exceptional 
mechanical properties. The main advantage of SiAlON 
ceramics over Si3N4 is the posiblity of production of mixed 

-SiAlONS with a combination of the high hardness of  
-SiAlON and -SiAlON. 

However, the reports on the effects of phase diversity on the 
optical properties of SiAlON ceramics is very limited. 

The aim of this study is to investigate the relationship 
between phase content and optical properties of SiAlON 
ceramics. For this purpose, three kinds of additive cations 
were used as sintering aid. The influence of the sintering aids 
on the stabilization of -SiAlON and -SiAlON phases, as 
well as on the densification behavior, sintering temperature, 
morphological development and optical properties of 
SiAlON ceramics were studied and discussed. 

2. Experimental Procedure 

2.1 Fabrication of translucent SiAlON ceramics 

Commercial high-purity powders of Si3N4 (UBE-10, 
containing 1.6 wt.% oxygen), AlN (Tokuyama, containing 1 
wt.% oxygen), Al2O3 (99.99 wt.%, Sumitomo AES IIC), 
Dy2O3 (99.99%, HC Starck), Y2O3 (99.99%, HC Starck) and 
La2O3 (99.99%, HC Starck) were used without further 
purification. Starting compositions were prepared with  
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Table 1. Sample codes, sintering conditions and bulk densities of the sintered samples. 

Sample Code Sintering Temperature 
( )

Holding Time 
(sec.) 

Start of 
Densification 

End of 
Densification 

Density 
(g/cm3)

Dy1212 1750 300 1417 1582 3,45
Y1212 1750 300 1375 1562 3,29
La1212 1650 75 1231 1520 3,35

-SiAlON general formula  
(Re(x)Si(12-m-n)Al(m+n)O(n)N(16-n)). Dy+3, Y+3 and La+3 were 
selected and used as sintering aids. m and n values were 
determined as 1.2 and 1.2, respectively. The surface oxides 
of nitride powders were taken into the account while 
calculating the compositions. The weighed starting powders 
were milled by planetary ball milling (Pulverisette 6 Fritsch, 
Germany) by using Si3N4 balls and a Si3N4 jar in order to 
obtain a homogeneous mixture. Isopropanol alcohol used as 
solvent for milling process. After milling, the powder slurry 
was dried at 55 C and sieved (250  The sintering was 
carried out by using a spark plasma sintering furnace (FCT 
GmbH, Germany). Dried powder mixture was placed in a 
cylindrical carbon die, then were heated at a rate of 
100 /min till sintering temperature under vacuum 
atmosphere with a 50 MPa uniaxial pressure between the 
rams. The furnace was then cooled to room temperature at a 
cooling rate of 200 C/min. The beginning and the end of 
densification temperatures were determined by measuring 
the distance between SPS rams while sintering process. 
Sample codes, sintering conditions were shown in Table 1.

2.2 Characterization 

The densities of the sintered samples were measured by the 
Archimedes method in distilled water. The phase analysis 
was carried out by using the X-ray diffraction method 
(XRD-

 The 
microstructure of the final products inspected by scanning 
electron microscopy (SEM-Zeiss Supra 50 V). The EDX 
analysis were also applied. The infrared transmissions of the 
samples were measured by FT-IR (Bruker Tensor27) in 
between 1000-7000 cm-1.

3. Results and Discussion 

The bulk densities of the sintered specimens are listed in 
Table 1. According to density measurement results, all 
samples could have densified to over 99% of its theoretical 
density value. At the initial stage of sintering of SiAlON 
ceramics, oxide components form an eutectic liquid which 
promotes the densification by filling open porosities and 
helping the rearrangement of solid particles [13]. This event 
generally named as densification. Table 1 shows the start 
and end of densification temperatures of samples. It is 
observed that the densification started and ended at relatively 
lower temperature while sintering of La1212.   

Figure 1. X-ray diffraction patterns of the samples. 

Which indicates that La2O3 additive reduced the formation 
temperature of eutectic liquid. Due to this reason La1212 

than Dy1212 and Y1212. 

The XRD analyses of the sintered samples were carried out 
to check the phase composition of the samples. X-ray 
diffraction patterns of the samples are shown in Figure 1. 
The results show -SiAlON is the major phase in 
Dy1212 and Y1212. On the other hand, mixed -
formation observed in La1212. Its previously reported that 
additive cations with larger ionic radii increase the amount 
of liquid and reducing its viscosity, so promotes the phase 
transformation of  to -SiAlON [14]. Although the initial 
composition of La1212 is in the -SiAlON region, the 
formation of mixed - SiAlON might happen due to the 
relatively larger ionic radii of La+3 than D+3 and Y+3. The 
minor amount of AlN-polytype formation were also detected 
in XRD patterns of Y1212 and La1212.  

Back scattered scanning electron micrographs of the 
samples are shown in Figure 2 (a-c). SEM micrographs 
confirm the density measurement results. No porosity can be 
detected on any samples micrographs. D1212 and Y1212 
consist of -SiAlON grains which 
are shown as light grey colored. The average grain size of 

-SiAlON grains very small, on the contrary 
average -SiAlON grains size approximately 5 

 Some amount of black colored equiaxed grains were 
also observed in the all specimens.  EDX studies were  
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(a) (b) (c)
Figure 2. SEM micrographs by back-scattering mode of (a) Dy1212, (b) Y1212, (c) La1212 samples.

carried out to characterize the elemental distribution 
differences between in the black colored and -SiAlON 
grains. The line analysis results of Y1212 were shown in 
Figure 3 (a-b). Its clearly seen that the secondary crystalline 
black colored phase includes more amount of aluminum and 
lover amount of silicon than -SiAlON. This observation 
indicates that black colored grains belong to the AlN-
polytype phase found in Y1212 samples XRD analysis 
results. La1212 also includes high amount of AlN-polytypes. 
However, very week amount of AlN-polytypes can be seen 
on D1212 micrograph. Due to its low amount of existence, 
AlN-polytypes characteristic peaks 
analysis of Dy1212. Additionally, needle like -SiAlON 
grains and high amount of glassy phase shown in L1212 
micrograph. Rare earth rich glassy phase has higher atomic 
weight than -SiAlON and -SiAlON, so shown as white 
colored in the back scattered micrographs. The placement of 
the glassy phase is generally in the triple pockets of -
SiAlON grains on Dy1212 and Y1212. On the other hand, it 
surrounds the -SiAlON grains in La1212. -SiAlON is 
capable to incorporate the additive cations in its crystalline 
structure which results with lower amount of glassy phase 
on final microstructure [15]. Thus, the amount of glassy 
phase is relatively higher in La1212 than Dy1212 and 
Y1212.  

Figure 3. EDX spectrum of AlN-polytype grain on Y1212 
(a) spectrum position, (b) the graph of elemental 

distribution. 

The sintered specimens were thinned to four different 
thickness in range between 2 mm to 0.3 mm for 

transmittance measurements. Then, the infrared 
transmittance was inspected in 1000-7000 cm-1 by FT-IR 
with 25 measurement cycles. The resultant graphs are shown 
in Figure 4-6 and the summary of maximum transmission 
values according to the sample thickness are given in Table
2. The IR transmission of all samples increase with 
decreasing the sample thickness. Which is consistent with 
Beer-Lambert  law [16]. 

Table 2. The transmission values at different thicknesses.

Sample 
Code 

Transmission (%) 
2 mm 1.5 mm 0.8 mm 0.3 mm 

Dy1212 18.9 26.4 36.1 42.2
Y1212 3 17.12 22.20 36.98
La1212 0 0 0 14.7

The FT-IR results shows that Dy1212 is translucent even at 
2 mm thickness. However, Y1212 and La1212 are optically 
opaque at this thickness. By decreasing the thickness Y1212 
and La1212 starts to show IR transmission as well. Dy1212 
reaches the highest transmission value among the all samples 
which is 42.2 % at around ~2100 wavenumber for 0.3 mm 
sample thickness. The absorption peak in the Dy3+ doped 
sample was determined at 3540cm-1 which is belongs to the 
electron transmission of 6H15/2 11/2. So, this peak was 
not observed in Y3+ and La3+ doped samples. It is known that 
the microstructural inhomogeneity such as porosity, grain 
boundary, anisotropy of grains causes the internal light 
scattering [17]. In the case of La1212, -SiAlON, -SiAlON, 
AlN-polytype and glassy phases with different refractive 
indexes may cause internal light scattering and reduce the 
transmittance value of ceramic. Thus, the lower 
transmittance value at 0.3mm thickness were observed in 
La1212 with most complex phase composition. Besides the 
existing of relatively higher amount of AlN-polytype phase 
in Y1212, the final morphology of D1212 and Y1212 is very 
similar. Due to the reason that the refractive index value of 
AlN-polytype phase (2.20) is close to the -SiAlON (2.11-
2.17), the measured transmittance difference between 
D1212 and Y1212 samples at 0.3 mm thickness is not 
dramatically huge, it was only 5.22 % [7]. 
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Figure 4. Infrared transmission of Dy1212 at different 
thicknesses (a) 0.3mm (b) 0.8mm (c) 1.5mm and (d) 2mm. 

Figure 5. Infrared transmission of Y1212 at different 
thicknesses (a) 0.3mm (b) 0.8mm and (c) 1.5mm. 

Figure 6. Infrared transmission of La1212 (a) 0.3mm.

4. Conclusion 

In summary, SPS-ed translucent SiAlON ceramics were 
produced by using three kinds of additive cations. Dy+3 and 
Y+3 promotes the formation of -SiAlON phase. On the other 
hand, mixed / -SiAlON were observed with the addition of 
La3+. The existence of secondary phases such as AlN-
polytypes and glassy phase and their distribution on the 
structure strongly effects the SiAlON ceramics optical 

properties. The highest IR transmittance was measured on 
Dy- -SiAlON (42.2%) at around ~2100 wavenumber. 
Mixed / -SiAlON ceramics IR transmission was relatively 
lower due to the high amount of glassy phase and 
microstructural complexity. As a conclusion, it is possible to 
produce translucent / -SiAlON ceramics which can be 
more favorable for military applications such as transparent 
armors or high-speed infrared guided missiles. However, the 
microstructural tailoring is required to obtain highly 
translucent / -SiAlON ceramics.  
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Abstract

In this study spinel-mullite-corundum based ceramic 
composites were in-situ formed during one step 
sintering. In order to improve the mechanical 
properties and sintering behavior Zircon was added 
into composition. Y2O3 was also added into 
composition to obtain the converted ZrO2 from Zircon 
in monoclinic form. The amount of Y2O3 was varied 
between 0 and 3,5 weight %. To study the sintering and 
mechanical behavior pellet and rectangular bar shaped 
samples were produced from the prepared granules by 
uniaxial dry pressing under the load of 40 MPa. The 
samples were sintered between 1350°C and 1500°C for 
3 hours in an electrically heated furnaces. Sintering 
behavior of samples were characterized by measuring 
bulk density, firing shrinkage and water absorption 
values. The mechanical behavior of sintered samples 
were characterized by measuring elastic modulus and 
flexural strength at room temperature. The phases 
developed in the microstructure were identified by X-
Ray diffraction and SEM studies. It was found that the 
addition of 3.5% Y2O3 was lowered the sintering 
temperature from 1500°C to 1375°C and increased the 
flexural strength values from 100 MPa to 160 MPa. 

1.Introduction

Magnesium–aluminum spinel (MgAl2O4, MAS) is the 
only stable phase in the MgO–A12O3 system [1]. 
MgAl2O4 is widely used as a superior quality refractory 
material due to its high melting point (2135°C), high 
mechanical strength at elevated temperatures and 
thermal shock resistance [2, 3]. However, the general 
application areas of magnesium aluminate spinel are 
limited due to their poor mechanical properties at room 
temperature although its high mechanical strength at 
elevated temperatures, low dielectric losses and 
excellent resistant to acid [3-6]. 
It is accapted as a rational strategy to fabricate 
multiphase ceramic (composite) material if the desired 
properties could not be achieved with a monolithic 
material. The combinations of magnesium–aluminum 
spinel based ceramics with various phases such as 

mullite and corundum to form ceramic composites has 
become widely recognized as a method for producing 
materials suitable for high temperature and engineering 
applications. The addition of zirconia as a discrete 
second phase is also a typical way of improving the 
mechanical properties of multiphase ceramics [3, 6, 7]. 
The studies carried out on the binary systems 
containing alümina/zirconia, mullite/zirconia, 
cordierite/zirconia and spinel/zirconia have shown that 
fine ZrO2 dispersions in a ceramic matrix can affect the 
sinterability and considerably improve the mechanical 
properties [2–13]. With dispersion of 25 wt% ZrO2

which includes 60% metastable tetragonal structure 
and 40% monoclinic structure, the fracture strength of 
MgAl2O4 is increased from 200 to 500 MPa [8]. In 
another study, when 24 wt% Zr02 was added to spinel, 
the fracture strength and the fracture toughness doubled 
for reinforced spinel [9]. The composite with a 20 wt% 
ZrO2-spinel composition which containing cubic ZrO2,
didn’t increase toughness value because of cubic 
structure[10]. Additions of zirconia and yttrium oxide 
into the MgO-MgAl2O4 composite refractories showed 
significant improvement on the mechanical properties 
and thermal stress resistance parameters [4]. It was 
found that yttrium oxide contributed to the formation 
of a solid solution between zirconia and mullite. Ytria 
contribution also significantly increased the fracture 
toughness which increased when ytria raised to 5% 
from 3%, but decreased when ytria content reached to 
7% [11]. The desired strength in zirconia containing 
multiphase ceramics is not generally achieved due to 
the formation of unstable structure of zirconia. The 
crystal structure changes with changing temperature. In 
the samples heat treated at 1100o, all of the zircons are 
in the tetragonal structure. When the temperature is 
1400o the amount of tetragonal zirconia decreases 
linearly and the amount of monoclinic zirconia 
increases. The main phase is monoclinic zirconia after 
the transition is completed at 1500o [12].
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In this study, yttrium oxide was added into the zircon 
containing magnesia spinel-mullite-corundum 
multiphase ceramic which is in-situ formed during one 
step sintering to eliminate the formation of unstable 
zirconia.

2. Experimental Procedure 

To study the effect of zircon and yttrium oxide addition 
on the sinterability and mechanical properties of in-situ 
grown magnesia spinel-mullite-corundum multiphase 
ceramics, three compositions coded as SPY-1, SPY-2 
and SPY-3 were prepared. The zircon and yttrium 
oxide addition was made on a base composition which 
was given in Table 1. In the prepared compositions the 
amount of zircon was kept constant at 42,5%, but the 
amount of yttrium oxide was varied from 0 to 3,5% and 
the details of compositions are also given in Table 1. 

Table 1.Details of the prepared compositions. 

HAMMADDE BASE SPY-1 SPY-2 SPY-3 

Mg-Clay  17,50 17,50 17,50 17,50

Wallostonite  3,00 3,00 3,00 3,00 

Alumina 50,75 50,75 50,75 50,75

Kaolen  13,00 13,00 13,00 13,00

Quartz 15,75 15,75 15,75 15,75

Zircon --- 42,5 42,5 42,5 
Y2O3 --- 0,0 1,6 3,5 

Natural minerals and synthetic raw materials were used 
for the preparation of ceramic bodies. Homogeneous 
mixtures of bodies containing different amounts of 
Y2O3 were obtained after wet mixing/milling the 
required amounts of raw materials for 24 hours in an 
alumina pot containing different size alumina balls. 
After mixing/milling, the slurries were dried at ~110ºC 
and then granulated. The sudies on sintering and 
mechanical behaviour were conducted on rectengular 
bar specimens. To produce the test samples, moist 
granules of the starting materials, were uniaxially 
pressed at 30 MPa. The unfired bars had dimensions of 
7 mm x 75 mm x approximately 4 mm. Test specimens 
were fired with a heating rate of 180ºC/h. at 
temperatures from 1350ºC to 1500ºC with soaking time 
of 3 hours, in the Nabertherm chamber furnace. The 
densities after firing were determined from the volume 
of bars and their masses. Elastic modulus of sintered 
specimens was measured at room temperature by the 
resonance frequency method according to ASTM 
standard C1259-94 using a Grindo-Sonic system 
(Grindo-Sonic MkV, J. W. Lemmens, Belgium). The 
flexural strength of sintered test bars were measured 
with an electronic universal tester (Model 5569, Instron 
ltd.) by a three point bending fixture with a lower span 
of 50 mm and crosshead speed of 1 mm/min, based on 
ASTM standard C1161-90. The surface condition of 
tested specimens was as-sintered. The number of 

specimens used varied between eight and ten for each 
sintering temperature. 
The crystalline phases present in the sintered samples 
were identified by XRD technique. For XRD, 
powdered form of sintered samples were scanned from 
2 =5 to 70º, at a scanning speed of 1º/min, using a 
RIGAKU 2200 DMAX diffractometer (with CuKa-
radiation, l=0.154 nm) at 40 kV and 40 mA. For SEM 
observations, specimens were polished using 6, 3, 1 m
diamond pastes after grinding with silicon carbide 
powders as abrasive and lubricated with water. The 
polished surfaces were chemically etched in 3% HF 
solution for 1.5 minutes. A Phillips XL30 SFEG 
scanning electron microscope (operating at 20kV) was 
used for microstructural examination of samples with 
secondary electron images used predominantly. 

3.Results and Discussion 

Figure.1 shows the densification behaviour of bodies 
containing different amounts of Y2O3 against the 
sintering temperature. As the sintering temperature 
increases density values increase too. The increase in 
density is steady in samples produced from a body 
(SPY-1) that does not contain any Y2O3. However, 
when Y2O3 is added and its amount is varied in the 
compositions a dramatic increase in density becomes 
obvious. The temperature to reach the maximum 
densification is also reduced by the presence of Y2O3.

Figure 1.Bulk densities of sintered specimens produced from 
bodies containing different amounts of Y2O3.

Dramatic change in densification behaviour by the 
incorporation of Y2O3 into the bodies is also observed 
from the firing shrinkage values of specimens that are 
sintered at different temperatures as shown in Fig. 2. 
To investigate the extent of densification in the fired 
bodies, the apparent porosity, which is considered as 
the water absorption capacity of material is 
measured. Fig. 3 shows the variation in water 
absorption with sintering temperature. On the contrary 
to SPY-1,the water absorption of sintered specimens of 
SPY-2 and SPY-3 bodies becomes almost zero 
indicating that the fired bodies achieve complete 
densification. Fig.4 shows the SEM analysis, which 
indicates differences the morphology of the porosities 
in the fired bodies of SPY-1 and SPY-3 at 1375oC. The 
specimen of SPY-1 body (no Y2O3 is present, Fig. 3.a) 
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contains both isolated small pores and generally 
interconnected large pores in large numbers because of 
incomplete densification. However, the specimen 
produced from a body of SPY-3 (with 3,5% Y2O3, Fig. 
3.b) contains essentially isolated small pores.  

Figure 2.Firing shrinkage behaviour of sintered bodies 
containing different amounts of Y2O3.

Figure 3.Water absorption values of sintered bodies 
containing different amounts of Y2O3.

Figure 4.SEM micrographs of sintered specimens of a) SPY-
1 and b) SPY-3 bodies that are sintered at 1375°C. 

Figure. 5 and 6 shows respectively the elastic modulus 
and flexural strength behaviour of bodies that are 
containing different amounts of Y2O3, sintered in the 
temperature range from 1350 to 1500oC. Both elastic 
modulus and strength behaviour followed the 
densification behaviour of sintered bodies. The flexural 
strength increased with the Y2O3 contents of bodies 
reaching its maximum value of 160 MPa with the 
specimens produced from SPY-3 body sintered at 
1375oC. 

Figure 5.Elastic modulus values

Figure 6.Flexural strength values 

The sudden decrease in flexural strength value is 
observed from specimens of SPY-1 body that are  
sintered at 1450oC. Above and below that temperature 
the strength values followed a distinctive increment 
pattern. A sample from that lot was x-rayed (Fig. 7) 
and the cordierite, low thermal expansion coefficient, 
phase formation is determined and the cordierite 
formation is thought to be the reason for the strength 
reduction.   
The crystalline phases developed in all the specimens 
produced from all the bodies and sintered at different 
temperatures are determined by x-ray diffraction 
studies and the results are listed in Table 2.   
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Figure 7.XRD pattern obtained from a specimen of SPY-1 
body sintered at 1400°C. 

Magnesia spinel-mullite-zirconia multiphase formation 
is only detected in specimens produced from SPY-1 
body sintered above 1475°C. The Y2O3 incorporation 
into bodies stabilised the ZrO2 in monoclinic form only 
when the specimens are sintered at temperatures higher 
than 1375°C. However, further increase of 
temperatures allowed for the formation of tetragonal 
zirconia.

Table 2.The phases developed all the sintered specimens. 

Cord. Zircon Al2O3 Mullite m- 
ZrO2

Spinel t-
ZrO2

SPY-1
1350 X X X X
1375  X X X    
1400  X  X X   
1425  X  X X   
1450 X X  X X   
1475  X  X X X X 
1500  X  X X X X 
SPY-2
1350 X X X 
1375  X X X    
1400  X X X X   
1425 X X X X X  X 
1440 X X X X X  X 
SPY-3
1350 X X X     

1375  X X     
1400  X X X X   
1410 X  X X X  X 
1425 X  X X X  X 

SEM image given in Figure 8 shows the crystalline 
microstructure of specimen produced from SPY-3 body 
which is fired at 1375°C. 

Figure 8.SEM micrograph of the multiphase ceramic from 
SPY-3 body. 

3. Conclusions 

Zircon containing magnesia spinel-mullite multiphase 
ceramic was successfully formed during one step 
sintering at 1500°C. However, its densification was not 
completely achived and it had poor mechanical 

behaviour. The addition of 3.5% Y2O3 increased the 
densification level and lowered the sintering 
temperature from 1500°C to 1375°C to reach the 
maximum density and the highest flexural strength 
value which is about 160 MPa. The zirconia formed 
from the conversion of zircon was mainly in 
monoclinic form. 
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Abstract

The recent studies on castable refractories involve 
development of formulations to increase the mechanical 
properties and slag corrosion resistance of these materials. 
These research work involves adjustments of particle size 
distributions and also development of new additive systems. 
One of the main drawbacks in the formulation of the 
castables is the presence of a cement phase, which has 
negative impacts on the above properties. This study targets 
the application of a recently developed binder system to 
replace the cement phase. Cement-free alumina based 
castable refractory materials were developed using three 
different binders and their effects on mechanical properties 
and slag corrosion were investigated. Six cement-free 
compositions were designed based on a cement containing 
reference castable formulation. Mixtures were configured 
based on a constant “Modified Andreassen’s” distribution 
coefficient value q as 0.35. Shaped green specimens cast 
under vibration were dried at 110oC and fired at 1000oC - 
1500oC temperatures. Also, thermal shock resistance of 
these sintered specimens was investigated and thermal shock 
damage of the cement containing and cement-free castables 
were compared. The best combination of the binders in the 
formulation, resulting improved casting behavior, and high 
green/cold compression strengths was determined. Slag 
corrosion tests for these castables were carried out by the 
standard crucible method using a commercial steel ladle 
slag. The extent of slag diffusion and corrosion behavior was 
studied to select the optimum performing formulation.

1. Introduction 

Slag corrosion and thermal shock resistance are important 
properties expected from refractory castables. Low cement 
and cement free castables have been gaining acceptance in 
all sectors of metallurgical production [1]. This is because 
the CaO present in the cement leads to deterioration of high 
temperature properties [2]. High porosity results from the 
cement phase reduces the mechanical strength and slag 
corrosion resistance of refractory. Therefore, elimination of 
drawbacks of cement phase is essential.

In this regard, newly developed cement free binder system 
based on reactive alumina and magnesia was used to 
manufacture cement free alumina castable. Their 
mechanical, thermomechanical and corrosion properties 
were compared with the properties of a reference cement 
containing castable.

2. Experimental Procedure 

2.1. Raw materials 

Tabular alumina fractions up to 5 mm and reactive alumina 
were used. The additives were calcium aluminate cement as 
a binder and dispersants. The newly developed binders 
RM16, RM11 and ULM11 were added to manufacture a 
cement free alumina based castable. Chemical compositions 
of the alumina raw materials and binders determined by 
Rigaku Nex CG EDX-Ray Fluorescence Spectrometer are 
given in Table 1. Particle size data of the finer sizes of 
aggregates obtained by using Cilas 1090 Particle Size 
Anayzer are presented in Table 2. 

Table 1.  Chemical compositions of raw materials. 
 Components (wt%) 

Al2O3 Na2O SiO2 Fe2O3 CaO MgO TiO2

Tabular
alumina 99.5 0.40 0.06 0.03 - - - 

Reactive
alumina 99.7 0.10 0.05 0.03 - - - 

Cement 71.06 0.27 0.15 0.06 28.21 0.21 0.03 
RM 11 94.42 0.41 0.03 0.04 0.09 4.95 0.01 
RM 16 88.45 0.44 0.05 0.11 0.14 10.74 0.01 

ULM 11 98.24 0.40 0.12 0.02 0.07 1.07 0.01 

Table 2. Particle size data of raw materials for fine sizes 
Raw material (μm) d10 d50 d90

Tabular alumina (0-200 μm) 5.43 50.1 178.55 
Reactive alumina 0.22 1.80 5.07 

Calcium aluminate cement 1.85 14.48 51.12 
Binder RM 11 0.15 2.09 5.80 
Binder RM 16 0.23 1.96 7.74 
Binder ULM11 0.13 2.09 5.72 
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2.2. Castable formulations 

Three different new developed binders were used to replace 
the cement phase of the reference castable. According to 
series of experiments and observations, their combinations 
with different ratios were used to obtain the optimum 
properties. Six castable mixture compositions containing 
binders instead of cement and reactive alumina, were 
designed based on a cement containing reference castable 
formulation which had a particle distribution coefficient 
value (q) as 0.35. 

Table 3. Compositions of castables in terms of raw 
materials used.

 Ref. 1 2 3 4 5 6 
Raw

materials Composition, wt% 

Tabular
Alumina       
(2-5 mm)

30 30 30 30 30 30 30 

Tabular
Alumina       
(1-2 mm)

15 15 15 15 15 15 15 

Tabular
Alumina       
(0-1 mm)

23 23 23 23 23 23 23 

Tabular
Alumina

(0-0.5 mm)
13 13 13 13 13 13 13 

Tabular
Alumina

(0-0.3 mm) 
3 3 3 3 3 3 3 

Tabular
Alumina

(0-0.2 mm) 
3 3 3 3 3 3 3 

Reactive
Alumina 6 - - - - - - 

Cement 7 - - - - - - 
RM 11 - 13 - - 6.5 - - 
RM 16 - - 13 - - 6.5 10 

ULM 11 - - - 13 6.5 6.5 3 

Water 4.6 4.6 4.6 4.6 4.6 4.6 4.6/3.8
/4.2

2.3. Fabrication of castable specimens 

Raw materials having different size fractions of aggregates 
and powders were weighed depending on the determined 
recipes. 1 % dispersant system was also added to cement 
containing recipe. The batches were dry-mixed, water was 
added and then the batches were wet-mixed. After mixing, 
castable batches poured into metal moulds under vibration. 
When vibrational casting was completed, mixtures were kept 
for a setting time to solidify then shaped refractory 
specimens were demolded. Shaped green specimens were 
subsequently dried at 110oC for 18 h and fired at 1000oC and 
1500oC for 2 h. 

2.4. Characterization of refractory specimens 

Apparent porosity and bulk density measurements were 
carried out by Archimedes’ method which depends on 
ASTM C 20-00 standard. Cold crushing strength 

measurements were conducted in accordance with ASTM 
C133-97standard using cubes of dimensions 50x50x50. The 
dynamic modulus of elasticity measurements were 
performed by a impulse excitation vibration by GrindoSonic 
MK6 model instrument using 40x40x160 mm dimension 
specimens in accordance with ASTM E-1876 standard. 
Flexural strengths were assessed by using three-point 
bending tests. Dried reference and optimum cement-free 
specimens were characterized by using a high temperature 
Anter dilatometer at 3oC/min heating and cooling rates under 
air atmosphere. To determine and compare thermal shock 
resistances, thermal shock tests were carried out by water 
quenching method. In this regard, the specimens having 
50x50x50 mm dimensions were subjected to 5, 10, 15, 20, 
25 and 30 thermal shock cycles. The slag corrosion 
resistance experiments were carried out adopting the static 
crucible method according to DIN 51069 standard. Steel
ladle slag which was composed mainly of CaO–Al2O3–SiO2
was used in tests. The basicity of the slag (CaO/SiO2) was 
2.59. Slag corrosion areas were determined on cross section 
surfaces of specimens with the use of a semi-quantitative 
graph calculations on millimetric paper. 

3. Results and Discussion 

3.1. Apparent porosity, bulk density and cold crushing 
strength results 

The apparent porosities, bulk densities and cold crushing 
strength of the castables are given in Table 4, Table 5 and 
Table 6, respectively. 

Table 4. Results of apparent porosity tests.
Number

of
recipe

Content of 
water
(%) 

Apparent porosity 
(%)

110oC 1000oC 1500oC
Ref. 4.6 13.5 19.7 17.7 

1 4.6 14.7 17.5 15.8 
2 4.6 9.3 13.2 15.5 
3 4.6 14.2 15.2 16.1 
4 4.6 13.5 15.8 16.1 
5 4.6 12.6 13.7 15.9 

6
4.6 12.7 12.8 14.6 
4.2 13.3 9.4 12.2 
3.8 10.3 8.4 8.7 

Table 5. Bulk density results. 
Number
of recipe 

Content of 
water (%) 

Bulk density 
(g/cm3)

110oC 1000oC 1500oC
Ref. 4.6 3.14 3.06 3.02 

1 4.6 3.10 3.05 3.10 
2 4.6 3.07 3.06 3.06 
3 4.6 3.12 3.10 3.12 
4 4.6 3.08 3.04 3.08 
5 4.6 3.05 3.05 3.07 

6
4.6 3.1 3.07 3.1 
4.2 3.03 3.03 3.04 
3.8 3.17 3.19 3.22 

Considering the strength and particularly the porosity values 
the work was continued on recipe number six. Lowering the 
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water content to 3.8 % caused pronounced increase in the 
density and excessive decrease in porosity level. It was 
thought that this situation would decrease thermal shock 
resistance of the castables.  Thus, the water content was held 
on a constant value of 4.2 %. On the other hand, among all 
the recipes with cement free formulations, optimum cold 
crushing strength values were obtained from recipe number 
six which was casted using 4.2 % water content. Castable 
properties of cement containing recipe with 0.35 q-value and 
the formulation composed of 10% RM16 plus 3% ULM11 
were compared after this phase of the experimental study. 

Table 6. Results of cold crushing strengths of cement free 
castables with different binder compositions.

Number of 
recipe

Content of 
water (%) 

Cold crushing strength (MPa)

110oC 1000oC 1500oC

Ref. 4.6 91.9 59.8 98.8 
1 4.6 10.2 10.6 51.3 
2 4.6 35.6 44.7 102.7 
3 4.6 4.9 6.0 79.6 
4 4.6 5.6 6.2 57.6 
5 4.6 11.7 15.6 77.8 

6
4.6 17.2 36.1 174.3 
4.2 25.5 46.9 131.6 
3.8 44.9 96.5 189 

Since the castable manufactured using recipe number 6 with 
4.2 % water provided optimum structural properties, its 
properties were compared with the cement containing 
castable with q=0.35. 

3.2. Dynamic modulus of elasticity results 

Modulus of elasticity results for cement containing reference 
and optimum cement-free specimens which were heat 
treated at 110, 1000 and 1500oC are given in Figure 1.

Figure 1. Changes of modulus of elasticity with reference 
and optimum cement free castables versus temperature.

Dried cement free and cement containing specimens had the 
same modulus of elasticity because of possessing the same 
porosity level.  Cement free castable fired at 1500oC had 180 
GPa modulus of elasticity while cement containing reference 

castable is 101 GPa. Removal of cement phase from castable 
matrix enhanced the modulus of elasticity.

3.3 Three-point bending test results 

Flexural strengths are presented as a function of firing 
temperature in Figure 2.

Figure 2. Changes of flexural strength with cement 
containing and cement free castables versus temperature.

Although cement free specimen’s MOR value was lower 
than cement containing specimen at 110oC, it was about the 
same as the cement containing reference specimen at 1000oC
and reached to 29.9 MPa at 1500oC whereas the cement 
containing specimen had 25.4 MPa.

3.3. Thermal expansion 

Reversible thermal expansion behaviour of dried specimens 
up to 1500oC are given in Figure 3.

Figure 3. Comparison of the thermal expansion behaviour 
of materials cement containing and cement-free castables.

Expansion marked on the dilatometric curve at temperatures 
of >1435oC is associated with the formation of CA6.
Cement-free specimen does not show any transformation up 
to 1280oC, but a slight shrinkage marked on the dilatometric 
curves at temperatures of >1280oC, which should be caused 
by formation of MgO.Al2O3 phase and the sintering process. 
Lower shrinkages for cement free specimen were observed 
during cooling period with respect to cement containing 
specimen.
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3.4. Thermal shock resistance 

Thermal shock resistance of sintered specimens was 
investigated and thermal shock damage of the cement
containing and optimum cement-free castables were 
compared. Cold crushing strength changes of the castables 
were given in Table 7.

Table 7. Changes of cold crushing strength after thermal 
shock tests for specimens. 

Number of thermal 
shock cycle Change in cold crushing strength (%) 

 Reference Recipe 6 
5 1.8 25.7 

10 2.1 29.9 
15 2.8 29.2 
20 4.2 33.7 
25 9 42.1 
30 7.4 36.2 

Thermal shock damage resistance parameter R’’’ 
characterizes the ability of a material to resist crack 
propagation [2]. The R’’’ parameter is affected by modulus 
of elasticity (E), flexural strength ( f) and Poisson ratio ( ).

                       (1) 

Thermal shock parameter, R’’’ calculated from Equation (1)
and given in Table 8.

Table 8. Calculated thermal shock damage parameter (R’’’)
 R’’’ (MPa-1)

Reference 223.24 
Recipe 6 286.65 

R’’’ value of cement free castable is slightly higher than the 
cement containing castable’s R’’’ value. However, the 
strength losses of the cement free castable after thermal 
shock cycles were higher than that of the cement containing 
castable with q=0.35. This can be attributed to low porosity 
level of cement free castable.

3.5. Slag corrosion resistance 

Total corrosion areas after slag corrosion test are presented 
in Table 9.  

Table 9. Total corrosion areas results.
Corrosion Area (mm2)

1500oC / 2h 1580oC / 2h 
Reference 98 111 
Recipe 6 27 34 

Total damages of all the castables were increased when the 
temperature was raised to 1580oC but the total damage of the 
cement free castable was much lower than that of cement 
containing reference castable. Sections of slag corrosion 
areas of the castables are given in Figure 3 and Figure 4. 

From the images, it is clear that all the castables were 
affected by the basic slag. Cement containing reference 
castable had slag infiltrations and as temperature was
increased infiltration areas were also enlarged. Chemical 
dissolution took place at the castable/slag/air interfaces of 
the cement containing castable. As temperature increased 
chemical dissolution areas also increased. But there was 
almost no slag infiltration in cement free castables.  

Figure 3. Cross sections of reference and cement-free 
specimens after slag corrosion tests at 1500oC for 2 hours.

Figure 4. Cross sections of reference and cement-free 
specimens after slag corrosion tests at 1580oC for 2 hours. 

4. Conclusion 

Using the newly developed binder formulation instead of 7 
% cement and 6 % reactive alumina when manufacturing 
cement free castable with q=0.35 resulted in spinel phase 
formation in the matrix and low porosity level. This 
combined effects enhanced the mechanical properties and 
increased the castable’s slag corrosion resistance. 
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Abstract 

An alkali borosilicate glass of 60SiO2-30B2O3-9Na2O-
1Al2O3 (mol%) was prepared by the conventional 
melting and casting method. As cast glass pieces were 
heat treated at 550°C for 6 h to provide phase 
separation, followed by acid leaching with 3M HCl 
solution at 90 °C for 6 to remove alkali rich borate 
phase. The specific surface area of the porous glass was 
measured through the BET technique. The XRF 
chemical analysis revealed that silica content increased 
to 91 mol% after acid leaching. The BET surface area 
was 195.4 m2/g with a total pore volume of 0.239 cm3/g. 
The mechanical properties of parent sodium borosilicate 
glass and porous glass were evaluated by Vickers 
hardness and pin on disk tribometer tests. The results 
indicated that both hardness and wear resistance were 
lower in porous glass. 

1. Introduction 

Porous glass (PG) can be produced by leaching one of 
the separated phases from glass matrix. This has been 
realized heavily on sodium borosilicate glasses. PG is 
the intermediate product of “Vycor Process” where it is 
produced by phase separation of alkali borosilicate 
glasses combined with selective leaching [1,2]. The 
resultant material is an amorphous porous material with 
high silica (SiOx) content (~96 wt%). Pore size can be 
controlled in broad range between 0.3 and 1000 nm, and 
also high pore volumes together with specific surface 
area (SSA) can be achieved.  

Porous glasses are formed by several different methods 
such as; phase separation and selective leaching method, 
sintering glass powders, sol-gel method or sponge 
replication method [3–5]. The phase separation method 
is preferred in commercial products with advantages 
such as easiness in control the pore size and suitability 
for low cost mass production.  

Depending on the pore size, PG may exhibit optical 
transparency, good mechanical stability, and high 
chemical resistance to acids (except HF) and organic 
solvents [6]. PG could be used in special areas such as 
separation membrane technology, optical chemo-
sensors, or drug delivery applications with a wide 
variety of geometric forms such as beads, rods, fibers, 
hollow fibers and ultrathin membranes [2,7].  

The stress development is a major problem and 
mechanically stable and crack free PG components are 
hard to obtain [8]. Previous studies have shown that 
mechanical stability and structural properties of the PGs 
depend on the initial batch composition, the heat 
treatment conditions, and the leaching conditions [9]. 
However, there is no systematic and detailed study 
reporting the properties such as hardness and wear 
behavior of PGs.  

The purpose of this study was to produce of PGs via 
selective leaching of phase separated sodium 
borosilicate glass (SBG) and to compare the tribological 
properties and hardness of PG with respect to the non-
porous parent SBG. 

2. Experimental Procedure 

A batch was prepared by mixing reagent grade powders 
of Na2CO3, H3BO3, Al(OH)3, and SiO2 in appropriate 
amounts to yield a glass of 60SiO2-30B2O3-9Na2O-
1Al2O3 mol% by a conventional melting and quenching 
method. The starting powders were mixed mechanically 
to produce a homogeneous batch of 42.1 g. The batch 
then was melted in an electric furnace at 1400 °C for 4 h 
in a 90Pt-10Rh crucible. In order to decrease the 
viscosity of the glass melt and to obtain a castable melt, 
the temperature of the furnace was raised to 1600 °C 
and the melt was kept at this temperature for 1 h. After 
that, the melt was quenched onto a stainless-steel plate
and firmly compressed with another steel plate onto it to 
get a SBG chunk.  
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In order to provide phase separation, the SBG chunks 
were heat treated at 550 °C for 6 h. Heat treated glass 
chunks were cut to square shape specimens of 2 by 2 cm 
dimensions. It is commonly known that the surface of 
glass specimens are covered with a thin protective SiO2
rich layer which is caused by volatilization of sodium 
and borate during heat treatment [1]. The SiO2 rich layer 
was removed by mechanical polishing using 3 m 
diamond paste finish. The final thickness of the 
specimens was 2±0.1 mm.  

The soluble alkali rich borate phase separated after heat 
treatment was removed from SiO2 rich glass by 
immersing the phase separated SBG to a 3M HCl 
solution at 90 °C for 6 h. The acid treated glass was then 
washed with distilled water and ethanol in turn for 
several times and finally dried at 90 °C for 3 h.     

The chemical compositions of parent SBG and acid 
leached PG were analyzed by XRF (Rigaku ZSX 
Primus II). Porosity of the PG was measured via 
nitrogen adsorption desorption using Quantachrome 
Autosorb-6. Prior to the measurement, the specimen 
was evacuated at 250 °C for 3 h. The specific surface 
area was measured by using Brunauer–Emmett–Teller 
(BET) equation from the adsorption isotherm. The total 
pore volume (VP) was calculated from the amount of 
gas adsorbed at the relative pressure P/P0 = 0.99. The 
pore size distributions of PG was determined from the 
desorption branch of the nitrogen sorption isotherm 
according to the BJH (Barrett, Joyner, Halenda) method, 
based on the Kelvin equation, which relates the pore 
size with critical condensation pressure assuming a 
straight cylindrical pore model. The bulk density ( ) and 
open porosity (VO) of the glasses were measured by the 
Archimedes method in accordance with ASTM B962-15
and ASTM C373-18 standards by using equations Eq.1 
and Eq.2, respectively.  

= WD
Ww-Ws

 × water                                                      (1) 

V = Ww-WD
Ww-Ws

                                                                 (2) 

where water is the density of water at 25 °C (0.99 
g/cm3). WD, WW, and WS are dry, wet, and suspended 
weight of the specimen, respectively [10,11].The 
Vickers hardness (HV) of the glasses was measured 
using Shimadzu, Model HSV-20 microhardness tester. 
15 indents were taken by applying 500 g load for 10 s. 
HV values were calculated by using Eq.3. 

HV= 1.8544N
d2                                                                 (3) 

where d stands for diagonal length of the indentation 
imprint in m, N is the applied force in N and Hv is the 
microhardness in MPa.  

Tribological tests of the glasses were performed using a 
pin-on-disc tribometer (CSM Instruments) in 
accordance with ASTM G99- 95A standard [12]. Loads 
of 1 N and 5 N were applied at 100 Hz rate at 0.03 m/s 
linear speed at ambient atmosphere. The sliding distance 
(L) was 60 m and application radius (R) was 0.003 m 
for each test. A high purity zirconia ball of 0.0025 m 
radius (r) was employed as a pin material and no 
significant pin wear was observed after the test. The 
wear tests were repeated five times to assure the 
reproducibility of the data. The wear volume loss (V) of 
the glasses was calculated by using Eq. 4. 

V= .R.dw
3

6r                                                                    (4) 

where dw is the wear track width. The wear rate was 
calculated by using Eq. 5  

W= V
P.L                                                                         (5) 

             
where; W is the wear rate in mm3/N m, V is the 
calculated volume loss in mm3, P is the normal load in 
N and L is the sliding distance in m. The indentation 
imprints and wear tracks were subsequently analyzed 
using an optical microscope.  

3. Results and Discussion 

The calculated batch composition and the chemical 
analyses of the parent SBG and acid leached SBG are 
given in Table 1. Pieces of the parent SBG, heat treated 
SBG, and leached SBG (i.e. PG) were transparent and 
colorless. As it is expected B2O3 and Na2O amount in 
the glasses are smaller than that in the batch 
composition because of the volatilization of boron and 
sodium from the melt surface [13]. The composition of 
SBG was within the compositional limits compatible for 
phase separation [14]. The 91mol% silica content of PG 
implies that the alkali-rich borate phase formed during 
heat treatment as a result of phase separation is 
successfully removed away from the parent glass by 
acid leaching.  

Table 1. Chemical analysis (mol%) of the batch and the 
glasses produced in this study.  

Glass SiO2 B2O3 Na2O Al2O3 Others
Batch 60 30 9 1 -
SBG 63.16 28.46 6.39 1.79 0.15 
PG 91.10 8.37 0.16 0.34 0.01 
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Figure 1 shows the N2 adsorption-desorption isotherm 
of PG. The pore structure determines the isotherm 
shape. PG shows a type IVa isotherm according to the 
IUPAC classifications. The capillary condensation is 
accompanied by hysteresis and PG exhibits H1 type 
hysteresis loop which is associated with mesoporous 
materials with a narrow pore size distribution [15]. The 
multipoint BET surface area is 195.4 m2/g with a total 
pore volume of  0.239 cm3/g.  

Figure 1. N2 adsorption-desorption isotherm of PG. 

The sample had monomodal pore size distribution with 
the average pore diameter of ~3.8 nm, i.e. mesoporosity, 
as shown in Figure 2. 

Figure 2. Pore size distribution curve of PG. 

The density and open porosity values of SBG and PG 
are given in Table 2. The bulk density of SBG and PG is 
2.17 g/cm3 and 1.49 g/cm3, respectively. PG has 29.7% 
apparent porosity. These values are in good agreement 
with those previously reported by several researchers 
[2,6]. Table 2 also presents Vickers’ hardness values of 
SBG and PG. Optical images of indentation imprints for 
SBG and PG are shown in Figure 3. Hardness decreased 
in PG as expected. The Vickers indentation is 
constituted by elastic and plastic deformation for dense 
materials. However, for silicate glasses the critical stress 

for crack propagation is provided before yielding 
conditions. Thus, they exhibit elastic behavior up to 
failure. 

Table 2. Density, Vickers’ hardness, and wear rate of 
SBG and PG.

Property Load SBG PG 
 mean 1 N 0.760 0.590 

5 N 0.700 0.530 
dw, mean  (mm) 1 N 0.276 0.559 

5 N 0.602 0.992 
W

(×10 4 mm3/Nm)
1 N 2.201 18.283 
5 N 4.567 20.435 

Density (g/cm3) 2.170 1.490 
Vo - 29.7% 

Hv (MPa) 7322 840 

The decrease of hardness for porous materials can be 
attributed to two reasons [16,17]. First, the thin pore 
walls cannot withstand the highly localized pressure of 
the indenter and break easily. Second, the porosity 
prevents elastic recovery of the indents due to huge free 
volume in the indented area. The radial and lateral 
secondary cracks in Figure 3(a) are the evidence of the 
typical anomalous behavior of the borosilicate glass. 
The plastic deformation at the imprints is considered by 
material densification due to compaction of the open 
structure of the silica network.  

Figure 3. Optical images of indentation imprints         
(a) SBG and (b) PG. (200X). 

Friction coefficient ( ) and wear rate (W) of the glasses 
are also given in Table 2. The variation in  for SBG 
and PG with sliding distance at a load of 1 N is shown 
in Figure 4. It is clear that the wear rate of PG is 
superior to that of SBG. As previously described in 
hardness behavior, the thin pore walls can be easily 
broken by the stress concentration formed on so the 
wear resistance of PG is lower [18]. W of PG at 1 and 5 
N loads is 8 and 4 times, respectively bigger than that of 
SBG. Conclusively, PG can be easily worn even at low 
loads and increase in the applied load is not as effective 
as SBG in terms of W.  
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Figure 4. Variation in the friction coefficient with 
sliding distance at a load of 1 N (a) SBG and (b) PG. 

The surface irregularities increases contact area. For this 
reason porosity enhances the . On the contrary, it was 
observed that the  of PG was lower than that of the 
SBG. This result is consistent with those reported in 
Hokkirigawa et al. [19]. Further extensive experiments 
are necessary to elucidate the findings but PG is a good 
moisture absorber. The water molecules trapped in the 
glass skeleton plays a lubricating role and/or the fine 
wear debris has a self-lubricating [19]. Optical images 
of wear tracks shown in Figure 5 reveal that the wear 
debris is scattered over the worn area and adhered to the 
ball surface. The sample surface was worn away 
significantly due to the mechanical abrasion and 
interfacial adhesion since the sample hardness is much 
lower than the zirconia ball counterface [20].  

Figure 5. Optical images of wear tracks (a) SBG 1 N, 
(b) SBG 5 N, (c) PG 1 N, and (d) PG 5 N loads. 

4. Conclusions 

1. A mesoporous glass having high silica content (91 
mol%), and high surface area (195.4 m2/g) is 
produced by applying HCl leaching process to a glass 
of 60SiO2-30B2O3-9Na2O-1Al2O3 (mol%). 

2. As expected, the hardness and the wear resistance of 
porous glass were realized to be lower than that of 
the parent alkali borosilicate glass due to the 
existence of voids in the structure. 

3. The friction coefficient of the porous glass was also 
lower than that of the parent glass. 
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Abstract  

Bulk TiO2-P2O5 glasses containing various amounts of 
TiO2 were successfully prepared by the sol-gel process 
followed by calcination at various temperatures. Influence 
of processing parameters on the formation of 
homogeneous and transparent glasses were investigated. 
Effect of calcination temperature on the crystal phases 
developed, their size, morphology, and surface area were 
investigated through XRD, DTA-TG, SEM, and BET 
analyses. Results revealed that by heat-treating the sol-gel 
derived gels, TiO2-P2O5 glasses could be successfully 
produced. It has been realized that photocatalytic activity 
of the glass containing 90 mol% TiO2 and calcined at 600 
ºC for 2 h was comparable with that of P25 powder.

1. Introduction

Photocatalytic properties initiated from titania (TiO2)
crystallinity and high surface area originated from 
phosphate (P2O5) make TiO2-P2O5 glasses very attractive 
for self-cleaning applications. Although TiO2 is a 
promising material for a variety of applications such as 
sensor, solar cell, air/water purification, photocatalysis as 
well as self-cleaning [1], its powders are lack of the 
desired surface area and its coating films could easily peel 
off the substrate over time [2]. TiO2-P2O5 system is 
noteworthy in the field of glass and ceramics as an 
alternative material to TiO2 photocatalyst [3]. So far, 
titanium phosphate gels having TiO2 content from 22.2 to 
100 mol% were synthesized [4]. Tang et al. have reported 
sol-gel preparation of bulk TiO2-P2O5 glasses for optical 
applications [5]. Recently, Foroutan et al. have developed 
a sol-gel synthesis route for the production of phosphate-
based glasses for biomedical applications [6]. Nonetheless, 
there has been no systematic study, to the best of the 
authors’ knowledge, on the photocatalytic activity of sol-
gel derived TiO2-P2O5 glasses, and uncertainty still exists.  

This publication aimed to provide an insight about sol-gel 
synthesis of photocatalytically active bulk TiO2-P2O5
glasses for self-cleaning applications and to explore the 
significance of preparation and heat-treatment parameters 
on the photocatalytic activity of the resultant product.  

2. Experimental Procedure 

2.1. Preparation of gels  

Reagent grade titanium tetra-isopropoxide (TTIP) and 
titanium tetra-butoxide (TBOT)  and triethyl phosphate 
(TEP) were used as starting chemicals for the 
production of titanium phosphate gels in the system 
xTiO2

.(1-x)P2O5 (x = 80, 90 mol%) in accord with the 
work reported by Tang et al [5].  First, TTIP was diluted 
in solvent and TEP was added into the solution. After 
allowing precursors to react for 10 min, solution was 
magnetically stirred 1 h at 500 rpm. Dimetilformamid 
(DMF) and HCl were added as drying control additive 
for avoiding crack formation and as catalyst for 
preventing precipitation and foaming, respectively. 
After the homogeneous and transparent sol was 
obtained, the resulting solution was gently stirred at 300 
rpm and distilled water was added dropwise. Then, the 
sol obtained was transferred to an ice bath. Upon 
cooling, the viscosity of the sol increased and set to a 
gel in 1 to 15 min depending on the composition. 
Synthesized gels were loosely sealed with parafilm and 
kept standing at room temperature for aging for 2 days. 
Best molar ratios to obtain homogeneous, transparent, 
and crack free gels were 1:0.5:25:1:0.05:8 for TTIP, 
TEP, solvent, DMF, HCl, and H2O, respectively.  

2.1. Heat-treatment of gels 

The wet gels synthesized were transferred to an oven of 
60 °C and kept there for 2 weeks for drying. Then, dried 
gels were subjected to a regulated heat-treatment 
schedule designed on the basis of DTA-TG analysis 
where water and solvent were completely removed and 
favorable crystallization was achieved. A two-step 
heating regime from ambient temperature to 280 °C, at 
12 °C/h and from 280 °C up to final calcination 
temperature (400 to 1000 °C), at 180 °C/h was applied. 
After reaching the target temperature, power of the 
furnace was turned off and samples were naturally 
cooled in the furnace. Slow heating rate was a must for 
preventing crack formation and obtaining bulk glasses.  
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2.2. Characterization 

Thermal characterization of dried gels was carried out at a 
heating rate of 10 °C/min up to 1000 °C using TG/DTA 
(Exstar 7300). X-Ray diffraction (XRD) was employed to 
identify the phase(s) present in the samples. XRD patterns 
were taken from 2  of 10o to 80o with Cu-K  radiation 
using an X-ray diffractometer (D8 Advanced Bruker). 
Scanning electron microscope (SEM, Nova NANOSEM 
430) was used to examine the surface morphology of 
calcined samples. Specific surface area of the samples 
were measured through multipoint Brunauer-Emmett-
Teller (BET) (Quantachrome NOVA-3000) analysis. 
Photocatalytic performance of the samples were measured 
through adsorption and degradation properties of 
methylene blue (MB) solution under UV illumination. 0.1 
g of catalyst was dispersed in 25 mL of MB and the 
changes in MB concentration were measured in every 30 
min interval using UV-vis Spectrometer (Scinco S-3100). 

3. Results and Discussion 

3.1. DTA-TG Analysis 

DTA-TG curve of the as-dried gel containing 80 mol% 
TiO2 is shown in Figure 1. Thermal behavior of the sample 
was taken into consideration to get an indication about the 
organic removal and crystallization processes. 

 Figure 1.Typical DTA-TG curves of the dried gel 
containing 80 mol% TiO2. 

TG curve represents 4 distinct weight loss stages. 
Increasing the temperature to 250 ºC reduced the weight 
of the sample by 21%. Weight loss at the 1st stage was 
attributed to the loss of physically adsorbed water and 
solvent evaporation. At the 2nd stage, increasing the 
temperature to 360 ºC resulted in an additional weight 
loss by 19%. Such increment was ascribed to solvent 
evaporation as well as combustion of organics. At the 3rd

stage, with a steep decrease, total weight loss reached to 
62%. Small exothermic peak around 420 ºC was assigned 
to amorphous-anatase transition. Furthermore, sharp 
exothermic peak around 580 ºC was associated with the 
burn out of organics which might be unreacted TTIP or 
TEP precursors. At the 4th stage, total weight loss of the 

sample reached to 81% probably due to the elimination of 
remaining organic groups, especially trapped and shielded 
carbon atoms around TiO2 particles. No obvious 
endothermic peak up to 1000 ºC implies high resistance of 
the sample to thermal degradation. Such high thermal 
stability of the samples was attributed to the existence of 
P2O5. Strong hydrogen to oxygen bonding in the presence 
of P2O5 enhances the thermal stability of the product [7].   

3.2. XRD Analysis 

Figure 2 illustrates the XRD patterns of the as-dried and 
calcined gels at temperatures between 400 and 1000 ºC.

Figure 2.XRD patterns of the as-dried and calcined gels 
at various temperatures. 

XRD patterns revealed the significance of calcination 
temperature on crystallization and phase transition. No 
detectable diffraction peak up to 400 ºC indicates the 
amorphous nature of the samples. Below and at 400 ºC,
remaining alkoxy groups have acted as structural 
impurities and avoid crystallization process [8]. Broad 
diffraction peak located at 2 of 25.4° indicates the partial 
crystallization and was in good agreement with standard 
spectrum of anatase TiO2 (JCPDS 21-1272). Higher peak 
intensities and narrower (101) plane suggest that there 
was a significant positive correlation between crystallinity 
and calcination temperature from 450 to 800 ºC and 
anatase was the only available phase in this region. 
Increase in calcination temperature forced the 
condensation of free OH groups and enhanced 
crystallization through re-arrangement of atoms [9]. The 
increasing trend of anatase crystallinity with calcination 
temperature diminished when the temperature was raised 
to 900 ºC. In fact, diffraction peak located at 2 of 27.3° 
proves the formation of rutile phase (JCPDS 21-1276). 
Rutile content of this sample was 27.5%. Although 
anatase to rutile transition detected at ~900 ºC, anatase 
was still the dominant phase. When the temperature was 
further raised to 1000 ºC, rutile content increased to 
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99.0%. Amorphous to anatase transition was completed in 
the range from 350 to 450 ºC, while anatase-rutile 
transition was completed at temperatures from 600 to 
1100 oC [10]. In this study, anatase formation was 
recognized at 450 ºC and anatase was the only phase until 
~900 ºC. Alkoxy groups might have delayed the 
crystallization ability of TiO2 particles through shielding 
effect. Another possible explanation is the introduction of 
P2O5. When pure TiO2 was replaced with P2O5, strong 
hydrogen to oxygen bonding of P2O5 portion enhanced 
the thermal stability of the sample [7]. As a result, much 
higher energy was needed for the formation of crystals 
and thus, phase transition temperature was delayed.  

3.3. SEM Analysis 

Microstructures of samples calcined at different 
temperatures were illustrated in Figure 3. Regardless of 
calcination temperature, all samples revealed fractured, 
irregular shaped, large chunks at 10,000X. Shrinkage 
caused by solvent evaporation during drying and 
calcination stage was the major reason for surface fracture 
and clustering.  

Figure 3.SEM images of the samples calcined at a) 600 
ºC; 10,000X, b) 500 ºC; 250,000X, c) 550 ºC; 250,000X,           
d) 600 ºC; 250,000X, e) 700 ºC; 250,000X, and f) 800 ºC; 
250,000X.

Spherical particles seen in Figure 3 are anatase crystals. 
The samples had a wide range of size distribution and the 
tendency of crystal growth increased at elevated 
temperatures. Average crystallite size was Da=10.64, 
Da=12.28, Da=12.65, Da=34.78 and Da=42.79 nm for the 
samples calcined at 500, 550, 600, 700 and 800 ºC,
respectively. Below and at 600 ºC, calculated crystallite 
sizes are consistent with those obtained by Scherrer’s
equation and nuclei growth seemed to be insignificant. 
Above 600 ºC however, measured crystallite sizes were 
significantly larger than the calculated data by using 
Scherrer’s equation. This inconsistency was attributed to 
particle agglomeration phenomenon where particles 
cluster. Despite severe aggregation, average crystallite 
sizes were still in the nano-range. 

3.4. BET Analysis 

Specific surface area (SSA), as measured through N2
adsorption tests, for the samples calcined at 600 and 800 
ºC were 128.1 and 37.7 m2/g, respectively. It is obvious 
that SSA decreased as the calcination temperature 
increased. Lower SSA of the sample calcined at 800 ºC
was attributed to its severe agglomeration. Enhanced 
particle collision at elevated temperatures initiated 
agglomeration and through the formation of larger 
crystallites, large pores diminished. Enhanced crystal 
growth and agglomeration at elevated temperatures have 
been previously confirmed by XRD and SEM 
investigations. For comparison, SSA of a commercially 
available TiO2 powder, P-25 Degussa was measured in 
the same experimental conditions as 52 m2/g. More than 2 
times superiority in SSA of the sample calcined at 600 ºC
as compared to P25 powder was attributed to its tailored 
crystallinity. Besides, the increase in porosity and SSA 
associated with the P2O5 addition [7]. Such increment in 
SSA might be advantageous for photocatalytic activity by 
making the catalyst more accessible to the substrate and 
providing an effective interaction. 

4. Photocatalytic activity 

MB degradation ability of the samples calcined at 
temperatures from 400 to 1000 ºC are shown in Figure 4. 
Lowest MB degradation of 45.5% was obtained for the 
sample calcined at 400 ºC due to the amorphous nature of 
the sample. Among different phases of TiO2, amorphous 
phase has the negligible photocatalytic activity, while 
anatase exhibits the highest photocatalytic activity [11].  

Figure 4.MB Degradation percentage of the samples 
calcined at various temperatures. 

A positive correlation between the photocatalytic activity 
and calcination temperature in the samples calcined up to 
600 ºC was recognized and the highest photocatalytic 
degradation of 92.2% was achieved. Increasing tendency 
of anatase content was the major factor for the enhanced 
degradation. This result agrees with a great deal of the 
previous publications in the photocatalysis field. Anatase 
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crystals have mainly induced the photocatalytic reactions 
and they were the major contributing factors to enhanced 
photocatalytic activity [12]. Despite the higher anatase 
content of the samples calcined at 700 and 800 ºC, a lower 
MB degradation values of 89.9% and 82.8%, respectively 
were calculated. The data reported here support the 
assumption that anatase content was not the only factor for 
improvement in the photocatalytic activity of the sample. 
Two likely causes of this inconsistency are crystal size and 
surface area.  

When the calcination temperature was raised to 800 ºC,
crystallite size grew from 17.8 to 36.3 nm and SSA 
dramatically decreased from 128.1 to 37.7 m2/g. It can be 
therefore assumed that decrease in SSA was accountable 
for the low activity of the samples calcined below and at 
800 ºC. Besides the decrease in SSA, above and at 900 ºC,
decrease in the photocatalytic activity was considered to 
be due to the transition of photocatalytically favorable 
anatase phase to less active rutile phase. By causing 
electron-hole trapping centers and enhancing the 
recombination rate, presence of rutile decreased the 
photocatalytic activity of the samples to 79.4% and 72.3% 
at 900 and 1000 ºC, respectively.  

The results presented in this publication support the 
verdict that photocatalytic activity is influenced by several 
factors such as, crystal phase, crystal size, and SSA. Each 
factor is dominant and divided into three main stages 
between 400-600 ºC, 600-800 ºC, and 900-1000 ºC. At the 
1st stage, increase in anatase content has induced 
photocatalytic activity and was the primary factor for the 
enhanced photocatalytic activity. At the 2nd stage, SSA 
was the major contributing factor. Contradictory impacts 
of calcination temperature on the surface area sometimes 
lead to an unpredictable effect on the photocatalytic 
activity [13]. At the 3rd stage, rutile formation was inferred 
as the dominant factor influencing the photocatalytic 
activity of the sample. The findings of this study on the 
interaction between photocatalytic activity and crystal 
phase are consistent with those of the previous studies. 
Hendrix et al. stated that while having more crystalline 
anatase is beneficial, it does not always result in high 
photocatalytic activity due to decrease in SSA and rutile 
formation at high temperatures [14].  

The highest MB degradation percentage of 96.1% was 
obtained for the sample containing 90 mol% TiO2 and 
calcined at 600 ºC for 2 h. It has been recognized that 
photocatalytic activity of this sample was comparable with 
that of P25 powder.   

4. Conclusions 

1) Bulk TiO2-P2O5 glasses containing high TiO2 are 
successfully prepared by the sol-gel process.  

2) Calcination has remarkably improved photocatalytic 
activity while excess treatment rather deteriorated it.  

3) From 400 to 600 ºC; anatase content, from 600 to  
800 ºC; SSA, and above and at 900 ºC; rutile content are 
the major factors influencing the photocatalytic activity 
of the gels prepared by the sol-gel process. 

4) Photocatalytic MB degradation of 96.1% obtained for 
the sample calcined at 600 ºC for 2 h is comparable with 
that of Degussa P-25 powder.  

5) TiO2-P2O5 glasses could be used as an alternative 
material to pure TiO2 in self-cleaning applications.  
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Abstract

In this study, transparent AlON ceramics were produced by 
reactive spark plasma sintering by using Al2O3 and AlN as 
starting powders. Y2O3, La2O3 and MgO were used as 
additives in different amounts and the effects of additives, 
sintering temperature and pressure on the phase composition, 
mechanical properties and transparency of AlON ceramics 
were investigated. Two different amount of additive mixtures 
were used as 8 wt.% Y2O3 + 2 wt.% La2O3 in Group A and 
0.08 wt.% Y2O3 + 0.02 wt.% La2O3 in Group B. 0.1 wt.% 
MgO was codopped in each group. In the presence of high 
amount of additive mixtures, XRD analysis indicated that 
AlON phase was formed along with some amorphous phase. 
The nearest density value to theoretical AlON density for 
Group A samples was the sample SPSed at 1450 °C for 30 
minutes under 40 MPa pressure. The usage of MgO as a 
codopant in Group A resulted in spinel formation in addition 
to lantanium aluminate and YAG phases as secondary phases 
along with AlON phase. The highest relative density was 
obtained as 99.15 % with sample SPSed at 1500 °C for 30 
minutes under 50 MPa pressure. X-Ray diffraction analyses 
indicated that AlON formation in the samples of Group B, 
the small amount of unreacted AlN besides AlON phase 
were detected for 1450oC sintering temperature. Increasing 
SPS temperature to 1500°C resulted in full AlON conversion 
without any secondary phase formation. However, spinel 
formation was observed in samples containing MgO as a 
codopant. The highest hardness value was obtained as 22.7 
GPa in Group A for sample containing unreacted Al2O3 and 
AlN. The highest transparency value was obtained as 41.55 
% inline transmittance in 1100 nm for the sample containing 
high amount of Y2O3 and La2O3 sintered at 1450oC for 30 
minutes under 40 MPa. 

1. Introduction

Aluminum oxynitride (AlON) ceramics are polycrystalline 
ceramic materials with superior mechanical and optical 
properties. They have many applications in defense industry, 
nuclear industry and material sector as armor and optical 
ceramic material with low density (3.71 g/cm3), high elastic 
modulus (320 GPa), high melting point (2165 °C) and high 
strength properties. Due to its cubic spinel crystal structure, 
AlON ceramics with high transparency are used as military 
aircraft and glass, missile domes, transparent armor, IR 
glasses, laser glasses, semi-conductor parts[1-8]. 
Synthesizing routes of AlON ceramics can be divided into 
two group in the literature. First group includes the sintering 
of AlON powders by the reaction of Al2O3 and AlN under a 
nitrogen atmosphere, the carbothermic reduction of Al2O3
under nitrogen atmosphere, the plasma arc synthesis and the 
self-propagating high temperature synthesis (SHS). The 
second group of methods includes the production of high 

density AlON ceramics by pressureless sintering reaction of 
Al2O3 and AlN at different molar ratios, hot pressing, hot 
isostatic pressing and microwave sintering [3,4]. 
Transparent ceramics are very attractive materials due to their 
applications in optical, medical and ballistic fields. These 
materials are produced as single crystalline or polycrystalline 
structures. Compared to monocrystalline structures, the 
production costs of polycrystalline transparent ceramic 
materials are low and the large diameter product is easy to 
obtain. Polycrystalline transparent ceramics are increasingly 
important for industrial applications due to their excellent 
mechanical properties and low production costs. However, 
synthetized polycrystalline ceramic materials exhibit complex 
microstructures that significantly affect the optical properties 
such as grain, grain boundaries, secondary phases and pores 
[4].
In this study, the effect of spark plasma sintering temperature, 
holding time, pressure and various sintering dopants on the 
formation and transparency of AlON have been investigated 
in order to obtain AlON ceramics suitable for optical purposes 
by Reactive Spark Plasma Sintering method. High purity 
Al2O3 and AlN powders were sintered by reactive spark 
plasma sintering technique to obtain AlON ceramics while 
SPS temperature, mechanical pressure and additives were 
variables. La2O3 + Y2O3 and La2O3 + Y2O3 + MgO were used 
as additive mixtures. The physical properties such as 
transparency, hardness, density, fracture toughness of the 
obtained samples were investigated. In addition, 
microstructures and phase analyses of samples were carried 
out.

2. Experimental Procedure 

In this study, AlN (Grade E, Tokuyama Soda Ltd.) and 99.99 
% pure -alumina powder (Taimei Chemicals (TM-DAR)) 
were used. 

Figure 1: Flow Chart of Experimental Studies. 

The flowchart of experimental studies were given in Figure 1. 
The experiments were carried out in 2 groups. In the first 
group of experiments (Group A), Y2O3 (Alfa Aesar, REO) and 
La2O3 (Alfa Aesar, REO) powders were used at high ratios to 
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the mixture of 35.7 % mol AlN and 64.3 % mol Al2O3
powder. The sintering temperature and mechanical pressure 
parameters were changed, the heating rate (50 °C/min) and 
the sintering time (30 min) were kept constant. In this group 
of experimental parameters are given in Table 1. 

        Table 1: Parameters of First Group (A) Experiments 

In the second group of experiments (Group B), the same 
proportions of the additives were reduced. MgO codopant 
was added to examine the effect on sintering and also 
transparency. The sintering temperature and additives were 
changed in this group of experiments while SPS pressure, 
holding time and heating rate were kept constant. The 
experimental parameters of the second group of 
experiments were given in Table 2. 

Table 2: Parameters of Second Group (B) Experiments. 

The homogeneously mixed and sieved powders were directly 
loaded into a cylindrical graphite die having 50 mm diameter 
and 2 mm thickness, followed by sintering using an SPS 
apparatus (SPS-7.40 MK-VII, SPS Syntex Inc). The samples 
sintered with a heating rate of 50oC/min. A uniaxial pressure 
of 40 to 50 MPa and a pulsed direct current were applied 
during the entire sintering process under nitrogen 
atmosphere. The bulk densities of the samples were measured 
according to the Archimedes principle. The qualitative and 
quantitative phase analyses were performed with X-ray 
diffractometer (PANalytical X’Pert Pro equipped with an 
accelerator) working at 45 kV, 40 mA by using CuK
radiation with a scanning speed of 0,0167o/s. All the XRD 
patterns were recorded with a diffraction angle 2  ranging 

from 10o to 90o. Rietveld analyses were applied by using 
X’Pert Highscore Plus program. The microstructures of the 
samples were observed by scanning electron microscopy 
(FESEM; JSM 7000 F, JEOL Ltd.). Vickers hardness and 
fracture toughness measurements were carried out by 
indentation technique with micro hardness tester (VHMOT, 
Leica Corp.). The measurements of light transmittance of the 
samples at 1100 nm wavelength were carried out by UV-VIS 
spectrophotometer (Aquila, NKD 7000, UK).

3. Results and Discussion 

The samples coded as 1 and 2 were not successfully sintered 
due to high sintering temperature and atmospheric parameters. 
Problems such as melting and powder loss have been 
encountered. The results of these samples will not be shared. 

3.1. XRD Phase Analysis 

The XRD patterns for samples in first and second group of 
experiments can be seen in Figure 2, 3 and 4.

Figure 2: XRD Patterns of (a) Sample 3, (b) Sample 4, 
(c) Sample 5. 
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Figure 3: XRD Pattern of Sample 9. 

Figure 4: XRD Patterns of (a) Sample 6, (b) Sample 
7, (c) Sample 8. 

As can be seen in Figure 2.a, the AlON formation reactions 
did not reach to equilibrium state for 1400oC sintering 
temperature. 7.7 % -AlON was measured for this sample by 
Rietveld refinement method. On the other hand, the high 
background in the XRD patterns of Sample 4 and 5 pointed 
out the existence of an amorphous phase in these samples. In 
addition, -AlON phase amount was 98.9 % and 93.8 % in 
Sample 4 and 5, respectively. There were still unreacted AlN 
and/or Al2O3 phases and also secondary phase formation in 
these samples which were sintered at 1450oC. With the 
addition of 0.1 wt. % MgO (Sample 9), -AlON phase 
amount was decreased to 85.6% due to the formation of 
spinel (MgAl2O4) phase besides other secondary phases.  

For Group B samples that containing low amount of additive 
mixtures, 1450oC temperature was not enough to reach 100% 
of -AlON phase. The temperature was increased to 1500 °C 
and the Sample 7 reached % 100 -AlON phase according to 
Rietveld analysis. With the addition of 0.1 wt. % MgO to the 
sample (Sample 8) also reached 100 % -AlON phase.  

3.2. Hardness, Fracture Toughness, and Density 

Table 3: Hardness, Fracture Toughness, and Density Results 
of Samples

The highest hardness and fracture toughness values were 
obtained in Sample 3 because of the presence of unreacted 
Al2O3 phase. Along with the formation of the AlON phase, the 
values of hardness and fracture toughness decreased. Higher 
hardness values were obtained in AlON ceramics obtained by 
SPS method in comparison with AlON ceramics obtained by 
conventional sintering methods which was given as 13.8 GPa 
in the literature [6]. The density values of the obtained AlON 
ceramics were found very close to each other. Since the AlON 
phase in the samples was in the same stoichiometry and the 
amounts of the AlON phase are close to each other, the 
measured values of the densities did not show remarkable 
changes.

3.3. Microstructure Analysis

Figure 5: SEM Micrographs of Fracture Surfaces of Group 
A Samples (7500x);

(a) Sample 3, (b) Sample 4, (c) Sample 5, (d) Sample 9.  

SEM images were consistent with the results of XRD phase 
analysis of the samples. As can be seen from COMPO images 
of samples, different compositions can be seen as dark and 
light colored areas especially for Sample 3 containing 7.7 % of 

-AlON phase. Increase in the temperature for Sample 4 and 
increase in the temperature and pressure for Sample 5 resulted 
in increase in the grain size. 

Figure 6: SEM Micrographs of Fracture Surfaces of Group 
B Samples (7500x);
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(a) Sample 6, (b) Sample 7, (c) Sample 8. 

According to the SEM micrographs of Group B which were 
given in Figure 6, Sample 6 (97.1 % -AlON), and Sample 7 
(100 % -AlON) had porosities on grain boundaries. Sample 8 
(99.9 % -AlON and 0.1 % Spinel) showed an increase in 
grain size regarding with the addition of MgO codopant. The 
temperature was not sufficient for the formation of the AlON 
phase and the grains remained small in the Sample 6. The
increase in temperature in Sample 7 and 8 led to the growth of 
the grains and the densification of the structure. 

3.4. Light Transmittance Test

The light transmission measurement results of the samples 
were given in Table 4. 

     Table 4: Transparency Test Results of Samples 

The highest transparency value was observed in Sample 4 with 
a 0.5 mm thickness. At 1100 nm wavelength, 41.55 % linear 
transmittance value was obtained. A small amount of YAG 
(Al5O12Y13) phase was observed in the XRD anaylsis of the 
Sample 4. Regarding with the similarities in structural (cubic 
symmetry) and transparency properties of YAG and AlON 
phases, the highest light transmittance value was obtained in 
Sample 4. 

4. Conclusion 

1) AlON formation reactions did not reach to equilibrium 
state for 1400oC sintering temperature for sample containing 
high amount of additive mixtures. When the sintering 
temperature increased to 1450oC and sintering pressure was 
increased to 50 MPa for last 15 min holding time for this 
composition, an amorphous phase was thought to be formed 
due to the high background in the XRD patterns of samples. 
2) Low amount of additive mixture containing samples 
showed full AlON conversion by SPS process at 1500 0C for 
15 min. under 40 MPa and 15 min. 50 MPa. 
3) The highest hardness and fracture toughness values were 
obtained in sample sintered at 1400oC because of the 
presence of high amount of unreacted Al2O3 phase. 
4) The highest transparency value was obtained as 41.55 % in 
1100 nm wavelength for the high amount of additive 

containing sample without MgO, SPSed at 1450oC, under 40 
MPa for 30 min. holding time. 
5) The transparency of low amount of additive containing 
sample was increased to 22 % by using 0.1 wt.% MgO 
codoppant. When it was compared with sample containing low 
amount of additive without MgO at the same SPS conditions, 
MgO addition was resulted in decrease in transmittance for 
high amount of additive containing sample due to secondary 
phase formation. 
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Chemical tempering, applied through the process of ionic exchange, has become a widely used 

technology for strengthening of glass subjects used for various applications in daily life and high 

mechanical performance requiring conditions. Conventional chemical tempering is realized with a one 

step ion exchange. Ionic exchange takes place between the ions in the original glass surface and in a 

salt bath it is contacted with. The hardness, cracking behavior, bending strength and mechanical 

properties as such are improved by the compressive stress generation on glass surface by the 

incorporation of larger ions. There are different ion exchange methods to incorporate these ions to 

generate compressive stress. One of them is known as Engineering Stress Profile (ESP), which 

involves a controlled depletion of potassium ions from the surface. So compression stress gradually 

increases from the surface acting against the progressing cracks. In the present study, Corning® 2947 

soda-lime glass slides were submitted to two step ion exchange process using KNO3 containing salt 

bath in the first step and NaNO3 salt bath in the second step. The process is applied under varying 

temperatures that are below the glass transition temperature, and varying durations. Mechanical 

properties of the ion exchanged glasses were studied in terms of the bending strength. Investigation of 

the concentration profile of potassium ions incorporated into surface of the ion exchanged glasses 

were performed by using energy dispersive X-ray spectroscopy (EDS) and Linescan EDS techniques. 
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Th e Eff ect of Annealing Time Period on the Internal Stress of the Artistic Glasses
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Abstract 

From past to present day, annealing mistakes in glass art 
applications have caused many problems. Since these 
problems could not be figured out in the past, the works 
were damaged due to the internal stress that had not been 
eliminated over time, thus was led to a decrease in the 
number of art works that reached nowadays.  
In this study, it is aimed to investigate the annealing of the 
two different commercial glasses used in glass art. While 
investigating this subject, how glass should be annealed and 
the mistakes made during annealing of glasses were 
examined. In addition, different molds were produced for 
casting of the glasses in different thicknesses. Glasses were 
casted at the same kiln firing schedule but annealed at 
different time periods based on the their thicknesses. 
Annealing temperatures and time periods had been 
determined by literature search and experimentally. In order 
to see if the annealing temperatures and time periods in 
these experiments are sufficient or not, polariscopic and 
visual investigations were executed. Also the results were 
discussed. With this study, an important literature to 
minimize the internal stress of the glass was prepared for 
the artists who are working on glass subject and making 
ar

1. Introduction 

From past to now, the most challenging issue in forming 
glass is the annealing process. Since the annealing process 
was not carried out under proper conditions, a small number 
of glass artwork has reached to today. Be able to reach the 

-
that will process the glass that gets these grades, to obtain 
the appropriate environment and skill for the  work and to 
cool the formed products are the main annealing problems. 
[1]. Annealing is one of the key elements during forming 
and producing the glass. If a good annealing process is not 
applied to the glass piece, the internal tensile formed in the 
glass results cracking on the glass over time. Cracking can 
also be caused by a sudden impact or by a sudden 
temperature change. 
Annealing is a controlled cooling process and it may also 
require heating, standby and cooling [2]. The aim of the 
annealing is to remove the stresses that occur during the 
production process while cooling the glass [1].  

The application of the annealing process for the blown glass 
was difficult, but the furnace systems were later developed. 
Furnaces consist of three seperate zones as aligned 
vertically. The melted glass is found (melting zone) in the 
middle of the furnace, the fire (wood or coal) is burning in 
the lower part and annealing is performed in the upper part. 
The temperature of the furnace is decrasing from bottom to 
top so at the top, it decreases to annealing temperature.  It is 
believed that the middle section had been used as working 
zone and the round opening had been at the top was 
annealing zone [3]. There are several ways to anneal glass 
according to glass forming technique: holding the hot glass 
in furnaces at annealing temperature during required time, 
holding the glass in the sand (flame working technique ) and 
holding and cooling the glass through the furnace diagram 
at appropriate times (mold forming technique). Annealing 
diagram may vary with the thickness of the glass. After 
annealing process abut before cold working, the glass is 
inspected by the help of a polariscope to detect any internal 
stress presence. Improperly annealing may be caused to 
micro cracks that would result the cracking of the glass due 
to the internal stress. Stress is not normally observable but, 
in glass, patches or bands of color as an indication of 
stressed areas can be seen with a polariscope. The reason 
for this indication is variation of molecular gaps in different 
directions that is called molecular deformation [2]. If any 
stress detected after inspection with the polariscope, 
annealing process must be repeated before cold working. 
During these processes two kinds of stress occur in the 
glass. The stress that only occurs because of the temperature 
gradient of the glass which can be eliminated by annealing 
is called temporary stress. On the other hand, the internal 
stress which can not be resolved  by annealing is called 
permanent stress [4]. A furnace diagram with a proper 
soaking time at an approximate annealing point according 
to the thickness of the glass can be planned in the case of 
polariscope is not available. An appropriate furnace and 
annealing diagram can be determined by trial and error 
method. 
With this motivation, in this study, it is aimed to investigate 
the annealing of the two different commercial glasses used 
in glass art. While investigating this subject, how glass 
should be annealed and the mistakes made during annealing 
of glasses were examined.  
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2. Experimental Procedure 

Furnaces are one of the most important factors for 
annealing. Thermal isolation of the furnace should be 
controlled before the process otherwise it may cause 
internal stress in the glass induced by cold air flowing into 
the furnace. For this purpose, thermal isolated Protherm 
fusion furnaces were used for annealing process (Fig. 1).  
Models in different shapes such as thin, thick or flat and 
curved were designed to be used in the casting of the glass 
to see the shape effect of the glass after annealing process. 
Styrofoam models were prepared in different thicknesses 
(Fig. 2). These models were used to prepare plaster molds 
which have 1 cm, 3 cm and 5 cm thicknesses (Fig. 3). The 
molds were prepared by mixing of plaster and quartz (1:1, 
w/w) and appropriate amount of water. The greatest features 
of this mixture is the smooth surface and high temperature 
resistance. Prepared mixture was poured into the models 
that were placed between the moldboards. Setting of the 
plaster mixture was occurred in 10 minutes. Then styrofoam 
models were removed from the molds (Fig. 4).  

         

Figure 1. a) Protherm fusion furnace, b) Heating elements 
of the furnace which were positioned upside. 

Figure 2. Models with different thicknesses a) 1 cm b) 3 cm 
c) 5 cm 

Figure 3. a) Use   of   model   during   mold   preparation, 
b) Picture of model placed in mold. 

Figure 4. a) Removing of the styrofoam from the mold b) 
Final state of the mold 

a b c

a b

a

b

a

b
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Two different commercial glass rods (glass 1 and glass 2) 
were cut into the pieces with 3 - 4 cm length and appropriate 
amount of glass pieces were placed in the molds (Fig. 5). 
Then, glasses were melted and annealed according to the 
given glass furnace diagram (Table 1-2). After completion 
of melting and annealing of the both commercial glasses, 
annealing process controlled by polariscope.  

Figure 5. Glass pieces placed in the mold 

Table 1. Glass furnace diagram used for annealing 
commercial glass 1. 

Time (min.) Temperature Holding temperature 
(min.) 

360 590 30
Skip  850 300

Skip  470 - 510 15  60 - 600 
420 425 15
150 375 15
180 275 15
240 30 15

END 

Table 2. Glass furnace diagram used for annealing 
commercial glass 2.

Time (min.) Temperature Holding temperature 
(min.) 

360 590 30
Skip  850 300

Skip  430 15-60-600 
420 400 15
150 375 15
180 275 15
240 30 15

END 

3. Results and Discussion 

The annealing results of glass 1 and glass 2 in different 
thicknesses were given in following sections. 

3.1. Annealing Results of Commercial Glass 1   

The polariscope results of glass 1 for the thicknesses of 1, 3 
and 5 cm were given in Table 3, 4 and 5, respectively. 
According to these tables, for the commercial glass 1  pieces 
which have 1 cm and 3 cm thicknesses anneling at 510
succesfully obtained. Annealing of the glass pieces which 
have 5 cm thickness can not be achieved at 510  forboth 
time periods. This shows these pieces needs higher 
annealing period. 

Table 3. Polariscope results of commercial glass 1 for 1 cm 
thickness 

Time 15 min. 60 min. 600 min. 
Temperature  

470 With 
Stress  

With 
Stress 

With 
Stress 

510 No Stress No Stress No Stress 

Table 4. Polariscope  results of commercial glass 1 for 3 cm 
thickness 

Time 15 min. 60 min. 600 min. 
Temperature  

470 With 
Stress 

With 
Stress 

With 
Stress 

510 No Stress No Stress No Stress 

Table 5. Polaricope results of commercial glass No:1 which 
has 5 cm thickness 

Time 15 min. 60 min. 600 min. 
Temperature  

470 With 
Stress  

With 
Stress 

With 
Stress 

510 With 
Stress 

With 
Stress 

With 
Stress 

3.2. Annealing Results of Commercial Glass 2 

The polariscope results of glass 1 for the thicknesses of 1, 3 
and 5 cm were given in Table 6, 7 and 8, respectively. 
According to these tables, for the commercial glass 2  pieces 
which have 1 cm thicknesses anneling at 470
obtained. Annealing of the glass pieces which have 3 cm 
and 5 cm thickness can not be achieved at 47 for both 
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time periods. This shows these pieces needs higher 
annealing period or higher annealing tempertures. 

Table 6. Polaricobe results of commercial glass 2 for 1 cm 
thickness 

Time 15 min. 60 min. 600 min. 
Temperature  

430 With 
Stress  

With 
Stress 

With 
Stress 

470 No Stress No Stress No Stress 

Table 7. Polaricope results of commercial glass 2 for 3 cm 
thickness 

Time 15 min. 60 min. 600 min. 
Temperature  

430 With 
Stress 

With 
Stress 

With 
Stress 

470 With 
Stress 

With 
Stress 

With 
Stress 

Table 8. Polaricope results of commercial glass 2 for 5 cm 
thickness 

Time 15 min. 60 min. 600 min. 
Temperature  

430 With 
Stress  

With 
Stress 

With 
Stress 

470 With 
Stress 

With 
Stress 

With 
Stress 

4. Conclusion  

In the present study the effect of annealing temperature and 
annealing period to the thickness of two different 
commercial glasses were investigated. Best annealing 
temperatures for commercial glasses 1 is determined as to 
be . For the commercial glass 2 annealing 
temperature should be higher than  or annealing 
period should be higher than 600 minutes respectively. 
These measurement results show similarity with the 
literature.  
It was observed that with the increasing of annealing time, 
stress occurance decreases. The annealing process should be 
extended with the increasing thickness for both glasses. 
This study shows that, annealing parameters can be 
determined with the help of a polariscope without any other 
measurent in a glass studio successfully. 
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Abstract

Glazes are hygienic, decorative, glassy coating layer which 
have resistance to chemicals. In this study, Nevsehir, 
Acigol-Tatlarin region’s basalt added to transparent glaze 
at 5, 10, 15, 20, 40 and 60 wt. %. These glaze recipes 
applied to slip cast plates and sintered at 1000 °C. No 
significant color change was observed for 5-15 wt. % 
basalt additions but color turns to black with the increasing 
amount of basalt after 20 wt. % addition amounts. Phase 
development of the glazes with 0, 20, 40, 60 wt. % basalt 
addition were performed with X-ray diffraction (XRD) and 
microstructural development of the glaze with 60 wt. % 
basalt addition was investigated by scanning electron 
microscopy (SEM). 

1. Introduction 

Basalt is a magmatic rock which has high chemical 
durability, high resistance to abrasion and corrosion 
[1-2]. Natural basalts are cheap raw materials that are 
present in significant quantities [2]. The technology of 
basalt ore processing is ecologically clean and the 
products obtained are not cancerogenous. Basalt from its 
deposit is black color and has a high level of aesthetic 
decorative properties [3]. 

Basalt and basaltic tuffs are rocks used both in Turkey 
and abroad, in ceramics and glazes, frit and 
glass-ceramics, composite materials [1-30]. However, no 
study has been conducted on the use of basalt, except the 
usage as cut stones and pebbles in the Nevsehir province 
borders. The aim of this study is to be able to improve 
the properties of transparent glazes with the use of 
Nevsehir basalt. 

2. Experimental Procedure 

Basalt from Nev Beton Basalt Plant (Nevsehir, 
Acigol-Tatlarin) was ground to smaller particle size 
than 100 μm with a porcelain jet mill in wet basis. 
Dried basalt was added to the transparent base glaze 
at the ratios 5, 10, 15, 20, 40, 60 wt. %. The solid 
concentration of the glaze recipes was held constant 
at 50 % by mass. Glazes were applied on slip cast 
plates with a brush. Firing of the glazed plates was 
performed at 1000 °C in a Refsan Kaleo-27 furnace.

Chemical composition of basalt was determined by X-ray 
fluorescence (XRF-Bruker Tiger S8). Color measurement 
of all glazes was carried out using Minolta CM-3600d 
color measurement equipment. X-ray diffraction (XRD) 
was used for the qualitative determination of the 
crystalline phases present in the basalt and glazes 
containing 0, 20, 40, 60 wt. % basalt. This procedure was 
performed using a Rigaku Miniflex 600 diffractometer 
(with CuK -radiation) at 40 kV and 15 mA. The samples 
were scanned from 2 , 5 to 70°, at a scanning speed of 
2°/min. The microstructure development of the glaze 
containing 60 wt. % basalt was analyzed using a Zeiss 
EVO 50 EP scanning electron microscope (SEM) along 
with an energy dispersive X-ray (EDX) spectrometer.

3. Results and Discussion 

Chemical composition of basalt was given in Table 1. 
The basalt has 9.74 wt. % Fe2O3. An XRD analysis of 
the basalt was conducted and shown in Figure. 1. The 
main crystalline phases of the basalt were observed as 
quartz, magnetite and anorthite. It was determined with 
XRD analysis that Fe2O3 was magnetite phase. 

Table 1. Chemical composition of basalt.  
SiO2 Al2O3Fe2O3CaONa2OMgOTiO2K2OP2O5MnOL.I.*
50.66 18.38 9.74 7.45 4.67 4.55 2.16 1.17 0.55 0.16 0.53
L.I.*: Loss of Ignition 

Figure 1. XRD pattern of basalt (Magnetite:   , 
Anorthite: , Quartz:   ). 
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The firing colors of glazed samples with changing basalt 
amount were shown in Figure 2. L* value of samples 
decreases with the increasing amount of basalt (Figure 
3).The lowest L* value was obtained for transparent 
glaze with 60 wt. % basalt addition. a* value changes 
between 2.46 and 3.66 (Figure 4). Basalt addition was not 
a significant effect on a* value. As can be seen in Figure 
5, the b* value increases 10.08 to 20.35 with an increase 
of basalt amount up to 20 wt. %, but it decreases with the 
basalt amount changes from 20 wt. % to 60 wt. %.  

Figure 2. Firing colors of samples. 

Figure 3. L* value of samples with basalt addition. 

Figure 4. a* value of samples with basalt addition. 

Figure 5. b* value of samples with basalt addition. 

The slight shift in the diffraction pattern occurs due to the 
volumetric expansion of the crystalline lattice [31]. Peak 
positions are changed with the level of dopant or 
substitution atoms [32-36]. If there were any substations of 
the Si atoms by other atoms in the silica structure, a shift 
in XRD peaks of SiO2 would appeared due to the 
differences in atomic radii of these two atoms [37]. In this 
study, quartz peak was shifted to the right with 
increasing amount of basalt addition according to XRD 
studies from Figure 6. 

Figure 6. XRD pattern of basalt (Quartz:    ). 

The microstructure of glaze containing 60 wt. % basalt 
was investigated by SEM. According to the SEM-EDX 
results of the glassy phase, regions contain 3.65±1.19 wt. 
% Na2O, 1.57±0.11 wt. % MgO, 18.06±3.82 wt. % Al2O3,
63.99±2.93 wt. % SiO2, 2.54±0.74 wt. % K2O, 7.56±1.99 
wt. % CaO and 2.64±0.83 wt. % FeO in Table 2. This 
result showed that Fe2O3 in basalt a certain amount 
dissolved at glassy phase. Though the dissolution of 
Fe2O3, Figure 7 revealed that there had been still 
undissoled Fe2O3 crystals in the glaze. 

Table 2. Chemical composition of the glassy phase in 
glaze containing 60 wt. % basalt. 

Oxides 
Minimum 

(wt. %) 
Maximum 

(wt. %) 
Average 
(wt. %) 

Na2O 4.49 2.81 3.65±1.19 
MgO 1.64 1.49 1.57±0.11 
Al2O3 15.36 20.76 18.06±3.82
SiO2 66.07 61.92 63.99±2.93
K2O 3.06 2.01 2.54±0.74 
CaO 6.15 8.97 7.56±1.99 
FeO 3.23 2.05 2.64±0.83 
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Figure 7. EDX analyses from glaze containing 60 wt. % 
basalt labelled spectrum 1. 

4. Conclusion 

In this study, basalt addition as a natural pigment to 
transparent glaze was investigated. When the amount of 
basalt used is 60 wt. %, the lowest L*, a*and b* values are 
obtained. The glazed sample containing 60 wt. % basalt is 
the blackest one. For a maximum b* value, the amount of 
basalt should be 20 wt. %. The study shows that Nevsehir 
basalt could be used as a colorant for transparent glazes. 
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Abstract

The holding ability of enamel on substrate can be provided 
by different mechanisms such as chemical bonding. 
Diffusion of FeO from the substrate to the enamel, and NiO 
and CoO from enamel to the substrate is the basis of the 
chemical bonding. While these oxides enhance the holding 
ability of enamel coatings, the regulations that are planned 
to enter into force, restrict the specific release limits of 
some elements including Ni and Co. In this study, enamel 
coatings are developed using different frit formulations. 
Double layer single firing method with electrostatic spray 
coating is used. As primer layer, the frits containing normal 
amount of NiO and CoO are used in order to provide a 
holding ability that is suitable with the standards. As top 
layer, a frit in which NiO and CoO content is reduced, is 
used in order to optimize the migration behaviors of the 
enamel coatings according with the regulations. Firing 
temperatures for enamel coatings are  810, 830 and 850°C 
for different experimental sets, and firing time is 4 minutes. 
SEM and EDX analysis are performed to investigate the 
holding mechanism between enamel and substrate 
materials. In addition to this, migration tests and ICP MS 
analysis are made to determine the amount of the Ni and 
Co which can migrate from the enamel to food. 

1. Introduction 

Enamel is defined as a glassy inorganic coating bonded to a 
metal substrate for one or more coat by thermal fusion at 
500-870°C. At these heating temperatures, adhesion is 
provided between metallic substrate and enamel. The most 
important factor affecting the quality of the coating 
performance is adhesion mechanics. 
Enamel represents smooth durable coatings with many 
excellent properties including abrasion, wear and chemical 
resistance, high hardness and brilliant colours. The 
properties such as high thermal resistance and thermal 
shock endurance provide the usage in many industrial 
areas. Enamel coated materials are widely used in cooking 
appliances sector especially in furnace chases and baking 
tray.
The quality of the enamel coating is depending on the 
adhesion ability of the enamel on the substrate material. 
Chemical composition of enamel, the type of steel, the 

roughness of the metal surface, the heating process and the 
temperature of glazing, the atmosphere of the oven are the 
factors affecting the interface reactions and so adhesion 
mechanism between glassy coating and metal substrate. 
There are three basic adhesion mechanisms of the enamel 
coating which are chemical, mechanical and diffusion 
theory. According to the chemical theory, adhesion 
mechanism is provided by saturation of a small area in 
glassy structure of the enamel with FeO. If there occurs a 
sufficient diffusion of FeO from the steel as substrate 
material to the glassy phase of enamel, there forms an 
oxide inter   layer in enamel-substrate interface. In addition 
to forming of FeO, there are metal oxides such as CoO and 
NiO in enamel which provides the adhesion. The existences 
of these metal oxides lead to an intensive roughness on the 
surface of the substrate material. According to this theory, 
during firing process the base metal reduces the metal 
oxides in the enamel to the metallic state. These adherence 
promoting metal oxides are formed galvanic cells that 
strongly corrode the base metal.  

Fe3O4  Fe2+ + 2 Fe3++ 4O2- (1)
2 Fe3+ + Fe  3 Fe2+                                                         (2)
Fe + CoO  FeO + Co      G = -36893 J (3)
Fe + NiO  FeO+ Ni        G = -52988 J (4)

Other theory promoting the adhesion is the dendritic theory 
which has the dendrites with tooth like appearance and 
plays an essential role in the adherence at the interface. The 
dendrites are formed in which metal normally crystallizes 
from the melt, aqueous solutions or any nonmetallic liquid. 
The compound of the metal to the enamel tends to attach 
the enamel mechanically to the base metal in the dendritic 
region after cooling.
Shortly, the adhesion between enamel and metal substrate 
is provided by means of chemical reactions during firing of 
the enamel. Mechanical interlocking of the steel with 
enamel was suggested to occur via “anchor points” at the 
substrate–enamel interface and originating from the 
alloying of diffused iron with Ni, whereas chemical 
bonding is usually limited by the adherence of metal 
oxides.
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Since Ni and Co are toxic to organisms, and can migrate 
from the enamel coated product to the food at different 
conditions in terms of different temperature and/or different 
pH, European Directorate for the Quality of Medicines & 
HealthCare (EDQM) has published international 
regulations about metals and alloys used in food contact 
materials in different years. The amount of migrated 
elements and enamel suitability for use are determined by 
the tests presented in “1935/2004 EC & EDQM Metals and 
Alloys Guidelines & 84/500 EC”. In this study, it was 
aimed to produce enamel coated product according to these 
regulations. To determine the migration amount of Ni and 
Co, some food contact conditions using solutions 
containing acid such as citric or acetic acid, and high 
temperature such as 100°C in terms of cooking under the 
guidance of 84/500/EEC regulations, were simulated. After 
the migration experiment, ICP MS analysis was performed 
to investigate the amounts of the migrated elements. In 
addition to chemical analysis, impact tests were carried out 
to determine the level of the holding ability of enamel.     

2. Experimental Procedure 

In this study, the steel plates coded as EN 10209 DC04EK 
which is defined as drawing enameling quality Al-killed 
cold rolled steel, were used as substrate. Before the 
experiments, both steel plates and frits were characterized 
by using Bruker-Elemental Q4/VUV optical emission 
spectrometry (OES) and Perkin Elmer AAnalyst 800 
atomic absorption spectroscopy (AAS), respectively. 
During laboratory studies, electrostatic powder coating 
method was used. Before enamel coating was applied, 
substrates have been prepared with cutting the steel sheets 
into 10 x 10 cm pieces. Surfaces were pre-treated via sand 
blasting for increasing roughness. Then, washing with 
degreasing agent at 65°C for 30 min in order to clean 
surfaces from rolling oil, rinsing in distilled water and 
drying in oven at 100°C for 10 minutes steps followed 
respectively. Enamel suspension was applied on the steel 
plate as double coating by air aided spray coating 
technique, and then a single firing process was performed. 
Firing is the last process of enameling. Double layer – 
single firing was applied to the coated samples at 810-
850°C for 2-6 minutes.
After the enameling process, impact test was applied to the 
samples according to ASTM B916-01(2007) (Standard Test 
Method for Adherence of Porcelain Enamel Coatings to 
Sheet Metal).  
In this experimental setup, a load of 2 kg is applied from a 
height of 50 cm. As a result of this, there occurs a 
deformation. The level of the deformation is determined by 
the impact scale which can be seen in Figure 1. 
According to the impact test, the holding level of the 
enamel is expressed by the numbers in the range of 0 – 5. 
For the migration test, a setup was prepared by taking into 
account the surface area and the volume of the solution 

contacted with the surface according to the regulations as it 
can be seen in Figure 2. 

Figure 1: The impact test scale. 

Figure 2: Experimental setup of migration test. 

In this setup, there is a cylindrical glass containing acid 
solution to simulate food, a silicon ring for sealing, and a 
pressing system for sealing and a complete contacting 
between surface and the acid solution. Samples were placed 
between the silicon ring and metal plate of the pressing 
system for migration test. 
According to the regulations, 1 L of acid solution should be 
used for 6 dm2 of surface area of enamel. According to the 
calculations, 100 ml of solution is enough for this setup. 
For this test, 0.5% solution of citric acid solution was 
prepared to simulate both acidic and alkali food media. The 
test was performed at 100°C for 2 hours according to the 
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regulations. Before the test, the coated surface was cleaned 
by ethanol to eliminate contaminations. During the test, the 
setup was covered by petri dish to avoid evaporation of the 
citric acid solution and contamination coming from the 
stove. Then this setup was located in the stove. After the 
migration test, ICP MS analysis was performed to 
determine the amount of the migrated Ni and Co. 

3. Results and Discussion 

Before the spray coating process, the frits were subjected to 
a chemical analysis with AAS. The compositions of the 
frits are given in Table 1. The steel substrates were 
characterized by OES, and the chemical composition of this 
material can be seen in Table 2.

Table 1: The chemical compositions of Frits. 

Compound I II III IV V VI 
SiO2 49.12 52.82 51.52 47.89 49.13 51.60 

Fe2O3 3.33 2.14 3.16 1.79 2.62 0.14 
MnO2 3.20 2.37 3.39 1.78 2.69 0.01 
Li2O 4.04 3.09 2.41 1.62 1.89 0.78 
Na2O 19.77 20.21 14.84 13.13 14.36 8.04 
NiO 0.39 0.39 1.03 1.33 0.87 0.03 
CoO 0.70 0.60 0.75 0.45 0.61 0.03 
K2O 6.50 1.59 3.25 3.65 3.52 7.07 
CaO 7.01 10.44 1.70 1.60 1.36 0.02 
Al2O3 1.22 1.87 14.17 17.68 16.52 2.18 
TiO2 3.60 4.23 2.98 8.06 5.49 29.75 
Total 98.89 99.75 99.19 98.98 99.06 99.65 

Table 2: The chemical composition of EN 10209 
DC04EK coded steel. 

Element 
Composition 

by mass 
percent

Fe 99.15 
C 0.0058 

Mn 0.181 
Si 0.030 
P < 0.005 
S < 0.150 
Al 0.051 
Ni 0.018 
Cu 0.019 

The firing time and temperature are important parameters 
for determination of the holding ability. In this study, firing 
temperature was kept stable, and only the effect of the 
different firing durations were investigated in order to 

determine the optimum holding conditions between the 
enamel coating and the steel substrate. 

According to the impact test results, the samples which 
were coated with frit number III (single layer single firing) 
and II+VI (double layer single firing) showed perfect 
holding ability with the firing temperature as 830°C and 
duration as 4 min. 

 

Figure 3: The impact test results of the samples.

According to the holding test results, firing time is an 
important parameter, and the longer firing time leads to a 
better holding ability of enamel. 

Migration of the toxic elements such as Ni and Co from 
enamel coated samples to food can be observed by 
migration tests. As it is mentioned before, migration tests 
carried out by simulating food. For this test, acidic 
solutions and high temperature values in terms of cooking 
such as 100°C are used according to the regulations. After 
the tests, the obtained migration solutions are analyzed by 
ICP MS. The results of ICP MS analysis show the 
suitability of the relevant enamel for using as food contact 
material according to the regulations. Table 3 shows 
maximum amounts of migrated Ni and Co that must be 
found in food contact materials. These limits are also called 
Specific Release Limit (SRL). 

Table 3: SRL values of Ni and Co for food contact materials.

Element 
SRL (mg 

element/kg
of food) 

Ni 0.14 

Co 0.02 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

440 IMMC 2018   |   19th International Metallurgy & Materials Congress

As it can be seen from Table 3, the maximum value of 
migrated Ni and Co must be very low because of their toxic 
effect for the living organisms. Although the single layer 
single firing samples showed perfect holding ability, the 
migration values of Ni and Co in these samples were higher 
than the SRL. Thus, this led a necessity of a double layer 
single firing process. Table 4 shows some migration values 
of different elements in double layer single firing samples. 

Table 4: Migration values of the elements.

Element
Migrated

Value 
(mg/kg)

Ni 0.01 

Co 0.002 

Cd * 

Ba * 

Pb * 

Mn 0.01 

Fe 0.17 

* Below the measuring limits 

These results show that the migration values of the toxic 
elements like Ni and Co are below the SRL values 
according to the regulations. Enamel coated with double 
layer single firing method can be used as food contact 
materials. 

4. Conclusion 

The enamel coated samples which are obtained as a result 
of experimental work, including preparation of substrate 
materials, coating with frit and baking, were subjected to 
tests in accordance with standards.

Migration values are measured above the planned standards 
to be applied in the future when the substrate-enamel 
adhesion properties give excellent results with the frits  
including cobalt and nickel oxide  as primer layer and the 
frits not including cobalt and nickel oxide as top layer.  

The direct application of the frit raw materials, which do 
not contain the builder enhancer components, did not 
provide adequate holding values. From these results it has 
been decided to use the black enamel raw materials as the 
primer and the white enamel raw materials as the top layer. 
For this purpose, double layer single firing method was 
applied at 810-850°C and 2-6 minutes baking duration. As 
a result of experimental studies, it was determined that 
coatings made at 830 ° C for 4 minutes baking time provide 
excellent substrate-enamel adhesion as a result of single 
firing, while enamels suitable for migration release limits 
are produced. 

When all the test results were evaluated, double layer single 
firing samples baked at 830°C with 4 minutes cooking 
time, with primer layer of  frit number II and V  as top 
layer of frit number VI , showed migration and holding 
behavior in accordance with the standards. 
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Abstract

In this work, porous ceramics were produced, 
characterized and tested as sorbent material for the 
removal of Cd(II), Zn(II) and methylene blue (MB) 
from aqueous solutions. Preceramic polymers were 
used to obtain permeable SiOC by HF etching 
process. Specific surface area of samples increased 
from 4.3 to 773.7 m2/g and adsorption capacities 
for both metals and dye increased at least six times. 
Batch adsorption data was fitted by Langmuir 
isotherm model. For regeneration studies ethanol 
was used, and even after third re-loading cycles, HF 
treated SiOC samples showed high retention. 

1. Introduction
Under present conditions, 18% of the world's 
population is not accessible to clean water, and in 
2030 it is predicted that the number of people living 
in countries facing water stress will reach 50% of 
the total world population[1]. Quality, reliable and 
clean water access is still one of the most important 
factors that affect human health today. 
Contamination of water resources by physical, 
chemical, biological or radiological pollutants is a 
major problem both in developing and 
industrialized countries. Examples of water 
pollutants include metals, microorganisms, and 
dyes. In this context, it is an increasingly important 
issue to clean wastewater with low cost and high 
efficiency. Water treatment technologies can be 
varied as coagulation[2, 3], flotation,[4] ion 
exchange[5], chemical precipitation[6], 
filtration,[7]  etc.[8, 9] The adsorption-based 
methods come to the fore because of their ease of 
design and production, cost and applicability to 
different types of pollutants compared to all these 
method[10, 11]. Many different materials (activated 
carbon, porous minerals, ceramics, zeolites, 
polymeric materials)[12-16] can be used in the 
adsorption process. All of these materials have 
negative aspects as well as positive aspects in terms 
of treatment, but the most commonly used one is 
activated carbon [17-19].  The activated carbon 
used in water treatment is generally obtained from 
organic materials, such as coconut shells,[20] seed 
of the fruit,[21] wood[22] and is used as granules or 
powder.

As an alternative to activated carbon, carbon can be 
produced from the carbide, which can then be 
activated again to further increase the surface area. 
The resulting product form and pore size of such 
produced carbon can be adjusted [23-25]. Porosity 
can be created in both micro and meso sizes by the 
etching of systems produced from pre-ceramic 
(ceramics) polymers and the resulting material can 
be adapted to many processes [24, 25]. 
Among preceramic polymers, polysiloxanes are the 
most economical ones. They can be processed 
under an open-air atmosphere and pyrolyzed at 
temperatures between 800 and 1400 ° C to obtain 
silicon-oxy-carbide (Si-O-C). Although ceramics 
obtained from preceramic polymers have been 
studied for a long time, researches on the 
applications of these materials are insufficient. [26-
33]
Parameters such as pore size distribution (PSD), 
specific surface area (SSA), open or close pores, 
aligned or gradient porosity, may vary according to 
the production process, greatly affect the potential 
applications of ceramics[34]. For example, nano 
and micro sized adsorbents are important 
candidates for water treatment. [35] In this study, 
highly porous SiOC ceramics were fabricated in 
simple and eco-friendly manner for water 
purification studies. 

2. Experimental Procedure 

2.1. Manufacturing of SiOC adsorbents 

The SiOC adsorbents were prepared following the 
procedure described in the literature[36]. The 
difference was the amount of polymers used in the 
blends. The sample tested in this work was different 
from the published work because here the amount 
of PDMS was a quarter of that was used in the 
published study[29].
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The blend, in a similar manner, was poured into the 
molds and cured overnight on the hot plate at 
200°C. A tubular furnace was used for pyrolysis of 
all the samples. Some of the resulting samples were 
treated at room temperature with a 48% HF 
aqueous solution for 4 days and with shaking every 
12 hours. Subsequently, samples washed with 
deionize (DI) water until the acid was removed 
were dried at 65 °C for 24 hours. 

2.2. Batch adsorption studies 

1000 mg/L standard solutions ((Cd(NO3)2,
(Zn(NO3)2) all analytical grade was diluted and MB 
dissolved in DI water to desired concentrations for 
experiments.
The pH of each solution was adjusted by using 
WTW SET2 pH meter. Initial and final 
concentrations were determined by F-AAS for 
metal ions (for Cd and Zn wavelength was set at 
228.8 and 213.9 nm, respectively) and UV-vis for 
MB at the wavelength of 668 nm. 
All the adsorption studies were carried out by using 
batch adsorption technique. Both SiOC and SiOC-
HF samples were milled and powdered form were 
used.
Powdered samples were weighed in the desired 
quantities and added to the metal or MB solution 
and stirred at RT. Following the equilibrium step, 
centrifugation (6000 rpm, 15 mins) was used for 
separation of aqueous final solutions.  
Regeneration studies were carried out by extraction 
of MB with ethanol. SiOC-HF sample was loaded 
with 200 mg/L MB solution and ethanol at pH 2 
was used for extraction. Adsorption-desorption 
cycles were repeated 3 times. 

3. Result and Discussion 

3.1. Characterization of adsorbent 

The N2 adsorption-desorption isotherms and PSD 
from SiOC and SiOC-HF samples are shown at 
Figure 1. Specific surface area and micro pore 
volume values are given in Table 1.

Figure 1. N2 adsorption/desorption isotherms and 
pore size distribution, PSD (inset) curves before 
and after HF etching. 

N2 adsorption analysis revealed that, the HF attack 
resulted porous carbonaceous ceramic with 774 
m2/g SSA and 0.363 cm3/g additional micro pore 
volume.

Table 1. N2 adsorption/desorption test results of 
samples.

Sample BET
(m²/g)

Micropore
volume
(cm³/g)

Pore volume 
(cm³/g) – BJH 

Desorption
cumulative

volume of pores

SiOC 4.3 ± 
0.03 0.001 0.023 

SiOC-HF 774 ± 
13 0.363 0.441 

3.2. Batch adsorption studies 

Optimization tests were carried out and the 
adsorption parameters determined are shown at the 
Table 2.

Table 2. Adsorption parameters.

Adsorbent
amount

(g/L)
pH

Contact time 
(hour)

Cd 5 6 ± 0.15 2 
Zn 5 6 ± 0.15 2 
MB 0.5 8 ± 0.15 24 

The concentration of the initial and the final 
solutions were determined, and the results were 
fitted the Langmuir isotherm model. The Langmuir 
isotherm is given by: 

𝑄𝑒 𝑞𝑚 𝐾𝐿 𝐶𝑒 𝐾𝐿 𝐶𝑒
(1)

The results are given in Figure 2, which shows the 
adsorption capacity Qe (mg / g) versus the 
concentration of adsorbate at equilibrium Ce 
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(mg/L). 

Figure 2. The result of adsorption experiments for 
(a) metal ions and (b) MB. 

Maximum adsorption capacity (qm) and Langmuir 
constant (KL) were calculated from the slope and 
the intercept of Ce/Qe versus Ce plot.  These 
parameters and correlation coefficient (R2) of the 
Langmuir equation for the adsorption of metal ions 
and MB are shown at Table 3. The maximum 
adsorption capacities followed the Cd>Zn for the 
SiOC sample, while the HF etched sample (SiOC-
HF) showed a higher increase in adsorption of Zn 
than Cd. Besides, MB adsorption was always 
considerably higher than adsorption of metal ions. 

Table 3. Data from Langmuir Isotherm fit.

Langmuir Isotherm 
Sample  

qm

(mg/g)
KL

(L/mg) R2

Zn(II) 0.57 1.06 0.994

Cd(II) 0.62 2.83 0.994SiOC

MB 15.68 0.84 0.999

Zn(II) 7.78 0.77 0.983

Cd(II) 3.81 1.32 0.996SiOC-HF

MB 96.06 0.23 0.999

SiOC-HF sample with a maximum adsorption 
capacity of 96 mg/g MB was selected for 
regeneration studies. In order to determine the 
reusability efficiency, the pH value of the ethanol to 
be used is reduced to 2. The results of the 
regeneration studies using ethanol are shown in 
Table 4. Even after ethanol extraction for the third 
time, the adsorption rate showed a very high value 
of 97%. 

Table 4. Regeneration results for MB onto SiOC-
HF sample.

Sample Rejeneration with EtOH 
Re-adsorbed MB % 

I. cycle II. cycle III. cylce SiOC-HF
99.07 98.46 97.18 

4. Conclusions 

Adsorption capacities of SiOC sample have been 
significantly increased by HF etching process. The 
SiOC sample with a specific surface area of 4 m2/g
adsorbed MB at about 15.7 mg/g, while this value 
for SiOC-HF sample with an SSA value of 773 
m2/g increased to 96.1 mg/g.  
Even though the metal adsorption values of the 
SiOC sample after the HF etching process, 
increased by around six times, the results were 
insufficient when compared with MB adsorption. 
The regeneration studies showed that the SiOC-HF 
sample adsorbed 97% of MB even after third cycle.  
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Abstract
The pyrolysis is an important step for controlling the 
C/C preform characteristics which directly affect the 
densification during the succeeding Liquid Silicon 
Infiltration (LSI) step of the C/SiC ceramic composite 
processing. In spite of the fact that preform 
characteristics mainly depend on the pyrolysis 
temperature, the matrix reactivity of the preform is not 
governed by altering the pyrolysis conditions. More 
efficient and successful transformation of the carbon 
matrix of the C/C preform into silicon carbide strongly 
depends on the matrix reactivity as well. Therefore, 
current study has focused on understanding the 
mechanism and kinetics associated with SiC formation, 
where alternative matrix materials in powder form 
were infiltrated into the C/C preform together with 
liquid Si during the LSI step. 

Experimental studies have been carried out with 
carbons derived from phenolic resin and from mixture 
of phenolic resin and microcrystalline cellulose. 
Moreover, in order to examine the effects of 
nanoparticle addition on the transformation of the 
pyrolyzed phenolic resin to SiC, mixtures of carbon 
derived from phenolic resin- nano-SiC powder and 
carbon derived from phenolic resin and carbon 
nanotube (CNT) were incorporated during the LSI 
process.

1. Introduction

The liquid silicon infiltration process, which is one of 
the manufacturing processes of C/C-SiC composites, is 
applied by infiltration of liquid silicon into the porous 
C/C preform to obtain C/C-SiC composite. The 
oxidation and wear resistance of the C/C preform is 
increased by silicon infiltration which results in SiC, 
and hence SiC/C zone formation. Considering the 
disadvantages of polymer based infiltration process and 

reaction bonding of Si-SiC materials, liquid silicon 
infiltration process is derived from both processes.  

Processing of C/C-SiC composites via liquid silicon 
infiltration (LSI) contains three main steps: 

i. Production of the carbon fiber reinforced 
polymer matrix composites (CFRP), 

ii. Pyrolysis of the CFRP to obtain the C/C 
preform,

iii. Liquid silicon infiltration of the C/C preform. 

LSI is a complex process where key variables have a 
distinguishable role on the effectiveness of the 
densification and properties of the resulting ceramic 
composites. LSI efficiency mainly depends on the 
properties of the initial CFRP material, pyrolysis 
parameters and matrix reactivity. Taking into 
consideration of all of these parameters, which directly 
affect the efficiency of the LSI process, current study 
has focused on understanding the mechanism and 
kinetics associated with SiC formation, where 
alternative matrix materials in powder form were 
infiltrated into the C/C preform together with liquid Si 
at 1650 °C and in vacuum. 

2. Experimental Procedure 

Experimental studies have been carried with carbons 
derived from phenolic resin and from mixture of 
phenolic resin and microcrystalline cellulose. 
Moreover, in order to examine the effects of 
nanoparticle addition on the transformation of the 
pyrolyzed phenolic resin to SiC, mixtures of carbon 
derived from phenolic resin- nano-SiC powder and 
carbon derived from phenolic resin and CNT were 
incorporated to the LSI process.

Firstly, for all of the experimental studies phenolic 
resin was converted to carbon by applying pyrolysis at 
1000 °C under flowing nitrogen atmosphere for 2 h. 
Furthermore, carbon derived from microcrystalline 
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cellulose was also obtained by pyrolysis of 
microcrystalline cellulose powder at 1000 °C under 
flowing nitrogen atmosphere for 3 h. After that, carbon 
derived from phenolic resin was mixed with other 
precursors in predetermined weight percentages (Table 
1). Preparation of CNT and carbon derived from 
phenolic resin mixture had a different procedure than 
that of the other precursors due to hydrophobic nature 
of the CNT. Because of having hydrophobic nature, 
carbon nanotubes tend to agglomerate and prevent 
formation of homogenous CNT-carbon mixture. 
Therefore, in order to overcome this problem, firstly 
95:5 wt% carbon derived from phenolic resin:CNT and 
5 ml propanol were mixed and kept in an ultrasonic
disperser for 15 minutes. Next, equal moles of 
powdered silicon and carbon derived from phenolic 
resin mixture was added to the suspension, and it was 
kept in an ultrasonic disperser for 15 minutes. Finally, 
the suspension containing silicon powder, carbon and 
CNT was placed to a furnace kept at 60°C for 1 day to 
remove the propanol.

Table 1. Classification of the carbon preforms based 
on precursor type used during LSI. 

Sample
Name Precursor type 

PR Carbon derived from phenolic resin 

PR-MC
60:40 wt% carbon derived from 
phenolic resin and carbon derived 
microcrystalline cellulose 

PR-
NanoSiC

95:5 wt % carbon derived from 
phenolic resin and nano-SiC 

PR-CNT 95:5 wt % carbon derived from 
phenolic resin and CNT 

Microstructural characterizations of the pyrolyzed and 
silicon infiltrated powders were conducted using 
scanning electron microscope (SEM) (FEI Nova Nano 
SEM 430). X-ray diffraction (XRD) analysis using 
Rigaku D/MAX2200/PC was performed for phase 
identification of the resulting powders. Rietveld 
Analysis was done by GSAS (General Structure 
Analysis System, (developed by R.B. von Dreele and 
A.C. Larson, University of California, 2001) for the 
calculation the relative weight percentages of the 
phases.

3. Results and Discussion 

Before mixing with the carbon derived from phenolic 
resin, in order to ensure that pyrolysis of 
microcrystalline cellulose gave rise to carbon 
formation, XRD analysis was conducted on pyrolyzed 
microcrystalline cellulose powders. As it is seen in 
Figure 1, because of the fact that XRD pattern of the 

pyrolyzed microcrystalline cellulose presents (002), 
(102) and (004) peaks at the defined diffraction angles 
of carbon, transformation of the organic precursor into 
carbon was achieved by the applied pyrolysis [1-4]. 

Figure 1. XRD analysis of pyrolyzed (a) phenolic resin 
and (b) microcrystalline cellulose. 

In order to reveal the efficiency of SiC formation in 
alternative matrix materials to determine the amounts 
of the existing phases after reacting with liquid silicon, 
Rietveld analysis was conducted. As it is seen in Table 
2, in all of the matrix materials there is almost no 
residual silicon remaining. This is because, for all of 
the cases liquid silicon also reacts with the utilized 
graphite crucible and forms some amount of SiC at the 
container wall. Therefore, unreacted silicon may not 
exist in the graphite crucible after the process. 

Table 2. Weight fraction of the phases in alternative 
matrix materials after reacting with liquid silicon. 

In spite of the fact that for all of the matrix material 
combinations equal moles of carbon were mixed with 
equal moles of silicon, after reacting with liquid silicon 
PR-MC type matrix presented higher amount of SiC 
than PR matrix. Moreover, unreacted carbon amount is 
remarkably lower for PR-MR. Having higher amount 
of SiC formation with PR-MC mixture can be 
explained by the differences in the carbon reactivity of 
the matrix materials after pyrolysis. Pyrolysis of 
microcrystalline cellulose and phenolic resin gives rise 
to carbon precursors having different reactivity which 
directly affects the rate of silicon carbide formation. 
The degree of atomic ordering in the precursor defines 
the carbon reactivity. With decreasing carbon atomic 

Sample
Name

SiC
(wt.Frac.) 

C
(wt.Frac.) 

Si
(wt.Frac.) 

PR 0.76 0.24 0

PR-MC 0.98 0.02 0
PR-

NanoSiC 0.87 0.13 0.006

PR-CNT 0.99 0.01 0 
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ordering, the concentration of available carbon active 
sites increases, therefore, dissolution of carbon atoms 
in liquid silicon occurs more easily. Pyrolysis of 
phenolic resin results in turbostratic carbon structure. 
Following the removal of aromatic rings from the 
structure in dehydrogenization and main pyrolysis 
steps, small graphene clusters may have been formed. 
These clusters increase the atomic ordering of the 
phenolic resin, i.e. decrease the reactivity of the 
achieved carbon. On the other hand, cellulose 
molecules do not contain any aromatic rings, and 
hence, finally formed amorphous carbon does not 
contain graphene structure (Figure 2). 

Figure 2. Atomic structure of (a) Microcrystalline 
Cellulose, (b) Phenolic Resin. 

According to Table 2, SiC formation is higher in PR-
NanoSiC mixture compared to only PR matrix. 
Diffusion controlled SiC formation occurs in two 
stages where firstly a thin SiC layer forms between 
liquid silicon and carbon precursors, then SiC 
formation proceeds with the diffusion of the carbon 
atoms through formed SiC layer and growth of this 
formed layer. In the PR-NanoSiC mixture nano-SiC 
particles behave as preexisting nucleation sites on 
which liquid silicon can react with carbon precursor, 
enhancing SiC formation. 

The highest amount of SiC formation has been 
achieved by the reaction of liquid silicon with PR-CNT 
mixture with trace amount of residual carbon and 
unreacted silicon. As already known, nano materials 
have significantly higher amount of surface area 
compared the bulk materials. High amount of surface 
area enhances the carbon-liquid silicon interaction 
resulting in high fraction of SiC formation. 

Moreover, representative morphology of the SiC 
particles formed using different carbon sources is 
shown in Figure 3. SiC has two polymorphs where -
SiC is formed at temperatures higher than 1700 °C, 
while a hexagonal -SiC with a zinc blende crystal 
structure is formed at temperatures below 1700 °C. 
Due to the fact that selected reaction temperature with 
liquid silicon was 1650 °C, only -SiC was observed 
throughout this study. As mentioned earlier, SiC layers 
get thicker according to diffusion limited silicon 
carbide formation, where heterogeneous nucleation and 
growth of SiC occurs by the diffusion of carbon 
through the formed SiC layer. Considering this 

mechanism, presented microstructures were compared 
in Figure 3. 

Figure 3. Morphology of -SiC particles obtained 
using different carbon sources: (a) PR precursor, (b) 

PR-MC, (c) PR-NanoSiC and (d) PR-CNT.

SiC morphology formed by PR precursor only differs 
from those of the others, due to the fact that it does not 
only contain SiC particles but also unreacted carbon in 
its microstructure. Both PR-CNT and PR-MC mixtures 
present nearly uniform and small sized SiC particles 
associated with the initial formation of SiC at the 
existing carbon sources. Higher amount of carbon in 
the sources with finer morphologies resulted in higher 
degree of nucleation rate, and hence high number of 
fine SiC particle formation. Microstructure of the SiC 
obtained using PR-NanoSiC mixture reveals varying 
particle sizes, mainly due to varying reaction time [4]. 
Growth of large twined crystals may be explained by 
nucleation of new SiC particles at the surface of the 
already formed SiC particles. 

4. Conclusion 

Effects of the alternative matrix materials on the 
transformation of carbon matrix into silicon carbide 
have been investigated. Pyrolysis of microcrystalline 
cellulose and phenolic resin gives rise to carbon 
precursors having different reactivity, since the degree 
of atomic ordering in the precursor defines the carbon 
reactivity. PR-MC type matrix presented higher 
amount of SiC formation than PR matrix with lower 
unreacted carbon amount. Moreover, mixtures of 
carbon derived from phenolic resin-NanoSiC powder 
and carbon derived from phenolic resin and CNT have 
been compared. In the PR-NanoSiC mixture nano-SiC 
particles behave as existing nucleation sites on which 
liquid silicon can react with carbon precursor resulting 
in microstructure with varying particle size. The 
highest amount of SiC formation along with uniform 
and small sized SiC particles were observed by the 

(a) (b)

reaction of liquid silicon with PR-CNT mixture due to 
the enhanced carbon-liquid silicon interaction. 
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Abstract 

In the present study, highly crystalline boron carbide 
(B4C) powders without excess carbon were fabricated by 
using a modified sol-gel method. Condensed boric acid 
(H3BO3)-glycerin-tartaric acid products were prepared using 
different synthesis times ranging from 30 min. to 3h. The 
condensed gels were calcined at atmospheric conditions 
followed by a 
atmosphere. The effects of starting composition and 
processing conditions on the phase composition, particle 
size, size distribution and morphology of boron carbide 
powders were investigated. The results showed that (B-O-C) 
bonds were formed with condensation reaction which 
confirms the cross-linking of glycerin and boric acid. B4C
particles with varied morphologies (rod, plate, polyhedral 
equiaxed and cubic) have a wide-ranged particle size 

addition as a gel modifier leads to faster gelation and 
promotes to the formation of road and plate-like B4C
particles. Furthermore, B4C powders without free carbon 
was achieved by optimization of processing conditions and 
starting composition. 

1. Introduction 

Boron carbide (B4C) is one of the most commonly used 
materials for many high-performance engineering 
applications because of its attractive properties such as high 
hardness (27.4 34.3 GPa), excellent elastic modulus (290
450 GPa), low density (2.52 g/cm3), superior chemical 
stability and ability to absorb neutrons (600 barns) [1,2]. The 
current production techniques of boron carbide such as 
combustion synthesis, synthesis from elements, vapor-phase 
reduction, carbothermic reduction and magnesiothermic 
reduction require expensive equipment and starting 
materials. For this reason, in recent years studies focused on 
the development of low-temperature synthesis techniques to 
reduce the production cost of boron carbide as well as to get 
better control over particle size and shape. To achieve these 

goals, when compared with the conventional techniques, 
liquid phase synthesis is a promising approach. Since the sol-
gel technique allows homogeneous mixing of the starting 
raw materials at the molecular level in the gelation step, the 
subsequent heat treatment temperature is significantly 
reduced. Many researchers attempt to fabricate boron 
carbide powders by using sol-gel derived precursors. The 
potential of carbon source materials such as polyvinyl 
alcohol (PVA), sucrose, resin, citric acid, glycerol, ethylene 
glycol has been widely discussed [3-7]. The B4C powder 
fabrication parameters such as heat treatment temperature, 
time and atmosphere have been addressed [8,9]. Even 
though, gel fabrication is one of the most important stage of 
sol-gel synthesis, the effects of gel production parameters 
(such as reaction time and polymerization reactions) on B4C
fabrication has never been given enough attention.  

In this work, tartaric acid was used as an additional 
carbon source and gel network modifier. The influence of 
tartaric acid addition on gel formation and on B4C powders 
particle size, size distribution and morphology have been 
investigated and discussed intensively. The processing 
parameters of gel formation were also optimized to reduce 
excess carbon in the end product and to produce highly 
crystalline and pure B4C powders. 

2. Experimental Procedure 

2.1 Synthesis of B4C powders 

Analytic grade boric acid (H3BO3), glycerin (C3H8O3)
and tartaric acid (C4H6O6) were used as starting materials. 
All chemicals were purchased from E.Merck and used 
without further purification. For fabrication of condensed 
gels, boric acid was dissolved directly in glycerin, followed 
by addition of tartaric acid in different amounts (25% wt. and 
50% wt.) to the mixture to observe the efficiency of the 
tartaric acid. After the dissolution of boric acid and tartaric 
acid in glycerin, the mixture was mixed continuously by a 
magnetic stirrer at 150 oC, where gelation has started to 
occur by condensation reaction.  In order to examine the 
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effect of condensation time on gel formation, gel properties, 
and final boron carbide powders, different reaction times 
were used. Gelation times ranging between 30 min. to 3 h 
were applied. In total four different samples were prepared 
in accordance with the amount of tartaric acid additive and 
reaction time. Sample codes and characteristics were shown 
in Table 1.

Table 1.  Sample codes and characteristics. 
Sample Code Tartaric Acid  

(% wt.) 
Reaction 

Time 
GT1 25 3 h 
GT2 50 1.5 h 
GT3 25 30 min. 
GT4 50 30 min. 

Black spongy processors were obtained by calcination of 
condensed gels at 675 oC for 2 h. in atmospheric conditions. 
After that, precursors were ground to powder form by using 
an agate mortar. Final heat treatment of the B4C precursors 
was performed in alumina crucibles at 1500 oC for 5 h in an 
argon flow (200 ml/min) at a heating rate of 10 oC /min.  

2.2 Characterization 

In order to identify chemical bonding of condensed gels 
Fourier Transform infrared (FT-IR) analysis were carried 
out in the 400 4000 cm-1 wavenumber region using a Bruker 
Tensor 27 spectrometer. The phase assembly of synthesized 
powders were established by X-ray diffraction analysis 
(XRD) with Cu K  radiation (  = 1.540 ) from 10 to 80
and a scanning speed of 1 /min. The morphology of the 
powders was characterized by scanning electron microscopy 
(SEM) technique. The elemental point analysis of the 
samples was also obtained through the EDX detector 
attached to SEM. Lastly, to observe the primary particle 
formation transmission electron microscopy (TEM) studies 
were performed.

3. Results and Discussion 

The pictures of fabricated gels were shown in Figure 1.
Based on tartaric acid content and gelation time, produced 
gels have different appearance. Samples GT3 and GT4 were 
synthesized using 30 mins of reaction time, where GT4 
contains twice the amount of tartaric acid addition that GT3 
contains. It could be clearly observed that by increasing the 
amount of tartaric acid from 25 %wt. to 50 %wt. the 
fabricated gel loses its transparency and its color turns to 
relatively darker amber. Same difference could also be seen 
for samples GT1 and GT2. The reason for darkening of color 
as well as opaqueness of the samples with higher tartaric acid 
content could be due to increment of cross-linking between 
polymeric chains. It was also observed that tartaric acid 
addition accelerates the gel formation. Compared to GT1 
and GT3 (25 %wt. tartaric acid), gel formation for GT2 and 

GT4 samples (50 %wt. tartaric acid), occurred quicker 
during magnetic stirring+ heating step. In addition, the gel 
viscosity of the samples containing 50 %wt. tartaric acid 
content increased rapidly and dramatically. 

Figure 1. Macroscopic images of gels. 

FT-IR spectra of condensed gel samples were shown in 
Figure 2. The absorption peaks of O-H, C=O, B-O, C-H, B-
O-H and B-O-C bonds are observed at consistent 
wavenumber regions with literature [10]. So, it can be noted 
that the formation of borate ester bonds (B-O-C) have been 
successfully achieved for all samples. By using FT-IR 
spectra, the yield of the dehydration and condensation 
reaction could be assessed.  Chen W. X. et al. showed that 
the peak intensity ratios of v(B-O-H) and v(B-O-C) might be 
used for calculating the yield of the dehydration and 
condensation reaction between H3BO3 and PVA [11]. The 
intensity values of absorption peaks of borate ester bonds 
v(B-O-C) in the both samples with 25 %wt. tartaric acid are 
higher than GC2 and GC4 (50 %wt. tartaric acid), relatively. 
This means that addition of tartaric acid to the starting 
composition could promotes gel formation and condensation 
reaction, but its use in high amounts reduces the efficiency 
of the borate ester formation. When the results compared 
according to the reaction time, higher yield was obtained 
with 30 min. reaction. This might happen because of losing 
some of the boron by the evaporation of volatile borate 

Figure 2. FT-IR spectra of condensed gels.
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Figure 3. X-ray diffraction patterns of the samples. 

compounds while longer synthesis duration. 
that GT2 started to decomposition after 1.5 h. reaction from 
Figure 1.

The X-ray diffraction patterns of the final products after 
heat treatment at 1500oC for 5h. in Ar flow were given at 
Figure 3. The results show that B4C is the major phase in all 
the samples. Some excess carbon content in the form of 
graphite was detected in samples GT1 and GT4. On the other 
hand, the formation of high purity B4C without any excess 
carbon was observed in GT2 and GT3. The fact that even the 
samples with high tartaric acid content (50 %wt. tartaric 
acid, GT2) could be produced without free carbon, shows 
that the importance of the gel synthesis parameters on the 
phase assembly of boron carbide. 

The scanning electron microscopy images of the B4C
powders were presented at Figure 4. Synthesized B4C
samples consist of variety of particle morphology. While 
GT1 and GT3 mainly contain polyhedral-equiaxed and cubic 
particles, GT2 and GT4 have polyhedral-equiaxed, cubic 
particles as well as rods and plates. The formation of rods 
and plates were only observed on the samples with higher 
tartaric acid addition which may indicate that tartaric acid 
addition promotes the crystal growth in preferential 
directions leading to elongated grains. SEM-EDX point 
analysis studies were performed to confirm that all varied 
shaped particles are boron carbide.  

The taken spectrum positions as well as the EDX results of 
GT2 were shown at Figure 5. Additionally, Al2O3 phase as 
an impurity was found in GT2. It is thought that this 
contamination originates from the alumina crucible used 
during the heat treatment process.  

Transmission electron microscopy image of primary B4C
particles were given at Figure 6. The result shows that B4C
particles are well crystallized. The measured interplanar 
distance is 0.425 nm which is close to the previously 
reported d-spacing value of (001) with 0.42nm [12,13]. 
Additionally, the spots were marked with black arrows 
indicates that neck formation occurred during consolidation 
step at 1500oC for 5h.  

Figure 4. SEM images of the B4C particles after heat 
treatment at 1500oC for 5h (15kV, x1500), (a) GT1, (b) 

GT2, (c) GT3, (d) GT4
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(a) (b) (c) (d)
Figure 5.  SEM-EDX results of GT2, (a) analysis points, (b) spectrum point 1, (c) spectrum point  3, (d) spectrum point 5

Figure 6. TEM image of the B4C particles.

4. Conclusion 

In summary, high purity boron carbide (B4C) powders 
were fabricated by heat treatment of H3BO3-glycerin-tartaric 
acid condensed product  in argon flow. It 
was found that tartaric acid addition as a gel modifier leads 
to faster gelation and promotes to the formation of rod and 
plate-like B4C particles. Therefore, tailoring the final 
morphology of B4C powders synthesized by sol-gel 
technique could be possible by tailoring the molecular 
structure of the condensed gel. It should be emphasized that 
the excess carbon content was eliminated by controlling the 
duration of dehydration condensation reaction for each 
composition. Starting compositions with high carbon 
content (GT2 and GT4, 50 %wt. tartaric acid addition) 
requires relatively longer synthesis time.  Therefore, the 
composition-specific optimization of gel synthesis 
parameters is essential to produce boron carbide powders 
without residual carbon content. 
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Abstract

ZrC-based composites were consolidated from ZrC, TiC, 
GNP and CNT powders by Spark Plasma Sintering (SPS) 
technique at 1700°C for 300 s under 40 MPa pressure. 
Densification, crystalline phase analysis, microstructure 
and mechanical properties were investigated. Fully dense 
ZrC-TiC-GNT composites were obtained for containing 3 
vol% GNP and 1 vol% CNT as 98.94% relative density.  
By the identification of phases by X-ray analysis, it is 
verified that Zr4+ ions in the crystal lattice replaced by Ti4+

ions and the substituted solid solution was formed.. Highest 
value of fracture toughness 4.13 MPa·m1/2 , was observed 
for ZrC-TiC-GNT composites containing 3 vol% GNP and 
0.5 vol% CNT. 

1. Introduction 

Zirconium carbide (ZrC) is a potential candidate for ultra 
high temperature materials, such as cutting tools, jet engine 
parts, leading edges of re-entry space aircraft due to its high 
melting point (3420 °C), low density (6.59 g/cm3), high 
hardness (25.5 GPa), high electrical conductivity and high 
modulus of elasticity (350–440 GPa) [1]. However, low 
sinterability due to strong covalent bonding and low self-
diffusion rates restrict the potential practical applications of 
this material [2]. Due to these restrictions, spark plasma 
sintering (SPS) method is a promising approach to promote 
densification and produce fully dense structure [3]. 
Moreover, ultra high temperature ceramics are generally 
produced as a composite structure with additives.  Several 
studies have been conducted to improve fracture toughness 
and mechanical performance of zirconium carbide, by 
introducing a second phase or appropriate sintering aids to 
ZrC matrix [2,4–6]. Among various sintering aids, titanium 
carbide (TiC) has potential to be candidate material. 
Titanium carbide (TiC) has higher melting point and better 
fracture toughness than ZrC. In addition, it has same crystal 
structure with ZrC which is NaCl-type. Zr and Ti have 
close atomic radii, (1.75 Å) and (1.60 Å) respectively, and 

[7][8]can form a continuous solid solution of ZrC with TiC. 
This tendency supported by ZrC-TiC phase diagrams as 
shown in Fig. 1 [9]. ZrC–TiC composites are known to 
have higher strength, fracture toughness and densification 
behaviour than monolithic ZrC. 
Graphene nanoplatelets and carbon nanotube, which are 
incorporated many ceramic matrix composites, arranged in 
a planar configuration with its sp2 bonded carbon 
atoms[10]. The remarkable characteristics of graphene and 
carbon nanotube, such as mechanical strength and elasticity 
make it very important candidate as a reinforcement in 
composite materials. GNPs have been successfully 
incorporated as a reinforcing phase into different 
engineering ceramic matrixes. Toughening mechanisms 
performed by existence of graphene, such as crack 
deflection, pull-out and crack bridging, which has potential 
to improve the fracture toughness of the composite [11,12]. 
In present study, the effect of hybrid system GNPs and 
CNTs, namely GNT on the properties of ZrC-TiC 
composites has not yet been studied. 
Spark plasma sintering (SPS) makes it possible to densify 
ZrC–TiC composites at a lower temperature and in a 
shorter time compared with conventional techniques. In the 
SPS technique, a pulsed direct current passes through 
graphite punch rods and dies simultaneously with a uniaxial 
pressure. Thus, the grain growth can be suppressed by rapid 
heating and the densification is accelerated at high 
temperature. Furthermore, enhanced densification, refined 
microstructures and clean grain boundaries, which result in 
an overall improvement in the material's performance, have 
been reported by other working groups Also, the 
microstructure can be controlled by a fast heating rate and 
shorter processing times . 
The purpose of this study was to investigate effect of GNT 
addition on densification, microstructure and mechanical 
properties of ZrC-TiC composites. ZrC-TiC-GNT ternary 
composites were prepared by SPS method in varying  
amount of GNPs. Properties of the composites were 
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examined systematically considering the composition.

 
Figure 1: ZrC-TiC binary phase diagram. 

 
2. Experimental Procedure 
 
ZrC (H.C Starck Corp Grade B, an average particle size of 
1–4 m), TiC (H.C Starck Corp. Grade HV120), an 
average particle size of 1–1.5 m, and GNP (GNP, 
Nanokomp, an average particle size of 5–10 m), MWCNT 
(Carbon NT&F21, MT-MW-010-02, 10–20 nm in 
diameter, 1–2 lm in length) were used as raw materials. 
SEM observations shown in Fig. 2(a) and (b) revealed the 
morphology of starting powders. The crystals had an 
angular shape and most of them had an average grain size 
ranging from 1 to 5 m. Throughout the text, ZrC-TiC-
GNT ternary composites were coded based on the amount 
of graphene nanoplatelets and carbon nanotubes. For 
instance, S3-0.5  indicates the composite containing 3 vol. % 
GNP and 0.5 vol. % CNT. The powders were weighed in 
appropriate quantities and then ZrC and TiC powders were 
mixed and ball milled in ethanol together for 24 h and 
dried. Moreover, GNP and CNT powders were also ball 
milled in ethanol for separately 24 h and dried. In order to 
investigate the effect of GNT addition, while amount of 
GNP is constant as 3 vol. %, different amounts of CNT 
from 0 to 4 vol% were distributed into ZrC-TiC binary 
composite using an ultrasonic probe for 40 min. Following 
ultrasonic agitation, starting powders were filled in a 
graphite die with 50-mm inner diameter and 5 mm 
thickness, followed by sintering using an SPS apparatus 
(SPS-7.40 MK-VII, SPS Syntex Inc). The powder mixture 
of 3GNP-(17-x)TiC-80ZrC(vol%) composite with x = 0, 
0.5, 1, 2, 4 vol% contents were spark plasma sintered with 
a heating rate of 100 °C/min. A uniaxial pressure of 40 
MPa and a pulsed direct current (12 ms/on, 2 ms/off) were 
applied during the entire SPS process under vacuum 
atmosphere. It was decided that sintering temperature was 
suitable as 1700 °C after some trial sintering experiments. 
The sintering temperature was determined considering 

relative density values. The die temperature was measured 
by an optical pyrometer (Chino,IR–AH), and sintering was 
conducted under temperature controlled mode by 
monitoring the shrinkage behavior of the specimens during 
SPS process. The bulk densities of the samples were 
measured by Archimedes principle and converted to 
relative densities using rule of mixtures. The crystalline 
phases were identified by X-ray diffractometry (XRD; 
MiniFlex, Rigaku Corp.) in the 2  range of 10–80° at 
scanning rate of 2 °C/min. with CuK  radiation. The 
microstructural characterization was carried out by 
scanning electron microscopy (FESEM; JSM 7000 F, JEOL 
Ltd.). Vickers hardness (HV) was measured under a load of 
9.8 N and fracture toughness (K1C) was evaluated using a 
microhardness tester (VHMOT, Leica Corp.) under load of 
19.6 N from the half-length of crack formed around the 
indentations by Antsis equation.  
 

 
Figure 2: SEM images of starting powders of ZrC (a), and TiC (b). 

 
3. Results and Discussion 
 
In composite structure with GNP or CNT addition, the 
main mechanism of densification is not fully understood 
and it is thought GNP and CNT prove early stage of 
sintering to their self-lubricating effects. In our study, 
increase in amount of CNT addition with 3 vol. % GNP 
into ZrC-TiC matrix does not change the relative density 
results dramatically. In order to explain small amount 
decrease in relative density results, behavior of GNPs and 
CNTs on grain boundaries should be understood. GNPs and 
CNTs tend to fold and conform to the shapes of boundaries 
of TiC and ZrC grains by wrapping and this phenomena 
caused to formation of porosities. 
Phase analysis of starting powders were carried out before 
sintering process and characteristic peaks of ZrC (JCPDS: 
65-0973) and TiC (JCPDS: 32-1383) phases were 
identified which are shown in Fig. 3a. In order to find out 
interaction between ZrC matrix and TiC and GNP additions 
during the sintering process, XRD patterns of ZrC-TiC 
binary and ZrC-TiC-GNP ternary composites prepared by 
SPS at 1700 °C were shown in Fig. 3b. Based upon Fig. 3b, 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

456 IMMC 2018   |   19th International Metallurgy & Materials Congress

only shifted ZrC patterns were observed while TiC and 
GNP phases were not detected. Moreover, the reason for 
non-existing TiC patterns could be explained by solid 
solution formation between TiC and ZrC. Fig. 3b. also 
shows there is no reaction between ZrC and TiC phase that 
is detected by XRD. It was determined that, diffraction 
patterns of the samples containing lower amount of TiC 
showed higher amount of shift to  lower lower 2  compared 
to the pure XRD pattern of ZrC powder. 

Figure 3: XRD patterns of starting powders (a), XRD patterns of ZrC 
with different amount of TiC 

Table 1 demonstrates the effect of GNP and CNT content 
on the Vickers hardness of ZrC-TiC-GNT composites at 
loads of 9.6 N. 
According to calculated hardness results, the ZrC-TiC 
binary composite had maximum hardness values as 22.12 
GPa and N3-4 had minimum hardness values as 16.99 GPa. 

Results show that hardness value decrease with addition of 
GNT into ZrC-TiC composites. Beside this, increasing 
amount of GNTs also leads to a slight decrease in hardness 
values of ternary composites since GNP and CNT are softer 
phase than ZrC and TiC. In addition, this is attributed the 
formation of local porosity due to GNP behavior on grain 
boundaries such as bending and folding.
Effect of GNP and CNT additives on the fracture toughness 
results was also investigated. Table 1 also depicted the 
fracture toughness results with increasing amount of GNT 
content. Increase in amount of GNT additives, fracture 
toughness results effected positively. Up to 3 vol. % GNP 
and 0.5 vol.% CNT addition, fracture toughness values 
increased. Beside, increasing amount of CNT addition 
more than 0.5 vol. % started to decrease fracture toughness 
resuts, but still bigger than fracture toughness value of ZrC-
TiC binary composite. 

Table 1: Hardness and fracture toughness results of ZrC-TiC-GNT 
composites

Code Hardness (GPa) 
Fracture

Toughness
(MPa·m1/2)

S0-0 22.12 2.44 

S3-0 20.82 3.14 

S3-0.5 18.39 4.13 

S3-4 16.99 2.94 

In order to determine toughening mechanisms, the 
interaction between crack propagating and microstructure 
was analyzed. The crack propagating in composite grain is 
shown in Figure 4. It can be observed that GNPs inhibited 
the crack propagation and led the crack deflection. 
Moreover, this phenomenon provides the reduction in the 
energy of crack as an energy dissipating mechanism. The 
intrinsic GNP energy dissipating mechanisms can thus be 
translated into toughening mechanism in ZrC-TiC-GNT 
composites.
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Figure 5: SEM images of crack propagations of the polished surface 
of S3-0.5 composite.

4. Conclusion 

ZrC-TiC-GNT composites were produced by SPS at 1700 
°C for 300 holding time and 40 MPa pressure. The addition 
of GNT does not change relative density significantly. 
XRD patterns indicated that that the substituted (Zr, Ti)C 
solid solution were formed during the sintering process as 
final phase composition. The ZrC-TiC-GNT composites 
containing 3 vol% GNP and 0.5 CNT reached maximum 
fracture toughness result with 4.13 MPa·m1/2. Vickers 
hardness of ZrC-TiC-GNT composites decreased with 
increasing GNP and CNT amount, from 22.12 GPa to 16.99 
GPa. 
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Abstract

TZM is one of the most important molybdenum (Mo) based 
alloy which has a nominal composition containing 0.5–0.8 
wt% titanium (Ti), 0.08–0.1 wt% zirconium (Zr) and 
0.016–0.02 wt% carbon (C). It is a possible candidate for 
high temperature applications in a variety of industries. 
However, the rapid oxidation of TZM at high temperature 
in air atmosphere can be considered as a main drawback. In 
this study, TZM alloy was sintered with B4C addition by 
using spark plasma sintering (SPS) method. B4C was 
dispersed in the matrix in order to increase oxidation 
resistance by formation of Mo-B based phases during the 
sintering process. The effects of B4C addition was 
investigated in terms of oxidation resistance, densification 
behavior, Vickers hardness and microstructure. 

1. Introduction 

Molybdenum is significant refractory metals due to its high 
melting point, good thermal conductivity and low thermal 
expansion coefficient needed for many high temperature 
applications [1]. Since recrystallization temperature of Mo 
based alloys are higher than the pure one in most 
applications done above 1000 °C materials selection is 
made in the favor of Mo based alloys [2]. The beginning of 
recrystallization can be inhibited by the addition of fine 
particles dispersed such as carbides [3]. The fine particles 
added in to the TZM alloy form precipitates TiC and ZrC in 
the grain boundaries and through the grains of 
molybdenum. These precipitates contribute to solid-
solution strengthening and behave as inhibitors in 
recrystallization [4-5]. Homogeneously dispersed carbides 
increase the recrystallization temperature of pure 
molybdenum approximately 500 °C. Besides the 
recrystallization temperature, higher creep and tensile 
strength are obtained by TZM alloy at temperatures above 
1000 °C [4].
The major drawback of the Mo and Mo based alloys are 
low oxidation resistance at elevated temperatures [4]. TZM 
alloy can be used in air or oxidizing atmosphere without 
any restriction below 400 °C. However, mass gain 
observed between 400 and 650 °C due to the formation of 
oxidation products such as MoO2 and other oxides (MoOZ),

where 2  z< 3. Rapid vaporization of MoO3 results in 
mass loss and increase in oxidation rates above 650°C [6-
8].
Mo is not suitable to be used in practical applications 
without protection system in oxidizing atmosphere at 
elevated temperature [9].  The protection systems applied 
to Mo and Mo-based alloys can be considered as two 
groups, mainly alloying and coating [10]. Alloying could 
provide a formation of protective layer on the surface of 
base metal during oxidizing conditions.
In this study, B4C powder in varying amounts was 
dispersed in the pre-mixed TZM powder in order to 
enhance the mechanical and oxidation resistance by 
formation Mo-B based phases during the sintering process. 
SPS has been used as a sintering method to densify TZM 
alloys at relatively lower temperatures for shorter holding 
times compared to the conventional ones. A pulsed direct 
current passes through the graphite punch rods and dies 
simultaneously with a uniaxial pressure to sinter in SPS 
method. During the process grain coarsening can be 
suppressed by rapid heating and the densification of is 
accelerated at higher temperatures.
The sintered samples were investigated in terms of 
densification, phase analysis, microstructure, Vickers 
hardness and oxidation resistance.

2. Experimental Procedure 

Pre-mixed TZM (H.C. Starck Corp.) and B4C (H.C Starck 
Corp. Grade HS) powders were used as starting materials. 
The raw materials were weighed in the quantities calculated 
and mixed by Turbula 8 h in order to get a homogeneous 
powder mixture. A graphite die with 50 mm inner diameter 
was filled with the powder mixture and then spark plasma 
sintering process (SPS-7.40 MK-VII, SPS Syntex Inc) was 
conducted. The powder was sintered at 1420 °C for 300 s 
with a heating rate of 100 °C/min. A uniaxial pressure of 
40 MPa and a pulsed direct current (12 ms/on, 2 ms/off) 
were applied during the entire SPS process under vacuum. 
Sintered specimens were 50 mm in diameter and 
approximately 4 mm thickness. Then, the characterizations 
were performed. The bulk density of the specimens were 
determined by Archimedes' method.  
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Possible phases which could form during sintering process 
was calculated by FactSage© software. The crystalline 
phases were identified by X-ray diffractometry (XRD; 
MiniFlex, Rigaku Corp.) in the 2  range of 10-90° with Cu-
K  radiation ( = 1.54 Å). Vickers hardness (Hv) values 
were gathered (VHMOT, Leica Corp.) under a load of 9.8 
N for 12 s and their average values were taken after 20 
indentations. The microstructural characterization was 
carried out by scanning electron microscopy (FESEM; JSM 
7000F, JEOL Ltd.). Energy dispersive spectroscopy (EDS) 
was used to investigate the surface elemental analysis. 
Oxidation behaviors of the specimens were studied in air 
condition at 600, 800 and 1000 °C. The samples were 
placed into alumina crucible and put in a laboratory muffle 
furnace after surface area of them were measured in order 
to calculate mass change in mg/cm2. The samples were 
weighed before and after heat treatment. They were heated 
from room temperature (RT) to determined temperature by 
a heating rate of 10 °C/min then exposed to 60 min dwell 
time and cooled to RT inside the furnace. 

3. Results and Discussion 

Particle size of TZM and B4C powders were measured by 
laser particle sizer (Malvern Mastersizer 2000). Average 
particle size of TZM and B4C powders were obtained as 
20.3 ±0.06 μm and 1.78 ±0.04 μm, respectively. The 
morphology of the TZM powder and the particle size 
distribution were given in Fig. 1(a) and (b). Although in the 
SEM image the particle sizes were seemed to be around 
2μm, the average particle size distribution was determined 
to be around 20μm. This could be due to the cold welding 
of particles in the preparation of pre-mixed powders. The 
morphology of the TZM powder and the particle size 
distribution were given in Fig. 1(a) and (b). 

Figure 1. SEM image of the pre-alloyed TZM powder (a), 
particle size distribution of the powder (b). 

Thermodynamic calculation was performed by FactSage© 
software which is able to calculate free energy of the 
system and give a result of chemical equations by a wide 
integrated database. Depending the temperature, the 
reaction products was calculated over the temperature 
range of 100-2000 °C for addition of 5 wt% B4C in Fig. 2. 
Mo2B phase was observed in all temperatures. The amount 
of Mo was reduced slightly by the increase in temperature 
up to 1225 °C. Then, a sudden decrease in the amount of 
Mo was seen and some impurities was formed such as Ti, 

Zr, C and B which resulted in a decrease in the purity of 
Mo. Moreover, Mo2C formed and its amount was increased 
by rising temperature. Added to this, TiC and ZrC phases 
were found in a complex compound over the temperature 
of 1250 °C. 

Figure 2. FactSage results; effect of temperature at constant 
5 wt% B4C addition 

Displacement of the punch rods due to the shrinkage of the 
powders during the SPS process was measured in micron 
sensitivity. The data were used to determine the starting 
and ending temperature of the densification. Ending 
temperature of the densification also referred as the 
sintering temperature of samples. Fig. 3 shows the 
densification behavior of the samples at 800-1420 °C and 
isothermal displacement at 1420 °C for 300 s. The 
shrinkage of monolithic TZM powders started at 1020 °C 
and stopped at 1420 °C. The addition of B4C increased the 
starting temperature of the shrinkage.  
A density of 9.93 g/cm3 was measured for monolithic TZM 
(theoretical density: 10.16 g/cm3) which was equal to 
relative density of 97.7%. The density values decreased by 
an increase in the amount of B4C. With the addition of 5 
wt% B4C into TZM the density was decreased from 9.93 
g/cm3 to 9.41 g/cm3.
Theoretical hardness of TZM was given as 2 GPa in the 
literature [11]. In present study, the hardness of monolithic 
TZM measured as 1.9 GPa was compatible with literature. 
The values increased by addition of B4C into TZM. The 
hardness value was increased from 1.9 GPa to 7.8 GPa with 
addition of 5 %wt B4C. 
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Figure 3. Relationship between displacement, temperature 
and the time dependence of isothermal displacement of 

samples 

The X-ray diffraction analyses of the monolithic TZM and 
TZM-B4C specimens with variable amount of B4C were 
shown in Fig 4. The characteristic peaks of molybdenum 
(JCPDS: 42-1120) were observed for all compositions. The 
peaks for -Mo2C (JCPDS: 31-0871) started to be apparent 
by the addition of 1 wt% B4C, while Mo2B phase (JCPDS: 
25-0561) could be detected after 2 wt% B4C addition. 
Almost all of the characteristic peaks of Mo2B and Mo2C
were determined for TZM-5B4C specimen. Moreover, the 
intensities of the peaks also showed that the amount of 
Mo2B was increased by the addition of B4C, eventhough 
the pure Mo was decreased in the structure. These XRD 
results verified the thermodynamic calculations. However, 
TiC and ZrC phases calculated were not detected by XRD. 
This can be due to low amount of Ti, Zr and C in the pre-
mixed TZM powder [12]. 

Figure 4. XRD patterns of sintered TZM, TZM-0.5B4C, TZM-
1B4C, TZM-2B4C and TZM-5B4C samples 

Table 1 shows the mass change values of specimens during 
oxidation tests for all composition and temperature.  When mass 
loss of monolithic TZM and TZM-5B4C specimens were 
compared at 1000 °C, there was an approximately 66.3% decrease 
in mass loss by addition of 5% B4C. Yang et al. investigated the 
effect of La addition into TZM alloy on oxidation behavior. They 
evaluated the decrease in mass loss as an enhancement in 
oxidation resistance [13]. It is assumed that formation of Mo2B by 
addition of B4C into TZM alloy could provide a resistance to 
oxidation according to specific mass change results. 

Table 1. Mass changes of the specimens after oxidation test at 
600-1000 °C 

Fig. 5 shows the SEM images of the surface morphology of the 
samples oxidized at 600, 800 and 1000 °C. Oxide products were 
observed on the surface of the samples. However, surface 
morphology of the samples oxidized at 600 °C (Fig. 5(a)) was 
different from the ones oxidized at 800 and 1000 °C (Fig. 5(b-c)). 
Differences could derive from formation of the different oxide 
types of Mo on the surface. The oxides caused to a slight increase 
in mass was in type of MoOz (2<z<3) were occurred at 600 °C. 
However, mass loss was observed by formation of MoO3 over this 
temperature. Lamellar type structure was shown on the surface at 
800 and 1000 °C, indicating that this morphology belongs to 
MoO3. Yang et al. also observed lamellar slices on oxidation tests 
of TZM and TZM-La [6]. The lamellae particles composed of 
volatile MoO3 were more dense for monolithic TZM when 
compare to TZM-5B4C. Formation of less MoO3 on surface by 
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increasing amount of B4C addition demonstrated the enhancement 
of oxidation resistance. 

Figure 5. SEM images of the surface morphology of oxidized 
samples at 600 °C (a), 800 °C (b) and 1000 °C (c) 

4. Conclusion 

Pre-mixed TZM powders with variable amount of B4C
between 0-5 %wt were sintered by spark plasma sintering 
method.
Thermodynamic calculations showed that Mo2B, Mo2C, 
Mo (not pure) and TiC-ZrC complex carbides were 
possible phases which could be formed during sintering 
process at 1420 °C.
The density values decreased by an increase in the amount 
of B4C. The sintering was performed at 1420 °C under 40 
MPa for 5 min.  
Vickers hardness was increased from 1.9 to 7.8 GPa by 
addition 5 wt% B4C into TZM 
Mass loss after the oxidation test at 1000 °C for 60 min was 
decreased ~66% in the same amount of B4C addition. 
Oxidation resistance of TZM was improved by formation 
Mo2B
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Abstract

High melting point and Vickers hardness, good electrical 
and thermal conductivities, resistance to corrosion, 
chemical substances and thermal shocks are the properties 
that attract attention to tantalum diboride (TaB2) as a high-
temperature material. However, poor sinterability and 
necessity to high temperature consolidation limit the 
application of monolithic TaB2. External pressure or 
electrical field require for the consolidation of the TaB2
ceramics. In this study, TaB2 was synthesized from 
reduction of tantalum oxide (Ta2O5) and boron carbide 
(B4C) powders in situ by the reactive spark plasma 
sintering (RSPS). Samples that produced were analyzed by 
using X-ray diffraction (XRD) and scanning electron 
microscope (SEM) techniques. Densification behavior of 
the samples were determined by Archimedes method.  

1. Introduction 

Different boron-containing metal borides are studied 
widely experimentally or theoretically. These compounds 
have excellent mechanical properties as well as good 
thermal and chemical properties. Among the borides, 
tantalum borides are a group of materials with superior 
properties such as high melting point, chemical inertness, 
high hardness, abrasion resistance, good thermal and 
electrical conductivity [1]. The combination of these 
properties makes TaB2 a potential tool in terms of cutting 
tools, high temperature pots and thermal protection 
components [2].

TaB2 is a transition metal diboride compound which has 
the hexagonal AlB2 structure and belong to the space group 
P6 / mmm (space number 191). The unit cell contains 
three atoms with special positions: X: (0,0,0), B: (1/3, 2/3, 
1/2) and B: (2/3, 1/3, 1/2) [3]. 

There are several studies in the literature regarding the 
synthesis of TaB2 powder or bulk sample production. 
Some of these studies were made with pressureless 
sintering and some with SPS system. The study closest to 
the scope of the experiment planned to be carried out 
belongs to You and his team [4]. In You and his team’s 
study, boro / carbothermal reduction technique is used. 
The final TaB2 powder synthesis was carried out by 
vacuum reduction of Ta2O5 with B4C. In the study of 
different molar ratios and temperature conditions, TaB2

and B2O3 (s) were observed at 1100  for 2 hours and 
TaB2 + Ta3B4 + TaB at 1550  for 2 hours in the case 
where the B4C / Ta2O5 molar ratio was 1.57. 100 % TaB2

was synthesized at 1 hour at 1550  in the case where the 
B4C / Ta2O5 molar ratio was 1.90.  

When the works carried out using the SPS system is 
examined, none of the studies were work with Ta2O5 and 
B4C starting powders. Ta and amorphous boron were used 
as starting powders in the study performed by Lukasik and 
his team [5]. The parameters for the acquiring of TaB2
powders produced by the reactive spark plasma method 
were 1800, 2000 and 2200 ° C for the sintering 
temperature and 1 to 30 min. for sintering time. In this 
study, it was aimed to produce TaB2 ceramics with 97 % 
or higher densification by the reactive spark plasma 
sintering of Ta2O5 and B4C with respect to equation (1).  

𝑇𝑎 𝑂 𝑠 𝐵 𝐶𝑠 𝑇𝑎𝐵 𝑠 𝐵 𝑂 𝑙 𝐶𝑂 𝑔 (1)

According to equation (1), products of the Ta2O5 and B4C
reaction are TaB2(s), B2O3(l) and CO(g). This reaction was 
checked and proved by the Factsage software (Figure 1). 
Also, experimental stoichiometries and sintering 
temperatures of the reaction were determined by Factsage 
software considering thermodynamic calculations. Equilib 
module of the program was used for the plots.  

In Figure 1, Factsage graph was revealed that TaB2(s) was 
reached the maximum amount at 1550 . At this 
temperature, CO(g) was produced by the system. At the 
same time while liquid B2O3 amount decreases during 
reaction, gas form of B2O3 was formed. In order to observe 
the effect of B4C amount on the products, Figure 2 was 
plotted. TaB2 production was started with minimum 1 
mole of B4C and increases until reach to 2 moles of B4C. 
Concurrently, CO gas and B2O3 gas amount show 
increment. When the system includes 2 moles of B4C, gas 
release was reached the maximum and then continues with 
stable amount.

According to literature and Factsage plots, in this study 
1550  was preferred as a sintering temperature. For easy 
understanding, experiments were coded. In the sample 
codes C corresponds to the composite structure, first four 
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numbers define the sintering temperature and last number 
defines the sintering time (Table 1). 

2. Experimental Procedure 

2.1. Sample preparation 

Commercially available Ta2O5 (Inframat, 99.99%) and 
B4C (H.C. Starck Corp. Grade HS) were used as starting 
powders. Both powders were ball milled in ethanol for 24 
h. Magnetic stirrer was used for 5 h to provide better 
dispersion behavior of powders before the ethanol 
evaporation. In drying oven, powder mixture was dried at 
100  for 24 h. Pounding was applied in an agate mortar 
to get soft and unagglomerated starting powder. Powder 
mixture was filled in a cylindrical graphite die with a 50 

mm height and 50 mm thickness. In order to obtain better 
conductivity, all the contact zone of the powder with 
punches and the dies were covered with graphite sheet. 
The sintering was carried out using a spark plasma 
sintering (SPS) apparatus (7.40 MK-VII, SPS Syntex Inc.). 
A uniaxial pressure of 40 MPa and a pulsed direct current 
(12 ms/on, 2 ms/off) were applied during the entire SPS 
process under vacuum atmosphere. 1225 and 1550  were 
used as a sintering temperature with 5 and 10 sintering 
time.  

2.2. Characterization and property measurement 

The crystalline phases of the samples were identified by 
X-ray diffractometer (XRD; MiniFlex, Rigaku Corp.) in 
the 2  range of 20–90° at scanning rate of 2 °C/min. with 
CuK   radiation. The microstructural characterization was 
carried out by scanning electron microscope (FESEM; 
JSM 7000 F, JEOL Ltd.). Archimedes method was 
employed to determine the sintered density of the samples. 
Distilled water was taken as the immersion medium.  

3. Results and Discussion 

Due to composite formation, maximum 94.27 % of relative 
density was achieved. Increment in sintering time from 5 
to 10 min. decreases the density of the sample from 94.27 
% to 78.02 % (Table 1). C1550-5 sample, which was 
sintered at 1550 ° C for 5 minutes, showed partial melting 
at the sample and cracks were observed in the punches. 
The sample was not completely removed from the 
substrate. In order to obtain a target density of 97%, the 
sintering temperature was increased to 10 min while the 
sintering temperature in the second production was kept 
constant at 1550 ° C. However, the relative density value 
of C1550-10 sample was decreased. Both melting in the 
sample and cracks in the punches were observed. It has 
been determined that the melting rate increases with the 
initial yield and the sample enters the reaction with 
punches.

Table 1: Relative density of the samples.

Sample Name Relative Density (%) 
C1550-5 94.27 

C1550-10 78.02 
C1250-5 39.55 

When the displacement curves obtained in the first two 
tests are examined, it is determined that the initial 
displacement temperature is ~1350 . It has been decided 
to reduce the sintering temperature of the experiment to 
determine the phases present in the sample before the 
second displacement. In the third experiment carried out, it 
was decided that the sintering temperature should be 1250 

B2O3 (liq)

TaB2 (s) 

Figure 1: Factsage graph of temperature versus product
mole with respect to 1 mole Ta2O5 and 1.57 mole B4C. 

C (s) 

TaC (s) 
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 to be lower than the second displacement’s starting 
temperature. The relative density value of the C1250-5 
sample was calculated as 39.55 %.  

The reason for the second displacement is thought to be 
the rapid evaporation of the liquid B2O3 from the outlet of 
the reaction. It has been reported in literature that the 
evaporation temperature of B2O3 is 1300  and above [6]. 
According to Lukasik and his team [5], it is difficult to 
form TaB2 by reactive sintering method due to the 
tendency of powders to oxidation and high gas absorption 
ability. The exothermic reaction B2O3 oxide formed during 
the heating of the starting powders is sublimed at 1500 .
This can lead to sudden increases in gas, resulting in 
breaks in the punches and mold. In order to avoid this 
situation, it has been stated that in order to reduce the 
amount of oxygen in the starting powders, tantalum 
powders must be subjected to high-energy milling in an 
argon atmosphere before mixing with boron. 

Rapid gas release during the reaction triggers the 
uncontrollable displacement through the punches. At the 
same time the powder reacts with the mold and punches. 
This reaction produces composite structure which includes 
both TaB2 and TaC in the composition. Main reason of the 
carbide formation is the diffusion of the carbon from the 
punches to the sample.

The phase analysis of the C1550-5, C1550-10 and C1250-
5 samples were given in Figure 3. As intended, only TaB2
(ICCD 00-075-0966) phase did not form. In addition to 
TaB2, TaO2 (ICCD 00-019-1297) and TaC (ICCD 03-065-
0282) phases were also encountered. Three phases exist in 
the C1550-5 sample (Figure 3 (a)). It was observed that the 
intensity of the TaC phases decreased in the C1550-10 
sample (Figure 3 (b)). However, the amount of TaB2
phases is less than the 5 min sintered sample. The result of 
the phase analysis of the sintering process performed at 
low temperature in order to learn the phases formed is 
given in Figure 3 (c). The oxide phase was not observed at 
the C1250-5 sample. The sample consists only of TaB2 and 
TaC phases. Compared to the samples sintered at 1550 ° C, 
the intensity of the carbide peaks is much higher. It is 
anticipated that lowering the sintering temperature will 
play an important role in achieving the desired TaB2 phase 
with a high relative density to both prevent erosion and 
reduce the amount of formation of carbide phases. 

SEM analysis of the fracture surfaces were given in Figure 
5. Relative density of the samples was decreased from 
94.27 % to 78.02 % which is the result of the increase in 
porosity (Figure 4 (a) and Figure 4 (b)). In Figure 4 (c), 
due to insufficient sintering temperature, sintering process 
was not completed. Grains were not seen clearly and 
structure is porous. 39.55 % relative density have 

evidential value on the microstructure (Figure 4 (c)). XRD 
results were revealed the composite structure as a 
conclusion of sintering process. SEM images were 
supported the XRD analysis. Similar outcome was stated 
by Lukasik et al. [7], it was concluded that due to 
proximity of the sintered material to the graphite die and 
plungers TaC was formed in the structure. According to 
EDS analysis, boron rich and carbon rich regions were 
detected. In Figure 4 (a) and (b), sintered bodies were 
boron rich regions. On the other hand, small bright areas 
were carbon rich regions.

Figure 3: XRD pattern of the (a) C1550-5, (b) C1550-10 
and (c) C1250-5. 

Figure 4: SEM images of the fracture surfaces of the 
sample (a) C1550-5(b) C1550-10 and (c) C1250-5.
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4. Conclusion 

In this study, TaB2 was synthesized from the reduction of 
tantalum oxide (Ta2O5) and boron carbide (B4C) powders 
in situ by the reactive spark plasma sintering (RSPS). 
Experimental stoichiometries and sintering temperatures of 
the reaction were determined by Factsage software 
considering thermodynamic calculations. According to 
experimental results, 1550  sintering temperature was 
not sufficient to achieve 97 % or higher relative density. 
At 1550  sintering temperature with 5 min sintering time 
maximum 94. 27 % relative density was obtained. When 
sintering time was increased to 10 min. relative density 
was decreased due to increase amount of porosity. This is 
the result of the both melting and carbide formation due to 
reaction of the powder with the die and punches.  
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Abstract

Titanium diboride (TiB2) is member of a specific group of 
materials known as ultra-high-temperature ceramics 
(UHTCs). UHTCs have a melting temperature greater than 
3000°C and an ability to withstand in extreme 
environments at high temperatures. They have high 
hardness, high elastic modulus, high electrical and thermal 
conductivities, good thermal shock resistance and chemical 
inertness. The potential applications of UHTCs include 
atmospheric re-entry vehicles and hypersonic systems as 
nose caps and leading edges, high temperature resistant 
materials, corrosion resistant materials for furnaces, 
cathode materials for several metal processing, nozzle and 
armour materials and protective coating materials for 
hypersonic systems. In this study, graphene nanoplatelets 
(GNP) containing TiB2 composites were prepared by spark 
plasma sintering (SPS) at 1700°C with a holding time of 5 
min under 40 MPa. The effect of GNP addition on 
densification, microstructure, and mechanical properties of 
the composites were investigated. Oxidation behavior of 
the samples will also be evaluated.   

1. Introduction 

Ultra-high temperature ceramics (UHTCs) comprise 
materials which are binary compounds in which boron, 
nitrogen or carbon combine with one of transition metals 
(TMs) such as hafnium, titanium, zirconium, tantalum and 
niobium [1–3]. Also, UHTCs and their composites are 
member of the non-oxide, structural advance ceramics 
group [4]. They are characterized by good combination of 
high melting point (above 3000 ), stiffness and hardness 
due to strong covalent bonding between TMs and boron, 
carbon or nitrogen. UHTCs also exhibit other important 
properties such as high refractoriness, high thermal and 
electrical conductivity, good thermal shock resistance, 
chemical inertness against molten metals or non-basic 
slags. The potential applications for UHTCs include use in 
corrosion resistance material for furnaces, high 
temperature-resistant materials, cathode for metal 

processing, atmospheric re-entry vehicles and hypersonic 
systems such as leading edges and nose caps [4,5]. 
Moreover, especially in aerospace applications, the 
development of ultra-high temperature composites with 
improved oxidation resistance and fracture toughness 
properties plays an important role.
Titanium diboride is a member of ultra-high temperature 
ceramics and displays key features of this group with its 
high melting point (3225 ), low density ( 4.52 g/cm3), 
high hardness (25-35 GPa), high elastic modulus (>570 
GPa), excellent thermal conductivity (60-120 W/m.K) and 
low electrical resistivity (10-30x10-6 .cm). In spite of 
these eligible properties of this material, some limitations 
such as low fracture toughness, low oxidation resistance, 
poor flexural strength and low self-diffusion coefficient 
restrict their applications. Moreover its extremely high 
melting point and strong covalent bonding lead to high 
temperatures, so it is difficult to sinter by conventional 
sintering methods [5,6] Several studies have been reported 
to improve fracture toughness, oxidation resistance and 
flexural strength of titanium diboride, by introducing 
second phase or appropriate sintering aids to TiB2 matrix 
[6,7].
Graphene, which is incorporated many ceramic matrix 
composites, has sp2 carbon atoms in a planar configuration 
and show distinguished characteristics such as remarkable 
mechanical strength, elasticity and unique thermal 
properties [5]. According to literature, ceramics can be 
converted to a tougher, stiffer, thermally conductive 
material by incorporated with graphene. 
Spark plasma sintering (SPS) makes possible to densify 
ceramic based composites at a lower temperature and in a 
shorter time compared with conventional techniques. In the 
SPS technique, a pulsed direct current passes through 
graphite punch rods and dies simultaneously with a uniaxial 
pressure. The grain growth can be suppressed by rapid 
heating and the densification is accelerated at high 
temperature. Furthermore, the microstructure can be 
controlled by a fast heating rate and shorter processing 
times [6,7]. 
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The objective of this study is to investigate the effect of 
graphene nanoplatelets addition on the microstructure and 
mechanical properties of spark plasma sintered TiB2

ceramics. Properties of composites were examined 
systematically considering composition. 

2. Experimental Procedure 

The raw materials were commercially available titanium 
diboride (TiB2, H.C. Starck, Grade D) with an average 
particle size 5.3 μm, and graphene nanoplatelets (GNP, 
Nanokomp, purity > 97, thickness: 5-8 nm, diameter: 5-10 
mm). The raw materials were weighed correspond to the 
amount of  1, 5, and 10 vol% GNP. TiB2 powder and GNPs 
were separately ball milled in ethanol for 24 h. Then, each 
powder was dispersed in ethanol by an ultrasonic 
homogenizer (Bandelin Sonopuls HD 2200, operating at 
50% amplitude with on and off cycles) for 45 min. After 
dispersion of both TiB2 powder and GNP, powders were 
mixed together. Ultrasonic agitation (Hielscher UP400S, 
operating at 50% amplitude with on and off cycles) was 
used for 1 h to provide better dispersion behavior of 
powders before the ethanol evaporation. In drying oven, 
powder mixture was dried at 105  for 24 h. Pounding was 
applied in an agate mortar to get soft and unagglomerated 
powder mixture. 
Starting powders were filled in a hollow cylinder graphite 
die (95 mm inner diameter, 50 mm thickness and a 50 mm 
height). For better conductivity, a graphite sheet was placed 
between the punches and the powder. The sintering was 
carried out using a spark plasma sintering (SPS) apparatus 
(7.40 MK-VII, SPS Syntex Inc.). The powder mixture with 
0, 1, 5, and 10 vol% GNP contents were spark plasma 
sintered at 1700  for 5 min with a heating rate of 100 
°C/min. A uniaxial pressure of 40 MPa and a pulsed direct 
current (12 ms/on, 2 ms/off) were applied during the entire 
SPS process under vacuum atmosphere. During cooling the 
uniaxial pressure was released. Current control mode was 
used in sintering of the specimens. For temperature control, 
an optical pyrometer (Chino, IR–AH) was used.  
The bulk densities of the samples were measured by 
Archimedes principle and converted to relative densities 
using rule of mixtures. The crystalline phases were 
identified by X-ray diffractometry (XRD; MiniFlex, 
Rigaku Corp.) in the 2  range of 10–80° at scanning rate of 
2 °C/min. with CuK  radiation.
Microstructure, morphology, oxidized and fracture surfaces 
of samples were examined using a scanning electron 
microscope (SEM; JEOL JSM 7000F) with an operating 

voltage of 5 kV. Sintered samples were polished before the 
SEM analysis.
The microhardness of the samples was measured using a 
microhardness tester (VHMOT, Leica Corp.) fitted with a 
Vickers indenter. Samples were grinded and polished 
before the measurements. Indentation was produced on the 
polished surfaces under a load of 9.8 N. The Vickers 
hardness of the samples were calculated. Indentation 
fracture toughness of the samples were calculated by Anstis 
equation from the half-length of crack formed around the 
indentations under load of 19.6 N. 
The resistance to oxidation of monolithic sintered TiB2,
TiB2-GNP composites was tested in stagnant air at 
temperatures of 1000-1400 °C for 90-360 min. A MoSi2

resistance heated furnace (Nabertherm C42) was used to 
heat the samples. The samples were placed into the furnace 
at oxidation temperatures, and free cooling was applied.

3. Results and Discussion 

The densification behavior of the specimens during SPS 
process was evaluated by displacement of punch rods 
displacement that occurs owing to shrinkage of the 
samples. These data were used to determine the starting and 
completion temperature of densification. The shrinkage of 
monolithic TiB2 sample started at 1350 °C and stopped at 
1665 °C.  

Fig. 1. Relationship between displacement, temperature and the time 
dependence of isothermal displacement of 99T1G and 90T10G 

However, graphene addition causes to increase in starting 
temperature of TiB2-GNP binary composites. The 
shrinkage of 99T1G composite started at ~1430°C, and 
temperature values for 95T5G, and 90T10G composites are 
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~1470°C, and ~1450°C, respectively. The completion 
temperature for all composites is ~1700°C. When 
densification behaviors of composites were examined, it is 
clearly seen that shrinkage starting and completion times 
are related with amount of GNP and high volume content 
of GNP hinder the densification of TiB2-GNP composites. 
These results are compatible with literature [8]. 
The relative density values of TiB2-GNP composites were 
given in Table 1. According to data given in Table 1, 
increase in amount of GNP leads to increase relative 
density up to 98.6%. Monolithic sintered TiB2 has ~97% 
relative density, and 99T1G, 95T5G, 90T10G composites 
have relative density values 98%, 98.6% and 97.5 %, 
respectively. However, more than 5% vol. GNP addition 
caused to decrease in relative density from ~98.6 to 
~97.5%. Relative density values are compatible with 
densification behavior of powders during sintering process.  

Table 1: Relative density values of TiB2-GNP composites. 

TiB2 (vol.%) GNP (vol.%) Relative Density (%)

100 - 97.0 

99 1 97.6 

95 5 98.0 

90 10 97.5 

Table 2 demonstrates the effect of GNP content on the 
Vickers hardness of TiB2 composites at loads of 9.8 N. 
According to calculated hardness results, TiB2 samples 
which were sintered at 1700°C with a relatvide density of 
~97% had a hardness of 24 GPa. Moreover, hardness 
results were in the range of 17-20 GPa for TiB2-GNP 
binary composites. Increase amount of GNP caused to 
decrease in hardness results. This could be explained by 
differences of theoretical hardness value of TiB2 and GNP. 
The effect of GNP content on the fracture toughness values 
of TiB2-GNP composites were calculated by Anstis 
equation and shown also in Table 2. Fracture toughness 
result was calculated as ~3.9 MPa·m1/2 for monolithic 
sintered TiB2. A gradual increase in the fracture toughness 
values was observed for the sample with 10 vol% GNP 
addition whereas other additions do not show a significant 
change in fracture toughness values, as shown in Table 2. 
In order to determine the toughening mechanisms, 
interaction between crack propagating and microstructure 
was analyzed. GNPs inhibit the crack propagation and led 
the crack deflection. Moreover, this phenomenon provides 

the reduction in the energy of crack as an energy 
dissipating mechanism. The intrinsic GNP energy 
dissipating mechanisms can thus be translated into 
toughening mechanism. 

Table 2: Vickers hardness and fracture toughness values of TiB2-GNP
composites.

Code
Hardness

(GPa) 

Fracture
Toughness
(MPa·m1/2)

100T 24.2 ± 0.7 3.9 ± 0.4 

99T1G 20.6 ± 0.6 3.6 ± 0.6 

95T5G 18.2 ± 0.3 3.7 ± 0.6 

90T10G 17.2 ± 0.6 4.1 ± 0.6 

Fig. 3 shows the fracture surface microstructures of TiB2-
GNP composites with 1 and 10 vol.% GNP. Dense and 
mostly uniform microstructures were observed. The GNPs 
wrapped around the matrix grains and conformed to the 
shapes of TiB2 grain boundaries. Overlapping and 
agglomerated GNPs and the separation of matrix grains 
were also seen.
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Fig. 3. SEM images of the fracture surfaces of the TiB2-GNP
composites with (a) 1 vol.%, and (b) 10 vol.% GNPs.

4. Conclusion 

TiB2-GNP composites were produced by SPS at 1700°C, 
under 40 MPa with 300 holding time. The addition of GNP 
does not significantly change the relative densities. The 
TiB2-GNP composites with 5 and 10 vol.% GNP reached 
maximum relative density and fracture toughness results as 
~98% and ~4.1, respectively. Vickers hardness of TiB2-
GNP composites decreased with increasing GNP content 
from ~24 to ~17 GPa and highest hardness was achieved 
with the addition of 1 vol.% GNP. 
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Abstract 

In this study, La2Mo2O9 powders were synthesized 
by single step solid-state synthesis method. X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) studies 
were performed to observe crystal structure and particle 
morphology of synthesized powders. Then La2Mo2O9

powders were deposited on metallic substrates using 
electrospray deposition technique (ESD). Effects of 
electrospray deposition parameters such as voltage, the 
distance between nozzle and substrate and time on the 
coating thickness, morphology and strength were 
investigated. Finally, the coated samples sintered by using 
High-Frequency Induction Heating Sintering (HFIHS) 
method in 10 min. The results showed that sintering 
atmosphere, soaking time and temperature are dominant 
factors on the morphology of La2Mo2O9 coatings.  

1. Introduction 

Oxide ion conductors are important for many years 
because of their essential applications in many devices such 
as sensors, pumps, membranes and oxide fuel cells. 
Generally, the most commonly used materials are based on 
stabilized zirconia.  However, they exhibit low ion 
conductivity below 1000 . But majority of the 
investigations require high conductivity at low temperatures 
[1-2]. 

In recent years, the attention on lanthanum molybdates 
(La2Mo2O9, LMO) has been increased dramatically 
especially for optic, electronic and electrochemical 
applications. LMO has an excellent oxygen-ion conductivity 
at medium temperatures. This property makes it a suitable 
material for fuel cells, oxygen sensors, oxygen separation 
membranes, oxygen pumps, and oxygen permeable 
membrane catalysts. Moreover, LMO exhibit low thermal 
expansion coefficient and relatively lower thermal 

conductivity (<1 W/mK) than many ceramic oxide materials 
such as YSZ. Although considerable effort has been devoted 
to developing LMO for mentioned applications, a number 
the published paper on LMO synthesis and coating for TBCs 
are very few. Due to this reason, lanthanum molybdates 
(LMO) has a great and undiscovered potential for high-
temperature protective coating applications. 

One of the thermal coating methods of electrospray 
deposition (ESD) method can preferable because of its 
economic, basic set up and high-efficiency features [3]. 
Coating of La2Mo2O9 powder on various substrate by ESD 
method is a very new subject when considering its usage 
area.

HFIHS was used during the sintering steps of obtaining the 
superalloy coated samples with La2Mo2O9 powder. HFIHS 
has been shown to be an effective sintering method that 
successfully consolidates ceramics to near their theoretical 
densities in a very short sintering time. One of the 
advantages of use is that it provides rapid heat transfer on the 
sample with electromagnetic waves. It provides the highly 
dense, crack free and small grain size without grain growth 
due to its lower sintering temperature and time when 
compared commercial sintering methods [4-5].  

In the present study, the solid state synthesized La2Mo2O9

powder was used for coating of metal substrate by using 
ESD technique then sintered with high-frequency induction 
heating sintering (HFIHS) method. Effects of processing 
parameters on LMO coating characteristics were studied and 
discussed. 

2. Experimental Procedure 

2.1 Solid-State Synthesis of LMO 

In this study, high purity La2O3 and MoO3 commercial 
powders were used as starting materials. Lanthanum and 
molybdenum oxide powder mixture was prepared by 
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conventional ball milling. To obtain a homogeneous 
submicron particle of starting powders, isopropanol alcohol 
was used as medium. Mixing process was carried out for 12 
h  in oven. The heat 
treatment was performed to the powder mixture at 1000
for 10 h under ambient atmosphere.  The phase composition 
of the synthesized LaxMoyOz powder samples was analyzed 
using the X-ray diffraction method (XRD). Scanning 
electron microscopy (SEM) studies were performed to 
observe the particle morphology of synthesized powders. 

2.2 Electro Spray Deposition of LMO 

To prepare stable colloidal suspension of LMO powders for 
EDS studies two propanol and isopropanol alcohols were 
used as solvent. 50 ml suspension were prepared by using 2 
%wt. solid loading. Sedimentation tests were carried out to 
characterize suspension stability. Electro spray deposition of 
LMO on metallic substrates were performed by using wide 
ranged processing parameters which are given at Table 1. 
Then, the coated samples sintered by using high-frequency 
induction heating sintering (HFIHS) method. 

Table 1. Coating parameters 

Voltage 6-10 kW 
Coating Duration 5-40 min. 
Working Distance 4-10 cm. 

3. Results and Discussion 

The X-ray diffraction pattern of synthesized LMO powder 
shown in Figure 1. The sharp and strong peaks indicate that 
the powder is well crystallized La2Mo2O9 and does not 
include any amorphous secondary phase.   

Figure 1. XRD pattern of synthesized LMO powder. 

According to the SEM image of the powder, La2Mo2O9 has 
wide ranged particle size distribution.  The morphology of 
the particles is mainly equiaxed. On the other hand, few 
amounts of plate and needle like particles were observed.  

Figure 2. SEM image of synthesized La2Mo2O9 powder. 

The microstructure of metal substrate was inspected by 
using an optical microscope. Before the examination etching 
were applied using a mixture of hydrochloric acid, ethanol 
and copper chloride. The micrograph of the metal substrates 
microstructure shown in Figure 3.  

Figure 3. The optical microscopy image of metal substrate 

The sedimentation test results of the suspensions were 
given in Figure 4.  Is clearly seen that isopropanol-LMO 
suspension were performed relatively better than propanol-
LMO suspension. After 10 min test duration the LMO 
particles started to coagulate in propanol. When the test 
duration reaches 40 min almost all the solid content of the 
solution precipitated. On the other hand, LMO particles were 
stable in isopropanol medium even after 40 min test 
duration.  
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Figure 4. Sedimentation test results of the suspensions. (a) 
isopropanol-LMO, test duration 10 min. (b) isopropanol-

LMO, test duration 1 h. (c) propanol-LMO test duration 10 
min. (d) propanol-LMO test duration 1 h.

The pictures of LMO coated samples and a non-coated 
substrate were shown in Figure 5. ESD studies were 
performed by using both suspensions.  clearly seen that 
the coatings were formed by using isopropanol-LMO 
suspension (Fig. 5 d-e) is more stable than the propanol-
LMO (Fig 5 b-c) ones. The contrast difference between the 
coated substrates might because of the differences between 
the amount of successfully deposited LMO particles.  

Figure 5. LMO coting on metal substrates by ESD. (a) 
uncoated substrate, (b) propanol-LMO suspension, coating 

duration 10min. (c) propanol-LMO suspension, coating 
duration 40min. (d) isopropanol-LMO coating duration 
10min. (e) isopropanol-LMO coating duration 40min. 

Due to the precipitation of LMO particles in propanol the 
solid load of the solution was decreased dramatically. So, 
even by using longer coating duration (40 min.) the coating 

could 
achieve by using stable suspension of isopropanol-LMO 
after 10 min spray duration. 

High-frequency induction heating sintering (HFIHS) 
method were used for sintering studies of the samples. The 
process was performed under different atmospheric 
conditions. In the first route the sintering chamber were 
vacuumed before heating. In the alternative route, sintering 
chamber was vacuumed than argon flow was provided to 
obtain inert atmosphere. Sintered samples pictures were 
given at Figure 6. A picture of sintered non-coated metallic 
substrate was shown in Fig 6-a. According to the 
observations the sample did not oxidized while heat 
treatment under argon atmosphere.  On the other hand, 
sintering under vacuum atmosphere could not protect the 
coated sample from oxidation.  The sample get completely 
dark after the procedure (Fig 6-b).  However, argon flow 
during the HFIHS process prevent the oxidation and 
evaporation of the coating. 

Figure 6. Sintered samples with HFIHS. (a) metallic 
substrate without coating, sintered under Ar flow, (b) LMO 
coated sample, sintered at atmospheric conditions, (c) LMO 

coated sample, sintered under Ar flow.

4. Conclusion 

Well crystalline La2Mo2O9 powders could successfully 
fabricated by using single step solid state synthesis 
technique. The stable suspension of LMO particles achieved 
by using isopropanol as solvent with 2 %wt. solid loading.  
The coating morphologies and thickness of the LMO 
particles on metal substrates with electro spray deposition 
differs according to the processing parameters as well as the 
stabilization of the suspension. High-frequency induction 
heating sintering were applied to coated and non-coated 
metallic substrates. Oxidation and evaporation of the coating 
were achieved by providing controlled sintering atmosphere.  
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Abstract

Potassium Sodium Niobate (KNN) is one of the important 
lead-free piezoelectric ceramics that has attracted attention 
because of its modifiable electrical properties in which by 
doping with different elements, it can meet the required 
specifications set by commercial Lead Zirconate Titanate 
(PZT) ceramics. Having a moderate level of piezoelectric 
characteristic, KNN ceramics show a wide range of variety 
in their electrical properties which can be altered by adding 
dopant elements. Nonetheless, the difficulties faced during 
the sintering of these materials, namely because of the 
volatility of the constituent alkaline metals, K and Na, 
change the designated composition drastically, thus affect 
the electrical properties to shift away from the desired 
range. In this study, effects of lithium addition on structural 
and electrical properties of                  K0.5 N0.5 NbO3
ceramics were investigated. Modified KNN ceramics were 
calcined at 850°C for 2 hours and sintered at different 
temperatures depending on Li mole ratios by Spark Plasma 
Sintering. Sintered samples were annealed at 900°C for 1 
hour. Physical properties were investigated by XRD, SEM 
analysis and density measurement. For electrical properties, 
ferroelectric and dielectric measurements were conducted. 

1. Introduction 

In electronic devices, Lead Zirconate Titanate (PZT) have 
been dominantly used as a piezoelectric material since its 
discovery in 1952. But especially after 2000’s, health 
concerns regarding the toxic content of lead (Pb) containing 
materials have been growing and for those materials that 
has a lead content more than 0.1% (wt.), serious restrictions 
have been then implemented through international 
legislations. Regarding PZT piezoelectric materials which 
holds almost 60% of their weight as lead content, the focus 
of the researches globally is now to manufacture a lead-free 
piezoelectric material that can reach or outperform the 
commercial PZT materials performance-wise [1].  
Potassium Sodium Niobate (KNN) is a lead-free material 
that can show a characteristic ferroelectric and piezoelectric 
type of properties around 50% K and 50% Na [2]. 
Piezoelectric properties of KNN ceramics have long been 

known but it was after 2004 when Saito et al. have 
managed to produce textured KNN ceramics doped with Li, 
Ta and Sb that has d33 value of 437 pC/N [3]. Many studies 
have been conducted since than with different dopant 
elements such as Li, Ta, Sb, Ba, Ca in order to improve 
piezoelectric properties of KNN. Although the progress has 
been made in terms of enhancing the piezoelectric 
coefficient and electromechanical properties, sintering of 
this material still remains to be a massive problem owing to 
the volatility of K and Na at high temperatures as in this 
case the sintering temperature is almost near the liquidus 
curve, making it vulnerable to changes in its composition 
during the sintering process [4]. Conventional sintering 
methods such as pressureless sintering and Hot Pressing 
(HP) can last as long as 1 to 10 hours. Due to fact that the 
required process times to fully densify these materials is 
very high and obtained properties are composition 
dependent, KNN systems are hard to work on a consistent 
basis.
Spark plasma sintering is relatively a new method that 
passes a pulsed direct current (DC) through the materials 
via graphite punches under the uniaxial pressure. This 
creates discharges between the compacted powder 
particles, leading to an arc formation which can increase 
the heating rate up to 300 °C/min. Compared to the 
conventional sintering methods, SPS allows faster heating 
rate and shorter sintering times which makes is suitable in 
densification of KNN ceramics since it shortens the amount 
of passing time in high temperature. In comparison with the 
sample produced by conventional methods, SPSed samples 
show higher d33 value, lower tan , higher kp. This 
increment in electrical properties is associated with the 
decreased volatilization of K and Na and the suppression of 
local compositional segregations. 
In this study, the aim was to investigate the effects of Li 
addition on the microstructure, phase transition behavior 
and electrical properties of KNN ceramics. 

2. Experimental Procedure 

(K0.5 N0.5)1-xLixNbO3 powders (x = 0, 2, 4, 6 ml.%) were 
prepared with conventional solid-state reaction. K2CO3
(99%, Merck), Na2CO3 (99%, Merck), Nb2O3 (99%, Alfa 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

475
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Aesar) and Li2CO3 (99%, Merck) were selected as starting 
powders and weighed according to the stoichiometric 
formula. Powders were dried at 200 °C for 2 hours and then 
ball milled in ethanol medium with ZrC balls for 24 hours.  
The slurries were dried and calcined 850°C for 2 hours and 
grinded afterwards. A SPS apparatus (SPS – 7.40 MK – 
VII, SPS Syntex Inc.) was used to densify modified KNN 
ceramic powders. The synthesized powders were charged 
into a graphite die with and inner diameter of 50mm. Once 
the chamber was evacuated (~10 Pa), the ceramics were 
sintered at temperature in which the shrinkage of the 
punches was constant in the particular experiment. Heating 
rate was 100 °C/min with a dwelling time of 3 minutes and 
the applied pressure was 40 MPa along Z-axis. After the 
system cooled down, the SPSed samples were annealed in 
air at 900 °C for 1 hour in order to remove carbon content 
diffused from graphite die and to eliminate oxygen 
vacancies.
To understand the effect of Li addition on phase change, 
structures of calcined, sintered and annealed samples were 
characterized by using X-Ray Diffraction (XRD, MiniFlex, 
Rigaku Corp.) in the 2  range of 20-80° with Cu–K
radiation (  = 1.54 A°). The microstructures of modified 
KNN ceramics were observed using scanning electron 
microscope (SEM, JOEL JFM-7000). The bulk density of 
samples was measured by Archimedes’ method in distilled 
water.  
For electrical characterizations, annealed samples were 
polished to a dimensions of 10x10x1mm. The broad facets 
were coated with Ag paste, then fired at 600 °C for 30 min. 
Dielectric properties were conducted in the frequency range 
of 1 kHz-5MHz using an LCR meter (HIOKI 3532-50 LCR 
HiTESTER). The polarization-electric field (P-E) 
hysteresis loop was measured using ferroelectric test device 
(Precision LC, Radiant). 

Figure 1: X-Ray diffraction patterns of KNN ceramics. 
3. Results and Discussion 

Figure 1 shows the XRD patterns of monolithic and Li 
doped KNN ceramics after annealing process. Since there 
is no specific pattern assigned for K0.5 N0.5 NbO3
composition, diffraction pattern of KNbO3 (JCPDS: 32-
0822) was chosen as a reference pattern for monolithic 
specimen. As can be seen, all the annealed samples show 
ABO3   single phase perovskite structure. It is clear that 
with the addition of Li into the structure, peak angles start 
to shift to the broader angles with that the d-values decrease 
as the Li content increases. While the monolithic KNN 
shows orthorhombic structure, ceramics show a phase 
transition from orthorhombic to tetragonal symmetry with 
the introduction of Li into the structure. Li atoms go into 
the A-site in the perovskite structure as an equivalent 
dopant where much larger Na and K atoms reside in KNN 
system. Because of the differences between the size of the 
radii of the A-site atoms, namely the smaller Li atoms and 
the larger Na and K atoms, a strain is observed within the 
structure so that atoms start to crystallize in tetragonal 
symmetry. This change can be deduced within the 2  range 
of 44°-47° by analyzing the relative densities of 
orthorhombic and tetragonal phase. 

Figure 2: SEM images of (a)Monolithic, (b)2%Li, (c)4% Li, (d)6% Li 
containing KNN ceramics. 

(d)
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The SEM images of annealed samples of monolithic and Li 
doped KNN ceramics is compared in Figure 2. As can be 
seen from the image, monolithic KNN sample consists of 
the combination of some large grains and rather small 
grains in its matrix. The grains show square or rectangular 
morphology as the average grain size is 1.8 ±0.43 μm. The 
average grain sizes were determined from SEM images by 
Linear Interception method. With the addition of 2% mole 
Li, the average grain size is reduced to a average value of 
1.35 ±0.17 μm as the distribution of the grain sizes has 
become homogeneous. In literature, Li addition is known to 
aid the densification of the KNN system, so as for the 
samples containing 4% and 6% of Li, an increment in the 
average grain size is observed. Samples have an average 
grain size of 1.81 ±0.12 μm and 09 ±0.30 μm, respectively. 
Although Li addition allowed to obtain a finer grain size 
and more homogeneous distribution overall, %6 Li 
containing sample showed nonetheless larger grains 
through the matrix which indicates that Li as a dopant 
element is helpful additive in terms of to improve the 
densification of KNN ceramics. 

Figure 3: Polarization-electric field hysteresis loop of KNN ceramics. 

The bulk densities of annealed specimens were measured 
by Archimedes’ method and shown in Table 1. Monolithic 
KNN was sintered by SPS at 975 °C for a relatively short 
time of 3 min. The relative density of the sample was found 
to be 99.69%. Compared to the conventional sintering 
methods, SPS proves itself to be a good alternative in 
densification of such temperature sensitive materials. 
Although the addition of Li caused a decrease in relative 
densities, for all the samples, values were found to be 
higher than 98.82%. 

Table 1: Densification behavior of KNN ceramics.

 Compositions 

KNN 2% Li 4% Li 6% Li

Relative
Density 

(%) 
99.69 99.50 99.27 98.82

Hysteresis (P-E) loops were investigated for the unpoled 
samples. Figure 3 shows the polarization behavior of all 
samples under the electric field of 25 kV/cm. Monolithic 
KNN showed typical ferroelectric properties. Remnant 
polarization (Pr) and maximum polarization (Pm) values 
were found to be much lower for samples containing 2% 
and 6% Li compared to the monolithic specimen mainly 
because of the phase differences between undoped and 
doped KNN ceramics. Crystallographically, it is much 
harder to pole the tetragonal phase rather than the 
orthorhombic phase due to the lesser number of 
polarization directions being available in tetragonal 
symmetry. For the 4% Li containing sample, it has been 
observed that the remnant polarization value was higher 
than the maximum polarization which sorts out the 
deterioration in the ferroelectric type behavior, namely a 
conductive phenomenon is detected from these results. 
Related to these findings, characterizations were conducted 
once more to find out the origin of this conductivity. It was 
concluded that during the sintering process, an excessive 
amount of carbon can diffuse into the structure and 
although a heat treatment is conducted to remove and burn 
out the carbon content, at atomic scale some carbon atoms 
can remain within the structure which was the case for %4 
Li bearing specimen. 

Figure 4: Frequency dependent dielectric loss of KNN ceramics. 

Figure 4 depicts the frequency dependent dielectric loss 
over a range of 1 kHz-5MHz. It can be seen that Li addition 
lowers the dielectric loss through the frequency range while 
6% Li containing sample shows the lowest tan  value.
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4. Conclusion 

In this study, dense and fine grained KNN ceramics with 
different Li mole ratios were fabricated from starting 
powders by solid state reaction in one step. Produced 
powders were sintered using Spark Plasma Sintering. After 
sintering, a heat treatment in air was conducted to give the 
samples their last properties. The effect of Li addition was 
investigated in terms of microstructure, phase analysis, 
densification behavior and electrical properties. 
X-Ray diffraction patterns showed that all samples are 
consisted of single phase perovskite structure. While the 
monolithic KNN crystallizes in orthorhombic structure, the 
Li containing samples showed a change in structure from 
orthorhombic to tetragonal as Li amount is increased. This 
phenomenon is somewhat analogous to what is observed in 
PZT ceramics as the structure changes from monoclinic to 
tetragonal with the increasing titanium content. The 
difference between them is that KNN system experiences a 
structure change as the temperature exceeds ~230 °C from 
orthorhombic to tetragonal. That is called “Polymorphic 
Phase Boundary” (PPB). With the addition of an element 
into the structure with a large atomic radius difference with 
the constituent elements of the system, PPB temperature 
may be lowered down to the room temperature. 
Analyzing the SEM images, Li containing samples showed 
more homogeneous grain size distribution compared to the 
monolithic KNN which can be deduced as an improvement 
densification.
Although the Li addition caused a decrease in relative 
density values of the sample, the lowest value obtained was 
98.82% with the sample containing 6% Li. Interpretation 
from these results would be that Spark Plasma Sintering is 
an effective method in densification of KNN ceramics. 
Investigation of polarization-electric field (P-E) hysteresis 
loops showed that monolithic KNN consisting of 
orthorhombic structure demonstrates a typical ferroelectric 
behavior type behavior.
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Abstract

Electronic ceramics form a peculiar group of the ceramics 
family. One reason is due to the stronger dependence of 
their final properties on the raw materials and the 
processing conditions compared to other members. The 
purity of the initial powders, stoichiometry, particle/grain 
size distribution, dopants, processing conditions have 
profound influence on their electrical performance in the 
lab and along their product life cycle. This article aims to 
demonstrate how minor changes in the aforementioned 
parameters can affect the quality of electroceramics and 
what to do to imrpove their properties. The lead-free 
potassium sodium niobate (K1-xNax)NbO3 at x = 0.50 % 
(henceforth refrred to as KNN), which is prepared by the 
solid state route, is the material of interest in this work. 
After several failed attempts by following the “known 
facts” and the established practice in the field, the high 
quality KNN with superior overall properties was prepared 
reproducibly only after: 1. The use of high purity (  99.95 
%) powders, 2. Drying carbonate-based powders prior to 
mixing to free the water and hence, to guarantee the desired 
stoichoíometry, 3. Sintering the material at the right and 
precise temperature that is just a few degrees celsius below 
its melting temperature.  

1. Introduction 

Piezoelectricity is a property possessed by materials which 
expand under external electric field (reverse effect) or 
develop electric charges under mechanical stress (direct 
effect). The combined effect of the electrical and 
mechanical features yields high coupling coefficients 
essential for development of resonators, ultrasound 
generators and actuators [1]. Among all materials, lead 
zirconate titanate (PZT) is the most widely studied and 
commercialized piezoelectric ceramic system since 1950’s 
[2, 3]. This is mainly due to the Pb+2 pairs giving rise to 
polarization in the material [2]. Moreover, several new 
applications can be developed through the materials 
synthesis just by changing the Zr:Ti ratio over a broad 
range in the solid solution and/or by using dopants [3].   

In spite of its versatility and enhanced piezoelectric 
properties, PZT is a lead-based material. According to the 

EU initiatives and laws such as WEEE (Waste Electrical 
and Electronic Equipment), RoHS (Restriction of 
Hazardous Substances in Electrical and Electronic 
Components) and by the growing public awareness and 
interest in protection of the human health and the 
environment, lead (Pb) and its components are considered 
as toxic materials to be replaced [4-6]. Therefore, there are 
intensive efforts to explore new Pb-free compositions such 
as (Bi0.5Na0.5)TiO3, BaTiO3, BiFeO3, (K0.5Na0.5)NbO3
[1,3,5,6].

KNN is particularly interesting due to its high Curie 
temperature (420 °C), high piezoelectric and electro-
mechanical coupling coefficients [7,8]. However, the 
preparation of high quality KNN is a challenging task 
[1,7,8] due to the strong dependence of its electronic 
properties on several intrinsic and extrinsic factors. This 
entails the critical raw material or powder properties such 
as purity, particle size distribution/shape/surface area and 
stoichiometry as well as processing conditions and 
environment. Moreover, KNN ceramics are known for their 
poor sinterability using traditional firing methods and for 
the numerous phases resulting after sintering [7].

In this paper, the conventional preparation of dense (> 95 
%) and high quality KNN ceramics (d33 > 100 pC/N, kt > 
0,40) are described. The impacts of raw material purity and 
processing on physical and electrical properties are 
demonstrated by examples. Following several failed 
attempts, it is found that the superior samples are prepared 
only after using high purity powders, which are dried prior 
to mixing and sintered at the right temperature.   

2. Experimental Procedure 

The piezoelectric properties of (K1-x, Nax)NbO3 ceramics 
reach a maximum at x=0.5 [9], which is ascribed to a 
virtual morphotropic phase boundary (MPB) at 50% K/Na 
composition [1,9]. MPB represents a particular composition 
window where different crystalline structures contribute to 
the increased polarization through multiple dipole 
orientation directions. Therefore, the pure grades of K2CO3,
Na2CO3 and Nb2O5 were used as initial powders. It is 
important to note that the first trials to produce the 
optimum batch failed due to several reasons, which will be 
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explained in section 3. However, in the reproducible 
batches, the initial powders with more than 99,95% purity 
were used. In these batches, the carbonates were first dried 
at 220 °C for 4 hours and then mixed at the desired 
stoichiometry in acetone immediately. The mixture was 
ball milled for 24 hours using the zirconia beads. After 
drying, the milled powder was calcined at 825 °C for 4 
hours. The pellets were pressed uniaxially at 25 MPa and 
sintered in a tube furnace at       1114 °C for 2 hours in 
oxygen rich atmosphere. The preparation and 
characterization of KNN ceramics are detailed in [8].  

3. Results and Discussions 

The steps in KNN development are explained in sections 
3.1 to 3.3. However, three particular problems were 
encountered and resolved consecutively:

1. More than 95% density samples with no 
piezoelectric properties  low purity powders 
were replaced by high purity powders. 

2. Excellent piezoelectric properties but 
disintegration in air  carbonates were pre-
heated.

3. Dense and stable samples over time with excellent 
piezoelectric properties  Sample was sintered in 
tube furnace and at the tight temperature range.

3.1. Switching to High Purity Powders (  99.95 %)

Purity of initial powders are of extreme importance in 
production of ceramics. Impure powders lead to secondary 
phases, which significantly affect the properties of the 
material. In our case, we started preparing KNN with 
98.5% pure powders. Although dense (> 95%) samples 
were obtained by this powder at first, they lacked dielectric 
and piezoelectric characteristics expected from KNN. A 
careful evaluation of the material data sheet and a 
combined XRD/SEM/EDX analysis revealed SiO2 as the 
major impurity in the initial powders, which melted and 
wet the grain boundaries. Although SiO2 contributed to the 
high density of the samples, it led to the formation of 
secondary phases, which resulted in diffuse phase transition 
and limited domain mobility. These problems were 
partially overcome by using purer powders (  99.95%) in 
the new batches. The phase purity was achieved (figure 1), 
a clear transition from paraelectric to ferroelectric phase 
was observed in spite of a shift in Curie temperature (figure 
2) and polarization was significantly improved (figure 3) by 
using pure powders. However, the new samples 
disintegrated in air over time surprisingly, which we 
ascribed to the formation of minor hydrophilic phases due 
to the shifted stoichiometry.   

3.2. Fixing the Stoichiometry 

The disintegration problem, which was mostly observed in 
the humid seasons shifted our attention to the nature of the 
initial powders. Carbonates are frequently used as water-
getters in driers and desiccators and hence, the potential 
water holding capacity of the carbonates in use were 
investigated.

Figure 1. XRD analysis of sintered samples. Secondary 
phases are marked with arrows (above). Sample prepared 

from pure powders exhibit peak splitting as expected.   
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Figure 2. Dielectric constant measurement of samples. 
Sample below exhibits clear phase transformation 

temperatures, the Curie temperature is 30 °C lower. 

Figure 3. The sample prepared with high purity powder is 
polarized up to higher fields (below).

Figure 4 shows the water re-gain of Nb2O5 powders (~ 4%), 
which are dried at 100 °C for 4 hours. This is a significant 
amount, which is believed to be the main cause of several 
misfits encountered in this work. This can lead to formation 
of several unwanted phases in the KNbO3 and NaNbO3
phase diagram including hydrophilic phases, which 
explains disintegration of samples in air. Although the 
XRD of sintered samples showed no impurities, the shift of 
approximately 30 degrees celsius in Curie temperature 
(figure 2) and the asymmetrical hysteresis loop (figure 3) 
indicate problems to resolve to obtain high quality KNN. 
Therefore, the powders were dried at 220 °C for 4 hours 
prior to mixing. This step was followed by immediate 
mixing of the powders to avoid humidity uptake from the 
environment. It is strongly believed that this action is a 
critical step in keeping the right stoichiometry to prepare 
the material with desired properties.    

Figure 4. Weight gain of dried K2CO3 measured in TGA. 

3.2. Sintering at the Right Temperature

(K1-xNax)NbO3 at x equal to 0.50 exhibits the enhanced 
piezoelectric and ferroelectric properties. This is due to the 
increased number of dipole polarization directions as a 
result of combined crystalline phases at the morphotropic 
phase boundary [1,3]. However, the maximum allowable 
sintering temperature at this composition is very close to 
the liquidus temperature of the system. Therefore, great 
effort was devoted to avoid the melting of the material. The 
samples were sintered in a tube furnace with a temperature 
deviation of ± 2 °C at 1114 °C for 2 hours.

The improvements through material handling and process 
optimization are shown in figures 5 to 9. No purities are 
observed in the sintered sample (figure 5) and the Curie 
temperature is observed at the right point in the dielectric 
constant measurement as a function of time (figure 6). The 
sintered samples were also poled by application of electric 
field at 210 °C and cooled down to room temperature under 
the same field. The hysteresis behavior of the material is 
presented in figure 7.

Figure 5. XRD pattern of sintered sample.  
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Figure 6. Dielectric constant of (K0.5Na0.5)NbO3. The Curie 
temperature is at 417 °C.

Loop pinching is observed at lower electric fields due to the 
defect dipole preferred orientation, which disappears at 
higher fields.

Figure 7. Polarization character of the sample at room 
temperature.

Pyroelectric properties were measured by a heat regulator, 
function generator and a HP 3478 multimeter. Release of 
charges up on temperature change is a particular feature of 
ferroelectric materials, which is observed in our samples as 
well. The material basically acts as a sensor following the 
temperature change instantly (figure 8).

Figure 8. Pyroelectric properties of the sample.

4. Conclusions 

KNN is strongly dependent on raw material quality and 
processing. In this work, a step by step material 
optimization approach is explained. It is shown that the 
difference between 99.80 and 99.95 % initial powder purity 
is determinant on the extent of piezoelectric and 
ferroelectric response of the material. Moreover, the 
selection of raw powder is extremely critical. Carbonate-
based powders absorb humidity and shift the stoichiometry 
in the beginning of mixing already. In our case, this led to 
disintegration of samples in air (due to hydrophilic phases), 
shifted Curie temperature and restricted the domain wall 
motion. This is a clear show of how physical and electrical 
properties are closely related through the purity and 
stoichiometry of initial powders. Last but not least, 
obtaining pure electrical responses are possible by sintering 
the material at the right temperature, where the final 
properties of the ceramic are determined. In our case, we 
worked at a critical sintering temperature close to the 
liquidus line to guarantee the maximum sintered density 
without melting the sample.          
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Abstract

In this paper, Magnesium Calcium Titanate (MCT) 
powders were prepared by both conventional solid-
state method and the Pechini method. 0.95MgTiO3-
0.05CaTiO3 (95MCT) were chosen as the optimum 
stoichiometry. Microstructure and phase 
transformation of calcined 95MCT powders have 
been observed.  First, the powders were prepared 
by conventional solid-state method and calcined at 
1000°C, 1100°C and 1200°C. Second, the 95MCT 
powders were prepared via the Pechini method, 
then calcined at 900°C and 1000°C. The calcined 
powders were investigated by X-Ray Diffraction 
analysis to identify the phases developed during 
calcination. For both routes, it is observed that 
MgTiO3 is the main crystalline phase, whereas 
CaTiO3 and MgTi2O5 are minor phases. However, 
MgTi2O5 is not desired in the structure because of 
its negative effect on dielectric properties. Powders 
produced by the Pechini method were observed to 
have different microstructures than conventionally 
produced powders. 

1. Introduction

Microwave dielectric materials have been rapidly 
progressing in communication applications such as 
cellular phone, wireless-communication systems, 
antennas and global positioning systems in past 
decades [1,2]. Using dielectric ceramics in 
microwave devices leads to size reduction of 
components [3]. A high dielectric constant ( r), a 
low dielectric loss (high Q × fvalue) and a near-zero 
temperature coefficient of resonant frequency ( f)
are the requirements of an effective microwave 
dielectric ceramic. 

Magnesium Calcium Titanate (MgTiO3-CaTiO3,
MCT) ceramics are used as microwave dielectric 
ceramic for temperature compensating type 
capacitor, dielectric resonator and antennas due to 
their high permittivity, quality factor and good 
temperature stability [4]. The material is a mixed of 
magnesium titanate ( -Al2O3 structured MgTiO3:

r:~17, Q × f value~160 000 at 7 GHz and a zero f
value) [5] and calcium titanate (perovskite 

structured CaTiO3: r:~170, Q × f value~3600 at 7 
GHz and f value~ 800 ppm/°C) [6]. In order to 
tune the electrical parameters, mixtures of two 
oxides are frequently used. For instance, 
0,95MgTiO3-0,05CaTiO3(hereafter referred as 
95MCT) ceramics have r:~21, Q × f value~8000 at 
7 GHz and a zero f value. 

Purity of starting materials, calcination time and 
temperature, shaping techniques, and sintering time 
and temperature affect the microwave properties of 
ceramic materials. The ideal electrical properties 
can be achievedthat the starting powders must be 
fired to high density. In order toget high density 
with MCT ceramics powders can be prepared both 
by conventional mixed-oxide methods and 
chemical methods. Solid state methods need higher 
calcination and sintering temperatures compared to 
chemical routes [7]. There are several wet-chemical 
methods, for instance colloid emulsions [8], 
hydrothermal route [9], co-precipitation [10] and 
Pechini technique [11]. However, these chemical 
methods have a few disadvantages. Colloid 
emulsions route takes too much time and has 
complex stages [8]. Hydrothermal method requires 
customized instruments, high firing temperatures 
and pressures [9]. In co-precipitation technique, 
precipitated cations can be uncontrollable, which 
causes segregation in solution and non-
stoichiometric composition [10]. Powder 
preparation via Pechini route is better compared to 
other wet-chemical methods in-regard-to achieving 
a high chemical homogeneity, finer/controlled 
stoichiometry and low firing temperatures [11]. 

Conventional solid-state method requires higher 
calcination and sintering temperatures. 
Nevertheless, this technique is suitable for mass 
production, has readily available equipment and is a 
simpler process compared to chemical techniques. 

In the present work, both conventional mixed-oxide 
method and sol-gel method were used. Calcination 
processes of both techniques are completed. 
Microstructure, densification, phase 
transformations of MCT ceramic were investigated. 
Advantages and disadvantages of both methods 
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were discussed.Crystal structures were investigated 
with X-Ray Diffraction analysis technique. 
Microstructure of calcined 95MCT powders were 
analyzed with Scanning Electron Microscopy. 

2. Experimental Procedure 

2.1. Synthesis of 95MCT Powders via 
Conventional Method 

Specimens were prepared first by the conventional 
mixed-oxide method. The high purity powders 
MgO (Alfa Aesar, 99.9%), CaO (Merck, 99.9%), 
TiO2 (Merck, 99.9%) were weighed and mixed to 
get the ratio of Mg:Ca=95:5,  (95MgTiO3-5CaTiO3
mole %) in a ball-mill with an ethanol for 10 h.The 
mixed powders dried at 100 °C in a drying oven. 
Dried powders are crushed with an agate before the 
calcination. Powders were calcined at 1000 °C, 
1100°C and 1200 °C for 10 hours. The heating rate 
of the calcination process was 3°C/minutes. Then 
powders were cooled in calcination furnace. The 
obtained powders were sieved to get fine powder 
(<200 mesh) and mixed with polyvinyl alcohol 
(PVA) binder. The fine powders were pressed with 
a cold isostatic press to obtain bar shape. In order to 
remove PVA from the bar-shaped 95MCT, samples 
were slowly heated up to 350 °C in a debinding 
furnace.

2.2. Synthesis of 95MCT Powders via Pechini 
Method 

Mg(NO3)·6H2O, Ca(NO3)·6H2O and Ti(C4H9O4)
were used as the raw materials; ethanol and acetic 
acid were used as the solvents. First, 1 mole 
Ti(C4H9O4) was dissolved in  1 mL acetic acid at 
room temperature. At the same time 0.95 mol 
Mg(NO3)·6H2O and 0.05 molCa(NO3)·6H2O were 
dissolved in 100 mL ethanol at the room 
temperature. Then sufficient dissolving was 
completed, two solutions were mixed together and 
stirred. With constant stirring, deionized water was 
slowly added to the mixture until the transparent 
solution was obtained. The sol was held at 70°C 
and stirred until gel was formed. The gel was dried 
at 90°C for 24 hours to obtain dried gel powders. 
Dried powders were calcined at 900°C and 1000°C. 

2.3. Characterization of 95MCT powders  

The crystalline phases of calcined powders were 
investigated by an X-Ray Diffractometer with 
(Panalytical Aeris) CuK  radiation (40 kV, 15 mA, 
2 =10-90°) to identify the phases developed during 
calcination. The grain sizes of powders were 
observed by scanning electron microscopy (SEM, 
Phenom XL). 

3. Results and Discussion 

3.1. X-Ray Diffraction (XRD) Analyses 

The X-Ray diffraction pattern of 95MCT powders 
produced by conventional mixed-oxide method is 
shown in Fig. 1. It was clearly observed that 
MgTiO3is the main crystalline phase, whereas 
CaTiO3and MgTi2O5were observed as minor 
phases. These two phases do not mix due to large 
ionic size difference of the cations (Mg2+~0.65 Å 
and Ca2+~0.99 Å). The crystal structure of 
MgTiO3was the trigonal structure (JCPDS #06-
0494). CaTiO3(JCPDS #22-0153) was shown to 
have orthorhombic structure. MgTi2O5was formed 
as intermediate phase; therefore elimination of this 
intermediate phase from the mixed oxide method is 
difficult. Removing intermediate phase needs high 
temperatures [5]. It is known that formation of 
MgTi2O5lower the Q × f value of the MCT ceramic 
[12].

The XRD analyses of calcined powders produced 
by mixed–oxide route indicates that 1000°C 
calcination temperature is enough to get major and 
minor crystalline phases of 95MCT ceramic. As the 
calcination temperature increases, the boardening of 
peaks are decreased. It shows that the grain sizes of 
calcined powders were increased with increasing 
temperatures.

*MgTiO3    #CaTiO3   +MgTi2O5

Figure1. XRD patterns of calcined 95MCT 
powders synthesized by using conventional mixed-
oxide method at different calcination temperatures.

XRD analyses of the synthesized powders by 
Pechini method are shown in Fig. 2. The powders 
calcined at 900°C and 1000°C are shown in the 
bottom and top panel of the figure, respectively. 
The XRD patterns showed that MgTiO3 is observed 
as the main crystalline phase, CaTiO3 and MgTi2O5

are observed as minor phases. Secondary phases are 
detected in the XRD analyses for samples. There is 
no significant differences between 900°C and 
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1000°C calcination temperatures in-regard-to 
forming of major and minor crystalline phases. 

*MgTiO3    #CaTiO3   +MgTi2O5

Figure 2. XRD patterns of the calcined 95MCT 
powders synthesized by using Pechini method at 
different calcination temperatures.

3.2. SEM Analyses 

Fig. 3. shows that SEM images of calcined powders 
produced by different production methods. Both 
powders were calcined at 1000°C.The grain size of 
powders produced by conventional mixed-oxide 
route are bigger than Pechini method. Powder 
microstructures of two methods are visibly different 
from each other. 

4. 

The SEM images of conventional mixed-oxide 
route 95MCT powders at different calcination 
temperatures for 10h are illustrated in Fig. 4. The 
95MCT powders have very small grains and not 
dense at 1000°C. XRD results of conventionally 
produced powders also showed that the calcined 
grains have smaller size at 1000°C. As the 
calcination temperature increased, the grain size of 
calcined powders increased and densities increased 
at 1100°C. At 1200°C, although the powders were 
at calcination step, they were almost sintered. It was 
difficult to separate calcined powders after the 

calcination step at 1200°C. In order to separate of 
the dense powders ball milling was applied. 
However, Fig. 3. (c) indicates that reactive sintering 
was occurred at 1200°C temperature; hence, 
powders were broken from the grain boundaries 
during milling process.  

5. Conclusions 

The different production methods and calcination 
temperatures of 95MCT ceramic powders were 
investigated. First conventional mixed-oxide route 
were used at three different calcination 
temperatures. For conventional route, powders were 
dense and had optimum grain size at 1100°C 
calcination temperature. According to XRD results 
of conventional route, 1000°C were also enough 

(a)

(b)

(c)

Figure4. SEM images of the calcined powders by
using different calcination temperatures via
conventional mixed-oxide method. (a) 1000°C, (b)
1100°C,  (c) 1200°C.

Figure 3. SEM images of calcinedpowder at 1000°C
byusingtwodifferentmethods. (a) Conventionalmixed-
oxidemethod, (b) Pechinimethod.

5μm5μm

(a) (b)
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main and minor crystallite phases. The 
conventionally produced powders were mixed with 
PVA binder and pressed in a cold isostatic press. 
However, the bar-shaped green powders were 
broken into pieces during debinding step. In order 
to achieve this problem different binders will be 
tried.

The XRD patterns of 95MCT powders synthesized 
by Pechini route indicated that calcination at 900°C 
and 1000°C have no difference. Therefore, in 
Pechini method, 900°C calcination temperature is 
enough to obtain major phase and minor phases. 
However, in Pechini route secondary phases were 
occured  conventionally produced powders did not 
have secondary phases. The reason of the forming 
of secondary phases in Pechini method is that the 
process were started with liquid starting materials; 
therefore controlling the reaction and the obtaining 
phases can be difficult during experiments. 
However, in solid-state route diffusion was 
occurred from the grain boundaries.  In 
conventional mixed-oxide method the forming of 
the secondary phases is more difficult than in 
Pechini method. 

The ongoing experiments of this work, pressing, 
sintering and investigation of dielectric properties 
and microstructure relation will be studied. 
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Abstract

Piezoelectric zirconium (Zr) doped (Na0.5Bi0.5)TiO3 (NBT) 
powders were prepared by mechanical activation method. 
The fine powders were uniaxially pressed and all pellets 
were sintered at 11000C for 2 hours.  The sintered samples 
were also characterized to determine relative density 
Microstructural and phase analyses were investigated by 
using scanning electron microscopy and X-Ray 
diffractometer.

1. Introduction 

It is well-known that lead based ceramics are widely used 
for piezoelectric actuators, sensors and transducers due to 
their excellent piezoelectric properties. However, because 
of lead oxide toxicity causes environmental pollution. In 
recent years, sodium bismuth titanate (Na0.5Bi0.5)TiO3 or 
NBT) and its solid solutions are one of the mostly 
investigated lead-free piezoelectric materials [1-3]. 

NBT is an A-site complex perovskite relaxor ferroelectric 
structure with a high Curie temperature of Tc  = 3200C, a 
remanent polarization of Pr = 38 μC/cm2, and a coercive 
field of Ec = 73 kV/cm [4, 5]. However, poling of NBT is 
difficult due to its high coercive field [3]. This problem can 
be overcomed by forming solid solutions with various types 
compounds and/or doping with oxides [6-11]. 

Mechanical activation is a solid-state powder processing 
technique that involves repeated cold welding, fracturing, 
and rewelding of powder particles in a high-energy ball 
mill. In this process, a small quantity of the blended 
elemental powder mixture is loaded into a container along 
with the grinding media and the whole mass is agitated at a 
high speed for a predetermined length of time [5]. The 
mechano-activation treatment might promote: the 
amorphization of treated material, noticeable change of the 
microstructure, size and shape of particles, etc. [12]. 

The aim of this study is to investigate the effect of 
mechanical activation of structural properties of zirconium 
doped NBT ceramics. 

2. Experimental Procedure 

The polycrystalline samples of (Na0.5Bi0.5)Ti(1-x)ZrxO3 (x: 0, 
0.1, 0.2) were prepared by conventional mixed-oxide 
method using high purity Na2CO3 (Emir Kimya), Bi2O3
(Acros Organics), TiO2 (Riedel-de Haen) and ZrO2 (Merck) 
powders. All compositions were ball milled with ethanol in 
a polyethylene bottle for 24 hours. After drying, the 
powders were calcined at 9000C for 2 hours. The calcined 
powders were then separeted into two groups for ball 
milling and attrition milling.  

The milling times of ball mill (BM) ang attrition mill (AM) 
were 24 and 1 h, respectively. The speed of high-energy 
planetary ball mill (Fristch) was 600 rpm. Ball-to-powder 
weight ratio was adjusted to 20. All compositions were 
uniaxially pressed to form pellets of 25 mm in diameter at 
75 MPa.  

The pellets were sintered at 11000C for 2 hours. X-ray 
diffraction analysis was performed using a Rigaku Ultima 
X-ray diffractometer and CuK  radiation. A Joel 6060 LV 
scanning electron microscope was used for morphological 
analysis of non-activated and activated mixed powders and 
sintered samples.  

3. Results and Discussion 

The XRD patterns of different amount of Zr modified NBT 
ceramics sintered at 11000C for 2 hours were presented in 
Figure 1. Ball milling and attrition milling NBT-Zr samples 
sintered at 11000C for 2 hours have rhombohedral 
perovskite structure. On the other hand, the amount of 
secondary phase (2 =260) for ball milling samples 
increases with rise in Zr content. 

Figure 2. shows that the relative densities of Zr modified 
NBT samples prepared by ball milling and attrition milling. 
Densities of sintered NBT samples prepared by attrition 
milling were higher than NBT samples prepared ball 
milling. Also, the highest relative densities of samples is 94 
% and 93.5 % for ball milling and attrition milling with mol 
1 % ZrO2 content, respectively. 
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Figure 1. XRD patterns of ball milling and attrition milling 
of samples as a function mol % ZrO2 content. 

Figure 2. The relative density of all samples. 

In Figure 3. shows SEM micrographs of sintered Zr 
modified NBT samples by prepared ball milling and 
attrition milling. The nature of SEM micrographs shows the 
polycrystalline characteristics of samples. It is seen that 
porosity of NBT samples decreases with ZrO2 content. The 
microstructure is generally densely packed, but few pores 
are observed. And also, grain morphology of NBT samples 
is more spherical with increasing Zr content. 

Figure 3. SEM micrographs of  ball milling and attrition 
milling of samples as a function mol % ZrO2 content. 

.

4. Conclusion 

The effects of mechanical activation and zirconium doping 
on microstructure of NBT based ceramics was investigated. 
As a result, by introducing the attrition milling for powder 
preparation, the manufacturing cost for milling and firing 
could be reduced due to shorter milling time and lower 
sintering temperature. 

(Zr0-BM) 

(Zr1-BM) 

(Zr2-BM) 

(Zr0-AM) 

(Zr1-AM) 

(Zr2-AM) 
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Abstract

Durability of the rocket nozzle and the throat component is 
one of the key aspects for the reliable operation of a rocket 
during its trajectory. Graphite is commonly used as a throat 
material due to its high temperature resistance, ablative 
characteristics and low cost. However, graphite can fracture 
due to the combined effects of thermal loading and pressure 
during rocket firing, which is catastrophic for the operation 
of the rocket. Therefore, there is a need to understand all 
aspects of graphite failure, which will enable the more 
reliable design of the throat. In this work, we investigated 
the changes to the microstructural and mechanical 
properties of graphite upon its testing in an actual motor in 
static firing configuration. The results indicate that for the 
operation of the graphite throat in the actual combustion 
environment up to 3 seconds, the throat microstructure does 
not change considerably. On the other hand, 
nanoindentation measurements indicate considerable 
hardening upon firing, which suggests an embrittlement 
undesirable for the reliable operation of the throat. The 
results emphasize the importance of longer exposure times 
for the characterization of fracture and related effects.

1. Introduction 

Graphite is a commonly used material in rocket nozzle 
throats owing to its high resistance to ablation in extreme 
environments combined with good machinability and cost 
effectiveness [1,2]. Combination of high pressure, 
temperature, and the oxidation caused by the exhaust 
products result in the initiation and propagation of cracks 
on the throat surface, which is a major challenge for the 
reliable operation of the rocket [3]. In this study, we 
investigated the changes to the microstructural and 
mechanical properties of graphite before and after testing in 
a motor in static firing mode. X-Ray Diffraction (XRD) for 
phase identification and crystalline structure, X-Ray 
Fluorescence Spectrometry (XRF) for elemental analysis, 
and Raman Spectroscopy for understanding the bonding 
characteristics were utilized. Optical and scanning electron 

microscopy (SEM) helped to understand the morphology of 
graphite before and after testing.

2. Experimental Procedure 

Graphite used in the throat material is an isomolded dense 
electrographite with porosity level of 9%. Before 
performing the motor tests, characterization was performed 
on rectangular graphite plates with dimensions 10 × 3 × 0.5 
cm. In this discussion, “graphite plates” will refer to these 
machined specimens from molded graphite, without any 
motor testing. In addition to the study of the as-molded 
graphite, graphite nozzles were tested in an actual test 
motor in static firing conditions with a characteristic heat 
flux profile for 3 seconds using a solid propellant. After the 
testing, the throat was removed, radially cut, and the cross-
sections were polished for microstructural characterization 
and nanoindentation testing. These specimens will be 
referred as “fired graphite”.

A Rigaku Ultima IV X-ray diffractometer using a -2
geometry analyzed the samples for its crystal structure and 
phases. Dispersive Raman Spectroscopy verified the 
chemical structure of graphite with a laser wavelength of 
532 nm. X-ray fluorescence (XRF) (Rigaku ZSX Primus II) 
quantified the chemical composition of the graphite 
samples. An FEI QUANTA 400F Field Emission scanning 
electron microscope (SEM) analyzed the morphology of 
the graphite surface. 

To understand the mechanical behavior of graphite, 
uniaxial compression and nanoindentation were performed 
on the same batch of the graphite plates used for the 
microstructural characterization. A Zwick Z020 uniaxial 
testing system compressed cylindrical specimens of 
graphite. Two types of cylinders with 10 and 20 mm 
diameter both having a height of 20 mm were tested. All 
compression samples were cut from as-molded pieces of 
graphite without firing. Measurements were repeated on 6 
samples for each geometry. The displacement rate was 0.1 
mm/min. 
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An Agilent G200 nanoindenter performed nanoindentation 
tests on graphite plates, and also on the cross sections of the 
fired graphite nozzle. By performing nanoindentation at 
different locations over the cross section, we examined 
possible changes in local mechanical properties due to 
heating and pressure effects. 

3. Results and Discussion 

XRF results (spectrum not shown) has shown that 
specimens are composed mostly of graphite as expected. 
The plates are 96.7 wt.% carbon and 3.2 wt.% oxygen with 
other small impurities of Si, S, Ca, Mg and Al all below 
0.02%. 

Figure 1 shows X-ray diffraction and Raman spectra of 
graphite plates and fired graphite. The results from the two 
samples are mostly coincident considering the uncertainties 
associated with the specimens and the measurements. This 
indicates that there is no major change in the chemistry and 
microstructure of graphite upon testing. XRD results show 
that the crystal structure of graphite is hexagonal and all 
peaks belong to the Graphite-2H phase, in agreement with 
the ICSD PDF data (00-041-1487). The most common 
features in the Raman spectra are labeled in Figure 1(b). In 
this figure, D and G bands are characteristic peaks for 
graphite. The dominant G  band comes from the sp2

vibrations [4]. 

Figure 1. (a) XRD spectrum and (b) Raman spectrum of 
graphite plates and fired graphite. 

Figure 2 shows SEM images of graphite plate and fired 
graphite. In fired graphite, regions with higher brightness 
are observed. We attributed this to the sticking of the fuel 
particles to the nozzle, potentially abrading and oxidizing 
the surface of the nozzle. EDS analysis to be done will 
provide further insight to the surface characteristics. 

Figure 2. SEM images of (a) graphite plate, and (b) fired 
nozzle graphite. Inset of (b) shows a low magnification 
view of the brighter regions. 

Figure 3 shows twp 20 mm diameter, 20 mm height test 
specimens before and after compression. The specimens 
failed in a brittle fashion and most specimens fragmented 
into multiple pieces upon testing as shown in the figure. 
Figure 4 shows the stress-strain behavior of 10 mm 
diameter and 20 mm diameter specimens. Overall the 
results have good repeatability, considering the fact that in 
brittle samples the variance is usually high. 

Table 1 summarizes the compression test results in terms of 
the average values and standard deviations. The 10 mm 

(002)

(110)(004)(100)(101) (006)
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diameter specimens have an average compressive strength 
of 56 MPa. Previous measurements on graphite indicated 
strength values around 60-70 MPa under compression 
[3,5]. Considering that the results are highly dependent on 
the manufacturing details and porosity of the specimens for 
brittle materials, the discrepancy is within reasonable 
limits. Larger diameter samples have a slightly higher 
strength, which might be due to the better alignment of 
these samples with respect to the loading surfaces. 
Furthermore, the standard deviation of the compressive 
strength is lower for this larger-diameter batch. 

Figure 3. Two 20 mm-diameter compression test 
specimens, untested on the left, and after compression 
testing on the right. 

Figure 4. Results of compression tests of graphite cylinders 
cut from graphite plates with two different diameters.

Table 1. Summary of Compression testing results. 
Sample

Diameter
Average

Compressive 
Strength (MPa)

Standard
Deviation (MPa)

10 mm 56.1 3.7 

20 mm 59.6 1.9 

In addition to compression tests, nanoindentation was 
performed at various locations over the cross section of the 
fired graphite. At least 15 indentations were performed on 
each selected location on the sample and the average results 
are summarized in Table 2. 

Nanoindentation results show that the hardness and the 
elastic modulus of the graphite dramatically increase upon 
firing. The increase is significantly higher than the hardness 
deviations within a sample, indicating that firing actually 
affects the mechanical properties at the small scale. This 
hardening is observed at different locations over the cross-
section of the fired graphite, including regions relatively 
farther away from the firing. This suggests that the 
hardening might be related to the temperature rise and 
associated morphology change in graphite. The throat 
component reaches to very high temperatures as a whole 
upon firing, and its effect on the mechanical properties 
would appear throughout the cross-section. Additional 
experiments with longer firing times and more detailed 
mechanical mapping by using nanoindentation will provide 
further insight to the observed hardening. 

Table 2. Nanoindentation results of graphite samples 

4. Conclusions 

In this work, we investigated the microstructural and 
mechanical properties of graphite used in rocket nozzles in 
as-molded state and after testing in static firing mode. After 
3-second firing experiments, there was no significant 
change in the microstructure and chemistry of graphite. 
However, significant hardening was observed through 
nanoindentation experiments. Possible embrittlement 
accompanied by this hardening might be critical for the 
reliable operation of the nozzle for longer firing times. 

Future studies will focus on compression testing of fired 
graphite, and microstructural and mechanical 
characterization of graphite tested for longer firing periods. 
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Abstract

SiC-B4C-ZrB2 eutectic composites were prepared in arc 
melting furnace under the Ar atmosphere. Button 
shaped melts, containing irregular eutectic structures of 
‘Chinese script’, with interpenetrated ternary and 
binary phases were achieved by rapid cooling. 
Pulverized fine powders of eutectic were then 
consolidated by the spark plasma sintering (SPS) 
technique, applying 3 min dwell time at 1800°C for 
ternary composition, 5 min dwell time at 1850°C for 
binary composition under a uniaxial pressure of 15 
MPa. The measured Vickers hardness was around 18 
GPa and 11 GPa for ternary and binary compositions, 
respectively. The fracture toughness of the samples 
was around 5 MPa m1/2. It was observed that fracture 
toughness values are higher compared with oxide 
eutectics although the phase formed are distributed not 
homogeneously in the material.  
 
1. Introduction

The development of hypersonic-atmospheric re-entry 
vehicles and nuclear facilities increased the demand for 
materials, which will work under extremely high 
temperatures and oxidizing environments. Ultra-High 
Temperature Ceramics (UHTC) based on transition 
metal borides meets the working as mentioned above 
conditions regarding their extreme melting temperature 
and good thermo-physical properties. ZrB2 is a 
transition metal boride which belongs to a member of 
UHTC takes more attention due to its high melting 
point temperature of around 3500 K, high hardness, 
high electrical and thermal conductivity and excellent 
corrosion resistance [1]. Althought it provides excellent 
properties, the utilization of ZrB2 has been greatly 
limited by its poor sinterability, low mechanical 
strength, and low fracture toughness. To overcome 
these disadvantages, ceramic oxide and non-oxides 
with binary and/or ternary eutectic compositions, 
produced by particular single crystal growth and 
melting processes, have been investigated extensively 
over the last decade [2-5]. Of all the eutectic ceramics, 
ZrB2-reinforced eutectics present superior oxidation 
resistance, high temperature mechanical properties 
retention up to their eutectic temperature makes these 
eutectics an important candidate for high-temperature 
applications above 1500°C. 
 
Eutectic ceramics were generally fabricated by cooling 
a melt with a eutectic composition with unidirectional 
and directional growth techniques like Bridgman 
Methods, infrared heating by halogen or xenon lamps, 

laser beam heating, inductive heating, arc melting etc. 
Unfortunately, scalability of these processing methods 
is limited by thermal gradients during processing which 
lead to inconsistent eutectic microstructures and 
significant thermal stresses in the samples. Different 
from directional solidification techniques, some oxide 
based-eutectics like Al2O3 and ZrO2- based [6-8], 
exhibiting comparable densification levels, 
microstructural features and mechanical properties 
have been produced successfully by Hot Pressing (HP) 
and Spark Plasma Sintering (SPS). For these pressure- 
assisted techniques, eutectic powders were generally 
fabricated by conventional melting processes, such as 
arc discharge and induction melting. Powders achieved 
by these techniques exhibit homogeneous dendritic or 
cellular formations due to large thermal gradients 
which occur during cooling. However, there is a dearth 
of literature on the production of boride-based eutectics 
and their microstructural stability of eutectics at 
temperatures prepared by these methods.  
 
This paper deals with the production of the SiC-ZrB2 
binary and SiC-B4C-ZrB2 ternary eutectics with the 
spark plasma sintering technique. A binary and ternary 
eutectic ceramic powders were prepared by vacuum arc 
melting process without any secondary heat treatment 
stages. The powders were consolidated by SPS 
applying different sintering temperatures and dwells in 
order to investigate feasible sintering conditions and 
microstructural evolution. 
  
2. Experimental Procedure 
2.1. Preparation of Binary and Ternary Eutectic 
Composites 

Commercially available ZrB2 (ABCR GmbH&CO, 
Grade A), B4C (>99%; Alfa Aesar;) and SiC (Aldrich, -
400 mesh) powders were used as starting materials. A 
eutectic composition of 20 mol% ZrB2, 40 mol% B4C 
and 40 mol% SiC for ternary composition, 40%mol 
ZrB2 and 60 mol% SiC for binary composition was 
selected according to phase diagram calculated by Tu 
et all.  [9]. The powders were planetary ball milled 
(Pulverisette 6 Fritsch – Germany) in a Si3N4 jar with 
Si3N4 balls for 90 min in isopropanol at a rotational 
speed of 450 rpm. The slurry was then dried using a 
rotary evaporator and the powders were sieved under 
100 m in order to break up agglomerates. The 
powders were then pelletized by dry pressing. The 
pellets were then subjected to a controlled arc melting 
process (Compact Arc Melter MAM-1, Edmund Bühler 
GmbH) under Ar atmosphere. Pellets were melted for 
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four times by changing the surfaces subjected to arc 
directly. After cooling button shaped, eutectic solids 
were obtained which is illustrated in Fig. 1. These 
pellets were then crushed and milled in a vibrating cup 
mill with WC–Co disks and jar in order to produce 
ternary and binary composite eutectic powders. 
 

3. Results And Discussions 
3.1. Phase Analysis of Arc Melted Composites 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1. Button shaped melts obtained after arc 
melting 

2.2 Spark Plasma Sintering of Arc Melted Powders 

Sintering of the eutectic powders was carried out 
applying 3 min dwell time at 1800°C for ternary 
composition, 5 min dwell time at 1850°C for binary 
composition under a uniaxial pressure of 15 MPa and a 
vacuum atmosphere in a SPS furnace (HPD-50, FCT 
GmbH, Germany). The powders were put into a 20 mm 
graphite die and graphite foil was incorporated to 
prevent reaction between the graphite die and the 
powders. The heating rate was selected as 100°C/min. 
The temperature was increased by a controlled 
electrical current and measured inside the graphite 
punches by using an optical pyrometer. A maximum 
sintering temperature was selected as 1850°C and 
1800°C, considering the displacement curves achieved 
during consolidation trials. The specimens were held at 
the maximum sintering temperature for 5 and 3 min. 
for binary and ternary composition, respectively. Then, 
fast (switching power off, 600°C) cooling rates were 
applied. 
 
2.3. Characterization

 
The polished surfaces of the samples were examined 
using a scanning electron microscope (Supra 50 VP, 
Zeiss – Germany) equipped with an EDX detector 
(Oxford Instruments, UK). For XRD analysis sintered 
samples were crushed and ground to 63 m. 
Qualitative phase analysis was accomplished by using 
an X-ray diffractometer (Rigaku Rint 2200 series) at a 
scan speed of 1°/min. The Vickers hardness (Hv10) 
from the polished surfaces of the sintered samples was 
measured using an indenter (EMCO- Test, M1C-
Germany) with a load of 10kg. The fracture toughness 
(KIC) of the samples was evaluated from radial cracks 
formed during the indentation test [10]. 
 
 
 
 
 

 
 
 
 

Figure 2. Comparative XRD patterns of arc melted 
composites. 

 
X-ray diffraction patterns of the arc melted samples are 
given in Figure 2. ZrB2, B4C and SiC for ternary 
composition and SiC and ZrB2 for binary compositions 
were detected as the major crystalline phases, 
confirming the formation of a desired eutectic 
composition. Besides these results, several interphases 
with boron and silicate were observed in binary system. 
It was considered that; initial materials have an oxide 
layer their surface and this caused to form an oxide-
based interphase (ZrSiO4) during the arc melting 
process. After all, elemental silicon was observed in 
ternary system. It was thought that siliconization was 
occurred because of the high process temperature 
during arc melting. 
   
3.2. Microstructural Analysis of Arc Melted 

Composites  

The Back-scattered SEM images of obtained from 
cross section of arc melted composites were shown in 
Figure 3. In Figure 3.a, white contrasted areas represent 
ZrB2, black contrasted areas represent B4C and grey 
contrasted areas represents SiC phases. It was observed 
that  
ZrB2–SiC directionally solidification was occurred for 
ternary composition. However, B4C was not involved 
into the ternary eutectic system which then leads 
formation of B4C clusters. In Figure 3.b. white 
contrasted areas represents ZrB2 and black contrasted 
areas represents SiC phases. It was thought that; 
eutectic composition was observed locally, and 
porosity and non-melted areas were also observed. 
Remarkable point is in both microstructure, SiC grains 
showed elongated morphology. It was thought that, 
formation of boron during melting have a solubility in 
SiC. This solubility provides an activation for transport 
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mechanism in the lattice and it changes the SiC 
morphology to elongated grains [11].  

Figure 3. BSE-SEM images of obtained from cross 
section of arc melted a) ternary b) binary composition. 

3.3. Sintering Conditions and Microstructural 
Analysis of Sintered Composites 

To determine the sintering temperature for the milled 
arc-melted powders, a sintering trial for ternary 
composition was carried out. During the trial, the 
uniaxial pressure was set to 15 MPa. This value is the 
minimum pressure limit to maintain contact between 
rams of SPS apparatus to keep the current flowing 
through the graphite punches and mold. The 
displacement and punch travel speed curves obtained 
through this trial was shown in Figure 4. 

Figure 4. The displacement and punch speed curves 
obtained through spark plasma sintering of arc-melted 

ternary composition powders at 1850˚C. 

Considering the curves, consolidation of the powders 
starts at 1725 ˚C and proceeds up to 1840 ˚C linearly. 
Above 1840 ˚C, the rapid increase in the displacement 
speed of the graphite punches was observed up to 1850 
˚C. After rapid cooling, the entire sample was found to 
have melted and exudate entirely outside of the 
graphite mold. According to this result the maximum 
sintering temperature was selected as 1800 ˚C for 
ternary composition in order to inhibit melting and 
achieve densification. For binary composition, 
sintering temperature was selected 1850 ˚C because of 
the binary composition have higher eutectic 
temperature compared with ternary composition. 

BSE-SEM images of SPS’ed samples for ternary and 
binary compositions were given in Figure 5. 

Figure 5. BSE-SEM images of SPS’ed samples for a) 
ternary b) binary composition. 

Similar with arc-melted samples images, white 
contrasted areas represent ZrB2, black contrasted areas 
represent B4C and grey contrasted areas represents SiC 
phases for ternary compositions. In addition to 
obtained clearly distinguishably phases, homogenous 
and dense microstructure with elongated whisker like 
SiC formation was observed. For binary composition, 
white contrasted areas represent ZrB2 and black 
contrasted areas represents SiC phases like arc-melted 
forms. Although porosity was observed on 
microstructure of arc melted-binary composition, dense 
microstructure was obtained after SPS. Besides higher 
densification, homogeneously dispersed fine eutectic 
colonies were observed, and they are also located in the 
Chinese script like matrix with an entangled grain 
formation of ZrB2 and SiC. 

a)

b)

a)

b)
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3.4. Mechanical Properties of SPS’ed Samples  

Hardness and fracture toughness of the samples were 
determined by Vickers indentation tests (HV10). For 
comparison, monolithic ZrB2, B4C, SiC ceramics and 
measured hardness, the indentation fracture toughness 
and density of the samples were also presented in Table 
1. Considering the measured density values, both 
systems have >95% theoretical density values. (For 
binary composition 4.64 g/cm³, for ternary composition 
3.45 g/cm³).

Table 1. Hardness, Fracture Toughness and Density of 
samples after SPS process 

Hardness of the ternary system, was higher then the 
binary system, due to the presence of B4C. However, 
fracture toughness value was slightly low when 
compared with binary system due to the not melted 
boron carbides. Eutectic compositions have lower 
hardness values compared with monolithic samples. It 
was thought that the strong bonding was not connected 
between phases due In terms of the higher residual 
stress occurred during the fast cooling in arc melting 
and SPS, decreased the bonding characteristics 
between phases which than caused defect formation 
and pull out of grains. This microstructural weakening 
was thought to be the main reason for the lower 
hardness values of the samples. However, higher 
fracture toughness values are obtained for eutectic 
compositions due to defect formation and pull out 
grains.

4. Conclusions 

SiC-ZrB2 and SiC-B4C-ZrB2 eutectic composites with 
typically eutectic microstructure without grain 
boundaries, were successfully fabricated by spark 
plasma sintering of pulverized arc melted pellets. 
Different from the relevant literature, powders of 
eutectic composition were directly subjected to an arc 
melting process without any pre-heat treatment 
process, which was suitable for batch production. The 
eutectic temperatures of the compositions were 
selected 1850˚C for binary composition and 1800˚C for 
ternary composition with using 100˚/min heating rate 
under 15 MPa uniaxial pressure. Dwell times for 
compositions are also 5 min and 3 min for binary and 
ternary compositions, respectively. Because of the not 

melted B4C phases in ternary system, B4C
agglomeration was observed. For both eutectic system, 
SiC morphology changed to elongated grains due to the 
presence of boron. Considering mechanical properties, 
hardness values are lower compared with monolithic 
ceramic forms which was related with the weak 
bonding between phases because of the fast cooling. 
However, higher fracture toughness values were 
obtained due to the defect formation during the fast 
cooling.
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 Hardness, 
HV10
(GPa)

Fracture
Toughness
(MPa.m½)

Relative
Density

(%)
Binary 11.11 ± 0.5 5.069 ± 0.2 96.11 

Ternary 18.142 ± 2.1 5.048 ± 0.7 97.10 

ZrB [12
]

16.0 ± 1.0 1.8 ± 0.5 93.1 

SiC [13] 24.0 ± 1.2 3.0 ± 0.7 - 

B C [13] 39 ± 2.0 2.9 ± 0.1 - 
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Abstract

Calcium-magnesium-alumina-silicate (CMAS) is 
considered as a significant failure mechanism for thermal 
barrier coatings (TBCs). TBCs are also usually operated in 
corrosive environments or burn low-quality fuels 
containing impurities, such as vanadium, sodium and 
sulfur. Therefore, these two type of failure mechanisms are 
used at the same time by heating with a CO2 laser, thermal 
shock and thermal cycle tests are applied to single layered 
CYSZ and functionally graded eight layered thermal barrier 
coatings to simulate land-based industrial and plane gas 
turbine engines [1,2]
In our previous study, functionally graded 4, 8 and 12 
layered was examined by oxy-propane flame thermal cycle 
test and most succeed coating was selected as functionally 
graded eight layered structure. That is why in this study 
single layered and functionally graded eight layered TBCs 
are compared as thermal shock and thermal cycle test in 
presence of CMAS and hot corrosion salts.  

1. Introduction 

Thermal barrier coatings (TBCs) are used to protect 
metallic components of turbine engines from high 
temperature. Ceramic materials and particularly yttria-
stabilized zirconia (YSZ) are widely used as a TBC 
material because of high-temperature endurability and low 
thermal conductivity [3]. CeO2 has a higher thermal 
expansion coefficient and lower thermal conductivity than 
YSZ, and the addition of CeO2 into YSZ coatings is 
supposed to be higher thermal cycling life. A remarkable 
improvement of thermal shock tolerability was attained by 
the addition of CeO2 into YSZ. Because: (1) there is less 
phase transformation between the monoclinic and 
tetragonal phase in the CeO2 + YSZ coating; (2) stress 
generated by bond coat oxidation is smaller in the CeO2 + 
YSZ coating because of better thermal insulation; (3) in the 
CeO2 + YSZ coating the thermal expansion coefficient is 
larger. However, the addition of CeO2 has also some 
negative effects, such as the decrease of hardness and 
stoichiometry change of the coating due to the vaporization 
of CeO2 while production, reduction of CeO2 into Ce2O3

accelerated sintering rate of the coating. Besides CeO2
alumina is another coating which can be coat outer on to 
YSZ coatings. The addition of alumina can improve the 
hardness of the surface of coatings. However, the plasma 
sprayed coating of alumina contains mainly unstable phases 
such as  and -Al2O3. These unstable phases will 
transform into -Al2O3 during thermal cycling, 
accompanied by a significant volume change (~15%) [4].  
Typically TBC porosity is approximately 15%, which is 
essential for high strain compliance and reduced thermal 
conductivity. TBC need to mechanically resist to fracture, 
erosion, and foreign object damage (FOD). Moreover, 
TBCs need to be deposited on complex-shaped parts with 
highly curved surfaces, and TBCs must have reproducible 
thermal and mechanical properties.  
Currently, TBCs are deposited by air plasma-spraying 
(APS) or by electron beam physical vapour deposition 
(EBPVD). Generally, the low-cost APS method is used to 
deposit TBCs on stationary engine parts (combustor, 
shroud, vanes), whereas EBPVD TBCs are used on the 
most demanding hot-section parts in jet engines (blades and 
vanes)[5].

2. Experimental Procedure 

In this study, Inconel625 nickel-based superalloy with a 
diameter of 25 mm and 2 mm in thickness, which is 
currently used as metal parts of combustion was used as the 
substrate of TBCs. NiCoCrAlY powder (Ni 23Co 8.5Al 
4Ta 0.6Y) was selected as bond coat material, and high-
velocity oxygen-fuel (HVOF) process (2700 DJHE DJ, 
Sulzer Metco) was used to deposit bond coat with a 
thickness of 100±30 μm on the sandblasted substrate 
surface. Aluminium oxide (Al2O3, Metco 105NS: a-Al2O3,
particle size range of -45 ±15 μm) and ceria-yttria 
stabilized zirconia (CYSZ, Metco 205NS: 
ZrO2,24CeO2,2.5Y2O3, the average particle size of - 90 ±16 
μm) were used as ceramic top coat powders. Mixed and 
prepared coating powders were sprayed on the bond 
coating with a single layer and functionally graded design 
by atmospheric plasma spray (APS) system (SulzerMetco, 
9MCE Plasma system and 9MB plasma gun) Production 
was planned as the total thickness of ceramic top coat was 
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250 ±80 μm. The functionally graded ceramic coating was 
produced in single layered and 8 layered. In order to 
compare different coatings performance, the single-layered 
(SLed) CYSZ coating was produced with the same 
thicknesses (Figure 1). The choice of spray parameters was 
based on the authors’ previous work (Table 1)[6]. 

Figure 1. Single Layered (SL) and Functionally Graded Eight 
Layered (FG8) Specimen Design 

Table 1: APS and HVOF spraying parameters of ceramic top coats 
and NiCoCrAlY 

Parameters CYSZ Al2O3 CYSZ +
Al2O3

NiCoCr
AlY 

Hydrogen
flow rate
(l/min) 

15 15 15 - 

Argon flow
rate (l/min) 

90 90 90 - 

Ampere (A) 400 450 450 - 
Voltage (V) 63 63 63 - 
Oxygen flow
rate (SLPM) 

- - - 24 

Air flow rate
(SLPM) 

- - - 50 

Propane
flow rate
(SLPM) 

- - - 40 

Spray
distance
(mm) 

75 75 75 250 

Spray angle
to the
surface (°) 

90 90 90 90 

Powder feed
(lb/h)

6,5 6,5 6,5 7,4 

In this study, CMAS and hot corrosion test were carried out 
in the same experiment at once. A defocused CO2 laser 
beam (PRC STS 3001 model, max 3.0 kW) was used as a 
heat source. To perform accelerated CMAS and hot 
corrosion test, the mixture of 50% Na2SO4 and 50% V2O5

was selected as a corrosive salt. The simulated glass was 
made by mechanical milling. The chemical composition of 
CMAS glass was given in Table 2. That was obtained by 
the XRF (Rigaku ZSX Primus-II). CMAS and hot 
corrosion powders were mixed in a turbula type mixer for 4 
h by using zirconia balls. Powder concentration was 60wt% 
of CMAS and 40wt% of hot corrosion. The as-mixed 
powders were placed on the surface of coatings with 
approximately 3 mm distance from the edge to eliminate 
edge effect in a 30 mg/cm2 concentration. The thermal 
shock experiment was performed by applying a laser 
system reached 1400 °C in less than 10 seconds at the 
center of the top surface of coatings for 1 h, cooled under 
substrate at the same time by copper plate water chiller 
(Fig. 2). The thermal cycle test was performed as follows, 
the samples were heated to 1400 °C for 1 min. and after 
heating cooled down to 15 °C for 1 min. by using an air jet. 
(Fig. 3). The test was continued until taking place of 50% 
crack or separation of top coat.  This two different test was 
evaluated by using a static heat source CO2 laser that 
provided superior temperature (1400 °C) than the operating 
temperature of gas turbine engines. 

Table 2: XRF analysis result of the CMAS powder 

Figure 2: Schematic view of 1-hour heating and 1-hour cooling test

   

CaO SiO2 Al2O3 Fe2O3 K2O TiO2 MgO Other
29.23 28.31 19.32 9.20 4.62 3.26 2.52 3.54 
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Figure 3: Schematic view of 1 min. heating and 1 min. cooling thermal 
cycle test 

Microstructural characterization of the TBCs was evaluated 
with field emission (JSM 7000F, JEOL) scanning electron 
microscope (FESEM) equipped with backscatter electron 
(BSE) detector, secondary electron detector (SEI) and 
energy-dispersive spectrometer (EDS). Porosity values 
were determined by using back-scattered electron 
microscope images with an image analysis software 
(ImageJ). 

3. Results and Discussion 

3.1 Microstructure analysis of thermal shocked TBCs 

Thermal shock behaviour of SLed and FGed coatings that 
coated with CMAS and hot corrosion salt powders were 
examined by heating up to 1400 °C and cooling with 
copper water plate at the same time. Surface microstructure 
of SLed coatings can be observed in Figure 4. As it is 
clearly seen, semi-crystal had been formed on SLed CYSZ. 

Figure 4: the Surface FE-SEM image of TBC after 1 h. laser exposure 

Formed crystals were identified as Na, Al, Si and O by 
EDS analysis of surface structure (Table 3). Atomic ratio 
and XRD analysis determined that crystals are albite 
(NaAlSi3O8). As it is understood, CMAS and hot corrosion 
salts (Al2O3, SiO2, Na2SO4) reacted with each other at high 
temperature and albite crystals were formed (Figure 5)  

Table 3: EDS analysis of crystals 

Element
Atomic 

%

O 51.29

Na 11.81

Al 15.55

Si 21.35

Figure 5: XRD analysis of SLed CYSZ sprayed and after thermal 
shock test

Cross-section microstructure analysis of SLed CYSZ TBCs 
showed that CMAS and hot corrosion salts had no reaction 
with CYSZ top coat and there was no crack or failure on 
top coat structure (Figure 6).

Figure 6: Cross-section FE-SEM analysis of SLed sample after 
thermal shock test 

Microstructure analysis of FGed eight layered structure was 
examined after thermal shock test in presence of CMAS 
and hot corrosion salts. Surface microstructure of FGed 
structure showed that some crystals were observed (Figure 
7). These crystals were examined by using EDS and XRD 
analysis. As it is understood, this crystal came from CMAS 
and hot corrosion salts reactions as it is also seen on SLed 
structure. XRD and EDS analysis determined these crystals 
were albite (NaAlSi3O8) (Figure 8).   
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Figure 7: Surface microstructure of FGed TBCs

Figure 8: XRD analysis of FGed TBCs sprayed and  after thermal 
shock test

Cross-section microstructure of FGed TBCs showed that 1-
hour laser exposure effected structure as failure between 
CYSZ and alumina. This is because thermal elongation 
mismatch of this two different structure resulted in different 
elongations, cracks and failures (Figure 9).

Figure 9: Cross section image of FGed TBCs 

.

4. Conclusion 

Atmospheric plasma sprayed SLed and FGed TBCs were 
investigated for CO2 laser exposure heat treatment at 1400 
°C in company with CMAS and hot corrosion salts.  

1 h. CO2 laser exposed SLed and FGed TBC have great 
resistance as a macro investigation. Surface and cross-
section microstructure examination of SLed TBCs shows 
that there is no reaction between CYSZ surface and CMAS 
and hot corrosion powders. Top of the FGed structure is 
alumina has also no reaction with CMAS and hot corrosion 
salts. However, cross-section microstructure of FGed TBCs 
shows that at 1400 °C thermal elongation coefficient 
difference of alumina and CYSZ results micro cracks and 
separation between alumina and CYSZ.  
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Abstact 

Today, thermal barrier coatings are used in most fields 
of aerospace and turbine engine industries. The coated 

temperature. This provides both the work with higher 
efficiency of the engine and an increase in the lifetime 
of the coated material. Airborne particles such as sand, 
dust, and volcanic ash, are named as CMAS and pass 
into the engine. CMAS can melt where at the elevated 
temperatures in the engine and cause degradation of the 
TBC. The purpose of this research is to investigate the 
effect of molten CMAS deposits on the degradation of 
Plasma Sprayed YSZ TBCs. Plasma sprayed YSZ 

hours. Thermal shock tests were carried out in an 
electric furnace with air atmosphere 
Thermal shock lifetime of YSZ and CMAS 
contaminated YSZ coatings are 85 and 35 cycles 
respectively. Damages in the coatings after thermal 
shock tests have been studied by using a SEM to 
observe the microstructure and x-ray diffraction 
techniques to analyze the phase composition. 

1. Introduction 

Engines tolerate higher operating temperatures through 
the use of TBCs, resulting in enhanced engine 
performance and efficiency [1, 2]. However, the high 
operating temperatures cause the melting of silicate 
like sand, runway debris, volcanic ash, dust, etc. and 
adhere to the coating surface that may be aspirated by 
the engine [3, 4]. These deposits cause erosive wear 
and local spallation below the melting point [5]. These 
molten silicates, as called CMAS (calcium-
magnesium-alumino-silicate), cause severe degradation 
of TBCs and immature delamination, exposing the 
metallic components to hot gases [6, 7]. 

The mechanisms involved in the CMAS-induced 
degradation and failure of 7YSZ TBCs, made by air 
plasma spray (APS) or electron-beam physical vapor 
deposition (EB-PVD), have been investigated in the 
literature [3, 8-15]. The general features of CMAS
attack on 7YSZ TBCs at temperatures below 

include [3, 4, 11, 12, 16]: (1) molten CMAS 
penetration into the TBC via open porosity and cracks, 
(2) dissolution of 7YSZ grains in the molten CMAS, 
(3) enrichment of Y+3 and Zr+4 in the CMAS, (4) 
precipitation of Y-lean ZrO2 grains, and (5) grain 
coarsening [6]. 

In similar studies, it is reported that CMAS (glassy 
deposits) consists of approximately 49-59% SiO2 and 
20-32% of CaO. In short, CMAS composition contains 
mainly SiO2 and CaO. At high temperatures (above 

-Si-O compounds are formed from CMAS 
dust, which are hardly crystallize. This leads to CMAS 
infiltration through the entire coating. On the other 
hand, when CMAS is contaminated with Al and Ti, its 
phase structure changes (difficult-to-crystallize 
pseudowollastonite field to the easy-to-crystallize 
anorthite field) and nucleation becomes easier which 
results CMAS to crystallize. Changes in physical 
properties of CMAS such as viscosity, prevents CMAS 
to infiltrate deeper to the coating [7-9, 15, 17]. 

The purpose of this research is to investigate the effect 
of molten CMAS deposits on the thermal shock 
performance of Plasma Sprayed YSZ TBCs. 

2. Methods And Procedures 

2.1. Materials and Procedures 

Disc shaped Inconel 625 (C 0.1%, Si 0.5%, Nb 3.15%, 
Mo 9%, Mn 0.5%, Fe 5%, Cr 20%, Ni 60%) samples 
with a diameter of 25.4 mm and thicknesses of 2mm 
have been used as a substrate material. 

Prior to bond coat production, the substrate was grit 
blasted with using 50-80 grain mesh alumina. 
Commercial Metco Amdry 997 (Ni 23Co 20Cr 8.5Al 
4Ta 0.6Y) NiCoCrAlY powders have been used for the 
bond coats. Grit blasted samples were clamped on the 
turntable and the number of passes was 12. HVOF 
(High Velocity Oxygen Fuel) process parameters were 
given at Table 1. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

503
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Table 1.  Process parameters of HVOF 
Parameters Units Value 

Oxygen Pressure Bar 10.3 
Propane Pressure Bar 6.2 

Air Pressure Bar 7.2 
Oxygen Flow Rate SCFH* 24
Propane Flow Rate SCFH* 40

Air Flow Rate SCFH* 50
Spray Distance mm 250 

Powder Feed Rate g/min 75
*Standard Cubic Feet per Hour = SCFH = 

ft.3/hour at standard conditions (1 atm). 

YSZ coatings have been produced by air plasma spray 
(APS) method with the usage of Sulzer Metco 9MB 
plasma spray gun. Sulzer Metco Commercial 730C gun 
nozzle has been used. Powder injection angle has been 
placed perpendicularly to plasma flame. Process 
parameters of plasma spraying are listed in Table 2. 

Table 2. APS parameters 
Parameters Units Value 

Current Ampere 500 
Primary gas,Ar SCFH 90

Secondary gas, H2 SCFH 15
Carrier gas flow rate, Ar SCFH 13.5 

Number of passes 12
Spray distance (mm) mm 75
Gun speed (mm/min) mm/min 200 
Turntable speed (rpm) rpm 100 

2.2. Microstructure Analysis 

SEM image of top coat powder is given in Figure 1. As 
it can be seen in SEM image, YSZ powder has 
spherical morphology. SEM image of Amdry 997 
powder is given in Figure 1 (b). According to the 
image, Amdry 997 powder has a spherical morphology. 

Fig. 1. SEM images of YSZ (a) and Amdry 997 (b). 

 2.3. Phase Analysis

XRD patterns of YSZ, alumina, and titania powders are 
given in Figure 4. YSZ powder occurs mostly of 
tetragonal Zr0,9Y0,1O1,96 (JCPDS card no:010-082-
1241) phase and also monoclinic ZrO2 (JCPDS card 
no:010-086-1450) phase.  

2.4 CMAS Application 

The composition of the CMAS is given in Table 3. 
CMAS dust with a concentration of 35 mg/cm2 was 

spread over the as-sprayed TBC surface leaving 3mm 
distance from the edge to avoid edge effect. After that, 
1 ml ethanol has been dropped on to TBC surface. 

for 24 hours in an electric furnace with air atmosphere, 
then left to cool down inside the furnace. 

Table 3. CMAS composition in weight %.
SiO2 CaO Al2O3 Fe2O3 K2O
29.31 28.23 19.32 9.2 4.62 
TiO2 MgO P2O5 Na2O SO3

3.26 2.52 1.04 0.79 0.19 
MnO V2O5 Cr2O3 NiO Others 
0.12 0.1 0.1 0.1 1.1 

Sample surface images of before and after CMAS 
application are given in Fig. 2. 

Fig. 2. Macro photos of TBCs before and after CMAS 
penetration. 

2.5. Thermal Shock Test

Thermal shock tests were carried out in an electric 
furnace with air atmosphere The 
sample surface was heated from room temperature to 

within 1 minute by quenching. The process was 
repeated until nearly 50% of the ceramic coating area 
was spalled. 

2.6 EDS Element Mapping 

The local chemical distributions were obtained using 
Energy Dispersive Spectroscopy (EDS). To see the 
change of the TBC composition after CMAS is 
penetrated through the coating, elemental mapping of 
Si, Ca, Al and Zr was investigated. 

3. RESULT AND DISSCUSSION 

3.1 Microstructure, Thickness and Porosity of TBCs 

The cross-sections of the Y TBC including bond coat 
and top coat is given in Figure 3. Bond coat and 
ceramic coat thicknesses are 74 and 135 
respectively. As the characteristic feature of the TBCs, 
porosity and cracks in the top coat were observed 
clearly [16]. 
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Fig. 3. Cross-sectional SEM image of YSZ TBC. 

3.2. Thermal Shock Test 

Thermal shock lifetime of YSZ and CMAS 
contaminated YSZ coatings are 85 and 35 cycles 
respectively. Considering the thermal shock test 
results, it is observed that before CMAS interaction, 
YSZ specimen has better thermal shock. The reason for 
this phenomenon is when the porosities and intersplat 
cracks are filled with molten CMAS (see Fig. 5), 
coating loses its elastic abilitiy.  Porosities and 
intersplat cracks, lowers the elasticity modules of 
coatings and increases their elastic ability under the 
thermal cycle conditions which result in better thermal 
expansion performance for coatings [18-20]. 

3.3. Phase Analysis

As it is seen in Fig. 4, some of the monoclinic phase of 
zirconia in the YSZ powder, transforms into the 
tetragonal phase after sprayed with APS method. Thus, 
the amount of tetragonal phase increases. During the 
thermal shock, monoclinic phase transforms into the 
tetragonal phase again [9, 21-24]. 

Fig. 4.  shows XRD patterns of YSZ (Y) Powder, Y 
Coating, Thermal Shocked Y, Thermal Shocked Y-
CMAS 

In most studies, plenty of CMAS dust is sprinkled over 
the samples. Then, CMAS dust is melted on the coating 
to form a dense layer. In this work, CMAS dust is 
sprayed on the surface of the coating and adhered to the 
surface so, when the coating is heated and cooled 

during the thermal shock, most of CMAS dust is 
poured from the coating surface. Only a few amount of 
CMAS, which has penetrated through the coating 
remains. Therefore, CMAS is not detected by XRD in 
this study [25]. 

3.4. EDS Element Mapping

The cross-sectional EDS mapping images of the 
thermal shocked APS TBCs after interaction with the 
CMAS glass are given in Figure 5. 

with cross-sectional SEM images of coating is given in 
Figure 5. Zr is found throughout the entire TBC and 
seen as blue dots in Zr Map, dark red dots in Si Map, 
and dark yellow dots in Ca Map. CMAS is seen as 
brighter red dots (Si) and brighter yellow dots (Ca) in 
elemental maps.  

In Fig. 5, Zr, Ca and Si are found throughout the 
coatings. TBC is destroyed by CMAS glass. In other 
words, CMAS penetrated throughout the YSZ TBC. 

Fig. 5. Cross-sectional SEM micrograph of YSZ 
coating and corresponding elemental maps. 

4. CONCLUSION 

As a result of this study, following important 
conclusions can be drawn: 
 CMAS penetrates because of the pores in the 

coating.  
 CMAS has a negative effect on thermal shock 

performance of YSZ TBCs. 
 During the thermal shock, monoclinic phase 

transforms into the tetragonal phase and it is 
reduces the thermal shock performance. 

 As it is seen in elemental map CMAS penetrated 
throughout the YSZ TBC that means it is 
vulnerable to CMAS attack. 
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Abstract  

In the present study, it was aimed to elaborate citric acid 
influence on phase formation of tungsten trioxide by 
solution combustion synthesis route. Combustion 
reactions were conducted by using ammonium tungsten 
oxide hydrate as an oxidizer and citric acid as a fuel. 
Different process parameters such as reaction starting 
temperature from 250 C to 400 C, fuel to oxidizer ratio 
from 1 to 5, and additional oxidizer influence were tried to 

3 phase 
formation. It was not possible to obtain WO3 within a 
single step by using citric acid as a fuel. Pure WO3 phase 
was only provided after calcination at 500 C for 8 hours. 

1. Introduction  

Tungsten oxide is the first material which electrochromic 
behavior was discovered. Beside its electrochromicity it 
finds several attractive application areas such as 
photocatalytic degradation, phototherapy, gas sensors, 
displays, switching windows, water splitting, CO2
reduction, and hydrogen production. The reason why 
tungsten oxide has such a wide application areas is its wide 
range of compounds. Tungsten and oxygen make several 
stable binary compounds such as stochiometric WO3, and 
sub-stochiometric WO2, WO2.7, WO2.9 compounds. WO3
exhibits monoclinic phase at room temperature, and 
tetragonal, triclinic, orthorhombic structure at different 
temperatures [1-3]. 

Solution combustion synthesis (SCS) is basically a redox 
reaction between an oxidizer and a fuel. Generally, 
oxidizers are metal nitrates and fuels are based on 
carbohydrates. This method is used to synthesize metal or 
metal oxide powders. Short reaction time, low production 
costs, high purity, and fine particles are advantages of 
SCS. One of the crucial parameters in SCS is fuel to 
oxidizer ratio. This ratio was obtained by using equation 
1. Once the ratio is equal to 1, that means the system is 
stochiometric, and the system temperature reaches 
maximum value. The amount of gas released from the 
system increases by increasing this ratio as well. 
Furthermore, particle size decreases, and surface area 
increases [4, 5]. 

      (1) 

Pengqi Chen et. al. explained the conditions of WO3 and 
W18O49 production by SCS [6-9]. It was used ammonium 
metatungstate as a metal source, and different fuels 
glycine, urea, citric acid. According to the calculations, the 
system reaches up to 2000 C once F/O was 20. Also, 
increase in F/O to 20 caused to sharp increase in amount 
of gas released during synthesis as understood from MS 
coupled DSG analysis. It was found that fuel type and 
quantity was effective on phase formation. Single 
monoclinic phase was obtained when urea was used as 
fuel. Once glycine was used as a fuel, different WO3
phases were obtained, and the amount of phases changed 
with F/O. Photocatalytic activity of WO3 was also 
characterized. They observed that W18O49 and WO3 have 
different absorbance spectrum due to W18O49 large oxygen 
vacancy [8].  

Liu Z. et. al. have discovered the potential use of WO3 as 
an anode material for lithium ion batteries. In their 
research, they produced WO3.0.33H2O, and carbon coated 
WO3.0.33H2O to improve storage capacity. Both coated, 
and noncoated samples were produced successfully by 
SCS, and the amount of carbon coating was tuned by the 
amount of glucose used. According to electrochemical test 
measurements, carbon coating on the surface of 
WO3.0.33H2O has greatly improved with discharge 
capacity to 816mAhg-1 after 200 cycles at 100 mAg-1 [10]. 

Glycine, urea, and thiourea were used as a fuel in the 
research done by Morales W. et. al. The same phase was 
obtained like the commercial WO3 powder for all fuels 
they used. From the XRD patterns, and the calculated 
crystallite sizes, it was understood that SCS powders have 
lower particle size than commercial powder .This result 
explained ability of SCS method to produce fine powders 
[11]. 

In the present paper, citric acid influence on WO3 phase 
formation was investigated from the point of reaction 
starting temperature, F/O ratio, and additional oxidizer.   
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2. Experimental Procedure 

All chemicals were analytical grade, and purchased from 
Sigma Aldrich. They were used without any further 
purification. Ammonium tungsten oxide hydrate 
((NH4)6W12O39.xH2O) was used as an oxidizer, while 
citric acid (C2H2O4) was used as a fuel. These two were 
mixed in distilled water, and homogenized. Following to 
mixing, they were placed in a muffle furnace, and given a 
required amount of energy just to ignite the system. Within 
several seconds, reaction completed, and desired powder 
was obtained at the beaker. The powder was washed 
several times with ethanol to remove impurities coming 
from combustion. Finally, high purity powder was 
obtained.  

Following to production, characterization step was taken 
place. Morphology, and particle size was characterized by 
Scanning Electron Microscopy (SEM, TESCAN Vega3) 
at different magnification, and phase characterization was 
conducted by X-Ray Diffractometry (XRD, Philips 
Panalytical) with a scan rate of 0.01 /min.  

In this study 3 fundamental parameters which were F/O 
ratio, reaction starting temperature, and additional 
oxidizer were chosen. These were summarized at the table 
1. Addition to the parameters given in Table 1 calcination 
at 500 C during 8 hours was applied. 

Table 1. Experimental set. 
Exp 
No Oxidizer Fuel F/O Temp. Additional 

Oxidizer 
1

Ammoinum 
Tungsten 
Oxide 
Hydrate  

Citric 
acid 

5 400 C NA
2 2.5 400 C NA
3 1 400 C NA

4 1 400 C Ammonium 
Nitrate 

5 1 350 C NA
6 1 300 C NA
7 1 250 C NA

3. Results and Discussion 

XRD patterns of samples having different F/O ratio was 
given in Figure 1. According to the results, it was 
understood that small amount of WO3 phase (ICSD: 00-
041-0905) was obtained for all F/O ratio. It was clear that 
F/O ratio for citric acid did not have much more influence 
on phase formation. It could be said that increasing F/O 
ratio from 1 to 5 increased small amount of WO3 phase as 
seen from the difference in peak intensities.  

Starting reaction temperatures were investigated in the 
next step to determine effects product and XRD results of 
samples produced at different temperatures was given in 
Figure 2. 

Figure 1. XRD patterns of samples having different F/O 
ratio. 

Figure 2. XRD patterns of samples produced at different 
reaction starting temperatures. 

From Figure 2, it was concluded that reaction starting 
temperature was not effective on WO3 phase formation. 
Very small amount of WO3 phase (ICSD : 00-041-0905) 
was obtained, but major phase could not be indexed to any 
phase containing W, and O in database. It was thought that 
complex tungsten oxide salts were produced after the 
combustion synthesis. F/O ratio was more effective on 
phase formation than reaction starting temperature. 

Additional oxidizer was used to make the system more 
reactive, and obtain tungsten oxide in a single step. First, 

,
then microstructure was characterized. Furthermore, XRD 
pattern of sample was given in Figure 3. 
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Figure 3. XRD pattern of the sample including 
ammonium nitrate as an additional oxidizer. 

XRD pattern given in Figure 3 could not be indexed to any 
WO3 phase. As in the other samples, this sample also 
might include complex tungsten salts. It was not achieved 
to obtain a single WO3 phase in a single step. However, 
ammonium nitrate addition effected the microstructure. 
SEM images of the samples buy using ammonium nitrate, 
and without it were given in Figure 4.  

Figure 4. SEM image samples produced with citric acid 
A) without ammonium nitrate B) with ammonium nitrate. 

With the addition of ammonium nitrate to sample 
produced by citric acid particle morphology changed from 
laminar to columnar structure.  

Finally, calcination at 500 C during 8 hours to samples 
were applied to produce a single WO3 phase. XRD pattern 
of samples before and after calcination were given in 
Figure 5. It was clearly observed that calcination changed 
the structure completely to WO3 phase (ICSD: 00-033-
1387). All other phases were eliminated by applying 
calcination at 500 C.  

Figure 5. XRD patterns of samples before and after 
calcination. 

4. Conclusion  

In the study, single WO3 phase was aimed to produce by 
SCS with the use of citric acid as fuel. To go through that 
purpose critical parameters were chosen as F/O ratio, 
reaction starting temperature, and additional oxidizer. 
Small increase in WO3 phase amount was achieved by 
tuning F/O ratio, and highest amount of WO3 was obtained 
when F/O ratio was equal to 5. Optimum reaction starting 
temperature was chosen as 400 C as highest amount of 
WO3 phase was obtained in comparison to other 
temperatures. Once ammonium nitrate was used as an 
additional oxidizer, highly crystalline phase was obtained, 
but it could not be indexed to any WO3 phase. For all 
parameters tried, WO3 was obtained as a secondary phase. 
Single phase could only be obtained after calcination at 
500 C for 8 hours..  
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Abstract

Strontium cobaltite is used as cathode and electrolyte 
material in solid oxide fuel cells and as oxygen permeating 
ceramic membranes due to its high electronic and ionic 
conductivity. Furthermore, it is used as catalyst due to its 
high electrochemical activity for removing volatile organic 
compounds from gas wastes. Oxygen stoichiometry and 
crystal structure of strontium cobaltite depends on the 
production method, thermal treatment of the precursors and 
oxygen partial pressure applied during processing. Each 
crystal structure of strontium cobaltite has different 
electrical, magnetic, catalytic and oxygen permeating 
properties.

The aim of this study is the investigation of the effect of 
inert gas (Ar)  on the production process of strontium 
cobaltite from the equimolar mixture of  chemical grade 
Co(NO3)2 6H2O and Sr(NO3)2. Therefore, TGA-DTA-MS 
simultaneous thermal analyses were carried out using 
chemical grade Ar atmosphere to determine the beginning 
and the end temperatures of the decomposition steps 
occurred during processing. The initial mixtures of nitrate 
salts were heated to the predetermined temperatures 
observed during thermal analyses using linear heating rate, 
held at isothermal conditions for certain time interval and 
then cooled to room temperature under Ar atmosphere. ICP 
– OES, XRD and FT-IR analytical techniques were used 
for the characterization of intermediate and final products 
obtained at the end of each decomposition reaction step.     

1. Introduction 

Strontium cobaltite (SrCoO3- ) is very important material 
that is used as cathode for solid oxide fuel cells and oxygen 
membranes, gas sensors [1-3]. Strontium cobaltite has a 
wide range of oxygen stoichiometry (SrCoO3- , 0 
0.71). Depending on the production temperature, oxygen 
partial pressure and thermal treatment method, the material 
has different crytalline polymorphs [1-3]. 

To use of this material in applications, stability region of 
each crystal structure should be well known. Because each 
structure has different physical properties. Many authors 
have been focused on the crystal structure changes with 
oxygen stoichiometry and production temperature. 

Rodriguez et al. [5] showed that the low temperature form 
of Sr2Co2O5 had a rombohedral structure. At temperatures 
above 1173 K, brownmillerite structure that modified 
perovskite structure is stable.  Takeda et al. [6] investigated 
the relation between the oxygen content of SrCoOx and 
phase structure. They observed a perovskite phase having 
large oxygen deficiency, SrCoO2.29, and a brownmillerite 
solid solution, SrCoOx (2.42 < x < 2.52) Vashook et al. [3] 
have detected three different polymorphs of SrCoO2.5-  ; the 
rhombohedral phase (  0.16), the cubic pseudo-
perovskite (0.16  0.21) and the cubic perovskite ( 
0.21). Some authors used strontium nitrate [Sr(NO3)2] and 
cobalt nitrate hexahydrate [Co(NO3)2·6H2O] as the starting 
materials for the production of strontium cobaltite [3, 4, 16, 
17] Nair et al. [18] investigated the effect of -irradiation
on the thermal decomposition of Sr(NO3)2. They found that 
Sr(NO3)2 decomposed to SrO and NO2 and O2. The initial 
and completion temperatures of the decomposition were 
found as 863 K and 963 K, respectively. Ehrhardt et al. [21] 
investigated decomposition mechanism of Co(NO3)2·6 H2O
in N2 atmosphere. They reported that Co(NO3)2·6H2O
decomposed gradually into Co(NO3)2·4H2O, 
Co(NO3)2·2H2O, Co(NO3)2, Co2O3 and Co3O4.

The aim of this work is to perform thermal analysis 
experiments under Ar atmospheres using mixture of 
strontium nitrate [Sr(NO3)2] and cobalt nitrate hexahydrate 
[Co(NO3)2•6H2O], to determine the decomposition 
mechanism of the precursors and formation mechanism of 
strontium cobaltite by using thermal analysis results, to 
prepare and characterize intermediate and final products 
formed during strontium cobaltite production at the 
temperatures determined by thermal analysis. 

2. Experimental Procedure 

2.1. Materials 

Analytical grade anhydrous Sr(NO3)2 (Merck, > 99 wt. %) 
and Co(NO3)2·6H2O (Sigma Aldrich, > 98 wt. %) were 
used as precursors for the synthesis of strontium cobaltite. 
Argon (spectroscopic, 99.9999 %) (HABA ) with 0.1 L 
min 1 gas flow rate was used during the thermal analysis of 
the equimolar mixture of strontium nitrate and cobalt 
nitrate hexahydrate. 
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2.2. Method 

Instead of using ball mill method which in turn results in 
contaminations during milling, the mixture that contains 
stoichiometric amounts of Sr(NO3)2 and Co(NO3)2·6H2O
was prepared for the synthesis of strontium cobaltite with 
nSr : nCo = 1 : 1 mole : mole by the dissolution of 
compounds in distilled water. The solution in the beaker 
that contains the mixture of strontium nitrate and cobalt 
nitrate hexahydrate is placed in a water bath at temperature 
of 368 K to evaporate water. 

The mixture in the beaker was ground. After the grinding, 
the beaker was taken into the oven (WTB – Binder Ed115) 
at 373 K. Evaporation process continued for 8 hours in the 
oven. The solid mixture was ground in the agate mortar.  
The mixtures were heated to 423 K for the elimination 
partially of crystal water prior to the thermal decomposition 
experiments carried out at 623, 969, 1137, 1206, 1280 K 
for the preparation of intermediate products and 1423 K for 
the final product.  

All products were obtained in a vertical electrical resistance 
furnace under Ar atmosphere. However, solutions 
containing mixture of Sr (NO3)2 and Co (NO3)2•6H2O were 
placed in the vertical furnace after the crystal water 
contained in the mixture at temperature 423 K was partially 
evaporated. The furnace was heated to the predetermined 
test temperatures with a linear heating rate of 5 K min-1 and 
held at these temperatures for 1 hour. When the reaction 
was complete, the oven was cooled to room temperature in 
the furnace atmosphere. Argon gas is passed through the 
quartz tube during linear heating, working in isothermal 
conditions and cooling. After the system was cooled to 
room temperature, the sample were ground in the agate 
mortar. 

Coupled Thermogravimetric / differential thermal 
(TG/DTA) (TA Instruments Q600) and mass spectrometry 
(MS) (Pfeiffer Thermostar GSD 301 TS) analyses were 
carried out to determine of the decomposition mechanism 
of the initial mixture prepared for the production of 
strontium cobaltite under high purity Ar atmosphere. The 
mixtures were heated at the temperatures determined by 
thermal analysis in Ar atmosphere, was held at isothermal 
conditions and was cooled to room temperature in the 
furnace atmosphere. The phase structures of the powdered 
samples by grinding were determined by X-ray powder 
Diffraction (XRD), the bond structures were determined by 
Fourier transform - infrared  spectrometry (FT-IR) and 
quantitative chemical analyzed were carried out by 
inductive coupled plasma – optic emission spectrometry 
(ICP-OES). 

3. Results and Discussion 

When thermal analysis of strontium nitrate was carried out, 
it was determined that Sr(NO3)2 decomposed from 550 K 

and SrO was formed as a decomposition product. This 
conversion was completed at 975 K. 

According to the the TG/DTA diagrams of Co(NO3)2•6H2O
in Ar atmosphere, Co(NO3)2•6H2O is completely 
transformed into Co3O4 at 565 K. Co3O4 is stable between 
565 K and 1045 K temperatures. CoO formation from 
Co3O4 starts at 1045 K and completes at 1103 K. 

The mixture was prepared from equimolar amounts of 
Sr(NO3)2 and Co(NO3)2•6H2O. The nitrate salts were 
dissolved in distilled water. The solution was heated at 363 
K in a water bath to evaporate the crystal water in the 
structure partially. This sample was analyzed by TG/DTA-
MS technique (Fig 1 and Fig 2).  

Co(NO3)2·6H2O in the initial mixture decomposed to 
Co3O4 gradually from room temperature to 558 K via 
formation of Co(NO3)2·4H2O, Co(NO3)2·2H2O, 
Co(NO3)2·H2O, Co(NO3)2, CoONO3 and Co2O3
intermediate compounds. Sr(NO3)2 remained stable and 
was not decomposed until 723 K. The decomposition of 
Sr(NO3)2 to SrO begins at 723 K. Simultaneously with the 
decomposition of Sr(NO3)2 between 723 K and 873 K, 
strontium cobaltite with the chemical formula of Sr6Co5O15-
is formed from the produced SrO and the Co3O4 present in 

the mixture. Between 873 K and 1050 K strontium cobaltite 
continues to release oxygen and forms strontium cobaltite 
with the chemical formula of   Sr6Co5O15- ’. The 
decomposition of Co3O4 to CoO begins after 1050 K and 
simultaneously strontium cobaltite with the chemical 
formula of Sr2Co2O5-x is formed from Sr6Co5O15- ’ and
CoO.  After this temperature, the formed strontium 
cobaltite loses some of its oxygen until the end of the 
experiment. These findings were obtained from the results 
of thermal analyses and by considering the phase diagram 
of the binary system SrO-CoO drawn at equilibrium 
conditions.

XRD and FT-IR diagrams of the intermediate and final 
products were shown in Fig. 3 and Fig 4. The samples 
prepared by heating the equimolar mixture of nitrate salts 
to the temperatures of 623, 969, 1137, 1206, 1280 and 1423 
K predetermined during thermal analyses, by holding the 
samples at these temperatures and thereafter by cooling the 
samples to room temperature in the vertical tube furnace 
under Ar atmosphere consist of Sr(NO3)2 and Co3O4;
Sr6Co5O15, Sr14Co11O33, Co3O4 and CoO; Sr6Co5O15,
Sr14Co11O33 and CoO; Sr6Co5O15, Sr14Co11O33 and CoO; 
Sr6Co5O15 and CoO and Sr6Co5O15, Sr3Co2O5.80, Sr5Co4O12
and CoO, respectively. These findings show that non-
equilibrium conditions are present during heating and then 
cooling large amounts of the initial samples.  

It obvious that oxygen formed from the decomposition of 
nitrate groups during heating oxidizes the cobalt ions to 
higher valence values in spite of inert gas (Ar) atmosphere 
usage.
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Figure 1. TG/DTA diagrams of the mixture contains 
equimolar amounts of Sr(NO3)2 and 
Co(NO3)2•6H2O in Ar atmosphere 

Figure 2. MS diagram of the mixture contains equimolar 
amounts of Sr(NO3)2 and Co(NO3)2•6H2O in Ar 

atmosphere

Figure 3. XRD 
diagrams of 

the
intermediate 

products
obtained at 
623 K (a),
969 K (b), 
1137 K (c), 
1206 K (d), 
1280 K (e) 
and final 

product obtained at 1423 K (f) 

Figure 4. FT-IR diagrams of the intermediate products 
obtained at 623 K (a),  969 K (b), 1137 K (c), 1206 K (d), 

1280 K (e) and final product obtained at 1423 K (f) 

4. Conclusion 

*) The sample obtained at 969 K in Ar atmosphere consists 
of the mixture of Sr14Co11O33, Sr6Co5O15, Co3O4 and CoO 
compounds. The reason of the formation of Co3O4 is the 
oxygen supplied as decomposition product of the starting 
materials. 

*) The sample obtained at 1137 K consists of CoO, 
Sr14Co11O33 and Sr6Co5O15 compounds. Sr2Co2O5, formed 
at high temperatures, decomposes to Sr6Co5O15 and CoO 
during cooling. 

*) The sample obtained at 1206 K consists of CoO and 
Sr6Co5O15. The XRD diagram of the sample contains weak 
violent peaks of Sr14Co11O33 compound. 

*) The sample obtained at 1280 K consists of CoO and 
Sr6Co5O15 compounds. Only CoO and Sr6Co5O15
compounds are present in the sample as Sr2Co2O5
decomposes to CoO and Sr6Co5O15 compounds. 
Sr14Co11O33 compound is not present in the sample.
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*) In the sample obtained at 1423 K, it was determined that 
Sr3Co2O5.80 and Sr5Co4O12 were unexpectedly present as 
well as Sr6Co5O15 and CoO. During the 1 hour heating at 
1423 K in Ar atmosphere, a part of Sr2Co2O5 forms 
Sr6Co5O15 and CoO and the other part forms Sr3Co2O5.80
and Sr5Co4O12. Sr3Co2O5.80 and Sr5Co4O12 compounds can 
be detected by XRD analysis since these two compounds 
remain stable during cooling to room temperature. 
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Abstract

There is currently intense interest in the elimination of the 
organic dye compounds in the water via photocatalytic 
reactions. Zinc oxide (ZnO) is an important semiconductor 
catalyst in photocatalytic applications due to its wide band 
gap, eco-credential, low cost and advantageous of being 
synthesized in various sizes and shapes. Novel structural 
and optical properties can be also attained for ZnO 
nanoparticles with manganese (Mn) doping. In this study, 1 
at.% Mn doped ZnO nanofibers were synthesized using 
electro spinning technique. The structural, morphological 
and optical analysis of fibers were carried out by X-ray 
diffraction, Fourier transform infrared spectroscopy, 
Scanning electron microscopy and UV-vis spectroscopy. 
The nanowires consist of wurtzite type ZnO crystal 
structure, and the average diameter is 142.0 nm consisting 
of 21.5 nm particles. The photocatalytic activity of Mn 
doped ZnO nanofibers was investigated by examining the 
decomposition of an organic dye (methylene blue, MB) in 
aqueous solution under the UV illumination. The results 
showed superior photocatalytic activity for 1 at.% Mn 
doped ZnO nanofibers and the complete decomposition of 
MB has been achieved after 120 min. UV illumination. 

1. Introduction 

Photocatalytic applications for the removal of organic 
materials from industrial and domestic wastes have become 
a matter of day by day. In this context, photocatalytic 
reactions are innovative method which do not harm human 
health. Zinc oxide (ZnO) is an important semiconductor 
catalyst in photocatalytic applications due to its wide band 
gap (3.37 eV), large exciton binding energy (60 meV), eco-
credential, low cost and advantageous of being synthesized 
in various sizes and shapes. However, in the ZnO 
nanostructure systems, quick recombination of charge 
carriers is the major drawback to achieve high 
photocatalytic efficiency. To improve photocatalytic 
activity of ZnO nanostructures, various studies have been 
done such as transition metal doping, semiconductor 
junction, noble metal doping and size and morphology 
control [1]. In the metal doping studies, the role of metal 

ions is of considerable significance because the origin of 
photocatalytic ability is based on the catalytic reactions 
originated from substitutional metal atoms sitting in the 
ZnO lattice which creates crystal defects so energy states 
between the valence and conduction bands [2]. The specific 
question that we want to address is therefore the effect of 
metal type, content and distribution at the atomic level on 
band gap and hence on the photocatalytic behavior of 
ZnO:metal nanostructures. When doped ZnO 
nanostructures with small amounts of metals such as Ag, 
Co and Ni, ZnO shows enhanced the photocatalytic activity 
making it suitable for the potential applications in the 
photocatalytic applications [3, 4]. Manganese (Mn) is also 
an alternative metal to improve photocatalytic activity of 
ZnO by doping and it is highly reactive catalyzer in the 
photocatalytic reactions due to ability of trapping or 
recombination centers for photo-excited electrons and holes 
by means of the abundant electronic states [5]. 

Size and morphology control is another criteria that 
significantly affect the photocatalytic properties of the ZnO 
nanostructures. It was found that the ultrafine catalysts with 
particle sizes in nano-scale always show improved activity 
due to the large surface-to-volume ratios. In addition, 
controlling of the catalyst morphology can also enhance the 
photocatalytic activity. In recent years, among various 
morphology such as spherical, rod, star and plate, one 
dimensional (1D) fibers has been widely studied. 
According to literatures, catalytic properties of 1D fibers 
can be efficiently increased by providing easily separation 
of the photocatalyst and inhibiting agglomeration of the 
larger particles. Up to date, a rich variety of methods have 
been successfully applied to synthesize 1D ZnO 
nanostructures [6-8]. Electrospinning is another versatile 
technique, since as a simple and low cost method, it also 
provides to synthesize exceptionally long in length, larger 
surface area and uniform diameter. To improve 
photocatalytic activity of 1D ZnO nanostructures, it has 
advantageous since doping ions are spun simultaneously 
with zinc salt solution [9]. In this study, highly efficient 
photocatalyst Mn doped ZnO fibers (Mn:ZnO) were 
synthesized through a simple and cost effective 
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electrospinning technique to eliminate interparticle 
interactions.

Figure 1. Schematic illustration of the synthesis procedure for Mn:ZnO nanofibers 

2. Experimental Procedure 

2.1. Preparation of Mn:ZnO nanofibers 

Zinc acetate dehydrate (C4H6O4Zn.2H2O, %99.5, Fluka), 
polyvinyl alcohol (PVA, (C2H4O)n, MA ~55000, Aldrich), 
manganese (II) acetate (C4H6MnO4.4H2O, %99.99, 
Aldrich), ethonol (C2H6O, %99, Merck) were used as raw 
materials for the production of Mn:ZnO fibers. All 
materials were of an analytical grade and used without 
further purification. 

In a typical procedure, as a first step; aqueous PVA 
solution was prepared by dissolving 1.54 g of PVA in 10 
mL distilled water and mixing of the solution at 70 °C for 4 
hours using a magnetic stirrer. Subsequently, 1 g of zinc 
acetate dihydrate powder and 1 at.% (Mn:Zn ratio) 
manganese acetate  was dissolved into 15 mL distilled 
water under vigorous stirring for 1 hour to obtain 
homogeneous solution. The zinc acetate dehydrate solution 
was then added drop by drop to the PVA solution. The 
obtained final solution were stirred at room temperature for 
2 hours to achieve complete homogeneity. At the end of the 
stirring process, the viscous solution was ready for 
electrospinning process. The elektrospin unit shown as a 
schematic in Figure 1 is consisted of a 20 mL disposable 
sterile syringe having a needle pin inner diameter of 0.8 
mm and connected to an automatic syringe pump, a 
grounded aluminum foil collector, and a high voltage 
supply. The automatic syringe pump was set to spray 0.4 
mL per hour. During production of the fibers, the distance 
between the syringe tip and foil was set to 15 cm and 
applied voltage was set to 15 kV in the electrospin unit. 
Mn:ZnO fibers were collected on the aluminum foil and the 
organic constituents were removed with a heat treatment at 
400 °C for 5 hours.

2.1. Characterization of Mn:ZnO nanofibers 

The phase distributions of the nanofibers were determined 
by X-ray diffraction (XRD). The chemical nature of the 
fibers was examined by Fourier transform infrared 
spectroscopy (FTIR). The size and morphology of the 
nanofibers were investigated by field emission scanning 
electron microscopy (FESEM). For the measurement of the 
photocatalytic activities of Mn:ZnO fibers, the degradation 
rate of methylene blue (MB) dye under UV irradiation were 
determined by UV-Vis spectrometry. Photocatalytic 
measurements were firstly carried out in a dark region. 
Then, 100 W UV lamp was used to observe degradation of 
the organic dye under UV light. To investigate the 
photocatalytic ability, 50 mg of MB was dissolved in 50 
mL of deionized water to prepare a stock solution. In order 
to measure the photocatalytic activity of the ZnO nanofiber, 
50 mg fiber was added to the dye solution and the solution 
was then subjected to continuous stirring in a dark box. In 
order to measure the degree of degradation in the dark 
media, the absorption spectrum between 500-750 nm was 
examined by UV-Vis spectroscopy. After the exposure with 
the 100 W of UV light, measurements were periodically 
carried out each 15 min. by examining degradation of the 4 
mL of the solution. 

3. Results and Discussion 

Figure 2 exhibits the XRD diffraction pattern of heat 
treated 1 at.% Mn doped ZnO fibers. The all sharp peaks 
can be indexed as ZnO hexagonal wurtzite structure 
(JCPDS card number: 36-1451). Lattice constant (a) and (c) 
were calculated as 3.253 and 5.254, respectively.  The 
crystallite size (D, in nm) of the heat treated fibers was 
calculated by Scherrer’s equation (1) using the XRD line 
broadening method: 
                         D = 0.9 / cos                                          (1) 

where  is the X-ray wavelength for CuK ,  is the full 
width in radians half maximum of the diffraction line and 
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is the Bragg angle of (002) peak. The crystallite size of the 
heat-treated fibers was calculated as 15.09 nm. 

Figure 2. XRD pattern of 1 at.% Mn doped ZnO fibers. 

The chemical nature of the Mn doped ZnO fibers were 
investigated with FTIR spectroscopy. The FTIR spectra are 
shown in Figure 3. The sharp peak observed at around 390 
cm-1 is ascribed to Zn-O stretching vibration [10]. The low 
intensity peak located at 670 cm-1 is attributed to the 
bending vibration of Mn-O. This peak confirms the 
integration of Mn ions into ZnO structure [11]. The peaks 
appeared at 1383 and 1457 cm-1 originated from C-H bonds 
and CH2 strengthening vibration ban, respectively [12, 13]. 
They show some polymer molecules retained on the surface 
of heat treated fibers. 

Figure 3. FTIR spectra of 1 at.% Mn doped ZnO fibers. 

Low and high magnification FESEM micrographs of as-
prepared (a-b) and heat treated (c-d) 1 at.% Mn doped ZnO 

fibers are shown in Figure 4. The averaged diameter of 
Mn:ZnO fibers were calculated by Image J program. As-
prepared Mn:ZnO fibers have 294.7 ± 15.2 nm average 
diameter. It can be clearly seen that the diameter of fibers 
become thinner (142.0 ± 8.1 nm) after the polymer 
removing with heat treatment of the fiber. Furthermore, 
heat treated Mn:ZnO fibers are composed of randomly 
attached particles with an average size of 21.5 nm as can be 
seen from Figure 4(d). This result is an agreement with 
crystallite size calculated from XRD analysis. 

Figure 4. FESEM pattern of as prepared (a) low and (b) 
high magnification and heat treated (c) low and (d) high 
magnification micrographs of 1 at.% Mn doped ZnO fibers. 

The photocatalytic ability of Mn doped ZnO fibers was 
evaluated by the degradation of MB dye under the UV 
radiation. The fibril structure has adventure for the 
dispersion and maximum contact surface of the nanofibers 
and the dye molecules [9]. This offers Mn:ZnO nanofibers 
an opportunity to become an ideal candidate for the 
catalytic application. Figure 5 (a) shows the blank test of 
MB dye degradation under the UV irradiation indicates the 
concentration of dye was very little affected by the light 
illumination offering that the photoinduced self-
decomposition can be negligible compared with the 1 at.% 
Mn doped ZnO fibers. 

Photodegradation of MB dye with Mn:ZnO fibers 
irradiated with UV light was very effective as shown in 
Figure 5 (b). The decolorization of 50% MB dye took less 
than 50 min. total degradation of MB was achieved after 
nearly 120 min. this effective degradation of dye molecules 
can be attributed to combining effect of fibril morphology 
effect and substitutional incorporation of Mn2+ ions into 
ZnO crystal. First one contributes to an increase in the 
surface area. The other one provides the efficient charge 
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separation by means of sitting of Mn ions into ZnO crystal 
similar to Ag doped ZnO nanofibers produced by 
electrospun [9]

Figure 5. Photoreduction of (a) blank MB dye and (b) 1 
at.% Mn doped ZnO fibers under the UV light irradiation. 

4. Conclusion 

In summary, 1 at.% Mn doped ZnO fibers were fabricated 
by electrospinning method. Heat treated Mn:ZnO fibers 
with 142.0 ± 8.1 nm diameter are composed of randomly 
oriented and attached nanoparticles with 21.5 nm particle 
size. 1 at.% Mn doped ZnO fibers completely decolorize 
MB dye after 120 min UV irradiation. Thus, Mn:ZnO fibril 
photocatalyst exhibited highly photocatalytic activity can 
be greatly promote industrial applications to remove the 
organic dye pollutants from the water. 
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Abstract
Synthesized by the SHS method hard alloys and composite materials based on carbides, 
borides and carbon-nitrides are characterized with high values of physical and mechanical 
properties as hardness, compression stress, wear-resistance, resistant to oxidation on air,  
resistance to aggressive areas.   At the same time they preserve these properties at a high 
temperature. Therefore they are largely applied in different spheres of techniques. However, 
their consumption is limited due to their brittleness, which make them inefficient to resist 
serious impact stress.                                                                                                         
Aforementioned disadvantage of the properties of hard alloys may be eliminated by means of 
obtaining gradient materials and/or by granulating hard alloy structure. Due to specific 
conditions of obtaining hard alloys by the SHS-compaction technology, it is possible to 
obtain non-equilibrium structured, oversaturated solid solutions with fine grain 1 micron 
structure.   
One of the main goals of this work was to avoid applying deficient, expensive, limited 
materials and complicated technologies for obtaining high-quality, ceramic materials. In 
result the produce manufactured by our company will be cheap and easy-to-manufacture in 
both aspects - technological and economic.  
In Ti-B-N-Me and Ti-B-N-C-Me systems the study of combustion regularities was carried 
out during alteration of the system parameters within a wide range. The synthesis was mainly 
implemented in the stationary regime.  .     
The study of the synthesis regularities allowed us to make qualitative conclusions regarding 
the process specifics.
The knowledge of regularity of transformation of initial components into a final product 
allows us to identify not only the charge optimal composition and the technological 
parameters of obtaining the materials, but also forecast exploitation properties of these 
materials.  
For investigation of phase and phase elemental composition of specimens there were carried 
out the SEM (Scanning Electronic Microscope) and ERMA (x-ray microanalyzer) analyses, 
there was applied uanta (FEI, USA) scanning electron microscope equipped by INCA 
(Oxford, UK) energy-dispersion spectrometer. The investigation results are presented in the 
corresponding microstructures and X-ray spectrum diagrams.While carrying out chemical 
microanalysis (EDS) and phase distribution qualitative analysis, for defining correctly light 
elements (B, N, C), electron diffraction was applied right in the microscope (Electron Back 
Scatter Diffraction-EBSD). This method allows receiving diffraction picture from different 
points.While obtaining synthetic compact composite ceramic materials (SCCCM) by means 
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of compression of synthesized hot SHS product, the most significant is to select optimal 
technology parameters: time and pressure. 

Introduction

In line with the scientific and technical development of materials science it is important to 
elaborate effective technologies for production of new multifunctional materials that can 
work in extreme conditions[1-2]. At the same time one of the main aim of scientific 
researches is to focus the production on energy and resource saving ecologically safe 
technologies and their realization. In this point one of the prospective directions is the Self-
Propagating High-Temperature Synthesis (SHS) 
One of the main goals of this work was to avoid applying deficit, expensive, limited 
materials and complicated technologies for obtaining high-quality, ceramic materials. 
Accordingly, our product will be cheap and easy for production in both technological and 
economic aspects[3].  

Experiments and Investigations 

For the production materials by the SHS - Electric Rolling method, there are no limitations 
in the length of the material and the width only depends on the length of rolls[Fig.1]. The 
innovation method enables to carry out the process in nonstop regime, which is possible by 
merging energy consuming SHS method and Electrical Rolling. For realizing the process, it 
is mandatory and sufficient, that initial components, after initiation by thermal pulse, could 
interaction with the heat emission, which itself ensures the self-propagation of synthesis 
front in lieu of heat transfer in the whole sample.

Figure1. a) Production of composite material by SHS-elecrical rolling b) Production of gradient 
material by SHS-elecrical rolling; 1-Rolls, 2- heating electric contacts, 3- container, 4- briquette of 

chasm, 5- synthesis (combustion) front, 6-rolled sample, 7- metal support 

At this stage we have decided to elaborate materials, possible to obtain by using relatively 
simple technology- SHS compaction in combustion regime and not in hot explosive 
compaction regime which itself requires increased power/energy expenses. Fig.3 represents 
Ti-BN-Me microstructure. In the points on this microstructure, which are corresponding to 
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various phases based on Ti-N and Ti-B systems and to fourth period d – element metal 
and/or the alloys upon their basis, the phases microanalysis are implemented by means of 
electronic probe.

Fig. 2  Microstructure of the material obtained in  Ti-BN-Me system M 

The material mainly consists of two phases: one of them based on Ti-B (Titanium Diboride) 
system ~ and the second based on Ti-N (Titanium Nitride) system ~
The fundamental study of microstructure and content showed (fig.3) that the material 
obtained in Ti-B-N-Me system consists of 2 two types of grains: pillar/needle type, and 
round/ spherical.

The fundamental study of microstructure and content showed (fig.4) that the material 
obtained in Ti-B-N-C-Me system consists of 2 two types of grains: pillar/needle type, and 
round/ spherical. 
Results and Conclusions 

Fig. 3 Microstructure of material 
obtained in Ti-B-N-Me system

Fig. 4 Microstructure of material 
obtained in Ti-B-N-C-Me system
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According to the authors opinion the resistance against high dynamic loadings and blows of 
the materials fabricated in Ti-B-N-Me and Ti-B-N-C-Me systems by SHS method, can be 
explained by the peculiarities of microstructure, which cause the accumulation of destroying 
energy and as a result increases the resistance of material. 
While obtaining compact synthetic composite ceramic material by pressing of synthesized 
hot SHS product, it is most important to select optimal technology parameters. These 
parameters are the time and pressure characteristics. After correct selection of these 
characteristics the authors obtained compacts in the Ti-B-N-Me and Ti-B-N-C-Me systems 
with the following characteristics: they are practically non-porous materials, the porosity - 
0,4% and 1,2% respectively, hardness - 91,5-92,5 HRA and 92,3-93,3HRA respectively, 
density - 4.3-4,4  gr/cm3 and 4,5-4,7 gr/cm3 respectively (with porosity - 0,4% and 1,2%, 
hardness - 91,5-92,5 HRA and 92,3-93,3HRA, density - 4.3-4,4  gr/cm3 and 4,5-4,7 gr/cm3

respectively).
  These materials resist once-only (single) dynamic impact possessing energy 18000-20000 
joules, with the weight of manufactures 68-65 kg/m2 (6,8-6,5 g/cm2).
The knowledge of regularity of transformation of initial components into a final product 
allows identifying not only the optimal composition and the technological parameters for 
obtaining the materials, but also we can forecast exploitation properties of these materialsIt 
can be predicted that while penetrating the destroying energy indenters in materials of above 
mentioned systems, at first stage there is a crash of pillar/needle type grains. Those grains 
have higher hardness than the spherical grains on the base of TiN and TiCN phase. Those 
spherical grains itself have higher viscosity and plasticity than the grains of TiB2 phase. 
While crashing the pillar/needle type grains there is accumulation of portion of destroying 
energy, though at the first stage there is no disorganization of TiN and TiCN phases, as they 
are characteriszed with higher viscosity and plasticity. As a result we have delayed crack 
formation and crashing, which provides the crach-resistance and increasing the lifetime of 
product.
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Abstract 

Zinc oxide (ZnO) doped Yttria stabilized tetragonal 
zirconia (Y-TZP) ceramics were produced by 
pressureless sintering at 1450 oC for dental applications. 
ZnO doping was accomplished by mechanical ball 
milling. Various amount of ZnO (1 and 2 wt%) were 
doped to Y-TZP by using planetary ball mill at a 
rotation speed of 300-500 rpm for 40 min. Powders 
produced and sintered products were characterized 
using X-ray diffraction and scanning electron 
microscope to identify the phases present and to see the 
changes in the microstructure with respect to ball 
milling conditions as well as the amount of ZnO doping. 
Results revealed that doping 3Y-TZP with ZnO 
improves the morphology, mechanical properties, and 
low temperature degradation. Density, Vickers 
hardness, and indentation fracture toughness of 2 wt% 
ZnO doped Y-TZP ceramics were 6.026 g/cm3, 1390 
MPa, and 5.63 MPa.m0.5, respectively. Effects of ZnO 
doping on phase transformation of sintered 3Y-TZP 
ceramics were also researched. 

1. Introduction 

Zirconia (ZrO2) based ceramics are routinely used in 
structural applications such as in the manufacture of 
cutting tools, gas sensors, refractories, and structural 
materials [1]. In the last two decades, they have been 
used in biomedical applications such as total hip 
implants and artificial teeth due to their relative 
inertness to the body fluids, high compressive strength, 
and aesthetically pleasing appearance [2]. Zirconia 
ceramics have become increasingly popular as an 
alternative high-toughness prosthetic framework in 
dental restorations because of their excellent 
biocompatibility, low thermal conductivity, and superior 
mechanical properties such as high tensile strength, high 
hardness and corrosion resistance. In addition, zirconia 
ceramics are commonly utilized for fabrication of tooth 
supported restoration like single crowns, fixed dental 
prostheses, or telescopic crowns [3]. 

Zirconia has three crystallographic forms depending on 
temperature. From room temperature up to 1170 oC the 
symmetry is monoclinic.  Between 1170  and  2370 oC,  

the symmetry is tetragonal and from 2370 oC up to 
melting point it is cubic [4]. Partially stabilizing pure 
ZrO2 with CaO, MgO, Y2O3, and CeO2 gives rise to 
control retention of tetragonal phase at room 
temperature and to hinder stress induced tetragonal to 
monoclinic transformation [5]. Monoclinic phase 
formation causes microcrack formation and degradation 
in the properties [6]. Phase transformation toughening 
mechanism plays a favorable role in preventing the 
crack propagation and enhancement of mechanical 
properties of partially stabilized tetragonal zirconia [7].  

Low temperature degradation (LTD) is the major 
drawback for zirconia ceramics. LTD involves 
transformation of tetragonal zirconia phase (t-ZrO2) into 
monoclinic phase (m-ZrO2) under hydrothermal or even 
under normal physiological conditions at relatively low 
temperatures. Such transformation may lead to 
premature failure of zirconia parts, which is particularly 
inacceptable for biomedical applications. LTD of ZrO2
based ceramics can be tested by accelerated aging 
studies. Expose of the material to autoclave conditions 
at 134 oC for 2 h with a water vapor pressure of 2.3 bar 
matches with 4 years of ageing in vivo [6].  

The purpose of this study was to improve the 
mechanical and biological properties of Y-TZP by zinc 
oxide (ZnO) doping through ball milling so that it could 
give better performance in dental applications. 
Mechanical properties such as microhardness and 
fracture toughness were evaluated with respect to the 
amount of dopant.  

2. Experimental Procedure 

2.1. Preparation of Specimens  

The starting material was commercial ready to press        
3-mol% yttria-stabilized ZrO2 powder (TZ-3YB-E) 
powder supplied from Tosoh Co. (Japan) with an 
average particle size of 0.04 m. A planetary Ball Mill 
(Retsch Pm 100) was employed for doping ZnO to 3Y-
TZP powders. Each batch of 20 g was wet-milled in a 
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zirconia jar using zirconia balls of 3 mm diameter at 
rotating speeds of 350, 400, 450, and 500 rpm for 40 
min. Then, the ball milled powders were dried in an 
oven (WiseVen) at 100 °C for overnight. 1 wt% 
polyethylene glycol (PEG) was added as binder to 4 g of 
dried powders in order to get stable and high green 
density compact. The mixture was then uniaxially 
pressed by applying 25 MPa pressure for 30 s in a disc 
shaped stainless steel mold. Nominal dimensions of the 
specimens were 20 mm in diameter and 4 mm in 
thickness. All disk shaped compacts were pressureless 
sintered in air at 1450 °C for 2 h with a heating and 
cooling rate of 5 °C/min.

2.2. Characterization  

X-ray diffraction (XRD) analysis was performed to 
identify the phase(s) present in the specimens using an 
XRD diffractometer ((AXS D8 Advance A25, Rigaku). 
Specimens were scanned in the 2-theta range 20-40o at 
scanning rate of 2 o/min using CuK  radiation. JCPDS 
database was employed for identification of tetragonal, 
monoclinic, and cubic phases of zirconia. Phase 
composition of randomly distributed monoclinic and 
tetragonal ZrO2 phases of the specimens were calculated 
by the method of Garvie and Nicholson [8]. Amount of 
zirconia transformed from tetragonal to monoclinic 
phase was calculated by considering monoclinic peaks 
from m(-111) and m(111) planes and tetragonal peak 
from t(101) plane using Eqs. 1 and 2.  

                                     (1) 

                                                          (2) 

Morphology, size and shape of the grains developed in 
the sintered specimens were examined using a scanning 
electron microscope (FE-SEM, Nova NANOSEM 430). 
Before SEM examinations, specimens were thermally 
etched at 1250 oC for 30 min in order to get a 
microstructure with noticeable grain boundaries. The 
mean grain size of each specimen was measured using 
linear intercept method by ImageJ software. SEM 
investigations were done at 18 kV.  

2.3. Property Measurement 

Density of sintered specimens was measured by 
Archimedes method using Eq. 3. Distilled water was 
used as the immersion medium. Before density 
measurements, the sintered specimens were heated up to 
100 oC for 2 h.  

32

1

WW
W

                               (3)

where;  is the density of specimen (g/cm3), and w is 
the density of water (g/cm3). W1, W2, and W3 are the 
dry weight, the saturated weight, and the suspended 
weight (g) of the specimen, respectively. 

The microhardness of the sintered specimens were 
measured using a microhardness tester (Shimadzu, 
HSV-20) fitted with a Vickers’ indenter. Before 
measurement, specimens were polished using 400, 600, 
and 800 grit SiC grinding papers in turn and then 
polished with 6 m and 1 m particle size diamond
solution.  A load of 10 kg was applied to each specimen 
at seven different locations with pyramidal diamond 
indenter for 15 s to produce relatively small and 
permanent indentation. The highest and the lowest 
values were discarded and the rest five measurements 
were averaged to get a reliable data. The microhardness 
values were calculated using Eq. 4 [9]. 

                                           (4)

Indentation fracture toughness of the sintered specimens 
were realized by Vickers’ indentation technique. Crack 
lengths of indentations were measured by the help of 
optical microscope in order to compute indentation 
fracture toughness values regarding Eq. 5.  

                               (5) 

where; K c is the indentation fracture toughness 
(MPa.m1/2), E is the elastic modulus (MPa), H is the 
Vickers’ microhardness (MPa), P is the applied force 
(N), and c is the crack length (m).  

Aging sensitivity of specimens was evaluated by 
calculating transformation percentage from tetragonal to 
monoclinic phase and by the grains size of the sintered 
specimen through XRD and SEM analyses.  

3. Results and Discussion 

3.1. XRD Analysis 

X-ray analysis revealed that among the powders ball 
milled at different rotating speeds, the powders prepared 
at 400 rpm exhibited minimum shift in the main XRD 
peak of ZnO at 2  of 36.2o. Therefore, powders 
prepared by ball milling at 400 rpm were selected for 
further studies. XRD patterns of the undoped and 1 and 
2 wt% ZnO doped 3Y-TZP powders prepared by using 
400 rpm ball mill speed are shown in Figure 1. 
Characteristic peaks of tetragonal (t) ZrO2 (JCPDS 01-
072-2743) located at 2  of 30.7o, 34.3o, 35.5o, 50.0o,
50.5o, and 59.2o corresponding to the t(101), t(002), 
t(110), t(112), t(200), and t(103) planes, respectively 
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were detected in all of the powders. XRD patterns did 
not indicated peaks of monoclinic (m) ZrO2 probably 
due to insufficient amount of monoclinic phase. The 
sintered specimens satisfy the requirement of ISO 
standard 13356:2008 that accepts maximum 25% of 
monoclinic ZrO2 at the end of production steps. [10].  

Figure 1. XRD patterns of the undoped and 1 and 2 
wt% ZnO doped 3Y-TZP specimens prepared by using 
400 rpm ball mill speed and sintered in air at 1450 °C 
for 2 h.  

Lattice parameters of the undoped and 1 and 2 wt% 
ZnO doped 3Y-TZP specimens are given in Table 1. 
Results indicate that ZnO doping caused a minor change 
in lattice parameters of 3Y-TZP. Similar results were 
reported by Viazzi et al. [11]. 

Table 1.  Density ( ), theoretical density, Vickers 
microhardness, indentation fracture toughness and 
lattice parameters of the sintered ZnO doped 3Y-TZP. 

Property Undoped ZnO Doped (wt%) 
1 2

 (g/cm3) 6.003 6.011 6.026 
TD (%) 99.2 99.4 99.6 
Hv (MPa) 1324 1319 1390 
K c (MPa.m1/2) 4.114 4.138 5.627 
Lattice parameters
a (Å) 3.6037 3.6064 3.6064 
c (Å) 5.1726 5.1646 5.1646 

Values for the density, percent theoretical density 
(%TD), Vickers microhardness, and indentation fracture 
toughness of the 3Y-TZP specimens are given also in 
Table 1. Density, %TD, Vickers microhardness, and 
indentation fracture toughness of the 3Y-TZP specimens 
increased with increasing ZnO doping. Similar results 
were reported by several researchers [12-15]. All 
specimens exhibited a density greater than 6.00 g/cm3

that is the required value in the ASTM F1873-98 
standard for surgical implant applications [16]. The 
highest density obtained by the specimen containing 2.0 
wt% ZnO (6.026 g/cm3) is very close to the theoretical 
density (6.05 g/cm3) of 3Y-TZP.  

3.2. SEM Analysis 

Microstructures of the undoped and ZnO doped 3Y-TZP 
specimens are illustrated in Figure 3.  

    

Figure 3. SEM images of the specimens (a) undoped       
3-YTZP, (b) 1 wt% ZnO doped 3-YTZP, and (c) 2 wt% 
ZnO doped 3-YTZP. 

(b)

(c) 

(a) 
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All specimens displayed a good homogeneity in terms 
of the microstructure developed. Open porosity was not 
observed in any of the specimens. Small size grains in 
the range from 0.25 to 0.33 m are observed in SEM 
images. Results put forward the beneficial effect of ZnO 
doping on improvement of the morphology and 
properties of Y-TZP ceramics. Stability of the dental 
zirconia against LTD is controlled by the grain size. 
Zirconia ceramic becomes less stable and more 
susceptible to LTD as its grain size increases [17]. For 
minimum or no phase transformation during accelerated 
aging, average grain size should be below 0.4 m [18].
The LTD can be retarded by increasing dopant 
concentration and by  reduction in grain size [19] Also, 
increase in grain size may increase the number of 
internal cavities thus, reduces the mechanical properties 
of the materials [20].  

4. Conclusions 

1) ZnO could be doped to 3Y-TZP through mechanical 
ball milling.  

2) ZnO doping to 3Y-TZP improves mechanical 
properties and low-temperature degradation. High 
density (6.026 g/cm3) ZnO doped Y-TZP ceramics are 
produced by pressureless sintering at 1450 oC.  

3) Mechanical properties such as microhardness and 
fracture toughness of 3Y-TZP ceramics are improved by 
increasing amount of ZnO dopant.  
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Abstract 

It is well known that much of the cost in steelmaking 
derives from ladle operation. During the ladle 
refining of steel the process of the dolomite 
refractory is a very complex and dependent many 
factor. 

When studying the mechanisms of dolomite 
refractory ladle line study examined it is generally 
focused on below effects. 

1.1-Thermal/Termomecanical effects 
1.2-Chemical and kinetic effects 
1.3-Mechanical effects 

Dolomite bricks have advantages in cost effective 
liquid steel production process quality improvements 
via below steps and subejcts. 

2.1-Desulphurisation of the steel 
2.2-Deoxidation and cleanliness of the steel 
2.3-Improvements in the pourability of the steel 
2.4-High specific heat 

Our study covers the investigation of wear 
mechanisms of dolomite line and also the effect of 
dolomite bricks cost on the quality and cost 
processes of liquid steel production based on 
previous publications. 

1. Introduction  

1.1 Thermal/Termomecanical Effects 

During the operation of steel ladles in ladle 
metallurgy there is some thermal/thermomecanical 
effects can brief as below: 

- The wear of the slagline refractories of the ladle is 
initiated at the preheating station, through the 
redoxidation reactions. 

- The degree of the decarburization process is mostly 
dependent on the preheating fuel. Other factors like 

the refractory composition and preheating time are 
also of great importance. 

- For the refractories without antioxidants, the 
refractory decarburization is slower when coal gas is 
used during ladle preheating than when a mixture of 
oil and air is used. 

- Ladle preheating of the refractories without 
antioxidants leads to a direct wear of the slagline 
refractories. This is due to the total loss of the matrix 
strength, which results in a sand-like product. This 
finding was found to be independent of the 
preheating method. [1] 

- During the continuous cooling and heating of the 
ladle due to the operating conditions, the wear rate at 
the start of working with the hot metal is higher than 
the average wear rate at the next dies. In the 
Dolomite-C bricks, under the thermomechanical 
effects, the bricks are deformed at a higher rate and 
the wear rate in the form of shells is accelerating. 

- The resulting thermal stresses form fine capillary 
cracks inward from the hot surface of the brick, 
creating slag on the hot surface and shell deposits 
resulting in steel infilitration. 

- The horizontal and vertical expansion of the resin-
bound Dolomite-C brick used to remove such 
thermomechanical effects in the steel ladle must be 
well calculated and spaced so as to optimize the 
thermal stresses. The tensile strength of the 
Dolomite-C bricks is lower than the compressive 
strength. 

                              dTmax Gf(1 )                       (1) 
                                   dt           E

                                t  = time 
  T = max. temp 

Thermal shock resistance is directly proportional to 
tensile strength, poise value and thermal 
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conductivity but inversely propotional with elastic 
modulus and thermal expansion coefficient.  

Changes in the working temperature of the steel in 
the ponds and changes in the post-treatment 
temperatures of the operating conditions initiate 
excessive wear. Potential changes in the thermal 
state of the ladle prior to casting, sudden changes in 
temperature, thermal stress on the brick, and 
heterogeneous refinement become homogenous 
during operation, increasing the wear rate. 

In heating, Dolomite-C and Mg-C bricks which are 
connected to the resin at 600-
a long time, resulting in C-oxides. Carbon burnout at 
these temperatures is the result of small pores in the 
Dolomite-C brick becoming larger cavities, making 
the slag and steel more susceptible to chemical 
erosion. A
coking and closing pores. The heat in the coking 
coal leads to the formation of capillary cracks. [2] 

 The wear of the ladle slagline refractories does not 
only take place during steel refining, but  also at the 
pre-heating station through the redoxidation 
reactions. The degree of decarburization of the 
redoxidation reactions is dependent on the refractory 
composition as well as the preheating conditions 
(time and fuel). The reaction products from the 
burning fuel contribute to the redoxidation corrosion 
of the refractory as shown by reactions [1] 

CO2 (g) + C(s) = 2CO (g)                                      (2) 
H2O (g) + C (s) = CO (g) + H2 (g)                  [1]  (3) 

In dolomite-C bricks, the sudden thermal changes 
are accelerated by the end-expiratory spalling of the 
dolomite-C brick after completion of the operation 
without completion of the expansion. Thermal 
differentials are the result of sudden and rapid 
temperature fluctuations and non-linear temperature 
differences in the brick wall. High permanent 
expansion occurs as a result of spalling bricks if they 
have appropriate design and development as a result 
of releasing tension. [2] 

1.2 Chemical and Kinetic Effects  

In very simple terms slag engineering can be defined 
as the balance between the refractory oxides (CaO 
and MgO) and the fluxing oxides (SiO2, Al2O3, CaF2
and iron oxide) This balance is typically expressed 
as a basicity ratio: 

B5=Refractory Oxides = (     %CaO + %MgO    )  (4)      
Fluxing Oxide    (%SiO2+%Al2O3+%CaF2+%FeO) 

The following simple set of figures give a graphical 
view of the balance between the refractory oxides 
and fluxing oxides. [3] 

-The formation of liquid phases by the impurity 
oxides during service has a big effect on the high-
temperature strength of the refractory and their wear 
resistance. 

-The slags rich in iron oxide lead mostly to the 
oxidation of carbon in the carbon containing 
refractories leading to an increased porosity and 
wettability, and therefore a reduced corrosion 
resistance. 

-The high contents of alumina and/or silica in the 
slag promote reactions between the slag components 
and the dolomite-carbon refractory. This leads to the 
formation of low-temperature melting phases such 
as calcium aluminates and silicates. 

The corrosion of oxide-carbon refractories by slag 
during steel refining is a complex process involving 
numerous mechanisms and factors. The most 
important corrosion mechanisms leading to a severe 
wear of the slagline are: 

I. Oxidation-reduction processes, caused by the 
reactions between the easily reducible 
oxides such as FeO and the main components of the 
refractory. 

II. Dissolution/diffusion, a chemical process by 
which the refractory material is dissolved into slag. 

III. Penetration, whereby the slag infiltrates the 
refractory structure leading to 
structural/chemical changes (or structural spalling). 

IV. Erosion, which is the abrasive wear of the 
refractory caused by the movement in liquid 
steel and slag.  

The steel refining slag, rich in alumina and silica, 
attacks the dolomite refractory mainly through 
reactions with CaO in the refractory. This leads to 
the formation of low-temperature melting phases 
such as calcium silicates and aluminates . These can 
easily be eroded by slag due to forced convection 
during ladle treatment. This is the possible 
explanation for the accelerated wear of the dolomite-
carbon refractory during steel refining. [1] 

Among the refractory compounds used in steel 
ladles, only carbon can be affected by a dissolution 
in steel. For example carbon (residual carbon from 
the binders or additional carbon in Dolomite-C 
bricks) can be dissolved directly into the liquid steel. 
The corrosion between refractory lining and slag is 
often controlled by a direct dissolution, chemical 
exchanges are controlled by a boundary layer at the 
liquid/ refractory interface. The gradient of chemical 
potential, which is usually assimilated to a 
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composition gradient, is the driving force of the 
corrosion process. Two elementary steps manage the 
dissolution mechanism: 

 a thermo chemical reaction at the solid/liquid 
interface 

 a diffusion of species. [4] 

Solid oxides (CaO + Al2O3 + MgO + SiO2) in the 
liquid slag layer, ferro alloys and non-metallic 
additives directly affect the performance of the slag 
steel ladle. In case of contact with slag in refractory 
material, wear is occuring due to stable, dense, low 
slag and gas. The excess of FeO, MnO, SiO2 in slag 
and alkali excess cause the deterioration of the brick 
carbon structure and the MgO / CaO matrix 
structure. Increasing the ratio of MgO and CaO in 
the slag, increases the basicity and C prevents the 
structure from deteriorating. 

The higher the MgO / CaO ratio in the slag,  
chemical corrosion is reduced to the pores of the 
dolomite bricks. During the waiting of the steel in 
the ladle and slag attack when repeated operations of 
Dol-C brick after the extinction of formed thin film  
in the front surface chemical attacks reaches 
maximum level. [2] 

Near the hot face, where more oxidising conditions 
pre
species Mg, SiO and/or Si react with either CO2 or 
O2 to revert back to an oxide form. This leads to the 
well-known phenomenon of magnesia transport to 
compensate for carbon oxidation on the hot face.    
MgO is reduced within the brick.  

oth Mg(g) and CO diffuse away towards the hotface; 
in the decarburised zone resulting from the oxidation 

2 16 at, the Mg 
gas can recombine to form condensed MgO Such net 
transfer of MgO and CaO has seldom been observed 
under practical steel making conditions.   

The state of  dissolution rate in liquid slag for 
refractory allow for the quick depletion of the 
thickness of the refractory bricks. Often the transfer 
of solid mass to liquid steel and the rate of 
deterioration (mass loss) result in the following 
equation. 

                          -dr = A0 . Ub                                  (5) 
                            dt 

              v=k(ns-nb)                                   (6) 
Ao = coefficient 
v = rate of deterioration 
k = mass transfer coefficient (cm / s) 
ns, nb = oxide content of the slag on the                               
              bricks surface to volume.  

MgO and CaO entering the slag during mass loss 
can be written as follows: 

  - dr   =    k      < (%MgO)sps  (MgO)bpb >          (7)                        
    dt       100p             

The slag penetrates into the refractory material very 
quickly reacts with the MgO / CaO grains. The slag 
penetration is like a branch of a roots in a pore. First, 
the main body (large MgO / CaO grains in the 
surface) then reaches all its branches. (All pores of 
the brick) [2] 

Figure 1. Schematic of the interaction of the 
different corrosion mechanisms leading to the severe 
wear of the oxide carbon refractories during steel 
refining [1] 

Increase of chemical penetration of the slag related 
with the increase in pore diameter and apperaent 
porosity and reduce of FeO concentration, basicity 
and temperature begins to accelerate penetration. 

The duration of the penetration is directly related to 
the amount of penetration. In order to prevent 
penetration, it is necessary to adjust the melting 
point and viscosity. There are several reasons for the 
loss of graphite and carbon from hot brick surface; 

- Atmospheric oxidation (especially during 
preheating). 
- FeO and MnO in the slag undergo brick oxidation. 
- Corrosion on the surface when directly working 
with hot metal is directly related to    steel C ratio. 
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- It's like picking bricks from low-C steel. 

1.3 Mechanical Effects 

Besides the cold/hot crushing and other strengths, 
modulus of rupture of Dolomite-C bricks plays an 
important role in mechanical effects. Strength to 
impact and mechanical erosion is important for 
regional performance. 

Penetration from liquid slag also reduces the 
mechanical strength. Siebring and Franken defined 
the penetration of the slag into the refractory wall 
with the following equation. 

                  1-g                                (8)                                                                              
                                  d pore

-g = liquid-gas tension in the surface (N / M) 

 d = capillary pore diameter (m)                                                              

As you can see from the equation above, pressure 
need to fill the pores. Horozintal slag penetration 
depth is related with the following equation.

                          L2 =
    2                         

                                                                       
L  = Penetration depth 

  = liquid slag on the surface 
   d  = Pore diameter (m) 

  = slag viscosty (Pa.s) 
    t   = time (s) 

Viscosity is the most important factor in penetration. 
When the slag dissolves some of the refractory 
oxides from the brick surface, the slag viscosities 
increase, which in turn increases the slag resistance. 
Refractories with higher porosity dissolve in slag 
faster. The equation of analysis for vertical 
penetration is also below (wanibe); 

                    L =  2  c                                                                               
                               R p g 

                    R = radius of radius 
p = density of slag (kg / m3) 

                    g = stable draft (mS-2)                        [2] 

In order to reduce the penetration, it is necessary to 
decrease the surface tension, increase the viscosity 
and t As a result of 
the slag penetration, dissolved MgO / CaO materials 
enter the slag and break the slag structure, resulting 
in different stresses, cracks and crusts between the 
slag and the refractory. 

CaO / MgO in dolomite brick content includes 
optimizing the costs of steel production quality 
processes. [2] 

1.4 Desulphurisation of the Steel 

The CaO/MgO present in dolomite bricks favours 
desulphuration Dolomitic linings are ideal for 
withstanding the impact of very basic slags, 
saturated in lime, and at the same time provide less 
steel oxidation, thus facilitating conditions for a 
rapid desulphurisation of the steel. [5] 

Desulphurisation of liquid steel is obtained by metal-
slag stirring in secondary metallurgy. The lime in the 
ladle slag reacts with the sulphur dissolved in the 
steel and with a deoxidation element, forming 
calciumsulphide and the oxide of the reduction 
compound. [4] 

Xi = CaS + XiO                                              [4] (11) 

The sulfur dissolved in the steel can be removed 
from this by interactions between steel and slag, 
according to (K12) 

S + CaO   O + CaS                                  [6] (12) 

In secondary steelmaking it is essential to know the 
composition and amount of ladle slag just after 
tapping in order to be able to modify the ladle slag 
for the purpose of deoxidation and desulphurization. 
Normally, lime (CaO), alumina (Al2O3) and slag 
deoxidizer are used to modify the ladle slag. For 
steel desulphurization it is important to reduce the 
mass content of FeO and MnO to a low level. The 
desulphurization process uses the following different 
steps. 

Slag adjustment with respect to (i) slag deoxidation, 
and (ii) lime saturation  
Slag homogenization and liquefying  
Reduction of FeO and MnO  
Intensive stirring for desulphurization  

CaO is the main component. It is hygroscopic and 
leads to the pick-up of hydrogen (H2) in the steel. 
Sulphur is thus an undesirable element in steel. 
Manganese actively reacts with iron sulphides 
during solidification of steel transforming FeS to 
MnS according to the following reaction. 

FeS (slag) + Mn (steel) = MnS (slag) + Fe          (13) 

The melting temperature of manganese sulphide 
(MnS) is comparatively high (around 1610 deg C). 
[7] 
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Sulfide capacity as a function of saturated MgO It 
shows that for better desulfurization reaction rate, it 
will be very effective to decrease the MgO content. 
Likely effect on increasing viscosity. 

Figure 2. Sulphide capacity as a function of CaO 
content of slag [5] 

Figure 3.  Sulfide capacity as a function of saturated 
MgO It shows that for better desulfurization reaction 
rate, it will be very effective to decrease the MgO 
content. Likely effect on increasing viscosity [5] 

It was concluded that sulphide capacity of steel slag 
has a strong effect on composition of CaO of the 
slag. Sulphide Capacity has poor correlation with Fe 
concentration in slag.  

Also it was seen that sulphide capacity (Cs) 
decreases to a much lower value with increase in 
MgO. This can be attributed to the fact that MgO 
increases the viscosity of the slag which in turn 
decreases the sulphur partition ratio or in other 
words the ability to form sulphides decreases and 
correspondingly increases the sulphur content of the 
hot metal. [5] 

1.5 Deoxidation and Cleanliness of the Steel 

The choice of refractory products for metal 
cleanness must also take into account the metal-slag-
refractory reactions which may occur during 
elaboration. It is indeed not rare to find often 

undesirable elements in the liquid steel or in the 
inclusions coming from impurities or even made of 
refractory products. [4] 

The main component of sintered dolomite is lime 
oxide (CaO). Of all refractory oxides, it is the one 
that possesses least oxidisation potential, and 
therefore leaches less oxygen into the steel that may 
react with other metal elements to produce non-
metallic inclusions. It is therefore the most suitable 
lining for the production of steel, free of inclusions 
such as alumina from the oxidisation of aluminium 
or other refractory bricks. [5] 

The reaction that takes place during desulfurization 
can be shown below: 
2CaO (slag) + 3FeS [steel] + CaC2 (slag) 3CaS(slag) 
+ 3Fe[steel] + 2CO                                         [9] (14) 

Figure 4. Inclusion distribution for each diameter 

treatment. Phases: 1 - ASlag-liq + ASlag-liq#2; 2 - 
ASlag-liq; 3 - ASlag-liq + ASpinel; 4 - ASlag-liq + 
ASpinel + (a) AMonoxide, (b) Mullite; 5 - ASlag-liq 
+ AMonoxide; 6 - ASlag-liq + AMonoxide + 
AMonoxide#2; 7 - ASlag-liq + AMonoxide + 
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AMonoxide#2 + a-Ca2SiO4; 8 - ASlag-liq + 
AMonoxide + a-Ca2SiO4; 9 - ASlag-liq + Mullite; 
10 - ASlag-liq + a-Ca2SiO4.

An important source of reoxidation is the carryover 
of slag from the steelmaking furnace to the ladle, 
which contain a high content of FeO and MnO. 
These liquid oxides react with the dissolved 
aluminum to generate solid alumina in the liquid 
steel, owing to the strong favorable thermodynamics 
of the following reactions: 

3FeO +2Al =Al2O3 +3Fe                                    (15) 
3MnO +2Al =Al2O3 +3Mn                                 (16) 

The higher is the FeO and MnO content in the ladle 
slag, the greater is the potential for reoxidation and 
the corresponding generation of alumina inclusions. 
Many slivers in the final product have been traced to 
reoxidation that originated from FeO in the ladle 
slag. [10]  

1.6 Improvements in the Pourability of the Steel 

Nozzle clogging is a serious productivity and quality 
problem in continuous casting. 

Figure 5. Schematic of steel flow pattern in a 
submerged entry nozzle (SEN) with cloggling 

The Al2O3 particles stick in the nozzle decreasing 
the casting velocity, and can even stop casting 
altogether (clogging). [6] 

One of the goals of these treatments, on aluminium 
killed steels, is to improve the castability of these 
grades by transforming the alumina deoxidation 
inclusions into liquid lime aluminate inclusions. 
These liquid inclusions, contrary to alumina, do not 
stick to the nozzle refractories, which they even tend 
to dissolve when they are too rich in lime. During 
treatment, calcium, having a higher affinity for 
oxygen than most metallic elements used in iron and 
steel making, can reduce, at least partially, some 
constituents of the refractories (SiO2, Cr2O3, Al2O3,

A notable improvement in the efficiency of a 
calcium addition was, for example, noted when high 
alumina ladle refractories were replaced by dolomite 
or magnesia refractories, more stable with respect to 
alkaline earth elements. This transformation made it 

possible to increase drastically the percentage of 
ladles cast in billets without clogging of the 
calibrated nozzle .  

The average composition of inclusions obtained 
following too large an addition of SiCa to steel in a 
dolomite ladle. These inclusions, have a final 
composition of 55% MgO-35% CaO- 10% Al2O3 
after following the path shownon the figure during 
treatment. 

They are solid at casting temperature (Tliq > 2400 

refractory walls and especially participate in nozzle 
clogging. The reliability of calcium treatment thus 
requires not only an optimisation of added 
quantities, but also an adequate selection of the 
refractory in contact with the metal. [4] 

Alumina clogging can be reduced by adding calcium 
to the steel to prevent the formation of solid alumina   
As shown in Figure 8, for a typical melt temperature 

ibrium phase for 
calcia-alumina mixtures containing 40 - 60% 
alumina.   Furthermore, it is believed that under 
steelmaking conditions, mixtures containing a higher 
fraction of alumina will be also be liquid.  This is 

2Al2O3
inclusions (79% alumina) are found in the final cast 
product, these inclusions take a spherical form and 
the nozzle experiences much less clogging. [11] 

Figure 6. Calcia-Alumina Phase Diagram 

The reduction in non-metallic inclusions in the steel 
such as alumina reduces the risk of clogging nozzles 
during pouring, especially if aluminium-killed steel 
is being produced. [5] 

In aluminum killed steels, calcium is widely used to 
convert the solid alumina inclusions into liquid 
calcium aluminate inclusions which form as 
spherical particles due to surface tension effects. 
This transformation prevents the nozzle clogging 
due to the accumulation of solid alumina inclusions.  
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CaO fragments that pass from dolomite brick to steel 
provide the Ca-Treatment in steel with less 
additional Ca.[2] 

1.7 High specific Heat 

Improved insulation, increasing energy savings. 

The secondary metallurgy is a high energy-intensive 
step in steelmaking process as it requires an accurate 
match of the composition and temperature of the 
molten metal during the ladle refining, the steel ladle 
lining plays an important role on the energy 
consumption of the process, as the refractory 
thermal properties are strictly related to the ladle 
ability to keep constant the molten metal 
temperature. [13] Below you can see some thermal 
conductivity calculations with different lining types. 

Table 1.  Thermal calcuations for ladle lining 
Ladle Refractories Thermal Conductivity 

Values 
Magnesia-C Dolomite-C 

8.5 W/mK (12 
Carbon) 3.5 W/mK 

6.8 W/mK (10 
Carbon) 2.6 W/mK 

6.8 W/mK (10 
Carbon) 2.6 W/mK 

Table 2.  Thermal calculations for Dol-C lining
Dolomite-C Lining Thermal Calculations 

Heat Loss 
Hot Face 

Temperature
1st Interface 
Temperature 
2nd Interface 
Temperature 
Cold Face 

Temperature 

Table 3. Thermal calculations for Mg-C lining
Magnesia-C Lining Thermal Calculations 

Heat Loss 
Hot Face 

Temperature
1st Interface 
Temperature 

2nd Interface 
Temperature 
Cold Face 

Temperature 
With same back lining (Without insulation board) 

C-Dolomite Heat Loss ; 13.288, (W/M/Deg. C)  

C-Mg           Heat Loss : 18.992, (W/M/Deg. C)  

2. Conclusion 

Dolomite-C refractories are highly cost effective 
with long service life with low cost than other other 
type of ladle linings. Dolomite-C refractories have 
low oxidation potential and help desulphurization. 
Also good chemical any physical properties make it 
favourable in secondary steelmaking metallurgy. 
This properties also makes it possible to reduce 
furnace tapping temperatures, and therefore create 
energy saving. 
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Abstract
  
Natural raw and waste materials are used as the starting 
materials for the preparation of glass–ceramics. The CaO-
MgO-Al2O3-SiO2 (CMAS) system is one of the basic 
silicate systems (ceramic/glass material) controlled 
crystallization of glass in amorphous form is produced. 
CMAS based materials; high refractivity, high corrosion 
resistance and very good abrasion properties. In the 
present study, the glass ceramic system with SrCO3 
addition was studied. The CMAS composition to form the 
aqueous raw and waste materials are weighed and 
homogeneously mixed in a ball mill for 12 hours. Powders 
were dried in an oven than melted in a MSE lift furnace at 
10oC/min heating rate of in the alumina crucible at 
1400°C for 2 hours and poured into graphite mold; then 
annealing at 600°C for 1 hour. CMAS-based glass 
samples broken-by grinding in Retsch RS 100 cyclic mill 
700 rpm speed were ground into powder. The powders 
were calibrated the correct particle size (<45 m) for 
pressing. The obtained glass powders were sintered at 
1000oC-1200oC for 1 and 5 hours after they were formed 
using a hydraulic press. The resulting products were 
characterized by using scanning electron microscopy 
(SEM), and differential thermal analysis (DTA).
  
1. Introduction
  
CMAS system glass ceramics have diopside 
(CaMgSi2O6), anorthite (CaAl2Si2O8) and cordierite 
(Mg2Al4Si5O18) phases. These glass ceramics have 
excellent mechanical properties, good corrosion and 
abrasion resistance. CMAS glass ceramics are used in 
different areas such as a biomaterials in medicine, the 
exterior and interior surface coating because of its high 
corrosion and wear resistance, solid fuel cells, in chemical 
industry, pumps, pipes, etc. applications in air and space 
industry, radioactive shielding coating materials [1]. 
 
CMAS glass-ceramics are microcrystalline materials 
obtained from a parent glass by almost complete 
devitrification [2]. CMAS glass ceramics production is in 
two forms. Sintering process (first) is derived from the 

sintering of the fine ceramics, consisting of glass melting, 
casting, particle molding and high-temperature sintering, 
while body crystallization process (second) is similar to 
the production procedures of plate glass, including glass 
melting, molding, annealing, nucleation and 
crystallization. In comparison with body crystallization 
process, it is relatively easy to control the crystallization 
of CMAS glass, but it is too difficult to obtain the fully 
dense glass-ceramics, for sintering process [1]. Oxide 
ceramics are easier to crystallize than non-oxide ceramics. 
Microstructure and properties of glass ceramics effect heat 
treatment and content [3]. CMAS glass-ceramics are 
microcrystalline materials obtained from a parent glass by 
almost complete devitrification. The parent glasses could 
be produced by the traditional melting method from waste 
materials, such as thermal power plant fly ashes, fly ash 
from municipal solid wastes and bottom ash, vitrified 
waste, lithium porcelain clay tailings [4]. In this work, the 
quaternary system CMAS glass ceramics with magnesite 
waste is prepared by the traditional melting method.  
 
In the present work, strontium oxide was added in the 
CMAS glass ceramics. The main goal of this study was to 
investigate the strontium oxide addition of the 
crystallization behavior of the CMAS glass produced 
from raw and industrial waste materials and to determine 
some kinetics parameters that describe the crystallization 
process by DTA. 
 
2. Experiments  

The main starting materials are kaoline (wt.% 52.12 SiO2, 
wt.% 33.83 Al2O3), wollastonite (wt.% 52 SiO2, wt.% 
43.20 CaO) and magnesite waste (supplied from KUMA  
Company, Turkey) (wt.% 15.56 SiO2, wt.% 45.0 MgO). 
Bi2O3, ZrO2 and ZnO are selected as the nucleating 
agents. In addition, strontium carbonate (SrCO3) was 
added in the composition. 
 
The compositions were prepared in the following 
composition regions (in mass percent): SiO2 42.86, CaO 
15.03, MgO 10.38 and Al2O3 13.58. The CMAS 
composition to form the aqueous raw and waste materials 
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are weighed and homogeneously mixed in a ball mill for 
12 hours. Powders were dried in an oven than melted in a 
MSE lift furnace at 10oC/min heating rate of in the 
alumina crucible at 1400°C for 2 hours and poured into 
graphite mold; then annealing at 600°C for 1 hour. 
CMAS-based glass samples broken-by grinding in Retsch 
RS 100 a cyclic mill 700 rpm speed were ground into 
powder. The powders were calibrated the correct particle 
size (<45 m) for hydraulic press. DTA analysis was 
employed to determine the glass transition (Tg) and 
crystallization peak temperatures (TP) of the glass system. 
DTA (TA Instrument Q-600) analysis was performed at 
different heating rates (10, 15 and 20oC /min.) from 298 K 
to 1723 K.  Alumina pans were used to contain the CMAS 
glass during testing. Heat treatments for the glass-ceramic 
transformation were realized at 1000oC-1200oC for 1-5 h 
with a heating 10oC/min depending on the Tp 
temperatures of DTA results. Activation energy for 
surface crystallization value of 446.784 kJ/mole was 
determined graphically from a Kissinger-type plot using 
the analysis of Matusita and Sakka. After heat-treatments, 
the microstructure of the polished samples was observed 
by scanning electron microscopy (Joel 6060 LV) with 
energy-dispersive X-ray spectroscopy (EDS). The surface 
of polished samples was chemically etched by 5 vol. % 
HF for 15s.  
 
3. Results and Discussion  

3.1. Kinetics of crystallization 
The non-isothermal crystallization kinetics of CMAS 
glass can be described by the Kissinger equation Avrami 
parameter, n could be evaluated by a single DTA 
experiment using the Augis and Bennett equations shown 
as Eq. (1-3). Glass transition temperatures and 
crystallization peak temperatures were determined by 
DTA curves. In the present study, crystallization 
activation energy (Ea) was also obtained using Kissinger 
equation Eq. 1. Viscous flow activation energy (Ec) is 
also determined by equality developed by Mahadevan et 
al Eq. 2. The Avrami parameter, n is; calculated by the 
equality revealed by Augis and Bennett Eq. 3 [5, 6, 7]. 

 1 

Ea: Crystallization activation energy (kJ / mol)  
Tp: Crystallization peak temperature (K) 

: Heating rate,  
R: Universal Gas Constant (8,314 J/mol.K) 

 

2 

Ec: Viscous flow activation energy  
Tg: Glassy transition temperature (K) 

 

3 

T: Half-height temperature 

DTA analysis was performed at different heating rates 
(10, 15 and 20oC /min.). It is heated up to 1450oC. DTA 
studies were conducted on the prepared glass powder to 
determine the glass transition (Tg) and crystallization 
temperature (Tp) based on different heating rates. The 
variation of the crystallization peaks with different DTA 
heating rates can be used to calculate the activation 
energy for crystallization and to determine the 
crystallization mechanism. The endothermic peaks 
indicates the glass transition, and the exothermic peaks 
correspond to the crystallization reactions of the glass 
shows the DTA results of different heating rates. Figure 1 
shows the DTA analysis of CMAS-Sr glass. The glass 
transition temperatures (Tg) were between 737oC and 
755oC. Crystallization temperatures (Tp) were calculated 
between 961oC and 980oC. Tg and Tp temperatures were 
measured DTA curves are given in Table 1. 
 

 
Figure 1. DTA analysis of CMAS-Sr Glass Powder at 

different heating rates 
 
Plots of lnT2

p/  versus 1/Tp and lnTg
2/  versus 1/Tg are 

given in Figure 2. The crystallization activation energy 
(Ea) and viscous flow activation energy (Ec) were 
calculated to be 303.66kJ/mol and 407.79kJ/mol 
respectively. 
 
Table 1. Glass transition and crystallization temperatures 

of CMAS samples at different heating rates 
Heating Rate  (°C/min) Tg (oC) Tp (oC)  T 

10 737 961 32 
15 745 970 34 
20 755 980 42 

 
The relationship between the crystallization mechanism, 
the Avrami parameter, and the n values, which were 
calculated using Eq. 3 are given in Table 2. 
 
When similar studies on the crystallization behaviour of 
these systems were performed, higher crystallization 
activation energies were measured according to the 
present system. Cai et al. CaO-MgO-Al2O3-SiO2 glass 
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system was measured to have of crystallization activation 
energy 513.6 kJ / mol by adding only CaF2. The activation 
energy of CMAS glass obviously decreases with the 
respective addition of TiO2, ZrO2 or SrO. The 
crystallization activation energy (Ea) of these systems 
were calculated to be 338.9 kJ/mol, 453.2kJ/mol and 
418.7 kJ/mol respectively [1].

(a)

(b)
Figure 2. Plots of ln Tg

2/  versus of 1/Tg and b) lnTp
2/

versus of 1/Tp

Table 2. Determined n values and possible crystallization 
mechanisms

Heating Rate 
(oC/min) 

n Mechanism T

10 2.11 Bulk nucleation 32
15 2.11 Bulk nucleation 34
20 1.74 Unidimensional growth 40

Recently, the effect of MgO on the glass-ceramics 
crystallization and structure was investigated. With 
increasing MgO addition, the glass ceramic crystallization 
kinetics under non-isothermal conditions was changed 
from bulk crystallization to surface crystallization, and 
new crystal phases of Ca2MgSi2O7 and SiO2 were 
induced. Fe2O3 played an important role on nucleation and 
crystallization behavior as well as the heat-treated time 
[8].

3.2. Microstructural Analysis 

Figure 3 shows the CMAS-Sr coded sample 
microstructure images sintering at 1000 -1200 oC for 1, 3 
and 5 hours. The growth of the grain has increased as the 
temperature and time. In addition, increased porosity was 
observed with increasing temperature and time. 

Figure 4 shows SEM-EDS spectrum images. The EDS 
analyses carried out show that it is the resultant oxide. 
The analysis has the largest amount of silicon oxide in the 
resulting structure. It can be seen that the complex 
nucleation agents have an important role on the shape of 
crystals. With the addition of ZrO2, the crystals irregularly 
arranged with sheet shape and low crystallinity [1].  

Benijanali et al. explained that sintered CMAS ceramics 
reveals a coarser microstructure in which the needles like 
crystals have been extended from the surface toward the 
center of glass particle [9]. This behavior caused crack-
like defects in the middle of some samples. 

 1h. 5 h. 

1000°
C

(a) (b) 

1100°
C

(c) (d) 

1200°
C

(e) (f) 
Figure 3. SEM images of the CMAS-Sr coded samples in 

the sintering of 1000-1200oC for 1 and 5 hours. 

4. Conclusion

In the current study, the crystallization kinetics of the 
CMAS glass ceramics system produced from raw 
materials and industrial waste were investigated and the 
following results were obtained. 
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(a)

     
(b) (c) (d) (e) (f) 

Figure 4. SEM-EDS spectrum images of CMAS-Sr glass-ceramics

DTA analysis carried out at a heating rate of 10°C/min. 
The endothermic peak glass transition temperature 
detected at 737°C for the composition shows the 
exothermic peak crystallization temperature at 961 °C. 

The crystallization activation energy (Ea) and viscous 
flow activation energy (Ec) were calculated to be 312.388 
kJ/mol and 446.784 kJ/mol, respectively. 

The values of the Avrami parameter (n) obtained 
experimentally are in the range of 2.22 to 1.74. There is 
more two-dimensional growth in the structure. 
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Abstract  

CAS (CaO-Al2O3-SiO2) based glass-ceramics are one of 
the glass-ceramic systems that emphasized by their 
corrosion resistance. In the present work, CAS glass 
ceramics are produced by using various natural raw 
material oxides as fix the CAS composition. The initial 
composition based on the anorthite and wollastonite 
formation zones in the ternary CaO-Al2O3-SiO2 phase 
diagram has been transformed glass to glass-ceramic by 
two different routes, both modified conventional and 
powder sintering method after melting process. The bulk 
glass that formed by the mould casting was cut into small 
pieces and theglass powderwas pressed as tablets after 
grinding. Bulk glass and compact powders were 
crystallized by heat treatment between 1000°Cto 1200°C 
at 1 to 5 hours. Corrosion tests were measured on glass 
ceramic samples taking into account the weight loss in the 
HNO3 solutions. 

1. Introduction  

Glass ceramics are ceramic materials which produced by 
the controlled nucleation crystallization of a precursor 
glass. The glass is crystallized into a ceramic by a 
controlled heat treatment process. Controlled 
crystallization usually involves two phases, nucleation 
and crystallization. The metal or oxides added to the glass 
actively participate in the crystallization of the glass by 
providing nucleation formation. The small grain size of 
the crystals contain in glass-ceramics are an important 
influence on the mechanical properties such as toughness, 
impact resistance and wear [1-3].  

CAS glass-ceramic systems are one of the basic silicate 
systems. [4]. CAS based glass ceramic system can be 
produced from natural raw materials as well as waste raw 
materials. Since silicate-based waste and natural raw 
materials contain chemical composition of SiO2, Al2O3

and CaO, glass ceramics can be produced from these 
starting compounds by controlling the heat treatment 
conditions with desired properties.Compared to materials 
with similar application areas, CAS glass ceramics has 

both price advantages and provide solution to 
environmental problems caused by waste origin. [5-7]. 
These low-cost glass-ceramics are generally strength, 
hard and chemically resistant [8]. The CAS system glass-
ceramics is a good candidate for floor and wall covering 
in the construction site due to the high hardness, scratch 
resistance and chemical resistance as well as low raw 
material costs [9]. Since many metallurgical waste 
contains this system compositions, it is possible to 
produce glass ceramics by conventional or powder 
production methods[2,10].In the previous study, CAS 
based glass ceramics were produced by conventional 
method and the corrosion resistance was examined[11]. In 
this study, CAS glass ceramics were produced by powder 
method by evaluating pumice and marble dust wastes.The 
aim of this study is investigate the effect of the 
manufacturing methods on corrosion behaviourof CAS 
samples in the acidic solution. 

2. Experimental Procedure  

CAS-based glass-ceramics were produced by two 
different methods, modified conventional and powder-
sintering method, and they were coded CAS-Z and CAS-
B respectively. For both methods, marble dust waste was 
used in addition to pumice and alumina from natural raw 
materials as starting raw materials. The chemical 
compositions of the present raw materials are given in 
Table 1. Composition was adjusted from the starting raw 
materials to meet the point containing 57.5 wt.% SiO2, 
27.5% CaO and 15% Al2O3in stoichiometric with a low 
melting point according to the CaO-Al2O3-SiO2 ternary 
phase diagram.The percentages by weight of the raw 
materials used are given in Table 2. The weighed 
mixtures were homogenized by grinding in a ball mill for 
24 hours and then melted for 2.5 hours at 1450°C for 2 
hours in alumina crucible and poured into graphite 
moulds. After this process, the castings were annealed in 
pre-heatedfurnace at 600oC to stress relief. For CAS-Z 
coded conventional glass method, heat treatment was 
applied to glass pieces 1000oC to 1150oC for 1-5 hours 
and 1200oC for 1 hour. 
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Table 1.Chemical Composition of raw materials (*LoI: Loss on ignition)

Table 2.The amount of used raw materials 
Raw materials Pumice Marble Dust Alumina

Amount (g) 71.16 56.12 4.55

For the production of CAS-B coded glass ceramics by 
powder sintering, crushing, grinding and sieving 
processes were applied to the casting glass for powder 
elongation of 45 m grain size. Subsequently, tablets 
were formed by pressing in a steel mould by taking a 
weight of 2 g under a pressure of 115 MPa with the help 
of a single axis press. The produced pellets were sintered 
at 1000-1200oC for 1,3 and 5 hours. Corrosion resistance 
test of glass ceramics that produced by both methods was 
measured as percent weight loss after 2 hours at 100°C in 
aqueous solution containing 10% HNO3 in volume. Phase 
analyses were investigated with X-ray difractometer and 
microstructure was observed with scanning electron 
microscope. 

3. Resultsand Discussion  

Corrosion test results in that produced by conventional 
and powder method are given in Table 3. The weight loss 
of CAS-Zcoded glass ceramics ranges from 8.62% to 
0.01%. The highest weight loss was observed in 1000oC 
for 1 hour. On the other hand, the lowest weight loss was 
seen in glass-ceramic crystallized for 1100oC 3 hours. For 
the glass ceramics, the produced by CAS-B coded powder 
method, the highest corrosion resistance was seen at for 
1000oC 5 hours, while the temperature rise of the 1200oC, 
weight lost increased significantly. The lowest chemical 
durability was achieved at the crystallization condition of 
1200oC 5 hours. It was observed that the glass ceramic 
produced by the powder method has higher corrosion 
resistance generally at lower and higher temperatures than 
the conventional method.This situationmay be occurred 
that the glass powders have a nucleating effect due to the 
high surface area, thereby increasing the crystallinity. 

XRD analysis was performed to determine whether the 
phase structures formed after CAS crystallization at 
different temperatures and durations changed after the 
chemical attack in acidic solution. Samples with low and 
high dissolution are referenced for comparison purposes. 
The results for CAS-Z are given in Figure 1.(a-b). 
According to the results, at 1100oC for 3 hours 
crystallization; the 2� angles that corresponding to the 
anorthite and wollastonite phases are observed at various 
peak intensities. After the reaction with the acidic 
solution, wollastonite peak intensity decreased and the 
crystal phases not changed. 

Table 3.The corrosionbehaviour of CAS glass ceramics in 
HNO3 solution 

Heat treatment conditions
Weight loss (%) 

CAS-Z[11] CAS-B 

1000oC 

1 hour 8.62 0.5800 
3 hour 7.07 0.7049 
5 hour 1.31 1.3115 

1100oC 

1 hour 0.74 0.5055 
3 hour 0.01 0.6007 
5 hour 0.07 0.3940 

1050 oC 
1 hour - 0.5743 
3 hour - 0.6610 
5 hour - 0.6664 

1150oC 

1 hour 2.57 0.5743 
3 hour 1.14 0.6610 
5 hour 0.63 0.6664 

1200oC 

1 hour 7.38 4.5016 
3 hour - 5.7673 
5 hour - 5.7731 

However, it was observed that the crystal peak density 
decreased in 1200oC 1 hours and the chemical resistance 
against acidic environment also decreased. Significant 
amorphousness is established in the structure after 
chemical attack. At the literally this phenomenon is 
explained by the breakdown the wollastonite to form the 
amorphous silica phase [12]. 

XRD analyses depending before and after the corrosion 
test of CAS-B coded glass ceramics which are produced 
by the powder method are given in Fig1.(c-d). As results 
similar to CAS-Z, the peaks indicating the anorthite and 
wollastonite phases are located at various 2� degrees for 
1050oC 1hour. Nevertheless, it was seen that the anorthite 
phase peak density increased relative to CAS-Z.Though 
there is no change in the phases after corrosion testing, 
peak intensity decrease was detected.When the 
crystallization heat treatment rises up the 1200oC at 
5hoursanorthite and wollastonite phases were 
determined.Also, presence of pseudowollastonite which is 
high temperature of wollastonite polymorph was 
identified at corresponding degrees. 

Microstructure and EDS analyses of CAS-B coded 
samples that phase structure determined by XRD analysis 
are given in Fig.2. 

Raw Materials SiO2 Al2O3 K2O CaO Na2O Fe2O3 MgO TiO2 MnO ZrO2 LoI*

Pumice 72.5 13.21 5.07 3.25 3.18 1.94 0.65 0.14 0.08 0.02 0.00 
Marble Dust 0.39 0.23 0.27 58.16 0.00 0.14 0.25 0.00 0.00 0.00 40.6 
Alumina - 99.9 - - - - - - - - - 
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Figure 1.XRD patterns of CAS Z at (a) 1100oC 3h, (b) 
1200oC 1h and CASB glass ceramics at (c) 1050oC 1h 
(d), 1200oC 5 h for before and after corrosion test (a-
anorthite, w-wollastonite, pw-pseudowollastonite) 

At the glass ceramics produced at 1050oC, needle like 
shaped structures that ascribed to wollastonite crystalline 
was embedded on the surface. The result of the powder 
sintering method, irregularly shaped pores were 
distributed on the surface at random. At 1200 oC 
temperature (Fig.2.b), it can be seen that the pore size and 
quantity was increased significantly. Due to HNO3

solution caused dissolution on the grain boundary, rough 
textures appearance were dominated on the surface at 
1050oC. Owing to the fact that increasing temperature 
caused the grain growth and porosities, amount of weight 
loss originating from chemical dissolution was increased.  

According to EDS analysis, the amount of Al2O3 and CaO 
decreased while SiO2 increased clearly with leaching of 
HNO3 solution for both heat treatment conditions.This 
phenomenon regarding to formation of the amorphous 
silica resulting the reaction of the wollastonite crystals 
with the acid [13]. Furthermore, another corrosion 
mechanism is ion exchange. Ion exchange processes 
causes between the hydrogen and alkali metals or alkali 
earth metals to release metals ions during the dissolution 
of glass ceramics in acid solution[13]. The reduction of 
CaO amount may be explain with this situation. 

Both pre-corrosion and after leached microstructure 
images of CAS-B and CAS-Z glass ceramics produced at 
1000oC 5 hour given in Fig.3 for comparison. Needle like 
wollastonite structures was determined on the CAS-Z 
fracture surface for before chemical attack. On the CAS-B 
polished surface, pores less than 10 m were observed, 
but no porosity was found in the CAS-Z sample produced 
by the conventional method.After the corrosion, pits and 
fine cracks are observed on the CAS-Z sample, and it is 
seen that on the CAS-B specimen produced by the powder 
sintering, the chemical dissolution is intensified in the 
pore circle. 

4. Conclusion 

In the present study, the corrosion behavior of CAS based 
glass ceramics produced by powder method and 
conventional method was investigated in HNO3 solution. 
In general, wollastonite and anorthite phases were 
detected at similar temperatures in both methods. At 
1200oC, the crystallization in the powder method is 
pronounced, whereas the amorphous phase is dominant in 
the CAS-Z sample. After corrosion, amorphous silica
formation was detected in CAS-B specimen. In both 
methods, post-corrosion weight loss is increased at low 
and high temperatures, but it can be said that the optimum 
temperature is 1100oC for the corrosion resistance.
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Abstract 

In this study, structural properties of the Fe5W3B2 powder 
metallurgy alloy prepared by mechanical alloying was 
investigated. Mechanical alloying was fulfilled under high 
purity argon atmosphere to prevent oxidation of the powders 
during the process. Sintering of the specimens was 

-6 h under the high 
purity argon atmosphere. Microstructural examination of the 
sintered specimens was performed by using scanning 
electron microscopy and energy dispersive x-ray 
spectroscopy (EDS). X-ray diffraction analysis revealed that 
sintered compacts consist of W, Fe2W, Fe7W6, FeWB 
phases. Bulk density measurements were performed by the 
Archimedes method and the results showed that the bulk 
density values ranged from 7.19 g/cm3 to 7.37 g/cm3.
Hardness values of the specimens measured between 

0.05 0.05 by Vickers 
indentation method. 

1. Introduction 

Mechanical alloying is a dry powder processing technique 
and has been used to synthesis both equilibrium and 
metastable phases of commercially useful and scientifically 
interesting materials. MA is a simple and versatile technique 
and at the same time an economically viable process with 
important technical advantages. High-energy mechanical 
milling can be used to produce several different types of 
materials, including amorphous alloy powders, 
nanocrystalline powders, intermetallic powders, composite 
and nanocomposite powders, and nanopowders. Due to the 
reduced diffusion path in refined microstructure, increased 
free energy and some new phase such as amorphous, the 
sintering temperature can be decreased as it is desired to 
synthesize new alloys[1,2]. Recently, MA has often been 
used to synthesize the metal carbides, borides and silicides, 
which provide a novel route to prepare fine-grained ceramic 
powders. MA is an alternative solid state technique by which 
novel materials may be synthesized from elemental or pre-
alloyed powders [3,4]. 

FeWB ternary boride has the TiNiSi type orthorombic 
structure. With high content of W (73.4 wt%) and B (4.3 
wt.%), FeWB has many transition metal boride properties 

such as high hardness and melting point, excellent stability 
and remarkable wear resistance in high temperature. 
Thereby, FeWB may have a promising future in many fields 
just like hard materials, wear resistant materials, high 
temperature resistant materials and so on. Recently, relative 
researches about FeWB are very limited and the studies of 
preparation method are even fewer. Raghavan V improved 

principles. However, it did not show the preparation process, 
either. Jialin Li presented preparation of FeWB bulk 
materials via spark plasma sintering (SPS) technique using 
the FeWB alloy powders that reactively synthesized in 
SDZK furnace [5,6]. 

Over the past two decades, there is an increasing demand of 
preparing a wide range of materials through thermo-
mechanical treatments based on ball milling technique and 
subsequent heat treatment. Mechanical alloying (MA) is one 
of the best techniques to produce homogeneously distributed 
composite particles. This is a solid state powder processing 
technique which is generally performed in a high-energy ball 
mill to produce composite powders containing 
homogeneously distrubuted alloying element in the matrix. 
This process avoids many problems associated with 
conventional melting and solidification. During ball milling, 
powder particles are trapped between the rapidly colliding 
balls where soft metal powder particles are cold-welded and 
the alloying elements are trapped along the weld interface of 
soft composite particles. The cold welding results in a built-
up of a large powder particle, especially in the early stage of 
milling, whereas fracturing breaks down the composite 
powder particles. Further milling leads to a balance between 
the cold welding and fracturing, so that the overall average 
particle size of the milled powder remains constant. This 
process increases the internal energy of particles and on 
further sintering second phase particles readily form within 
the matrix. However, atmosphere, temperature, time and 
also the internal energy of particles are important parameters 
for successful sintering [7]. 

It is well established that the incorporation of hard ceramic 
particulates (e.g. carbides and borides) to ferrous matrices 
can significantly improve certain material properties, such as 
wear resistance, toughness and strength. Therefore, ceramic 
particulate reinforced iron and steel matrix composites have 
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received considerable attention in recent years. Generally, 
there are several methods of fabricating the particulate 
reinforced steel matrix composites, such as powder 
metallurgy (PM) and, conventional melting and casting and, 
carbo-thermic reduction and, self-propagating high-
temperature synthesis (SHS) (also called combustion 
synthesis), and alumino-thermic reduction [8,9]. 

In the present study, production of the Fe5W3B2 powder 
metallurgy alloy from the mechanically alloyed powders by 
sintering process and their structural characterization were 
studied. 

2. Experimental Procedure 

Fe5W3B2 powder metallurgy alloy were produced from 
ferrous-tungsten, ferrous-boron and Armco iron.  
Commercial ferrous-boron (18.58 wt.% B) and ferrous-
tungsten (77.98 wt.% W) were grinded via ring grinder and 

and elemental iron powders (ASC 100.29) were used as the 
raw materials. Powder mixture containing 50Fe, 30W and 
20B (at. %) was mechanically alloyed at 350 rpm for 20 h 
using 7 mm diameter steel balls as milling media in water-
cooled Attritor ball mill. Ball-to-powder ratio (BPR) was 
selected as 3:1 (wt.%). Pre-alloyed powder mixture obtained 
after the mechanical alloying process were uniaxially 
pressed under the pressure of 115 MPa to produce 
cylindrical specimens with the dimensions of 15 mm in 
diameter and ~ 5 mm in height. Sintering of the specimens 

Mechanical alloying and sintering process were fulfilled 
under high purity argon atmosphere in order to prevent 
oxidation. 

Bulk density of the sintered specimens were measured by 
using the Archimedes method. At least three specimens were 
used for density measurements. Structural evolution of the 
sintered specimens were examined by scanning electron 
microscope (SEM, Model - JEOL Jeol JSM 6060) and X-ray 

-
Rigaku XRD/D/MAX/2200/PC) conducted to determine the 
phases in the microstructure. Energy dispersive X-ray 
spectroscopy (EDS, attached to the SEM) was carried out to 
determine chemical compositions of the phases formed 
within the microstructure. Micro-hardness measurements 
were performed by Vickers indentation method (Future Tech 
FM 700) under the load of 50 gr for 10 s. 

3. Results and Discussion 

SEM microstructure images and EDS analyzes of the 
powders obtained after the mechanical alloying process are 
given in Figure 1. After the mechanical alloying process, 
powder particles smaller than 2
powders (30-
powder particles have irregular shape. EDS equipment used 

in this study is not capable to detect boron content due to its 
small atomic size (light elements which atomic number less 
than 6), and therefore quantitative analysis of boron could 
not be performed. EDS analysis showed that the powder 
particles contains different amount of Fe, W and B. 

(a) (b) 

(c) (d)
Figure 1. (a) SEM images, (b-d) EDS analyses of the 
mechanically alloyed powders. 

(a) (b)

4h
(c) (d)

(e) (f)
Figure 2. SEM images of samples sintered 
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Investigations on the microstructural analysis of the sintered 
specimens reveal that microstructure has a composite 
structure of different colored regions (different phases). 
SEM analysis clearly shows the regions with different 
brightness referring distinct phases and porosities mainly 
located at the corner of the image. EDS analysis reveals that 
the lightest colored regions (EDS spot 2) are W based that 
reside inside the darker region (EDS spot 1 and 3) which is 
composed of Fe-W-B. At last, darkest region (EDS spot 4) 
have Fe-W elements in their compound. EDS analysis on 
spot 2 point out the existence of W element which may be 
assigned to the existence of W. Increasing sintering time and 
temperature promotes the formation of FeWB based phases 
and grain growth whereas the amount of porosity decreasing.    

Figure 3. EDS analysis of the sample sintered at 1250 for
6 hours.

X-ray diffraction analysis showed that sintered compacts 
comprise of W, Fe2W, Fe7W6, FeWB phases (Figure 4). The 
phases obtained from the materials produced for all the 
sintering temperatures and times are the same. 
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Figure 4. X-ray diffraction pattern of the sample sintered at 
6h.

Bulk density values of sintered specimens measured by 
Archimedes method are listed in Table 1. Bulk densities 
ranged from 7.19 g/cm3 to 7.37 g/cm3. The highest bulk 

6 hours. Obviously, sintering temperature and duration have 
not a significant effect to the density of the specimens. 
However, an increase in density values was observed with 
increasing sintering temperature and duration. 

Table 1. Bulk density values of the samples sintered at 1200 

Sintering 
Temperature 

Sintering Duration (hour) 

2 4 6 

1200 7,19 7,26 7,34
1250 7,21 7,28 7,37

Vickers micro-hardness values of the specimens sintered at 

2. Micro-hardness values obtained from the white colored 
structures in the SEM images of specimens sintered at 
different temperatures and times were found to be in the 
range of 625-772 HV0.05. The micro-hardness values 
increased with the increase in the sintering duration at 1200 

Table 2. Vickers micro-hardness values of the samples 
 (HV0.05).

Sintering 
Temperature  

Sintering Duration (hour) 

2 4 6 

1200 87,85 40,78 67,66

1250 72,51 71,95
625,47

70,28
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4. Conclusion 

Fe5W3B2 powder metallurgy alloy was successfully 
synthesized from commercial ferrous-tungsten, ferrous-
boron and Armco iron powders. The results as follows: 

1. After the mechanical alloying process, powder particles 
sma -
in size) are observed. It is also seen that powder particles 
have irregular shape. 

2. X-ray diffraction analysis showed that sintered compacts 
comprise of W, Fe2W, Fe7W6, FeWB phases. 

3. Microstructural analysis of the sintered specimens reveal 
that microstructure has a composite structure of different 
colored regions (different phases). SEM analysis clearly 
shows the regions with different brightness referring 
distinct phases and porosities mainly located at the corner 
of the image.  

4. Bulk densities ranged from 7.19 g/cm3 to 7.37 g/cm3. 
The highest bulk density was obtained at the sample 

5. Micro-hardness values obtained from the white colored 
structures in the microstructures were found to be in the 
range of 625-772 HV0.05.
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Abstract

The aim of this investigation is the synthesis of powders of titanium, chromium, zirconium 

borides on based boron- containing mineral resources of the RK (borate ore of Inder deposite 

of RK) using self-propagating high temperature (SHS) method with pre-mechano-chemical 

activation of components. The average content of B203 in Inder ores makes up 40%. SH-

synthesis was carried out in the systems 2 3- g-MeO (where MeO – are titanium, 

chromium, zirconium oxides, B2O3 in the compo¬sition of borate ore). 

The general technological scheme of production of powders of SHS-products is distinguished 

by simplicity of apparatus, rapidity of the process and low power intensity. After combustion, 

the synthesized product was washed with 37.5 % HC1 and distilled water. 

The presence of high-temperature phases- borides of titanium, chromium, zirconium were 

determined in SHS products by X-ray phase analysis. The final phase composition of the 

obtained refractory submicron and nanopowders is represented by the target product, titanium 

boride up to 98.2%, chromium boride up to 98.6%, zirconium boride-96.4% 

The microstructure of obtained materials was studied by the method of electron spectroscopy 

(SEM, EDAX). 

The possibility using of borates of Inder deposite of the Republic of Kazakhstan as a boron-

containing component for the production of nano-sized powder materials by the method of 

SHS was shown. 
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Abstract

In the present study, 2-dimensional (2D) graphite carbon 
nitride (g-C3N4)/titanium dioxide (TiO2) nanocomposites 
have been synthesized to enhance visible light 
photocatalytic activity of TiO2. Synthesis of 
nanocomposites was done in 2 steps. First, g-C3N4 was 
realized by heating the melamine (2,4,6- Triamino-1,3,5-
triazine) in nitrogen atmosphere. Then, g-C3N4 powder 
was dissolved in deionized water. Titanium precursor 
(Titanium tetra isopropoxide) and nitrogen source 
(HNO3) were mixed and added into g-C3N4 solution in 
various weight ratios to get g-C3N4/TiO2 nanocomposites 
of different mass ratios. The microstructural 
characteristics of the nano composites were examined 
using X-Ray Diffraction (XRD) and Field Emission 
Scanning Electron Microscope (FESEM) characterization 
techniques. After synthesis and characterization, 
photocatalytic activity of the nanocomposites were 
measured by methylene blue degradation test under UV 
light source using UV-Vis spectrophotometer. Results 
revealed that the composites synthesized had comparable 
photocatalytic activity with a commercially available 
well known TiO2 nanopowder, Degussa P25.

1. Introduction 

Metal oxide semiconductor photocatalysts have an 
important impact for the industrial applications such as 
environmental remediation, waste water treatment, gas 
sensors, and solar cell [1,2]. Among the photocatalysts, 
titanium dioxide (TiO2) has received great attention due 
to its easy fabrication and production, high efficiency, 
abundance, non-toxicity, chemical and biological 
stability, and low cost [3,4]. However due to the large 
band gap (2.96, 3.0, and 3.2 eV for brookite, rutile, and 
anatase, respectively), TiO2 utilizes only small portion 
(~5%) of daylight [5]. In order to enhance visible light 
activity, several strategies including coupling, metal and 
nonmetal doping, dye sensitization and formation of 
heterostructures have been tried [6]. Tang et al. stated 
that formation of heterojunctions between two 
semiconductors is one of the most efficient method [7].  

Graphitic carbon nitride (g-C3N4) has lower band gap 
(2.7 eV) than TiO2. It provides high stability and easy 
production  but, photocatalytic activity of  g-C3N4 is
limited due to fast recombination rate of electron hole 
pairs [8,9]. Recently, several researchers have recognized 
that production of g-C3N4/TiO2 heterojunction
composites show better photocatalytic activity than either 
phase pure TiO2 or g-C3N4 [7,9]. Nonetheless, uncertainty 
still exists and more research is needed to explore the 
significance of g-C3N4/TiO2 heterojunction composites 
for photocatalytic applications. 

The purpose of this study was to synthesize the              
g-C3N4/TiO2 heterojunction composites by hydrothermal 
process in order to enhance visible light photocatalytic 
activity of TiO2 powder. Three g-C3N4/TiO2
nanocomposites of different weight percentages of the 
constituents were synthesized. 

2. Experimental Procedure 

2.1. Preparation of g-C3N4/TiO2 composites 

The g-C3N4 powders were synthesized by heating 
melamine powder (2,4,6-Triamino-1,3,5-triazine,
Aldrich, 99%) at 550 °C for 4 h and cooling to ambient 
temperature. The heating and cooling rates were              
5 °C/min-1. The resultant yellow product (g-C3N4) was 
ground to powder form by using mortar with pestle, and 
then collected. Next, necessary amount of g-C3N4 powder 
was dissolved in 118 mL deionized water with sonication 
for 1 h. After that, 8.33 mL nitric acid (HNO3, Aldrich 
70%), used as a catalyzer, was added into the suspension. 
Later, 6.67 mL Titanium tetra-isopropoxide (TTIP, 
Aldrich 97%), used for TiO2 precursor, was added to the 
mixture dropwise while continuous magnetic stirring for 
30 min. When dissolution of the TTIP was complete, the 
solution was transferred into the Teflon-lined autoclave 
for commencing the hydrothermal reaction(s).  
Hydrothermal process took place at 110°C for 1 h. At the 
end of 1 h, resultant g-C3N4/TiO2 nanocomposite was 
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washed with distilled water for several times until the pH 
becomes neutral, centrifuged, dried at 80 °C for 24 h, and 
grounded to powder.

The g-C3N4/TiO2 nanocomposites synthesized were 
named according to the g-C3N4 percentage as TCN-40, 
TCN-60, and TCN-80 which contained 40, 60, and 80 
wt% g-C3N4, respectively.

2.2. Characterization of g-C3N4/TiO2 composites 

The phases present in the g-C3N4/TiO2 nanocomposites 
synthesized were identified using an X-ray diffractometer 
(Rigaku, D/MAK/B, Tokyo, Japan). A scanning rate of 
2º/min was applied between 20 to 60º for all samples. 
The size, shape, and morphology of the nanocomposites 
were examined by field emission scanning electron 
microscope (FESEM, Nova, Nanosem) at a voltage of 18 
kV. Before the FESEM analysis, all samples were coated 
with gold using gold sputter to get the desired 
conductivity.

2.3. Photocatalytic Measurement  

The photocatalytic activity of the nanocomposites 
synthesized was measured by Methylene Blue (MB) 
degradation test under a 125 W UV lamp with a 
wavelength at 365 nm and continuous stirring using a 
magnetic stirrer. The MB solution was prepared first by 
dissolving 20 mg of MB in distilled water to get a 
concentration of 20 mg/L and then adding TiO2
nanoparticles to this solution under continuous stirring to 
get the TiO2/MB concentration of 100 mg/20 mL. Before 
illumination of the UV light, the suspension aqueous 
solution was stirred continuously in dark for 30 min to 
ensure adsorption/desorption equilibrium.   

At the end of first 30 min, a 3.5 mL analytical sample 
was taken from the suspension via syringe. Then, by 
means of syringe filters (Millex Millipore, 0.22 μm) a 
clear, powder free solution of MO is transferred into 
quartz cuvette for the UV–Vis spectrophotometer 
(Shimadzu UV-1800) measurement. After the first 
measurement, the UV lamp was turned on and change in 
absorbance values under UV light were measured for 
every 30, 60, and 90 min while keeping the powders in 
the MB solution. The MB removal efficiency of the 
photocatalyst was calculated using Eq. 1. 

               Degradation % = (C  - C)/C  100                 (1) 

where C  and C are the concentrations of MB at initial 
and at different irradiation time, respectively. Color 
change of the MB solution was assessed by the naked 
eye. Absorption data of the nanocomposites were 
compared with that of a well-known commercially 
available TiO2 powder (P25 Degussa).

3. Results and Discussion

3.1. X-Ray Diffraction (XRD) Analysis 

X-ray diffraction patterns of the nanocomposites TCN-
80, TCN-60, and TCN-40 as well as phase pure g-C3N4
and TiO2 are demonstrated in Figure 1. In the XRD 
pattern of the phase pure TiO2, the characteristic peaks 
located at 25.4°, 37.6°, 48°, and 54° corresponding to 
101, 201, 200, and 105 planes of anatase phase was 
detected. An XRD peak at 27.6° belonging to (002) 
plane of g-C3N4 was obvious in the pattern of phase 
pure        g-C3N4. Additionally, the XRD pattern of g-
C3N4 indicated the carbon (C) peak for (002) plane due 
to residual C. Results revealed that heating melamine at 
550 °C for 4 h was not sufficient to convert all 
melamine to g-C3N4. All the nanocomposites 
synthesized (TCN-80, TCN-60, and TCN-40) indicate 
both the characteristic anatase peaks located at 25.4°, 
37.6°, 48°, and 54° and   g-C3N4 peak located at 27.6°. 
It is obvious that as TiO2 content increases, the intensity 
of the g-C3N4 peak decreases gradually while anatase 
peaks increases sharply. In the XRD pattern of TCN-80 
nanocomposite, anatase peak corresponding to (101) 
plane was absent. However, TCN-60 and TCN-40 
nanocomposites exhibited an overlap of C (002) peak 
and anatase (001) peak. 

Figure 1.XRD patterns of the nanocomposites TCN-80, 
TCN-60, and TCN-40, and phase pure g-C3N4 and TiO2.



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

553
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

3.2. SEM Analysis 

Figure 2 illustrates representative FESEM images of the 
synthesized phase pure TiO2 nanoparticles and               
g-C3N4/TiO2 heterojunction nanocomposites. It is 
clearly seen in the image in Figure 2 (a) that phase pure 
TiO2 consists of nearly spherical and agglomerated 
nanoparticles. Size of the nanoparticles is in the range of 
10-40 nm and has a uniform distribution. Figure 2 (b) 
shows the FESEM image of TCN-40 nanocomposite. 
Due to low g-C3N4 content, the microstructure of the 
nanocomposite did not change much. The 
microstructure shows that the structure composed of 
dominantly TiO2 nanoparticles. Although g-C3N4
nanoparticles are present in the structure, they are not 
detected visibly. Stacked lamellar structure of g-C3N4
nanoparticles appear between the spherical TiO2
nanoparticles as seen in Figure 2 (c). Similar results 
have been reported by Li et al. [10]. The FESEM image 
of TCN-80 nanocomposite is shown in Figure 2 (d). 
TiO2 nanoparticles grew on the surface of g-C3N4 [11]. 
The increase in g-C3N4 content caused an increase in the 
stacked lamellar structures. TiO2 nanoparticles occurred 
on the lamellar structures as agglomerates. When a 
comparison is made between the FESEM images of the 
phase pure TiO2 and all of the g-C3N4/TiO2
nanocomposites, it is noticed that the nanocomposites 
contain more porosity then phase pure TiO2. Also, the 
particle size of the lamellar structure of g-C3N4 is bigger 
than the spherical TiO2 nanoparticles. 

Figure 2. SEM images of (a) phase pure TiO2, (b) TCN-
40, (c) TCN-60, and (d) TCN-80. 

3.3. Photocatalytic Activity

Phase pure TiO2 nanoparticles and the nanocomposites 
exhibited some degree of photocatalytic activity. Color 
change of the MB solution was obvious and could be 
seen easily by the naked eye depending on the 
composition of the nanocomposites synthesized. Table 1 
presents the calculated absorption and degradation data 
of the TiO2 nanoparticles. 

Table 1: Calculated absorption and degradation data of 
the TiO2 nanoparticles. 

Absorption 
(Dark) 

Degradation
(UV)

30 min 30 min 60 min 90 min 

67.25 40.25 47.55 78.97 

The time dependent absorbance spectra of the phase 
pure TiO2 nanoparticles in MB solution under UV light 
are shown in Figure 3. Methylene blue has a higher 
absorbance than the solutions containing TiO2
nanoparticles in dark and in UV light at =663 nm. 
Similar results have been reported by Yao and Wang 
[12]. A remarkable decrease in the absorbance was 
observed when the MB solutions containing TiO2
nanoparticles were tested in dark for 30 min. The 
measurements in dark suggest that the synthesized TiO2
nanoparticles have high photodegradation ability. When 
the MB solutions were exposed UV light, the 
absorbance continued to decrease. The absorbance also 
decreased when UV illumination time increased from 
30 min to 90 min. After 90 min, peak absorbance was 
very low becauseTiO2 nanoparticles degraded almost all 
of the MB molecules that caused to obtain higher 
photocatalytic activity. 

Figure 3.Absorbance versus wavelength spectra of the 
TiO2 nanoparticles.
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4. Conclusions 

1. g-C3N4/TiO2 nanocomposites could be produced by 
hydrothermal process.

2. TiO2 nanoparticles deposit on g-C3N4 surface in the 
structure of g-C3N4/TiO2 nanocomposites.

3. The g-C3N4/TiO2 ratio has a profound influence on the 
microstructure developed in the nanocomposites and on 
their photocatalytic activity. 

4. The photocatalytic activity of TiO2 nanoparticles could 
be enhanced by the production of g-C3N4/TiO2
heterojunction composites. 
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Abstract 

Foams based on polysulfone (PSU) with graphene 
nanoplatelets (GnP) were prepared by water vapor 
induced phase separation (WVIPS). Prior to 
foaming, variable amounts of PSU (15, 20, 25 wt%) 
were dispersed in two different solvent, which are 
DMF and NMP, and intensively mixed. In addition, 
two different atmospheric conditions such as air 
and water applied on these samples. After the 
preparation of these foams, NMP was decided to 
use as a solvent in WVIPS in accordance with their 
morphological analysis. PSU foams were combined 
with different amount of GnP (1, 2, 5, 10 wt%) and 
these foams were characterized by using SEM, 
DSC and C-Therm Transient Plane Source (TPS) 
for indicating the relative density, GnP loadings 
amount and cellular structure effects on thermal 
properties of these foams. 

1. Introduction 

Foams are unique forms of porous and light 
materials in as much as they are the most preferable 
materials in many different areas such as 
automotive and aeronautical industries. These 
industries need lightweight and stiff materials 
because the velocity and security of these vehicles 
are related to their mechanical properties [1]. After 
technological developments resulted in a 
lightweight solution for foams, polymers have been 
substituted for metals and traditional composites 
due to their corrosion and creep resistance and 
specific mechanical properties. In addition, they can 
be used in tolerance parts easily and they can 
improve flame and smoke properties of materials 
[2, 3]. 
Polymer-based nanocomposites are used in many 
different areas such as aeronautics, electronics, 

automotive sector, etc. Carbon-based nanoparticles 
have been of interest due to their advanced 
properties such as high electrical and thermal 
conductivities, mechanical and other physical 
properties [4, 5]. The most important advantage of 
polymer foams is that they can be incorporated with 
very low concentrations of carbon-based 
nanoparticles such as graphene nanoplatelets (GnP) 
or carbon nanotubes (CNT). Thus, multifunctional 
polymer nanocomposite foams with low density 
could be obtained by using foam production 
methods such as extrusion, injection-moulding, 
solid state foaming using supercritical CO2 (scCO2)
and water vapor-induced phase separation (WVIPS) 
techniques [3, 6]. Low-density and high-strength 
polymer nanocomposite foams can be generated by 
WVIPS. Polysulfone (PSU) is the preferred 
functional material to obtain polymer-based 
nanocomposite foams because of its transparency, 
good processability, high mechanical strength, 
flexibility and low creep, as well as excellent 
chemical and thermal stabilities [7-11]. Due to 
these advantages, it was desired to prepare PSU-
based nanocomposite foams containing carbon-
based nanoparticles using WVIPS Hence, WVIPS 
was applied to obtain PSU-based nanocomposite 
foams with different amounts of carbon-based 
nanoparticles. Nanocomposite foams were 
evaluated with the different type of solutions, the 
amount of incorporated carbon-based nanoparticles 
and variations in density. 

2. Experimental Procedure 

2.1. Materials 

PSU pellets (UDEL P-1700) were acquired from 
Udel Company. The density of PSU is 1.24 g/cm3,
glass transition temperature is 185 °C and the purity 
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is higher than 99.0%. Udel PSU is a rigid, strong, 
high-temperature amorphous thermoplastic that can 
be extruded, thermoformed or molded into a wide 
variety of shapes. These properties are detailed by 
the manufacturer [12]. 

Figure 1. Repetitive unit of PSU [13]. 

The GnP which is used in this study was purchased 
from XG Sciences, Inc., USA. These xGnP-Grade-
M graphene nanoplatelets are between 6 and 8 nm 

of 2.2 g/cm3 as reported by the manufacturer. 
N-methyl pyrrolidone (NMP) C5H9NO was 
supplied by Panreac Co. (Barcelona, Spain) with 
99% purity and boiling point of 202 °C, as provided 
by the manufacturer. The density of NMP is 1.028 
g/cm3.
The chemical formulation of N, N-
Dimethylformamide (DMF) is C3H7NO. It was 
bought from Panreac Co. with 153 °C boiling 
temperature as detailed by the company. The 
density of DMF is 0.948 g/cm3.

2.2. Foam Preparation 

In this study, before the preparation of 
nanocomposite foams based on polysulfone with 
GnP, some virgin PSU foams had been prepared 
according to different weight percentages in NMP 
and DMF solutions. Moreover, virgin PSU samples 
were exposed to different atmospheres during the 
initial phase separation. Therefore, the steps of 
WVIPS had been determined due to the results of 
preliminary experiments. 
Different amounts of PSU were first dispersed in 50 
ml NMP and DMF at 50 °C and kept stirring at 450 
rpm for 24 hours by using mixer. Then, these 
samples were poured on petridish and which were 
exposed to air and water for 4 days to generate 
foaming by WVIPS. Every formulation has two 
different samples according to their exposing 
atmosphere such as air and water. Afterwards, these 
obtained foams were washed with hot water at 90 
°C for 7 days and later they were dried in oven for 
24 hours at 80 °C. Then they were dried under 
vacuum at 100 °C during 5 additional days to fully 
remove the residual solvents. Totally twelve 
different samples could be obtained according to 
three different weight percentage of PSU (15, 20 
and 25 wt%) and two different atmospheric 
conditions such as air and water applied on these 
samples. According to the results (see Fig. 2) of 
these virgin PSU foams, NMP was decided to use 
as a solution in WVIPS process. 
In WVIPS method, different amounts of graphene 
nanoplatelets (GnP) were dispersed in 50 ml (51.4 

g) of NMP at room temperature and sonicated for 
30 minutes using a Bransonic 3510E DTH
ultrasonicator bath at a frequency of 42 kHz. After 
the sonication, PSU was added in GnP/NMP 
suspension and kept stirring at 600 rpm at 75 °C for 
24 hours. Then, each of the prepared solutions of 15 
wt % PSU containing GnP (1, 2, 5 and 10 wt%) 
was poured on a petridish and exposed to air for 6 
days at a room temperature. They were named as 
15PSU, 15PSU-1G, 15PSU-2G, 15PSU-5G, 
15PSU-10G in this study. After the initial phase 
separation, these samples were put in water which 
was at room temperature for 6 days. The cellular 
structure of foams proceeded to formed in this 
stage. Therefore, they were washed at 90 °C for 20 
days for removing of NMP. This washing period 
took more time than the other steps of WVIPS 
because of the high stability of NMP in this system. 
Subsequently, they were dried by using oven and 
desiccator.  Samples were initially dried in oven at 
80 °C for 24 hours and they were dried under 
vacuum at the same temperature for 7 days until the 
residual solvent was below 0.2 wt % NMP. The 
residual solvent amount was checked by TGA 
measurements.  

2.3. Testing Procedure 

The densities of the foamed composites were 
calculated in accordance with ISO-845 standard. 
Due to the cellular structure of foams, their 
structure is divided into two parts such as solid and 
porosities. The solid density could only be 
measured theoretically in order to indicate the 
amount of porosity in the foams. Thus the relative 
density  was calculated by dividing this foamed 
sample density by the density of the density of 
unfoamed sample.  
The morphology of the foams was analyzed to use 
JEOL JSM-5610 by applying a voltage of 15 kV.  
Samples were previously prepared by machining 
and brittle fracturing with final sputtering of a thin 
layer of gold onto the fractured surface in argon 
atmosphere using a BAL-TEC SCD005 Sputter 
Coater. 
Differential scanning calorimetry (DSC) was used 
to determine the effect of GnP loadings on glass 
transition temperature of PSU based foams by using 
DSC Q2000 TA Instrument model with a glycol-
based Perkin Elmer Intracooler IIP. The heating 
rate is 10 °C/min from 30 °C to 300 °C with using 
the weight of samples are between 4 and 6 mg. 
The thermal conductivity (k) of PSU and PSU/GnP 
foams were analyzed by using C-Therm Transient 
Plane Source (TPS) analyzer with a sensor radius of 
3.189 mm, optimizing both the power output and 
measured time according to the thermal 
characteristics of each sample (0.005-0.015 W and 
15-80 s, respectively). The samples were prepared 
by using sandpaper for the dimension of 20 mm x 
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20 mm x 2 mm before the thermal conductivity 
measurements. 

3. Results and Discussion 

3.1. Physical-Chemical Characteristics 

As shown in the Table 1, the addition of GnP has an 
effect on density, significantly. The more GnP was 
added in the foams, the higher densities of foams 
were measured. When the amounts of GnP was 
increasing, the porosities were decreased, 
expectedly. It demonstrated that the good 
dispersion of GnP in PSU based nanocomposite 
foams. 

Table 1. Foam Density, Relative Density and 
Porosities of Foams

Samples f (g/cm3) r
(Porosity)

15 PSU  0.287 0.231 0.769 

15 PSU-1G 0.347 0.279 0.721 

15 PSU-2G 0.355 0.284 0.716 

15 PSU-5G 0.415 0.327 0.673 

15 PSU-10G 0.534 0.412 0.588 

3.2. Morphological Analysis 

The samples were firstly analyzed by SEM 
prepared during the preliminary experiments. SEM 
Analyses were done in order to consider to proper 
solvent used in WVIPS. As can be seen in Figure 2, 
the SEM micrographs of samples were compared in 
accordance with their solvent type and the cellular 
structure of foams produced with NMP is better 
than the foams produced with DMF. The average 
cell size of foam which were produced by using 
NMP is half of the cell size of foams were produced 
by DMF. Hence, NMP was chosen to prepare the 
nanocomposite foams reinforced GnP.  
From the micrographs, not only solution type but 
also GnP addition amount and relative density have 
significant effects on cellular structures of PSU and 
GnP based nanocomposite foams. The most 
addition amount of GnP could tranformed cell 
structure from closed cell to open cell as can be 
seen in Figure 3. 

Figure 2. a)20PSU-DMF b)20PSU-NMP x300 
SEM micrographs. 

Figure 3. x300 and x1500 SEM micrographs of 
15PSU-1G (a) and 15PSU-10G (b) Insert: x1500  

3.3. Thermal Analysis 

The evolution of glass transition temperature of 
PSU foams and PSU based nanocomposite foams 
with GnP reinforced can be observed in Figure 4. 
Addition of graphene has not an important effect on
glass transition temperature of the foams according 
to DSC  results but 1 wt% GnP addition improve 
the Tg of this foam. 

Figure 4. Heat flow from DSC. 

3.4. Thermal Conductivity 

The thermal conductivity results of foams are seen 
in in Table 2. The increasing of GnP loadings and 
relative density raised the thermal conductivity of 
PSU and GnP based foams as can be seen in Figure 
5 and 6. 
Moreover, the cellular structure has an important 
effect on thermal conductivity. 15PSU-10G has an 
open cell structure and it increased the thermal 
conductivity of this foam, sharply. 

Table 2. Thermal conductivity results for foams

Samples Relative 
density k  (W m-1K-1)

15 PSU 0.231 0.0562 

15 PSU-1G 0.279 0.0730 

15 PSU-2G 0.284 0.0730 

15 PSU-5G 0.327 0.1110 

15 PSU-10G 0.412 0.1930 

a b

a b
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Figure 5. Thermal conductivity as a function of 
GnP loadings. 

The thermal conductivity of whole foams increases 
with the rising of relative density, sharply that is 
given in Figure 6. 

Figure 6. Thermal conductivity as a function of 
relative density of foams. 

4. Conclusion 

The results of this study demonstrated that virgin 
PSU and PSU/GnP nanocomposite foams were 
successfully produced by WVIPS using NMP as 
solvent. In addition, it provided a clearer 
understanding of the effect of relative density, the 
amount of GnP and cellular structure on the thermal 
properties of PSU and GnP-based nanocomposite 
foams.  
GnP dispersed in cell walls from SEM micrographs 
and the addition of GnP has an effect on cellular 
structure. It changed the type of cellular structure 
for 15PSU-10G from closed cell to open cell. Also, 
the density of foams increased with the increasing 
of GnP loadings. From DSC results, GnP additon 
has not a significant effect on Tg of foams. On the 
other hand, only 1 wt% GnP addition improved the 
Tg of PSU based foam. In addition, cellular 
structure, relative density and GnP loadings have a 
significant effect on thermal conductivity and these 
parameters improved the thermal conductivity of 
foams. The increasing amount of GnP increased the 
thermal conductivity, sharply. The thermal 
conductivity value of 15PSU-10G is more than 
three times of virgin PSU foam.  
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Abstract 

Magnesium matrix nanocomposites, in which 
magnesium is strengthened with nano-sized 
reinforcements, have recently emerged as attractive 
materials for engineering applications due to their 
promising mechanical and tribological properties. In 
this study, graphene nanoplatelets (GNP) reinforced 
magnesium matrix composites were fabricated by 
means of a solidification processing that combines 
conventional mechanical stirring and ultrasonic 
dispersion of reinforcements in liquid matrix. The 
nanocomposites were fabricated with various 
contents of GNPs with an average thickness of 50-

wt.%. A pin-on-disc apparatus with a steel disc as 
counterface was utilized to determine the dry sliding 
wear behavior of nanocomposites. The pin-on-disc 
tests were carried out under a constant sliding 
velocity of 0.3 m/s and distance of 1000 m with loads 
of 5, 10 and 15N. The microstructure of fabricated 
nanocomposites and worn surfaces of pins were 
investigated under optical and scanning electron 
microscopy (SEM), respectively. It was found that 
the Mg/0.25wt.%GNP nanocomposite exhibited 
better wear resistance compared to the reference 
matrix and the Mg/0.5wt.%GNP nanocomposite at 
loads higher than 5N. It was suggested that 
increasing GNP content, i.e. 0.5 wt.% was more 
likely to result in agglomeration, and hence led to 
reduction in wear resistance. Abrasive wear and 
delamination were considered to be dominant wear 
mechanisms for magnesium and its nanocomposites. 

1. Introduction 

Magnesium (Mg) which is one of the lightest 
engineering materials has a density about two-thirds 
of aluminum, good machinability, high damping and 
recycling capacity, good castability and high specific 
strength[1-4]. These properties make Mg ideal for to 
its use in engineering applications about to provide 
energy efficiency. However, Mg and its alloys suffer 
from lower mechanical properties and wear 
resistance due to their hexagonal close-packed 
crystal structure with restricted number of operative 
slip systems [4-6]. In order to develop the 
mechanical and tribological performance, a wide 

range of reinforcements including micron/nano-
sized ceramic and carbonaceous fillers are 
conventionally incorporated into Mg matrices [6,7].  
Among these reinforcements, carbonaceous fillers 
such as carbon nanotubes (CNT) and GNPs have 
received a great deal of attention not only for their 
outstanding mechanical strength but also for their 
self-lubricating effect that may reduce coefficient of 
friction (COF), and hence contribute to wear 
resistance [8].  

In the literature, several attempts were made to 
incorporate GNPs consisting of a few graphene 
layers into Mg matrices [2,9]. There are a number of 
methods to fabricate GNPs reinforced metal matrix 
composites, e.g. powder metallurgy and 
solidification processes. Solidification processes 
seem suitable for large scale production. However, it 
is difficult to uniformly disperse GNPs through 
liquid matrices due to large surface area and poor 
wettability of GNPs. It has been shown that the 
introduction of high intensity ultrasonic waves into 
molten Mg, namely ultrasonic cavitation-based 
dispersion method, led to homogeneous dispersion 
of nano-sized reinforcement into the matrix [10,11].  

Although there are a number of studies on the 
determination of wear behavior of Mg and its 
ceramic reinforced composites in the literature, the 
number of works to document the self-lubricating 
effect of GNPs on the wear performance of Mg 
[12,13]. Therefore, the aim of the present study is to 
fabricate GNP reinforced magnesium 
nanocomposites by a solidification processing that 
combines conventional mechanical stirring and 
ultrasonic method, and to investigate their 
microstructures and wear performance.  

2. Experimental Procedure 

Mg ingots with 99.9% purity and commercially 
available GNPs with an average thickness of 50-100 
nm and x, y dimension of 5  were used as the 
matrix and reinforcement, respectively. In order to 
feed the GNPs into the matrix without floating on the 
melt surface, the pellets, in which the GNPs are 
encapsulated with pure Mg powders, were prepared. 
For the preparation of pellets, appropriate amount of 
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Mg powders and GNPs were first ball-milled in 
stainless steel vials with 10 mm diameter stainless 
steel balls for 2h at 350 rpm. The ball-milled Mg 
powders and GNPs were then cold pressed under 250 
MPa to form pellets in 30 mm in diameter.  

For the fabrication of nanocomposites, 
approximately 130 g pure Mg was melted in a steel 
crucible by using an electric resistance furnace under 
the protective gas of 99%CO2 + 1%SF6 at .
Mechanical stirring was applied by a graphite stirrer 
at 1000 rpm for 15 min and the pellets were 
introduced into the melt during the stirring. After the 
removal of mechanical stirrer, the 12.7 mm diameter 
titanium alloy ultrasonic probe which is a part of the 
ultrasonic system was dipped into the melt and the 
melt was ultrasonically processed for 15 min at 675 

. Then, the molten composite reheated to 700 
was cast into a steel mold preheated to 400 . The 
Mg matrix composites were fabricated with 
approximately 0.25 and 0.5 wt.% GNP. For 
comparison, the reference Mg was also cast using the 
pellets in the absence of GNPs under similar 
conditions. 

For the metallographic studies, the samples were 

finish with diamond suspension. The samples which 
were etched with acetic picral were characterized 
with optical (Leica DM 2500M) and SEM (FEI 
Quanta FEG 250 equipped with an energy dispersive 
x-ray spectroscopy, EDX, system) microscopy. The 
dry sliding wear behavior of fabricated 
nanocomposites was determined via pin-on-disc 
tests according to the ASTM G99-95a standards. 
Prior to the wear tests, the surface of pins in 10 mm 

pin-on-disc tests were conducted against counterface 
AISI 52100 (62 HRC) disc under a constant sliding 
velocity of 0.3 m/s and distance of 1000 m with loads 
of 5, 10 and 15N. COF data was recorded during the 
wear test. Volume loss and wear rate were calculated 
after the tests. At least 5 discs were tested for each 
set of samples and the average data was reported. 

3. Results and Discussion 

The optical microscopy images of reference Mg and 
nanocomposites are shown in Fig.1(a-c). The 
average grain sizes of these samples were measured 
based on the linear intercept method in the ASTM 
E112 standards. While the grain size of reference Mg 
was 9 , it decreased to 86 and 45 with the 
addition of 0.25 and 0.5 wt.% GNPs, respectively. 
This shows that the grain size was reduced with 
increasing GNP concentration into the matrix.

Fig.2 shows a representative SEM image from the 
Mg/0.25wt.%GNP nanocomposite. It is seen that the 
GNPs were embedded into the matrix. In order to 
ensure the presence of GNPs in the matrix, the EDX 

analysis was performed on the potential GNP site in 
Fig.2. The distinct carbon peak is more likely to 
confirm the presence of carbonaceous GNPs. 

Figure 1.Optical images of pure Mg with GNPs: (a) 
0, (b) 0.25 and (c) 0.5 wt.%. 

The COF values of reference Mg and 
nanocomposites were presented in Fig.3. It can be 
seen that the composites had lower COF values 
compared to the reference Mg at 5N, indicating self-
lubricating effect of GNPs. However, at higher loads 
the composites exhibited similar or higher COF 
values than that of unreinforced pin. This unexpected 
trend could be attributed to the lack of GNP film on 

a)

b) 

c)
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the surface of composite pins or agglomeration of 
GNPs into the matrix. 

Figure 2.SEM image and EDX analysis for a 
potential GNP site into the Mg/0.25wt.%GNP 
nanocomposite. 

Figure 3.COF values of reference Mg and 
nanocomposites under various loads. 

Fig.4 shows that the wear rates of pure Mg and its 
GNP reinforced composites. It is clear that 
Mg/0.25wt.%GNP nanocomposite exhibited better 
wear resistance compared to the pure Mg and the 
composite with 0.5 wt.% GNP at higher loads, i.e. 10 
and 15 N. This enhancement may suggest that finer 
microstructure were obtained for the 
Mg/0.25wt.%GNP nanocomposite due to relatively 
uniform dispersion of harder GNPs into the matrix. 
Besides, a sharp decrease in the wear resistance of 
Mg/0.5 wt.%GNP nanocomposite compared to the 
reference Mg  can be attributed to the agglomeration 
tendency of increased GNP content. It is also clear 
from Fig.4 that the wear rates gradually increased 
with increasing loads for each set of reference and 
nanocomposite samples. On the other hand, there 
were some inconsistent results in the wear tests. The 

number of pins worn in this study is small, therefore 
further investigation is required.   

Figure 4.Wear rates of reference Mg and 
nanocomposites under various loads. 

Figure 5.a) pure Mg, b) 0.25% GNPs, c) 0.5% GNPs 
SEM images after tribology test. 

a)

c)

b) 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

562 IMMC 2018   |   19th International Metallurgy & Materials Congress

Fig.5 presents the SEM images of worn pin surfaces 
of pure Mg and nanocomposites at 10N. Abrasive 
wear mechanism was observed for all samples. 
However, Mg/0.5wt.%GNP nanocomposite in 
Fig.5c did not reveal significant delamination due to 
the hard nature and self-lubricating effect of GNPs.

4. Conclusion 

The following conclusions can be drawn from the 
experimental results; 

1) Commercially pure Mg composites with 0.25 and 
0.5 wt.% GNPs were fabricated by a combination of 
mechanical stirring and ultrasonic method. 
2) The grain size reduced with increasing GNP 
content in Mg matrix. 
3) The SEM investigations with the EDX analysis 
showed that the GNPs were incorporated into the 
matrix. 
4) The composites had lower COF values compared 
to the reference Mg at 5N, indicating self-lubricating 
effect of GNPs. 
5) Mg/0.25wt.%GNP nanocomposite exhibited 
better wear resistance compared to the reference 
matrix and the Mg/0.5wt.%GNP nanocomposite at 
higher loads, i.e. 10 and 15N. It was suggested that 
increasing GNP content was more likely to result in 
agglomeration, and hence reduction in wear 
resistance 
6) Abrasion and delamination were found to be the 
main wear mechanism for Mg and its 
nanocomposites under 10N. 
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Abstract

Recently, synthesis of hierarchically structured porous 
materials gained particular interest for various industrial 
applications. As a biocompatible and chemically stable 
material, hierarchical CaCO3 structures formed by 
ordered aggregation and growth of nanocrystals offer 
significant advantages for structural and biomedical use 
compared to their currently-used alternatives. During 
solution processing, incorporating doping agents to 
calcium positions or altering CaCO3 supersaturation, new 
crystals can heterogeneously nucleate on previously 
formed nuclei, leading to particle growth in a hierarchical 
manner. In this study, hierarchical CaCO3 microparticles 
were synthesized at temperatures below 100 °C by an 
additive-modified precipitation approach. The 
morphology and crystal structure of the CaCO3 particles 
were determined by electron microscopy (SEM and 
TEM) and X-ray diffraction (XRD). By varying additive 
content and temperature, morphologies including hollow 
microspheres, crab-like and flower-like particles were 
successfully obtained.

1. Introduction 

Calcium carbonate (CaCO3) is one of the most abundant 
minerals on earth. It is synthesized by living organisms 
and it has been used in various biomedical applications 
including drug delivery and orthopedics [1,2]. CaCO3 has 
three anhydrous polymorphs, namely vaterite 
(hexagonal), aragonite (orthorhombic) and calcite 
(rhombohedral) [3]. Among these polymorphs, vaterite is 
unstable polymorph and it can readily transform to 
aragonite or calcite in aqueous environments [4]. 
Aragonite is the metastable polymorph and generally 
appears at high temperatures, whereas calcite can easily 
be obtained at ambient conditions [5].

To utilize CaCO3 particles in different biomedical 
applications, their physical and chemical properties (i.e.
size, morphology, polymorph, etc.) need to be controlled 
depending on the biomedical application. For this 
purpose, several variables were proposed in literature. 
For instance, Trushina et al. [6] used glycerol as an 
additive to synthesize spherical vaterite particles and 
successfully decreased average size of the CaCO3

particles from 1.5 μm to 350 nm by solely controlling 
glycerol concentration. Qi et al. [7] used ethylene glycol 
and microwave heating to synthesize dagger-like vaterite 
particles. Trushina et al. [6] also varied temperature of 
precursor solutions to synthesize cuboidal calcite 
particles at low temperatures (2-3 °C) while star-like 
vaterite particles were obtained at medium temperatures 
(40 °C).  

Herein, CaCO3 particle properties were controlled by 
changing additives and reaction temperatures below 100 
°C. Hierarchically structured hollow, crab-like and 
flower-like particles were obtained without referring to 
the use of templates and complex procedures. Ultimately, 
these synthesized CaCO3 particles having distinct 
physical and chemical properties can be effective 
candidates in different biomedical applications including 
but not limited to drug delivery, bone paste and 
composites for bone regeneration. For this purpose, this 
study investigated alternate synthesis routes to obtain 
CaCO3 particles. 

2. Experimental Procedure 

CaCO3 particles were synthesized via precipitation 
reaction between calcium acetate (Ca(CH3COO)2) and 
sodium bicarbonate (NaHCO3). Calcium acetate (4 ml) 
and sodium bicarbonate (4 ml) solutions were prepared 
separately and 20 ml ethylene glycol was added onto 
each solution. Solutions were mixed under magnetic 
stirring for 15 minutes under 3 different conditions to 
control CaCO3 particle properties. For synthesis of 
hollow microspheres (condition 1), sodium dodecyl 
sulfate (SDS) was added to sodium bicarbonate solution 
and nitrogen gas was supplied for 15 minutes to the 
mixture. For synthesis of crab-like particles (condition 2), 
experiment was performed at 90 °C and urea solution (10 
ml) was added to the mixture. For synthesis of flower-
like particles (condition 3), precursor solution pH values 
were adjusted to 13 using NaOH (1M) before they were 
mixed. Once the stirring step was complete, precipitation 
reaction further continued for another hour without 
magnetic stirring for all experimental conditions. To 
collect synthesized CaCO3 particles, the mixed solution 
was washed with ethanol and water, followed by drying 
overnight at 50 °C.
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3. Results and Discussion 

Morphology of the synthesized CaCO3 particles were 
characterized using SEM and TEM, and the particle 
polymorphs were investigated using XRD. As shown in 
Figure 1, microspheres were synthesized using 
incorporation of SDS and nitrogen gas (condition 1). 
Significant number of the particles in this sample had 
hollow internal structures, which could be explained by 
incomplete circumferential particle growth surrounding 
the nitrogen bubbles during CaCO3 synthesis.

Figure 1. SEM micrograph of hollow CaCO3
microspheres. 

In order to further characterize the internal structure of 
these particles, TEM analysis was completed. 
Morphological investigations exhibited in Figure 2 also 
confirmed hollow structure of these particles. XRD 
spectra of the particles (Figure 6a) showed characteristic 
peaks of calcite at 29.40° (104), 35.90° (110), 39.50° 
(113) and vaterite at 24.92° (110), 26.99° (112) and 
32.78° (114) [8]. Results suggest initial vaterite crystal 
nucleation, followed by aggregation into larger particles, 
where calcite transformation was suppressed by the 
combined effects of SDS and nitrogen gas incorporation.  
Most probably, vaterite crystals initially nucleated, 
followed by adsorption of negatively charged SDS 
groups onto the crystal surfaces, which helped isolate the 
cations and suppressed vaterite to calcite transformation. 
It can be speculated that gas bubble surfaces decreased 
the surface free energy required for nucleation, 
promoting the attachment of vaterite crystals to each 
other on the bubbles and finally forming a hierarchical 
hollow structure. In biomedical applications, the hollow 
interior of the particles could potentially be used to 
upload and deliver load drug payload at the desired 
biological site. 

Figure 2. TEM micrograph of a hollow CaCO3
microsphere. 

As discussed previously, synthesis of pure vaterite is 
challenging due to the stable nature of calcite under 
ambient conditions. This study shows the potential use of 
SDS/nitrogen gas combinational approach to suppress the 
vaterite-to-calcite transformation at ambient conditions, 
while promoting the formation of hierarchical hollow 
CaCO3 particles.

When experimental conditions were altered to use urea at 
90 °C (instead of using SDS and nitrogen gas bubbling), 
crab-like particles were formed, as shown in Figure 3 
(condition 2). In this study, crab-like CaCO3 particle
morphology was -for the first time- introduced to 
literature. Owing to the branched morphology of the 
microparticles with arms having submicron feature size, 
these particles could effectively interlock with a 
polymeric matrix, leading to superior mechanical 
strength and wear resistance in biomedical composites. 

Figure 3. SEM micrograph of crab-like CaCO3 particles.

5 μm

1 μm

5 μm
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TEM analysis was completed to characterize the internal 
structure of these particles. Figure 4 showed solid 
structure in the arms of these crab-like particles. 

Figure 4. TEM micrograph of a crab-like CaCO3 particle
obtained from the tip of its arm. 

XRD analysis shown in Figure 6b indicated that these 
particles had characteristic aragonite peaks at 26.3° (111) 
and 45.9° (221), along with low-intensity calcite peaks 
[2]. Calcite polymorph generally has a characteristic 
cuboidal morphology and SEM investigations showed 
only a few cuboidal particles in Figure 3. Therefore, 
crab-like particles predominantly consisted of aragonite 
polymorph.

TEM image in Figure 4 could potentially indicate initial 
formation of small aragonite particles, followed by their 
preferential attachment on a specific crystallographic 
direction to decrease the surface free energy during 
growth. During synthesis of crab-like particles, urea 
could decompose into ammonia and carbonate groups, 
leading to simultaneous increase in carbonate 
concentration and pH [9]. We can speculate that 
simultaneous increase in pH with carbonate groups 
varied the supersaturation rate and suppressed the 
aragonite-to-calcite transformation in this study. 

In the third synthesis condition, pH was adjusted to 13 at 
room temperature without incorporation of urea, SDS or 
gas bubbling, flower-like CaCO3 particles were obtained, 
as shown in Figure 5. In this case, pH was increased by 
NaOH addition, leading to increase in OH- concentration 
while carbonate concentration remained the same. XRD 
spectra of flower-like particles (Figure 6c) showed only 
calcite peaks. As discussed previously, calcite is the most 
stable polymorph of CaCO3 and it typically exhibits a 
cuboidal morphology. These particles had larger size 
compared to hollow microspheres and crab-like particles. 

This was due to uncontrolled particle growth observed at 
high pH solutions.

Figure 5. SEM micrograph of flower-like CaCO3
particles.

CaCO3 particles sythesized in this study had distinct and 
separate physical properties, including their morphology, 
polymorph, size and structure. For biomedical 
applications, this could offer an advantage where desired 
CaCO3 particle properties can be attained depending on 
the application requirements. In a follow-up research, 
biocompatibility of these particles will be assessed for 
their use in orthopedic and bone-tissue engineering 
applications.

Figure 6. XRD spectra of a) hollow microsphere, b) 
crab-like and c) flower-like CaCO3 particles. Red lines 
are JCPDS references for vaterite (#033-0268), aragonite 
(#005-0453) and calcite (#005-0586). 

4. Conclusion 

In this study, SDS, urea, nitrogen gas, temperature and 
pH were used as variables to alter CaCO3 particle 

5 μm

200nm 
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properties. By adding SDS and nitrogen gas to precursor 
solutions, hollow microspheres were synthesized. When 
synthesis temperature increased to 90 °C and urea was 
incorporated into the system, crab-like particles were 
obtained. In addition, precursor solution pH was 
increased to 13 where flower-like calcite particles could 
be synthesized. Among these morphologies, crab-like 
aragonite was synthesized for the first time in literature. 
Furthermore, CaCO3 particles obtained in this study had 
distinct properties in terms of their morphologies, 
polymorphs and sizes; allowing selection of desired 
CaCO3 particle properties depending on the application 
requirements. In the future, these CaCO3 particles will be 
tested for their biological properties.  
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Abstract

Crystalline metal boride nanoparticles were 
successfully synthesized at low temperatures via 
various chemical reactions. The Co-M-B systems 
(M=Ni, Fe) were investigated using mixtures of 
anhydrous metal chlorides and NaBH4 powders. The 
reactions were performed in a vertical furnace under 
flowing argon and selected ones were subjected to 
annealing at 1100°C. Phase, chemical and 
microstructural characterizations and particle size 
measurements of the synthesized and annealed powders 
were conducted using X-ray diffractometer (XRD), 
scanning electron microscope (SEM/EDX) and 
dynamic light scattering (DLS) techniques. Nano-
crystalline CoB or CoBx-MxB (M=Ni, Fe) phases were 
obtained subsequent to reaction at 650°C for 2 h. Final 
CoB-FeB powders exhibited  spherical-like particles 
having an average particle size of 120 nm.

1. Introduction

The synthesis and characterization studies of metal 
borides moved to center of both scientific and industrial 
interest in recent years due to their superior physical and 
chemical properties. Having properties like high melting 
point, chemical stability, hardness and wear resistance, 
cobalt borides (CoB, Co2B, etc.) are considered amongst 
transition metal borides [1-3]. It has been reported that 
cobalt boron-based alloys improved performance with 
various additives were found to be suitable for use as 
catalysts, magnetic materials and coating materials with 
high corrosion or abrasion resistance in hydrogen storage 
applications [1-3]. The metal-metal-boron compounds 
(Co-Ni-B, Co-Fe-B) formed with the addition of Ni and 
Fe promise superior properties to the binary structures in 

their respective application areas [4-6]. The properties of 
the cobalt-metal-boron based powders, such as larger 
active surface area and improved ability of absorption 
obtained with a second metal contribution, led to greater 
interest in the catalytic effect [7]. Compatible electronic 
interaction between Co, Ni and Fe metals has led to use of 
these metal combinations to develop boron alloys with 
various properties. 
Magnetic Co-Ni-B nanoparticles obtained via various 
methods, having large surface areas and low particle size, 
appear to be suitable candidates for use as electromagnetic 
wave absorbing material and its alloys in amorphous form 
are recommended for use in thin and ductile magnetic 
coating materials or water electrolysis [8]. Also, there are 
studies in the literature where the specific heat and 
magnetic properties of (Co1-xNix)2B and (Fe1-xCox)B
phases have been examined and their susceptibility to 
ferromagnetic properties was confirmed. Co-Ni-B 
particles, which are obtained via combining a ductile 
element such as Ni with the Co-B system, are thought to 
be able to obtain more homogenous coatings with good 
resistance in high temperatures and good adhesion [9]. 
There are numerous studies that investigate different 
production methods of metal boride composites which are 
mainly using elemental powders for precursor and 
implement high temperature techniques [10,11]. This 
study; however, focuses on synthesizing nano crystalline 
metal borides using metal chlorides as precursors via low 
temperature routes.

2. Experimental Procedure 
2.1. Preparation of powders

Anhydrous CoCl2 (Alfa Aesar, 99.7% purity), NiCl2

(Alfa Aesar, 99% purity), FeCl3 (Alfa Aesar, 98% purity) 
and sodium borohydride (NaBH4, Alfa Aesar, 98% 
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purity) powders were used as chlorides and boron 
source, respectively. Powders were weighed based on 
theoretical reactions of the precursors using 50 wt.% 
excess amounts of NaBH4 yielding CoMBx(s) (M=Ni, 
Fe), NaCl(s) and H2(g) as products. To provide a molten 
environment for the reaction LiCl/KCl eutectic mixture 
(45:55 wt. %) was used as an inexpensive, water-soluble 
and low-melting-point inorganic salt solvent. Powder 
mixtures were prepared under Ar atmosphere in a 
MBraun glove box. The reactions were performed in a 
vertical furnace under flowing argon. The powders 
heated up to 650°C and kept at that temperature for 
duration of 2 h. The as-synthesized powders were 
leached with hot distilled water using an ultrasonic bath 
for 15 min, for the elimination of NaCl by-product. The 
leached solution was then introduced to a Sigma 
centrifuge device for precipitation of the powders at 
3500 rpm for a duration of 15 min. The obtained solution 
was dumped, and precipitated powder was extracted and 
dried overnight under vacuum at 70 °C. Selected purified 
powders were annealed at 1100°C for 2 h under Ar gas 
to observe the microstructural change.

2.2. Characterization 

Phase analysis was conducted using a Rigaku 
Miniflex600 Series X-ray diffractometer (XRD) with 
CuK  radiation with a scan rate of 10°/min and a step 
size 0.02°. The International Center for Diffraction Data 
(ICDD) powder diffraction files were used to determine 
the crystalline phases. The microstructures were 
investigated using a Zeiss Ultra Plus Field Emission 
Scanning Electron Microscope (FE-SEM) coupled with 
an energy dispersive X-Ray spectrometer (EDX). 
Particle size of the final powder was determined using a 
Malvern Zetasizer dynamic light scattering (DLS). 

3. Results and Discussion 

Figure 1 illustrates the XRD pattern of the CoCl2-
NaBH4 powders after reaction and leaching with 
distilled water. The unwanted chloride phases were 
washed away during leaching. It was observed that 
remaining intense peaks belong to CoB and CoB0.02

which indicates the presence of crystalline CoBx phases.

Figure 1. XRD pattern of the powders after reaction of 
CoCl2-NaBH4 powders and leaching. 

It is estimated that the reaction took place in the liquid 
form given the presence of the inorganic molten salt 
environment used in the low temperature technique that 
facilitates melting of CoCl2-NaBH4 powder mixtures. 
The XRD pattern having amorphous phases present in 
the structure of the final powders as a result of the low 
reaction temperature, has a low signal to noise ratio. 
XRD pattern of the CoCl2-NiCl2-NaBH4 powders after 
reaction and leaching is shown in Figure 2. As shown 
in the pattern, CoB, Ni2B and CoBx powders were 
detected in the final powders.  The low signal to noise 
ratio in the XRD pattern can be explained via the 
amorphous nature of different phases present in the 
structure of the obtained final powder, which is 
triggered by low temperature method used for 
synthesizing the powders. 

Figure 2. XRD pattern of the powders after reaction of 
CoCl2-NiCl2-NaBH4 powders and leaching. 

SEM/EDX analysis of the powder mixture for CoCl2-
NiCl2-NaBH4 powders is illustrated in Figure 3.
Elemental analysis of the powder mixtures showed 
presence of Co, Ni, B, and O elements in the powder at 
the same position proving that the reaction has 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

569
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

occurred. Because of its low atomic number, 
corresponding peak identifying boron is very weak but 
still visible close to zero KeV. The white bright 
particles seen in the SEM image are oxidized particles 
which explain presence of oxygen in the EDX spectra 
which is estimated to have happened during leaching 
process. As illustrated from Figure 3, it can be said 
that the powders have agglomerated and their sizes 
could not be clearly determined.

Figure 3. SEM/EDX analysis of the powders after 
reaction of CoCl2-NiCl2-NaBH4 powders and leaching. 

Figure 4 shows the XRD pattern of the powders after 
reaction of CoCl2-NiCl2-NaBH4 powders and 
annealing at 1100°C. To get rid of the unstable phases 
after the reaction, the obtained powders were 
subjected to an annealing process at 1100°C for 2 h. it 
was observed that unstable CoBx phases were changed 
to Co3B and Co2B after annealing. Also, it was 
observed that the signal to noise ratio of the annealed 
powders were improved significantly as a result of the 
elevated temperature, which in turn means higher 
degree of crystallinity in the obtained powders.  

Figure 4. XRD pattern of the powders after reaction of 
CoCl2-NiCl2-NaBH4 powders and leaching and 

annealing.

XRD pattern of the powders after reaction of CoCl2-
FeCl3-NaBH4 powders and leaching, are present in 
Figure 5. It was observed that after leaching, CoB and 
FeB phases achieved as main constituents of the 
synthesized powder. Almost all the peaks with high 
intensity belongs to either CoB or FeB phases 
indicating that the final powder is in crystalline form. 
Lack of impurities is a result of the present KCl/LiCl 
eutectic mixture which also is responsible for the low 
temperatures that the reactions are carried out at 650°C. 

Figure 5. XRD pattern of the powders after reaction of 
CoCl2-FeCl3-NaBH4 powders and leaching. 

There exist previous studies that have obtained 
crystalline metal boride composites using reactions at 
elevated temperatures (e.g. 2000°C) where in this study 
these powders were successfully synthesized at low 
temperatures thus, making nano crystalline particles of 
these elements possible, as illustrated in the SEM 
images of these in Figure 6. It was observed that the 
spherical-like particles are in agglomerate form with an 
average particle size well below 150 nm dispersed 
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throughout the agglomerates. The EDX spectra of the 
obtained powder proves the presence of Co, Fe, B and 
O elements in the structure of the synthesized 
powders. Presence of oxygen is an indication of 
surface oxidation which has happened because of the 
high surface area of the nano-size particles being 
exposed to air.

Figure 6. SEM/EDX analysis of the powders after 
reaction of CoCl2-FeCl3-NaBH4 powders and leaching. 

Figure 7 shows the DLS analysis of the powders after 
reaction of CoCl2-FeCl3-NaBH4 powders and leaching. 
Average particle size was determined as 120 nm which is 
also consistent with SEM image given in Figure 6.

Figure 7. DLS analysis of the powders after reaction of 
CoCl2-FeCl3-NaBH4 powders and leaching. 

4. Conclusion  

In this study, binary CoB, CoBx-Ni2B and CoB-FeB 
nanoparticles were successfully synthesized using metal 
chlorides as precursors and via low temperature methods 
which in turn resulted in nano-crystalline particles with 
an average particle size of 120 nm. The present KCl/LiCl 
eutectic mixture was responsible for the low temperature 

reactions and also reduced amounts of impurities in the 
obtained phases.
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Abstract 

In this paper, MnFe2O4 production by solution combustion 
synthesis (SCS) was investigated. Mn(NO3)2.4H2O, and 
Fe(NO3)3.9H2O was used as an oxidizer, while C2H5NO2,
C6H8O7, and CH4N2O were used as fuel. According to XRD 
results, manganese ferrite was obtained as a major phase 
when glycine was used as a fuel, including a small amount 
of iron manganese oxide as a secondary phase. One of the 
crucial advantage of solution combustion synthesis method 
was to obtain high surface area, and porous powders due to 
large amount of gases released during synthesis method. 
SEM analysis confirmed that it was achieved to synthesize 
high surface area porous powder. 

1. Introduction 

Magnetic nanoparticles of spinel ferrite are of great interest 
in fundamental science especially in addressing the 
relationship between magnetic properties and their crystal 
chemistry. Crystal chemistry shows how the chemical 
composition, internal structure and physical properties are 
linked together, and it gives a clear understanding of 
magnetic properties of spinel ferrite nanoparticles [1]. 
Ferrites, both soft and hard, are used in many technological 
applications because of their excellent magnetic and 
electrical properties [2]. Spinel nanocrystalline ferrite 
displays enhanced magnetic and electronic properties by 
virtue of their unique electronic or physical structure which 
may be harnessed for technological applications [3,4,5,6]. 
Moreover, some phenomena like modified saturation 
magnetization, super paramagnetism, metastable cation 
distributions, etc., have been observed in nanoparticles of 
various ferrites [7,8,9]. 

Nowadays, interest in ferrite compounds has been 
increasing. They are used in permanent magnets, ferro-
fluids, magnetic resonance imaging, broad - band 
transformers, magnetic sensors, microwave devices and 
energy storage, removal of heavy metals and various organic 
contaminants from wastewater, biosensors and drug release 
in the treatment of cancer. The most important uses of 
MnFe2O4 in recent years are; removal of heavy metals and 
various organic contaminants from wastewater, biosensors 
and especially drug release in the treatment of cancer. Binary 

transition metal ferrites with spinel crystal structure and 
general molecular formula of AB2O4 have been proposed for 
electrochemical super-capacitor applications due to their 
electrochemical performance [10]. 

Several methods are used to prepare nanomaterials such as 
high energy milling, sol-gel methods, co-polymer synthesis 
and freeze drying.  However, there are several limitations 
exist in these methods like process duration or difficulties 
achieving the desired product phase composition. Hence, it 
is an important task to develop novel synthetic routes that 
allow effective low-cost production of nanomaterials with 
desired phase compositions [11]. 

Solution combustion synthesis is an effective cost efficient 
process for production industrially useful materials. Solution 
combustion synthesis has become a significantly important 
method for producing nanomaterials. Combustion synthesis 
process are characterized by high temperatures, fast heating 
systems and short reaction times [11]. 

Combustion synthesis is a self-propagating high-
temperature process. The oxidizer, fuel and correct 
temperature are needed for the process to take place. All 
these factors are the basis of the process. The process is a 
redox reaction at high temperature. The reactions are mainly 
carried out between an oxidant and a fuel. In order for the 
reaction to self-propagate, the resulting heat must be above 
the heat required to initiate combustion. A redox reaction 
involves simultaneous reduction-oxidation reactions. The 
classic definition of oxidation is the addition of oxygen or 
any other electronegative element (non-amorphous), which 
results in the addition of hydrogen or other electropositive 
element (metal). Combustion reactions include flaming, 
smoldering as well as explosive reactions [12]. Solution 
combustion synthesis is classified as; self-propagating high 
temperature synthesis, low temperature combustion 
synthesis, solution combustion synthesis, gel-combustion, 
sol-gel combustion, volume combustion etc. There are many 
significant advantages in this method. The equipment used 
for this method is simple, it allows to produce high purity 
materials, metastable phases. Also, particle size and shape 
can be optimised by controlling process parameters [12]. 
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2. Experimental Studies 

In this study, MnFe2O4 powders were produced by solution 
combustion synthesis method. It is aimed to examine the 
effects of different fuels on the product characteristics using 
various fuels. Synthesis steps of the manganese ferrite 
(MnFe2O4) were followed as it is shown in Figure 1. 

Figure 1: Process flowchart of the production of 
manganese ferrite. 

For the purpose of solution preparation, oxidizers 
(Mn(NO3)2) and (Fe(NO3)3), fuel (one of glycine - C2H5NO2,
citric acid - C6H8O7.H2O or urea - CH4N2O) and distilled 
water were mixed in a beaker. The reaction stoichiometry for 
each fuel is given as below: 

9Mn(NO3)2.4H2O + 18Fe(NO3)3.9H2O + 40C2H5NO2
MnFe2O4 + 80CO2 + 56N2 + 298 H2O      (1) 

9Mn(NO3)2.4H2O + 18Fe(NO3)3.9H2O + 20C6H8O7.H2O
9 MnFe2O4 + 120CO2 + 36N2 + 298H2O      (2) 

3Mn(NO3)2.4H2O + 6Fe(NO3)3.9H2O + 20 CH4N2O
MnFe2O4 + 20CO2 + 32N2 + 106 H2O      (3) 

For all reactions, the mixture of oxidizer, fuel, and distilled 
water was preheated at  was also stirred 
for 10 minutes for each experiment. After stirring and 
heating, the heating mantle was adjusted to desired 
temperature to . Experimental studies were also 
performed in a muffle furnace at higher temperature (400 

to obtain the product in shorter times. 

At this point, it was worth noting that there was an optimum 
fuel option for each type of oxide. Although there was no 
general scientific basis for fuels yet, it was seen in the 
literature that some fuels were suitable for the synthesis of 
certain oxides. The exact factor to be mentioned here was 
that the amount of gas released during the reaction was 
inversely proportional to the grain size of the product. Along 
with these explanations, it has been determined that the most 
suitable fuel for the manganese ferrite was the glycine in 
experimental studies. This result has been achieved because 

of the porous structure due to the gases generated from the 
powder product and the magnetic properties at the first stage. 
On the other hand, in experiments made with other fuels 
(urea and citric acid); desired results were not obtained with 
different temperatures and proportions, and a solid layer 
consisting of burnt residues in the glass beaker was observed 
as the final product. Morphology, and particle size was 
characterized by Scanning Electron Microscopy (SEM, 
TESCAN Vega3) at different magnification, and phase 
characterization was conducted by X-Ray Diffractometry 
(XRD, Philips Panalytical) with a scan rate of 0.01 /min. 

3. Results 

Since the manganese ferrite powders we have obtained using 
glycine were extremely dry and pure; filtration and drying 
steps were not required. Comparing to other powders 
synthesised from citric acid and urea, calcination step was 
not required. Furthermore, it can be said that glycine is an 
appropriate fuel to synthesize MnFe2O4 in a single step. So, 
we focused on glycine in the study. X-Ray Diffraction 
(XRD) and Scanning Electron Microscope (SEM) analyses 
were only performed for manganese ferrite powders 
produced by using glycine as a fuel. Figure 2 and Figure 3 
showed MnFe2O4 powder XRD pattern and SEM results 
obtained by solution combustion technique, respectively. 

Manganese ferrite powder was successfully obtained as a 
major phase, and iron manganese oxide was obtained as a 
secondary phase, according to results given in Figure 2. 
XRD peaks obtained matched with 01-088-1965 ICSD 
pattern for MnFe2O4, and 01-077-2357 ICSD pattern for iron 
manganese oxide.  

Figure 2: XRD results of manganese ferrite which is used 
glycine as a fuel 
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Figure 3: Manganese ferrite powder display in 1000x 
magnifier. 

Figure 3 showed the microstructure of MnFe2O4 prepared by 
solution combustion technique using glycine as a fuel. From 
the image, inter-connected grains were present in the 
samples. It was understood that MnFe2O4 powder 
synthesized through this method using glycine as the fuel 
gave porous structure. 

4. Conclusion 

In this study, stoichiometric ratios of Mn(NO3)2.4H2O, 
Fe(NO3)3.9H2O and C2H5NO2 were used as starting material 
for the synthesis of MnFe2O4 by solution combustion 
method. According to both x-ray diffraction and scanning 
electron microscopy analysis results, the produced powder 
was found to be pure and porous in structure. For further 
studies, it has been suggested to conduct the magnetic 
characterization of MnFe2O4 powder. In addition, it was 
suggested to examine doping effect of some metals such as 
cobalt and nickel on magnetic properties of this structure 
together with other process parameters. 
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Abstract

The potential of metallic nanocomposites as binder for 
diamond machining tools is investigated experimentally 
and numerically. The various nanoreinforcements 
(carbon nanotubes, boron nitride hBN, nanoparticles of 
tungsten carbide/WC) and their combinations are 
embedded into metallic matrices and their mechanical 
properties are determined in experiments. The in situ 
mechanical tests were carried out to evaluate the strength 
of defectless Fe-Ni-Mo matrix reinforced with 
nanoparticles.

1. Introduction 

Diamond machining tools play a crucial role in large-
scale industrial processing of various materials, such as 
natural stone, concretes, asphalt and steels [1,2]. The 
tools represent in fact composite materials, with synthetic 
diamond grains incorporated into the metal, ceramic, or 
polymer matrix (binder).
Designing novel economical compositions of binders and 
the methods to prepare them is a topical trend in the 
development of diamond tools. Co has been 
conventionally considered to be the best material for 
manufacturing binders due to the combination of high 
mechanical properties and wear [3]. Nevertheless, its 
high cost and toxicity have forced tool manufacturers to 
seek other materials to fabricate binders that possess 
similar parameters [4]. This problem has been partially 
solved by using low-cobalt or cobalt-free alloys based on 
Fe, Ni. 
This study focuses on designation of optimal chemical 
composition and method to prepare a cobalt-free binder 
in Fe-Ni-Mo system. In addition it was improved by 
nanoparticles of different kind: WC, hexagonal boron 
nitride (hBN) and multiwall carbon nanotubes (CNT). 
WC and CNT nanoparticles are often used for enhancing 
of mechanical properties of different alloys via the 
Orowan mechanism (slowing down the dislocation 
movement by dispersed particles) and due to inhibition of 
matrix recrystallization [5,6]. Nanoparticles of hBN act 
as dry lubricant. This additive shown to be very efficient 
for improving of binder wear resistance and decreasing of 
friction coefficient between the tool and the surface of 

machined material. It is suggested, that simultaneous 
using of all three types of nanoparticles in metallic binder 
allows to combine these beneficial actions. 

2. Experimental procedure 

Carbonyl iron powder (OOO Sintez-PKZh, Russia), 
carbonyl nickel powder (AO Kola Mining and 
Metallurgical Company), and reduced molybdenum 
powder (AO Polema, Russia) were used as the initial 
materials.  
Powder mixtures were prepared using two types of 
setups: mixers without milling media (“Turbula”, Russia) 
and planetary ball mills (PBM) «Fritsch» (Germany) with 
carrier rotation speed 350 rpm and centrifugal factor 22 g 
and “Activator-2s” (Russia) with carrier rotation speed 
694 rpm and centrifugal factor 90 g. Duration of ball 
milling was varied in the range of 5–20 min. The jars 
were filled with argon to prevent oxidation of the charge 
mixture during treatment. 
Powder mixtures with different combination of 
nanoparticles were prepared using PBM. Based on 
previous works and computer modeling WC, hBN and 
CNT concentrations were taken in the range of 0,25-0,75 
vol. %.  
Compacted samples 10 × 10 cm in size were prepared 
from the powder mixtures by hot pressing (HP). The HP 
temperature was 950°C; pressure at the maximum 
temperature, 350 kg/cm2; exposure time, 3 min. These 
preforms were used to cut out samples to measure the 
ultimate bending strength, hardness, and porosity. 
Residual porosity of the compacted samples was 
determined by hydrostatic weighing on an analytical 
balance (A&D, Japan). Weights were measured with an 
accuracy of 10-4 g. 
The ultimate bending strength was measured on an LF-
100 servo-hydraulic universal testing machine (Walter + 
bai, Switzerland) with an external digital controller 
(EDC). The ultimate bending strength values were 
determined using the DIONPro software enabling 
automated registration and statistical processing of the 
test results. 
The Rockwell hardness was tested using a Wolpert 
Rockwell Hardness Tester (Wolpert 600 MRD, USA). 
Furthermore, the mechanical properties (hardness H and 
Young’s modulus E) of individual structural components 
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were determined using a high-precision Nano-Hardness 
Tester (CSM Instruments, Switzerland) according to the 
Oliver–Pharr method. A diamond three-sided pyramid (a 
Berkovich tip) was used as an indenter. The indentation 
load was 10 mN; loading speed, 0.36 mN/s; time of 
exposure to the maximum load, 5 s. Indentation was 
performed with an increment of 20 and 15 μm towards 
the X and Y axes, respectively. The matrix consisted of 
100 indents. 
X-ray powder diffraction (XRD) analysis was performed 
on an automated DRON 4-07 X-ray diffractometer using 
monochromated Co-K  radiation in the Bregg–Brentano 
geometry. A graphite monochromator was used to 
monochromatize radiation. Lattice parameters were 
measured with a relative error a/a = 10-4 nm. 
The structure were studied by scanning electron 
microscopy on an S-3400N microscopy (Hitachi, Japan) 
equipped with a NORAN energy-dispersive X-ray 
spectrometer. Fine-structure features of the samples were 
studied by transmission electron microscopy using a 
JEOL JEM 2100 microscope. Samples 5×3 μm in size 
were prepared using a focused ion beam. 
The friction coefficient and the reduced wear of the 
samples were determined using the rolling sliding wear 
test on an automated Tribometer machine (CSM 
Instruments, Switzerland) using the rod-on-disk scheme 
under the following conditions: the wear track radius, 6.8 
mm; applied load, 2 N; the maximum speed, 10 cm/s; a 
ball 3 mm in diameter made of sintered Al2O3 used as a 
counterbody; path, 214 m (5,000 cycles); air used as the 
medium. The fractographic examination of the wear 
tracks on the samples was carried out by optic 
profilometry using a WYKO NT1100 optical profiler 
(Veeco, USA). 
Deformation behavior of nanoparticle modified Fe-Ni-
Mo binder was investigated at in situ mechanical tests 
with the use of Jeol JEM 2100 transmission electron 
microscope and Hysitron PI 95 Picoindenter holder. The 
sample was prepared by means of focused ion beam 
(FIB). Its dimensions were 2500×800×240 nm. The 
tensile test was carried out with the displacement rate 10 
nm/s.

3. Results and Discussion 

3.1 Optimization of Mo concentration in Fe-Ni-Mo 
binder

Based on recent researches in the area of diamond cutting 
tools [7] the Fe:Ni ratio was taken 80:20. Molybdenum 
was used as an alloying component to provide solid 
solution strengthening of Fe-Ni matrix. It was added in 
the range of 0.64 – 1.25 mass. %.  
The curves in Figure 1 demonstrate the effect of Mo on 
mechanical properties of the binder. The maximum 
hardness and bending strength was found at 0.64 % Mo. 

The investigation of phase composition of those samples 
showed presence of solid solution based on iron ( -Fe)
(bcc lattice) and intermetallide Fe(1-x)Ni(x) (fcc lattice). 
Local analysis of chemical composition by energy 
dispersive X-ray spectroscopy and mapping (Fig. 2) 
showed that these phases are close to one another in 
terms of their chemical composition. Molybdenum 
mostly exists as the Mo3Fe3O phase that resulted from 
mutual diffusion of the components upon hot pressing. 
Only the central regions of the largest (> 1 μm) 
molybdenum grains don’t contain iron. The samples had 
lamellar structure that was inherited from ball milled 
powder particles.
The decrease in hardness and bending strength of binders 
can be attributed to higher residual porosity. 

Figure 1. Mechanical properties of Fe-Ni – X% Mo 
binders.

3.2. Mechanical and tribological properties of 
nanoreinforced Fe-Ni-Mo binders. 

A series of samples with Fe-Ni – 0.64 % Mo binder and 
different concentrations of WC, hBN, CNT nanoparticles 
was made under the same regimes of ball milling and hot 
pressing. It is established, that the best samples with 
hybrid reinforcement demonstrated bending strength 
1800 MPa and hardness 105-107 HRB. The effect of 
simultaneous using of all three types of nanoparticles was 
higher than in the case of individual reinforcement.
To study the effect of nanoparticles on the structure, we 
investigated the fracture images of the samples of the 
initial and nanoparticle-modified binders Fe-Ni-Mo. The 
grain size was determined using the random linear 
intercept method according to the National State 
Standard GOST 5639-82 using the ImageScope image 
processing program. The measurement results are 
summarized in Table 1. Introduction of hBN 
nanoparticles and carbon nanotubes into the binder 
results in a 1.5-fold decrease in the grain size of the 
matrix. The greatest effect is achieved by combined 
modification of the binder with all types of additives. 
Hence, the enhancement of mechanical properties upon 
modification of the binder with hBN nanoparticles and 
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carbon nanotubes is associated with inhibition of 
recrystallization during hot pressing and, therefore, 
reduction of the grain size of ( -Fe) and Fe(1-x)Ni(x)
phases (Hall–Petch strengthening).

Table 1. The average grain size of -Fe, Fe(1-x)Ni(x) and
Mo3Fe3O phases in the hot-pressed M binders 
 Grains of the -Fe and

Fe(1-x)Ni(x) phases 
Composition Length, 

μm
Width, 
μm

Aspect
ratio

Fe-Ni-Mo 0.64 0.45 1.42 
Fe-Ni-Mo-hBN-CNT-
WC  

0.39 0.26 1.5 

 Grains of the Mo3Fe3O phase 
Composition Length, 

μm
Width, 
μm

Aspect
ratio

Fe-Ni-Mo 2.84 0.52 5.46 
Fe-Ni-Mo-hBN-CNT-
WC  

3.54 0.37 9.57 

Mechanical properties of individual structural 
components of the hot-pressed samples of binder M were 
determined using nanoindentation tests (Table 2). The 
average indent size was 0.8 μm, which is larger than the 
average grain size of the -Fe and Fe(1-x)Ni(x) phases. For 
this reason, as well as because the chemical composition 
and mechanical properties of these phases are similar, we 
regarded the -Fe and Fe(1-x)Ni(x) phases as one structural 
component.
The average depth of indenter penetration into grains of 
the -Fe and Fe(1-x)Ni(x) phase is ~280 μm for the initial 
binder and 230 μm for all the samples of the modified 
compositions, being indicative that hardness has 
increased. Hardness of the -Fe and Fe(1-x)Ni(x) phases in 
the modified binders varies within the range of 5.5–6.5 
GPa, which is higher than that of the initial nanoparticles 
free binder by 40–60%. 
The Mo3Fe3O phase was identified because its hardness 
(10-11 GPa) and the Young’s modulus (250 GPa) 
significantly stood out. The subsequently recorded SEM 
images also proved that the indenter penetrated into the 
Mo3Fe3O grains in this case.  

Table 2 – Mechanical properties of -Fe and Fe(1-x)Ni(x)
phases in basic and nanomodified Fe-Ni-Mo binders 
Composition  H, GPa E, GPa 
Fe-Ni-Mo 5,4 ± 0,5 203 ± 14 
Fe-Ni-Mo-CNT 5,2 ± 0,5 204 ± 17 
Fe-Ni-Mo-hBN 6,0 ± 1,0 207 ± 13 
Fe-Ni-Mo-WC 6,3 ± 0,5 213 ± 11 
Fe-Ni-Mo-hBN-
CNT-WC 

7,6 ± 0,5 213 ± 17 

In order to investigate wear resistance of binder M and 
the effect of hBN, CNT, and WC nanoparticles, a series 
of tribological studies involving sliding tests were 
performed. A sintered Al2O3 ball was used as a 
counterbody. Using this counter body allows one to 
simulate the actual operating conditions for the tool and 
assess the behavior of the binder subjected to abrasion 
when contacting a harder material with higher wear 
resistance (concrete being used in actual conditions). 
The results of tribological tests showed that the initial 
binder M is characterized by the lowest wear resistance 
(Table 3). Introduction of modifying nanoparticles 
enhances the wear resistance of binder.  The specific 
wear of the binder samples is reduced drastically as a 
result of nanoreinforcements: by 83%...100% if the 
binder is modified by hBN or only CNT or their 
combination, and by 3.5 times if the binder is modified 
by all the three types of nanoparticles in combination. 

Table 3 – Tribological properties of basic and 
nanomodified Fe-Ni-Mo binders 
Composition  Specific wear,  

×10-5 mm3/N/m 
Friction
coefficient

Fe-Ni-Mo 22,5 0,72 
Fe-Ni-Mo-CNT 8,6 0,85 
Fe-Ni-Mo-hBN 8,3 0,69 
Fe-Ni-Mo-WC 8,8 0,76 
Fe-Ni-Mo-hBN-
CNT-WC 

5,2 0,79 

The in situ mechanical tests of nanoparticle reinforced 
lamella was carried out (Figure 2). The analysis of stress-
strain curve, obtained at the test, allowed to determine the 
tensile strength – 2700 MPa (Figure 3). It was two times 
higher than at tensile tests of bulk samples with the same 
composition. This difference can be explained by the 
absence of pores and other macroscopic defects within 
the sample. There is a long region of elastic loading on 
the stress-strain curve. The dependence becomes non-
linear at stress 2300 MPa. A yield point can be observed 
at this part of the curve. The origin of its appearance is 
associated with break-off of dislocations from the places 
of pinning (WC nanoparticles) and start of free gliding 
within the grains. Increasing the stress leads to plastic 
deformation of the sample with its total failure at 2700 
MPa. The quantitative investigations of chemical 
composition at the edge of fracture surface didn’t show 
the presence of tungsten or nitrogen (from hBN). Thus, 
although WC and hBN nanoparticles produce stress 
fields in the composite, the main crack propagates 
through the grains of Fe-Ni-Mo matrix. 
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a

b

Figure 2. The “Push-to-pull” device (a) and the sample 
for in situ tensile test (b)  

Figure 3. The stress-strain curve of nanoreinforced Fe-
Ni-Mo sample 

4. Conclusion 

Hybrid metallic nanocomposites are demonstrated to 
have much better mechanical properties than both 
nanoparticles free metallic binder and nanocomposites 
reinforced with only one types of nanoparticles. 
Combining nanoreinforcements of different types and 
shapes (here, stiff and long carbon nanotubes, soft disc-
shaped boron nitride hBN, and equiaxial tungsten 
carbide/WC) in the same binder material, one can 
improve synergistically the mechanical properties, 
strength of the binder, and, ultimately, improve the wear 
resistance and reliability of machining tools. Introduction 
of hBN nanoparticles and carbon nanotubes into the 
binder results in a 1.5-fold decrease in the grain size. The 
strength of nanocomposites is 20% higher than that of 
pure metallic matrix. Further, the specific wear of the 
machining tools with these binders is reduced drastically 
as a result of nanoreinforcements: by 2.5-fold if the 
binder is modified by hBN or only CNT or their 
combination, and by 4 times if the binder is modified by 
all the three types of nanoparticles in combination. The in 
situ mechanical tests were carried out to evaluate the 
strength of defectless Fe-Ni-Mo matrix reinforced with 
nanoparticles.
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Abstract 

Nanoporous filters are used in a variety of 
applications, ranging from sensing, catalysis, 
purification and separation devices to medicine. In 
this study attempts were made to obtain nanoporous 
copper from brass via dealloying process. This 
involved leaching of the alloy in NaOH solution. 
Experiments on cold-rolled and annealed brass have 
shown that while a porous surface layer can be 
obtained, it is difficult to obtain a full porous 
structure across the full thickness of the sheet.   

Introduction 

Nanoporous filters have attractive properties such 
as tunable pore size, high surface area, and the ease 
of surface modification [1]. Therefore they have 
application area ranging from sensing, catalysis, 
purification and separation to medicine.  
Nanoporous structure can be obtained by several 
methods e.g. anodizing, melt gas injection, vapor 
deposition, dealloying by leaching or through 
electrochemical dissolution [2]. Dealloying by 
leaching is the one of the promising methods to 
develop homogeneous nanoporous structure in 
alloys. It involves selective dissolution of a more 
active component in the alloy leaving the more 
passive component behind [3].  

Dealloying was first investigated in an Au-Ag alloy 
by Pickering in the late 1960 [4]. This was followed 
by a comprehensive study by Erlebacher [5] which 
concentrated on dealloying process itself as well as 
developing a number of nanoporous materials.    

Copper and its alloys, Cu-Zn, Cu-Al, Cu-Mg and so 
on, are very convenient for dealloying process 
where the more stable Cu is attained with a porous 
structure following the chemical leaching [6]. This 
study aims to develop nanoporous copper from Cu- 

30wt% Zn alloy via dealloying in NaOH solution, 
targeted pore size is around 200 nm. 

Experimental Procedure 

Brass used in the dealloying process had a 
composition of Co - 30wt% Zn.  This was procured 
in the form of 4 mm thick plate. The plate was     
cold rolled repeatedly as to obtain a sheet that was 
as thin as possible. The final thickness achieved 
was  where necessary cold rolled sheet was 
annealed to obtain the alloy in recrystallized 
condition. This treatment was carried out in a 
muffle furnace at 450oC for 3 hours. 

Samples before dealloying process was subjected to 
standart grinding and polishing operations as 
applied in standart procedure for   metallographic 
sample preparation. Following the de-alloying 
treatment, the sample was examined in FEG SEM 
at high magnifications.    

Results and Discussion 

Dealloying of brass can be achieved   in acidic as 
well as in basic conditions. But the previous study 
by Lin et. al. [7] showed that acidic solutions 
produce pores of non-uniform distribution. 
Therefore a choice was made so that the brass is to 
be dealloyed in NaOH solution.  Tuan et. al. [2] 
studying de-alloying using NaOH found that the 
pore size increases with the concentration of the 
solution.  As a result, the choice was made for 0.6 
M NaOH solution.  

The samples typically 10 by 20 mm in size were 
dealloyed in 0.6 M NaOH solution for varying 
durations up to 3hours and subsequently prepared 
for metallographic examination. SEM images 
representative of this process is given in Fig.1. Here 
the samples following the treatment washed in 
distilled water and dipped into 3 M HCl solution. 
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      .
(a) 

(b) 
Figure 1. SEM images of cold rolled  brass 

dealloyed for (a) 1h; (b) for 3h   

(a) 

(b) 
Figure 2. SEM images of annealed brass dealloyed 

for (a) 1h; (b) 3h

The purpose of this treatment was to remove copper 
oxide which might have formed at the surface. Fig. 
1 shows that the sample to have pores in their 

surface but these are rather large and seem to have 
aligned along the rolling direction.

Having noted that the cold worked state influences 
the dealloying process, brass was annealed at 
450oC for 3 hours yielding a recrystallized 
microstructure. 

The pieces 10 by 20 mm cut from the annealed 
sheet were dealloyed up to 5 hours. SEM image of 
the   annealed sample de-alloyed for 1 h is given in 
Fig. 2 (a). Here pores of small size can be seen 
clearly which are uniformly distributed. Fig. 2 (b) 
refers to a sample after 3 hours of de-alloying. 
Unfortunately here the pores are no longer visible 
as they seemed to have been converted into   
trenches.   

The work, at the time of writing, is in progress and 
concentrates on means of how to evolve a porous 
structure across the full thickness of the sample. 
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Abstract

Recent developments in focused ion beam (FIB) milling 
and nanomechanical sensing technologies have enabled the 
fabrication of microspecimens and their mechanical testing 
at the small scale. One of the most recent micromechanical 
testing techniques is micropillar compression, where a 
microcylindrical specimen is milled by FIB and it is tested 
under uniaxial compression using a nanoindenter. In this 
study we utilize this technique to investigate the 
mechanical behavior of Cu-Nb nanolayers. The samples 
were prepared by magnetron sputtering on single crystal 
silicon wafers and their microstructure was investigated by 
X-ray diffraction and electron microscopy. The 
micropillars with 1 μm diameter and 2.5 μm height were 
fabricated by FIB milling and tested using a nanoindenter 
with a flat diamond punch. The micropillar compression 
technique enables the direct measurement of the elastic 
modulus and the yield strength of the pillars, and provide 
insight to the high strength of nanostructured materials. 

1. Introduction 

Nanostructured materials offer superior mechanical 
properties when compared to conventional alloys [1]. In 
order to utilize these new generation materials in 
engineering applications, the relationship between their 
microstructures and mechanical properties should be better 
understood. Many nanostructured materials are synthesized 
in the form of thin films due to the ease of generating 
model nanostructures and alloys in desired compositions 
[2]. Since the thin film geometry does not allow 
conventional mechanical testing, micromechanical 
characterization techniques are necessary for the 
characterization studies.

Nanoindentation is a common technique for obtaining the 
hardness and elastic modulus of a thin film [3]. In this 
technique, a diamond indenter penetrates into the film, and 
the load on the sample and the displacement of the indenter 
into the surface are continuously monitored. Analysis of the 
unloading segment of the data provides the hardness and 
the elastic modulus of the sample [3].

While nanoindentation is widely used for testing 
nanomaterials, a recent technique called micropillar 
compression has enabled the more systematic 
characterization of the mechanical properties. In this 
technique, a microcylindrical specimen is prepared by 
using a focused ion beam [4]. Then a nanoindenter 
equipped with a flat diamond punch compresses the 
micropillar. The measured load and displacement is directly 
converted to a stress-strain curve, from which, elastic 
modulus, yield strength, strain hardening and other 
mechanical behavior can be systematically quantified. 

In this work, we applied both nanoindentation and 
micropillar compression techniques to nanocrystalline 
copper and nanolayered copper-niobium (Cu-Nb) thin 
films. Nanolayered Cu-Nb is a promising nanomaterial that 
has outstanding strength and thermal stability [5]. We 
investigated the effect of layer thickness on the strength of 
these nanolayers and observed good agreement with 
literature findings. The successful synthesis of the 
nanolayers and their mechanical testing have provided 
evidence about the effectiveness of our approach and 
procedures, and will enable further characterization of other 
type of novel nanolayered metals with alloying additions. 

2. Experimental Procedure 

Pure Cu – pure Nb nanolayers and pure nanocrystalline Cu 
films were deposited on oxidized single crystal silicon 
substrates by means of magnetron sputtering. The base 
pressure in the chamber prior to sputtering was 
Torr and Ar pressure during sputtering was  Torr. 
Cu and Nb deposition rates were 1.7 Å/s and 1.5 Å/s, 
respectively. In the nanolayered samples, Cu and Nb layers 
had equal thickness, and the individual layer thickness 
varied from 5 to 100 nm in different samples. The total film 
thickness of all the samples were 1 𝜇𝑚 for nanoindentation 
studies. For micropillar compression, an additional Cu-Nb 
sample of 𝜇𝑚 thickness was prepared. This sample had 
a layer thickness of 50 nm. 

An Agilent G200 nanoindenter equipped with a diamond 
Berkovich tip measured the hardness of the films at room 
temperature. The continuous stiffness measurement method 
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provided the hardness as a function of penetration depth 
[6]. First 250 nm of the data was used to obtain the 
hardness of the films to minimize the substrate effect [7]. A 
minimum of 16 indents were performed on each specimen. 

A Rigaku Ultima-IV diffractometer performed X-ray 
diffraction measurements on the samples in grazing 
incidence mode at 1°. Grain size was measured using 
Scherrer equation. 

An FEI Nova 600 Nanolab focused ion beam fabricated the 
micropillars. Ga+ ions sputtered away the material locally 
in the desired geometry. First, an ion beam with a relatively 
high current of 6.3 nA milled a circular pattern of 25 μm
outer diameter and 6 μm inner diameter. Machining of the 
micropillar was completed by gradually reducing the size 
of the milling pattern and the beam current, down to 100 
pA. The Agilent G200 nanoindenter compressed the 
micropillars at a constant displacement rate of 3 nm/s using 
a 10 μm diameter flat diamond punch. 

3. Results and Discussion 

Figure 1 shows the cross-section scanning electron 
microscopy (SEM) images of some of the samples cut by a 
focused ion beam. The alternating layers are clearly visible 
due to the contrast. There exist some waviness, especially 
in the thinner layers. We attributed this to the grainy 
structure of individual layers introducing roughness, and 
also to the residual stress present in each layer. 

Figure 1. Cross-section SEM images of nanolayered Cu-
Nb with layer thicknesses of (a) 100 nm, (b) 10 nm. 

Figure 2 shows XRD data of pure Cu and pure Nb together 
with Cu-Nb nanolayers. Cu-Nb nanolayered sample shows 
both Cu and Nb peaks as expected, indicating that both 
layers are polycrystalline. Figure 3 shows the average Cu 
grain size as a function of layer thickness of the Cu-Nb 
nanolayers. The grain size decreases with decreasing layer 
thickness, a trend commonly observed in nanolayered 
metals [8].

Figure 4 shows the hardness of Cu-Nb nanolayers as a 
function of layer thickness. Hardness of the samples 
monotonically increase with decreasing layer thickness. We 
observe good agreement between our results and the 

literature [9], especially for the samples that are prepared 
using the same technique of physical vapor deposition. 

Figure 2. XRD results of nanocrystalline pure copper, pure 
niobium and nanolayered Cu-Nb with a layer thickness of 
100 nm. 

Figure 3. Variation of Cu grain size as a function of layer 
thickness as determined from Cu (111) peaks using 
Scherrer equation.

Figure 4. Hardness of Cu-Nb nanolayers as a function of 
layer thickness. Literature values are based on Cu-Nb 
nanolayers prepared by, PVD: physical vapor deposition 
[9], and ARB: accumulative roll bonding [11].
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Increasing strength with decreasing layer thickness can 
generally be attributed to Hall-Petch strengthening. In this 
strengthening mechanism, as the grain size or layer 
thickness decreases, the number of dislocations piling up at 
the boundaries or interfaces decreases, and higher stresses 
are required for plastic deformation. However, when the 
grain size or layer thickness is below 100 nm, dislocation 
pile-up is no longer significant and deviations are observed 
from the ideal Hall-Petch behavior [10]. A modified 
confined layer slip has been developed to correctly predict 
the hardness of sub-100 nm nanolayers [9]. 

In order to probe the mechanical properties of nanolayers 
more systematically, we proceeded with micropillar 
compression experiments. Figure 5 shows a nanolayered 
Cu-Nb micropillar prepared by focused ion beam, before 
and after compression testing. SEM image of the 
compressed micropillar shows that the softer copper layers 
plastically flowed outwards, as a result of being squeezed 
between the harder Nb layers. It should be noted that this 
type of detailed observation of plasticity is usually not 
possible in nanoindentation without detailed cross-section 
analyses.

Figure 6 shows the stress-strain behavior of the compressed 
micropillar. The yield strength of the micropillar is around 
1.3 GPa. This is in agreement with our nanoindentation 
results when a Tabor factor of 3 is used, that is, H / y  3 
[12]. In addition, the results are close to that reported by 
Mara et al. [13]. There is also considerable strain 
hardening, as opposed to the strain softening caused by the 
deformation morphology in the work of Mara et al. [13].
More work will be necessary to investigate the sources of 
this strain hardening. 

Figure 5. SEM images of a Cu-Nb micropillar with 50 nm 
layers, (a) before compression, and (b) after compression. 

Figure 6. Stress-strain behavior of the Cu-Nb nanolayered 
micropillar shown in Figure 5. 

4. Conclusion 

We have demonstrated the advanced mechanical 
characterization of nanolayered metallic thin films through 
nanoindentation and micropillar compression. 
Nanoindentation results are in agreement with literature 
values for similar nanolayers and we have obtained 
consistent results in applying the micropillar compression 
technique on Cu-Nb nanolayers. 

Based on the successful synthesis and mechanical 
characterization of pure metallic nanolayers, future work 
will focus on the investigation of the mechanical properties 
of nanolayered metals upon alloying additions, whose 
effects on mechanical properties are currently not known. 

Acknowledgment 

This research is supported by TÜB TAK 3501 CAREER 
Award under Project No. 116M429 and by METU BAP 
under Project No: BAP-03-02-2017-004. We would like to 
thank METU Central Laboratory, Koç University 
KUYTAM, and Bilkent University UNAM for their 
support with the sample preparation and measurements. We 
would like to thank Prof. Robert Averback (University of 
Illinois) for useful discussions. 

References

[1] H. Gleiter, Progress in Materials Science, 33 (1989) 
223–315.
[2] S. Özerinç, K. Tai, N. Q. Vo, P. Bellon, R. S. Averback, 
and W. P. King, Scripta Materialia, 67 (2012) 720–723. 
[3] W. C. Oliver, and G. M. Pharr, Journal of Materials 
Research, 7 (1992) 1564–1583. 
[4] M. D. Uchic, P. A. Shade, and D. M. Dimiduk, Annual 
Review of Materials Research, 39 (2009) 361–386. 
[5] M. J. Demkowicz, P. Bellon, and B. D. Wirth, MRS 
Bulletin, 35 (2010) 992–998. 
[6] X. Li, and B. Bhushan, Materials Characterization, 48 
(2002) 11–36. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

584 IMMC 2018   |   19th International Metallurgy & Materials Congress

[7] R. Saha, and W. D. Nix, Acta Materialia, 50 (2002) 23–
38.
[8] Z. Fan, S. Xue, J. Wang, K. Y. Yu, H. Wang, and X. 
Zhang, Acta Materialia, 120 (2016) 327–336. 
[9] A. Misra, J. P. Hirth, and R. G. Hoagland, Acta 
Materialia, 53 (2005) 4817–4824. 
[10] J. T. Schiøtz Francesco D. Jacobsen. Karsten W., 
Nature, 391 (1998) 561. 
[11] I. J. Beyerlein, N. A. Mara, J. Wang, J. S. Carpenter, 
S. J. Zheng, W. Z. Han, R. F. Zhang, K. Kang, T. Nizolek, 
and T. M. Pollock, JOM, 64 (2012) 1192–1207. 
[12] D. Tabor, The Hardness of Metals, OUP Oxford, 2000. 
[13] N. A. Mara, D. Bhattacharyya, P. O. Dickerson, R. G. 
Hoagland, and A. Misra, Materials Science Forum, (2010). 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

585
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Eff ect of Th ermal Oxidation Atmosphere on Photoelectrochemical (PEC) Water Splitting of 
Hematite Produced from Electrodeposited Fe Film

Selim Demirci¹,², Mehmet Masum Tünçay¹, Tuncay Dikici³, Cevat Sarıoğlu¹

¹Department of Metallurgical and Materials Engineering, Marmara University, Kadiköy, 34722, Istanbul, Turkey
²Institute of Pure and Applied Sciences, Marmara University, Kadiköy, 34722, Istanbul, Turkey

³Centers for Fabrication and Application of Electronic Materials, Dokuz Eylul University, Buca, 35390, Izmir, Turkey
  
  
  

Abstract

Photoelectrochemical (PEC) water splitting is an 
environmentally friendly process of converting 
solar energy into chemical energy that is in the 
form of the hydrogen and oxygen gases. In this 
report, we aim to produce hematite ( -Fe2O3) thin 
films and to utilize the produced hematite ( -Fe2O3)
films as photoanodes in order to generate hydrogen 
gases. For this purpose, nanostructured -Fe2O3
photoanodes structures were prepared on the 
indium-doped tin oxide (ITO) coated glass by 
thermal oxidation of electrodeposited Fe films in 
different atmospheres. The crystal phase structure, 
surface morphology, and optical properties of the -
Fe2O3 photoanodes were characterized using an X-
ray diffractometer (XRD) and scanning electron 
microscopy (SEM). PEC performances of the -
Fe2O3 photoanodes were determined in the 0.1 M 
NaOH electrolyte solution. The results showed that 
thermal oxidation atmosphere influenced the PEC 
performances of -Fe2O3 photoanodes.

1. Introduction

The continual growth of population in the world is 
a serious problem for energy consumption. There 
are different ways in order to meet the energy 
demands such as hydrocarbon based fuels which 
influence the world negatively in terms of global 
warming and environmental issues [1]. Renewable 
energy can reduce the contamination of air and 
emission of hazardous gases [2]. Among the 
renewable energy sources, solar energy has 
attracted much attention because of abundance and 
cleanness [3]. In this sense, photoelectrochemical 
cell (PEC) is main method to split water into H2 and 
O2 gases providing clean energy in the future with 
the use of solar [4]. Hematite has been gaining 
much intensive popularity owing to its stability, 
appropriate band gap, low cost efficiency, high 
resistance to photocorrosion, non-toxicity and, 
availability as compared to conventional metal  

oxide semiconductors. Additionally, the theoretical 
solar-to-hydrogen (STH)-conversion efficiency of 
hematite is 12.9 % (12.6 mA/cm2 at 1.23 V vs. the 
RHE) [5], [6]. However, the photoelectrochemical 
cell (PEC) performance of -Fe2O3 is limited by 
certain factors such as high recombination rate of 
electrons and holes, low diffusion lengths of holes 
(2–4 nm), and poor conductivity, which cause both 
low photocatalytic performances and larger over 
potential for photo-assisted water oxidation [7]. 
There are various approaches which have been used 
to enhance the charge separation efficiency such as 
nanostructuring, doping, using heterojunctions, and 
incorporating conducting scaffolds. Moreover, co-
catalysts, surface passivation layers and surface 
chemical corrosions have been used to facilitate 
charge injection at the SLJ and reduce the 
overpotential [8]. Within this concept, 
nanostructured -Fe2O3 photoanodes structures 
were prepared on indium-doped tin oxide (ITO) 
coated glass by thermal oxidation of 
electrodeposited Fe films in different atmospheres 
in this study.   

2. Experimental Section 

The electrodeposition of Fe on the indium-doped 
tin oxide (ITO) coated glass was performed in a 
conventional three electrode cell in galvanostatic 
mode. ITO was the working electrode; saturated 
calomel electrode (SCE) was the reference 
electrode and a platinum wire served as the counter 
electrode. Prior to electrodeposition, ITO substrates 
were rinsed with ethanol, acetone, and deionized 
water. The aqueous electrolytic bath was prepared 
with 0.2 M FeSO4.7H2O, 0.009 M ascorbic acid (to 
avoid iron oxidation), 0.5 M H3BO3 (to enhance 
conductivity) and 0.5 M Na2SO4. The pH value of 
the electrolyte bath was 3.5. Then, the 
electrodeposited Fe films were thermally oxidized 
to form nanostructured -Fe2O3 in water vapor and 
air atmosphere. The surface morphologies of all 
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samples were characterized by scanning electron 
microscopy (JEOL 5960 SEM). Phase identification 
and crystal structures of the samples were 
performed by X-ray diffractometer (XRD, Bruker 
AXS D2 Phaser). The PEC measurements were 
conducted in a conventional three electrode system 
by means of potentiostat (Reference 600 
Potentiostat/Gamry) under AM 1.5G solar light 
irradiation (100 mWcm-2, Abet Technologies).

3. Result and Discussion 

Fig. 1 shows XRD patterns of the electrodeposited 
-Fe and -Fe2O3 phase which reveal after 

annealing at 500 °C for 1 h in the water vapor and 
air atmosphere. As can be seen in Fig. 1, the 
formation of high crystalline -Fe2O3 phases occur 
after the annealing. No other phases of iron oxide 
are identified. The (110) plane of -Fe2O3 is the 
dominant phase. The growth of -Fe2O3 in the 
(110) direction is desirable result. The conductivity 
of -Fe2O3 along the (110) direction is four orders 
of magnitude greater than in the orthogonal 
direction [9]. 

Figure 1. XRD spectra of the -Fe2O3 and -Fe
films. 

Fig. 2 illustrates the surface morphology of the 
prepared films. Fig. 2(a) depicts the surface 
morphology of -Fe film. It might be said that the 

-Fe film is coated very uniformly and 
homogeneously. The surface of -Fe film is very 
smooth. There is no any crack surface. The surface 
morphology of -Fe2O3 film annealed in air 
atmosphere is given in Fig. 2(b). As can be seen 
clearly in Fig. 2(b), -Fe2O3 constitutes a compact 
agglomerated grains. The morphology of -Fe2O3 is 
spread uniformly over the entire ITO substrate and 
a relatively smooth surface. Fig. 2(c) demonstrates 
the morphology of -Fe2O3 film which is annealed 
in water vapor atmosphere. It is observed that -
Fe2O3 has a rod-like morphology. The rod-like 
growth of -Fe2O3 is not perpendicular to substrate 
all surface. The rods growth is random which 
means form all direction. Moreover, there are few 
nanowires and nanoflakes morphology on both rods 

and substrates.

Figure 2. SEM images of prepared films: (a) Fe 
coating, (b) -Fe2O3 film annealed in air 
atmosphere and (c) -Fe2O3 film annealed in water 
vapor atmosphere. 

The PEC performances for the prepared -Fe2O3
photoanodes annealed with different atmosphere are 
exhibited in Fig. 3. It is seen obviously in Fig. 3, 
the photoelectrochemical (PEC) properties of the -
Fe2O3 fabricated in water vapor atmosphere shows 
at least 5 times higher than that of annealed in air 
atmosphere one. The photocurrent density of -
Fe2O3 annealed in water vapor atmosphere is about 
170 μA.cm-2 at 0.56 V vs. SCE.
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Figure 3. Current densities of the prepared -Fe2O3
photoanodes in different atmosphere. 

It is found that there is no any photoresponse after 
at 0.67 V vs. SCE. The difference between 
photoelectrochemical efficiency of -Fe2O3
photoanodes annealed in air and water vapor 
atmosphere stems from surface morphology. The 
rod like morphology is suitable for the electron 
transfer to surface in order to react solution for 
hydrogen gas production.

4. Conclusion 
In this present study, hematite photoanodes were 
synthesized under water vapor and air atmosphere 
at 500 °C in order to evaluate photochemical 
properties. XRD measurements revealed that 
crystalline hematite phase was obtained. It can be 
mentioned that the atmosphere condition influenced 
the morphology of the hematite photoanodes based 
on the SEM results. The rod-like morphologies 
were formed under water vapor atmosphere. 
Moreover, one can be said that the -Fe2O3
photoanodes annealed under water vapor 
atmosphere showed at least five times higher PEC 
properties that of photoanodes annealed under air 
atmosphere.
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Abstract 

One-dimensional nanostructures open up new avenues 

change with the dimension and size. Silver is a highly 
appealing material both in nanosize and bulk form. 
This is because of its high electrical conductivity. 
Silver nanowires are widely used in electronic and 
optoelectronic applications. On the other hand, 
although copper is almost equally conductive and 
cheaper than silver, copper nanowires are relatively 
new to these application areas. In this study, 
transparent thin film heaters were produced using 
copper nanowire random networks. Initially, copper 
nanowires were synthesized with a simple solution-
based method. After purification and dispersion of 
nanowires, thin films were deposited by spray coating. 
A major problem for copper nanowires in heater 
application is their oxidation since copper nanowires 
easily oxidize at elevated temperatures. The problem 
was solved by the deposition of an aluminum oxide 
shell layer onto copper nanowires via atomic layer 
de
heater performance was poor since the heater 
temperature can only be increased up to 100 °C under 
an applied bias, which then gradually dropped off due 
to oxidation. On the other hand, the heater temperature 
of aluminum oxide coated copper nanowire networks 
was increased up to 200 °C under an applied bias. 
Detailed analysis on the thermal, optical and electrical 
properties of copper nanowire network heaters will be 
presented. 

1. Introduction 

Thin film transparent heaters are visually transparent 
substrates with electrically conductive coatings on 
them. Typical applications include fog and ice 
prevention on optics and optical displays and extension 
of liquid crystal displays (LCDs) operating 
temperatures. There are basically two requirements for 
this application; high optical transmittance and high 
electrical conductivity. In electrically conductive 
materials, passage of current produces heat which can 

this principle, when voltage is applied to a conductor, 
electrons are accelerated in the opposite direction of 
electric field, which gives them kinetic energy. Then, 
electrons collide with ions in the conductor and kinetic 
energy is transferred to scattering of particles which 
generates heat. This relationship can be explained by 

P = I2 * R                                                                    (1) 

,where P is power, I is electrical current and R is 
resistance. 

Commercially available thin film transparent heaters 
are generally made of transparent conductive oxide 
(TCO) materials, where the most common one is 
indium tin oxide (ITO). ITO has a lot of disadvantages 
such as high deposition temperature (above than 
300°C), high brittleness and poor thermal stability [1].  
To get rid of these disadvantages, some alternative 
materials are studied in literature such as fluorine 
doped tin oxide (FTO) and metallic nanowire random 
thin films. Metallic nanowire thin films are promising 
candidates as the next-generation transparent 
electrodes. When utilized in heaters they provide 
advantages such as low power consumption and fast 
thermal response [2]. They can also be deposited over 
large areas.                    

Silver nanowires based transparent heaters have 
already been explored in quite detail [3]. Copper 
nanowires, on the other hand, can also be used to 
replace silver nanowires in such applications since the 
electrical conductivity of both copper and silver are 
similar. In fact, copper is much cheaper than silver. 
However, copper nanowires can easily be oxidized 
when compared to silver nanowires, which is a major 
problem at elevated temperatures. Thus, a protective 
layer on copper nanowires is necessary so that they can 
be used as transparent thin film heaters. 

There are some attempts to prevent oxidation of copper 
nanowires such as coating nickel, graphene and 
transparent oxide shells onto copper nanowires [4-5]. 
Transparent oxide shells coated by atomic layer 
deposition (ALD) shows improved oxidation stability 
without sacrificing transmittance and sheet resistance 
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alteration [6]. ALD method has some advantages such 
as excellent conformality on high-aspect ratio 
structures and thickness control at the angstrom level 
which are important parameters for adjusting sheet 
resistance and transmittance of thin films. 

Herein, we report on the heating performance of 15 nm 
thick aluminum oxide (Al2O3) deposited copper 
nanowire thin films. Spray deposition is used for the 
deposition of copper nanowire random networks on 
quartz substrates, which was followed by ALD 
deposition of Al2O3 onto copper nanowire networks. 

2. Experimental Procedure 

2.1. Materials 

All chemicals were purchased from Sigma-Aldrich. 
Copper (II) chloride dihydrate (CuCl2 99.0 %), D-
(+) - glucose monohydrate (anhydrous, 97.5-102.0%) 
and were used 
for copper nanowire synthesis. Ethanol 
polyvinylpyrrolidone (PVP) (MW= 55000) were used 
for the purification and dispersion of nanowires, 
respectively. Lastly, chloroform was used for the 
elimination of synthesis by-products. 

2.2. Synthesis of Copper Nanowires 

Copper nanowires were synthesized via a simple 
solution based method. 125 mg CuCl2, 300 mg glucose 
and 1080 mg HDA were dissolved in 60 mL deionized 
water and the solution was left for stirring for 12 hours 
at room temperature. Then, the solution was placed in a 
teflon lined autoclave with 100 mL capacity. The 
autoclave was left at 100 °C for 12 hours under 
autogenous pressure and then allowed to cool to room 
temperature [7]. After the synthesis, nanowires were 
purified. Purification involved repeated centrifugation 
with distilled water and ethanol. Then, by-products 
were eliminated with the help of chloroform. In this 
step, the solution was mixed with water and 
chloroform. Due to surface tension, by-products sink at 
the water and nanowires were gathered in the 
chloroform [8]. At the end, dispersion of nanowires 
was done via centrifugation with 2% PVP-ethanol 
solution. 

2.3. Thin Film Production 

1 inch x 1 inch quartz substrates were placed on a hot 
plate at 100 °C. Then, dispersed and by-product free 
copper nanowires were deposited onto the substrates 
through spray deposition and then allowed to cool to 
room temperature. Spray deposition provided 
homogeneous copper nanowire network formation on 

quartz substrates. Finally, prepared copper nanowire 
thin films were annealed under inert atmosphere to get 
rid of the excess PVP. 

2.4. Atomic Layer Deposition (ALD) onto Copper 
Nanowires

The ALD cycle was optimized before deposition onto 
copper nanowires. Trimethylaluminum (TMA) and 
water (H2O) precursors were sequentially applied onto 
the substrates to obtain 1 cycle. The overall reaction for 
ALD of Al2O3 is; 

2 Al(CH3)3 + 3H2O            Al2O3 + 6 CH4                 (2) 

120 cycles of ALD were applied onto copper nanowire 
thin films to obtain a 15 nm thick Al2O3.

3. Results and Discussion 

SEM images of bare and 15 nm Al2O3 deposited 
copper nanowires are provided in Figure 1 (a) and (b), 
respectively. SEM image in Figure 1 (b) showed 
conformal coating of Al2O3 around the nanowires. 

   

Figure 1. SEM images of (a) bare copper nanowire 
network and (b) Al2O3 deposited copper nanowire. 

The two important parameters for transparent heaters 
are sheet resistance and optical transmittance, both of 
which were investigated both before and after Al2O3
deposition onto copper nanowires. While sheet 
resistance value (Rsh was found to remain 
the same following Al2O3 deposition, optical 
transmittance (Figure 2) was found to decrease. Copper 
nanowire random network thin film had an optical 
transmittance of 78% at a wavelength of 550 nm, while 
the transmittance for 15 nm Al2O3 deposited copper 
nanowire thin film was found to be 73%.  

300 nm 10 m 

a) b) 
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Figure 2. Transmittance of bare and Al2O3 deposited 
copper nanowire thin films. Transmittance of bare 

quartz is also provided for comparison. 

Time dependent heating profiles of Al2O3 deposited 
copper nanowire thin films under different applied 
voltages (1, 3, 5 and 7V) are provided in Figure 3. The 
maximum temperature attained by the heaters was 
found to increase with the applied voltage. As it can be 
seen from the figure, the temperature increase was 
found to last for only 2 minutes. Then, the temperature 
remained stable until cutting the applied voltage. The 
maximum temperature attained was 225 °C under an 
applied voltage of 7V. However, following the 
application of 7 V for 12 minutes, the copper nanowire 

was started to increase. As a 
result of this, the temperature of the heater started to 
decrease. This result showed the stability limit of 15 
nm thick Al2O3 deposited copper nanowire thin film, 
whose performance was distinctly better than bare 
copper nanowire thin film heaters that could not be 
stable even at 100 °C for 20 minutes. 

 

Figure 3. Time dependent heating behavior of 15 nm 
Al2O3 deposited copper nanowire thin film under 

different applied voltages. 

 

 

4. Conclusions 

In conclusion, copper nanowires were synthesized via 
simple solution based method and they were deposited 
on quartz substrates in the form of thin films by spray 
deposition. To prevent the oxidation, 15 nm thick 
Al2O3 was deposited onto copper nanowires by ALD. 
Then, optical transmittance, sheet resistance and time 
dependent heating behavior of Al2O3 deposited copper 
nanowire thin films were investigated. Deposition of 
Al2O3 was found to improve the stability of copper 
nanowire thin film heaters. 
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Abstract 

Patogenic microorganisms can easily grow on cotton 
fabrics due to high moisture retention and relatively 
large surface area of the fabrics. Therefore, production 
of antibacterial textiles received considerable attention. 
Silver is known for its superior antibacterial 
performance and used as an antibacterial agent since 
ancient times. In this study, silver nanowires (Ag NWs) 
were used to modify conventional cotton textiles to 
obtain antibacterial products. Antibacterial activities of 
fabrics against standard test strains of Staphylococcus 
aureus (S. aureus,) ATCC#25923 as Gram-positive 
coccus, Escherichia coli (E. coli), ATCC#25922 as 
Gram-negative bacilli, Bacillus cereus (B. cereus) 
ATCC#14603 as Gram-positive bacilli and spore-
forming bacteria, Candida albicans (C. albicans) 
ATCC# 90028 as a yeast-like fungus were investigated 
via agar disc diffusion technique and the size of the 
inhibition zones of the samples were measured for at 
least 10 samples. The size of the inhibition zones was 
measured as 15 mm for each bacterium. These results 
showed high antibacterial performance of the Ag NW 
modified fabrics against various types of bacteria. 

1. Introduction 

Increasing world population and population density of 
metropoles let the epidemics spread very fast [1]. 
Therefore, antibacterial products for both personal and 
public concerns are started to be used intensively. 
However, microorganisms become more resistive 
against existing antibacterial agents. As a result of this 
new antibacterial agents should be developed urgently. 
Silver (Ag) is known with its superior antimicrobial 
performance from ancient times [2]. Silver with its 
different forms (bulk fiber, nanoparticles etc.) started to 
be used widely in antimicrobial textile industry by early 
2000s [3,4]. Bulk Ag fibers and thin Ag film coated 
fibers are difficult and prominently expensive to 
fabricate. Due to the zero dimensional structure of Ag 
nanoparticles (Ag NPs), washing stability is not high 
enough. On the other hand, Ag nanowires (Ag NWs) has 
one dimensional structure as a result of which they have 
better interaction with the coated surfaces (in this case 

textiles). Therefore, they have higher washing 
resistance.  

So far in literature there are only limited number of 
studies for the explanation of the antimicrobial effect of 
Ag NWs. Zhao et al. deposited graphene-wrapped Ag 
NWs onto ethylene vinly acetate/polyethylene 
terephthalate (EVA/PET) substrates to fabricate 
transparent antibacterial materials against gram-
negative (Escheria coli), gram-positive bacteria 
(Staphylococcus aureus) and yeast-like fungus (Candida 
albicans) and death rates of 50, 45 and 40 % was 
measured, respectively [3]. More recently, Jiang and 
Teng investigated the antibacterial performance of Ag 
NW deposited polydimethylsiloxane (PDMS) substrates 
against E. coli and S. aureus. A long term antibacterial 
effect with good cell compatibility and efficient 
antibacterial performance was obtained from these Ag 

2.
Biocompatibility of these samples were investigated 
through the observation of the morphology of 
cytoskeletal structure of human dermal fibroblast [4]. In 
another study, Satoungar and coworkers have fabricated 
electrically conducting Ag NW/polylactic acid fibers via 
electrospinning and investigated their antibacterial 
efficacy against S. Aureus, and E. coli. It has been 
showed that, a 3 wt% Ag NW addition cause 100% 
antibacterial decline against both bacteria [5]. Almost all 
previous studies focused on the antibacterial 
performance against S. Aureus, and E. coli. However, in 
order to explore the potential of Ag NWs in 
antimicrobial applications, an extensive study is 
required against not only gram positive and negative but 
also fungal and spore forming bacteria. 

In this study, Ag NWs were decorated onto cotton 
textiles via facile dip and dry cycles. Antimicrobial 
performance of the Ag NW modified fabrics were 
investigated against S. aureus, E. Coli, B. Cereus and C. 
albicans via agar disk diffusion method. Bare cotton 
fabrics were also used as control samples.  

2. Experimental Procedure 

2.1. Materials 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

592 IMMC 2018   |   19th International Metallurgy & Materials Congress

Cotton fabrics and all glassware were cleaned using 
acetone (99.8%), isopropyl alcohol (99.8%) and finally 

ethanol (0.2 mg/ml) were supplied by Nanovatif 
Materials Technologies LTD. NWs were used as 
received without further purification. The average 

nm, respectively.  

2.2. Decoration of Ag NWs onto fabrics 

Dip-and-dry method was used to modify cotton fabrics 
with Ag NWs, details of which are described elsewhere 
[6]. Basically, pre-cleaned cotton fabrics (1 cm2) were 
immersed into 20 ml of 0.2 mg/ml ethanolic Ag NW 
solutions for 5 min then dried at 80 oC for 10 min. This 
procedure was repeated until a Ag NW loading of 0.4 
mg/cm2 was achieved on cotton fabrics. 

2.3. Characterization 

For antimicrobial activities of fabrics against standard 
test strains of Staphylococcus aureus (S. aureus,) 
ATCC#25923 as a Gram-positive coccus, Escherichia 
coli (E. coli), ATCC#25922 as a Gram-negative bacilli, 
Bacillus cereus (B. cereus) ATCC#14603 as a Gram-
positive bacilli and spore-forming bacteria, Candida 
albicans (C. albicans) ATCC#90028 as a yeast-like 
fungus were investigated via agar disc diffusion 
technique. After freshly-culturing bacterial strains on 
Mueller Hinton agar (MHA, Merck, Germany), C. 
albicans on Sabourraud Dextrose agar (SDA, Merck, 
Germany) at 37 for 48-72 hrs., the grown colonies of the 
strains were harvested. The bacterial and fungal 
suspensions were prepared in a sterilized test tubes 
containing 5 mL Mueller Hinton Broth (MHB, Merck, 
Germany) and the final inoculums were adjusted to 
1.5x108 ant 2x108 CFU (colony forming unit)/mL 
respectively according to 0.5 McFarland test standard, 
turbidometrically. Addionally, the inoculums were 
adjusted according to their Optical density (OD450nm: 

amount of each suspension was inoculated on the MHA 
for bacterial strains, SDA for C. albicans. The fabrics 
were put onto these agar plates for at least 10 samples. 
They were incubated at 37oC for 24-48 hours, and after 
the incubation, the diameters (cm) of the inhibition 
zones of the samples were measured. 

The homogeneity of the NW modification was 
monitored through SEM analysis using FEI NOVA 
NANO SEM 430 microscope with secondary image 
mode under voltage of 5 kV. Prior to SEM analysis a 
thin gold layer (5-10 nm) was deposited onto fabrics. 
SEM analysis were also used to monitor morphologies 
of both living and dead B. Cereus bacteria. Prior to SEM 
imaging, both living and dead bacteria were fixed onto 
fabrics according to a procedure described in literature 
[2]. Each sample was immersed into a 2.5 % 
glutaraldehyde solution in phosphate buffered saline 
(PBS) for 30 minutes. Then each samples were 

immersed into 60%, 70%, 80%, 90% and 100% ethanol/ 
PBS for 10 minutes for each solution, respectively. 

3. Results and Discussion 

SEM images of bare and Ag NW modified fabrics with 
a NW content of 0.4 mg/cm2 are provided in Figure 1 (a) 
and (b), respectively. Ag NWs can be easily and 
homogenously modified onto cotton fabrics without any 
additional surface treatment protocols, as it was also 
reported in our previous study [6]. Moreover, Ag NW 
amount can be adjusted by controlling the number of dip 
and dry cycles. 

Figure 1. SEM images of (a) bare cotton fabric and (b) 
0.4 mg/cm2 Ag NW modified cotton fabric. 

Bare cotton fabrics did not show any antimicrobial 
effect against S. aureus, E. Coli, B. Cereus and C. 
albicans. Photos of bare cotton fabrics after disk 
diffusion test are provided in Figures 2 (a)-(b)-(c)-(d), 
respectively. On the other hand, 1 cm2 Ag NW modified 
fabrics had 15 mm inhibition zones, following diffusion 
test, against S. aureus, E. Coli, B. Cereus and C. 
albicans, as shown in Figure 2 (e)-(f)-(g)-(h). 
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Figure 2. Photos of bare cotton and Ag NW modified 
fabrics after disk diffusion test.  (a), (b), (c), (d) shows 

the performance of bare cotton against S. aureus, E. 
Coli, B. Cereus and C. albicans, respectively, (e), (f), 
(g), (h) shows the performance of 0.4 mg/cm2 Ag NW 
modified fabrics against S. aureus, E. Coli, B. Cereus 

and C. albicans, respectively. 

Mechanisms of antimicrobial effect of Ag nanostructure 
were discussed for a long time. Recently, Xiu and 
coworkers showed that antimicrobial effect is directly 
related with Ag+ ion release from the nanostructure [8]. 
Effect of Ag nanostructure can be taking into account in 
terms of Ag+ ion release rate. They have also purposed 
that, Ag+ react with sulfur atoms in the protein structure 
of cell membrane. As a result of this membrane lost its 
properties. Alternatively, Ag+ ions penetrate though the 
cell and react with phosphorus in the structure of DNA 
which prevent DNA replications. As a result of both 
cases cellular malformation is observed. SEM images of 
living and dead B. cereus bacterium are provided in 
Figure 3 (a) and (b), respectively. Cellular malformation 
can be observed in Figure 3 (b), which shows the effect 
of Ag+ ions on the B. cereus.

Figure 3. SEM images of (a) living, (b) dead B. Cereus 
bacterium. 

4. Conclusions 

Antimicrobial performance of Ag NW modified cotton 
fabrics were investigated against four different types of 
bacterium test strains. Ag NW modified fabrics showed 
promising antimicrobial performance against S. aureus, 
E. Coli, B. Cereus and C. albicans with an 0.15 cm 
inhibition zones. Moreover, dip and dry method has a 
potential to modify cotton fabrics via Ag NWs in a facile 
and scalable manner. 
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Abstract

Metallic glasses are promising materials for engineering 
applications due to their high elastic limits and high 
hardness. One of the major drawbacks of metallic glasses is 
their brittle nature. One approach to improve their ductility 
is to utilize a metallic glass – crystalline nanocomposite. In 
this work, we investigated the mechanical properties of 
nanolayered CuTi metallic glass – nanocrystalline Ti thin 
films. The nanolayered structure has the potential to offer 
higher ductility, and CuTi-Ti is a biocompatible model 
system that has potential to be used as wear and corrosion 
resistant coatings for medical implants. We prepared thin 
films of CuTi-Ti with fully amorphous CuTi and 
nanocrystalline Ti layers. The multilayers show comparable 
hardness to that of single phase CuTi metallic glass 
coatings. Combination of high strength and ductility make 
nanolayered metallic glass – crystalline composites 
promising materials for wear resistance applications. 

1. Introduction 

Recent efforts in the development of metallic glasses have 
focused on improving their ductility for enabling their 
wider use in applications [1]. Alternating layers of a 
metallic glass and a crystalline metal is one of the most 
commonly studied model systems for exploring high 
ductility metalic glass nanocomposites [2]. In these 
nanolayered structures, the crystalline phase acts a barrier 
to shear banding, which prevents the catastrophic failure of 
the material over a single shear band. 

CuTi is a glass-forming system that has potential to be used 
as a biocompatible coating on medical implants [3]. The 
ductility and toughness of the coating becomes important 
for the reliable performance of the coating in such an 
application. Mechanical properties of several metallic glass 
– crystalline nanolayered composites have been previously 
studied, such as PdSi-Cu [4], CuZr-Zr [5], CuNb-Cu [6], 
ZrCuTi-Ta [7], and ZrCuTi-PdCuSi [8]. However, there 
has been no study on the microstructural and mechanical 
properties of CuTi-Ti nanolayered composites. In this 
work, we prepared thin films of CuTi-Ti nanolayers and 
investigated their microstructure and mechanical properties 

in a systematic fashion. Results indicate that with the 
addition of Ti layers, the CuTi maintains its high strength 
in the range of layers thicknesses 10 – 100 nm. 

2. Experimental Procedure 

A VAKS S magnetron sputterer deposited the amorphous 
CuTi / nanocrystalline Ti nanolayers on oxidized single 
crystal silicon wafers. Amorphous CuTi layers had an 
atomic composition of Cu60Ti40 in all samples (will be 
referred as CuTi for brevity). Targets of pure Cu (99.99% 
purity), and Ti (99.99% purity) from Kurt J. Lesker were 
used. The base pressure of the sputterer was about 
2 × 10 7 Torr and the argon pressure was 2.2 × 10 3 Torr 
during deposition. For the nanolayered samples, the layer 
thickness of CuTi and Ti were equal in all samples. The 
seed and cap layers were always amorphous CuTi. Four 
different nanolaminates with layer thicknesses of 10, 30, 50 
and 100 nm were prepared. In addition to the 
nanolaminates, monolithic CuTi and nanocrystalline Ti 
single layer coatings were also deposited. The total 
thickness of all the coatings was 1000 nm. 

The microstructure and composition of the films were 
characterized by X-Ray diffraction using a Rigaku Ultima 
IV diffractometer with a grazing angle of 1° at a 
measurement speed of 1°/min from 20° to 50°. Electron 
microscopy and energy-dispersive X-Ray spectroscopy 
were performed using both an FEI Quanta 400F SEM and 
an FEI Nova 600 Nanolab focused ion beam. An Agilent 
G200 nanoindenter measured the hardness of the films by 
using a Berkovich tip in continuous stiffness measurement 
mode [9]. 

3. Results and Discussion 

Figure 1 shows the cross-section SEM images of the 
coatings. The alternating layers are clearly visible due to 
the contrast between the layers. The waviness of the layers 
increase towards the top surface and we attribute this to the 
surface roughness in the crystalline layers and to the 
residual stress present in the layers.
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Figure 1. Cross-sectional SEM images of the coatings 
prepared by focused ion beam, for layer thicknesses of a) 
30 nm, b) 100 nm. Bright layers are amorphous CuTi and 
dark layers are nanocrystalline Ti. Images were taken at 52˚
tilt.

Figure 2 shows the XRD results of pure Ti, CuTi metallic 
glass, and nanolayered films. CuTi metallic glass does not 
show any peak but a wide hump that is characteristic of 
amorphous materials. For the nanolayers, both the 
amorphous hump and the crystalline peak is present. This 
verifies that the CuTi layers are of amorphous in nature 
whereas the Ti layers are crystalline. 

Figure 2. XRD patterns of pure nanocrystalline Ti, CuTi 
metallic glass and CuTi-Ti nanolayers with indicated layer 
thicknesses.

Table 1 shows the average grain size calculated from the 
Scherrer equation. Pure Ti is crystalline with an average 
grain size of 19 nm. The grain size of the Ti layers are 
smaller than the monolithic Ti due to their geometric 
confinement. As the layer thickness decreases, the average 
grain size monotonically decreases, which is a phenomenon 
commonly observed in nanolayered metals [6]. 

Table 1. Layer thickness, grain size and hardness values of 
all samples. 

Sample
Layer

Thickness
(nm) 

Grain Size 
(nm)   

Hardness
(GPa) 

H
(GPa)

Ti 1000 19 0.92 0.25 

100 16  7.3 0.16  

50 14 7.15 0.18 

30 9.0  7.36  0.32 
CuTi-Ti 

10 5.1 7.18 0.3 

CuTi 1000 amorphous 7.04 0.36  

Table 1 also shows the nanoindentation hardness data of all 
samples. Pure crystalline Ti has a hardness of 0.92 GPa. 
Although hardness can vary significantly with grain size, 
impurity levels, grain morphology and strain rate in pure 
nanocrystalline Ti, this value is within the range of values 
reported in the literature [10]. On the other hand, CuTi 
metallic glass has a very high hardness of 7.04 GPa. There 
is no literature hardness data available for co-sputtered 
CuTi metallic glasses; nevertheless, a similar alloy with an 
atomic composition of Cu36Ti34Zr22Ni8 has been measured 
to have a hardness around 8.3 GPa [11], which is close to 
the observed value in our study. 

Interestingly, the hardness of the nanolayers do not change 
with layer thickness, and they are very close to the hardness 
of the monolithic CuTi metallic glass. This is contrary to 
most findings in the literature where hardness increases 
with decreasing layer thickness. Figure 3 shows an example 
of this behavior for CuZr-Cu nanolayers [12]. This 
hardening is usually attributed to the variation of the 
strength of the crystalline layers with layer thickness, rather 
than the metallic glass, as metallic glasses do not show 
strong size effects. With decreasing layer thickness, the 
strength of the crystalline layers increases analogous to 
Hall-Petch behavior. As a result, the overall strength of the 
nanolayers increase with decreasing layer thickness. 
However, we do not observe such a behavior in our CuTi-
Ti system. The almost constant hardness with varying layer 
thickness of CuTi-Ti might be due to the hexagonal close-
packed nature of Ti whose limited number of slip planes 
impede plasticity in a confined geometry. Additional 
studies on CuTi-Cu nanolayers and more detailed 
crystallography of the CuTi-Ti nanolayers using 
transmission electron microscopy will provide a better 
understanding of the observed effect. 

(002)

(101)

CuTi

Ti

100

50

30

10



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

597
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Figure 3. Hardness values of pure Ti, CuTi metallic glass 
and nanolayers, as determined by nanoindentation 
measurements. Diamond markers are literature values for 
CuZr-Cu nanolayers [12]. 

4. Conclusion 

We have investigated CuTi-Ti nanolayers with layer 
thicknesses in the range 10–100 nm for their 
microstructural and mechanical properties. CuTi layers are 
amorphous, whereas pure Ti is nanocrystalline. CuTi-Ti 
nanolayers maintained outstanding strength, similar to that 
of monolithic CuTi, regardless of its layer thickness. The 
results imply that it might be possible to obtain high 
ductility metallic glass composites without sacrificing the 
very high strength of the metallic glass. Future work will 
focus on understanding the reasons for the high strength 
maintained in the nanolayers and probing their ductility 
when compared to monolithic metallic glass. 
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Abstract 

Initially, bulk Ni60B40 alloys were produced and presence of 
two Ni4B3 and Ni2B crystalline phases were detected by 
SEM-EDS, X-ray diffractometer and DSC analysis. After 
the completing of structural characterization of Ni60B40 bulk 
alloy, milling operation was carried out with Nickel and 
Boron powders up to 80 hours of milling time. In order to 
avoid oxidation during milling, the vials had been filled 
with Ar inert gas before milling started. Initial sub-micron 
sized particles have been reduced down to a size ranged in 
between 50 to 100 nm at the end of ball milling procedure. 
Structural analysis revealed that, after 40 hours of milling, 
Ni3B intermetallic phase starts to form in the Ni-B 
nanoalloys. Also, in terms of the particle size, it was found 
that the amount of nano-sized particles raised with 
increasing milling time. Magnetic properties of Ni60B40
nanoalloy powders have been measured by using vibrating-
sample magnetometer. Magnetic measurements indicated a 
general decrease in saturation magnetization and increase in 
coercivity with increasing milling time. 

1. Introduction

Nanoalloys may exhibit properties that are different from 
the bulk form of the same alloys. Novel properties of Ni-B 
magnetic nanoalloys make them useful for numerous 
application areas, such as, biomedicine, catalysis, nano-
electronics, targeted drug delivery, magnetic separation, 
magnetic recording media, data storage etc. [1-7]. It was 
also shown, that Boron influence on structure and properties 
of nickel-based alloys and notably affect and increase wear 
resistance and hardness [2]. Because of the boride 
dispersion within the microstructure, boride containing 
nickel base alloys exhibit a good resistance to abrasion and 
galling [8].  

This study aims to synthesize Ni-B alloys, having different 
Boron content, in the bulk and nanocrystalline/amorphous 
forms by means of arc melting and water cooled copper 
mold casting methods under controlled atmosphere and 
high energy ball milling technique, respectively and to 
provide comparable structural characterization of them. 

2. Experimental Procedure

The bulk Ni-B alloy composition was determined in 
hypereutectic region between two intermetallic 
compounds as Ni60B40 (at. %), Fig.1. After preparation 
of the composition, mixture was melted in Edmund 
Buhler GmbH Arc Melter device using a water- cooled 
copper hearth and non-consumable tungsten electrode 
under high purity argon atmosphere. Homogeneity 
was achieved by remelting samples three times. After 
arc melting process, 3 mm diameter sized rod samples 
of Ni60B40 alloy was produced via water cooled copper 
mold casting methods under controlled atmosphere. 
Metallographic treatment processes were carried out 
before structural characterizations.  

             Figure 1. Partial phase diagram of Ni-B
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After completing the structural analysis of the Ni60B40 bulk 
alloy, powder mixture was prepared at same composition 
for production of nanocrystalline/amorphous alloys by 
means of high energy ball milling technique. Fritsch 
Pulverisette 7 Premium Line High Energy Ball Mill 
device was used for milling operation, stainless steel balls 
were chosen. Rotation speed was determined as 250 rpm. 
Milling was carried out as cycles of 15 minutes composed 
of 15 minutes milling, 15 minutes rest and 15 minutes 
milling in sequence. After each milling cycle, the device 
was left to cool down for about 15 minutes, in order to 
prevent overheating. The powders were milled for 80 
hours in total. 

3. Results and Discussion 

Figure 2 shows the XRD patterns of Ni60B40 bulk alloy 
sample obtained by the suction casting method. As it is seen 
from the graph two crystalline phases of Ni2B and Ni4B3 are      
present. 

Figure 2. XRD patterns of the Ni60B40 bulk alloy 

 After XRD analysis, SEM analysis were carried out for 
further classification of phases that are present in the 
microstructure, Fig. 3. Pro-eutectic and eutectic 
intermetallic phases are evident in the SEM images.  

         

                                                     

Figure 3. SEM images of Ni60B40 showing pro-
eutectic and eutectic intermetallic phases (a) 4000x 

(b) 8000x (c) 16000x (d) 60000x mag. 

EDS analysis shown in the Fig.4 proves the presence of 
Ni2B and Ni4B3 phases in the alloy. Thermal behavior 
of bulk alloy has been analyzed by means of differential 
scanning calorimeter (DSC), Figure 5, from which the 
melting temperatures of the phases Ni4B3 and Ni2B have 
been determined as and , respectively, 
which coincide well with data published in the literature 
[9]. 

Figure 4. EDS results of Ni60B40 bulk alloy sample 
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Figure 5. DSC results of Ni60B40 bulk alloy 

After completing the characterizations of Ni60B40 bulk alloy, 
structural analysis of Ni60B40 nanoalloy were provided. Fig. 
6 shows the XRD analysis of the nanoalloy powders 
produced at different milling times conditions. As it is seen 
from the XRD pattern, until 40 h milling, only Ni-B alloy 
peaks were identified in the structure, no additional peak 
occurred; however, at 40 h of milling, Ni3B diffraction peaks 
started to appear and their intensities increases with 
increasing milling time.  

Figure 6. XRD results of Ni60B40 nanoalloy powders 

      
                  

Fig 7. shows the SEM images of the milled powders 
for different milling times. 

                               

                                                                

                                                                        

Figure 7. SEM images of Ni60B40 milled powder (a) 
0 h (initial), (b) 20 h, (c) 60 h, (d) 80 h

Initial sub-micron sized particles have been reduced 
down to a size ranged in between 50 to 100 nm at the 
end of ball milling procedure. Crystallite sizes of the 
Ni60B40 powders were calculated by using Scherrer 
equation. Table 1 shows the crystallite size dependence 
on milling time in the Ni60B40 nanoalloy powder. It is 
evident that, crystallite sizes decrease with increasing 
milling time. 

Table 1. Crystallite sizes of the Ni60B40 nanoalloy 
powders 

DSC analysis was carried out to analyze thermal 
behavior of nanoalloys. Figure 8 shows the DSC curves 
of powder samples for 80 h milling time. It is evident 
that, nanoalloy powders showed the amorphization 
behavior and glass transition and crystallization 
temperatures were determined from the curves as 388 
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Figure 8. DSC analysis of Ni60B40 for 80h milling time 

Finally, VSM analysis was carried out for samples milled at 
different milling times.   

Figure 9. Hysteresis curves for milled at different   
      milling times of Ni60B40 nanoalloy.

4. Conclusions 

Ni-B alloys, in the bulk and nanocrystalline/amorphous 
forms have been successfully synthesized by means of arc 
melting and water cooled copper mold casting methods under 
controlled atmosphere and high energy ball milling 
techniques, respectively. Structural characterization of them 
by means of XRD, SEM and DSC methods indicate that they 
have different structural and microstructural features. It was 
shown that in Ni60B40 bulk alloy two different Ni2B and Ni4B3
crystalline phases are present in equilibrium and 
nonequilibrium conditions. However, microstructure of 
Ni60B40 nanoalloy strongly depend on milling time; 
amorphization of alloy starts at 40 h milling time and Ni3B
nanocrystalline phase started to form at 60 h and grow with 
further increasing of milling time. Initial sub-micron sized 
particles have been reduced down to a size ranged in between 
50 to 100 nm at the end of ball milling procedure. Magnetic 

measurements indicated a general decrease in saturation 
magnetization and increase in coercivity with increasing 
milling time.
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Abstract

Mechanical properties of most new generation materials 
such as nanostructured metals, nanoporous materials, 
metallic glasses, and thin film coatings cannot be 
investigated by conventional uniaxial testing techniques 
because of geometrical restrictions. Recent developments 
in microfabrication techniques have enabled the production 
of microscale specimens that are analogous to the 
macroscale counterparts. Microcylinders, microcantilevers, 
microtensile specimens and many other geometries can 
now be fabricated effectively, and nanomechanical 
transducers with nm-level displacement and nN-level force 
resolution can be used to test these microspecimens. 

We investigated a number of different materials such as 
metallic glasses and thin film coatings through micropillar 
compression tests. We also manufactured microcantilever 
specimens for fracture testing of hard coatings. We 
manufactured these microspecimens using focused ion 
beam, and performed the tests using a nanoindenter 
equipped with a flat punch. We demonstrate that advanced 
micromechanical testing is a powerful tool for probing the 
mechanical behavior of new generation materials and thin 
films. 

1. Introduction 

Recent efforts towards developing advanced materials with 
superior mechanical properties has focused on 
nanostructures. Nanoscale features can be introduced into a 
material through nanocrystallization [1], nanoprecipitation, 
nanolayers [2], nanoporosity [3], and nanoscale phase 
separation [4]. 

At the nanoscale, most of the conventional strengthening 
mechanisms behave differently; for example, below a grain 
size of about 100 nm, deviations are observed from Hall-
Petch [5], and solid solution strengthening and precipitation 
strengthening cannot be explained by the classical theories 
[6,7]. This generated a need for probing the mechanical 

properties of materials at a small scale that is comparable to 
the scale of the features present in the material. 

One of the most commonly used microscale mechanical 
testing techniques is nanoindentation, where a sharp 
diamond tip indents the specimen while the nanoindenter is 
measuring the load on the sample and the displacement into 
the sample simultaneously. By using a well-established 
technique developed by Oliver and Pharr [8], one can 
determine the hardness and elastic modulus of the 
specimen. Reliable results can be obtained for penetration 
depths as small as 50 nm; therefore, nanoindentation is a 
powerful technique for probing nanoscale mechanical 
behavior and measuring the mechanical properties of thin 
films, coatings, and altered surface layers. 

On the other hand, nanoindentation has some 
disadvantages. Since hardness is a complicated response 
that depends on a material’s yield strength, elastic modulus, 
ductility, and strain hardening behavior, it can become 
difficult to interpret the results from a fundamental point of 
view. In order to overcome these disadvantages, the 
micropillar compression technique is developed [9], where 
a microcylindrical specimen is compressed by using a 
nanoindenter equipped with a flat punch. 

In addition, it has been difficult to obtain the fracture 
toughness of small scale samples until recently. In the last 
decade, many microfracture testing approaches have been 
developed to overcome this challenge. One of the popular 
techniques utilizes microcantilevers with a notch loaded 
until fracture [10]. Linear elastic fracture mechanics can be 
used to determine the fracture toughness of the specimen 
using the load at fracture and the specimen geometry. 

In this work, we demonstrate the power of the micropillar 
compression technique to probe mechanical behavior of 
nanocrystalline metals, and metallic glasses. We also 
present the fabrication procedure of a microcantilever 
designed for fracture testing of TiAlN wear resistant 
coatings.
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2. Experimental Procedure 

Al90Tb10 metallic glass ribbons were prepared by melt-
spinning. The glassy nature of the specimens was verified 
by transmission electron microscopy (TEM) (see Figure 1) 
[11]. Nanocrystalline copper samples were prepared using 
magnetron sputtering on oxidized single crystal silicon 
substrates. Figure 1(b) shows the nanocrystallinity of the 
thin film through a scanning electron microscope (SEM) 
image. AlTiN was coated on single crystal silicon 
substrates by cathodic arc deposition by Ionbond Turkey 
using a commercial deposition system. 

Figure 1. (a) TEM image of Al90Tb10 sample and the 
diffraction pattern demonstrating the amorphous structure 

[11]. (b) SEM image of pure copper film demonstrating the 
nanocrystalline structure. 

Micropillar specimens were prepared by using an FEI Nova 
600 Nanolab focused ion beam. Ga+ ions milled the surface 
of the specimens in a circular pattern to leave a cylinder in 
the middle. First, a rough milling removed a circular ring of 
25 μm outer diameter and 5 μm inner diameter for a depth 
of about 5 μm. Then milling pattern was made smaller 
gradually to refine the microcylindrical specimen – the 
micropillar. Together with a reduction in the milling area, 
the beam current was also gradually decreased, which helps 
increasing the resolution of the microfabrication process. 
The last step included the milling of a fine ring at a beam 
current of 100 pA to obtain nearly vertical sidewalls. SEM 
images of Al90Tb10 metallic glass and nanocrystalline Cu 
specimens are shown in Figure 2. 

Figure 2. SEM images of (a) Al90Tb10 metallic glass and 
(b) nanocrystalline copper micropillars. 

After the fabrication and electron microscopy verification 
of the specimens, an Agilent G200 nanoindenter equipped 
with a flat diamond punch compressed the micropillars. 
The measurements were performed in a displacement 
controlled mode where the loading of the force transducer 
is adjusted in closed-loop control. 

For the manufacturing of the TiAlN fracture specimens, 
first, the coated silicon wafers were broken into 1 cm x 1 
cm pieces and soaked in KOH to partly etch the silicon 
from the edges of the wafer. This generated very narrow 
freestanding regions of AlTiN along the edges of the wafer, 
that are wide enough for milling out samples. Rectangular 
slots were milled from the edges to obtain cantilever 
structures of 2 μm thickness, 2 μm width and 14 μm
length using the focused ion beam. Finally, a notch was 
machined from the base of the cantilevers to facilitate crack 
formation upon loading. Figure 3 shows an SEM image of 
two cantilevers manufactured. 

Figure 3. SEM image of two microcantilevers prepared out 
of AlTiN coatings on single crystal silicon. 

3. Results and Discussion 

Figure 4 shows the stress-strain behavior of the metallic 
glass and nanocrystalline micropillars. The yield strength of 
the aluminum-based metallic glass is around 900 MPa. This 
high strength is remarkable considering that most 
conventional aluminum alloys have a strength below 300 
MPa. 

Metallic glass micropillar initially shows small 
displacement bursts with increasing loading. Further 
increase in loading results in abrupt failure as indicated by 
the large strain at approximately constant stress. The 
presence of small displacement bursts provide insight to the 
plasticity in metallic glasses. Metallic glasses deform by 
the so-called shear transformation zones [12]. These are 
nanoscale regions with relatively large free volume. When 
shear transformation zones form a percolated structure, 
they generate a shear band. Over the shear band that is only 
about 20 nm width, a very large shear strain takes place 
[13]. When a shear band becomes large enough to go 
through the whole width of the specimen, catastrophic 
failure occurs. 
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A remarkable strength is also observed for nanocrystalline 
copper, above 1 GPa. This is about 30 times larger than 
annealed coarse grained pure copper, emphasizing the great 
potential of nanocrystalline metals as engineering 
materials. The results here are slightly higher than the 
literature values for nanocrystalline pure Cu [14], and the 
partial oxidation during sputtering might be responsible for 
this, which will be examined through additional 
characterization.

The copper micropillar went through a strain beyond 50% 
and the lack of strain hardening suggests the possibility of 
bending or buckling upon deformation. Post-compression 
SEM observations will clarify the deformation morphology 
and the micropillar geometry will be optimized for more 
reliable results accordingly. 

Figure 4. Stress-strain behavior of (a) Al90Tb10 metallic 
glass and (b) nanocrystalline copper micropillars. 

4. Conclusion 

The micromechanical characterization technique of 
micropillar compression was demonstrated in two model 
materials, an Al-based metallic glass and nanocrystalline 
copper. The results show that micropillar compression is an 
effective technique for probing the mechanical properties, 

especially when the sample dimensions do not allow 
conventional macroscopic mechanical testing. Furthermore, 
the nanoscale force and displacement resolution of the 
technique provides additional insight to the plasticity of the 
tested material, for example, strain bursts on the order of a 
couple of nanometers can be easily detected. 

The sample preparation step of another recently developed 
technique of microcantilever bending was demonstrated on 
hard and brittle TiAlN coatings. Future work will include 
the testing of these cantilevers in bending mode and 
analyses of the fracture data for the determination of the 
fracture toughness of the coatings. 
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Abstract

Titanium dioxide (TiO2) nanoparticles were synthesized 
via acid assisted sol-gel process using tetra-isopropoxide 
as a precursor to enhance photocatalytic activity. The 
effects of different acids namely; acetic acid, hydrochloric 
acid, and nitric acid on the formation and photocatalytic 
properties of TiO2 nanoparticles were researched. All the 
nanoparticles synthesized at various conditions were 
characterized using XRD, SEM, and UV-Vis 
spectrophotometer. The results showed that only anatase 
phase of TiO2 nanoparticles with different crystallite size 
and morphology were synthesized with respect to the 
kinds of acid and the procedure applied. The TiO2 powder 
synthesized from HCl exhibited highest photocatalytic 
activity, and its methylene blue photodegradation 
efficiency was 76.2%, 95%, and 98.1% in 30, 60, and 90 
min UV irradiation, respectively. 

1. Introduction 

Recently, different strategies like the ion exchange, 
membrane filtration, electrochemical methods, etc., have 
been employed to resolve the water pollution problems 
[1]. Many factors including the stable state of its chemical 
and optical properties, as well as many other advantages 
such as low cost, insolubility in water, high efficiency, and 
its harmless property,  point out to use titania  (TiO2) as a 
photocatalyst in water treatment [2,3]. The production of a 
thin or thick film of TiO2 is one of the important 
researches in the domain of the photocatalyst to optimize 
the coating of TiO2 solution on the different substrates [4]. 
There are many techniques or methods used in the 
production of TiO2 films. The sol-gel process is 
considered one of the best methods to prepare thin oxide 
coating since it has multiple advantages including 
easiness, low-cost, and better homogeneity in the products 
[5].

The objectives of this work are i) to investigate the effects 
of different acids and different pH on the formation, 
morphology, and structure of TiO2 nanoparticles, ii) to 
determine the effects of the developed morphology on the 

photocatalytic activity (PA) of TiO2 nanoparticles 
synthesized, iii) utilization of the TiO2 nanoparticles 
synthesized in waste water treatment. 

2. Experimental Procedure 

2.1. Synthesis of TiO2 Nanoparticles

TiO2 nanoparticles were synthesized using tetra-
isopropoxide (TTIP, Aldrich 97%) as a precursor. First, 
various amount of different acids: acetic acid (CH3COOH, 
Merck 100%), nitric acid (HNO3, Aldrich 70%), and 
hydrochloric acid (HCl, Aldrich 37%) were added to the 
beaker containing 0.9 mL distilled water and 23.5 mL 
ethanol absolute (C2H5OH, Merck 99%). Second, 2.35 mL 
of TTIP was added drop wise to the solution during 
magnetic stirring for 30 min at room temperature (~25 ºC). 
The acidity of the solution was adjusted to 4. The sol was 
kept at room temperature for 1 day to form a gel. Then, the 
gel was dried in an oven at 80 ºC for 24 h to remove all 
moisture and to get fine particles. The fine particles were 
obtained in the form of agglomerate that was crushed to 
obtain a powder. After that, the powders were calcined at 
550 ºC for 1 h in air. The heating and cooling rates were 2 
and 6 ºC/min, respectively for all powders. Dry gels 
synthesized by using CH3COOH were calcined at 
temperatures of 450, 550, and 650 °C. The TiO2
nanoparticles synthesized were coded as CH-4, HCl-4, and 
HN-4 for CH3COOH, HNO3, and HCl solutions, 
respectively.

A coating solution was prepared from the powder 
synthesized by using HCl as a catalyst to get a coating 
layer on the glass substrates by dip–coating technique. The 
glass substrate was cleaned by immersing it in the beaker 
containing ethanol for 2 h and then dried in an oven at 80 
ºC for 30 min. Second, the substrate was dip-coated by 
immersing it in the coating solution for a minute and then 
dried in an oven at 80 ºC for 10 min. This operation was 
repeated one, three, and five times to increase the coated 
layer thickness. The three films prepared were calcined at 
550 ºC for 1 h.
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2.2. Characterization of TiO2 Nanoparticles

The phase(s) present in the TiO2 nanoparticles synthesized 
was identified using X-Ray Diffractometer (Rigaku, 
D/MAK/B, Tokyo, Japan). All powders were scanned 
continuously from 2  of 20º to 80º at a scanning rate of 
2/min with 0.02º increments. The surface morphology and 
particle size of the powders were examined using scanning 
electron microscope (SEM, Nova Nanosem 430). 

2.3. Photocatalytic Measurement  

The photocatalytic activity of TiO2 nanoparticles 
synthesized was evaluated through degradation of 
methylene blue (MB) solution under a 125 W UV lamp 
with a wavelength at 365 nm and continuous stirring using 
a magnetic stirrer. The distance between the source and 
the surface of Pyrex container (300 mL capacity) was 5 
cm. The MB solution was prepared first by dissolving 20 
mg of MB in distilled water to get a concentration of 20 
mg/L and then adding TiO2 nanoparticles to this solution 
under continuous stirring to get the TiO2 /MB 
concentration of 100 mg/20 mL. Before illumination of the 
UV light, the suspension aqueous solution was stirred 
continuously in dark for 30 min to ensure 
adsorption/desorption equilibrium.  A 3.5 mL of the 
suspension was withdrawn every 30 min under the UV 
light. Then, a separation of the powders was done by 
centrifuge, and was analyzed using the UV–Vis 
spectrophotometer (Shimadzu UV-1800) to determine the 
concentration of MB. The removal efficiency of the 
photocatalyst was calculated as follows: 

               Degradation % = (C  - C)/C  100                 (2) 

C  = absorbance value under dark per 30 min at 664 nm. 
C = absorbance value under UV light per 30 min, 60 min, 
and 90 min at 664 nm.

Where C  and C are the concentrations of MB at initial 
and different irradiation time, respectively [6]. 

2.4. Photocatalytic Reactor for Water Treatment 

A monitoring system was designed to test the 
photocatalytic efficiency of the glass substrates coated 
with titanium dioxide. A 5000 mL glass basin with open 
nozzles above it and a nozzle below was designed to rotate 
the liquid using a pump (Shenchen, YZ1515x) with a 
speed of 150 rpm. The light used to irradiate the material 
to be stimulated was placed in the center of the glass 
basin. The design of a plastic circle containing a total of 
small openings in order to be placed cylindrical glass 
pillars that are covered with TiO2 solution. 

3. Results and Discussion 

3.1. X-Ray Diffraction (XRD) Analyses 

XRD analysis of the as-synthesized powders by using 
different acids revealed that regardless of the kind of acid 
used, all of the as-synthesized powders were amorphous. 
Figure 1 shows the XRD patterns of the powders 
synthesized by using different acid and then calcined at 
550 ºC. The peaks at the angles of 25.3, 37.8, 48, 54, 55, 
62.8, 68.7, 70.3, and 75 º correspond to the (101), (004), 
(200), (105), (211), (204), (116), (220), and (215) planes, 
respectively of the anatase phase of TiO2. All the 
diffraction peaks agree with the anatase phase (JCPDS 21-
1272). No peaks belonging to rutile and brookite phases 
were detected in the powders. Similar results were 
reported by Zhou et al. [7] who attributed the formation of 
only anatase phase to the strong chemical coordination of 
titanium. 

Figure 1. XRD patterns of the calcined nanoparticles 
synthesized by using different acids. A) CH-4, B) HCl-4, 
and C) HN-4.

For all samples, very sharp and narrow XRD peaks 
indicate good crystallinity. Samples CH-4 and HCl-4 
possessed no noise while sample HN-4 had low noise. A 
higher intensity of the peak at 2  of 25.30suggests that 
crystallinity (anatase phase) in the powders was in the 
order of the samples CH-4  HCl-4  HN-4 implying that 
CH3COOH is better catalyzer than HCl and HNO3 for the 
acid assisted sol-gel synthesis of TiO2 nanoparticles. This 
may be due to the fact that Ti has a higher affinity in the 
order to CH3COO- ions > Cl- ions> NO3

- ions, which 
promoted anatase crystallization. The findings suggest that 
the amorphous phase(s) present in the as-synthesized 
products turn into the crystalline anatase phase after 
calcination. The increase in the intensity of anatase phase 
due to the type of acid used during synthesis is related to 
the size of the crystallites present in the structure as well 
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as the percent crystallinity of the powders. Phase 
composition and crystallite size are presented in Table 1.  

Table 1. The crystallite size and phase composition of the 
powders synthesized by using different acids. 

Sample
code

Kind of 
acid

Crystallite 
size (nm) 

Phase
composition 

CH-4 CH3COOH 23.82 Anatase 

HCl-4 HCl 22.48 Anatase 

HN-4 HNO3 15.96 Anatase 

The sol-gel formation made the rearrangement of arbitrary 
bonds in the precipitation process toward the defined 
structure of anatase. The presence of acid accelerated the 
formation of anatase [8]. Considering the structures of the 
titania polymorphs, it is obvious that linear chains can 
only form rutile-type nuclei, while skewed chains are 
restricted to forming anatase-type nuclei [9].  

Figure 2 shows the XRD patterns of the powders 
synthesized by using CH3COOH and then calcined at 450, 
550, and 650 ºC in air for 1 h. Only anatase phase was 
detected in the XRD patterns for all of the powders 
calcined at different temperatures.

Figure 2. XRD patterns of the powders synthesized using 
CH3COOH as a catalyst and then calcined at temperatures 
of D) 450 ºC, E) 550 ºC, and F) 650 ºC.

It was observed that as the calcination temperature 
increased, the intensity (accordingly the amount) of the 
anatase phase increased suggesting a better crystallinity. 
The increase in the anatase phase has reflected the increase 
in the crystallite size because high temperature increases 

the tendency of crystal growth; hence, to achieve complete 
crystallization [10]. 

3.2. SEM Analysis 

The representative SEM images of the powders 
synthesized are shown in Figure 3. SEM examinations 
revealed that the morphology of all of the powders 
consisted of agglomerates of nanoparticles of various 
sizes. The average particle size as obtained by Image 
Processing analytical software was 11.8, 10.8, and 10.7 
nm for the powders synthesized by using CH3COOH, HCl, 
and HNO3, respectively. The particle size as determined 
from SEM images is close to that calculated from XRD 
measurements. It is obvious that the smallest particle size 
belongs to the sample synthesized by using HNO3. An 
irregular distribution of particles as either a single particle 
or a cluster of particles has been noticed. The images 
shown in Figure 3 revealed that the particles synthesized 
by using HCl as a catalyst are agglomerated as small 
clusters while the particles synthesized by using HNO3 are 
highly agglomerated as chunks or blocks. It was clear that 
when CH3COOH was used as a catalyst, particles 
agglomerated as a big chunk and the agglomerates were 
irregular in shape. The findings agree with those reported 
by Golobostanfard et al. [11] who prepared TiO2 powder 
by the sol-gel process using TTIP as precursor followed by 
calcination at 450 ºC. They reported that the formation and 

morphology of TiO2 could be affected by the type of acid. 
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Figure 3. SEM images of the calcined powders 
synthesized by using different acids. a) CH3COOH; 500X, 
b) CH3COOH; 3000X, c) HCl; 500X, d) HCl; 3000X,      
e) HNO3; 500X, and f) HNO3; 3000X.

3.3. Photocatalytic Activity

The blue color of MB solution was completely removed 
after 90 min of UV illumination for all of the powders 
synthesized by using CH3COOH, HCl, and HNO3. The 
degradation percentages were fairly close to each other 
although little differences that emerged after 30 and 60 
min of illumination, where the photocatalysis efficiency 
for the prepared samples was HCl-4 > HN-4 > CH-4. The 
degradation was almost the same after 90 min of 
illumination as shown in Figure 4. It was inferred that 
there is a little effect on the activity of photocatalysis 
when the acid type is changed. However, in order for the 
material to have a good photocatalytic efficiency, it should 
have a high surface area and good crystallinity [12]. An 
increase in crystallinity lead to enhancement of 
photocatalytic activity but, at the same time reduces the 
surface area which eventually decreases photocatalytic 
activity due to increase in crystallite size [13]. 

Figure 4. Time-dependent photodegradation of MB under 
UV illumination of the powders synthesized by using 
different acids. a) CH3COOH, b) HCl, and c) HNO3.

3.4. TiO2 Layer Coated on Glass Substrate 

The glass pillars used in the monitoring system have been 
coated by using the TiO2 nanoparticles having the highest 
PA. 30 of glass pillars was coated for 1 time, 3 times, and 
5 times using 150, 450, and 750 mg of TiO2 nanoparticles 
synthesized, respectively. Before starting the system to 
measure PA using a catalyst, the MB was examined 
without using the catalyst for 7 h to ensure that light used 
in the system does not affect the dye. After that, the 
examination was carried out on the coated pillars for 7 h. 
Percent MB degradation of the coated layers was noted at 
1 h interval. The results showed that increasing the 
number of coating layers, hence increasing the amount of 
TiO2, lead to increase in PA. The photocatalytic efficiency 

of TiO2 could be affected by the crystalline structure and 
the surface morphology of films [14]. It is clear that the 
rate of photodegradation depends on the thickness of the 
substrate, the decay rate was found to increase with film 
thickness [15].

4. Conclusions 

The kind of acid strongly influences the crystallinity, 
crystallite size, and morphology of TiO2 nanoparticles. 
The crystallization of the anatase phase depended on the 
ions, where Ti has a higher affinity in the order to 
CH3COO- ions > Cl- ions> NO3

- ions. Also, calcination 
temperature affects the crystallinity and the size of the 
crystals. TiO2 nanoparticle synthesized using HCl has the 
highest photocatalytic activity. TiO2 coated glass was 
successfully prepared with different cycles and found that 
the cycle influence on the photodegradation rate by 
increasing the coating layer of TiO2.
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Abstract

TiO2 nanostructures of various phases and morphologies 
were synthesized by HNO3 assisted hydrothermal 
process with respect to the acid molarity (1M, 3M, and 
8M), temperature (110, 140, and 180 °C), and time (1, 3, 
and 6 h). The phases developed, crystal structure, and 
morphology of the nanostructures synthesized were 
investigated using X-Ray diffractometer, scanning 
electron microscope, and transmission electron 
microscope. The experimental results revealed that 
HNO3 concentration, synthesis temperature, and 
duration have a profound effect on the phase formation, 
phase composition, and morphology of the resulting 
TiO2 nanostructures. 

1. Introduction 

Titania (TiO2) nanostructures have been intensively 
researched for numerous applications in many fields 
such as photocatalysis, photovoltaic cells, energy 
storage, and gas sensors [1-3]. There are three natural 
polymorphs of TiO2 namely; anatase, brookite, and 
rutile. Anatase is mostly studied polymorph of TiO2
because of its superior opto-electronic performance. 
Recently, phase pure rutile, brookite, and mixtures of 
the two and three of the polymorphs have been reported 
to exhibit comparable performance for photocatalysis 
and solar cells [4]. Indeed, for each application careful 
tailoring of specific properties such as phase 
composition, surface area, and morphology is requested. 
Accordingly, several TiO2 nanostructures such as 
spheres, nanorods, and nanotubes have been synthesized 
using different techniques including sol-gel, 
electrochemical, sonochemical, and hydrothermal [5-7].

Hydrothermal process is a one-step environmentally 
friendly method to synthesize nanostructured materials. 
The starting material and synthesis conditions (time, 
temperature, pH, catalyzer type) affect the properties 
and performance of final product. The acid media used 
in the preparation significantly influence the crystal 
structure and photocatalytic activity of TiO2
nanocrystals [8]. Low concentration of acids promotes 

the formation of anatase while high concentrations 
encourage the formation of rutile [1, 9]. Other than pH, 
acid type is also effective on the morphology and crystal 
structure of TiO2. Specifically, use of CH3COOH results 
in anatase formation, HCl favors the formation of rutile 
crystals, and HNO3 yields anatase and rutile mixtures 
[9-11].

Crystal structure is mostly related to morphological 
feature of TiO2. Rutile is the most stable phase of TiO2.
However, anatase becomes the most stable phase in 
nanoscale due to low surface energy of this polymorph. 
As particles grow, anatase to rutile transformation 
occurs [12]. Although there are many publications 
reporting acid assisted hydrothermal synthesis of TiO2,
the overall mechanism which is affected by many 
mechanisms is yet unclear.

The purpose of this investigation was to carry out a 
systematic study for the synthesis of TiO2
nanostructures in various morphologies and crystal 
structures using HNO3 assisted hydrothermal treatment. 
The effects of synthesis temperature and time, and acid 
molarity on the evolution of TiO2 nanostructures were 
researched. Results revealed that the most important 
parameter for the development of a given TiO2 phase is 
the molarity of the acid though synthesis time and 
temperature are effective on phase share and 
crystallinity.

2. Experimental Procedure 

2.1. Powder Synthesis 

The TiO2 nanoparticles were synthesized through a 
procedure described previously [13]. Synthesis began by 
diluting concentrated HNO3 (Aldrich 70%) with 
distilled water to obtain 1, 3, and 8M HNO3 solution. 
Then, 10 mL of titanium tetra isopropoxide (TTIP, 
Aldrich 97%) was added dropwise into the freshly 
prepared diluted HNO3 solution during magnetic stirring 
at 300 rpm for 15 min. White precipitates formed 
immediately after TTIP addition in the solution 
consisting 1M and complete dissolution formed by 3 
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and 8M acid catalyzer. The solution of 150 mL was 
transferred into the Teflon lined vessel of the high 
pressure hydrothermal reactor. The capacity of the 
vessel was 250 mL. Hydrothermal treatment was 
performed at temperatures of 110, 140, and 180 °C for 
1, 3, and 6 h. Nanopowders synthesized were coded 
according to acid molarity, time and temperature as 
tabulated in Table 1. In the codes, the digit next to P 
represent acid molarity, the second digit represents the 
synthesis time in h, and the last digit is reserved for the 
second digit of synthesis temperature. 

Table 1. Experimental and structural parameters of the 
nanoparticles synthesized. 

Percentage of the 
phases (wt %) 

Crystallite size of 
the phases (nm) Code

A R B A R B 
P111 89 8 3 6.23 NC NC 
P311 45 55 - 6.71 7.35 -
S811 56 44 - 4.09 7.03 -
P318 >99 - - 8.65 - - 
P338 >99 - - 9.07 - - 
P368 7 93 - NC 9.27 -
P861 - >99  - 8.57 -
P864 >99 - - 8.25 - - 
P868 59 41  6.23 8.32 -

A: Anatase, R: Rutile, B: Brookite, NC: Not calculated.

2.2. Characterization 

The nanopowders synthesized were detected by an X-
ray diffractometer (Rigaku, D/MAK/B). The phase 
composition, purity, and crystallinity of all the 
nanopowders were identified through the X-Ray 
diffraction (XRD) analysis conducted in the continuous 
scan mode at a rate of 0.03°/s. The phase content of the 
nanopowders was calculated by Rigaku 4.1 Software. 
The average crystallite size of each phase was 
calculated by using the Scherer equation with respect to 
FWHM. Anatase crystal size was determined from 
(101) plane at 2  of 25.3°, (004) plane at 2  of 37.6°, 
and (200) plane at 2  of 48°. Crystal sizes for brookite 
and rutile were determined from (121) plane at 2  of 
30.8° and (110) plane at 2  = 27.4°, respectively. The 
same amount (~ 0.2 g) of powder was used for every 
analysis. Lattice parameters of the nanoparticles were 
calculated also from the XRD data.

Surface morphology, size, and shape of the 
nanopowders were examined using a FEI, Nova 
Nanosem field-emission scanning electron microscope 
(FESEM) at operating voltage of 18 kV. High resolution 
transmission electron microscope (HRTEM) and 
selected area electron diffraction (SAED) examinations 
were carried out with a JOEL TEM 2100 microscope at 
an operating voltage of 200 kV.

3. Results and Discussion 

3.1. X-Ray Diffraction Analysis 

XRD patterns of the selected nanopowders synthesized 
are given in Figure 1. The nanoparticles exhibited the 
characteristic peaks corresponding to anatase (PDF no. 
12-1272), and/or brookite (PDF no. 29-1360), and/or 
rutile (PDF no. 21-1276) phases. No peaks belonging to 
other TiO2 phases or contaminations were detected.

Figure 1. XRD patterns of the nanopowders synthesized. 

The first three patterns shown in Figure 1 are related to 
the effect of acid molarity. X-Ray pattern of P111 
shows that nanopowder consists of phase pure anatase.
The HNO3 assisted hydrothermal synthesis produced 
anatase-rutile mixtures due to the fact that Ti has higher 
affinity to NO3 ions than to Cl ions. Higher affinity of Ti 
to NO3 promoted anatase crystallization. The 
broadening of 101 peak of anatase indicates the small 
size of crystallites present in the nanopowder. The phase 
percentages and crystallite size of the nanopowders as 
calculated by the Sherrer equation were given also in 
Table 1. Increasing amount of NO3 ions favors corner 
shared bonding between the complex ions. Thus, rutile 
phase evolves by increasing acid molarity while 
broadening decreases as indicated in the XRD pattern of 
P311. Further increase in acid molarity increases 
anatase percentage without a significant change of 
crystallite size as depicted in the pattern of P811.

The second three patterns in Figure 1 are related to the 
effect of time. Phase pure anatase is obvious in the XRD 
patterns of P318. When the synthesis duration increases 
to 3 h, crystallinity also increases in anatase phase. 
Rutile transformation is realized when catalyzer amount 
is increased. Further increase of synthesis duration 
favors the formation of a large amount of rutile with a 
small amount of anatase implying nearly entire 
transformation from anatase to rutile.  
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The last three patterns shown in Figure 1 are for the 
effect of temperature. An interesting result is the 
detection of phase pure rutile structure at the lowest 
temperature of 110 oC because of the high amount of 
acid catalyzer which promotes rutile formation. When 
the temperature increases to 140 oC, the structure turns 
into phase pure anatase. This result is attributed to the 
development of very fine crystals at this temperature. 
Further increase in temperature to 180 oC favors the 
growth of anatase and rutile phases together along with 
the broadening of 101 and 110 peaks.

3.2. Morphological Analysis 

Figure 2 shows the representative FESEM images of 
selected powders. FESEM image of P338 shown in 
Figure 2 (a) indicates that nanostructures are prone to 
agglomeration. FESEM image of P111 shown in Figure 
2 (b) illustrates that the agglomerated nanostructures in 
micrometer scale spheres are being etched by acid 
catalyzer. These etched structures form bundles as 
depicted in Figure 2 (c), FESEM image of P311. 
Etching of the catalyzer is probably a selective process 
which targets particular planes.

Figure 2. Representative FESEM images of powders     
(a) P338, (b) P111, (c) P311, and (d) P861. 

FESEM image of P368 is shown in Figure 2 (d). Rod 
arrays can be seen clearly. As indicated in Figure 1, the 
sample consists of largely rutile phase. Etching process 
of acid catalyzer resulting in rutile phase evolves in rod 
arrays. In order to do a detailed investigation, HRTEM 
analysis were done to the powders. Nanoparticle forms 
can be seen clearly in P368 as illustrated in Figure 3. A 
hard agglomeration is realized that after sonication for 
sample preparation, the nanoparticles were not 

separated. The lattice fringes measured is 0.33 nm 
belongs to rutile (110). The findings suggest that the 
growth direction is [001] that is perpendicular to the 
[110] direction. The SAED pattern shown in the inset in 
Figure 3 (a) suggests the existence of anatase (004) 
plane that verifies the growth of rutile phase on the 
surface of anatase crystals during the hydrothermal 
synthesis. The crystals grow in one direction to form 
ellipsoids. The bundle like structure obtained in P861 is 
indicated in Figure 3 (b). The findings prove that 
etching process occurs to diminish (001) planes of rutile 
which is the most energetic plane of rutile phase. This 
structure is considered to form with the nucleation and 
growth of the crystallites and selective etching of the 
rod arrays due to strong acid concentration. 

Figure 3. HRTEM images of nanopowders (a) P368 
and (b) P368. Inset in (a) shows SAED pattern of the 
powder.

Acid catalyzers lead the final morphology by NO3
adsorption to the surfaces of nanostructures. Cl ions 
form rod structure [14]. NO3 ions are known to attract 
Ti atoms as proven in this study. Various morphologies 
of particles form by the influence of NO3 ions that 
promote anatase crystallization due to lower surface 
energy. In strong acid concentration, anatase grains 
agglomerates quickly because of the high energy of 
nanostructures. The (004) planes of anatase structure 
dominate the whole surface and increase the surface 
energy. The energetic planes increase the total energy of 
the system and rutile transformation starts to decrease 
the energy. As a result of this transformation a core-
shell structure evolves. The core-shell structure is 
etched by HNO3 selectively (see Figure 2 (b) to release 
the rutile surface of (110) planes. As the morphology 
turns into oriented grains, the growth of the most 
energetic plane of rutile (001) is limited by the NO3 ions 
in the solution. Thus, the oriented structure grows in the 
[001] direction forming 1D structure in this plane. 
Because of etching, pedals grow in [001] direction and a 
rod array structure forms as indicated in Figure 3 (b). 
Similar results have been reported by Lin et al. [16] for 
the synthesis of rutile TiO2 by HCl assisted 
hydrothermal treatment. 
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4. Conclusions 

Phase pure anatase and rutile nanostructures could be 
obtained using hydrothermal process catalyzed by 1M 
and 8M HNO3 But phase pure brookite could not be 
synthesized considering the conditions studied. Binary 
and ternary phase mixtures could be synthesized 
including anatase-rutile and anatase-rutile-brookite 
phases. Low amount of acid catalyzer favors the 
formation of anatase. Increase of acid molarity increases 
rutile content. The highest acid molarity leads anatase 
formation reversely. As duration increases rutile content 
also increases. The lowest temperature results in rutile 
formation using highest amount of acid catalyzer. 
Increasing temperature leads anatase formation and 
further increase of temperature results in anatase rutile 
mixture. The phase transformation occurs with 
thermodynamic rules. However, as dissolution of 
particles continue in the acidic environment it is easy to 
predict the final phase. Thus synthesis is controlled by 
both thermodynamics and kinetics 
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Abstract

In this study, 5 mole% erbium doped Y2O3 powders were 
synthesized via sol-gel method. The powders were heat- 
treated at different temperatures for various time and the 
effects of the heat treatment conditions on the lattice 
parameters, crystallite size and lattice strain were 
investigated. The heat-treated powders were analyzed by 
X-ray diffraction technique (XRD) 
radiation. The lattice parameter of as-prepared powders 
was calculated by Cohen-Wagner (C-W) method. 
Moreover, crystallite size and lattice strain of the 
samples were calculated using X-ray peak broadening by 
Williamson-Hall (W-H) combined with uniform 
deformation model. The produced powders were also 
characterized by Fourier-transform infrared spectroscopy 
(FT-IR). 

1. Introduction 

In recent years, rare element doped sesquioxides (Y2O3,
Lu2O3, Sc2O3, La2O3, In2O3) have been extensively 
studied and are well known as excellent laser host 
materials (1, 2). Yttrium oxide (Y2O3) is one of the 
promising hosts among the oxide materials for rare earth 
ions such as erbium, samarium, gadolinium and 
europium [3]. And also, it has high refractive index, high 
melting point (2430 °C), high chemical and thermal 
stability, low phonon energy (380 cm-1), broad 
transmittance (230-8000 nm) [4, 5].  Er doped Y2O3

materials can be synthesized by several methods which 
are sol-gel [6], solution combustion reaction [7], laser 
ablation [8], atomic layer deposition [9], pulsed laser 
deposition [10], metal-organic and chemical vapour 
deposition [11] etc. The sol-gel method is more suitable 
and cheaper than the other methods. It is carried out at 
low processing temperature and requires simple 
equipments., Although there are many studies on optical 
characterization and synthesis of Er doped Y2O3 in the  

literature, there are not much studies for the crystallite 
size effect on the properties of these powders.  

In the present study, various sol-gel heat-treatment 
conditions were examined to produce 5% Er doped Y2O3

powders. A detailed structural investigation was carried 
out on crystallite size and lattice strain values by altering 
the calcination temperature and time. 

2. Experimental studies 

2.1 Powder preparation 

Y(NO3)3.6H2O and Er(NO3)3.5H2O were used as starting 
chemicals to synthesize 5 mole % erbium doped Y2O3

powders in the sol gel reactions. The starting chemicals 
were dissolved in deionized water. Subsequently, 
chelating and precipitating agents were added to the 
solution. The solution was stirred by using a magnetic 
stirrer for 2h at room temperature and then, the solution 
was filtered. The powders were dried at ambient 
condition. After drying, powders were calcined at 
different temperatures and times. The sample codes and 
the calcination parameters were given in Table 1.  

Table 1. The sample codes and the calcination 
parameters. 

Calcination parameters Sample 
codes 

temperature (°C) time (hour) 

800 
3 ErY8003 
5 ErY8005 
7 ErY8007 

1000 3 ErY10003 
1100 3 ErY11003 

2.2 Characterization of powders  

XRD analysis was conducted to
determine the phases. The X-ray peak broadenings were 
used to calculate the crystallite size and lattice parameter 
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values of the powders by the W-H and C-W methods, 
respectively. FT-IR spectra of the samples were recorded 
in the range of 4000 400 cm 1.     

3. Results and Discussion 

3.1. X-ray Diffraction Analyses 

3.1.1 Effect of calcination temperature  

X-ray diffraction patterns of 5 % Er doped Y2O3 calcined 
at different calcination temperatures were shown in 
Figure 1. 

Figure 1. X-ray diffraction patterns of ErY8003, 
ErY10003 and ErY11003 samples. 

The XRD pattern in Figure 1 showed that samples were 
the standard cubic phase of Er doped Y2O3. The 
diffraction peaks of ErY8003 at 2 =28.78, 33.40, 48.15, 
57.23 were attributed to (222), (400), (440), (622) planes 
(Figure 1). Also, the diffraction peak width of the 
samples decreased with increasing calcination 
temperature.  

The effect of calcination temperature and calcination 
time on the crystallite size were investigated by using 
Williamson Hall method integrated with uniform 
deformation model (UDM). The crystallite size of 
powders calcined at various temperatures was evaluated 
using the X-ray peak broadening.  

The crystallite size and lattice strain were determined by 
Williamson Hall (W-H) method. First, instrumental peak 
broadening was eliminated to calculate the exact 
crystallite size value. The individual contribution of 
crystallite size ( D) and lattice strain ( s) to total peak 
broadening are described in given Equation (1);     

 (1) 

The strain-caused broadening originating from crystal 
distortion was given in Equation (2) 

 (2) 

Debye-Scherrer equation and Equation (2) are combined 
together to yield following relations;

(3)

 (4) 

                   (5) 

hkl is the total peak broadening, k is the shape 
-

 powders
is the lattice strain. 

Results of the W-H analyses were given in Figure 2. 

Figure 2.  Williamson-Hall analysis integrated with 
UDM of (a) ErY8003, (b) ErY10003, (c) ErY11003 

samples. 

In cubic crystal structures, lattice parameters of the 
samples were calculated using C-W method. Cohen-
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Wagner analysis of powders calcined at 800oC for 3 
hours was given in Figure 3. 

Figure 3. C-W plot of ErY8003 sample. 

When the temperature increased from 800 °C to 1100 °C, 
the crystallite size of 5% Er doped Y2O3 increased 
gradually due to the lattice expansion. Moreover, the 
lattice parameter of these samples also increased as 
shown in Table 2.  

Table 2. Crystallite size, lattice strain and lattice 
parameter of ErY8003, ErY10003 and ErY11003 

samples. 
Sample 
codes 

Crystallite size 
(nm) 

/Lattice strain (

Lattice
parameter 

(°A)
ErY8003 15.25 -0.0006256 10.616 

ErY10003 27.90 -0.0002650 10.701 

ErY11003 38.29 -0.0002676 10.754 

3.1.2 Effect of calcination time 

In order to further study the structures of the samples 
calcined different time was also characterized by XRD as 
given in Figure 4.  

Figure 4. X-ray diffraction analyses of ErY8003, 
ErY8005 and ErY8007 samples. 

The diffraction peaks at 2 =28.78, 33.40, 48.15, 57.23 
were associated to (222), (400), (440), (622) planes of 
body centered cubic phase of yttrium oxide (JCPDS card 
no: 01-086-1107). As expected, the peak broadening was 
found to be decreases with increasing calcination time.  
In order to investigate the effect of calcination time, the 
crystallite sizes and lattice parameters of the samples 
were calculated by W-H and C-W, respectively. The W-
H analyses of the samples calcined at different 
calcination time were exhibited in Figure 5. 

Figure 5.  Williamson-Hall analysis integrated with 
UDM of (a) ErY8005, (b) ErY8007 samples. 

Prolonged calcination time caused the crystallite size and 
lattice parameters to increase, which can be an indication 
of gradual increase in tensile strain within the crystal.  

Table 3. Crystallite size, lattice strain and lattice 
parameter of ErY8003, ErY8005 and ErY8007 samples. 

Sample 
codes 

Crystallite size (nm) 
/Lattice strain (

Lattice
parameter (°A) 

ErY8003 15.25 -0.0006256 10.616 
ErY8005 21.52 0.0007487 10.656 
ErY8007 23.72 0.0007702 10.715 
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3.2 Fourier-Transform Infrared Spectroscopy 
Analysis 

FT-IR spectrum of the ErY8003 sample was shown in 
Figure 6.

Figure 6. FT-IR specra of ErY8003 sample. 

It was observed that the characteristic vibrational modes 
of the Y-O bonds were at 463 and 557 cm 1 and broad 
band at around 1404 cm-1 was assigned to N-O bonds. 
Additionally, the broad band at around 1507 cm-1

indicated hydroxyl group (O-H) [12]. 

5. Conclusions 

In this study, 5 moles % erbium doped Y2O3 powders 
were synthesized by a cost-effective sol-gel method. The 
powders were heat- treated at varied temperatures for the 
different times. The influence of heat treatment 
conditions on lattice parameter, crystallite size and lattice 
strain were investigated by Williamson-Hall analysis 
integrated with uniform deformation model and Cohen 
Wagner method. Along with microstructural analysis, 
FT-IR analysis was also carried out. Crystallite size 
increased as the calcination temperature rose. Prolonged 
calcination time caused the crystallite size and lattice 
parameters to increase. 
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Abstract

Silica aerogel is synthesized by atmospheric 
pressure drying using natural silica source raw 
materials such as diatomite. Diatomite refers to 
the light-colored sedimentary rock that is 
composed of the remains of one-celled algae 
known as diatoms. Diatomite is highly siliceous, 
has a low specific gravity, and is very 
porous. Due to the porous structure and the 
unique microstructure consisting of nanometer 
sized particles, there is a striking number of 
application areas of silica aerogels. The produced 
aerogels are dried sol-gel materials which prevent 
pore collapse. The silica source powder was 
dissolved by boiling in the sodium hydroxide 
solution for a specified time.  The pH of the 
solution was adjusted to 6-7 by neutralizing with 
1M H2SO4 acid solutions prepared. The pH 
neutralized solution was allowed to age at room 
temperature after being filtered. Surface 
modification and drying are the most critical steps 
in sol-gel production. The bonds in the structure 
are strengthened and the material strength is 
increased by surface modification with TEOS 
(tetraethylorthosilicate). The aging process was 
supported by treatment of gels with solutions 
prepared using ethanol and TEOS chemicals at 50 � for 1 day. The gel was washed several times 
with n-heptane to remove the ethanol/TEOS 
solution. Solvent exchange with n-heptane was 
performed before drying in atmospheric pressure 
and finally the silica aerogel powders were dried 
at 90°C for 1 day at atmospheric pressure. The 
obtained silica aerogel powders were analyzed 
with SEM, FESEM-EDS, XRD, FTIR devices 
and the results were discussed.

1.  Introduction 

The aerogels are the unique materials with low 
density, high porosity and specific surface area. 
Aerogels can be prepared from any oxides and 
their mixtures. At the moment the SiO2-based
aerogels are well-studied materials. The synthesis 
routes and properties of silica aerogels, as well as 
the area of their potential applications can be 
found in many reviews and original papers [1].  

Silica aerogels are the lightest and extremely 
porous manmade solids ever known. Because of 
their fascinating properties the aerogels find 
potential applications in superthermal insulators, 
catalyst supports and dielectric materials. 
Aerogels are usually prepared by supercritical 
drying of wet silica gels. Supercritical drying 
process can avoid capillary stress and associated 
drying shrinkage, which are usually prerequisite 
of obtaining aerogel structure. However, 
supercritical drying process is so energy intensive 
and dangerous that real practice and 
commercialization of the process is difficult. An 
alternative cost-effective process is very 
important for commercial success of the aerogel. 
The ambient pressure drying technique is one of 
the alternative cost-effective processes of aerogel 
synthesis. In order to obtain highly porous aerogel 
structure, elimination of capillary stress during 
ambient pressure drying is very important. Liquid 
evaporation from wet gel during drying creates a 
capillary tension and that tension is balanced by 
the compressive stress on the solid network, 
causing shrinkage of the gel. Strengthening of gel 
network, surface modification and solvent 
exchange of the wet gel are necessary to suppress 
such type of capillary tension and shrinkage 
during ambient pressure drying. The gel should be 
aged in silane solution to increase the strength and 
stiffness of it. Finally, pore liquid must be 
replaced by low surface tension solvent to reduce 
capillary stress and associated drying shrinkage. 
The conventional method of silica aerogel 
preparation is sol-gel process using organic 
silicon monomer as precursors. However, such 
organic precursors are so expensive that aerogel 
production in an industrial scale is not 
economically viable [2-9]. In the present study, 
we report upon our efforts to synthesize silica 
aerogel through ambient pressure drying using 
diatomite as the silica source. 

2.  Experimental 

Diatomite was mixed with 250 ml 1 mol.l–1

NaOH aqueous solution. The mixture was 
refluxed for 2 h. Most of the diatomite was 
dissolved in NaOH solution. The solution was 
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filtered to remove the undissolved residues. The 
sodium silicate solution was neutralized using 250 
ml 1 mol.l–1 H2SO4 solutions to form silica gel at 
pH 7. The prepared gel was aged at room 
temperature for 24 h under sealed condition. The 
aged gel was washed using de-ionized water to 
remove Na and Cl. Subsequently, the silica gel 
was soaked in a solution of 20 vol% H2O/ethanol
for 24 h at 50oC followed by aging with ethanol at 
same condition. The ethanol treated gel was aged 
in a solution of 70 vol% TEOS/ethanol for 24 h at 
70oC. Finally, modified gels were aged for 
another 24 h inside n-heptane at room temperature 
before air drying. The gel was dried in 48 h 
interval at 90-120oC for H2SO4 with partially 
covered condition. Fourier transform infrared 
spectroscopy (FTIR, Spectrum RX-1, Perkin 
Elmer) was employed to investigate the chemical 
bonding state of surface modifying agent with 
aerogels.

3.  Results and Discussion 

The morphology of the silica aerogels was 
characterized by scanning electron microscopy 
(SEM) and field emission scanning electron 
microscope (FESEM). The silica aerogel 
exhibited a pearl necklace morphology and a 
three-dimensional network which was constructed 
by nanometer-sized silica particles. 

(a) (b) 
Fig. 1. SEM photographs of produced silica 
aerogels powders 

(a)

Element a . % 
O 28.17 
Na 1.20 
Si 69.94 
Cl 0.68 

Fig. 2. FESEM photographs and EDS analysis of 
silica aerogel powders  

Fig. 1 shows SEM photographs of produced silica 
aerogels powder and Fig. 2 shows FESEM 
photographs and EDS analysis of silica aerogel 
powders. The extent of Na removal was measured 
by analyzing Na-content of dried gel using 
FESEM-EDS. The sodium content of the dry gel 
was about 1.2% as shown in Fig. 2. Particle size 
of powders changed between about 10-30 nm.

The strength and stiffness of the wet silica gel was 
enhanced by aging it in TEOS/ethanol solution. 
Prior to this aging, the gel was thoroughly washed 
with ethanol. The strength and stiffness of gel 
may also increase by ethanol washing due to 
dissolution of silica from the particles and 
reprecipitation into the necks between the 
particles. However, it has been reported that the 
increase in strength and stiffness by such washing 
was not sufficient to avoid shrinkage during 
drying and hence, further aging in TEOS solution 
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was necessary. TEOS aging causes silica to 
precipitate from the aging solution onto the silica 
network. Precipitation of silica gives an increase 
in the density of the wet gel and corresponding 
strengthening and stiffening of the gel network. 
During aging hydrolysis of TEOS and 
condensation of silica gel occurs [2].

This shows that  Figure 3 shows FTIR spectra of 
the aerogel heated at different temperatures. There 
are characteristic bands of silica aerogel at ~1098, 
~804 and ~471 cm–1. The ~1098 cm–1 band is 
associated with the Si-O-Si asymmetric bond 
stretching vibration while the band at ~804 cm–1

is assigned to a network Si-O-Si symmetric bond 
stretching vibration. The bands at ~471 cm–1 are 
associated with a network Si-O-Si bond bending 
vibration.

(a)

(b)
Fig. 3. FTIR spectra of a. Diatomite and b.  SiO2
aerogel powder

The phase purity and crystal structures of 
diatomite raw powder and produced silica based 
aerogel powder  been determined by XRD and the 
obtained results were shown in Fig. 4 a-b. It is 
found that powders exist an obvious diffraction 
peak at the position of 20 –30 . This indicated 
that both raw powder and produced aerogel 
powder were amorphous structure. 

Fig. 4. a. Diatomite and b. silica aerogel powder

4.  Conclusions 

The present paper demonstrated a cost-effective 
process for the production of silica aerogel using 
diatomite precursor via ambient pressure drying. 
The surface modification and strengthening of 
wet gel was obtained by aging it in TEOS/ethanol 
solution. Low surface tension liquid n-heptane 
was used to suppress capillary stresses and 
associated shrinkage during ambient pressure 
drying of the gel. Using this route, it was possible 
to obtain the silica aerogel with low density (0.67 
g.cm–3). The process of aerogel production from 
diatomite by ambient pressure drying method is 
very important from the industrial point of view 
and it will significantly widen the commercial 
exploitation of the silica aerogel. 
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In recent years, silica aerogels have attracted increasingly more attention due to their extraordinary properties 
and their existing and potential applications in wide variety technological areas. Silica aerogel is a 
nanostructured material with high specific surface area, high porosity, low density, low dielectric constant 
and excellent heat insulation properties. Recently many research works have been devoted to ambient 
pressure drying which makes the production commercial and industrial. The silica source powder (perlite) 
was dissolved by boiling in the sodium hydroxide aqueous solution for 2h.  Most of the perlite powder was 
dissolved in NaOH solution. The solution was filtered to remove the undissolved residues. Surface 
modification and drying are the most critical steps in sol-gel production. The bonds in the structure are 
strengthened and the material strength is increased by surface modification with TEOS 
(tetraethylorthosilicate). The aging process was supported by treatment of gels with solutions prepared using 
ethanol and TEOS chemicals. Solvent exchange with n-heptane was performed before drying in atmospheric 
pressure and finally the silica aerogel powders were dried at 90°C for 2 day at atmospheric pressure. 
Microstructure and morphology of the silica aerogel powder was observed by field emission scanning 
electron misroscopy (FE-SEM) and SEM-EDS. The phases of silica aerogel powders were analyzed using 
XRD (X-ray Diffraction) technique. The weight loss of the aerogel powders were studied thermo gravimetric 
and differential thermal analysis (TG-DTA) in N  atmosphere at a heating rate of 5�/min from room 
temperature to 1000�. In the present study, perlite, which is a cheap silica source with plenty of reserves in 
our country, was used for the first time in the production of silica aerogel powder. 

1. Introduction 

Silica aerogels have received significant attention 
in many fields such as catalysis, adsorption, 
thermal insulation and drug delivery system 
because of their unique properties of large surface 
area, large pore volume, low bulk density and low 
thermal conductivity [1]. Aerogels derived from 
sol–gel oxides such as silica have become 
technologically and scientifically popular because 
of their extremely low density (0.06 g/cm3), high 
optical transmission (>90%) in the visible range, 
very low refractive index (1.01–1.1), large surface 
area (>1000m2/g) and very low thermal 
conductivity (0.02 W/mK) and their interesting 
optical, dielectric, thermal, acoustic applications 
and low dielectric constant materials for MOS 
devices. Even though aerogels have ultra fine 
particle and pore sizes, extremely large surface 
area and a microstructural composition of 
interconnected colloidal particles and have the 
atomic density as low as a gas 1026/m3, pure 
silica aerogels are hydrophilic and became wet 
with atmospheric moisture and water. The 
aerogels get deterioted with time due to the 
adsorption of water molecules from the humid 
surroundings because they posses on their surface, 
polar OH groups that can take part in hydrogen 
bonding with H2O. The replacement of H from 

the Si–OH groups by the hydrolytically stable Si–
R groups through the oxygen bond prevents the 
adsorption of water and hence results in the 
hydrophobic aerogels [2-8]. In 1864, Graham 
showed that water in silica gel could readily be 
replaced by organic liquids. This fact led Kistler 
to explore replacing the liquid in a wet gel with 
gas by extracting the liquid from the gel at a high 
temperature and high pressure. He produced 
aerogels in an autoclave, which was an expensive 
process. Since the drying takes place at a high 
temperature and pressure, it is a very difficult and 
unreliable method. Furthermore, the Kistler 
method was very tedious and time-consuming. In 
1968 a team of researchers headed by Teichner 
developed a method for producing silica aerogels 
within one day using (albeit costly) silicon 
alkoxide precursors. For commercial production, 
however, it is desirable to produce the silica 
aerogels using a low-cost precursor such as 
sodium silicate and to dry the wet gels at ambient 
pressure [9]. Traditionally, silica aerogels were 
usually synthesized by supercritical drying 
process so as to obtain porous structure. 
Supercritical drying process can avoid capillary 
stress and associated drying shrinkage. However, 
supercritical drying process is so costly and risky 
that real practicality and commercialization are 
difficult. Thus, in recent years, synthesizing silica 
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aerogels by an ambient pressure drying technique 
has been attracting considerable attention [1]. In 
order to obtain highly porous aerogel structure, 
elimination of capillary stress during ambient 
pressure drying is very important [3].  In order to 
further reduce the cost of fabrication and realize 
the commercial production of silica aerogels, 
using more cheap silica sources, synthesizing 
silica aerogels via ambient pressure drying at a 
reasonable cost is very necessary [1-8]. The 
conventional method of silica aerogel preparation 
is sol-gel process using organic silicon monomer, 
such as tetramethylorthosilicate (TMOS), tetra-
ethylorthosilicate (TEOS) or polyethoxy-
disiloxane (PEDS) as precursors. However, such 
organic precursors are so expensive that aerogel 
production in an industrial scale is not 
economically viable [1,4]. In the present study, 
we report upon our efforts to synthesize silica 
aerogel through ambient pressure drying using 
perlite as the silica source.

2. Experimental 

Sieved perlite powder (Table 1.) was mixed with 
250 ml 1 mol.l–1 NaOH aqueous solution. The 
mixture was refluxed for 2 h. Most of the perlite 
was dissolved in NaOH solution. The solution 
was filtered to remove the undissolved residues. 
The sodium silicate solution was neutralized 
using 250 ml 1 mol.l–1 HCl solution to form silica 
gel at pH 7. The prepared gel was aged at room 
temperature for 24 h under sealed condition. The 
aged gel was washed using de-ionized water to 
remove Na and Cl ions. The extent of Na removal 
was measured by analyzing Na-content of dried 
gel using EDS. Subsequently, the silica gel was 
soaked in a solution of 20 vol% H2O/ethanol for 
24 h at 50oC followed by aging with ethanol at 
same condition. The ethanol treated gel was aged 
in a solution of 70 vol% TEOS/ethanol for 24 h at 
70oC. Finally, modified gels were aged for 
another 24 h inside n-heptane at room temperature 
before air drying. The gel was dried in 48 h 
interval at 90oC with partially covered condition. 
Fourier transform infrared spectroscopy (FTIR, 
Spectrum RX-1, Perkin Elmer) was employed to 
investigate the chemical bonding state of surface 
modifying agent with aerogels. 

Table 1. Chemical composition of perlite 
Bile enler Miktar (a .%)

SiO2 74 
Al2O3 14.33 
Na2O 4.97 
K2O 4.95 
CaO 0.50 

Fe2O3 0.97 
MgO 0.28 

3. Results and Discussion 
3.1. Morphology of the silica aerogels 
In the preparation process, it was found that the 
prepared silica aerogel powder products by sol-
gel method were effected using HCl catalysis. 
Fig. 1 shows the SEM photographs of perlite raw 
material (Fig.1a.) and produced silica aerogels 
powder (Fig.b-d). It can be seen that the SEM 
images provide more information about the 
particle morphology of silica aerogels. While the 
perlite powders have a sticky shape; produced 
silica airgel powders consist of spherical 
agglomerate powders.  The produced silica 
aerogel powder was observed by field emission 
scanning electron microscope (FESEM) (Fig. 2) 
because the pore size is not clear due to the limits 
of SEM resolution. The silica aerogel exhibited a 
pearl necklace morphology and a three-
dimensional network which was constructed by 
nanometer-sized silica particles. 

(a) (b) 

(c) (d) 
Fig. 1. SEM photographs of a. perlite raw material 
b-d. produced silica aerogels powder 

a) b) 

c) d) 
Fig. 2. FESEM photographs of silica aerogel 
powders
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3.2. FTIR analysis 

Fig. 4 shows the FTIR spectra of the silica aerogel 
powders. The peaks at 3435 and 1630 cm 1

correspond to the O–H absorption band, which is 
caused by physically adsorbed water. The 
absorption peaks near 1091 and 463 cm 1 are due 
to Si–O–Si vibrations, which will appear in any 
silica products. It is obvious that apart from Si–
O–Si and O–H absorption peaks, the absorption 
peaks at 2963, 1256 and 846 cm 1. The residual 
Si–OH groups are the main source of 
hydrophilicity of the aerogels. It can be seen from 
the figure that with the increase of alkyl groups in 
the SA, the intensity of the C–H absorption peaks 
increase, clearly indicating the replacement of 
surface H from the Si–OH by the nonhydrolizable 
Si–R3 groups resulting higher hydrophobicity [2]. 

(a)

Element Bile im 
O 52.915 
Na 1.795 
Al 2.147 
Si 43.143 

Toplam 100.000 

(b)
Fig. 3. SEM-EDS analyses of silica aerogel 
powders

Generally, hydrophilic silica aerogel consists of 
surface OH groups. If the OH groups are modified 
to O–Si–(CH3)3, then the atmospheric pressure 
method can be used to get the hydrophobic 
aerogels, otherwise while drying the unsilylated 
alcogels, the OH groups can condense and hence 
the gel shrinks leading to xerogels. In the drying 
process, evaporation of hexane from the silica 
network starts as soon as the wet gels were kept 
for drying. The decrease in relative volume of the 
wet gels with temperature up to 100°C is because 
of vaporization of the hexane from the gel 
network. When the hexane completely evaporates 
from the gels, the gels shrink to their lowest 
volumes. Further increase of temperature to 150 
°C, because of the volume shrinkage of the gels, 
when the CH3 groups of the surface modified gels 
come nearer, there will not be any condensation 

among the end CH3 groups, instead there is a 
repulsive force acts between the organic groups, 
therefore the gels start to increase in volume, 
‘‘spring back’’. Therefore, the surface 
modification is the key and important process in 
the preparation of ambient pressure dried silica 
aerogels [2]. 

Fig. 4. FTIR spectra of a. Perlite and b.  SiO2
aerogel powder 

3.3. XRD analysis 

Fig. 5 shows XRD profiles of the silica aerogel 
and perlite powder. Both perlite powder and silica 
aerojel powder have amorphous structure. 

Fig. 5 XRD profiles of the a. silica aerogel b. 
Perlite powder 

From the thermal conductivity, specific heat 
capacity, thermal diffusivity and density of silica 
aerogels listed in the Table 2.  

Table 2. Some properties of silica aerogels 

Thermal conductivity W/m.K 0,0513
Specific heat capacity J/kg.K 0,486

Thermal diffusivity m2/s 0,105
Density g/cm3 0,49712
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4. Conclusions 

Silica aerogels could be synthesized by using 
perlite as raw materials via ambient pressure 
drying. A kind of sodium silicate solution could 
be obtained by hydrothermal reaction of perlite 
with sodium hydroxide solution. The weight ratio 
of sodium hydroxide to perlite, concentration of 
sodium hydroxide solution and reaction time have 
great effects on the modulus of the obtained 
sodium silicate solution. 
From our research on the synthesis of silica 
aerogels via ambient drying by using perlite, the 
following conclusions can be drawn: 
1. Silica aerogels powder was successfully 
prepared from perlite powder via ambient drying. 
The obtained silica aerogels powders showed 
properties of 0.497 g/cm3 density and meso size 
particles.
2. The surface modification and strengthening of 
wet gel was obtained by aging it in TEOS/ethanol 
solution. Low surface tension liquid n-heptane 
was used to suppress capillary stresses and 
associated shrinkage during ambient pressure 
drying of the gel.
3. The process of aerogel production from perlite 
by ambient pressure drying method is very 
important from the industrial point of view and it 
will significantly widen the commercial 
exploitation of the silica aerogel. 
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Abstract

Nanostructured yttrium oxide (Y2O3) and ytterbium (Yb) 
addition into yttrium oxide powders were synthesized by 
ultrasonic wave assisted aerosol route. The effect of the 
ytterbium addition into yttrium oxide on crystallite size, 
lattice strain/stress and particle size were detailed 
studied. The process temperature for the formation of 
yttrium oxide from yttrium nitrate salt was decided using 
thermodynamic calculations. Characterizations of 
synthesized powder were performed by scanning 
electron microscope (SEM), energy dispersive 
spectroscopy (EDS) and X-Ray diffraction (XRD) 
analysis. A comparative investigation for determining 
crystallite size was conducted based on the X-ray peak 
broadening by Williamson-Hall analysis (W-H) 
integrated with uniform deformation model (UDM) and 
Debye-Scherrer method. Besides, lattice parameters of 
powders were evaluated by Cohen-Wagner (C-W) 
method. With the addition of ytterbium into yttrium 
oxide, the decrease of crystallite size and particle size 
was observed due to smaller atomic radii of ytterbium 
than yttrium. 

1. Introduction 

Y2O3 (Yttrium oxide) has been investigated in many 
areas for a long time. Y2O3 has high melting temperature 
( 2450 °C), high refractive index ( 2), high thermal 
conductivity (13.6 Wm 1K 1), high bandwidth (5.72 eV), 
broad transmission range (280-8000 nm), high corrosion 
resistance and high mechanical resistance, which make 
them indispensable candidate for applications of 
superconductors, lasers, projection tubes, nuclear 
ceramics, LED displays, fiber optic cables, ultra-fast 
sensors, safety marks, temperature sensors and high-
temperature coatings. Especially, ytterbium (Yb) doped 
yttrium oxide particles have been preferred in solid-state 
laser application [1–4].

Y2O3 and doped Y2O3 particles can be synthesized by 
various technique which are sol-gel, combustion 
synthesis, hydrothermal, solution precipitation methods, 

spray pyrolysis, hydrothermal microwave, solvothermal, 
co-precipitation, sonochemical and solution precipitation 
methods [4–9]. Among the varied Y2O3 synthesis 
technique, in aerosol route, it is not required to use other 
chemical agents during the synthesis process by this way 
it can be obtained higher purity product. Particles 
synthesized via aerosol route generally have a tendency 
to be spherical as spherical shape has the lowest energy. 
However, tuning morphology of the particles is possible 
by adjusting the experimental parameters which are 
precursor concentration, reaction temperature, type of the 
reduction gas, carrier gas flow rate, a residence time in 
the furnace and ultrasonic frequency [10–13]. Adjusting 
the Yb doped Y2O3 particle morphology and crystallite 
size is an advantage in laser application. Crystallite size 
of synthesized particles can be determined by different 
methods such as Modified Debby Scherer (MDS), 
Warren–Averbach (W–A) analysis, Williamson–Hall 
(W–H) analysis, Rietveld refinement. However, 
Williamson-Hall and Debby Scherrer (MDS) are a 
simplified method for evaluating crystallite size [14–19]. 

The aim of present study is synthesizing of Y2O3 and Yb 
doped Y2O3 nanoparticles without additive via cost-
efficient and fast ultrasonic wave assisted aerosol route 
and conducting a detailed research for determining 
crystallite size of synthesized particles. No previous 
structural and morphological investigations have been 
reported on the synthesis of Yb doped Y2O3 by aerosol 
route. The comparative assessment of Y2O3 crystallite 
size obtained from the Williamson-Hall (W-H) method 
and Debye-Scherrer (MDS) was conducted. Moreover, 
the effect of the Yb doped into Y2O3 particles on 
microstructure was detailed investigated via Williamson-
Hall integrated with uniform deformation model (UDM), 
Debye-Scherrer and Cohen-Wagner methods. 

2. Experimental studies 

2.1 Synthesis of particles 

Y2O3 and Yb doped Y2O3 nanoparticles were synthesized 
by ultrasonic wave assisted aerosol route using an 
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aqueous solution of yttrium nitrate hexahydrate 
(Y(NO3)3. 6H2O purity > %99.9) and ytterbium nitrate 
(Yb(NO3)3. xH2O purity > %99.9). Ytterbium and 
yttrium salts were dissolved in distilled water and stirred 
20 min by magnetic stirrer. The prepared solutions were 
mixed at the determined ratios. The prepared solution 
was atomized by an ultrasonic nebulizer with a 1.7MHz 
then, obtained aerosol transferred to the pre-heated 
furnace (Nabertherm, R 50/250/12) through quartz tube 
(0.7 m length and 0.02 m diameter) by air. The 
experiments were conducted with 0.5 L/min air flow rate 
at 900°C reaction temperature. Y2O3 and Yb doped Y2O3

were collected in washing bottles filled with water. 
Water was evaporated in drying oven at 100 °C for 15 
min to characterize particles morphology and 
microstructure.

2.2. Characterization of particles 

Morphology of synthesized particles were revealed by 
field emission scanning electron microscopy (FE-SEM, 
JEOL JSM 700F). The crystal structure was investigated 
by X-ray diffractometer (Rigaku, Miniflex) with Cu-K
radiation at a wavelength of 0.154051 nm. X-ray spectra 
was recorded between 10° and 90° with in 2  steps of 
0.02 degrees. Based on the X-ray peak broadening, 
changing crystallite size with doping of Yb in Y2O3 of 
particles was calculated by Williamson–Hall method and 
Debye Scherer. Moreover, changing of lattice parameter 
with this effect also was measured by Cohen-Wagner 
method. 

3. Result and Discussion 

3.1 Thermodynamic investigation 

Thermodynamic calculations of the thermal 
decomposition and oxidation processes of the yttrium 
nitrate and ytterbium nitrate salts solutions were carried 
out by the HSC Chemistry program to determine the 
optimum reaction temperature. 

Equation (1) and (2) are shown thermal decomposition 
and oxidation of salts in the furnace.

4Y(NO3)3(ia) + O2(g) = 2Y2O3 + 12NO2(g) + 4O2(g)

4Yb(NO3)3(ia) + O2(g) = 2Yb2O3 + 12NO2(g) + 4O2(g)

The decomposition and oxidation reactions of nitrate 
salts between 0-1000°C were investigated 
thermodynamically by HSC Chemistry 6.0.  

The graphs of enthalpy ( H0) and Gibbs standard free 
energy exchange ( G0) values, which depend on the 
temperature during the decomposition and oxidation of 
salts, are given in Figure 1 and 2. 

Figure 1. Change of Gibbs standard free energy and 
enthalpy during the decomposition and oxidation of 

yttrium salt. 

Figure 2. Change of Gibbs standard free energy and 
enthalpy during the decomposition and oxidation of 

ytterbium salt. 

According to Figure 1. and 2. Formation of Y2O3 and Yb 
doped Y2O3 are possible approximately at 500 oC. 

3.2. Morphological investigation 

SEM micrographs of Yb doped Y2O3 and Y2O3 with 
various magnification were revealed by scanning 
electron microscopy to analyze the effect of Yb doping 
ratio on the Y2O3 particle size. Figure 3 (a-b) and (c-d) 
represent the SEM images of synthesized particles with 
Yb doped Y2O3 and Y2O3, respectively.
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Figure 3. Various magnification SEM micrographs of 
Yb doped Y2O3 and Y2O3 particles 

As seen from Figure 3 synthesized particles with 
spherical morphology show smooth surface.   

Particle size distribution of Yb doped Y2O3 and Y2O3

particles are given in Figure 4.

Figure 4. Particle size distribution of Yb doped Y2O3

and Y2O3 particles 

The Figure 1 (a-b) and (c-d) images illustrate particles 
with a size range approximately 400-1200nm, 350-1250 
nm, respectively. Yb doped Y2O3 particles have 
relatively narrow size distribution. Moreover, it can be 
noticed that particle size decreases and particle size 
distribution become narrower with the addition of Yb 
into Y2O3.

EDS analyses of Yb doped Y2O3 and Y2O3 particles are 
given Figure 5. 

Figure 5. EDS analyses of (a) Yb doped Y2O3 and (b) 
Y2O3 particles 

3.3. Structural investigation 

X-ray diffraction patterns of Yb doped Y2O3 and Y2O3

are illustrated in Figure 6.

Figure 6. Indexed XRD patterns of Yb doped Y2O3

particles

All diffraction peaks of Yb doped Y2O3 are attributed to 
C-type bixbyite structure space group la-3 (206) 
compatible with standard JCPDS data with card number 
(#01-087-2369). The planes (211), (222), (400), (134), 
(440) and (622) of C-bixbyite cubic phase of Y2O3 are 
observed at 2  = 20.55°, 29.22°, 33.87°, 43.59°, 48.65°, 
57.77°, respectively. Same diffraction plane for Y2O3 are 
observed at 2  = 20.54°, 29.21°, 33.85°, 43.57°, 48.63°, 
57.74°, respectively. The diffraction peaks shift towards 
the larger angle with the addition of Yb due to smaller 
atomic radii of ytterbium than yttrium and this case leads 
to decrease crystallite size and lattice parameter. 

Figure 7 illustrates the uniform deformation model 
(UDM) of Yb doped Y2O3 particles. The contributions of 
crystallite size and lattice strain were estimated by 
Williamson Hall analysis integrated UDM. Moreover, 
Debye Scherrer analysis was also conducted to compare 
crystallite size values. 
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Figure 7.  Williamson-Hall analysis integrated with 
UDM of Yb doped Y2O3 particles 

The crystallite size, lattice strain can be evaluated by 
Williamson Hall (W-H) analysis. Initial, instrumental 
peak broadening was eliminated to acquire exact 
crystallite size value. Moreover, the contribution of 
crystallite size ( D) and lattice strain ( s) to total peak 
broadening is explained in given Equation (1)

𝛽 𝑘𝑙 𝛽𝐷 𝛽𝑠                                                             (1) 

The strain-caused broadening originating from crystal 
imperfection is given in Equation (2), 

𝜀 𝛽𝑠 𝜃                                                               (2) 

Debye-Scherrer equation can be reformulated with 
Equation (2) and that can be obtained following 
Equations;

(3)

𝛽 𝑘𝑙 𝑘 𝐷𝑐𝑜𝑠𝜃 𝜃                                        (4)

𝛽 𝑘𝑙𝑐𝑜𝑠𝜃 𝑘 𝐷 𝜀 𝜃                                     (5)

Where hkl is the total peak broadening, k is the shape 
factor,  is the wavelength of Cu-K  radiation 
( =0.154051 nm), D is the crystallite size of synthesized 
particles,  is the lattice strain,  is the full width at half-
maximum (FWHM) of the peak,  is the Bragg angle. 
Moreover, the (222) plane was selected to calculate the 
crystallite size of particles by Debye Scherer method. A 
summary of the microstructural parameters can be found 
in Table 1. 

Table 1. Crystallite size and lattice parameter of Y2O3

and Yb doped Y2O3

Graphics of Cohen Wagner analysis were shown in 
Figure 8. 

Figure 8.  Cohen Wagner analyses Yb doped Y2O3 and 
Y2O3 particles 

With an addition of Yb, lattice parameter of host material 
decreases due to smaller atomic radii of ytterbium than 
yttrium. 

4.Conclusion

Y2O3 and Yb doped Y2O3 particles were synthesized via 
single-step and cost-effective aerosol route at 900 °C 
from an aqueous precursor of yttrium nitrate salt. The X-
ray diffraction pattern indicate that Yb doped Y2O3

particles have a C-type bixbyite cubic structure. The 
synthesized particles had spherical morphology and non-
agglomerated characteristics. With the addition of 
ytterbium into yttrium oxide, the decrease of crystallite 
size, lattice parameters and particle size was observed 
due to smaller atomic radii of ytterbium than yttrium. 
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Abstract

In the present work, quaternary electroless Ni-W-P-B 
coatings were plated on an aluminum alloy substrate from a 
plating solution of nickel sulphate, sodium hypophosphite, 
dimethylamine borane, sodium acetate, lactic acid and 
sodium tungstate. To investigation of tungsten content in 
multi alloy system, different amount of sodium tungstate is 
added in acidic Ni-P-B electroless bath. The surface 
morphologies of multi alloys are observed by using a 
scanning electron microscope (SEM, JEOL 6060LV) and 
X-ray diffractometry (XRD). 

1. Introduction 

Electroless nickel (EN) coating is a surface engineering 
process involving a chemical reduction between nickel ions 
(metal source) and reducing agent on metal substrate. 
Electroless nickel coating is widely used in manufacturing 
and scientific area. Electroless plating applications are 
improved chemical and mechanical properties of substrates 
such as wear resistance, corrosion resistance, hardness etc. 
[1-2].
The addition of tungstate in electroless nickel deposits 
improves the deposit characteristics such as wear 
resistance, corrosion resistance, thermal stability and 
electrical resistance. Tungsten incorporated electroless 
nickel coatings have been first studied by Zhang et al and 
they have approved that 3 wt.% tungsten containing Ni-P 
coatings containing shows positive effect due to addition of 

a third passivation element, W, which formed the dense 
tungsten oxide film on the surface [3]. 
Aydeniz et al were also studied the structural properties of 
Ni-W-B alloy. They were obtained that Ni-W-B deposits 
has higher hardness value than that of Ni-B deposits. 
Moreover, Ni-W-B deposits showed better wear and 
corrosion resistance when compared with Ni-B deposits 
[4].

2. Experimental Procedure 

The Ni-W-P-B coating was obtained by the addition of 
sodium tungstate to the acidic sodium hypophosphite based 
Ni-P-B bath. The bath composition is presented in Table 1. 
The temperature of the bath was kept constant at 85°C 
throughout the deposition process and placed onto 
magnetic stirrer. Aluminum samples with dimensions of 
50mm× 30mm× 2mm were used as substrates. The Al 
sample was sanding, polished and immersed in an acidic 
bath for activation etching. Before electroless nickel 
deposition of Ni-P-B coatings, a zincate pre-treatment of 
the aluminum substrate was performed by immersion 
technique. Electroless Ni-P-B deposition processes were 
carried out using 250 cm3 of the baths. In all cases, 
electroless deposited samples were heat treated a 
temperature of 400 0C in an inert atmosphere for 2 h to 
protect from oxidation. The composition and surface 
morphology of the electroless deposited Ni-W-P-B coatings 
were examined using Scanning Electron Microscope 
(SEM). X-ray diffraction (XRD) analyses were used to 
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determine chemical composition and structure of composite 
coatings.

Table 1. Bath composition and operating condition for deposition 
of Ni-W-P-B 

Sample Code Bath
Components W1 W2 W3 W4 
NiSO4.6H2O  33 g/L 33 g/L 33g/L 33 g/L 
NaPO2H2  25 g/L 25 g/L 25 g/L 25 g/L 
C2H3NaO2  16 g/L 16 g/L 16 g/L 16 g/L 
C4H12BBrN2  2,5 g/L 2,5 g/L 2,5 g/L 2,5 g/L 
C12H25O4S.Na  0,1 g/L 0,1 g/L 0,1 g/L 0,1 g/L 
CH4N2S  0.001g/L 0.001g/L 0.001g/L 0.001g/L 
C3H6O3  28 mL/L 28 mL/L 28 mL/L 28 mL/L 
Na2WO4 12,5 g/L 25 g/L 50 g/L 100 g/L
pH  5-6 5-6 5-6 5-6 
Time (min.)  60 60 60 60 
Temp. (ºC)  85 85 85 85 

3. Results and Discussion 

Surface morphologies of samples prepared with different 
concentrations of Na2WO4 were examined by scanning 
electron microscope. Figure 1 shows that grain boundaries 
become prominently and thin grained, when Na2WO4

concentration increases in the coating bath. Because 
tungsten incorporation in Ni-P-B coatings can be lead to 
increase nucleation rate of deposition [5]. 

Fig. 1. SEM images of electroless Ni-W-P-B depositions 
produced with different Na2WO4 concentrations (a) W1, (b) 
W2, (c) W3 and (d) W4. 
It is clearly seen from Fig. 1, W1 and W2 samples has
rough structure. However, the structure of deposits from the 
crystalline structure and nodular with increasing Na2Wo4 
concentration in the coating bath. The SEM images show 
that increasing amount of W towards the crystal structure.
The crystal lattice formation depends on the less in the 
atomic radius of Ni (r = 1,62 Å) and P (r = 1,23 Å) and B (r 
= 1,17 Å). At the same time, the tendency of crystal 

structures to form is enhanced by the addition of larger size 
W (r = 2.02 Å). This observation is also confirmed by XRD 
results [6]. 

Fig. 2. XRD patterns of Ni-W-P-B electroless depositions 
with different Na2WO4 concentrations in the bath (a) 
before heat treatment (b) after heat treatment 

Figure 2 shows X-ray diffraction of the Ni-W-B-P coating 
before and after heat treatment. When we look at Figure 2a, 
there are large peaks showing the (111) and (200) planes at 
time 2  = 44 ° and 2  = 52 °, respectively. At the same 
time, the tendency of crystal structures to form is enhanced 
by the addition of larger size W (r = 2.02 Å). This may be 
due to a decrease in the P ratio in the coating and an 
increase in the W ratio. The X-ray diffraction results 
obtained after heat treatment of the Ni-W-B-P coatings in 
an argon atmosphere at 400 ° C are shown in Fig.  2b. After 
the heat treatment, there are pointed peaks at 44 ° and 52 ° 
and crystalline nickel phases are observed Ni2P, Ni3P, Ni2B
and Ni3B phases as well. 

4. Conclusion 

Quaternary Ni-W-B-P coating was successfully prepared 
by electroless deposition method. Effects of amount of 
sodium tungstate on deposit structure were investigated. 
The result shows that the parameter significantly affects the 
coating. As the amount of sodium tungstate increases, 
changes occur in the within of the coating.
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Abstract 

Use of thin film technology has opened the field to the 
fabrication of high quality material for applications such as 
UV light emitters, gas sensing elements, detectors and 
catalysts. By reduction in particle size, novel chemical, 
electrical, mechanical and optical properties could be 
improved. 

In this study, Zn films, doped with dual and/or single 
cation (Dy and/or Al) have been obtained by sol-gel process. 
Prepared films were deposited from precursor solutions by 
spin-coating on quartz substrates. Using heat treatment at 
different temperature films were transformed into dual (Dy 
and Al) or single (Dy or Al) cation doped films. 
Characterization of microstructure and phase analyze of film 
was investigated by scanning electron microscope (SEM) 
and X-ray diffraction technique (XRD), respectively. The 
optical properties of AZO, D3AZO and DA3ZO samples 
showed very good performance with a transmittance value 
above 90% with Al+3, Dy+3 Zn+2 exchange. In thin films, as 
the amount of Al increases and accordingly the amount of 
Dy decreases, the result is that the electrical conductivity 
increases. 

1. Introduction 

One of the most important issues in material science today 
is the application and basic properties of semi-conductor 
transparent thin films. The characteristic feature of such 
coatings is their low electrical resistance and high 
permeability in the visible region. For semiconductor 
transparent coatings, many materials such as indium oxide, 
tin oxide, zinc oxide and cadmium stannate (cadmium 
stannate) are used. The most important basic features of 
these films for practical applications are; structure, 
morphology, electrical resistance and optical permeability. 
The coating technique plays an important role as the 
electrical and optical properties strongly depend on the 
microstructure, stoichiometry and pollution of the structure. 
As devices based on semiconductor transparent coatings 
become more complex, there is a need to recognize and 
improve the quality of these films. 

Transparent conducting oxide layers have attracted much 
more attention due to their broad range of application such 
as transparent electrodes in solar cells and in photovoltaic 
devices [1, 2]. The demand of low cost and high performance 
optoelectronic devices lead to the development of more 

mainly for applications such as solar cells [3], liquid crystal 
displays [4], heat mirrors [5], photothermal conversion 
system [6], gas sensors [7], optical position sensors [8] and 
acoustic wave transducers [9], etc. ZnO is an alternative 
material to tin oxide and indium tin oxide (ITO), which has 
so far been widely used [10]. In addition, zinc oxide is not 
poisonous, it is very common and cheap because this area 
has increased its use. ZnO has a very high transmittance in 
the range of 0.4-
(Eg 3.3 eV) n-type semiconductors [11].From all the TCO 
materials studied, in last years, zinc oxide (ZnO) has 
emerged as one of the most promising materials due to its 
optical and electrical properties, high chemical and 
mechanical stability together with its abundance in nature, 
which makes it a lower cost material when compared with 
the most currently used TCO materials (ITO, SnO2). On the 
otherside, 
at high temperatures, doping the zinc oxide can reduce this 
disadvantage. The ZnO doping is achieved by replacing Zn2+

atoms with atoms of elements of higher valence such as 
indium [12], aluminium [13] and gallium [14]. The 

the ionic radius of zinc. Dysprosium (Dy), a rare earth 
element, is a candidate element to be used as an additive 
element in terms of electrical resistance and optical 
properties. However, despite the preparation by the PLD 
method in the literature [15, 16], no single (DZO) and dual-
cation (DAZO) oxide films doped with dysprosium element 
have been found using the sol-gel method 

This study is very important in that it is the first time in the 
literature that the untested single and double cation ZnO-Al-
Dy systems are prepared by sol-gel method and coated with 
glass surfaces by spin coating method. Thus, the effects of 
left and additive concentrations on the optical, structural and 
electrical properties of films were investigated by adding Al, 
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Dy and their binary compositions at different ratios to the 
solids prepared in different compositions. 

2. Experimental Procedure 

Thin films were prepared by sol-gel method. As a starting 
solution, solvent zinc acetate dehydrates and stabilizer 
(99.5% Merck), 2-Ethoxyethanol (C4H10O2, 99% Merck) 
and monoethanolamide (MEA) (C2H7NO, %98+, Alfa 
Aesar) were used, respectively. The molarity of solution is 
0.5M and the ratio of solution to stabilizer was maintained 
at 1. Aluminum chloride hexahydrate (AlCl3.6H2O, %99, 
Alfa Aesar) and Dysprosium (III) acetate tetrahydrate 
(Dy(OOCCH3)3.4H2O, %99.99, Alfa Aesar) were used as 
additive in system. The amount of additive was arranged 
about 2 % in system. Therefore ratio of Dy:Al were changed 
as 0:1, 1:3, 1:1, 3:1 and 1:0. The prepared solution was 
stirred at 60 C for 1h to obtain a clear and homogenous 
solution. This solution was cooled to room temperature and 
coating was made after 24 h.  

Before coating process, glass substrates were cleaned by 
using special method which is given in Figure 1.

Figure 1. Preparation process of glass substrate 

Prepared solution was dropped onto glass substrate which 
were rotated at 750-1500 rpm for 30s. After that the thin 
films were dried at 300 C for 10 min. for removing organic 
compound from gel. Coating was repeated 10 times for each 
composition and samples to obtain enough thickness of film. 
Obtained samples were annealed at 500 C for 2 h in furnace. 
The process of preparation thin film is given in Figure 2.
Samples are called according to amount of dopant and it is 
given in Table 1.

Table 1. Sample codes and atomic composition. 

Code Al  
(at. %) 

Dy
(at. %) 

AZO 2 0
DA3ZO 1.5 0.5 
D3AZO 0.5 1.5 

Figure 2. The process of preparation thin film 

3. Results and Discussion  

3.1. Phase analysis of ZnO thin film with different dopants 

XRD patterns of films coated with different rate presented 
in Figures 3-5. Characteristic peaks of ZnO thin film were 
obtained at all rotational speeds and in all samples. This 
indicates that zinc oxide crystallizes on the surface of the 
bed, and these crystals are in hexagonal structure. The peaks 
(002) in the graphs correspond to the reflection plane and are 
consistent with the results in the literature [17-19]. The 
optimum rotational speed can be determined by examining 
the x-ray diffraction patterns of the films. It is understood 
that the obtained peaks show that generally there is better 
crystallization in samples prepared at a rotation speed of 
1000 rpm. For this reason, when coating at a rotation rate of 
750 rpm, the excess amount of the liquid evaporated rapidly 
in the remaining amount on the surface of the substrate, 
increasing the amount of void in the structure. On the other 
hand, when coating at a rotation speed of 1500 rpm, the gel 
structure is further dispersed by centrifugal force and this 
resulted with fine grained film formation. As it is seen from 
figures, the intensity of peaks for all samples are very close 
to each other.  
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Figure 3. XRD pattern of AZO film for different coating rate 

Figure 4. XRD pattern of DA3ZO film for different coating 
rate 

Figure 5. XRD pattern of D3AZO film for different coating 
rate 

3.2. Microstructural characterization

Microstructural evolution of samples was investigated by 
scanning electron microscope (SEM). Results are given in 
Figure 6-9. When it is looked to SEM photos, surface of all 
samples are very homogenous and there is some empty area 
due to collection of particles. This results showed that, 
motion ability of electrons in system is limited. Therefore, 
this significantly affect electrical properties of films.  

3.3. Optical properties of films

Optical properties of films were investigated in visual 
range (400-800 nm). To measure of optical transmittance of 

films silicon diode and gallium phosphate light detector were 
used. Results are given in Figures 10-12.

Figure 6. Microstructure of AZO film coated with 750 rpm. 

Figure 7. Microstructure of AZO film coated with 1000 rpm. 

Figure 8. Microstructure of AZO film coated with 1500 rpm. 

Figure 9. Microstructure of D3AZO film coated with 1000 
rpm. 

Results showed that all samples have above 90% 
transmittance. By change Al:Dy ratio results was not much 
effected. Thus, these results are in good agreement with 
SEM analyses. 
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Figure 10. Change of optical transmittance behavior of AZO
thin films with coating rate. 

Figure 11. Change of optical transmittance behavior of 
DA3ZO thin films with coating rate. 

Figure 12. Change of optical transmittance behavior of 
D3AZO thin films with coating rate. 

3.4. Electrical conductivity of films

Electrical properties of thin films were measured with four 
probe method. In this method, voltage was measured by 
sending electrical current to surface of thin film. After that, 
resistance and values are used to calculation of resistivity of 
films. 

Table 2. Electrical resistivity of thin films 

Code Rotating
(rpm) 

Resistivity 
( cm) 

AZO
1500 2.6 
1000 2.2 
750 3.6 

DA3ZO 
1500 35.3 
1000 16.9 
750 53.7 

D3AZO 
1500 609.2 
1000 295.0 
750 281.1 

The best results for AZO specimens prepared at rotational 
speeds of 750, 100 and 1500 rpm were found to be 2.2 cm. 
Some of research from literature mentioned that resistivity 
of AZO film is 10-2-10-4 cm [20-21]. But there are also some 
results with high resistivity values in literature [19]. The 
reason of low electrical conductivity is explained with dissolution 
of Al2O3 in grain boundary and this resulted with lower mobility.

4. Conclusion 

In this study, it was aimed that production of alternative 
system for ITO thin film. Therefore, Al3+ and Dy3+ atoms 
were added to ZnO system by substitutional.  

It was understood that the films were crystallized in the 
plane of Al, Dy, ZnO thin film (002), which is formed by  
x-ray diffraction patterns, the structure is hexagonal and the 
optimum rotation speed is 1000 rpm. SEM images were 
examined and results showed that the film surfaces were 
highly porous. It was thought that the low electrical 
conductivity was related to the film in pore quantity.  

Optical properties of thin films were obtained above 90% 
for all compositions. By increase of Al atoms in composition 
electrical properties of thin films were positively affected. 
In addition, the electrical conductivity can be improved by 
improving the surface properties of the thin films. 
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Abstract

Yb:Y2O3 (8 % Yb doped) powders were synthesized by 
sol-gel method is a wet chemical technique. Produced 
powders were characterized by scanning electron 
microscopy (SEM). Structural investigation of powders 
was conducted by X-ray diffractometer, employing Cu-
K  radiation and crystallite size of powders was 
evaluated from X-ray diffraction peaks broadening by 
modified Debby Scherer (MDS) method. Moreover, 
Raman analysis of powder was recorded at room 
temperature. Cathodoluminescence (CL) studies of 
ytterbium (Yb) doped yttrium oxide (Y2O3) powders at 
varied excitation voltage were performed by using single 
photon counters. Yb doped Y2O3 powders exhibit 
cathodoluminescence properties at higher than 10 kV 
excitation voltage. As expected, it was observed that the 
increment in the initial excitation voltage leads to the 
increase of luminescence efficiency.

1. Introduction

Yttrium oxide and derived compounds have taken 
attention, especially in optoelectronic applications. 
Yttrium oxide is a very promising candidate in optical 
application due to large energy band gap (~ 5.5 eV), low 
phonon energy (~ 600 cm-1) and broad transmittance 
(230-8000 nm) of Y2O3 [1–5]. Luminescent materials are 
attracted to many fields such as displays, bioanalysis and 
telecommunication in various forms such as nanorods, 
nanowires, nanotubes, nanoparticles and bulk [2,6–11]. 
There are various types of luminescence such as 
stimulation with electrons (called cathodoluminescence), 
stimulation with a photon (called photoluminescence), 
stimulation with an electric field (called 
electroluminescence). Cathodoluminescence studies are 
confronted in a variety of areas such as biology, solid 
state physics, ceramic etc. Recently, ytterbium doped 
yttrium oxide is used as a laser source and in 
cathodoluminescence applications. In Y2O3 cubic 
elementary cell, Y3+ ion situates in 24 
Noncentrosymmetric (C2) and 8 centrosymmetric (C3i) 
sites. Noncentrosymmetric (C2)  

sites are of import for luminescence properties because 
of having an inversion center. The Yb3+ ion gets into 
Y2O3 substitute for C2 or C3i sites of Y3+. Charge 
transfer bands are changed depending on Yb3+ ion
situated C2 or C3i site. As ground state 2F7/2 and excited 
state 2F5/2, Yb3+ ion has two manifolds. Moreover, charge 
transfer is occupied in ultraviolet 340–350 nm 
(CT 2F7/2) and visible regions 480–500 nm (CT 2F5/2)
[12]. Various methods have been used to synthesize rare 
earth (Yb, Er, Eu, Tb, Tm) doped Y2O3 powders such as 
combustion, spray pyrolysis, sol-gel, hydrothermal 
precipitation [6,13–17]. However, size and morphology 
of particles can be adjusted by sol-gel process is very 
cheap and low temperature technique. Furthermore, it is 
possible to synthesize various morphology particles. 
Luminescence behavior is affected by properties of 
doped materials, surface area, particle size and 
morphology. Moreover, it is worth to emphasize that 
microstructure has an impact upon luminescence 
behavior of materials. 

In our present study, it was reported that 8 % Yb doped 
Y2O3 powders were synthesized by sol-gel process. 
Synthesized powders characterized by X-ray diffraction 
analysis, Raman and cathodoluminescence analysis. 
Based on the X-ray peak broadening, the crystallite size 
of powders was calculated by modified Debye Scherer 
method. 

2. Experimental studies 

2.1 Synthesis of particles 

Yb:Y2O3 (8 % Yb doped) powders were prepared by wet 
chemical method. Y(NO3)3.6H2O and Yb(NO3)3.xH2O
were dissolved in deionized water. Subsequently, citric 
acid and ammonia solution (NH4OH) were added to the 
solution in determined amounts. The prepared solution 
was stirred by using a magnetic stirrer for 2 hours at 
room temperature. After precipitation, the solution was 
filtered and dried. After drying, powders were calcined at 
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800oC for 3 hours and finally cooled to room 
temperature. Schematic drawing of the process was 
given in Figure 1.

Figure 1. Schematic drawing of wet chemical process 
for producing Yb doped Y2O3

2.2 Characterization of particles 

X-ray diffraction patterns were obtained for 
determination of crystal structure and crystallite size. 
Chemical compositions of particles were analyzed by 
energy dispersive spectroscopy (EDS). Morphology of 
the samples was investigated by field emission scanning 
electron microscopy (FE-SEM, JEOL JSM 700F). The 
cathodoluminescence properties of Yb doped Y2O3

particles were studies by using single photon counters. 
Using X-ray peak broadening, crystallite size was 
calculated by modified Debby Scherer (MDS) method. 

3. Results and Discussion 

X-ray diffraction pattern of Yb doped Y2O3 was given in 
Figure 2. The peaks appearing at a 2  range of 20.55°, 
29.22°, 33.87°, 43.59°, 48.65°, 57.77° can be attributed 
to the (211), (222), (400), (134), (440) and (622) planes 
and crystalline structures corresponding to pure Yb 
doped Y2O3 powders. All diffraction peaks of Yb doped 
Y2O3 are attributed to C-type bixbyite structure space 
group la-3 (206) compatible with standard JCPDS data 
with card number (#01-087-2369). The narrow and sharp 

peaks indicate that synthesized powders are highly 
crystalline.

Figure 2.  X-Ray diffraction analysis of Yb doped Y2O3

In Debye-Scherrer method, crystallite sizes, which is 
calculated from each diffraction peak in the pattern, 
should have the same value. However, crystallite size 
values cannot be obtained same value from each 
diffraction peak due to systematic error. The least square 
method was applied to eliminate the error and Debye-
Scherrer Equation (1) can be reformulated by this way. 
Debye Scherer Equation was given in the following 
relation (1) 

                                                   (1) 

when both sides logarithm is taken, Equation (2) can be 
achieved;

𝛽 𝑘𝜆𝐷 𝜃                                        (2)

      Where  is the peak broadening, k is the shape factor, 
 is the wavelength of Cu-K  radiation ( =0.154051

nm), D is the crystallite size of synthesized particles and 
 is the Bragg angle. Graphs of ln( ) versus ln(1/cos ) of 

Yb doped Y2O3 particles were drawn in Figure 3. 
Crystallite size was estimated from the y-intercept of the 
fitted line in the Figure 3. 
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Figure 3.  Modified Debye Scherer analysis of Yb doped 
Y2O3 particles 

Crystallite size of Yb doped Y2O3 was calculated as 
19.90 nm by modified Debye Scherer method. Chemical 
compositions of powders were analyzed by energy 
dispersive spectroscopy (EDS). Morphology of the 
samples was investigated by field emission scanning 
electron microscopy. SEM and EDS analyses were 
exhibited in Figure 4.

Figure 4.  SEM and EDS analyses of Yb doped Y2O3

The synthesized powders had sponge morphology and 
ytterbium was detected in spectrum by EDS analysis. 
Figure 5. illustrates the room temperature Raman spectra 
of Yb doped Y2O3 particles 

Figure 5.  Raman analysis of Yb doped Y2O3 and Y2O3

Several raman peaks are observed for both samples. 
These peaks have been attributed to the fundamental 
vibrational modes corresponding to the cubic Y2O3. The 

most intense band located at 378 cm-1 is characteristic of 
Y2O3 cubic structure. Graphs of cathodoluminescence 
measurements of Yb doped Y2O3 powders at various 
excitation voltage were given in Figure 6. 

Figure 6.  Cathodoluminescence measurements of Yb 
doped Y2O3 powders at various excitation voltage 

Although no change was observed when the Yb doped 
Y2O3 powders were excited with 10 kV. After the 20 kV 
excitation value, the change in the CL values was started 
to be observed and as the kV value increased, the count 
values continued to increase. 

4.Conclusion

% 8 Yb doped Y2O3 powders were synthesized by wet 
chemical method. The synthesized powders were 
characterized by scanning electron microscopy, X-ray 
diffraction analysis and Raman analysis. All the 
synthesized Yb doped Y2O3 particle have C-type 
bixbyite structure with polycrystalline behaviour. It was 
proved that Yb doped Y2O3 exhibits 
cathodoluminescence properties above 20 kV excitation 
voltage.
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Abstract

In this study, 5 at. % and 7 at. % Eu doped Y2O3

nanopowders were produced by sol-gel method at the 
temperatures of 800 and 900 C for 3, 5 and 7 hours 
having different citric acid ratios. The powders were 
characterized by means of X-ray diffraction technique 
using Cu K  radiation. Crystallite size values of powders 
were calculated from the XRD patterns by using 
Williamson-Hall (W-H) method. Statistical investigation 
studies were carried out using General Linear Model by 
Minitab® software. Calculated crystallite size values 
were found to be normally distributed. Citric acid rate, 
calcination temperature, time and dopant rate were found 
to be statistically significant on the crystallite size with 
the confidence level of 95%. Moreover, temperature was 
the most significant parameter while calcination time 
was the least significant parameter on the crystallite size. 

1. Introduction 

Rare element doped luminescent materials have recently 
attracted interest in a wide range of fields such as 
cathode-ray tube (CRT), fluorescent lamps, field 
emission displays [1]. Yttrium oxide (Y2O3) is one of the 
promising hosts among the oxide materials for rare earth 
ions such as europium, erbium, terbium [2]. Also, it has 
excellent chemical and thermal stabilities, good thermal 
conductivity, low phonon energy (380 cm-1) and broad 
transmittance (230-8000 nm) [3,4]. It is produced by 
various methods such as sol-gel [5], solvothermal 
method [6], combustion [7], spray pyrolysis [8]. Eu3+:
Y2O3 phosphors have many application areas such as 
displays, lamp application, scintillators, X-rays imaging, 
optoelectronic applications, biological labelling and 
dosimetry applications [9-11]. Determination and 
controllability of the crystallite size of this key oxide 
material are very important because it directly affects its 
functional properties [12]. Therefore, determining the 
effect of the process parameters on the crystallite size is  

crucial. In order to achieve better reproducibility, 
statistical evaluation of the individual effects of the 
parameters is particularly needed within a desired 
confidence level. Although, there are many studies on 
optical properties, synthesis and characterization of these 
phosphors in the literature, there is not any study about 
the statistical evaluation of the parameters of the 
crystallite size. In this study, it was aimed to investigate 
the effect of citric acid ratio, calcination temperature, 
time and dopant rate on the crystallite size using a 
statistical method, General Linear Model by Minitab® 
software. 

2. Experimental studies 

2.1 Powder preparation 

Y(NO3)3.6H2O, Eu(NO3)3.6H2O and citric acid were 
used as starting chemicals to produce 5 at. % and 7 at. % 
Eu doped Y2O3 nano-powders in the sol gel reactions. 
Y(NO3)3.6H2O and Eu(NO3)3.6H2O were dissolved in 
deionized water. Subsequently, citric acid and NH4OH 
solution were added to mixture in the appropriate 
amounts. The prepared solution was stirred by using a 
magnetic stirrer for 2h at room temperature. After the 
solution was filtered, the produced powders were 
calcined at 800 and 900 °C for 3, 5 and 7.  

2.2 X-ray diffraction analysis (XRD) analysis 

X-ray diffraction analysis (XRD) was carried out using 
Cu K  radiation in order to determine the crystalline 
phases. The tube voltage and current of X-ray beam were 
40 kV and 40 mA, respectively. Measurements were 
done with 0.02° step size and scan rate of 1 step/min. 

et between 10° and 90°. From 
XRD patterns, the crystallite sizes of the powders were 
calculated by using Williamson Hall method. The 
instrumental broadening was measured using standard 
silica sample XRD data. The line broadening of the 
diffraction peaks were calculated using Equation 1:  
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(1) 

The crystallite size values of the powders were 
calculated from the XRD patterns (in Figure 1) according 
to the W-H method using Equation 2. 

                          (2) 

3. Statistical investigation 

The independent process parameters that were used in 
the experiments were shown in Table 1. Two different 
sets of experiments were analysed independently. In the 
first set, the effect of calcination temperature, calcination 
time and dopant rate; in the second set, the effect of citric 
acid ratio, calcination temperature and calcination time 
on the crystallite size were evaluated. The levels of 1 and 
2 for citric acid ratio stands for low and high ratios, 
respectively. 

Table 1.  Levels for process variables in sol-gel method. 
Independent variable Level 

T-Temperature (oC) 800-900 

t-Time (h) 3-5-7 

r-Citric acid ratio 1-2 

d-Dopant rate (at. %) 5-7 

ANOVA analyses were carried out by using General 
Linear Model for both experimental setups in order to 
evaluate the significance of the parameters with the 
confidence level of 95% and determine the possible 
interactions between the parameters from the P and F 
values. Normal probability plots were drawn by using 
Minitab®.

4. Results and Discussion 

The crystal structure of the powders produced at 
different temperature and time by using sol gel method 
was body centred cubic (JCPDS No. 025-1011). X-ray 
diffraction patterns showed that the crystallinity of the 
samples increased by increasing calcination temperature. 
The sample did not contain any impurity phases. For 
each dopant concentration, increasing calcination 
temperature made the XRD peaks more intense and 
sharper indicating crystallite sizes coarsening. On the 
contrary, increasing dopant concentration broadened the 
XRD peaks and the peaks became less intense. At high 
citric acid rate, the diffraction peaks shifted to the lower 
diffraction angles. 

Figure 1. XRD patterns of FF6, FF12 and BF12 
samples. 

The W-H plot for FF9 sample was given in Figure 2. It 
was shown that R2 value was 95.11%. Calculated 
crystallite size values were given in Table 2 and 3. 

Figure 2. The W-H analysis of FF9 sample 

The matrix of experimental design and resulting 
crystallite size (CS) calculations of the first experimental 
setup was shown in Table 2. 

Table 2. Experimental setup matrix of the first setup. 
Sample T (oC) t (h) d (at. %) 

FF1 800 3 5
FF2 800 5 5
FF3 800 7 5
FF4 900 3 5
FF5 900 5 5
FF6 900 7 5
FF7 800 3 7
FF8 800 5 7
FF9 800 7 7

FF10 900 3 7
FF11 900 5 7
FF12 900 7 7

ANOVA analysis result of the first experimental setup 
and normal probability plots were given in Table 3 and 
Figure 3, respectively. 
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Table 3. ANOVA analysis result of the first 
experimental setup. 

Source DF Seq SS Adj MS F P
T 1 25.346 25.346 57.1 0.000 
t 2 17.056 8.528 19.21 0.001 
d 1 12.363 12.363 27.85 0.001 

Error 7 3.107 0.444
Total 11 57.872 

From the P values in the Table 3, it was seen that both 
parameters are significant on the crystallite size with the 
confidence level of 95% (all values smaller than P=0.05). 
Furthermore, from the F values, it is possible to compare 
the significance of the parameters as follow: T > d > t 
with the R2 and R2-adj values of 94.63 and 91.56%, 
respectively. 

Figure 3. Normal probability distribution plot of the 
first experimental set up. 

From the Figure 3, the distribution of the residuals was 
positioned along a straight line which confirmed the 
normality of the experimental data. The experimental 
design matrix and resulting crystallite size (CS) 
calculations of the second experimental setup was shown 
in Table 4. 

Table 4. Experimental set up matrix of the second setup. 
Sample T (oC) T (h) r

BF1 800 3 1
BF2 800 5 1
BF3 800 7 1
BF4 900 3 1
BF5 900 5 1
BF6 900 7 1
BF7 800 3 2
BF8 800 5 2
BF9 800 7 2

BF10 900 3 2
BF11 900 5 2
BF12 900 7 2

ANOVA analysis result of the second experimental setup 
and normal probability plots were given in Table 5 and 
Figure 4, respectively. 

Table 5. ANOVA analysis result of the second 
experimental setup. 

Source DF Seq SS Adj MS F P
r 1 37.171 37.171 44.90 0.000 
T 1 63.849 63.849 77.12 0.000 
t 2 21.337 10.669 12.89 0.005 

Error 7 5.795 0.828
Total 11 128.152 

In Table 5, it was seen that both parameters are 
significant on the crystallite size with the confidence 
level of 95% (all values smaller than P=0.05). Again, it 
was possible to compare the significance of the 
parameters as follow: T > r > t with the R2 and R2-adj 
values of 95.48 and 92.89%, respectively. 

Figure 4. Normal probability distribution plot of the 
second experimental setup. 

It was also seen that the distribution of the residuals was 
positioned along the straight line which confirmed the 
normality of the data of the second experimental setup. 

5.Conclusion 

In this study, Eu-doped Y2O3 powders with different 
concentration were produced by sol-gel method. The 
produced powders did not contain any impurity and were 
formed in body centred cubic structure by using XRD 
analysis.  

The crystallite size values were calculated using by W-H 
method. The crystallite sizes were in the range of 15.07 
nm and 19.04 nm for the first experimental setup and in 
between 13.31 nm - 22.48 nm for the second 
experimental setup. 
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It was observed that there was an increase in crystallinity 
with increasing calcination temperature which was 
confirmed by statistical evaluation with the confidence 
level of 95 % for both experimental setups. On the other 
hand, calcination temperature was found to be the most 
significant parameter on the crystallite size for both 
experimental setups. R2 and R2-Adj values of ANOVA 
analysis were quite high and close to each other (94.63 
and 91.56% for the first setup, 95.48 and 92.89% for the 
second setup, respectively.) 

It was observed that citric acid ratio affects the peak 
broadening in the XRD patterns. Also, the XRD peaks 
shifted to lower diffraction angles, when the amount of 
citric acid increased. From the statistical analysis, citric 
acid ratio had an increasing effect on the crystallite size. 

The dopant rate had a decreasing effect while the 
calcination time had a slightly increasing effect on the 
crystallite size. Furthermore, it was found that 
calcination time was the least significant effect on the 
crystallite size with the confidence level of 95% for both 
experimental setups. Additionally, no significant 
interactions between the process parameters were found. 
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Abstract

In this study, solution-processed transparent conductive 
electrodes were fabricated from graphene oxide (GO) 
and silver nanowires (Ag NWs)  by means of layer-by-
layer (LBL) deposition technique. Oppositely-charged 
GO and AgNWs were sequentially coated on a modified 
glass substrate via LBL deposition, which provided 
highly controllable thin films in terms of optical 
transmittance and sheet resistance. The resulting 
Graphene/Ag NWs multilayer film was characterized by 
a UV–Vis spectrometer and sheet resistance was 
measured using four-point probe system. The samples 
were then  cross-sectioned and imaged at the high 
resolution using a Focused Ion Beam - Scanning 
Electron Microscope (FIB-SEM) dual-beam platform.  

1. Introduction

Transparent conductive electrodes (TCE) have been 
widely used in photovoltaic and optoelectronic devices, 
such as solar cells, flat displays, touch panels and light 
emitting diodes [1,2]. Commonly, indium tin oxide (ITO) 
has been used as TCE due to its high optical transparency 
and low sheet resistance. However, it has several 
drawbacks including high material cost, need for complex 
processing and fragility under stress [2]. Therefore, new 
materials such as carbon nanotubes (CNT) [3], graphene 
(G) [3] and silver nanowires (AgNW) [4] have been 
considered as alternative materials to ITO. Among these, 
silver nanowires (AgNW) demonstrate have optical and 
electrical properties comparable to ITO. However, the 
mesh structure of AgNW film promotes the surface 
roughness, which in turn lead to shor-circuit of devices. 
Combinations of AgNW and graphene can be used 
effectively to overcome these problems [5].

In this study, G/Ag NWs hybrid transparent electrodes 
were prepared as an ITO alternative. 2- and 3-bilayer 
G/Ag NWs films exhibited good electrical conductivity 
and optical transparency, which are comparable to those of 
ITO. 

2. Experimental Procedure 

In this work, Graphene/AgNWs hybrid electrodes were 
fabricated using solution based layer by layer (LBL) 
coating technique, which makes it possible to control the 
thickness, optical transmittance and sheet resistance. First, 
graphene oxide (GO) samples were synthesized by 
Hummers method. Next, amine moiety was introduced 
onto AgNWs via ligand exchange reaction. Then, 
negatively charged graphene oxide (GO) and positively 
charged AgNW were coated alternatively via LBL 
deposition on APTES (aminopropyltriethoxysilane) treated 
glass substrate. This was followed by reduction process 
with sodium borohydride (NaBH4). The transmittance of 
Graphene/Ag NWs hybrid electrodes were measured by 
UV–Vis spectrometry, whereas sheet resistance was 
analyzed using four-point probe method.

Figure 1. FIB cross-sectioning and SEM imaging process. 
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Moreover, nanostructuring applications, such as serial 
slicing and simultaneous imaging were performed at 
Focused Ion Beam-Scanning Electron Microscope (FIB-
SEM) platforms for revealing the morphology in the 
cross-sections of the multilayered materials (Fig. 1). 

2.1. Preparation of G/Ag NWs hybrid conducting films 

The LBL coating of GO and Ag NWs-NH2 was 
performed for preparation of TCE. First, the glass 
substrates were functionalized by immersing in a 3% 
APTES solution for 3 h, followed by rinsing with excess 
methanol and drying under N2 flow. The substrates were 
then annealed at 100 °C for 1 h to enable crosslinking of 
the APTES molecules on the surface. The GO solution (1 
mg/mL, 150 μL) was spin-coated (2500 rpm and 25 s) on 
the APTES modified substrate, washed with DI water 
vigorously, and dried at 50 °C for 30 min. Next, the 
substrates were dipped into the Ag NWs-NH2 dispersion 
(0.5 mg/ml) for 20 min, followed by rinsing with DI water 
and drying at 50 °C for 30 min. Multilayer films were 
obtained by repeating these processes. Consequently, the 
films were dipped in the 150 mM NaBH4 solution at room 
temperature for 2 h to reduce the GO and then washed 
with excess DI water. Finally, the films were annealed in 
a tube furnace at 230 °C for 30 min under an air 
atmosphere.

2.2. Nanostructuring and Characterization 

The sheet resistances of the TCEs were measured with a 
four-point probe technique (RM3000, Jandel) while the 
optical properties were examined using an ultraviolet 
visible spectrometer (UV–Vis,Lambda 750, Perkin-Elmer, 
USA). The surface morphology of the TCEs was analyzed 
by and field emission scanning electron microscope (FE-
SEM, JEOL 63335F JSM) and FIB-SEM Multibeam 
System (JIB 4601F). For FIB slice&view experiments, the 
surface of the sample was first locally carbon deposited 
via gas injection system (GIS) at the FIB-SEM. Then the 
cross-section was ion milled using gallium source at 30 
keV ion energy and 1-10 nA ion currents. Then the SEM 
images of the cross-sections were taken simultaneously 
with the ion processing.

3. Results and Discussion 

The morphology of the GO/Ag NWs films was influenced 
by the number of GO/Ag NWs bilayers. As shown in Fig. 
2, the density of the Ag NWs on the substrate was 
increased with an increasing number of bilayers, which 
demonstrates the success of successful LBL deposition.

            

Figure 2. SEM images of 1, 2 and 3 bilayer GO/Ag NWs 
films. The scale bar is 10 μm. 

As shown in Fig. 3, the optical transmittance of hybrid 
films decreased with increasing the number of layers. The 
transmittance values of 1-, 2- and 3-bilayer TCEs were 
89.1%, 78.3% and 67.5%, respectively. 
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Figure 3. Transmittance of G/Ag NWs multilayer films. 

Moreover, serial slicing and simultaneous imaging of 
the multilayered material were performed via FIB-
SEM platforms. Tilted-view SEM images of 
GO/AgNWs/GO multilayered structure were revealed 
in Fig. 4. The cross-sectional Secondary Electron (SE) 
images showed the lateral surfaces of the 
graphene/nanowires that are adhering to the glass 
substrates (Fig. 6.).

Figure 4. Tilted SEM images of GO/AgNWs/GO 
multilayered structures. 

Figure 5. GIS assisted carbon deposition of GO/AgNWs/ 
GO multilayered structures before FIB processing. 

Figure 6. FIB cross-sectioning and SEM imaging of 
GO/AgNWs/GO multilayered structures. The marked 
regions correspond to the cross-sections of the nanowires. 

Table 1 shows the sheet resistance and transmittance 
values of the 2-,3-bilayer G/Ag NWs hybrid films. The 
sheet resistances of  2- and 3-bilayer G/Ag NWs films 
were 6.5 and 4  sq-1, which are comparable to those of 
commercial ITO.

Table 1. Sheet resistance and transmittance of hybrid 
TCEs. 

TCE   T (%) Rs (  sq-1)
2-Bilayer G/Ag NWs  76.1 20 
2-Bilayer G/Ag NWs (anneal.)a 78.2 6.5 
3-Bilayer G/Ag NWs 65.3 5.7 
3-Bilayer G/Ag NWs (anneal.)a 67.3 4 

a Anneal.: Thermal annealing. 
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These results proved that GO and Ag NWs were 
successfully coated on glass substrates using LBL 
coating method.

4. Conclusion 

A high performance G/Ag NWs transparent electrode 
was fabricated as an alternative to an ITO transparent 
electrode via the LBL method. We controlled sheet 
resistance and optical transmittance by varying the 
number of G/AgNWs layer. Finally, the best result was 
achieved with a 2-bilayer film with sheet resistance of 
6.5  sq-1 and an optical transmittance of 78.2% at 550 
nm, which values are comparable to those of comercial 
ITO electrodes.  Electron microscopy analysis by 
imaging on the surfaces and at the cross-section 
confirmed that the nanowires and graphene were 
succesfully coated on the glass substrates. These results 
indicating that G/Ag NWs films prepared by LBL 
deposition can be a promising candidate for TCEs in 
organic photovoltaics. 
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Abstract

Hydrogel is widely used in biomedical application, 
especially wound dressing application, because of its 
superior properties like biocompatibility, water 
absorption, and transparency. Various wound 
dressings which can be used for chronic and acute 
infected wounds are developing with growing 
technology. Expanded and uncontrolled healing is 
significant problem for various types of wounds due 
to possible complications.  Hydrogel is suitable 
method for solving this problem.  The aim of this 
project is designing a hydrogel that is based on 
sodium alginate crosslinked with CaCl2 with addition 
of different copper sources. Copper is chosen as 
model ion because of its medical uses and 
reachability. The hydrogel design will be used in 
possible future smart band applications. Firstly, 
suitable sheet hydrogel composition and production 
method will be determined with a variety type of 
experiments. Afterwards, copper based metal organic 
framework (HKUST-1) will be produced for to be 
used as copper source. Copper sulfate will be 
embedded as a second copper source for comparison 
in terms of ion release rate. Copper ion release from 
hydrogel films will be observed. Finally, 
characterization of hydrogel and MOF-Cu will be 
made for mechanical and chemical properties.  

1. Introduction 

Smart wound dressing is one of the remarkable 
research subjects in recent years because of that 
wound dressing and devices have significant place in 
medical application. Besides developed various 
biomaterials, hydrogel is widely used being a wound 
dressing because of that its transparency properties is 
significant for observing of healing process. Also, 
hydrogel is a network of polymer chains that have 
highly capacity of water absorption also it is not 
soluble in water. In fact, hydrogel is biocompatible 
and biodegradable for wound dressing [1]. Hydrogel 
can be natural or synthetic as well as it can be 
produced by physically or chemically crosslinked. 
Alginate is a naturally occurring anionic polymer 
which is extracted from brown algae [2]. Sodium 
alginate is widely used to obtain hydrogel because of 

that it is low cost, low toxicity, biocompatibility and, 
easy availability. Also, crosslink types are effective 
on its mechanical and physical properties like 
elasticity, viscosity, and strength etc. according to 
same reference study, ionic crosslinking is most 
common type to achieve convenient properties at 
wound dressing [2]. The purpose of this project is 
sheet form sodium alginate based hydrogel 
production for wound dressing applications, and 
comparing the hydrogels which are produced in 
different compositions. Also, rapid healing with 
metal ion addition is another target. Amount of ion 
release is compared with different ion source 
addition. In this study, copper is chosen as model ion 
because of that copper is a good antimicrobial agent 
which would help the treatment with lowering the 
risk of infections. But uncontrolled release of copper 
can create toxic effects and harm the user instead of 
treatment [3,4]. Therefore, in this study, coper metal 
organic framework (HKUST-1) is embedded to a 
hydrogel and observed release of copper ion. It was 
conducted XRD for evaluating HKUST-1 and 
confirmed that it is stable in hydrogel. The copper 
sulfate was used for reference and compared the ion 
release between them.

2. Experimental Studies 

2.1. Production and Characterization of Hydrogel 

Sodium alginate was weighted in 2 grams by using 
precision scale. 100 ml of deionized water was 
weighted and it was poured into a beaker. Water was 
heated up 50-60 °C in order to simplify activation of 
sodium alginate. Sodium alginate was slowly added 
into the water; meanwhile water was mixed with the 
top-down stirrer to prevent aggregate of it. The 
prepared solution was waited for 1 day to obtain 
solubility completely. The activated sodium alginate 
solution was cast into square plastic plates by 
adjusting to 7 ml with a medical syringe. All plate 
was weighted and put into vacuum oven to remove 
water under control. In order to remove water at a 
rate of 45-50 percent, all plates were dried in oven at 
60 °C in sufficient time. After this, cross linking 
solution was prepared. For each 100 ml deionized 
water, 1.1 g of CaCl2 was added. It was mixed until it 
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was dissolved in water completely. 30 ml of CaCl2

solution was taken with syringe. This solution was 
poured into dried sodium alginate to create cross-
linking bath. After waiting for 5 minutes, the sample 
which starts to form is pressed for 5 minutes with the 
plastic plate. This was applied to prevent the swelling 
on the middle of sample and to obtain desired sheet 
form of hydrogel. Finally, CaCl2 solution was 
removed from film. Initial crosslinking experimental 
set-up can be seen in Figure 2.3, Figure 2.1 and 
Figure 2.2 represent obtained hydrogel sheets. 

Figure 2.1: Obtained hydrogel sheets. 

Figure 2.2: Hydrogel after crosslinking in laboratory. 

Figure 2.3: Crosslinking mechanism that is applied 
in laboratory. 

Structural characterization of sodium alginate based 
hydrogel was made. FTIR was applied to dried 
hydrogels with different compositions in order to 
detect bound types and if the crosslinking 
successfully applied.    Swelling test was applied on 
dried hydrogels because of that depending on the 
hydrogel base material and crosslinking type and 
concentration, hydrogels may take up water up to 
hundreds times in their dry weight. Afterwards, film 
thickness of hydrogels was measured with digital 
micrometer. Light transmission and Transparency 

were determined by using UV Spectrophotometry 
(Perkin Elmer Lambda 25 UV/VIS Spectrometer). 
Finally, tensile test was made for determination of 
mechanical properties of hydrogel. For the tensile 
test, the ASTM D638-14 standard was used [5]. 

2.2. Synthesis and Characterization of HKUST-1 

In synthesis of HKUST-1, hydrothermal method was 
used. Cupric nitrate hemi pentahydrate was used as a 
copper sources and trimesic acid (Benzene-1,3,5-
tricarboxylic acid) was as an organic source for 
MOF-Cu frame structure. Cupric nitrate hemi 
pentahydrate was weighted in 0.6 g and was 
dissolved in 25 ml deionized water. Then, trimesic 
acid was weighted in 0.4 g and was dissolved in 25 
ml solution which has equal deionized water and 
ethanol. They were mixed completely by using 
magnetic mixer. After mixing with each other, final 
solution was put into teflon-lined stainless steel 
autoclave at volume of 50 ml. To obtain HKUST-1 
crystal, mixture was hold at 110 °C for 18 hours in 
autoclave. Then the autoclave was cooled at room 
temperature. The HKUST-1 blue crystals were 
filtrated by using vacuum beaker and washing with 
ethanol in several times [6]. Preparation steps for 
HKUST-1 and obtaining crystals can be seen in 
Figure 2.4. 

Figure 2.4: Preparation steps for HKUST-1. 

The crystal structure of HKUST-1 was investigated 
by X-Ray Diffraction (XRD) with Philips-1700 X-ray 
diffractometer, using Cu-K  radiation ( =1.5418 Å). 
Results are compared with literature [7]. 

2.3. Addition of CuSO4 and HKUST-1 

Firstly, copper amount of HKUST-1 and CuSO4 were 
calculated in order to obtain same amount of Cu for 
each condition. 0.175 grams of CuSO4 was weighted 
and mixed with 2 ml deionized water. This mixture 
was added into hydrogel prepared in according to 
pre-determined conditions by using syringe just after 
crosslinking. On the other hand, HKUST-1 amount 
was specified as 0.022 grams. Due to non-solubility 
at water, HKUST-1 in crystalline form was added to 
alginate solution before the drying steps, CaCl2 bath 
was applied on hydrogel with HKUST-1. Prepared 
hydrogels can be seen in Figure 2.5. 
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Figure 2.5: Hydrogel with HKUST-1 and CuSO4 
respectively. 

3. Results and Discussion 

3.1. Effects of Cross-Linking Composition to 
Physical Properties 

After obtaining the cross linking structure in a 
chemical aspect, it was focused on the physically 
shaping to hydrogel. After long trials, the sheet 
structure with suitable thickness and shape was 
obtained.

3.2. FTIR 

The sodium alginate solution was converted to 
calcium alginate after cross-linking process. Obtained 
form of calcium alginate can be observed by using 
Fourier Transform Infrared Spectroscopy (FTIR).

3.3. Swelling 

Three standard samples that have different surface 
area were immersed in PBS at a room temperature for 
two days in order to see whether the cross sectional 
area is effective on swelling behavior or not. It was 
seen that the swelling rate increases with the 
increasing cross sectional area. 

3.4. Water Loss Behavior 

Water loss of newly cross-linked film samples by 
evaporation was investigated at 37 °C in air 
atmosphere by comparing two groups of hydrogel 
one of them is composed of two percentage of 
hydrogel and the other group is composed of four 
percentage of hydrogel. It is seen that the alginate 
percentage does not dramatically affect water release 
by evaporation in short term. 

3.5. Tensile Properties of Samples 

Tensile properties were determined by using the 
D638-14 standard called 'Standard Test Method for 
Tensile Properties of Plastics' and two groups of 
hydrogels were used again (2% and 4%) It is seen 
that the percentage of alginate is directly proportional 
to the elongation. 

3.6. Transparency and Light Transmission 
Properties of Samples 

Transparency test was applied to both groups of 
alginates that contain 2% and 4% to investigate 
which parameters affecting the transparency of the 
hydrogels. It is seen that the composition of the 
alginate, the duration of the incubation in the cross 
link chamber, the thickness, the types and quantities 
of the additives are the affecting parameters to 
transparency.

3.7. XRD for HKUST-1 

The characterization of HKUST-1 by XRD should be 
done to see if it forms a metal organic framework. 
The characterization experiment was studied by XRD 
with scan rate of 4° (2 ) min-1 using monochromatic 
CuK  radiation type at 20 Ma. The prepared 
HKUST-1 is shown in Figure 3.1. 

Figure 3.1: XRD results of prepared HKUST-1. 

3.8. Copper Release Behaviors for Hydrogels with 
HKUST-1 and CuSO4

The prepared 2% and 4% sodium alginate solutions 
were injected with 0.022g HKUS-1 and 0.175g 
CuSO4, each containing 1% copper, and their release 
behavior with respect to hours was examined. It is 
seen that CuSO4 added hydrogels release excess 
amount of copper ions. On the contrary, the copper 
release behavior of HKUST-1 added hydrogels was 
found to range from 5.205 to 21.75 which is more 
suitable to use in human body. This can be 
understood in the Figure 3.2 and Figure 3.3. 

Figure 3.2: The release behavior of hydrogels with 
CuSO4.
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Figure 3.3: The release behavior of hydrogels with 
HKUST-1. 

4. Conclucions 

Firstly, production trials of hydrogel film started. 
After numerous attempts, desired hydrogel film was 
produced with good dimensional tolerances. It was 
followed by FTIR test. To evaluate different 
properties of produced hydrogel, swelling testing, 
tensile testing and transparency testing were 
conducted. Secondly, HKUST-1 synthesized. XRD 
was used to chemical analysis of HKUST-1. To 
addition of copper ion source into hydrogel sheet, 
CuSO4 and HKUST-1 were used. Samples were 
placed in an aqueous environment; their copper 
release was followed by Atomic Absorption 
Spectroscopy.
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Abstract 

This study is the description of TANAP Project 
Contribution to Pipe Manufacturing Industry in 
Turkey. This paper presents the benefits of HSAW 
pipes and values added to industry by TANAP.   

1. Introduction

Due to the growing demand for energy and oil and 
gas extractions occurring in remote regions, the 
pipelines becoming more prevalent method for 
transporting oil & gas. The pipeline design becomes 
more challenging, when the terrain has geological 
hazards such as landslides, ground settlements and 
seismic zones; besides design challenges like 
handling the pressure differences due to the elevation 
changes. Environmental restrictions, social 
requirements, local laws and regulations or any other 
geo-political constraints may cause selection of 
challenging pipeline routes. 

As a result, the loading conditions exerted on the 
pipelines can be extreme in addition to internal 
pressure. 

Despite the fact that the Longitudinal Submerged Arc 
Welded (LSAW) Pipes were traditionally used 
predominantly within those extreme loading 
conditions, current developments in production 
facilities have put Helical Submerged Arc Welded 
(HSAW) pipes in competition with LSAW pipes. 

Although, some historically based perceptions on the 
inferiority of spirally welded pipes still remain, in last 
few decades, The Global Market for Spiral Welded 
Pipes is benefiting from growing preference for 
HSAW Pipes over LSAW Pipes due to advantages 
such as low cost, comparable performance and great 
versatility. Turkey is one of the most sensitive 
countries in the world on the increasing demand for 
HSAW pipes, since almost all production realized in 

Turkey for oil/gas industry is governed by HSAW 
pipe mills only. 

Therefore, proven records of accomplishment of 
pipeline projects executed by HSAW pipes are adding 
extreme values on the positive trend of HSAW 
demand all over the world. TANAP Project with a 
length of 1850 km is a good example for the 
preference of HSAW pipes in oil & gas industry; 
when the high profile design requirements and 
extreme route conditions are considered in particular. 
In this context, 80 % of the pipes used in TANAP 
Project have been selected from HSAW pipes. 

2. Line Pipe Selection Procedure 

As forecast to the year 2035 in Figure 1, fossil fuels 
are seen to be the prevailing resources of Energy with 
its growing demand in comparison to beginning of 
this decade. 

The design requirements for the pipelines transporting 
those fossil resources of energy are so severe since 
the regions fossil fuels extracted from and transported 
through have tough topography and can be prone to 
geo hazards like freeze-thaw displacements, 
landslides, erosion, and seismic ground shaking / 
active faults displacements. Therefore, not only the 
axial strength necessary for the pressure containment 
but also toughness and ductility together with axial 
straining capacity becomes equally important, 
especially when susceptibility to displacements 
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resulting in large deformations within plastic range of 
steel is being considered. 

Conventionally, pipes transporting Oil & Gas were 
being produced by U-ing/O-ing/Expanding methods 
of forming with a single welding seam. Therefore, 
most of the scientific researches and development 
were targeting steel plates and LSAW pipes that 
brought the ability to meet stringent specifications for 
extensive toughness/ductility and strength properties. 
Nonetheless, HSAW pipes were not so popular in Oil 
& Gas industry, because the available thickness range 
steel grades combinations for hot strips were not even 
close to the needs of the industry.  

However, strips have already started to be in 
competition with plates because new improvements in 
hot strip mills have made the production of thicker 
strips (i.e. up to 1 inch) possible even with desired 
properties. In addition, HSAW preferred pipelines are 
economically promoted mainly due to lower price of 
steel coils compared to steel plates. 

2.1. Line pipe manufacturing processes 

2.1.1 Longitudinal Submerged Arc Welded Pipe 
Manufacturing 

Longitudinal edges of steel plates are first beveled 
using carbide milling equipment. Beveled plates are 
then formed into a U shape using a U-press and 
subsequently into an O shape using an O-press.  
Then, the edges are welded to result in a longitudinal 
seam. As the final stage of forming, the pipe is 
expanded and desired dimensions are obtained. See 
Figure 2 

Figure 2. LSAW pipe Production flow chart 

2.1.2 Helical Submerged Arc Welded Pipe 
Manufacturing 

Hot rolled coil strip is mounted into the straightening 
machine. The strip is positioned to the correct helix 
angle. Before passing the strip through, the leading 
and trailing ends of the incoming and already inserted 
coil strip respectively are welded together. The edges 
are then machined simultaneously on both sides by an 
edge miller. In the forming section, a 3-roller bending 
device, bend the strip helically into a cylindrical pipe. 
Then the longitudinal edges of the incoming strip are 
brought into low point contact and the resulting butt 
joint is continuously welded internally then followed 
by externally after a half-turn of the pipe. Finally, it is 
cut off to the desired length with a plasma torch. See 
Figure 3. 

Figure 3. HSAW pipe Production flow chart 

2.2. Comparison of HSAW and LSAW pipes.  

It is evident from the International standards/codes for 
pipeline design and list of gas pipelines worldwide, 
that both HSAW and LSAW pipes are able to be used 
at high-pressure transportation pipelines. In addition, 
there are several pipeline projects incorporated 
HSAW pipes. However, HSAW pipe has still been 
suspected by several counter arguments in favor of 
LSAW pipes. 

2.2.1 Anisotropic behavior of HSAW pipes  

In Oil & Gas industry, the thermo-mechanical 
controlled processing (TMCP) is the common 
operation at strip mills, which enables controlling 
microstructure, grain size and retained precipitate 
percentages by controlling cooling conditions so that 
stringent mechanical requirements could be obtained. 
However, anisotropy of the material is inevitable as a 
result of TMCP at steel strips. Therefore, mechanical 
properties depend on the orientation of loading 
relative to the rolling direction. 
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However, in the Final report on flaw tolerance of 
spiral-welded line pipe issued by Battelle for the 
American Gas Association, The Charpy V-Notch 
(CVN) energy of specimens transverse to the pipe 
axis were reported to be three to six times higher than 
the transverse to the rolling direction. Accordingly, in 
full scale experiments, it was reported that initial 
crack growth occurred parallel to the rolling direction 
because this path had the lowest fracture toughness  
Therefore, HSAW pipes compared to LSAW will 
have higher toughness in the axial direction because 
HSAW pipes are always formed with an angle to 
rolling direction of the reorientations of the pipe axis 
with respect to the rolling direction. 

2.2.2 Dimensional Accuracy   

Another suspect about the quality of HSAW pipes is 
concentrated on weak dimensional accuracy; but 
international steel Line pipe specifications such as 
API 5L, ISO 3183, and DNV-OSF10 demand the 
same dimensional tolerances for all welded pipes 
regardless of the method of manufacturing.  
Considering the present level of technology, 
equipment, quality checks employed  for production 
of HSAW pipes, HSAW manufacturing technology 
has highly improved manufacturing techniques and 
quality checks, which includes laser weld tracking 
equipment for weld alignment control, automatic 
ultrasonic equipment, controlled bending (to avoid 
peaking), precision forming equipment to control 
straightness etc. Therefore, the stringent dimensional 
requirements met by LSAW pipes are also met by 
HSAW pipes. Besides, HSAW pipes could be 
produced in any length without any jointer welding, 
since the strip length is not a parameter for pipe 
forming. 

2.2.2 The Length of Weld Seam 

LSAW pipes has a weld seam equal to the pipe length 
However, the length of the weld seam on the HSAW 
pipe is a function of pipe length and forming angle; 
i.e. the length of the pipe divided by the sine of the 
forming angle.  Consequently, the length of the seam 
weld in a HSAW pipe is longer than that the one on 
LSAW pipe, which is connected to the potential of 
having more weld defects. On the other hand, a wide 
range of standards does allow the use of HSAW pipes 
but do not differentiate longitudinal or spiral seam. 
Besides, by using multiple inside and outside welding 
stations leading very low level of heat inputs, weld 
alignment controls with laser or proximity equipment, 
laser weld tracking, SAW process on HSAW pipes is 
also working with low number of defects. In addition, 

detection techniques for weld defects are regardless of 
the pipe manufacturing technique and could be 
applied in both HSAW and LSAW for which there is 
no differentiation in international standards for 
neither methodology restrictions nor acceptance 
criteria. 

2.3. Project experience of HSAW  

Driven by economic reasons, project developers have 
a growing interest for the use of HSAW pipes in all 
over the world. Several recent pipeline projects 
incorporated HSAW pipes are shown in Table 1. 
Some of the stringent requirements are also 
demonstrated. 

Table 1. Gas projects incorporated HSAW pipes 

Project 
Name 

Weight 
(tons) 

Wall  
Thickness 
(mm)

Gr. CVN DWTT 

T
Min. 
Ab. 
En.  
(J) 

T
Min. 
Ab. 
En.  
(J) 

ARAMCO 240,000 
17.15, 
20.58, 22.35 X70 0 268~378 0 98

2nd West-
East 
Project 1,100,000 18 X80 -20 250-268 -15 100
GLNG 164,000 14.1, 19.7 X70 -10 220 -10 85
1st West-
East 
Project 1,400,000 14,6 X70 -20 190 -20 85

2.4. TANAP project  

onshore pipeline system of 1850 km in length with a 
21 km offshore section beneath the Marmara Sea 

The maximum allowable operating pressure of the 
pipeline is 95.5barg with a design temperature 
envelope below ground is -10 oC to 60 oC. The line 
pipe material is selected as API 5L grade X70M PSL-

To meet the requirement of ASME B31.8 Para. 833.4, 
the combined biaxial stress state of a restrained 
pipeline in the operating mode is not permitted to 
exceed the allowable stress. The combined stress is 
calculated from the longitudinal stress due to internal 
pressure, thermal expansion, bending, other axial 
loading, and the hoop stress due to internal pressure. 
The wall thicknesses determined by design factors 
0.72, 0.60 and 0.50 for 
supplying the requirements of the combined stress 
calculations defined in ASME B31.8 Para. 833.4 are 
presented in Table 2. 
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Table 2. Line pipe Wall thickness distribution 

Engineering Design has also considered fracture 
arrest as an essential requirement to ensure that the 
pipeline has adequate toughness to arrest a ductile 
fracture. Therefore, Annex G of API 5L/ISO 3183 
that specifies additional provisions for PSL 2 pipe 
with resistance to ductile fracture propagation, has 
become applicable and Charpy Energy Values are 
calculated by using calculation model developed in 
pipeline research programs. Fracture Control Plan 
including the Charpy (CVN) and Drop Weight Tear 
Test (DWTT) Values calculated is shown in Table 3. 

Table 3. Fracture Control Plan Summary

Pipe
Size
(in)

Wall
Thickness 
(mm)

CVN DWTT

T
Min. 
Ab.
En.
(J) 

T Min. 
SA% 

56 

19.45 -10 206 -10 85 

23.34 -10 143 -10 85

28.01 -10 107 -10 85

48 

16.67 -10 185 -10 85

20.01 -10 128 -10 85

24.01 -10 97 -10 85

3. Results and Discussion

To verify qualifications of the line pipe 
manufacturing mills, TANAP conducted technical 
audits to each mill. Mills requested to perform trial 
productions according to TANAP specifications. 

After ensuring the qualification of the mills, the Long 
list of Qualified Manufacturers have been issued and 
TANAP awarded the Contracts then after. TANAP 
purchased 80% of the line pipes from Turkish HSAW 
mills with the following figures shown in Table 4. 

Table 4. TANAP project line pipe procurement 
summary

The line pipe procurement strategy of TANAP has 
contributed several benefits to Steel Pipe Industry in 
Turkey.  

 TANAP project has more sensitive and 
stringent dimensional and mechanical 
requirements compared to international 
specifications like API 5L-ISO 3183 DNV-
OS-F101. Turkish HSAW pipes produced 
for TANAP project met those requirements 
very successfully. Therefore, TANAP 
project could be regarded as a strong 
collateral element in favor of HSAW pipes at 
the long-term worldwide debated question 
about the anisotropic behavior and 
dimensional accuracy of HSAW pipes.  

 TANAP, as one of the longest pipeline 
projects in the world, lead economic 
feasibility for several investment decisions 
taken by Turkish HSAW mills such as 
upgrade of manufacturing lines and 
inspection systems (e.g. full body lamination 
control systems, laser tracking systems, data 
logging automation etc.), renewal of test 
laboratories, resulting in both commercial 
and technical capacity competency raise of 
Turkish HSAW mills, against LSAW pipe 
producers for future projects. 

 TANAP pipes have been produced at 7 
different mills in Turkey in approximately 2 
years. Producing pipes according to stringent 
requirements of project specifications for the 
long period of time caused increased 
competency and qualification of manpower 
in Turkish HSAW mills. Therefore, quality 
of the manpower in Turkish line pipe 
industry has been improved.  

Pipe Size 
(in)

Steel
Grade 

Wall
Thickness 

(mm) 
Design
Factor 

48
API 5L 
PSL-2
X70M 

16.67 0,72 

20.01 0,60 

24.01 0,50 

56

19.45 0,72 

23.34 0,60 

28.01 0,50 

Origin  Quantity (m.) % in Total  

Turkey 1.487.814,98 80,8 
Abroad 354.217,91 19,2  
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4. Conclusion

In the current phase of TANAP at which all line pipe 
production and construction of first phase pipeline has 
been finalized and the gas started to be transported to 
Turkey as of 12.06.2018, it is evident that 
procurement of TANAP pipes from Turkish HSAW 
producers was a well-managed strategy leading to 
significant value and profit add to Turkish Steel pipe 
Industry.  

References 

[1] World Energy Outlook 2012. International Energy 
Agency, 2012. 
World Energy Outlook 2017. International Energy 
Agency, 2017. 
BP Statistical Review of World Energy, BP, June 
2017. 
[3] ISO 3183, Petroleum and natural gas industries 
Steel pipe for pipeline transportation systems, 2012 
ASME 31.8, Gas Transmission and Distribution 
Piping Systems, 2016. 
API 5L, Specification for linepipe, American 
Petroleum Institute, 2012. 
DNV-OS-F101, Submarine Pipeline Systems 
Worley Parsons TANAP project Deliverable, Project 
Basis of Design, dated 04.05.2016. 
Worley Parsons TANAP project Deliverable, Fracture 
Control Plan, dated 15.12.2014. 
Worley Parsons TANAP project Deliverable, Wall 
Thickness Based On Combined Stress Calculations, 
dated 25.03.2015. 
Worley Parsons TANAP project Deliverable, Data 
Sheet For Line Pipe And Mother Pipe For Hot 
Induction Bends, dated 29.07.2015. 
Worley Parsons TANAP project Deliverable 
Specification for Submerged Arc Welded Carbon 
Steel Line Pipe, dated 25.02.2015. 
[5] Koen Van Minnebruggen, Experimental-
Numerical Study on the Feasibility of Spirally 
Welded Pipes in a Strain Based Design Context, 
Thesis, Ghent University, 2015-2016, Zwijnaarde, 
Belgium. 
[6]http://www.borusanmannesmann.com/en/pdf/catal
ogues 
http://www.haihaopipes.com/steel-pipes/steel-pipe-
type. 
http://gir.im/https://en.wikipedia.org/wiki/List_of_nat
ural_gas_pipelines. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

661
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Implementation of Engineering Critical Assessment and Fitness for Purpose Approach on 
TANAP Pipeline Welding

Arash Shadmani¹, Pieter Erasmus²

¹Welding Specialist, TANAP, Ankara, Turkey
²Lead QC Engineer, TANAP, Ankara, Turkey  

  
  
  
  

Abstract  

Following the decision of TANAP management to 
implement the latest technology on the Construction of the 
Trans Anatolia Natural Gas Pipeline (TANAP), and to 
validate such technology by means of improvements (in 
schedule, cost and quality), a decision was taken to 
implement Engineering Critical Assessment (ECA), as a 
fitness for purpose approach to produce alternative 
acceptance criteria, as opposed to conventional Quality 
Control (QC) approach workmanship acceptance criteria. 
By applying this approach to TANAP pipeline girth welds, 
the average Repair Rate (average repair rate data provided 
as number of repaired welds versus the total number of 
welds) significantly decreased for both Onshore and 
Offshore section pipelines. 

1. Introduction  

As part of the Southern Gas Corridor, the Trans Anatolia 
Natural Gas Pipeline (TANAP) aims to transport Azeri Gas 
from the Shah Deniz gas field and other fields of Azerbaijan, 
and possibly from other neighbouring countries, to Turkey and 
Europe via the Southern Gas Corridor comprising of the South 
Caucasus Pipeline (SCPX) extending from Caspian Sea to 
Georgia/Turkey border and the Trans-Adriatic Pipeline (TAP) 
extending from Greece/Turkey border to Italy.  

TANAP project is an API 5L X70 onshore pipeline system of 
1850 km in length comprising diameter with three 
different wall thicknesses of 19.45, 23.34 and 28.01mm as 
well as with 16.67, 20.01 and 24.01mm. It also 
includes a 21 km of API 5L X65 offshore section beneath the 
Marmara Sea compr of 22.9mm wall 
thickness pipelines. The pipeline system will transport natural 
gas to required specifications and quantity and implemented 
in four phases. The project also comprises 7 Compression 
Stations (CS), 4 Measuring Stations (MS), 11 Pigging Stations 
(PS), 49 Block valve Stations (BVS) and 2 Off-Take Stations. 

Figure 1. Map of the Southern Gas Corridor Pipelines

Engineering Critical Assessment (ECA) is a fitness for 
purpose approach based on fracture mechanics properties 
of the linepipe base material and weldments which is used 
to produce alternative acceptance criteria for TANAP 
Onshore/Offshore pipeline girth welds flaws. This 
approach however is only practical when used in 
conjunction with Automatic Ultrasound Techniques 
(AUT) as the Non Destructive Testing (NDT) method for 
the assessment of the pipeline girth weld flaws which is 
discussed in a separate article [1] (Figure 2 &3). 

The fitness for purpose (FFP) approach using Engineering 
Critical Assessment is to confirm girth welds mechanical 
integrity under static and cyclic (fatigue loading) stresses 
during installation and operation in the presence of weld 
flaws. This approach provides alternative acceptance 
criteria for planar flaws in the weld metal other than the 
Quality Control approach workmanship criteria as 
specified in the various international codes and standards 
[3] & [6].   
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Figure 2. Schematic Illustration of Flaws in 
pipeline girth weld. 

Figure 3. An AUT image showing a detected 
flaw with measurable height and length. 

2. Experimental Procedure  

Engineering Critical Assessment is used to provide 
alternative acceptance criteria for TANAP pipeline girth 
weld flaws, which is generally a more realistic approach 
compared to Quality Control workmanship acceptance 
criteria. This is based on a fitness for purpose approach, 
using much more realistic conditions such as the actual 
flaw size and the specific service conditions. 

2.1. Welding procedure qualification tests 

API 1104 Annex A guidelines with additional project 
specification requirements is followed for TANAP 
onshore stress based designed pipeline sections. In 
addition to conventional welding procedure qualification 
tests, fracture toughness properties of the weld metal and 
Heat Affected Zone (HAZ) identified by Crack Tip 
Opening Displacement (CTOD) testing in accordance with 
ISO 15653.  Overmatching of actual weld metal strength 
relative to actual pipe martial strength is confirmed by both 
conventional cross weld tensile testing in accordance with 

API 1104 Annex A as well as all weld tensile testing using 
round specimens in accordance with ASTM E8. 

In order to be able to apply ECA to TANAP pipeline these 
properties are to be identified for each pipe mill and steel 
source combination. Considering the linepipe supply chain 
complexity, applying ECA approach to TANAP pipeline 
required an extensive welding procedure qualification 
tests. 

Figure 4. TANAP onshore 56inch linepipe 
supply diagram. 

To reduce the number of welding procedure 
qualifications, repair and tie-in welds excluded from 
fitness for purpose approach and ECA only applied to 
mainline welding. TANAP mainline welding produced 
using mechanised welding systems (m-GMAW). 
Providing a same filler batch by supplier, the fracture 
toughness of the weld metal considered independent of 
the linepipe supply condition. Hence by qualifying 
combinations of the sources, the number of required 
qualifications is significantly reduced. 

Table 1. Simplified rationalization philosophy for 
reducing number of welding procedure 

qualification tests. 
Mill/ 
Steel  

Source 
1

Source 
2

Source 
3

Source 
4

Source 
5

Source 
6

Source 
1

1-1 1-2* 1-3 1-4 1-5 1-6 

Source 
2

2-2 2-3 2-4 2-5 2-6 

Source 
3

3-3 3-4* 3-5 3-6 

Source 
4

4-4 4-5 4-6 

Source 
5

5-5 5-6*

Source 
6

6-6 

*Total 3 qualification tests between sources shown in red can cover all 
pipe mill/steel source combinations and reduce the required number of 
WPQT from 21 to 3. 
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Seismic fault crossings with axial design strain level 
more than 0.5%   

API 1104 Annex A is not applicable when maximum 
axial design strain is greater than 0.5%. TANAP 
pipelines consists of number of seismic fault zones 
where the axial design strain is higher than 0.5%. For 
these sections depending on the strain level, different 
ECA approach based on BS 7910 and by producing JR 
curve using SENT specimens is considered in line with 
BS 8571 and DNV-RP-F108 (Figure 5 & 6). 

For minimizing the effect of notch tip constraint and 
applying less conservative approach Single Edge 
Notched Tensile (SENT) specimens are used instead of 
Single Edge Notch Bend (SENB) specimens. 
Furthermore, for higher strain levels, stable tearing 
assessment considering the stability of the flaws are 
carried out using more advanced fracture toughness 
behaviour of the girth weld e.g. J-R curve which is a 
measure of the evolution of the fracture toughness with 
tearing of the flaw (Figure 7). 

Figure 5. SENT specimen orientation [9]. 

Figure 6. SENT test set up. 

Figure 7. Stable Tearing Tangency Condition.

2.2. ECA validation 

TANAP pipeline welds fracture toughness properties used 
as ECA inputs and cross-checked by random and frequent 
full production tests. This includes cutting out random 
produced welds during actual construction and perform full 
destructive tests to check against the results obtained 
during welding procedure qualification tests. Furthermore, 
the produced acceptance criteria also validated on a case-
by-case basis using full segment tensile tests having the 
worst detected weld flaw during construction (Figure 8).    

Figure 8. TANAP Pipeline full segment tensile test set 
up.
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In addition, three-dimensional Finite Element Analysis (FEA) 
modelling is also developed to validate the ECA produced 
alternative acceptance criteria.  In which case, the crack 
driving force (J-integral) corresponding to maximum nominal 
strain with presence of surface breaking flaw in weld toe at 
Internal Diameter and Outer Diameter in conjunction with 
maximum misalignment (worst case scenario) is modelled. 

3. Results Discussion 

Table 2 tabulated the comparison for reject rate percentage 
between ECA and QC approach on TANAP onshore and 
offshore sections as well as The Welding Institute industrial 
survey figures [11]. For Onshore section applying Annex A of 
API 1104 reduced the repair rate (average repair rate data 
provided as number of repaired welds versus the total number 
of welds) from 9.76% to 3.54%. This essentially decreased the 
required weld repair activities and boosted construction 
productivity. As for offshore section by applying Appendix A 
of DNV-OS-F101 and BS 7910 fitness for purpose approach 
for girth weld acceptance criteria repair rate reduced from 
2.6% to less than 0.5%.  

By applying fitness for purpose approach acceptance 
criteria to TANAP onshore pipeline the Repair Rate 
became closer to the TWI industrial survey figure of 3%. 
For offshore section however the TWI figure of 2% 
obtained through Quality Control workmanship 
acceptance criteria in accordance with [8] and by following 
fitness for purpose path repair rate reduced to less than 
0.5%.

Table 2. TANAP Mainline Girth Welds Reject Rate 
Mainline 
Location

Number 
of

Welded 
Joints 

Rejection 
Rate  
FFP

Approach 

Rejection Rate  
QC 

Approach

Onshore - Lot 4 30124 3.54% 9.76% 
Offshore 1232 0.48% 2.6% 

TWI industrial survey [11] indicates 3% average repair rate for 

ECA or QC workmanship acceptance criteria. 

4. Conclusion  

This paper in conjunction with reference [1] discusses the 
implementation of fitness for purpose approach using 
advanced technologies in the pipeline industry and its 

construction, 
quality, schedule and cost.  Engineering Critical 
Assessment (ECA) in conjunction with Automated 
Ultrasonic Testing (AUT) effectively implemented on the 
TANAP project.  

The fitness for purpose approach ECA is implemented to 
produce alternative girth weld flaws acceptance criteria for 
TANAP Onshore and Offshore pipeline. Applying ECA  to 
the TANAP pipeline girth weld led to produce a fit for 

purpose acceptance criteria comparing to conventional 
workmanship criteria represented in API 1104 Section 9 
for onshore and DNV-OS-F101 Appendix E for offshore. 
Following the fitness for purpose approach essentially 
boosted the construction productivity and reduced the 
average repair rate substantially (Table 2).  

Engineering Critical Assessment is also used to produce 
practical acceptance criteria for where the API 1104 Annex 
A is not applicable, such as seismic fault zones with axial 
design strain greater than 0.5%.  

The number of required Welding Procedures Qualification 
Tests (WPQT) rationalized by applying a specific 
qualification strategy (Table 1).  Fracture toughness 
properties used as inputs for ECA are cross checked by 
random and frequent production tests against the 
qualification test results. In addition, the alternative 
acceptance criteria is validated by full segment tensile test 
and finite element modelling on a case by case basis.   

All of the ECA approved welds on the TANAP project 
passed progressive system hydrostatic design proof tests at 
1.25 X design pressure (in accordance with ASME B31.8 
TANAP pipeline design code) successfully. 
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Abstract
Compatitive reserves of oil and gas are generally remotely 
located from the end-users. Reducing transmission costs, 
thin wall pipelines made of high strength low alloy (HSLA) 
steel plates offer an additional mechanical and economical 
advantages. Pipeline materials are generally subjected to 
considerable plastic strains during installation and operation. 
In addition to this, microstructural alterations during girth 
welding operations and possible weld imperfections are also 
threatening factors for the structural integrity of pipeline 
systems. Instead of conventional workmanship criteria, 
engineering critical assessment (ECA) emerges to provide 
more effective control methodologies on possible fracture 
failures during construction and operation of pipelines. Tests 
to determine fracture toughness and resistance curves 
provide necessary data for such assessments, as well as 
geometrical factors and stress-strain analyses. Contribution 
of the studies of elastic-plastic fracture mechanics to 
qualification of the line pipe girth welding operations, the 
important fracture mechanics and testing terms and 
definitions that pipeline construction, welding and quality 
engineers should be familiar with, and the progress in 
development of quasi static elastic-plastic fracture toughness 
test methodologies are introduced and reviewed in the 
present proceeding manuscript. 

Keywords: Pipeline, plastic strain, line pipe steels, fracture 
toughness, fracture resistance, fitness-for-service, 
engineering critical assessment

1. Weldability concerns in pipeline construction 

The construction of a pipeline involves joining sections of 
pipes with circumferential welds known as girth welds 
employing automated Gas Metal Arc Welding (GMAW) 
and partly automated Flux Cored Arc Welding (FCAW) 
procedures (Figure 1), as well as manual Gas Tungsten Arc 
Welding (GTAW) and Shielded Metal Arc Welding 
(SMAW) techniques. The girth welding is a rate limiting 
process in pipeline construction. This dedicates special 
concern for weldability and efficiency in girth welding 
operations.

The purpose of pipeline construction standards is to specify 
methodologies for the production of reliable weldments 
employing validated welding procedures. The standards 
conventionally introduce acceptance conditions that are 
based on empirical criteria for workmanship and place 
primary importance on imperfection size and morphology. 

Such conventional criteria have provided a satisfactory 
record of

reliability in pipeline service for many years. Besides 
specifying maximum tolerable flaw sizes, minimum 
tolerable Charpy energy is also considered to sustain 
structural integrity. However, these criteria do not take 
fracture toughness and fracture resistance properties of as-
welded line pipe materials under consideration. Thus, they 
provide over-safe assessments and consequently weld 
imperfection tolerances are quite tight. 

Figure 1 On-shore pipeline girth-welding operation (top). A 
platform employed for off-shore pipeline construction 
(bottom) 

API 5L [1] specifies the manufacture of two product 
specification levels, namely PSL 1 and PSL 2, for linepipe 
steels in the petroleum and natural gas transportation. Annex 
H and J of the standard are referred for sour service and off-
shore service applications (Figure 1). EN 10025-4 [2] and 
DNVGL-OS-B101 [3] also specifies linepipe steel grades. 
As-rolled, normalized, normalizing rolled and quenched and 
tempered grades are available. The main function of such 
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processes and alloying are strengthening of ferrite through 
grain refinement, solid solution and precipitation hardening. 
High strength could be resulted with a decrease in 
toughness, which can damage the structural integrity by 
increasing the risk of crack propagation [4, 5]. Micro-
alloying and thermo-mechanical control processing are 
optimized in order to obtain optimum strength, ductility and 
toughness properties [6, 7]. 

Figure 2 Macro section of a weldment 

Original ferritic microstructures of the linepipe steels are 
polygonal ferrite (PF), quasi-polygonal or massive ferrite 
(QF), granular bainitic ferrite or granular bainite (GB) and 
bainitic or acicular ferrite (AF) [8, 9]. These microstructures 
are transferred to other ferritic and austenitic phases at 
proximity of the fusion zone, namely heat affected zone 
(HAZ), due to welding thermal cycles (Figure 2). Local 
brittle zones (LBZ) in coarse-grain HAZ (CGHAZ) are 
addressed for relatively poor resistance to brittle fracture 
initiation of as-welded high-strength low alloy (HSLA) 
steels [10, 11, 12, 13]. Sequence of weld passes and heat 
inputs control size and distribution of local brittle zones 
(LBZ) [14]. Especially the microstructure of intercritically 
reheated (IR) CGHAZ, where M-A constituents are more 
detrimental in terms of toughness, has to be controlled by 
welding engineers (Figure 3). 

Welding processes may also yield strength mismatch in the 
material. Mismatch in the mechanical properties between the 
fusion zone and the parent metal is inevitable and in fact 
intentionally optimized to the benefit of the fusion zone 
(Figure 4). This engineering optimization is technically 
called strength over-matching. However, it should be noted 
during this optimization that over-matching generally 
contributes to the toughness deterioration at the proximity of 
fusion line. 

Figure 3 Microhardness contour map of the weldment (top) 
and SEM micrograph of IRCGHAZ (bottom) 

Figure 4 An example of engineering stress-strain curves 
obtained by all weld metal and base metal tensile tests 

2. An alternative criteria based on FFS 

21st edition (2013) of API Standard 1104 [15] additionally 
provides an alternative method that is based on fracture 
mechanics analyses and fitness-for-service (FFS) criteria for 
the evaluation of both size and location of the discontinuity. 
However, using FFS requires tests to determine fracture 
toughness parameters or sometimes generate fracture 
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resistance curves in addition to conventional mechanical 
tests, as well as stress analyses and inspection using state-of-
art techniques. Performing analyses based on the principles 
of FFS is commonly termed Engineering Critical 
Assessment (ECA). ECA presents more realistic scenarios 
for elastic-plastic fracture behavior of the material. Thus this 
assessment provides more generous allowable discontinuity 
dimensions. There are other standards and codes available 
for several industrial infrastructures, in which the 
discontinuity evaluation methodologies are based on ECA, 
like DNVGL-ST-F101 [16] for off-shore pipelines or RCC-
M [17], R5 for high-temperature damage and R6 for fracture 
avoidance assessment procedures for nuclear power plants. 

Introducing the strength and toughness testing data and 
comprehensive stress-strain analyses to ECA, tolerable flaw 
sizes were determined to be larger than the ones from 
conventional workmanship criteria, consequently quite low 
repair rates and consequently quite high production rates 
have been achieved in TANAP project. TEKFEN 
Construction Co., one of the contractors of the project, 
reached 140 joints (Ø 56’’, WT 19.45 mm) per day, which 
corresponds to highest number of joints commissioned in a 
working day during a pipeline construction in the world. 

3. Fracture toughness and resistance 

Modern standards such as BS 7910 present extensive 
evaluation methods for a standardized ECA and limit 
fracture toughness parameters [18]. Stresses acting on the 
region containing the flaw, size, orientation to the weld and 
position of the flaw and tensile and toughness properties of 
the related region is required to carry out an ECA. 

One of the most vital models that structural integrity 
assessment built around is weak link model. This model is 
an assumption that inhomogeneous components contain 
randomly distributed small regions of low toughness [19]. 
Once a crack front close enough to nearest weak, stress 
concentration shifts into the weak link guiding crack front to 
the link. Crack propagates rapidly and the component “fails” 
because of a chain reaction connecting weak links. Weak 
link is referred to as LBZ in weldments of HSLA steels. 
IRCGHAZ region neighboring the fusion line is a potential 
host for LBZ with lower toughness [20]. Consequently, a 
fracture toughness analysis targeting that specific region is 
required. 

Figure 5 CTOD occurance after a force applied to specimen 
with a crack 

Fracture toughness is the resistance of material under stress 
to crack extension [21]. Measurement of fracture toughness 
by standardized parameters plays an imperative role in 
engineering applications of fracture mechanics to structural 
integrity assessment. Stress intensity factor (K) is the first 
parameter widely accepted and it defines the stress intensity 
of elastic crack-tip fronts in Linear Elastic Fracture 
Mechanics (LEFM) where a linear crack growth without any 
plastic resistance is expected [22]. LEFM is inadequate in 
realistic assessments of linepipe steels where a higher 
resistance to fracture is obtained by the plastic region occurs 
on crack tip. Crack Tip Opening Displacement (CTOD) is 
an Elastic-Plastic Fracture Mechanics (EPFM) parameter 
proposed in 1963 to serve as an engineering parameter [23]. 
CTOD occurrence after a force applied to a specimen with 
crack is shown in Figure 5. The J-integral is introduced in 
1968 and widely accepted as a measure of the crack driving 
force and measures the energy release associated with crack 
growth or tearing [24]. CTOD is commonly used in United 
Kingdom, where it has been developed. J was originally 
developed in the United States of America and more 
common to use in there [25].

4. Testing for single values and resistance curves 

Standards such as ASTM E1820 [26], ISO 12135 [27], 
DNVGL-RP-F108 [28] and BS 8571 [29] offer specimen 
preparation guidance, testing procedures, validity 
evaluations, calculations for fracture toughness parameters 
and conversion formulas between the parameters. Testing 
procedures has an extended range of variety from different 
loading types to different conditioning methods, which 
grants different assessments to be carried out. Typical 
specimen configurations are presented in Figure 6. For 
pipeline reliability and structural integrity assessments, 
generally single-edge notched bending or tensile specimens 
are tested. 

    

Figure 6. Typical fracture toughness and resistance curve 
testing specimens; (top) single edge notched bending/tensile, 
(bottom left) straight-notch compact and (bottom right) 
stepped-notch compact specimens [27]. 

Due to the variation of the welding heat input through the 
pipe circumference during girth welding, sampling is also 
important. Location and quantity of the specimens are also 
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specified in production standards such as API 1104 [15]. A 
sampling and sectioning plan for a main-line procedure 
qualification test pipe coupon is available in Figure 7. 
Following the NADCAP (National Aerospace and Defense 
Contractors Accreditation Program) testing and specimen 
designation system, A, AA, N, PC, PJ, XN and XL stand for 
transverse (cross-weld) tensile, all-weld metal tensile, 
Charpy (V-notch) impact toughness, fracture toughness with 
CTOD definition, fracture toughness with J-integral 
definition and bend testing and macro-section examination 
specimens, respectively. 

5. Recent developments in testing

The demand on SENT testing to generate fracture toughness 
data is increasing since higher fracture toughness results are 
obtained compared to SENB testing. Crack tip constraint 
which is a function of the load type, material property and 
specimen geometry is lower in SENT test specimens than in 
SENB test specimens [30]. The constraint is modelled as Q 
parameter with elastic-plastic finite element analysis [31] 
and also indirectly presented in terms of micro hardness 
increment zone caused by strain hardening in the strain field 
at the proximity of crack tip [32]. The differences between 
SENT and SENB testing is the predominant load type and 
different applicable notch ranges. BS 8571 [29] for the 
SENT test require the a/W range to be between 0.2 and 0.5 
and ISO 12135 [27] for SENB test requires the a/W range to 
be between 0.45 and 0.70. All fracture toughness parameter 
calculation formulas are applicable only in the defined 
ranges of the standards. 

Figure 7 Pipe sectioning to 8 arcs and specimen designation 
with respect to the position 

There is limited experience on SENT specimen test since the 
standardization of the test and the assessments of the results 
are relatively new. DNV recently released a recommended 
practice for flaw assessments [28] and BS 7910 [18] briefly 
mentions the use of SENT data with a constraint correction 
method in Annex N.

Figure 8 Fracture surface of an as-tested fracture toughness 
specimen and its features. A macro-view at top and higher 
resolution views obtained under scanning electron 
microscope (SEM)

Current standards are developing as advanced finite element 
models are validated by empirical data. In BS 8571 [29], J 
equations for clamped specimens will be replaced with the 
CANMET equations [33] and a/W range will be reduced 
between 0.3 and 0.5 in the next revision of BS 8571 [29]. 
There are still quite a lot of testing aspects to be 
investigated. Some of these parameters are: the test speed 
which is copied from ISO 12135 [27] as stress intensity rate 
between 0.2 and 3.0 MPa m1/2 s-1, effect of strain hardening 
and other environmental parameters on specimens, 
quantitative measurement of stretch zone width and depth to 
determine the initiation fracture toughness. 
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Figure 9. Measurement of stretch zone dimensions using a 
3D imaging interface integrated to SEM [34]. 

Figure 10. Mean R-curves generated using SENB and SENT 
testing data. 
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Abstract

Following the decision of TANAP management to 
implement the latest technology on the construction of the 
Trans Anatolia Natural Gas Pipeline, and to validate such 
technology by means of improvements (in Schedule, Cost 
and Quality), a decision was taken to implement 
Automated Ultrasonic Testing (AUT) to test the integrity 
of the girth welds. This was further augmented with the 
implementation of an Engineering Critical Assessment 
(ECA) as a qualification approach in the acceptance 
criteria, as opposed to normal workmanship acceptance 
criteria, in order to assist the fast tracked Schedule, 
minimize the Costs in rework, and maximize on the 
Quality of the pipeline. 

1. Introduction 

As part of the Southern Gas Corridor, the Trans Anatolia 
Natural Gas Pipeline (TANAP) aims to transport Azeri 
Gas from the Shah Deniz gas field and other fields of 
Azerbaijan, and possibly from other neighboring 
countries, to Turkey and Europe via the Southern Gas 
Corridor. The Southern Gas Corridor comprising of the 
South Caucasus Pipeline (SCPX) extending from Caspian 
Sea to Georgia/Turkey border and the Trans-Adriatic 
Pipeline (TAP) extending from Greece/Turkey border to 
Italy (Figure 1). 

Figure 1. Map of the Southern Gas Corridor Pipelines

The TANAP project is API 5L grade X70  PSL2 steel 
grade, Helical Submerged Arc Welded  (HSAW) and 
Longitudinal Submerged Arc Welded (LSAW) 

 onshore pipeline system of 1850 km in 
length with a 21 km offshore section beneath the Marmara 
Sea comprising two parallel DNV 450F equivalent to 
grade X65,  LSAW 
system will transport natural gas to required specifications 
and quantity and implemented in four phases. The project 
also comprises of 7 Compressor Stations, 4 Metering 
Stations, 11 Pigging Stations, 49 Block Valve Stations and 
2 Off-Take Stations. 

2. Automated Ultrasonic Testing (AUT)

Since the initial inception of the Rotoscan patent in 1952 
and the first commercial implementation in 1989 on large 
diameter cross-country pipelines in Canada, today [2][3], 
AUT inspection concept has become the basis of the world 
standard for onshore and offshore pipelines in conjunction 
with automated welding processes. Various systems 
followed onto the market and the pipeline industry 
embraced carrying out automated ultrasonic inspections in 
lieu of Radiography.  

Two AUT systems have been utilized on the TANAP 
project by two different Non-Destructive Testing (NDT) 
Subcontractors at different locations of the pipeline. One 
of the AUT systems was developed by Technology Design 
(initial inception of Technology Design was in 1995 and 
the roll out of the Technology Design AUT option was in 
1999) which was further developed and used by JES 
Pipelines [11]. The other AUT system was the Rotoscan 
system, which was utilized by Applus. 

AUT provides a higher Probability of Detection (PoD) of 
planar flaws such as lack of fusion and cracks being the 
most critical flaws affecting pipeline integrity during 
construction. Environmental impact is negligible and time 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

672 IMMC 2018   |   19th International Metallurgy & Materials Congress

saving advantages are evident, with AUT weld inspection 
carried out immediately after the weld has been completed 
following the welding team.  Obtaining real time results of 
possible welding defects within the joint, caused by 
human or machine errors affecting the joint welding, 
quality is a major advantage and added benefit of using 
AUT methods. 

The Pipeline girth weld is divided into a number of depth 
zones (Figure 2) referred to as a zonal approach and is 
related to the wall thickness and weld bevel configuration. 
Full weld inspection coverage is achieved by placing the 
ultrasonic probes on both sides of the weld, such that each 
generated inspection function or probe examines a 
dedicated depth zone (Figure 2) within the weld. This is 
also known as zonal discrimination [4][6][8] and 
predominantly made up of Pulse Echo (PE) channels. 

Figure 2. Typical Depth Zones on U and V-Beveled 
components

In addition to the PE channels, Time of Flight Diffraction 
(ToFD) and Mapping channels are used.  This increases 
the PoD of defects with not favorable flaw orientations 
with respect to weld method and bevel configuration. It 
furthermore provide pattern recognition, which aids in 
interpretation to avoid false calls. Additionally the 
Mapping channels technique is able to detect and quantify 
the presence of cluster porosity and other non-planer 
(volumetric) flaws. 

3. Preparations Required

In order to utilize AUT on the TANAP Project, some 
preparations up front were required:  

 Assessment of AUT Subcontractors capabilities 
to support a major pipeline project. 

 Review of DNV General AUT Qualifications to 
assess suitability for project.  

 Establish the scope of work for Project Specific 
AUT Procedure Validation in accordance with 
DNV-OS-F101 Appendix E [4] and DNV-RP-
F118 [6] 

 Source material from various pipe mills to carry 
ity Measurements in 

accordance with DNV-OS-F101 Appendix E [4] 
witnessed by TANAP NDT Level 3.  

 Based on the results of the Acoustic Velocity 
Measurements calibration block requirements 
were established. 

 Prepare weld map drawings of deliberately 
induced defect (seeded defects) coupons for J and 
V bevel design as well as welding method. 

 Validation program undertaken by all AUT 
Subcontractors, all AUT inspection results 
recorded and supplementary NDT (Radiographic 
Testing /Manual Ultrasonic Testing, etc.) carried 
out. 

 Hard stamping and marking of seeded defects in 
the validation weld test coupons (Figure 3). 

 Cut seeded defect weld coupons (Figure 4) and 
send to Mechanical Test Laboratory (Exova) in 
The Netherlands for Salami slicing and final 
reporting after completion of validation testing. 

 Review final Project Specific Validation report to 
establish compliance with Project Specific 
demands. 

4. Calibration Block Manufacturing Regime 

In order for the AUT to be successful, a well-defined and 
controlled calibration-block manufacturing regime is 
crucial.  Firstly, material selection is critical at this stage. 
On the TANAP project, X70 HSAW and LSAW pipe were 
used for constructing the pipeline. Thermo-Mechanical 
Control Process (TMCP) coil material was used for the 
manufacturing of HSAW pipes. Anisotropic steels such as 
TMCP in many cases have adverse effects on higher 
refracted angles, which needs to be compensated for and 
factored in during the initial AUT Inspection Setup prior 
to weld inspection.  

Unless a fully documented procedure and testing program 
is carried out to verify the limits set out within DNVGL-
CG-0051[5] 

(identical requirements as per DNV-OS-F101 App. E[4]). 
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Materials being inspected needs to be married with 
calibration blocks manufactured from the same materials 
and rolling direction. Exceeding these code specified 
limits requires reference calibration blocks from each coil 
supplier. 

TANAP insisted on AUT Subcontractors submission of 
Calibration block drawings.  Upon approval of the 
drawings, manufacturing could proceed. Calibration block 
reference reflectors consisted of Flat Bottom Holes 
(FBH), notches and a through drilled hole for positioning.   
Flat bottom holes and notches were then verified by molds 
extracted from all reference reflectors introduced into the 
block. These were then verified to be in accordance with 
the tolerances identified within DNV-OS-F101 Appendix 
E Section B 500 Calibration (reference) blocks (Table 
1)[4]. 

Table 1. Machining tolerances for calibration 
reflectors[4] 

Each reflector was verified by ultrasonic testing to ensure 
that the reference reflector pairs yield reflective signals 

-OS-F101 Appendix E requirement[4].  
A calibration block register was established which 
included all calibration blocks, spare blocks, unique serial 
numbers assigned to each block and included the 
drawings, dimensional verification records, ultrasound 
velocity check reports, name of the plate/coil supplier and 
the heat number. DNV-OS-F101 Appendix E 
requirement[4]. 

5. Validation of the AUT System

The objective of the project specific AUT procedure 
validation is to verify that the qualified AUT system 
performance can be implemented on project specific 
applications.  The project specific AUT validation shall 
normally only comprise the reliability aspects provided 
that all essential variables remain within reason equivalent 
to what has been qualified.  The reliability aspect as per 

DNV generally do not include any new PoD (Probability 
of Detection) analysis.  

Due to the nature of TMCP material and the effects 
anisotropic material has on ultrasonic propagation, 

 request was to fulfill the requirements outlined 
in the Project Specifications[9][10], which was as follow: 

System qualification shall be in accordance with DNV-
RP-F118 with documented capability to size all potential 
defects with an accuracy of ±1.0 mm or better for flaw 
height depending on ECA criteria. Length sizing shall be 
accurate to ± 3 mm or better depending on ECA criteria

Project Specific AUT Procedure Validation procedures 
were submitted outlining the program and sequence of 
events to be followed. These Procedures was written in 
accordance with DNV-OS-F101 App E Section I [4] and 
DNV-RP-F118 Pipe Girth Weld AUT System 
Qualification and Project Specific Procedure Validation, 
Section 9 [6].  Deliberately induced defect (seeded 
defects) coupons was welded using project proposed 
welding procedures being weld bevel geometry and 
welding method specific. 

Figure 3. Hard stamping of seeded defect coupons 
witnessed by TANAP 

Table 2. AUT results of seeded defect coupon 
submitted by AUT Sub Contractor, reviewed and 

approved by TANAP. 

Figure 4. 
shipping to Exova to perform salami slicing and 

macro.
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Figure 5. Macro for seeded defect 

Above image (Figure 5) shows final macro result from 
Mechanical Test Laboratory (Exova). Seeded defect 
number M03-P3944 (Figure 3), identified and measured, 
tabulated (Figure 2) by Contractor and reviewed by 
TANAP. This result from the Mechanical Test Laboratory 
(Exova) indicates tolerances required by TANAP Project 
Specification has been achieved. 

A minimum of 29 defects [4], [6] were required for both J 
and V bevel configurations respectively. This regime was 
followed for both HSAW and LSAW pipe material.  

Due to TMCP material a further 12 seeded defects was 
required when new material and or calibration blocks 
arrived on site. The purpose of a Project Specific 
Procedure Validation as described under DNV-RP-F118 
[6] is as follow:  

“The purpose of the validation is not to perform a PoD 
analysis but to verify that the project specific AUT 
procedure capability is adequate for detection of the 
smallest project specific critical defect. This is obtained 
by demonstrating detection of all 29 defects and that these 
29 defects has been sized and positioned within the 
qualified accuracy. If this is achieved, the project specific 
AUT procedure is validated and shall be accepted.”

7. Implementation of the Process

Upon successful completion of Project Specific AUT 
Procedure Validation, field inspection preparations started 
with verification of System Logbooks in accordance with 
DNV-OS-F101 App. E Section E- Field Inspection [4].  
AUT systems were setup in accordance with essential 
variables as per AUT General Qualification and Project 

Specific Procedure Validation.  From there, the TANAP 
NDT Level III representative would conduct AUT 
Operator proficiency testing [9], [10] which consisted of 
witnessing system calibrations, scanning of welds and 
data interpretation as well as witness pre-field inspection 
system calibrations in accordance with DNV-OS-F101 
App. E Section E 106 [4] prior to field deployment.  
TANAP also mobilized NDT Level III AUT interpreters 
on all sites and these NDT Level III AUT Auditors 
performs counter review of all AUT scans on a daily basis 
for the duration of the project. 

8. Conclusion 
The main reason for TANAP to choose AUT during the 
construction of the pipeline was due to the high standard 
of quality required in compliance with Project 
Specifications.  Furthermore, the AUT was in Code 
compliance to: API 1104[7] / ASTM E-1961[8] / DNV-
OS-F101[4], which was suitable for onshore pipelines, 
onshore facilities as well as offshore pipeline construction 
on the project.  It also provided better process control of 
welding, providing immediate feedback of the quality of 
welding produced.  By implementing the AUT directly 
behind the Welding teams, the Project ensured prevention 
of systematic defects, resulting in lower repair rates. One 
of the main advantages of AUT compared to Radiographic 
Testing was the capability to determine the defect height; 
or as also referred as the defect through wall extent, which 
allowed the use of alternative acceptance criteria based on 
Engineering Critical Assessment (ECA). ECA approach 
allowed larger flaw acceptance criteria, resulting in lower 
repair rates, consequently in cost and schedule savings, 
which is discussed in detail in a separate article [1]. The 
technology provided accurate positioning and sizing of 
discontinuities, and higher probability of detection (PoD) 
which means improved risk reduction. It minimized 
unnecessary repairs whilst optimizing inspection time. 
Also AUT was safer and environment friendly with no 
chemical consumables to dispose and no radiation hazard 
and the records do not require large, controlled spaces to 
be stored during and after the Project is completed. 

8. References
[1] Implementation of Engineering Critical 

Assessment and Fitness for Purpose Approach 
on TANAP Pipeline Welding - TANAP, IMMC, 
19th International Metallurgy and Materials 
Congress, Istanbul, Turkey, 25/27 October 2018 

[2] Frits Dijkstra, Jan De Raad, The History of AUT 
ECNDT 2006  Tu.2.5.1 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

675
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

[3] Robert Van Agthoven, Frits Dijkstra, Jan De 
Raad, A Lifetime of Meeting Challenges 
Through Innovative Solutions at Applus RTD 
(2013) 

[4] Submarine Pipeline Systems DNV-OS-F101 
(2013) 

[5] Non-destructive testing DNVGL-CG-0051 
(2015) 

[6] Pipe Girth Weld AUT System Qualification and 
Project Specific Procedure Validation DNV-RP-
F118 (2010) 

[7] Welding of Pipelines and Related Facilities API 
1104  21st Edition Sept 2013 

[8] Standard Practice for Mechanized Ultrasonic 
Testing of Girth Welds Using Zonal 
Discrimination with Focused Search Units 
ASTM E-1961 - 11 

[9] Specification for Welding and NDT of Onshore 
Pipelines, WRP-SPC-MTE-PLG-006-P4-0 
(2015) 

[10] Specification for Offshore Pipeline Welding and 
NDT, WRP-SPC-PPL-DAR-016-P3-4 (2016) 

[11]  Technical 
Authority Applus RTD 

[12] Applus RTD, Web: 

[13] JES Pipelines, 
Web: 



676 IMMC 2018   |   19th International Metallurgy & Materials Congress

Recycling and Metallurgical Waste Management 
Symposium 

Geri Dönüşüm ve Atık Yönetimi Sempozyumu

RMWM’S



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

677
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Hydrometallurgical Extraction of Zinc from EAF Dust in Nitric Acid Solution

Tuğba Yücel, Mert Zorağa, Sedat İlhan, Ahmet Orkun Kalpaklı

Istanbul University-Cerrahpasa, Engineering Faculty,Metallurgical and Materials Engineering Department, 34320, Avcilar, Istanbul, Turkey
  
  
  
  
  

 
Abstract 
 
Zinc oxide (ZnO) and zinc ferrite (ZnFe2O4) are the main 
components in the electric arc furnace dust (EAFD). Due to 
the presence of significant amount of zinc, iron and lead, 
EAFD is classified as hazardous wastes. Turkey is the eighth 
largest crude steel producer in the world with an annual 37.3 
million tons of steel production. Approximately 80% of steel 
production in Turkey is secondary steel production. In the 
secondary steel production, 14-20 kg EAFD containing 25-
45% Zn is occurred depending on the scrap composition 
used per 1 ton steel production. This work aims to 
investigate the extraction of zinc from EAFD in nitric acid 
(HNO3) solutions. The effects of stirring speed, temperature 
and HNO3 concentration on the zinc extraction were 
determined. The amount of zinc passed to the solution was 
determined by using ICP-OES. The extraction of zinc 
increased with increasing temperature and HNO3 
concentration. The maximum extraction, 98%, was achieved 
by using 4 M HNO3 and 80 oC. 
 
1. Introduction 
 
One of the most important issues with which steel producers 
are faced is the question of environmental protection. It 
refers e.g. to the necessity to utilize dusts resulting from the 
process of steel production from scrap in electric furnaces, 
containing mainly of Zn, Fe, Pb and a considerable amount 
of harmful elements, such as Cd, As, Cr and F [1]. 
 
The world generation of EAFD is estimated to be around 3.7 
million tons per year. Plants from Europe generate around 
500.000-900.000 tons of dusts per year. All five steel 
factories are scrap-recycling facilities, where a total amount 
of 15.000 tons of EAFD is produced annually [2]. 
 
The composition of EAFD depends on the following aspects: 
on the scrap processed, on the type of steel to be produced, 
on operating conditions and on the degree recirculation of 
the dust to the process. The contents of the main elements in 
EAFD may vary between: 30% of Zn, 0.3–6% of Pb, 0.01–
0.2% of Cd, 20–35% of Fe, 0.2–0.7% of Cr, 1–10% of Ca, 

etc. Zinc is present mostly in two basic compounds, namely 
as oxide ZnO and ferrite ZnFe2O4, and possibly as a complex 
ferrite, e.g. (ZnMnFe)2O4. ZnO in principle is an easily 
workable form for both the pyro and the hydrometallurgical 
method, but the ferrite form is considerably complex and 
difficult [1]. 
 
Turkey was Europe’s second and the world’s 8th biggest 
crude steel producer in 2016 with 33.2 tons of production. 
While 30% of the world’s steel production (1.7 billion tons) 
was made in Electric Arc Furnace (EAF) as secondary 
production, 80% of steel production was made in EFA in 
Turkey in 2016. 14-20 kg EAFD that contains 25-45% Zn is 
generated depending on the composition of scrap during the 
production of 1 ton steel [3]. 
 
Different processes (hydrometallurgical + 
electrometallurgical and pyrometallurgical) have been 
applied for the processing of EAFD. Because zinc oxide is 
reduced in gas phase, pyrometallurgical processes (ZTT 
Ferroline process, Waelz process, Inmetco direct reduction 
process and etc.) suffers from difficulties in the control of 
zinc loses and high energy consumptions. Thus industrial 
use of pyrometallurgical methods are limited. Zinc in ferrite 
phase should be separated to obtain high extraction rates in 
hydrometallurgical processes. These working conditions can 
be achieved only at high temperatures and using high acid 
concentrations which in turn result in the dissolution of iron 
together with zinc in leach liquor. On the other hand, when 
alkaline leach solutions are used, lead is passed to the leach 
liquor together with zinc. There are difficulties for the 
obtaining of final product in both cases [4-7]. 
 
2. Experimental Procedure 
 
2.1. Materials and Methods 

EAFD with particle size fraction of -150 μm obtained from 
Çolako lu Metalurji Company was used in leaching 
experiments. XRF (Panalytical Axios-Minerals) and XRD 
(Rigaku D/Max-2200) analyses were used for the 
determination of elemental and phase composition of the 
EAFD. 
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The dissolution experiments were carried out in water-
heated, jacketed borosilicate glass reactor (HWS DN 100, 
Germany) having volume of 1 L. A thermostat with water 
circulation (Julabo MV4, Germany) was used to heat the 
reactor and to achieve isothermal conditions. The solution 
in the reactor was stirred by a mechanical stirrer (IKA RW 
20 DZM, Germany). The solution temperature in the 
reactor was measured with a PT100 temperature sensor. A 
glass pipe including G-3 porous alumina disk at the end 
was used as a sampler.

Dissolution experiments were carried out using 5 g of 
sample, 0.5, 1, 2 and 4 M HNO3, 40, 60 and 80 oC and 300 
rpm stirring speed for the determination the effect of  HNO3 
concentration, temperature and stirring speed on the 
dissolution behavior of EAFD in HNO3 solutions. When 
isothermal conditions obtained sample weighed in a ceramic 
crucible was added to the reactor. Samples were taken from 
the reactor at certain time intervals and analyzed in ICP-
OES instrument. Fresh acid solution that was equal to the 
sample volume was added to the reactor after sampling to 
maintain constant reactor volume and acid concentration. 
 
3. Results and Discussion 

XRD diagram of EAFD is shown in Figure 1. Intense peaks 
of ZnFe2O4 (PDF 22-1012), ZnO (PDF 36-1451), Fe2O3 
(PDF 39-1346), ZnO (PDF 21-1486) and weak peaks of 
PbO2 (PDF 37-0517) and PbO (PDF 05-0561) are seen on 
Figure 1. XRF quantitative analysis results of EAFD was 
shown in Table 1. 
 

 
Figure 1. XRD diagram of EAFD 

 
Table 1. Chemical composition of EAFD 

 
Element Composition 

(wt. %) 
Element Composition 

(wt. %) 
Zn 26.123 Al 0.341 
Fe 23.920 K 0.271 
Pb 3.904 Cr 0.212 
Mn 2.238 Cu 0.208 
S 2.06 P 0.104 

Ca 1.846 
Sn, Cd 

Ba, Ti, V 
< 0.1 Si 0.922 

Cl 0.406 

3.1. Dissolution Behavior of EAFD in Nitric Acid 
Solutions 
Extraction % - time diagrams were plotted for Zn and Fe 
using ICP-OES analyses of leach solutions taken from the 
reactor at certain time intervals and XRF analysis of EAFD. 
 
The Effect of Stirring Speed on the Dissolution of EAFD 
 
Dissolution experiments were carried out at 80 oC using 4 M 
HNO3 for the determination of the effect of stirring speed on 
the dissolution rate of EAFD in HNO3 solutions. Zinc 
extraction (%) – time diagrams are shown in Figure 2. 
 

 
 
Figure 2. Zn extraction (%) - time diagrams for different stirring 

speeds (80 oC, 4 M HNO3) 
 
As it is seen from Figure 2, stirring speed has no significant 
effect on the dissolution rate of Zn in EAFD. Therefore, it 
was determined that 300 rpm was enough to eliminate the 
resistance of the liquid film layer around the solid EAFD 
particles. Thus, 300 rpm stirring speed was used in all of the 
dissolution experiments. 
 
The Effect of Temperature on the Dissolution of EAFD 
 
Dissolution experiments were carried out at 40, 60 and 80 oC 
temperature and using 0.5, 1, 2 and 4 M HNO3 solutions and 
300 rpm stirring speed for the determination of the effect of 
temperature on the dissolution rate of EAFD in HNO3 
solutions. Diagrams of zinc extraction (%) – time and iron 
extraction (%) – time were shown in Figure 3 and 4, 
respectively. It is seen from Figure 4 that zinc extraction (%) 
increased with increasing temperature. 
 
The highest zinc extraction, 97 %, was obtained from the 
experiment carried out at 80 oC using 4 M HNO3 solutions 
and 300 rpm stirring speed. It is seen from the zinc extraction 
(%) – time diagrams that dissolution rate of EAFD is very 
high at the beginning of the dissolution experiments where 
75-80% Zn extraction was obtained and then maximum 
extraction values are reached during 1 h of dissolution 
reaction. 
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It is seen from Figure 5 that dissolution of Fe in EAFD is 
more dependent on the temperature than that of Zn and Fe 
concentration is increased with increasing temperature. Very 
high Fe extraction, about 85%, was obtained from the 
experiments carried out using higher HNO3 concentration. It 
is obvious that high Fe extraction together with Zn results in 
difficulties in the purification process of Zn in leach 
solutions. Thus appropriate leaching conditions where high 
Zn and low Fe extraction rates were obtained (0.5 M HNO3 
and 60/80 oC) should be chosen for the leaching of EAFD in 
HNO3 solutions. 
 

 
 

 
 
 

 
 

 
 

Figure 3. Zn extraction (%) vs t diagrams for different 
temperatures at constant HNO3 concentrations; (a) 0.5, (b) 1, (c) 

2 and (d) 4 M (stirring speed: 300 rpm) 
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Figure 4. Fe extraction (%) vs t diagrams for different 
temperatures at constant HNO3 concentrations; (a) 0.5, (b) 1, (c) 

2 and (d) 4 M (stirring speed: 300 rpm) 
 
The Effect of HNO3 Concentration on the Dissolution of 
EAFD 
 
Diagrams of zinc extraction (%) – time and iron extraction – 
time were shown for the determination of the effect of 
temperature on the dissolution rate of EAFD in HNO3 
solutions in Figure 3 and 4, respectively. Since same 
experimental data is used for the plotting of the diagrams to 
determine the effect of HNO3 concentration on the 
dissolution rate of EAFD in HNO3 solutions, two of Zn 
extraction (%) – time (Figure 5) and Fe extraction – time 
diagrams (Figure 6) were shown to avoid repetition. While 
dissolution of Zn is not effected by the increase of HNO3 
concentration significantly, dissolution rate of Fe increased 
rapidly (Figure 6)  
 

 
 

Figure 5. Zn extraction (%) vs t diagrams for different HNO3 

concentrations at 80 oC (stirring speed: 300 rpm) 
 

4. Conclusion 
 

97 % Zn extraction is obtained by the dissolution of EAFD 
in HNO3 solutions at the experiments carried out at higher 
temperature (80 oC). Although temperature is effective on 
dissolution rate of both Zn and Fe, dissolution of Fe is more 
temperature dependent that that of Zn. 
 

 

 
 

Figure 6. Fe extraction (%) vs t diagrams for different HNO3 

concentrations at 80 oC (stirring speed: 300 rpm) 
 
While HNO3 concentration has slight effect on the 
dissolution rate of Zn, dissolution rate of Fe increased 
significantly with increasing HNO3 concentration. 
 
Low HNO3 concentration (0.5 M) and high experimental 
temperatures (60-80 oC) should be chosen for the dissolution 
of EAFD in HNO3 solutions to prevent high Fe extraction 
(%) which results in difficulties in subsequent processes and 
obtain Zn rich leach solutions. 
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Abstract 

In recent years, secondary resources (slags, scraps, 
etc.) have become a very important source for all 
valuable metals like copper due to the depletion of 
high grade ores and increasing the demand of this 
metal. Since copper is lost to slag between 0.7 and 
2.3 wt. % during copper smelting process and 4 to 8 
wt.% during the converting stage, the theoretical 
consideration with physical properties of slags 
should be investigated to minimize the copper 
losses via achievement of good separation between 
matte and slag. Therefore, in this study, 
thermochemical calculations of the fayalite type 
slags with the addition of some fluxing agents such 
as CaO, B2O3, and calcined colemanite (CC) were 
carried out by using the Equilib and Phase Diagram 
modules of the FactSage thermochemical software. 

1. Introduction 

In the world, copper losses to the slag in the 
pyrometallurgical copper production constitute a 
major problem [1]. Studies [2-4] on this problem 
indicated that mainly there are two types of copper 
losses to slag namely mechanical and physico-
chemical losses. Former originates from 
mechanically entrapped particles or floating 
unstable droplets of matte which do not find enough 
time to reach to the matte layer. Mechanical losses 
are mainly related to the viscosity of the slag. When 
slag viscosity increases, mechanical copper losses 
also increase. Latter is related to solubility of 
copper in sulphide and oxide forms in slag. In other 
words, copper losses are present in the slag melt as 
copper ions. 

During smelting of charge, silica is being widely 
used as a fluxing agent to promote well separation 
of matte and slag. However, excessive silica usage 
results in high viscosity and strong acidity, which 
causes the loss of valuable metals. For these 
reasons, beside silica, limestone (CaCO3) is usually 
added to balance slag viscosity and basicity. 
Several authors [5-8] have investigated other 
fluxing agents aside from CaO such as colemanite 
or boric acid for certain metallurgical industries. 

Therefore, this study has aimed to investigate the 
effect of some fluxing agents (CaO, colemanite or 
B2O3) on copper losses to slag for the copper matte 
smelting process in order to reduce copper losses in 
the slag phase. By this way, comparative results 
could be obtained for all fluxing agents used in the 
experiments and the changes in liquidus 
temperature could be estimated by computer 
software (FactSage) [9]. 

2. Experimental Method 

Industrial smelting and converting slags frequently 
based on fayalite contain mainly iron oxide (as FeO 
and Fe3O4) and SiO2 as well as low amount of CaO, 
Al2O3, ZnO, PbO, MgO and so on. When minor 
oxides such as CaO, Al2O3, ZnO are ignored, the 
slags can be identified by the components of Fe-O-
SiO2. As seen from Figure 1 calculated by 
FactSage, the liquid slag phase (Fe2SiO4 called as 
fayalite) is bordered by -Fe, SiO2, Fe3O4 and FeO. 
In addition, it is seen that the composition of the 
condensed phases is strongly dependent on the 
partial pressure of oxygen of the gas phase. 
Furthermore, these figures verify that Fe2O3/FeO 
ratio increases with increasing partial pressure of 
oxygen from too low levels (for equilibrium with 
solid iron, ~10-11 atm at 1250 oC) to relatively high 
values (for equilibrium with solid magnetite, ~10-7

atm at 1250 oC) [10]. 

Therefore, in this study, thermochemical 
calculations were carried out and plotted as ternary 
phase diagrams by using the Phase Diagram 
module of the FactSage thermochemical software to 
analyze the effects of fluxing agents (CaO, B2O3
and CC) in the FeO-Fe2O3-SiO2 system at different 
conditions (different temperatures and partial 
pressure of oxygens). In addition, the precipitate 
target phase was determined by calculating the 
temperature when a second phase first starts to form 
(activity is 1, and 0 mol) from the precipitate target 
phase using FACT-SLAG solution phase.
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Figure 1: The stability diagram of Fe-O-SiO2 with 
O2 isobars at 1250 oC under 1 atm. 

3. Results and Discussions 

As it is known the industrial flash smelting furnaces 
generally operate with slags near the silica 
saturation region between 1200 and 1300 oC.  
According to the ternary diagram FeO-Fe2O3-SiO2
with isobars for oxygen (in Figure 1), the oxygen 
partial pressure varies from 10-7 to 10-11 atm. on the 
line of silica saturation. Therefore, initially, the 
additions of fluxing agents (CaO, B2O3 and CC) 
and temperature effects on the iron silicate slags 
were investigated theoretically by calculating with 
FactSage software.

Figure 2 shows the change in the liquid slag regions 
with the 10 wt.% addition of B2O3, CaO and 
Calcined Colemanite at different temperature on the 
phase diagram of FeO-Fe2O3-SiO2 calculated by 
“Phase Diagram” module of FactSage. According 
to the results, it is seen that B2O3 addition to the 
FeO-Fe2O3-SiO2 slag system tended to larger the 
liquid slag region with increasing temperature due 
to forming a eutectic with very low melting point. 
However, as temperature increases, CaO addition to 
the fayalite slag results in limited expanding the 
liquid slag region. On the other hand, as seen in 
Figure 2, after the addition of CC the liquid slag 
region expands considerably by increasing 
temperature from 1200 to 1300 oC [11]. 

Figure 2: Change in the liquid slag region with the 
10 wt.% addition of a) B2O3, b) CaO and c) CC at 
different temperature on the phase diagram of FeO-
Fe2O3-SiO2 calculated by “Phase Diagram” module 
of FactSage 6.2.(Redrawn from Rusen et. al. 2016) 
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Another study was realized with Fe-SiO2-O2-
Ca2B6O11 in order to understand the melting 
behaviour of slags after addition of CC. The 
calculated first precipitation phase under different 
partial pressures of oxygen and temperatures is 
shown in Figure 3. According to FactSage model 
calculations, whereas SiO2 is the first precipitate for 
low CC additions under  all atmosphere (10-7 to 10-

11 atm), after 8% CC addition spinel is the first 
precipitate phase for 10-7 and 10-9 atm, and olivine 
is the first precipitate for 10-11 atm after 4% CC 
addition.

Figure 3. First precipitate phase in Fe-O2-SiO2 –
Ca2B6O11  under 1 atm.

4. Conclusions 

In this work, thermochemical calculations on the 
effects of several fluxing agents (CaO, B2O3 and 
CC) additions to the fayalite type slag were 
theoretically studied under different conditions. 
From the FactSage calculations, it is concluded that 
by increasing temperature the liquid slag region 
expands with different ratios for all fluxing agents. 
The largest liquid slag region expansion is observed 
after B2O3 addition, but it is limited for CaO 
addition. On the other hand, as the calcined 
colemanite adds to the system, liquid slag region 
expands both lower and higher Fe/(Fe+SiO2) ratios. 
In addition, after calculations it is noted that SiO2 is 
the first precipitate phase up to 5% CC addition to 
slag for all different oxygen partial pressures.  
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Abstract

Mitigation of CO2 emissions is a very important challenge 
due to global warming. The valorisation of industrial slags 
and wastes, containing available compounds to capture 
CO2, is a promising strategy to develop novel processes to 
exploit their own wastes (slags) to abate their process 
emitted CO2 emissions. In the present study, the use of 
magnesium reduction slag (MRS) from the Pidgeon 
Process was studied via two different routes. MRS consists 
of mainly CaO, MgO and SiO2 with minor amounts of iron 
oxide-based compounds, with the dominant phase being 
Ca2SiO4. In the first route, MRS was leached in NaOH 
solution with increasing leaching time and temperature in 
order to form Ca(OH)2 and Mg(OH)2 phases that can be 
used to capture CO2.The optimum leaching conditions were 
determined as 3x stoichiometric NaOH at 70 °C for 360 
minutes. In the second route, MRS was leached in HCl 
media with increasing time and stoichiometry. After HCl 
leaching, pregnant solutions containing CaCl2-MgCl2 and 
filter cakes consisting of mainly SiO2 were obtained. HCl 
stoichiometries from 1.3x and above were determined to be 
viable in terms of leaching efficiency. Precipitates 
containing Ca(OH)2 and Mg(OH)2 were obtained from 
pregnant solutions by the addition of NaOH. Optimum 
NaOH stoichiometry was determined to be 1.1x. CO2
uptake tests were conducted for obtained filter cake’s solids 
from alkaline leaching route and for precipitates from acid 
leaching route by means of a thermogravimetric analyser 
(TGA) under 92.4% (v/v) CO2 partial pressure. For alkaline 
media experiments, the optimum TGA conditions were 
determined to be a dehydration stage of 30 minutes at 650 
°C and a following carbonation stage at 650 °C for 120 
min. Under the optimum leaching and TGA conditions of 
the slag, the maximum obtained CO2 uptake capacity was 
~9 wt.%. For acid media experiments, optimum CO2
uptake was measured as ~44wt.% with a TGA protocol 
involving a dehydration stage for 30 minutes at 700 °C and 
a following carbonation stage of 750 °C for 120 minutes 
for the optimum precipitate. 

1. Introduction 

Currently, the Pidgeon Process is the main method to 
produce primary magnesium metal across the World. The 
process is basically carried out through the reaction of 
calcined dolomite ore (CaO·MgO) with FeSi reductant 
(equation 1) and, it is conducted in air-tight retorts under a 
maximum atmosphere pressure of 1 mbar and at the 
temperature of ~1200 °C [1-4]. 

2MgO·CaO + FeSi  2Mg + Ca2SiO4 + Fe                     (1) 

After the reaction takes place, mainly two phases are 
obtained; metallic magnesium as a product and magnesium 
reduction slag (MRS) as a solid waste [1-4]. Reduction slag 
is classified as an inert waste material and, it mainly 
consists of Ca2SiO4 (80-85% by wt.) with slight amounts of 
MgO and iron / iron oxides [5]. The most remarkable CO2-
emitting operation, in a Pidgeon Process magnesium 
production plant, is dolomite calcination along with other 
reduction units [6]. For a modern Pidgeon Process plant, it 
was calculated that the global warming potential (GWP) of 
the process is between 15.3 kg CO2 and 23.6 kg CO2 per kg 
of produced Mg metal (as an average ~19.5 kg CO2).
Dolomite calcination operations only are responsible for 
3.5 kg CO2 out of the total GWP of the process [7]. 

In the present study, the valorisation of waste reduction 
slag from the Pidgeon Process was investigated so it could 
be used as a potential raw-material to produce CO2-sorbent
materials for in-situ CO2 capture in the process. To the best 
of the authors’ knowledge, it is the first time in the 
literature that MRS is utilised for CO2 capture studies. 
Thereby, the GWP of the Pidgeon Process could be 
reduced. Two different leaching routes (respectively in 
alkaline and in acid medias) were used to modify the slag 
in terms of Ca(OH)2-Mg(OH)2 content, i.e., to leach out 
Ca(OH)2-Mg(OH)2 phases that could be used for CO2
capture.

2. Experimental Procedure 

Chemical analysis results showed that the slag consists of 
56.00% CaO, 12.95% MgO, 25.13% SiO2 and 5.80% Fe2O3
by weight. It can be seen from the X-ray diffraction (XRD) 
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pattern of the slag that CaO and SiO2 were in the form of 
Ca2SiO4 (Figure 1). 

Figure 1. XRD pattern of the slag. 

The flowchart of applied experimental routes is given in 
Figure 2, where leaching experimental conditions and CO2
uptake capacities of derived sorbent materials were 
optimised. 

Figure 2. Investigated leaching routes; (A) alkaline media 
and (B) acid media. 

In the first experimental route (Figure 2, A), grinded slag 
(average particle size: 41.6 μm, coded as MA) was leached 
in NaOH media with increasing NaOH stoichiometry, from 
1x to 5x, and with increasing leaching duration up to 540 
minutes, at 50 °C and at 70 °C, respectively. It was 
anticipated that the slag would be reacted in NaOH media 
according to Equation 2. Constant leaching parameters 
were solid weight of 10 g, solid/liquid ratio of 1/10 and 
stirring rate of 250 rpm. After NaOH leaching experiments, 
obtained (modified) filter cakes were coded in accordance 
with leaching conditions as “Leaching Media – 
Temperature – Duration – Stoichiometry or Slag Type”. 

Ca2SiO4 + 2NaOH + H2O  2Ca(OH)2 + Na2SiO3          (2) 

In the second experimental route (Figure 2, B), Ca and Mg 
contents in the slag, having an average particle size of 41.6 
μm, were leached out into the solution through HCl acid 
leaching in accordance with Reactions 3 and 4. HCl 
leaching conditions were investigated for leaching 
durations from 5 to 60 minutes and for HCl stoichiometries 
from 1x to 1.6x. A solid weight of 1 g and solid/liquid ratio 
of 1/10 were the constant parameters for HCl leaching 
experiments. A selected pregnant solution, that was 
obtained under leaching conditions with 1.3x HCl 
stoichiometry and 30 minutes leaching duration, was used 
for the precipitation experiments. The latter ones aimed to 
precipitate Ca(OH)2 and Mg(OH)2 by the addition of NaOH 
with increasing stoichiometry, from 1x to 1.3x, at room 
temperature for 60 minutes (Reactions 5 and 6).Obtained 
precipitates were then dried at 105 °C for 12 hours after 
being filtered off. 

CaO + 2HCl  CaCl2 + H2O                                            (3) 
MgO + 2HCl  MgCl2 + H2O                                         (4) 
CaCl2 + 2NaOH  Ca(OH)2 + 2NaCl                              (5) 
MgCl2 + 2NaOH  Mg(OH)2 + 2NaCl                            (6) 

CO2 uptake tests were carried out for both, the modified 
slags from NaOH leaching experiments and for the 
Ca(OH)2-Mg(OH)2-containing precipitates from HCl 
leaching experiments by using a thermogravimetric 
analyser (TGA, TA Q500). The applied TGA protocol for 
the modified slags from NaOH leaching experiments 
included a dehydration step of 30 minutes under 100% 
(v/v) N2 atmosphere at 650 °C and a following carbonation 
step of 120 minutes under 92.4% (v/v) CO2 atmosphere at 
650 °C. The CO2 uptake tests, for the precipitates from HCl 
leaching experiments, involved a dehydration step of 30 
minutes under 100% (v/v) N2 atmosphere at 700 °C and a 
following carbonation step of 120 minutes under 92.4% 
(v/v) CO2 atmosphere at increasing carbonation 
temperatures from 600 °C to 800 °C. For both CO2 uptake 
test protocols, heating rate was 20 °C/min whilst cooling 
rate was 50 °C/min. 
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X-ray diffraction spectrometry technique (XRD, 
PANalytical PW3040/60 for the as-received slag and 
Bruker Nonius X8-Apex2 CCD for modified slags and 
precipitates) was used for the phase characterization. 
X’Pert High Score database was utilized for the evaluation 
of XRD patterns. The chemical analysis of the as-received 
slag was done by using atomic absorption spectrometry 
(AAS, Perkin Elmer Analyst 800) whereas inductively 
coupled plasma spectrometry technique (ICP-OES, Horiba 
Jobin-YvonUltima 2) was used for the characterizations of 
the pregnant solutions from HCl leaching experiments.  

3. Results and Discussion 

For NaOH leaching experiments, leaching conditions of the 
slag were optimised on basis of the maximum weight 
uptake of the filter cakes. The optimum leaching conditions 
were determined to be 70°C, 360 minutes and 3 times 
excess, i.e. 3x, NaOH stoichiometry (Figure 3). The 
presence of a Ca(OH)2 phase in the leached filter cakes was 
confirmed by XRD (Figure 4). A CO2 uptake value of 8.88 
wt.% was measured at a carbonation temperature of 650°C 
under 92.4% (v/v) CO2 atmosphere (Figure 5). 

Figure 3. Weight change values of the slag after NaOH 
leaching with increasing leaching duration and NaOH 
stoichiometry at 50 °C and at 70 °C. 

Figure 4. XRD patterns of leached slag in NaOH media. 

Figure 5.TGA analyses of as-received slag (MA, 41.6 μm) 
and modified slags after NaOH leaching. 

For HCl leaching experiments, optimum leaching 
conditions required an excess HCl amount equal to or 
greater than 1.3 times the stoichiometric one, and a 
duration of 15 minutes to leach out almost all Ca and Mg 
from the slag and to retain only SiO2 in the filter cakes 
(Figure 6). The pregnant solution of HCl-leached slag 
sample with 1.3x stoichiometry and for 30 minutes was 
used for the precipitation experiments, where NaOH was 
added. The highest precipitation efficiency (90.98%) was 
obtained for the experiment carried out with a 1.1 times 
excess NaOH stoichiometry and for a duration of 60 
minutes (Figure 7). It was found that the optimum 
precipitate consisted of 46.24% CaO, 14.98% MgO, 1.63% 
Fe2O3 and 35.36% loss of ignition value due to dehydration 
of Ca(OH)2 and Mg(OH)2 (Figure 8). The CO2 capture 
capacity of the optimum sorbent was determined as 44.46 
wt.% at 800°C after 120 minutes of carbonation under a 
92.4% (v/v) CO2 atmosphere. This CO2 uptake value was 
very similar to the one obtained (43.91 wt.%) at 750 °C 
after 120 minutes carbonation time (Figure 9). 

Figure 6. The weight ratio of filter cake to as-received 
sample after HCl leaching experiments with increasing HCl 
stoichiometry and leaching duration. 
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Figure 7.Precipitation efficiencies from the pregnant 
solution (HL-1.3-30) with increasing NaOH stoichiometry 
at room temperature for 60 minutes. 

Figure 8. XRD patterns of selected filter cakes after HCl 
media leaching experiments and the optimum precipitate 
(NP-1.1-60) before and after dehydration.

Figure 9.TGA analyses of the optimum precipitate (NP-
1.1-60).

4. Conclusion 

In the present study, the reduction slag of primary 
magnesium production (Pidgeon Process) was investigated 

as a precursor material to obtain high temperature CO2
capture sorbents. The slag consisted of 56.00% CaO, 
12.95% MgO and 25.13% SiO2 with a small amount of iron 
oxide phases. The dominant phase was Ca2SiO4 in the XRD 
pattern of the as-received slag. Two separate leaching 
routes were applied: the first one was the modification of 
the slag in NaOH media so the formation of Ca(OH)2-
Mg(OH)2 solid phases in the precipitates was favoured; the 
second route targeted the synthesis of Ca(OH)2-Mg(OH)2-
based sorbents through HCl leaching of the slag and the 
precipitation of the desired phases by the addition of NaOH 
to the pregnant solutions. A CO2 uptake value of 8.88 wt.% 
at 650°C was obtained for the modified slag under 
optimum leaching conditions, whereas a CO2 uptake value 
of 44.46 wt.% at 800 °C was obtained for the optimum 
precipitate from acid leaching experiments. 
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Abstract

In this study, the recovery behavior of neodymium 
containing hard magnet scraps from hard disk drivers was 
investigated via a hydrometallurgical route. The 
experimental studies were realized in three steps: 
leaching, precipitation, and calcination. In the leaching 
step, different acid concentrations (1M, 2M, and 3M) 
were used to dissolve Nd-containing compounds in hard 
magnets at different leaching duration (15, 30, 45 min.). 
The optimum conditions were determined due to the 
results of 3 level - 2 factor factorial design of experiment. 
In the precipitation step, the stoichiometric amount of 
H2C2O4 due to Nd concentration was utilized to 
precipitate and separate Nd-based compounds. 
Neodymium oxalate hydrate has been obtained after 
precipitation. At the last step, the calcination of 
precipitate was realized in a furnace to obtain Nd2O3.

This study was provided to recovery of neodymium 
compounds from electronic wastes. 

1. Introduction 

The Rare Earth Elements (REEs) are described as a 
group of elements containing lanthanides with Sc and Y. 
The lanthanides are generally separated into two groups, 
light rare earth elements (LREEs – lanthanum through 
europium) and the heavier rare earth elements (HREEs – 
gadolinium through lutetium) [1]. The growing 
popularity and usage of wind turbines, electric and hybrid 
cars, HDDs etc. make an increase on demand of REEs. 
According to medium-term criticality matrix of U.S. 
Department of Energy (DoE), the five most critical REEs 
are neodymium (Nd), europium (Eu), terbium (Tb), 
dysprosium (Dy) and yttrium (Y) [2]. The European 
Commission considers the LREEs and HREEs as the 
most critical raw materials groups, with the highest 

supply risk. China has 95% of mine production of all 
REEs [3]. Current predictions indicate that the current 
production of neodymium and dysprosium will not be 
sufficient for the projected demand in near future. The 
demand of Nd and Dy in 2020 is expected to increase and 
the shortage of Nd and Dy is projected to be 30% and 
49% when the base year is 2015 [4].  Recycling of Nd 
containing scraps could be one of the potential options to 
minimize this risk. For Nd, there are two main sources 
for recycling: magnet manufacturing wastes and magnet 
scraps. Up to 25 % of REEs (mostly Nd) can be lost 
during permanent magnet manufacturing process 
(sintering, cutting/polishing, magnetizing, etc.) as waste 
[5]. NdFeB magnets are composed of 30-40% REEs (15-
30% of REEs is Nd), 50-70% Fe and 1% B. The 
composition can be changed due to required operating 
conditions [2].

Hydrometallurgical methods for NdFeB magnet 
recycling is mostly starting with leaching step. The 
leaching efficiency could be increased with grinding with 
NaOH followed by roasting at 500 . The grinding and 
roasting also provide selective leaching of REEs, 
however they increase the costs of total process [6]. The 
consumption of acid solution is decreased with the 
roasting step, but total process duration can be reached up 
to 15 hours. Solvent extraction (SX) method is used for 
both removal of transition metals and production of high 
purity REE solutions. REEs can be precipitated from 
their solutions by using oxalic acid. The usage of oxalic 
acid depends on the amount of Nd in the solutions [7] 
and impurity levels. In a direct leaching study, 3 M HCl 
solution was used at 110  for 6 hours. The amount of 
oxalic acid was used as 0.2 mol/L for precipitation. After 
filtration step, high purity neodymium oxalate hydrate 
was obtained as final product [8]. Before the Nd 
precipitation, Fe can be removed from solution with pH 
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change in HNO3 leaching. Solutions can be clarified from 
Fe but, Nd and B were separated with Fe when NaOH 
was used. The Nd precipitation was not affected due to 
fast or slow addition of oxalic acid. Precipitate can be 
calcined at 800  for 30 min [9]. For determine the 
thermal decomposition mechanism of neodymium 
oxalate hydrate, calcination studies were carried out at 
different temperatures. Dehydration was started at 90 – 
190  and ended at 325  in air, approximately. 
Decomposition of oxalate group was started at 395  and 
ended at 485 . Decomposition of carbonates was 
occurred between 645 and 850  [10].

In this study, a cheap and fast process was evaluated. HCl 
leaching tests were carried out by varying the leaching 
time and acid concentrations to obtain the optimum 
conditions. Oxalic acid was used as precipitation agent 
and precipitate was calcined at 800 .

2. Experimental Procedures 

2.1. Materials and methods 

In this study, Nd-Fe-B hard magnets which was in the 
hard disk drivers used for Nd-source. The leaching acid 
HCl (37 wt%) and the precipitation agent H2C2O4.2H2O
(99 wt%) were purchased from Merck. Atomic 
Absorption Spectrometer (Perkin Elmer – PinAAcle 
900F) was used for determine the metal concentrations in 
the digested hard magnets and all of the solutions. X-Ray 
diffractometer (Rigaku D /Max 2200/PC) used for phase 
analysis of the scraps, semi products, and products. 
X’pert HighScore Plus program was used for determined 
phases in XRD patterns. 

2.2. Leaching procedure 

Demagnetization was occurred at 300 °C for the scrap 
hard magnets, then the demagnetized hard magnets were 
grinded in a ball mill and sieved under 100 microns. In 
leaching procedure, the effects of acid molarity and 
leaching duration were studied. The acid concentrations 
were selected depends on the higher yield of Nd. The 
molarities of HCl and leaching duration were 
respectively; 1, 2, 3 and 15-30-45 min. 2 g powder 
samples, magnetic stirrer at a speed of 400 rpm, room 
temperature and 50 mL solution were kept constant for 
all leaching experiments. Then the optimum leaching 
parameters were determined due to highest percentage of 
Nd (%Ndsol) in the leachate after solid/liquid separation. 
%Ndsol values were calculated according to Eq. 1. 

𝑵𝒅𝒔𝒐𝒍 𝑵𝒅 𝒄𝒐𝒏𝒄 𝒊𝒏 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏𝑵𝒅 𝑭𝒆 𝒂𝒏𝒅 𝑩
𝒄𝒐𝒏𝒄 𝒊𝒏 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏

(1)

2.3. Precipitation and calcination procedures 

After the determining of leaching parameters, the 
precipitation experiment was begun. H2C2O4.2H2O used
for the precipitation of neodymium as oxalate. For 
precipitation, 250 mL of optimum solution were prepared 
in beaker. Then the stoichiometric amount of 
H2C2O4.2H2O (same mol amount with Nd) added to 55 
mL water and stirred for precipitation. The solution of 
H2C2O4.2H2O added drop by drop to 250 mL leaching 
solution. After the all (55 mL) H2C2O4.2H2O solution
added, the solution (H2C2O4.2H2O + leaching solution) 
were kept for 24 hours in a closed beaker. After 24 hours, 
solid/liquid separation were carried out and the filter cake 
dried in an oven at 70  for 6 hours. Then, the dried 
precipitate was calcined at 800  for 30 min. 

3. Results 

3.1. Characterization of raw material 

The chemical composition of the grinded hard magnets 
was analyzed with AAS and presented in Table 1. 

Table 1. Chemical composition of hard magnets. 
Elements Fe Nd B 
% 71.6 17.1 1.1 

The phase analysis of grinded hard magnets was realized 
with XRD and presented in Fig. 1. Peaks in Fig. 1. 
matched with Nd2Fe14B crystal structure’s peaks. 

Figure 1. XRD patterns of grinded hard magnets. 

The phase analysis is required for proven of the Nd2Fe14B
phase.

3.2. Leaching results 

The dissolved Nd increased with increasing in leaching 
duration and increasing concentration of HCl acid 
solution. The Nd leaching efficiencies were calculated 
according to Eq. 2, and recovery values of Nd depended 
on concentration and time were given in Fig. 2 and Fig. 
3, respectively. The highest recovery values were 
obtained in 3 M HCl acid solution at 45 minutes leaching 
duration: 94.12% for Nd, 93.10% for Fe and 60.86% for 
B. When percentage of Nd increases, the precipitation of 
Nd increases.

𝐄 𝑴𝒆𝒕𝒂𝒍 𝒊𝒏 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏𝑴𝒆𝒕𝒂𝒍 𝒊𝒏 𝒉𝒂𝒓𝒅 𝒎𝒂𝒈𝒏𝒆𝒕 (2)
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The highest %Ndsol calculated as 27.49% because of this, 
the optimum condition was obtained at 15 minutes 
leaching duration with 3 M HCl acid solution, results 
given in Fig. 4. After the optimum condition was 
determined, the solution for precipitation step was 
prepared.

Figure 2. Nd extraction depended on concentration 

Figure 3. Nd extraction depended on leaching duration 

Figure 4. %Ndsol values of solutions. 

3.3. Precipitation and calcination results 

The precipitation was occurred due to the reaction given 
in Eq. 3. 

𝑵𝒅 𝒂𝒒 𝑪𝑶𝑶𝑯 𝒂𝒒 𝑯 𝑶 𝑵𝒅 𝑪 𝑶 𝑯 𝑶 𝒔 (3)

Mol amount of Nd was used for calculation of the 
stoichiometric amount of oxalic acid (C2H2O4.2H2O). 
After the calculation, 2.6 g of oxalic acid solved in 55 
mL water, then the solution added to prepared Nd-Fe-B 
solution. Following precipitation, vacuum filtration 
method used for the separation of solid/liquid. The dried 
filter cake was weighed 3.31 g. The dried filter cake's 

phase analysis realized with XRD, and given in Fig. 5. 
The polyacrylonitrile peak was originated from 
scratching of precipitate on dried filter paper. 

After the calcination at 800 , 1.52 g of product was 
obtained. The phase analysis of product was given in Fig. 
6. Peaks in Fig. 6. matched with Nd2O3 crystal structure’s 
peaks.

Figure 5. Phase analysis of precipitate 

Figure 6. Phase analysis of calcined. 

4. Conclusions 

In this study, the scrap hard magnets that obtained in hard 
disk drives used as the raw materials. The determination 
optimum parameters for the conversation of Nd2Fe14B to 
Nd2O3 was provided. The optimum leaching condition 
was obtained 3 M of HCl solution at 15 minutes leaching 
duration by percentage of Nd in leachate. The highest 
recovery values for each element in Nd2Fe14B structure 
were determined as, 94.12% for Nd, 93.10% for Fe and 
60.86% for B. In the precipitation step, stoichiometric 
amount of oxalic acid (2.6 g for 1.98 g of Nd) used as a 
precipitation agent. The precipitate was weighed 3.31 g 
and 2.92 g of precipitate calcined at 800  for 30 min. 
The final product was weighed 1.52 g. Presence of Nd2O3
in final product was proven with phase analysis. 
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Abstract

Diamond particles embedded cutting sockets which are 
placed on the circumference of the metal disc in 
industry to cut hard materials are discarded after 
completing their economic life. However, large 
quantities of metals and diamond particles remain in 
the discarded sockets. An electrochemical recycling 
procedure to form metal powders and gain diamond 
particles comprehensively and efficiently have been 
studied. The effects of temperature, acid concentration, 
copper ion concentration of the electrolyte and current 
density were studied. Collected metallic powders were 
characterized by X-Ray diffraction (XRD), scanning 
electron microscopy (SEM) and single point Brunauer, 
Emmett and Teller (BET) analysis. Results show how 
to optimize the process parameters to obtain compact 
and dense metallic powders. 

1.Introduction

Cutting, forming and processing operations of hard 
materials like concrete, stone, marble etc. are done with 
diamond particle embedded composite cutting tools 
mainly due to their relatively advanced properties like 
high hardness, wear resistance, low friction coefficient 
and low coefficient of thermal expansion [1], [2]. 
Among the many methods, powder metallurgy is the 
most commonly used technique to produce cutting 
inserts employing embedded diamond particles into 
metal matrix. As metal matrix constituents; cobalt, 
copper and tin are used usually while, diamond and 
hard particles are used as reinforcement of composite 
cutting tools to improve strength and hardness [3]. 
Approximately 400 m of stones can be processed until 
the end of life of cutting tools [4].  

Natural sources run out day by day and recycling of 
discarded valuable particles and metals gain 
importance at present. Currently used recycling method 
for waste cutting tools is acid dissolution technique [5]. 
In this technique by utilizing characteristics of diamond 
or tungsten carbide which are insoluble in acid, 
however metals are soluble. Furthermore, after 
recovery of diamond, filtered solution that carries  

metal ions is discarded [6]. This study puts forward a 
new method for recycling of materials used in diamond 
particle embedded composite cutting tools 
comprehensively and efficiently by means of an 
electrochemical process. In other words, objective of 
the study is not only recovering of diamond and other 
valuable particles, but also recycling of metals by co-
deposition of metal powders.  

The waste diamond cutting tools which contain at least 
10% of residual diamond and combined with the 
metallic matrix [4] used as anodes were dissolved by 
application of power in relatively weak acid 
electrolytes. Diamond particles which sink to the 
bottom of the electrolyte were collected after filtration 
so that they could be used again. Dissolved metal ions 
from anode and electrolyte were collected as a powder 
from at the cathode.  Obtention of metal powders in 
various surface morphologies, shapes and sizes is 
possible by electrodeposition by changing 
electrodeposition conditions like the type of the 
electrolyte, metal being deposited, temperature, pH, 
current density etc. Therefore, besides collection of 
diamond particles, effects of temperature, current 
density, acid and CuSO4 concentrations of electrolyte 
on the powder properties were examined. 

Full factorial methods were conducted to see 
parameters that affect the results of experiment with 
changing the parameters and parameter’s interaction 
with each other. Such statistical tools have been 
enlarged to decrease to save time and costs of each 
trial. In this study full factorial design were conducted 
before experiments to find important parameters of 
metal powder electrodeposition and its critical 
influence on the specific surface area of 
electrodeposited metal powders. The main goal of 
design of experiment (DOE) is associate the dependent 
variables (metal powder properties) with the 
independent variables (experiment conditions) coming 
along with the interaction factors. 
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2. Experimental Procedure 

Waste diamond tools contained diamond particles 
embedded to an 85 % Cu and 15 % Sn containing 
metal matrix having rectangular surface was employed 
as anode and AISI304 stainless steel sheet as cathode 
in this study. COMSOL Multiphysics Modeling 
software program [7], as illustrated in Figure 1, was 
used to determine cell design for homogenous 
dissolution and deposition simulation of the process. 
The shapes of anode and cathode assemblies were 
determined from the results of this program. As it can 
be seen, comparison of profile changes of electrodes 
was shown for assemblies employing anodes with and 
without masks after 1 hour of electrolysis. According 
to simulation outputs, avoiding excessive dissolution of 
the edges of the prismatic anodes and enhancing 
uniform deposition on cathodes was achieved by 
masking anodes with a dielectric material. 

Figure 1 Electrode thickness change after 1 hour of 
electrolysis in which anode material was (a) without and (b) 
with mask.

Electrodes were kept parallel to each other by using 3 
cm inter electrode distance. All experiments were 
performed for 3 hours using 500 rpm stirring. After 3 
hours of electrolysis with different parameters as given 
in Table 1, while galvanostatically deposited copper 
powders were scraped from the stainless steel cathode 
easily, diamond and tin particles which sank to the 
bottom of the electrolyte were filtered from the  

electrolyte. Collected copper powders were washed 
with ethanol and then with 0.1 molar benzoic acid 
solution for remaining acid and preventing oxidation of 
copper powders.

Table 1 Electrolysis parameters  
Parameters 

Current Density (A/dm2) 8,37-10,46-12,5
Cu Ion Concentration 
(g/L) 10-15

Temperature ( C) 20-30-40
Acid Concentration (M) 0.25-0.5-1

3. Results and Discussion 

3.1. Effects of Electrolysis Parameters on Powder 
Morphology 

At the end of experiments diamond particles and tin 
powders which were settled to the bottom of the 
electrolyte, were easily recovered after filtration and 
washing with ethanol and benzoic acid. Collected tin 
powders and diamond particles are exhibited in Figure 
22.

Figure 2 Collected (a) diamond particles (b) tin powders 
from electrolyte. 

According to full factorial design outputs, some of the 
SEM images of galvanostatically deposited copper 
powders under different conditions are shown in Figure 
3 to make comparison of the effects of parameters on 
the morphology of the copper powders. As it can be 
seen in Figure 3a and Figure 3b effect of acid 
concentration on the morphology of the deposited 
copper powders is exhibited. Increasing acid 
concentration promoted the formation of cauliflower 
like morphology with a slightly more branched 
structure as shown in Figure 3b. The powders 
produced from the electrolyte that contained less acid 
concentration had compact corncob like morphology as 
shown in Figure 3a.
As a general knowledge by increasing sulfuric acid 
concentration in the electrolyte, H+ ion concentration of 
the electrolyte rose, which means that hydrogen 
evolution reaction was dominant at high concentrations 
of sulfuric acid. Hydrogen evolution changed the 
morphology of the electrodeposited copper powder by 
changing hydrodynamic conditions near the cathode 
layer [8].
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Comparing Figure 3a and Figure 3c showed that 
temperature had important impact on the morphology 
of the copper powders. The movement of ions in the 
electrolyte was easier throughout the electrolyte when 
fluidity of the electrolyte was increased by increased 
temperature. Concentration layer was disturbed at 
cathode surface when dragged ions reached cathode 
surface, as a result concentration polarization and 
accordingly cell voltage decreased [9]. Therefore, 
increasing temperature caused changing morphology of 
copper powders from compact and globular powders to 
more dendritic structure. 

Compact and more dense copper powders were 
attributed to increasing copper ion concentration of 
electrolyte from 10 g/L to 15 g/L as compared in 
Figure 3d and Figure 3a. When sufficiently and 
constantly feeding of copper ions to the cathode 
surface was accomplished, H2 overvoltage decreased 
and accordingly concentration polarization. Decreasing 
cathodic polarization and overvoltage near cathode 
surface due to high concentration of copper ions made 
easier coalescence of copper atoms [10].  Increasing 
Cu2+ ions induced decreasing relative concentration of 
H+ ions, but it must be considered to yield sufficient 
hydrogen evolution to stir the solution [11]. Therefore, 
concentration of electrolyte was carefully adjusted so 
that evolved hydrogen was high enough to change 
hydrodynamic conditions near cathode by hydrogen 
evolution.

Current density had also noticeable effect on the 
microstructure of the electrodeposited copper powders. 
Increasing current density from 8.4 to 12.5 A/dm2 was 
shown in Figure 3a and Figure 3e respectively. By 
high current density, high magnetic field was created 
which led ions to hit the cathode surface and because 
of overpotential direct reduction of ions took place and 
production of powders with dendritic in shape was 
noticed [12]. From another point of view, increasing 
current density not only promoted powder deposition 
rate, it also accelerated hydrogen evolution reaction. 
Hydrogen evolution changed the morphology of the 
electrodeposited powder as stated previously by 
stirring the electrolyte. 

Result of morphological examination summarized as 
decreasing current density, acid concentration and 
increasing temperature and copper ion concentration 
caused formation of compact, dense copper powders. 

Figure 3 Copper deposits obtained at (a) 8.4 A/dm2 current 
density, in 15 g/L Cu2+ and 0.25 M H2SO4 electrolyte at 
40oC, (b) 8.4 A/dm2 current density in 15g/L Cu2+ in 1 M 
H2SO4 at 40oC, (c) 8.4 A/dm2 current density in 15 g/L Cu2+

in 0.25 M H2SO4 at 30oC, (d) 8.4 A/dm2 current density, in 
10 g/L Cu2+ and 0.25 M H2SO4 electrolyte at 40oC and (e) 
12.5 A/dm2 current density in 15 g/L Cu2+ in 0.25 M H2SO4
at 40oC. 

3.2. Effects of Electrolysis Parameters on 
Crystallographic Orientation of Powders 

The diffraction patterns of the electrodeposited copper 
powders with different electrodeposition conditions are 
displayed in Figure 4. The diffraction patterns showed 
intensities of diffraction from randomly distributed 
planes. The highest diffraction peak is produced by the 
most densely packed plane of copper powders which is 
(111) plane. XRD patterns of electrodeposited copper 
powders exhibited in Figure 3 are shown in Figure 4. 
To make comparison the effect of current density on 
diffraction patterns of powders; diffraction patterns of 
copper powders produced at 8.4 A/dm2 and 12.5 A/dm2

are shown. The diffraction pattern of the 
electrodeposited copper powders at high current 
density had high intensity of (111) plane which means 
that increasing current density brought about deposited 
copper powders mostly oriented at one direction and 
dendritic powders were attained. The diffraction 
patterns from all powders produced at different 
electrolysis parameters were in accord with the SEM 
images of powders as shown in Figure 3.  

The summary of all diffractions is; increasing current 
density and acid concentration, decreasing copper ion 
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concentration and temperature prompted dendritic 
copper powders which had higher intensities of (111) 
diffraction peaks. 

Figure 4 XRD patterns of electrodeposited copper powders 
produced at different parameters. 

3.3. Surface Area of Powder 

For handling and sintering purposes powders with 
smaller surface area to mass ratio are preferred. 
Therefore, BET analysis was performed on powders 
collected during electrolysis experiments. Effects of 
parameters studied during electrolytic powder 
formation on specific surface area of powders are 
shown in Figure 5. BET analysis results were also in 
accord with X-Ray and SEM results. 

Figure 5 Main effects plot for specific surface area.

Figure 5 showed that current density had the highest 
impact on the surface area and then temperature, 
copper ion concentration came but, acid concentration 
of electrolyte had much less effect on surface area. The 
regression analysis gave a regression formula that 
shows how parameters affected the surface area is 
given as;

𝑚 𝑔
(1)

Where; A: current density (A/dm2), B: temperature 
(°C), C: Cu2+ ion concentration (g/L) and D: acid 
concentration (M) of the electrolyte.  

4. Conclusion 

• Complete recovery of the diamond cutting tools was 
achieved by electrolysis at low acid concentrations. 
Diamond particles and tin powders were directly 
collected.

• Effects of current density, temperature, acid and 
CuSO4 concentrations were important on the 
morphology and surface area of electrodeposited 
copper powders. 

• Decreasing current density and sulfuric acid 
concentration, increasing temperature and Cu2+ ion of 
electrolyte promoted the formation of compact, dense 
copper powders having small surface area to mass 
ratio.

• Among four parameters that were examined in this 
study, current density was the most influential 
parameter according to SEM, XRD and BET analysis 
result.

Acknowledgements 

Authors acknowledge the Scientific and Technological 
Research Council of Turkey (TÜB TAK) for financial 
support provided through the project 116M406. 

References

[1] M. Jennings and D. Wright, Ind. Diam. Rev., 49 70–75. 
[2] L. Wang, G. Zhang, and F. Ma, Rare Met., 31 (2012) 88-
91.
[3] C. Browning, US Patent Number 4,739,745, 1988. 
[4] A. L. D. Skury, G. S. Bobrovnitchii, S. N. Monteiro, and 
C. C. Gomes, Sep. Purif. Technol., 35 (2004) 185–190,. 
[5] H. Xian, Gu. Xue, L. Ping, H. Kai, and X. Kai, 
Hydrometall., no. 03 (2005). 
[6] X. Q. Zheng, D. Z. Meng, and X. M. Zhou, Jiangxi Chem. 
Ind., 4(2008) 197. 
[7]COMSOL Multiphysics, Version 5.2, 
<www.comsol.com> Dated: 10.04.2017 
[8] N.D. Nikoli , K.I. Popov, Lj.J. Pavlovi , M.G. Pavlovi ,
Sensors 7 (2007) 1 15
[9] A. Amadi, D.R. Gabe, M. Goodenough, 21 (1991) 1114 
[10] N.D. Nikoli , L. J. P., M.G. Pavlovi , K.I. Popov, 
Powder Technology, 185(2008) 195–201. 
[11] N.D. Nikolic', K. I. Popov, Electrodeposition of Copper 
Powders and Their Properties, Ed. by S.S. Djokic', 
Electrochemical Production of Metal Powders, Springer 
Science, 2012 New York
[12] E. Akbarzadeh, Z. Kheiroddin, Particle Shape and Size 
Modification and Related Property Improvements for 
Industrial Copper Powder, World Engineering Congress, 2–5 
August 2010, Kuching, Sarawak, Malaysia  



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

700 IMMC 2018   |   19th International Metallurgy & Materials Congress

Dissolution Behavior of Zinc during the Mechanochemical Processing of EAF Dust in Sulfuric 
Acid Solution

Melike Uzun, Mert Zorağa, Sedat İlhan, Ahmet Orkun Kalpaklı

Istanbul University-Cerrahpasa, Engineering Faculty,Metallurgical and Materials Engineering Department, 34320, Avcilar, Istanbul, Turkey
  
  
  
  
  

 
Abstract 
 
In this study the dissolution behavior of zinc during 
mechanochemical leaching of electric arc furnace dust 
(EAFD) in sulfuric acid solutions was investigated on a 
laboratory scale under normal temperature and pressure 
conditions. The mechanochemical leaching is more effective 
method than chemical leaching owing to uncover new 
reaction areas on particle surface especially when a 
protective layer forms on the surface of solid particles. The 
effects of sulfuric acid concentration, reaction time, stirring 
speed and ball to dust ratio (b/d) on the extraction of zinc 
were determined. The amounts of zinc in leach solutions 
were determined by using Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES) instrument. The 
highest zinc extraction, 94%, was achieved by using 2.4 M 
H2SO4, 500 rpm, b/d = 20 and 4 hours leaching time 
 
1. Introduction 
 
Iron and steel industry is one of the leading sectors showing 
the level of development of the countries. In steel 
production, Turkey is ranked second in the Europe and 
eighth in the world. Turkey’s crude steel production in 2017 
increased by 13.2%, reaching the highest level in history 
with 37.5 million tons. In Turkey, 71% of the steel 
production is performed in facilities by means of electric arc 
furnaces (EAF) for which steel and iron scraps are used as 
raw materials [1]. 
 
14-20 kg EAFD that contains 25-45 % Zn is generated 
depending on the composition of scrap during the production 
of 1 ton steel. The precious metals (Zn, Pb, Fe etc.) present 
in the flue dust, slag and mill scale as wastes consists in 
production facilities used by EAF. Storage of EAFD is 
prohibited according to solid waste regulation in Turkey. On 
the other hand, EAFD is an important source due to its high 
zinc content for the production of metallic zinc and 
chemicals for paint, rubber, natural rubber, cosmetics, stock 
farming, petroleum products, ceramic, glass and plating [2]. 
 

In the literature, different processes (hydrometallurgical + 
electrometallurgical and pyrometallurgical) have been 
applied for the processing of EAFD. Zinc in ferrite phase 
should be separated to obtain high extraction rates in 
hydrometallurgical processes. 
 
Caravaca and Alguacil [3] have investigated and compared 
Zn recovery from EAFD using basic solutions (NaOH), 
acidic solutions (HCl, HNO3 and H2SO4) and solutions 
containing ammonia ((NH4)2SO4, NH4OH, NH4Cl, 
(NH4)2CO3). While 58.8 % extraction was obtained from the 
experiment carried out at 100 oC using 5 M NaOH, 71-80% 
extractions were obtained from the experiments carried out 
using HNO3 and H2SO4 solutions. Therefore, the highest 
extraction 97.6%, was obtained in HCl solutions. On the 
other hand 48.5% extraction was obtained in ammonia 
solutions. Havlik et al. [4] investigated recovery of zinc from 
EAFD in H2SO4 solutions by hydrometallurgical method. 
67% Zn extraction was obtained from the experiments 
carried out at 80 °C, using S:L=2 for 60 min. Orhan [5] 
investigated leaching of EAFD including 33% Zn and 26% 
Fe as ZnO and ZnFe2O4 compounds in NaOH solutions and 
determined the effect of NaOH concentration, S:L ratio, 
temperature and time on the dissolution. While in the first 
step, 85% Zn extraction was obtained from the experiment 
carried out at 95 °C, using S:L=1:7, 10 M 250 mL NaOH 
solution for 2 h, in the second step, leach solution was 
purified by cementation using Zn powder to obtain leach 
solution which can be used for electrolysis process. Zhang et 
al. [6] leached EAFD in 5 M NaOH solution, using stainless 
steel balls with 5 mm diameter, ball/dust=30 by 
mechanochemical method for 240 mins and obtained 45.3% 
Zn extraction. Peng et al. [7] used reductive roasting method 
to destroy structure of ZnFe2O4 to obtain ZnO and Fe3O4 
compounds under CO atmosphere and then carried out 
leaching experiments at 30-70 oC using H2SO4 solutions. 
Therefore reaction kinetics of the dissolution process for Zn 
and Fe was explained well by shrinking core model. 
Dissolution of Zn was processed under the control of 
diffusion layer whereas dissolution rate of Fe controlled by 
the chemical reaction step. 
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The aim of this study is to investigate recovery of Zn from 
EAFD in H2SO4 solutions by mechanochemical method  
 
2. Experimental Procedure 
 
2.1. Materials and Methods 

EAFD was obtained from Colakoglu Metalurji Company 
(Turkey). The quantitative chemical analysis of the EAFD 
determined by XRF (Panalytical Axios-Minerals) and XRD 
(Rigaku D/Max-2200) analyses. 
 
Mechanochemical leaching experiments were carried out in 
a 500 mL politetrafloroetilen (PTFE) reactor using planetary 
grinder (Retsch PM 100), ytria stabilized zirconia balls with 
10 mm diameter. 
 
Dissolutions experiments were carried out using 10 g of 
sample, 250 mL H2SO4 solutions with 0.4, 0.8, 1.2 and 2.4 
M concentrations for 15, 30, 45, 60, 120, 180 and 240 mins 
for the investigation of the effect of H2SO4 concentration and 
time on the dissolution behavior of EAFD in H2SO4 
solutions. In addition dissolution experiments were carried 
out using 100, 200, 300, 400 and 500 rpm rotational speeds 
and ball/dust=5, 10, 20 and 30 for the determination of the 
effect of rotational speed and ball: sample ratio. When 
experiments completed, samples were taken from the reactor 
and analyzed by ICP-OES instrument for the determination 
of dissolved elements in leach solutions quantitatively. 
 

3. Results and Discussion 

XRD diagram of EAFD is shown in Figure 1. Intense peaks 
of ZnFe2O4 (PDF 22-1012), ZnO (PDF 36-1451), Fe2O3 
(PDF 39-1346), ZnO (PDF 21-1486) and weak peaks of 
PbO2 (PDF 37-0517) and PbO (PDF 05-0561) are seen on 
Figure 1. XRF quantitative analysis results of EAFD was 
shown in Table 1. 
 

 
 

Figure 1. XRD diagram of EAFD 
 

Table 1. Chemical composition of EAFD 
 

Element Composition (wt. %) 

Zn 26.123 
Fe 23.920 
Pb 3.904 
Mn 2.238 
S 2.06 

Ca 1.846 
Si 0.922 
Cl 0.406 
Al 0.341 
K 0.271 
Cr 0.212 
Cu 0.208 
P 0.104 
Sn 0.076 
Cd 0.069 
Ba 0.045 
Ti 0.025 
V 0.014 

 
3.1. Dissolution Behavior of EAFD in H2SO4 Solutions 
 
Extraction (%) – time diagrams were plotted for Zn and Fe 
using ICP-OES analyses of the leach solutions obtained from 
the dissolution experiments and XRF analysis of EAFD. 
 
The Effect of Rotational Speed on the Dissolution of 
EAFD 
 
Dissolution experiments were carried out using 
ball:dust=20, 2.4 M H2SO4, 100, 200, 300, 400 and 500 rpm 
rotational speeds for 240 mins for the determination of the 
effect of rotational speed on the dissolution of EAFD in 
H2SO4 solutions. Zn extraction (%) – time diagrams were 
plotted using results of the dissolution experiments and 
shown in Figure 2. 
 
In Figure 2, it can be seen that increasing rotational speed 
has no significant effect on the dissolution reaction rate after 
400 rpm. Thus, use of 500 rpm is enough to eliminate the 
resistance of the liquid film surrounding the unreacted solid 
EAFD particles. The rotational speed was kept constant at 
500 rpm to investigate the effects of the other parameters on 
the extraction. 
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Figure 2. Zn extraction (%) vs time diagrams for different 
rotational speed speeds (240 min, 2.4 M H2SO4, b/d = 20) 

The Effect of H2SO4 Concentration on the Dissolution of 
EAFD 
 
10 g of EAFD with particle size fraction of -150 m, 250 mL 
H2SO4 solution with 0.4, 0.8, 1.2 and 2.4 M concentrations, 
ball/dust=20 were used for the determination of the effects 
of H2SO4 concentration on the extraction of Zn and Fe. 
diagrams of Zn extraction (%) - time and Fe extraction (%) 
- time at different H2SO4 concentrations are shown in 
Figures 3 and 4. 
 

 
Figure 3. Zn extraction (%) vs time diagrams for different H2SO4 

(rotational speed: 500 rpm, b/d: 20) 

 

Figure 4. Fe extraction (%) vs time diagrams for different H2SO4 
(rotational speed: 500 rpm, b/d: 20) 

It is seen from Figures 3 and 4 that extraction values for Zn 
and Fe increased with increasing H2SO4 concentrations. Zn 
and Fe extraction increased from 60 to 94 % and 5 to 23 % 
with the increase of H2SO4 concentration from 0.4 to 2.4 M, 
respectively. 
 
The Effect of Ball to Dust Ratio on the Dissolution of 
EAFD 
 
10 g of EAFD with the particle size fraction of -150 m, 250 
mL H2SO4 solution with 2.4 M, 240 min. reaction time and 
500 rpm rotational speed, ball/dust = 5, 10, 20 and 30 were 
used for the investigation of the effect of ball to sample ratio 
(b/d) on extraction of Zn in EAFD. Zn extraction (%) - time 
diagrams obtained from b/d = 5, 10, 20 and 30 are shown in 
Figure 5. As it is seen from Figure 5, increasing ball to dust 
ratio up to 20 had no significant effect on the Zn extraction. 
Lower Zn extraction % was obtained at b/d=30 due to 
increased filling density resulting in the decrease of the 
extraction rate by restriction of ball movement. 
 
Dissolution reactions of zinc bearing compounds in EAFD 
took place according to Reactions 1-3 in H2SO4 solutions. 94 
% Zn and 23 % Fe extractions were obtained at optimum 
experimental conditions. 
 
ZnO + H2SO4  ZnSO4 (aq) + H2O                                    (1) 
ZnFe2O4 + 4H2SO4  ZnSO4 (aq) + Fe2(SO4)3 + 4H2O     (2) 
ZnFe2O4 + H2SO4  ZnSO4 (aq) + Fe2O3 + H2O       (3) 
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Figure 5. Zn extraction (%) vs time diagrams for ball to dust ratio 

(240 min, 2.4 M H2SO4, rotational speed: 500 rpm) 

4. Conclusion 
 
94 % Zn and 23 % Fe extractions were obtained at optimum 
experimental conditions (H2SO4 concentration: 2.4 M, b/d : 
20, rotational speed: 500 rpm) 
 
It was determined that increasing H2SO4 concentration has 
slight effect on Fe extraction whereas, increase of H2SO4 
concentration increased Zn extraction considerably. 
 
Because high Fe concentration brings drawbacks in the 
purification step of leach solutions, obtaining solutions with 
high Zn and low Fe concentrations by leaching of EAFD in 
H2SO4 solutions by mechanochemical method is one of 
important advantages of this process. 
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Abstract

Due to the superior performance of plastic composites, 
they are widely used in various engineering applications. 
Additionally various fillers are added to the composite 
materials in order to improve their properties and to 
reduce raw material costs. In this study, fly ashes with 
different compositions obtained from two thermal power 
plants, Af in and Soma, were used as filler material. As 
control group, plain woven E-glass fabric reinforced 
polyester composites and as experimental groups E-
glass/polyester composites filled with fly ashes at various 
amounts (5, 10, 20 and 30 wt%) were produced. Samples 
were cut with tile saw according to related ISO standards. 
Mechanical performance of both control and experimental 
groups were characterized with tensile test, bending test, 
impact test and hardness besides surface roughness. Also 
the fractured surfaces were observed by Scanning 
Electron Microscope. According to the results it was 
observed that, with the addition of fly ash, tensile, 
bending and impact strength values decreased where 
hardness increased significantly. 

1. Introduction 

Plastic matrix composites, which have flexibility to 
exhibit different properties, can be used in various areas 
such as; automobile, aerospace, defense, marine and other 
industry due to their lighter weight, higher strength and 
durability [1,2]. Also, their contents can be modified for 
different purposes. For instance, in structural applications 
strength enhancement can be achieved by changing the 
reinforcement element while resistance to the 
environmental conditions can be obtained by changing the 
matrix material [3]. A third component, called filler, can 
be added to composite materials in order to provide some 
advantages in physical properties and cost reduction [4–
6]. The main parameters for choosing the filler material 
that effect the composite properties are; filler 
composition, particle size, shape and interaction with 
matrix [7–9]. Additionally the higher the hardness of the 

filler material is the composite will exhibit higher 
hardness and abrasion resistance values. Also an increase 
on particle size may increase the strength depending on 
the interaction with the matrix. However, defects in the 
form of particles may increase the strength by increasing 
the interaction with the matrix, but may also reduce the 
strength by creating a notch effect [8,10–12]. 

Furthermore, cost reduction is one of the main priority 
parameters for selecting the filling material [13]. 
Therefore, usage of wastes as a filler material increases 
day by day and fly ashes are widely studied due to their 
enhanced properties [4,14].  In thermal power plants in 
Turkey, approximately 55 million tons of lignite coal is 
used annually and as a result, 16 million tons of fly ash 
wastes are released into the natural environment. In many 
countries, particularly the 80% of this waste is used in the 
cement and concrete industry, where this value is between 
2-3% in Turkey. [15]. Fly ashes contain various oxides 
such as; SiO2, Al2O3, CaO, FeO etc. according to the coal 
type burned in thermal plant [6]. 

In the present study, polymer matrix composites were 
prepared using E-glass fabric as reinforcement, polyester 
as matrix and various amounts of fly ashes from different 
thermal plants as filler materials by using hand lay –up 
and vacuum bagging techniques. Mechanical tests were 
applied and some fractured surfaces were observed by 
Scanning Electron Microscope. According to the results 
filler ratio over mechanical test results were optimized.  

2. Experimental 

An orthophthalic based unsaturated polyester resin 
obtained from Polres Pre-62 was prepared with cobalt 
octoate as accelerator and methyl ethyl ketone peroxide as 
initiator. Fly ashes of Af in and Soma thermal power 
plants were added and mixed with prepared polyester at 5, 
10, 20 and 30 wt%. Resin with/without filler was 
impregnated by hand lay-up technique into 6 layers of 
500 gr/m plain woven E-glass fabric and vacuum bagged. 
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Tensile test was applied according to ISO 527-4 with an 
Instron 3369 universal test machine with axial clip-on 
extensometer. Bending test was performed according to 
ISO 14125 with the same machine with flexural 
apparatus. Impact test was done according to ISO 179-1 
wih a Devotrans DVT CD C Charpy Impact Tester. 
Barcol hardness was measured according to ASTM 
D2583 with a Sheen Barcol Impressor Hardness Tester. 
Wear resistance was determined according to ISO 4649 
with a Devotrans DA 4000 abrasion tester. Surface 
roughness values were obtained according to ISO 4287 
with Mahr Perthometer 52. Surface investigations were 
carried out by using JEOL JSM 6335-F field emission 
scanning electron microscope. 

3. Results and Discussion 

Sieve analyses were applied on both fillers to determine 
mean particle sizes. After the particle size distribution, 
mean particle size values were obtained from drawn 
optimization curves. Mean particle sizes of filler Af in
(A) and filler Soma (S) were determined as 80.73 μm and 
68.29 μm, respectively.  

In Table 1 hardness, roughness and impact strength values 
of the samples are present.  The achieved results revealed 
that all the hardness values slightly increased with filler 
addition due to the hard oxide content of the fillers. 

Table 1. Barcol hardness, roughness and impact strength 
values of the samples. 

Filler 
Content 

Barcol
Hardness

Roughness
(μm) 

Impact 
Strength
(kJ/m2)

Unfilled 82.9 ± 1.8 0.18 205.9 ± 9.9
A-5 84.9 ± 3.2 0.33 186.9±7.5 

A-10 86.2 ± 2.3 0.36 177.1±11.8
A-15 87.5 ± 2.5 0.49 150.2± 1,1 
A-20 88.2 ± 1.3 0.67 144 ±11.42
A-30 88.8 ± 2.8 1.91 142.8 ± 5.1
S-5 84.3 ± 1.2 0.27 174.9± 2.2 

S-10 85.7 ± 1.8 0.34 159.4± 3.5 
S-15 87.5 ± 1.7 0.48 152.1 ± 6.6
S-20 88.2 ± 2.7 0.58 151.4 ± 4.2
S-30 89 ± 2.7 1.06 144.2± 5.6 

According to Table 1, surface roughness values of 
composite materials containing Filler S were lower than 
the ones containing Filler A. The reason of this result may 
be the lower particle size of Filler S than Filler A. On the 
other hand, when the filler content increase impact 
strength values lower for both filler types from 205.9 to 
142.8 kJ/m2.

Stress-strain curves were obtained by the tensile test and, 
tensile strength values were obtained from ultimate tensile 

stress. The results exhibit that, composite samples 
containing no fillers have the highest results. Tensile 
strength values exhibited severe decline with the 
increasing filler amount for both filler types. On the other 
hand, Filler A containing samples showed a little higher 
values.

Figure 1. Tensile strength values.

Flexural strengths of the samples were determined by the 
bending test (Figure 2) and similar trends with the tensile 
test were obtained. Unfilled composite samples have the 
highest flexural strengths and values decreased 
dramatically with the increasing filler content. When the 
filler types compared samples with Filler A showed 
higher values than Filler S. 

Figure 2. Flexural strength values. 

V. Pradeep et.al. investigated the influence of fly ash 
content on the performance of  fiber glass reinforced 
polymer composites, maximum tensile strength, impact 
strength and hardness values were obtained at 15 wt % fly 
ash content [6]. On the other hand, Purohit et. al. 
indicated that maximum impact and flexural strength 
values were observed 4 wt % fly ash, while the tensile 
strength values decrease with increasing the filler amount 
[4], which is similar to our results.  

To sum up, increasing filler content decreases the 
mechanical properties, except hardness. Thus, results can 
be optimized at 5 wt % filler content for fly ashes 
obtained from both Filler A and Filler B.  
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Figure 3. SEM image of composite containing Filler A. 

Figure 4. SEM image of composite containing Filler S. 

In Figure 3 and 4, the SEM micrographs of 5 wt% fly ash 
containing polyester - fiber glass - fly ash composites are 
given. Fractured surfaces after impact test was 
investigated and good interface adhesion were observed 
in both figures.

4. Conclusion 

Fly ash, which occurs at thermal power plants after 
incineration of various types coals, is exposed to nature in 
high amounts. Utilization of this waste in various 
industries plays an important role both on environmental 
and economic aspects. On the other hand, filler addition 
(i.e. industrial wastes) into plastic matrix composite 
materials improves some of their mechanical properties, 
while reducing production costs. 

In this study, E-glass fabric reinforced polyester 
composites were produced with the addition of fly ashes 
from Af in and Soma thermal power plants as filler and 
the following results were concluded; 

• Both filler types increase the hardness while decreasing 
tensile, flexural and impact properties.

• Surface roughness values of the samples were also 
increased. Especially there is a slight difference between 
fillers on surface roughness values, which may be due to 
the different particle size of the fillers. Therefore a study 
concerning the change of mechanical properties with the 
varying particle sizes and the chemical compositions of 
the fly ashes can be conducted.  
• Optimum results were obtained where 5% wt. filler 
amount was used both for Af in and Soma fly ashes. 

In the future studies, the contribution of fly ash in 
different techniques will lead to more use of these wastes 
and will provide both environmental and economic 
benefits.
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Abstract 

In the present study, evaluation and characterization of Ti-
SrAl2O4 composites was studied. Investigation adsorption 
capacities of the composite samples were examined by 
adsorption of Orange II dye in batch system for several 
parameters such as Ti loading amount, solution pH and 
contact time. Freundlich adsorption isotherm model was 
best described the isotherm data and maximum adsorption 
capacity was found 136.99 mg g-1 at natural pH. In acidic 
medium, the highest Orange II adsorption (80%) was 
observed, while in basic medium the adsorption of Orange 
II decreased to 64%. This study showed that Ti-SrAl2O4
could be used as an adsorbent with high adsorption 
capacity for removal of Orange II dye. 

1. Introduction 

Azo dyes are used in various industrial applications such 
as, textile, leather, pharmaceutical, plastics, etc. [1]. During 
the dying processes, 15% of the produced dye is released to 
the environment [2]. The synthetic dyes include complex 
aromatic molecules in their structures, such as benzene, 
toluene, xylene, etc., which makes them more stable and 
more difficult to biodegrade [3]. Orange II is one of the 
synthetic dyes that used in various industrial applications. 
Having carcinogenic and mutagenic effects, dyes reveal 
risks for ecosystem. Therefore, removal of Orange II from 
wastewaters is one of the important problems from the 
environmental point of view. 
Elimination of Orange II was studied using adsorption [1, 
4], oxidation [5], chemical degredation [6, 7] and 
photocatalysis [8]. Zeolite, chitosan, biomass are the some 
of the materials that were used for dye adsorption [7-10]. 

Strontium metal and alloys have been used as getters to 
remove traces of gases from electronic tubes and as a 
scavenger in metallurgy to purify other metals. It has been 
also used in very small quantities ta improve the hardness 
and durability of lead and copper. The use of Strontium 
silicon as inoculant has been developed in the production of 
high quality iron casting [11]. 

Metallic Sr main production method is metallothermic 
reduction of its oxide. The reduction realize according to 
equation 1 and reaction residues is SrAl2O4. Thus, it can be 
used for Ti-SrAl2O4 production reactant. 

2O4                                        (Eq. 1)

In this study, a novel adsorbent, Ti-SrAl2O4, was 
synthesized and characterized. The adsorption capacity of 
Ti-SrAl2O4 was evaluated by using Orange II dye. Batch 
studies were conducted to investigate the adsorption 
capacity of the composites. The effects of experimental 
conditions such as solution pH, contact time and 
temperature on adsorption were studied and possible 
adsorption mechanism is presented. 

2. Experimental Procedure 

2.1. Preparation of Ti loaded SrAl2O4 composites 

In the experiments, synthetic SrO and TiO2 were used as 
strontium and zirconium source. Al powder was used as 
reducing agent. In order to produce metallic Sr, 100 % 
stoichiometric SrO-Al mixture was prepared. The mixtures 
were weighted and briquetted.  Briquettes were put in an 
alumina boat.  The charged boat was inserted into the retort 
at room temperature.  After closing the retort cover, the 
inside pressure was decreased to 1-5 mbar.  After the 
furnace attained to the required temperature, the retort was 
inserted into the furnace.  Since the furnace temperature 
decreases after inserting the retort, initial time was started 
when the furnace reached the desired temperature. 

At the end of the reduction experiments, the retort was left 
in the furnace at the same vacuum values and was cooled to 
room temperature.  Then, the cover was opened and the 
condensed strontium metal on the cooling section and the 
residue left in the boat. According to chemical analyses the 
residue was completely SrAl2O4. Then, % 100 
stoichiometric TiO2-Al charges were prepared and mixed 
with SrO reduction residues. TiO2 reduced to Ti according 
to equation 2 and doped to residues. 

3TiO2  + 2Al2O3                         (Eq. 2) 

TiO2-Al mixtures were added to SrAl2O4 with 5, 10, 15 and 
20 weight percent respectively. This mixtures were charged 
in an Al2O3 crucible and then placed in the ash furnace. 
After the furnace attained to the nally 
crucibles were left from the furnace and characterized. 
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2.2. Characterization of the composites 

Ti-SrAl2O4 powders were analyzed by chemical analysis 
and atomic absorption spectrometry (AAS, Perkin Elmer 
Analyst 800) techniques. The diffraction patterns of 
powders were obtained by PANalytical PW3040/60 X-Ray 
diffraction spectrometer (XRD). Scanning electron 
microscopy (SEM, JEOL JSM 6510LV) technique was 
used for the micrographs. Brunauer Emmett  Teller (BET, 
NOVA 2200e) method was utilized for the calculation of 
specific surface area values of the leached Ti-SrAl2O4
powders. 

2.3. Adsorption experiments 

Batch adsorption experiments were performed by shaking 
25 mL of Orange II solution (100 mg L-1) in a water bath 
orbital shaker at 140 rpm, 298 K for 24 h. The effect of pH 
on Orange II adsorption was studied at different pH level 
(2.0-10.0). The pH levels of Orange II solutions were 
adjusted with HCl and NaOH solutions. 
The equilibrium studies were conducted by mixing 25 mL 
Orange II solution with different amounts of Ti-SrAl2O4
(0.002-0.175 g) for 24 h at natural pH value at 298 K using 
various the loading amount of titanium from 0% to 20%. 
The equilibrium Orange II concentrations were analyzed by 
UV-Vis spectrophotometer at 485 nm. Batch adsorption 
experiments were conducted in duplicate and arithmetic 
averaged results were used to fit adsorption curves. The 
amount of Orange II adsorbed by Ti-SrAl2O4 samples were 
calculated by using Eq.(3): 

                                (Eq. 3)

where qe is the Orange II adsorption capacity (mg g ), V is 
the solution volume (L), m is the adsorbent dosage (g), Ci

and Ce are the initial and equilibrium concentration of 
Orange II (mg L ), respectively.  
The kinetic adsorption experiments were performed by 
mixing Orange II solution (20 mg L-1) at natural pH with 
20% Ti-SrAl2O4 samples in polyethylene bottles at 298 K. 
The solid/liquid ratio was chosen as 3.0 g/L for Ti- SrAl2O4
samples. At given time intervals, aliquots (4 mL) were 

equilibrium Orange II concentrations were measured.  

3. Results and Discussion 

3.1. Characterization of the samples 

To understand products crystallographic structure XRD 
analyses were applied on the all samples. Fig. 1 presents 
effect of % 20 Ti addition on the SrAl2O4 residues. 
According to Fig. 1 Sr-Ti, Al-Ti, SrAl2O4 and unreacted 
SrO phases were detected in products. 

Fig. 1: XRD Graph of Ti-SrAl2O4 with 20 % Ti addition 

3.2. Effect of titanium amount on Orange II adsorption 

Adsorption capacities of various synthesized Ti-SrAl2O4
composites were compared for Orange II. Adsorption 
capacity was found to increase with the increase in titanium 
amount in the composite due to increase of positive charge 
on the surface.  
As presented in Fig.2, Orange II significantly increased 
from 43 mg g-1 (0% Ti-SrAl2O4) to 140 mg g-1  (20% Ti-
SrAl2O4). Increasing in adsorption capacity is a result of 
electrostatic attractions between positively charged surface 
and Orange II anion. Therefore, 20% Ti-SrAl2O4 composite 
was used for the further experiments. 

Fig. 2: Effect of Ti loading amount and adsorption isotherm of 
Orange II dye. 

3.3. Effect of pH on Orange II adsorption 

Solution pH effect on Orange II adsorption over 20% Ti-
SrAl2O4 is presented in Fig. 3. 
As illustrated in Fig. 3, Orange II adsorption was highest 
(80%) in acidic medium due to electrostatic attractions. In 
basic medium a slight decrease (64%) was observed 
because of the competition between the negatively charged 
OH groups and Orange II anions.  

m
VCC

q ei
e

)(
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Fig. 3: Effect of pH on Orange II adsorption 

3.3. Adsorption kinetics and isotherms 

To investigate the effect of contact time 100 mg L-1 
Orange II solution was conducted with 20% Ti-SrAl2O4
composite using 3.0 g L-1 solid/liquid ratio. Equilibrium 
time was found 18 h, which indicates that the active sites 
on the composite surface occupied with Orange II ions after 
18 h (Fig. 4). The adsorbed amount of Orange II was found 
24 mg g-1 at the equilibrium time.   

Fig. 4: Effect of contact time on Orange II adsorption

Adsorption studies were performed by shaking appropriate 
amount of Ti-SrAl2O4 composites with 25 mL 100 mg g-1

Orange II solution at 140 rpm and 298 K. In order to 
investigate the adsorption characteristics of Ti-SrAl2O4
composites, Langmuir and Freundlich isotherm models 
were used to analyze the adsorption data. According to the 
model parameters given in Table 1, Freundlich isotherm is 
well described the experimental data of Orange II 
adsorption. This result indicates that the multilayer 
adsorption of Orange II was occurred on heterogeneous 
surface sites of 20% Ti-SrAl2O4.

Table 1. Parameters of adsorption isotherms 

Langmuir 
isotherm 

Freundlich 
isotherm 

Adsorbent Qm 
(mg/g) 

b R2 KF
(L/g) 

n R2

0%  
Zr-SrAl2O4

107.53 0.029 0.91 1.730 13.88 0.94 

20% 
Zr-SrAl2O4

136.99 0.078 0.97 18.38 2.325 0.99 

The adsorption capacities of Orange II on 0% Ti-SrAl2O4
and 20% Ti-SrAl2O4 were found as 107.53 mg g-1 and 
136.99 mg g-1, respectively. This result also showed that 
the 20% Ti-SrAl2O4 is an effective adsorbent for the 
tetracycline adsorption. 

4. Conclusion 

In this work, Ti-SrAl2O4, was prepared and characterized 
for Orange II adsorption. Different amounts of Ti loaded 
(0%-20%) into SrAl2O4 structure. It was found that 20% 
Ti-SrAl2O4 was showed the highest adsorption capacity 
(136.99 mg g-1). According to pH experiments, Orange II 
adsorption was slightly decreased in basic medium due to 
electrostatic repulsion forces between negatively charged 
surface and Orange II anion and also presence of OH ions 
in the solution. Comparing the adsorption isotherm models, 
Freundlich isotherm model showed a well correlation with 
the experimental data. The results showed that Ti-SrAl2O4
composite could be used for dye adsorption with a high 
adsorption capacity.  
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Abstract 

In the present study, synthesizing and characterization of 
Zr(IV)-SrAl2O4 was studied. The ability of tetracycline 
adsorption of the composite was investigated by 
tetracycline adsorption. Tetracycline adsorption was 
examined in batch system investigating several parameters 
on adsorption such as Zr(IV) loading amount, solution pH 
and contact time. Langmuir adsorption isotherm model was 
best described the isotherm data and maximum adsorption 
capacity was found 75.188 mg g-1 at natural pH. In acidic 
medium, lower tetracycline adsorption (6%) was observed, 
while in basic medium the adsorption of tetracycline was 
increased to 91%. This study showed that Zr(IV)-SrAl2O4
could be used as an adsorbent with high adsorption 
capacity for removal of tetracycline. 

1. Introduction 

Tetracycline is a pharmaceutical with a broad-spectrum of 
activity and effective medicine among antibiotics [1]. 
Therefore, it has been in clinical use for infection treatment 
continuously from last decades [2]. Because of incomplete 
metabolism of the antibiotics, the residues commonly found 
in groundwater, drinking water, sediment, and soil [3, 4]
Therefore, presence of tetracycline in water is concerned 
one of the important pollutant in aquatic environment. 

Removal of tetracycline from water was studied using 
several methods such as photocatalysis [5], redox reactions 
[6] and electron pulse irradiation [7]. However, these 
methods are not convenient for the practical applications. 
Adsorption is one of the method that can be used for 
removal of tetracycline, which is low cost, easily applicable 
for the practical applications and high removal rates. In the 
literature, tetracycline adsorption was studied using clay 
minerals, activated carbon nanoparticles, biochar and 
magnetic carbon composites.  

Strontium is principally used in the form of compounds. 
The important uses of strontium compounds and strontium 
metal are in metallurgical industry. Strontium metal and 
alloys are used as getters to remove traces of gases from 
electronic tubes and as a scavenger in metallurgy to purify 

other metals. It has been also used in very small quantities 
to improve the hardness and durability of lead and copper. 

Since Sr is a reactive metal, it is difficult and costly to 
produce except under carefully controlled processes. At 
present, the most effective method for the production of 
strontium is the metallothermic reduction of its oxide [10, 
11].

The present method of strontium production is the vacuum 
retort process [12]. Strontium is produced only by the 
thermal method for industrial use. Timminco Metals, 
Ontario, Canada used a method similar to the Pidgeon 
Process in the production of strontium [13]. This reaction 
wastes are SrAl2O4. Thermodynamic modelling of SrO 
reduction plotted via FactSage 6.4 program. According to 

here 
is an another Sr based phase which is SrAl2O4. This phase 
reduce Sr yield but on the other hand it can be use for 
Tetracycline adsorption if it dopes with Zr. Fig. 1 also 
shows that SrAl2O4

Fig. 1: SrO Aluminothermic Reduction 

The purpose of this study is to evaluate and characterized 
of Zr(IV)-SrAl2O4 composites and to use for tetracycline 
adsorption.  

Batch studies were conducted to investigate the adsorption 
capacity of the composites. The effects of experimental 
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conditions such as solution pH, contact time and 
temperature on adsorption were studied and possible 
adsorption mechanism is presented. 

2. Experimental Procedure 

2.1. Preparation of Zr(IV) loaded SrAl2O4 composites 

Raw materials: In the experiments, synthetic SrO and 
ZrO2 were used as strontium and zirconium source. Al 
powder was used as reducing agent. In order to produce 
metallic Sr, 100 % stoichiometric SrO-Al mixture was 
prepared. The mixtures were weighted and briquetted.  
Briquettes were put in an alumina boat.  The charged boat 
was inserted into the retort at room temperature.  After 
closing the retort cover, the inside pressure was decreased 
to 1-5 mbar.  After the furnace attained to the required 
temperature, the retort was inserted into the furnace.  Since 
the furnace temperature decreases after inserting the retort, 
initial time was started when the furnace reached the 
desired temperature. 

At the end of the reduction experiments, the retort was left 
in the furnace at the same vacuum values and was cooled to 
room temperature.  Then, the cover was opened and the 
condensed strontium metal on the cooling section and the 
residue left in the boat. According to chemical analyses the 
residue was completely SrAl2O4. Then, % 100 
stoichiometric ZrO2-Al charges were prepared and mixed 
with SrO reduction residues. ZrO2 reduced to Zr according 
to equation 1 and doped to residues. 

3ZrO2 2O3                         (Eq. 1) 

ZrO2-Al mixtures were added to SrAl2O4 with 5, 10, 15 and 
20 weight percent respectively. This mixtures were charged 
in an Al2O3 crucible and then placed in the ash furnace. 
After the furnace attained to the , 1 hour. Finally 
crucibles were left from the furnace and characterized. 

2.2. Characterization of the composites 

Zr(IV)-SrAl2O4 powders were analyzed by chemical 
analysis and atomic absorption spectrometry (AAS, Perkin 
Elmer Analyst 800) techniques. The diffraction patterns of 
powders were obtained by PANalytical PW3040/60 X-Ray 
diffraction spectrometer (XRD). Scanning electron 
microscopy (SEM, JEOL JSM 6510LV) technique was 
used for the micrographs. Brunauer Emmett  Teller (BET, 
NOVA 2200e) method was utilized for the calculation of 
specific surface area values of the leached Zr(IV)-SrAl2O4
powders. 

2.3. Adsorption experiments 

Batch adsorption experiments were performed by shaking 
25 mL of tetracycline solution (20 mg L-1) in a water bath 

orbital shaker at 140 rpm, 298 K for 24 h. The effect of pH 
on tetracycline adsorption was studied at different pH level 
(2.0-10.0). The pH levels of tetracycline solutions were 
adjusted with HCl and NaOH solutions. 
The equilibrium studies were conducted by mixing 25 mL 
tetracycline solution with different amounts of Zr(IV)-
SrAl2O4 (0.002-0.075 g) for 24 h at natural pH value at 298 
K using various the loading amount of ZrOCl2.8H2O from 
0% to 20%). The equilibrium tetracycline concentrations 
were analyzed by UV-Vis spectrophotometer at 360 nm. 
Batch adsorption experiments were conducted in duplicate 
and arithmetic averaged results were used to fit adsorption 
curves. The amount of tetracycline adsorbed by Zr(IV)-
SrAl2O4 samples were calculated by using Eq.(2): 

 (Eq. 2)

where qe is the tetracycline adsorption capacity (mg g ), V
is the solution volume (L), m is the adsorbent dosage (g), Ci

and Ce are the initial and equilibrium concentration of 
tetracycline (mg L ), respectively.  
The kinetic adsorption experiments were performed by 
mixing tetracycline solution (20 mg L-1) at natural pH with 
20% Zr(IV)-SrAl2O4 samples in polyethylene bottles at 298 
K. The solid/liquid ratio was chosen as 1.0 g/L for Zr(IV)- 
SrAl2O4 samples. At given time intervals, aliquots (4 mL) 

and equilibrium tetracycline concentrations were measured.  

3. Results and Discussion 

3.1. Characterization of the samples 

To understand products crystallographic structure XRD 
analyses were applied on the all samples. Fig. 2 presents 
effect of % 20 Zr addition on the SrAl2O4 residues. 
According to Fig. 2 Sr-Zr, Al-Zr, SrAl2O4 and unreacted 
SrO phases were detected in products. 

            Fig. 2: XRD Graph of Zr(IV)-SrAl2O4 with 20 % Zr 
addition 

m
VCC

q ei
e

)(
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3.2. Effect of Zr(IV) amount on tetracycline adsorption 

To investigate the effect of Zr(IV) loading amount on 
tetracycline adsorption a series of Zr(IV)-SrAl2O4
composites were prepared by using different amounts of 
ZrOCl2.8H2O. Zr(IV) contents in Zr(IV)-SrAl2O4
composite were changed from 0% to 20%. As presented in 
Fig. 3, the removal of tetracycline significantly increased 
from 55% (0% Zr(IV)-SrAl2O4) to 93% (20% Zr(IV)-
SrAl2O4). Moreover, adsorption capacities were found as 
58 mg/g and 196 mg/g for 0% Zr(IV)-SrAl2O4 and 20% 
Zr(IV)-SrAl2O4, respectively. Increasing the loading 
amount of Zr(IV) resulted with an increase in positive 
charge on the adsorbent surface. Electrostatic attractions 
occurred between the positively charged surface of the 
adsorbent and tetracycline ions, resulting with an increase 
in the removal. Therefore, 20% Zr(IV)- SrAl2O4 composite 
was used for the further experiments. 

Fig. 3: Effect of Zr(IV) loading amount and adsorption isotherm 
of tetracycline. 

3.3. Effect of pH on tetracycline adsorption 

Due to changing surface properties and ionization of the 
tetracycline, pH is one of them most important parameter 
for the adsorption process. Tetracycline adsorption capacity 
of 20% Zr(IV)-SrAl2O4 composite was examined at 
different pH values (2-10) using 20 mg L-1 tetracycline 
concentration and 1 g L-1 solid/liquid ratio. 
As illustrated in Fig. 4, tetracycline adsorption on 20% 
Zr(IV)-SrAl2O4 composite was reached maximum after pH 
7.5 (16.32 mg g-1, 91%).  Tetracycline has multiple 
functional groups in its structure such as amino, phenol and 
alcohol. Therefore, dissociation constants of tetracycline is 
pKa1=3.3, pKa2=7.7 and pKa3=9.7 [8]. Until pH 3.3, the 
dominant form of tetracycline in the solution is TCH3

+,
between pH 3.3 and 7.7 the zwitterion form occurs in the 
solution (TCH2 ) and after pH 7.7 anions TCH-, TC2-

exhibit in the solution [9]. In acidic medium, the adsorption 
of tetracycline is too low (1.198 mg g-1, 6%) because of 
electrostatic repulsion between positively charged surface 
and TCH3

+ cations. After pH 4.50, increasing trend was 
observed for tetracycline adsorption due to the presence of 
dominant species (TCH2 ). At pH 7.50, the adsorption 

capacity was reached at maximum value (16.32 mg g-1,
91%) and after that point adsorption capacity was not 
changed. In basic medium, a strong electrostatic attraction 
occurs between positively charged surface and TCH-, TC2-

anions.

Fig. 4: Effect of pH on tetracycline adsorption 

3.3. Adsorption kinetics and isotherms 

To investigate the effect of contact time 20 mg L-1 
tetracycline solution was conducted with 20% Zr(IV)-
SrAl2O4 composite using 1 g L-1 solid/liquid ratio. The 
equilibrium time was found as 24 h for tetracycline 
adsorption (Fig. 5). Available active sites on composite 
surface occupied with tetracycline ions after 20 h. The 
adsorbed amount of tetracycline was reached 15.72 mg g-1

with a removal percentage of 92%.   

Fig. 5: Effect of contact time on tetracycline adsorption

Adsorption studies were performed at different Zr(IV) 
loading levels (0%-20%) by shaking at 140 rpm and 298 K 
(Fig.5). In order to investigate the adsorption characteristics 
of Zr(IV)-SrAl2O4 composites, Langmuir and Freundlich 
isotherm models were used to analyze the adsorption data. 

Langmuir isotherm model assumes that the adsorption 
occurs on homogenous surface sites on the adsorbent and 
monolayer coverage occurs on the same adsorption energy 
sites. Freundlich isotherm model takes place on 
heterogeneous surface sites with non-uniform distribution 
of sorption heat. Multilayer coverage occurs on 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

714 IMMC 2018   |   19th International Metallurgy & Materials Congress

heterogenous surface sites. Parameters obtained from the 
isotherm models were given in Table 1.

Table 1. Parameters of adsorption isotherms 

Langmuir 
isotherm 

Freundlich 
isotherm 

Adsorbent Qm 
(mg/g) 

b R2 KF
(mg/g) 

n R2

0%  
Zr-SrAl2O4

49.505 0.065 0.94 5.209 0.933 0.89 

20% 
Zr-SrAl2O4

75.188 0.142 0.82 20.951 0.799 0.74 

Based on the correlation coefficients (R2) of the composites 
were best described by Langmuir isotherm model which 
showed that tetracycline was mainly adsorbed in monolayer 
coverage manner on active sites of the adsorbent. The 
adsorption capacities of tetracycline on 0% Zr(IV)-SrAl2O4
and 20% Zr(IV)-SrAl2O4 were found as 49.505 mg g-1 and 
75.188 mg g-1, respectively. This result also showed that 
the 20% Zr(IV)-SrAl2O4 is an effective adsorbent for the 
tetracycline adsorption. 

4. Conclusion 

In this work, a novel composite, Zr(IV)-SrAl2O4, was 
prepared and characterized for tetracycline adsorption. 
Adsorption capacities of Zr(IV)-SrAl2O4 was compared 
with different amounts of Zr(IV) loaded (0%-20%) SrAl2O4
composites. It was found that 20% Zr(IV)-SrAl2O4 was 
showed the highest adsorption capacity (196 mg g-1) among 
the other Zr(IV) loading amounts. According to pH 
experiments, tetracycline adsorption was increased 
significantly in basic medium due to the dominant anion 
species of tetracycline (TCH-, TC2-). Comparing the 
adsorption isotherm models, Langmuir isotherm model 
showed a well correlation with the experimental data. The 
results showed that Zr(IV)-SrAl2O4 composite can be 
effectively used for tetracycline adsorption and considered 
a novel adsorbent with high adsorption capacity.  
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Abstract 

Acrylonitrile butadiene styrene (ABS) is a widely 
used thermoplastic copolymer due to its desirable 
properties such as good mechanical performance 
(toughness, impact resistance, among others), ease 
of processability, chemical resistance, and low cost. 
Nevertheless, the major drawback of ABS is its 
inherent flammable characteristic which could 
restrict its use in a wide variety of applications where 
fire retardancy is required. Phosphorus flame 
retardants (PFRs) have been utilized in the last 
decade in ABS as a more environmentally friendly 
option compared with its halogenated counterparts. 
Nevertheless, one of the main drawbacks of 
incorporating PFRs into ABS is normally the 
deterioration of its mechanical performance. The use 
of an ionomer, as a compatibilizer, is the strategy 
proposed in the present work to reduce the negative 
effect of PFRs on ABS mechanical performance. In 
this study, two different PFR additives, selected 
regarding to high efficiency of flame retardant effect 
on ABS, and a commercial ionomer were 
incorporated into ABS by means of a melt blending 
process. Hence, the effect of adding a commercial 
ionomer on the ABS and ABS phosphorus flame 
retardant (PFR) formulations (ABS-PFR) was 
analyzed by means of different characterization 
techniques.  

1. Introduction 

Acrylonitrile butadiene styrene (ABS) copolymer is 
a thermoplastic produced by combining three 
monomers: acrylonitrile, butadiene, and styrene. The 
ratio between these monomers and the molecular 
structure of the ABS can be manipulated to produce 
goods with useful characteristics. ABS consists of 
two phases: a continuous phase of styrene-
acrylonitrile (SAN) copolymer, and a dispersed 
phase of polybutadiene particles. Both phases 
promote the specific characteristics of the ABS 
polymer. SAN phase combines the easy processing 
of polystyrene with the stability and chemical 

durability of acrylonitrile. On the other hand, the 
incorporation of butadiene rubber into ABS 
copolymer promotes high impact strength 
characteristics. Beside these properties, the most 
important drawback of ABS is its inherent 
flammability behavior, like most of the styrene-
based polymers [1, 2]. 

Many strategies are provided to improve the fire 
resistance of ABS, but due to environmental 
protections, halogen free PFRs are a preferable 
solution. However, the high content (20-30 wt.%) of 
PFR required to achieve flame retardancy leads to a 
deterioration of styrenics copolymers mechanical 
performance [3, 4, 5]. 

Compatibilizers are suitable candidates to improve 
blends miscibility and mechanical properties of 
flame retardant polymer formulations. Ionomers are 
a unique type of compatibilizers that have a small 
molar fraction (typically less than 10 mol %) of ionic 
groups covalently bonded to the polymer structure 
[6, 7]. The ionic cluster region of ionomers behaves 
as thermoreversible crosslinks and improves the 
toughness, melt viscosity, and adhesion properties of 
the copolymers [8-12]. 

In the present work, ABS and flame retardant ABS 
formulations were prepared and the effect of adding 
a commercial ionomer on the ABS and ABS 
phosphorus flame retardant (PFR) formulations 
(ABS-PFR) was analyzed. The main objective of this 
study was to analyze to effect of a commercial 
ionomer on the thermal stability and mechanical 
behaviour of ABS-PFR formulations. 

2.Experimental Procedure 

2.1. Materials 

ABS pellets (ELIXTM 128 IG) was acquired from 
ELIX Polymers which have white to slightly 
yellowish color and the butadiene content of ABS is 
26-28 %. PB with the commercial name BUNA CB 
565 T, manufactured by LANXESS, was used. 
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BUNA CB 565 T is solid transparent rubber with a 
density of 0.91 g/cm3. Ethylene methacrylic acid 
(EMAA) copolymer (commercial name Surlyn®

8140 and density of 0.96 g/cm3), were supplied by 
DupontTM, was used as a commercial ionomer. 
Phosphorus flame retardants were APP (Clariant, 
Exolit® AP 422 and density of 1.9 g/cm3) and AlPi 
(Clariant, Exolit® OP 1230 and density of 1.35 
g/cm3) which were used to obtain flame retardant 
characteristic in polymer formulations. 

2.2. Preparation of Formulations and Specimens 

In this study, all formulations were prepared by melt 
compounding in accordance with the different 
components using a Brabender PlastiCorder static 
mixer, at a temperature and screw speed of 165 oC
and 30 rpm respectively, with a mixing time of 15 
minutes. A 10 and 20 wt.% of an ammonium 
polyphosphate (APP) and an aluminium 
diethylphosphinate (AlPi) were added, in a 1:1 
proportion, into ABS. Also, a 5 per hundred of resin 
(PHR) of an ionomer of ethylene methacrylic acid 
copolymer (EMAA) was incorporated into the ABS 
and ABS phosphorus flame retardant (PFR) 
formulations. 

In order to prepare the specimens, a hot-plate press 
(IQAP-LAP PL15) was used with 4 mm thick square 
mold, by heating at 165 oC applying a pressure of 10-
100 bar. 

2.3. Testing Procedure 

The morphology of the formulations was analyzed to 
use JEOL JSM-5610 by applying a voltage of 15 kV.  
Samples were previously prepared by machining and 
brittle fracturing with final sputtering of a thin layer 
of gold onto the fractured surface in argon 
atmosphere using a BAL-TEC SCD005 Sputter 
Coater. 

The thermal analysis of ABS PFR formulations were 
done by means of a thermogravimetric analysis 
(TGA). A Mettler Toledo TGA/DSC 1 STAR 
System was utilized in this study in order to evaluate 
the thermal decomposition of polymeric materials. 
During this process, a nitrogen atmosphere was used 
and a heating rate of 10 °C minute from 30 °C to 
1000 °C was applied. The weight of all samples was 
between 12 to 14 mg. 

Flexural tests were done by a using three-point 
bending test (Galdabini Sun 2500) according to ISO 
178 standards to measure flexural modulus in order 
to analyze the effects of the ionomer on the 
mechanical properties. 

The Ceast® Resil Impactor Junior impact test 
machine was used to determine the impact strength 
of samples. The samples were prepared according to 
ISO 179-1:2000 normative. 

3. Results and Discussion 

3.1. Morphological Analysis 

The samples were analyzed by SEM to investigate 
ionomer effects on the fracture surface of ABS flame 
retardant formulations. 

In Figure 1., the smooth APP parts and rough 
phosphinate salt particles are seen in the 
micrographs. The APP particles were covered with 
ionomer instead of phosphinate salt particles. 
Ionomer seems to behave as a linking agent and 
improve the compatibility between matrix and APP. 

Figure 1. SEM micrographs of a) ABS-I-PFR 10, 
b) ABS-I-PFR 20 samples. 

3.2. Thermal Analysis 

The starting temperature of decomposition 
decreased with the presence of the PFR additives are 
presented in Table 1. An increase of residue was also 
observed according to an increase of wt.% PFR at 
900 °C.  

Table 1. Flexural test results of ABS PFR samples. 

Sample 
T

5 wt.%

(°C)
Residue 
(wt.%) 

ABS-PFR 10 359 4.74 
ABS-PFR 20 344 8.02 

ABS-I-PFR 10 324 5.26 
ABS-I-PFR 20 310 8.76 

The inclusion of ionomer in PFR formulations 
increased the amount of residue and decreased the 
degradation starting temperature as can be seen in 
Figure 2. The decrease of the onset temperature 
could indicate a catalyzer effect of the ionomer on 
the decomposition of the PFR additives. 

3.3. Mechanical Analysis 

3.3.1 Flexural Test 

The flexural test results of samples are seen in Table 
2. It is seen that the maximum flexural strength 
decreased with the increase of PFR content. The 
reason of the decrease of the maximum flexural 
strength could be due to the increase of poor 
interface between PFRs and polymer matrix. 
Additionally, the increase of flexural modulus is 
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related to the increase of PFR loading. Despite the 
negative effect of the PFR addition, ionomer added 
samples have higher modulus and strength than the 
samples without ionomer. The inclusion of ionomer 
enhances the maximum flexural strength of flame 
retardant samples; this could be related with the high 
compatibility between APP and polymer matrix. 

Figure 2. Amplification of starting of degradation 
step for ABS-PFR 10, ABS-I-PFR 10, ABS-PFR 20 
and ABS-I-PFR 20 formulations. 

Table 2. Flexural test results of ABS PFR samples. 

Sample
Max. Flexural  

Strength (MPa) 
Flexural 
Modulus 

(GPa) 
ABS 27.08 ± 0.27 0.773 ± 0.001 

ABS-PFR 10 24.45 ± 1.77 0.820 ± 0.015  

ABS-PFR 20 21.61 ± 1.28 0.857 ± 0.010 

ABS-I-PFR 10 26.99 ± 0.25 0.856 ± 0.007 

ABS-I-PFR 20 24.28 ± 1.51 1.003 ± 0.004 

3.3.2 Charpy Impact Test 

The charpy impact strength of the flame retardant 
ABS formulations is shown in Table 3. The impact 
strength of neat ABS is 25.7 kJ/m2. It can be proved 
that the charpy impact strength is significantly 
lowered with the addition of the different flame 
retardant additives.  

Table 3. Impact test results of ABS PFR samples.
Sample Impact Strength 

(kJ/m2)
ABS-PFR 10 18.7 ± 2.4 

12.2 ± 2.7 

6.4 ± 0.8 

4.0 ± 0.9 

ABS-PFR 20 

ABS-I-PFR 10 

ABS-I-PFR 20 

The high value of ABS is due to the fact that it is a 
hard and tough thermoplastic terpolymer with good 

impact strength; but impact strength is very sensitive 
to fillers or additives. 

4. Conclusion 

The results of this study provided a clearer 
understanding of the ionomer effect on mechanical 
properties of ABS PFR formulations. The 
morphology of the fracture surface of the samples 
was analyzed by means of scanning electron 
microscopy (SEM). Poor interaction between PFR 
additives and matrix was reported for samples 
without ionomer. On the other hand, the ionomer 
addition enhanced the interaction between APP and 
polymer matrix. This indicated that ionomer addition 
could partially compatibilize PFR additives and ABS 
matrix. The thermogravimetric analysis of ABS 
formulations showed that the starting temperature of 
decomposition of ABS decreased with the presence 
of the PFR additives. An increase of residue was also 
observed in accordence with an increase of wt.% 
PFR. This observation could be attributed to 
synergistic interactions between the polymer matrix 
and the PFR additives during the thermal 
decomposition process. In addition, according to 
TGA results, inclusion of ionomer in PFR 
formulations increased the amount of residue and 
degradation starting temperature. The mechanical 
properties of flame retardant polymers were 
investigated by using three-point bending flexural 
test and charpy impact test in accordance with 
inclusion of ionomer. Analysis showed that the 
formulations with ionomer presented higher flexural 
modulus. Impact strength of ABS flame retardant 
formulations decreased with increasing wt.% PFR. 
Analysis also showed that ionomer addition 
decreased the impact strength of the samples. 
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Abstract 

Currently used implant materials do not suffice the 
needs of patients mainly due to their poor 
osseointegration with the juxtaposed bone tissue, 
which ultimately leads to failure of the implant. To 
overcome this issue, better orthopedic implants 
exhibiting bioactive characteristics are required. 
Tantalum is a good candidate as a new generation 
orthopedic implant materials due to its superior 
mechanical and chemical properties compared to the 
currently-used metallic implant materials. However, 
its bioinert nature prevents formation of firm and 
lasting interface with the juxtaposed bone. Herein, 
tantalum was anodized using different concentrations 
of aqueous and concentrated H2SO4-HF electrolytes 
under 10-30V electrical potential up to 2 hours to 
fabricate bioactive nanotubular, nanocoral and 
nanodimple surface morphologies on tantalum. To 
examine the bioactivity of the surface, simulated body 
fluid analysis was conducted up to 21 days. Findings 
showed that nanofeatured tantalum surfaces promote 
formation of CaP minerals. 

1.Introduction 

Osteoarthritis, inflammation of joints due to 
degeneration of cartilage tissue, is the most common 
joint disease and it highly limits mobility of the 
patients [1]. Common treatment modality for severe 
osteoarthritis is the replacement of degenerated tissues 
with artificial implants. However, average lifetime of 
currently-used implants is only 15-20 years [2]and one 
third of the population requiring implant is under 65 
years old [3]. Having an anticipated lifespan longer 
than the lifetime of an implant, younger patients can 
require revision surgeries, which are risky both for the 
patient and the surgeon. Clearly, currently-used 
implants cannot satisfy the needs of the patients. 
Fabrication of better orthopedic implants with 
increased longevity is a pressing issue.  

Tantalum gained popularity as an orthopedic implant 
material in the last decade, showing superior corrosion 
resistance and mechanical properties compared to the 
commonly-used orthopedic implant materials, i.e.

316L stainless steel, titanium, titanium alloys and 
CoCrMo [4]. However, bioinert nature of tantalum 
limits osseointegration with juxtaposed bone tissue, 
resulting in failure of the implant. To overcome this 
issue, tantalum surfaces have been modified to 
enhance its bioactivity using various surface treatment 
techniques. Anodization, which is an electrochemical 
surface modification technique to grow an oxide based 
film on tantalum surfaces, can be used to improve 
osseointegration of tantalum implants by creating a 
bioactive nanophase surface topography. In this 
research, tantalum samples were successfully 
anodized to obtain nanotubular, nanodimple, and 
nanocoral surface morphologies, and the bioactivity of 
these newly formed surfaces were assessed 1xSBF 
immersion up to 21 days. 

2. Experimental Procedure 

Tantalum foil samples (Alfa-Aesar, 99.95%, 0.127 
mm) were cleaned first with acetone, ethanol and DI, 
dried in air before anodization. Then they were 
connected to power supply (TDK-Lambda Genesys 
300V/5A) using platinum as the cathode and tantalum 
as the anode. Aqueous (100 ml H2O and 1:9 vol/vol 
HF: H2SO4 for 135 ml electrolyte) and concentrated 
HF (37%) and H2SO4 (95-98%) (1:9 vol/vol) were 
used as electrolytes and stirred magnetically during 
anodization. Different potentials (10-30V) and 
different anodization times (up to 2 hours) were 
investigated depending on the concentration of the 
electrolyte, temperature increase in the system and 
current obtained in the electrical circuitry. Then, 
samples were rinsed with DI and dried in air. 
Anodization parameters were optimized to obtain 
nanotubular, nanodimple and nanocoral 
morphologies. Chemical analyses of nanofeatured 
surfaces were completed using FTIR-ATR (Bruker 
IFS 66/S) in the 400-4000cm-1 range. To investigate 
the bioactivity of the anodized surfaces, samples were 
immersed into 1x SBF up to 21 days at 37oC following 
previously established protocols [5]. Calcium mineral 
deposition from SBF onto the surfaces was 
investigated using SEM (FEI NOVA 430), EDS and 
FTIR. 
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3. Results and Discussion 

Non-anodized tantalum surfaces used in this study can 
be observed in Figure 1 at different magnifications. 

          

Figure 1. Non-anodized tantalum surfaces. Scale 
bars are (a) 5 m and (b) 3 m.

For the anodization process, a concentrated HF and 
H2SO4 (1:9 vol/vol) solution was used as an electrolyte 
to fabricate nanotubular and nanodimple surface 
morphologies on tantalum. Using this electrolyte, 
nanotubes initially appeared on tantalum surfaces. 
Once the duration of anodization increased, nanotubes 
delaminated from the tantalum substrate surface and 
left behind nanodimple surface morphology. It is 
plausible to speculate that the aggressive nature of the 
electrolyte and the stress built-up between the oxide 
and metallic layer induced delamination of the 
nanotubes from the surface. Nanotubular and 
nanodimple surface morphologies are displayed in 
Figure 2 (a) and (b), respectively. 

    

Figure 2. (a) Nanotubular and (b) nanodimple 
tantalum surfaces. Scale bars are (a) 1 m and (b) 

500nm.

To obtained nanocoral surface morphology, an 
aqueous HF and H2SO4 (1:9 vol/vol) electrolyte was 
utilized during anodization process. Basically, 
incorporation of H2O into the electrolyte induced 
initial formation of a mesoporous structure on 
tantalum having a pore size range of 5-50nm. As the 
duration of anodization increased, the mesoporous 
structures grew to form larger pores and obtained a 
coral-like surface morphology. In Figure 3, (a) 
mesoporous and (b) nanocoral morphologies can be 

observed. It was important to note that very chemical 
compositions of these surfaces drastically differ. EDX 
analysis showed that Ta/O ratio for nanocoral samples 
was 0.18, while this ratio was around 4.3 and 3.5 for 
nanodimple and nanotubular samples respectively. 
Clearly, the valency of tantalum and the composition 
of tantalum oxide on the anodized surfaces were 
different. This difference was important since 
chemical composition of an implant surface influences 
its interaction with bone cells and juxtaposed tissue 
[6], ultimately influencing the success or failure of the 
orthopedic implant. 

    

Figure 3. Nanoporous and nanocoral tantalum 
surfaces. Scales are 500 nm for (a) and (b). 

Once tantalum surfaces were anodized to obtain three 
different surface morphologies, surface chemical 
analysis was completed using FTIR-ATR (Figure 4). 
Results confirm the presence of Ta-O-Ta (stretching 
vibrational modes, 800-750 cm-1) and residual SO4

-2

bands (stretching vibration of S=O band in sulfate 
groups, 1250-1200 cm-1) for nanotubular, nanodimple 
and nanocoral morphologies. Ta-O peaks was an 
indication of tantalum oxide formation on tantalum 
upon anodization and SO4

-2 peaks could indicate the 
presence of adsorbed electrolyte onto the oxide layer 
during anodization. 

Figure 4. FTIR-ATR results of anodized samples 
having nanotubular, nanodimple and nanocoral 

surface morphologies. 
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To investigate bioactivity, anodized tantalum samples 
having nanotubular, nanodimple and nanocoral 
surface morphologies were immersed into 1x SBF up 
to 21 days.  Though SEM images (Figure 5) showed 
no significant morphological changes after 21 days of 
SBF immersion, EDX examination of these surfaces 
signaled presence of CaP minerals on the anodized 
surfaces (Table 1). Ca and P peaks were observed for 
the anodized samples having nanotubular and 
nanocoral surface morphologies, whereas only Ca 
peak was present for the samples having nanodimple 
morphology. Once surfaces were investigated with 
FTIR-ATR, characteristic CO3

-2 and PO4
-3 peaks were 

visible for all three surface morphologies after SBF 
immersion for 21 days (Figure 6). Results for the 
surface chemical analysis cumulatively suggested that 
nanotubular and nanodimple surfaces have bioactive 
surface characteristics. Of course, further studies 
investigating biocompatibility of anodized surfaces 
with bone cells is required to offer anodized tantalum 
surfaces for orthopedic applications. 

     

Figure 5. SEM images of samples having 
(a)nanotubular, (b) nanodimple and (c) nanocoral 

surface morphologies after 21 days in SBF.

Table 1. EDS results of nanotubular, nanodimple and 
nanocoral tantalum surfaces after immersion in SBF 

 for 21 days 

Morphology Element (Atomic %) 
Ta O Ca P

Nanotubular 76 22 1 1
Nanodimple 79 18 2 -
Nanocoral 15 83 1 1

Figure 6. FTIR-ATR results of anodized samples 
immersed in SBF for 21 days 

4.Conclusion 

In this study, tantalum was anodized using 
concentrated and aqueous HF and H2SO4 (1:9 vol/vol) 
solutions under various electrical potential for 
different durations. Three distinct morphologies 
(nanotubular, nanocoral and  nanodimple) were 
obtained via anodization. Chemical analysis of 
samples showed Ta-O peaks from the oxide layer 
formed during anodization. 21 days SBF immersion 
tests showed deposition of CaP minerals as evidenced 
by the presence of Ca and P peaks in the EDX spectra.  
These results hint for the bioactive nature of anodized 
tantalum surfaces and they should further be 
investigated for their biocompatibility.
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Abstract

Coronary heart disease accounted for nearly 40.5% of all 
deaths (~ 64,000 deaths) in Turkey in 2015 [1].  The 
progression of the disease is slow where gradual 
narrowing of the coronary artery due to plaque formation 
limits transportation of sufficient oxygenated blood and 
nutrients to the left ventricle of the heart, which in turn 
induces death of myocardium (heart muscle) and heart 
attack. Since the ability of cardiac tissue to regenerate 
itself is limited, different therapies were investigated to 
heal damaged hearth muscle. In the last decade, cardiac 
patches were offered as a potential remedy to heal injured 
heart muscle [2, 3, 4]. For cardiac patch applications, 
many scaffold chemistries were investigated, including 
poly(ethylene glycol), poly(lactic-co-glycolic acid), 
gelatin and collagen [4].  Among these materials, silk 
fibroin gained significant popularity in recent years due 
to its biocompatible nature. Briefly, silk fibroin is a 
natural material and its mechanical properties can be 
fine-tuned to mimic that of human myocardium. It is 
biodegradable and possesses some of the similar amino 
acids present in the extra cellular matrix of the heart 
tissues [5]. In this study, silk fibroin scaffolds having 
different pore sizes were fabricated in a 3D fashion to 
design a cardiac patch with optimum physical and 
chemical properties.

Introduction

The healing capacity of myocardium (heart muscle) after 
a heart attack is insufficient to regenerate itself, leading 
to scar tissue formation rather than functional heart cells, 
which occasionally leads to heart failure in the upcoming 
years [2]. Pharmacologics, ventricle assist devices, 
artificial hearts and total heart transplantation are among 
the existing solutions for heart failure [3]. However, none 
of these solutions has the ability to regenerate injured 
myocardium after a heart attack. Thus, alternate solutions 
are required to recover the functionality of the heart 
muscle, where cardiac patches can be a potential remedy 
[4]. The approach of using cardiac patches aims the 
creation of contractile heart muscle tissue to repair the 
infarcted region through biomimetic scaffolds seeded 

with different types of cells [4]. There are multiple 
studies in the literature showing the beneficial influence 
of cardiac patches to promote cardiamyocyte (heart 
muscle cell) proliferation and induce contractile 
functionality of the heart tissue in vitro [6].

In recent years, silk based biomaterials have been 
investigated for various tissue engineering applications 
[7]. Silk is a protein based natural material having fibroin 
core encapsulated inside sericin outer lining [7]. Due to 
the biocompatible nature of silk fibroin, its use as a 
cardiac patch could be a potential remedy to heal 
infarcted myocardium [8]. For instance, Nazarov et. al. 
[5] modified mechanical and degradation properties of 
silk fibroin via controlling its crystallinity and porosity 
by altering scaffold fabrication route. Since it was 
important to match the mechanical properties of the 
cardiac scaffold with that of myocardium, silk fibroin 
could offer many advantages. In addition, the scaffold 
used for cardiac patch needed to have a proper 
degradation rate so that it could maintain its mechanical 
integrity upon interacting with a contractile myocardium 
while it could degrade within an adequate time interval 
allowing for the regeneration of healthy heart tissue. In 
another study, Lu et al. [9] claimed that porous silk 
fibroin scaffolds provided a suitable microenvironment 
for stem cells as the porous structures enabled them to 
have a direct connection with the surrounding tissue, and 
thus increased cell survival and biocompatibility of the 
scaffolds. Patra et. al. [8] showed that cardiomyocytes 
effectively attached and showed functionality on a 3D 
fibroin scaffold in vitro. As the above examples 
indicated, a 3D porous fibroin scaffold having tunable 
properties could be a favorable biomaterial in cardiac 
tissue applications. In this research, fibroin scaffolds 
having different pore sizes were produced and their 
morphological, chemical and structural analyses were 
performed to investigate optimum properties for cardiac 
patch applications.

Experimental Procedure 

The production method of 3D porous fibroin scaffolds 
used in this study could be divided in three parts. For the 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

724 IMMC 2018   |   19th International Metallurgy & Materials Congress

initial step (fibroin extraction), fibroin was extracted 
from the Bombyx Mori (silkworm) cocoons by 
dissolving sericin outer protein layer using 0.02 M 
Na2CO3 solution by boiling cocoons for 30 min. 
Extracted fibroin was dried in a fume hood overnight. In 
the second step (lyophilization), fibroin was dissolved in 
12 M LiBr solution and dialysed against distilled water 
for 2 days to remove Li+ and Br - ions. Dialyzed fibroin 
was centrifuged for 30 min (7830 RPM) at 4 oC to 
remove left-over impurities. Afterwards, the 
fibroin/water solution was frozen in -20 oC for one day 
and lyophilized in Christ Alpha 2-4 LDplus to remove 
water and store at room temperature. In the final stage 
(fabrication of porous scaffold), 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP) was used to dissolve fibroin and 
obtain 5 wt/vol % HFIP/fibroin solutions. Six different 
fibroin solutions were prepared in this study. NaCl 
particles were sieved to obtain 50-90 μm and 180-200 
μm particle sizes. For each fibroin solution, 3 g. of sieved 
NaCl particles were used. NaCl particles were added into 
the solutions, the mixture was capped with the parafilm 
and waited for 24hrs. Afterwards, samples were placed in 
a fume hood for another 24 hrs to evaporate HFIP. At the 
end of evaporation, scaffolds were kept in methanol for 
1, 6 and 24 hrs to induce crystallization. The scaffolds 
having 50-90 μm NaCl particles were labeled as A1, A6, 
and A24 accordingly to their  immersion time in 
methanol; 1, 6 and 24 hours, respectively. Similarly, the 
samples in the second group having 180-200 μm NaCl 
particle size were labeled as B1, B6 and B24 indicating 
the duration of their methanol immersion. Schematic 
drawing of production route was given in Figure 1.

Morphology and chemistry of the samples were 
characterized using FEI Nova Nano SEM 430 
microscope at 3 kV accelerating voltage. Prior to SEM 
characterization, samples were coated with a thin layer of 
gold using Quorum SC7640 high resolution sputter 
coater. Samples were investigated using FTIR Perkin 
Elmer 400 using attenuated total reflection in 400-2000 
cm-1 range. Further structural analysis was completed 
using Rigaku D/Max-2200 X-ray diffractometer with 
monochromatic Cu K  radiation (1.54056 Å).

Results and Discussions 

In this research, altering the NaCl particle size used to 
form porosity led to the formation of different scaffold 
microstructures and morphologies. In Figure 2, cross 
sectional images of fibroin scaffolds was shown. Samples 
produced using NaCl having a particle size range of 50-
90 μm had all similar microstructures (Figure 2, A1, A6 
and A24) having a finer pore structure compared to 
sample group B (Figure 2, B1, B6, B24). Unlike sample 
group A, a coarser pore structure was obtained for B1, 
B6 and B24. In addition, NaCl particles were not visible 

in SEM investigations, indicating their removal from the 
scaffolds. Since pore size is important for infiltration of 
cell inside the scaffold, both group A and B can 
potentially be a candidate for cardiac patch applications. 
However, the amount of porosity inside the scaffold 
would certainly influence mechanical properties of the 
scaffold, and thus selection of precise parameters for 
tissue engineering applications require mechanical and 
biological characterization of these scaffolds. 

Figure 1. Schematic drawing of the three part fibroin 
scaffold production, namely extraction, lyophilization 
and the fabrication of porous scaffolds. 

Table 1. Chemical compositions of the silk fibroin 
samples. 

Samples
Elements
(wt %) 

A1 A6 A24 B1 B6 B24

C 58 58.7 57 56.6 56.9 56.3
N 13.4 12.3 14.2 13.4 12.8 14.7
O 25.1 24.4 26.6 26.1 26.4 26.4
Na 0.3 0.7 0.4 0.7 0.5 0.3
Cl 0.3 0.9 0.3 0.5 0.5 0.4
Au 3.1 3.1 1.6 1.9 2.8 2
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Results of EDS analyses revealed complete removal of 
Li+ and Br- ions from all scaffold types (Table 1), 
highlighting the efficacy of dialysis process in this study. 
This was a promising result since left-over Li+ and Br-

ions in the scaffold could potentially activate immune 
response and compromise biocompatibility. 

Figure 2.  SEM images of scaffolds  

In Figure 3, XRD analysis of the samples were given. 
There was a broad peak in all samples centered around 
23o, which was attributed to -Sheet crystal structure 
[11]. In crystallographic analysis, no difference was 
present between different sample groups upon altering 
porosity or duration of methanol treatment. -sheet
formation was evident for all samples investigated in this 
study.  

In the FTIR analysis (Figure 4), amide I (1700-1600 cm-

1), amide II (1600-1500 cm-1) and amide III (~1200 cm-1)
vibrations were investigated. Previous researchers 
determined that 80% of the amide I vibration came from 
C=O stretching and there was also a minor effect of N-H 
plane bending on this vibration [9]. On the other hand, 
chief contribution to amide II vibration was the C-N 
stretching and N-H in-plane bending [9]. In the FTIR 
characterization of fibroin scaffolds, transmission peaks 
obtained at 1623 cm-1 and 1516 cm-1 were attributed to -
sheet crystalline structure of fibroin [9, 10, 12] and the 
peak at 1234 cm-1 belonged to amide III band. These 

results confirmed the formation of -sheet crystalline 
structure in all samples.  

Figure 3.  X-ray diffraction patterns of samples having 
different porosities and crystallinities. 

Although a significant difference could not be found in 
the XRD analyses between sample groups, it was evident 
in the FTIR spectra that samples having a coarser porous 
structure exhibited higher crystallinity. Comparing the 
FTIR spectra of group A and B, stronger signal with 
deeper peaks was observed for the sample group B  
compared to A. It can be  speculated that coarser porous 
structure could allow better penetration of methanol with 
the  silk fibroin, which in turn increased the crystallinity 
of the scaffolds. 

Figure 4. FTIR spectra of samples having different 
porosities and crystallinities. 
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This research showed the influence of process parameters 
on the microstructure and crystallinity of silk fibroin 
scaffolds. To further assess the suitability of fabricated 
scaffolds for cardiac patch applications, mechanical and 
biological characterizations will be completed.  

Conclusion 

Three dimensional porous silk fibroin scaffolds were 
fabricated using two different NaCl particle sizes. These 
samples were treated with methanol for three different 
time intervals to reveal the effect of methanol treatment 
duration on the crystallization of the fibroin. The 
formation of -sheet crystalline structures was confirmed 
by structural analyses for all samples. In addition, higher 
crystallinities were observed for the samples having 
coarser pore structures in FTIR analyses. Though the 
fabricated scaffolds show promise for cardiac-tissue 
engineering applications, further research is required to 
assess their mechanical properties and biocompatibility 
for their successful use as a cardiac patch material.  
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Abstract

The aim of the study is the fabrication of monticellite based 
bioactive porous scaffolds from boron derivative waste by 
porogen leaching technique. The results showed that 
porous scaffolds were mainly composed of sodalite and 
monticellite phases, and possessed a pore distribution with 
pore diameters ranging from a few micrometers to 300 m. 
The increment of porogen content from 40 to 60 wt.% led 
to increase in open porosity value from 70.8 to 81.5%. 
Following to incubation in Lactated Ringer's solution for 
28 days, the flake-like calcium carbonate layer was formed 
on the surface of porous scaffolds. Therefore, monticellite 
based porous scaffolds can have a potential for being use 
as bioactive bone graft substitutes and as drug delivery 
carriers in the field of tissue engineering and regenerative 
medicine. 
 
1. Introduction 

In the field of tissue engineering, the scaffolds have been 
key components for physical support in new tissue and 
implanted cells as substrate. Highly open porous scaffolds 
are required in order to cell growth and transferring of 
fluids and nutrients. Porogen leaching is one of the most 
common technique for the preparation of scaffolds with 
controlled pore structure. That is based upon the dispersion 
of porogen (salt, sugar, wax, etc.) which acts as temporary 
placeholder for pores [1-2]. Monticellite (CaMgSiO4) 
bioactive ceramics have received much attention at last 
decade as bone graft substitutes due to their high 
biocompatibility, high bioactivity and enhanced 
mechanical properties [3-4]. Turkey has 72% of boron 
reserves in the worldwide with total mass of 3.3 million 
tons. In K rka Plant of Eti Mine Works General Directorate, 
approximately 900,000 tons of boron derivative waste are 
generated throughout the 1 million tons of borax 
pentahydrate (Na2O·2B2O3·5H2O) production. The 

emerged boron derivative waste in large quantities causes 
environmental pollutions and costly storage problems [5]. 
In vitro bioactivity and in vitro cytotoxicity of monticellite 
based ceramic powders obtained from boron derivative 
waste have been reported before [6-7]. However, it is the 
first study based on the fabrication of monticellite based 
bioactive porous scaffolds from boron derivative waste by 
porogen leaching technique.  
 
2. Experimental Procedure 
2.1. Preparation of monticellite based porous scaffolds 

Boron derivative waste provided from Eti Mine Works 
Kirka Borax Plant and NaCl powder (99.5 %, Merck 
KGaA) were used as starting materials. Boron derivative 
waste with mean particle size of 0.823 m and NaCl 
powder with a particle size range of 100 m and 250 m 
was mixed. The mass ratio of NaCl powder as porogen 
varied from 40 wt.% to 60 wt.%. Following to uniaxial 
pressing of prepared powder mixtures, the obtained wafers 
with dimensions of 12  x 3 mm2 placed onto pure 
alumina plates. The heat treatment of wafers was carried 
out at 800°C for 4 hours in an electrically heated furnace 
(KRC Lab. Eq.) under atmospheric pressure. The heating 
rate was kept 10°C/min. Next, NaCl was leached out by 
the immersion of heat-treated wafers into de-ionized water 
at 100°C for 4 hours.  
 
2.2. Characterization of boron derivative waste and 
monticellite based porous scaffolds 

Monticellite based porous scaffolds (MBPSs) were 
crushed and ground to below 63 μm. Next, the qualitative 
phase analysis of boron derivative waste and scaffold was 
performed by X-Ray Diffractometer (XRD, MiniFlex, 
Rigaku) with a scan speed of 0.5°/min. The mass density
and open porosity values of fabricated monticellite based 
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porous scaffolds were measured using the Archimedes’ 
Principle [8].

2.3. Assessment of in vitro bioactivity of monticellite 
based porous scaffolds 

For the assessment of in vitro bioactivity, scaffolds were 
soaked in Lactated Ringer's solution (LRS) for 28 days at 
36.5 ± 0.5°C. Lactated Ringer's solution was preferred 
instead of Simulated Body Fluid (SBF) because the 
requirement of high number of reagents, precise pH 
adjustment and long procedure time [9] make the 
preparation of SBF solutions painful. The ratio of surface 
area to volume of LRS was kept 0.1 cm2/mL. Scaffolds 
were taken out after selected incubation times, rinsed with 
deionized water and dried for 24 h. Microstructural 
analysis of MBPSs carried out using a scanning electron 
microscope (SEM, Supra 50VP, Zeiss) equipped with SE 
and EDS detectors. Scaffolds were coated with a thin layer 
of gold-palladium by sputter coater (Agar Scientific, UK) 
to prevent the accumulation of charge.  

3. Results and Discussion 
3.1. Phase evolution

The XRD patterns of monticellite based porous scaffolds 
compared to boron derivative waste are illustrated in  
Fig. 1. Boron derivative waste included dolomite 
(CaMg(CO3)2, ICDD 36-0426), calcite (CaCO3, ICDD 05-
0586), quartz (SiO2, ICDD 87-2096), borax pentahydrate 
(tincalconite, Na2B4O7-5H2O, ICDD 07-0277) and 
kaolinite (Al2Si2O5(OH)4, ICDD 29-1488) crystalline 
phases. Major crystalline phases were dolomite and calcite. 
XRD patterns of monticellite based porous scaffolds were 
quite similar and all scaffolds were composed of 
monticellite (CaMgSiO4, ICDD 76-0727), akermanite 
(CaMgSiO7, ICDD 83-1815), calcium magnesium borate 
(CaMgB2O5, ICDD 73-0618), diopside (CaMgSiO2, ICDD 
78-1390) and sodalite (Na4Al3Si3O12Cl, ICDD 37-0476). 
Major phases were identified as sodalite, monticellite and 
akermanite. There is no evidence of residual NaCl in 
fabricated scaffolds according to XRD patterns.  

Figure 1. XRD patterns of monticellite based porous scaffolds compared to boron derivative waste. 
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3.2. Open porosity  
 
The selection of heat-treatment temperature as 800°C was 
related with the melting point of NaCl (803°C) [10]. The 
formation of crystalline phases up to 800°C provided the 
mechanical stability of the scaffold and liquid porogen was 
partially removed during dwell time. Then, the salt 
leaching led to removal of residual NaCl. Finally, all water 
sites replaced by room atmosphere during the drying stage. 
Considering the porous structure as a composite material is 
beneficial to understand the mechanism which was built 
from matrix composed of mainly sodalite and monticellite 
and porosity as secondary phase formed by porogen 
removal. The mass density (bulk density) and open 
porosity (apparent porosity) values with respect to NaCl 
content are given in Fig. 2. The increasing of NaCl content 
from 40 to 60 wt.% enhanced the open porosity value (from 
70.8 to 81.5 %) and decreased the mass density (from 0.86 
to 0.54 g/cm³). The porogen content as 50 wt.% was 
thought to be the threshold value for pore percolation where 
the higher number of NaCl particles are isolated and 
closed-to-open pore transition begins theoretically. 
 

 
Figure 2. Mass density and open porosity values with 
respect to NaCl content.

3.3. Microstructural analysis 
 
SEM images of all MBPSs soaked in LRS for 28 days are 
illustrated in Fig. 4. It can be seen from the images at low 
magnification (100x) that the increment of porogen 
content from 40 to 50 wt.% caused an enhancement in pore 
size (Fig. 3. (a, c)). Not only that went further but also 
scaffold started to be degraded in LRS by 28 days when 
the porogen content was raised up to 60 wt.% (Fig. 3. (e)). 
Porous structures consisted of a pore distribution with pore 

diameters ranging from a few micrometers to 300 m. 
Furthermore, the formation of interconnected macropores 
were observed. The maximum pore size was 150 m for 
MBPS-40%NaCl whereas that was found approximately 
300 m for MBPS-50%NaCl respectively owing to the 
agglomeration of NaCl particles. MBPS-60%NaCl 
possessed also macropores; however, it is not appropriate 
to specify maximum pore size because the degradation 
gave rise to large cavities. The formation of flake-like 
layer on the wafer surfaces was obvious in SEM images 
(Fig. 3. (b, d, f)). The whole surface of wafers was covered 
with dense crystallites less than 1 m in length. The 
formation of Ca and P -based layer was expected referring 
bone-flake like apatite layer. However, EDS analysis 
revealed that calcium carbonate (CaCO3) crystals 
precipitated on the monticellite and sodalite particles. It is 
reported that the precipitation of polymorphs of CaCO3 

could carried out in phosphorus-free simulated body 
solutions used as biomineralisation media [9].  
 
The researchers investigated the potential of CaCO3 

microparticles as templates for drug delivery applications 
by in vitro and in vivo experiments. The hydrophilic drugs, 
bioactive proteins and DNA were adsorbed on the surface 
of CaCO3 microparticles with the aim of solving the 
problems related to chemotherapy and radiotherapy [11].  
For this reason, depending on the scaffold structure 
controlled by fabrication techniques and the characteristics 
of precipitated CaCO3 particles tailored during the 
biological synthesis process, monticellite based bioactive 
porous scaffolds can have a potential for being use as 
bioactive bone graft substitutes and as drug delivery 
carriers in the field of tissue engineering and regenerative 
medicine. 
 
4. Conclusion 

In the present study, monticellite based bioactive porous 
scaffolds were fabricated from boron derivative waste by 
porogen leaching technique. The effect of porogen content 
on phase evolution, open porosity content and 
microstructure of porous scaffolds and also, the effect of 
Lactated Ringer's solution on their bioactive 
characteristics were investigated. The fabricated scaffolds 
can have a usage potential as bioactive bone graft 
substitutes and as drug delivery carriers; however, further 
comprehensive studies are necessary. 
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Figure 3. SEM images (SE mode) of (a, b) MBPS-40%NaCl; (c, d) MBPS-50%NaCl and (e, f) MBPS 60%NaCl  
soaked in LRS for 28 days at equal magnifications (100x and 10.000x). 
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Abstract 

Titanium and titanium alloys have been mostly used 
as biomaterials especially for dental implants due to 
their great combination of high mechanical strength 
and high corrosion rate. However, one of the most 
important drawback of them is the insufficient 
osseointegration. Therefore, the main purpose of this 
study is to improve the surface properties of Ti6Al4V
by anodic oxidation and gold decoration. Initially, the 
surface of the alloy was anodized to thicken TiO2

layer. Subsequently, gold nanoparticles were produced 
using Turkevich method. Gold decoration on the 
oxidized surface were achieved by immersion of the 
alloy in gold solution after the oxidized alloy surfaces 
were activated by APTES solution. As a result of 
surface treatment highly rough surface containing 
thick oxide layer composed of 20 nm gold 
nanoparticles in addition to silane groups. In- vitro 
tests displayed no apatite formation in 20 days. 
Therefore, further tuning is needed on the surface in 
terms of oxide layer and gold nanoparticles.  

1.Introduction 

Metals are the one of the class of biomaterial that is 
commonly used in load bearing applications due to 
their relatively high strength and high endurance limit. 
Among the metallic class of materials titanium is 
mostly preferred due to its high corrosion resistance, 
non-toxic properties, good mechanical property and 
high biocompatibility compare to well- known 
stainless steel and Co-Cr alloys. However, as rest of 
the metallic biomaterials, titanium surface needs to be 
surface modify to enhance bone attachment on the 
surface thereby decreasing the healing time after 

surgery operation. Titanium and its alloys are 
generally used in medical implants such as knee, hip 
joint and dental implants [1]. The need for dental 
implants have been increased due to growth of elderly 
population. Generally dental implants success has 
been tried to be increased by designing its structure 
and surface modification. After machining the desired 
shape, the surface is change by physical and chemical 
methods. Physical methods such as physical vapor 
deposition (PVD), thermal spraying, ion implantation 
and deposition and chemical methods which are 
chemical vapor deposition (CVD), sol-gel coating, 
electrochemical treatment (anodic oxidation) are 
usually employed. Physical methods such as grinding, 
and texture formation are applied to increase surface 
roughness. On the other hand, chemical methods such 
as double etching by various acids produce oxide layer 
in addition to increased surface roughness [2]. 
However, because of acid residue left on the surface 
even after cleaning, the use of such techniques is still 
questionable. Therefore, the surface of titanium alloy 
should be modified or coated with a layer having high 
biocompatibility. 

In this study, the aim is the improving of 
biocompatibility of Ti6Al4V alloy, by some surface 
treatments. Initially, anodic oxidation is carried out to 
form titanium oxide layer on which gold nanoparticles 
were decorated after they have been produced by 
Turkevich method [3]. The resultant surface layer was 
characterized by SEM, XPS and TEM. Mineralization 
tests were conducted for 5,10,20 days in simulated 
body fluid (SBF).  
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2.Materials and methods 

2.1. Materials 

Ti6Al4V alloy bar (supplied from ACNIS 
International, France) was used as starting sample. 
Before surface treatments, specimens were ground 
with grinding papers. Then, they were cleaned by 
acetone, alcohol and deionized water respectively.  

2.2. Oxidation 

Anodization was applied to obtain thick layer of 
titanium oxide. Ground and cleaned samples were 
anodized at 120V in deionized water for 3 minutes 
until blue color was obtained. All anodizing 
experiments were conductors in a titanium anodizer 
(Painful Pleasures, USA)  

2.3. Surface Treatment with APTES Solution  

Oxidized surfaces were treated with %2 3-
Aminopropyltriethoxysilane (APTMS). Silane groups 
were attached to surfaces by immersing the samples in 
APTMS for 1 hour at 37 °C. Then, surface activated 
samples were kept at 120°C for 1 hour. 

2.4.  and their attachment on 
the surface 

1 mole Chloroauric acid HAuCl4 is added to 18ml 
deionized water and stirred until the solution boils, 
which takes approximately 15min. Then, the solution 
was reduced by adding of 1 mole Trisodium citrate 
(Na3C6H5O7) and stirred until color turns into red [3]. 

Afterwards, silanized alloys were immersed in the 
gold solution obtained by Turkevich methods for 1 
hour which is followed by washing in deionized water.  

2.5. Simulated Body Fluid (SBF) Test  

To investigate apatite formation abilities of surfaces 
the samples were kept in SBF for 5,10,20 days at a 
temperature and pH value of 37 °C and 7.42, 
respectively.  

 3. Result and Discussion 

3.1. Starting Oxidized Surface  

Figure 1 shows 3D-AFM image of the surface after 
anodization. Sample was observed the contain 
scratches which were left from grinding operation.  

Figure 1. AFM image showing 3D topography of 
anodized surface.

3.2. Synthesized Gold Nanoparticles  

As a result of using Turkevich method spherical gold 
nanoparticles were obtained, figure 2(a). The size 
distribution was highly uniform and particles had 
around 20 nm average particle size. Although most of 
the particles were highly spherical hexagonal shaped 
gold nanoparticles were observed 2(b). 

            (a)                                    (b) 

Figure 2. TEM image of produced gold nanoparticles. 

UV-vis spectra (figure3) taken from gold solution 
displayed an absorption peak at around 520 nm which 
is equivalent to 20 nm particle size.  

Figure 3. UV- visible spectra of gold solution.  
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Manufactured gold nanoparticles were highly 
crystalline and defect free as shown in figure 4.   

Figure 4. High resolution TEM pictures of gold 
nanoparticles.        

                                                                                         

3.3. Gold Decorated Surfaces 

After immersion of the samples in gold solution, gold 
nanoparticles were stuck on APTMS modified surface 
well; however, their distribution was not 
homogeneous (figure 5.).  

Figure 5. SEM image of gold decorated titanium alloy 
surface (inlet: TEM image of gold nanoparticles) 

Attachment of gold nanoparticles was also verified by 
XPS results shown in figure 6. Additionally, surface 

of the sample was become rich in carbon and nitrogen 
probably due to treatment with APTMS solution. 

Figure 6. XPS result of sample that gold coated. 

3.4. SBF Test 

After keeping the samples in SBF, unexpectedly 
neither appetite formation nor any change was 
observed in 20 days as shown in figure 7. Further SBF 
tests should be conducted for longer durations to 
ensure mineralization abilities of surfaces. 
Additionally, further purification of gold solution may 
be needed just before decoration on gold nanoparticles 
on surface.  

Figure 7. SEM results of gold coated in SBF 5, 10, 20 
days respectively.   

4.Conclusion  

 Manufactured gold nanoparticles were 
highly spherical and highly crystalline. 

 UV-vis spectra displayed absorbtion peak at 
520 nm which was equivalent to 20 nm 
average particle size. 

 Gold nanoparticles covered the whole 
surface, but their distribution was not 
homogeneous.  

 No apatite formation was observed in 20 
days probably due to insufficient immersion 
time in SBF. 
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Abstract 

Ti6Al4V alloy is one of the well-known metallic 
bio-inert material that is utilized in many 
biomedical applications including load bearing 
implants. However, insufficient osseo-integration 
and fibrous tissue encapsulation are some of the 
problems encountered during service which 
necessitate application of bioactive surface 
coatings. In this study, two different surface 
coatings, namely, sodium titanate hydrogel and 
biodegradable MgO, were applied to Ti6Al4V alloy 
surfaces by making use of simple chemical 
methods. Submicrometer sodium titanate hydrogel 
coatings were obtained by keeping the alloys in 
aqueous solutions of NaOH. On the other hand, 
MgO coating was obtained in two steps. Firstly, 
Mg(OH)2 was synthesized hydrothermally by 
immersion the alloy in an aqueous solution 
containing MgCl2 and NaOH which was followed 
by crystallization heat treatment to obtain MgO. 
The resultant bioactive sodium titanate hydrogel 
and biodegradable MgO coating morphologies and 
structures were compared through microscopic, 
XRD and XPS studies. On the other hand, apatite 
formation ability of the coatings was investigated 
by immersing the samples in simulated body fluid 
kept at 36.5oC for 5, 10 and 20 days. 

1. Introduction 

In contrast to polymeric and ceramic biomaterials, 
metallic materials are extensively used in joint parts 
of the body like elbows, hip and knee together with 
the dental applications. High endurance limit, high 
fracture toughness and sufficient strength of some 
metals make them suitable in such load bearing 
applications. Stainless steels, Co-Cr alloys and 
titanium alloys are the common metals which may 
fulfil the desired function. Among the metals, 
titanium and titanium alloys possess high 
biocompatibility, high fatigue strength, high 
corrosion resistance and closer elastic modulus to 

-
effect. There are some studies which aim to 
decrease elastic modulus by creating pores. In 
addition to decreased elastic modulus, 
interconnected pores allow transfer of body fluid 
and bone ingrowth. Since porous structure allows 
only physical attachment of bone tissue, osseo-
integration of titanium surface is limited and 
implant failure occurs occasionally due to fibrous 
tissue formation. Therefore, the surface treatment of 
titanium alloys, which induces bioactive surface 
layer, becomes inevitable [1, 2]. These surface 
modifications techniques of titanium are divided 
into mainly three groups, namely, mechanical, 
chemical and physical. Mechanical methods aim to 
change surface topography of the pre-existing 
surface layer and increase surface roughness. Since, 
there is no chemical composition change on the 
surface layer attachment of bone  is limited 
only by physical effect. On the other hand, physical 
methods like thermal spray, physical vapour 
deposition (PVD) and ion implantation produce 
chemically different surface layer which usually 
enhances wear and corrosion resistances. Although, 
physical method also suitable for production of 
biocompatible surfaces, they necessitate complex/ 
expansive equipment and controlled environment. 
In contrast, chemical methods are easy to apply to 
produce a bioactive surface layer on titanium alloys 
and they use comparatively simple tools [3]. 
Among the chemical methods, use of hydrothermal 
treatment allows synthesizing and coating of 
various bioactive and biocompatible materials on 
surfaces of titanium alloys. For example, sodium 
titanate phase which is supposed to be bioactive can 
be produced by this method. Keeping titanium 
alloys in aqueous NaOH solution at constant 
pressure and temperature induces porous titanate 
coating [4]. Moreover, magnesium oxides powder 
or coatings can be produced by hydrothermal 
method. Magnesium oxide is known to be an 
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antibacterial material and biodegradable in the body 
[5]. 

In this study, apatite formation abilities of sodium 
titanate and magnesium oxide coatings on Ti6Al4V 
were compared. For this purpose, initially alloy 
surfaces were anodized to thicken titanium oxide 
layer for better adhesion of coating layer. Next, 
oxidized alloy surfaces were coated with sodium 
titanate and magnesium oxide layers using 
hydrothermal methods. Samples were kept in 
simulated body fluid for 5, 10, 20 days to compare 
their mineralization abilities. SEM, TEM, XPS and 
XRD are used to evaluate chemical composition, 
morphology, phase analysis of the samples. Scratch 
test was also used to determine bonding strength of 
the coating layers.  

2. Experimental 

2.1. Materials & Methods 

Grade 5 Ti6Al4V-ELI alloy rods were supplied 
from Acnis International, France.

2.2. Preparation of Specimens, Solutions and 
Coating 

Samples were cut from Ti6Al4V bar and they were 
ground with Silicon carbide grinding paper with 
grit sizes of 800, 1000, 1200 and 2500. Then, they 
were cleaned in ultrasonic cleaning units containing 
acetone and alcohol. for 5 mins separately. Before 
coating, for increasing the coating adhesion  all 
samples were anodized under 120V for 3 minutes to 
thicken TiO2 layer present on the surface. 
Anodization stopped when blue color (around 400 
nm oxide thickness) was obtained on the surface, 
Figure 1. Then, samples were kept in 5M NaOH 
aqueous solution at 60oC for 24 h to obtain sodium 
titanate hydrogel coating (alkali treatment). 

Figure 1. Equivalent thicknesses of titanium oxides
for different colours obtained as a result of 

anodizing at different voltages [6]. 

For biodegradable magnesium oxide coating, 
initially 0.1 mole MgCl2 and 0.2 mole NaOH mixed 
powders added to deionized water and then, 
anodized samples were placed and kept in the 
solution for 1 h at 80 °C in hydrothermal unit where 
the following reaction took place:  

The reaction occurs in hydrothermal unit; 

MgCl2.(s) + 2NaOH(s) + 6H2O  = 6H2O + 2NaCl(s) 
+ Mg(OH)2 (s)   (1) 

Next, sample surfaces containing solid particles of 
NaCl and Mg(OH)2 washed in deionized water to 
removed NaCl from the surface. 

After this process, half of the samples were heat 
treated at 600oC for 90 mins in open atmosphere to 
convert Mg(OH)2 to crystalline MgO. (Figure 2 and 
Eq. (2). To examine Mg(OH)2 and MgO particles in 
detail, the reaction products given in Eq. (1) were 
also heat treated with the same procedure applied to 
coated samples. Then, obtained Mg(OH)2 and MgO 
powders were characterized separately to gain more 
information about Mg(OH)2 and MgO coatings on 
samples. 

Figure 2. Schematic view of heat treatment after 
Mg(OH)2 coating. 

Mg(OH)2 2O (2) 

2.3. Characterization 

composition were characterized   using Scanning 
Electron Microscope (SEM), Transmission Electron 
Microscope (TEM) and X-Ray Diffraction (XRD). 
On the other hand, mineralization tests were 
conducted in simulated body fluid (SBF) for 5-10-
20 days.

3. Results and Discussion  

3.1. Morphology and Structure of Coatings 

Starting anodized titanium alloy surface layer was 
composed of scratches left from grinding step and 
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was rich in oxygen probably due to thickening of 
oxide scale after anodization (Figure 3). 

(a)                              (b) 

Figure 3. (a) SEM image and, (b) EDS analysis of 
anodized surface. 

As a result of alkali treatment a continuous nano 
porous structure, which is rich in Na, was obtained, 
Figure 4.

(a)                               (b) 
Figure 4. Surface structure (a), and corresponding 

EDS (b) of alkali treated alloy. 

XRD pattern taken from the surface displayed 
sodium titanate hydrogel in addition to TiO2 which 
was obtained in anodization step, Figure 5. 

Figure 5. XRD results of bulk Ti6Al4V surfaces 
after alkali treatment. 

In anodized and MgO coated samples, as stated in 
experimental section, initially Mg(OH)2 and MgO 
powders were characterized.  As can be seen in 
Figure 6, solution products obtained according to 
equation (1) contained NaCl and Mg(OH)2. Heat 

treatment conducted at 600oC, converted Mg(OH)2

to MgO. 

Figure 6. XRD solution products given in Eq. (1) 
before and after heat treatment. 

Figure 7 shows the TEM image of the Mg(OH)2

and MgO powders. As-produced powders were 
observed to have hexagonal shapes with dimensions 
around 50-100 nm and thickness around 20 nm. 

morphology, a porous morphology appeared on 
powders probably due to evaporation of chemically 
bound water in Mg(OH)2 according to equation (2). 
Completely similar change was observed in 
Mg(OH)2 and MgO coated samples as can be seen 
in Figure 8. 

Figure 7. TEM images of MgO powders. 

(a)                                     (b)   
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(c)                         (d)

Figure 8. SEM images and EDS graphs of coated 
samples. (a) and (c) Mg(OH)2, (b) and (d) MgO, 

repectively.

3.2. SBF Results 

Figure 11 shows the change of the surface of coated 
samples after keeping in SBF for different periods. 
Among all coated samples, Ti6Al4V alloy with 
sodium titanate hydrogel coating exhibited apatite 
formation in 10 days as spherical islands rich in 
calcium. After 20 days, surface of the sample 
covered completely with apatite. On the other hand, 
no apatite formation was observed neither in 
Mg(OH)2 nor MgO coated samples. The coating 
layer was observed to degrade over time and 
disappeared at the end of in-vitro tests. The 
particles seen in 5 and 10 days samples were 
observed to be NaCl which was probably saturated 
from SBF. 

Figure 11. The surface of the samples after being 
kept in SBF for different periods. 

Figure 12. EDS graph of 20 days SBF immersed 
alkali treated specimen 

Figure 12 shows the consisted apatite. The Ca/P 
ratio on the 20 days SBF immersed alkali treated 
specimen is 3.42/1.27. 

4. Conclusion 

As a result of alkali treatment, a sodium titanate 
porous network structure was obtained. The layer 
displayed bioactive characteristics and allowed 
apatite formation in 10 days. On the other hand, 
produced and coated Mg(OH)2 and MgO particles 
had hexagonal shape and size around 100 .nm. 

n
contrast, the coating degraded and disappeared. 
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Abstract

Titanium and its alloys are widely used in clinical 
applications because of mechanical properties, high 
corrosion resistance and biocompatibility properties. 
Recent researches about oral implantology are focused on 
decreasing of treatment duration of patient. Modified 
surface of titanium dental implant screw is the most 
important factor which decreases the duration by 
expediting osseointegration. Increasing roughness of 
surface of dental implant screw with acid etching is one 
of the surface modification methods. In this study, Ti 
specimens were immersed in three different acid 
solutions in different temperatures and held for different 
durations. Then, the specimens were examined with SEM 
to observe change of its surface roughness. Weight 
changes were also recorded. 

1.  Introduction 

Titanium is widely preferred in clinical medicine and 
dentistry because of mechanical properties, high 
corrosion resistance and biocompatibility. Ti reacts with 
oxygen in the air to form a stable thin film of TiO2. The 
TiO2 layer protects Ti from corrosion. However, this 
layer gets unstable when Ti material is exposed to 
reducing environment and corrosion can occur. Ti surface 
can be modified with acids. Surface topography of 
implants in dental applications is quite important for 
osseointegration. Modified surface of dental implant 
increases, osseointegration enhances, and so length of 
treatment period of patients gets shorter in applications. 
Surface modification can be performed by many methods 
such as sandblasting-acid etching (SLA), plasma 
spraying, coating etc. SLA is most performed technic in 
all of these. However, most recent studies have shown 
that sandblasting process before etching could endanger 
health of patient because of leaving residues in SLA 
process. So, studies have focused on acid etch 

modification without sandblasting. HCl, H2SO4, HF, 
HNO3 etc. are some of the acids used in the process.

2.  Experimental Procedure 

In this study, the effect of etching with different acid 
concentrations and with different time on the surface 
morphology of Ti6Al4V (Grade 5) alloy was 
investigated. For this purpose, two different experimental 
study were carried out. In the first one, sulfuric acid 
(H2SO4) solution was prepared at different 
concentrations: 48, 60, 75 and 95% for Ti6Al4V alloy 
plate samples with dimensions of 10x10x2 mm3. The 
samples were treated with H2SO4 concentrations for 
different durations: 30, 60, 180 min. at the room 
temperature in order to comparing the etching effect. The 
initial and final weights of the samples were measured 
and the weight change per unit area ( ) was calculated. 
Surfaces of untreated samples and treated samples with 
the highest  value for each concentration were 
examined by scanning electron microscopy (SEM). The 
chemical composition of the alloy is shown in Table 1. In 
the second one,  H2SO4 solution was prepared at 
concentration of 48% for Ti6Al4V alloy cylindrical 
samples with dimensions of  x 32 x 20 mm3. These 
samples were treated with concentration of 48% H2SO4
solution for different durations: 30, 60, 90 and 180 
minutes at the room temperature and 60°C in order to 
comparing the etching effect. However, was not 
calculated for second step of the experimental study, 
values were not calculated but whole samples were 
examined by SEM. 

Table 1. Chemical composition of the T6Al4V alloy (wt. %). 
Al V H N O Fe 

6.17 4.19 0.0026 0.005 0.065 0.042 

3.  Results and  Discussion 
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In the first stage of the work, the weight loss in the unit 
area ( ) for each sample was calculated. As it is seen in 
Figure 1, the lowest values for the 30th minute and the 
highest values for 180th minute were calculated for all 
samples in solutions at different concentrations. For each 
concentration, almost linear correlation was found 
between the etching time and the weight loss in the unit 
area.

Figure 1. The effect etching time on weight loss in the unit 
area.

In the second stage of the study, the effect of H2SO4
solutions at different concentrations (48, 60, 75 and 95%) 
on the implant material surface was investigated. As can 
be seen in Figure 2, the sample in 75% concentration 
H2SO4 solution was showed the highest  value at 60 and 
180 min. The sample in 48% H2SO4 solution show the 
highest  value at 30th minute. Contrary to expectations, 
the samples in 95% H2SO4 solution had the lowest 
value for each etching time. 

Figure 2. Effect of acid concentration on weight loss in unit 
area.

The highest  values were obtained for all the sample in 
the different concentration of  H2SO4 solution  at 180 
minutes etching time. SEM analyzes of the samples was 
shown in Figures 3 and 4. 

Figure 3. SEM images of 180 minute etched samples (X500). 

As shown in Figs. 3 and 4, the maximum roughness on 
the surface was found the sample in 75% H2SO4 solution, 
and least roughness occurred the sample in the 
concentration of  95% H2SO4 solution. As conclusion, 
values results were found coherent with SEM images. 

Figure 4. SEM image of 180 minute etched sample in 
concentration of 48% H2SO4 solution (X500). 

For the second study, the maximum roughness on the 
surface was found the sample in 48% H2SO4 solution 
during 180 minutes at 60°C according to SEM. 

4.  Conclusion 
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Abstract 

In this study, an alternative production method of 
Mg(OH)2 was investigated by using waste dolomite 
(-10 mm particle size) samples, supplied from ESAN 
Magnesium Co. in Turkey. The proposed process was 
composed three metallurgical steps: Calcination of 
[CaMg(CO3)2], leaching of calcine in H2SO4 medium and 
Mg(OH)2 precipitation by using NH4OH. Firstly, dolomite 
was calcined at 1150 C for CO2 removal and forming 
calcine dolomite (CaO.MgO) with the efficiency of 95%. 
In the second stage, the calcined dolomites which had 
diverse particle size averages were treated with different 
H2SO4 concentrations. According to the results of leach 
experiments, 1 M H2SO4 concentration and 0.39 mm 
average particle size were determined as the optimal 
condition. Following the leaching step, MgSO4 was 
precipitated as Mg(OH)2 by using NH4OH solution. The 
effects of NH4OH concentration, pH and the seeding 
stoichiometry were examined in the precipitation period. 
This developed metallurgical process route provided to 
produce Mg(OH)2 with high purity (99.74%). This study 
has a specific importance to enable Mg(OH)2 production 
from waste dolomite with simple metallurgical techniques. 

1. Introduction 

Magnesium hydroxide [Mg(OH)2] is an industrial raw 
material which is used in several fields such as chemical 
industry, pharmacology, agriculture, paper production and 
also as a flame retardant [1]. 

Flame-retardants gain more importance with increasing 
production volume of polymeric materials. Nowadays, 
polymeric-inorganic nanocomposites are caught the 
attention and [Mg(OH)2] can be used in these materials as 
a smoking and toxic-free flame retardant additive [2]. 
Consequently, magnesium hydroxide flame retardant 
fillers or additives has been taken much attention [3]. 

Magnesium hydroxide can be obtain by several methods 
such as hydrothermal or solvothermal routes, water-oil 
microemulsion, sonochemistry, electrochemical method 
and precipitation [4, 5]. Shape, particle size, particle size 

distribution and dispersibility of magnesium hydroxide is 
dependent on production process [6]. 

Considering magnesium hydroxide production sources, 
except its own mineral form Brucite, there are five other 
sources namely seawater, magnesite, serpentine, olivine 
and dolomite to obtain Mg(OH)2 [7]. Today, magnesium 
hydroxide is commonly produced from seawater and 
magnesite. At the same time, dolomite mineral 
[CaMg(CO3)2], which generally contains 15-25% or more 
magnesium, is an effective alternative by virtue of low cost 
and easy process. 

The production of Mg(OH)2 in Turkey 
studied even it is very significant industrial applications.  
For further investigations, dolomite sources of Turkey can 
be used as a raw material to obtain magnesium hydroxide. 

2. Experimental Procedure 

2.1. Sampling and Characterization 

In this study, waste dolomite [Ca,Mg(CO3)2], supplied 
from ESAN Magnesium Co. in Turkey, was used. 100 kg 
of dolomite was mixed and homogeneous sample was 
prepared by cone and quartering methods. 

Characterization of homogenous sample were carried out 
via XRD (Figure 1) and chemical analysis (Table 1) in 
order to find out phase and elemental compositions. 

Table 1. Chemical Analysis of dolomite. 
Mg Ca Fe Si C and O 

14.01% 20.02% 0.06% 0.24% 65.67% 

Figure 1. XRD Pattern of dolomite. 
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According to Figure 1, the waste sample composed of 
dolomite (Ca,Mg(CO3)2) and calcite (CaCO3). The 
chemical analysis revealed that the sample contained 
14.1% Mg and 20.2% Ca elements (Table 1). In addition, 
small amount of Fe and Si existed in the sample with the 
high amount of C and O. Apart from XRD and chemical 
analysis, the sieve analysis (Table 2) were performed to 
check particle size distributions.  

Table 2. Sieve analysis of raw and ground material. 
Raw material Ground material 

Particle size, mm Weight, % Weight, % 
-10 +5.76 39.5 -1+500 11,2 
-5.76 +2 35.1 -500+250 45,5 

-2 +1 10.4 -500+250 26,1 
-1 +0.5 5.4 -106+53 13,4 

-0.5 9.6 -53 3,7 

Based on the results of sieve analysis, the average particle 
sizes (d50) of raw and calcined materials were found as  
4.6 mm and 0.39 mm, respectively.  

In this study, three steps, namely Calcination, Leaching 
and Precipitation were applied to obtain Mg(OH)2. 
DTA/TG analysis of dolomite sample was examined to 
understand which temperature should be chosen for the 
calcination. 

Figure 2. DTA/TG Analysis of dolomite [8] 

According to Figure 2, the mass loss started from 750 oC
to 1150 oC. Therefore, 1150 oC was chosen as the 
optimized calcination temperature. 450 g of sample was 
used for the calcination step conducted in an electric 
resistance furnace. The chemical composition of calcined 
sample is given in Table 3. 

Table 3. Chemical analysis of calcined dolomite. 
Element [wt.%] Compound [wt.%] 

25.62 Mg 42.71 MgO
36.62 Ca 51.7 CaO

2.2. Leaching 

Calcined dolomite (CaO.MgO) was leached with H2SO4
solutions. As a result of leaching, calcium was precipitated 
as a sulfate form [CaSO4.2H2O(s)], whereas magnesium 
was dissolved as MgSO4 according to Eq. 1 and Eq. 2 
respectively. 

MgO(s) + H2SO4(aq) MgSO4(aq) + H2O(l) (1)
CaO(s) + H2SO4(aq) CaSO4(s) + H2O(l) (2) 

The effect of H2SO4 concentrations (1 and 2 M) and 
particle size were investigated at fixed mixing rate  
(700 rpm), and solid-liquid ratio (1:20 g/mL). Change of 
reaction temperature were examined as a parameter of 
time. 

2.3. Hydroxide Precipitation 

After determining optimum leach conditions, the third step 
hydroxide precipitation was applied. The obtained MgSO4
was precipitated in order to produce Mg(OH)2. Eh-pH 
diagram of Mg-O-H system were examined to decide the 
optimized pH value. 

Figure 3. Eh-pH diagram for Mg-O-H system [9] 

According to Figure 3, the minimum precipitation pH 
value is 8.5 and the decreasing ion concentration in the 
solution shifts the precipitation pH value to the higher 
values. To provide basic conditions, a strong base is 
needed and so in this study, NH4OH was used. The 
reaction is shown in Eq. 3.  

MgSO4(aq)+2NH4OH(aq)  Mg(OH)2(s)+(NH4)2SO4(aq) (3) 

The studied variables are base concentration, seeding rate 
effect and mixture rate for precipitation. These parameters 
(Table 4) not only affect recovery efficiency but also 
determine particle morphologies.  

Table 4. Precipitation conditions 
MgSO4 Solution 1xSto 

NH4OH Solution (k*sto) k= 1, 1.5, 2 
Time 24 h 

Stirring rate 0, 30, 100, 170 rpm 
Seeding rate (k*sto) k=0- 0.5- 1.5-3 

3. Results and Discussion 

In the first step of process, calcination, CO2 was 
decomposed from dolomite and 246 g CaO.MgO was 
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obtained. The mass loss calculated as 45.33% CO2 and the 
calcination was succeeded with 94.5% recovery 
efficiency. 

Figure 4. Average particle size effect 

Samples were ground for further liberation and also  for 
increasing  surface area to optimize of leach conditions 
[10]. According to Figure 4, as average particle size gets 
smaller, the formation efficiency of Mg2+ ions via leaching 
increases. Therefore, smaller grain size of calcined 
dolomite is required for higher leach efficiency due to the 
increment in the surface areas which makes sulphuric acid 
reaction with the particles more efficient. 

Figure 5. H2SO4 amount effect on leach efficiency 

Increasing in the sulphuric acid consumption makes leach 
efficiency greater as it was expected (see Fig. 5); however, 
financially it is not efficient. Using acid more than 
stoichiometric rate upsurges the total cost of production 
and hence, magnesium hydroxide production becomes 
more expensive. 

Figure 6. Temperature changes during the leach 

In Figure 6, it is seen that leaching reaction occurs at 
almost in first 10 minutes. Therefore, this exothermic 
reaction reaches its peak temperature about 6th minutes. 
Considering this fact, leaching reaction is reached the 
highest speed in almost 6 minutes.  

Figure 7. Base addition effect on precipitation. 

Using base more than stoichiometric rate enlarges the Mg 
precipitation efficiency and congruently acid usage 
amount in leaching reaction (Fig. 7). On the other hand, 
this shift up the production price. As it seen, when 
financial conditions is considered, it is another unsuitable 
parameter changing to improve reaction efficiency.  

Figure 8. Effect of stirring rate on precipitation. 

The usage of magnetic stirrer cause negative efficiency, 
therefore stirrer should not be used while precipitation 
(Fig. 8). Stirring prevents the nucleation. 

Figure 9. Effect of seeding rate on precipitation. 

Unlike the increasing stirring rate, addition of Mg(OH)2 as 
seeding particles rises Mg precipitation efficiency  
(Fig. 9) from 46.45% to 80.15%. 
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Figure 10. Simultaneous effect of stirring rate and 
seeding rate on precipitation. 

According to Figure 10, seeding rate has affirmative effect 
on precipitation efficiency despite the stirring rate due to 
the contribution of the nucleation. The final process design 
is shown below, in Figure 11. 

Figure 11. Process design for production of Mg(OH)2

4. Conclusion 

94.55% efficiency was achieved in calcination of 
dolomite. Leaching of calcine dolomite with H2SO4 was 
conducted at the optimized conditions (0.39 mm particle 
size and stoichiometric acid usage) and 86% efficiency 
was attained. Solid CaSO4.2H2O was formed in leaching 
step and it separated from the solution through filtration. 

Initially, synthesis of magnesium hydroxide was carried 
out with the stoichiometric NH4OH and magnesium 
sulphate and the efficiency was 46.45%. Because of low 
efficiency, seeding was applied. The hydroxide 
precipitation efficiency was increased from 46.45% to 
80.15% by the application of seeding with the amount of 
3 times stoichiometry.   

With the application of optimized conditions, the 
production of Mg(OH)2 was achieved with 99.74% purity 
from waste dolomite containing 68.9% Mg. 
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Abstract 

The sinterization of cobalt-chromium (Co-Cr) alloy 
metal powders using additive manufacturing process 
for fabrication of metal substructures for dental 
prostheses is expanding in recent years. In additive 
manufacturing of Co-Cr metal powders, laser sintering 
methods are used. In this process, metal powders are 
spread as 20-40 μm layers and then melted or sintered 
by laser at 100-200 W power which depends on the 
machine used and the manufacturer recommended. In 
laser metal sinterization, the melting and solidification 
process of the Co-Cr alloy is very different from that of 
the conventional lost wax method. The sinterization or 
melting is made at approximately 1400 °C layer by 
layer. During this procedure, the metal is subjected to 
sudden temperature decrease to about 200 °C after 
sintering of each layer. Sintering of materials directly 
influence the microstructure and firing conditions 
determine the final performance. After laser sintering 
the material possess different microstructural properties 
than that of the conventional methods. The 
sinterization behaviour of the Co-Cr powders is needed 
to be investigated more detailed simulating the 
sinterization in different conditions. For this aim, Co-
Cr alloy metal powders are laser sintered as 
recommended in the laser metal sinterization method. 
In the other method, Co-Cr metal powders are pressed 
and sintered at 1400 °C in a high temperature furnace 
according to 2 different firing regimes. After preparing 
the specimens, metallic phases are identified with x-ray 
diffractometer (XRD) with Cu K  radiation. For the 
microstructural evaluation, specimens were 
characterized with scanning electron microscopy 
(SEM). 

1.  Introduction 

Cobalt-chromium (Co-Cr) metal alloys are used in the 
fabrication of removable partial denture frameworks in 
dentistry and in the manufacturing of substructures for 
porcelain-fused to metal fixed dental prostheses. These 

alloys are preferred as they are economic and have high 
hardness, high abrasion resistance and high tensile 
strength properties. In addition to these properties, Co-
Cr alloys are also distinguished by their high 
mechanical properties and their biocompatibility. The 
fabrication of metal substructures for porcelain-fused 
to metal restorations porcelain is carried out using a 
conventional casting method based on the use of "lost-
wax" technique [1-3]. Although the first alloy preferred 
for the casting technique used in this conventional 
method is gold-based, Co-Cr, Ni-Cr based non-
precious metal alloys are widely used today, as they are 
economic [2,4]. 

In recent years, with the development of digital 
dentistry, computer-aided design and computer aided 
manufacturing (CAD-CAM) technologies have been 
used in the production of metallic structures [1-5]. One 
of these CAM technologies is defined as laser 
sinterization technique [3,4,8-10].  Selective laser 
sinterization (SLS) and selective laser melting (SLM) 
are "additive manufacturing" methods.  In the direct 
metal laser sinterization (DMLS), which is an SLS 
technique, the prosthetic substructures designed with 
CAD are obtained by being sintered layer by layer 
from Co-Cr metal powders. [3,8,9,11-12]. Sinterization 
process is performed in layers of 20 m at about 1400 
°C. The microstructure of the sintered part differs from 
the structures manufactured using casting methods. The 
aim of this study is to examine the sinterization 
behaviour of metal powders used in DMLS method at 
different times in the high temperature furnace and to 
compare it with laser sinterization. In the study, the 
effect of the period of waiting in 1400 °C and the 
sintering method on the mineralogical structure and 
microstructure characteristics of Co-Cr alloy powders 
was investigated. 

2. Experimental Procedure 
 
For DMLS, Co-Cr metal alloy powders (EOS 
Cobaltchrome SP2, EOS GmbH, Krailing, Germany) 
were used as starting materials. A sample used in the 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

746 IMMC 2018   |   19th International Metallurgy & Materials Congress

production of metal-porcelain substructure was 
prepared from Co-Cr metal alloy by DMLS method 
using EOS M270 device. The same metal alloy 
powders were also used for the experimental method. 
In order to give the initial shape and raw density to the 
Co-Cr metal powders, shaping was performed at a 
pressure of 200 MPa using a 13 mm-diameter hand 
press (Herzog Machinenfabrik, Osnabrück, Germany). 
The pressed Co-Cr powders were sintered at a high 
temperature furnace (MSE furnace 1600 ELV, Kocaeli, 
Turkey) at a peak temperature of 1400 °C in two 
separate regimes as "without waiting" and "waiting for 
a period of 30 minutes". Afterwards, the crystal 
structure of the samples was determined by X-ray 
diffractometry (XRD, Rigaku D / Max-RB (12 kW)) 
and CuK  radiation (  = 1.5148 A°) operating at 40 kV 
and 200 mA. These samples were then characterized by 
scanning electron microscope (SEM Nova Nanosem 
650) and energy-dispersive X-ray diffractometer 
(EDX), and the microstructural characteristics of 
samples sintered in different regimes were examined.  
 
3. Results and Discussion 

Figure 1. X-ray spectrometer patterns 

a)  

b)  

c)  
 

Figure 2. 100 m surface images at SEM 800 X 
magnification a) Direct metal laser sinterization surface 
view of samples sintered at the regime of b) "without 
waiting" at 1400 °C, c) "30 minutes of waiting" at 1400 
°C. 
 

      
 
Figure 3. The EDX analysis was performed at 3 spots 
of direct metal laser sinterization and the chemical 
contents were examined. The 3 selected spots are 
designated as EDS Spot 1, EDS Spot 2, EDS Spot 3 in 
the image. 
 

a)  

b)  

c)
 
Figure 4. EDX analysis graphs of 3 spots. a) EDS Spot 
1 b) EDS Spot 2 c) EDS Spot 3 
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Table 1: Chemical analyses of the EDS spots. 

EDS Spot 1  EDS Spot 2 EDS Spot 3 

Element Weight
%

Atomic
%

Weight
%

Atomic
%

Weight
%

Atomic
%

O K 10.15 29.19 10.47 30.45 23.36 51.68

MoL 2.07 0.99 4.04 1.96 1.36 0.5 

CrK 32.53 28.8 24.85 22.23 15.93 10.85

FeK 0.55 0.45 0.32 0.26 47.43 30.06

CoK 50.65 39.56 55.65 43.92 11.3 6.79 

W L 4.05 1.01 4.67 1.18 0.61 0.12 

Figure 5. EDX analysis was performed at 5 spots for 
Co-Cr sintered at 1400 °C without waiting, and their 
chemical contents were examined. The 5 selected spots 
are designated as EDS Spot 1, EDS Spot 2, EDS Spot 
3, EDS Spot 4, EDS Spot 5 in the image. 

a)

b)

c)

d)

e)

Figure 6. EDX analysis graphs of 5 spots. a) EDS Spot 
1 b) EDS Spot 2 c) EDS Spot 4 d) EDS Spot 2 3) EDS 
Spot 5 

Table 2: Chemical analyses of the EDS spots. 

EDS Spot 1  EDS Spot 2 EDS Spot 3 EDS Spot 4 EDS Spot

Element Wt 
%

At.
%

Wt 
%

At.
%

Wt 
%

At.
%

Wt 
%

At.
%

Wt 
%

A
%

O K 22.91 50.38 29.44 58.88 27.8 67.56 8.48 29.32 32.83 71.

MoL 0.08 0.03 0.51 0.17 21.96 8.9 0 0 20.41 7.4

CrK 47.41 32.08 43.85 26.98 4.93 3.69 23.22 24.69 6.46 4.3

MnK 0.18 0.12 0.31 0.18 0.28 0.2 1.96 1.97 0.26 0.1

CoK 29.02 17.32 25.17 13.66 22.61 14.92 37.77 35.43 21.24 12.

W L 0.39 0.07 0.72 0.13 22.42 4.74 28.57 8.59 18.79 3.5

Figure 7. EDX analysis was performed at 3 spots for 
the sample sintered at 1400 °C with a waiting time of 
30 minutes, and their chemical contents were 
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examined. The 3 selected spots are designated as EDS 
Spot 1, EDS Spot 2, EDS Spot 3 in the image. 

                a)                                     b)

c)
Figure 8. EDX analysis graphs of 3 spots. a) EDS Spot 
1 b) EDS Spot 2 c) EDS Spot 3 

Table 3: Chemical analyses of the EDS spots. 

EDS Spot 1  EDS Spot 2 EDS Spot 3 

Element Weight
%

Atomic
%

Weight
%

Atomic
%

Weight
%

Atomic
%

O K 10.55 30.34 13.99 50.95 0.21 0.77 

AlK 0 0 0.28 0.6 0.13 0.28 

MoL 0 0 5.81 3.53 0.03 0.02 

CrK 0.32 0.28 0.16 0.18 0.8 0.9 

CoK 88.67 69.26 29.01 28.67 98.18 97.82 

W L 0.46 0.12 50.75 16.08 0.65 0.21 

The effect of the heat treatment on the chemical 
characteristics by different sintering methods of the 
obtained Co-Cr samples was investigated by X-ray 
diffractometry (XRD, Rigaku D / Max-RB (12 kW)) 
and CuK  radiation (  = 1.5148 A°) operating at 40 kV 
and 200 mA. The XRD results of the Co-Cr samples 
are given in Figure 1. In the XRD analysis, it was 
observed that 4 basic peaks were found in our starting 
powder. It was determined that the peaks found were 
cobalt and chrome peaks in the analysis results.
In the chemical composition of the samples formed by 
the DMLS process, cobalt has formed cobalt chromium 
compound patterns in addition to chromium patterns. 
In addition to cobalt chromium alloy, it was observed 
that the sample subjected to sinterization at 1400 °C 
formed cobalt oxide and chromium oxide patterns as 
well, and that oxidizations occurred. 
In addition to Co-Cr alloy, it was observed that the 
sample prepared at the system with a waiting time of 
30 minutes at 1400 °C formed cobalt oxide and 
chromium oxide patterns as well, and that oxidizations 
occurred.
The morphological characteristics of Co-Cr samples 
with different sinterization methods were examined by 
SEM. SEM images of the Cobalt-chromium samples 
shown in Figure 2 were taken based on 8000 
magnification. SEM images of the sample obtained as a 

result of subjecting the Co-Cr samples to heat 
treatment by DLMS under the regimes of "without 
waiting" at 1400 °C and "30 minutes of waiting" at 
1400 °C are given. 
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Abstract 

In this work, we presented a dynamic analysis of a 
canoe paddle made of natural plant fibers extracted 
from Cactus Nopal (prickly pear) and mixed with 
epoxy resin. The different methods of extracting 
Cactus fibers, as well as the mechanical 
characterization for the new stratified bio-composites 
are also established in this study. Three different fiber 
architectures were extracted. The samples and bio-
composite paddles were subjected to static and 
dynamic mechanical tests to estimate their mechanical 
properties, the natural frequencies of these new 
building materials.  

1. Introduction 

Nowadays, the integration of new ecological materials 
is a major necessity. Therefore, the use of plant fibers 
becomes more and more important for researchers. 
The interest for natural plant fibers resides in their 
specific properties, such as biodegradability, 
abundance, renewable character and low cost [1]. The 
use of vegetable fibers (wood, linen, hemp) as 
reinforcement elements in polymer, thermo-plastic or 
thermosetting materials, that usually use glass fibers, 
is an already industrialized and marketed concept [2]. 
The Nopal Cactus (or Barbary Fig) is plant species of 
the family Cactaceae, native to Mexico, and 
naturalized in other continents, including the 
Mediterranean area, South and North Africa. Opuntia 
ficus-indica or Opuntia joconostle are the most often 
breeding species in the Nopals family. The buffers of 
almost all Opuntia species are edible. However, the 
major obstacle to their use in so-called "structural" 
applications is the lack of knowledge of their 
behavior, their damage and their aging [3]. Some 
researches have already been done on this plant. The 
study presented by Noureddine Barka and al [4] shoed 
that dried cactus can be used as an effective alternative 
natural biosorbent in eliminating wastewater metals. 
They carried out biosorption experiments for the 
elimination of cadmium and lead ions from aqueous 
solutions with the help of dried cactus as a natural 
biosorbent. Their results showed that optimal 
biosorption can be achieved at pH 5.8 and 3.5 and that 
the biosorption capacity decreases when increasing the 

solution temperature. Roberto Castro-Munoz and al 
[5] found that a composite formed with cactus has low 
water content, freshwater activities, excellent 
solubility and high hygroscopicity. The 
microstructures generated are rigid structures due to 
the presence of gelatin. Physicochemical 
characteristics were determined in Opuntia ficus 
indica cactus by Lorena Pérez Méndez and al. [6]. 
They found that Opuntia cactus had high ash, 
absolutely insoluble fiber, pH, acidity, ascorbic acid, 
Na and Cu values were small.  L. Guo and al. [7] 
experimentally studied the behavior of a single droplet 
of cactus spines on the conical spine for Newtonian 
and non-Newtonian fluids. While, Bouakba et al [8] 
studied the mechanical behavior of composite 
polyester / cactus fiber laminates in 3-point bending in 
static and fatigue. They also proposed a new fiber 
extraction technique consisting of burying snowshoes 
in the ground for 15 days. Burial favors the 
fermentation of calcium oxalate, which makes the 
fiber extraction easier. 
The work we have undertaken is within the framework 
of a canoe paddle is based on the natural Nopal cactus 
fiber. The aim is to improve the performance, quality 
and even the lifetime of the paddle. In this study it was 
proposed to realize this new method as a fast, simple, 
and effective for production of green paddles with 
enhanced mechanical properties.  

2. Extraction of cactus fibers type Nopal  

Three different fiber architectures were identified 
from the extraction process, corresponding to three 
different parts of the cactus trunk. The plant fibers of 
nopal cactus are extracted by different methods. The 
method used in this study combines the three most 
used extraction methods, namely are biological 
extraction, steam exposure and the chemical process. 

Figure 1.  Nopal cactus plant. 
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The method consists of burying the trunk in soil with 
less than 30 cm of depth (without sand). During the 45 
days (in dry weather, with average temperature of 27 ° 
C) the fermentation of calcium oxalate was achieved 
and thus the extraction of the cactus fiber layers 
facilitated. The fibers were then washed with water 
and air-dried with external exposure for at least two 
days (average T = 27 ° C and 25% humidity). Figure 2 
shows the cross-sectional view of nopal cactus 
snowshoes after 45 days and before rinsing with 
water. 

Figure 2. Rinsing Nopal Cactus Fibers and Drying to 
Air After 45 Days of Landfilling (Prior to Water 

Rinsing). 

From Figure 2 we can observe that the extracted 
cactus fibers from the trunk are localized in the middle 
and on the former extremities. The fibers were 
extracted from an old trunk (about 26 years old). The 
changes in architecture as a result of its maturation is 
shown in Figure 3. 

Figure. 3 Architecture of the cactus fibers nopal 
according to its maturation. 

3. Mechanical tensile test 

3.1 The matrix 

The tensile tests were carried out using epoxy matrix 
(NEXANS, type ISM 45G). The specimens were 
made in rectangular shape in accordance with NF EN 
ISO 527-1 standard using universal machine equipped 
with force sensor and extensometer, and applying load 
speed of 20 mm / min. The dimensions of the samples 
were 250 x 25 x 5 mm. 

Figure 4 illustrates the stress-strain curves of five 
samples tested. An approximation of results is 
observed for all the specimens. From the three-zone 
curves, the first linear zone shows low strain with low 
stress. The second zone, which is the plastic and the 
most dominant zone, rather large stress with a high 

deformation can be observed. While, the third zone 
shows the point at which the test piece breaks. This 
indicates that the behavior of NEXANS epoxy resin 
(type ISM 45G) has a ductile behavior.  

0 1 2 3 4 5 6 7 8
0

2

4

6

8

10

12

14

16

 Ep 1
 Ep 2 
 Ep 3 
 Ep 4
 Ep 5

St
re

ss

Strain [%] 

Figure 4.  Tensile stress-strain curve of the epoxy 
matrix NEXANS ISM 45 G. 

Table 1 summarizes the tensile mechanical 
characteristics of all the specimens of the ISM 45G 
matrix. The average moderated Young's modulus of 
the matrix is of the order 211.047 MPa, with a tensile 
strength of 12.80 MPa and a strain of about 34.14%.

Table 1 Tensile mechanical characteristics of the 
NEXANS ISM45G epoxy matrix. 

3.2 Nopal cactus fibers 

In this study, three basic architectures cactus fibers 
were studied and their mechanical behavior was 
determined by estimating the Young's modulus, 
tensile strength and deformation. These fiber 
architectures were selected from different locations of 
the cactus trunk. Architecture No. 1 corresponds to the 
fibers extracted from the inner core of the trunk 
(Figure 5.a), while Architecture No. 2 are the fibers 
belonging to the median section (Figure 5.b), and 
architecture No. 3 to the outer core (Figure 5.c). 

a) Architecture No.1 b) Architecture No.2 c) Architecture  No.3  
Figure 5. Three configurations of nopal cactus fiber 

specimen. 

Specimen   S [mm2] rup 
[Mpa] 

rup % E  [Mpa]   

Epr 1 121.44 12.59 15.93 228.503 

Epr 2 118.75 11.20 73.46 101.679 

Epr 3 114.41 13.28 32 146.831 

Epr 4 118.59 13.90 26.66 284.571 

Epr 5 97.05 13.02 26.66 293.652 

Average 12.80 34.14 211.047 
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On Figure 6, we can see that the fibers have almost the 
same behavior and almost the same pace. The stress-
strain curves of all three samples consists of three 
parts. The first very short initial part represents linear 
behavior, the second part is related to the stiffening 
effect due to the alignment of the fibrils and finally a 
final softening (relief) behavior is observed before the 
total breaking of the fibers. According to the results 
obtained from the evolution of stress-strain curves for 
the loading of uni-axial traction, the architecture of the 
cactus fibers with a very dense mesh (No.3) presents 
the best mechanical behavior compared to the other 
two samples (open mesh and a medium mesh),. 
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Figure 6. Comparison of the stress-strain curves 
between the 3 architectures of the nopal cactus fibers. 

Although the specimens are cut from the same plate, 
the results obtained from the stress, deformation and 
Young Module are characterized by dispersions 
between the different specimens tested. The origin of 
these observed dispersions for the Young's modulus    
is due to the strong anisotropy of the fibers and can be 
related to the fraction of volume of fibers, which is an 
uncontrollable factor taking into account the 
morphology of the cactus tissue. While the dispersion 
in stress and strain values can be directly atributed to 
the cavities of the matrix and the variety of fiber 
architecture. 

Table 2 Mechanical tensile properties of the nopal 
cactus fiber for each architecture 

3.3 Nopal / Epoxy Cactus Composites 

The composite specimens were prepared using cactus 
fibers (Architecture No. 2 and No. 3) and epoxy resin. 
The specimens were cut in the direction of the fibers 
with dimensions of  l = 250 mm length, b = 25 mm 
width and e = 2.5 mm thickness (according to the 
AFNOR 57-101 standard). 
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Figure 7. Comparison of stress-strain curves for the 
two cases of composites studied. 

The same findings were noted for the stress-strain 
curves shown in Figure 7. The longitudinal modulus 
was calculated with a slope between (0.5 to 1) % of 
the deformation. The obtained characteristics are 
presented in Table 3. 

Table 3 Mechanical characteristics tensile composite 
fiber / resin of the two architectures.  

4. Mechanical characterization of fiber cactus 
nopal / epoxy in 3 point bending  

Three-point bending tests were performed to 
determine the deflection and flexural modulus. 
A very important increase in the breaking force value 
and the displacement for the cactus fibers of a dense 
mesh was observed. From these results, can be noted 
that the bending is strongly linked to the variation of 
the fiber architectures in particular in the vicinity of 
the central area, i.e. low fiber areas in the tested 
samples. The dispersion observed is generally related 
to the anisotropy of the fiber (Figure 8). 

5. Canoe Paddling by Nopal Cactus and Epoxy 
Resin Fibers 

This study proposes to build a canoe paddle based on 
a natural Nopal cactus fiber as a fast, simple, and 
effective tool for paddling and canoeing.
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a) Architecture N° 02

Architecture   Max 
[N/mm2] 

rup % E [MPa] 

Architecture 1 0.167 3.73 72.8 

Architecture 2 0.369 2.66 160.64 

Architecture 3 1.012 4.73 279.38 

Specimens S [mm2] max 
[Mpa] 

rup % E  [Mpa]   

Arch2 
Epr 1 111.66 11.07 8.8 253.879 

Epr 2 136.20 11.06 5.8 206.484 

Epr 3 120.02 13.24 8.4 213.708 

Arch3 Epr 1 113.01 17.17 4.4 421.389 

Epr 2 120.97 13.88 4.5 317.585 

Average Arch2 max 
[Mpa]

11.79 E
[Mpa]  

224.69 

Arch3 max 
[Mpa]

15.525 E
[Mpa]  

369.48 
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Figure 8. Force-deflection of the 3-point bending test 

on Arch 02 and Arch 03 fibers. 

6 . Vibration analysis of the paddle Nopal cactus 
fibers 

The experimental analysis was carried out in the case 
of bending of the structure. The paddle in the first 
place is free on both sides, and then clamped at one 
end and free at the other. 

6.1 Free-Free 
The frequency response of the paddles are plotted in 
Figure 11. We can observe 6 peaks (eigenfrequencies) of 
different Amplutide, such as a rapid decrease of 
amplutide after the 4th frequency. These results include 
torsion modes as well as bending modes. Precisely, modes 
2 to 4 are bending modes. There is a wide gap between 
the three frequencies. The other modes correspond to the 
torsion modes. 

Figure 9.  Nopal cactus fiber paddle 

Figure10.  Frequency response of the paddle "torsion 
and flexion" free - free. 

6.1 Clamped-Free 

Figure 12 shows the Fourier transform of the impulse 
excitation response of the cactus fiber paddle. This 
response shows peaks corresponding to the natural 
frequencies of the vibrations of our structure. The curve 

gives six natural frequencies of different amplitudes. By 
comparison, we note that always the first 3 modes are 
related to flexural modes. 

Figure 11. Frequency response of the paddle "bending 
frequency" clamped _ free. 

7. Conclusion  

From the results obtained, we can conclude that: 

 The tensile behavior of the three architectures 
of the nopal cactus fibers are not identical 
when different fiber architectures are used; 

 The fibers of a dense mesh "architecture 03" 
are more resistant and behave better than other 
architectures; 

 Significant and very appreciable frequencies 
were observed during vibration testing of the 
paddle cactus / epoxide; 

 Each natural frequency corresponds to a 
specific mode of the deformation of the 
system. 
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Abstract

Silicon nitride (Si3N4) is a novel non-oxide bioceramic 
material that is used as spinal fusion implants, cervical 
spacers, surgical screws, prosthetic hip and knee joints. 
Among ceramics, due to good wear properties, 
biocompatibility and less sensitivity to slow crack growth, 
Si3N4 is a potential candidate in load bearing applications. 
However, usage of Si3N4 in biologic systems needs high 
densification. In order to improve mechanical properties of 
Si3N4, different biocompatible carbon nano-forms; carbon 
nanotubes (CNT) and graphene nanoplatelets (GNP) were 
incorporated into the Si3N4 matrix. Monolithic Si3N4,
Si3N4-GNP and Si3N4-CNT composites were produced by 
spark plasma sintering (SPS). The effects of additives on 
densification and microstructural behavior, and mechanical 
properties were investigated 

1. Introduction 

Silicon nitride (Si3N4) and its composites are being used 
industrially in applications such as high performance 
bearings, turbine and ignition blades where high fracture 
toughness, high strength and high wear characteristics are 
necessary [1,2]. The features of Si3N4 like biocompatibility 
[3,4] and being partially radiolucent material in plain 
radiographs created some ideas about its usability in the 
biomedical field. Due to the unique combination of 
material properties, Si3N4 is used for spinal fusion implants 
and for the carrier components of prosthetic hip and knee 
joints. Surgical screws, plates and bearings have also been 
developed using silicon nitride [5,6].
Increasingly prolonged human life increases the need for 
implant materials. The difference in mechanical properties 
between the implant materials used and the natural bone 
tissue, and the inconsistency between the implant and the 
surrounding body tissue, cause tissue irritations and often 
require revision surgeries. Although existing implant 
materials may be a solution for many patients, long-term 
performances are not satisfactory. 
Ceramic materials have been used for orthopedic implants 
for the last 40-50 years [7]. Silicon nitride ceramics are 
significantly different from other alumina based ceramics 
used in orthopedic surgery. Alumina (Al2O3) and zirconia 
(ZrO2) are currently used in total hip [8,9] and total knee 
replacement [10,11] implants. The unique feature of silicon 

nitride ceramics is that it can be a porous substrate as well 
as a hard glass bearing surface. Among all the ceramic 
materials used in biomedical applications, silicon nitride is 
the only ceramic material that allows the production of 
monolithic implants, such that one surface of the implant is 
porous and the other surface immediately opposite to the 
implant is porous. In addition, high fracture toughness 
values (~ 5.7 MPa·m1/2) are also superior compared to 
Al2O3-based ceramics. Due to the general properties 
described in this section and given in Table 1, the use of 
silicon nitride in various applications on the skeleton is 
appropriate [12].

Table 1: Properties of sintered and reaction bonded Si3N4
ceramics [13]. 

Property Value 
Density (g/cm3) 3.17  

Tensile strength (MPa) 690 
Modulus of elasticity (GPa) 310 

Hardness (kg/mm2) 1450 
Fracture toughness (MPa·m1/2)  5.7  

New evidence for cytotoxicity assays shows that silicon 
nitride ceramics may have a well-defined biocompatibility 
profile, similar to oxide ceramics like Al2O3, ZrO2. In an in
vitro study using the human osteoblast-like MG-63 cell line 
[14], Si3N4 was found as a nontoxic, biocompatible ceramic 
surface that supports functional human bone cell 
development. High abrasion resistance and support for 
bone cell growth and metabolism make Si3N4 an attractive 
candidate for clinical applications. Mechanical 
investigations and cell culture tests also support these 
findings [15,16]. 
As one of the most innovative and promising silicon nitride 
production method, spark plasma sintering (SPS), provides 
sintering and sinter-bonding at low temperatures and short 
periods by charging the intervals between powder particles 
with electrical energy and effectively applying a high-
temperature spark plasma [17]. SPS and other current-
assisted techniques allow production of dense Si3N4, even 
at temperatures as low as 1400–1500°C. Moreover, current-
assisted techniques allow for rapid densification and 
minimized  to  transformation due to the very rapid 
heating rates and short holding times [18].
Graphene nanoplatelets (GNP) have emerged as a 
particularly promising nanoscale filler phase for various 
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composite materials due to their exceptional mechanical 
properties and thermal stability. They also hold the 
potential for improving the tribological properties of the 
composites as graphite is known to be an excellent solid 
lubricant [19]
A combination of outstanding mechanical (elastic modulus 
~1.28 TPa, tensile strength ~30 GPa), thermal (conductivity 
>2000 W/mK) and electrical (conductivity >1.5 x 104 S/m) 
properties makes carbon nanotubes (CNTs) suitable 
reinforcing materials for different systems. In addition, 
CNTs have high potential for use in biological applications 
(such as biosensors and drug delivery) due to their high 
surface area, excellent chemical stability, and acceptable 
biocompatibility. CNTs have also been utilized for gene 
therapy, immunotherapy, and tissue regeneration.  In 
addition, CNTs can enhance bone growth and apatite 
formation. Zanello et al. reported that CNTs preserve bone 
formation and growth of bone-forming cells. Webster et al. 
investigated the effect of carbon nano-fibers on osteoblast 
cells in an in vitro study, and they found that carbon nano-
fibers enhance osteoblast activity and osseointegration [20]. 
In this study monolithic Si3N4, Si3N4-GNP and Si3N4-CNT 
composites were produced to be used as biomaterial by 
spark plasma sintering (SPS) method. Microstructure and 
mechanical properties were examined to understand 
suitability of the materials to biological systems. 

2. Experimental Procedure 

High purity -Si3N4 (ABCR GmbH &Co, Silicon Nitride 
grade M11 low oxygen), graphene nanoplatelets (GNP, 
NANOKOM , <99% purity, diameter 5-20 μm, thickness 5-
8 nm, surface area 120-150 m2/g), multiwall carbon 
nanotube (CNT, Carbon NT&F21, 95% purity, L. 
MWNTs-1020, 10-20 nm in diameter, 15-15 μm in length) 
were used as starting materials. Composite preparation 
mainly includes; weighting necessary amounts of raw 
materials, mixing and grinding with ball milling for 24 
hours, ultrasonic mixing with varying times (according to 
which additive used), and finally drying. Monolithic 
sample is prepared in one container; weighting and ball 
milling is directly followed by drying step. For CNT or 
GNP added sample preparation, additive and matrix 
material were placed in two different containers (~250 ml 
ethanol was poured into each container). These specimens 
were subjected to ultrasonic mixing step different then 
monolithic sample. For ultrasonic mixing, first ultrasonic 
homogenizer at highest power for 3 minutes was applied to 
the additive’s container. Then, additive was poured on main 
matrix solution and this mixture was also ultrasonically 
mixed at highest power for 5 minutes.  
In drying step, excess ethanol was first vaporized until 
slurry is obtained, by stirring on magnetic stirrer 
approximately 4-5 hours. Then the mixture was placed into 
a drying oven (~105°C) for 24 hours to dry completely. 
The resulting soft and unagglomerated powder mixture was 
ground in an agate mortar.

The sintering experiments were carried out using spark 
plasma sintering (SPS) apparatus (SPS 7.40 MK-VII, SPS 
Syntex Inc.). Powder mixture was filled into a graphite die 
with 50 mm inner diameter, 95 mm outer diameter and 50 
mm height. Inner side of the die was covered with graphite 
sheet to increase the electrical conductivity. A small hole 
was opened on the die, to monitor and control the 
temperature by focusing an optical pyrometer (Chino, IR-
AH) to the hole. SPS performed manually (current-
controlled mode). Uniaxial 40 MPa pressure and a pulsed 
direct current were applied during process.  Monolithic 
Si3N4, Si3N4-5 vol% CNT and Si3N4-5 vol% GNP were 
sintered at 1550°C in vacuum for 5 minutes. During the 
SPS process, linear shrinkage of the specimens was 
monitored by checking displacement of the punch rods.   
After sintering, specimens had the shape of pellets with 50 
mm diameter and 4 mm thickness. Before characterization, 
specimens were roughly grinded to remove remaining 
graphite sheet over the surface.

2.1 Characterization of composites 

The densities of the sintered samples were measured by the 
Archimedes method with water immersion in distilled 
water. The resulting values were converted to relative 
densities by using the theoretical densities and the volume 
fractions of the Si3N4 (3.17 g/cm3), CNTs and GNPs (1.9 
g/cm3). The crystalline phases were identified by X-ray 
diffractometry (XRD; MiniFlex, Rigaku Corp.) in the 
2 =10-90° with CuK  radiation. The microstructures of the 
sintered samples were investigated using scanning electron 
microscopy (FESEM; JSM 7000F, JEOL Ltd.). Vickers 
hardness and fracture toughness values were determined 
from Vickers indentations (VHMOT, Leica Corp.)  under 
loads of 9.8 and 19.6 N, respectively. The average value 
(from 10 measurements) for each sample was used to 
evaluate the hardness and fracture toughness. The fracture 
toughness values were measured from the half-length of a 
crack formed around the indentation by using the equation 
derived from Anstis et al.

3. Results and Discussion 

Table 1 shows the density, hardness and fracture toughness 
of the samples.

Table 1: Density, hardness and fracture toughness of the 
products.

Sample Relative 
density (%)

Hardness
(GPa) 

Fracture
toughness

(MPa·m1/2)
Si3N4 99.7 17.7 ± 1.1 7.8 ± 0.4 

Si3N4-5% GNP 99.2 14.3 ± 1.9 6.1 ± 0.7 
Si3N4-5% CNT 96.9 11.5 ± 1.9 3.9 ± 0.9 
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A relative density of ~99% was achieved for the monolithic 
Si3N4 and Si3N4-GNP composite sintered at 1550°C. 
However, the relative density of the sample with CNT was 
measured as ~97%. Moreover, mechanical property results 
showed that both GNP and CNT additives reduced the 
hardness and fracture toughness of the Si3N4. The hardness 
and fracture toughness values decreased by ~19% and 
~22% with the addition of 5 vol.% GNPs into the 
monolithic Si3N4, respectively. According to literature, 
GNP addition is expected to increase fracture toughness by 
changing the fracture mechanism of the matrix [6]. 
Belmont et al. reported hardness, fracture toughness, and 
elastic modulus values of spark plasma sintered Si3N4
ceramics with 3 vol% GNP slightly lower than that of the 
monolithic. Tapazsto et al. reported a ~12% increase in the 
fracture toughness value with a slight decrease in the 
hardness value of 3% GNP-doped Si3N4 composites 
sintered at 1700°C for 10 minutes by SPS method. This 
result showed that the best properties were achieved with 
5% FL-GNP (FLGNP-few layer GNP) supplemented 
composites when compared with 3% FL-GNP. Obtaining 
the best properties in this example is interpreted as a result 
of the homogeneous distribution of the additive with fewer 
layers in the composite. [7]. Based on this knowledge in the 
literature, lower fracture toughness values of 5% GNP-
added composites than monolithic can be attributed to the 
non-uniform distribution of GNP in the composite. In 
subsequent studies, changes can be made in the ultrasonic 
mixing stage to achieve a more homogeneous distribution. 
Sample with 5 vol% CNT additive also showed lower 
hardness and fracture toughness values compared to the 
monolithic sample. In the literature many study report 
complex densification mechanism and mechanical effect of 
CNT additive on composites.  In a study of carbon 
nanotube effect on zirconia toughened alumina, Akin 
reported that decrease in the density could be associated 
with the presence of CNTs along grain boundaries. 
Lukinova et al. also reported lower density for CNT-
containing composites compared to monolithic, in his study 
on spark plasma synthesized silicon nitride with carbon 
nanotube additive [17]. Akin also reported fracture 
toughness of Al2O3-YSZ-CNT composites exhibited a 
different trend depending on CNT content. While 0.5 wt % 
CNT resulted a slight increase in the fracture toughness, 
increasing CNT content (1 and 2 wt %) caused a reduction 
in both hardness and fracture toughness. Although 
mechanical properties of CNT examined in different 
studies, and it is known that homogenous distribution and 
absence of agglomeration is essential for enhanced 
mechanical properties, the effect is still unclear. Also SPS 
mechanism could be a factor damaging CNT structure, and 
causing CNT kinks, caps or spherical carbon onions; giving 
rise to unexpected results. The results suggest that for CNT 
additive to increase mechanical properties, CNT additive 
amount and process conditions should be optimized [20].

Fig. 1 shows the XRD patterns of monolithic sintered Si3N4
and Si3N4-based composites. XRD analysis of monolithic 
Si3N4 revealed the phase transformation after sintering at 
1550°C from  to -Si3N4.  and -Si3N4 have hexagonal 
structures, which are built up by corner-sharing SiN4
tetrahedra. They can be regarded as consisting of layers of 
silicon and nitrogen atoms in the sequence ABAB... or 
ABCDABCD... in -Si3N4 and -Si3N4, respectively. While 

-Si3N4 contains tunnels, -Si3N4 has cavities in its 
structure. As a result of this structural difference,  phase 
has slightly higher density, besides lower hardness and 
higher fracture toughness than  phase [21]. Experimental 
results also support this finding. 

Figure 1: XRD patterns of monolithic Si3N4 and samples 
with 5vol% GNP and 5vol% CNT. 

On the other hand, no significant difference was observed 
in the XRD patterns of composites with GNP and CNT.  
Fig. 2 shows the fracture surface microstructures of 
monolithic sintered Si3N4 and the crack path generated by 
the Vickers indentation test. 

   
Figure 2: (a) Fracture surface, (b) crack path generated by 
Vickers indentation test of the monolithic sintered Si3N4.

The microstructural observations of the sample are in 
agreement with the measured relative densities (Table 1). 
Dense and mostly uniform microstructure was observed. 
The crack propagation path for monolithic sintered Si3N4
was mainly intergranular and contained grains with an 
average grain size of ~1 μm.  

A B
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4. Conclusion 

Monolithic Si3N4 and Si3N4 composites with 5 vol% GNP 
and 5 vol% CNT were prepared by spark plasma sintering 
at 1550°C under a uniaxial pressure of 40 MPa with a 
holding time of 5 min. The sintered monolithic Si3N4 and
the composite with 5 vol% GNP exhibited relative densities 
of ~99%. However, the addition of CNT reduced the 
relative density due to its nature. Accordingly, the addition 
of nano-forms of carbon decreased the hardness and 
fracture toughness values.
It is clear that the GNP and CNT positions and distributions 
play critical roles in the ability of these additives to 
improve the densification and mechanical properties. 
Homogeneously distributed and dense GNP and/or CNT-
containing composites are potentially useful for structural 
applications, but agglomerations or weak reinforcing 
phases and matrix grain interfaces need to be avoided. 
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Abstract

Orthodontic treatment is a widely used process all around 
the world in order to move poorly aligned teeth to a 
desirable position and it can be applied to patients of all 
ages. In this study, small sized and complex shaped 
orthodontic bracket which is used to transmit forces 
produced by arch wire in fixed orthodontic treatment was 
manufactured using MIM (Metal Injection Molding) 
method. In the first phase of the study, the orthodontic 
bracket was designed using in CAD (Computer Aided 
Design) tool. After designing the bracket, mold design was 
performed by taking dimensional changes into 
consideration. BASF Catamold 17-4 PH stainless steel 
feedstock was used for metal injection molding. Debinding 
and sintering processes were carried out under the specific 
conditions after metal injection molding and prototype part 
was obtained. After completion of manufacturing, 
hardness, density, micro-structural and dimensional 
analysis were performed and obtained data were evaluated. 

1. Introduction

Orthodontic treatment is in much demand globally, and is 
practiced in just about every country, developed or 
developing. To move the teeth, the orthodontists employ 
the aid of a variety of carefully prescribed biomechanical 
forces systems [1]. The mechanical foundation of 
orthodontic therapy is based on the principle that stored 
elastic energy can be converted into mechanical work by 
tooth movement, and that the ideal control of tooth 
movement requires the application of a system of 
distinctive forces properly supported by accessories such 
as orthodontic wires. Efficient orthodontic treatments rely 
on the perfect design and condition of orthodontic wires 
[2]. There are numerous brackets on the market in terms of 
different dimensional parameters such as slot size and 
torque angle [3]. Each orthodontic bracket has different 
geometrical design and dimensions due to the varied 
shapes of each tooth. Although there are diverse designs, 
the bracket has generally four wings, a slot for placement 
of archwire and base surface for adhesion to the tooth 
surface. 

Most of the brackets used in orthodontic mechanotherapy 
are made of metallic materials because of their mechanical 
strength and because they can easily be formed into 
various designs [4]. Metallic orthodontic brackets are 
predominantly fabricated by casting and milling 
techniques. However, Metal Injection Molding (MIM), a 
new method has been adopted for the manufacturing of 
metallic orthodontic brackets [5]. The MIM method was 
discovered and developed in USA in the early 1980s and is 
especially suitable for the production of small parts [6-7]. 
The MIM method is a near-net shaping method which is 
predominantly beneficial for the users where intricate 
shape with high density and precision and accuracy in 
dimensions are mandatory [8]. Metal injection molding is 
the derivative of powder metallurgy. Powders can be 
shaped in a semi-fluid state, but after heating to high 
temperatures the particles bond into strong, coherent 
masses. This technique requires the use of computer-aided 
design, along with computer numerical controlled 
machines tools [9]. The MIM process consists of 
mixing/kneading metal powder, binder, solvent, and 
lubricant to form the so-called compound. This is followed 
by granulating the compound, injecting the mixed 
compound into a mold, removing the binding material, and 
sintering [3]. 

In this study, small-sized and complex shaped dental 
orthodontic brackets which is used as force transmitter to 
the teeth in fixed-orthodontic treatment were manufactured 
by using MIM (Metal Injection Molding) method. The 
design of metal brackets, preparation of mold, 
manufacturing process and post-production test were 
examined. 

2. Experimental Procedures 

Orthodontic brackets, which is used in Roth technique, 
were designed for maxillary central incisor and canine 
teeth. Considering the shrinkage factor after production, 
the molds were designed and produced 18% larger than the 
actual bracket dimensions. BASF Catamold 17-4 pH 
stainless steel feedstock was used as raw material. The 
brackets were designed in SolidWorks CAD tool with a 
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slot width of 0.018 inches. CAD designs for both brackets 
are given in the Figure 1 and Figure 2. 

(A) (B) 

(C) (D)

Figure 1. Maxillary central incisor bracket design (A) tip 
angle, (B) torque angle and slot width, (C) bracket width, 

(D) base structure

(A) (B) 

(C) (D)

Figure 2. Canine bracket design (A) tip angle, (B) torque 
angle and slot width, (C) bracket width, (D) base structure

The injection process was carried out in the ARBURG 
Allrounder 320C Golden injection molding machine. MIM 
injection process is given in the Table 1. 

Table 1. Injection process parameters
Injection amount 5.500 cm2

Injection speed 35.0 cm3/s  
Injection pressure  1700 bar  
Loader temperature  
Mold temperature  

BASF Catamold feedstocks contain a binder system with a 
main component polyacetal (POM). For this reason, BASF 
feedstocks are subjected to catalytic debinding to remove 
POM from the system. The debinding process was carried 
out using ELNIK SYSTEMS CD 3045 furnace. The 
process was completed in 7 hours using nitric acid vapor at 

. The sintering process was performed in two types 
of furnace and different atmospheres. The sintering process 
was first carried out in Protherm PTF 14/38/180 tube 
furnace. A 100% Argon atmosphere was used as the 
process atmosphere in the furnace. Table 2 shows the 
process steps of the sintered samples in the tube furnace. 
Another furnace is the ELNIK SYSTEMS MIM3000 
industrial scaled sintering furnace. It is a computer-
controlled furnace that performs sintering process by 
applying different atmospheres (%12 H2, %88 N2) at 
different time intervals. Table 3 shows the sintering 
process of the ELNIK SYSTEMS MIM3000 furnace. 

Table 2. Tube furnace sintering process 

Step ) Holding 
Time (min) 

Speed
( /min) 

1 600 - 5
2 600 60 -
3 1300 - 5
4 1300 180 -

Table 3. ELNIK SYSTEMS MIM3000 sintering process 

Step ) Holding 
Time (min) 

Speed
( /min) 

1 450 - 2
2 450 75 
3 600 - 2
4 600 275 
5 1050 - 5
6 1050 55 
7 1260 - 5
8 1260 275 
9 700 - 5
10 75 - 5

After sintering, 17-4 PH stainless steel material was 
hardened by precipitation hardening (PH) method. The 
samples were kept at 1040  for 30 minutes and air 
cooling was applied. It was then held at 500  for 4 hours 
and cooled in the air again. 

3. Characterization of Orthodontic Brackets 

After manufacturing of the prototype, it is significant to 
perform some tests to verify that the brackets can provide 
adequate conditions for the safe use. 
Density measurements were performed according to the 

using Presica precision scale. Pure water was used as the 
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immersion fluid in the density measurement. The 
measurements obtained from the brackets in two different 
sintered atmospheres were compared with the 
commercially available 3M Unitek bracket and the results 
are given in Table 4. 

Table 4. Density measurements

Experiment 
Number 

Density of brackets (g/cm3)
Sintered at 

1300
Sintered at 

1260
1 7.28 6.78 6.83 
2 7.39 7.20 6.73 
3 6.96 7.17 6.70 
4 7.06 6.14 6.80 
5 6.77 6.72 6.81 
6 6.61 7.34 6.79 
7 7.02 7.01 7.36 

Average 7.01 6.90 6.86 

Microstructures were imaged using a Nikon Eclipse 
MA100 optical microscope. Cold mounted brackets in the 
epoxy resin were respectively grinded with 60-120-180-
320-400-800-1200 numbered abrasive papers on the rotary 
disk in order to examine the microstructure of the sample. 
Next, polishing was made by using diamond abrasives. 

ent (40 ml HCl, 5 g CuCl2, 30 ml H2O, 25 ml 
ethyl alcohol) was used for etching. The obtained 
microstructure images of the 3M Unitek, sintered brackets 
in the argon atmosphere and sintered brackets in the 
hydrogen-containing atmosphere are shown in Figure 3, 
Figure 4 and Figure 5 at different magnifications.  

Figure 3. Microstructure of 3M Unitek bracket at 
100X,200X magnification 

Figure 4. Microstructure of bracket sintered at 1300
100X,200X magnification 

Figure 5. Microstructure of bracket sintered at 1260
100X,200X magnification 

The Vickers HVS-1000 device was used for hardness 
measurement. 100 g load was used. Vickers hardness 
values are given in Table 6. 

Table 6. Vickers hardness measurements (under 100 gr 
load) 

3M 
Unitek 

Bracket 

Bracket 
sintered 

at 
1300

Bracket 
sintered 

at 
1260

Bracket 
sintered 

at 
1300
after 
PH

Bracket 
sintered 

at 
1260
after 
PH

HV1 378.66 348.12 312.11 372.40 352.88 
HV2 365.81 280.68 274.00 366.30 352.85 
HV3 369.75 304.50 292.36 361.31 363.77 
HV4 354.09 334.08 297.04 380.89 378.31 
HV5 385.49 289.37 329.41 391.82 331.40 
HV6 391.63 299.69 334.09 352.85 364.19 

Average 374.22 309.40 306.48 370.92 344.81

Optical scanning (using Comet-6 optical scanner) method 
was applied to observe the shrinkage in the structure after 
the sintering of the brackets. The bracket dimensions 
designed in SolidWorks and the bracket dimensions 
formed after sintering in different atmospheres are given 
comparatively in Table 7.  

Table 7.  Comparison of designed and post-sintering 
bracket dimensions 

Bracket Maxilla Width
(mm) 

Lenght 
(mm) 

Height 
(mm) 

Designed 
bracket 

Central 
incisor 3.52 3.40 1.88 

Canine 3.38 3.33 2.17 

Sintered at 
1300

Central
incisor 3.59 3.51 1.86 

Canine 3.65 3.63 2.20 

Sintered at 
1260

Central 
incisor 3.67 3.65 1.86 

Canine 3.74 3.72 2.23 

Images of the brackets after molding, debinding and 
sintering process are given in Figure 7. 
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Figure 7. Images of brackets (a) after molding (b)after 
debinding (c) after sintering 

4. Results and Discussion 

As a result of this study, 17-4 PH stainless steel brackets 
were manufactured as monoblock by MIM method. Mold 
cavity is 18% bigger than the actual brackets due to the 
shrinkage after sintering. However, it has been observed 
that the brackets after sintering are larger than the desired 
value. Difference between theoretical and experimental 
results are caused by the feedstock properties and sintering 
parameters. Brackets, which were sintered under different 
atmospheres and temperatures, were inspected and 
compared to the commercial product of 3M Unitek brand. 

Microstructure of the hereby produced brackets showed 
similarity with the 3M Unitek product. Microstructure 
basically consists of a martensitic phase surrounded by 
ferritic islands (typical 17-4 PH stainless steel structure). 

97% similarity with the 3M Unitek product, while the 
96.5% similarity.

Precipitation hardening process was applied the same way 
to both sample. It was observed that the hardness of both 
brackets increased. The reason for the lower hardness 
value of the sample sintered at lower temperature is the 
high porosity.  

Dimensions of the sample brackets were measured after 
sintering. Experimental results showed that the sample 

the sample sintered 

calculations.  

The comparison between the sintering atmosphere of the 
sample brackets was made. Oxide layer on the surface of 
the sample bracket sintered in 100% Ar atmosphere was 
observed. However, oxide layer was totally disappeared, 
and surface color of the brackets became bright metallic 
for the sample bracket sintered in 88% Ar - 12% H2
atmosphere. 
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Abstract 

Ti and its alloys are among the best materials for 
use in biomedical implant applications; however, 
poor tissue formation at the bond/implant interface 
is the most important challenge in the utilization of 
Ti-based implants. To improve the amount of tissue 
formed between the bone and implant, 
TiO2/hydroxyapatite (HA) coatings are grown on 
titanium-based implants by using different 
techniques. This study is focused on investigating 
the structural analysis and surface morphology of 
titanium dioxide (TiO2) and TiO2/HA 
nanocomposite coatings deposited using the Plasma 
Electrolytic Oxidation (PEO) process. Structural 
analysis and surface morphology of the coatings 
was conducted using X-Ray diffraction (XRD) and 
scanning electron microscopy (SEM) respectively. 

1. Introduction 

Ti-based alloys, especially Cp-Ti and Ti-6Al-4V, 
are commonly used in dental and orthopaedic 
implants because of their low density, 
biocompatibility, high strength to weight ratio, non-
toxicity, good corrosion resistance and low 

resistance and biocompatibility of titanium and its 
alloys are related to the oxide layer that is 
inherently formed on their surface [2,3]. However, 
this natural oxide layer does not provide enough 
protection in biological environments. Therefore, 
various methods are used to form the TiO2 layer on 
Ti-based substrates, such as physical vapour 
deposition (CVD), chemical vapour deposition 
(PVD) [7,8], biomimetic deposition [9], ion 
implantation [10], sol-gel coating [11], 
electrophoresis [12], anodization [13] and plasma 
electrolytic oxidation (PEO) [14,15].  

The PEO technique is used for producing hard and 
thick ceramic layers on light metals, especially Ti, 
Al, and Mg and their alloys. The PEO treatment is 
an electrochemical process that is based on the 
formation of conversion oxide layers by plasma, 
and PEO treatment is widely used for depositing 
oxide layers on Ti-based alloys because it is a 
simple and eco-friendly technique. The PEO 

technique has recently sparked more interest in the 
energy, transport and medical industries [16,17].  

In this study, TiO2 and TiO2/HA nanocomposite 
coatings were fabricated on Ti6Al4V ELI substrates 
by PEO process, and the structural characterization 
of the coatings was performed using X-ray 
diffraction and scanning electron microscopy 
(SEM). In edition to these the thickness and surface 
roughness of the coatings were also measured and 
compared. 

2. Experimental Procedures 

Ti6Al4V ELI plates, whose chemical composition 
is given in Table 1, were used as substrate materials 
for the PEO process. Disc substrates with a 
diameter of 18 mm and thickness of 2 mm were 
ground and polished with SiC abrasive paper to a 

water and ethanol prior to the PEO process. 

Table 1. The chemical composition of Ti6Al4V 
(Eli) substrate 

Material 
(Wt. %) 

Ti Al V Fe C N H O

Ti6AL4V
Eli 

R 6.29 3.91 0.118 0.011 0.0011 0.001 0.09 

TiO2 and TiO2/HA nanocomposite coatings were 
deposited on the Ti6Al4V ELI alloy using Plasma 
Electrolytic Oxidation (PEO). The PEO treatment 
of the titanium alloys was performed in a MAO-15 
system designed and built by Plasma Technology 
Ltd.-Hong Kong. Nanosized hydoxyapatite 
powders (< 200 nm) were utilized as the electrolyte 
for the preparation of TiO2/HA nanocomposite 
coatings in an aqueous solution of KOH, Na2HPO4
and NaAlO2. Deionised (DI) water was used to 
prepare the aqueous solutions. The PEO process 
was conducted in bipolar mode with an AC power 
supply. Bipolar mode involved the application of 

 100 V and a frequency of 
1500 Hz to the substrates for 15 min. The bipolar 
process was performed using a positive pulse duty 
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cycle of 10%. The sample and the walls of the 
stainless steel container were used as the anode and 
cathode, respectively. During the oxidation process, 
the electrolyte was stirred and cooled to prevent the 
temperature from exceeding 25 
process, the oxidized samples were washed with 
distilled water and dried at room temperature. The 
coating parameters used during the process are 
shown in Table 2. 

Table 2. Coating Parameters 
COATING PARAMETERS 

Coating  Frequence 

(Hz) 

Pozitive 
Voltage 

(V) 

Negative 
Voltage 

(V) 

Duty 
Cycle 

(%)

Coating 
Time 

(min) 

1500 500 -100 10 15 

TiO2

TiO2/HA 

Coating thickness and surface roughness of the 
TiO2 and TiO2/HA coatings were tested with paint 
tester equipment (EBAN 5006) and surface 
profilometer (Mahr Perthometer M2), respectively. 
The surface morphology and phase composition of 
the coating layers were analysed using scanning 
electron microscopy (SEM FEI-Quanta 250), and 
X-ray diffraction (XRD). XRD scans were 
performed using a Bruker D2 Phaser X-Ray 
diffractometer equipped with a Cu- radiation 
source. The measurements were carried out using a 

(Joint Committee for powder diffraction standards).  

3. Results and Discussion  

3.1. The thickness and surface roughness of the 
coatings 

The surface roughness and coating thicknesses 
values of the PEO deposited TiO2 and TiO2/HA
coatings are given in Table 3.  

Table 3. Surface Roughness and Thickness of the 
TiO2 and TiO2/HA coatings. 

Coating 
TiO2 2,1 86 

TiO2/HA 1,7 89 

The surface roughness of the TiO2 and TiO2/HA

1.7 . The HA nanoparticles 
embedded in the pores caused a reduction in the 
surface roughness of the coatings. On the other 

hand no significant difference was observed in the 
growth rate of the coatings. 

3.1. SEM analyses 

The surface morphology of the TiO2 and TiO2/HA
coatings deposited on the Ti6Al4V ELI substrate by 
PEO are shown in Fig. 1(a) and (b), respectively. 
An extremely porous structure with an average pore 

the TiO2 and TiO2/HA coatings. A plasma 
discharge phenomenon occurred due to the nature 
of the PEO process, which caused the formation of 
a porous structure. The pores on the surface are 
usually round, and the surface is relatively smooth 
[17]. As observed in Fig. 1(b), the HA 
nanoparticles in the electrolyte were embedded into 
the plasma discharge channels through diffusion 
during the PEO process. The porous structure on 
the surface plays an important role in the adhesion 
of HA nanoparticles [18]. The electrolyte was 
continuously stirred to disperse the nanoparticles 
uniformly on the surface. 

Figure 1. SEM images of (a) TiO2 and (b) TiO2/HA
coatings prepared for 1500 Hz 
Figure 1. SEM images of (a) TiO2 and (b) TiO2/HA
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3.2. XRD analyses 

The XRD analysis of the TiO2 and TiO2/HA
coatings grown by PEO are shown in Fig. 2(a) and 
(b), respectively. There are three different crystal 
structures of TiO2 coatings, including anatase, rutile 
and brookite, as described in the literature. Among 
these structures, the rutile phase is the most stable 
phase [19]. As observed in Fig. 2(a), different 
concentrations of the rutile and anatase phases from 
TiO2 and the titanium peaks from the substrate were 
observed on the surface of the coatings grown in 
bipolar mode and using constant voltage values. 
The formation of a stable rutile phase may strongly 
be associated with the high temperature in the high-
frequency discharge channels during the PEO 
process [17].  

Figure 2. XRD results of (a) TiO2 coating (b) 
TiO2/HA coating. 

Fig. 2(b) shows the XRD patterns for the TiO2/HA 
coatings; here, the rutile and anatase phases of TiO2
and the titanium peaks from the substrate were 
observed, which were similar to the XRD patterns 
of the TiO2 coatings. Furthermore, the most intense 
peak was observed at 2
overlap between the crystalline HA and the anatase 
phase. The XRD patterns and SEM images 
demonstrated that HA nanoparticles could be grown 
on the TiO2 surface. This shows that the 
accumulation of nanoparticles on the TiO2 surface 
is possible when using the PEO method.  

4. Conclusions 

The following conclusions can be derived from the 
above results and discussion 
 PEO coatings have a porous structure due to 

the nature of the PEO process, and 
nanoparticles may be embedded into the 
coating pores by this method. 

 The stable rutile phase is primarily formed in 
the coatings as a result of the high 
temperatures used in the PEO process. 

 The surface roughness can be reduced by 
embedding nanoparticles in the pores formed 
on the surface after the PEO process. 

5. References 

[1] Brunette DM, Tengvall P, Textor M, et al. 
Titanium in medicine. Berlin: Springer- Verlag, 
Heidelberg; 2001. 
[2] Pilliar RM. Biomedical Materials: Metallic 
Biomaterials. LCC: Springer Science Business 
Media; 2009, pp. 41-81. 
[3] Leng YX, Chen JY, Wang J, et al. Comparative 
properties of titanium oxide biomaterials grown by 
pulsed vacuum arc plasma deposition. Surface and 
Coatings Technology. 2006; 201:157-163. 
[4] Su B, Zhang G, Yu X, et al. Sol-gel derived 
bioactive hydroxyapatite/titania composite films on 
Ti6Al4V. Journal of University of Science and 
Technology Beijing, Mineral, Metallurgy, Material.
2006; 13: 469-475. 
[5] Gegner J, Triboloy-Fundamentels and 
Advencements: Titanium and Titanium Alloys as 
Biomaterials: InTech; 2013, pp. 155-181. 
[6] Tekin KC, Malayoglu U, Shrestha S. 
Tribological behaviour of plasma electrolytic oxide 
coatings on Ti6Al4V and cp-Ti alloys. Surface 
Engineering. 2016; 32:6, 435-442. 
[7] Gruss KA, Davis RF. Adhesion measurement of 
zirconium nitride and amorphous silicon carbide 
coatings to nickel and titanium alloys. Surface and 
Coatings Technology, 1999; 114: 156-168. 
[8] Grogler T, Zeiler E, Franz A, et al. Erosion 
resistance of CVD diamond-coated titanium alloy 
for aerospace application. Surface and Coatings 
Technology. 1999; 112: 129-132. 
[9] Lindahl C. Biomimetic Deposition of 
Hydroxyapatite on Titanium Implant Materials 
[dissertation]. Uppsala: Uppsala Universited; 2012. 
[10] Itoh Y, Itoh A, Azuma H, et al. Improving the 
tribological properties of Ti 6Al 4V alloy by 
nitrogen-ion implantation. Surface and Coatings 
Technology. 1999; 111: 172-176. 
[11] Milella E, Cosentino F, Licciulli A, et al. 
Preparation and characterisation of 
titania/hydroxyapatite composite coatings obtained 
by sol gel process. Biomaterials. 2001; 22: 1425-
1431. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

764 IMMC 2018   |   19th International Metallurgy & Materials Congress

[12] Sun Y, Zhitomirsky I. Electrophoretic 
deposition of titanium dioxide using organic acids 
as charging additives. Materials Letters. 2012; 73: 
190-193. 
[13] Aliofkhazraei M. Modern Surface Engineering 
Treatments: Plasma Electolitic Oxidation Coatings 
on Ligtweight Metals, InTech; 2013, 75-99. 
[14] Yerokhin AL, Nie X, Leyland A, et al. 
Characterisation of oxide films produced by plasma 
electrolytic oxidation of a Ti6Al4V alloy. Surface 
and Coatings Technology. 2000; 130: 195-206. 
[15] Lugovskoy A, Lugovskoy S. Production of 
hydroxyapatite layers on the plasma electrolytically 
oxidized surface of titanium alloys. Materials 
Science and Engineering-C. 2014, 43: 527-532.  
[16] A.L. Yerokhin, X. Nie, Characterisation of 
oxide films produced by plasma electrolytic 
oxidation of a Ti6Al4V alloy, Surface and Coatings 
Technology, 130 (2000) 195-206. 
[17] Yerokhin AL, Nie X. Plasma Electrolysis for 
Surface Engineering, Surface and Coatings 
Technology. 1999; 122: 73-93. 
[18] Li P, Ohtsuki C, Kokubo T, et al. The role of 
hydrated silica, titania, and alumina in inducing 
apatite on implants. Journal of Biomedical 
Materials Research. 1994; 28: 7 15. 
[19] Diebold U. The surface science of titanium 
dioxide. Surface Science Reports. 2003; 48: 53-
229. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

765
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Production of Luff a Cylindrica Reinforced Silk Fibroin/Chitosan Hydrogel Scaff olds for 
Cartilage Tissue Defects

İbrahim Erkut Özer¹, Aylin Ziylan Albayrak¹, Oylum Çolpankan Güneş¹, Gizem Baysan², Hasan Havıtçıoğlu²,³

¹Metallurgical and Materials Engineering Department, Faculty of Engineering, Dokuz Eylul University, 35390 Buca-Izmir, Turkey
²Biomechanics Department, Institute of Health Science, Dokuz Eylul University, 35340 Inciraltı-Izmir, Turkey

³Orthopedics and Traumatology Department, Faculty of Medicine, Dokuz Eylul University, 35340 Inciraltı-Izmir, Turkey
  
  
  

Abstract

Current therapies for the treatment of cartilage defects 
are limited due to the low self-healing capacity of 
cartilage. In recent years, tissue engineering has been 
proposed as a promising approach for cartilage 
regeneration. In this study, silk fibroin/chitosan 
hydrogels reinforced with luffa cylindrica were 
prepared for cartilage tissue defects. Biocompatible, 
biodegradable silk fibroin and chitosan polymers were 
cross-linked with genipin which is a natural and 
nontoxic cross-linking agent. In order to improve the 
mechanical properties of hydrogel scaffolds, luffa 
cylindrica was used as the reinforcement. Scaffolds 
were prepared by mixing chitosan and silk fibroin 
solutions at a volume of 1: 1 followed by adding luffa 
cylindrica and freeze-drying at -60 ºC for 2 days. Then, 
the freeze-dried scaffolds were crosslinked with 
genipin at different concentrations. The influence of 
genipin concentration and addition of the luffa 
cylindrica on the scaffold properties were evaluated. 
The morphologies and chemical structures of the 
scaffolds were characterized by scanning electron 
microscope (SEM) and Fourier-transformed infrared 
spectroscopy (FTIR), respectively. The swelling ratio 
test of the scaffolds was carried out in phosphate 
buffered saline (PBS) solution. Furthermore, the 
viscoelastic properties of the scaffolds were examined 
by dynamic mechanic analyzer (DMA). 

1. Introduction

Cartilage disease leads to serious cartilage lesions that 
can induce pain, immobility and joint destruction. 
Current therapies to treat joint disease have limited 
success in cartilage defects due to the low self-healing 
capacity of cartilage. In recent years, tissue engineering
has been proposed as a promising approach for 
cartilage regeneration [1]. Tissue scaffold provides a 
three-dimensional microenvironment for cell 
attachment, proliferation, differentiation, and new 
tissue formation. It should be porous to allow efficient 
mass transport of nutrients and oxygen, biocompatible 

and biodegradable [2, 3]. The scaffold should also 
mimic the composition,

structure, morphology, and bioactivity of cartilage 
extracellular matrix to modulate chondrocyte cell 
behavior [4]. A variety of biomaterials, natural and 
synthetic, have been studied as potential scaffolds [5]. 
Chitosan is a linear polysaccharide produced by the 
deacetylation of chitin and it is biocompatible, 
biodegradable and antibacterial. Silk fibroin is an 
attractive fibrous protein. It has many biomedical 
applications because of its inherent bioactivity and  
robust mechanical strength [6]. Luffa cylindrica is a 
plant which belongs to the Cucurbitaceae plant family 
and mainly consist of cellulose/hemicellulose and 
lignin. It has a ligneous fibrous netting system in which 
the fibrous cords are disposed of in  multidirectional 
array, forming a natural mat [7]. Currently, hydrogel 
systems are used to rebuild the three-dimensional 
structure of chondrocytes in cartilage tissue 
engineering. Hydrogels are the cross-linked, three-
dimensional and insoluble polymer networks that are 
able to retain a large amount of water and biological 
fluids in their swollen state [8]. Genipin is a natural 
organic compound and has emerged as a favorable 
cross-linking agent due to its low cytotoxicity. Genipin 
crosslinks primary amine groups and it has been 
extensively investigated in cross-linking 3D scaffolds 
fabricated using amine-containing polymers such as 
chitosan and silk fibroin [9].

2. Experimental Procedure 

2.1. Materials and Methods 

Chitosan (deacetylation degree, 75 %, high 
molecular weight), acetic acid and dialysis tubing 
cellulose membrane used in the purification of silk 
fibroin solution were purchased from Sigma-Aldrich. 
Cocoons of Bombyx mori silkworm and luffa 
cylindrica were supplied from the Turkish Republic 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

766 IMMC 2018   |   19th International Metallurgy & Materials Congress

of Northern Cyprus. Sodium carbonate (Na2CO3),
calcium chloride (CaCl2) used for the preparation of 
silk fibroin solution and sodium hydroxide (NaOH) 
used for luffa cylindrica preparation were purchased 
from Merck. Genipin was obtained from Wako 
Chemicals, Inc.  

2.1.1. Preparation of Luffa fibrous mats 

The chemical treatments of the Luffa fibrous mats 
were carried out by immersing in 2% (w/w) NaOH 
for 2 hours to remove sticky part on the fibers. Then, 
they were washed with distilled water until neutral pH 
was obtained. They were cut and dried for 24 hours in 
a vacuum oven at 60ºC [10]. The images of the 
chemical treatments of the mats are shown in Figure 
1.

Figure 1. Preparation steps of the luffa fibrous mats 
(a) before (b) after chemical treatment (c) dried luffa 
mats. 

2.1.2. Preparation of silk fibroin solution 

Silk fibroin solution was prepared by the degumming 
and dissolving of Bombyx mori cocoons. Raw silk 
was degummed three times with 0.01 M Na2CO3
solution at 70°C for 3 h and then rinsed thoroughly 
with distilled water to remove sericin. The degummed 
silk was dissolved in a ternary solvent system of 
CaCl2/CH3CH2OH/H2O in a molar ratio of 1/2/8 at 
70°C for 6 h. After filtration, the filtrate was dialysed 
with a tubular cellulose membrane in distilled water 
for 3 days. The silk fibroin (SF) aqueous solution 
with a concentration of ~1% (w/v) was collected and 
stored at 4°C. 

2.1.3. Preparation of sponges 

Chitosan solution was prepared by dissolving 
chitosan (1% (w/v)) in acetic acid (2% (v/v) at 50°C 
for 3 h and then it was left to stir at room temperature 
overnight. Chitosan and silk fibroin solutions were 
mixed at a volume ratio of 1:1, followed by a 
lyophilization process for 2 days at -60ºC temperature 
under 0.1 mbar pressure. The lyophilized sponges 
were treated with methanol for an hour to change the 
silk fibroin conformation from soluble -random coil 
to the insoluble -sheet configuration. Then, it was 
washed gradually with ethanol-distilled water (80%, 
60, 40, 20, 0% ethanol) to remove acetic acid and 
dried at room temperature. 

For the composite sponges, luffa fibrous mats were 
immersed in chitosan-silk fibroin solutions at a 
volume ratio of 1:1 and they were freeze-dried at -
60ºC temperature under 0.1mbar pressure for 2 days. 
The same preparation procedure in the sponges was 
followed.  

2.1.4. Preparation of hydrogel scaffolds 

The genipin solutions at different weight ratios (0.1, 
0.3 and 0.5 w/v %) were prepared by dissolving 
genipin at room temperature in phosphate buffered 
saline (PBS) solution. Genipin solution were added to 
sponges and covalent cross-linking conditions were 
observed for 48 hours. All the prepared scaffolds were 
coded as shown in Table 1. At the end of the genipin 
cross-linking reaction, the color of the samples became 
dark blue. After 48 hours all covalent crosslinks were 
completed, all scaffolds were washed with distilled 
water to remove excess genipin and dried. The 
prepared hydrogels are shown in Figure 2. 

Table 1. Scaffolds codes and content 

Scaffold
code

Scaffold Content 
Genipin

Concentration (w/v 
%) 

CS Chitosan-Silk fibroin - 
CSG1 Chitosan-Silk fibroin 0,1 
CSG3 Chitosan-Silk fibroin 0,3 
CSG5 Chitosan-Silk fibroin 0,5 

L-CS Chitosan-Silk fibroin- 
Luffa fibrous mats -

L-CSG1 Chitosan-Silk fibroin- 
Luffa fibrous mats 0.1

L-CSG3 Chitosan-Silk fibroin- 
Luffa fibrous mats 0.3

L-CSG5 Chitosan-Silk fibroin- 
Luffa fibrous mats 0.5

Figure 2. Scaffolds after 12h, 24h and 48h of cross-
linking reaction. 

2.2. Characterization of the scaffolds 

The morphological analyses of the scaffolds were 
performed by SEM (JEOL JSM-6060). All the 
scaffolds were sputter-coated with a thin layer of 
gold/palladium prior to imaging.

The chemical structures of the scaffolds were analyzed 
by Attenuated Total Reflectance-Fourier Transform 
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Infrared Spectroscopy (ATR-FTIR) (Perkin Elmer 
SpectrumBX) in the wave number range of 4000–650 
cm 1 with the resolution of 4 cm 1 and 25 scans per 
sample. 

The swelling test of the scaffolds was performed in 
PBS solution. First, the dried scaffolds were weighed 
(w0), and then immersed in PBS at 37°C for 24 hours. 
After excess water was removed with a filter paper, 
scaffolds were weighed (ws) again. Swelling ratios 
were calculated according to the following Equation 1.

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 𝑤𝑠 𝑤 𝑤 𝑥

The viscoelastic measurements were performed using a 
dynamic mechanical analyzer, DMA (TA, Q800) 
equipped with the compression mode. The 
measurements were carried out using dynamic 
frequency sweep with frequencies ranging from 0.1 Hz 
up to 100 Hz at 37°C. The storage modulus (E') and 
loss modulus (E") of the samples were measured. 

3. Results and Discussion 

CS sponges with or without Luffa fibrous mats 
produced after lyophilization were crosslinked by using 
genipin at different concentrations. All the scaffolds 
gradually turned into dark-blue color at the end of the 
48 hours. The dark-blue coloration that appeared in the 
hydrogels was associated with the genipin covalent 
crosslinking reaction with amino groups of chitosan 
and silk fibroin.

Figure 3 shows the SEM images of the scaffolds. All of 
them possessed a three-dimensional interconnected 
microporous structure. The cross-sectional images of 
the composite scaffolds showed that luffa cylindrical 
fibers were well embedded in the structure.

Figure 3. SEM images of the scaffolds 

Figure 4 shows the ATR-FTIR spectra of the scaffolds. 
Characteristic peaks of chitosan appeared at 3400-3000 
cm-1 (OH, NH stretching), ~1640 cm-1 (C=O stretching 
in amide), ~1550 cm-1 (NH bending), 1100-1000 cm-1

(C-O stretching). The peaks at around 1628 cm 1 and 
1530 cm 1 belongs to -sheet structure of silk fibroin. 
In the literature, it was presented that after genipin 
cross-linking, amide bands at ~1640 cm 1 shifted to 
lower frequency and the intensity of the amino peak at          
1560 cm 1 decreased [11]. However, in CS scaffolds 
the amide bands overlapped and appeared at 1625 cm 1

in our spectra. The reaction of chitosan with genipin 
can be confirmed by an increase in the ratio between 
the heights of the amide and amino absorption bands. 
Also, as the genipin concentration increased, the peak 
at 1060 cm-1  broadened due to the increase in the C-O 
stretching band present in the genipin structure. 

Figure 4. ATR-FTIR spectra of the scaffolds

Swelling ratios of the scaffolds calculated according to 
the Equation 1 are stated in Figure 5. As expected, 
swelling ratios of the CS scaffolds slightly decreased 
with increasing genipin concentration or in other words 
with increasing crosslinking. On the other hand,  
composite scaffolds showed comparable swelling ratios 
which were lower than that of the CS scaffolds.  

Figure 5. Swelling ratios of the scaffolds 
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Figure 6 shows the dynamic storage (E') moduli of all 
the hydrogel scaffolds. Incorporation of luffa fibrous 
mats decrease the E' values, indicating a less elastic 
solid behavior of the composite hydrogels. It was 
expected to get higher E' values as the crosslinking 
density increased. However, the highest E' value was 
obtained for CSG3 which might be due to more 
homogeneous porous structure of the scaffold. Besides, 
a sharp decrease in the E' values of the hydrogels at 
higher frequencies can be ascribed to possible 
resonance and cavitation occurring in the hydrogels 
that results in micro-damage of the samples [12]. Tan 
provides information about the damping properties of 
the hydrogel scaffolds. The values of tan  are very 
similar for all the samples although, L-CSG3 presented 
slightly higher values evidencing better viscoelastic 
nature of it.

Figure 6. Dynamic mechanical analysis results of 
hydrogels.

4.  Conclusion 

In this study, CS hydrogels with or without luffa 
fibrous mats were prepared. The physicochemical and 
viscoelastic characterizations were performed. SEM 
images showed the interconnected porous structure and 
successful integration of the luffa fibers into the 
scaffolds. FTIR analysis proved the cross-linking of the 
CS with genipin. Incorporation of luffa fibrous mats 
decreased the swelling ratios of the CS scaffolds and 
retention abilities of the composite scaffolds at 
different genipin concentrations did not differ too 
much. DMA test results showed that L-CSG3 with the 
highest tan  value and the least stiffness would be a 
promising scaffold material for cartilage tissue 
engineering. Biocompatibility of the scaffolds will be 
investigated in the near future. 
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Abstract

M-V-O (M=Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn) type 
compounds were synthesized via microwave method as 
described below: transition metal oxides and vanadium 
(V) oxide were analytically pure supplied from Sigma 
Aldrich. Each metal oxide was weighed an appropriate 
molar ratio to react same quantity of vanadium (V) 
oxide, and homogenized in an agate mortar. The 
mixtures were placed into a porcelain crucible to heat in 
domestic microwave oven. After that, all the material 
were exposed to microwave irritation for 10 min and then 
homogenized again, separately. The samples were heated 
at 700 °C for 2 h to get the best crystallization. Then, the 
final product was ready for characterization process. The 
characterization studies of the samples were provided by 
X-ray powder diffraction. The powder X-ray diffraction 
(XRD) patterns were recorded using PANanalytical 
X’Pert PRO diffractometer (XRD) with Cu Ka (1.5406A 
°, 45 kV and 30 mA) radiation. Fourier transform 
infrared spectroscopy (FTIR) has been used to support 
functional groups of the structures. 

1. Introduction 

The family of metal-vanadate-oxygen (MVO) containing 
compounds has been carried out on especially transition 
metals owing to their high anionic conductivity 
properties [1]. The first laboratory syntheses of these 
types of compounds have been observed with several 
phases, and needed to improved structural side [2]. We 
investigate featured examples as follows:

(i) Shannon and Calvo [3] synthesized Cu3V2O8 at 30 
kbar and 900 °C, and calculated unit cell parameters 
a=6.2493, b=7.9936, c=6.3776 Å with space group 
P21/c.

(ii) Sauerbrei et al. [4], prepared Co3V2O8 and Ni3V2O8
orthorhombic compounds with space group Cmca from 
KVO3 flux, unit cell parameters a=6.030, b=11.486,
c=8.312 Å and a=5.936, b=11.420, c=8.240 Å, 
respectively.  

(iii) Celemens and his colleagues [5] presented synthesis 
and a detailed structural analysis of Mn3(VO4)2 at 900 °C 
under Ar atmosphere for 20 h with space group I-42d in 
the M-V-O system.  
(iv) The crystals of -Zn3(V04), were prepared from a 
slowly cooled melt of ZnO and V2O5 in a stoichiometric 

ratio in a platinum crucible by Gopal and Calvo [6], and 
unit cell parameters were determined as a = 6.088(3), b = 
11.489(3), and c = 8.280(3) Å.

(v) Kosuge and Kachi [7], synthesized a series of 
Andersson phases with the formula Tin-2V2O2n-1 (n = 
20,30,40,50,100,200) of binary TiO2-V2O5 system at 
1200 °C.

(vi) Sunandana [8] weighed out V2O5 and Cr2O3 in 
appropriate proportions, and slowly heated in an alumina 
crucible kept in a muffle furnace at 1173 K for 48 h.

(vii) FeVO4 [9] was prepared by mixing stoichiometric 
amounts of ammonium metavanadate and iron (III) 
nitrate in water with sufficient hydrochloric acid added to 
complete dissolution, and after drying at 90 °C, the 
mixture was fired at 500 °C for 60 h.

In this research, the compounds with the formula of M-
V-O (M=Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn) have been 
synthesized for the first time via microwave synthesis. 
The structural properties of these compounds have been 
investigated powder X-ray diffractometry (XRD), fourier 
transform infrared spectroscopy (FTIR) and scanning 
electron microscopy (SEM). 

2. Experimental section 

Transition metal oxides and vanadium (V) oxide were 
anallitically pure supplied from Sigma Aldrich. Each 
metal oxide was weighed an appropriate molar ratio to 
react same quantity of vanadium (V) oxide,  and 
homogenized in an agate mortar. The mixtures was 
placed into a porcelain crucible to heat in domestic 
microwave oven. After that, all the materiale were 
exposed to microwave irritation for 10 min and then 
homogenized again, seperately. The samples were heated 
at 700 °C for 2 h to get the best crystallization. Then, the 
final product was ready for characterization process.  

The characterization studies of the samples were 
provided by X-ray powder diffraction. The powder X-ray 
diffraction (XRD) patterns were recorded using 
PANanalytical X’Pert PRO diffractometer (XRD) with 
Cu Ka (1.5406A ° , 45 kV and 30 mA) radiation. 
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3. Results and discussion

In Figure 1, powder XRD patterns of transition metal 
vanadates; Ti-V-O, Cr-V-O, Mn-V-O, Fe-V-O, Co-V-O, 
Ni-V-O, Cu-V-O, and Zn-V-O, are shown. When the 

patterns were compared to the International Centre for 
Diffraction Data (ICDD) cards, they get along the target 
compounds containing one the transition metals, 
vanadium and oxygen. 

Table 1. Crystal systems and unit cell parameters of Ti-V-O, Cr-V-O, Mn-V-O, Fe-V-O, Co-V-O, Ni-V-O, Cu-V-O 
and Zn-V-O compounds calculated by Rietveld refinement method using X-ray powder diffraction data. 

Figure 1. Powder X-ray diffraction pattern of Ti-V-O, Cr-V-O, Mn-V-O, Fe-V-O, Co-V-O, Ni-V-O, Cu-V-O and Zn-

V-O. 

The FTIR spectrums of Ti-V-O, Cr-V-O, Mn-V-O, Fe-
V-O, Co-V-O, Ni-V-O, Cu-V-O and Zn-V-O compounds 
are shown in Fig. 2. The vibrations of V O, V O V and 

V=O subgroups of vanadate structure are correspond to 
the range of 630-1130 cm-1 wave numbers [10,11].                  

Unit cell parameters Compound Crystal system 

a (Å) b (Å) c (Å) 

Ti-V-O tetragonal 4.5792 4.5792 2.9519 

Cr-V-O orthorhombic 5.5210 8.3317 5.8908 

Mn-V-O monoclinic 6.7154 8.7120 4.9613 

Fe-V-O orthorhombic 5.6872 7.9851 6.3205 

Co-V-O orthorhombic 6.0117 11.4356 8.3019 

Ni-V-O orthorhombic 5.9275 11.3694 8.2284 

Cu-V-O tetragonal 4.5690 4.5690 8.9633 

Zn-V-O monoclinic 7.4219 8.3169 10.0847 
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Figure 2. The FTIR spectrums of Ti-V-O, Cr-V-O, Mn-V-O, Fe-V-O, Co-V-O, Ni-V-O, Cu-V-O and Zn-V-O. 

4. Conclusion

The compounds with composition of Ti-V-O, Cr-V-O, 
Mn-V-O, Fe-V-O, Co-V-O, Ni-V-O, Cu-V-O, and Zn-V-
O have been synthesized by microwave method using 
starting materials transition metal oxides (M=Ti, Cr, Mn, 
Fe, Co, Ni, Cu, Zn)  and vanadium (V) oxide which are 
analytical grade. The samples were heated at 700 °C for 
2 h to get the best crystals. The final products have been 
characterized by X-ray powder diffraction. The unit cell 
parameters of the products have been calculated and 
crystal systems have been determined by Rietveld 
method. The solved structures have been supported by 
fourier transform infrared spectroscopy.
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Abstract 
 
Powder metallurgy (PM) materials provide a cost 
efficient solution for a wide range of applications. As 
these materials and processes improve, they can be 
applied to components with tougher requirements. The 
mechanical properties of sintered materials depend 
mainly on the microstructure and density. Theoretical 
applicability of the experimental studies in this regard is 
not enough. The results of this study are obtained in mass 
production trials. The number of tested parts is more than 
usual. Sintered specimens having densities 6.9, 6.95, 7.0 
g/cm3 were produced from 0.5 and 0.8 wt. % carbon 
added Ni-Mo-Cu alloyed powders. The influence of 
manufacturing parameters such as density and carbon 
ratios on the mechanical properties of the sintered steels 
was investigated. Specimens were sintered at 1120 °C 
under endothermic atmosphere for 25 minutes in an 
industrial sintering furnace. Mechanical properties 
(hardness and tensile strength) were measured. Results 
show the mechanical properties increased by increasing 
density and carbon contents. Effect of the increased 
density is more prominent on the properties than carbon 
additive. Also the open and closed porosity contents of 
the specimens were determined and the effect was 
discussed.   
 
1. Introduction 
 
The advantages of the PM process compared with 
forging are that it is suitable for complexly shaped parts, 
the raw material utilization rate is high, and the 
production cost is reduced [1]. As stated earlier, the 
mechanical properties of PM parts are, to a great extent, 
dependent upon the density achieved in the part. Higher 
density is a key route for higher performance of PM 
components. With higher density strength and ductility of 
the sintered materials are improved. There are a number 
of possible routes for higher density such as high 
temperature sintering, copper infiltration, and liquid 
phase sintering and double pressing. It is however 
attractive if high density can be achieved by single press 
and single sintering process and thus avoiding large 
shrinkage during sintering in order to keep close 
tolerances [1-2]. The classification of density levels 
recognized by the Metal Powder Industries Federation 

[3]: R ranges from 6.4 to 6.8 g/cm3; S ranges from 6.8 to 
7.2 g/cm3; and T ranges from 7.2 to 7.6 g/cm3. The T 
density level is achieved by double pressing and sintering, 
and even S level may require double pressing and 
sintering. But, in addition, mechanical properties are also 
influenced by carbon and alloy content, and heat 
treatment. Carbon content is especially critical for 
sintered steels and it is essential that the carbon content 
be controlled within narrow limits, since the hardness of 
martensite strongly depends on its carbon content. In PM 
sintered steel, there is a threshold value of 1.0 wt. % for 
the carbon content. When the carbon content is higher 
than 1.0 wt. % the tensile strength of the parts will 
decrease, and sintering deformation is more likely to 
occur in the material. In addition, the alloying elements 
will also be segregated, leading to a reduction in the 
cutting performance and plastic properties of the material. 
Therefore, in this study, a range of 0.5-0.8 wt. % carbon 
was chosen to investigate the effect of carbon content on 
the mechanical properties [4]. The selection and use of 
pre-alloyed powders have many advantages over 
mechanical properties of sintered materials. Low alloyed 
steel powder commercially known as Distaloy AB is a 
partially pre-alloyed iron powder containing copper, 
nickel and molybdenum. High strength can be obtained 
after sintering with additions of graphite. This steel has 
for long time been one of the most commonly used 
alloying system for high strength components in the PM 
industry. [5]. A number of studies have been carried out 
on steel powder used in this study [6-8]. This is typically 
carried out experimentally in lab-scale. However, in this 
study, large-scale industrial application of this method 
was evaluated. 
 
There are big differences between the parts produced in 
the laboratory and mass production. In this case, the 
results of the tests on the parts are different. The results of 
this study are obtained in mass production trials. The 
success and quality of findings obtained as a result of 
academic studies trials hinge upon observing the actual 
effect of the applied method on the appearance of the 
measured result. In the present study, different powder 
mixes produced to evaluate influence of carbon content 
and density on the mechanical properties. The results of 
this study are obtained in mass production trials. The 
number of tested parts is greater than for similar studies. 
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2. Experimental Procedure 
 
Low alloy steel specimens were produced by powder 
metallurgy method using diffusion alloyed steel powders 
(Distaloy AB), which is a registered trademark of 
Höganäs Company, Sweden. The steel powder was mixed 
with different contents of fine graphite (UF4) to increase 
the hardness of the steel. The powder mixtures were 
prepared by weighing samples in Sartorious balance with 
0.01 g sensitivity and then mixed homogeneously in a 
laboratory scale mixer for 30 min. The chemical 
compositions of the powder mixes prepared are given in 
Table 1. The pre-alloyed powders had a rounded but 
irregular shape. Typical morphology of steel powders 
revealed by scanning electron microscopy (SEM) is given 
in Figure 1. 
 
Table 1. The chemical composition of the mixes (wt.%). 

Base 
powders 

Cu Ni Mo C Lub. Fe 

Distaloy 
AB 

1.43 1.67 0.48 
0.5 
0.8 

0.90 Bal. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. SEM image of the steel powder. 
 

The parts were pressed under different pressures to obtain 
different densities. The sintering process was performed 
via a single normal-temperature sintering (1393 K and 30 
min) route in a continuous furnace under an ammonia 
dissolving atmosphere. Ammonia dissolving is used as a 
protective atmosphere to protect the parts from oxidation 
during the sintering process. The carbon potential was 
controlled by the protective ammonia dissolving 
atmosphere so that the carbon content of the blank was 
maintained at the same level as the original ones. All of 
the part densities were well controlled by compacting. 
Density and porosity content of the sintered specimens 
were determined by employing Archimedes' principle in a 
Sartorius precision balance equipped with a density 
determination kit. At least five specimens were used for 
characterizing each porosity level. In order to find the 
correct amount of open porosity, the closed porosity was 
measured and then subtracted from the total porosity. PM 
parts used in this study produced by GKN Sinter Istanbul 
Metals Industry and Trade Inc. is shown in Figure 2. 
These parts are produced as tensile test specimens by 
GKN Sinter stanbul. 
 

 

 
 
 
 
 

 
Figure 2. The investigated parts. 

 
All of the sintering tests were performed in mass 
production trials. Rockwell B (HRB) scale was used to 
measure the macrohardness of the specimens in Zwick 
hardness testing machine. Three different locations were 
selected on the surface of the specimens and the average 
of those values was used as the hardness measure of 
samples. Tensile test of the specimens were investigated 
at room temperature using the Zwick-Roell Z250 testing 
machine, with a strain rate of 1 mm sec-1. Grease oil was 
used between the samples and the compression loads to 
minimize the friction. Each test was repeated ten times to 
ensure the repeatability of the results. Tensile testing was 
made according to ISO 6892 and hardness was evaluated 
according to ISO 7498. 
 
3. Results and Discussion 
 
Specimens having densities 6.9, 6.95, 7.0 g/cm3 were 
produced after sintering. The specimens have porosities 
in the range of 10.25-11.50% and the total porosity of 
the specimens consists of 1.75-2.85% open and 8.50-
8.65% closed porosity. The final porosity content was 
directly concerned to the compacting. Figure 3 shows 
tensile properties as functions of the sintered density of 
the specimens with 0.5% combined carbon. By 
increasing the density from 6.9 to 7.0 g/cm³, the 
mechanical properties of parts increase significantly. The 
influence of density is clearly demonstrated. The 
ultimate tensile strength increases linearly with the 
density. All materials exhibit an average tensile strength 
that exceeds 460 MPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Influence of density on tensile strength. 
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Figure 4 describes the apparent hardness as functions of 
the sintered density of the specimens with 0.5% 
combined carbon. By increasing the density from 6.9 to 
7.0 g/cm³, the hardness of parts increase significantly as 
expected. The hardness increased from about 75 HRB at 
the lower density level up to 82 HRB for the highest 
density. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Influence of density on hardness. 
 
The apparent hardness measurements as functions of the 
carbon content of the specimens with the density 7.0 
g/cm3 are shown in Figure 5. As expected, increasing 
the carbon content and density led to an increase in 
hardness. Hardness levels greater than 88 HRB were 
achieved at the highest carbon content level. Hardness is 
linear functions of carbon content. By increasing the 
carbon content from 0.5% to 0.8% the hardness of the 
materials is increased about 5%. This is due to the 
change in microstructure. At the lower carbon level the 
microstructure consists of bainite and some ferrite while 
at the higher level 0.8% carbon the microstructure is 
completely bainitic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Influence of carbon content on hardness. 
 

Improvements in powder processing have resulted in 
improved mechanical properties of PM steel parts, thus 
increasing the cost-effectiveness of PM processing. 
There is no significant effect on the results of increasing 
the number of investigated parts in this study. The 
strength and hardness of this type of material has been 
shown to be related to its content of martensite and 
bainite depending on carbon and density ratios. It should 
be pointed out that considerable higher hardness after 
sintering could be achieved by increasing the carbon 
content, [6] as is the case in this study. As mentioned 
above, the high tensile strength in the as-sintered stage 
of materials made from partially pre-alloyed powders 
containing Ni and Mo with additions of graphite is 
related to the occurrence of Ni martensite in the 
structure. Several studies have indicated the increasing 
carbon content of sintered steels increases strength, but 
decreases ductility and toughness. The increase in 
strength with increase in carbon content is more evident 
at higher density levels, but is generally proportional to 
density [9-10].  
 
4. Conclusion 
 
The conclusions that can be drawn from this study are 
the following:  
 
 Mechanical properties of PM steels are strongly 

dependent on density. The increased density results in an 
improvement of the mechanical properties of 10-15 %. 
Increased density improves the strength thanks to the 
creation of a finer pore structure and the elimination of 
the large pores. 
 Carbon as an alloying element is now as important in 

the sintering industry as in conventional steelmaking. By 
increasing the carbon content from 0.5% to 0.8% results 
in an improvement of the hardness of about 4-6 % due to 
changes in the microstructure. 
 The work presented in this paper is the result of 

ongoing studies and more work is in progress. 
Comparison of theoretical and experimental studies 
should be studied. 
 The better assessment of mechanical properties of PM 

products needs further laboratory tests and theoretical 
analysis.  
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The market for steel products has widely 
changed since the end of the China Boom in 
2008 and not recovered yet. Worldwide 
overcapacities – especially for commodity 
steel products such as carbon steel flats and 
rebar – sustainably put pressure on prices and 
decrease the possibility to generate sufficient 
profits for steelmakers around the globe. The 
steel industry’s sandwiched position between 
two well-consolidated industries in the steel 
value chain further sharpens this situation. To 
generate a competitive advantage over regional 
and international competitors, steel producers 
and foundries have to differentiate and develop 
into new markets and business models. 

This paper presents a possible way to escape 
the low-margin trap by consequently 
specializing into growing, high-margin niche 
markets like tooling, aerospace & other high 
demand materials. The technological and 
organizational prerequisites to enter these 
markets are explained and suitable production 
concepts are derived from the findings. The 
paper compares the traditional EAF-LF-
VD/VOD route with ALD’s innovative VID-
route – a production concept, specially tailored 
to economically produce small-batch, high-
grade materials from various raw materials at 
minimum losses on precious alloying elements. 
The concepts are compared on technological 
and economical base to lay a substantial 
foundation for decision-makers to think about 
future strategy and investments.  

VID is, however, only the entry stage into 
ultra-high grade steelmaking, only to be 
exceeded by vacuum melting and pouring 
(VIM-VIDP), electro slag remelting (ESR) and 
vacuum arc remelting (VAR). Therefore, VID 
is to be seen as a first step into specialty 

steelmaking – especially interesting for SMEs 
that want to enter the market for elevated 
quality steel products. 

ALD Vacuum Technologies is a world-leading 
supplier of machinery and services for 
production, heat treatment and coating of high-
value, specialized metals. We serve customers 
around the globe with our extensive expertise 
from strategy planning, machine design and 
turnkey plant construction, towards production 
ramp-up and support. 

 

Steel degassing and ladle metallurgy and re-
melting are state of the art in modern iron- and 
steel industry. In the face of increasingly 
difficult markets, the efficient use of the 
perfectly fitting equipment setup is essential to 
win in the long run. Western steelmakers and 
foundries have gone through numerous cost-
cutting rounds in the past decades where they 
harvested the low-hanging fruits. Further cost 
excellence has to focus on improved 
equipment to target the most interesting 
markets and increase the topline while 
maintaining an optimized bottomline.. 

The efficient use of primary and secondary raw 
materials, as well as ferroalloys, consumables 
and of course energy and workforce is a must 
to stay competitive. Improvement of any of 
these drivers may mean investments in the 
short run, but will pay out soon in the struggle 
for a place among premium-quality producers. 
Cost effectiveness is the catch phrase for this 
next wave of operational cost improvement. 
Even in countries with low labour and energy 
cost, efficient use of these valuable resources 
increasingly gains importance. 

Furthermore, entry into growing niche markets 
for high-alloyed special steels and superalloys 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

783
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

demands high expertise and technological 
excellence to achieve the demanded material 
cleanliness, super-fine grain structure and 
superior homogeneity of the materials to be 
used in aerospace, tooling and other high-
quality applications. 

These technologies are of course only the entry 
into the art of making ultra-premium grades for 
the highest requirements in aerospace turbine 
components, oil & gas exploration equipment, 
special tooling and others, that explicitly 
demand a higher amount of treatment, such as 
melting and pouring under vacuum, electro-
slag-remelting and vacuum-arc-remelting in a 
row, the so-called triplemelt process. But since 
this is the latest stage of development and – 
due to long-lasting, expensive and complicated 
certification routines and a need for a very high 
amount of metallurgical know-how – not easy 
to enter, we will focus on the entry into 
premium steelmaking, the degassing. We will 
explore the metallurgical boundary conditions 
caused by the desired grades and derive the 
technological needs for the equipment to be 
used to successfully conquer the specialty steel 
market. 

 

Figure 1: Worldwide steelmaking capacity, 
production and overcapacity [1] [2] 

Since the China boom ended in 2008, steel 
industry suffers from low prices due to high 
buyer power from downstream industries, such 
as automotive, construction, energy and others. 
These industries profit from oversupply in 
most commodity-near materials like carbon 
steel flats and rebar. On the other side, the 
even more consolidated raw material producers 
– especially iron ore miners – increase prices 
and lower margins even further. As a result, 
steel producers find themselves in a 
sandwiched position without much market 
power.
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Figure 2: The steel industry is sandwiched between 
highly consolidated industries [3] [4] 

This situation leaves steelmakers with low 
profits that can barely return their capital cost. 

A possible way out of this dilemma is to 
specialize in niche markets that are hard to 
address for large-scale steelmakers due to 
small order batch size, high quality 
requirements, large product dimensions and 
high market entry hurdles such as investment 
in specialized equipment and super-strict 
certifications. Possible niches with good 
growth projections and complicated, high-
value products that still generate high margins 
are aerospace, tool- and die making. 

Figure 3: Growth projection for aircraft production 
[5]

These applications’ increasing demand in 
cleanliness (absence of non-metallic 
inclusions), narrow analytical and mechanical 
property ranges, material isotropy and 
homogeneity and strict definition of the 
applied production route make it very hard for 
large scale producers to integrate these 
products into their product portfolio. This is 
why in these markets the high overcapacity in 
the market is absent, leading to good margins 
and high utilization rates for producers who 
manage to enter these niches. 

Additionally, these industries often demand 
small batch sizes of 30mt or less, making it 
hard to produce for the demand with traditional 
machinery that has continuously grown over 
the last decades. 

 

To step into these niche markets and also 
derive high returns, a well-sized and 
specifically fitted production route is needed. 

Requirements include: 

1. Variable batch sizes of up to 30t max. 
2. Variability in alloying concept over a 

wide range from batch to batch 
3. High reliability and process stability 

(reproducibility)
4. Very high product cleanliness and 

isotropy
5. High raw material efficiency 

Possible process routes are: 

1. EAF – LF – VD/VOD  
2. EAF – VID – 
3. Induction Furnace – VID

Iron Ore: 

64% of ww prod.
controlled by 10
biggest players 

Steel
industry:

18% of ww
prod.
controlled by
10 biggest
players

• 

• 

• chinery:
Especially
tooling with 
good margins 

• Others:
smaller 
niches
interesting
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These concepts are to be compared along the 
defined criteria: 

C
riteria 

EA
F –

V
D

/V
O

D
 

EA
F – 

V
ID

 

Ind.Furn. –
V

ID
 

Variable batch 
sizes of up to 30t 
max. 

- - + 

Variability in 
alloying concept 
over a wide range 
from batch to batch 

- 0 + 

High reliability and 
process stability 
(reproducibility)

0 0/+ + 

Very high product 
cleanliness and 
isotropy*

+ + + 

High raw material 
efficiency

- - + 

Figure 4: Evaluation criteria for technological 
assessment of VID vs. EAF-LD-VD/VOD 

The following table explains in more detail the 
advantages of the VID system for different 
steel grades and process steps:  

Figure 5: Detailed evaluation of different 
technological drivers to produce high-value steels 

As shown above, the VID process offers 
optimal process conditions for a wide range of 
different steel grades and great flexibility. 

ALD’s VID systems can be equipped with 
furnace bodys in different sizes to expand the 
flexibility in batch size. It can also be fitted for 
oxygen blowing for ULC grades. In any case, 
the possibility to control the melt temperature 
throughout the process without aggregate 
change (as between LF and VD/VOD) without 
entrapment of oxygen due to inductive heating 
instead of electric arc heating improves process 
reproducibility.

 
For less than 30 t one has to consider the heat 
losses after superheating the melt in the LF 
within the vacuum treatment (20 min), soft 
Argon rinsing (10-15 min), transport time (15 
min total) and casting (casting speed, appr. 20 
to 30 min). Heat losses of 1 – 2 K/min in small 
ladles have to be calculated. In some cases the 
melt is reheated after VD due to excessive 
temperature drop of the melt with result of 
undesired pick up of Hydrogen. 

As an attractive alternative of VD-treatment of 
smaller heats of less than 30 mt the VID 
(Vacuum-Induction-Degassing) has been 
developed for special applications in the 
ferrous and non-ferrous metal industry. 
Whenever pouring under vacuum is not 
specified or required for metallurgical reasons, 
this type of furnace with teeming under 
atmosphere or protective gas is recommended. 

Smaller steel shops and foundries will be able 
to produce with the VID furnace within one 
step high quality vacuum treated steels, 
whereas larger steel shops realize these grades 
by conventional secondary metallurgy route 
(LF/VD). The temperature losses during 
degassing treatment are compensated by 
induction heating with the VID-process during 
the whole treatment time. 
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Figure 6: General layout of a VID system 

Figure 6 shows a general lay-out of a VID-
system. This process can be used as well as 
furnace with solid scrap additions or as liquid 
charging out of an EAF. This can be adapted 
and tailor made to customer’s needs. 

An advantage of a liquid transfer out of an 
EAF is the use of scrap without any specific 
requirements like analysis and shape. 
Especially for higher P-content the VID – 
system is limited and the EAF-process for 
creating the mother heat is recommended. 

A typical process is as follows:  

• Charging in air or liquid material input  
• Meltdown under air/inert gas/vacuum 
• Degassing under vacuum 
• Refining under vacuum 
• Sampling 
• Temperature measurement 
• Alloying/fine trimming 
• Inert gas purging with lance and/or 

porous plug 
• Tapping into a ladle or direct casting 

VID machinery properties are: 
• Melting capacity: max. 30 mt steel 
• Melting power supply:  up to 8,000 

kW 
• Melt and refining time: approx. 3 – 4 

hrs
• Specific power consumption: Approx. 

650 kWh/mt 
In case of a liquid transfer the power supply 
will in the range of 2,000 kW for 20 mt of steel 

capacity. The cycle time will be for the VID-
treatment less than 30 min. Figure 7 shows 
different sizes of VID systems offered by ALD. 

Figure 7: Technical data of different VID sizes offered 
by ALD 

 
Since the best process cannot bear exhaustive 
cost, the VID process of course has to compete 
with the EAF-LF-VD/VOD route. 

A comparison of a 20 mt heat by the traditional 
route LF-VD and VID is shown in Figure 8: 

Figure 8: Process comparison between VID, VID for 
liquid charging and the EAF route 

Three versions have been checked:

1. VID solid charging
2. EAF – liquid transfer to VID 
3. EAF – LF – VD  
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The equipment prices based on European basis 
have been evaluated and for an EAF the 
investment will be in the range of 4.5 Mio €
and the LF/VD in a range of 4.0 Mio €
(without building, auxiliaries, infrastructure). 

For a 20 mt VID installation the estimated 
investment are for solid charging with higher 
melting power are in the range of  5.5 Mio €
and for liquid charging 4.8 Mio € [6].

Given this calculation, the installation of a VID 
system is economically competitive. 

Figure 9: Operating cost comparison between 
different scenarios [6] 

The overall cost of the process lines 1 – 3 are 
given in figure 8, to increase transparency, a 
version of the scenarios without investment in 
a new EAF is shown, marked as liquid charge. 
Based on these figures the VID process – in 
this example for 20 mt - is competitive against 
the LF/VD route also in operational cost. 

As the VD degassing unit is calculated with 
mechanical pumps, the running cost are lower 

than in case of an installation using steam 
ejectors, which are known for higher running 
cost due to need of creating the steam for the 
ejectors.

 

The steel industry has changed since the China 
boom, leaving it with high overcapacities and 
low seller power, thus low margins that barely 
cover capital cost. 

A way out of this dilemma may be to 
consequently focus on niche markets that still 
offer high margins and that are not easy to 
enter by large integrated mills or minimills. 

These markets, e.g., aerospace and tooling, 
require highest quality, lowest tolerances and 
best possible reliability. 

Perfect fit of the installed equipment to the 
required product range, while still retaining 
maximum flexibility is a must to be 
sustainably competitive in this market. 

The VID system fulfils all these requirements 
at competitive investment and operating cost, 
its advantages are: 

 High flexibility due to continuous heating 
and exchangeable furnace body optimizes 
cost for each heat 

 VID offeres cost advantage over LF-
VD/VOD setup across the complete size 
range up to 30t furnace size and 35kt 
annual capacity 

 Solid and liquid charge possible – process 
route connectable to existing EAF or other 
melting devices 

 High reproducibility with low dust, gas 
and noise emissions increase process 
stability and workplace safety 

 Comparatively low investment and 
operational cost 

ALD has extensive experience in supply of 
equipment for special steelmaking, but we do 
not stop here. Our mission is to assist our 
customers in each phase of the product’s life 
cycle, from business case development until 
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production support, maintenance and 
revamping. Therefore we offer: 

 Business case development: Fitting the 
equipment into the existing environment 
and the desired outcome 

 Turnkey planning and execution:
Development of the complete 
production facility including all 
workshop halls, equipment auxiliaries 
and media supply 

 Construction supervision from the 
foundation until hot testing 

 Ramp-up support, teaching and 
recipe development: Our dedicated and 
experienced metallurgists, software 
developers and commissioning 
engineers are on the ground from day. 

 Production support: If you want us to, 
we stay on site until all certification is 
done and the production runs in full 
scale. 

 Implementation of new materials: We 
offer recipe development throughout the 
whole equipment lifetime. 

 Maintenance: Our service team is 
always on hold, our induction coil 
workshop makes certain, that your 
material will always reach up to our 
premium standard. 

 Revamp: As any equipment comes to 
age, we update our machinery if 
necessary to keep you up to date. 

 Production extension: Upgrade of 
existing production setups to extend the 
footprint into higher grades and more 
demanding markets. 
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ABSTRACT 

As a result of reducing chrome oxides, conventional high carbon ferrochromium production basically is 
carried-out by carbothermic reactions. In the alloy structure, carbon takes place as carbide forms. 
Depending on the concentration of carbon versus chromium in the alloy microstructure; process and 
quality control, tapping and post-tapping operations, casting, crushing and screening operations are 
influenced accordingly. 
 
On the other hand, while managing operations, cost efficiency plays an important role for sustainable 
production capability. In all parts of the operation by using some intelligent methods support cost 
cutting fulfillment i.e. blending optimization, mass balance management, statistical process control 
implementation, finishing operations optimization. 
 
The study has experienced at a large range of high carbon ferrochromium products (C%: 5 to 9) in Eti 
Krom Inc (Turkey), Vargön Alloys AB (Sweden) and Tikhvin Ferroalloy (Russia) smelters. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

794 IMMC 2018   |   19th International Metallurgy & Materials Congress

Online Training and Certifi cation of Non-Destructive Testing Personnel

Ertuğrul Yılmaz

ANKALİTE Ltd, iNDTOKULU, Turkey
  
  
  
  
  

Abstract

Middle East Technical University (METU) plays an 
important role in developing Non-Destructive Testing in 
Turkey. The first international personnel training and 
certification courses were organized by METU in 1988.   
METU pioneered once more by leading ONLINE NDT 
Training and Certification.  For this purpose, ANKAL TE
Ltd and METU established iNDTOKULU trademark.  
iNDTOKULU is the first platform which gives online NDT 
training in Turkey. This paper explains ONLINE NDT 
training and its importance for industry.

1. History 

Prior to 1988, Turkey did not have an organization or 
institution providing planned non-destructive testing training. 
An agreement was signed between the governments of 
Turkey and Germany in 1988 within the scope of the welding 
technology and non-destructive testing training and 
certification. Within the scope of this agreement, non-
destructive testing laboratories were established in METU, 
and 10 people from the university and industry were sent to 
Germany to receive training. With the return of this 
personnel to Turkey, the training that had been previously 
provided by German experts was started to be provided by 
Turkish experts. Until 2000, the training was organized 
jointly with the Chamber of Metallurgical Engineers. With 
the development of and increased demand for the non-
destructive testing sector, other educational institutions and 
private companies also started to provide training and 
certification.

METU, which provided the environment for the development 
of non-destructive testing in Turkey and made a huge 
contribution to NDT’s achieving its current level, brought in 
something new and pioneered the online non-destructive 
testing training. For this purpose, it created the 
iNDTOKULU brand together with ANKAL TE Quality 
Control LTD. iNDTOKULU is a co-brand of METU and 
ANKAL TE. 

2. Why NDT? 
NDT is widely used also in our country as an abbreviation of 
the term of Non-Destructive Testing. Non-destructive testing 
is a general name given to the methods applied to determine 
the properties and quality of the material without destroying 
the materials, without leading to any physical or chemical 
change, i.e. without damaging the integrity. In a sense, it is 
practicing the material physic.

The necessity was brought to test materials produced in 
parallel with the demand for the material production that 
increases in parallel with the development of technology and 
that is higher quality, safer, and faster. Moreover, the 
obligation was brought to carry out maintenance and testing 
to increase the importance of environmental protection and to 
operate the equipment especially in petroleum, natural gas, 
and chemical sectors safely. 

Businesses place greater importance on maintenance testing 
in order to increase competition, maximize production times, 
and avoid possible unplanned positions. Due to these reasons, 
the non-destructive testing sector is growing with each 
passing day. Therefore, the need for specialist personnel to 
work in this sector is also increasing. 

The non-destructive testing training is provided as an elective 
course in some departments of universities, and there is no 
separate department to train non-destructive testing 
operator/specialist. It is an odd contradiction that there is no 
separate department at universities for this profession, of 
which importance is increasing with each passing day. This 
contradiction can only be explained a little by the fact that 
non-destructive testing is of international importance. Since 
non-destructive testing used for quality control provision is 
an international phenomenon, training and certification rules 
are also determined and applied at the international level. 

3. Certification Systems 
The personnel to test, evaluate, and manage the testing by 
using any of non-destructive testing methods should be 
trained and certified by a system with international 
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recognition for each testing method. There are two most 
common training and certification systems with international 
validity in the world. 

European system : Basic standard ISO 9712 (EN 473)  
American system        : Basic document (ASNT-TC-1A)

The ASNT is the most common training and certification 
system worldwide. iNDTOKULU awards those who succeed 
after the training program with the American Society for 
Nondestructive Testing (ASNT) certificate, which has 
international validity. 

The two systems set up the rules of training and certification, 
and although they are similar to each other in general, there 
are differences between them. The most distinct difference 
between them is that while training and certification 
according to ISO 9712 (EN 473) should be provided by 
accredited training and certification institutions, training and 
certification according to SNT-TC-1A are provided by a 
Level III non-destructive testing specialist. 

The ISO 9712 (EN 473) certificate is a method-based, 
personnel-specific certificate. The SNT-TC-1A certificate is 
awarded on the basis of method and on the basis of the 
industry sector in which the method is used and on the basis 
of the workplace where the personnel work. In other words, 
the SNT-TC-1A certificate of a personnel member is valid as 
long as he/she works at that workplace and in the case of 
workplace changes, the personnel should retake the exam at 
the new workplace. In short, it is possible to think of the ISO 
9712 (EN 473) certificate as personnel-based and of the 
SNT-TC-1A certificate as workplace-based. 

According to ISO 9712 (EN 473), the training program 
generally includes all the applications of the method. For 
example, the welding, casting, forging, milling, etc. 
applications of the method are explained in general to the 
personnel receiving the training. The training program 
according to SNT-TC-1A is determined according to the 
needs of the company. The company first prepares its own 
training instructions (Written Practice-Training Guideline) 
according to the recommendations determined in SNT-TC-
1A. Therefore, training and certification are carried out 
according to the instructions the company prepares according 
to its needs. 

If the two systems are compared in this respect, it is possible 
to say that ISO 9712 (EN 473) is a general and SNT-TC-1A 
is a goal-oriented training and certification system. 

3.1. Personnel Training and Certification According 
to SNT-TC-1A 

The SNT-TC-1A is a “recommendation instruction” 
including the rules of the personnel training and certification 
in a total of 12 non-destructive testing methods including 
Neutron Radiography, Laser Test, Vibration Test, etc., as 
well as the main 6 non-destructive testing methods. 

The personnel competency and certification are available at 
three separate levels: 
Level I: Level I certified personnel should have the 
knowledge and experience to be able to carry out specific 
testing in accordance with the written instructions, briefing, 
and supervision given by the Level II or III personnel.

Level II: Level II certified personnel should have the 
knowledge and experience to be able to organize the testing, 
carry out the final evaluation and reporting, prepare 
procedures in accordance with the standards/codes. 

Level III: Level III certified personnel to be able to manage 
all works related to non-destructive testing. Including to 
interpret the standards, codes, and determine the testing 
method and.

The minimum training periods and the number of questions 
to be asked in certification exams of the training to be 
provided according to the methods are recommended in 
SNT-TC-1A. Companies may increase or reduce the training 
periods specified in the table below according to their 
conditions by specifying them in the training instruction. 

Table1: Recommended training periods and number of 
questions

TRAINING
PERIODS (hours)

NUMBER OF QUESTIONS 

General Exam Special Exam 
Test
Methods Level

   I 
Level
   II Level I Level II Level I Level II 

 VT 8 16 40 40 20 20 
 RT 40 40 40 40 20 20 
 UT 40 40 40 40 20 20 
 MT 12 8 40 40 20 20 
 PT 4 8 40 40 20 20 
 ET 40 40 40 40 20 20 

3.2. Certification Exam 
The certification exam to be held at the end of the training 
consists of 3 separate parts. 

1. General Knowledge Exam: It is the exam consisting of 
questions containing general information . 

2. Special Knowledge Exam: It is the exam consisting of 
questions containing specific information about the 
method. 

3. Practice Exam: It is the exam consisting of at least 1 
practice question. 
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As a result of the certification exam, in order for the 
personnel to become entitled to a certificate, the average of 
the 3 exams must be a minimum of 80 out of 100, and a 
minimum of 70 from any exam. The average of the exam 
grades will be calculated by the following formula: 

       (General Exam + Special Exam + 2 Practice Exam ) 
Average=
     4    
The certificate validity period is maximum 5 years. At the 
end of this period, the certificate validity period may be 
extended if the requirement of the standard are met.  

4. Why iNDTOKULU? 
History began with writing. The cuneiform script, the first 
form of writing, was engraved as symbols and signs on rocks 
5000 years ago. The discovery of writing is the first 
information revolution in the history of humanity. The 
process of transition from the cuneiform script to today’s 
computer technology and the internet’s becoming widespread 
in the recent past have allowed information to be reached 
very quickly and very easily, as well as to be stored.
The internet has also changed people’s educational and 
learning habits. Even partially, university education has 
started to be provided on the internet, and this scope is 
increasing more and more with each passing day. 

Although businesses are aware of the importance of 
personnel training and certification, the personnel leaving the 
business during these periods create a problem. Even if 
training is carried out in the business, personnel leaving the 
work during the training period creates a problem. In order to 
be a solution to this issue, the iNDTOKULU brand was 
created to provide non-destructive testing training and 
certification services online,. 

4.1. Why iNDTOKULU for Companies?   
 Reduces the workforce loss. 
 Reduces accommodation and travel expenses. 
 Enables a greater number of personnel to receive training. 
 Offers a training opportunity in one of the best training 

centers of Turkey. 
 Reinforces the sense of belonging of employees to their 

company.

4.2. Why iNDTOKULU for Participants?   
• Provides easy access to training materials from almost 

anywhere: From home, from workplace even while in 
fieldwork

• Provides access to training materials any time: Day and 
night, 7 days a week, 24 hours a day 

• Allows learning at the speed of one’s own learning speed 
without trying to keep pace with the speed of others. 

• It is possible to attend courses with any computer with an 
internet connection without the need for special software. 

• Provides training in a comfortable environment. 
• Allows to increase personal development. 

5. About us-iNDTOKULU in Brief 
iNDTOKULU is a platform providing non-destructive testing 
personnel training and certification services in the internet 
environment for the first time in Turkey. Theoretical training 
courses are provided in the internet environment, and 
practical training courses are provided by experienced 
specialists in METU laboratories. Certificate exams are also 
held in METU. Those successfully completing the training 
and exams are awarded an internationally valid certificate in 
accordance with SNT-TC 1A. 

Table2: Online Training Subject  provided by iNDTOKULU
Training Subject (NDT Method) Level 

Visual Testing (VT) Level II 
Magnetic Particle Testing (MT) Level I and II 
Penetrant Testing (PT) Level I and II 
Ultrasonic Testing (UT) Level I and II 
Radiographic Testing(RT) Level I and II 
Radiographic Film Assessment  Level II 
Eddy Current Testing EET) Level I and II 

6. Key features of iNDTOKULU
Nowadays, the access to information has become very easy. 
It is possible to read, observe, and apply the information 
about any subject by accessing it through the internet 
environment. There are all kinds of written and visual 
information about non-destructive testing. In this context, the 
advantage of iNDTOKULU, which uses all these 
opportunities of the internet, is the international approval and 
registration of the training and certification received, as well 
as providing all the necessary information in an order and at 
an intensity proposed by the standards. That is, in brief, the 
difference and the advantage of iNDTOKULU are that it is 
an INTERNET SCHOOL. The properties, differences, and 
advantages of iNDTOKULU are specified below. 

6.1. Registration to iNDTOKULU
A participant entering indtokulu.com, the official website of 
iNDTOKULU, After selecting and purchasing the desired 
non-destructive testing method and level, he/she will be 
registered  for the school easily. From now on, the participant 
can use iNDTOKULU 24 hours a day, whenever he/she 
wants until the date of the exam. 

6.2. Online Theoretical Courses 
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Upon examining training courses found in the internet 
environment, we have come to a conclusion that: 

 Some training courses consist only of writings, and 
the participant receives training by reading them  

 In some training courses, writings are read by a 
professional speaker with a good diction 

 Some training courses consist only of videos 
 Some videos have narration in the background 
 There are training courses which include an 

instructor lecturing on the board 

When we were creating the training format of 
iNDTOKULU, we placed importance on its including the 
abovementioned properties. As can be seen in the training 
format below, while the instructor lectures on the top left, the 
information lectured is shown on the big screen on the right. 
Everything that the instructor writes on his/her tablet pc as if 
he/she is writing on a board can be seen on the screen on the 
right.

In addition to being able to lecture by writing on the board in 
the old style, the instructor can emphasize important aspects 
by highlighting the written text, write formulae and solve 
examples, and reinforce the subject he/she is lecturing with 
images and videos. 

Training periods are important in non-destructive testing 
training and certification systems as we have already 
mentioned. . In order to fulfill these requirements of the 
standards, the program records the duration in which 
participants watch the courses. 

Whether the participant really watches the subjects is also 
checked. Participants are asked to answer simple questions 
asked during lecturing. If the answer is not given within a 
certain period, the participant must watch that part from the 
beginning. While the subjects are being watched, the fast-
forwarding function does not work at the first time. However, 
once the subject is watched, it can be fast forwarded and 
rewound.

6.3. Online Practical Courses 
Practical applications are very important for non-destructive 
testing. Practical courses will be provided at the METU Non-
Destructive Testing Center for the development of skills of 
using non-destructive testing devices and testing the parts 
and writing reports. Participants are also allowed to watch 
videos of all practical applications before attending these 
practical courses. For this purpose, videos of all practical 
applications are prepared. 

6.4. Online Study Examination 
We consider exams not only as a method of measuring 
knowledge but as a part of training and learning. Therefore, 
there are study examination after each theoretical subject. It 

is not possible to start another chapter before taking the study 
examination. Following the examinations, questions are 
solved, and the subject is reviewed in a sense. Thus, the 
participant has knowledge about the types of questions that 
he/she may encounter in the exam and also has the chance to 
reinforce all his/her knowledge. 

6.5. Training  Materials 
6.5.1. Course Books 
 There is very little written material about non-destructive 
testing. The available ones are based on course notes 
translated from German in the first years of the courses given 
by METU since 1988. In order to meet the deficit, separate 
books have been prepared for all non-destructive testing 
methods. Books will be sent to course participants free of 
charge. Apart from that, everybody who wants to buy can 
have them. 

6.5.2. Exam Preparation Book 
In addition to training books, question books consisting of 
pilot tests have been prepared in order to be prepared for the 
exam. In addition to the pilot tests for each subject, exam 
preparation books also have a certificate pilot test consisting 
of general and special knowledge exams. Answer keys for 
each exam are provided separately. 

6.6. Certification  Exam 
In the world, certification exams have also started to be 
carried out online, and this is rapidly spreading. For example: 
API 653, 570,510 etc, NACE and  ASNT organized 
Computer-Aided Exams.  

iNDTOKULU Certification examinations, both theoretical 
and practical applications, are held at the METU Non-
Destructive Testing Center. Possibilities of holding exams in 
other cities and at other centers are being investigated.

6.7. Certification Tracking System 
There is a chaos in certification tracking in our country. It is 
very difficult to determine from where the certificate is 
received and whether the certificate is valid. For this purpose, 
a certification tracking system was established. The 
certificates of those who participate in the iNDTOKULU
training and certification programs can be questioned, and it 
can be determined whether their certificates are valid. 

Participants will be warned to renew their certificates before 
the period of their certificates expires. The certification 
tracking system allows the tracking of the certificates of all 
personnel on the company basis, as much as it is suitable for 
individual use. 
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Abstract

One of the most important factors affecting the coke 
batteries life is the regime of the battery heating. Thermal 
abnormality in the coke oven battery heating negatively 
affects battery life. In this study, for longer use of coke 
oven battery, Level 2 intelligent system which makes coke 
oven battery heating regime steady is explained in 
Iskenderun Iron & Steel Co. (ISDEMIR) coke plant. The 
temperature data of the oven and temperature data of the 
heating wall belonging to the battery was recorded and 
monitored live through the Level 2 intelligent system. By 
using obtained data and statistical calculations of this data, 
coke oven battery temperature map is constituted. 
According to data of temperature map, warning and 
suggestion algorithm established and for ovens that have 
thermal abnormality, taking precaution become possible. 

1. Introduction 

Iron and steel production is one of the world’s most 
important and biggest industry. Main usage areas of steel 
are construction, transportation, energy, packaging and 
industrial supplies.  
There are two main steel production processes; Integrated 
Steel Plants (Blast Furnace) and Electrical Arc Furnaces 
(Electrical process). In an integrated steel plant, iron ore is 
molten with coke in blast furnace. Iron ore may be in the 
form of lump ore, sinter or pellet. Coke is a residue of coal 
pyrolysis process, which is called carbonization. Chemical 
decomposition of bituminous coals by heating in absence of 
air, carbonization in coke oven batteries is complete 
extraction of coal volatile matter at approximately 1250 0C
heating wall temperature. Coal and coke illustration is 
given in Figure 1. 

Figure 1. Coal and coke 

Coke is produced in coke making plants. A coke making 
plant consists of coal preparation, coke oven batteries and 
by – product plant. Coke making process flowsheet is given 
in Figure 2.  

Figure 2. Coke making process flowsheet 

Coke oven batteries are built with refractory bricks mainly. 
A battery consist of gas flues and coking chamber Heating 
walls separates them. In gas flues, COG or mixture of COG 
and BFG is burnt. Generated heat is transferred via heating 
walls. In our case, each heating wall has 32 gas flues and 
the coke oven battery has 65 coking chamber. Therefore, 
there are  2112 gas flue in a battery. 

Heating regime is a major and key operational factor in 
coke production. Sufficient heat must be transferred to coal 
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from gas flues. In order to keep under control heating 
regime, temperature measurements are taken periodically 
from gas flues by high temperature pyrometers. 
Conventionally, these measurements are recorded manually 
into a paper or a excel file.

Coal, charged into the oven, starts coking with drying and 
ends with coke formation at 950-1050 0C. Main steps of 
coking relative to temperature is illustrated in Figure 3[5]. 
While coking, coal particles follows four main chemical 
steps[1][6].

1. Coal, charged into the oven, is heated up to 100 0C and 
moisture is driven off. 

2. There are minor changes from 100 0C to 350 0C. It is 
called plastic phase. Tar and oils driven off here. Plastic 
phase continues up to 500 0C. 

3. Between 500 and 800 0C, plastic phase repolymerizes 
and semi – coke forms. Gases driven off at this stage.

4. Above 800 0C, hydrogen and light hydrocarbons are 
driven off. Semi – coke condenses to structure that is 
more graphitic and transforms to coke.  

Figure 1. Coal to coke transformation

These steps explain what are going on when plastic layer 
go forward to the middle of oven while coking. It means 
that coking in batteries is ongoing process rather than 
stationary. Plastic layer leave behind semi – coke structure 
while it go into the moist coal[2]. An illustration of this 
phenomenon is given in Figure 4[5].

Figure 2. Steps of coking process

This continues carbonization process makes uniform 
heating regime necessary. Otherwise, plastic layer will be 
irregular and it causes weak coke in terms of stability and 
coke strength after reaction, which are cold and hot strength 
relatively [3][8]. As explained before, heating regime is 
controlled by gas flue temperature measurements. In order 
to understand temperature distribution of a coke oven 
battery well, below items should be monitored. 

1. Temperature distribution of control gas flues. 
2. Temperature distribution of cross – wall gas flues. 
3. How many temperature measurements are out of 

optimum range in control gas flues? 
4. How many temperature measurements are out of 

optimum range in cross - wall gas flues? 
5. How many temperature measurements are out of 

optimum range in whole battery? 

Checking temperature measurements manually may not be 
obvious the eye and not enable prioritization of 
maintenance works. That’s why a Level – 2 temperature 
monitoring system is a necessity for coke oven battery 
operation. There are three main coke oven battery 
temperature monitoring methods. 

1. Temperature measurements from heating wall by 
pusher machine ram sensors 

2. Temperature measurements from hot coke by guide car 
sensors

3. Temperature measurement from gas flues 

Example of first method is AutoTherm - W developed by 
ThyssenKrupp. AutoTherm – G is the application of second 
method developed by again ThyssenKrupp [4][7]. In this 
study, measurements taken from gas flues will be 
monitored by Level 2, which is explained in further section. 

2. Experimental Procedure

In sdemir all facilities, manufacturing is done by entirely 
automation systems. All the known and applied level 
systems in many important industrial facilities are applied 
in sdemir as well. These level systems are generally 
divided into five classes. 
Level 0 : It represents instruments which are on site such as 
transmitter, temperature indicator, valve, motor. Generally, 
these devices do not have remote control capability. It is 
needed to go to the device to give any command or to read 
the value it shows. 
Level 1 : With DCS or PLC systems, the process can be 
controlled and monitored by SCADA systems. PLC 
systems are can be programmed logically and with these 
systems devices belonging to Level 0 can be controlled. All 
operator controls and interventions in coke plants are made 
through Level 1 systems. 
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Level 2 : In this layer complex problems that can not be 
solved by Level 1 are solved by enhanced programming 
language such as C#, C++ and outputs are sent to PLC 
systems. In addition, large amounts of data that can not be 
held in PLC data blocks are kept in the Level 2 database 
through applications such as Oracle, SQL Server. Another 
task of Level 2 is to transfer the process information to 
Level 3 which is a higher system. All mathematical model 
calculations in coke plant are made through Level 2 
systems.  
Level 3 : Unlike Level 2 which is peculiar to facility, Level 
3 is more general. All required process data are collected in 
the central database. This data is summary and consists 
mainly of reports that managers need. Level 3 is also the 
center where information such as production, quality, 
marking is produced at every facility. 
Level 4 : It is the system where production planning is 
made. Records such as production and quality are identified 
here and transferred to the operation through Level 3 and 
Level 2 respectively. 

The tasks of the Coke Level 2 system are as follows; 
1- Recording information held instantaneously in Level 1 
and present them in graphical screens and reports. 
2- Ensuring that data such as analysis information, heat 
records, product quality, plant delay can be identified and 
monitored 
3- Ensuring that the facilities work more efficiently with 
model applications 
4- Transfer process information to Level 3 

Level 2 applications are two types; the server applications 
running on the background and the end-user application.  
Different applications are developed for each different 
targets to not affect other parties in case of disruption. 

3. Results and Discussion 

 In this study, coke Level 2 applications and temperature 
maps of coke batteries were constituted. This process is 
carried out using the applications shown in Figure 5 with 
the following steps. 

Figure 5. Level 2 architecture

- The instantaneous temperature information of the coke 
batteries is transferred to the TagKernel application from 
the PLCs using the L1Manager application and the OPC 
communication.
- The TagKernel application keeps up to date values of all 
process information and provides the most accurate data 
with the necessary validation checks. 
- With DBManager application, statistical information such 
as max, min, avg etc. stored on the TagKernel are written in 
the database at desired intervals 
- The Middleware application that creates the coke 
temperature map requests the data to be processed from the 
DBManager application and obtains the following 
information from the calculations made through this data: 

a. Temperature distribution at every gas flue 
b. All oven temperature distribution 
c. Temperatures outside the optimum range at every gas 
flue
d. Temperatures outside the optimum range in the oven 

Access to the report generated by the middleware 
application by these calculations is provided by the end 
user application. Figures 6 and 7 show the sections of this 
report and the graphical representations. 

Figure 6. Temperature map of oven battery 

Figure 7. Average gas flue temperatures

4. Conclusion 

The coking temperature is an important variable in coke 
oven battery operation. The temperature affects the coke 
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quality and the energy consumption. If the temperature is 
too low, the carbonization of coal will be incomplete. This 
will lead to poor coke quality, air pollution and pushing 
problems. If the temperature is too high, the coke stick to 
the oven wall. This causes pushing problems and refractory 
damage in the oven wall. The problems mentioned above 
do not occur after the temperature follow up with 
developed software. 
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Abstract

Iron ore sinters are considered as multi-phase materials, 
with a heterogeneous microstructure. The amounts of the 
different phases mainly hematite, magnetite and a 
dicalcium silicate are contributing factors to a number of 
important on the sinter quality. The behavior of phase 
formation during the sintering process has a significant of 
effect on the chemical composition of sinter and controlling 
microstructure and concentration of silicoferrites of calcium 
and aluminum (SFCA). The mineralogical distribution of 
different phases determines the microstructure of the sinter 
which imparts the quality of the sinter. In this study, the 
microstructure of the sinter has been examined by 
considering the chemical composition, the mineralogy, the 
morphology and the spatial arrangement of the various 
mineral phases formed during sintering. The chemical 
composition in the process of sintering (especially CaO, 
Al2O3, Fe2O3, SiO2 etc.) were made optimum control and 
all parameters that can effect on the quality of the process 
and operating of sinter were investigated. In this work, 
sinter phases were determined using of Panalytical Co-K
radiation X-Ray Diffraction (XRD), raw data converted 
into Autoquan format, interpret the results through Rietveld 
Method (the powder diffraction technique). Phase’s 
identification was done using PANalytical X’Pert 
Highscore plus software. 

1. Introduction 

Sintering is a process by which a mixture of iron ores, 
fluxes and coke is agglomerated in a sinter plant to 
manufacture a sinter product of a suitable composition, 
quality and granulometry to be used as burden material in 
the blast furnace. This process is studied and researched in 
the steelmaking industry in general, and in sinter plants in 
particular, as well as in universities and metallurgical 
research centres throughout the world [1]. The sintering 
process is used to agglomerate a mix of iron ores, return 
fines, fluxes and coke, with a particle size of <8 mm, so 
that the resulting sinter, with a screened size of 10-40 mm, 
can withstand pressure and temperature conditions in the 
blast furnace [2-5]. 

Sintering is a thermal agglomeration process (1300-
1480°C,. of a mixture of iron ore mineral fines by-products 
of the iron and steelmaking industry, fluxes, slag-forming 
elements and coke breeze as a particle size of <3 mm [6]. 

The objective of the process, whereby the mixture of 
materials charged is partially fused at a high temperature to 
produce clustered lumps, is obtaining a load (5-50 mm) for 
the blast furnace with the suitable physical-chemical and 
mechanical properties with the lowest price (Fernández-
González et al., 2016) ([7]. Iron ore sinters have a 
mineralogy which is basically composed by iron oxides and 
hydroxides, ferrites and silicates. Their mineralogical 
composition constitutes an important parameter that can be 
specified and controlled [8, 9]. 

2. Experimental Procedure 

The first stage of sintering is granulation of the raw mix, 
which consists of its homogenisation in a mixing drum for 
several minutes with the addition of 6-8% water. The 
granulated mix is then loaded onto the permeable sinter 
strand grate. The sinter plant flow diagram is illustrated in 
figure 1. 

Figure 1. Simplified diagram of a sinter plant [10]. 

The bed top is heated to high temperature by oil or gas 
burners and air is drawn through the grate. After a short 
ignition time, heating of the bed top is discontinued and a 
narrow combustion zone (flame front) moves downwards 
through the bed, heating each layer successively. In the bed 
the granules are heated to 1250-1350 °C to achieve their 
softening and then partial melting [3]. In a series of 
reactions a semi-molten material is produced which, in 
subsequent cooling, crystallises into several mineral phases 
of different chemical and morphological compositions; 
mainly hematite, magnetite, ferrites and gangue composed 
mostly of calcium silicates. Their mineralogical 
composition constitutes an important parameter that can be 
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specified and controlled [11]. 

3. Results and Discussion 

3.1 SEM Analysis of Sinter Samples 

Sinter samples were mounted and prepared for observation 
by Scanning Electron Microscopy (SEM). A conventional 
grinding and polishing procedure was employed. SEM 
investigation carried out with 15 keV energy. The chemical 
analyses could therefore be used to determine the different 
types of SFCA phases by comparing these compositions to 
those reported in the literature 

Electron microprobe analyses were performed on four of 
sinter samples. Elements were analyzed included O, Mg, 
Al, Si, K, Ca, Mn and Fe. The phases that were analyzed 
included larnite (Ca2SiO4-C2S), hematite, magnetite and 
SFCA (all phases identified with an optical microscope). 
Approximately 450 SEM-EDS analyses were made on sub 
4 sinter samples (S-1, S-2, S-3, S-4). SEM analyses were 
done on the same polished sections of the sinters for 
identification and chemical analysis of the different phases. 

Experiment results were recalculated to determine the 
compositions of the different phases present in the sinter 
samples. The results were clustered according to the 
elemental analyses and the results recalculated to fit the 
phases present (i.e., hematite, magnetite, C2S and SFCA 
formations).  The main phase composition of sinter samples 
is given in table 1. 

Table 1. Phase analysis of sinter samples 
Phases S-1 S-2 S-3 S-4 

Larnite 6.80 7.46 6.72 6.40 
Hematite 27.88 23.99 23.10 27.80 
Magnetite 26.48 27.60 33.58 29.98 
SFCA-I 14.45 16.03 14.28 5.48 
Wuestite 1.01 0.00 1.02 0.00 

SFCA 22.20 25.02 22.17 30.24 
Total SFCA 36.65 41.05 36.45 35.85 

SFCA-I/SFCA 0.65 0.64 0.64 0.18 
 
In this investigation, the Autoquan program was used to 
determine the phases contained in the sample. Phases were 
identified using X’Pert Highscore plus software and 
quantification was accomplished with Autoquan/BGMN 
software [12]. The Autoquan software determined the 
parameter Rwp which is displayed as a function of the 
repetition steps to illustrate the calculation progress. This 
parameter (the weighted residual square sum) allows the 
user to assess the quality of fitting of the measured and 
calculated diagram. A smaller value stands for better fitting 
[13]. 

 
Figure 2. SEM micrographs of sinter bodies. (Mag: 
Magnetite, Silico Ferrite Calcium and Aluminum (SFCA), 
SFCA-I (x1000) 

Figure 2 demonstrated that magnetite crystals embedded in 
a silicate-rich glassy matrix. The magnetite is in close 
association with SFCA crystals. The magnetite is present as 
well-defined euhedral to subhedralcrystals as well as 
skeletal and dendritic crystals. Magnetite crystals are 
present in close association with SFCA (seen in figure 2). 
The calculated stoichiometry of the magnetite in all the 
layers indicated that this phase is actually an iron rich 
spinel solid solution phase with an (Fe,Mg,Mn)(Fe,Al)2O4 
stoichiometry. At the lower air flow (series one) the 
sintering time at temperatures above 1100°C was longer. It 
can therefore be expected that more hematite is reduced to 
magnetite in series one than in series two, due to the longer 
reaction times. Magnetite is also formed from the 
dissociation of SFCA at temperatures higher than 1300°C 
[14]. The proportion of SFCA that is decomposed may 
increase when the time of exposure above the 
decomposition temperature increases or when the 
maximum temperature that is reached during sintering 
increases. 

The SFCA phase is present as dendritic SFCA, acicular 
SFCA and columnar SFCA, depending on the size of the 
crystals. Dendritic SFCA is the first type of SFCA that 
forms during the sintering process [15, 16]. These crystals 
are very small, usually smaller than 4 m (shown in figure 
3). Between 8 and 16% of the total SFCA consist of 
dendritic SFCA. Crystal growth between 1200°C and 
1300°C results in bigger crystals, larger than 4 m but 
smaller than 10 m, called acicular SFCA [15, 16] . In this 
study, more than approximately 36% of the total SFCA 
consists of acicular SFCA (SFCA-I). At 1300°C acicular 
SFCA melts, and subsequently re-precipitates as columnar 
SFCA during cooling. These are rather large crystals with a 
typical size of a10 m and bigger [16]. Between 10 and 24% 
of the total SFCA is columnar. 

SFCA

SFCA-1

Mag. 
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Figure 3. SEM micrographs of sinter bodies. (Hem: 
Hematite, Mag: Magnetite, Silico Ferrite Calcium and 
Aluminum (SFCA), SFCA-I (x500). 

3.2 Rietveld Analysis 

The rietveld method has become an efficient method of 
quantitative phase analysis in recent years. Its decisive 
advantage over the calibration sample adaptation method is 
the better use it makes of the information content of the 
diffractogram [12, 13]. Rietveld method has several 
advantages. You can distinguish between and determine all 
existing phases in just a few minutes. Figure 4 illustrates 
the peak positions of the major minerals. Extensive peak 
overlap is apparent. 

Figure 4. A typical image of rietveld refinement on the sinter 
sample by using HighScore Plus Program. 

In this investigation, the Autoquan program was used to 
determine the phases contained in the sample. Phases were 
identified using X’Pert Highscore plus software and 
quantification was accomplished with Autoquan/BGMN 

software. The Autoquan software determined the parameter 
Rwp which is displayed as a function of the repetition steps 
to illustrate the calculation progress. This parameter (the 
weighted residual square sum) allows the user to assess the 
quality of fitting of the measured and calculated diagram. A 
smaller value stands for better fitting [12, 13].  Phase 
identification was performed using PANalytical’s 
HighScore Plus software package. 

Figure 5. Triangular plot showing that the compositional 
relationship between hematite, magnetite, SFCA, SFCA-I 
and SFCA-II in the sinter samples. 

3.3 XRD for the Characterization of Iron Ore Sinter 

The EDS analyses of the SFCA phases were plotted on the 
Al2O3 - CaO - Fe2O3 ternary phase were seen in figure 5. 
This phase diagram used to locate the mineral compositions 
of hematite, magnetite, SFCA and SFCA-I in the sinter 
material. Chemical compositions of the SFCA phases were 
close to the regions of SFCA and SFCA-I. 

Figure 6. X-ray diffraction patterns of the total sinter samples. 

The Autoquan program can be used for accurate 
quantitative XRD phase analysis by the Rietveld method. 
XRD quantification of the different sinter phases was also 
plotted as a function of varying fine ore ratio in the sinter 

Mag.

Columnar 
SFCA 

Dentritic 
SFCA 

Hem. 

Acicular
SFCA
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Journal of the Southern African Institute of Mining and 
Metallurgy, 103(10), 645-650. 
[16] P. R. Dawson, J. Ostwald, and K. M. Hayes, (1984, June). 
The influence of the sintering temperature profile on the 
mineralogy and properties of iron ore sinters. In AIMM Bull. 
Proc. (Vol. 289, No. 5, pp. 163-169). 

samples and is given in figure 6. It can be seen that the 
variation of the fine iron ore fraction of the sinters 
influences the amount of the different sinter phases in the 
sintering process. 

Figure 7. X-ray diffraction patterns of SFCA phase in iron ore 
sinter.

Figure 7 shows the SFCA diffraction patterns of collected 
from sinter sample. The results of studies both the X-ray 
diffraction and mineralogical investigated on the sinter 
samples with containing different ratio of fine iron ore into 
the sinter blend. Sinter samples have different a 
mineralogical structures. Especially in this study 
investigated magnetite (Fe3O4), hematite (Fe2O3), Larnite-
C2S (Ca2SiO4), SFCA (M14O20), SFCA-I (M20O28),
wuestite (FeO) phases for all sinter samples by X-ray 
diffraction studies and given results in figure 5. 

4. Conclusion 

Modern methods like the Rietveld refinement in 
combination with high-speed data collection allow for fast 
and reliable quantification of sinter. All crystalline phases 
can be quantified in just a few seconds. The use of XRD 
and the Rietveld method have resulted in the development 
of fast and reliable methods of phase quantification in the 
iron ore industry. During the Rietveld quantification 
crystallographic are calculated and it does not need 
standards or calibration. Compared with other methods, it is 
still the most reliable method for phase quantification, and 
it has the potential to make important contributions to our 
knowledge regarding the effect of phase relations on the 
properties of sinters. Several applications of the method 
have been discussed in some detail. Rapid XRD analysis 
and associated Rietveld quantification offer a fast and 
reliable method to determine the mineralogical phase 
composition iron sinters within minutes. 

New developments will necessarily attempt to relate phase 
composition to sinter strength and reducibility, and 
increased use of cluster analysis can identify important 
relations between these parameters. In combination with the 
calculation of process critical parameters such as FeO, 
SiO2, SFCA etc. content, it can be used as a process control 

method for iron ore sinter plants.  
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Abstract

Viscosity is a very important physical property of slags as 
it mainly controls the heat and mass transfer, phase 
separation and the kinetics for many metallurgical 
processes. It is possible to determine the viscosity for a 
wide range of oxide systems by the software FactSageTM

which uses the Modified Quasichemical Model for single-
phase liquid slags. Also it is possible to determine the 
solid phase fractions and modify the viscosity by using 
Einstein-Roscoe equation. Due to their importance in 
copper smelting processes, an investigation on the 
viscosity of the fayalite slags together with the literature 
comparison is required. Therefore, the effect of SiO2

content, solid phase formations (Fe2SiO4, SiO2, FexO), 
temperature and oxygen partial pressure (Fe3+/Fe2+ ratio) 
on the viscosity of the FexO-SiO2 system was investigated 
by using FactSageTM and compared to relevant literature 
in the scope of this study. 

1. Introduction 

Understanding the physicochemical properties of slags is 
crucial in controlling many metallurgical processes. 
Viscosity is considered to be the key property since it 
mainly controls the heat and mass transfer which are the 
most important sources in metallurgy [1-3]. The 
knowledge of the viscosity of a certain slag system brings 
many advantages when it comes to optimizing the 
operational parameters of a furnace. Therefore, accurate 
prediction of slag viscosities has been of interest in 
various industrial areas such as iron & steel, non-ferrous 
metallurgy, glass, volcanology etc. In conventional slag 
cleaning furnaces for example, where metal losses in 
discard slags are recovered, the settling velocity of the 
entrained metallic/matte droplets is a strong function of 
the slag viscosity. 

Viscosity is a complex function of composition, 
temperature and oxygen partial pressure since it is a 
strictly structure dependent property [1-6]. Estimation of 
the viscosity of a certain slag having a given composition 
might be very difficult since available experimental data 
might not cover the desired composition, oxygen partial 
pressure or temperature ranges. In addition, experimental  

measurements are costly and in many cases, also difficult 
to make. Here, computer based viscosity modeling can be 
an effective method to overcome those difficulties and 
restrictions, as it is capable of predicting the viscosity of a 
given slag system where no experimental data are 
available by using interpolation and extrapolation 
techniques.  

FactSageTM [7] is one of the thermodynamic modeling 
softwares that uses the Quasichemical 
Model (MQM)
general quasichemical model. It is possible to calculate the 
viscosity of a fully liquid slag system by using the 

. However, slags may 
not be fully liquid under certain operational conditions in 
metallurgical processes. The amount of solid particles 
could also be calculated by 
the software and the effective viscosity of the multi-phase 
slag could be calculated by using Einstein-Roscoe 
equation [8] accordingly. However, an investigation on 
the viscosity of the pure fayalite slags together with 
literature comparison is required in order to evaluate the 
performance of this modeling method.  

In this study, the effect of temperature, composition and 
oxygen partial pressure on the viscosity of FexO-SiO2

(fayalite) slags, which is used for several metallurgical 
systems particularly in copper smelting, converting and 
slag cleaning processes [5,6], was investigated and 
compared to relevant literature data by using MQM and 
Einstein-Roscoe equation route. 

2. Modeling studies 

2.1. FactSageTM7.1 

FactSageTM is capable of determining the phase 
equilibrium of a system at a given temperature and oxygen 
partial pressure by using the  It can also 
determine the type, amount and composition of the 
precipitated solid phases. Thus, it was possible to perform 
virtual experiments by using only a computer for various 
SiO2, FeO, PO2 and temperature input values and 
determine the liquid slag composition, Fe2O3/FeO ratio
and the fraction of solid phases. 
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Afterwards, the viscosity of the liquid slag can be 
calculated for a given temperature by using liquid slag 

and finally 
calculate its viscosity.  

2.2. Einstein-Roscoe equation 

Einstein-Roscoe equation [8] describes the effect of the 
amount of solid particles (spheres) and their size 
distributions on their effective viscosity values. The 
viscosity modification equation that was used in this study 
was shown in equation 1. 

                                                                (1)

where is the effective viscosity of solid containing slag, 
 is the viscosity of fully liquid slag and f is the volume 

fraction of solid particles in the melt [8]. Although 
FactSageTM calculates solid fractions in grams, it is still 
advantageous to use it instead of volume fraction as also 
stated by Mostaghel [3].

2.3. Modeling steps 

In the scope of this work, the viscosity was calculated 
using the following steps: (1) determination of the 
composition, temperature, oxygen partial pressure range 
as given in the specified work from the literature, (2) 
determination of the liquid slag composition, solid phase 
fractions and liquidus temperatures by using 
module of the FactSageTM7.1, (3) calculating the viscosity 
of the previously obtained liquid slag by using 
FactSageTM , (4) if solid phases 
were present, slags viscosity will be modified by using 
Einstein-Roscoe equation [8], (5) finally, comparison of 
the results with those from the specified work from the 
literature. 

3.Results and Discussion 

3.1. Effect of SiO2 concentration 

It is well-known that as SiO2 content increases, large 
polymeric anions are formed since SiO2 is a network 
former oxide (acidic oxide) [1,3]. An increase in SiO2

results in an exponential increase in viscosity especially 
after the orthosilicate composition, that is at a SiO2 content 
of 0.33 mole %, from which the slag starts to form 
complex anionic structures with help of increasing 
bridging oxygens (Oo) [9]. Also, a viscosity maximum 
was reported by several articles near the fayalite 
composition, which is the 2FeO.SiO2 (Fe2SiO4) solid 
phase [10-13]. Shiraishi et al. [10] as well as Chen et al.
[14] investigated the effect of SiO2 content on the 
viscosity of FexO-SiO2 slags to particularly point out the 
viscosity maximum near the fayalite composition. In order 
to investigate this issue, the viscosity of FexO-SiO2 system 

was calculated and compared to literature findings as 
shown in Figure 1. The calculation results obtained from 

FactSage(Modified) 
curves -liquid slag was 
determined (see step (4) in section 2.3) and the 
FactSage(Visc Only) curve  where no effect of solid 

phase is considered.  

According to the measurements of Shiraishi et al. [10], the 
viscosity had a maximum near the fayalite composition, 
which is particularly visual at lower temperatures. In a 
recent work, Chen et al. [14] reported that there was no 
viscosity maximum around the fayalite composition. 
According to our calculations, no fayalite formation was 
observed at temperatures higher than 1250 oC.
Nevertheless, there was a fayalite formation around the 
temperature of 1205 oC, in the SiO2 range of 28 to 30 
wt.%. This resulted in a viscosity maximum when the 
viscosity was modified by Einstein-Roscoe equation [8] 
near the fayalite composition as reported earlier by several 
studies [10-13]. Thermodynamic assessments of the FexO-
SiO2 system has shown that solid fayalite clusters were 
found to be stable at a very narrow temperature and 
oxygen partial pressure range, that is: 1187 oC to 1205 oC
and 10-12.21 to 10-12.27 atm, respectively. Given that 
information, this disagreement with Shiraishi et al [10] 
could be attributed to the shorter equilibration time, they 
provided for their slags during the viscosity 
measurements, that is 20-30 min, whereas Chen et al. [14] 
provided 30 to 60 mins. Also, our calculations have shown 
that the viscosity increment at low SiO2 contents was due 
to monoxide phase formation (see Figure 1), that is 
outside the fully liquid slag region. 

Figure 1. The effect of SiO2 content (10%-40%) on the 
viscosity of FexO-SiO2 slags at different temperatures 

(1205 oC-1400 oC) calculated by FactSageTM

 Einstein-Roscoe 
equation, compared to the works of Shiraishi et al. [10] 

and Chen et al. [14]. 
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3.2. Effect of Fe3+/Fe2+ ratio 

In order to investigate the effect of Fe3+/ Fe2+ ratio on the 
viscosity of FexO-SiO2 system with varying temperature, 
a fixed CO2/CO ratio should be maintained [5,15]. As the 
CO2/CO ratio increases, the amount of Fe2O3 increases in 
the slag which enables the estimation of the effect of 
increasing Fe2O3 content on the viscosity experimentally. 
Wright and Zhang [15] investigated the effect of Fe2O3

content on the viscosity of the FexO-SiO2 system by 
setting different CO2/CO ratios for different temperatures. 
They investigated slags with three different SiO2 contents, 
that is 27 wt%, 30 wt% and 31.6 wt%. The specified SiO2

contents, CO2/CO ratios and temperature were set as input 
into the FactSageTM

in order to investigate the effect of Fe3+/ Fe2+ ratio on the 
viscosity. The results were then compared to the 
experimental results of Wright and Zhang [15] and also to 
the results of Taskinen et al. [16] in which they used a 
thermochemical database Mtox (vers. 6.2), developed by 
National Physical Laboratory (NPL), for the viscosity 
calculations and also compared their modeling results to 
the experiments of Wright and Zhang [15]. The resulting 
viscosity calculations together with literature comparison 
are shown in Figure 2, Figure 3 and Figure 4 for slags 
containing 27 wt.%, 30 wt.% and 31.6 wt.% SiO2,
respectively.

Figure 2. Temperature versus viscosity at constant 
CO2/CO ratios: 4, 25 and 100 for 27 wt.% SiO2 slag and 

comparison between different articles [15,16] and 
FactSageTM

calculations. 

Figure 2 shows that, according to our calculations, for a 
slag containing 27 wt.% SiO2, the viscosity increased 
slightly when the CO2/CO ratio increased for a constant 
temperature whereas the increasing effect was more 
pronounced according to the experimental results of 
Wright and Zhang [15] as well as to the modeling results 
of Taskinen et al. [16]. On the other hand, with increasing 

CO2/CO ratio, the liquidus temperature increased. For 
CO2/CO ratios of 4 and 25, the fayalite phase started to 
form below a temperature of 1190 oC and 1240 oC,
respectively. However, when the CO2/CO ratio reached 
100, spinel phase started to form below a temperature of 
1350 oC. FactSageTM based viscosity calculations were in 
good agreement with Wright and Zhang [15] for a 
CO2/CO ratio of 4 particularly in the temperature range of 
1250 oC to 1350 oC but the liquidus temperature of the slag 
reported by Wright and Zhang [15] was higher. For 
CO2/CO ratios of 25 and 100, there was a large deviation 
between the FactSageTM based calculation results and 
those of Wright and Zhang [15]. In fact, the authors [15] 
reported higher viscosity values when at CO2/CO ratio of 
25 than at a ratio of 100, which was the most pronounced 
disagreement point between their results [15] and the 
results of the current work as well as the modeling results 
of Taskinen et al. [16]. Furthermore, the liquidus 
temperature of the slag for a CO2/CO ratio of 25 was lower 
than the value determined by FactSageTM although they 
had a very similar value at CO2/CO ratios of 4 and 100. 

Figure 3. Temperature versus viscosity at constant 
CO2/CO ratios: 4, 19 and 81 for 30 wt.% SiO2 slag and 

comparison between different works [15,16] and 
FactSageTM

calculations.

Figure 3 shows that for a slag containing 30 wt.% SiO2,
the viscosity increased slightly as the CO2/CO ratio 
increased for a constant temperature according to the 
FactSageTM based calculations which is in agreement with 
the results of the viscosity model of Taskinen et al. [16]. 
However, it had a slightly decreasing effect in the 
experiments of Wright and Zhang [15]. The liquidus 
temperature increased with increasing CO2/CO ratio 
according to Wright and Zhang [15] and Taskinen et al.
[16] but according to FactSageTM, the liquidus 
temperature of the slag decreased from 1190 oC to 1165 
oC when the CO2/CO ratio increased from 4 to 19, 
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respectively. Fayalite phase started to form below 1190 oC
and 1165 oC for CO2/CO ratios of 4 and 19, respectively 
whereas the spinel phase started to form at a temperature 
below 1290 oC for a CO2/CO ratio of 81. FactSageTM

based calculations were in good agreement with the 
experiments of Wright and Zhang [15] for a CO2/CO ratio 
of 4 at lower temperatures particularly around 1250 oC but 
a large deviation was observed for higher temperatures. 
For a CO2/CO ratio of 19, FactSageTM based calculations 
were in good agreement with the experiments of Wright 
and Zhang [15] at higher temperatures particularly around 
1350 oC. As for a CO2/CO ratio of 81, the liquidus 
temperature determined by FactSageTM was in very good 
agreement with the experiments of Wright and Zhang 
[15], still, the viscosity values determined by FactSageTM 

were higher. The viscosity values determined by Taskinen 
et al. [14] for a CO2/CO ratio of 81, had large deviation 
from both FactSageTM based results and those from the 
work of Wright and Zhang [15]. Overall, the viscosity 
curves determined by FactSageTM lied between those 
determined in the experiments of Wright and Zhang [15] 
and those determined by the model of Taskinen et al. [16] 
but were closer to that of Taskinen et al. [16]. Also, all 
three studies had a better agreement at higher 
temperatures and lower CO2/CO ratios.

Figure 4. Temperature versus viscosity at constant 
CO2/CO ratios: 4, 12 and 24 for 31.6 wt.% SiO2 slag and 

comparison between different works [15,16] and 
FactSageTM

calculations. 

Figure 4 shows that for a slag containing 31.6 wt.% SiO2,
the viscosity increased slightly as the CO2/CO ratio 
increased according to the FactSageTM based calculations 
which is in agreement with the modeling results of 
Taskinen et al. [16] whereas it had a rather sharp 
decreasing effect according to the experiments of Wright 
and Zhang [15]. Contrary to the results of Wright and 
Zhang [15] as well as those of Taskinen et al. [16], the 

liquidus temperature decreased when the CO2/CO ratio 
increased according to FactSageTM based calculations. 
The fayalite phase formation was observed at a 
temperature below 1160 oC, 1175 oC and 1187 oC for a 
CO2/CO ratio of 24, 12 and 4, respectively. FactSageTM 

based calculations were in good agreement with Taskinen 
et al. [16] for a CO2/CO ratio of 4 at higher temperatures 
whereas a large deviation to the results of Wright and 
Zhang [15] was noted. Overall, the viscosity curves 
determined by FactSageTM lied again between those 
determined by the experiments of Wright and Zhang [15] 
and that by the model of Taskinen et al. [16] but were 
closer to that of Taskinen et al. [16]. 

4. Conclusions 

Based on the calculations with the software FactSageTM in 
the current work, following conclusions can be made: 

(i) The viscosity of the FexO-SiO2 system increases 
linearly up to the orthosilicate composition (SiO2 value of 
0.33 mole %), further addition of SiO2 results in an 
exponential increase of viscosity. This trend was observed 
in most of the investigated literature data. 
(ii) The fayalite phase was found to be stable only in a 
very narrow temperature range (1190-1205 oC) and 
oxygen partial pressure range (10-12.22-10-12.27 atm). This 
range should be avoided during the operation of the slag 
cleaning furnaces, in order to avoid excessive fayalite 
phase precipitation and thus serious operational problems. 

(iii) Providing a constant CO2/CO ratio keeps the 
Fe3+/Fe2+ ratio in the liquid slag constant with varying 
temperature. With increasing CO2/CO ratio and 
temperature, PO2 also increases and thus the oxidation 
level of FeO to Fe2O3 (Fe3+/Fe2+ ratio) increases. In 
agreement with the findings of Wright and Zhang [15], 
Fe2O3/FeO ratio decreases with increasing SiO2 content 
for a fixed CO2/CO ratio. 

(iv) The viscosity increased slightly as Fe2O3 content 
increased for the investigated slags containing 27, 30 and 
31.6 wt.% SiO2, which is in agreement with the findings 
of Taskinen et al. [16]. As for Wright and Zhang [15], 
viscosity increased slightly only for the slag containing 27 
wt.% SiO2 and decreased slightly for the slags containing 
30 and 31.6 wt.% SiO2.

(v) Increasing the CO2/CO ratios at temperatures below 
1300 oC, particularly for slags with lower SiO2 contents, 
such as 27 and 30 wt.%, might result in fayalite or spinel 
phase formation and thus increase the viscosity 
drastically. 

(vi) Overall it can be noted that Fe3+/Fe2+ ratio has a slight 
effect on the viscosity of fayalite slags in comparison to 
the effect of SiO2 content which is in agreement with 
several studies in the literature [4,15,16]. 
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Abstract

Copper, which is mainly contained in the scrap of cars 
and electronic appliance, leads to liquid embrittlement 
or surface cracking during hot working and this limits 
the usage of steel scrap. Copper is a critical element 
that causes problems during heat treatment in steel, 
especially hot shortness. Copper directly affects the 
mechanical properties of steel products. The liquid 
copper formed at the steel heat treatment temperatures 
diffuses into the austenite grain boundaries, causing a 
loss of ductility at the process temperature. The 
precipitated phase is liquified above 1090oC then 
causes cracks in the austenite grain boundary, 
especially as a segregate during hot rolling process. 
This defect is called hot shortness. 

High amount of steel scrap is used in the production of 
steel, especially, via electric arc furnaces (EAF). 
Because of thermodynamic conditions, copper is a 
residual element that not be removed from steel. 
Copper refining by current steel production process is 
impossible. Especially in steel that is produced from 
scrap, copper content increases in every cycle. For this 
reason, the harmful effect of copper in steel is reduced 
by the modification of copper segregation. 

In this study, the segregation of copper at grain 
boundaries was investigated depending on the content 
of copper and the size of austenite grain. Copper effect 
in the steel was evaluated by microstructural analyses. 

1. Introduction 

According to the World Steel Association’s 2017 data, 
Turkey is the 8th biggest steel producer in the world. In 
Turkey, 69% of steel production is made by electric arc 
furnaces which use steel scrap as a raw material.  

Turkey performs high amounts, almost 75%, of steel 
production from scrap. For this reason quality of steel 
scrap is important for the properties of the final 
product. Increasing copper ratio is not allowed in steel 
because of the copper effect. 

Melting point of iron is 1538oC. With the copper 
addition, melting point of the iron-copper alloy 

decreases to 1096oC at the 8.2% copper content as it is 
shown in the phase diagram given in Figure 1. 

Figure 1.Iron-Copper Binary Phase Diagram. 

Because of the increased copper ratio in steel, a copper 
equivalent should be defined. The copper effect is 
determined by using binary phase diagrams and shown 
in Equation 1 [1]. 

Cu(eq) = %Cu+(10%Sb)+(5%Sn)+(2%As)-%Ni  (1) 

According to Equation 1, additions of tin, antimony 
and arsenic enhance hot shortness possibility as copper 
equivalent increases. On the other hand, nickel and 
silicon were found to be beneficial in reducing the 
amount of copper-rich phase detected at the steel/scale 
interface.

It is possible to decrease copper ratio by pre-treatment 
before the melting process in electric arc furnaces. 
These pre-treatments are; 

• Physical seperation,
• Preferred smelting (copper’s melting point is 

1083 oC and steel’s melting point is 1520 oC), 
• Copper collection in the non-ferrous metal 

bath (steel cannot be dissolved in the Pb or Al 
bath),

• Decreasing copper by using sulfur-containing 
liquid slag, 
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• Treatment of solid steel scrap by usig 
chlorine-containing gas. 

These pre-treatmens can reduce the amount of copper 
in steel scrap but they are not sufficient.  

Copper segregation should be distributed around the 
bulk and harmful effect of hot shortness should be 
decreased by heat treatment. 

The aim of this work is to explain the relation between 
hot shortness mechanism in copper-contained low 
carbon steel and the heat treatment process parameters. 

2. Experimental Procedure 

2.1. Materials 

In this study, steel scrap having a low carbon content 
was used as a raw material.  2% copper was added to 
the molten steel scrap in 5M-50 kW box induction 
furnace with a capacity of 50 kg. 

2.2. Method 

Steel scrap was melt in the induction furnace, 
deoxidized by using FeMn and FeSi, then alloyed with 
2% copper. Chemical composition of the copper 
alloyed samples is given in Table 1. 

Table 1.Chemical composition of the copper alloyed 
samples (%). 

C Mn Si S P Cr Cu Ni O 
0,209 0,47 0,48 0,02 0,017 0,10 1,96 0,09 0,005

Molten scrap was poured into slab moulds at 1580 oC. 
Samples were seperated into 3 groups. First group 
samples were investigated as ‘’as cast’’. Second and 
third were group annealed at different temperatures.  

First sample groups were annealed at 900oC for 4 
hours. Half of the samples were cooled in the furnace 
and the other half of the samples were quanched.

The last group were annealed at 1200oC for 4 hours. 
The same cooling procedures were used for these 
samples.  

All samples were analysed by an optical microscope 
and a scanning electron microscope (SEM). 

3. Results and Discussion 

When micro analysis of copper-alloyed steel samples 
was carried out the relation between back diffusion 
mechanism and copper enrichment. was determined.  

Microstructural and SEM analyses of different regions 
of the “as cast” samples are shown in Figure 1a, 1b, 1c.

Figure 1.a.‘’As cast’’ sample's 1. region's SEM 
analyses.

Figure 1.b.‘’As cast’’ sample's 2. region's SEM 
analyses.

Figure 1.c.‘’As cast’’ sample's 3. region's SEM 
analyses.

Copper segregation was not observed in these samples 
and copper was dissolved in the bulk steel 
homogeneously. However, the copper content of 2% 
was increased in the 2.region. Also micro-segregation 
was observed. 
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Copper mapping and SEM analyses of samples 
annealed at 900oC and cooled in the furnace are shown 
in Figure 2. 

Figure 2.Annealed (900oC) sample's SEM analyses. 

SEM analyses of samples annealed at 1200oC and 
quenched are shown in Figure 3. 

Figure 3.Annealed (1200oC) sample's SEM analyses. 

According to these analyses, back-diffusion 
mechanism should be explained. There are key factors 
which affect the copper enrichment in steel and copper-
rich phase formation. Kinetic and thermodynamic 
factors mostly affect copper-rich phase formation [2]. 
When copper is enriched at the steel surface, a 
concentration difference between surface and interior 
occurs and diffusion takes place from the surface to the 
interior. According to Melford’s study, there is a 
balance between copper enrichment and diffusion of 
copper due to temperature. Above certain temperatures, 
diffusion is so rapid that the amount of enrichment at 
the surface never exceeds the solubility limit in 
austenite. As a result, surface hot shortness never 
occurs [3]. Melford also defined the relation between 
copper enrichment and back-diffusion by a graphic 
which is shown in Figure 4. 

Figure 4.Copper enrichment - backdiffusion 
relationship. (Melford, D.A., 1962, 200 [4], 290-299). 

According to this graphic, dispersion mechanism 
dominates above 1080oC. In Melford’s study, effects of 
other residual elements are ignored. Copper enrichment 
occurs up to 1080oC, while above this temperature, 
liquid copper-rich phase diffuses from surface to bulk 
rapidly. 

In this study, 900oC and 1200oC were chosen as 
annealing temperatures. As shown in Figure 2 and 
Figure 3, copper distribution is homogeneous in steel. 
At these temperatures, copper segregation and hot 
shortness will  not ocur. Because of back-diffusion, 
copper enrichment at the steel/scale interface will not 
exceed solubility limits.  

Copper content in the bulk steel and in the pearlite 
phase are shown in Table 2 and Table 3for the samples 
which were annealed at 900oC. 

Table 2.Bulk analysis (900oC). 

Bulk Analysis 

Element App.
Conc.

Intensity
Corrn.

Weight
%

Weight%
Sigma

Atomic

Al K 0.43 0.6740 0.21 0.05 0.42 
Si K 1.37 0.8033 0.54 0.05 1.08 

Mn K 1.86 0.9808 0.61 0.09 0.61 
Fe K 300.40 1.0013 96.00 0.23 95.58 
Cu K 7.46 0.9036 2.64 0.20 2.31 
Totals 100.00 
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Table 3.Pearlite phase analysis (900oC). 

Pearlite Phase Analysis 

Element App.
Conc.

Intensity
Corrn.

Weight
%

Weight%
Sigma

Atomic

Al K 0.60 0.6751 0.29 0.13 0.59 
Si K 1.25 0.8038 0.50 0.13 1.00 

Mn K 2.16 0.9803 0.71 0.24 0.72 
Fe K 297.43 1.0006 96.49 0.57 95.94 
Cu K 5.58 0.9030 2.00 0.50 1.75 
Totals 100.00 

In the samples which were tempered at 900 oC, copper 
was enriched in the bulk but would not penetrate to 
pearlite phase. It has been determined that the reason is 
the copper’s tendency to dissolve in ferrite. Also at 
900oC, back-diffusion occurs slightly because 
annealing process occurs below the critical temperature 
(1080oC). 

Copper contents of grain boundaries and bulk of the 
samples which were annealed at 1200oC were 
determined. The analyses are shown in the Table 4 and 
Table 5. 

Table 4.Grain boundary analysis (1200oC). 

Grain Boundary 
Analysis

Elemen
t

App.
Conc.

Intensity
Corrn.

Weight% Weight%
Sigma

Atomic

C K 7.60 0.5364 4.24 0.19 17.27 
Al K 0.38 0.6813 0.17 0.05 0.30 
Si K 1.49 0.8053 0.55 0.05 0.96 

Mn K 1.93 0.9715 0.60 0.09 0.53 
Fe K 297.2

3
0.9917 89.78 0.54 78.54 

Cu K 6.38 0.8981 2.13 0.19 1.64 
Dy L 7.28 0.8632 2.53 0.51 0.76 
Totals 100.00 

Table 5.Bulk analysis (1200oC). 

Bulk Analysis 

Element App.
Conc.

Intensity
Corrn.

Weight
%

Weight%
Sigma

Atomic

Al K 0.50 0.6747 0.24 0.05 0.49 
Si K 1.42 0.8036 0.57 0.05 1.13 

Mn K 1.86 0.9805 0.61 0.09 0.62 
Fe K 297.17 1.0009 96.24 0.23 95.71 
Cu K 6.52 0.9032 2.34 0.20 2.04 
Totals 100.00 

Copper is liquid at the process temperature, 1200oC. At 
this temperature, as shown in Figure 4, the rate of 
dispersion is very high. Fist, copper was enriched at the 
steel/scale interface but was dispersed within the steel 
structure because of 4 hours of annealing period.  

4. Conclusion 

Copper-rich phase first precipitates at the scale/steel 
interface depending on the copper content in the steel, 
the solubility limit of copper in austenite, oxidation 
rate, the rate of copper diffusion and the rate of copper 
‘back- diffusion’ from the surface to the interior. The 
rate of oxidation and back-diffusion are both diffusion 
controlled mechanisms and thus affected by 
temperature [4]. 

As the temperature increases, the copper back-diffusion 
becomes dominant. It becomes stable with longer 
oxidation times. Enrichment and dispersion rates of 
copper along the grain boundaries become constant due 
to temperature and process period.  

It has been found in the literature that there is a critical 
temperature at which maximum cracking occurs due to 
the content of copper. However, at temperatures 
between 1200°C and 1300°C, there is a significant 
reduction in surface faults with a percentage of copper 
up to 0.39%. These results are consistent with 
observations of Cu enrichment at the steel/scale 
interface of low carbon steels. 
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Abstract 

Interstitial Free (IF) steel, which has ferrite matrix is 
widely used for automotive applications due to its high 
formability properties. Chemical composition, amount 
of reduction during cold rolling and annealing 
parameters affect the crystallographic texture and grain 
structure and hence the formability properties of steels. 
In this study, two IF steels with same composition, 
similar grain structure and yield strength but with 
different formability up to 25% were investigated.  The 
cold reduction amounts were 55% and 70%. In this 
regard, the effect of crystallographic texture on the 
mechanical properties have been evaluated. In addition, 
samples were taken after cold rolling and annealing 
steps of the production cycle. The samples were 
examined with optical microscope (OM), scanning 
electron microscope (SEM) and crystallographic 
texture analysis was performed using electron 
backscattering diffraction (EBSD) technique. The 
mechanical properties were characterized by obtaining 
yield strength, tensile strength, and uniform elongation 
values. The formability of the samples was determined 
by the “r” and “rm” values. It was concluded that the 
crystallographic texture is the most dominant factor on 
the formability behavior. The  fiber ({111} // ND) 
intensity, which is defined as the recrystallization 
texture, increases with increasing cold reduction ratio. 
It has been observed that this increase improves the 
formability properties of investigated IF-steels.  

Özet

IF-çelikleri (Interstitial Free Steel), ferrit ana-yap s na 
sahip olup yüksek ekillendirilebilirlik özellikleri 
nedeniyle otomotiv sektöründe yo un kullan m  olan 
bir çelik türüdür. Kimyasal kompozisyon, so uk hadde 
s ras ndaki ezme miktar  ve tavlama pratikleri 
kristalografik doku ile tane yap s n  ve bunlara ba l  
olarak ekillendirilebilirlik özelliklerini etkiler. Bu 

çal mada birbirine yak n tane yap s na ve akma 
mukavemetine sahip ancak ekillendirilebilirlikleri 
aras nda %25’e varan fark olan ayn  kompozisyona 
sahip, farkl  ezme miktarlar  (%CR: 55 ve 70) 
uygulanan iki IF-çeli i incelenmi tir. Bu sayede 
kristalografik dokunun mekanik özelliklere olan etkisi 
de erlendirilmi tir. Bunun yan  s ra belirli üretim 
kademelerinin ard ndan (so uk haddeleme ve tavlama) 
al nan numuneler optik mikroskop (OM) ve taramal  
elektron mikroskobunda (SEM) incelenmi  olup 
kristalografik doku analizi elektron geri-saç l m 
k r n m  (EBSD) tekni i ile gerçekle tirilmi tir.  
Malzemenin akma ile çekme mukavemeti, yüzde 
uzama miktarlar n n belirlenmesinin yan  s ra 
ekillendirilebilirlik özellikleri “r” ve “rm” de erleri ile 

belirlenmi tir. Yap lan incelemelerde, mevcut 
numunelerde ekillendirme davran  üzerindeki en 
bask n etkenin kristalografik doku yap s  oldu u 
sonucuna var lm t r.  So uk ezme miktar n n 
artmas yla birlikte yeniden kristalle me dokusu olarak 
ifade edilen  fiberi ({111}//ND) yap s n n 
yo unlu unu art rd  ve bu art n 
ekillendirilebilirli i iyile tirdi i gözlemlenmi tir.

1. Giri

IF çelikleri; dü ük akma mukavemeti, yüksek uzama
miktar ve derin çekilebilirlik özellikleri sayesinde 
ekillendirilebilirli i en yüksek çelik kalitelerindendir. 

Bu özelliklerinden dolay  otomotiv sektöründe s kl kla 
tercih edilmektedir [1].  

Malzemenin ekillendirme özellikleri r, rm, akma 
mukavemeti, %uzama, doku ve tane boyutu ile 
yak ndan ili kilidir. lgili parametreler sadece 
malzemenin kimyasal kompozisyonu ile de il ayn  
zamanda üretiminde uygulanan proseslerin 
parametreleri ile de ili kilidir. Bundan dolay  
literatürde hem proses parametrelerinin hem de 
kimyasal kompozisyonun dokuya ve r de erine olan 
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etkisi incelenmi tir. J. Pero ve arkada lar  iki farkl  
analize sahip IF malzemenin proses parametrelerinin 
dokuya olan etkisini incelemi tir. ncelemede {111} 
doku bile eninin ekillendirme davran n  olumlu 
etkiledi i bunun yan  s ra nihai ürün içyap s ndaki 
tanelerin e  eksenli veya yass  morfolojiye sahip 
olmas n n r de eri ile direk bir ili kisinin olmad  
belirlenmi tir [2]. Dong-dong Zhuang ve arkada lar  4 
farkl  so uk ezme miktar  ve farkl  tavlama 
parametrelerinin dokuya olan etkisini 
de erlendirmi tir. So uk ezme miktar  artt kça yeniden 
kristalle me s cakl  ve tavlama süresi azalm t r. 
Ayr ca yeniden kristalle me için tanelerin ba lang çta 
sahip olduklar  yönelim ve depolanan enerjinin 
etkisinin oldu u ve buna ba l  olarak  <111>//ND fiber 
yap s n  etkiledi i belirlenmi tir [3]. 

Üretiminin do as  gere i çelikler her biri nihai ürün 
özelliklerine kal tsal etkisi olan birden fazla proses 
a amas ndan geçmektedir. Bu çal mada; ayn  
kimyasal kompozisyona sahip iki IF-çeli inin farkl  
so uk ezme miktarlar  (%CR: 55 ve 70) alt ndaki doku 
de i imi ile nihai ürün özellikleri de erlendirilmi tir. 
Deneysel çal mada r de eri ile iri tane boyutunun ve 
{111} yeniden kristalle me dokusunun ili kili oldu u 
tespit edilmi tir. Ayr ca deneysel çal mada kullan lan 
so uk ezme miktarlar  için artan so uk ezme oran n n 
yeniden kristalle meyi iyile tirici yönde etki yaratt  
belirlenmi tir.

2. Deneysel Çal malar 

Ayn  kimyasal analize sahip iki dü ük karbonlu 
1,20mm (%CR:70) ve 2,00mm (%CR:55) kal nl klarda 
IF çeli ine ait numuneler incelenmi tir. Dü ük so uk 
ezme miktar na (%CR:55) u rayan numune “Çelik A” 
olarak tan mlan rken, %70 so uk ezmeye u rayan 
numune ise “Çelik B” olarak tan mlanm t r. Deneysel 
çal mada kullan lan çeli in temel kimyasal 
kompozisyonu Çizelge 1’de verilmi tir. 

Çizelge 1. Kimyasal analiz sonuçlar .
C Mn Cr Al Ti N

0,0032 0,150 0,017 0,0576 0,0576 0,0041 

ki farkl  so uk ezme miktar na maruz b rak lan
çeliklerin nihai mekanik ve ekillendirme özelliklerinin 
belirlenmesi amac yla 0°, 45° ve 90° yönlerinde en az 3
tekrarl  çekme testi Zwick Z250 cihaz  kullan larak
yap lm t r.  çyap  incelemeleri için kesit al nan
numuneler s ras yla z mparalanm  ve parlat lm t r. 
EBSD incelemelerinde kullan lacak numunelerin optik 
mikroskop incelemesinde kullan lacak numunelere 
göre parlatma a amas  farkl l k te kil etmekte olup en 

son kademede kolloidal silika solüsyonu (0,05 m) ile 
3dk parlatma i lemi yap ld ktan sonra EBSD 
çal malar  gerçekle tirilmi tir. Numunelerin içyap
karakterizasyonunda optik mikroskop (Nikon Eclipse 
MA200), SEM (Jeol JSM 71100F) ve EBSD (Oxford 
Nordlys Nano EBSD detektör/TSL yaz l m ) 
kullan lm t r. Optik mikroskop incelemelerinde so uk 
haddeleme ve tavlama sonras  al nan numuneler 
Marshall solüsyonu ile da lanarak incelenmi tir.  Doku 
karakterizasyonu için EBSD ölçümleri yap lm  ve tüm 
ölçümler hadde yönüne paralel kesitte 
gerçekle tirilmi tir. 

3. Sonuçlar ve Tart ma 

3.1. çyap  ve Mekanik Özellikler

So uk haddeleme prosesinde s cak haddehane ç k  
kal nl ndan nihai ürün kal nl na inilecek ekilde 
so uk ezme uygulanmaktad r. Bu do rultuda, Çelik A  
%55 oran nda so uk ezmeye maruz kal rken, Çelik B 
de bu oran %70’e ç kmaktad r. ekil 1’de so uk 
haddeleme sonras na ait içyap  görüntüleri verilmi tir. 
çyap lar incelendi inde; genel olarak her çelikte de

plastik deformasyon do rultusunda uzam  tanelerin 
oldu u gözlemlenmi tir. Ancak %70 CR uygulanan 
çeli in içyap s nda tanelerin  hadde yönü boyunca daha 
fazla ezilerek uzam  oldu u görülmektedir.
Deformasyonun artmas yla tane uzunluklar  artmakta 
geni likleri ise azalmaktad r. Bu duruma, so uk ezme 
miktar n n artmas yla yap  içerisindeki deformasyonun 
ve dislokasyon yo unlu unun artmas  neden 
olmaktad r. Numunelerin so uk hadde sonras  mekanik 
özellikleri Çizelge 2’de verilmi tir. Mekanik test 
sonuçlar  ile içyap  görüntüleri birbirini destekler 
nitelikte olup %70CR uygulanan numunede daha 
yüksek dayanç özellikleri elde edilmi tir. Tavlama 
sonras  her iki numunede de birbirine benzer e  eksenli 
tanelerden olu an bir içyap  elde edilmi tir ( ekil 2). 
Ancak tane boyutlar  kar la t r ld nda %70CR 
uygulanan çeli in biraz daha yüksek (~%10) ortalama 
tane boyutuna sahip oldu u belirlenmi tir. Sürekli 
tavlama sonras  yap lan mekanik testlerde (Çizelge 3), 
akma dayanc  (Re), çekme dayanc  (Rm) ve yüzde 
uzama de erlerinin her iki numunede de birbirine çok 
yak n (< %8) ç km t r. Bu özelliklerdeki fark nihai 
ürün özelliklerini etkileyecek derecede belirgin 
de ildir. Öte yandan daha yüksek oranda so uk ezme 
uygulanan numunede n, r ve rm de erlerinin daha 
yüksek oldu u tespit edilmi tir. Bu parametreler, 
ekillendirilebilirlik aç s ndan önem te kil etmektedir. 

Kimyasal kompozisyonlar n ayn  ve de içyap lar n 
özde  oldu u bu numunelerin ekillendirilebilirlik 
özelliklerindeki fark kristalografik dokudan kaynakl  
olabilir. Bundan dolay , so uk haddeleme ve tavlama 
proses ad mlar ndan sonra al nan numuneler üzerinden 
OM ve EBSD çal mas  yap larak dokunun prosese 
ba l  de i imi detayland r lm t r.
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(a)

(b)
ekil 1. So uk haddeleme sonras na ait içyap  görüntüleri; (a) 

Çelik A, (b) Çelik B.

Çizelge 2. So uk haddeleme sonras  çekme testi sonuçlar .

Numune Test 
Yönü

Re 
kg/mm²  

Rm
kg/mm²  

%
Uzama 

Çelik A
En  58,56 62,10 3,53 

Boy 51,13 54,25 3,31 

Çelik B
En  65,71 70,74 2,47 

Boy 60,34 63,80 3,05 

 

(a)

(b)
ekil 2. Tavlama sonras na ait içyap  incelemesi; (a) Çelik A, 

(b) Çelik B.

Çizelge 3. Tavlama sonras  çekme testi sonuçlar .

Numune Test 
Yönü

Re 
kg/mm²

Rm 
kg/mm²

%
Uzama n r rm

Tane 
boyutu 

m

Çelik A

0 17,84 27,81 49,56 0,211 1,598 

1,54 20,0 45 18,87 28,67 46,62 0,211 1,318 

90 19,07 27,88 48,85 0,208 1,941 

Çelik B
0 17,03 28,52 47,59 0,238 2,149 

1,93 22,4 45 18,05 29,69 43,17 0,237 1,609 
90 18,00 28,29 48,05 0,230 2,349 

3.2. Doku Analizi 

Doku incelemelerinde IPF (ters pole figüre) ve fiber  
diyagramlar  incelenmi tir. 

So uk ezme miktar n n artmas  ile beraber deforme 
olan tanelerdeki  fiber yap s n n da artt  
gözlemlenmi tir. %55 CR uygulanan numunedeki  
fiber yo unluk de eri 5,772, %70 CR uygulanan 
numunede ise 5,950’dur. Mekanik test sonuçlar  da
bulgular destekler niteliktedir. %CR de erinin 
artmas yla yap  içerisinde artan deformasyonla birlikte 
dislokasyon yo unlu u da artm t r. Buna ba l  olarak 
akma ve çekme mukavemeti de erlerinin de artt , 
%uzama de erinin azald  belirlenmi tir (Çizelge 2). 

Tavlama sonras na ait EBSD incelemeleri olan fiber ve 
IPF diyagramlar  s ras yla ekil 3-4’te verilmi tir. 
Tavlama ile birlikte yap da  fiber yap s n n hakim 
oldu u görülmü tür. Ancak %70CR uygulanan 
numunede  fiber yo unluk de erinin daha yüksek 
oldu u belirlenmi tir. Bu duruma daha fazla so uk 
ezme uygulanmas yla deforme olmu  yap n n yeniden 
kristalle me için daha fazla itici güç olu turmas ndan 
kaynakl d r. Deformasyon miktar  kaynakl   fiber 
yo unluk de erinin de Çelik B numunesinde daha 
yüksek oldu u gözlemlenmi tir ( ekil 3). Ayr ca 
mekanik test sonuçlar  da incelendi inde 
ekillendirilebilirlik aç s ndan önemli olan akma 

mukavemeti, r, n ve rm de erlerinin de Çelik A’ya 
k yasla Çelik B’de bir miktar daha iyi oldu u 
belirlenmi tir. Daha iri tane boyutuna sahip olunmas  
da ekillendirilebilirli i olumlu yönde etkilemektedir. 
Bunlar n hepsi birlikte de erlendirildi inde Çelik B 
numunesinde daha yüksek yo nlukta {111}//ND 
kristalografik doku yap s n n hakim olmas  di er 
verilerle desteklenmektedir. 
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(a)

 
(b)

ekil 3. Tavlama sonras  (a)  fiber ve (b)  fiber 
diyagramlar . 

 
(a) 

 

 
(b) 

 

ekil 4. Tavlama sonras  (a) Çelik A ve (b) Çelik B 
numunelerine ait IPF diyagramlar .

4. Sonuç

Bu çal mada ayn  kompozisyona sahip, benzer 
içyap da, yüzde uzama, akma ve çekme dayanc  
özellikleri özde  farkl  so uk ezme (CR) oran  
uygulanm  iki IF-çeli i kar la t r lm t r. Bu 
çeliklerin ekillendirilebilirlik özellikleri aras ndaki 
fark n kristallografik dokudan kaynakland  sonucuna 
var lm t r. ekillendirilebilirlik özelliklerini 
iyile tirmek için i) yüksek rm, r, n de eri, ii) dü ük 

akma mukavemeti, iii) yüksek %uzama de eri, iv) iri 
taneli yap  ve v) {111}//ND doku yap s n n 
yo unlu unun art r lmas  önem te kil etmektedir. Bu 
çal mada elde edilen sonuçlar ise a a da 
özetlenmi tir;

- So uk haddeleme prosesinde %55 ve %70 olmak 
üzere iki farkl  so uk ezme uygulanm t r. Ezme 
miktar ndaki art a ba l  olarak full hard malzemenin 
akma mukavemeti ve çekme mukavemeti artm  iken 
%uzama de eri azalm t r. Bu duruma artan 
deformasyonun yap  içerisinde dislokasyon 
yo unlu unu artt rmas  neden olmu tur. Ayr ca içyap  
incelemelerinde %70CR uygulanan malzemede di er 
malzemeye k yasla daha ince bantl  yap n n oldu u 
gözlemlenmi tir. Bunun yan  s ra ezme miktar n n 
artmas  ile birlikte (<011>//RD)  fiber yo unluk
de erinde art  belirlenmi tir. 

- Deformasyondaki art  yeniden kristalle me için itici 
güç olu turmu tur. Buna ba l  olarak daha yüksek 
so uk ezmeye maruz b rak lan numunede daha yüksek 
 fiber yo unluk de eri elde edilmi tir.

- Daha yüksek oranda so uk ezme uygulanan nihai 
üründen al nan numunede daha yüksek rm ve n 
de erleri elde edilmi tir. Özellikle rm de eri daha dü ük 
ezme miktar  uygulanan numuneyle göre %25 yüksek 
ç km t r. Her iki numune aras ndaki ortalama tane 
büyüklü ü fark  %12 civar nda iken IPF 
diyagramlar ndan al nan fiber yo unluk fark  
%72’den yüksektir. Bu nedenle, bu çal mada 
incelenen IF-çelikleri aras ndaki fark n a rl kl  olarak 
kristalografik dokudan kaynakland  sonucuna 
var lm t r.
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Abstract

In this study, a new type of high strength pearlitic 
steel was designed for connecting rods. Vanadium 
microalloyed high carbon laboratory meltings were 
studied in hot forged condition. The effects of Mn 
and Cr content on the microstructural 
characteristics and mechanical properties were 
investigated. Light microscope, scanning electron 
microscope, tensile tests and hardness 
measurements were performed. Newly designed 
microalloyed steel has 100% pearlitic 
microstructure. The results indicate that new type of 
pearlitic steel has nano sized pearlite lamellar 
spacing. Nano pearlitic microstructure lead to 
higher strength and acceptable ductility for 
splittability compared to commercial C70S6 grade. 
New designed steel showed 1183 MPa tensile 
strength, 742 MPa yield strength, 9,2% elongation 
and 11% reduction of area after hot forging and still 
air cooling. 

Özet

Bu çalı mada, biyel kolunda kullanılmak üzere yeni 
bir yüksek mukavemetli perlitik çelik ala ımı
geli tirilmi tir. Vanadium mikro-ala ımlandırılmı
laboratuvar ölçekli dökümlere sıcak dövme i lemi 
uygulanmı tır. Mn ve Cr’un mikroyapısal
karakteristik ve mekanik özelliklere etkisi ortaya 
konmu tur. I ık mikroskobu ve taramalı electron 
mikroskubu ile mikroyapısal karakterizasyon, 
çekme testi ve sertlik ölçümleri ile mekanik 
karakterizasyon gerçekle tirilmi tir. Yeni 
geli tirilen mikroala ımlı çelik %100 perlitik 
yapıya sahiptir. Sonuçlar yeni perlitik çelik 
ala ımında lamellar arası mesafenin nano boyutlu 
oldu unu göstermektedir. C70S6 ile 
kıyaslandı ında, nano perlitik mikroyapı, yeni 
ala ımda daha yüksek mukavemet ve kırılabilme 
özelli i için kabul edilebilir süneklik de erleri
sa lamı tır.  Yeni ala ım 1183 MPa çekme 
mukavemeti, 742 MPa akma mukavemeti, %9,2 
uzama ve %11 kesit daralması göstermi tir.

1. Giri

Günümüzde ba ta binek otomobiller olmak üzere 
yeni nesil dizel araçlarda kullanılan motorların çok 
daha uzun ömürlü ve yüksek performanslı
olması beklenmektedir. Bu nedenle biyel kolu ve 
krank mili gibi parçalar için çok daha yüksek 
mukavemetli çeliklere ihtiyaç duyulmaktadır.
Motor performanslarının arttırılması ile ilgili 
çalı maların yanı sıra otomotiv endüstrisinde yakıt
tüketimi ve karbon emisyonu ile ba lantılı olarak 
araç a ırlı ına çok daha fazla önem verilmeye 
ba lanmı tır. Günümüzde halen araç a ırlı ının
%60'ını vasıflı çelik parçalar olu turmaktadır. Bu 
nedenle, yüksek mekanik özelliklere sahip 
çeliklerin geli tirilmesi araç performansını
arttırırken, parça tasarımında da daha ince kesitlerin 
kullanabilmesine olanak sa lamaktadır. Son 
çalı malar yüksek mukavemetli çeliklerin kullanımı
ile biyel kolu tasarımının optimize edilmesi 
sayesinde % 27’ye kadar a ırlık azaltmanın
gerçekle tirilebilece ini göstermektedir [1].  

Çemta  yeni nesil yüksek mukavemetli biyel 
kollarının ihtiyaçlarını kar ılamak için Cargem® 
HC1200 ala ımını geli tirmi tir. Bu çalı mada yeni 
geli tirilen çeli in mikroyapısal karakterizasyonu 
ve mekanik testleri gerçekle tirilmi tir. Elde edilen 
sonuçlar geleneksel olarak kullanılan C70S6 çeli i
ile birlikte de erlendirilmi tir.

2. Deneysel Çalı malar 

Yeni tasarlanan Cargem® HC1200 ala ımı ve 
C70S6 çeli i laboratuvar ölçekli indüksiyon 
oca ında 9 kg’lık 80X80180 mm ingotlar halinde 
üretilmi tir. Deneysel çeliklerin kimyasal analizi 
Tablo 1’de sunulmu tur. Daha sonra 80X80X55 
mm boyutlarında parçalara ayrılan ingotlar elektrik 
fırınında 1200°C’de 30 dk östenitlenmi  ve 
ardından sıcak ön ekillendirme ile 45X50X150 
mm boyutlarına getirilmi tir. Sıcak ön 
ekillendirilmi  numuneler i lenerek 40 mm çap 

145 mm boyutlarına getirilmi tir. Elde edilen 
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yuvarlak kesitli çubuklar indüksiyon fırınında
1260-1300°C aralı ına ısıtılmı  ve 1240-1245°C’de 
sıcak dövme i lemi ile taslak biyel haline 
getirilmi tir ( ekil 1). Taslak biyel parçalar sıcak
dövme sonrası durgun havada so utulmu tur. 
Taslak biyel parça üzerinde gövde bölgesi so uma
hızı 800-500°C arasında K tipi termokupl ile 
ölçülmü  olup 1°C/s’dir. 

Dövme sonrası mikroyapısal karakterizasyon ı ık
mikroskobu (Nikon-Epithot 200) ve SEM (15 kV, 
Jeol 6060) ile gerçekle tirilmi tir. Da layıcı olarak 
%2 Nital kullanılmı tır. Ferrit-perlit faz hacim 
oranları ImageJ görüntü analiz programı ile 
belirlenmi tir. Dövme sonrası mekanik özelliklerin 
belirlenmesi için çekme testi ve Vickers sertlik 
testleri uygulanmı tır. Çekme testleri için kullanılan
numuneler taslak biyel kolu parçaların gövde 
bölgesinden çıkarılmı tır.

ekil 1. Üretilen ala ımlarda sıcak dövme “sonrası
taslak biyel parçalar. 

Tablo 1. Üretilen ala ımların kimyasal analizleri ve 
ThermoCalc ile hesaplanmı  kritik 
dönü üm sıcaklıkları.

Kimyasal Kompozisyon 

C
(%)

Si
(%)

Mn
(%)

Cr
(%)

V
(%)

N
(ppm)

Cargem®

HC1200 0,80 0,22 0,98 0,60 0,11 60

C70S6 0,69 0,23 0,53 0,06 0,03 100

Dönü üm Sıcaklıkları

A1b
(°C)

A1e
(°C)

Acm/A3
(°C)

Cargem®

HC1200 718,6 733,7 799,5 

C70S6 718,6 728,1 733,6 

Mikroyapısal karakterizasyon çalı malarında ayrıca
lameller arası mesafe ( ) rasgele seçilen perlit 
kolonilerinden üçer adet ölçüm alınarak yapılmı tır.
Her ala ımdan toplamda 96 adet ölçüm 
gerçekle tirilmi tir. Önceki östenit tane boyutu 
ölçümü için iki farklı ala ıma ait numuneler 
860°C’de 30 dakika bekletilmi  ve ardından su 
verilmi tir.

Çelik kimyasal kompozisyonlarında sıcaklı a ba lı
gerçekle en faz dönü ümleri ThermoCalc 
hesaplamalı termodinamik yazılımı ile 
incelenmi tir.

3. Sonuçlar ve Tartı ma 

C70S6 çeli i numunesine ait ı ık mikroskobu 
görüntüleri ekil 2’de verilmi tir. Ferritik perlitik 
mikroyapıya sahip bu ala ım %94,90 perlit ve 
%5,10 ferrit içermektedir. Ferrit, östenit tane 
sınırlarında (proötektoid) ve tane içlerinde 
gözlemlenmi tir. Tane içlerinde gözlemlenen 
ferritin MnS kalıntıları etrafında çekirdeklendi i
görülmektedir. Cargem® HC1200 ala ımında ise 
%100 perlitik yapı elde edilmi tir. Tane sınırlarında
proötektoid sementit olu umu gözlemlenmemi tir.

ekil 2. C70S6 (a-100X, b-500X) ve Cargem® 
HC1200 (c-100X, d-500X) ala ımlarına ait 
dövme sonrası ı ık mikroskobu görüntüleri 
%2 Nital.  

ekil 3’te  C70S6 ve Cargem® HC1200 
kalitelerinde perlit kolonilerinin taramalı elektron 
mikroskop görüntüleri verilmektedir. ekil 3’te 
genel olarak sunulan mikroyapılarda C70S6 
ala ımında yine proötektoid ferrit olu umu
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gözlenirken, Cargem® HC1200 ala ımında ise 
proötektoid sementit olu umu görülmemektedir. 
Ayrıca C70S6 çeli inde perlit lamellerinin 
Cargem® HC1200 ala ımına göre daha kaba 
boyutlu oldu u görülmektedir. ekil 4’de iki 
ala ımın lameller arası mesafe da ılımı
bulunmaktadır. Cargem® HC1200 ala ımında perlit 
lamelleri arasındaki mesafe ortalama 154 nm iken 
C70S6 çeli inde ortalama 187 nm olarak 
ölçülmü tür. Lameller arası mesafenin azalmasında
Cr elementinin etkili oldu u bilinmektedir [2-4]. 
Mn elementinin etkisi ile ilgili ise literatürde farklı
görü ler bulunmaktadır. Genel olarak elementlerin 
perlit lamelleri arasındaki mesafeye etkisi E itlik 1 
ile açıklanmaktadır [3]. Bu e itli e göre ötektoid 
dönü üm sıcaklı ının (Te-A1e) artması a ırı-
so uma’nın ( T) artmasına neden olmakta ve bu da 
lameller arası mesafeyi azaltmaktadır.

𝜆 𝜎𝑉𝑚 𝐻 𝑇𝑒𝑇𝑒 𝑃𝑠 𝜎𝑉𝑚 𝐻 𝑇 𝑎 𝑇

Burada  lameller arası mesafe,  ferrit sementit 
arayüzey enerjisi, Vm perlit molar hacmi, H perlit 
dönü ümündeki entalpi de i imidir. Cr miktarının
artması Te’yi arttırmakta ve lameller arası mesafeyi 
daraltmaktadır. Mn ise Te’nin azalmasına ve 
lameller arası mesafenin artı ına neden olmaktadır.
Farklı çalı malarda ise Mn’ın lameller arası
mesafeyi azalttı ı belirtilmektedir [5, 6].  

ekil 3. C70S6 (a, c ve e) ve Cargem® HC1200 (b, 
d ve f) ala ımlarına ait dövme sonrası SEM 
görüntüleri- %2 Nital.  

ki ala ım birbirleri ile kıyaslandı ında Cr ve Mn 
miktarındaki farklılıkların lameller arası mesafenin 
de i iminde etkili olabilece i dü ünülmektedir. ki
ala ımın hesaplanmı  ötektoid dönü üm sıcaklıkları
(Te) arasında küçük bir fark olu sa da lameller arası
mesafenin de i imde etkili oldu u görülmektedir.  
Dövme sonrası mekanik özellikler Tablo 2’de 
verilmektedir. Çekme ve akma mukavemeti 
sırasıyla 1183 ve 742 MPa olan Cargem® HC1200 
kalitesi C70S6 kalitesine göre daha yüksek 
mukavemet göstermektedir. Mukavemetteki artı  C 
miktarının fazla olmasıyla %100 perlitik yapının
elde edilmesi ve perlit lamelleri arasındaki
mesafenin daha dü ük olması ile açıklanabilir. Aynı
zamanda V mikroala ım elementine ait so uma
sırasında olu an V(C,N) çökeltilerinin mukavemet 
artı ına neden oldu u bilinmektedir [6].  

Literatüre göre perlit lamelleri arasındaki mesafe ve 
mukavemet arasındaki ili ki Hall-Petch yakla ımı
ile açıklanmaktadır [7-9]. Hall-Petch yakla ımına
göre lameller arası mesafede azalmanın
gerçekle mesi malzemenin mukavemetini 
arttırmaktadır. C miktarının yanında lameller arası
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mesafenin farklı olması Tablo 2’de sunulan perlit 
mikrosertlikleri arasındaki farkı açıklamaktadır.

ekil 4. SEM görüntüleri kullanılarak rastgele 
seçilen perlit kolonilerinden elde edilmi
lameller arası mesafe da ılımı.

Tablo 2. Üretilen ala ımların dövme sonrası
mekanik özellikleri. 

Ala ım Rm
[Mpa]

Re
[Mpa]

A
[%]

L
[%] [nm]

Perlit
Mikro
Sertlik
[HV]

Cargem®

HC 1200 1183 742 11 9,2 154 388 

C70S6 939 542 13 8,2 187 280 

Süneklik ve tokluk de erleri genellikle malzemenin 
önceki östenit tane boyutu ile ili kilendirilmektedir 
[10-13]. Cargem® HC1200 ala ımı daha yüksek 
mukavemet de erleri sunmasına kar ılık süneklik 
de erlerine bakıldı ında her iki çelikte de benzer 
kesit daralması ve uzama de erleri görülmektedir. 
Bu önceki östenit tane boyutu ile ili kilidir. ekil
5’te de görüldü ü gibi Cargem® HC1200 ala ımı
daha ince bir tane boyut da ılımı sunmaktadır.
Yapılan önceki östenit tane boyutu ölçümlerine 
göre tane boyutları ASTM standartlarına göre 
Cargem® HC1200 ala ımında 9 iken C70S6 
ala ımında 7 olarak belirlenmi tir. Daha küçük 
önceki östenit tane boyutu ile daha küçük boyutlara 
sahip perlit kolonileri elde edildi i ekil 3’te de 
görülmektedir. Önceki östenit tane boyutlarındaki
farklılı ın Cargem® HC1200 içeri indeki
vanadyumun so uma sırasında olu turabilece i
karbür veya nitrürlerden kaynaklandı ı
dü ünülmektedir.

ekil 5. Cargem® HC1200 (a-500X) ve C70S6 (b-
500X) kalitesine ait önceki östenit taneleri 
ısık mikroskobu görüntüleri.  

4. Sonuç 

• Yapılan çalı malar sonucunda yeni 
geli tirilen Cargem® HC1200 ala ımının
yeni nesil biyel kollarının ihtiyacını
kar ılayabilecek yüksek mukavemet ve 
kabul edilebilir süneklik de erlerine sahip 
oldu u ortaya konulmu tur.

• V, Mn ve Cr ala ım elementleri ile perlit 
lamelleri arası ortalama mesafesi 154 nm 
boyutlarında elde edilmi tir.

• V ilavesi ile önceki östenit tane boyutunun 
ince olması sayesinde daha ince boyutlu 
perlit kolonileri elde edilmi tir. Bu da daha 
yüksek mukavemete ra men sünekli in
korunmasını sa lamı tır. Kırılarak
ayrılabilme özelli i projenin ilerleyen 
a amalarında karakterize edilecek olup, 
süneklik de erlerinin ticari olarak 
kullanılan C70S6 ala ımı ile benzer olması
Cargem® HC1200 ala ımında iyi kırılarak
ayrılabilme özelli i gözlemlenece ini
göstermektedir.

Te ekkür

Bu çalı ma Kanca A. . firması ile beraber 
yürütülmekte olup 3161037 proje numarası ile 
TÜB TAK tarafından finanse edilmi tir.
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Abstract 

Galvanising coated steel wires provide common used to be in 
automotive and whiteware industry because of high 
corrosion resistance. The type and quantity of zinc coating 
layer produced depends on many factors particularly, 
immersion time, zinc temperature, steel wire composition, 
zinc composition and condition of the wire surface. This 
paper presents data obtained from trials on the effects of hot 
dip galvanising on wire mechanical properties (tensile, 
elongation, elongation ratio, torsion) and microstructure of 
alloy layer for different immersion time on %0,83 carbon 
wires at 7,00 mm and 8,00 mm diameters were investigated. 

1. Introduction 

The galvanized steel wire manufacturing process starts from 
austenitized in furnace and then maintained in lead bath or 
fluidbed (ecoquench) at a temperature of determined. This 
heat treatment has two-stage and is called patenting process. 
The main goal in metallurgical aspects of the patenting 
process is to modify the microstructural properties of the 
steel wire to obtain the appropriate strength and ductility 
properties of the wire. The sand particles and the oxide layer 
remaining attached to the wire surface are removed by acid 
pickling and then 
chloride salts to avoid any surface oxidation. The steel wire 
is then immersion in the molten zinc at around 440
for a few minutes to form the galvanized coating on its 
surface[1-4]. The zinc coating increases the corrosion 
resistance of the steel [1] and it is a good solid lubricant to 
minimize the friction during the cold drawing process.  

Hot dip galvanising produces a coating that consists of an 
iron-zinc intermetallic alloy layer and a free zinc layer 
(Figure 1). The alloy layer is formed in the zinc bath by the 
reaction between the steel and the molten zinc and the coat 
thickness depends upon immersion time, zinc temperature 
and to a lesser extent, steel silicon content[1-2]. The free zinc 
layer has the same composition as the zinc in the bath and 
the thickness depends on the processing speed and to a lesser 
extent, the wire or rod diameter.  

The immersion time during rod and wire galvanising is 
relatively short, typically 10 - 30 seconds. Even with thick 
wire, where the galvanising speed is low, immersion times in 
excess of two minutes would be exceptional. 

Figure 1.a. Fe-Zn phase diagram b. Hot-dip galvanizing alloy 
layers[5] 

During galvanising, the layer is formed first, and then the 1

layer and finally the layer. The 1 phase may consist of two 
zones. A compact zone adjacent to any phase on the steel 
base. The zone shows no obvious structure and contains about 
11.5% iron. Above this is a zone consisting of clearly defined 

structure contains approximately 7% iron[3-6].  

A lot of study on quality aspect of galvanized wire is reported 
but limited study has been carried out on quantative aspect in 
industrial set up. In this study, the effect of different 
immersion time on the mechanical properties and coating 
thickness of the wires was investigated in detail.  

2. Experimental Details 

7,00 and 
8,00 mm wire from wt.% 0,83C (Table 1). The wires were 
subjected to galvanizing in industrial conditions on the 
galvanizing production line. After passing from a patenting 
line the wires were subjected to a surface chemical treatment, 
ie. washing in water, pickling in HCl , by washing in a cold 
water and then fluxing and galvanizing.  
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Table 1. Steel chemical composition 

C % Mn% Si% P% S% Cu% Cr% Ni% 

0,83 0,59 0,22 0,014 0,017 0,015 0,034 0,016 

Experimental work has been carried out on the industrial 
production line. The technical characteristics of the galvanize 
bath and the temperatures used in the experiments are shown 
in Table 2. The galvanized wire specimens were pulled to the 
universal tensile testing unit (Zwick 5kN, strain rate:0.006 
sn-1)  in accordance with TSE EN ISO 6892-1 standard. 
Yield strength, tensile strength, yield/ tensile strength ratio, 
elongation ratios, after the test were compared 
comparatively. Subsequently, coating weight was determined 
by volumetric method and coating thickness was analyzed by 
optical microscope.

Table 2. Galvanizing process parameters and technical 
specifications 

Diameter of wire 7,00 mm 8,00 mm 

Immersion time 27,75 sec 27,75 sec 
61,5 sec 61,5 sec 

Molten zinc 
temperature 

450  C 

3. Results and Discussion 

The cold drawing activates in the steel wire a strain 
hardening mechanism, so that it produces a clear 
improvement of mechanical properties obtained from a 

ultimate tensile strength ) increase with cold drawing, 
while the elastic modulus (E) remains constant and the 
elongation (ductility) decreases with it. The galvanizing 
temperature is 450 C and this temperature causes a change 
in the mechanical properties of the material. The research 
presented in Table 3 and Figure 2 shows that galvanizing 
parameters on the line to galvanizing steel wire significantly 
affect its mechanical properties. In addition, -
shown below before and after galvanizing.  

Table 3. Mechanical properties of steel wires 

Diameter 
(mm) 

Immersion 
time (sec) 0,2

MPa
m

MPa 0,2/ m

7,00 
Bright 1215 1412 0,86 3,3 
27,75 1065  1392 0,76 6,1 
61,5 1065 1382 0,77 4,6 

8,00 
Bright 1187 1333 0,89 3,0 
27,75 1037 1294 0,80 6,1 
61,5 1034 1304 0,79 3,9 

Figure 2. After galvanizing -  curves of steel wire 

The table 4 below shows that during the early stages of alloy 
formation there is diffusion of zinc into the steel wire surface 
converting it to an iron-zinc alloy. The rate of attack on the 
steel diminishes quickly after the initial reaction. 

Diameter of 
wire before 
galvanizing 
(mm)

Immersion 
time (sec)

Coating 
mass 
(gr/m2)

Coating 
tickness 

7,00 27,75 408 
61,5 484 

8,00 27,75 427 
61,5 515 

According to the results given in table 2, as the duration of 
immersion increases, the zinc content in square meters 
increases. The increase in wire diameter has increased the 
surface area to be coated so the diameter increase and the 
coating thickness decreased. 

Figure 3. Different coating thicknesses on optical 
microscope images 

8.00 mm wire sample immersed for 
27.75 sec.

8.00 mm wire sample immersed for 61.5 
sec.

7.00 mm wire sample immersed for 61.5 
sec.

7.00 mm wire sample immersed for 
27.75 sec.



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

826 IMMC 2018   |   19th International Metallurgy & Materials Congress

4. Conclusion 

The type and quantity of zinc coating layer produced 
depends on many factors particularly, immersion time and 
zinc temperature. The galvanizing temperature is 450 C
and this temperature causes a change in the mechanical 
properties of the material. Galvanized coated specimens 
showed an increase in the elongation rate and decrease in 

0,2/ m ratio.The galvanized coating weight is increased by 
increasing the immersion time at constant zinc 
temperature. As a result of galvanizing with different 
immersion times of the same diameter as the experimental 
results obtained, the amount of zinc is increased by 20-
30%.  
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Abstract

In this study, investigation of the effect of the EMS 
current on macrosegregation, one of the most 
important parameters of the electromagnetic stirrer 
(EMS), which affects the internal structure 
homogeneity positively in the production of C66 
quality of the DIN-EN-10083-2 standard, is 
examined in the continuous casting machine. The 
carbon range of heats tested is in the range of 0.63-
0.68. For this scope, values of 0 A, 100 A, 200 A, 
300 A and 350 A were tested in EMS current 
values. It is theoretically clear that as the EMS 
current value increases, the mixing intensity will 
also increase, but it is not always correct to say that 
working at the maximum mixing intensity point 
will be beneficial for machine equipment and billet 
internal structure. Operating the EMS current with a 
current greater than the required value will corrode 
the submerged entry nozzle used in castings with 
submerged entry nozzle casting and reduce its 
service life. Moreover, it is known that using excess 
current adversely affects the casting conditions in 
the mold, and it is known to use excess current in 
mold to cause entrapping slag and mold powder in 
the cast structure. In this study, macro etching 
samples were taken from the billets at different 
EMS current intensities and from the billets at the 
center of the heats. The internal structures of the 
macro-etched samples were examined. 
Subsequently, chips were taken from these samples 
and cut into pieces to represent the entire cross 
section of the billet cast structure from the edge. 
The chip samples were analyzed on a LECO CS-
844 instrument. Other sampled particle samples 
were analyzed on the OES instrument to determine 
the chemical compositions of Mn, Si, S, P and B 
elements. The ratio of elemental solid analysis to 
liquid steel analysis, the ratio of solid analytical 
values in itself, and the standard deviation of 
elemental measurements in solid analysis were 
investigated in order to give an idea of the index of 
macrosegregation results. After the initial 
experiments, it was determined that solid chemical 

analysis values at 100A and 200A fell to values of 
0,85 and 0,93 in the carbon element according to 
liquid analysis. For EMS current 300A and 350A, 
these values are in the range of 1.04-0.97 and 1.05-
1. Furthermore, no significant difference was 
observed between Mn and Si elements in terms of 
analysis from liquid steel. This situation does not 
change with EMS current. Since the equilibrium 
distribution coefficient is low in P and S elements, 
it is expected that there will be differences within 
liquid analysis and solid analysis itself. These 
differences were observed higher than other 
elements. However, the fact that the element P and 
S are found as impurities in the subject matter of 
work and their low concentration make it difficult 
to study these elements. As to the boron element, 
there is a tendency to have low composition in solid 
analysis compared to liquid analytical in all heats 
and all EMS current in general. The high oxygen 
affinity of boron indicates that operational 
preconditions must be met in boron alloy steels, 
especially for billet casting, for correct adjustment 
of EMS current intensity, for precautions against 
reoxidation. Confirmation experiments were 
conducted to confirm the behavior of the carbon 
element after initial experiments. In the tests carried 
out, 300A and 350A values were applied in two 
different heats. Although the values of 300A and 
350A were close to each other after the 
confirmation experiments, the results of 300A gave 
better results in terms of carbon distiribution in 
solid. Hardness test were carried out on the casting 
structure in order to test the effect of the carbon 
distribution on the casting structure. After chemical 
and physical tests, equiaxed grain zone has been 
investigated in the for the effect of EMS current 
value on the casting structure. 

Özet

Yapılan çalı mada sürekli döküm makinasında
DIN-EN-10083-2 standardının C66 kalitesinin 
üretiminde içyapı homojenli ini olumlu yönde 
etkileyen elekromanyetik karı tırıcı (EMS) en 
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önemli parametrelerinden biri olan EMS akımının
makrosegregasyon üzerine etkisi incelenmi tir. Bu 
kapsamda EMS akım de erlerinde 0 A, 100 A, 200 
A, 300 A ve 350 A de erleri test edilmi tir. Teorik 
olarak EMS akım de erinin arttı ında karı tırma 
iddetinin de artaca ı açık olsa da, her zaman 

karı tırma iddetinin maksimum oldu u noktada 
çalı manın makine ekipmanlar ve döküm yapısı için 
olumlu sonuç verece ini söylemek do ru de ildir.
EMS akım iddetinin olması gereken de erden
fazla akım ile çalı tırmak kapalı dökümlerde 
kullanılan daldırma nozulunu a ındırmakta ve 
kullanım ömrünü azaltmaktadır. Ayrıca fazla akım
kullanmak kalıptaki döküm artlarını olumsuz 
etkiledi i ve döküm içerisine kalıp cürufu ve 
döküm tozu kaçtı ı bilinmektedir. Yapılan
çalı mada farklı EMS akım iddetinde çalı ılan
dökümlerde kütüklerden, dökümün ortasına gelecek 
kütüklerden makro da lama numunesi alınmı tır.
Alınan makro da lama numunelerinin içyapıları
incelenmi tir. Sonrasında alınan bu numunelerden 
tala  numunesi alınmı  ve kütük döküm yapısının
kenardan ortaya bütün kesiti temsil edecek ekilde
parça kesilmi tir. Alınan tala  numuneleri LECO 
CS-844 cihazında analiz edilmi tir. Di er alınan
parça numuneleri ise Mn, Si, S, P ve B 
elementlerinin kimyasal kompozisyonları
belirlenmek üzere OES cihazında analiz edilmi tir.
Çıkan sonuçların kütük iç yapısında bulunan 
makrosegregasyon açısından fikir vermesi adına
element bazında katı analizin sıvı çelik analizine 
oranı, katı analiz de erlerinin kendi içerisindeki 
oranı ve katı analizde element bazında ölçümlerin 
standart sapması incelenmi tir. Yapılan ilk deneyler 
sonrasında 100 A ve 200 A de erlerinde katı analiz 
de erlerinde sıvı analizde göre karbon elementinde 
0,85 ve 0,93 de erlerine kadar dü tü ü tespit 
edilmi tir. 300 A ve 350 A de erlerinde bu de erler
1,04-0,97 ve 1,05-1 de erleri aralı ında kalmı tır.
Ayrıca Mn ve Si elementlerinde analiz açısından
sıvı çeli e göre büyük bir fark gözlemlenmemi tir.
Bu durum EMS akım bazlı da de i memektedir. P 
ve S elementlerinde denge da ılım katsayısının
dü ük olmasından kaynaklı sıvı analize göre ve 
katının kendi içerisinde farklılıklar beklenmektedir. 
Bu farklılıklar di er elementlere oranla daha yüksek 
gözlemlenmi tir. Fakat P ve S elementinin 
çalı maya konu kalitede empürite olarak bulunması
ve komposiyonlarının dü ük olması bu elementlerin 
incelenmelerini zorla tırmaktadır. Bor elementine 
gelince bütün döküm ve EMS akımlarında genel 
olarak sıvı analize göre katı analizde dü ük
komposizyona sahip olma e ilimi gözlemlenmi tir.
B elementinin oksijen afinitesinin yüksek olması,
bor ala ımlı çeliklerde, özellikle kütük dökümde, 
EMS akım iddetinin do ru ayarlanması,
reoksidasyona kar ı tedbir alınması gibi 
operasyonel ön artların sa lanması gerekti ini
göstermi tir. lk deneyler sonrasında karbon 
elementinin davranı ının do rulanması için 

do rulama deneyleri yapılmı tır. Yapılan
deneylerde 300 A ve 350 A de erleri iki farklı
dökümde uygulanmı tır. Yapılan do rulama 
deneyleri sonrasında 300 A ve 350 A de erleri
birbirine yakın çıkmasına ra men, 300 A de erinin
sonuçları karbon elementinin katı içerisindeki 
da ılımı açısından daha iyi sonuç vermi tir.
Yapılan analizlerde özellikle karbon da ılımının
döküm yapısına etkisinin test edilmesi amacıyla
döküm yapılarına sertlik testi yapılmı tır. Kimyasal 
ve fiziksel testler sonrasında EMS akım de erinin
döküm yapısına olan etkisinin incelenmesi için e
eksenli bölge büyüklükleri incelenmi tir.

1. Giri

2015 yılı dünya çelik üretimi 1,6 milyar ton 
seviyelerine çıkarak, tarihinin en yüksek 
seviyelerini görmü tür. Artan çelik üretimi, geli en
ve verimlili i artan üretim yöntemleri ile bu 
rakamın her geçen yıl artaca ı dü ünülmektedir.
Çelik üretiminde verimlili i arttıran ve maliyeti 
dü üren bir yöntem olması sebebiyle sürekli döküm 
yöntemi, toplam çelik üretiminde yakla ık %97’lik 
bir paya sahiptir. [1] Her üretim yönteminde oldu u
gibi, sürekli döküm ile çelik üretiminde de çe itli
kalite problemleri ya anmaktadır. Bu kalite 
problemleri girdi malzemesi olan sıvı çelik ile 
alakalı olabilece i gibi, sürekli döküm ekipmanları,
sıvı çeli in temas etti i refrakterler veya sürekli 
döküm proses parametreleri ile ilgili olabilir. Bu 
kalite problemlerini önlemek adına endüstride 
seviye 1-seviye 2- seviye 3- seviye 4 gibi 
otomasyon sistemleri geli tirilmi tir. Yanı sıra
içyapı kalite problemlerini gidermek adına yassı
dökümde yumu ak ezme ve uzun mamullerin 
hammaddesi olan kütük dökümde elektro manyetik 
karı tırıcı (EMS) kullanılmaktadır. Kütük 
üretiminde EMS kullanımı katıla manın do ası
gere i iç yapıda olu an makro ve 
mikrosegregasyonun minimize edilmesini 
sa lamaktadır.  

Bu çalı manın amacı sürekli döküm makinasında
130’luk kare kesite sahip DIN-EN 10083-2 
standardının C66 kalitesinin (%C: 0,63-0,68) 
üretimi sırasında kullanılan M- EMS’nin akım
de erinin kütük iç yapısında meydana gelen 
makrosegregasyon kusuru üzerine etkisinin 
incelenmesidir. Ek olarak M-EMS akımının
etkinli inin de bir göstergesi olan döküm 
yapısındaki es eksenli tane bölgesinin büyüklü üne
M-EMS akımının etkisini gözlemlemektir.  

2. Deneysel Çalı malar 

Yapılan deneyde amaç kütük dökümde kar ıla ılan
makro segregasyon problemine kar ı bir çözüm 
olarak kullanılan EMS’nin farklı akım de erlerinin
makro segregasyon üzerine etkisinin incelemesi ve 
optimum de erin bulunmasıdır. Bu kapsamda tek 
tandi te 3 farklı döküm yapılmı tır. Yapılan
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dökümler, 6 kanallı sürekli kütük döküm 
makinasında yapılmı tır. Deney yapılan
dökümlerde EMS frekansları sabit olup 5 Hz 
de erindedir.

Çizelge 1. lk Deneyde Kullanılan Kanal ve Döküm Bazlı EMS 
Akım De erleri

Deney yapılan dökümler DIN EN ISO 16120-2 
(2011) standardı ve C66-D kalitesi kapsamında
üretilmi tir. C66-D kalitesi mikro ala ımlı veya 
ala ımsız yüksek mukavemetli tel-yay-halat 
imalatına uygun karbon çelikleri sınıfına
girmektedir. Deneyde yapılan dökümlerin analizi 
a a ıdaki tabloda verilmi tir. A a ıdaki döküm 
analizleri tandi ten alınan sıvı çelik numuneleri 
olup, OES cihazında kimyasal analizleri 
yapılmı tır.

Çizelge 2. lk Deneyde Kullanılan Dökümlerin Kimyasal 
Analizleri

Deneyin yapıldı ı makinanın teknik özellikleri 
a a ıdaki tabloda verilmi tir.

Çizelge 3. Deneylerin Yapıldı ı Sürekli Döküm Makinasının
Teknik Özellikleri 

Deneyin yapıldı ı EMS’nin teknik özellikleri 
a a ıdaki tabloda verilmi tir.

Çizelge 4. Deneyin Yapıldı ı EMS modülünün Teknik 
Özellikleri

Deneyde kullanılan kalıp boyu 1000 mm olup, 
EMS kalıp altından 260 mm yukarıya
sabitlenmi tir. EMS’nin geni li i 420 mm olup, 
kalıp ba ından 320 mm a a ıda bulunmaktadır.
Kalıp çalı ma seviyesi yakla ık olarak kalıp
boyunun %85 olarak alınırsa, EMS çelik 
seviyesinin ba langıcından 170 mm a a ıda
bulunmaktadır. Ayrıca deneyin yapıldı ı EMS 
modülü 4 farklı pozisyonda çalı abilmekte olup, 
yapılan deneyde kullanılan düzey en alt seviye 
olarak belirlenmi tir. En alt seviye ile en yukarı
seviye arasında 15 cm fark bulunmaktadır. En 
a a ıda çalı ılmasının nedeni kalıp cürufu ve 
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döküm tozunun çelik içerisine karı tırmanın
yarattı ı etki ile kaçmasını önlemektir. Ayrıca M-
EMS’nin en alt pozisyondan kullanılmasının bir 
ba ka nedeni de kapalı dökümlerde daldırma 
nozulunun a ınmasının önlenmesidir.

Deneyde kullanılan EMS’nin çalı ma prensibine 
de inilecek olursa, EMS bobininin içerisinde 
bulunan kar ılıklı bakır sarımlardan AC akım
geçirilmektedir. Geçen bu akım manyetik akım
yaratmakta olup, bu manyetik akım, paslanmaz 
çelik tüp içerisinde, su ceketleri ile so utulan bakır
kalıbın içerisinde bulunan ve ilk katıla an kabu un
içerisine hapsolmu  sıvı çeli in karı tırılmasını
sa lar. çerisinde bulunan bakır tellerden yüksek 
mertebede akım geçerken (300-400 A arası) bu 
bakır teller ısınır ve bu bakır tellerin so utulması
gerekir. Bu sebeple ısınan bakır tellerin üzerine 
demineralize su püskürtülerek bu bakır teller 
so utulur ve ısınarak erimesi önlenir. Demineralize 
su kullanılmasının sebebi, yüksek akımlı ortamda 
suyun iletkenli ini dü ürmektedir.

2.1. Numune Alma 

Numuneler dökümün ortasına gelen kütüklerden 
alınmı tır. Dökümlerden 3 cm kalınlı ında makro 
inceleme numunesi kesilmi tir. Bütün kanallardan 
numune alınmı tır. Böylece 3 farklı dökümün 6 
farklı kanalından numune alınmı tır. Ayrıca
sonradan yapılan konfirmasyon deneylerinde de 
aynı yöntem izlenmi tir.

2.2. Analiz Methodları

3 cm’lik makro numuneleri iki farklı analiz 
methodu kullanılarak döküm yapısındaki makro 
segregasyon incelenmi tir. 

2.3. Leco cihazi ile karbon analizi 

Kare kesite sahip olan numunelerden diyagonal 
çizgi üzerinde birbirine e it uzaklıkta ve ortadaki 
numune tam merkeze gelecek ekilde 5 adet tala
numunesi alınmı tır. Bu tala  numuneleri LECO 
CS-844 cihazında analiz edilmi tir.

2.4. OES cihazı ile kimyasal analiz 

Leco cihazında analizi yapılan numunelerin arka 
yüzeylerinden tüm yüzeyi temsil edecek ekilde
parça kesilmi tir. Kesilen parça 5 farklı bölgeye 
ayrılmı , kütü ün kenarında merkezine kimyasal 
analiz farklılıkları incelenmi tir.

2.5. E  Eksenli Bölge Tespiti 
OES cihazı ile kimyasal analizleri tamamlanmı
numuneler, iki e it parçaya bölünmü tür. ki e it
parçaya numuneler 200-600-1200’lük zımparalar
ile zımparalanmı tır. Ardından 3 mikron ve 6 
mikronluk parlatıcılar ile partılmı tır. Son olarak da 
% 3’lük nital ile da lanmı tır. Da lanan
numunelerin yapısı makro mikroskopta incelenmi

ve döküm yapısında kolumnar yapıdan e  eksenli 
yapıya geçi  bölgesi tespit edilmi tir. Yapılan tespit 
sonrasında kolumnar bölge, e  eksenli bölge ve 
toplam bölge kumpas ile ölçülmü tür. Sonrasında
ölçülen bölgeler ile numunenin geri kalan 
bölgelerinde benzer döküm yapısının oldu u
varsayılarak toplam alan hesaplanmı tır.

E  eksenli bölge tayini yapılan numunelere sertlik 
testi yapılmı tır. Yapılan sertlik testinde Wolpert 
sertlik cihazı kullanılmı tır. Numuneler HRB 
skalasında de erlendirilmi tir. 

3. Sonuçlar ve De erlendirme 

Yapılan deneyde tek tandi te 3 döküm yapılmı tır.
Yapılan deneylerin döküm ve deney 
parametrelerine bir önceki bölümde yer verilmi
olup, sonuçlar, makro da lama sonucu döküm 
yapısının incelenmesi ve yapılan LECO ve OES 
analizlerine göre makrosegregasyon sonuçları
açısından de erlendirilecektir.

A a ıdaki tabloda makro resim sonuçlarının
de erlendirilmesi bulunmaktadır.

Çizelge 5. lk Deneylerin Makro Da lama Sonrası çyapı
De erlendirilmesi

Makro de erlendirmeleri incelendi inde, ilk 
dökümde EMS akım de eri 350 A ve frekans 5 Hz 
kullanıldı ında kalite kusurları açısından 1,2 ve 6. 
Kanalların di er kanallara göre döküm yapısının
daha iyi oldu u görülmektedir. 

kinci döküm incelendi inde EMS akımlarının 100 
A ve 200 A oldu u döküm yapılarının iyi oldu u 2. 
ve 3. Kanallar olsa da, aynı EMS parametreleri ile 
dökülen di er kanallarda merkez segregasyon ve 
yarıyol çatlakları gözlemlenmi tir. EMS 
parametrelerinin 300 A oldu u 5 ve 6 kanallarda ise 
döküm yapısında herhangi bir kalite problemi göze 
çarpmamaktadır.

Tandi in son ve üçüncü dökümünde ise EMS akım
de eri 100 A ve 200 A olan kanalların döküm 
yapılarında merkez çekilme bo lu u tespit edilmi
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olup, 300 A olan kanallarda ciddi bir kalite 
problemi görülmemektedir. 

Kütük döküm yapısında kimyasal açıdan
homojenlik incelenmi  olup, daha iyi sonuç veren 
dökümlerde makrosegregasyon açısından daha 
ba arılı oldu u de erlendirilmesi yapılacaktır. Bu 
kapsamda dökümlerin kimyasal analizi tandi ten
alınan numunenin OES yöntemi ile yapılan analiz 
sonucudur. Ayrıca döküm LECO analizleri 
dökümün makro da lama numunelerinden 
a a ıdaki foto rafta görüldü ü tala  numunesi 
alınması ile yapılmı tır.

Dökümlerin analizleri incelendi inde, karbon 
analizi incelemesi LECO numuneleri baz alınarak
yapılmı tır.

Ayrıca makro da lama numuneleri tam ortasını
temsil edecek bölge ortada kalacak ekilde 30 mm 
kalınlı ında bir parça kesilmi  ve parça boyunca 
numunenin OES analizi yapılmı tır. Böylece 
kütü ün kenardan merkeze ve merkezden di er
kenarına olan kimyasal analiz farklılıkları
incelenmi tir. Bu kapsamda OES yöntemi ile Mn, 
Si, S, P ve B elementlerin davranı ları
incelenmi tir.

Deneme sonuçları de erlendirilirken 3 indeks baz 
alınmı tır. Bunlar %Element Analizi / %Elementin 
Döküm Analizi, %Element Analizi / % Element 
Analizlerin Ortalaması(Kütükte yapılan 5 analizin 
ortalaması) ve Kütük içerisindeki %Element 
Analizinin Standart Sapması eklindedir.

Çizelge 6. Karbon Elementi Analiz Sonuçları

Çizelge 7. Mangan Elementi Analiz Sonuçları

Çizelge 8. Silisyum Elementi Analiz Sonuçları

Çizelge 9. Kükürt Elementi Analiz Sonuçları

Çizelge 10. Fosfor Elementi Analiz Sonuçları

Çizelge 11. Bor Elementi Analiz Sonuçları

Çizelge 12. E  Eksenli Bölge Sonuçları

ekil 1. Sertlik Sonuçlarının Modellenmesi 

4. Sonuç 

• Karbon analizleri incelendi inde, 100 A ve 
200 A de erlerinde genelde negatif 
segregasyon tespit edilmi tir. 0 A de eri
incelendi inde merkezde pozitif karbon 
segregasyonunun yüksek oldu u tespit 
edilmi tir. 300 ve 350 A de erlerinde
karbon analizlerinin kütük içerisinde ve 
sıvı çelik analizine göre daha homojen 
oldu u ilk deneylerde ve do rulama 
deneylerinde tespit edilmi tir.

• Mangan ve silisyum elementinin di er
elementlere göre nispeten daha yüksek Ke
de erine sahip olması, bu elementlerin 
sıvı-katı analiz farklılıklarının dü ük
olaca ına i aret etmektedir. Yapılan
deneyler sonrasında da Mn ve Si 
elementlerinin çelik içerisinde EMS akım
de erinden ba ımsız olarak katı mamül 
içerisinde di er elementlere göre daha 
homojen da ıldı ı tespit edilmi tir.

• Kükürt ve fosfor elementinin dü ük Ke
de erine sahip olması bu elementlerin katı
içerisindeki analizlerinin ve sıvı-katı analiz 
farkının büyük olaca ını i aret etmektedir. 
Yapılan analizlerde EMS akımından
ba ımsız olarak katı analizde homojenli in
dü ük oldu u tespit edilmi tir. Fosfor 
elementinin analizlerinde 350 A de erinde
di er akım de erlerine göre daha homojen 
bir yapı oldu u tespit edilmi  olsa da, bu 
deneylerde empürite olarak bulunan kükürt 
ve fosfor elementinin dü ük seviyelerde 
çalı ılması EMS ile olan ili kisinin
açıklanmasını zorla tırmı tır.
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• Bor elementi deneylerde ala ım elementi 
olarak kullanılmı tır. Yapılan bütün katı
analizlerinin ortalamasında bor katı analizi 
sıvı analizine göre dü ük tespit edilmi tir.
En yüksek EMS akımının kullanıldı ı 350 
A de erinde en fazla dü ü  ya anmı tır.
Bu tespitin sonucunda borun yüksek 
oksijen ve azot afinitesi nedeniyle 
reoksidasyon sonucu çelikten uzakla tı ı
görülmektedir. Borlu kalite üretimlerinde 
reoksidasyona dikkat edilmesi ve uygun 
EMS akımının kullanılması sonucu ortaya 
çıkmı tır.

• Do rulama deneyleri sonucunda karbon 
elementinin segregasyon davranı ı 300 ve 
350 A de erleri için iki dökümde tekrar 
incelenmi tir. Yapılan incelemeler 
sonrasında bir kanal sonucu dı ında
sonuçlar ilk dökümlere benzer çıkmı tır.
Karbon elementinin segregasyonu 
azaltmak için bu kalitede en az 300 A 
de erinin uygulanması gerekti i ortaya 
çıkmı tır.

• Ayrıca EMS akımının etkinli inin test 
edilmesi amacıyla, e  eksenli bölgelerin 
büyüklükleri incelenmi  olup, EMS 
akımının artması ile 100 A de % 7 olan e
eksenli bölgenin 350 A de erinde %46’ya 
kadar ula tı ı tespit edilmi tir.

• Yapıda bulunan karbon miktarı ile sertlik 
sonuçları arasında ili ki tespit edilmi tir.
Yapıdaki karbon miktarı arttıkça, sertlik 
sonuçlarının arttı ı görülmü tür. Ayrıca
yapılan bilgisayar destekli regresyon 
analizinde sertlik sonuçlarının %67,2 gibi 
büyük bir kısmı yapı içerisindeki karbon 
miktarından etkilendi i tespit edilmi tir. 

5. Referanslar 

[1]URL1: 
www.worldsteel.org/en/dam/jcr:37ad1117-
fefc-4df3-b84f-
6295478ae460/Steel+Statistical+Yearbook+20
16.pdf Alıntı Tarihi: 28.04.2017 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

837
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Examination of the Infl uence of Sinter Hardening Process on Prealloyed Metal Powders

Mehmet Günen, Adem Bakkaloğlu, Cihan Balaban

Yıldız Technical University, Department of Metallurgical and Materials Engineering, İstanbul, Turkey
  
  
  
  
  

Abstract 

In this study, the influence of sinter-hardening process 
on prealloyed metals which are Astaloy Mo (Fe 
prealloyed with 1,5 wt.% Mo) based steels was 
examined. In line with this objective, diffusion alloyed 
Distaloy DH (Astaloy Mo-2 wt.% Cu) with 0,6 wt.% 
C, Astaloy  Mo  with  2 wt.% Cu  and  0,6 wt.% C,  
and  Astaloy  Mo with  1 wt.% Cu  and  0,6 wt.% C 
powder mixes were studied. The powder mixes were 
pressed under 600 MPa  and  were  sintered  at  1120°C  
under  endogas  atmosphere for 25  minutes in  an  
industrial belt sintering furnaces.  After the sintering 
process, 0,5°C/s, 1,5°C/s, 2°C/s and 3°C/s cooling 
rates  were  applied  to  the  samples. Subsequent to 
production phase, sample preparation process was 
carried out to sinter-hardened samples. Thereafter, 
microstructures of the samples were analyzed under 
the optical and scanning electron microscopes, and 
then the samples were experimentalised by three-point 
bending, tensile and microhardness tests. Lastly, the 
findings obtained in consequence of experimental 
studies were discussed and concluded. 
Due to this study, the effects of cooling rates, copper 
amounts and prealloying methods on mentioned 
powders were examined. Also, sinter-hardening and 
traditional sintering processes were compared and the 
advantages of sinter-hardening process were shown. In 
regard to the experimental studies, it was observed that 
high cooling rate led to transformation of bainite to 
martensite and there was an increase in the hardness 
value of each sinter-hardened sample owing to 
increasing cooling rate. Furthermore, it was seen that 
materials having high hardness and strength can be 
produced by sinter-hardening. Additionally, it was 
determined that Distaloy DH specimens have less 
porous structure and have smaller pores in comparison 
to Astaloy Mo specimens. Therefore, it was concluded 
that Distaloy DH specimens have better mechanical 
properties.

1. Introduction 

Since the transportation is a crucial necessity, the 
automotive industry has become one of the most 
prominent and largest industries in the world. 
According to 2017 data of Industrial Development 
Bank of Turkey [1], automotive industry corresponds 
to fourth biggest economy by 4 trillion dollars and 80 
million employments directly and indirectly. This 
situation leads to more extensive researches and larger 
investments. At this point, product quality, production 

cost and time have gained even more significance. 
Accordingly, high performance powder metallurgical 
parts and sinter-hardening process have started to draw 
attention. Extension of powder metallurgical parts’ 
usage can be possible by reducing the production cost 
of high performance parts.[2] 
Besides the quality, cost and time, oil consumption is 
another parameter by virtue of oil’s affordability and 
impact on the environment. At this point, lightness 
draws considerable attention, and material selection is 
the way of realizing this goal.[3] 
Sinter-hardening as one of the most used method in 
powder metallurgy is a cost-efficient production 
technique that incorporates sintering and hardening 
processes into one operation. Thus, it eliminates heat 
treating, provides saving on time and allows producing 
high-performance powder metallurgical parts.[4,5] 

2. Experimental Procedure 

In this study, determination of the effects of alloying 
methods, copper amounts and cooling rates on 
mechanical properties and microstructures of 
following powder mixes; Astaloy Mo-1Cu-0.6C, 
Astaloy Mo-2Cu-0.6C, Distaloy DH-0.6C is aimed. In 
line with this objective, transverse rupture strength, 
tensile strength and microhardness tests and also 
microscopical investigations were performed. Astaloy 
Mo is ferrous based powder prealloyed with 1,5 wt.% 
Mo. Distaloy DH is the diffusion-bonded form of Cu 
to Astaloy Mo. Prealloying with Mo, which has a low 
solid solution strengthening effect, and introducing Cu 
through diffusion bonding promotes compressibility 
of these powders.[6] 
The chemical compositions of investigated powder 
mixes are given in Table 1. Hereafter, Astaloy Mo-
1Cu-0.6C, Astaloy Mo-2Cu-0.6C and Distaloy DH-
0.6C will be referred to as AC1, AC2, and DH, 
respectively. 

Table 1. Nominal chemical compositions (wt.%) of 
investigated powder mixes. 1Prealloyed with the base 

powder, 2Diffusion-bonded to Astaloy Mo, 
3Admixed. 

Code Material Fe Mo Cu C

AC1 Astaloy Mo-
1Cu-0.6C Base 11.5 31 30.6 

AC2 Astaloy Mo-
2Cu-0.6C Base 11.5 32 30.6 

DH Distaloy DH-
0.6C Base 11.5 22 30.6 
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3. Results and Discussion 

3.1. Microstructural Studies 

Porosity measurements were performed by LOM. In 
consequence of this analysis, porosity rates of all 
specimens have decreased together with increasing 
cooling rate and the sample which has lowest pore 
volume is Distaloy DH. 

Table 2. Porosity percentages of specimens 
according to cooling rates. 

Porosity (%) 
Specimen 0,5°C/s 1,5°C/s 2°C/s 3°C/s

AC1 15,85 17,09 13,75 12,62 
AC2 14,55 13,25 13,53 12,21 
DH 11,00 9,87 10,52 7,12 

Etched surfaces of specimens at 0,5°C/s, 1,5°C/s,
2°C/s and 3°C/s cooling rates were observed by 
inverted microscope. In order to show the obvious 
difference between sintering and sinter-hardening, 
images belonging to specimens cooled at 0,5°C/s and 
3°C/s cooling rates were given in Figure 1, Figure 2 
and Figure 3. G, P, B and M letters state gap, pearlite, 
bainite and martensite, respectively. 

Figure 1. AC1 – 200x magnification; (a) 0,5°C/s,
(b) 3°C/s.

Figure 2. AC2 – 200x magnification; (a) 0,5°C/s,
(b) 3°C/s.

Figure 3. DH – 200x magnification; (a) 0,5°C/s,
(b) 3°C/s.

B 

G 

p 

G 

B M

M

G 

G P 

B 

M

G 

P 

B 

G 

(a) 

 

 

 

 

 
 

 

(b) 

(a) 

 

 

 

 

 
 

 

(b) 

(a) 

 

 

 

 

 
 

 

(b) 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

839
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

As it seen in the figures above, acicular structures 
demonstrate that all specimens cooled at 3°C/s cooling 
rate has almost completely martensitic microstructure. 
This statement is supported by microhardness test 
results. 
EDS analyses were performed in order to determine 
the distribution of alloying elements. For each sample, 
results were obtained from 3 different points. 
Elemental compositions of individual points were 
determined and distribution of detected elements 
mapped out. One of the SEM and EDS results is shown 
in Figure 4, and average elemental compositions and 
percentages of elements are given in Table 2. 

Figure 4. An image obtained from EDS analysis. 

Table 2. Elemental compositions and percentages of 
elements. 

Specimen Point Fe % Mo % Cu % 

AC1
1 98,303 1,697 0
2 96,191 1,644 2,165 
3 98,590 1,410 0

AC2
1 93,769 1,614 4,617 
2 98,374 1,626 0
3 93,845 1,358 4,797 

DH
1 94,423 1,526 4,052 
2 94,931 1,760 3,309 
3 95,622 1,217 3,161 

In the light of EDS analysis results, it is seen that Mo 
exists in each point. Because it is added to Fe by 
prealloying. In this method, alloying elements are 
alloyed with the base material, the molten iron, and 
atomized. Thus, Mo is distributed homogeneously in 
structure. Cu was detected at each point of DH 
specimens whereas it was absent at some points of 
AC1 and AC2. This situation shows that diffusion 
alloying provides better homogeneity than admixing. 

3.2. Mechanical Studies 

The results of identification of microstructures were 
proved by Vickers hardness test. Average HV0.1 
microhardness values for each specimen are shown in 
Figure 5. The microstructures for all specimens cooled 
at a rate of 0,5°C/s (5 Hz) consist of fine-pearlite and 
bainite. Microstructures are mostly bainitic and 
contain martensite in small quantities at 1,5°C/s (15 
Hz) cooling rate. The specimens cooled at a rate of 
2°C/s (20 Hz) contain bainite and martensite together. 

Microstructures are almost completely martensitic at 
3°C/s (30 Hz) cooling rate. 

Figure 5. Average microhardness values of 
specimens according to cooling rates. 

The test results relating to transverse rupture strengths 
are given as graphic in Figure 6. For each specimen, 
decrease in TRS was observed in parallel with 
increasing cooling rate. This decrease for AC1 
specimens is 12,56%, for AC2 specimens is 19,71% 
and for DH specimens is 12,68%. 

Figure 6. Average TRS values of specimens 
according to cooling rates. 

The test results relating to tensile strengths are given 
in Figure 7. 

Figure 7. Average tensile strength values of 
specimens according to cooling rates.

In common with transverse rupture strengths, tensile 
strengths of all specimens have decreased in 
conjunction with increasing cooling rate. The main 
reason of these decreases in strength values is related 
to dislocations. Applied force originates crack 
initiation by creating stresses at pores. In company 
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with increasing cooling rate, structure turns into 
martensitic form and this situation ends up with 
restricting the dislocation movements. Therefore, 
having cornered, big and/or a large number of pores 
occasions quicker crack propagation in brittle 
materials because of the limited dislocation 
movements. So, higher cooling rates cause lower 
strengths. 

4. Conclusion 

Depending on porosity measurements, Distaloy DH 
has the lowest porosity and smaller pores. From the 
comparison of AC1 and AC2, higher copper amount 
has provided lower porosity.  
The result that diffusion alloying method provides 
better homogeneity than admixing method has been 
deduced from EDS analyses results. 
All specimen types at same cooling rates include same 
forms but different amounts. DH provides slightly 
higher microhardness than others at lower cooling 
rates while 2% copper amount ensures better 
microhardness than 1% copper amount. 
Boosting the cooling rate from 0,5°C/s to 3°C/s has 
caused decrease in TRS and TS values of all 
specimens. Distaloy DH has offered higher tensile and 
transverse rupture strengths among three type 
powders. Besides, the material showing the lowest 
variance in strength values, in other saying the most 
stable material has been Distaloy DH. 
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Abstract

Duplex stainless steels (DSSs) have ferrite and 
austenite phases in equal amount. Ferrite and 
austenite phases are balanced in the microstructure 
by solution treatment (ST) applied above 1000°C. 
The decent mechanical features of DSSs are 
achieved by combining the individual properties of 
ferrite and austenite phases after ST. Cooling 
condition after ST is one of the most critical factors 
for the microstructural development of DSSs. When 
DSSs are exposed to temperature range between 
950°C and 650°C, intermetallics and secondary 
austenite are formed as a result of the ferrite 
transformation. Mechanical properties and 
corrosion resistance of DSSs can be deteriorated by 
the formation of intermetallic phases like  (sigma) 
and  (chi). In this work, formation of  phase in 
ST depending upon the cooling environment and its 
effects on the wear properties of AISI 2205 DSS 
alloy were studied. ST process was applied at 
1040°C for 1h. Water quenched and furnace cooled 
DSS samples were subjected to dry sliding wear 
process under 10 N load for 100 m distance by 
using Al2O3 counterpart following to ST. Wear 
resistance of water cooled DSS was obtained higher 
than that of furnace cooled sample.  formation in 
furnace cooled sample caused increase in wear rate 
by crack propagation during sliding. 

Keywords: Duplex stainless steel,  phase, wear 

Introduction

Duplex stainless steels (DSSs) have ferrite and 
austenite phases in the microstructure. Generally, 
ferrite and austenite phases exist in equal amount, 
variation of volume fractions between 30% and 
70% of these phases are also accepted. DSSs have 
higher mechanical properties, general corrosion 
resistance and pitting corrosion resistance with 
presence of ferrite and austenite phases in the 
microstructure together [1-5].  

Desired ferrite and austenite phase volume fractions 
in DSSs microstructure can be obtained with 
solution treatment (ST) applied above 1000°C. ST 
temperature and time affect the ferrite-austenite 
volume fraction dominantly. Also, cooling 
condition following the ST is important for 
microstructure properties of the DSSs. When the 
DSSs are exposed to temperature range between 

950°C and 650°C, an intermetallic phase called 
sigma ( ) occurs in the microstructure.  nucleates 
along ferrite/ferrite and ferrite/austenite grain 
boundaries and grows into Cr-rich ferrite grains. 
affects adversely on the mechanical strength and 
corrosion resistance of the DSSs, also it has been 
stated in the literature that  has an effect on the 
wear resistance of DSSs [6-11]. 

Cooling condition applied following the ST 
becomes important due to negative effects of 
phase on the properties of DSSs.  phase can be 
occurred in the microstructure of DSSs, when 
furnace cooling condition is applied between the 
950°C-650° temperature ranges. Also, formation of 

 phase will also cause changes in mechanical 
strength, corrosion resistance and wear rate [12-14]. 

In this study, the effects of cooling conditions 
following the ST on the wear resistance of AISI 
2205 DSS were investigated.

Experimental

AISI 2205 alloy was used in experimental studies 
with the dimension of 10 mm x 10 mm x 5 mm. 
Chemical composition of the alloy was given in 
Table 1.

Table 1. Chemical composition of AISI 2205 alloy 
(wt. %) 

C Cr Ni Mo Mn 
0.02 22.56 5.42 2.95 1.29 
Si P S N Fe 

0.457 0.031 0.014 0.170 Bal. 

Specimens were heated to solution treatment 
temperature with 8°C/min heating rate and ST was 
applied at 1050˚C for an hour. Solution treated 
(STed) samples were quenched or furnace cooled in 
furnace (2°C/min) to room temperature. After ST 
process, specimens were grinded and polished with 
1 μm diamond paste, and electrolytic etching was 
performed in 10% KOH solution by using 3 V 
voltage for 5 s, respectively. Light optical 
microscope (LOM), scanning electron microscope 
(SEM) and EDS analysis were carried out. Ball-on-
disc type wear tests were performed after ST by 
using 6-mm-diameter Al2O3 ball. 10 N load was 
applied for 100 m with the rotating speed of 0.1 
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m/s. Volume losses and wear rates after sliding 
process were calculated by following equations:
𝑉 𝜋𝑅𝑟 𝑠𝑖𝑛 𝑑 𝑟 𝑑 𝑟 𝑑 (1)

                                                   (2)  

V is volume loss, R is wear scar radius, r is ball 
radius, d is wear track width, WR is wear rate, L is 
sliding distance and P is applied load in these 
equations. Worn surfaces were examined by SEM 
after wear tests.

Results and Discussion 

Fig. 1 shows the LOM microstructures of the DSS 
specimens that were STed at 1040°C for an hour 
followed by quenching or furnace cooling to room 
temperature. Dark phases represent the ferrite phase 
and light phases represent the austenite phase. Also, 

 phase particulates can be seen at ferrite/ferrite 
and ferrite/austenite grain boundaries in Figure 1b. 
Intermetallic phases ( ) formed for furnace cooled 
specimen due to slow cooling rate at the 950°C-
650°C temperature range.  phase volume fraction 
was determined as 0.47% with image analysis.  

Figure 1. Microstructures of the STed specimens a) 
quenched b) furnace cooled 

SEM microstructures of the specimens were given 
in Fig. 2. Table 2 shows image analysis of the spots 
in Fig. 2. Dark phases represent the ferrite phase 
and light phases represent the austenite phase 
similar to the LOM microstructures. Noteworthy 

differences between the compositions of austenite 
phases could not observed for the quenched and 
furnace cooled specimens. However, ferrite phases 
had significant compositional differences. Ferrite 
phase had ferrite stabilized alloying elements such 
as Cr and Mo at higher weight percentages in 
furnace cooled specimen. Slow cooling rate 
allowed the diffusion of ferrite stabilized elements. 
In addition,  phase formed at the ferrite/ferrite 
grain boundaries due to slower cooling rate. 
Formed phases were rich in Cr and Mo as shown in 
Table 2 (spot 5 and spot 6). The compositions of 
these phases were similar with the composition of 
given in the literature [15, 16]. 

Figure 2. SEM microstructure of the STed 
specimens a) quenched b) furnace cooled 

Table 2. EDS analysis of the spots in Fig. 2. (wt. %) 
Spot Cr Ni Mo Fe Mn 

1 24.31 3.75 2.13 66.75 1.55
2 20.47 6.45 1.33 68.58 1.84
3 25.01 3.43 2.49 67.27 -
4 20.43 6.26 1.35 68.57 2.08
5 24.52 4.10 3.35 61.20 -
6 23.46 3.15 3.22 68.95 -

Fig. 3 shows worn surface images of quenched and 
furnace cooled specimens. At first glance, it can be 
surely said that quenched sample resisted against 
wear much better than furnace cooled sample, 
considering wear track widths. The average values 
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of ten random measurements from wear track 
widths for quenched and furnace cooled specimens 
were 236 and 292 μm, respectively. The 
predominant wear mechanism was abrasion for 
both cooling conditions. The existence of long 
continuous grooves parallel to the sliding direction 
was an evidence of abrasive wear mechanism. 
Grooves of furnace cooled sample were much 
deeper than that of quenched sample. Harder 
asperities of Al2O3 ball caused ploughing of 
material surface. Due to  formation and the 
brittleness of formed  phases in furnace cooled 
sample, wear losses were increased by these 
asperities during sliding. Crack initiation and 
propagation of initiated cracks were observed in 
furnace cooled samples while there is no sign to 
mention it for quenched specimen.    

Figure 3. Worn surface images of the STed 
specimens a) quenched b) furnace cooled 

Figure 4. Wear rate values of the STed specimens 
a) quenched b) furnace cooled 

According to Eq. 1 and Eq. 2, wear rates were 
calculated by using wear track widths, in addition 
to wear track radius and ball radius values that are 
constant. Fig. 4 shows the wear rate values of STed 
samples. Wear resistance of quenched sample was 
higher than that of furnace cooled sample owing to 
non-existence of  phase in its microstructure.  

Figure 5. Friction coefficient values of the STed 
specimens a) quenched b) furnace cooled 

Fig. 5 shows friction coefficient values recorded by 
tribometer during sliding process. At the second 
half of the sliding distance, specimens reached their 
steady state conditions. Friction coefficient values 
of quenched sample were lower than that of furnace 
cooled sample.    

Conclusion 

ST process was applied to DSS specimens at 
1040°C for 1h. One of the specimens were water 
cooled whereas the other was furnace cooled. DSS 
samples were subjected to dry sliding wear process 
following to ST.  formation due to slow cooling 
rate at the 950°C-650°C temperature range in 
furnace cooled sample caused increase in wear rates 
by crack propagation during wear test. The 
predominant wear mechanism for both samples was 
abrasion. On the other hand, deeper grooves were 
observed in furnace cooled specimen. Harder 
asperities of Al2O3 ball as a counterpart material 
damaged intensely when they interact with 
phases which make DSS structure more brittle. 
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Abstract

GX300CrNiMoW 12 6 1 1 high chromium white cast 
iron was alloyed by Ni, W and Mo for hot hard 
working applications. Heat treatments were applied to 
distribute carbides homogeneously and control the size 
of M7C3 carbides for increasing the abrasive wear 
resistance with increased fracture toughness. The 
concentration of Ni was increased up to 7 wt% with 1.3 
wt% Mo and 1.3 wt% W. Heat treatment was applied 
at the range of 850-1050 oC for 1-6 hours. 80 mesh SiC 
was chosen as abrasive for wear test which was 
investigated under the load of 20, 40 and 60N. It was 
seen that inoculation changed the carbide size, and the 
increase of carbide size and homogeneity increased the 
wear resistance with toughness. 

1. Introduction

High chromium cast irons having high chromium 
concentration have high abrasive wear resistance; 
hence these alloys were used for applications of ore, 
coal, gravel, and cement industries. The abrasive wear 
resistance of these materials are high due to hard 
carbides in the structure [1-4]. The alloys having high 
carbide forming elements have proeutectic and/or 
eutectic M7C3 carbides in a softer iron matrix. The 
matrix structure observed most often in the as-cast high 
Cr alloys is austenite. In addition, the carbides in the 
structure of these alloys are typically of the M7C3 type 
(M=Fe, Cr, Mo). The M7C3 carbides grow as rods and 
blades with their long axes parallel to the heat flow 
direction in the mold [5,6]. 

Wear resistance is a function of chemical composition, 
processing conditions, and heat treatment; and each 
alloy system must be evaluated with respect to these 
variables, as well as the tribological environment [7]. 
In the case of materials having high Cr, important 
microstructural parameters for wear resistance include 
the quantity, orientation, and morphology of carbides 
[8-11], the type of matrix [10,11], and the interface 

between hard phase and the matrix [8,9]. These factors 
also influence the hardness and fracture toughness of 
the material.  

Mo, W and Ti carbides are the inert and the hard 
carbides [12]. These carbides will sometimes be added 
as inoculants to the high chromium cast iron melts. The 
free strong carbide former metals will immediately 
form small carbide particles in the high C-melt. As the 
rest of the iron starts to solidify, these small particles 
act as nucleants for carbides and austenite growth.

It is the objective of this work to produce M7C3

carbides in controlled size and morphology in 
austenitic matrix for thermal shock resistance 
applications. It is thought that the formation of M7C3

carbides as disconnected form in austenite matrix will 
produce a microstructure having good wear resistance 
and toughness together for hot and thermally nonstable 
mediums. 

2. Experimental Procedure 

The chemical compositions of the experimental 
materials are shown in Table 1. Specimens were 
manufactured as hypereutectic HCrCI. 7 wt. %Ni alloy 
was inoculated to the specimens in the melting pot. 
Heat treatment conditions of the specimens used in the 
experiments were given in Table 2. The amounts of C, 
Cr, Ni, Mo, Mn and Si selected for alloys are similar; 
the nickel concentration was increased up to 7wt.%. 
The homogenization heat treatment was carried out 
annealing for 1 h. The homogenization temperature 
was changed up to 850-1050 oC to see the effect of 
temperature on the carbides size and retained austenite. 
Abrasive tests were carried out at the rotation speed of 
320 rpm with different loads of 20, 40, and 60 N on a 
grade 80 abrasive paper attached to the grinding disc. 
The time of the abrasion test was 1 min. The average 
carbide size and volume fraction were determined by 
quantitative metallography using a digital image 
analyzer leica Q550. 
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Table 1. The chemical composition of the GX300CrNiMoW 12 6 1 1 alloy 

Chemical Composition (wt.%) 
Cast Alloy Fe C Mn Si Ni Mo Cr W S P Cu
Amount (wt.%) Bal. 2.99 1.39 0.68 6.13 1.34 12.7 1.2 0.03 0.03 0.20

Table 2. The heat treatment of the specimens. 

Specimen Composition Annealing Heat Treatment
S1 GX300CrNiMoW 12 6 1 1 - -
S2 GX300CrNiMoW 12 6 1 1 850 C, 1 h Air cooling
S3 GX300CrNiMoW 12 6 1 1 950 C, 1 h Air cooling
S4 GX300CrNiMoW 12 6 1 1 1050 C, 1 h Air cooling
S5 GX300CrNiMoW 12 6 1 1 950 C, 1 h Water cooling
S6 GX300CrNiMoW 12 6 1 1 950 C, 1 h Furnace cooling

3. Results and Discussion 

3.1. Microstructural analysis 

Fig. 1(a) illustrate the optical micrograph in “as-cast” 
condition. Primary-secondary carbides and retained 
austenite are the components of the as-cast matrix 
structures while retained austenite in the sample alloy 
make up most of the matrix. Depending on the type of 
heat treatment, the transformation rate of the matrix 
structures to the secondary carbide and retained 
austenite changed. Accordingly, there is also increase 
with regards to the alloys’ hardness, particularly by 
decreasing the cooling rate. While the alloys are held 
up at 1173 ºK, the promotion of supersaturated 
elements takes place thereby precipitating in the form 
of secondary carbide, and with such precipitation being 
followed by decrease in M temperature. The figure 
illustrates that austenite transformation characteristics 

resulting from carbon and chromium depletion during 
the eutectic carbide formation has made the 
transformation to secondary carbide possible [3-6]. Fig. 
2 (b and c) shows micrograph displaying the effect of 
air cooling after solution heat treatment (850 oC) and 
(950 oC) on the microstructure, respectively. These 
type microstructures are not expected for HCrWCI. It 
is thought that these type of microstructural changes 
for HCrWCI are due to the presence of Ni over 6wt%, 
where the size of the secondary carbides decreased by 
increasing cooling rate. This clearly shows the 
significant effect of Ni on the secondary carbides. The 
Ni addition over 6 wt.% led to the M7C3 phase 
destabilization, substituted by M3C which happens to 
be a pearlitic structure, and the dendritic morphology 
removal. Figs. 1(d, e, and f) illustrates the retained 
austenite alloy contents that were subjected to furnace 
cooling, air cooling and water cooling after being 
subjected to destabilization treatment, respectively.
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Figure 1. (a) The micrograph of as-cast GX300CrNiMoW 12 6 1 1, (b) air cooling after solution heat treatment (850 
oC), and (c) air cooling after solution heat treatment (950 oC), and the content of retained austenite at different heat-

treated states (heated for 1 h), (d) 950 ºC furnace cooling (e) 950 ºC air cooling, and (f) 950 ºC water cooling. 

Fig. 3 (a,b, and c) shows the effect of homogenization 
temperature on primary carbides for homogenization at 
850 oC, 950 oC and 1050 oC. It can be seen that the 
increase of homogenization temperature distributes 
primary carbides and decreases their sizes. Fig. 3 (d, e, 

and f) shows the effect of cooling medium of 
homogenization on the primary carbide size. The 
increase of cooling ratio decreased the primary carbide 
size. Image binarization technique was used in Fig 3 to 
quantify the carbides. 

       

       

Figure 3. Primary carbides after homogenization at (a) 850 oC, (b)950 oC, (c)1050 oC and primary carbides after 
cooing (d) as cast, (e) 950 oC -furnace cooling, (f) 950 oC -water cooling.

3.2. Wear behavior 

Fig. 4 presents information on the associations between 
wear rate and the load for reinforced and heat-treated 
specimens. It was observed that the specimen S1 had 
the lowest wear rate. Since such a composite's 
tribological behavior is determined by the 
microstructural characteristics of the material and by 
the type of loading-contact situation, it is believed that 
the structure in the specimen of S1 was reinforced by 
primary carbide hardness, primary carbide shape, 
fracture toughness and secondary carbides due to their 
particle shape and particle strength. It is apparent that 
the carbides reinforcements led to a significant 
reduction in wear rate of the samples throughout 

abrasive wear. Furthermore, the fact that the wear 
resistance was reduced by the heat treatment. The 
carbides vol.%. versus wear rate was demonstrated by 
the abrasive tests. A strong correlation between heat 
treatment and the wear rate was displayed in Fig. 4. 
The applied load determines the size of the plastic 
stretched region beneath the worn surface throughout 
abrasive wear [12]. It is known that there is a linear 
relation between the total depth of the plastic 
deformation and the applied load and the grit 
dimensions [12].
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Figure. 4. The associations between wear rate and the 
load for reinforced and heat-treated specimens. 

The relationship between carbide vol.% and wear rate 
is presented in Fig. 5(a). It can be understood that the 
wear rate is significantly affected by the carbide vol. % 
and primary carbide hardness. A microstructure with 
the increased secondary carbides concentration was 
created by the increase in the homogenization 
treatment cooling time. Fig.5(b) showed the correlation 
between fracture toughness and wear rate. It was 
observed that the secondary carbide ratio was increased 
by the increase of the heat treatment cooling rate while 
the primary carbide size was reduced, which obviously 
had a significant impact on the fracture toughness of 
the specimens.

4. Conclusions 

As cast microstructure comprised of M7C3 carbide and 
austenite phase, but by heat treatment secondary 
carbides appeared at the structure.

The hardness and abrasion resistance of HCrCIs may 
be remarkably enhanced as a result of cryogenic 
treatment. The amount of the precipitated secondary 
carbide MC was higher compared to the amount in air 
cooling, throughout the destabilization treatment and 
afterwards cryogenic treatment. The primary cause of 
the enhancement of the hardness and wear resistance is 
the additional fine secondary carbide precipitated in the 
course of CT following destabilization in comparison 
with air cooling.  

The abrasion resistance of the 
GX200Cr13Ni6WMoMn may be enhanced more by 
CT. In case that when it contains approximately 15% 
of the retained austenite; its abrasion resistance rises to 
the highest value. 

Figure. 5. (a) Effect of the heat treatment on carbide 
vol.%, and (b) effect of the heat treatment on fracture 

toughness.
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Abstract 
 
Hot forging process is a conventional method used for 
metal forming to meet the demands for lower production 
costs and shorter times. Forging die is an important part 
for the hot forging industry. Hot forging dies are exposed 
to wear and fatigue owing to being continuously under 
thermal effects and cyclic mechanical loads. Failures of 
these components leads to serious problems in terms of 
expected service life of the die and therefore 
manufacturing cost of the product. Most of the hot 
forging dies failures are caused due to inadequacy of die 
materials, die design, die manufacturing or forging 
operations. Insufficient forging ratio, insufficient 
cleanliness and heat treatment of the dies, small corner 
radius, shortage of the die width and thickness, 
inadequate surface treatment, weld reparation of the die 
surface, insufficient pre-heating, inadequate die face and 
lubrication are the major factors that lead to failure of the 
hot forging dies that are used in the metal forming 
process. In this study, main types of damages on 
industrial upper and lower hot forging dies for the hot 
forging operations and reasons of these mentioned above 
failures were investigated and evaluated by visually 
inspecting several different samples. Solutions were also 
suggested for the each hot forging die failure case.  
 
1. Introduction 
 
Hot forging is one of the most conventional metal-
forming processes used in the production of critical parts 
in the manufacturing of automobiles and industrial 
machine components [1]. Die service life widely 
influences manufacturing costs, productivity and product 
quality. Die service life is dramatically shortened by 
thermal cycle, excessive metal flow and a decrease in die 
hardness during hot forging process [2]. Generally, the 
occurrence of various types of damage and their progress 
are additionally influenced by steel material used for the 
die and applied technological processing parameters, die 
shape design, i.e. planning of forging sequences, die 
manufacturing, forging parameters, applied forging 
presses, as well as forging stock properties, e.g. formation 
of oxide scale, local bonding between the die sand the 
workpiece, etc. Also, the steel for the die should be 
produced in an appropriate way, i.e. at optimal process 
parameters, in order to achieve optimal microstructure, 

optimal grain size and distribution, type, size and shape of 
carbides. Finally, the manufacturing process of the die 
should be carried out without negative impacts on die 
surface quality. The die shapes should be optimized 
through adequate sequential forging steps in order to 
avoid areas where loads are essentially higher than in 
other die areas [3-4]. Forging industries have shown great 
interest in improving tooling used in hot forging processes 
due to new requirements on high productivity and 
reducing cost in forging processes. Even small 
improvements in this field bring a large economic benefit 
to the companies [5]. Hot forging die failures for parts 
used in different sectors are caused by inadequacy of 
variables such as die materials, die design, die 
manufacturing and forging operations. In order to prevent 
die failure and to improve die life many efforts have been 
made so far. The most of hot forging die failures are 
caused by inadequacy of influencing variables such as die 
materials, design, manufacturing and forging operations. 
The influencing variables and causes of hot forging die 
failures can be classified as shown in Table 1[4].  
 
Table 1. Influencing variables and causes of hot forging 
die failures. [4] 

Influencing variables Cause of failure 

Die materials 

Insufficient forging ratio 
Nonmetallic inclusions 
Insufficient cleanliness 

Inadequate heat treatment 

Die design 

Small corner radius 
Insufficient impression shape 

Shortage of die width and 
thickness 

Insufficient performing shape 

Die manufacturing 

Insufficient finishing 
Inadequate surface treatment 

Electro sparked irregular surface 
Weld repair 

Forging operations 

Insufficient pre-heating 
Inadequate die face 

Insufficient heating of ingot 
Inadequate lubrication 

 
In this study, main types of damages on industrial hot 
forging dies for the hot forging operations and reasons of 
these mentioned above failures were briefly summarized 
by visually inspecting. Influencing variables and the cause 
of die failures for forged parts are classified. Also; the 
industrial problem and the recommended modifications of 
the process parameter are presented. 
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2. Experimental Procedure 
 
2.1. Failure analysis process 
 
Failure analysis process for failed hot forging die is really 
same as that of conventional machine parts [6]. The 
examination process mentioned in many studies is as 
shown in Figure 1 [4]. Of course failure analysis of hot 
forging die failure must be conducted for each failed hot 
forging die. Firstly, macroscopic observations are made 
for failed hot forging die; as in this study. Examinations 
on influencing factors variables on hot forging die failure 
are conducted for forging equipment, die manufacturing 
process and forging die steel, respectively. If necessary, 
detailed failure analysis and simulation tests are 
performed. Microscopic observation is conducted in the 
process of detailed analysis. The necessary preventions 
are taken after the cause of the fault has been tested. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Failure analysis process for forging die [4]. 
 
2.2. Forging dies 
 
A high performance Cr-Mo-V alloyed hot work tool steel 
was used as the die material. The X38CrMoV5 steel is 
widely used for forging dies. This die steel is 
characterized by excellent toughness, ductility in all 
directions, good tempering resistance and high-
temperature strength, excellent hardenability and good 
dimensional stability during heat treatment as well as 
during the coating process [7]. The forging process 
consisted of three stages: Blocker, preform and finishing 
stages. There were 2 dies for each stage; 1 upper and 1 
lower. Each of the forging dies was cut using a sewing 
machine from a round 420 mm diameter rod. The dies 
were machined using CNC turning. 
 

2.3. Die lubricant 
 
To reduce the adverse effects created by friction in 
forging process; a lubricant composed of processed micro-
graphite and patented materials with 1.2 kg/l density and 
45% solid content was used. The lubricant was mixed 
with pure water in the ratio of 1/8 as recommended by the 
manufacturer. 
 
2.4. Forging procedure 
 
A forging billet made of Mn-Cr steel is cut to the length of 
110 mm in a 650 tones cold shearing machine. For the 
dies used in this study; the billet was then heated to a 
temperature of 1150 °C in an induction heater and was 
transferred to the 2650 metric tons forging press.  
 
3. Results and Discussion 
 
Careful macroscopic examination of the whole die surface 
was performed and the reasonable reasons of the failure 
determined. Photographs of the different hot forging dies 
examined are given in Figures 2-6. Figures 2 and 3 show 
the dies of BSC wide and BSC narrow guard fingers 
which are used as protective sheath in cutting edges of 
agricultural machines, respectively. Both dies had a 
similar design of cavities. Figures 4-6 show the hot 
forging dies for connecting rod different types. Figure 2 
(a), (b) and (c) shows a plastic deformation, wear and 
typical heat cracks observed on forging die, respectively. 
Wear and plastic deformation observed on hot forging die 
are clearly shown in Figure 3 (a) and (b). Cracks caused 
by thermal fatigue is shown in Figure 4. Spalling and 
surface cracks around its shown in Figure 5. These surface 
cracks causes of insufficient quality of forging products. 
Mechanical damage caused by die wear is shown in 
Figure 6.  
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Figure 2. Hot forging die failure of guard fingers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Hot forging die failure of guard fingers. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Hot forging die failure of connecting rod. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Hot forging die failure of connecting rod. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Hot forging die failure of connecting rod. 
 
In hot forging processes, the factors affecting die life are 
thermal fatigue, plastic deformation and wear. Among 
these, wear is the main failure cause in hot forging dies. 
Cser et al. [8] reported that die life in forging process is 
affected by wear in over 70%. The lifetime of hot forging 
dies is often shortened by surface cracking and subsequent 
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material splitting. Most of the hot forging die failure 
initiated from impression corner. Therefore determination 
of the figure and its dimensions of impression corner is 
very important in die design. In order to prevent hot 
forging die failure figure and dimensions of impression 
corner must be determined very carefully [9]. 
 
4. Conclusion 
 
In this study influencing variables and causes of hot 
forging die failures and characteristics of die failures are 
briefly summarized.  
 The hot forging die failure is complicated with various 

kind of influencing variables such as die material, die 
design, die manufacturing and forging operations.  
 Die failure may be attributed to one of the following 

factors [10]: tool steel selection and quality; die design 
and manufacturing; heat and surface treatments; forging 
process parameters. Die failures observed in this study 
were determined as wear, thermal and mechanical fatigue, 
and plastic deformation, spalling and cracks observed on 
a hot forging die 
 Three mechanisms of wear were detected on die 

surfaces, i.e. thermal fatigue, mechanical fatigue and 
abrasion [11]. Wear resistance is important properties of 
hot forging die steel. Careful control through melting to 
heat treatment of hot forging die steel prevent hot forging 
die failure. 
 In order to improve the life time of hot-forging dies, it 

is first of all necessary to improve the design of dies in 
preceding forging sequences with the goal to reduce 
deflection of die cavities in the ultimate forging sequence. 
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Abstract
In this work, 1.5 wt.% natural graphite powders were 
added to NC100.24 pure iron powders to obtain plain 
high-carbon steel powder metallurgy (PM) samples 
according to ASTM G99-05. The mixture powders 
were uniaxial compacted at room, 100 ° C and 200 °C 
temperatures under 700 MPa pressing pressure. Then, 
sintering process were carried out at 1150 °C in Ar gas 
atmosphere controlled furnace. Subsequently, the 
samples were austenitized at 950 °C for austempering 
heat treatment and austempered for 30 minutes in a 
salt bath at 300 °C. Microstructures of the specimens 
after heat treatment were examined with an optical 
microscope. Subsequently, the wear test specimens 
prepared were subjected to pin-on-disc wear tests. As 
a result of the wear test weight loss values were 
determined. Bainitic structure transformations were 
provided with increasing the densities of high carbon 
powder metal steels. Thus the hardness values and dry 
sliding wear resistance were efficiently improved. 

Keywords: powder metal steel, austempering, 
sintering, microstructure, wear. 

1.Introduction
Alloy steels, commonly known as plain carbon steels, 
have vital proposals for a wide range of industrial 
applications, including automotive parts. The reason 
for this is lower costs than alloyed steels. [1]. Many 
low alloy PM steels can not be used as sintered. For 
this reason, the heat treatments are applied after the 
sintering to strengthen the PM steels. It is necessary to 
produce hard phases in a microstructure to increase 
wear resistance. To do this, the most common heat 
treatment applied to PM carbon steels is quenching + 
tempering [2]. Hardness is often one of the material 
properties used to control friction and wear behavior. 
In many cases, as material hardness increases, material 
wear resistance increases [3].
A unique microstructure is formed between the 
austenite perlite and martensite transformation 
temperatures from eutectoid transformation 
temperatures. Davenport and Bain [4], which occur at 
these intermediate temperatures, first appeared on an 
optical microscope. This structure, which is very 
different from perlite and martensite, is called "banite" 
by his colleagues in honor of Edgar C. Bain. 
According to Xu et al., The samples of bainitic 

microstructure having the same carbon ratio and 
hardness exhibit the best wear resistance, followed by 
microstructures which are quenched and tempered, 
respectively annealed and finally subjected to 
spheronization heat treatment [5]. 

2.Experimental Studies 
In the production of high C PM material used in the 
work, 1.5% by weight of natural graphite powder was 
added to NC 100.24 (Höganäs AB) pure iron powders. 
The prepared mixture powders were shaped at 100 and 
200°C uniaxial pressures at room temperature under 
700 MPa and sintered at 1150°C in an atmosphere 
controlled furnace to produce powder metal samples. 
The densities of samples before and after sintering 
were measured by mathematical calculations using 
sensitive scales and electronic calipers and presented 
graphically. The sintered samples were austenitized at 
950 ° C for 3 minutes, then subjected to austempering 
heat treatment in a 50% KNO3 and 50% NaNO3
neutral salt bath at 300 ° C for 30 minutes. A 
schematic summary of the austempering heat 
treatment cycle is shown in figure 1. 

Fig.1. A schematic diagram of the austempering heat 
treatment and a TTT diagram above the eutectoid 

For this microstructure produced following the 
grinding and polishing of specimens were cauteried 
with 2 % nital. Macro hardness of the samples before 
and after the heat treatment Vickers hardness 
measurements The average HV2 values were 
determined by taking a hardness value of at least 5 
different points for each sample using a load of 2 kg in 
a Shimadzu hardness device. The abrasion test 
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specimens produced and prepared in accordance with 
ASTM G99 were subjected to abrasive abrasion 
testing via a pin-on-disc. Abrasive abrasion tests were 
carried out in a dry environment at a distance of 500 m 
under a constant load of 10N using a TRIBOMETER 
T10 / 20 apparatus. For the abrasive counter surface, 
steel discs prepared from Hardox 500 steel and having 
an average hardness of 55 HRc were used. The weight 
loss of the specimens due to abrasion with the sample 
weights before the abrasion test was made on the scale 
of SARTORIUS brand with a sensitivity of 0.0001 g. 

3. Results and Discussion 

In figure 2, the microstructures of the sintered 
specimens at room temperature, 100 and 200 ° C, 
respectively, were plotted by uniaxial pressing and 
sintered at 1150 ° C, respectively. As seen from the 
microstructures, the primary cementite (indicated by 
the arrow) and perlite lamellae are expected in all 
samples after sintering. However, in powdered metal 
parts, the pores in the microstructure decrease 
significantly after pressing together with the applied 
temperature to reach full density.  Plastic deformation 
is facilitated by the decreasing yield strength and 
hardness along with the increased temperature in 
many engineering materials This is why it is preferred 
to achieve high density in conventional powder 
metallurgy materials as it reduces the resistance to 
pressing. Increasing the pressing temperature of the 
pressed samples with the heating of the compression 
mold showed an increase in both the raw densities and 
the post-sintering densities. Hot pressing is an 
expression of stress-assisted condensation, during 
which the initial condensation is caused by particle 
reorganization and plastic flow at the particle contact 
points [6]. The highest density values were obtained in 
the sintered sample pressed at 200 ° C and the raw 
density and full density values were determined to be 
6.74 and 7.1 gr / cm3, respectively. In Figure 3 the 
density values of the samples are shown graphically. 
According to these values, it is seen that the sample 
sintered at 200 ° C reached about 91% theoretical 
density. When the microstructures after sintering in 
Fig. 2 are examined, it can be said that the density 
increase
reduces the pores / voids present in the microstructure. 

Fig 2. Optical microstructures of specimens pressed at 
different temperatures (a) Room temperature,                
(b) 100°  C, (c) 200 ° C and sintered at 1150 ° C 

Fig 3. Density graph of the samples after pressing and 
sintering

Figure 4 shows the microstructures of austempered 
specimens in a 300 ° C salt bath for 30 minutes. When 
isothermal transformation occurs after the 
austempering heat treatment, it is seen that bainitic 
structures are formed in the microstructure. However, 
ferritic areas are also seen in part. It is thought that the 
probable cause of the complete observation of the 
ferritic areas in the samples is the decarburization 
originating from the sintering. It is observed that the 
bainitic structures of this alloy with isothermal 
transformation by the austempering process for 30 min 
are in the needle morphology. It may have been partly 
martensitic during this time. The needle structures are 
formed by a short austempering heat treatment. 
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Fig 4. After the austempering heat treatment, the 
optical microstructures were pressed at (a) Room 
temperature, (b) 100 ° C, (c) 200 ° C and sintereed 

The graph in Figure 5 shows the HV2 macro hardness 
values of the samples. Density values obtained by 
pressing the powders together with temperature are 
different and these density differences are considered 
to be factors that affect hardness. As can be seen from 
Figure  5, the hardness of the pressed powdered metal 
steels after sintering (primary cementite + perlitic 
microstructured) at different temperatures does not 
significantly change while the hardness values after 
heat treatment increase significantly due to 
microstructural changes in the samples with 
isothermal annealing for 30 minutes in a 300 ° C salt 
bath It showed. It can be understood that the density of 
the powder metal steels produced during the 
isothermal transformation accelerates the precipitation 
of new microphases in austenitically produced ferrite 
matrix during the austempering heat treatment. 

Fig 5. Hardness graph of samples after sintering and 
austempering treatment 

Table 1. Weight loss table of samples after sintering 
and austempering treatments 

Pressing
Temperature

Sintered
 (weight loss g*10-4)

Austempered
(weight loss g*10-4)

Room Temp. 22 15
100°C 18 11 
200°C 12 6 

Bainitic structure transformations were provided with 
increasing the densities of high carbon powder metal 
steels. Thus the hardness values and dry sliding wear 
resistance were efficiently improved. Along with the 
increase in the macro hardness values of the samples, 
the constant dry sliding resistance of 500 m has also 
increased. The least weight loss was determined at the 
temperature of 200 ° C. 

RESULTS
According to the experimental results obtained in this 
study, it was determined that the highest density value 
(7,1 gr / cm3) of warm pressing at 200 ° C was given. 
The isothermal annealing took place in a 300 ° C salt 
bath for 30 minutes and the microstructure sample had 
a 650 HV2 macrohardness value. A minimum weight 
loss of about 6g was determined at a temperature of 
200 ° C. It is believed that the isothermal annealing 
time and the further increase of the densities will 
increase the bainitic transformations and the 
mechanical properties of such high carbon powder 
metal steels will be significantly improved. 
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Abstract 

In this study, the effects of cryogenic and deep cryogenic 
treatments on microstructure, hardness and toughness of 
H13 steel were investigated. For this purpose, H13 steel 
samples were subjected to conventional quenching heat 
treatment. Afterwards, one group of those samples was 
cryogenically treated at -76 ° C and another group was 
subjected to deep cryogenic treatment at -196 ° C. 
Finally, all sample groups were tempered at 560 ° C for 
3 hours. The microstructures of the samples were 
examined via optical and scanning electron 
microscopes; moreover their hardness and toughness’s 
were determined. Microstructures of the samples were 
composed of evenly distributed carbides on a 
martensitic matrix. The results indicate that tempered 
samples exhibit lower toughness values. More 
importantly, cryogenic treatment slightly improves the 
impact toughness after tempering; and also makes 
carbide distribution more homogeneous. 

1. Introduction 

Chromium hot-work tool steels, including the popular 
and readily available H13 steel, are most widely used for 
forging and die casting applications. Although its hot 
hardness is lower than tungsten and molybdenum hot 
work tool steels, higher toughness and shock resistance 
of chromium H-type steels makes them preferable for 
most hot-work operations [1-4]. After conventional heat 
treatment practices, the microstructure of H13 tool steel 
should be composed of fine and evenly distributed 
carbides in a matrix of tempered martensite and some 
retained austenite [4]. Since retained austenite is a 
metastable phase, it may transform into martensite 
during service [3, 5]. This transformation can cause 
micro-cracks and distortion. [4, 6-8]. The amount and 
distribution of carbides and retained austenite should be 
optimized depending on the requirements of the 
application. Cryogenic treatment is one way of 

controlling the final microstructure [9-11], applied after 
cooling to room temperature in order to decrease the 
retained austenite fraction and also obtain more 
homogeneous distribution of carbides [4,12,13]. These 
microstructural changes can enhance dimensional 
stability and wear resistance properties. The present 
study aims at investigating the influence of cryogenic 
treatment on the microstructure and mechanical 
properties of H13 hot work tool steel 

2. Experimental 

In this study, a commercial AISI H13 hot work tool 
steel, whose chemical composition is given in Table 1, 
was used. The standard composition range of the H13 
tool is steel is also given in Table 1. The present material 
conforms the standard, in terms of chemical 
composition. Conventional austenitizing, quenching and 
tempering treatments, as well as cryogenic and deep 
cryogenic treatments were applied to the H13 steel 
samples. The cryogenic and deep cryogenic treatments 
were conducted at 0.5oC/min. Cooling and heating rates. 
Table 2 shows the details of the heat treatments applied 
and the specimen coding. All of the samples were 
austenitized at 1040oC for 30 minutes followed by oil 
quenching. The cryogenic treatment was performed at -
76oC and deep cryogenic treatment at -196oC for 8 
hours. A group of samples were tempered at 560oC for 
3 hours. One specimen from each group was prepared 
for metallographic examination and then examined 
under optical and scanning electron microscopes. The 
average hardness of the matrix of the specimens was 
determined by taking 10 Vickers micro-hardness 
measurements from randomly selected regions of the as-
polished surfaces of the specimens. For this purpose 
Zwick / Roell ZHV 10 micro-hardness tester was used 
with a load of 19.61 N at a test speed of 25 mm/min. The 
impact toughness of the samples were determined via 
Charpy V-notch tests. 

Table 1. The specimens’ chemical composition and standard composition range (in wt.%) of AISI H13 steel  

AISI 
H13 

C Si Mn P S Cr Mo V Fe 
standard 

range 
0,37-
0,43 

0,90-
1,20 

0,30-
0,50 

0,025 
max. 

0,005 
max.

4,80-
5,50 

1,20-
1,50 

0,90-
1,10 

Measured 0,39 0,97 0,37 0,020 0,001 4,90 1,25 0,94 Bal. 
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Table 2. Sample notations and heat treatment details 

Sample 
notation Treatment sequence Austenitizing and 

quenching 

Cryogenic treatment 
temperature and 

duration 

Tempering 
temperature 
and duration 

HT-1 conventional quenching 1040 °C / 30 min. 
oil quench --- --- 

HT-2 conventional quenching 
tempering 

1040 °C / 30 min. 
oil quench --- 560 °C

3 hr. 

HT-3 conventional quenching 
cryogenic treatment 

1040 °C / 30 min. 
oil quench -76°C

8 hr. 
--- 

HT-4 
conventional quenching, 

cryogenic treatment 
tempering 

1040 °C / 30 min. 
oil quench -76 °C

8 hr. 

560 °C
3 hr. 

HT-5 conventional quenching 
deep cryogenic treatment 

1040 °C / 30 min. 
oil quench -196 °C

8 hr. 
--- 

HT-6 
conventional quenching, 
deep cryogenic treatment 

tempering 

1040 °C / 30 min. 
oil quench -196 °C

8 hr. 

560 °C
3 hr. 

3. Results and Discussions 

Figure 1 shows optical micrographs the H13 steel 
samples subjected to different heat treatments. The 
microstructures of HT-1, HT-3 and HT-5 coded samples 
are composed of primary carbides on a martensitic 
matrix. The volume fraction of primary carbides of the 
specimens HT-3 and HT-5 are higher than HT-1 sample 
which was not subjected to any cryogenic treatment. The 
carbide fraction is the highest for HT-5 specimen, which 
has been subjected to cryogenic treatment at -196 °C. 
The microstructures of those untampered HT-1, HT-3 
and HT-5 specimens show that as the cryogenic 
treatment temperature decreases the ratio of carbides 
increases.  

The specimens HT-2, HT-4 and HT-6 have been 
tempered at 560oC for 3 hours. This tempering not only 
changed the matrix into tempered martensite, but also 
caused formation of secondary carbides in addition to 
the existing primary carbides. Therefore, the tempered 
specimens contain much higher fraction of carbides. 
Moreover, the cryogenically treated samples contain 
much higher fraction of carbides. Similar to the un-
tempered specimens, as the cryogenic treatment 
temperature decreases the ratio of carbides increases. 
The microstructures also reveal that the cryogenically 
treated HT-4 and HT-6 samples have much finer 
carbides which have distributed more homogeneously 
than the conventionally treated samples.  

 Koneshlou et. al. [4] reported that tempering after deep 
cryogenic treatment increases the volume fraction of 
carbides, whereas refines their size. This behavior was 
attributed to the transformation of retained austenite into 
martensite and precipitation of secondary carbides. 
Similar results were also reported by Perez et. al. [11]. 
The microstructural changes observed in the present 
study agree well with those reported studies.  

The micro-hardness test results of the specimens are 
given in Figure 2. Specimens HT-2, HT-4 and HT-6 
exhibit lower hardness due to tempering treatment. The 
micro-hardness test results reflect mainly the matrix 
hardness, which decreases due to the tempring of the 
martensite. The cryogenic treatment also influences the 
softening during tempering. The cryogenically treated 
samples contain more martensite, and therefore they 
soften more rapidly upon tempering. On the other hand 
as-quenched HT-2 sample contains more retained 
austenite, which can transform into martensite during 
tempering. The un-tempered HT-1, HT-3 and HT-5 
specimens have higher hardnesses as expected. HT-3 
exhibits the highest hardness, which can be attributed to 
transformation of retained austenite into martensite and 
carbides. Nevertheless, the differences between HT-1, 
HT-3 and HT-5 are very small considering the standart 
deviations and experimental uncertainities It should also 
be noted that the micro-hardness results reflect the 
hardness of martensitic matrix, which is mainly 
influenced from the carbon content. 
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Figure 1. Optical micrographs of the specimens taken at 1000x magnification under bright field illumination 

Figure 2. Micro-hardness of the specimens Figure 3. Charpy V-notch impact toughness test results 
of the specimens  
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Figure 3 shows the Charpy V-notch impact test results 
of the specimens. The impact toughness of HT-1, HT-3 
and HT-5 specimens are very close. The tempered HT-
2, HT-4 and HT-6 specimens, on the other hand show 
lower toughness. The tempering treatment increased the 
volume fraction of carbides. Moreover, it can also cause 
transformation of the tougher and more ductile retained 
austenite into martensite. HT-4 and HT-6 specimens, 
which have been cryogenically treated and then 
tempered exhibit higher toughness values than HT-2 
specimen. When the starting structure is composed of 
almost fully martensite, then tempering will soften this 
matrix and hence improve the toughness as in the case 
of HT-4 and HT-6. Special care in tempering is required 
for the samples containing significant amounts of 
retained austenite, as it can transform into harder and 
brittle martensite during tempering. 

4. Conclusions 

The influence of cryogenic treatment on the 
microstructure and corresponding mechanical properties 
of H13 tool steel has been investigated. The following 
conclusions can be drawn: 

1. The microstructure of conventionally treated HT-1, 
HT-3 and HT-5 coded specimens is composed of 
primary carbides on a martensitic matrix. Tempering 
causes formation of secondary carbides in addition 
to primary carbides and the tempered martensitic 
matrix. Cryogenically treated specimens were found 
to contain much finer and homogeneously 
distributed carbides than the ones treated 
conventionally. 

2. The un-tempered specimens have insignificant 
differences in hardness, and cryogenic treatment 
does not change the hardness of martensitic matrix. 
On the other hand HT-2, HT-4 and HT-6 specimens 
exhibit lower hardness due to softening during 
tempering. The balance between softening of pre-

existing martensite and formation of never 
martensite due to transformation of metastable 
austenite determines the hardness. 

3. The cryogenic treatment also influences the 
tempering response. The lower the cryogenic 
treatment temperature the higher the toughness 
values after tempering. 
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Absract 

In this study, two types of dual phase steels namely 
DP600 and DP800 were welded by electrical 
resistance spot welding, and the effect of weld 
current and weld time on tensile properties of weld 
joint was investigated. The specimens were 
prepared by using a pneumatic, time controlled 
weld machine with 120 kVA current capacity. 
Welded joints were obtained by 5, 10, 15, 20, 25 
and 30 cycles weld times and 8.2, 9.6, 11.1, 12.5, 
14, 15.5 and 16.8 kA weld current intensities. The 
electrode force was kept constant as 6 kN. The 
resistance spot welded joints were exposed to 
tensile test in order to determine the mechanical 
properties. The Tensile-Shear force was calculated 
with the optimum weld cycles.

1. Introduction 

The most utilized welding method used in 
automotive industry is Resistance spot welding 
(RSW). Because it has many advantages over other 
methods. To illustrate, welding can be performed 
quickly, can suit serial production and too cheap 
compared to others. Today, an average vehicle has 
approximately 2000–5000 spot welds. This quantity 
illustrates importance of RSW.  With pressure 
applied by electrodes and heat generated by 
electrical resistance flow through electrodes and 
sheets, welding action of joints are formed [1-5]. 
Resistance spot welding is a relatively clean and 
efficient welding process that is widely used in 
sheet metal joining, especially due to its advantages 
of high production rate and incorporation with 
automation in production assembly lines with other 
fabricating operations. Today, the dual-phase steels 
are being commonly used in automotive industry 
and joined by means of resistance spot welding. 
The dual-phase steel is a high-strength steel which 
is heat-treated to contain both a ferrite and 

martensite microstructure for extra strength. It is 
highly formable and has a low alloy content and 
high strength. Dual-phase steel features a soft 
ferrite microstructure, with a matrix containing 
islands of martensite in the secondary phase 
(increasing amounts of martensite increase the 
tensile strength.) Dual-phase steel features a low 
yield ratio (i.e., yield strength to tensile strength), 
high tensile strength, and high work hardening rate. 
Among AHSS steel family, Dual Phase (DP) steels 
have an important place. Because, it has high 
maximum strength with a high fracture strain [6]. 
DP 800 steels have good ability in absorbing impact 
energy formed during collision from front side 
where the front longitudinal beams and the lower 
pillar located. The martensitic steels have high 
amounts of strength, so they are used in automotive 
industry extensively. In present work, the 
relationship between the tensile-shear strength and 
welding parameters of resistance spot welded two 
different dual phase steels namely DP 600 and DP 
800 was investigated. Welding parameters have 
been evaluated in terms of welding currents and 
welding times. The aim of this study is to show the 
joinability of two dissimilar steel sheets by 
resistance spot welding method.  

2. Experimental Procedure 

DP 600 and DP 800 type dual-phase steel sheets 
were selected and joined by the electrical resistance 
spot welding method according to EN ISO 14273 
standard. The thickness of the sheets was 1.0 mm. 
The electrode force was assumed constant and 
welding current and welding time were selected as 
parameters. The chemical composition of steel 
sheets used in welding operations in wt. % and their 
mechanical properties were given in Table 1 and 2, 
respectively. 
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Table 1. The chemical compositions wt. (max.)

Materials C Si Mn P S Al Nb+Ti

DP800 0.15 0.40 1.8
0

0.020 0.010 0.015 0.10 

DP600 0,091 0,239 1,8
5

0,011 0,001 0,039 0,003 

Table 2. Mechanical properties of steels.

Materials Yield Strength
(MPa)

Max. Tensile Strength
(MPa)

 (%) 
Elongation

DP800 500 - 650 800 - 950 10 
DP600 330-460 580-680 19 

The sizes of specimens prepared by spot welding 
were provided in Fig. 1. 

Figure 1. Tensile-shear test sample size. 

3. Results and Discussion 

The dual-phase DP 600 and DP 800 sheets were 
joined by means of resistance spot welding in a 
dissimilar combination and the sample joints were 
exposed to tensile-shear test. The graph drawn 
during tests was given in Fig. 2. 

Figure 2. Tensile-shear force results. 

The tensile-shear force increases up to a top value 
with increasing weld current and then its value 
decreases slightly due to the reduction in weld 
nugget area. Based on the Fig. 2, the highest 
tensile-shear force value was obtained in 20 cycle 
welding time and 12 kA weld current as 15000 N.
Having reached these maximum values, the tensile-
shear force decreases, because the electrodes sink 
into the material with the pressure of electrode 
force and splashing is seen in weld nugget. These 
occurrences increase by the welding time and weld 
current increment. As a result, the amount of 

welded material decreases, the diameter of weld 
nugget increases, and the height of it decreases. 
Therefore, the weld nugget height/nugget diameter 
ratio is used in strength calculations of resistance 
spot welding method. 

In Fig. 3, the change of tensile force with weld time 
(cycle) was seen. The tensile-shear force increases 
with weld time due to rising heat input to the weld 
nugget region. The highest shear forces were 
measured in 11 kA-14 kA currents and 15-25 
period weld times as 14000-15000 N values. 

Figure 3. Tensile-shear force vs. weld time results. 

By combining all data taken from tensile-shear 
results, the optimum resistance spot welding 
parameters were detected and an ideal spot welding 
region called ‘‘weld lobe’’ was drawn. In Fig. 4, 
this weld lobe was seen plotted using weld current 
(kA) versus weld time (cycle) results of galvanized 
steel sheets used in automotive applications. This 
enclosed dark region shows the safe resistance spot 
welding condition with high strength and durability. 
A welder should determine the weld time versus 
weld current values inside of this weld lobe before 
starting electrical resistance spot welding operation 
to obtain good welding quality. 

Figure 4. Weld lobe. 
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The cross-section area of weld nugget zone was 
exposed to contraction due to excessive melting and 
this situation causes splashing in joint zone 
resulting a sharp decrease in tensile-shear force. 
Colour changes, deep electrode marks and the 
copper particles were also observed in nugget zone. 
These occurences were given in Table 3. 

Table 3. Failure types in DP 600-DP 800 joints. 

Weld 
 time 
(period)

Weld  
current
(kA)

Failure  
mode Appearance

20 14 

Deep
electrode
marks, 
Coloration,  
Splashing

25 12,5 

Deep
electrode
marks, 
Coloration,  
Splashing

30 12,5 

Deep
electrode
marks, 
Coloration,  
Splashing

Our results are relevant with literature, for example, 
Goodarzi et al. [7] joined galvanized low carbon 
steels by means of resistance spot welding method 
by applying higher currents between 10 and 12.5 
kA and declared same tendency having measured 
fusion zone size. Aslanlar [8] and Vural et al. [9]  
reported the similar findings not only for nugget 
size dimension but also for electrode indentation 
and tensile loads. 

4. Conclusions 

The effect of electrical resistance spot welding 
parameters on tensile-shear force of dual phase  
steel sheet joints was investigated and the following 
conclusions were drawn: 

• In the light of findings of this study, it was 
seen that the weld nugget diameter 
increases with increasing weld current 
(kA) up to a limit value and then starts to 
decrease due to deformations occurred in 
welding area. 

• The highest force was gained in 11.1 kA 
weld current at 20-25 period weld time. 
However, the optimum weld time vs. weld 

current value should be chosen inside the 
dark region shown in Fig. 4 (i.e. Weld 
lobe). For example, under the dark region 
(0-5 cycle weld times) and the left of this 
area (0-7 kA currents) a good strength and 
successful joint performances cannot be 
obtained.

• The failure occurred in interfacial mode 
through nugget after tensile-shear test 
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Absract 

In this study, two types of dual phase steels namely 
DP600 and DP800 were welded by electrical 
resistance spot welding, and the effect of weld 
current and weld time on tensile-peel force of weld 
joint was researched. The specimens were prepared 
by using a pneumatic, time controlled weld 
machine with 120 kVA current capacity. Welded 
joints were obtained by 5, 10, 15, 20, 25 and 30 
cycles weld times and 8.2, 9.6, 11.1, 12.5, 14, 15.5 
and 16.8 kA weld current intensities. The electrode 
force was kept constant as 6 kN. The resistance spot 
welded joints were exposed to tensile-peel test to 
determine the mechanical properties. The Tensile-
Peel force was calculated with the optimum weld 
cycles.

1. Introduction 

The most utilized welding method used in 
automotive industry is Resistance spot welding 
(RSW). Because it has many advantages over other 
methods. To illustrate, welding can be performed 
quickly, can suit serial production and too cheap 
compared to others. Today, an average vehicle has 
approximately 2000–5000 spot welds. This quantity 
illustrates importance of RSW.  With pressure 
applied by electrodes and heat generated by 
electrical resistance flow through electrodes and 
sheets, welding action of joints are formed [1-5]. 
Resistance spot welding is a relatively clean and 
efficient welding process that is widely used in 
sheet metal joining, especially due to its advantages 
of high production rate and incorporation with 
automation in production assembly lines with other 
fabricating operations. Today, the dual-phase steels 
are being commonly used in automotive industry 
and joined by means of resistance spot welding. 
The dual-phase steel is a high-strength steel which 
is heat-treated to contain both a ferrite and 

martensite microstructure for extra strength. It is 
highly formable and has a low alloy content and 
high strength. Dual-phase steel features a soft 
ferrite microstructure, with a matrix containing 
islands of martensite in the secondary phase 
(increasing amounts of martensite increase the 
tensile strength.) Dual-phase steel features a low 
yield ratio (i.e., yield strength to tensile strength), 
high tensile strength, and high work hardening rate. 
Among AHSS steel family, Dual Phase (DP) steels 
have an important place. Because, it has high 
maximum strength with a high fracture strain [6]. 
DP 800 steels have good ability in absorbing impact 
energy formed during collision from front side 
where the front longitudinal beams and the lower 
pillar located. The martensitic steels have high 
amounts of strength, so they are used in automotive 
industry extensively. In present work, the 
relationship between the tensile-shear strength and 
welding parameters of resistance spot welded two 
different dual phase steels namely DP 600 and DP 
800 was investigated. Welding parameters have 
been evaluated in terms of welding currents and 
welding times. The aim of this study is to show the 
joinability of two dissimilar steel sheets by 
resistance spot welding method.  

2. Experimental Procedure 

DP 600 and DP 800 type dual-phase steel sheets 
were selected and joined by the electrical resistance 
spot welding method according to EN ISO 14270 
standard. The thickness of the sheets was 1.0 mm. 
The electrode force was assumed constant and 
welding current and welding time were selected as 
parameters. The chemical composition of steel 
sheets used in welding operations in wt. % and their 
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mechanical properties were given in Table 1 and 2, 
respectively. 

Table 1. The chemical compositions wt. (max.)

Materials C Si Mn P S Al Nb+Ti

DP800 0.15 0.40 1.8
0

0.020 0.010 0.015 0.10 

DP600 0,091 0,239 1,8
5

0,011 0,001 0,039 0,003 

Table 2. Mechanical properties of steels.

Materials Yield Strength
(MPa)

Max. Tensile Strength
(MPa)

 (%) 
Elongation

DP800 500 - 650 800 - 950 10 
DP600 330-460 580-680 19 

The sizes of specimens prepared by spot welding 
were provided in Fig. 1. 

Figure 1. Tensile-peel test sample. 

3. Results and Discussion 

The dual-phase DP 600 and DP 800 sheets were 
joined by means of resistance spot welding in a 
dissimilar combination and the sample joints were 
exposed to tensile-peel test. The results were shown 
in Fig. 2, and tabulated in Table 3. 

Figure 2. Tensile-peel force results. 

The tensile-peel force increases up to a top value 
with increasing weld current and then its value 
decreases slightly due to the reduction in weld 
nugget area. Based on the Fig. 2, the highest 

tensile-peel force value was obtained in 20-25 
cycles welding time and 11-12 kA weld current as 
1600-1700 N. Having reached these maximum 
values, the tensile-peel force decreases, because the 
electrodes sink into the material with the pressure 
of electrode force and splashing is seen in weld 
nugget. These occurrences rise by the welding time 
and weld current increment. As a result, the amount 
of welded material decreases, the diameter of weld 
nugget increases, and the height of it decreases. 
Therefore, the weld nugget height/nugget diameter 
ratio is used in strength calculations of resistance 
spot welding method. 

Table 3. Tensile-peel test results

Weld time 
[Per]

Weld current 
[kA]

Max. Tensile-peel 
force [N] 

10 11-12 1450 
15 12 1450 
20 12-13 1550 
25 11 1550 
30 9-10 1550 

In Fig. 3, the change of tensile force with weld time 
(cycle) was seen. The tensile-peel force rises with 
weld time due to increasing heat input to the weld 
nugget region. The highest tensile-peel forces were 
measured in 12.5 kA currents at 20 period weld 
times as 1700 N values and the lowest was 8.2 kA 
weld current at 20 periods as 1200 N. 

Figure 3. Tensile-peel force vs. weld time results. 

By combining all data taken from tensile-shear 
results, the optimum resistance spot welding 
parameters were detected and an ideal spot welding 
region called ‘‘weld lobe’’ was drawn. In Fig. 4, 
this weld lobe was seen plotted using weld current 
(kA) versus weld time (cycle) results of galvanized 
steel sheets used in automotive applications. This 
enclosed dark region shows the safe resistance spot 
welding condition with high strength and durability. 
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A welder should determine the weld time versus 
weld current values inside of this weld lobe before 
starting electrical resistance spot welding operation 
to obtain good welding quality. 

Figure 4. Weld lobe. 

The cross-section area of weld nugget zone was 
exposed to contraction due to excessive melting and 
this situation causes splashing in joint zone 
resulting a sharp decrease in tensile-peel force. 
Colour changes, deep electrode marks and the 
copper particles were also observed in nugget zone. 
These occurences were given in Table 3. 

Table 3. Failure types in DP 600-DP 800 joints. 

Weld 
 time 
(period
)

Weld  
curre
nt
(kA)

Failure  
mode Appearance

20 14 

Deep
electrode
marks, 
Blowout,
Splashing

25 14 

Deep
electrode
marks, 
Blowout,
Splashing

30 11.1 
Blowout,
Splashing

Our results are relevant with literature, for example, 
Goodarzi et al. [7] joined galvanized low carbon 
steels by means of resistance spot welding method 
by applying higher currents between 10 and 12.5 
kA and declared same tendency having measured 
fusion zone size. Aslanlar [8] and Vural et al. [9]  
reported the similar findings not only for nugget 
size dimension but also for electrode indentation 
and tensile loads. 

4. Conclusions 

The effect of electrical resistance spot welding 
parameters on tensile-peel force of dual phase  steel 
sheet joints was investigated and the following 
conclusions were drawn: 

• In the light of findings of this study, it was 
seen that the weld nugget diameter 
increases with increasing weld current 
(kA) up to a limit value and then starts to 
decrease due to deformations occurred in 
welding area. 

• The highest force was gained in 12.5 kA 
weld current at 20periods weld time. 
However, the optimum weld time vs. weld 
current value should be chosen inside the 
dark region shown in Fig. 4 (i.e. Weld 
lobe). Outside of this area, a good strength 
and successful joint performances cannot 
be obtained. 

• The failure occurred in in pullout mode by 
partial nugget withdrawal from one sheet 
after tensile-peel test. 
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Absract 

In this work, two different steels named 1200M (A 
martensitic steel has approximately 1200 MPa 
ultimate tensile strength) and DP 800 HF (A dual-
phase steel with 800 MPa yield strength and also in 
Hyper-Formed, easily formable) were joined by 
electrical resistance spot welding method.                     
The tensile-shear test was preferred because it is a 
very similar test to the breaking action of the sheet 
metal at the time of the accident. The tensile-shear 
force was calculated to determine the strength of 
the joint which was affected by size of the weld 
zone (i.e. nugget diameter). For this reason, It is 
aimed to find the optimum parameters of the 
materials of two different structures, joined with 
different welding currents and welding periods and 
the results was supported by graphics.

1. Introduction 

Today, one of the most widely used areas of 
Advanced High Strength Steels (AHSS) is the 
automotive industry. In recent years, the focus of 
the automotive industries is to work with more 
stable and easier-to-mold sheets. At this point, the 
DP 8000HF is a very important material that is 
especially desired to be used in door sills of 
vehicles. In addition, the martensitic steels whose 
tensile strength raises up to 1700 MPa have been 
preferred in automotive body as pillars and sill 
reinforcements. The joining with resistance spot 
welding is of high importance because its 
parameters highly affects the joint strength which, 
especially, should be considered. 

The most utilized welding method used in 
automotive industry is Resistance spot welding 
(RSW). Because it has many advantages over other 
methods. To illustrate, welding can be performed 
quickly, can suit serial production and too cheap 
compared to others. Today, an average vehicle has 
approximately 2000–5000 spot welds. This quantity 

illustrates importance of RSW.  With pressure 
applied by electrodes and heat generated by 
electrical resistance flow through electrodes and 
sheets, welding action of joints are formed [1-5]. 

Among AHSS steel family, Dual Phase (DP) steels 
have an important place. Because, it has high 
maximum strength with a high fracture strain [6-9]. 
DP 800 HyperForm steels have good ability in 
absorbing impact energy formed during collision 
from front side where the front longitudinal beams 
and the lower pillar located. The martensitic steels 
have high amounts of strength, so they are used in 
automotive industry extensively. 

Resistance spot welding is a relatively clean and 
efficient welding process that is widely used in 
sheet metal joining, especially due to its advantages 
of high production rate and incorporation with 
automation in production assembly lines with other 
fabricating operations. Today, the dual-phase steels 
are being commonly used in automotive industry 
and joined by means of resistance spot welding. 
The dual-phase steel is a high-strength steel which 
is heat-treated to contain both a ferrite and 
martensite microstructure for extra strength. It is 
highly formable and has a low alloy content and 
high strength. Dual-phase steel features a soft 
ferrite microstructure, with a matrix containing 
islands of martensite in the secondary phase 
(increasing amounts of martensite increase the 
tensile strength.) Dual-phase steel features a low 
yield ratio (i.e., yield strength to tensile strength), 
high tensile strength, and high work hardening rate. 
The aim of this study is to show the joinability of 
two dissimilar steel sheets by resistance spot 
welding method.  
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2. Experimental Procedure 

In this study, DP 800 HyperForm having 1.1 mm 
thickness and martensitic steel, having 1 mm, 
sheets were used. The weld current was started 
from 8440 A and raised up to 15500 A. The weld 
time was selected as 5, 10, 15, 20, 25 and 30 
periods. The chemical composition in wt. % and 
tensile properties of DP 800 HyperForm and 1200 
Martensitic steel sheet were shown in Table 1 and 
Table 2, respectively. 

Table 1. The chemical compositions wt.

Materials C Si Mn P S Al Cr

DP800HF 0.16 0.50 2.2 0.015 0.005 0.7 0.45 

1200M 0,08 0,201 1,6 0,004 0,002 0,036 0,0175 

Table 2. Mechanical properties of steels.

Materials Yield Strength 
(MPa)

Ultimate Tensile 
Strength (MPa) 

Total
Elongation(%)

DP800HF 533 920 16.7 
1200M 950 1282 3 

The sizes of specimens prepared by spot welding 
were provided in Fig. 1. 

Figure 1. Tensile-shear test sample. 

3. Results and Discussion 

The dual-phase DP 800HF steel and martensitic 
1200M sheets were joined by means of resistance 
spot welding in a dissimilar combination and the 
sample joints were exposed to tensile-shear test. 
The results were shown in Fig. 1. 

Figure 1. Tensile-shear force results. 

The tensile-shear force increases up to a top value 
with increasing weld nugget diameter (mm) and 
then its value decreases slightly due to the reduction 
in weld nugget area. Based on the Fig. 1, the 
highest tensile-shear force value was obtained in 25 
cycles welding time and 8.4 mm nugget diameter  
as 18200 N. The weld current required for to obtain 
the highest force was recorded as 9.6 kA as shown 
in Figure 2. Having reached these maximum values, 
the tensile-shear force decreases, because the 
electrodes sink into the material with the pressure 
of electrode force and splashing is seen in weld 
nugget. These occurrences rise by the welding time 
and weld current increment. As a result, the amount 
of welded material decreases, the diameter of weld 
nugget increases, and the height of it decreases. 
Therefore, the weld nugget height/nugget diameter 
ratio is used in strength calculations of resistance 
spot welding method. 

Figure 2. Tensile-shear force vs nugget diameter 
results.

The cross-section area of weld nugget zone was 
exposed to contraction due to excessive melting and 
this situation causes splashing in joint zone 
resulting a sharp decrease in tensile-shear force. 
Colour changes, deep electrode marks and the 
copper particles were also observed in nugget zone. 
These occurences were given in Table 3, below. 
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Table 3. Failure types in DP 600-DP 800 joints. 

Weld 
 time 
(period)

Weld  
curren
t (kA)

Failure  
mode Appearance

15 13.5 

Deep
electrode
marks, 
Blowout,
Splashing

20 13.5 

Deep
electrode
marks, 
Blowout,
Splashing

25 11.8 
Blowout,
Splashing

Our results are relevant with literature, for example, 
Goodarzi et al. [7] joined galvanized low carbon 
steels by means of resistance spot welding method 
by applying higher currents between 10 and 12.5 
kA and declared same tendency having measured 
fusion zone size. Aslanlar [8] and Vural et al. [9]  
reported the similar findings not only for nugget 
size dimension but also for electrode indentation 
and tensile loads. 

4. Conclusions 

The effect of electrical resistance spot welding 
parameters on tensile-shear force of dual phase  
steel sheet joints was investigated and the following 
conclusions were drawn: 

• In the light of findings of this study, it was 
seen that the weld nugget diameter 
increases with increasing weld current 
(kA) up to a limit value and then starts to 
decrease due to deformations occurred in 
welding area. 

• The highest force was gained in 9.6 kA 
weld current at 25 periods weld time with 
8.4 mm weld nugget diameter as 18200 N. 
lobe).

• The failure occurred in interfacial mode 
through nugget after the tensile-shear test. 
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In this work, two different steels named 1200M (A 
martensitic steel has approximately 1200 MPa 
ultimate tensile strength) and DP 800 HF (A dual-
phase steel with 800 MPa yield strength and also in 
Hyper-Formed, easily formable) were joined by 
electrical resistance spot welding method.                     
The tensile-peel test was preferred because it is a 
very similar test to the breaking action of the sheet 
metal at the time of the accident. The tensile-peel 
force was calculated to determine the strength of 
the joint which was affected by size of the weld 
zone (i.e. nugget diameter). For this reason, It is 
aimed to find the optimum parameters of the 
materials of two different structures, joined with 
different welding currents and welding periods and 
the results was supported by graphics. The 
electrical resistance spot welding parameters were 
selected as the weld current was started from 8440 
Ampere and raised up to 15500 A; the weld time 
was selected as 5, 10, 15, 20, 25 and 30 periods.

1. Introduction 

Today, one of the most widely used areas of 
Advanced High Strength Steels (AHSS) is the 
automotive industry. In recent years, the focus of 
the automotive industries is to work with more 
stable and easier-to-mold sheets. At this point, the 
DP 8000HF is a very important material that is 
especially desired to be used in door sills of 
vehicles. In addition, the martensitic steels whose 
tensile strength raises up to 1700 MPa have been 
preferred in automotive body as pillars and sill 
reinforcements. The joining with resistance spot 
welding is of high importance because its 
parameters highly affects the joint strength which, 
especially, should be considered. 

The most utilized welding method used in 
automotive industry is Resistance spot welding 

(RSW). Because it has many advantages over other 
methods. To illustrate, welding can be performed 
quickly, can suit serial production and too cheap 
compared to others. Today, an average vehicle has 
approximately 2000–5000 spot welds. This quantity 
illustrates importance of RSW.  With pressure 
applied by electrodes and heat generated by 
electrical resistance flow through electrodes and 
sheets, welding action of joints are formed [1-5]. 

Among AHSS steel family, Dual Phase (DP) steels 
have an important place. Because, it has high 
maximum strength with a high fracture strain [6-9]. 
DP 800 HyperForm steels have good ability in 
absorbing impact energy formed during collision 
from front side where the front longitudinal beams 
and the lower pillar located. The martensitic steels 
have high amounts of strength, so they are used in 
automotive industry extensively. 

Resistance spot welding is a relatively clean and 
efficient welding process that is widely used in 
sheet metal joining, especially due to its advantages 
of high production rate and incorporation with 
automation in production assembly lines with other 
fabricating operations. Today, the dual-phase steels 
are being commonly used in automotive industry 
and joined by means of resistance spot welding. 
The dual-phase steel is a high-strength steel which 
is heat-treated to contain both a ferrite and 
martensite microstructure for extra strength. It is 
highly formable and has a low alloy content and 
high strength. Dual-phase steel features a soft 
ferrite microstructure, with a matrix containing 
islands of martensite in the secondary phase 
(increasing amounts of martensite increase the 
tensile strength.) Dual-phase steel features a low 
yield ratio (i.e., yield strength to tensile strength), 
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high tensile strength, and high work hardening rate. 
The aim of this study is to show the joinability of 
two dissimilar steel sheets by resistance spot 
welding method.  

2. Experimental Procedure 

In this study, DP 800 HyperForm having 1.1 mm 
thickness and martensitic steel, having 1 mm, 
sheets were used. The weld current was started 
from 8440 A and raised up to 15500 A. The weld 
time was selected as 5, 10, 15, 20, 25 and 30 
periods. The chemical composition in wt. % and 
tensile properties of DP 800 HyperForm and 1200 
Martensitic steel sheet were shown in Table 1 and 
Table 2, respectively. 

Table 1. The chemical compositions wt.

Materials C Si Mn P S Al Cr

DP800HF 0.16 0.50 2.2 0.015 0.005 0.7 0.45 

1200M 0,08 0,201 1,6 0,004 0,002 0,036 0,0175 

Table 2. Mechanical properties of steels.

Materials Yield Strength 
(MPa)

Ultimate Tensile 
Strength (MPa) 

Total
Elongation(%)

DP800HF 533 920 16.7 
1200M 950 1282 3 

The sizes of specimens prepared by spot welding 
were provided in Fig. 1. 

Figure 1. Tensile-peel test sample. 

3. Results and Discussion 

The dual-phase DP 800HF steel and martensitic 
1200M sheets were joined by means of resistance 
spot welding in a dissimilar combination and the 
sample joints were exposed to tensile-peel test. The 
results were shown in Fig. 1. 

Figure 1. Tensile-peel force results. 

The tensile-peel force increases up to a top value 
with increasing weld nugget diameter (mm) and 
then its value decreases slightly due to the reduction 
in weld nugget area. Based on the Fig. 1, the 
highest tensile-peelforce value was obtained in 25 
cycles welding time and 8.4 mm nugget diameter  
as 18200 N. The weld current required for to obtain 
the highest force was recorded as 9.6 kA as shown 
in Figure 2. Having reached these maximum values, 
the tensile-peel force decreases, because the 
electrodes sink into the material with the pressure 
of electrode force and splashing is seen in weld 
nugget. These occurrences rise by the welding time 
and weld current increment. As a result, the amount 
of welded material decreases, the diameter of weld 
nugget increases, and the height of it decreases. 
Therefore, the weld nugget height/nugget diameter 
ratio is used in strength calculations of resistance 
spot welding method. 

Figure 2. Tensile-peel force vs nugget diameter 
results.
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The cross-section area of weld nugget zone was 
exposed to contraction due to excessive melting and 
this situation causes splashing in joint zone 
resulting a sharp decrease in tensile-peel force. 
Colour changes, deep electrode marks and the 
copper particles were also observed in nugget zone. 
These occurences were given in Table 3, below. 

By combining all data taken from tensile-peel 
results, the optimum resistance spot welding 
parameters were detected and an ideal spot welding 
region called ‘‘weld lobe’’ was drawn. In Fig. 4, 
this weld lobe was seen plotted using weld current 
(kA) versus weld time (cycle) results of galvanized 
steel sheets used in automotive applications. This 
enclosed dark region shows the safe resistance spot 
welding condition with high strength and durability. 
A welder should determine the weld time versus 
weld current values inside of this weld lobe before 
starting electrical resistance spot welding operation 
to obtain good welding quality. 

Figure 4. Weld lobe. 

Our results are relevant with literature, for example, 
Goodarzi et al. [7] joined galvanized low carbon 
steels by means of resistance spot welding method 
by applying higher currents between 10 and 12.5 
kA and declared same tendency having measured 
fusion zone size. Aslanlar [8] and Vural et al. [9]  
reported the similar findings not only for nugget 
size dimension but also for electrode indentation 
and tensile loads. 

4. Conclusions 

The effect of electrical resistance spot welding 
parameters on tensile-peel force of dual phase  steel 
sheet joints was investigated and the following 
conclusions were drawn: 

• In the light of findings of this study, it was 
seen that the weld nugget diameter 
increases with increasing weld current 
(kA) up to a limit value and then starts to 
decrease due to deformations occurred in 
welding area. 

• The highest force was gained in 11.8 kA 
weld current at 10 periods weld time with 
7.9 mm weld nugget diameter as 1550 N.

• The failure occurred in pullout mode by 
partial nugget withdrawal from one sheet 
after tensile-peel test. 
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Abstract

In the sinter plants, sinter production which is the largest 
input material of the blast furnace is produced by melting 
the fine ore with fine coke. In order to sinter the fine ore 
in the desired quality, the moisture in sinter raw mix must 
be adjusted with very precise gauging. In this study, an 
application of the moisture control model which 
optimizes moisture in the raw mix with fuzzy logic 
approach is explained in the Iskenderun Iron and Steel 
Co. (ISDEMIR) sinter plant. 

Özet

Sinter fabrikalarında toz cevherin kok tozu ile ergitilmesi 
sa lanarak yüksek fırının en büyük girdi malzemesi olan 
sinter üretimi yapılır. Toz cevherin istenen kalitede 
sinterlenebilmesi için sinter harmanının nem oranının çok 
hassas ölçülerle ayarlanması gerekir. Bu çalı mada
skenderun Demir ve Çelik A. . ( SDEM R) sinter 

fabrikasında harman nemini bulanık mantık yakla ımıyla
optimize eden bir nem kontrol modeli uygulaması
anlatılmaktadır.

1. Giri

Sıvı ham demirin yüksek fırın yöntemiyle elde edildi i
entegre demir çelik tesislerinde sinter fabrikasının önemi 
büyüktür. Yüksek fırınlara arj edilen demirli 
malzemenin önemli bir kısmını sinter olu turur. Sinter 
malzemesi, demir çelik fabrikasında do rudan
kullanılamayacak toz cevher, kok tozu, baca tozu, tufal 
gibi malzemelerin de erlendirilmesi ile elde edilir.  

Sinter tesislerinde üretilen sinterin yüksek fırınlarda
kullanılabilecek tanecik boyutunda olması,
indirgenebilirli inin ve mukavemetinin yüksek olması
gerekir. Böyle bir sinter üretimi yapabilmek için özenle 
üstünde durulması gereken hususlardan biri de sinter 
harmanındaki nem oranının do ru ayarlanmasıdır.

Makine üzerinde tam sinterle me sa lamak optimum nem 
ile çalı arak mümkün olur.

Akıllı kontrol sistemlerinin kullanılmadı ı tesislerde, en 
uygun nem de eri ile çalı mak operatörlerin 
sorumlulu undadır. Bu durumda alınan kararlar ki ilere
göre de i ebilir, sisteme müdahalede geç kalınabilir ya 
da yanlı  kararlar verilebilir. Bu ekilde sisteme manuel 
müdahale edilmesi durumlarında üretim kararlılı ı kötü 
etkilenir. Bunun için kararlı ve verimli bir üretim 
hedefleyen tesisler akıllı kontrol sistemleri 
kullanmaktadır [1]. SDEM R sinter tesisleri de 
bunlardan biridir. 

Nem kontrolü uygulamalarıyla sinter üretim veriminin 
artırılmasına yönelik çalı malar yapılagelmektedir. 
Goswami ve arkada ları Rourkela tesisi için 
geli tirdikleri sistemde malzeme besleme hızı, malzeme 
bunkeri seviyesi, ölçülen nem de eri ve ilave edilen su 
miktarı parametrelerine göre sinter makinesindeki yatak 
geçirgenli ini hesaplamı  ve bu geçirgenlik de erine göre 
yeni nem set de eri çıkı  bilgisini üreten matematiksel bir 
model tasarlamı lardır [2]. Nozawa ve arkada ları
yaptıkları çalı mada sinter sıcaklık verileri, harman 
seviyesi ve güncel nem de erinin sinterleme kararlılı ı
üzerindeki etkilerini göstermi lerdir[3]. Li ve Gong ise 
sinter harmanındaki nem kontrolünü, set edilen ve 
ölçülen nem de erleri arasındaki fark ve bu farktaki 
de i im parametrelerini kullanarak bulanık PID kontrol 
modeli ile yapmı lardır [4]. Benzer ekilde Hiroto ve 
arkada ları Nippon Steel için yaptıkları çalı mada, hedef 
nem de eri ile ölçülen nem arasındaki fark ve bu farktaki 
de i im parametrelerini bulanık mantık tabanlı
modellerinde de erlendirerek sisteme atanacak nem 
de erini belirlemi lerdir[5].  

Bu çalı mada skenderun Demir ve Çelik A. .
( SDEM R) sinter tesislerindeki ürün kalitesini artırmak 
için harman nemi de i imi, sinterle menin sa lanması
için olu turulan vakum de i imi ve hesaplanan 
geçirgenlik de i imi parametrelerinden yeni nem set 
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de eri üreten bulanık mantık tabanlı bir model 
geli tirilmi tir. Vakum, nem ve geçirgenlik 
parametrelerinin bir arada kullanılması ve hesaplanan 
nem set de erinin klasik programlama yerine bulanık
mantık kontrolüyle yapılması çalı manın özgünlü ünü
göstermektedir. 

2. Deneysel Çalı malar 

Yüksek fırınların en büyük girdisi olan sinterin üretim 
süreci, toz cevher, kireçta ı, dünit ve kok tozu 
malzemelerinin belirli oranlarla sisteme alınıp
karı tırılması ve nemlendirilmesi ile ba lar. Bu karı ım
malzeme bir bunker vasıtasıyla sinter makinesi üzerine 
düzgün bir ekilde serilir ve makinenin ba ında bulunan 
ate leme fırınıyla üstten tutu turulur. Kok tozu yakıtının
sa ladı ı ısıyla ve kireçta ının etkisiyle toz cevherin 
kalsinasyonu sonucu sinterle me i lemi gerçekle ir.
Harmanın üst kısmında ba layan bu i lem, malzeme 
sinter makinesi üzerinde ilerledikçe alt katmanlara do ru
ilerler ve ideal durumda makinenin sonunda tüm 
katmanlarda tamamlanmı  olur [6]. ekil 1’de sinter 
makinesinin ba ında harmanın tutu turuldu u ve 
sinterle me i leminin ba ladı ı bölüm gösterilmektedir.      

ekil 1. Sinter makinesi 

2.1. Sinter Fabrikasında Nem Kontrolü 

Sinter üretim verimi, toz cevherin sinter makinesinde tam 
olarak sinterle tirilebilmesi ile do rudan ilgilidir. Makine 
üzerinde tam bir sinterle me sa lanması için harman 
neminin do ru ayarlanması gerekir. Yüksek nem, 
malzemenin sinterle meden çi  olarak makineyi terk 
etmesine, dü ük nem ise malzemenin yanmasına sebep 
olur [4]. Daha önceki tecrübelere göre ideal nem 
aralı ından % 1 oranındaki bir sapma, sinter üretiminde 
% 10 oranında bir dü ü e yol açmaktadır [1,2]. Bu 
bakımdan istenen kalite ve verimde üretim yapmak için 
ideal nem aralı ında çalı mak çok önemlidir.

SDEM R sinter tesislerinde sinter harmanına belirli 
sürelerle de i ik oranlarda su ilave edilip buna ba lı
olarak nem, vakum ve geçirgenlik parametreleri 
izlenmekte, geli tirilen bulanık mantık tabanlı nem 

kontrol uygulaması ile bu parametrelerin de erlerindeki
de i ime göre yeni bir nem set de eri hesaplaması
yapılmaktadır. Geli tirilen modelin giri  parametreleri 
öyle izah edilebilir: 

Nem De i imi: Sinter harmanına, toz cevher cinsi, 
kireçta ı tipi ve kullanım oranı ve mevsim etkisine ba lı
olarak su ilave edilerek %1 ile %3 aralı ında bir nem 
artı ı sa lanmaktadır. lave edilen su miktarı, yakla ık bir 
saat gibi sürelerle küçük oranlarla de i tirilerek
gerçekle en de i ime göre sinter makinesinde olu turulan
vakum ve malzeme geçirgenli indeki de i im 
izlenmektedir. Buna göre nem kontrol modelinin ilk 
parametresi su ilave edildikten sonra ölçümü yapılan
harman nem de erindeki de i imdir.    

Vakum De i imi: Sinter harmanının üst katmanında
ba layan sinterle me i leminin alt katmanlara do ru
ilerlemesi ana fan kolektörünün olu turdu u vakum 
sayesinde olur. Emi  klapeleri en yüksek açıklıkta
tutularak vakum büyüklü ünün kararlılı ını koruması
istenir. Vakum de eri basınç hattındaki kaçaklar, 
harmanın fiziksel yapısının ya da seviyesinin de i mesi 
gibi durumlarda de i iklik gösterecektir. Aynı ekilde
nem de i ikli i yapıldı ında da vakumun de i mesi 
beklenir. Bu çalı mada nem de i ikli ine ba lı olarak 
gerçekle en vakum de i imi modelin ikinci parametresi 
olarak ele alınmı tır.

Geçirgenlik De i imi: Sinter makinesinin üzerine serilen 
harmanın geçirgenli i tam sinterle me sa lanmasına etki 
eden önemli bir faktördür. Üst katmanda ba layan
sinterle menin alt katmanlara ilerlemesi iyi bir 
geçirgenlikle mümkün olur. Nem ve geçirgenlik arasında

ekil 2’de gösterildi i gibi parabolik bir ili ki oldu u ve 
en yüksek geçirgenli in ideal nem de erinde elde 
edilece i söylenebilir [1]. 

ekil 2. Nem ve geçirgenlik ili kisi

Sinter yatak geçirgenli i de eri popüler olarak a a ıdaki
e itli e göre hesaplanmaktadır [7]:
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𝐽𝑃𝑈 𝐹𝐴𝐿 𝑃     (1) 

Bu e itlikte, JPU, Japon geçirgenlik birimi (Japanese 
Permeability Unit), F basınç farkı olu turmak için çekilen 
hava debisi (m3/dk), A sinter makinesinin alanı (m2), L
makineye serilen harman yüksekli i (mm) ve P
olu turulan basınç farkı (mmH2O) büyüklükleridir. 

2.1. Veri Setinin Elde Edilmesi

SDEM R sinter fabrikası için geli tirilen akıllı kontrol 
sistemlerinin ihtiyaç duydu u veriler, Sinter Seviye 2 
otomasyon sistemi tarafından sa lanmaktadır. Bu sistem 
ile sinter fabrikasına ait tüm üretim bilgileri her saniye 
programlanabilir mantıksal denetleyici (PLC) 
sistemlerinden okunup istenen süre ve ekillerde
(ortalama, en büyük, en küçük) veri tabanına
kaydedilmektedir. Bu ekilde istenen tüm bilgilerin ar iv
kayıtları tutulmakta ve bu veriler üzerinden gerekli 
modellemeler yapılabilmektedir. Bu çalı mada kullanılan
nem, vakum ve geçirgenlik parametrelerinin 
de erlerindeki de i imler veri tabanındaki kayıtlar
üzerinden kolaylıkla elde edilmektedir.

2.2. Bulanık Mantık

Bulanık mantık, insanın ifade etti i dü üncelerini
matematiksel fonksiyonlara çevirerek i lem yapan bir 
bilim dalıdır. Klasik mantıktaki var-yok, evet-hayır, 0-1 
gibi kesinlik belirten tanımlamalara kar ın bulanık
mantıkta az, biraz, oldukça gibi mu lak ama günlük 
hayatta kullandı ımız yapıya daha uygun tanımlamalar
vardır [8]. Bu sayede bulanık mantık uygulamaları ile 
dilsel ifadelere dayanan, problemin kolaylıkla tarif 
edilebildi i ve insan davranı ına oldukça yakın sonuçlar 
üreten modeller geli tirilebilir.

Bulanık mantık sistemi bulanıkla tırma birimi, kural 
tabanı ve çıkarım birimi ve durula tırma biriminden 
olu ur. Bulanıkla tırma birimi, girdi parametrelerinin 
dilsel olarak ifade edildi i ve bu ifadelere göre 
fonksiyonların tanımlanıp bu girdilerin üyelik derecesinin 
belirlendi i yerdir. Kural tabanında girdi parametrelerinin 
alaca ı de erlere göre nasıl bir çıkı  üretilmesi gerekti i
“e er-o halde-olsun ” eklinde kurallarla belirlenir. Bu 
sayede bir konunun uzmanının i  yapı ekli, sezgileri, 
bilgi ve tecrübesi geli tirilen modele aktarılmı  olur. 
Çıkarım birimi, bulanıkla tırılmı  giri leri kural tabanında
tanımlanmı  kurallara göre i leyerek bulanık çıkı  üretir. 
Durula tırma a amasında ise bulanık çıkı  de eri gerçek 
bir de ere dönü türülür.

2.3. Bulanık Mantık Tabanlı Nem Kontrol Modeli 

SDEM R sinter fabrikası için geli tirilen bu modelde 
nem, vakum ve geçirgenlik de i imleri giri  de i kenleri,
nem set de eri ise çıkı  de i kenidir. Sinter i letme 
tecrübelerine göre nem de i imi üç, vakum de i imi ve 
geçirgenlik de i imi be  kategoride tanımlanmı tır. Çıkı
de i keni de yine be  kategoride tanımlanmı tır. Buna 
göre nem de i iminde kar ıla ılabilecek durumlar 
dü mü , aynı kalmı , yükselmi eklinde ifade edilmi tir.
Vakum ve geçirgenlik de i imleri ise çok dü mü ,
dü mü , aynı kalmı ,  yükselmi , çok yükselmi  diyerek 
ifade edilmi tir. Bu giri lere göre bulunacak nem set 
de eri adlı çıkı  de i keni için ise çok dü ür, dü ür, aynı
bırak, yükselt, çok yükselt dilsel ifadeleri seçilmi tir.
Örnek olarak, nem de i imi parametresinde hangi gerçek 
de erlere kar ılık hangi dilsel ifadeler kullanıldı ı ve buna 
göre nasıl bir fonksiyon tanımlandı ı ekil 3’de 
gösterilmi tir.

ekil 3. Nem de i imi üyelik fonksiyonları

ekil 3’de nem de i imi, dilsel olarak dü mü , yükselmi ,
aynı kalmı  diyerek ifade edildikten sonra üyelik 
fonksiyonları öyle tanımlanmı tır: Nem de i imi, +/- 
0,15 (%) arasında ise bu durum tam olarak nemin aynı
kalma durumudur, buna göre üyelik fonksiyonu de eri
1’dir. 0,15’den 0,3’e ya da -0,15’den -0,3’e do ru
ilerledikçe nemin aynı kalma durumu ortadan kalkar ve 
üyelik fonksiyonunun de eri de 1’den 0’a dü meye ba lar.
Nem yükselmi  ve nem dü mü  durumlarında da üyelik 
fonksiyonu benzer ekilde tanımlanır. 

Bulanık sistem tasarımında en önemli adımlardan biri de 
kural tanımlamalarıdır. Tanımlanacak kurallar ile 
sistemdeki en uzman ki i ya da ki ilerin kararlarının,
sezgilerinin ve i  yapı ekillerinin modele ö retilmesi 
sa lanır. Sinter nem kontrolü için geli tirdi imiz bulanık
sistemde tüm olasılıkları de erlendirebilmek için üç ve 
be er adet üyelik fonksiyonuna sahip üç giri  parametresi 
için (3*5*5=75) yetmi  be  adet kural tanımlanmı tır.

ekil 4’de geli tirilen model ekranı üzerinde, bu 
kurallardan bazıları örnek olarak gösterilmi tir. Bu 
kuralların tanımlanması sinter i letme operatörü ve 
mühendisi olarak çalı an tüm yetkili ki ilerin aldıkları
ortak kararlara göre olmu tur. Kuralların e ik de erlerinin
hesaplanarak bulanık çıktı üretimi Mamdani çıkarım
yöntemine göre yapılmı tır. Bulanık çıktının gerçek bir set 
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de erine dönü türülmesi i lemi için a ırlık merkezi 
yöntemi kullanılmı tır.

ekil 4. Bulanık sistemde tanımlanan bazı kurallar

3. Sonuçlar ve Tartı ma 

SDEM R sinter fabrikası için geli tirilen bulanık mantık
tabanlı nem kontrol modeli C# yazılım dili ile 
geli tirilmi tir.  Bu model, belirli sürelerle giri
parametreleri olan nem, vakum ve geçirgenlik de i imleri 
bilgilerini alıp bir çıkı  de eri üretmektedir. Üretilen bu 
çıkı a göre Seviye 2 uzman sistemi sinter operatörüne bir 
öneride bulunmaktadır. ekil 5’de gösterildi i gibi bu 
öneride giri  de i kenlerinin aldı ı de erler gösterilip 
nasıl bir atama yapılması gerekti i belirtilmektedir. Nem 
kontrol modeli e er tam otomatik modda kullanılıyorsa bu 
bilgilendirmeyi yaparken aynı zamanda çıkı  de erini
ilgili yere atamaktadır.  

ekil 5. Nem kontrol modeli önerisi

Nem kontrol modeli, sinter fabrikası harman nemini 
bilimsel yollarla yöneterek operatör kullanımından çok 
daha iyi bir yöntem ortaya koymaktadır. Bu sayede 
ki ilere, vardiyalara ba lı farklılıkları ortadan kaldırıp çok 
daha kararlı bir üretim yapma olana ı sunmaktadır.   

4. Sonuç 

SDEM R sinter tesisleri için geli tirilen bu model ile 
nem, vakum ve geçirgenlik de i imi parametreleri 
bulanık mantık yakla ımıyla ele alınarak atanması
gereken nem set de eri bilimsel yollarla hesaplanmı tır.
Bu model ile hem nem kontrol i lemi otomatik olarak 
yapılmı  hem de en do ru kararların uygulanmasıyla
makinede istenen seviyede sinterle me i lemi sa lanarak
sinter tozu oranı dü ürülmü tür. Bu model ile ekil 6’da 

gösterildi i gibi %3 oranında verim artı ı sa lanmı  ve 
bu katkının süreklili i sa lanmı tır.    

ekil 6. Nem kontrol modelinin üretim verimine katkısı
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Abstract 

In this study, it was aimed to removal of heterogeneous 
hardness after heat treatment process of 38Si7 steel wire 
rod for tension clamps in railway fastening systems, 
conforming  mechanical properties, microstructure and 
optimum hardness values. In early studies, it was 
evaluated that the root cause of heterogeneous hardness 
problem is ferrite banding. In this context , CCT / TTT 
diagrams were acquired by using JMatPro software, 
transformation temperatures were determined and stelmor 
process simulations were performed with Gleeble 3500 
thermo-mechanical simulator and effect of this study on 
the microstructure were experimentally investigated. With 
the obtained findings, industrial applications were made in 
homogeneous cooling with constant cooling rate of about 

ucture 
results were examined after trial productions. The aimed  
mechanical properties were provided at all laying head 
temperatures and also it was determined that grain sizes 
were inversely proportional to laying head temperature 
according to ASTM E112-13. It has been determined that 
the laying head temperature does not have ferrite banding 

Wire rods without ferrite banding provided homogeneous 
hardness in customer process, that satisfy the customer 
demands.

olup bu 

belirlenmi

s

-
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 olarak nitelendirilmekle 
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Kangal haddehanesi
9 tezgah sonr -45 mm 

18 ndirilir. Finish grubunda 
dikey ve yatay 10 tezgah bulunmakta olup,  finish 
grubunun ilk 3- -
indirgenen kangal utma 
so utularak ile serme kafadan 

,
sebebi olarak ferrit bant

.
 (Ar3) 

830   olan Ar3

.

2.

verilen kimyasal kompozisyona uygun olarak JMatPro 

.

Kangal haddehanesinde belirlenen 
parametrelerine benzer kimyasal ve hadde parametreleri 

-
nda 

Tablo 1. Kangal 
Kimyasal Kompozisyonu 

No Kalite C Mn S P Si Al N Cu Ni Cr Ti 

-1
38Si7 
(1.7038_00) 0,39 0,63 0,004 0,01 1,64 0,012 0,0053 0,04 0,06 0,2 0,004 

Tablo 2.

Stelmor 
Prosesi 

Serme 
Kafa 

(

Serme Kafa - Kapak -

1 865 0,27 580 0,6 
2 840 0,27 580 0,6 
3 810 0,27 580 0,6 

 2. JMatPro 

1.

 3.
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2.2. Gleeble 3500 

7-

prosesleri tamamlanan flow stress numunelerinin mikro 

2.3.

Kangal Haddehanesinde benzer kimyasal analizlere sahip 

Ferri

 ile bu problem 
olarak 

 t

Tablo 3. Deneme 

Serme 
Kafa 

(
No Kalite C Mn S P Si Al N Cu Ni Cr Ti 

830 -2 
38Si7 

(1.7038_00) 0,39 0,63 0,004 0,01 1,64 0,01 0,005 0,04 0,06 0,20 0,004 

840 -3 
38Si7 

(1.7038_00) 0,39 0,63 0,004 0,01 1,64 0,01 0,005 0,04 0,06 0,20 0,004 

860 -4 
38Si7 

(1.7038_00) 0,39 0,66 0,002 0,01 1,66 0,01 0,004 0,08 0,05 0,20 0,028 

880 -5 
38Si7 

(1.7038_00) 0,40 0,65 0,002 0,01 1,70 0,01 0,004 0,02 0,03 0,18 0,028 

paternleri 3500

Tablo 4.
Serme Kafa 

(

Serme Kafa -
-

830 0,27 580 1,20 

840 0,27 580 1,20 

860 0,29 600 1,00 

880 0,31 600 0,87 

3.

Gleeble 3500 
kompozisyonlara sahip numuneler 

 ile kimyasal 

JMatPro 
Advance CCT 

5. JMatPro 
Advance TTT

6. JMatPro 

7.
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3.1. Gleeble 3500 Terma na 

 edilerek elde edilen numune 

3.2. 

 kangal nu

de kangal numunelerine TS EN ISO 6892-1 

Mikro ya
incelemesine tabii tutulan kangal numuneleri ASTM E3 - 
11

E112-

Tablo 5.
Serme 
Kafa 

(
No Kalite Ebat

(mm) 
Mukavemet %

Uzama 
% Kesit 

830 -2
38Si7 

(1.7038_00) 13 770 23 39

840 -3
38Si7 

(1.7038_00) 13 774 24 40

860 -4
38Si7 

(1.7038_00) 13 759 22 41

880 -5
38Si7 

(1.7038_00) 13 770 24 43

3.3. 

410 HV 

9. Tablo 4 Kangal Haddehanesi 
X200- X500 

8. Stelmor proseslerinde X200- 

10.
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D
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3500 ciha

 
tur. 
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m elementi 

 830
ASTM 

E112-13 tane boyutu 10,6 

 840  elementi 
kangallarda ASTM 
E112-13 tane boyutu 10,6 

 860

ASTM E112-13 tane boyutu 9,4 

 880

ASTM E112-13 tane boyutu 9,8 

ferrit bant

ola
, uygun mekanik 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

882 IMMC 2018   |   19th International Metallurgy & Materials Congress

EN 10025-2:2004 S355 J2 Kalite Çeliklerin Mekanik Özelliklerinin Deney Tasarımı 
Yaklaşımı ile Modellenmesi

•
The Modeling of Mechanical Properties of EN 10025-2:2004 S355j2 Grade Steel by 

Experimental Design Approach
İlker Ayçiçek, Muhammet Bilen, Koray Aray, Kübra Karakuzulu, Burcu Soysal Atan, Ferhat Uğur, Alperen Terzi

İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
  
  
  
  
  Abstract

S355J2 grade steel is commercially named as 4252 quality 
produced in the Iskenderun Iron and Steel Co. (ISDEMIR) 
is used in the production of machine parts, in general 
construction production, in the class of structural steels 
used in the production of road and railway vehicles. That 
quality is produced according to EN 10025-2:2004 and is 
suitable for class1 galvanized coating in the thickness range 
of 1.8-20 mm and 800-2000 mm width depending on the 
thickness. According to the relevant standard, it is desired 
that the yield strength is higher than 355 MPa and the 
tensile strength is between 510-680 MPa (t 3 mm). In 
addition to this, it is necessary to perform Charpy impact 
test at -20 °C. 

According to the process parameters, 4252 grade steel is 
met depend on the coil thickness by two different casting 
steel grade. For 1,8-8 mm thickness 4.4252_51 and for 
8,01-20 mm thickness 4.4252_52 grades are used. In the 
production of 4.4252_51 grade, Ti, Nb and Mn are used as 
alloying elements; in the production of 4.4252_52 grade, V 
is used as an alloying element with Ti, Nb and Mn. In this 
study, full factorial design is used as experimental method. 
For this purpose, factors are determined to use in 
experiments, these factors are set as %Mn, %Nb and 
coiling temperature. A full factorial design is prepared with 
a total of 16 experiments with 3 factors, 2 repetitions for 
4.4252_51 grade; also for 4.4252_52 grade, a full factorial 
design with 2 factors, 3 repetitions and 12 experiments is 
prepared. As a result of the study, the relationship between 
the factors considered in the experiments and the 
mechanical properties was found statistically. 

Özet

EN 10025-2:2004 S355 J2 standardına ait skenderun
Demir ve Çelik A. . ( SDEM R) kalitesi olan 4252 kalite; 

makine parçası imalatında, genel konstrüksiyon üretiminde, 
kara ve demiryolu araçları imalatında kullanılan yapı
çelikleri sınıfına girmektedir. lgili kalite söz konusu 
standarda göre class1 galvaniz kaplamaya uygun olarak 
1,8-20 mm kalınlık aralı ında ve kalınlı a ba lı olmak 
üzere 800-2000 mm geni likte üretilmektedir. lgili
standarda göre akma mukavemetinin 355 MPa’nın
üzerinde, çekme mukavemetinin ise 510-680 MPa (t 3
mm)  aralı ında olması istenir. Ayrıca -20°C’de darbe 
testinin yapılması zorunludur. 

4252 sipari  çelik kalitesi SDEM R’de 2 faklı döküm çelik 
kalitesinden (DÇK) üretilmektedir. 1,8-8 mm için 
4.4252_51 DÇK’den; 8,01-20 mm için ise 4.4252_52 
DÇK’den üretilmektedir. 4.4252_51 DÇK’de ala ım
elementi olarak Ti, Nb, Mn kullanılmakta; 4.4252_52 
DÇK’de ise ala ım elementi olarak Ti, Nb ve Mn’ın
yanında V da ilave edilmektedir. Yapılan çalı mada tam 
faktöriyel deney tasarımı yöntemi kullanılmı tır. Mn, Nb ve 
sarılma sıcaklı ı deneylerde dikkate alınan faktörlerdir. 
4.4252_51 döküm çelik kalitesi için 3 faktörlü, 2 tekrarlı,
toplam 16 deneylik tam faktöriyel bir tasarım; 4.4252_52 
döküm çelik kalitesi için ise 2 faktörlü, 3 tekrarlı, toplam 
12 deneylik tam faktöriyel bir tasarım hazırlanmı tır.
Çalı ma sonucunda, deneylerde dikkate alınan faktörler ile 
mekanik özellikler arasındaki ili ki istatistiksel olarak 
ortaya çıkarılmı tır.

1. Giri

Çalı maya konu olan EN 10025-2:2004 S355 J2 kalitesi i
makineleri imalatı, genel konstrüksiyon levhaları, muhtelif 
makine parçası imalatı, kara ve demiryolu araçları imalatı
için genel yapı çelikleri uygulamalarında kullanılan bir 
çelik türüdür. Kalite ifadesinde belirtilen “EN” Euro 
Norm’u ifade etmekte olup, “10025” Euro Norm’un ilgili 
standart numarası olup, “-2” ile belirtilen kısım standardın
sıcak haddelenmi  yapı çeliklerinin teknik teslim 
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ko ullarını belirtmektedir. S ifadesi ile yapı çeli i
vurgulanmaktadır. “355” de eri minimum akma 
mukavemetini MPa cinsinden göstermektedir. “J2” 
ifadesindeki “J” harfı darbe dayanımının minimum 27 J 
oldu unu “2” ifadesi ise -20°C’de darbe dayanımının
zorunlu oldu unu gösterir [1]. 

SDEM R’de ilgili standarda uygun olarak birkaç kalite 
üretilmektedir. Bu kalitelerdeki temel farklardan bir tanesi 
de mü terinin galvaniz prosesine uygun olarak üretim 
yapılmasıdır. EN 10025-2 standardında 3 farklı
galvanizleme türü bulunmaktadır. Farklı galvaniz türüne 
uygun kalitelerin üretiminde temel fark, çeli in içerisinde 
bulunan silisyum ve fosfor elementi oranıdır. Galvanizleme 
uygun olarak 3 sınıf mevcuttur. Bunlardan ilki “Sınıf 1” 
olan ve içerisinde %Si: maksimum 0,03 ve %Si + 2,5 %P: 
maksimum 0,090 artını sa layan çeliklerdir. “Sınıf 2” için 
%Si: maksimum 0,35 ve “Sınıf 3” için %Si: 0,14-0,25 ve 
%P: maksimum 0,035 artlarının sa landı ı çelik türleridir. 
Çalı mada kullanılan çelik (EN 10025-2 S355J2 ; 
SDEM R 4252 kalite) “Sınıf 1” galvanizlemeye uygun 

olarak üretilmektedir. 

Çalı mada deneysel tasarım yöntemi ile mekanik 
mukavemetlerin modellenmeye çalı ıldı ı kaliteler 4252 
sipari  çelik kalitesine ba lı üretimi yapılan kalitelerdir. 
Üretimi yapılan kaliteler Yüksek Fırın- Kükürt Giderme 
stasyonu - Bazik Oksijen Konverteri - kincil Metalurji 
stasyonu - Slab Döküm Makinası - Slab Isıtma Fırını ve 

Sıcak Haddehane - Bobin Hazırlama ve/veya Makas Hatları
proseslerinden geçerek üretilmektedir.  

Yüksek fırınlardan alınan sıvı ham demirin kükürt 
de erinin dü ürülmesi amacıyla sıvı ham demir kükürt 
giderme istasyonuna alınır. Bu istasyondan kalitenin 
kullanım alanı, standart gereklilikleri ve mü teri talepleri 
do rultusunda kalite kart aralıklarına göre kükürt de eri
istenilen seviyeye dü ürülür. Kükürdü giderilmi  sıvı ham 
demir, yakla ık %15-20 arası hurda ile birlikte bazik 
oksijen fırınına arj edilir. Kullanılan hurdanın cinsi ürün 
içerisinde bulunacak olan ve özellikle çalı maya konu 
kalitede darbe dayanımını olumsuz etkileyecek olan 
empürite açısından temiz olması kritik öneme sahiptir.  
Bazik oksijen fırınında sıvı ham demir ve hurda karı ımı
üzerine oksijen üflenerek bu karı ım çeli e dönü türülür.
Çelik bazik oksijen fırınından, kimyasal kompozisyonun 
ayarlanması, döküm sıcaklı ının ayarlanması,
deoksidasyon i leminin tamamlanması, nihai kükürt 
giderme i lemlerinin yapılması ve çelik temizli i için 
önemli olan kalsiyum i leminin yapılması için ikincil 
metalürji istasyonuna iletilir. Burada i lemleri tamamlanan 
döküm dökülmek üzere slab döküm makinasına çıkarılır.
Üretilen slablar sıcak haddeleme prosesinden önce 
tavlanmak için slab ısıtma fırınlarında arj edilir. Burada 

tavlanan slablar sıcak haddeleme prosesinden sonra hattan 
sıcak haddelenmi  rulo olarak imal edilir.  

2. Deneysel Çalı malar 

Çalı ma kapsamında mekanik özelliklere etki eden 
faktörlere bilinçli müdahale yaparak her bir müdahalenin 
mekanik özellikler üzerinden nasıl bir sonuç do urdu unun
sistematik bir ekilde analiz edilmesi amaçlanmı tır. Bu 
nedenle deney tasarımı yöntemi (Design of Experiment-
DOE) tercih edilmi tir. DOE yöntemi ile analiz yapılırken,
her bir faktörün istenen mekanik özelli e eri mek için 
hangi seviyede çalı ılması gerekti i ortaya 
koyulabilmektedir.

4252 sipari  çelik kalitesi SDEM R’de 2 faklı döküm çelik 
kalitesinden (DÇK) üretilmektedir. 1,8-8 mm için 
4.4252_51 DÇK’den; 8,01-20 mm için ise 4.4252_52 
DÇK’den üretilmektedir. 4.4252_51 DÇK’de ala ım
elementi olarak Ti, Nb, Mn kullanılmakta; 4.4252_52 
DÇK’de ise ala ım elementi olarak Ti, Nb ve Mn’ın
yanında V da ilave edilmektedir.

Deneylerde kullanılacak faktörler belirlenirken süreç bilgisi 
do rultusunda karar verilmi tir. Mikro ala ımlı orta 
karbonlu çeliklerde kuvvetli karbür, nitrür ve karbonitrür 
olu turucu niyobyum, titanyum ve vanadyum elementleri 
ilave edilerek tane küçülmesi, çökelme sertle mesi ve 
dönü üm sıcaklı ı kontrol edilmektedir. Ti, Nb ve V birim 
hücrede e it sayıda karbon içeren yüzey merkezli kübik 
yapıda kafesteki bo luklara yerle erek titanyum karbür, 
niyobyum karbür, vanadyum karbürleri ve nitrürleri 
olu turmaktadır. Olu an karbürlerin ve nitrürlerin 
çözünürlü ü sıcaklı a ba lı olarak de i ir. Vanadyum 
elementi; sıcak haddeleme sonrasında so uma sırasında
ferrit içinde vanadyum karbonitrür çökeltileri olu turarak
mukavemeti arttırıcı yönde etkide bulunur [2]. Bu 
nedenlerden dolayı faktör seçiminde kimyasal analize ve 
haddeleme parametrelerine odaklanılmı tır.

Yapılan çalı mada tam faktöriyel deney tasarımı yöntemi 
kullanılmı tır. Mn, Nb ve sarılma sıcaklı ı deneylerde 
dikkate alınan faktörlerdir. 4.4252_51 döküm çelik kalitesi 
için 3 faktörlü, 2 tekrarlı, toplam 16 deneylik tam faktöriyel 
bir tasarım; 4.4252_52 döküm çelik kalitesi için ise 2 
faktörlü, 3 tekrarlı, toplam 12 deneylik tam faktöriyel bir 
tasarım hazırlanmı tır.

Çizelge 1. 4.4252_51 döküm çelik kalitesi faktörler ve 
seviyeleri 

Faktör Dü ük Yüksek 
%Mn 1,20 1,35 
%Nb 0 0,015 

Sarılma sıcaklı ı (°C) 560 590 
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4.4252_51 DÇK’den 4 deneme döküm gerçekle tirilmi tir.
4 deneme dökümden 4’er slab seçilerek kalınlık 6 mm ve 8 
mm olacak ekilde hedeflenen sarılma sıcaklı ına göre 
haddelenmi tir.

Çizelge 2. 4.4252_52 döküm çelik kalitesi faktörler ve 
seviyeleri 

Faktör Dü ük Yüksek 
%Nb 0,015 0,025 

Sarılma sıcaklı ı (°C) 560 580 

4.4252_52 DÇK’den 2 deneme döküm gerçekle tirilmi tir.
2 deneme dökümden 6’ ar slab seçilerek kalınlık 16 mm 
olacak ekilde hedeflenen sarılma sıcaklı ına göre 
haddelenmi tir.

3. Sonuçlar ve Tartı ma

Hazırlanan deney tasarımı do rultusunda haddelenen 
bobinlerden mekanik mukavemet testleri için numune 
alınmı tır. Her bir bobinin akma mukavemeti, çekme 
mukavemeti ve %uzama de erleri analiz edilmi tir.  

ekil 1. 4.4252_51 DÇK akma mukavemeti test sonuçları

ekil 2. 4.4252_51 DÇK çekme mukavemeti test sonuçları

ekil 3. 4.4252_51 DÇK %uzama test sonuçları

4.4252_51 ve 4.4252_52 DÇK kaliteleri için olu turulan
deneylerin MiniTab® yazılımı üzerinden analiz edilmesi ile 
akma mukavemeti, çekme mukavemeti ve %uzama için 
R2(adj) de eri %90 ve üzerinde olan güçlü matematiksel 
modeller elde edilmi tir. Olu turulan matematiksel 
modellerdeki ana faktörlerin ve faktör etkile imlerinin çıktı
üzerindeki etkisi pasta grafikleri ile de erlendirilmi tir.

ekil 4. 4.4252_51 DÇK akma mukavemetine etki eden 
faktörler

ekil 5. 4.4252_51 DÇK çekme mukavemetine etki eden 
faktörler



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

885
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

ekil 6. 4.4252_51 DÇK %uzama’ya etki eden faktörler 

Deneyler sonucunda matematiksel olarak modellenen 3 
farklı çıktı için girdi faktörlerinin optimum seviyesini 
belirlemek amacıyla optimizasyon yapılmı tır. Yapılan
optimizasyon çalı ması sonucunda birle ik istenilirlik 
de eri 0,84 gibi yüksek bir de er elde edilmi tir.

ekil 7. 4.4252_51 DÇK optimizasyon grafi i

Benzer analizler 4.4252_52 DÇK kalitesi için de yapılmı
ve sonuçlar de erlendirilmi tir.

4. Sonuç 

Yapılan çalı mada 4.4252_51 DÇK’de niyobyum ilavesi 
kaldırılmı  ve mangan ilavesi azaltılmasıyla birlikte CCT 
diyagramları incelenmi tir. stenilen mikro yapısal
özelliklerin niyobyumsuz ve hangi dönü üm sıcaklı ında
olaca ı tespit edilerek tasarlanan yeni analiz ile üretim 
yapılmı tır. Sıcak haddehane parametreleri incelenerek 
sarılma sıcaklı ı dü ürülmü tür.  

4.4252_52 DÇK’de ise Ti, Nb ve V elementleri yerine 
tasarlanan yeni analizle vanadyum ilave edilmeden mevcut 
niyobyum ve titanyum de erleri kullanılıp sarılma sıcaklı ı
dü ürülerek istenen akma ve çekme mukavemeti, %uzama 
de eri sa lanmı tır. Bu sayede vanadyum ilave edilmeden 
istenilen mukavemet de erleri sa lanmı tır.

Yapılan çalı ma kapsamında elde edilen sonuçlar a a ıda
özetlenmi tir.

4.4252_51 DÇK’de: 

• Tandi  ortalama %Mn de eri %3 oranında
azaltılmı tır.

• Tandi  ortalama %Nb de eri %92 oranında
azaltılmı tır.

• Pota fırınlarında ilave edilen döküm ba ına orta 
karbonlu FeMn miktarı %48 oranında
azaltılmı tır.

• Pota fırınlarında ilave edilen FeNb_M miktarı
ilave edilmemeye ba lanmı tır.

4.45252_52 DÇK’de: 

• Konverterde ilave edilen FeV miktarı ilave 
edilmemeye ba lanmı tır.

Sonuçta, 4.4252_51 ve 4.4252_52 DÇK için akma 
mukavemeti, çekme mukavemeti ve %uzama mekanik 
özelliklerinin matematiksel modelleri olu turulmu tur. 
Beklenen mekanik mukavemet de erlerinin daha dü ük
ferro alyaj ve ala ım elementi kullanımı ile sa lanması
sonucunda maliyet avantajı sa lanmı tır. 
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Granüle İnba Sisteminde Tamburda Kullanılan Elek Tasarımı Değiştirilerek Kullanım 
Süresinin 3 Aydan 15 Aya Uzatılması

•

Improving the Life Span of the Plate Screens at Slag Granulation System (Inba) from 3 Months up to 15 
Months, via Alteration of Screen Design

İbrahim Çakmak, Mehmet Atıl Tunç

İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
  
  
  
  
  Abstract

In this paper, Slag granulation and conveying system 
(INBA) rotating drum screens improvement work is 
examined at BF No. 4, Iskenderun Iron and Steel Co. 
(ISDEMIR) which was commissioned in August 2011. The 
advantages for the ironmaking process of changing the 
screens’ design and material quality of the drum system, 
has been discussed. 

During the process, pig iron and slag, that are obtained 
from SDEM R blast furnaces, are taken out of the furnace 
from the hearth area called as tap hole. The molten metal 
and slag is separated automatically in the main runner 
system by the difference between their densities.After the 
separation, the slag is led to INBA system where it is 
granulated by 2,5 bars pressure and 2500 m3 of water. 
Granulated slag is forced by the mixers to the rotating drum 
to be sieved from water drops. Via the screens of the 
rotating drum system, the granulated slag is separated from 
water properly and distributed to the conveyor belts without 
water. The screen plates are doing a critical job on the 
system. If any fragmentation or cracking occurs on the 
screens, the granulated slag will not be separated in proper 
way and the abrasive slag granules will join the water 
circulation. In this case the abrasion in the carrying pipes, 
cooling circuit pipes and cooling towers will effect the 
whole granulation system adversely in time. For this 
reason, the design and the material specification of the 
cracked or teared screen plates had been changed to upto 15 
months lasting one and the expenditure for the damaged 
parts of the system was lowered. 

With a total working volume of 2500 m³, Turkey’s newest 
and biggest Blast Furnace ISDEMIR Blast Furnace #4 
(Dilek) was using the double layers of screens in the drums 
(thick and thin one, 3 mesh and 18 mesh) that are getting 
torn apart in 3 months. In 2017, the shape of the screen 
holes, material quality and thickness have been changed, 
double layer application was abandoned to single layer 

screen. As a result of the efforts; the life expectancy has 
been improved upto 15 months, labour cost and the 
damages derived from the case is reduced. 

Özet 

Bu çalı mada, skenderun Demir ve Çelik A. ’de
( SDEM R) 2011 yılı A ustos ayında devreye alınan 4 
Nolu Yüksek Fırında granüle inba tesisinde yüksek fırın
cürufunun inba tesisinde basınçlı su ile granüle ederek, su 
ile cürufu ayrı tıran tambur eleklerinde yapılan iyile tirme 
çalı ması incelenmektedir. Demir üretimi sürecinde yüksek 
fırın cürufunun granüle edildikten sonra su ile granüle 
cürufu ayrı tıran tambur sistemindeki elek kalitesi ve 
tasarımının de i tirilerek sa lanan avantajlar 
irdelenmektedir.  

SDEM R Yüksek Fırınlarında, proses sonrası elde edilen 
sıvı ham demir ve cüruf, fırın hazne bölgesinde bulunan, 
döküm deli i olarak adlandırılan bölgelerden fırın dı ına
alınır. Sıvı ham demir ve curuf özgül a ırlıklarından dolayı
kanal içerisinde ayrı tırıldıktan sonra sıvı curuf granüle 
inba sistemi tarafına yönlendirilerek 2,5 bar basınç, 2500 
m3 su ile granüle hale getirilmektedir. Granüle hale gelen 
sulu curuf döner ekipmanlı tambur sistemine getirilerek 
tambur üzerinde bulunan elekler sayesinde su ile granüle 
curuf ayrı tırılıp, curufun susuz bir ekilde stoklanması
sa lanır. Tambur ekipmanın da bulunan elekler çok kritik 
öneme sahip olup, elek üzerinde olu abilecek parçalanma 
ve yırtılmalar su ile curufun yeterince ayrı mamasını
etkileyecektir. Su ile curufun iyi bir ekilde ayrı maması
tüm sistemi zamanla etkileyece inden, üretim sürecini de 
riskli bir duruma getirmesi söz konusu olabilecektir. Bu 
sebepten mevcut durumda 3 ay içerisinde granüle curufun 
a ındırıcılık özelli inden dolayı parçalanan ve yırtılan
eleklerin tasarımı de i tirilerek elek ömrünün 15 aya kadar 
uzatılması ve sisteme verece i zararlar minimum seviyeye 
indirilmi tir. 2500 m³’lük çalı ma hacmiyle Türkiye’nin en 
büyük yüksek fırını olan SDEM R 4. Yüksek Fırın (Dilek) 
da, granüle inba sisteminde tambur eleklerinde çift elek 
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kalın ve ince olarak (3mesh ve 18 mesh) kullanılırken
(2017 yılına kadar). Bu kalitedeki elekler 3 ay içerisinde 
parçalanıp yırtılmaya ba lamaktaydı. 2017 yılında ve 
sonrasında yapılan çalı malar sonucunda elek 
malzemesinin kalitesi delik ekli ve kalınlı ı de i tirilerek
çift elek kullanımından tek elek kullanımına, 3 ay olan 
ömrü 15 aya kadar uzatılarak her elek de i imi için 
harcanan i çilik maliyeti, sistem ekipmanlarına verdi i
zarar ve elek maliyetlerini dü ürmü tür. Bu sayede üretim 
süreklili i de katkı sa lanmı tır. 

1. Giri

Türkiye’nin en büyük ve en yeni yüksek fırını SDEM R
A. . de 17 A ustos 2011 tarihinde devreye alınan 2500 m3 
lük çalı ma hacmi ile 4. Yüksek Fırındır. 4. Yüksek fırında
günlük sıvı ham demir üretim miktarı ortalama 
6500ton/gün, sıvı ham demir ile birlikte dı arı alınan curuf 
miktarı ortalama 2000ton/gün’ dür. SDEM R Yüksek 
Fırınlarında, proses sonrası elde edilen sıvı ham demir ve 
cüruf, fırın hazne bölgesinde bulunan, döküm deli i olarak 
adlandırılan bölgelerden fırın dı ına alınır. Haznede fırın
ölçülerine göre de i en sayıda döküm deli i bulunur. Sıvı
ham demir ve cüruf bu deliklerin özel bir matkap ile 
açılması ile fırın içerisindeki basınç kullanılarak fırın
dı ındaki ana kanallara alınır. Özgül a ırlık farkıyla sıvı
ham demir ve curuf kanallar içerisinde ayrı tırılarak curuf 
granüle inba tesisinde granüle hale getirilip tambur sistemi 
yardımıyla su ile curuf ayrı tırılıp, curufun stok sahasına
alınması sa lanır.

Bu çalı mada granüle inba sistemindeki elek kalitesi ekli
ile ilgili bilgiler ve kazanılan avantajları irdelenmektedir. 

2. Yüksek Fırın Curuf Granüle nba Sistemi 

nba sistemi yüksek fırınlarda sıvı ham demir üretimi 
esnasında yan ürün olarak çıkan cüruf granüle tesislerinde 
basınçlı su verilerek granül hale getirilmektedir. Granüle 
haline getirilen cüruf çimento sanayinde hammadde olarak 
kullanılmaktadır. Cüruf yapısında % 42 SiO2, %33 CaO, 
%12 Al2O3, 6,63 %MgO, %0,22 FeO, %0,6 S içerir. 4 
Nolu Yüksek fırında 1 ton sıvı ham demir için cüruf miktarı
300-320kg/t ve günlük cüruf üretim miktarı min.1.680 ton 
ve max. 2.200 ton olarak planlanmı tır.

ekil 1. Granüle nba Sistemi 

1. Granül Ba lı ı

2. Su besleme

3. Granül tankı

4. Baca

5. Da ıtıcı (Distribütör) 

6. Susuzla tırma tankı

7. Sıcak su tankı

8. Granül su pompası

9. Tank temizleme suyu 

10. Tank temizleme havası

11. Konveyör bandı

12. Stok bölgesi 

yile tirme çalı ması yapılan bölge 6 nolu bölgedir. Bu 
bölgede su ile curufun ayrı masını sa layan tambur 
bulunmaktadır. Bu ayrı ma tamburda bulunan elekler 
vasıtasıyla sa lanmaktadır. Tambur üzerinde 84 adet elek 
bulunmaktadır. 4. Yüksek Fırında 2 adet granüle inba 
sistemi bulundu u için toplamda 168 adet elek 
bulunmaktadır. su ile curuf elek üzerinde ayrı arak su 7 
nolu sıcak su havuzuna dökülmek, curuf ise elek üzerinde 
kalarak 19 nolu konveyör bant üzerinden curuf stok 
sahasına gönderilmektedir. 

ekil 2. Tambur Sistemi 
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1. Susuzla tırma tankı,
2. Distirübör&yava latma kutusu,  
3. Tambur kanadı,
4. Konveyör bandı,
5. Temizleme suyu, 
6. Temizleme havası,
7. Yardımcı ve süzme ektanı,
8. Curuf kumu katmanı,
9. Sıcak su tankı,
10. Su aktarma sistemi,

ekil 2 üzerinde görünen 1 nolu Susuzla tırma tankında
eski durumda 2 adet elek kullanılmaktaydı. Bunlardan biri 
ince (18 mesh) di eri ise kalın (3 mesh) elektir.  

ekil 3. Eski Tip nce Elek (18 mesh) 

ekil 4. Eski Tip Kalın elek (3 mesh) 

Bu elekler ince alt tarafta olacak ekilde montajı tambur 
üzerine yapılmaktadır.

ekil 5. Tambur Sistemi Eleklerin Montajlı Hali 

Curufun granüle olduktan sonraki tane boyutu; 

5mm 3-5mm 1-3mm 1mm
altı

Tane rili i
(mm) 

1,15% 13,05% 60.61% 25,19%

Curuf granüle olduktan sonra tane boyutunun %75 i 1mm 
üzerindedir. Kimyasal yapısından dolayı çok fazla 
a ındırıcılık özelli ne sahiptir. A a ıdaki resimde 3 ay 
içerisinde parçalanan elek resmi gözükmektedir. 

ekil 6. Tambur Sistemi Eski Tip nce Elek (3 mesh) 
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ekil 7. Tambur Sistemi Eski nce Elek Montajlı Hali 

Bu ekilde parçalanan eleklerden ekil 2. Resminde 
görünen 9-10 nolu sıcak su tankı ve su aktarma havuzuna 
kaçan curuflar tüm sistemde dola arak curuf birikintilerine 
sebep olmaktadır. Zamanla bu birikintiler sistemin daha 
verimli çalı masına ve su balansının bozulmasına neden 
olmaktadır. A a ıdaki resimde sıcak suyun so utulması
için kullanılan so utma kulesinin iç kısmı gözükmektedir. 
Eleklerin parçalanmasıyla sistem içerisine kaçan curuflar 
zamanla so utma kulesinde birikme yaparak, içerde 
kütleler olu turmaya ba lamı tır. Bu olu um sistemin 
verimli çalı masını engellemektedir. 

ekil 8. So utma Kulesi 

2.1. Yeni Tasarım Krom Tambur Ele i

4. Yüksek Fırın curuf granüle inba sisteminde en kritik 
ekipmanlardan biri olan tambur sistemindeki elekler, 
curufun susuzla tırılması için önemli bir yere sahiptir. 
Sistemin verimlili i, süreklili i ve di er ekipmanların
performansları tamamen elek sisteminin sa lıklı bir ekilde
çalı masıyla do ru orantılıdır. 2017 yılına kadar sistem 
açısından büyük sorunlar çıkaran elek sistemi tasarımı
tamamen de i tirilerek daha verimli ve uzun ömürlü krom 
elek uygulamasına geçilmi tir.

ekil 9. Krom Elek X Detayı

ekil 10. Krom Elek Malzeme Kalitesi 

ekil 11. Krom Elek Tambura Montajlı Hali 
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3. Krom Elek Kullanımının Faydaları

4. Yüksek Fırın curuf granüle inba sisteminde krom elek 
kullanımının temel avantajları u ekilde sıralanabilir; 

• Eski Tip çift elek kullanımında elek ömrü ortalama 3 ay 
iken krom elek ömrü 15 aya kadar uzamı tır. 

• Elek de i im süresi uzadı ı için harcanan i çilik süreside 
azalmı tır. Her bir elek de i imi için 2 Mekanik Bakım
personeli 1 Elektrik Otomasyon personeli ve 1 i letme 
personeli 1 saat i çilik harcamaktaydı.

• Krom eleklerde yırtılma ve parçalanma olmayaca ı için 
sistem içerisine kaçan curuf miktarı minimum seviyeye 
dü ece inden sistem ekipmanlarına verece i zarar da 
minimum seviyeye dü mü tür. 

 • Elek de i im süresi uzadı ından sistemin daha verimli 
çalı ması sa lanmı tır.

• Curuf granüle inba sistemi için harcanan elek maliyetleri 
dü mü tür.

Tablo 1. Mevcut durumda kullanılan elek ile krom ele e
geçildikten sonraki durumu gösteren grafik. 

4. Sonuç: 2500 m³’lük çalı ma hacmiyle Türkiye’nin en 
büyük yüksek fırını olan SDEM R 4. Yüksek Fırınındaki
curuf granüle inba sistemindeki tambur susuzla tırmada
kullanılan eleklerin tasarımı de i tirilip krom ele e
geçildikten sonra yıllık elek de i im sayısı 450 adetten 100 
adete dü ürülmü tür. Ayrıca sistem içerisine kaçan curuf 
miktarı minimum seviyeye indirilerek sistem ekipmanlarına
verece i zarar minimum seviyeye indirilmi tir. Yeni 
tasarım krom elek için de patent ba vurusunda bulunularak 
patent alma çalı maları ba latılmı tır.

Referanslar

[1] SDEM R A. . 4. Yüksek Fırın Curuf Granüle nba
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[1] SDEM R A. . 4. Yüksek Fırın Curuf nba Elek 
Projeleri, 2011. 
[1] 4.Yüksek Fırın 2011 – 2016 Dönemlerine Ait 
Parametreler.
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İsdemir Sinter Fabrikasında Uzman Sistem Uygulamaları
•

Expert System Applications in Isdemir Sinter Plant
Ahmet Beşkardeş

İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
  
  
  
  
  

Abstract

Level 2 Expert System is used in Iskenderun Iron and Steel 
Co. (ISDEMIR) sinter plants, to increase production 
efficiency and quality, to manage the plant more steadily 
without operator decisions and to make plant management 
based on scientific methods. Expert systems are intelligent 
control applications that collect and evaluate process, 
analysis and raw material data and then generate the 
optimal assignment value for the plant. These applications 
have an inference from collected data, identify the 
necessary corrective steps to be done and inform the last 
user about explanation of performed operation. In this 
study, the design of the expert system, the working 
principles of the model applications and the benefits and 
advantages of this system developed for ISDEM R sinter 
plants are explained. Expert system applications that 
provides over 20% efficiency increase in total have been 
used actively for three years, and has constantly been 
developed.

Özet

skenderun Demir ve Çelik A.  ( SDEM R) sinter 
tesislerinde üretim verimini ve kalitesini artırmak, tesisi 
operatör kararlarından ba ımsız olarak daha kararlı
yönetmek ve tesis yönetimini bilimsel yöntemlere dayalı
olarak yapmak için Seviye 2 Uzman Sistemi 
kullanılmaktadır. Uzman sistemler proses, analiz ve 
hammadde verilerini bünyesinde toplayıp de erlendirdikten
sonra tesis için en uygun atama de erini üreten akıllı
kontrol uygulamalarıdır. Bu uygulamalar, topladı ı
verilerden bir çıkarımda bulunur, buna ba lı olarak 
yapılması gerekli olan düzeltme adımlarını tespit eder ve 
son kullanıcıya yaptı ı i lemin açıklamasını bildirir. Bu 
çalı mada SDEM R sinter tesisleri için geli tirilen uzman 
sistemin tasarımı, model uygulamalarının çalı ma 
prensipleri ve bu sistemin tesise kazandırdı ı fayda ve 
avantajları anlatılmaktadır. Toplamda %20’nin üzerinde 
verimlilik artı ı sa layan uzman sistem uygulamaları üç 
yıldır aktif olarak kullanılmakta ve sürekli 
geli tirilmektedir. 

1. Giri

Demir-çelik üretiminin önemli adımlarından biri olan 
sinterleme i leminde toz cevherin kok tozu ve ilave 
malzemelerle ergitilmesi ve belirli bir tane büyüklü üne
getirilmesi sa lanır[1]. Sinterleme i leminin en büyük 
amacı toz cevheri yüksek fırında kullanıma uygun hale 
getirmektir [2]. Sinter tesislerinde maksimum sinter 
üretimini minimum maliyetle yapmak hedeflenir. Bunun 
için sinter girdileri olan toz cevher, kireçta ı ve kok 
tozunun do ru oranlanması büyük önem ta ır [3]. Bunun 
yanı sıra üretim hızını de i en üretim artlarına göre 
ayarlamak, meydana gelen olumsuzlukları izleyip mümkün 
olan en az sayıda duru  yaparak üretimi devam ettirmek 
gerekir.

Akıllı kontrol sistemlerinin kullanılmadı ı tesislerde, 
sinterlik harman reçetesini hazırlama, harman nemini 
ayarlama, makine hızını yönetme gibi i lerin tümü operatör 
sorumlulu unda kalır. Bu durumda ki ilere/vardiyalara 
göre özel durumlar olu ur, yapılan farklı uygulamalar 
sistemi kararsız hale getirir ve üretim verimi kötü etkilenir.  
Bunun için verimlili i esas alan i letmeler, sinter üretimini 
Seviye 2 Otomasyon Sistemi adı verilen akıllı kontrol 
sistemleri ile yönetmektedir [1]. SDEM R sinter tesisleri 
de bunlardan biridir. 

Sinter fabrikalarında verimlili i artırmak için çe itli
çalı malar yapılmı tır. J.Xiang ve arkada ları sinter 
makinesinde ısıl kontrol ve sinter makinesine malzeme 
sa layan bunker kontrolü üzerine çalı mı lar ve bu sayede 
sinter makinesini daha yüksek hızda kullanarak üretilen 
sinter miktarında %10, sıcaklık kararlılı ında %5 
iyile tirme sa lamı lardır [4]. Goswami ve arkada ları
Rourkela tesisi için geli tirdikleri optimizasyon 
sistemlerinde sinter makinesi yatak geçirgenli ini
hesaplamı  ve bu geçirgenlik de erine göre nem kontrol 
modeli tasarlamı lardır [5]. Siemens VAI’den Kronberger 
ve arkada ları ise sinter tesisleri için yakıt ve emisyonları
dü ürme, tesisi otomatik yönetme ve verimlili i artırma 
hedefleriyle bir uzman sistem tasarlamı lardır [6]. 

Bu çalı mada SDEM R sinter tesislerindeki ürün kalitesini 
artırmak için özgün yöntemlerle geli tirilen makine hız
kontrolü, bunker kontrolü, baziklik kontrolü, nem kontrolü, 
sinter tozu kontrolü, SO2 emisyon kontrolü ve kok 
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optimizasyon kontrolü uygulamalarını içeren Seviye 2 
Uzman Sistemi anlatılacaktır.  

2. Uzman Sistemler 

Uzman sistem bir tesiste, derin bir bilgi ve tecrübeye sahip 
bir ki inin tesisi yönetmek için aldı ı kararları ö renerek
uygulayan bilgisayar yazılımı uygulamalarıdır. Uzman 
sistem uygulamaları adeta bir hekimin hastasını tedavi 
ederken yaptı ı gibi önce problemi te his eder, sonra 
gereken düzeltici faaliyette bulunur ve yaptı ı i in
açıklamasını son kullanıcıya bildirir[7]. Çizelge 1’de bir 
hekim ile uzman sistemin bir problem kar ısındaki
davranı ları kar ıla tırılmı tır. 

Çizelge 1. Medikal hekim ve uzman sistem kar ıla tırması.
Medikal Hekim Sinter Uzman Sistem 

Veri • Ate

• Tansiyon

• Kan basıncı

• EKG

• Sıcaklıklar

• Nem

• Geçirgenlik

• Basınç

Te his • Akut sinüzit 

• Kızamık

• Yüksek ısıl artlar

• Dü ük yatak geçirgenli i

Tedavi • Günde iki kez 
u ilaçları al.  

• Ilık su iç.

• Makine hızını 0,5 [m/dk] 
yükselt

• Harman nemini 0,5 [%] 
dü ür.

Açıklama • Tıbbi açıklama • Metalürjik açıklama

2.1. SDEM R Sinter Seviye 2 Sistemi

SDEM R sinter tesisleri için geli tirilmi  Seviye 2 sistemi, 
.NET platformunda C# programlama dili ile kodlanmı  çok 
kanallı, üç katmanlı mimariye sahip, gerçek zamanlı bir 
istemci-sunucu uygulamalar bütünüdür. Seviye 1 
otomasyon, laboratuvar ve Seviye 3 sistemlerine entegre 
yapıdadır. Anlık olarak izledi i proses verilerini belirli 
periyotlara göre kaydetti i bir veri tabanına sahiptir. 
Sistemde, arka planda çalı an sunucu uygulamaları ve 
uzman sistemi olu turan model uygulamaları ile i letme 
çalı anları için geli tirilmi  son kullanıcı uygulaması
vardır. ekil 1’de Sinter Seviye 2 sistemi yapısı
gösterilmi tir.

ekil 1. Sinter Seviye 2 Sistemi. 
Sinter Seviye 2 sisteminin çalı ma ekli öyle özetlenebilir: 

• Seviye 1 adı verilen PLC sistemlerinden anlık olarak 
proses verileri sürekli güncellenir.

• Analiz bilgileri laboratuvar sistemlerinden alınır.

• Proses ve analiz verileri belirli aralıklarla veri tabanına
kaydedilir.

• Uzman sistemin her bir model uygulaması kendine 
gerekli olan bilgileri veri yönetim merkezinden alıp gerekli 
hesaplamayı yaparak bir sonuç de eri üretir. 

• Regresyon, bulanık mantık, istatistiksel veri analizi gibi 
yöntemlerle elde edilen bu sonuç de erleri Seviye 1 
sistemine set de eri bilgisi olarak gönderilir.  

• Model uygulamalarının yaptı ı hesaplamaya ili kin te his,
düzeltici faaliyet ve öneriler son kullanıcı ekranında
operatörlere gösterilir.

• Uzman sistem modellerinin manuel, yarı otomatik ve tam 
otomatik olmak üzere üç çalı ma ekli vardır. Manuel 
modda sadece yapılan hesaplama ile ilgili bilgi verilir ve 
yapılması gereken de i iklik önerisinde bulunulur. 
Operatör bunu uygulayabilir ya da dikkate almayabilir. 
Yarı otomatik modda verilen öneri reddedilmezse 
belirlenen süre sonunda Seviye 1 sistemine uygulanır. Tam 
otomatik modda verilen öneride yapılması istenen 
de i iklik do rudan sisteme uygulanır.

2.2. Uzman Sistem Modelleri 

Sinter Seviye 2 uzman sistemi; makine hız kontrolü, bunker 
kontrolü, baziklik kontrolü, nem kontrolü, sinter tozu 
kontrolü, SO2 emisyon kontrolü ve kok optimizasyon 
kontrolü modellerinden olu maktadır. Bu çalı mada makine 
hızı kontrolü, nem kontrolü ve kok optimizasyon kontrolü 
modelleri hakkında detaylı bilgi verilecektir. 

Makine Hızı Kontrolü

Sinter makinesinde operatör yönetiminden kaynaklanacak 
düzensizliklerin önüne geçmek için makine hızına etki eden 
sıcaklık, basınç ve harman seviyesi gibi faktörleri 
de erlendirerek hız sonucunu üreten bir modeldir. Bu 
model ile sıcaklık de i imleri daha erken algılanır, harman 
seviyesi ve basınç farkları daha kolay sisteme adapte edilir 
ve aradaki zaman farkları hesaba katılarak çok daha kararlı
bir makine rejimine ula ılır.

Sinter makinesindeki malzemeye ait sıcaklık ölçümü 
makinenin altındaki 20 farklı noktadan yapılır. Makinenin 
sonundaki son be  noktaya ait sıcaklıklarından BRP (Burn 
Rising Point-Sıcaklık Sıçrama Noktası) ve BTP (Burn 
Through Point-Sıcaklık Kararlılık Noktası) noktaları
hesaplanır. ekil 2’de sinter makinesi boyunca seyreden 
sıcaklıklar ve bu sıcaklıklardan hesaplanan BRP ve BTP 
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noktaları gösterilmi tir. BRP ve BTP noktaları, makine 
üzerindeki ısıl dengeyi gösteren önemli parametrelerdir ve 
SDEM R sinter makinesi için de erleri, Be karde  ve 

arkada larının önerdi i yönteme göre hesaplanmaktadır [8].

ekil 2. Sinter makinesi sıcaklıkları.

Makine hızı modeli sıcaklık, basınç, harman seviyesi, elek 
durumu gibi parametreleri de erlendirerek makinedeki ısıl
kontrolü sa lamak için gerekli olan hız de i ikli i önerisini 
üretir. Bu öneride ekil 3’te gösterildi i gibi modelin 
dikkate aldı ı ve hesapladı ı de erler gösterilir, makine 
hızında yapılmak istenen de i iklik belirtilir ve operatörü 
bilgilendirme amaçlı önerinin gerekçeleri anlatılır. 

ekil 3. Makine hızı kontrolü önerisi. 

Bu model ile sinter üretiminde %10 oranında bir verim 
artı ı sa lanmı tır.

Nem Kontrolü

Sinter üretiminde yüksek bir verim için sinter harmanının
nemini do ru ayarlamak çok önemlidir. Nem de erinin
yüksek olması, malzemenin istenen seviyede 
sinterle meden makineyi terk etmesine, dü ük olması ise 
malzemenin yanmasına sebep olur. Bu yüzden hem istenen 
kalitede sinterle menin sa lanabilmesi hem de bu i lemin 
en yüksek verimle yapılabilmesi için harmana verilecek su 
miktarının çok hassas ölçülerle yapılması gerekmektedir. 
Nem kontrol modeli, harmana verilen mevcut nem, 
makinede olu turulan vakum ve yatak geçirgenli i
parametrelerinden yapılması gereken nem de i ikli ini
hesaplar.

Bulanık tabanlı çalı an bu modelde mevcut nem üç, vakum, 
geçirgenlik ve üretilen nem set de eri be  kategoriye 
ayrılarak hesaplama yapılmı tır. Buna göre 3*5*5=75 farklı
durum için yapılması gereken nem de i iklikleri bulanık
sistemin kural tabanına tanımlanmı tır. Çizelge 2’de bu 
kurallardan bazıları örnek olarak gösterilmi tir. 

Çizelge 2. Nem kontrolü kural tablosu örnekleri. 
Giri  Parametreleri Çıkı

Parametresi
Nem

De i imi
Vakum

De i imi
Geçirgenlik

De i imi
Nem Set 
De eri

Nem
yükselmi

Vakum
yükselmi Geçirgenlik aynı Set de erini

dü ür
Nem
yükselmi

Vakum çok
yükselmi

Geçirgenlik çok
dü mü

Set de erini çok
dü ür

Nem aynı Vakum aynı Geçirgenlik
yükselmi

Set de erini
aynı bırak

Nem aynı Vakum çok
dü mü

Geçirgenlik
yükselmi

Set de erini
aynı bırak

Nem dü mü  Vakum aynı Geçirgenlik aynı Set de erini
yükselt

Nem dü mü Vakum çok
dü mü

Geçirgenlik
yükselmi

Set de erini
yükselt

Bu kurallara göre verilen nem önerisi ekil 4’te 
gösterilmi tir.

ekil 4. Nem kontrolü önerisi. 

Bu model ile sinter üretiminde %3 oranında bir verim artı ı
sa lanmı tır.

Kok Optimizasyon Kontrolü

Sinter tesisinde yakıt olarak kullanılan kok tozunun do ru
oranda ayarlanması, sinter makinesindeki ısıl dengeyi 
korumak ve hammadde maliyetlerini kontrol altında tutmak 
için çok önemlidir. Bu model, hammadde kullanım
oranları, kok tozu analiz bilgileri ve sıcaklık verilerini 
kullanarak harmana verilecek kok tozu oranını hesaplar [3].

Kok optimizasyon modeli de di erlerinde oldu u gibi giri
ve çıkı  parametrelerine ait bilgileri gösterir ve verdi i
önerinin gerekçelerini açıklar. ekil 5’de kok optimizasyon 
önerisine bir örnek gösterilmektedir. 

ekil 5. Kok optimizasyon kontrolü önerisi. 

3. Uzman Sistemin Fayda ve Avantajları

SDEM R sinter tesisleri için geli tirilen Seviye 2 uzman 
sistemi hem i letme çalı anlarına getirdi i kolaylık hem de 
üretim verimine yaptı ı katkı yönüyle önemli faydalar 
sa lamı tır.

3.1. Operatör Bilgi ve Tecrübesine Katkı
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Uzman sistem modelleri verdikleri öneride operatörün 
dikkate alması gereken parametreleri açıklamaktadır. Bu 
parametrelerin anlık ve geçmi  bilgilerini gösterip mevcut 
durumu daha iyi te his etmelerini sa lamaktadır. Yapılması
gereken de i ikli in metalürjik arka planının açıklayıp
operatörleri e itme görevi üstlenmektedir. 

3.2. nsan Faktörünün Ortadan Kaldırılması

Sinter fabrikası yedi gün yirmi dört saat esasına göre 
çalı an bir tesistir. Devamlı çalı an böyle bir sistemin her 
an aynı ekilde izlenmesi, yönetilmesi ve böylece kararlı
bir üretim yapılması istenir. Uzman sistem, tesisi en uzman 
ki inin aldı ı kararlara göre yönetirken ki ilere ve 
vardiyalara göre de i en farklı karar ve tutumların da 
önüne geçer. Bu sayede tesis için hep aynı ve en iyi kararlar 
uygulanır.

3.3. Üretim Verimine Katkısı

Uzman sistem modelleri, dü ey sinterle me hızı, yanma 
biti  zamanı, BRP ve BTP noktaları, yatak geçirgenli i gibi 
hesaplamalar ı ı ında prosesi yöneterek ürün kalitesinden 
ödün vermeden üretim verimini artırmayı temin etmektedir. 
Makine hızı kontrolü ve bunker kontrolü modelleri ile 
sinter makinesinin verimi % 10 oranında artmı tır.

3.4. Sinter Tozu Oranının Dü ürülmesi

Sinter tozu, üretilen sinterin istenen artları
kar ılamamasından dolayı kullanılmayıp yeniden sinter 
harmanına gönderilen malzemedir. Sinter tozu oranının
dü ürülmesi sinter tesisinin verimini do rudan etkiler. Nem 
kontrolü ve baziklik kontrolü modelleri ile ürün kalitesinin 
kararlı hale gelmesi sa lanarak sinter tozu oranı % 3 
oranında dü ürülmü tür.

3.5. Yakıt Maliyetinin Dü ürülmesi

Sinter harmanına verilen kok tozu, tam sinterle me için 
önemli bir etkendir. Ayrıca yakıt maliyeti üretim verimi 
konusunda özellikle dikkate alınması gereken bir konudur. 
Uzman sistem uygulaması ile de i en proses artlarına göre 
sisteme verilmesi gereken kok tozu oranının tayin edilmesi 
sayesinde hem ürün kalitesinin bozulmaması sa lanır hem 
de yakıt maliyetinin kontrol altına alınması temin edilir. 

4. Sonuç 

Sinter tesisleri yüksek fırınların en büyük girdi malzemesi 
olan sinter malzemesini üretmek için devamlı üretim yapan 
entegre demir çelik fabrikalarının önemli i letmelerinden 
biridir. Sinter prosesi birden çok parametreye ba lı, çok 
de i kenli, girdi-çıktıları arasında do rusal bir ili ki
olmayan bir yapıya sahiptir. Ayrıca geni  bir alana 
yayıldı ından dolayı birçok parametre verisinin elde edili
süresi arasında ciddi zaman farkları vardır.  

SDEM R Sinter Seviye 2 Sistemi, sinter üretiminin tüm 
a amalarında proses verilerini i leyip tesis yönetimi için 
gerekli atama de erlerini üreterek operatör kullanımından
çok daha iyi yöntemler sunmaktadır. Seviye 2 uzman 
sistem modelleriyle tüm kontroller bilimsel yöntemlerle 
yapılmakta, vardiya ve ki ilere ba lı kalmaksızın tüm 
zamanlarda aynı yönetimsel kararlar alınmaktadır. Bu 
sayede çok daha kararlı ve verimli bir üretim yapmak 
mümkün olmaktadır.  

Seviye 2 uzman sistemi ile toplamda % 20 oranında bir 
verim artı ı yakalanmı  olup yapılan sürekli geli tirmelerle 
kaydedilen ba arı daha ileri a amalara götürülmektedir. 
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İsdemir’de Üretilen API 5l:2012 / EN ISO 3183:2012 Standardına Ait Kaliteler ve PSL1 &PSL2 
Ayrımına Göre Yapılan Testler

•

Steel Grades Produced in Isdemir According to API 5L:2012/EN ISO 3183:2012 and Mechanical Tests 
Performed Depending on PSL1 & PSL2

Muhammet Bilen, Nalan Gül Uğur

İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
  
  
  
  
  Abstract

API, or EN ISO 3183 quality steels, produced according to 
the criteria of the American Petroleum Institute or 
European Standards are used for oil and natural gas 
pipelines and transmissions in the oceans and seas. The 
properties of these steels can be expressed as resistance to 
welding, shaping and impact due to their high strength and 
low alloyability according to the boundaries stated in the 
relevant quality specifications. Spiral pipe production is 
made by hot rolled coil whereas flat welded pipe is 
produced by both plate and coil.

Such steels can be produced starting from "L210/A" to 
"L555/X80" This includes the qualifications between 
"L245NE / L245ME" and "L485ME" in EN ISO 3183 
Annex M standard, which includes some aspects of the EN 
10208-2 standard which has been lifted from the 
enforcement. As there are levels of PSL1 and PSL2, there 
are also "M" (thermomechanical) and "N" (normalized) 
notations in the type of rolling. According to their type, 
carbon steels or carbon content (0.12% max) are reinforced 
with molybdenum, chromium and nickel to achieve 
niobium, titanium, vanadium and desired strength values 
for thermomechanical rolling effect.

In order for our country to be a shareholder in the market, 
the production of such steels in Iskenderun Iron and Steel 
Co. (ISDEMIR) has started and it continues to be used in 
pipe manufacturing without problems. In this study, 
ISDEMIR the production parameters of these steel grades, 
some of the specifications requested by the tests and the 
standard, the prominent details in the customer demands 
and projects have been revealed and a general point of view 
has been established for the use of these steel grades.

Özet

API veya EN ISO 3183 kalitesine ait çelikler, Amerikan 
Petrol Enstitüsü'nün veya Avrupa Standartların belirledi i
kriterlere göre üretilen çelikler olup, petrol ve dogalgaz 
boru hatları ile okyanus ve denizlerde yapılan iletimlerde 

kullanılmaktadır. Bu çeliklerin özelli i, ilgili kalite 
detaylarında çizilen sınırlara göre yüksek mukavemetli ve 
dü ük ala ımlı olmaları dolayısıyla kaynak yapmaya, ekil
vermeye ve darbelere kar ı dayanıklı olmaları olarak ifade 
edilebilir. Spiral boru imalatı sıcak haddelenmi  rulodan, 
düz diki li boru ise levhadan ve bobinden imal 
edilmektedir. 

Bu tip çelikler “L210/A” kalitesinden ba layarak
“L555/X80”e kadar üretilebildi i gibi yürürlükten 
kaldırılan EN 10208-2 standardının bazı hususlarını ihtiva 
eden EN ISO 3183 Ek M standardındaki
“L245NE/L245ME” ile “L485ME” arasındaki kaliteler de 
bu kapsama girmektedir. PSL1 ve PSL2 eklinde seviyesi 
oldu u gibi haddeleme türü yönüyle de “M” 
(termomekanik) ve “N” (normalizeli) notasyonu 
bulunmaktadır.  Türlerine göre karbon çelikleri veya karbon 
içeri i dü ürülmü  (0.12% max) , termomekanik haddeleme 
etkisi için niyobyum, titanyum, vanadyum ve istenilen 
mukavemet de erlerine ula mak için de molibden, krom ve 
nikel ile takviye edilmektedir.

Ülkemizin de bu pazarda pay sahibi olabilmesi amacıyla,
skenderun Demir ve Çelik A. .’de ( sdemir) bu tür 

çeliklerin üretilmesine ba lanmı  ve sorunsuz bir ekilde
boru imalatlarında kullanılmaya devam edilmektedir.  Bu 
çalı mada, SDEM R’de bu kalite çeliklerin üretim 
parametreleri ve yapılan testler ile standardın talep etti i
bazı hususlar, mü teri taleplerinde ve projelerde öne çıkan
detaylar ortaya konmu  ve bu standart ile kullanım alanı
için genel bir bakı  açısı olu turulmaya çalı ılmı tır.

1. Giri

SDEM R’de üretim prosesine bakıldı ında; farklı
kaynaklardan temin edilen cevher ilk olarak sinter 
fabrikasına gelmektedir. Cevher, sinter tozu, kok tozu, kireç 
ta ı ve dunit gibi bile enler bir araya getirilerek sinter 
harmanı olu turulur ve sinter fırınlarında pi irilir. Fırından
külçe halinde çıkan sinter kırılıp elenerek yüksek fırınlara
gönderilir. Yüksek fırınlarda cevherden sıvı ham demir elde 
edilmektedir. Üretilen sıvı ham demir çelikhaneye 
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gönderilir. Çelikhanede çelik yapım i lemi konverterlerde 
gerçekle tirilir. Konvertere çelik hurdası ve sıvı ham demir 
(SHD) sarj edilir. SHD’nin içindeki karbon, kükürt, 
silisyum, mangan ve fosfor gibi elementler oksijen 
üflenerek ve di er yardımcı malzemeler (kalsine kireç, 
dolomit, kok tozu, florit gibi) ilave edilerek istenen 
de erlere dü ürülür. kincil metalürji i leminde çeli e
istenilen elementler katılır ve ikincil metalürjil i lem 
sonunda sıvı ham çelik elde edilmi  olur. Sıvı ham çelik 
sürekli döküm tesislerine ta ınarak, bu tesislerde kütük ya 
da slab formunu alır. Kütük piyasaya sadece kütük olarak 
satılabildi i gibi (boru ve profil üreticilerine); kangal 
haddehanesinde kangal demiri olarak da üretilebilmektedir. 
Slab formunu alan çelik ise, piyasaya slab olarak 
verilebildi i gibi sıcak haddehanede i lemden geçirilerek 
sıcak rulo, sac ya da dilinmi  rulo olarak son ürün halini 
alır. Genel üretim akı ını özetleyen ema ekil 1’de 
verilmi tir.

ekil 1. sdemir genel üretim akı ı

2. Standarda Ait Detay Bilgiler ve Test Yöntemleri ve 
sdemir’de Üretilen Kaliteler 

Petrol, petrol ürünleri ve do algaz gibi ürünlerin ulusal ya 
da uluslararası boru hatları ile ta ınması özel üretilmi  çelik 
borular ile yapılır. Bu hatlarda kullanılan boru 
malzemesinin et kalınlı ının seçiminde, içinden geçecek 
olan madde ve hattın maruz kalaca ı zorlanmalar dikkate 
alınır. "Sour" kelimesinin sözlük anlamı "ek i" olmakla 
birlikte gazlar için kullanıldı ında “zehirli” anlamı
ta ımaktadır. "Sweet" kelimesi de zehirsiz gazlar için 
kullanılabilmektedir. "Offshore" kelimesi ise, sözlük anlamı
itibariyle "denizde, kıyıdan uzakta" anlamına gelmektedir. 
API 5L veya EN 3183 standatları kapsamında kullanılan
"Offshore Service" ise deniz ortamında servis hizmeti 
verecek hat borularının teslimat artlarını kapsamaktadır. 
Çelik kalitesi, M teslimat artına ilave olarak "O" karakteri 
ile de sembolize edilmistir. "O", servis artına i aret
etmektedir. Petrol veya petrol türevi ürünlerin ta ınmasında
kullanılan metalik komponentler, hidrojen sülfür (H2S)
içeren bir ortama maruz kaldıklarında metalik komponent 
bünyesinde ani de i imler (kırılma, çatlama gibi) meydana 

gelebilmektedir. Bu nedenle özellikle H2S içeren 
akı kanların servisinde kullanılacak hat boruları için bir 
spesifikasyon gereklili i olu mu tur. [1]   
Ham petrolün rafineri ve do algazın tüketim bölgelerine 
daha hızlı ta ınmasını gerçekle tirebilmek için de, daha 
yüksek basınç kullanımı zorunlu hale gelmi tir. Bu nedenle 
kullanılan boru çeliklerinin dayanımının arttırılması
gerekmektedir. 1960’lı yıllara kadar API 5L, X52 - X55 
borular kullanılırken 1970’li yıllardan sonra dü ük ala ımlı
yüksek dayanımlı çelik boruların kullanımına ihtiyaç 
duyulmu tur. Dü ük ala ımlı yüksek dayanımlı çeliklerin 
kullanımı sonucu hem boruların et kalınlı ı
inceltilebilmekte hem de a ırlıklar azaltılarak ekonomi 
sa lanabilmektedir. [2]  

sdemir’de API 5L standardına göre; “L210/A” kalitesinden 
ba layarak “L485/X70”e kadar üretilebildi i gibi 
yürürlükten kaldırılan EN 10208-2 standardının bazı
hususlarını ihtiva eden EN ISO 3183 Ek M standardındaki
“L245NE/L245ME” ile “L485ME” arasındaki kaliteler de 
üretilmektedir. PSL1 ve PSL2 eklindeki seviye ayrımı
çizelgede belirtilmi  olup, haddeleme türü yönüyle de “M” 
(termomekanik) ve “N” (normalizeli) notasyonu 
bulunmaktadır. PLS1 ile PSL2 seviyeyeleri için kimyasal 
analiz ve mekanik de erler (akma ve çekme de eri) farklı
olabildi i gibi gerekli olan testler de farklılık
göstermektedir. A a ıdaki çizelgede detay bilgiler ve PSL 
seviyeleri ile M yada N notasyonları ile sdemir kalite 
isimleri belirtilmektedir. 

Çizelge 1. SDEM R’de API 5L ve EN ISO 3183 
standardına göre üretilen kaliteler ve bu kalitelere ait kodlar 
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Geli tirilen bu çeliklerde istenilen ba lıca özellikler öyle
sıralanabilir: Yüksek dayanım, yüksek çarpma toklu u,
yüksek kaynaklanabilirlik ve ekillendirilebilme kabiliyeti ile 
atmosferik ortamlarda yüksek yenim direnci. Bu özelliklerle 
birlikte yüzey kalitesi hakkında da; EN 10163-2 (tercihen 
Class B, Subclass 3) garanti edilmeli, gerekli durumlarda 
skarf yapılmalı, laminasyon, kenar çatla ı, tufal, pitting 
(oyuk), çizik, gaz bo lu u, inklüzyon ve kabuk gibi kusurlar 
olmamalı, yüzey muayene cihazı ile kontrol sa lanmalıdır.

Mü terinin bu kalitelerde yaptı ı testler ise: görsel ve ölçüsel 
kontrol, ultrasonik, hidrostatik, radyoskopik testler, malzeme 
testleri (kimyasal kompozisyon, makro inceleme, inklüzyon, 
tane büyüklü ü, segregasyon, çekme, darbe, katlama, sertlik 
ve DWT testleri) eklinde sıralanabilir.  

PSL1 – PSL2 ve mü teri beklentileri için yapılması talep 
edilen testler u ekilde ifade edilebilir. 

Mü teri Beklentileri: (Testler) 
• Kimyasal analiz 
• Çekme testi 
• Darbe testi 
• DWTT testi 
• Katlama testi 
• Sertlik testi 
• UT testi (genelde boruda) 
• nklüzyon testi 
• Tane büyüklü ü testi 
• Segregasyon testi 

Bu testlerden kimyasal analiz, çekme testi (akma 
mukavemeti, çekme mukavemeti, % Uzama) PLS1 
seviyesinde zorunlu olarak yapılması gereken testlerdir. 
Bunun yanında belirtilen çentik darbe testi, DWTT testi ise 
PSL2 seviyesinde bobinden yapılması zorunlu olan 
testlerdendir. Ayrıca katlama, sertlik testi de PSL2 
taleplerinde yer alan ancak standardın bobinde zorunlu 
tutmadı ı testlerdendir. 

Çekme testi: Malzemenin uygulanan bir kuvvete kar ı
direncini veya malzemenin mukavemetini (statik veya 
yava  uygulanan bir kuvvete karsı direncini) tespit etmek 
amacı ile gerçekle tirilir. 

Darbe testi: Malzemenin toklu unun tespit edilmesi amacı
ile gerçekle tirilir. Çentik darbe testi için, testi yapılan 3 
numunenin ortalama de eri alınır. Bireysel test parçalarının
herhangi birinden elde edilen çentik darbe enerjisi, gerekli 
minimum ortalama darbe enerjisinin % 75 inden büyük 
olmalıdır. Ara ölçülere sahip test parçaları kullanıldı ında,
gerekli minimum ortalama absorblanan enerji de eri, bu 
test parçalarının eninin gerçek test parçasının enine oranı ile 
elde edilecek katsayının çarpılması ile elde edilir. 
Standartta, çentik darbe test parçalarının boyutları ile ilgili 

bir açıklama olmayıp ASTM A370 standardına atıfta
bulunulmaktadır. [1]   

Darbe testi 10mm ve üzeri için, tüm test parçası olarak 
yapılmakta olup, 10mm< kalınlık 6mm aralı ında ise 
de erler oransal olarak azaltılmaktadır. Test parçası azaltma 
oranları ekil 2’de verilmi tir.

 

a Tüm test parçası, kaynak ekseni yada borunun herhangi 
bir yüzeyinden enine test numunesi 
b 3/4 test parçası, kaynak ekseni yada borunun herhangi bir 
yüzeyinden enine test numunesi 
c 2/3 test parçası, kaynak ekseni yada borunun herhangi bir 
yüzeyinden enine test numunesi 
d 1/2 test parçası, kaynak ekseni yada borunun herhangi bir 
yüzeyinden enine test numunesi 

ekil 2. Darbe test parçası azaltma oranları

DWTT (Drop Weight Tear Test / Serbest Dü me Darbe 
Testi): Ani darbelere kar ı dayanımı yüksek olan malzeme 
seçimi için yapılmaktadır. Malzemenin ani darbelere kar ı
dayanımı, toklu u ile yakından ili kilidir. Tokluk bir 
malzemeyi kırmak için gerekli enerji miktarı olarak 
tanımlanabilir. Darbe deneyi süresince malzeme tarafından
so urulan enerji, malzemenin dayanımının ve toklu unun
bir ölçüsü olarak da kullanılabilir. Serbest Dü me Darbe 
Testi sonucunda kırılan bölgesinde en az %85 sünek 
kırılma elde edilmesidir. Sünek kırılma ile birlikte 
malzemede yüksek dayanıma gereksinim duyulmaktadır.

lgili test numuneleri ASTM A370 standardına göre 
hazırlanmakla birlikte, çekme için ISO 6892 ve katlama 
için ISO 8492 standartları da tercih edilebilir. Testlerin 
uygulama yönleri de ekil 3’de verilmi tir.

ekil 3. Çekme, darbe ve mikroyapı testlerinin uygulama 
yönleri
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PSL1 ve PSL2 seviyelerinde boru gövdesi ve kaynak diki i
üzerinde yapılacak mekanik test parçalarına ait lokasyon 
bilgileri ekil 4’de verilmi tir. [1]   

 

ekil 4. Boru gövdesi ve kaynak diki i üzerinde yapılacak
mekanik test parçalarının lokasyonu 

Bobinde yapılan bu testlerin yanı sıra boru üreticileri 
a a ıdaki testleri de ürünlerinde yapmaktadır.
• Görsel ve ölçüsel kontrol 
• Hidrostatik test 
• Ultrasonik test 
• Radyoskopik test 

PSL1 ve PSL2 seviyelerindeki ürünler (borular) arasındaki
farklar da Çizelge 2’de belirtilmi tir. [1]   

Çizelge 2: PSL1 ve PSL2 seviyeleri arasındaki farklar 

3. Sonuç 

Petrol veya do algaz ta ımacılı ında kullanılan boruların
ana malzemesi sıcak haddelenmi  bobinlerdir. Günümüzde 
kullanılan hat borularının ço u API-5L veya EN ISO 3183 

(EN 10208-2) standartlarına göre üretilmektedir.  Bu 
standart petrol boru çelikleri için kullanılmakla beraber 
çelik üreticileri de bu standarttaki ba langıç malzemeleri 
(bobin veya boya kesilmi  makas ürünleri) için ilgili 
standarttaki bazı tablo ve bilgileri kullanmaktadır. Ya da 
boru imal eden firmalar, çelik üreticilerinden buna uygun 
artnameler ile ve API 5L / EN ISO 3183 standartlarına

atıfta bulunarak ürün satın almaktadır. lgili standartlarda 
hem haddeleme metodu, hem PSL denilen seviye detayları
hem de kullanım alanını belirtir ifadeler yer almaktadır.
sdemir’de her iki standarda göre en alt kalite grubundan en 

üst mukavemet grubuna kadar birçok bobin üretilmekte ve 
boru firmaları tarafından kullanılmaktadır.
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Sinter Tesisi Kükürt Dioksit Emisyonun Seviye-2 Matematiksel Modeli ile Optimizasyonu

•

Optimization of Sinter Plant Sulfur Dioxide Emission by Level 2 Mathematical Model
Ahmet Beşkardeş, Serkan Çevik, Burcu Soysal Atan, Ramazan Yaraşır

İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
  
  
  
  
  

Abstract

Sinter is a ferrous material used in the production of 
integrated iron and steel production facilities during pig 
iron production process in blast furnaces. In the process 
of sinter production, sintered blend is prepared and added 
with imported and domestic powdered iron ores as well 
as byproducts such as basic oxygen furnace slag, 
chimney powder, scale. The sinter plant is a kind of 
recycling plant. Adding byproducts to the sintering blend 
provides a cost advantage. Sulfur dioxide gas is also 
present in the flue gas which is released during sinter 
production. The amount of sulfur dioxide gas released is 
affected by the sulfur content of byproducts used in 
conjunction with the amount of sulfur in the ore content. 
The limit values for the amount of sulfur dioxide in the 
sintered flue gas are specified in the relevant legislation 
and regulations. 

In this work, the emission of sulfur dioxide from the 
sinter plant of Iskenderun Iron and Steel Co. (ISDEMIR) 
has been optimized so as not to adversely affect the 
production cost and to comply with the regulation. In this 
context, a mathematical model was created by using 
Exponentially Weighted Moving Average (EWMA) 
which is one of statistical control methods. By Level 2 
automation software developed using this model, the 
amount of BOF slag added to the sinter blend has been 
optimized and the sulfur dioxide emission values released 
from the sinter plant were kept within the desired limits. 
Eventually, by the usage of BOF slag in the blend, the 
cost of production is reduced and the environment 
sensitive production concept is also preserved. 

Özet

Sinter, entegre demir çelik üretim tesislerinde Yüksek 
Fırınlarda sıvı ham demir üretim prosesi esnasında
kullanılan demirli bir malzemedir. Sinter üretim 
prosesinde, sinterlik harman hazırlanırken ithal ve yerli 
toz demir cevherleri ile birlikte çelikhane cürufu, baca 

tozu, tufal gibi atık malzemeler/yan ürünler de harmana 
ilave edilmektedir. Sinter tesisi bir çe it geri kazanım
tesisi görevi görmektedir. Yan ürünlerin sinterlik 
harmana ilave edilmesi maliyet avantajı sa lamaktadır.
Sinter üretimi esnasında açı a çıkan baca gazının
içerisinde kükürt dioksit gazı da bulunmaktadır. Açı a
çıkan kükürt dioksit gazının miktarını cevher içeri indeki
kükürt miktarı ile birlikte kullanılan yan ürünlerin kükürt 
içeri i de etkilemektedir. Sinter baca gazındaki kükürt 
dioksit miktarı için sınır de erler ilgili mevzuat ve 
yönetmeliklerde belirlenmi tir.

Yapılan çalı mada, üretim maliyetini olumsuz 
etkilemeyecek ve yönetmeli e uyumu bozmayacak 
ekilde skenderun Demir ve Çelik A. . ( SDEM R)

sinter fabrikası kükürt dioksit emisyonu optimize 
edilmi tir. Bu kapsamda istatistiksel kontrol 
yöntemlerinden biri olan Üstel A ırlıklı Hareketli 
Ortalama (EWMA - Exponentially Weighted Moving 
Average) kullanılarak matematiksel model 
olu turulmu tur. Bu model kullanılarak geli tirilen 
Seviye 2 otomasyon yazılımı sayesinde sinter harmanına
ilave edilen çelikhane cürufu miktarı optimize edilmi  ve 
sinter tesisinden salınan kükürt dioksit emisyon de erleri
istenen sınırlar içinde tutulmu tur. Bu sayede atık bir 
malzeme olan çelikhane cürufunun harman içinde 
kullanılması ile üretim maliyetinin dü ürülmesi
sa lanırken çevreye duyarlı üretim anlayı ı da 
korunmu tur

1. Giri

Sinterleme i lemi toz demir cevherinin kireç ta ı tozu ve 
di er ilave malzemelerle 1100-1200°C’de ergitilmesi 
sonucu, toz formundaki malzemelerin belirli bir tane 
büyüklü üne getirilmesidir. Sinter üretiminde amaç, toz 
cevherin topaklanması sayesinde cevheri yüksek fırında
kullanılır hale getirmektir. Yüksek fırında sinter 
kullanımının sıvı ham demir maliyetine önemli bir etkisi 
vardır [1]. Yüksek fırınlara arj edilen demirli 
malzemeler içinde sinter malzemesi, cevher ve pelete 
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göre üretim maliyeti en dü ük olandır. Sinter tesislerinin 
ana hedefi maksimum sinter üretimini minimum 
maliyetle yapmaktır. Bunun için sinter girdileri olan toz 
cevher, kireçta ı, dünit/dolomit ve kok tozunun do ru
oranlanması gerekir. Aksi halde toz demir cevherinin 
içeri inde bulunan kükürt girdisi sebebiyle hem sinter 
makinesindeki ısıl denge olumsuz etkilenir hem de 
istenen çevresel artlar yerine getirilemez. Akıllı kontrol 
sistemlerinin kullanılmadı ı, operatörlerce yönetilen 
tesislerde, de i en cevher cinsi, kok tozu kükürt oranı
girdisi, geri dönen sinter tozu ve kireçta ı oranı
parametrelerine göre kükürt oranı ayarlanamadı ı için 
baca gazında olu an kükürt dioksit de erleri istenen 
seviyeden yüksek olur. Bunun için üretim verimini ve 
çevresel sorumlulukları esas alan bir i letmenin, sinter 
üretimini bilimsel yöntemlere dayalı olarak manuel 
müdahaleye izin vermeden otomatik olarak yapması
kaçınılmaz olur. SDEM R sinter tesisleri bu iki önemli 
hedefe Seviye 2 Otomasyon Sistemi adı verilen akıllı
kontrol sistemleri ile ula mı tır.

Sinter üretiminin yapıldı ı sinter tesisleri, ekil 1’de 
gösterildi i gibi geni  stok sahaları, harmanlama sahaları,
cevher kırma-eleme üniteleri, dozajlama sistemleri, kok-
kireçta ı kırma-eleme üniteleri ve sinter makineleri gibi 
bölümlerden olu ur. Cevher, kok ve ilave malzemeler 
karı tırılıp nemlendirilerek sinter makinesine aktarılır.
Sinter makinesine serilen bu karı ık malzeme, tutu turma 
fırınında üstten tutu turulur. Makine boyunca ana fan 
kolektörü sayesinde emi  kamaralarından çekilen basınçlı
hava ile karı ımın içindeki kok tozu yanarken, olu an
ısıyla hammaddenin kalsinasyonu sonucu malzemenin 
sinterle mesi sa lanır. Sinterleme i lemi makinenin 
ba ında malzemenin üst kısmında ba lar, malzeme 
makine üzerinde ilerledikçe alt bölgeye do ru devam 
eder ve malzeme makinenin sonuna geldi inde tüm 
katmanlarda tamamlanmı  olur. Sinterle me esnasında
açı a çıkan gazlardan biri de kükürt dioksit gazıdır.

ekil 1. Sinter üretim akı ı
Sinter tesislerinin SO2 emisyonunun önemli bir kayna ı
olmasından dolayı konuyla ilgili önemli ara tırmalar
yapılmı tır. Menad ve arkada ları yaptıkları çalı mada 
SO2 emisyonunun azaltılması için sinter tesisine 
kurulması gereken aparat ve sistemlerden söz etmi tir [2]. 

Yu ve arkada ları ise çalı malarında SO2 emisyonu ile 
sinterleme prosesinde sıcaklık, nem, malzeme yüksekli i
gibi parametreler ve sinter harmanını olu turan
malzemeler arasındaki ili kiyi göstermi lerdir [3]. Bu 
çalı mada SDEM R sinter tesisi özelinde SO2
emisyonuna sebep olan malzemelerin do ru oranlarda 
kullanılması sa lanarak ek bir aparat ya da fiziki bir 
iyile tirmeye gerek olmaksızın istatistiksel kontrol 
yöntemleri ile kükürt dioksit emisyonu istenen sınırlar
arasında tutulmu tur.

2. Deneysel Çalı malar

Sinter tesisindeki kükürdün kayna ı toz cevher ve toz 
koktur. Bunun yanında çelikhane cürufu da önemli bir 
kükürt kayna ıdır. Bu malzemelerin içeri inin
de i kenli i sebebiyle yapay sinir a ı ya da regresyon 
gibi yöntemlerle tahmin yapmak yerine istatistiksel 
proses kontrol yöntemlerinden biri olan kontrol grafikleri 
yöntemi tercih edilmi tir.

2.1. statistiksel Model Çalı maları

statistiksel proses kontrolü, bir prosesteki de i kenlikleri
analiz ederek, de i kenli in kontrol altına alınmasını
sa layan bir kalite kontrol yöntemidir. Böyle bir yöntemi 
kullanmadaki amaç bir süreçte olu an de i kenli ini
azaltarak kararlı bir üretim yakalamaktır [4]. Buna ba lı
olarak üründe hedeflenen kaliteye ula ma, üretim 
maliyetinin azalması ve mü teri memnuniyetinin artması
beklenir.

Ishikawa bir i letmedeki problemlerin %95’inin önerdi i
bazı yöntemler ile çözülebilece ini ifade etmi tir. Bu 
yöntemler; histogram, pareto analizi, sebep-sonuç 
diyagramı, frekans da ılımı, akı  diyagramı, serpilme 
diyagramı ve kontrol grafikleridir. Kalite kontrolünde 
muhte em yedili olarak adlandırılan bu yöntemler, 
istatistiksel proses kontrolünün teknik yönünü olu turur
[5].

2.2. Kontrol Grafikleri 

Teorik yapısı 1926 yılında W.A. Shewhart tarafından
olu turulan kontrol grafikleri bir süreci ekonomik ve 
güvenilir biçimde kontrol altında tutan en etkili 
istatistiksel yöntemlerdendir [6]. Bir prosesin istatistiksel 
olarak kontrol altında olup olmadı ını belirlemek için, 
proseste meydana gelen sapmaların ne kadarının normal 
de i kenlikten ve ne kadarının özel sebeplerden dolayı
meydana geldi ini tespit etmek gerekir. Kontrol 
grafikleri genellikle, yakın zamanda proseste ortaya 
çıkabilecek sorunları önceden haber verir ve gerekli 
önlemlerin alınmasını sa lar. Bu grafikler ekil 2’de 
görüldü ü gibi proses ortalamasını temsil eden bir 
merkez çizgiden, bu merkezin altında ve üstünde 
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istatistiksel olarak hesaplanm  alt ve üst kontrol 
s n rlar ndan ve ard k gözlem noktalar ndan olu ur. 

ekil 2. Kontrol grafi i örne i 

2.3. Üstel A ırlıklı Hareketli Ortalama (EWMA) 
Kontrol Grafikleri 

EWMA (The Exponentially Weighted Moving Average) 
kontrol grafikleri zaman serilerinin analizinde ve gelecek 
de er tahminlerinde s kl kla kullan lan bir tekniktir. 
EWMA, geçmi  de erlerin ve mevcut gözlem de erinin 
a rl kl  ortalamas  olarak dü ünülebilir. Fakat burada 
geriye do ru gittikçe a rl klar üstel olarak azalmaktad r. 

1959 y l nda Roberts taraf ndan takdim edilen EWMA 
ortalamas n n temel e itli i a a daki gibidir [5]: 

𝑧𝑡 𝜆𝑥𝑡 𝜆 𝑧𝑡 (1)

Burada;  

t: zaman ,  

xt: t zaman ndaki gözlem de erini, 

zt: t zaman ndaki tahmini EWMA de erini, 

: son gözleme verilecek a rl  belirtir.   

Üstel yumu atma tahmini olarak betimlenebilecek olan , 
0-1 aras nda de i en sabit bir say d r. EWMA kontrol 
grafiklerinde büyük  de erleri süreç seviyesindeki büyük 
çaptaki kaymalar n tespitinde ve küçük  de erleri süreç 
seviyesindeki küçük kaymalar n tespitinde uygun sonuçlar 
sa lar [4]. t=1 an nda zt-1=z0 olaca ndan ve hangi de er 
al naca  bilinmedi inden z0= 0 kabul edilmektedir. 
Burada 0 sürecin hedeflenen de eridir. Verilerin 
ortalamas  EWMA ba lang ç de eri olarak kullan lmak 
istenirse z0=𝑥 olacakt r [7]. Buna göre EWMA 
grafi indeki ilk de er orta çizgi üzerinde bulunur [8]. xt 
gözlemleri 2 varyansl  ba ms z de i kenler ise zt’nin 
varyans  a a daki gibi olur [1]: 

𝜎𝑧𝑡 𝜎 𝜆 𝜆 𝜆 𝑡 (2)

t zaman na ba l  zt’ye göre çizilen EWMA grafi inin 
kontrol s n rlar  da öyle bulunur:  

Üst kontrol s n r ,  

ÜKS 𝜇 𝐿𝜎𝜆 𝜆 𝜆 𝑡 (3)

Orta çizgi,      OÇ=𝜇 (4)

Alt kontrol s n r ,

AKS=𝜇 𝐿𝜎𝜆 𝜆 𝜆 𝑡 (5) 

Burada L, kontrol s n rlar n n geni li ini belirten ve 
de eri yakla k olarak 3 al nan bir sabittir. Zaman 
ilerleyip t büyüdükçe 𝜆 𝑡  ifadesi 1’e yakla p 
kararl  hale gelmektedir. Bu durumda üst ve alt kontrol 
s n rlar  u ekilde gösterilebilir:  

ÜKS=𝜇 𝐿𝜎𝜆 𝜆 (6)

AKS=𝜇 𝐿𝜎𝜆 𝜆 (7) 

Yap lan çal mada, sinter harman na yap lan müdahalenin 
belli bir süre sonra bacadaki emisyona etki etmesi ve 
emisyon de erlerinde küçük kaymalar n olmas  nedeniyle 
EWMA modeli tercih edilmi tir. 

2.4. Sinter Seviye-2 Sistemi 

Sinter tesisleri için geli tirilen Seviye 2 sistemi, .NET 
platformunda C# programlama dili ile geli tirilmi  
istemci-sunucu uygulamalar ndan olu an ak ll  kontrol 
sistemidir. PLC/scada, laboratuvar ve bilgi i lem 
sistemlerine entegre yap da olan bu sistemin kendine ait 
bir veri taban  vard r. Seviye 2 sistemi, arka planda çal an 
sunucu uygulamalar , ak ll  sistemi te kil eden model 
uygulamalar  ve i letme çal anlar  için geli tirilmi  son 
kullan c  uygulamas ndan olu ur.  

Bu çal mada anlat lan yöntemler Seviye 2 sistemi 
üzerinde çal an sinter SO2 optimizasyon modeli üzerinde 
geli tirilmi tir. Bu model,  SO2 emisyon verilerini SO2, O2 
ve makine h z  parametrelerine göre filtreleyerek 5 
dakikal k ortalama de erler üretmekte, bu de erlerin 
saatlik ortalamalar n  da EWMA kontrol grafiklerine 
uygulayarak sistemdeki de i imi görüntülemektedir. 

letme çal anlar n  bilgilendirmek üzere prosesle ilgili 
yap lmas  gereken i lemi anlatan bir öneri metni 
olu turmakta ve bu öneri son kullan c  ekran nda 
gösterilmektedir. Modelin üretti i ç k  de eri ilgili 
sisteme otomatik olarak set edilmektedir.  

3. Sonuçlar ve Tartı ma 
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statistiksel kontrol yöntemlerinden biri olan EWMA 
kontrol grafi i yöntemi kullanılarak geli tirilen Seviye 2 
SO2 optimizasyon modeli ile sinter harmanına ilave edilen 
çelikhane cürufu miktarı optimize edilmi  ve sinter 
tesisinden salınan kükürt dioksit emisyon de erleri istenen 
sınırlar içinde tutulmu tur. Bu sayede atık bir malzeme 
olan çelikhane cürufunun harman içinde kullanılması ile 
üretim maliyetinin dü ürülmesi sa lanırken çevreye 
duyarlı üretim anlayı ı da korunmu tur.

Çalı ma öncesi ve sonrası dönem performansını
kar ıla tırmak amacıyla MiniTab® yazılımı üzerinden 
çe itli analizler yapılmı tır. Analizler yapılırken Sanayi 
Kaynaklı Hava Kirlili i Kontrolü Yönetmeli i dikkate 
alınmı tır. Çalı ma öncesi ve sonrası dönemde 
yönetmelikte belirtilen iki madde için uyum oranını
hesaplamak amacıyla süreç yeterlili i analizleri 
yapılmı tır. Yapılan süreç yeterlili i analizleri sonucuna 
göre yönetmelikte belirtilen sınır de erlere tam uyum 
sa landı ı görülmü tür. 

Çalı ma öncesi-sonrası dönem sonuçları
kar ıla tırıldı ında kükürt dioksit emisyonlarının proses 
de i kenli i %44 oranında azaltılmı tır. De i kenli in
azalması ile birlikte daha fazla atık malzeme 
de erlendirilerek maliyet avantajı sa lanmı tır. Sonuçta 
yönetmeliklere tam uyum sa lanarak çevre dostu tesis 
anlayı ı korunmu tur.

4. Sonuç 

Bu çalı mada SDEM R sinter tesisinden salınan kükürt 
dioksit emisyonunun, istatistiksel proses kontrol 
yöntemlerinden biri olan EWMA kontrol grafikleri ile 
takip edilmesi için Seviye 2 SO2 Optimizasyon modeli 
geli tirilmi tir. Bu model ile kükürt dioksit 
emisyonundaki kararsızlı ın önüne geçilmi tir. Bu 
sayede hem ilgili yönetmeliklere tam uyum sa lanarak
çevre dostu üretim anlayı ı korunmu , hem de atık
kullanım oranı artırılarak maliyet avantajı elde edilmi tir.
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Sinterin Açık Alanda Stoklanmasının ve Maniplasyonunun 
Sinter Kalitesi ve Boyutu Üzerine Etkisi

•

Effect of Stocking and Manipulation Activities on Quality and Size of Sinter
Orhan Çifci, Orkun Hasdemir, Serkan Çevik, Sadi Balaban

İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
  
  
  
  
  Abstract

Pik iron is produced via the Blast Furnace technology in 
Integrated Steel Mills. Blast Furnaces used as iron 
bearing raw materials Sinter, Pellets and lump ore. 
Sinter is produced at the Sinter Plant by sintering iron 
ore fines. Sinter compared to Pellet is a cheaper raw 
material, but Pellets have a more positive effect on Blast 
Furnace productivity. Lump ore is a cheaper raw 
material but its effect on blast Furnace productivity is 
less than that of sinter. According to present working 
conditions at Iskenderun Iron and Steel Co. (ISDEMIR)  
plant, sinter production capacity is higher than 
consumption and the produced sinter is directly send to 
the Blast Furnace. However due to stoppages at the 
sinter Plant sometimes the sinter consumption can 
decrease. Therefore a certain amount of Sinter is 
stocked outside.  But this causes extra manipulation and 
the stocked sinter is exposed the weathering effects for 
some time. The effect of stocking and manipulation 
activities on parameters like sinter size distribution, 
chemical composition and metallurgical properties 
(RDI, LTD) were investigated. . 
Key Words: Blast Furnace, Sinter, Stocking, 
Manipulation, Size Distribution, Metallurgical 
Properties

Özet

Entegre Çelik Tesislerinde Yüksek Fırın teknolojisi ile 
sıvı ham demir üretimi gerçekle mektedir. Yüksek 
Fırınlara demirli hammadde olarak Sinter, Pelet ve 
Parça cevheri beslenmektedir. Sinter tesislerinde 
üretilen Sinter toz cevherlerin sinterle mesi ile elde 
edilmektedir. Sinter Pelete göre daha ucuz bir 
hammadde ancak Yüksek Fırın üretim verimlili i
yönünden Pelet daha efektiftir. Parça cevheri ucuz bir 
hammadde olmakla birlikte Yüksek Fırın verimlili ine
etkisi Sinterden daha dü üktür. skenderun Demir ve 
Çelik A. ’de ( SDEM R) mevcut çalı ma
parametrelerine göre Sinter üretim kapasitesi tüketim 
miktarından yüksektir. Normal artlarda üretilen 
Sinterin direk Yüksek Fırınlara beslenerek kullanılması
amaçlanmaktadır. Ancak Sinter Tesisinde meydana 
gelen arızalar nedeniyle zaman zaman Sinter kullanımı
dü ebilmektedir. Bu nedenle SDEM R belirli bir 

miktarda Sinteri açık alanlarda stoklamaktadır. Ancak 
bu stoklama i lemi esnasında Sinter ekstra 
maniplasyona u ramakta ve belirli bir süre açık sahada 
bekleyip hava artlarına maruz kalmaktadır. Çalı mada
Sinterin açık alanda stoklanmasının ve ekstra 
maniplasyonunun Sinterin tane boyutu da ılımı,
kimyasal yapısı, metalürjik özellikleri (RDI, LTD) gibi 
parametreleri üzerindeki etkisi ara tırılmı tır.      

1. Giri
Sinterleme i lemi ile demir cevherlerine iyi özellikler 
kazandırılmakta, do rudan kullanılamayan demir 
cevheri tozlarının ve tufal, baca tozu gibi atık duruma 
gelmi  di er demirli maddelerin, günümüzün sıvı ham 
demir üretim prosesi olan yüksek fırınlarda
kullanılabilmesi sa lanmaktadır.
Sinterlemede, yüksek fırın üretim teknolojisinde toz 
boyut sayılan demir cevherlerinden ve ço u demir oksit 
di er demirli maddelerden olu an sinter harmanı,
harmanda bulunan kok tozunun yanması sonucu çıkan
ısı ile, kısmi olarak ergiyerek bloklar haline gelirler 
(aglomere olurlar). Yanma; ızgaranın üzerine serilmi
harmanın yüzeyinden tabanına do ru ilerler. Bu yanma 
zonunda partiküllerin yüzeyleri ergime sıcaklı ına ula ır
ve gang bile enleri yarı sıvı bir cüruf olu tururlar. Bu 
sırada sinterleme prosesinin reaksiyonları da 
gerçekle ir. Harmanda bulunan koktaki karbonun 
yanmasının dı ında, bu reaksiyonlar; harmanda bulunan 
nemin buharla ması, karbonatların parçalanması,
sülfürlü bile iklerin oksitlenerek kükürdünün yanması
ve sistemden uzakla ması, alt oksitli demirli 
minerallerin oksitlenmesi vb. eklinde sıralanabilir.
Sinterlemede ba lıca üç amaç öne çıkmaktadır:
1-Fazla tozlu cevherlerin tozlarını aglomere ederek 
yüksek fırında kullanılabilir boyutlara eri tirmek, 
2-Demir cevherlerinde mevcut olan kükürdü 
oksitleyerek zararsız miktarlara indirmek, 
3-Yüksek firın çalı ma ko ullarında rahatlıkla
kullanılabilecek özelliklerde indirgenebilirli i yüksek, 
mukavemetli, ufalanmaya dayanıklı arj malzemesi elde 
ederek demir üretim verimini artırmak. 
Sinterlemenin getirdi i bu yararlar, demir çelik üreten 
entegre tesislerde sinter ünitesinin yer almasını zorunlu 
kılmı tır. Son yıllarda, entegre tesislerin di er
ünitelerinde de oldu u gibi, yeni sinter tesisi kurmak, 
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teknolojik geli melere paralel olarak mevcut tesisleri 
daha etkili çalı tırmak ve bu tesislerde üstün özelliklere 
sahip yüksek fırın arj malzemesi olarak 
indirgenebilirli i yüksek (dü ük SiO2, dü ük FeO 
içerikli) sinter üretmek amaç olmu tur. Bu sebeple 
sinterin stoklamadan direkt olarak Yüksek fırınlarda
kullanımı sa lanmalıdır.
Bu çalı mada skenderun Demir ve Çelik A. .
( SDEM R; Üretimde olu abilecek problemler, tüketim 
ihtiyacının kar ılanamaması, istenilen kalitede üretim 
sa lanamaması durumunda daha önceden stoklanan 
ürün sinterin Yüksek fırınlarda tana boyutu de i iminin, 
teknolojik parametre de i imin, so uk mukavemetteki 
de i imin olup olmadı ı ara tırılmı tır.

2. Sinter Tesisi Üretim Süreci 

Entegre Demir-çelik tesislerinde, Sinter üretiminin 
yapıldı ı sinter tesisleri; geni  stok sahaları,
harmanlama sahaları, cevher kırma-eleme üniteleri, 
dozajlama sistemleri, kok-kireçta ı kırma-eleme
üniteleri ve sinter makineleri gibi bölümlerden olu ur. 
Stok sahalarında kara ve deniz yoluyla gelen 
hammaddeler stoklanır. Harmanlama sahalarında cevher 
ve ilave malzemeler karı tırılarak harman sahalarında
yı ınlar haline getirildikten sonra dozajlama ünitesi 
stoklarına alınır. Bu karı tırılmı  malzemeler dozajlama 
sistemlerinde oranlanır. Bu karı ım mikserlerde tekrar 
karı tırılıp homojenize edilir ve nemlendirilerek sinter 
makinesine aktarılır. Sinter makinesine serilen bu 
karı ık malzeme, tutu turma fırınında üstten kok gazı ile 
tutu turulur. Makine boyunca ana fan kolektörü 
sayesinde emi  kamaralarından çekilen basınçlı hava ile 
karı ımın içindeki kok tozu yanarken, olu an ısıyla
hammaddenin kalsinasyonu sonucu malzemenin 
sinterle mesi sa lanır. Sinterle me i lemi makinenin 
ba ında malzemenin üst kısmında ba lar, malzeme 
makine üzerinde ilerledikçe alt bölgeye do ru devam 
eder ve malzeme makinenin sonuna geldi inde tüm 
katmanlarda tamamlanmı  olur. ekil 1’de sinter 
tesislerinin dozajlama ünitesi ve sinter makinesi 
bölümlerindeki üretim akı ı gösterilmi tir.    

ekil 1: Sinter üretimi. 

2.1. Sinter Üretiminde Kırılganlı ı etken 
parametreler 

Ürün Sinter yapısı gere i olarak toz demir 
cevherlerinden aglomere edilmesi ve kok tozu ile 
tutu turulması sonrası iri tane boyutuna sahip ürün 
olarak elde edilmektedir. Fakat bu boyutların
sınıflandırma yapılması için öncelikle kırılır arkasında
da eleme i lemin tabi tutulur. Kısaca,  Sinter makinesi 
üzerine serilen karı ım malzeme, aradaki kok tozlarının
yanması ile ergitilir ve sinterle mi  ürün olarak 
makineyi terk eder.  

Üretilen sinterin kırılmasının ba lıca nedenlerinde birisi 
yüksek fırınlara teslim edilmesin kadar aktarma 
noktalarında geçmesi sonucu olmaktadır. 

3. Materyal ve Yöntemler 

3.1. RDI Testi : Numune Miktarı: 500 gr.(TS ISO 
4696-1)

(Low temperature reduction disintegration-Dü ük
sıcaklıkta indirgenme – parçalanma-Statik deney): 500  
ºC lik (+/- 5ºC) sabit bir yatakta indirgenmi (CO %20 + 
CO2 %20 + H2 % 2 + N2 %58) olan bir demir cevheri 
deney numunesi kısmının oda sıcaklı ında ufalanmaya 
tabi tutulmak suretiyle demir cevherlerinin 
parçalanmasının de erlendirilmesi için yapılan bir 
testtir. 500 ºC’ ye kadar N2  Gazı 20 l/dak. le beslenir. 
500 ºC’de aynı debi ile indirgeyici gaz 1 saat beslenir. 

lem sonunda 105 ºC’ye kadar so uması için N2 gazı
beslenir. Cevher  cihazdan çıkarıldıktan sonra tartılır ve 
130*200 mm’lik tamburda 300 devir (30 devir/dak. 
Hızla) yaptırılır. Tamburdan çıkan malzeme 6,3 – 3,15 – 
0,5 mm’lik eleklerden elenir. Çıkan sonuçlar da: 
Peletlerde +6,3mm en az %84 ; -0,5 mm en fazla %3 
olmalıdır. Sinter’de -3,15mm oranının max. %35 olması
istenmektedir. Bu testin yapılma amacı yüksek fırına
beslenen malzemenin gövdede ilk de i im zonunu 
temsil etti i içindir. 

3.2. LTD Testi: Numune Miktarı: 500 gr.(TS ISO 
13930)

(Low temperature reduction disintegration-Dü ük
sıcaklıkta indirgenme – parçalanma-Dinamik deney): 
500 ºC ‘lik (+/- 5ºC)  bir döner tüp içinde demir 
cevherinin indirgenmesi (indirgeyici gaz CO %20 + 
CO2 %20 + H2 % 2 + N2 %58)  için de, cevherin 
parçalanma derecesinin tayinini kapsar. 500 ºC’ ye 
kadar N2  Gazı 20 l/dak. le beslenir. 500 ºC’de aynı
debi ile indirgeyici gaz 1 saat beslenir. lem sonunda 
105 ºC’ye kadar so uması için N2 gazı (350 ºC’ye 
kadar 20 l/dak.) beslenir. ndirgeme tüpü 150*540 
mm’dir (içinde 20mm yüksekli inde 4 mm kalınlı ında
4 adet rampa bulunur). Tepkime süresi 60 dakika; 
indirgeme tüp hızı ise 10 devir/dak.’dır. . Bu testin 
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yapılma amacı yüksek fırına beslenen malzemenin 
gövdede ilk de i im zonunu temsil etti i içindir. Tüpten 
çıkan malzeme 6,3 – 3,15 – 0,5 mm’lik eleklerden 
geçirilir.

3.3. Tumbler Test: (ASTM E279)  

Parça Demir Cevherlerinin, Peletlerin ve Sinterin 
ufalanma ve a ınma indislerinin tayin edilerek, ilgili 
malzemelerin ufalanmaya kar ı dayanımı hakkında bilgi 
edinmek amacı ile yapılan testtir. 
Bu testlerin sonuçlarına bakarak: 
- Yüksek fırınlarda kullanılan demir cevherlerinin sıvı
ham demire dönü mesi için harcanan kok miktarının
saptanmasında yardımcı oldu unu, 
- Yüksek fırınlarda basınç farklarından, yükseklik 
kayıplarından ve ufalanmalardan dolayı olu acak
çökmeleri(askıya alınma)
- Alınacak ve hazırlanacak olan yüksek fırın demir 
cevherlerinin hangilerinin avantajlı oldu unun
belirlenmesi ( satınalma ve sinter hazırlama stratejileri) 
hakkında bilgiler edinilir. 

4. Sinterin Stoklanması ve Geri Beslenmesi  

Üretilen sinter konveyör bantlar ile 1.Yüksek Fırın
(1.YF), 2.Yüksek Fırın (2.YF) ve 3.Yüksek Fırının
(3.YF) arj tesisine Sinter hattı üzerinden gelmektedir. 
Buradan 3 yüksek fırına da bu sinter beslenebilmektedir. 
Aynı hattan 4.Yüksek Fırına (4.YF) gelen sinter de 
beslenmektedir. Ancak Fırın daha uzak mesafede olması
nedeniyle buradan ilave 6 bant ile Sinter ta ınmaktadır.
Bant aktarma noktalarında Sinter kırılabilmektedir. 
Sinterin kırılması neticesinde olu an sinter tozunun 
Yüksek Fırınlara girmemesi için fırınların arj
tesislerinde sinter tekrar elenmekte ve elek altı malzeme 
Sinter tesisine geri gönderilmektedir. SDEM R’in 
Sinter üretim kapasitesi Yüksek Fırınların tüketiminden 
yüksek olması nedeniyle belirli bir miktarda Sinter stok 
sahasında stoklanmaktadır. Stoklanan Sinter malzemesi 
Sinter tesisinde bir problem olu tu unda yer 
bunkerinden beslenmekte ve Yüksek Fırınlarda sinter 
oranının dü ülmesinin önüne geçilmektedir. 
Stoklanacak sinter Yüksek Fırınlara kadar ta ınmakta
arj tesislerinden elenerek kamyonlarla stok sahasına

ta ınmaktadır. Bu eleme neticesinde 2017 ve 2018 yılı
içerisinde sahaya gönderilen Sinter’den elde edilen toz 
oranları a a ıda verilmektedir. 

Tablo 1: Elenerek gönderilen Sinter’in geri dönü  oranı

Stok sahasına alınan Sinter ihtiyaç halinde 4. Yüksek 
Fırına beslenmektedir. Bunun ba lıca nedeni 4. Yüksek 
Fırının 5 büyük Sinter bunkerine sahip olması ve 

kontrollü bir ekilde Sinteri Yüksek Fırınına
besleyebilmesidir. 4.YF’ye beslenen stok sahası Sinterin 
beslendi i dönemlerdeki tonajları ve geri dönen günlük 
Sinter toz oranları a a ıda verilmektedir.

Tablo 2: 4.YF’ye beslenen stok sahası Sinterin miktarı
ve toz oranları

5. Analizler ve Sonuçları

Daha detaylı bir çalı ma yapmak amacıyla sahaya 
alınan yeni  Sinterden Mart 2018’de 10 tonluk bir yı ın
alınmı tır. Bu yı ından 15 günde bir numune alınarak 
elek analizi, tambur testi, RDI testi ve LTD testi 
yapılmı tır. Bununla birlikte kimyasal analizler ve faz 
analizleri yapılmı tır.

5.1. Elek Analizi  

Alınan Sinter numuneleri 5mm’lik eleklerden geçirilmi
olup, +5mm ve -5mm elek oranları a a ıda
verilmektedir.  

Grafik 1: Saha Sinterin elek analizi 

5.2. Tambur Testi  

Alınan Sinter numuneleri Tambur testine tabi tutulmu
olup,       -0,6mm, +0,6mm ve +6,3mm elek oranları
a a ıda verilmektedir.

Grafik 2: Saha Sinterin Tambur Testi Sonuçları
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5.3 RDI Analizi  

Alınan Sinter numuneleri 500 °C ve ndirgeyici ortama 
maruz kaldıktan sonra 0,5mm, 3,15mm ve 6,3mm 
eleklerden geçirilmi  olup, elek oranları a a ıda
verilmektedir.  

Grafik 3: Saha Sinterin RDI sonuçları

5.4 LTD Analizi  

Alınan Sinter numuneleri 500 °C ve ndirgeyici ortam 
ile birlikte indirgeme tüpün yaptı ı 10 devir/dak dönme 
hareketine maruz kaldıktan sonra 0,5mm, 3,15mm ve 
6,3mm eleklerden geçirilmi  olup, elek oranları a a ıda
verilmektedir.  

Grafik 4: Saha Sinterin LTD sonuçları

5.5 Fe ve Baziklik Analizleri  

Alınan Sinter numunelerin komple analizi yapılmı
olup, kar ıla tırmak amacıyla de erlendirilmi tir.

Grafik 5: Saha Sinterin Fe ve Baziklik Oranları

Tablo 3: Saha Sinterin Kimyasal Analizleri 

5.6 Saha Sinterin Faz Analizleri Faz

Alınan Sinter numunelerin faz analizleri XRD cihazı ile 
yapılmı  ve kar ıla tırmak amacıyla de erlendirilmi tir.

Tablo 4: Saha Sinterin Faz Analizleri 

6. Sonuç ve De erlendirmeler 

Sahada Sinterin stoklama amacı Sinter Fabrikaların
planlı veya plansız duru unda sinter oranını dü memek
ve daha pahalı olan peletin kullanım oranını
arttırmamak olmu tur. Ocak 2017 – Mayıs 2018 
tarihleri arasında sahada stoklanan Sinterden yakla ık
46.000 ton Yüksek Fırınlara beslenmi tir.

Çalı mada yeni üretilmi  Sinterin direkt olarak Yüksek 
Fırınlara beslemeden, sahada stoklanması neticesinde 
maniplasyon ve bekleme süresi sonucunda kalitesindeki 
de i kenliklerin belirlenmesi amaçlanmı tır. Geçmi te
Sinter Fabrikası duru larında daha pahalı bir hammadde 
olan pelet kullanılmı tır. Grafik 6’da 2016 – 2018 
IODEX62 ve Atlantik Pelet Primi grafi i verilmi tir.
Uluslararası Toz demir cevheri fiyat endeksi olan 
IODEX62 son yıllarda artı  ve dü ü ler göstermi tir.
Ancak demir cevheri fiyat endekslerine Pelet primi 
olarak ilave edilen Atlantik Pelet Primi endeksi son 3 
yılda sürekli artı  göstermi tir. Bunun ba lıca
nedenlerinden biri artan çelik kapasitesine paralel olarak 
aynı oranda dünya peletleme kapasitesinin artmaması ve 
deniza ırı pelet ticaretinde önemli bir Pazar payına
sahip bir firmanın Brezilya’da ya adı ı çevre kazası
neticesinde tekrar tam faaliyete geçememesi 
gösterilmektedir.    

Grafik 6: IODEX62 ve Pelet Primi fiyat grafi i
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Stokta yakla ık 45 gün kalan Sinterin tambur test 
sonucu ve elek altı miktarında önemli de i iklik
gözlemlenmemi tir. Bununla birlikte kimyasal 
kompozisyonda da önemli bir sapma tespit 
edilememi tir. Ancak ndirgenebilirlik açısından önemli 
bir faz olan SFCA yapısında ilk 15 gün sonrasında %20
seviyesinden %15’e bir dü ü  olmu tur. SFCA-I fazında ise 
önemli bir de i iklik gözlemlenememi tir.

Yüksek Fırınların prosesi esnasında önemli olan ve Sinterin 
metalürjik özellikleri hakkında bilgi veren RDI ve LTD 
de erleri de incelenmi tir. RDI de erindeki +6,3mm 
fraksiyonu ilk 15 gün sonra %15 dü mü tür. Ancak Yüksek 
Fırınlar için önemli olan -3,15mm fraksiyonu sadece 
%26,7’den %32’lere yükselmi tir. Dinamik indirgeme testi 
olan LTD de erlerinde ise önemli bir de i im gözlenmemi tir.

Sinterin stok sahasına alınması esnasında yakla ık %9,3’lük 
sinter tozu olu mu tur (-5mm oranı). Bu toz oranı Yüksek 
Fırınlara beslenirken olu an ve sinterin elenmesi sonucunda 
Sinter tesisine geri gönderilen toz miktarı ile paralellik 
göstermektedir. Ancak stoklanan sinterin stok sahasında 
alınması sisteme tekrar gönderilmesi ve 4.Yüksek Fırına
beslenmesi esnasında ekstra maniplasyona u ramakta ve 
bunun neticesinde tekrar %9,5 oranında toz olu maktadır.
Ancak mevcut piyasa artları ve pelet fiyatları incelendi inde
Sinter duru larında stoklanan Sinterin kullanılması ekonomik 
bir alternatif olarak ortaya çıkmaktadır.
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•
Optimization of Granular Magnesium Amount Using in Hot Metal Desulfurization Process with Level-2 Software In İsdemir

Kaan Özmen¹, Turan Görkem Eskiyurt¹, Hikmet Şahin¹, Haldun Erkal¹, Tayfun Kocabaş², Abdurrahman Mesud Çakır¹, 
Burcu Soysal Atan¹

¹İskenderun Demir ve Çelik A.Ş. Payas/Hatay, Türkiye
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Abstract

Sulfur contained in hot metal is an undesirable element 
because it causes hot brittleness in steel and adversely 
affects the rollability and weldability. Therefore, prior to 
the liquid steel production process, the desulfurization 
process in hot metal is carried out by Co-Injection 
(Metallurgical Lime and Granular Magnesium) method. 
Desulphurization is a complex and nonlinear process 
involving chemical reactions. Desulphurization Plant in 
the Iskenderun Iron and Steel Co. (ISDEMIR) has time 
priority because it directs the hot metal traffic between 
the blast furnaces and the converters and therefore 
granular magnesium is being used as the main 
desulphurization element for the fastest desulphurization 
process. The amount of granule magnesium varies 
according to the sulfur content to be removed. When 
processing with the magnesium amount calculated and 
recommended by the Level-2 software prepared by the 
manufacturer of the desulfurization plant, the target value 
compliance rate is low. In this case, to reach the target 
sulfur value additional granular magnesium is used, 
which varies depending on the operator. This leads to 
operator-induced variability in the amount of magnesium 
consumed. Level-2 software prepared by the 
manufacturer of the desulfurization plant is closed source 
code and has limited access to intervention to the amount 
of material to be calculated. 

In this project, it is aimed to reduce operator-induced 
variability and to optimize the amount of granular 
magnesium. By this way 8583 heat datas were analyzed 
with MiniTab® software. Best subset regression analysis 
was performed to find the best model to estimate the 
amount of granular magnesium that should be used 
according to the target sulfur content. The mathematical 
model obtained as a result of multiple linear regression 

analysis is integrated into the ISDEMIR Level-2 software 
by disabling the Level 2 software calculation module of 
the manufacturer.  As a result of the project, the 
compliance rate to the sulfur target has been increased 
from 32% to 81%. 

Özet 

Sıvı ham demir (SHD) içerisinde bulunan kükürt, çelikte 
sıcak kırılganlı a sebep olması, haddelenebilirli i ve 
kaynaklanabilirli i olumsuz etkilemesi nedeniyle 
istenmeyen bir elementtir. Bu nedenle sıvı çelik üretim 
prosesi öncesinde arj potalarında SHD’de kükürt 
giderme i lemi Co-Injection (Metalürjik Kireç ve 
Granüle Magnezyum) yöntemiyle yapılmaktadır. Kükürt 
giderme i lemi kimyasal reaksiyonlar içeren oldukça 
kompleks ve do rusal olmayan bir i lemdir. skenderun
Demir ve Çelik A. . ( SDEM R)’de Kükürt Giderme 
Tesisi, Yüksek Fırınlar ve Konverterler arasında SHD 
trafi ini yönlendirmesi nedeniyle zaman öncelikli olarak 
çalı makta, bu nedenle en hızlı kükürt giderme i lemi 
için granüle magnezyumu ana kükürt giderme elemanı
olarak kullanmaktadır. Üflenecek granüle magnezyum 
miktarı, giderilecek kükürt miktarına göre de i kenlik
göstermektedir. Tesisin yapımcı firması tarafından
hazırlanmı  olan Seviye-2 programının önerdi i
magnezyum miktarı ile i lem yapıldı ında hedef kükürt 
de erini tutturma oranı dü ük olmaktadır. Bu nedenle 
hedef kükürt de erini yakalayabilmek için operatöre 
ba lı de i kenlik gösteren ilave granüle magnezyum 
kullanılmaktadır. Bu durum magnezyum tüketim 
miktarında operatör kaynaklı de i kenli e yol 
açmaktadır. Yapımcı firmanın Seviye-2 programı kapalı
kaynak kodlu ve hesaplanacak malzeme miktarına
müdahale eri imi kısıtlı bir programdır.  
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Yapılan çalı mada, operatör kaynaklı de i kenli in
azaltılması ve kullanılan granüle magnezyum miktarının
optimize edilmesi amaçlanmı tır. Bu kapsamda, 8583 
adet döküme ait proses verileri MiniTab® yazılımı ile 
analiz edilmi tir. Hedef kükürt de erine göre 
kullanılması gereken granüle magnezyum miktarını
tahminleyen en iyi modeli bulmak amacıyla en iyi alt 
küme regresyon analizi yapılmı tır. Yapımcı firmanın
Seviye-2 programı hesaplama modülü devre dı ı
bırakılarak, çoklu do rusal regresyon analizi sonucunda 
elde edilen matematiksel model SDEM R Seviye-2 
programına entegre edilmi tir. Çalı ma sonucunda kükürt 
hedef de erine uyum oranı %32’den %81’e çıkarılmı tır.

1. Giri

Kükürdün sıvı ham demirden uzakla tırılması i lemine 
“sıvı ham demirde kükürt giderme (sıcak metalin 
desülfürizasyonu)” denir. Kükürt, çelikte sıralanan
nedenlerle istenmeyen bir elementtir: çeli in hem iç hem 
de yüzey kalitesini etkiler, çelik kırılganlı ına arttırır ve 
sülfür fazında oldu unda çelik ürünlerde stres arttırıcı
olarak görev yapar, katıla ma sırasında çelikte granüler 
zayıflı ı ve çatlakları destekleyen istenmeyen sülfitler 
olu turur, mekanik özellikler üzerinde olumsuz bir etkisi 
vardır, erime noktası ve taneler arası mukavemeti 
dü ürür.

ekil 1. Kükürt giderme prosesi ematik gösterimi

Kükürt Giderme Tesisinde, sıvı ham demir içerisine azot 
itici gazı ve lans kullanılarak kalsine mikronize kireç ve 
granüle magnezyum enjekte edilir. Enjeksiyon sırasında
kireç ve magnzeyum sıvı ham demir içerisinde bulunan 
kükürt ile reaksiyona girerek, cürufu olu turur. Cüruf 
sıyrılarak potadan uzakla tırılır.  

CaO + [S] = (CaS) +  [O]    (1) 

Mg + [S] = (MgS)    (2) 

Kükürt Giderme Tesisi Yüksek Fırınlar ve Konverterler 
arasında sıvı ham demir trafi ini yönlendirmesi nedeniyle 
zaman öncelikli olarak çalı makta, bu nedenle en hızlı
kükürt giderme i lemi için, granüle magnezyumu ana 

kükürt giderme elemanı olarak kullanmaktadır.
Üflenecek granüle magnezyum miktarı, giderilecek 
kükürt de erine göre de i kenlik göstermektedir. Tesisin 
yapımcı firması tarafından hazırlanmı  olan Seviye-2 
programının önerdi i magnezyum miktarı ile i lem 
yapıldı ında hedef kükürt de erini tutturma oranı dü ük
olmaktadır. Bu nedenle hedef kükürt de erini
yakalayabilmek için operatöre ba lı de i kenlik gösteren 
ilave granüle magnezyum kullanılmaktadır. Bu durum 
magnezyum tüketim miktarında operatör kaynaklı
de i kenli e yol açmaktadır. Operatör kaynaklı
de i kenli i azaltmak ve hedefe uyum oranını arttırmak 
amacıyla çalı ma yapılmı tır.

2. statistiksel Model Çalı maları ve Seviye-2 Yazılımı
Uygulaması

Çalı ma kapsamında deney tasarımı yöntemi (DOE) ve 
regresyon analizi yöntemi kar ılıklı olarak 
de erlendirilmi tir. Kükürt giderme sürecinde, girdi 
faktörlerinin de i ken olması, faktörlerin belirlenmi
seviyeleri üzerinden deney yapmanın mümkün olmaması
ve elimizde geçmi e dönük veri seti olması nedeniyle 
regresyon modeli tercih edilmi tir. Regresyon iki veya 
daha fazla de i ken arasındaki ili kileri ortaya koymaya 
yarayan bir yapay zeka yöntemidir. Basit ve çoklu 
regresyon olmak üzere ikiye ayrılır. Basit regresyonda bir 
ba ımlı de i ken ile bir ba ımsız de i ken arasındaki
ili ki matematiksel olarak ortaya konur. Benzer ekilde
çoklu regresyonda bir ba ımlı de i kenle birden fazla 
ba ımsız de i ken arasındaki ili kiler matematiksel 
olarak ortaya konur. Analiz edilen de i kenler arasındaki
ili ki do rusal ise do rusal regresyon olarak adlandırılır.
A a ıda (3) numaralı e itlik basit do rusal regresyon 
modelini, (4) numaralı e itlik ise çoklu do rusal
regresyon modelini ifade etmektedir. 

y = 0 + 1x1 +       (3) 

y = 0 + 1x1 + ….. + nxn +    (4) 

Formülerde y ba ımlı de i ken (çıktı faktörü), xi kendi 
aralarında ba ımsız de i kenler (girdi faktörleri), i
tahmin edilecek parametreler (faktörlerin katsayısı) ve 
(artık) regresyon modelinin hata miktarıdır (gerçekle en
de er ile modelin tahminledi i de er arasındaki farktır).

Çalı malara ba lamadan önce regresyon modeli ile ilgili 
literatür taraması yapılmı  ve çe itli yöntemler 
incelenmi tir. ncelenen yöntemlerden birinde Yukun 
Wang ve arkada ları [1]  SVM (destek vektör makinesi) 
kullanarak proses sonunda olu acak çıktının tahmin 
edilmesi üzerinde durmu lardır. Burada bahsedilen 
yöntemde veri setinin do rulu unun sa lanarak modelin 
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tahmin gücünün artırılması ba arılmı tır. Modelin hata 
oranı ±%0,04 aralı ındadır. Yine aynı ekip [2]  tarafından
uygulanan di er yöntemde PCA-RBFNN (principal 
component analysis - radial basis function neural 
network) aynı veri seti üzerinde çalı ılmı  ve model 
tahminlerinin gerçek çıktılara ±%2 gibi kabul edilebilir 
bir farkla yakla tı ı tespit edilmi tir. Son olarak D. S. 
Vinoo ve arkada larının [3]  yaptı ı bir çalı mada ise 
regresyon yakla ımı kullanılarak proses sonuçları tahmin 
edilmi tir. Burada sıcaklık baz alınarak birden çok 
regresyon modeli kurulmu  ve tahminler ilgili sıcaklı a
ait model üzerinden yapılmı tır. Tahminler ±%0,003 
aralı ında hedefi yakalamaktadır.

Bir yıllık dönemde gerçekle tirilen dökümlere ait proses 
bilgilerini içeren veri seti hazırlanmı tır. Hazırlanan veri 
seti gözden geçirilerek her bir faktör için ayrı ayrı
de erlendirme yapılmı , uç de erler çıkarılmı  ve 8.583 
adet döküme ait proses bilgilerini içeren nihai veri seti 
olu turulmu tur. Girdi faktörleri arasında güçlü do rusal
ili ki olup olmadı ını tespit etmek amacıyla korelasyon 
analizi yapılmı tır. Aralarında güçlü do rusal ili ki olan 
faktörlerden birer tanesi süreç bilgisi do rultusunda veri 
setinden çıkarılmı tır. Korelasyon analizi sonucunda 
düzenlenen veri seti üzerinden ana kükürt giderme 
elemanı olarak kullanılan granüle magnezyum miktarını
tahminleyen en iyi modeli bulmak amacıyla en iyi alt 
küme regresyon analizi yapılmı tır. Granüle magnezyum 
miktarını en iyi tahminleyen modelin girdileri; kükürt 
giderme tesisine giri  kükürt oranı, hedeflenen kükürt 
oranı ve sıvı ham demir miktarı olarak tespit edilmi tir.
En iyi alt küme regresyon analizi sonucunda tespit edilen 
üç adet girdi faktörü dikkate alınarak kullanılması
gereken granüle magnezyum miktarını tahminleyen en iyi 
modeli bulmak amacıyla çoklu do rusal regresyon analizi 
yapılmı tır. Analiz sonucunda elde edilen modelin 
tahmin gücü %83’tür. Olu turulan regresyon modeli 
a a ıdaki gibidir: 

Granüle Magnezyum Miktarı = -22,22 + 1*Giri  Kükürt 
Miktarı - 2*Hedef Kükürt Miktarı + 3*Sıvı Ham Demir 
Miktarı      (5) 

sdemir Kükürt Giderme Tesisine ait veriler bir veri 
tabanında kayıt altına alınmaktadır. Elimizde tesise ait 
veri tabanında girdi faktörleri ve çıktılara ait geçmi
veriler mevcuttur. lem (döküm) numarası bazlı geçmi e
dönük veriler tutulmaktadır. Çoklu do rusal regresyon 
analizi ile olu turulan “Kükürt Giderme Tahmin modeli” 
C# dili kullanılarak uygulama haline getirilmi  ve 
otomasyon sistemleri ile haberle mekte olan bir sunucu 
üzerinde devreye alınmı tır. Uygulamanın devreye 
alınması ile beraber gerçek zamanlı olarak yapılacak

döküm ile ilgili hesaplamalar otomasyon sistemine 
gönderilmeye ba lanmı tır.

ekil 2. Kükürt giderme modeli

3. Sonuçlar ve Tartı ma 

Olu turulan regresyon modeli Seviye-2 yazılımına entegre 
edildikten sonra sahada kademeli olarak (kalite grubu 
bazlı) devreye alınmı tır. Olu turulan modelin 
performansını ve çalı ma öncesi-sonrası durumu 
kar ıla tırmak amacıyla MiniTab® yazılımı ile çe itli
analizler yapılmı tır.

Kükürt Giderme Tesisi’ne gönderilen sıvı ham demirin 
hedef kükürt de eri, üretilecek kaliteye ba lı olarak 
de i mektedir. Yapılan analizlerde bütünsellik sa lamak 
amacıyla hedef kükürt de erine göre dökümler 3 gruba 
ayrılmı tır: 0-200 ppm arası, 200-400 ppm arası, 400 
ppm. Her bir hedef grubu için çalı ma öncesi-sonrası
dönem performansını ve hedefe uyum oranı kar ıla tırmak 
amacıyla süreç yeterlili i analizleri yapılmı tır. Hedef 
kükürt de eri 0-200 ppm olan dökümler üzerinden 
çalı ma öncesi ve sonrası için ayrı ayrı süreç yeterlili i
analizi yapılmı tır. Hedefe uyum oranı çalı ma öncesi 
dönemde %32,62 iken çalı ma sonrası dönemde %70,63 
oranına çıkmı tır ( ekil 3).

ekil 3. 0-200 ppm grubu süreç yeterlili i analizi: a. 
çalı ma öncesi; b. çalı ma sonrası

Hedef kükürt de eri 200-400 ppm olan dökümler 
üzerinden çalı ma öncesi ve sonrası için ayrı ayrı süreç 
yeterlili i analizi yapılmı tır. Hedefe uyum oranı çalı ma 
öncesi dönemde %41,92 iken çalı ma sonrası dönemde 
%81,08 oranına çıkmı tır ( ekil 4).
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ekil 4. 200-400 ppm grubu süreç yeterlili i analizi: a. 
Çalı ma öncesi; b. Çalı ma sonrası

Hedef kükürt de eri 400 ppm ve üzeri olan dökümler 
üzerinden çalı ma öncesi ve sonrası için ayrı ayrı süreç 
yeterlili i analizi yapılmı tır. Hedefe uyum oranı çalı ma
öncesi dönemde %21,51 iken çalı ma sonrası dönemde 
%92,16 oranına çıkmı tır ( ekil 5).

ekil 5. 400 ppm ve üzeri süreç yeterlili i analizi: a. 
Çalı ma öncesi; b. Çalı ma sonrası

Yapılan analizlerde tüm dökümler dikkate alındı ında
hedefe uyum oranının çalı ma öncesi dönemde %32 iken 
çalı ma sonrasında dönemde %81 oranına çıktı ı
görülmü tür.

4. Sonuç 

Yapılan çalı ma kapsamında elde edilen sonuçlar a a ıda
özetlenmi tir:

• Hedef kükürt de eri 0-200 ppm olan 
dökümlerde hedefe uyum oranı %32,62’den 
%70,63’e çıkmı tır.

• Hedef kükürt de eri 200-400 ppm olan 
dökümlerde hedefe uyum oranı %41,92’den 
%81,08’e çıkmı tır.

• Hedef kükürt de eri 400 ppm ve üzeri olan 
dökümlerde hedefe uyum oranı %21,51’den 
%92,16’ya çıkmı tır.

• Tüm dökümler dikkate alındı ında hedefe uyum 
oranı %32’den %81’e çıkmı tır.

• Olu turulan regresyon modeli ile kullanılması
gereken granüle magnezyum miktarı ve kireç 
miktarı belirlenerek operatör kaynaklı
de i kenlik azaltılmı tır. Operatör kaynaklı
de i kenli in azalması ve hedefe uyum oranının
artması ile kullanılan malzeme miktarlarında

dü ü  ya anmı tır. Kullanılan granüle 
magnezyum miktarı %10, kullanılan kireç 
miktarı ise %6 oranında azalmı tır.
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Abstract

Liquid iron and slag are obtained as a result of CO 
reduction from ferrous materials in process of blast 
furnace. The gangue minerals which enter the blast 
furnace in raw materials can be discharged with the slag 
from the furnace. The slag chemical composition is 
controlled by slag basicity. For this reason, the slag 
basicity process is constantly monitored and controlled. 
Slag basicity is usually followed by small basicity (B2) 
and large basicity (B4). In the blast furnace process, it is 
aimed that the difference between the actual average 
value of slag basicity and the daily target slag basicity of 
the obtained castings is within the range of +/- 0.03. In 
the blast furnaces of  Iskenderun Iron and Steel Co. 
(ISDEMIR), slag basicity value was kept under control 
and followed them continuously. The study was carried 
out in June 2015-March 2017 period and the data of 24 
factors of 2400 casting in 6 months period were analyzed 
to determine the current situation in the preliminary 
analyzes. A mathematical model was created using the 
Exponentially Weighted Moving Average Control Charts 
(EWMA), which is one of the statistical process control 
methods. The generated mathematical model was 
transferred to Level 2 models and instantly monitored for 
the purpose of controlling. With the suggestions given by 
Level 2 software, the large variability comes from 
operator management is reduced and the target value 
compliance rate is increased. The results were analyzed 
with MiniTab® software. Consequently, the slag basicity 
target compliance rate was accomplished with 75.3%. 

Özet

Yüksek fırında sıvı ham demir üretim prosesinde CO’in 
demirli malzemeyi redüklemesi sonucunda sıvı ham 
demir ve cüruf elde edilir. Yüksek fırına hammaddelerle 
birlikte giren gang minerallerinin fırından dı arı atılması
cürufla gerçekle mektedir. Cürufun kimyasal bile imi 
cüruf bazikli i ile kontrol altında tutulmaktadır. Bu 
nedenle cüruf bazikli i proseste sürekli olarak takip 

edilmekte ve yönetilmektedir. Cüruf bazikli i genellikle 
küçük baziklik (B2) ve büyük baziklik (B4) eklinde
takip edilmektedir. Yüksek fırın prosesinde, elde edilen 
dökümlerin gün sonu cüruf bazikli i fiili ortalama de eri
ile günlük hedef cüruf bazikli i arasındaki farkın +/- 0,03 
aralı ında olması amaçlanmaktadır. skenderun Demir ve 
Çelik A. . ( SDEM R) yüksek fırınlarında cüruf bazikli i
de erinin kontrol altında tutulması ve sürekli takip 
edilmesi amacıyla çalı ma yapılmı tır. Çalı ma, Haziran 
2015-Mart 2017 döneminde gerçekle tirilmi  olup, ön 
analizlerde mevcut durumu tespit etmek amacıyla 6 aylık
bir dönemde gerçekle en 2400 döküme ait 24 adet 
faktörün verileri incelenmi tir. Çalı ma kapsamında
istatistiksel proses kontrol yöntemlerinden biri olan Üstel 
A ırlıklı Hareketli Ortalama Kontrol Grafikleri (EWMA 
- Exponentially Weighted Moving Average Control 
Charts) kullanılarak matematiksel model olu turulmu tur.
Olu turulan matematiksel model Seviye 2 yazılımına
aktarılarak anlık olarak takip edilmesi sa lanmı tır.
Seviye 2 yazılımı tarafından verilen öneriler sayesinde 
operatör kaynaklı de i kenlik azaltılmı  ve hedef de ere
uyum oranı arttırılmı tır. Elde edilen sonuçlar MiniTab® 
yazılımı ile analiz edilmi tir. Cüruf bazikli i hedef 
de erine uyum oranı %75,3 olarak gerçekle mi tir.

1. Giri

Metaller, empürite, gang bile enleri ve oksitli yapıları
içerisinde bulunduran hammaddenin indirgenmesi ile 
elde edilirler. Metal içerisinde istenilmeyen bu 
bile enlerin proseste metal yapısından ayrılabilmesi için 
fluks malzemeleri ile cüruf yapısı olu turulur. Cüruf ve 
sıvı metalin birbiri içinde çözünmemesinden dolayı ancak 
proses içerisinde ayrı tırılabilmektedir [1]. Yüksek 
fırında cüruf, temel bile enler olarak arj malzemesindeki 
gang mineralleri, flukslı malzemeler ve kok külünden 
meydana gelmektedir. Yüksek fırın cürufunun temel 
kimyasal yapısının %96’sını olu turan dört ana oksit 
formu SiO2, Al2O3, CaO ve MgO yapılarından
olu maktadır [2].  Çizelge 1’de cürufun geni  aralıkta
kimyasal analizi verilmi tir.
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Çizelge 1. Cüruf kimyasal analizi 
Bile en %

SiO2 28-38 
Al2O3 8-20 
CaO 34-42 
MgO 6-12 

Demir çelik üretim prosesinde bazik yapıların, asidik 
yapılara olan molar oranı da cüruf bazikli i olarak 
adlandırılmaktadır  [1]. Çizelge 2’de yüksek fırın
prosesinde kullanılan baziklik tanımlamaları verilmi tir.

Çizelge 1. Cüruf baziklik tanımı
B2 𝐶𝑎𝑂

B3 𝐶𝑎𝑂 𝑀𝑔𝑂𝑆𝑖𝑂

B4 𝐶𝑎𝑂 𝑀𝑔𝑂𝑆𝑖𝑂 𝐴𝑙 𝑂

Cürufun viskozitesi, sülfür ve alkali kapasitesi ve ergime 
sıcaklı ı yüksek fırın prosesinde büyük bir etkiye sahiptir 
[3]. Cüruf bazikli inin artırılması halinde sıvı ham 
demirdeki desülfürizasyon artmaktadır [4]. Yüksek 
fırının proses çıktısı cürufun kimyası ve bazikli i, girdi 
hammaddedeki baziklik (B2, B3, B4) oranının flukslı
malzemeler ile kütle dengesi yapılmasıyla elde 
edilmektedir. Bu flukslı malzemeler içerdikleri Al2O3,
SiO2, MgO ve CaO oranlarına göre hedeflenen baziklik 
de erlerini yakalamak için arj malzemesine ilave edilir. 
Flukslı malzemeler kireçta ı, kuvarsit, dünit ve dolomit 
olabilece i gibi flukslı pelet veya sinter harmanında fluks 
ilavesi ile de olabilmektedir. Yüksek fırın prosesinin çıktı
ürün kimyası, sıcaklı ı ve cüruf özelliklerini kontrol 
edebilmek amacıyla optimize proses yönetimine ihtiyaç 
duyulmaktadır [4].

2. Deneysel Çalı malar 

Cüruf bazikli ini etkileyen birçok faktör bulunmaktadır.
Faktörlerin de i kenlik, bunlardan bazılarındaki
de i ikli i açıklamadaki zorluk sebebiyle elde edilen 
çıktı parametrelerine bakarak proses de i kenli ini
azaltmak hedefiyle istatistiksel proses kontrol 
yöntemlerinden biri olan kontrol grafikleri yöntemi tercih 
edilmi tir.

2.1 statistiksel Model Çalı maları

statistiksel proses kontrolünün amacı, bir prosesteki 
de i kenlikleri analiz ederek, de i kenli in kontrol altına

alınmasını sa lamak ve bu sayede prosesete bir kararlılık
sa lamaktır. [5]. Ishikawa bir i letmedeki problemlerin 
%95’inin histogram, pareto analizi, sebep-sonuç 
diyagramı, frekans da ılımı, akı  diyagramı, serpilme 
diyagramı ve kontrol grafikleri yöntemleri ile 
çözülebilece ini ifade etmi tir. Muhte em yedili olarak 
anılan bu yöntemler, istatistiksel proses kontrolünün 
teknik yönünü olu turur [6].

2.2. Kontrol Grafikleri 

Shewhart tarafından ortaya atılan kontrol grafikleri bir 
süreci ekonomik ve güvenilir biçimde kontrol altında
tutan en etkili istatistiksel yöntemlerdendir [7]. Bir 
prosesin istatistiksel olarak kontrol altında olup 
olmadı ını belirlemek için, proseste meydana gelen 
sapmaların ne kadarının normal de i kenlikten ve ne 
kadarının özel sebeplerden dolayı meydana geldi ini
tespit etmek gerekir. Kontrol grafikleri genellikle, yakın
zamanda proseste ortaya çıkabilecek sorunları önceden 
haber verir ve gerekli önlemlerin alınmasını sa lar. Bu 
grafikler ekil 1’de görüldü ü gibi proses ortalamasını
temsil eden bir merkez çizgiden, bu merkezin altında ve 
üstünde istatistiksel olarak hesaplanmı  alt ve üst kontrol 
sınırlarından ve ardı ık gözlem noktalarından olu ur. 

2.3. Üstel A ırlıklı Hareketli Ortalama (EWMA) 
Kontrol Grafikleri

EWMA (The Exponentially Weighted Moving Average) 
kontrol grafikleri zaman serilerinin analizinde ve gelecek 
de er tahminlerinde sıklıkla kullanılan bir tekniktir. 
EWMA, geçmi  de erlerin ve mevcut gözlem de erinin
a ırlıklı ortalaması olarak dü ünülebilir. Fakat burada 
geriye do ru gittikçe a ırlıklar üstel olarak azalmaktadır. 

ekil 1. statistiksel proses kontrolü grafik örnekleri: a. 
Kontrol grafi i; b. EWMA grafi i

1959 yılında Roberts tarafından takdim edilen EWMA 
ortalamasının temel e itli i a a ıdaki gibidir [8]: 

𝑧𝑡 𝜆𝑥𝑡 𝜆 𝑧𝑡 (1)

Burada;  

t: zamanı,
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xt: t zaman ndaki gözlem de erini, 

zt: t zaman ndaki tahmini EWMA de erini, 

: son gözleme verilecek a rl  belirtir.   

Üstel yumu atma tahmini olarak betimlenebilecek olan , 
0-1 aras nda de i en sabit bir say d r. EWMA kontrol 
grafiklerinde büyük  de erleri süreç seviyesindeki büyük 
çaptaki kaymalar n tespitinde ve küçük  de erleri süreç 
seviyesindeki küçük kaymalar n tespitinde uygun sonuçlar 
sa lar [5]. t=1 an nda zt-1=z0 olaca ndan ve hangi de er 
al naca  bilinmedi inden z0= 0 kabul edilmektedir. 
Burada 0 sürecin hedeflenen de eridir. Verilerin 
ortalamas  EWMA ba lang ç de eri olarak kullan lmak 
istenirse z0=𝑥 olacakt r. Buna göre EWMA grafi indeki 
ilk de er orta çizgi üzerinde bulunur. xt gözlemleri 2 
varyansl  ba ms z de i kenler ise zt’nin varyans  
a a daki gibi olur [9]: 

𝜎𝑧𝑡 𝜎 𝜆 𝜆 𝜆 𝑡 (2)

t zaman na ba l  zt’ye göre çizilen EWMA grafi inin 
kontrol s n rlar  da öyle bulunur:  

Üst kontrol s n r ,  

ÜKS 𝜇 𝐿𝜎𝜆 𝜆 𝜆 𝑡 (3)

Orta çizgi,      OÇ=𝜇 (4)

Alt kontrol s n r ,

AKS=𝜇 𝐿𝜎𝜆 𝜆 𝜆 𝑡 (5) 

Burada L, kontrol s n rlar n n geni li ini belirten ve 
de eri yakla k olarak 3 al nan bir sabittir. Zaman 
ilerleyip t büyüdükçe 𝜆 𝑡  ifadesi 1’e yakla p 
kararl  hale gelmektedir. Bu durumda üst ve alt kontrol 
s n rlar  u ekilde gösterilebilir:  

ÜKS=𝜇 𝐿𝜎𝜆 𝜆 (6)

AKS=𝜇 𝐿𝜎𝜆 𝜆 (7) 

Yap lan çal mada, yüksek f r nlara arj edilen harmana 
yap lan müdahalenin cüruf bazikli i üzerine etkisinin 
yakla k 6-8 saat sonra görülmesi, yüksek f r n prosesinin 
sürekli bir proses olmas  ve geçmi  müdahalelerin de 
etkisinin devam etmesi nedeniyle EWMA modeli tercih 
edilmi tir. 

2.4. Yüksek Fırınları Seviye 2 Sistemi 

Yüksek f r n Seviye 2 sistemi, C# programlama dili ile 
geli tirilmi  istemci-sunucu uygulamalar ndan olu an üst 
seviye bir otomasyon sistemidir. PLC/scada, laboratuvar 
ve bilgi i lem sistemlerine entegre yap da olan bu sistem, 
prosesle ilgili tüm verileri kendi veri taban nda 
toplamaktad r. Seviye 2 sistemi, sunucu uygulamalar , 
ak ll  sistemi te kil eden model uygulamalar  ve i letme 
çal anlar  için geli tirilmi  son kullan c  uygulamas ndan 
olu ur. Bu çal mada anlat lan yöntemler Seviye 2 sistemi 
üzerinde çal an yüksek f r n baziklik modeli üzerinde 
geli tirilmi tir. Bu model prosesten ald  giri  
parametrelerine ait verileri i leyerek bir ç k  de eri 
üretmekte ve bunu ilgili alt sisteme göndermektedir. 
Ayr ca i letme çal anlar n  bilgilendirmek üzere prosesle 
ilgili yap lmas  gereken i lemi anlatan bir öneri metni 
olu turmakta ve bu öneri son kullan c  ekran nda 
gösterilmektedir. 

3. Sonuçlar ve Tartı ma 

4. Yüksek f r nda proje öncesi–sonras  dönem 
performans  kar la t r lmak amac yla analizler 
yap lm t r. Yap lan süreç yeterlili i analizi sonucuna göre 

ekil 3’te gösterildi i gibi 4. yüksek f r nda proje öncesi 
dönemde baziklik hedef de erine uyum oran  %83 iken, 
proje sonras  dönemde hedefe uyum oran  %89,04’e 
yükselmi tir. Ayr ca proje öncesi dönemde hedeften 
sapma ortalamas  0,0097 iken proje sonras  dönemde 
0,00097 olup daha dü üktür. 

ekil 3. 4. Yüksek f r n süreç yeterlili i analizi: a. 
Çal ma öncesi; b. Çal ma sonras

Proje öncesi – sonras  dönem kar la t r ld nda hedeften 
sapma de erinin ortalamas  aras nda istatistiksel anlamda 
fark olup olmad n  tespit etmek amac yla ortalamalar n 
e itli i hipotez testi yap lm t r. Proje sonras  dönemdeki 
ortalaman n proje öncesine göre istatistiksel olarak daha 
küçük oldu u tespit edilmi tir. Ayr ca hedeften sapma 
de erinin iki dönem de i kenli i aras nda istatistiksel 
anlamda fark olup olmad n  tespit etmek amac yla 
varyanslar n e itli i hipotez testi yap lm t r. ekil 4’te F-
test sonucuna göre her iki dönemin de i kenli i aras nda 
istatistiksel olarak fark olmad  gösterilmi tir. 
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ekil 4. 4. Yüksek fırın hipotez testleri: a. Ortalamaların
e itli i; b. Varyansların e itli i

4. yüksek fırında modelin do rulama çalı maları
tamamlandıktan sonra, 2. yüksek fırında da model 
uygulamaya geçirilmi tir. Yapılan süreç yeterlili i analizi 
sonucuna göre ekil 5 ’te gösterildi i üzere 2. yüksek 
fırında proje öncesi dönemde baziklik hedef de erine
uyum oranı %51,56 iken, proje sonrası dönemde 
%75,31’e yükselmi tir. Ayrıca proje öncesi dönemde 
hedeften sapma ortalaması 0,01065 iken proje sonrası
dönemde -0,000536 olup daha dü üktür.

ekil 5. 2. Yüksek fırın süreç yeterlili i analizi: a. 
Çalı ma öncesi; b. Çalı ma sonrası

Proje sonrası dönemdeki ortalamanın proje öncesine göre 
istatistiksel olarak daha küçük oldu u tespit edilmi tir. 
Ayrıca Levene’s test sonucuna göre her iki dönemin 
de i kenli i arasında istatistiksel olarak fark oldu u
görülmü tür. ekil 6’da görüldü ü gibi proje öncesi 
dönemin standart sapması 0,042 iken proje sonrası
dönemin standart sapması 0,026 olup daha küçüktür. 

ekil 6. 2. Yüksek fırın hipotez testleri: a. Ortalamaların
e itli i; b. Varyansların e itli i

4. Sonuç 

Yüksek fırınlarında cüruf bazikli i de erinin kontrol 
altında tutulması ve sürekli takip edilmesi amacıyla

yapılan çalı ma kapsamında istatistiksel proses kontrol 
yöntemlerinden biri olan EWMA kontrol grafi i yöntemi 
kullanılarak matematiksel model olu turulmu ,
olu turulan matematiksel model Seviye 2 yazılıma
aktarılarak anlık olarak takip edilmesi sa lanmı tır.
EWMA grafi inde bir noktanın limit dı ına çıkması
gerçek baziklik de erinin +/-1 sigma (standart sapma) 
aralı ının dı ında kaldı ını göstermekte olup, EWMA 
modeli sayesinde gerçek de er hedeften sapmadan 
sürecin hizalanması amaçlanmı tır. Baziklikteki 0,1 puan 
de i imin yakıt miktarını yakla ık 8-10 kg etkiledi i
dü ünüldü ünde gün sonu cüruf bazikli i hedefine uygun 
olarak çalı manın önemi ortaya çıkmaktadır.
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Abstract

In this study, the effects of Mn and Cr alloying 
elements on microstructure and mechanical 
properties of pearlitic steel for connecting rods were 
studied. Induction melted 10 kg ingots were hot 
forged industrially and cooled in still air. The 
specimens taken from hot forged steel were 
investigated with using Light Microscope and 
Scanning Electron Microscope. ThermoCalc 
computational thermodynamic software was used 
for determining elemental distribution in estimated 
phases. Firstly, the influence of Mn on 
microstructure was investigated in the presence of 
higher Cr content. Then, in order to achieve the 
required elongation values without losing from 
strength, Cr content in steel was reduced and Mn 
concentration was slightly increased. It was shown 
that optimization of Mn and Cr content in chemical 
composition provided thinner interlamellar spacing 
that resulted an improvement on tensile and yield 
strength while elongation values maintained the 
required condition. 

Özet

Bu çalı mada, biyel kolu üretiminde sıklıkla
kullanılan C70S6 kalitesine alternatif olarak 
ÇEMTA ’ta geli tirilen perlitik mikroyapıya sahip 
Cargem® HC1200 kalitesi temel alınarak, Mn ve 
Cr ala ım elementlerinin mikroyapı ve mekanik 
özelliklere etkisi ara tırılmı tır. 10 kg kapasiteli 
laboratuvar ölçekli indüksiyon oca ında üretilen 
ingotlara endüstriyel dövme i lemi uygulanmı tır.
Sıcak dövme i leminden sonra alınan numuneler 
ı ık mikroskobu, taramalı elektron mikroskobu 
(SEM) ve ThermoCalc hesaplamalı termodinamik 
yazılımı kullanılarak incelenmi tir. Öncelikle, 
yüksek Cr varlı ında Mn elementinin etkisi 
belirlenmi tir. Daha sonra, istenilen mukavemet ve 

uzama de erlerini sa lamak için Cr elementi 
miktarı azaltılmı tır. Mn ve Cr element 
miktarlarının optimizasyonu ile akma, çekme 
mukavemetleri ile kopma uzaması de erlerinde
iyile me oldu u gözlemlenmi tir.

1. Giri

Günümüzde otomotiv sektöründe “a ırlık azaltımı”
kapsamında daha ince kesitlere sahip biyel kolu 
tasarımları üzerinde çalı ılırken, di er yandan bu 
parçaların daha yüksek mukavemet ve yorulma 
dayanımına sahip olmaları beklenmektedir [1]. 
Yüksek mukavemetin yanı sıra üretim prosesi 
gere i iyi kırılabilirlik (splittability) de biyel 
kolunda istenilen bir özelliktir. Talep edilen bu 
özelliklerin elde edilmesi amacıyla biyel kolu 
üretiminde genellikle perlitik mikro yapıya sahip 
çelik kaliteleri tercih edilirken, son dönemlerde 
yüksek yorulma dayanımları sebebi ile orta 
karbonlu mikro ala ımlı çelikler ile ilgili çalı malar 
da gerçekle tirilmektedir [2-5].  

Perlitik çeliklerde, mikroyapıda perlit koloni 
boyutları ve lameller arası mesafenin kontrol 
edilmesi ile istenilen mekanik özellikler elde 
edilebilmektedir [6-8]. Özellikle çelik kimyasal 
kompozisyonunda yer alan Mn elementinin 
lameller arası mesafe üzerinde etkili oldu u
bilinmektedir. Fakat literatürde yer alan 
çalı malarda Mn elementinin artması ile lameller 
arası mesafenin azalaca ını belirten çalı malarla 
birlikte aksi durumu da ortaya koyan bazı
çalı malar bulunmaktadır [9-11]. Li ve Milbourn 
tarafından yapılan çalı mada, Mn miktarında ve 
so uma hızındaki artı ın aynı yönde etki yaptı ı ve 
lameller arasındaki mesafeyi azalttıkları ifade 
edilmektedir. Bunun nedenini ise sementit 
karbürlerin çekirdeklenmesi için daha yüksek bir 
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itici güç olu ması ve karbon için daha kısa difüzyon 
mesafeleri olu turması olarak açıklamı lardır [12].

Bu çalı mada, biyel kolu üretiminde sıklıkla
kullanılan C70S6 kalitesine alternatif olarak 
ÇEMTA ’ta geli tirilen Cargem® HC1200 kalitesi 
temel alınarak deneysel tasarımlar üzerinde 
çalı malar gerçekle tirilmi tir. Çekme 
mukavemetinin >1200 MPa ve uzamanın >%7,0 
de erlerini sa laması amacıyla farklı Mn ve Cr 
elementlerinin çelik mikro yapısında meydana 
getirdi i de i iklikler incelenmi  ve malzemenin 
mekanik özelliklerine etkileri belirlenmi tir.

2. Deneysel Çalı malar 

Çalı ma kapsamında, Cargem® HC1200 kalitesinde 
ala ım elementlerden Mn ve Cr miktarları kademeli 
olarak de i tirilmi  ve mekanik test sonuçları
incelenmi tir. Çalı mada kullanılan deneysel 
çeliklerin kimyasal kompozisyonları Tablo 1’de yer 
almaktadır.

Tablo 1. Deneysel çelikler için kimyasal
kompozisyonlar.

Çelik Kompozisyonu [%] 
C Si Mn Cr V N

Ç - 1 0,80 0,25 1,00 0,60 0,10 < 60 ppm

Ç - 2 0,80 0,25 1,25 0,60 0,10 < 60 ppm

Ç - 3 0,80 0,25 1,50 0,30 0,10 < 60 ppm

Belirtilen kimyasal kompozisyonlar, 80x80 mm 
kesite ve 180 mm uzunlu a sahip ingotlar halinde 
laboratuvar ölçekli indüksiyon oca ında
üretilmi tir. Daha sonra ingotlar kesilerek 
uzunlukları 55 mm’ye indirilmi tir. 1200 °C
sıcaklıkta 30 dakika süre ile östenitleme i lemi 
gören ingotlar daha sonra sıcak ön ekillendirme ile 
45x45x150 mm ebatlarına getirilmi tir. Ön 
ekillendirilen ingotlardan tala lı i leme ile 40 mm 

çapında ve 145 mm uzunlu unda çubuklar elde 
edilmi tir. 1245 °C’de sıcak dövme i lemi 
uygulanan çubuklardan ekil 1’de yer alan taslak 
biyel kolları üretilmi tir. Taslak biyel kolları 1 °C/s 
hız ile havada so utulmu tur.

Mikroyapı incelemeleri Nikon – Epiphot 200 I ık
Mikroskobu ve JEOL 6060 Taramalı Elektron 
Mikroskobu (SEM) kullanılarak
gerçekle tirilmi tir. Metalografik numune 
hazırlama i leminde %2’lik Nital kullanılmı tır.
Lameller arası mesafeler 10.000X büyütmede 
alınan SEM görüntülerinden rastgele seçilen perlit 
kolonileri için üçer ölçüm alınarak hesaplanmı tır.
Her bir deneysel çelik için toplamda 96 adet ölçüm 
gerçekle tirilmi tir.

Mekanik özelliklerin belirlenmesi için her bir 
deneysel çeli e ait taslak biyel kolu gövdelerinden 
numuneler alınarak Zwick Z400 cihazında çekme 
testleri gerçekle tirilmi tir.

ekil 1. Taslak biyel kolu görüntüsü. 

Her bir çelik kompozisyonu için sementit fazı
içerisindeki Mn ve Cr elementleri da ılımı,
ThermoCalc hesaplamalı termodinamik yazılımı
kullanılarak incelenmi tir.

3. Sonuçlar 

Deneysel Ç-1, Ç-2 ve Ç-3 çeliklerine ait ı ık
mikroskobu görüntüleri ekil 2’de yer almaktadır.
Farklı kompozisyona sahip olan çeliklerin 
tamamında %100 perlitik mikroyapı
gözlemlenmi tir.

ekil 2. I ık Mikroskobu ile 100X büyütmede
elde edilen görüntüler. (a) Ç-1, (b) Ç-2,
(c) Ç-3.

Perlit mikroyapılarına ait koloniler ve lameller arası
mesafeler SEM cihazında incelenmi tir. ekil 3’te 
incelemeye ait görüntüler yer almaktadır. Genel 
olarak mikroyapılar de erlendirildi inde perlit 
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mikroyapısının lamellerarası mesafeye ba lı olarak 
Ç-3 çeli inde daha ince oldu u görülmektedir.

ekil 3. SEM incelemelerine ait görüntüler.  
(a, b) Ç-1; (c, d) Ç-2; (e, f) Ç-3.

Perlit yapıları içerisinde yer alan lameller 
arasındaki mesafelerin da ılımları kar ıla tırmalı
olarak ekil 4’te yer almaktadır. Burada yine en 
ince yapının Ç-3 çeli inde elde edildi i, Ç-1 
çeli inde ise en kaba lamel boyut da ılımı olu tu u
belirlenmi tir.

Çeliklerden dövme sonrası alınan numunelerde 
gerçekle tirilen mekanik testlere ait akma 
mukavemeti, çekme mukavemeti ve kopma 
uzaması de erleri Tablo 2’de yer almaktadır.

ekil 4. Çelik mikro yapılarında gözlemlenen
lameller arası mesafelerin
kar ıla tırılması.

Tablo 2. Numunelerden elde edilen mekanik test
sonuçları

Mekanik Test Sonuçları
Akma M.

[MPa] 
Çekme M.

[MPa] 
Uzama 

[%] 
Ç - 1 742 1183 9,2
Ç - 2 789 1222 6,1
Ç - 3 771 1212 9,0

Çelik kompozisyonlarında bulunan Cr ve Mn 
elementlerinin 600 °C sıcaklıkta sementit fazı
içerisinde da ılımları ThermoCalc yazılımı ile 
Tablo 3’teki gibi hesaplanmı tır. Burada da 
görüldü ü gibi termodinamik hesaplamalara göre 
sementit hacim oranı her üç çelikte de yakla ık
olarak % 11,9 de erindedir. Sementit içerisinde, Si 
haricindeki di er ala ım elementleri C, Mn, Cr ve 
V’un çözünebildi i görülmektedir. Bununla 
birlikte, sementit kimyasal bile imi Mn ve Cr 
miktarına ba lı olarak de i mektedir. Artan Mn ve 
Cr miktarı ile birlikte sementit içerisinde de bu 
elementlerin çözünen miktarları artmaktadır.

Tablo 3. Sementit fazı içerisinde Mn ve Cr
da ılımına ait ThermoCalc incelemesi.

Sementit Fazı Kimyasal Bile imi
[kütle-%] Sementit

C Mn Si Cr V [hacim-%]

Ç - 1 6,72 6,21 0,00 4,63 0,11 11,85 

Ç - 2 6,72 7,71 0,00 4,62 0,11 11,85 

Ç - 3 6,71 9,28 0,00 2,30 0,11 11,86 

4. Tartı ma 

Belirlenen kimyasal kompozisyonlara ait ingotlar, 
laboratuvar ölçekli indüksiyon ergitme ile 
üretilmi lerdir. Üretim sonrasında, sıcak dövme 
i lemi görmü  taslak biyel parçalardan alınan
numunelerde yapılan incelemelerde elde edilen 
sonuçlar a a ıda yer almaktadır;

- Cargem® HC1200 kalitesi temel alınarak Mn 
elementinin arttırılması ve Cr elementinin 
azaltılması ile biyel kolu üretiminde 
kullanılabilecek mekanik özelliklere sahip bir 
çelik ala ımı geli tirilmi tir.

- I ık Mikroskobu ve SEM incelemelerinde her 
üç çeli e ait mikroyapıların %100 perlitik 
oldu u gözlemlenmi tir.
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- Aynı Cr de eri için artan Mn oranlarında
çelikte mukavemet artı ı sa lamı tır. Mn artı ı
ile aynı zamanda yüksek Cr varlı ında
süneklilik önemli ölçüde azalmı tır.

- Çelik kimyasal kompozisyonunda yer alan Mn 
elementinin artması ile lameller arası
mesafenin azaldı ı gözlemlenmi tir. Mn 
elementinin sementit fazına katılarak ((Fe, 
Mn)3C) perlit içerisinde yer alan lameller 
arasındaki mesafenin inceltilmesinde rol 
oynadı ı dü ünülmektedir. Termodinamik 
hesaplamalarda da Mn miktarının sementit 
içerisinde arttı ı görülmü tür. Lameller arası
mesafenin azalmasının da mukavemetin 
arttırılmasında rol oynadı ı belirlenmi tir. 

- %0,6 Cr de eri için Mn elementi miktarının
artması ile mukavemetin arttı ı fakat uzama 
miktarının da önemli ölçüde azaldı ı tespit 
edilmi tir.

Te ekkür

Bu çalı ma, TEYDEB 1501 kapsamında 3161037 
proje numarası ile TÜB TAK tarafından finanse 
edilmi tir.
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Yüksek Fırınlar Soba ve Sıcak Hava Hatlarında Sıcak Bölgelerin Elimine Edilmesi

•

Elimination of Hot Spots in Blast Furnace Stoves and Hot Blast Main Pipes
Süleyman Taşçılar, Çağlar Can

İskenderun Demir ve Çelik A.Ş. Payas/Hatay Türkiye
  
  
  
  
  

Abstract

Pig iron production, which is the first phase of steel 
production, is realized by the reaction of a flow of air 
introduced under pressure into the bottom of the 
furnace with a mixture of metallic ore, coke and 
fluxes in the Blast Furnaces. The necessary melting 
process in the Blast furnace is carried out by blowing 
of hot air produced with the help of the hot blast 
stoves into the furnace through the tuyeres which are 
located in the furnace body. Heating up of the air up 
to approx. 1200 degrees Celcius is provided by 
combustion of Blast Furnace Gas (BFG) and coke gas 
(COG) inside the stoves. Afterwards the heated air is 
guided through the hot blast air pipelines into the 
Blast Furnace. After the hot air is produced in the 
stoves, it is required that the created hot air does not 
cool down and the thermal efficiency does not 
decrease during the transfer to the Blast Furnace, due 
to this fact, the heat insulation in the stoves and and 
the hot blast main pipes must be complete and 
adequate. The internal design of the  hot blast stoves 
and hot blast main pipes are refractory bricks which 
are resistant to high temperatures. This refractory 
structure undergoes deformations over a certain 
period of time which eventually leads to hot spot 
areas of the pipes. The hot spot areas are detected 
with the help of a thermal camera and are eliminated 
by implementing injection with appropriate materials 
and equipment without causing down-time and the 
need to perform cold repair.

In order to prevent this and to provide complete 
thermal insulation, injection material application 
between Stove and hot blast main pipes outer shell 
and inner bricks, which has become popular in the 
World in recent years. This application has also been 

applied at Iskenderun Iron and Steel Co. since 2014 
(ISDEMIR). 

In this study, injection applications to the stoves and 
hot blast main pipes are explained which are 
performed at the Blast Furnaces of Iskenderun Iron 
and Steel Works Corp.  

Özet

Yüksek Fırınlarda demir cevheri, sinter ve kok ham 
maddelerinin ergitilmesi sa lanarak çelik üretiminin 
ilk safhası olan pik üretimi gerçekle tirilir. Yüksek 
Fırınlarda gerekli ergitme i leminin yapılması, sobalar 
yardımı ile üretilen sıcak havanın fırın gövdesine 
yerle tirilen tüyerlerden fırın içine üflenmesi 
neticesinde gerçekle tirilir. Sobalarda içine arj edilen 
kok gazının yanması ile havanın yakla ık 1200 
dereceye kadar ısıtılması sa lanır. Daha sonra ısıtılan
hava Sıcak Hava hattı borularının (SHH) içinden 
geçirilmesi ile Yüksek Fırın gövdesindeki tüyerlere 
yönlendirilir ve buradan da fırın içine üflenir. Sıcak
havanın sobada üretilmesinden sonra Yüksek Fırına
ta ınması esnasında sıcak havanın so umaması ve ısıl
veriminin dü memesi istenir, bunun için de Soba 
gövdesinde ve Sıcak Hava Hattı üzerine ısı
izolasyonunun tam ve yeterli olması gerekmektedir. 
Sobaların ve sıcak hava hattının iç dizaynı yüksek 
ısıya dayanıklı Refrakterler ile astarlanmaktadır.
Refrakter yapı zaman içerisinde deformasyona 
u rayarak zırhta sıcak bölgelerin olu masına neden 
olmaktadır. Burada zamanla olu an sıcak noktalar 
duru  ve so uk tamir gerektirmeden termal kamera ile 
tespit edilerek, uygun malzeme ve ekipman ile 
enjeksiyon yöntemi kullanılarak elimine edilmektedir.  
Bu çalı mada skenderun Demir ve Çelik A. .
( SDEM R) Yüksek Fırınlarda Sobalar ve Sıcak hava 
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hatlarına yapılan enjeksiyon uygulamaları
anlatılmaktadır.

1.Giri

Yüksek fırınların ana girdisi olan kok ve sinter 
malzemelerinin fırının içerisinde yanmasını ve pik 
haline gelmesini sa layan ana girdi, Yüksek Fırın
sobalarında üretilen Sıcak Havadır. Sıcak hava 
üretimi yapılan sobalar Yüksek fırının yan tarafında
konu lanmı  olan ünitelerde (Fırının üretim 
kapasitesine göre seçilmi  farklı tiplerde 3 veya 4 adet 
üniteden olu maktadır) elde edilir.

Resim 1. SDEM R 4 Nolu Yüksek Fırın Sobaları

Yüksek fırın içerisine üflenen sıcak hava, yüksek fırın
sobalarının yanma kamarasında yüksek fırından geri 
atık olarak kullanılan yüksek fırın gazı ve kok gazı
yardımıyla ısıtılan havanın checker kamarasındaki
özel ekilli ve yapılı refrakter tu laları içerisinde 
muhafaza edilmesi ( Alumina-Silika bazlı tu lalar) ile 
ilk a ama (Isıtma modu) sıcak hava üretimi 
gerçekle tirilir. Akabinde muhafaza edilen sıcak
havanın belli periyotlarda depolandıktan sonra ters 
üfleme (Üfleme modu) ile checker tu laları arasından
geçirilerek ve oradan da soba ile yüksek fırın arasında
sıcak havanın ta ındı ı özel yapılmı  sıcak hava hattı
boruları yardımıyla fırının içine üflenmesi sa lanır.
Burada önemli olan sobaların içerisinde 1200 o C
dereceye kadar çıkarılan sıcak havanın Yüksek fırına
ta ınırken minumum ısı kaybı ile ta ınması ve fırının
içine üflenmesidir. 

Bunu için soba gövdesinde veya sıcak hava hattı
üzerinde çe itli sebeplerden dolayı olu abilecek
(Sobanın veya sıcak hava hattının ya lanmasından
dolayı olu an deformasyonlar, sobaların so uma
e ilimine girmesi, grevler v.s. gibi nedenlerle soba 
veya sıcak hava hattı içindeki özel yapılı tu laların
dökülmesi veya yerinden oynaması/ayrılması)

deformasyonların etkin ekilde kapatılması ve sıcak
havanın ısı kayıplarının olu maması
hedeflenmektedir.

Resim 2. Tipik Yüksek Fırın Çalı ma Prensibi

Bunu önlemek için de olu an deformasyonlardan 
sıcak havanın ısıl veriminin dü mesini engellemek 
amacıyla, soba ve sıcak hava hattı üzerindeki zırh ve 
tu la arasına özel bir uygulama ile enjeksiyon i lemi 
yapılmaktadır.

2. Soba ve Sıcak Hava Hattı Üzerindeki Isı
Kayıplarının Tespit Edilmesi 

Enjeksiyon uygulamaları öncesinde hangi bölgelerde 
ısı kayıpları olu mu  tespit etmek amacıyla soba 
üfleme modunda iken termal kamera ile sıcaklık
ölçümü yapılarak zırh üzerindeki enjeksiyon 
yapılacak noktalar tespit edilmektedir.

Resim 3. Örnek Olarak; Yüksek Fırın Gövdesi 
SHH Simit Üstünde Tespit Edilen Yüksek Sıcaklık

338 oC
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Resim 4. Örnek Olarak; Yüksek Fırın SHH Cross-
Over Üstünde Tespit Edilen Yüksek Sıcaklık 451 

oC

Malzemenin zırhın altında hangi yönde ilerledi i ve 
bo lukların ne kadar ve hangi yönde doldu unun
tespiti örnek olarak a a ıdaki termal kamera 
görüntüsü ile anlık olarak izlenmekte ve uygulama 
hakkında anlık karar alma süreci olu maktadır, bu da 
uygulamanın en büyük avantajı olarak söylenebilir. 
A a ıdaki resimde örnek olarak 3 Nolu yüksek fırın
simit sıcak hava hattına yapılan enjeksiyon 
uygulamasından termal kamera görüntüsü verilmi tir. 
Enjeksiyon malzemesi uygulandıkça zırh altındaki
sıcak bölgelerin görüntüsü koyula maktadır ve 
malzemenin gitti i yön seçilebilmektedir. (Ok 
yönünde görülmektedir.) 

Resim 5. 3 Nolu Yüksek Fırın Simit Bölgesinde 
Yapılan Enjeksiyon Uygulaması Anlık Termal 

Kamera Görüntüsü 

Resim 6. Örnek Olarak; 3 Nolu Yüksek Fırın Simit 
Bölgesinde Yapılan Enjeksiyon Uygulaması Öncesi 
Tespit Edilen Sıcak Noktalar 

3. Enjeksiyon lemi Hazırlıkları

Enjeksiyon i lemine ba lamadan önce hazır olarak 20 
kg’lık plastik kovalarda temin edilen Refrakter 
izolasyon harç malzemeleri (Tipik olarak; Alumina-
Silica kimyasal içeri e sahip, dü ük termal iletkenlik, 
yüksek sıcaklı a dayanıklı, mekanik direnci yüksek, 
termal ok direnci yüksek fiber içerikli plastik harç 
malzemesi) sahaya çekilir.  

Resim 7. Hazır Kovalarda Temin Edilen zolasyon
Harç Malzemesi

Bu hazır olarak temin edilen harç malzemesini zırh
üzerinde açılan deli e arj etmek amacıyla yeterli 
basıncı (yakla ık 5-10 bar)  sa layan pompalama 
makinesi sahaya getirilir ve uygun kota yerle tirilir.

Resim 8. SDEM R’de kullanılan Örnek 
Enjeksiyon Pompalama Makinaları
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Bu i lemlerden sonra enjeksiyon uygulamasının
yapılaca ı noktanın tespiti ve zırh üstünde yeterli 
büyüklükte ihtiyaca göre ortalama 1-2 inç çapında
man on deliklerinin açılması sa lanır. 

Resim 9. Soba Zırhının Üzerine Açılmı  Örnek 
Delikler 

4. Enjeksiyon lemi Yapılması ve Uygulama 
Örne i

Enjeksiyon uygulama örne i için 4 Nolu Yüksek fırın
2 nolu soba seçilmi tir.

Resim 10. 4 Nolu Yüksek Fırın 2 Nolu Soba Cross-
Over Bölgesi 

4 Nolu Yüksek fırın 2011 yılında devreye alınmı
olup 4 adet dı tan yanmalı soba ile sıcak hava 
üretilerek yüksek fırın içerisine arj edilmektedir. 
2016 Ekim ayında, 2 nolu sobada sıcak havanın
biriktirildi i bölme ve sıcak havanın kok gazı yardımı
ile ısıtıldıktan sonra üflendi i bölme arasında bulunan 
Cross-Over ara ba lantı hattında 369 oC – 451 oC
arasında sıcaklık yükselmesi tespit edilmi tir. 

Resim 11. Cross-Over Üstünde Yüksek Sıcaklık
Tespit Edilen Yerlerin Termal Kamera Görüntüsü 

4 nolu yüksek fırın 2 nolu soba cross-over da
tarafında 1 adet, deniz tarafında 1 adet ve cross over 
üst bölgesine 1 adet  olacak ekilde devamlı olarak 
uygulama yaptı ımız yöntem kullanılarak 2 inç’lik 
man on delikleri açılmı tır. 

Resim 12. Cross-Over Üstünde Açılan Man on
Deliklerinin Temsili Yerleri 

1. a amada: Deniz tarafında bulunan (1 nolu) 
man ondan enjeksiyon i lemi gerçekle tirilerek üst 
man ondan malzeme çıkıncaya kadar enjeksiyon 
i lemine devam edilmi tir. Malzeme üst man ondan
(2 nolu) çıktı ı anda enjeksiyon i lemi 
durdurulmu tur. 1000 kg enjeksiyon malzemesi 
kullanılmı tır.

Resim 13. Açılan Man on Deliklerinden 
Enjeksiyon Malzemesi Gelmesi 
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2. a amada: Deniz tarafındaki (1 nolu) man ona
körleme yapılarak üst tarafta bulunan (2 nolu) 
man ona ba lantı yapılmı tır da  tarafında bulunan (3 
nolu) man ondan malzeme çıkıncaya kadar 
enjeksiyon i lemine devam edilmi tir. 1100 kg 
enjeksiyon malzemesi kullanılmı tır.

3. a amada: Üst taraftaki (2 nolu) man ona körleme 
yapılmı tır. Da  tarafında bulunan (3 nolu) man ona
ba lantı yapılarak enjeksiyon i lemine devam 
edilmi tir. Makine zorlanmaya ba ladı ında
enjeksiyon i lemi sona erdirilmi tir. 1000 kg 
enjeksiyon malzemesi kullanılmı tır.

Toplamda 3100 kg enjeksiyon malzemesi kullanılarak
enjeksiyon i lemi tamamlanmı tır.

5. Enjeksiyon lemi Sonrası Sıcaklık Kontrolü 

Uygulama öncesinde cross-over bölgesinde ölçülen 
sıcaklıklar 369 oC – 451 oC ‘leri bulurken uygulama 
sonrası 4. Yüksek Fırın i letme ekipleri ile birlikte 
termal kamera ile yapılan sıcaklık ölçümlerinde 
sıcaklıkların 100 °C ‘lere dü tü ü gözlemlenmi  ve 
uygulamanın ba arılı ekilde gerçekle tirildi i
sonucuna ula ılmı tır.  

Resim 14. Enjeksiyon lemi Sonrası Termal 
Kamera le Sıcaklık Ölçülmesi 

Bu a amadan sonra sıcaklık kontrolleri periyodik 
olarak yapılmakta ve aylık olarak termal kamera ile 
yapılan ölçümler neticesinde yakla ık 6 ayın
sonunda sıcaklıkların 250 derecelere yükseldi i
ölçülmü  ve tekrar enjeksiyon uygulaması
yapılmı tır. Periyodik olarak ölçülen sıcaklık ölçüm 
de erleri a a ıdaki tabloda gösterilmektedir. 
Ayrıca, sıcaklık yükseli ini gösteren grafik de 
a a ıdadır.

Resim 15. Periyodik Olarak Ölçülen Sıcaklık
Ölçüm De erleri Tablosu 

Resim 16. Periyodik Olarak Ölçülen Sıcaklık
Ölçüm De erleri Grafi i

6. Sonuç ve De erlendirme 

SDEM R’de soba ve sıcak hava hatlarına özel 
malzeme temini ile enjeksiyon uygulamaları 2015 
yılında ba lanmı tır. Uygulamalar SDEM R ‘de 
faaliyette olan 2 -3- 4 nolu Yüksek Fırınlara ait 11 
adet soba ve bunlara ba lı Sıcak hava hatlarında,
Yüksek fırın Simit hava hatları bölgesinde ve ihtiyaç 
duyuldu unda fırın gövdelerinde yapılmaktadır.

Ayrıca, yüksek sıcaklıklarda yapılması zorunlu bakım
faaliyetlerinde; fırın, shh, soba v.s. so uma prosesi 
beklenmeden müdahele edilebilmekte ve arada 
olu abilecek uzun zaman kayıplarının önüne 
geçelebilmekte ve üretimin süreklili i sa lanmaktadır. 

Yüksek Fırın i letme artları dü ünüldü ünde, üfleme 
sıcaklıklarının yüksek olması istenmekte ve sıcaklık
kayıplarının oldu u bölgelerde hızlı ve etkin çözüm 
olarak enjeksiyon uygulamaları ba arılı ekilde
yapılmaktadır.
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Abstract

Segregations of materials exist more or less in iron ore 
sintering beds and they are essential for the sintering 
process. Therefore, control of particle size can be a key 
technology to improve the performance of the process. This 
study is researched the effect of concentrate iron ore (50%) 
and pellet dust (50%) additions on the sinter quality 
parameters and this mixture was called ultra fine iron ore 
(UFIO). The effect of UFIO addition on cold (Tumbler 
index-TI) and hot (Reduction and degradation index-RDI) 
strength, sintering time and permeability etc. were 
investigated. The results confirmed that the fan pressure 
increased due to the use of UFIO in the sinter blend. No 
significant change was observed in other parameters that 
would affect sinter quality. Parallel to the increase of the 
UFIO grade of Fe utilization ratio increased in sinter 
material. As the UFIO ratio increases in the sinter blend, 
the sintering efficiency and the sintering speed decrease. A 
change in ratio between UFIO has been experimentally 
studied. An influence of sintering mixture particle size 
composition, a charge particle shape on quality and phase 
composition on quality of the produced iron sinter has been 
studied. 

1. Introduction 

One of the major problems in the use of iron ore in 
integrated iron and steel plants; high-grade, direct feedable 
iron ore reserves are limited. The recent years development 
has however shown a decreasing availability of high quality 
sinter feed [1]. Granulation of iron ore fines into strong and 
highly porous granules is critical to successful 
sintering/pelletising and blast furnace operations in iron and 
steelmaking. Iron and steel makers desire iron ore granules 
with high compressive strength, porosity and permeability, 
reducibility, uniform size distribution and low energy 
consumption to enhance smooth blast furnace operations 
[2]. The trend has shown increasing gangue contents, 
leading to lower iron content and as a consequence, higher 
slag volumes in the blast furnace. In order to maintain iron 
content and gangue levels of sinter feed, the sinter ores 
became finer due to an increased necessity of beneficiation 
at the mining site [3]. One way to keep sinter amount 
constant and instead tried to improve the quality of 
produced sinter by various means. Keeping quality has in 
most cases meant that fine ores as concentrate or even 
pellet feed has been added to the sinter mix. The increased 

usage of these types of ores have resulted in larger focus on 
agglomeration,

either by the use of intensive mixers, but also usage of 
various binders [4]. 

Due to the international consuming of reserves of 
traditional high grade iron ore, the ore resources available 
throughout the world, especially in steel works co. n the 
world, have changed drastically from hematite to magnetite 
ore types. Finally, the proportion of fine material in the 
available products has increased considerably for most iron 
ore fines. This has been found to have significant impacts 
on sinter quality and sintering performance. Magnetite 
concentrate is typically high in Fe grade and releases extra 
heat when oxidised to hematite. The amount of magnetite 
concentrates is expected to increase due to the recent 
development of a number of magnetite projects. This will 
not only improve the sinter quality and but also have 
beneficial impact on the fuel consumption of the sintering 
process. However, most of the UFIO available are very 
fine, which will negatively impact the green bed 
permeability and consequently productivity of the sintering 
process [5]. 

The depletion of high-grade iron ore resources worldwide 
has led to the situation where finer iron ore products have 
to be utilized in order to achieve an adequate Fe product 
grade. In order to utilize this fine material in the blast 
furnace (which is the ironmaking process used by about 
90% of the world’s steelmakers), agglomeration in some 
form becomes essential. Of the available techniques, 
sintering is by far the most common and usually the most 
cost effective process. In recent years, developments in 
sintering process have made it possible for sinter plants to 
include up to about 30% iron ore concentrate in the Fe raw 
material mix. Thus the sintering process seems likely to 
retain its dominant position in terms of agglomeration of 
iron ore fines for blast furnace feed [6]. 

Sintering is a thermal agglomeration process (1100-
1300°C), of a mixture of iron ore mineral fines by products 
of the iron and steelmaking industry, fluxes, slag-forming 
elements and coke breeze as a particle size of <3 mm [6]. 
The objective of the process, whereby the mixture of 
materials charged is partially fused at a high temperature to 
produce clustered lumps, is obtaining a load (5-50 mm) for 
the blast furnace with the suitable physical-chemical and 
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mechanical properties with the lowest price [7]. Iron ore 
sinters have a mineralogy which is basically composed by 
iron oxides and hydroxides, ferrites and silicates. Their 
mineralogical composition constitutes an important 
parameter that can be specified and controlled [8, 9]. From 
all characteristics of components of raw materials suitable 
for sinter production, particle size is one of more important 
aspects of material suitability [10]. The highest allowable 
particle size for sintering process may not exceed 10 mm 
[11]. The most convenient particle size for the raw 
materials processing by sintering is particle size under 5 or 
3 mm [12]. The work deals with examination of the 
influence of UFIO and commercial sinter fines on quality 
of produced sinter. X-Ray Diffraction (XRD) analysis was 
performed on the sintered samples to determine the phases. 
Scanning Electron Microscopy (SEM) displayed phase 
structures and element analysis of these phases with energy 
dispersive (EDS). Tromel, RDI and fan pressure tests were 
performed on the sinter samples, obtained by using UFIO at 
different proportions. In this way, the effects of UFIO use 
on sinter quality and sintering process were investigated. 

2. Experimental Procedure 

Sinter facilities consist of large stock areas, blending 
areas, ore crushing and screening units, dosing systems, 
coke, limestone, crushing-screening units and sintering 
machines. The sintering process is based on treating a mix 
(fine iron ore, return fines, fluxes, etc.) layer in presence of 
coke dust to the action of a burner placed in the surface of 
the layer. In this way, heating takes place from the upper to 
the lower sections. The mix layer rests over a strand system 
and an exhausting system allows to the whole thickness to 
reach the suitable temperature for the partial melting of the 
mix, and the subsequent agglomeration. The raw materials 
were selected on the basis of the study conducted by sinter 
pot instrument. The sintering tests were conducted at sinter 
pot test from Republic of  South Africa. The sinter pot 
device has a diameter of 200 mm and a height of 400 mm. 
Bed height for the tests was 350 mm, including a hearth 
layer of 15 mm. In order to improve sintering performance, 
a ratio of 1.2 % burnt lime was used during the tests. 
Representative samples of the raw materials used in the 
sinter experimental were obtained and prepared for sinter 
pot test. The sinter tests were conducted for purposes of 
evaluates the influence of fine iron ore on the formation 
compositions and the quality of the sinter product. 
Experimental analyses were carried out by the total of 4 
sinter samples from the sintered products. Sinter samples 
were called as A-1, A-2, A-3 and, A-4. A typical sinter 
plant flow diagram is demonstrated in figure 1. 

 
Figure 1. Simplified diagram of a sinter plant [13]. 

The bed top is heated to high temperature by gas burners 
and air is drawn through the grate. After a short ignition 
time, heating of the bed top is discontinued and a narrow 
combustion zone (flame front) moves downwards through 
the bed, heating each layer successively. In the bed the 
granules are heated to 1200-1350 °C to achieve their 
softening and then partial melting [14]. In a series of 
reactions a semi-molten material is produced which, in 
subsequent cooling, crystallises into several mineral phases 
of different chemical and morphological compositions; 
mainly hematite, magnetite, ferrites and gangue composed 
mostly of calcium silicates. Their mineralogical 
composition constitutes an important parameter that can be 
specified and controlled [15]. 

3. Raw Material 

Sinter plants that use UFIO in sinter plants around the 
world can use concentrated iron ore in sinter blends of 
about 60% -90%. The Fe content of concentrate ores 
generally varies between 16% and 36% [4]. Concentrated 
ore is generally broken up to 75 m, which is the free 
particle size, and can be enriched by magnetic separator and 
removed to Fe of between 62 and 68%. The pellet material 
is sieved (-5 mm) to remove dust, before being charged to 
the blast furnace. UFIO ore consists of   50% of concentrate 
iron ore and   50% pellet dust. This mixture was added into 
the sinter blend at the ratio of 10%, 20%, and 30%, 
respectively. The amount of foreign iron ore is decreased as 
much as the amount of UFIO added into the sintered blend. 
Particle size distribution of UFIO is given in table1. The 
chemical composition of produced sinter is shown in table 
2. 

Table 1. Particle size distribution of UFIO  

 
Table 2 Chemical Compositions of Produced Sinter (%) 
Fe  SiO2  CaO  MgO  Al2O3  FeO  
55.06 6,24 11.64 1.25 1.65 7.25 

Table 3 Iron ore mix in the sinter blend (%) 
Sinter Sample No A-1 A-2 A-3 A-4 
Foreign iron ore 55 45 35 25 
Domestic iron ore 35 35 35 35 
Return dusts 10 10 10 10 
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Ultra-fine iron ore  0 10 20 30 
Total 100 100 100 100 

Test studies were carried out at 35% domestic iron ore and 
10 % iron bearing dust in sinter blends formed with a small 
basicity value of 1.75.  The amount of return dust was kept 
constant at 10%. 

4. Effects of Ultra-Fine Iron Ore on Sinter Quality 

The sinter quality parameters obtained from the use of 
different ratios of ultrafine iron ore at in the sinter blend are 
compared with each other. Also, comparisons were made 
with periods in which UFIO is not used. 

Figure 2. The changes of  RDI (-3.15 mm) and RDI (-0.5 
mm) in sinter, depending on the use of UFIO. 

Figure 2 shows that RDI (-3,15 mm) value was 26.05% 
when UFIO was not used in the sinter blend. When UFIO 
used with ratio of 10%, 20% and 30% in the sinter blend, 
RDI (3,15 mm) values were respectively obtained the 
values of 25,42%, 23,85% and 24,45%. In the sinter blend 
prepared without UFIO ore, RDI (-0.5 mm) was obtained 
the value of 5.03%. When UFIO was used with ratio of 
10%, 20% and 30% in the sinter blend, RDI (-0.5 mm) 
values were obtained 4.95, 4.85% and 4.80% individually.
In general, RDI (-3,15 mm) and RDI (-0,5 mm) values are 
decreased depending on the UFIO utilization ratio in the 
sinter blend. 

Figure 3. Change of sinter tromel strength (+ 6.35 mm) and 
dust  index values (-5 mm). 

Figure 3 is seen 79.55% value of tromel (+6.35 mm) is 

obtained, when UFIO is not used in the sinter blend. UFIO 
usage in the amounts of 10%, 20% and 30% in the sinter 
blend, tromel (+6.35 mm) values were separately obtained 
as 79.78%, 80.65% and 79.15%. Tromel (-5mm) value was 
7.21% prepared without the use of UFIO in the sinter blend. 
UFIO were used ratio of 10%, 20% and 30% in the sinter 
blend, tromel (-5 mm) were severally otained as the value 
of 7,42%, 7,16% and 8,03% in the sinter blend. Sinter 
tromel strength (+ 6.35 mm) and (-5 mm) dust index values 
were not negatively affected. Figure 4 indicated that the 
sintering rate was 22.39 mm/min when UFIO was not used 
in the sinter blend. In the case of the amount of 10 % UFIO 
used in the sinter blend, the sintering rate did not change 
much but in the case of 30 % UFIO used in the sinter blend, 
the sintering rate decreased to 19.85 mm/min. 

Figure 4. The effect of UFIO on the sintering rate. 

The replacement of fine iron ore by coarse ore particles also 
worsened the sintering rate. This means that the 
replacement of fine iron ore by coarse ore results in a 
decrease in the airflow rate and the slowdown of the flame 
front speed through the sinter bed. It is said that sinter 
productivity and sintering rate decrease with a decrease in 
iron ore mean particle size due to the decrease in the 
airflow rate. The greater the proportion of coarse ore in the 
sinter bed, the greater the sintering rate. 

Figure 5. Fan pressure change in the sinter blend. 

Depending on the amount of UFIO usage in the sinter 
blend, the fan pressure is increased (demonstrated in figure 
5). The reason for the increase in pressure is the reduction 
in the permeability of the sintered coke resulting from the 
fine particle size from UFIO. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

928 IMMC 2018   |   19th International Metallurgy & Materials Congress

Figure 6. X-Ray diffraction on sinter sample. 

XRD quantification of the different sinter phases were 
illustrated in figure 6. It can be seen that the variation of 
UFIO of the sinters influences the amount of the different 
sinter phases in the sintering process. 

Figure 7. SEM micrographs of sinter bodies. (Mag: 
Magnetite, Hem: Hematite, Blocky SFCA, Platy SFCA 
(X1200)
By evaluating the sinter in a scanning electron microscope, 
both the structure and the chemical analysis could be 
analyzed. For the reference sinter it became clear that the 
platy and blocky SFCA phase was found to be built from a 
platy network, as seen in figure 7. In this figure, the same 
platy structure can also be seen. 

5. Conclusion 

High quality iron ore improve the possibilities to adjust 
the chemical composition of sinter in order to achieve 
desired properties. Production of sinter with high iron 
content and low silica can significantly improve the 
possibility to operate the blast furnace in an efficient and 
cost effective way. The magnetite ores also help to reduce 
the consumption of coke breeze which from an 
environmental point of view can be advantageous. The 
addition of pellet screenings significantly improves the 
productivity while maintaining metallurgical properties of 
the produced sinter. The most notable difference is that 
UFIO has high Fe content and low SiO2 impurity in its ore. 
The use of UFIO has increased the% Fe content of the 
product sinter. By using UFIO, optimum RDI and Tromel 

values have been achieved. Minerology evaluation of all 
the produced sinters indicate high amounts of calcium 
ferrite which from a strength and reducibility point of view, 
is desirable. Hematite, magnetite and needle like etc. 
structures are observed in the produced sinter samples. 
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İndüksiyon Ocağı Çelik Cürufl arına Farklı Oranda MgO-C İlavesi ile Nötr Astarın Aşınma 
Davranışının İncelenmesi

•

Investigation of Wear Behavior of Neutral Lining with Addition of Different Amount of Mgo-C Brick to 
Induction Furnace Slags

Muammer Bilgiç, Uğur Cengiz, Oğuzhan Sakarya, Burak Ekin

Bilecik Demir Çelik A.Ş., Bozüyük, Bilecik, Türkiye
  
  
  
  
  

Abstract 

Continuous improvement activities of refractory 
materials are required for cost optimization studies in 
iron and steel production. In order to determine 
suitability for the usage conditions of monolithic 
refractories used in induction furnaces, it is important 
to know the characteristics, application conditions and 
the sintering parameters and also the wear properties 
against the different slags. In this study, the slag 
characteristic which is more compatible with Al2O3 - 
MgO Spinel Neutral lining was formed by adding 
recycled MgO-C brick ballast to the induction furnace 
slags at different rates. 

dismounted and demolished are broken to roughly 10 - 
50 mm grain size. Brick-cut bricks for waste 
minimization studies have been fed to induction 
furnaces in certain quantities as slag regulators. The 

induction furnaces are composed of CaO = 25.41%, 
SiO2 = 34.60%, Al2O3 = 13.38%, Fe2O3 = 10.19%, 
MnO = 8.68%, and MgO = 3.61%. Minor Cr2O3 and 
TiO2 are present. In our study, MgO-C brick ballasts 
added to slag and %MgO content was brought to the 
range of 10.7 - 12.96 and its effect on lining working 
surface was investigated. At the same time, XRD 
analysis was performed locally on the demounted 
neutral lining and the effect of abrasive slag was 
investigated. 

As a result; both quantitative and qualitative 
improvement of the mechanisms causing the chemical 
corrosion acceleration due to the slag have been 
determined. 

zet
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[1,2]. 

Refrakterlerin 

 [3]. Kimyasal -
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 [4]. 
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SiO2 2
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edilmektedir. 
in
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Tablo 1. MgO - 
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Tablo 2. -C ilavesi ile 
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) ile birlikte Tablo 2

Tablo 3.1'deki -C ilavesi 
 MgO 

SiO2
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analizi

-

3
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cm'ye 

3. MgO -  ve kesiti 

4. 50 kg MgO -  ve kesiti 

5. 75 kg MgO -  ve kesiti 

3.3. XRD faz 
analizi

ktedir. 

-

- 50 mm) 

Stoklama 

%MnO 10,25 8,88 8,6 7 8,68

%TiO2 1,54 2,14 1,8 1,06 1,64

%Cr2O3 1,66 1,69 2,27 2,41 2,01

%CaO 27,62 29,2 26,82 18 25,41

%MgO 3,49 2,87 4,69 3,37 3,61

%FeF 2ee O3 10,98 7,67 8 14,1 10,19

%SiSS O2 31,4 35 35 37 34,6

%Al2O3 12,33 12,2 12,8 18 13,83

Toplam(mm %) 99,27 99,65 99,98 100,94 99,96

B4 Ratio 0,69 0,65 0,64 0,38 0,59

%MnO 8,7 10,6 9,7 10,8 9,95

%TiO2 1,6 0,51 1,12 1,45 1,17

%Cr2O3 1,3 1 1,13 1,24 1,17

%CaO 29 25 25,3 22,2 25,38

%MgO 6,31 7,76 8,45 9,05 7,89

%FeF 2ee O3 9,9 7,4 17,2 11,23 11,43

%SiSS O2 29,14 33,81 26 30,12 29,77

%Al2O3 13,9 11,09 11 13,13 12,28

Toplam(mm %) 99,85 97,17 99,9 99,22 99,03

B4 Ratio 0,79 0,72 0,89 0,7 0,77

%MnO 9,66 10,08 9,18 10 9,73

%TiO2 0,9 1,55 0,44 1,6 1,12

%Cr2O3 1,9 1 0,9 1,1 1,23

%CaO 27,05 29,47 25 25,47 26,75

%MgO 10,68 13,13 15,9 12,13 12,96

%FeF 2ee O3 15 7,19 9 12,19 10,85

%SiSS O2 24 23,33 28,12 22,3 24,44

%Al2O3 11,17 15 11,1 14,46 12,93

Toplam(mm %) 93,91 99,16 99,64 99,25 97,99

B4 Ratio 0,8 0,69 1,03 0,98 0,88
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Abstract 

In this study, the effects of different amounts of nickel and 
cobalt dopants on the electrochemical properties of 
LaMnO3 perovskites used as supercapacitor electrodes 
were investigated. Electrochemical study of LaMnO3
(LMO), LaMn(1-x)NixO3 (LMN-x) and LaMn(1-x)CoxO3
(LMC-x) (x = 0.2, 0.4, 0.6, and 0.8 ) powders prepared by 
sol gel combustion, revealed that LMN-0.2 and LMC-0.2 
exhibit higher specific capacity (93.3 and 73.8 F g-1

,
respectively) than LMO (25.8 F g-1). The results show that 
cobalt and nickel doped lanthanum manganite based 
perovskites can be a promising material in the field of 
supercapacitor electrodes. 

1.Introduction 

The rapidly growing energy crisis due to the depletion of 
conventional energy sources has also brought the 
environmental pollution that will have irreversible effects 
around the world. Therefore, recent research interests have 
focused on sustainable energy sources, effective energy 
storage, and energy conversion. Especially, 
supercapacitors have gained considerable attention as 
novel energy storage materials which can provide high 
power density, fast charge-discharge rate, long cycling 
stability [1]. Currently, three main categories of materials 
have studied such as carbon materials, transition-metal 
oxides and conducting polymers because of critical effect 
of the electrode material on supercapacitor performance 
[1], [2]. Among these materials transition-metal oxides 
have attracted great interest owing to their higher energy 
density compared to carbon materials and also better 
cycling stability than conducting polymers [3].  
The perovskite oxides with ABO3 type structure has been 
investigated broadly due to the reversible faradic surface 
reactions leading to excellent energy storage characteristic  
[4]. Between them, LaMnO3 perovskite is a promising 
material in terms of accessibility, low cost, environment 
friendly, and also its capability to store charges with 
intercalation and reversible faradic surface reactions in 

vacancies (both oxygen and cation) [4], [5]. Stevenson et
al. first demonstrated its fast charging and discharging 
properties in 2014 [6]. Since then, electrochemical 
properties of LaMnO3 prepared with different techniques 
are studied in terms of oxygen vacancies and mixed 
valance states by doping with different elements in A or A 
and B sites and doping is shown to improve charge storage 
and catalytic activity of the LaMnO3 material [1], [3] [5], 
[7] [10].  
Considering, chemical states, presence, and type of defects 
are influenced by introduction of impurity atoms, in this 
study we have prepared nickel and cobalt doped LaMnO3
perovskites.  The LMO, LMN-x and LMC-x (x = 0.2, 0.4, 
0.6, and 0.8) powders were synthesized by the sol gel 
combustion method, and the effect of nickel and cobalt 
content on electrochemical properties was investigated 
with respect to pure LaMnO3. Electrochemical 
characterization of the powders was carried out via cyclic 
voltammetry (CV), galvanostatic charge/discharge 
(GCD). In particular, it observed that LMN-0.2 and LMC-
0.2 powders exhibit higher capacitance compared to the 
pure LaMnO3.

2. Experimental procedure 

2.1. Synthesis of LaMn1-xMxO3 (M= Ni, Co) (x=0.2, 0.4, 
0.6 and 0.8) powders 

The LaMn1-xMxO3 (x=0, 0.2, 0.4, 0.6 and 0.8) powders 
were prepared by sol-gel combustion method. Firstly, 
analytical grade lanthanum nitrate hexahydrate 
(La(NO3)3.6H2O), manganese (II) acetate 
(Mn(CH3COO)2 2O), and nickel nitrate hexahydrate 
(Ni(NO3)2.6H2O) were weighed and dissolved in ion free 
water. Citric acid was added at a ratio of (CA: metal 
cations) =1:1 into the mixed solution. After adding some 
ethylene glycol, the solution was magnetically stirred at 
around 80  for 3 h in order to obtain a sol. The sol was 
dried into a gel. Then the gel was preheated at 350  for 
1 h. The resulting ash was grounded to form a fine powder 
and subsequently calcined in an oven at 700  for 4 h. 
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Same procedure is also applied with the cobalt (II) acetate 
tetrahydrate (CH3COO)2 2O) to obtain Co doped 
LaMnO3 powders. 

2.2. Characterization  

The phase structure of the powders was identified by X-

.Surface morphology 
was examined by field emission scanning electron 
microscopy (FE-SEM, Zeiss Ultra Plus). 
For electrochemical measurements, electrochemical 
workstation (Bio-Logic) was utilized with a three-
electrode system. The working electrode was prepared by 
mixing the LaMn(1-x)MxO3 powders (80 wt.%) with carbon 
black (10 wt.%), polyvinylpyrrolidone (PVP) (10 wt.%)  
in dimethylformamide (DMF). The resulting pastes were 
coated onto the surface of platinum coated nickel foam (1 
cm x 1 cm) and dried at 80  for 12h under vacuum. Then 
the electrodes were pressed under 10 Mpa for 1 min. The 
loading mass on the electrodes were approximately 2 to 3 
mg. The counter electrode and reference electrode were 
platinum sheet and reversible hydrogen electrode (RHE), 
respectively. Cyclic voltammetry (CV) and Galvanostatic 
charge-discharge (GCD) were carried out in 1 M KOH 
aqueous solution between 0.555 to 1.2 V vs RHE at 
different scan rates/current densities. 

3. Results and Discussion 

3.1. Crystal structure and morphology 

To determine the crystal structure of LaMn(1-x)MxO3
powders (0  x  0.8),  X-ray diffraction analysis was 
carried out for the  samples with different Ni and Co 
contents. Fig.1. and Fig.2. show the XRD patterns of 
LMN-x and LMC-x calcined at 700  for 4h 
of 20 to 80 degrees, respectively. The diffraction patterns 
of LMO and LMN-x can be indexed to rhombohedral 
perovskite structure with space group R-3c (JCPDS file 
no: 50-0298). No impurity peaks related to manganese 
oxide or lanthanum oxide phases are observed for powders 
with x  0.6. However, another phase which can be 
indexed to La2O3 also appears when the doping 
concentration is 0.8. La2O3 phase disappears upon further
treatment at 900 grain 
size (data not shown). Since, reduction in the specific 
surface area accompanied with increase in grain size 
would result in lower specific capacitance values [1], [7], 
[10], LMC-
the electrodes throughout the study. Moreover, a shift in 
the diffraction peaks to higher 2  values by going from 
LMO to LMN-0.8 can be clearly seen in Fig.1 which 
implies a decrease in the unit cell parameters with 
increasing Ni content. This peak shift might be explained 
by a smaller ionic radius of dopant ions than that of 

Mn(III) (r= 58 pm) which, in turn, suggests Nickel ions are  
probably in +3 state (r=56 pm).   

Fig.1. XRD patterns of LMO and LMN-x (x=0.2, 0.4, 
0.6, 0.8) powders calcined at 700  for 4 h. 

When the XRD patterns of LMC-x powders shown in 
Fig.2. were examined, it was seen that there were two 
different crystal structure depending on the Co content. 
XRD patterns of LMC-0.2 and LMC-0.4 show conformity 
to the cubic structure (Pm-3m), while LMC-0.6 and LMC-
0.8 crystalize in rhombohedral (R-3c) structure. In 
addition, similar to LMN powders, a shift in the diffraction 
patterns to higher 2  values with increasing Co content is 
observed. Further analysis through X-Ray photoelectron 
spectroscopy is required to determine the oxidation states.  

Fig.2. XRD patterns of LMC-x (x=0.2, 0.4, 0.6, 0.8) 
powders calcined at 700  for 4 h. 

Scher average 
crystalline domain size varies between 17-20 nm for LMN 
and 20-30 nm for LMC powders. The morphology of 
LMO, LMN-x, and LMC-x was studied by FE-SEM 
(Fig.3-4). All samples display porous structure with 
micrometric aggregates which are composed of smaller 
spherical-like nanoparticles. Average size of these smaller 
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particles are ~ 10-20 nm for LMN-x. For LMC-x, as Co 
content increases average size increases to ~30 nm. 

Fig.3. SEM image of LaMnO3 powders 

3.2. Electrochemical measurements 

To evaluate the electrochemical properties of samples 

with three electrode system in 1M KOH electrolyte at the  
potential window of 0.555 to 1.2 V (vs RHE), and at 
different scan rates ranging from 10 to 100 mV.s-1.
Selection of appropriate substrate is critical for 
electrochemical performance of electrode materials due to 
the fact that electron transport and redox reactions can be 
influenced by the interaction between the active material 
and the substrate [6]. Under the specified measurement 
conditions, the electrodes prepared with nickel foam 
substrate displayed redox peaks of nickel and contribution 
of the substrate dominated the capacitance of the active 
material. In order to minimize the contribution of nickel 
foam on the capacitor, foam was coated by platinum, and 
nickel redox peaks were not observed in the CV curves 
after the coating process. Therefore, rest of the study is 
conducted with the Pt coated Ni foam as the current 
collector. The comparison of the CV curves between 
LMO, LMN-x, and LMC-x samples at 100 mVs-1 scan rate 
with a potential window from 0,555 to 1,2 V (vs RHE) are 
shown in Fig.5. and Fig.6., respectively. CV curves are 
nearly rectangular and symmetric indicating almost ideal 
pseudocapacitive behavior with fast ionic intercalations on 
the electrode surface [1], [8], [11]. The specific 
capacitance of electrode materials was calculated by using 
the following equation using CV curves [12]: 

where Cs (F g 1) is the specific capacitance, I dV is the 
integrated area under the CV curve, m (g) is the mass of 

1) is the 
potential scan rate. For 10 mV s-1 scan rate; the specific  

Fig.4. SEM images of obtained powders: LMNO-0.2(a), 
LMNO-0.4 (b), LMNO-0.6 (c), LMNO-0.8 (d), LMCO-
0.2 (e), LMCO-0.4 (f), LMCO-0.6 (g), LMCO-0.8 (h)

capacitance of LMN-x and LMC-x (x=0.2, 0.4, 0.6, 0.8) 
electrodes are in order of 38.4, 16.8, 2.9, 7.3 and 37.9, 
25.7, 10.3, 11.8 F g-1. It was seen from Fig.6a. that LMN-
0.2 and LMC-0.2 improves the electrochemical properties 
of LMO which exhibits 19.1 F g-1. Specific capacitances 
for all samples increase with decreasing scan rate since 
lower rates allow ions in the electrolyte to diffuse to the 
active material more readily (data not shown). However, 
the nearly symmetric, rectangular shape of the CV curve 
is preserved (shown for LMN-0.2, Fig.5a inset) even at 
higher scan rates indicating that these electrodes might be 
suitable for applications where fast charge-discharge rate 
is required [11]. A constant galvanostatic charge-
discharge (GCD) technique has been carried out for the 
samples with the highest specific capacitances as 
established by CV; LMN-0.2, LMC-0.2 and LMO. The 
specific capacitance of samples was calculated via 
following equation [3]: 

where Cm (F g-1) is the specific capacitance, I (A) is the 
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change during discharge. GCD curves of three electrodes 
within the potential range of 0.555 to 1.2 V (vs RHE) at 
current density of 0.5 A g-1 are shown in Fig.6b. When 
GCD curves was examined at different current densities, 
it was detected that the specific capacitances decrease with 
increasing current densities due to the internal resistance 
of electrodes (data not shown).  The specific capacitances 
of LMN-0.2, LMC-0.2 and LMO were calculated as 93.3, 
73.8, 25.8 A g-1 at current density of 0.5 A g-1.

Fig.5. Cyclic voltammograms of synthesized powders 
compared with LMO at a scan rate of 100mVs-1 (a) LMN-
x (b) LMC-x  

4. Conclusion 

In summary, LaMn1-xMxO3 (M=Ni, Co) powders were 
obtained by sol-gel combustion and effect of different 
dopant content on LMOs electrochemical properties were 
investigated. According to electrochemical analysis, 
LMN-0.2 and LMC-0.2 displayed higher performance 
than LMO with specific capacitances of 93.3 F g-1, 73.8 F 
g-1, and 25,8 F g-1 for LMN-0.2, LMC-0.2 and LMO, 
respectively at a current density of 0.5 A g-1.

                 

Fig.6. Electrochemical analysis comparison of LMO, 
LMN-0.2 and LMC-0.2 (a) CV curves at a scan rate of 
100mVs-1 (b) GCD curves at current density of 0.5 A g-1
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Abstract 

The composition and microstructure of cathode 
materials has a large impact on the performance of 
solid oxide fuel cells (SOFCs). It was recently shown 
that the sputter deposited (La0.8Sr0.2) CoO3 (LSC-113) - 
(La0.5Sr0.5)2CoO4 (LSC-214) dual phase cathode yield 
the best performance where the mixture had an 
amorphous-like structure. In this study a composite 
cathode of LSC-113: LSC-214 was synthesized via 
thermal plasma using a large flow rate of quenching 
gas yielding non-equilibrium cathode powder. The 
purpose is to see if similar performance improvement 
could be obtained with plasma synthesized powder. 
Powder obtained were then screen printed onto the 
gadolinium doped ceria (Gd0.1Ce0.9O1.95) electrolytes 
and were characterized based on EIS responses using a 
symmetric cell under air.  

1.Introduction 

Fuel cells have attracted considerable attention due to 
their efficiency. Among them, solid oxide fuel cells 
(SOFCs), have relatively high operating temperatures 
(800-1000oC) causing the necessity of high energy 
input and long start-up time[1]. This requirement of 
high operating temperatures makes the cells less 
durable and create difficulties in sealant, contact 
materials etc. Therefore, the efforts in recent years 
concentrated on reducing the operating temperature of 
SOFC.

At high operating temperatures the kinetics related to 
cathode reactions are adequately rapid and as a result 
the associated losses are relatively minor. However, at 
low operating temperature, the polarisation losses in 
the cell increases as the kinetics associated with the 
oxygen reduction reaction (ORR) becomes slower. 
Therefore, emphasis as cathode materials has shifted to 
mixed conducting perovskites e.g.  La1-xSrxCoO3
(LSC), La Srx MnO (LSM), LaxSr CoyFe O
(LSCF) [2]. Further improvement  in ORR is possible 
through the use of composite cathodes [3].  

The main goal in SOFC research is the development of 
cathodes with a sufficiently low area specific resistance 
(~ 2) at operating temperatures significantly 

-type oxides 

currently considered as cathodes are based on La1-

xSrxCoO3[4]. Of these LSC113-LSC214 hetero-
structures were particularly noteworthy as they have 
been shown by Crumlin et al.[5] and Sase et al.[6] to 
exhibit improved electrochemical performance when 
used as cathodes [7]. Dual phase LSC113-LSC214 
cathodes have provided high oxygen fluxes due to a 
combination of the associated high surface exchange 
and superior oxygen diffusivities.  

There are a variety of methods to produce the 
perovskite-type composite oxides and each method 
could result in different structure, particle morphology, 
surface area, and the amount of hetero-interface. The 
methods include sol-gel processing, hydrothermal 
synthesis, co-precipitation, and flame synthesis [8]. 
Thermal plasma is another method which has received 
considerable attention for the synthesis of the mixed 
oxides. This method provides an efficient way to 
synthesize the uniformly distributed composite 
nanopowders without any mechanical mixing processes 
[9].  

In this work, LSC-214 / LSC-113 composite 
nanopowders were synthesized by thermal plasma to 
maximize the hetero-interface. To examine the 
performance of synthesized powder as a cathode 
material, the powders were screen printed on the 
gadolinium doped ceria (GDC) electrolyte yielding a 
symmetric cell characterized by impedance 
spectroscopy. 

2.Experiments 

 LSC-214 / LSC-113 composite powder was 
synthesized in a radio frequency (R.F.) plasma 
(TEKNA, 35 kW). Conditions used in the synthesis are 
tabulated in Table 1. 

Materials used in the synthesis were the nitrates 
La(NO3)3.6H2O (Alfa Aesar, 99.99%), Sr(NO3)2 (Alfa 
Aesar, 99.0%) and Co(NO3)2.6H2O (Alfa Aesar, 98-
102%).  LSC-214 / LSC-113 dual phase power were 
synthesized in equal volumetric ratio.   

The desired molar ratios La, Sr, Co, were mixed to 
provide the targeted volumetric ration. The amount of 
nitrates used was 12.557 g, 6.137 g, 8.439 for 
La(NO3)3.6H2O, Sr(NO3)2, Co(NO3)2.6H2O, 
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respectively. Nitrates were dissolved in adequate 
amount of distilled water and mixed together to yield a 
single solution. 

The precursor solution prepared was fed into the torch 
at a rate of 10 mL/min by a peristaltic pump. Solution 
was atomized just above the plum   with the use of    
argon maintained at a flow rate of 5 slpm in a special 
atomization probe. At the end of run, the synthesized 
powders were collected from a filter placed in the 
exhaust line.    

Table 1. Thermal plasma operating conditions.

Synthesized powder was examined using D/MAX-
2200 Rigaku X-ray Diffractometer with Cu-
radiation, with 0.02o/min scan rate. The X-ray pattern 
were analysed using Rietveld refinement technique. 
Also the morphologies of the powders are investigated 
by using FEI Nova NanoSEM 430 model field 
emission scanning electron microscope (SEM-FEI). 
Electrochemical tests were carried out on symmetric 
cells. Gadolinium doped ceria (GDC) electrolyte was 
used as a substrate. This was in the form of a disc, 
typically 1 mm in thickness, 17 mm in diameter. The 
synthesized powder was prepared as slurry by mixing 
hydroxyethyl cellulose as binder, polyvinyl propylene 
as dispersant and texanol as solvent [10]. Solid loading 
constituted 28 vol. % of the slurry. The slurry was 
screen-printed (195 mesh) onto both side of GDC 
substrate. 

Figure 1. Symmetric cells used in electrochemical 
impedance spectroscopy schematic drawing in cross-

sectional. 

The symmetric cell is made up of three layers, Fig. 1. 
Top and bottom layers were electrodes which were in 

contact with gold current collectors. The printed 
cathode was 12.85 mm in diameter, and the current 
collector in 10.75 mm diameter. This has left a ring of 
uncoated cathode materials at the outer ring which had 
an area of 0.389 cm2 exposed to the atmosphere. 
Connections were made with gold wires to the inner 
gold region using a gold paste (8884-G ESL Europe). 
The symmetric cell was installed to one end of an 
alumina tube 14 mm in inner and 25 mm in outer 
diameter. The cell was located at one end of the tube 
and sealed with the use of ceramic sealant (AREMCO) 
Fig. 2.  

Figure 2. Assembly of the symmetric cell for EIS 
measurements in a split furnace. 

Electrochemical impedance spectra (EIS) were 
collected on the symmetric cell using 
potentiostat/galvanostat (Gamry Inst. Reference 3000) 
with a disturbance voltage of 10 mV from 1 MHz to 
0.1 Hz.  Measurements were carried out at 
temperatures ranging from 300-700oC. 

3.Results and Discussion 

SEM micrograph of powder synthesized by thermal 
plasma is given   in Fig. 4.  The particles are   less than 
100 nm in size. 

XRD pattern recorded from the powders is shown in 
Fig.3.   As seen in the pattern ,the peaks are compatiple 
with LSC-113 and LSC-214, but  there is an additional 

= 15o. It should be noted that the peaks are 
rather broad which is compatible with small particle 
size reported in Fig.4  

Figure 3. X-ray pattern of LSC-113/LSC-214 composite 
cathode material synthesized by thermal plasma.

Parameter Value 

Grid Current 3.6 A 

Plate Voltage 8 kV 

Central Gas (Ar) 15 sl/min 

Sheath Gas (Ar) 60 sl/min 

Sheath Gas (H2) 6 sl/min 

Carrier Gas (Ar) 4 sl/min 

Quench Gas (N2) 150 sl/min 
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Figure 4. SEM image of LSC-113/LSC-214 dual phase 
plasma synthesized powder.

The plasma synthesized powder were then screen-
printed onto both side of the GDC electrolyte. As seen 
in Fig. 5(a) the cell has a total thickness of slightly 
more than 1 mm. Fig. 5(b) is the magnified image of 
the LSC composite as applied to the both surface of the 
cell. It is seen that the screen printed cathode has an 
average thickness of 3.07 .

(a) 

(b) 
Figure 5. Cross sections of the symmetric cells produced 
with synthesized powder   a) the complete cross-section b) 
The magnified image of LSC electrode applied to the surface.   

A typical EIS response recorded at 500 oC is given in 
Fig. 6.  The spectrum was fitted using equivalent 
circuit given by Januschewsky [11].  It is seen that the 
spectrum yields a resistance value of 18 ohms. This 
value was multiplied by the cathode area (~39mm2) 
and divided by 2 because of the use of the symmetric 
cell. This yielded an area specific resistance (ASR) 
value of 3.50 ohm*cm2.

EIS responses were analysed   at   each temperature 
from 300 oC to 700 oC.   

Figure 6. Nyquist plot of LSC-113/LSC-214 cathodes 
measured at 500oC.

ASR values calculated for composite cathode at 
temperatures ranging from 300oC to 700oC with 50oC
intervals are given in Table 2. Here, it was observed 
that the cathode resistance, as would be expected, is   
decreased, with increasing temperature.  

The EIS measurements were repeated three times. 
Having reached 700 oC, the symmetric cell was cooled 
to 300 oC and measurements were repeated. Fig. 7 
shows log(ASR) vs 1000/T plot for each cycle. It 
should be noted the ASR values increases with cycling, 
though the increase is quite small.   

Table 2. The cathode resistance and area specific resistance 
of LSC-113/LSC-214 cathodes in various temperatures. 

T (oC) Rcathode
(ohms) 

ASR
(ohm*cm2)

300 1797 349.516

350 738 143.541

400 156 30.342

450 46 8.947 

500 18 3.501 

550 9 1.750 

600 3 0.583 

650 1 0.194 

700 0.29 0.056 

Figure 7. The ASR change with the function of 1000/T [K-1]
for LSC-113/LSC-214 dual phase cathode. 
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At the time of writing, the work is in progress aiming 
for much reduced ASR values and the results will be 
reported at a later date. 
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Abstract

For the last decade carbon nanotubes (CNTs) are 
extensively investigated for many industrial areas 
thanks to their unique properties as a result of their 
novel structure. Their low resistivity, high 
electrochemical stability and high surface area are the 
foremost properties for their applicability in energy 
storage devices [1]. 

In this work, microsupercapacitors were directly 
patterned from  single walled carbon nanotube 
(SWNT) buckypapers. These buckypapers were 
prepared using vacuum filtration and consecutive 
stamping method direcly onto glass substrates. 
Patterning was performed via laser ablation 
technique, which eliminated the need for 
interdigidated contacts. Capacitive behaviour of 
SWNT microsupercapacitors were investigated 
through a galvanostat/potentiostat using cyclic 
voltammetry, galvanostatic charge discharge and 
impedance spectroscopy techniques. An areal 
capacitance of 3.5 mF.cm-2 was obtained through 
cyclic voltammetry at a scan rate of 10 mV/s using 
TBAPF6:PMMA:PC:ACN gel electrolyte 

1. Introduction 

Technological trend towards miniaturized electronic 
devices accelerated research towards improving 
energy density of micropower sources and small-
scale energy storage devices. Short lifetime and 
limited power densities of small batteries hinders the 
further development of applications such as 
microelectromechanical systems, personal and 

military wearable technology and biosensors. As a 
replacement, electrochemical capacitors, or 
supercapacitors that have high power densities 
coupled with their excellent cyclability are offered 
for miniaturized electronic devices. However, current 
structures of supercapacitors must be enhanced in 
order to utilize them in microscale applications. In 
this manner, microsupercapacitors were investigated 
extensively [2]. 

Two different designs based on architecture exist for 
microsupercapacitors, namely interdigital in-plane 
architecture and three dimensional (3D) architecture. 
Thin film microsupercapacitors with interdigital in-
plane architecture are generally preferred due to their 
scalability and low cost due to low amount of active 
materials [2]. While several techniques such as 
chemical vapor deposition [3], sputtering [4], in-situ 
chemical polymerization [5], electrochemical 
deposition [6] and inkjet printing [3] can be used to 
fabricate microsupercapacitor devices; graphene [7], 
activated carbon [8], CNTs [9], PANI [5], and MnO2
[10] can be employed in this techniques as the active 
material. Among these materials, CNTs are good 
candidates for the fabrication of thin film 
microsupercapacitors due to their low resistance 
throughout the device provided by their percolation 
on top of their high surface area, stability and high 
electrochemical stability. However, aforementioned 
techniques generally require a pre- or post-processing 
for implementing interdigitated contacts. Herein, we 
report a fabrication route utilizing percolative CNT 
network to obtain a single step fabrication of 
microsupercapacitors offering low cost and 
scalability through laser ablation of the binder-free 
SWNT buckypapers on glass substrates.   
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2. Experimental Procedure 

Sodium dodecylbenzenesulfonate (SDBS) and 
Tetrabutylammonium hexafluorophosphate 
(TBAPF6) is obtained from Sigma-Aldrich, and used 
without any further purification. SWNTs with an 
approximate diameter and lengh of 1.8 nm and 5 m 
are obtained from TUBALL. PTFE membranes 
(JMWP04700, pore size of 5 m) are obtained from 
Merck Millipore.  
 
SWNT suspension is prepared using 1 gr of SDBS, 
200 mL of isopropanol and 0.5 mg/mL of SWNT. 
Firstly, SDBS is dissolved in isopropanol via tip 
sonication for 5 minutes. Then, SWNTs are added to 
the SDBS/isopropanol solution and further tip 
sonicated for another 5 minutes. To prepare SWNT 
buckypapers on glass substrates, 10 mL of the 
prepared suspension is vacuum filtrated onto PTFE 
membranes and washed several times with 
isopropanol and DI water to get rid of SDBS. 
Afterwards, filtrated SWNT films was transferred 
onto glass substrates by adequate wetting with 
ethanol, and the membrane is lifted while the 
membrane is still wet. Resulting SWNT buckypaper 
film on the glass substrate was was dried at 50  for 1 
hour. The buckypaper film resistance after drying 
across the diameter (3.5 cm) is measured as 8 . 
 
SWNT buckypapers on glass substrates are patterned 
in two different ways for electrochemical 
performance comparison using EO Technics Laser 
Marker (50 m spot size, 1064 nm wavelength, 30W 
power output at 100% power usage). First design 
consist of two electrodes patterned by separating the 
buckypaper into two with applying the laser marker 
as a line at 95% power output at 70 kHz frequency 
with 10 times sweeping. Second design consists of 24 
electrodes with 12 micro-electrodes on each side, 
which was drawn beforehand in AutoCAD 2017 
software and transferred to the laser marker software. 
For the second design, laser marker is applied again 
with the same power output and frequency with 40 
times of sweeping. Buckypapers are further cleaned 
following  patterning to remove residual materials. 
Final state of the patterned buckypapers can be seen 
in pictures provided in Figure 1. 
 
 
 

 
 
Figure 1. Photos of the laser ablated buckypapers 
with (a) a single line and (b) interdigitated finger 
electrodes. (c) AutoCAD 2017 was used for 
patterning in cm. (d) A photograph of the micro-
supercapacitor cell prepared with 
TBAPF6:PMMA:PC:ACN gel electrolyte for 
electrochemical measurements. 
 
3. Results and Discussion 
 
Precise dimensions of the finger electrodes is 
obtained from SEM images provided in Figure 2. 
Average width of the finger electrodes, the gap 
created between them and the thickness of the 
electrodes are measured  as 874 ± 1 m, 112 ± 12 

m, and 13.5 ± 1.0 m, respectively. The length of 
the finger electrodes are measured as 2.45 cm. 
 

 
Figure 2. SEM images of a microsupercapacitor 
fabricated with interdigitated finger electrodes using 
SWNT buckypapers. (a) Width of the electrodes and 
(b) width of laser ablated surface. (c) High 
magnification SEM image of laser ablated surface of 
SWNT buckypaper film. (d) Cross-sectional SEM 
image of one of the finger electrode. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

946 IMMC 2018   |   19th International Metallurgy & Materials Congress

Electrochemical characterization of the fabricated 
films are conducted using TBAPF6:PMMA:PC:ACN 
gel electrolyte with weight percentages of 3:7:20:70 
by drop casting onto buckypapers. This device can be 
seen in Figure 1 (d). For both designs, 
electrochemical characterizations are made using 
cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance 
spectroscopy (EIS). Electrochemical 
characterizations of both designs and their 
comparison can be seen in Figure 3. 

It is evident from the comparison in Figure 3 that the 
single line patterned buckypaper shows resistive 
behavior while interdigitated finger electrodes show 
promising capacitive behavior. This comparison 
shows the importance of electrode/electrolyte 
interface on the supercapacitive behavior.  

Figure 3. Elecrochemical results and comparison of 
two different designs namely laser ablated with a 
single line and interdigitated finger electrodes. (a) 
CV graphs at a scan rate of 10 mV/s, (b) GCD graphs 
obtained with a current of 1 mA and (c) comparison 
of the impedance spectra obtained between 100 kHz 
to 0.01 Hz frequency with an AC perturation of 5 
mV. 

The areal capacitance of the interdigitated finger 
electrodes are calculated from the formula below;

𝐶𝑠𝑝 𝑄 𝐸𝑥𝐴

, where Q is the total charge passed (C), E is the 
voltage window (V), and A is the area of anode and 
cathode electrodes including the gaps between the 
finger electrodes (in cm2). Effective area of the 

interdigitated finger electrodes is calculated from the 
dimensions obtained in Figure 2. From the CV 
measurement in Figure 3, areal capacitance of the 
interdigitated finger electrodes, or the fabricated 
microsupercapacitor, is found as 3.50 mF.cm-2.

Figure 4. Electrochemical characteristics of the 
buckypaper with interdigitated finger electrodes. (a) 
CV results with different scan rates, (b) GCD with 
different applied currents, (c) impedance 
spectroscopy between 100 kHz and 0.01 Hz with 5 
mV AC perturbation and (d) charge discharge profile 
during 1000 cycles with an applied current of 3 mA. 

From Figure 4 (a), areal capacitance of the 
microsupercapacitor is calculated as 3.13, 2.69, 2.26 
and 1.81 mF.cm-2 for the scan rates of 20, 50, 100, 
and 200 mV/s, respectively. These results are highly 
comparable to those in literature and highly 
promising as a facile approach for the fabrication of 
microsupercapacitors [11,12]. 

3. Conclusions 

To conclude, a facile and scalable approach to 
fabricate microsupercapacitors via preparing binder-
free SWNT buckypapers on glass substrates via 
vacuum filtration method followed by laser ablation 
technique is achieved. Electrochemical performances 
of two different designs are evaluated and compared 
to show the importance of creating interdigitated 
micro-electrodes. An areal specific capacitance of 
3.50 mF.cm-2 at a scan rate of 10 mV/s is obtained. 
Furthermore, a capacity retention up to 97% is 
attained at an applied current of 3 mA after 1000 
charge-discharge cycles. 
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Abstract 

In this study, Ni-Co-O powders are produced by 
hydrothermal synthesis process as it allows to produce 
pure and homogeneous particles at low temperatures. 
Then the powders are mixed with PVDF and C black 
with 80:10:10 ratios, to form a slurry which would form 
electrode film after being laminated on Cu foil. Herein, 
to discuss the effect of Ni/Co ratio on the electrode 
performances, powders are fabricated with different 
precursor ratios  (Ni/Co:1/1 and 1/2). XRD results show 
that when Ni/Co ratio is 1/1 NiCoO2 is formed with 
additional NiO, whereas when Ni/Co ratio is 1/2 then 
NiCo2O4 powders are formed. The powders are also 
invesigated by SEM to see the effect of Ni/Co on powder 
morphologies. Finally, their performances as electrodes 
in LIBs have been measured based on galvanostatic and 
electrochemical test results.

1. Introduction 

Over the past few years, rechargeable lithium-ion 
batteries (LIBs) as energy storage devices have been 
widely used in portable electronic devices and electric 
vehicles [1]. At present, the major part of the 
commercial LIBs use graphite as anodes. However, the 
relatively low theoretical capacity of graphite (372 
mAh/g) can not meet the high energy density 
requirements of customers. Thus developing new 
electrode materials becomes an important subject to 
increase the performance of the current battery 
technology [2]. Recently, much attention has been given 
to transition metal oxides as they have high theoretical 
capacities when used as anodes in the battery (500 to 
1000 mAh/g) [3]. Studies on the several transition metal 
oxides have shown that superior anodic performance is 
exhibited when cobalt oxides are used as anodes. In this 
concept, that Co3O4

delivers 800 mAh/g capacity that remains stable up to 
25 cycles [4]. But expensive and toxic effects of the 
cobalt limit its wide use. For this reason, cobalt-based 
binary metal oxides have been investigated as anodes. 
Especially Ni-Co-O (NCO), attracts much research
interests owing to its high theoretical capacity and less 

toxicity compared that of the pure Co3O4. So far, various 
methods (microwave synthesis, spray pyrolysis, co-
precipitation, sol gel etc.) have been used in the 
production of NCO electrodes [5-7]. In this work, 
different than literature we have decided to produce 
NCO powders directly by hydrothermal methods as the 
process enables to form nucleation and grain growth in 
a controllable manner. Plus, inovatively we would 
interest the effect of electrode composition (Ni/Co ratio) 
on its electrochemical performance. 

2.Experimental 

2.1 Synthesis of NiCo2O4 and NiCoO2

All the chemicals used in the experiments are analytical 
grade without further purification. Ni(NO3)2.6H2O (10 
mmol), Co(NO3)2.6H2O (20 mmol for NiCo2O4 and 10 
mmol for NiCoO2), 30 mmol NH4F, and 50 mmol urea 
were dissolved in 150 mL deionized water (DI-water) 
and stirred to form a pink solution. After stirring for 30 
min. the solution was transferred into a Teflon lined 
stainless-steel autoclave (capacity of 250mL). The 
autoclave was sealed and maintaine h
in an electrical oven and then cooled to room 
temperature. The powder was collected and rinsed with 
DI-water and absolute ethanol, and dried at 60 C in a 
drying oven for 12h. Finally, to get the NCO powders, 
the dried powders were calcinated at 400 C for 3h in air. 
Black composite metal oxides of NiCo2O4 and NiCoO2
were obtained eventually. 

2.2 Structural and Morphological Characterization 

 The phase analysis of the powders was established 

rad -7
rate. To oberserve the powder morphology SEM method 
was used (JEOL 7200F). 

2.3 Electrochemical Tests 

The electrochemical tests were evaluated using CR2032 
coin-type cells at room temperature. The working 
electrode was prepared by mixing active material (NCO 
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powders), conductive agent (carbon black), and polymer 
binder (polyvinylidene fluoride, PVDF) in a weight ratio 
of 80:10:10 (when dispersed in N-methyl-2-
pyrolidinone). The Cu foil (99,95% purity) of less than 

 thick was used as the current collector. Once the 
slurry was well mixed, it was poured onto the current 
collector and the film was produced. Then, the film was 

rolled. While making cell assembly in Ar filled glove 
box (MBraun Labmaster), Celgard 2400 was used as 
separator and GEN2 solution (1 M LiPF6 in a mixture of 
ethylene carbonate (EC) and dimethyl carbonate (DMC) 
with a volume ratio of 1:1) was used as the electrolyte. 
Galvanostatic charge/discharge tests were conducted at 
room temperature using MTI BST8-WA battery 
analyzer device. The films were tested between 0.001-
3V at C/10 current rate. To get further understanding 
about the lithiation mechanism of the sample, the cyclic 
voltammetry (CV) test was carried out for the initial 3 
cycles of the electrodes, by Gamry Instruments Interface 
1000 in the potential window of 0.001 to 3.0V (vs 
Li/Li+) at 0.5 mV/s scan rate. 

3. Results and Discussion 

Figure 1a shows the XRD diffraction patterns of 
NiCo2O4 (Sample 1) and the diffraction peaks are in 
good agreement with JCPDS card no. 20-0781 and no 
other diffraction peaks from impurities can be detected, 
Then, Figure 1b reveals that the second 
diffraction peaks are similar to the standard patterns of 
NiCoO2 (Sample 2) with JCPDS card no. 10-0188. 
Unlike to sample 1, sample 2 has also NiO peaks 
additionally (JCPDS card no. 01-1239). The 
morphology and composition of the NiCo2O4 and 
NiCoO2 samples are studied by SEM images and EDS 
results (Figure 2a-d and Figure 3a-b). The observed 
powders have spherical morphologies. The 
microspheres have an average diameter value between 
4- s 3a and 3b) shows that the 

ic percentage are agreed with XRD 
results. 

Figure 1. XRD patterns; a) NiCo2O4, b) NiCoO2

Figure 2. SEM images of samples; a) low magnification of 
NiCo2O4, b) high magnification of NiCo2O4, c) low 

magnification of NiCoO2, d) high magnification of NiCoO2.

Figure 3. EDS results of samples; a) NiCo2O4, b) NiCoO2.
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Figures 4a and 4b display the CV measurements of 
NiCo2O4 and NiCoO2, respectively. For the first cycle of 
NiCo2O4, a small cathodic bump is noted at  2.2V, which 
is followed by peaks at  1.1 and 0.8V. The first two 
peaks can be attributed to the destruction of its crystal 
structure. Then the big reduction peaks at 0.8V 
(NiCo2O4) could be attributed to the conversion of Ni+2

and Co+3 to Ni and Co separately (Equation 1) and SEI 
formation on the electrode. The fact that the anodic peak 
has lower intensity than that of the cathode justifies the 
first cycle low coulombic efficiency of the electrode. 
The first cycle CV curvature of NiCoO2 shows a small 
cathodic hump at  1V and remarkable peak at  0.7V. 
These are corresponding to the initial reduction of 
NiCoO2 to metallic Co and Ni (Equation 2), the 
formation of amorphous Li2O and SEI film. The fact that 
the electrode has no clear peaks for the first cycle in the 
cathodic region (other than 0.7V) might be related to its 
higher polarization causing shifting of peaks around 
0.7V. In anodic side, for NiCo2O4 peaks at  1.6V and 
2.2V, and for NiCoO2 peaks at  1.6V and 2.6V are 
determined. They all reveal the existence of Equations 
3- 5. In the NiCoO2 sample, NiO oxidation peak at 1.6V 
is more remarkable due to additional amount of NiO at 
the structure. CoO oxidation peak at 2.6V is also more 
remarkable despite the fact that cobalt ratio of 
composition is less than the other sample. The fact that 
the cobalt peak (2.2V) is not obvious in the NiCo2O4 can 
be explained by the weak activation of cobalt due to 
large particle sizes and/or low electrical conductivity of 
powders. In the following cycles, decreases in peaks 
numbers and intensities become remarkable for both 
samples. Possible changes in electrode morphologies 
(inducing unstable SEI formation on the electrodes) 
affecting the lithiation mechanism could explain this 
observation.   

NiCo2O4 + 8Li+ + 8e-           Ni + 2Co + 4Li2O        (1)  

NiCoO2 + 4Li+ + 4e-           Ni + Co + 2Li2O           (2)                                                                          

Ni + Li2O               NiO + 2Li+ + 2e-            (3)                                                  

Co + Li2O              CoO + 2Li+ + 2e-                       (4)                                           

CoO+1/3Li2O             1/3Co3O4 + 2/3Li+ + 2/3e-    (5) 

Figure 4. Cyclic voltammograms; a) NiCo2O4, b) NiCoO2.

Figure 5a shows the voltage-capacity curves of the 
NiCo2O4 for the 1st, 2nd, 10th and 25th cycles (at C/10 
rate). In the first cycle, two small an one wide 
discharging plateaus are noted at 2.1, 1.2 and 0.8 V (vs. 
Li+/ Li) showing the lithiation of Ni and Co particles, as 
well as SEI formation respectively. The initial discharge 
capacity of NiCo2O4 is found to be 1991 mAh/g with 
75% coulombic efficiency (Figure 5a). Fig.6a shows the 
cycle capacity of the sample. The electrode capacity 
decreases upon cycling and achieves 98 mAh/g capacity 
after 25th cycles. On the other hand, for NiCoO2 1st, 
2nd, 10th and 25th cycles voltage-capacity curvature (at 
C/10 rate) show 3 plateaus around 1.2 and 0.9 and 0.7V 
demonstrating the lithation of Ni and Co particles. The 
first discharge capacity of this samples is found to be 
1534 mAh/g with 65% coulombic efficiency (Figure 5b) 
then decreases upto 125 mAh/g after 25th cycle. (Figure 
6b). The large irreversible capacity loss in the first cycle 
of both samples could be attributed to the formation of 
SEI layer and the entrapped Li ions in the film as 
commonly seen in many transition metal oxides anode 
materials. Their low capacity retentions are believed to 
be related to their high polarization (low electrical 
conductivity of the oxide particles), long Li diffusion 
pathway (big particle size of the powders) and unstable 
SEI film formation (high volumetric changes of the 
particles).

The effect of additional Co presence can be detected as 
higher initial capacity of the film as Co3O4 has a higher 
theoretical capacity (890 mAh/g) than NiO (718 
mAh/g). The latter also explains the lower capacity 
retention of the NiCo2O4, as the volumetric expansion of 
Co3O4 (98.6 %) is also higher than NiO (69.9 %) [8,9]. 
Thus the electrode design should be optimized in further 
studies since high polarization of the particles prevents 
the capacity performance of the electrode at C/10 rate, 
and the large particle size of powder causes high volume 
changes, hence lower capacity retention.  
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Figure 5. Capacity- voltage curves; a) NiCo2O4, b) NiCoO2.

Figure 6. Capacity- Cycle- Efficiency curves; a) NiCo2O4,
b)NiCoO2.

4. Conclusion 

By changing the cobalt ratio, we have produced 
NiCo2O4 and NiCoO2 microspheres by hydrothermal 
synthesis method. Our experimental results demonstrate 
that by decreasing the cobalt content, the initial capacity 
of the electrode decreases while the capacity retention 
increases. Electrochemical tests result at C/10 rate have 
shown that NiCo2O4 has a higher discharge capacity 
(1991 > 1534 mAh/g) but lower capacity retention as it 
delivers 98 mAh/g after 25 cycles respectively. 
Therefore, in future studies to ameliorate the 
performance of both NiCo2O4 and NiCoO2, firstly 
particle size will be reduced. In this way, the lithium 
diffusion path will be shortened and also pulverization 
and aggregation will be prevented by obtaining a large 
surface area. Surface treatments, such as coating the 
material with conductive materials like carbon or 
graphene could be also done to increase the electrical 
conductivity. And finally, to see the changes in the 
impedance of the cell upon cycling electrochemical 
impedance analysis could be also applied. 
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Abstract

LiNi1/3Mn1/3Co1/3O2 (NMC) cathode electrode was 
synthesized by using facile sol-gel method. Graphene 
reinforced NMC freestanding electrodes were then 
synthesized through a vacuum filtration process. The 
crystal structure and surface morphology and 
electrochemical properties were characterized via X-ray 
diffraction (XRD), field emission scanning electron 
microscopy (FESEM), energy dispersive spectrometry 
(EDS), The results shows that the layered NMC and NMC 
decorated graphene were successfully produced. 
Electrochemical performance was investigated with 
galvanostatic charge–discharge tests, cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS) 
measurements. The results present that NMC decorated 
graphene shows improved electrochemical performance. 

1. Introduction 

Today, the importance of energy storage in 
telecommunication, automotive, energy and satellite 
technologies gradually increase [1]. Lithium ion technology 
are lately extensively employed energy storage device for 
electric vehicles and all portable electronics [2]. The reason 
for the use of Li ion batteries in these applications is their 
relatively high energy density (>150 Wh kg 1), low cost, 
safety and improved performance [3]. Due to the need for 
high energy density, high power of batteries, the 
development of new materials for Li-ion batteries has 
become attractive for researchers [4].

Layered LiMO2 (M = Ni, Fe, Co, Mn or mixture), olivines 
LiMPO4 olivines or spinel LiMn2O4 based cathodes are 
commonly used for Li ion batteries [5]. Among these 
cathode materials, NMC is most promising cathode for Li-
ion batteries because of its lower cost, lesser toxicity and 
better stability during cycling at high temperature [6]. 
NMC provides high specific capacity in the range of 140-
160 mAh/g with fast lithiation/delithiation owing to its 
layered structure [7]. NMC which has R3m rhombohedral 
space group is consisted of edge sharing TMO6 octahedral 
[TM= Ni, Mn, Co] separated by lithium ions occupying 

octahedral sites. In this structure, Ni is the 
electrochemically active, Mn supplies structural stability 
while Co promotes ordering of lithium and nickel ions onto 
their respective lattice sites [8,9]. 

Unfortunately, NMC has three serious drawbacks hindering 
its further applications. The first one is the undesired 
interfacial reactions between NMC and electrolytes that  
causes to the catalytic effects of the redox couple of Co3+/4+

that is inserted during NMC is being charged up to a high 
cut-off voltage of 4.55V [10]. The second one is the 
structure corruption  is cation disorder between Li+ and 
Ni2+ in the NMC crystal lattice that can cause low specific 
capacity. The third one is low lithium ion mobility and 
electronic conductivity that lead to the inferior rate 
capability and serious electrode polarization [11,12]. To 
overcome these issues, different stoichiometrically cation 
and anion additives have been studied for improving 
performance of NMC in previous studies [13]. Also, 
surface coating such as CeO2, Al2O3, and FePO4 has been 
tried to provide good electronic, ionic conductivity and 
stability with electrolyte [14]. In particular, carbon coating 
has been be an effective modification method due to 
protecting the particles from chemical attack from the 
electrolyte and enhancing the conductivity of the metal 
oxide [15]. 

Owing to the high electronic conductivity, large specific 
surface area and excellent structural stability, multi walled 
carbon nanotube (MWCNT) have been used as conductive 
nanostructured carbon matrices to improve the electronic 
conductivity, specific capacity, rate capability and cycling 
stability of the LiNi1/3Co1/3Mn1/3O2.  improve the particle-
to-particle electronic transfer of the active material. It is 
necessary to avoid the self-aggregation while constructing a 
three-dimensional carbon network by sufficiently utilizing 
the advantages of one-dimensional (1D) MWCNT [16,17]. 

In this study, we aimed to produce of NMC and NMC 
decorated MWCNT cathode materials for Li ion batteries. 
For producing NMC powder, fast and facile sol-gel method 
was used. Obtained NMC powder was decorated between 
graphene layers by chemical reduction method to improve 
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conductivity and rate performance. The effect of the 
MWCNT on the electrochemical properties was 
investigated.

2. Experimental Procedure 

2.1. Synthesis of  NMC powders: 

NMC powders were synthesized via sol-gel method that 
providing high purity, homogeneity and uniform crystal 
morphology. In this process, 1M Li-nitrate 
(CH3COO).2H2O), Ni-acetate (Ni(CH3COO)2.4H2O),  Mn-
acetate (C4H6MnO4. 4H2O.C4), Co-acetate 
(C4H6CoO4.4H2O) (1/3: 1/3: 1/3 molar ratios) were used as 
starting materials and citric acid was also used as a binding 
agent. Li-nitrate (CH3COO).2H2O), Ni-acetate 
(Ni(CH3COO)2.4H2O), Co-acetate (C4H6CoO4.4H2O), Mn-
acetate (C4H6MnO4. 4H2O.C4) were dissolved in 60 ml 
distilled water and stirring was continued by adding citric 
acid. The solution was stirred at 90 oC. for 4 hours until a 
clear viscous gel was formed. The gel-like solution is dried 
for 12 hours at 70 °C and then calcined at 350 °C for 4 
hours and 900 °C for 9 hours in air at a rate of 5 °C / min to 
get the NMC powders. 

2.2. NMC/MWCNT Freestanding Electrode 
Preparation:

MWCNTs used in this study are provided by Arry 
International Co., Ltd., Germany. No further purification or 
doping has been applied to MWCNTs by the supplier. The 
length and the diameter of the MWCNTs were 50 nm and 
1 m, respectively. The purity of the MWCNTs were more 
than 95%, while impurity contents such as metal catalyst, 
amorphous carbon and ash were less than 5 wt.% according 
to the supplier specifications. Before producing the bucky 
papers, MWCNTs are purified and functionalized as a 
specified recipe. Amorphous carbon content is removed by 
heating the MWCNTs at 350 °C for 8 h. Heat-treated 
product was then magnetically stirred at 140 °C for 4 h in a 
nitric acid solution in order to remove the metal catalysts. 
Finally, modified MWCNTs are chemically oxidized in a 
solution, containing H2SO4 and HNO3 acids at a ratio of 3:1 
for 3 h. The chemically oxidized MWCNTs were used to 
prepare freestanding buckypapers. In a typical process, 25 
mg functionalized MWCNTs and 25 mg NMC particles are 
dispersed in bidistilled water containing 60 mg sodium 
dodecyl sulphate (SDS, Sigma Aldrich) and ultrasonicated 
for 2 h. The suspended product was then vacuum filtrated
by a metal mask covering on a sheet of filter paper. The 
bucky papers were then peeled-off from paper and dried in 
a vacuum oven at 60 °C for 12 h.

2.3. Characterization Techniques 

The morphology and chemical composition of NMC 
powders and NMC/MWCNT freestanding electrode were 

investigated with FEI field emission scanning electron 
microscopy (FESEM) coupled with energy dispersive X-
ray spectroscopy (EDS) analysis. The crystal structures of 
the NMC powders and NMC/ MWCNT freestanding 
electrode were determined by using X-ray diffraction 
(XRD) system with Cu K  radiation from 10o to 90o.

A coin type cell (CR2016) was assembled in argon filled 
glove box. NMC and NMC/ MWCNT cathode electrode 
materials were used as working electrode and lithium metal 
foil was used as a counter electrode. 1 M LiPF6  dissolved 
in mixture of ethylene carbonate (EC) and dimethyle 
carbonate (DMC) (1:1 by volume) was used as an 
electrolyte while a polypropylene (Celgard 2400) was used 
as a separator to prevent short  circuit. The galvanostatic 
charge- discharge tests of electrodes were performed with a 
constant current density 0,02 μAh and cut off voltages 
between 2,5 V and 4,6 V vs. Li/Li+.

3. Result and Discussion 

Fig. 1 displays the XRD patterns of NMC powders and 
NMC decorated MWCNT freestanding cathode metarials. 
As seen from the XRD results, NMC peaks are quite sharp, 
clear and, well-defined. All NMC peaks are consistent with 
the hexagonal a-NaFeO2 structure with a space group of R-
3m without any impurity phases (JCPDS 44-0145) [18]. 
The lattice constants for LiNi1/3Mn1/3Co1/3O2 are a = 2.851 
Å and c = 14.219 Å and for LiNi1/3Co1/3Mn1/3O2/MWCNT 
are a=2.857 Å and c=14.227 Å [19]. The transition metal 
atoms (M=Ni, Co, Mn) are assumed to distribute on the 3b 
sites, while Li atoms are situated in the 3a sites and O 
atoms are situated in the 6c sites. The clear splitting of 
hexagonal doublets (006)/(012) and (108)/(110) near 380
and 650 observed for both of these samples indicates the 
highly ordered layer structure of NMC. The integrated 
intensity ratio of the (006):(102) lines in the XRD patterns 
is determined to be 1.33 and 1.37 for NMC and the 
NMC/MWCNT composite, respectively [19,20]. The result 
exhibits that the NMWCNT layers has no influence on the 
crystalline structure of NMC submicron particles. 

The surface morphology of the as-synthesized NMC 
cathode electrodes were examined by FESEM and shown 
in Fig 2. The as-synthesized particles are polyhedral in 
shape and having a particle size of 270-750 nm. It can also 
be concluded from the Fig. 2 that the particles are fused 
together and forming a macro porous structure. It is also 
reported that uniform distribution of particles can provide 
good the electrode–electrolyte contact area and facilitating 
the transportation of Li+ and electrons. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

954 IMMC 2018   |   19th International Metallurgy & Materials Congress

Figure 1. XRD diffractograms of NMC and 
NMC/MWCNT based cathode electrodes.   

Figure 2. FESEM images of pristine NMC particles 
produced under different magnifications. 

The morphological examination of cross-sectional images 
NMC/CNT freestanding electrodes were also investigated 
and shown in Fig. 3. Higher magnification images clearly 
indicates that MWCNT have shown an irregular curly and 
wavy 1D shape. NMC particles are also surrounded by 
MWCNT. NMC particles are homogenously distributed all 
over the cross-sectional area after the vacuum filtration 
process. Fig. 3 also confirms that the NMC particles act as 
a spacer in order to prevent the agglomeration or re-
stacking of MWCNT  

Figure 3. Morphological and chemical examination of 
cross-sectional images and Energy Dispersive X-Ray 
Spectroscopy analysis of NMC/MWCNT freestanding 
electrodes.

Figure 4. Galvanostatic charge/discharge tests of (a) NMC 
and (b) MWCNT/NMC cathode electrodes. 

Fig 4 presents galvanostatic charge/discharge tests of NMC 
and NMC/MWCNT freestanding electrodes. The 
electrochemical tests was carried out between a potential 
window of 2.2-4.6V at 1C rate (1C=280 mAh g-1). It should 
be noted that pristine NMC electrode presents a specific 
discharge capacity of 210.2 mAh g-1, while NMC/MWCNT 
cathode electrode exhibits a specific discharge capacity of 
209.2 mAh g-1 during the initial discharging. Moreover, as 
shown in Fig. 4(a) and 4(b), a specific discharge capacities 
of 157.7 mAh g-1 and 199.2 mAh g-1 after 250 cycles at a 
high rate of 280 mAh g-1 is obtained for NMC and 
NMC/MWCNT samples, respectively. In addition, 
NMC/MWCNT cathode electrode still deliver a specific 
discharge capacity with a capacity retention of 95.22% 
after 250 cycles (vs. to the first discharge capacity), 
whereas only a 75% capacity retention is obtained from the 
pristine NMC sample.  
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Figure 5. Cycle number vs. Specific discharge capacities of 
the NMC and NMC/MWCNT half-cells. 

Long term charging and discharging tests of NMC and 
NMC/CNT half cells are also studied by an extended cyclic 
study and shown in Fig. 5. NMC/MWCNT sample has 
clearly shown higher capacities than pristine sample. 
Electrochemical tests also confirmed that freestanding 
electrodes based on CNT could be an efficient way from 
enhanced battery performance. The improved battery 
performance is mostly due to the unique one dimensional 
architecture provided by the MWCNT. This structure 
reduces the ohmic resistance arising between electrolyte 
and cathode electrode. 

4. Conclusion
In summary, sub-micron NMC particles were produced by 
a facile sol-gel method. Submicron NMC particles were 
then decorated between the layers of MWCNT. The novel 
architecture with the embedment of NMC particles within 
MWCNT nano layers, more space in the interior of 
freestanding structure and an extraordinary electron 
conductivity, relieved the volume change and stress during 
the alloying/dealloying processes, providing superior 
cycling stability that remained above 199.2 mAh g-1 after 
250 cycles. 

Acknowledgment

This work is supported by the Scientific and Technological 
Research Council of Turkey (TUBITAK) under the 
contract number 214 M125 and CA COST Action 
CA15107 (Multi - Functional Nano - Carbon Composite 
Materials Network). The authors thank the TUBITAK 
MAG workers for their kind support. 

References

[1] V. Chaudoy, F. Ghamouss, J. Jacquemin, J.C. Houdbert 
and F. Tran-Van, Journal of Solution Chemistry, 44 (2015) 
769–789.

[2] Y.C.K. Chen, Wiegart, Z. Liu, K.T. Faber, S.A. Barnett, 
J. Wang, Electrochemistry Communications, 28 (2013) 
127–130.
[3] A. Erdas, S. Ozcan, M.O. Guler and H. Akbulut, Acta 
Physica Polonica A, 127 (2015) 1026–1028. 
[4] J. Yan, X. Liu and B. Li, RSC Advances, 4 (2014) 
63268-63284.
[5] S. Krishna Kumar, S. Ghosh and S.K. Martha, Ionics, 
23 (2017) 1655–1662.
[6] X. Li, X. Zhao, M.-S. Wang, K.-J. Zhang, Y. Huang, 
M.-Z. Qu, Z.-L. Yu, D. Geng, W. Zhao and J. Zheng, RSC 
Advances, 7 (2017) 24359–24367.
[7] W. Luo and B. Zheng, Applied Surface Science, 404 
(2017) 310–317.
[8] M. Oljaca, B. Blizanac, A. Du Pasquier, Y. Sun, R. 
Bontchev, A. Suszko, R. Wall and K. Koehlert, Journal of 
Power Sources, 248 (2014) 729–738.
[9] S. Phadke and M. Anouti, Electrochimica Acta, 223 
(2017) 31–38. 
[10] S. Seidlmayer, I. Buchberger, M. Reiner, T. Gigl, R. 
Gilles, H.A. Gasteiger and C. Hugenschmidt, Journal of 
Power Sources, 336 (2016) 224–230. 
[11] N.N. Sinha, N. Munichandraiah, ACS Applied 
Materials & Interfaces, 1 (2009) 1241–1249.  
[12] S. Tan, L. Wang, L. Bian, J. Xu, W. Ren and P. Hu, 
Journal of Power Sources, 277 (2015) 139–146.
[13] H. Gabrisch and D. Muhanty, E.C.S. Transactions, 16 
(2009) 1–9. 
[14] F. Wu, Y. Yan, R. Wang, H. Cai, W. Tong and H. 
Tang, Ceramics nternational, 43 (2017) 7668–7673. 
[15] G. Assat and J-M. Tarascon, Nature Energy, 3 (2018) 
373–386.
[16] X. Cao, International Journal of Electrochemical 
Science, 11 (2016) 5267–5278.
[17] J. He, Y. Chen, P. Li, Z. Wang, F. Qi and J. Liu, RSC 
Advances, 4 (2014) 2568–2572.



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

956 IMMC 2018   |   19th International Metallurgy & Materials Congress

Th e Eff ect of Binders on the Electrochemical Properties If NMC Based Cathode Electrodes

Lütfullah Özdoğan, Aslıhan Güler, Hatice Güngör, Şeyma Özcan Duman, Deniz Kuruahmet, Aslan Çoban, 
Mustafa Mahmut Singil, Engin Alkan, Mehmet Oğuz Güler, Hatem Akbulut

Sakarya University, Faculty of Engineering, Department of Metallurgical and Materials Engineering, 
Esentepe Campus, TR-54187, Sakarya, Turkey

  
  
  
  
  

Abstract

LiNi1/3Mn1/3Co1/3O2 (NMC) as a cathode material for Li-
ion batteries has been synthesized by the sol-gel method. 
The X-ray diffraction results indicated that high purity 
NMC with hexagonal layered structure was obtained. Field 
emission scanning electron microscope images revealed 
well crystallized NMC with uniform particle size in the 
range of 0.8-1 m. The performance of the NMC electrodes 
with sodium carboxylmethyl cellulose (CMC), 
poly(vinylidene fluoride) (PVDF), and LA 133 (latex) as 
binders was compared. Constant current charge discharge 
test results demonstrated that the NMC electrode using 
CMC as binder had the highest rate capability, followed by 
those using LA133 and PVDF binders, respectively.

1. Introduction 

Lithium-ion battery is one of the most important energy 
storage systems for portable computers, mobile devices, 
hybrid electric vehicles and plug-in hybrid electric vehicles 
[1]. Comprehensive studies have been carried out on 
electrode materials, electrolytes, additives, membranes and 
binders to improve battery performance [2]. When these 
materials are compared to the most important developments 
for lithium-ion batteries, the binders for the lithium-ion 
battery have not yet been sufficiently investigated [3-5]. 
Although the binders are electrochemically inactive, they 
can have a significant effect on electrode performance.

Nowadays, organic solvent based PVDF is widely used as a 
binder for both negative and positive electrodes in 
commercial lithium ion batteries due to its good 
electrochemical stability and high adhesion to the electrode 
materials and current collectors. However, the PVDF 
binder is expensive, including the use of harmful and toxic 
environmentally harmful organic compounds such as N-
methyl-2-pyrrolidone (NMP) that are not easily recycled 
and processed. For this reason, it is important to find cheap, 
environmentally friendly binders to get the current 
commercial PVDF binder material improve 

electrochemical performance and reduce the production 
costs of lithium ion batteries [6].

Carboxymethyl cellulose (CMC), which is produced from 
the introduction of natural cellulose into carboxymethyl 
groups, has received more attention in recent times due to 
its much easier dissolution in water and lower cost 
compared to PVDF binder. Due to both distinct advantages, 
reports that the CMC has implemented as a binding agent 
for lithium-ion batteries have demonstrated promising 
properties such as bike stability, improved electrochemical 
capacity and environmental friendliness [7]. Recently, 
alginate, a cheap, highly modular natural polysaccharide 
derived from brown algae, has been used as a binder mixed 
with Si anodes, which offers more remarkable 
electrochemical capacity development and bike stability 
than CMC or PVDF binders [8]. For this reason, the variety 
of binders and advantages for lithium ion batteries can 
provide more opportunities for improving the energy 
densities of these batteries for successful commercial 
applications.

Although promising research on CMC binder in anodic 
materials such as natural graphite, LiTi4O12, SnO2, Fe2O3 
and Si [9], promising CMC binder for use with cathode 
materials in lithium ion batteries have also matured for 
investment. To date, very limited investigations of the 
effects of CMC on cathode materials have been made when 
compared to different binders. Zaghib et al. (WSB) 2% 
water-soluble elastomer binder and 2% weighted CMC 
with LiFePO4 cathode material, irreversibly with low 
capacity loss and stable cycle life [10-11]. NMC, one of the 
most promising large-scale commercial cathodes for 
lithium-ion batteries, has demonstrated superior advantages 
such as high operating voltage, high specific capacity, 
cyclic stability and structural stability [12-14]. However, 
there is no report on the use of CMC as binder in the NMC 
cathode materials. Here, we examine the effects of CMC 
binder on the electrochemical performance of the NMC 
cathode material prepared by sol-gel method for the first 
time. 
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The layered transition metal oxide NMC is a promising 
cathode material due to its relatively low thermal stability, 
lower cost, and relatively less toxicity than LiCoO2, with 
relatively low reversibility capacity [15]. Water resistant 
connectors for the NMC electrode were used due to the 
stronger basicity. Recently, it has been reported that NMC 
electrode with CMC connector exhibits better 
electrochemical properties in PVDF and alginate [16]. 
However, it is difficult for the electrode slurry using the 
CMC connector to distribute the electrode plate 
homogeneously on an Al foil during manufacture. In 
addition, the CMC is also prone to bacterial growth, 
limiting shelf life [17]. Polyacrylic latex (LA132) is a 
triblock copolymer of acrylamide (AM), lithium 
methacrylate (LiMAA) and acrylonitrile (AN) with good 
stability and high adhesion properties. Recently, LA132 has 
been reported as a binding agent for electrode materials 
such as LFP and LCO [18] and has shown promising 
electrochemical performances. Until now, it has not yet 
been used as a binder for the NCM cathode electrodes. In 
this study, we compare our research results on the 
electrochemical properties of LA132, water-soluble CMC 
binders and commercial non-aqueous PVDF binders with 
the NCM cathode materials. 
 
2. Experimental Procedure 
 
NMC based cathode electrodes used in this study were 
prepared as follow; a slurry containing 80 wt.% cathode 
active electrodes, 10 wt.% conductive carbon and 10 wt.% 
PvDF binder dissolved in a N‐methyl‐ 2‐ pyrrolidinone 
solution, a slurry containing 85 wt.% cathode active 
electrodes, 5 wt.% conductive carbon and 10 wt.% LA-133 
binder and a slurry containing 85 wt.% cathode active 
electrodes, 10 wt.% conductive carbon, 2.5 wt.% CMC and 
2.5 wt.% SBR binder were prepared. The as-prepared 
slurries were then casted onto the Aluminum foil by Doctor 
Blade method with a thickness of 30 m. The resulting 
electrodes were dried at 60 °C in a vacum oven for 12h. 
Samples for coin cells were then cut from these foils at a 
diameter of 2.54 cm2. The interrupted electrodes were 
assembled to test the electrochemical performance in the 
battery cell (2032) using metallic lithium foil as counter 
and reference electrode in the Ar filled glovebox. Cells 
were galvanostatically charged and discharged at a room 
temperature (25 ° C) voltage range of 2.4-4.3 V. 
 
3. Results and Discussion
 
Fig. 1 displays the XRD patterns of NMC powders. As can 
be concluded from the XRD results, NMC peaks are quite 
sharp, clear and, well-defined. All NMC peaks are 
consistent with the hexagonal -NaFeO2 structure with a 
space group of R-3m without any impurity phases (JCPDS 
44-0145) [18]. The lattice constants for NMC are a = 2.851 

Å and c = 14.219 Å, while the lattice constants for 
NMC/graphene are a=2.857 Å and c=14.227 Å. 

 

Figure 1. The XRD patterns of NMC powders 
 

 
 

Figure 2. FESEM images of a) NMC b) NMC- PVDF, c) 
NMC- LA133, d) NMC-SBR CMC electrodes. 
 
Fig. 2 presents FESEM images of a) NMC b) NMC- PvDF, 
c) NMC- LA133, d) NMC-SBR CMC electrodes. As can 
be seen from fig, NMC powders has polyhedron structure 
and powder size ranges from 0.8-1 m. The NMC electrode 
prepared with PvDF binder forms a conductive layer by 
covering a very thin layer of NMC grains. However, no 
conductive layer is obtained in LA 133 binder. Samples 
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prepared with SBR-CMC binder, a thicker conductive layer 
is obtained over the surfaces of NMC particles. 

Figure 3. Cyclic voltammometry tests of NMC electrodes 
prepared with (a) PvDF, (b) LA-133 and (c) SBR-CMC 
binders.

Fig 3 shows cyclic voltammometry tests of NMC 
electrodes prepared with PvDF, LA-133 and SBR-CMC 
binders. The LA 133 NMC has a higher cathodic potential 
of 4.401 V than the PvDF and CMC binders with cathodic 
potentials of 4.3 and 4.296 V, respectively. The lower 
polarization for the NMC electrode prepared using the 
CMC binder, is attributed to the higher ionic conductivity 
of the samples. 

The galvanostatic charge-discharge curves of NMC 
electrodes prepared with LA 133, PvDF and SBR-CMC 
binders at a potential range of 2.2 to 4.3V and at a speed of 
1C are shown in Fig 4. The electrode prepared with the LA 
133 binder showed a specific capacity of 121 mAh/g after 
100 cycles, resulting in a capacity loss of 22.9%. The NMC 
electrode prepared with PvDF showed a specific capacity 
value of 154 mAh /g after 100 cycles and a capacity loss of 
5.7%. The NMC electrode prepared with CMC-SBR 
connectors showed a capacity value of 162 mAh / g even 
after 100 cycles, resulting in a capacity loss of only 1.22%.
CMC-SBR binder showed better electrochemical 
performance than PvDF and LA 133 binder due to its high 
ionic conductivity. 

Figure 4. Galvanostatic charge/discharge tests of NMC 
electrodes prepared with (a) LA-133, (b) PvDF, and (c) 
SBR-CMC binders 
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Conclusion 

The electrochemical results revealed that, although the 
NMC electrodes blended with wt. 2.5% CMC-SBR binders 
presented higher discharge capacity at low rate (0.1 C) than 
the electrode using PvDF and LA133 binders, the NMC 
electrode blended with CMC binder presented better 
cycling performance and rate capability than those with 
LA133 and PVDF binders. 
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Abstract
Electric current activated/assisted sintering (ECAS) is an 
energy-efficient technique which enables to produce a 
wide variety of materials in a short time The ECAS 
system has two stiffs used to press the sample placed 
within the container, to conduct the electric power to the 
sample, and to contribute to the heating up the sample. 
The stiffs have nonlinear temperature and the contact 
dependent thermal resistances which contribute to define 
the thermal dynamics, i.e. the sample production time. It 
is important to estimate them accurately. In this paper, the 
current, voltage and temperature of the container of the 
ECAS System are measured and recorded with respect to 
time during the sintering process and, using the 
experimental data, thermal resistances of the stiffs are 
estimated.

1 Introduction

In electric current assisted sintering (ECAS) technique, 
the sintering is performed passing electrical current 
through green body compacts or powders placed within a 
container with simultaneously an additional pressure 
application [1]–[4]. Approximately 35 MPa pressure is 
applied to the sample via the stiffs to provide a good 
contact between powders [5]. In this method, the powder 
or the compact material is heated in the container to the 
desired temperature and then the sintering process is 
terminated by taking the pressure back. Heat in this 
method is generated by the Joule effect [1]–[4], [6]. This 
method allows the production of many different types of 
materials, from ceramic to composite, intermetallic to 
high entropy alloys [1]–[6]. Non-homogeneous heat 
distribution is the most important factor limiting the 
system[7]. For this reason, it is very important to 
determine the thermal resistances of the upper and lower 
punches which provide contact of the mold. 

The ECAS system we have used a steel container and two 
steel stiffs placed between the copper bars. They are used 
to press the sample placed within the container, to 
conduct the electric power to the sample, and to 

contribute to the heating up the sample. The sample to be 
produced is covered by graphite, placed within the 
container and hydraulically pressed using the two stiffs 
and the upper copper bar. Most of the heat is produced 
within the stiffs since they have a low cross-section area 
and therefore a higher electrical resistance. The sample 
contributes to the heating if it is an electrical conductor, 
i.e. metallic, intermetallic etc. The rest of the heat is 
produced in the copper bars which provides the electrical 
connection and within the container. The heat produced 
by the copper bars is negligible compared to that by the 
stiffs. ECAS system has all three heat transfer 
mechanism: conduction, convection and radiation. If a 
lumped heat transfer model is considered, the thermal 
dynamics are mostly defined by the conducted heat from 
the stiffs to the copper bars, mainly by the heat 
capacitance of the container and the stiffs and the stiff 
thermal resistances, as shown in [3], [6]. The stiffs have 
nonlinear temperature and the contact dependent thermal 
resistances which contribute to define the thermal 
dynamics, i.e. the sample production time. The bulk heat 
capacitance of the container and the stiffs can be 
calculated easily using the dimensions and physical 
parameters. The stiffs have a nonlinear temperature 
dependency since they are made of steel. Due to the 
irregular boundary conditions, having regions made of 
different materials and the contact thermal resistance, it is 
hard to calculate the thermal resistances which models the 
power flow from the container to the copper bars.  
Numerical methods can be used to calculate/predict the 
thermal resistances [2], [8], [9].  However, due to the 
stochastic nature of the contact electrical and thermal 
resistances, the numerical methods may not predict the 
steel thermal resistances well. Therefore, the 
measurement and/or the estimation of the stiff thermal 
resistances are of great importance. 

In this study, the current, voltage and temperature of the 
container of an Electric Current Activated/Assisted 
Sintering System (ECAS) are measured and recorded with 
respect to time during the sintering process, the dissipated 
power is calculated, a thermal camera is used to figure out 
the stiffs and the container temperature distribution since 
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the ECAS temperature distribution is hard to describe. 
The temperatures with respect to time at the both sides of 
the stiffs and on and the middle of the container are 
measured. Using the differential equations, which 
describe the ECAS thermal circuit, the experimentally 
measured current, voltage and temperatures, and Simulink
TM toolbox of MatlabTM program, the temperature 
dependent stiff thermal resistance is estimated.      

The paper is arranged as the follows. In the second 
section, the ECAS system is introduced and the 
measurement system used in experiments is explained. 
Also the thermal resistance calculation of the ECAS stiffs 
is briefly discussed. In the third section, the experimental 
results are presented and electrical power and heat 
capacitance calculations are performed. Also the thermal 
circuit model of the ECAS system is given using 
Simulink TM block diagram and the stiff thermal 
resistances are estimated. The paper is concluded with the 
last section. 

2 Materials and Method 

2.1 Electric Current Activated/Assisted Sintering 
System

Schematic view of a typical ECAS system used in this 
study is shown in Figure 1. More detailed information 
about it can be found in [3].

Figure 1. Schematic view of ECAS system.

The ECAS system, used in this study has a pulsed DC 
current due to the triac-controlled rectifier system. The 
circuit can  supply up to 3000 A, which is similar to or 
less than various systems reported in [4], [10]. The ECAS 
system has manual control and the amount of current 
transmitted to the sample was changed manually during 
the sample production. 

The ECAS container current and the DC bus voltage 
across the copper bars are measured and recorded as a 
function of time using a power analyzer. An infrared 
temperature-meter module and also a thermal camera 
placed about 70 cm away from the ECAS container. 

Temperature of the container has been recorded with 
respect to time during sintering process. After the 
container sample gap is filled with graphite, the ECAS 
container is placed among two DC bus terminals made of 
copper bars loaded with hydraulic pressure. Then, the 
sintering process is finalized by observing the container 
temperature. By post-processing the experimental data, 
the thermal resistances of the ECAS system which is one 
of the various number of parameters that influence the 
sample production is to be estimated in the fourth section. 

2.2 On Thermal Resistance Calculation of the 
ECAS Stiffs 

Considering steady conduction through a large plane wall 
of thickness  and surface area . The temperature 
difference across the wall is .  For 
steady‐state operation, the thermal resistance of the wall 
can be calculated as 

 (1) 

 (2) 

Where  is the specific heat conductance. 

Figure 2. Heat conduction through a large plane wall.

Although we have taken the ECAS system temperature 
distribution taken by a thermal camera, such a 
temperature distribution and time variance do not allow us 
to use Eq. 2 to calculate the thermal resistance of the 
ECAS stiffs. The thermal and power flow model of the 
ECAS system is modelled in (1) could be used to 
calculate the thermal resistances in steady state.  The 
power flow through the stiffs is shown in Figure 3. Since 
the temperatures are time varying during the sintering, a 
dynamic model given in the next section should be used 
to calculate the stiff resistances. 
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Figure 3. The ECAS power flow model.

3 Experiments and Thermal Resistance Estimation 

3.1 The Measured Current-Voltage, Temperature 
Waveforms and Power Calculation Considering 
the Charge Dependent Voltage   

An experiment is performed to measure ECAS 
temperatures, voltage and current. The average container 
and the copper bar temperatures with respect to time are 
depicted in Figure 4. Container temperature increases first 
since the electrical power is dissipated within, and, then, 
becomes almost constant. 

Figure 4. Measured container and copper bar temperature 
with respect to time. 

Current through the container and the voltage across the 
copper bars sandwiching the container are measured, 
noise on the signals is filtered, their average and RMS 
values are calculated. If the copper bar voltage drop is 
ignored, p(t) , can be taken as the electrical power 
dissipated within the ECAS copper bars, the stiffs, and the 
container and it is equal to 

 (3) 

The electrical power dissipated in the copper bars are 
ignored since the copper is a better electrical conductor 
and the bars have larger area than the steel stiffs. The 
electrical power is shown in Figure 5. 

Figure 5. The electrical power dissipated in the stiffs and 
the container with respect to time.

3.2 Heat Capacitance Calculation  

The thermal energy stored within the copper bars is 
ignored since their temperature distribution is a lot lower 
than the steel container. The sample volume is also much 
less than container volume. Therefore, the effect of the 
heat capacity of the sample on the total heat capacitance 
can also be ignored. In this experiment, the hole sample is 
filled with a thin layer of graphite. Its thickness and its 
effect is also negligible. The thermal energy stored within 
the container and stiffs is equal to  

 (4) 

Where  is the heat capacitance of the container 
and stiffs, T is the instantaneous temperature of the 
container of the system, T0 is the initial temperature of the 
system at the beginning of the process which can be taken 
as equal to the ambient temperature, is total mass of 
the container and the stiffs,  is the steel density, is
the total volume of the container and the stiffs, and  is 
the specific heat of the steel, T0 is the ambient 
temperature. 

3.3 The Estimation of the Nonlinear Stiff 
Resistances Using Simulink 

The differential equations describing the ECAS thermal 
circuit are nonlinear and their state space equation can be 
given as 

 (5) 
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Where is the Stephan-Boltzman constant, is the 

emissivity, is the convection constant, is the total 
area surrounded by the air. 

We had calculated p(t)  and measured T previously. dT/dt 
can be estimated easily differentiating T by respect to 
time easily. Rth (T-TC) shows that the stiff thermal 
resistance is a function of the temperature difference T-
TC.

Calculation of Rth (T-TC) from (5) requires numerical 
solution. That’s why numerical analysis of the ECAS 
system is performed using SimulinkTM toolbox of 
MatlabTM. A Simulink block diagram shown in Figure 6 is 
made to solve this nonlinear equation.  

Figure 6. The Simulink block diagram of the ECAS 
thermal model to estimate the temperature dependent 

thermal resistance 

The with respect to time obtained with the Simulink 
model is shown in Figure 7. 

Figure 7. The thermal resistance of the stiffs as a function 
of the difference between the container and the copper bar 

temperatures.

4 Conclusion 

The electric activated sintering is an important sample 
production method. Such a system is quite complex to 
model. The stiff thermal resistances of the ECAS system 

help to define its thermal dynamics such as sample 
production time. In this paper, using the data from the 
experiments made by a manually-controlled ECAS 
system, the stiff thermal resistances of the ECAS system 
is found as a function of the temperature difference 
between the container temperature and copper bars. These 
thermal resistances can be used to estimate the production 
time in ECAS system. 
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Abstract

In this study A2B7 type La2Ni7,  La2(Ni0,80Co0,20)7 and 
(La0,75Mg0,25)2(Ni0.8Co0.2)7 alloys were synthesized 
directly from sintered mixture of La2O3 + NiO + CoO+ 
MgO in the molten electrolyte by the electro-deoxidation 
method and the electrochemical hydrogen storage 
characteristics of the synthesized alloys were observed. 
Sintering (at 1200 C for 3h) converted the hygroscopic 
La2O3 in to the non-hygroscopic oxides.  The X-ray 
diffraction peaks indicated LaNi5 and La2Ni7 phases were 
the main phases present in the synthesized alloys. It was 
observed that synthesized  alloys had promising 
discharge capacities changed between 207 mAhg 1

(La2Ni7) and 356 mAhg 1 ((La0,75Mg0,25)2(Ni0.8Co0.2)7)
depending on the alloy  content. The results obtained in 
this study showed that the electro-deoxidation technique 
is very promising in the synthesizing of the high 
performance hydrogen storage alloy. 

1.Introduction

La-Mg-Ni-based hydrogen storage alloys have been 
extensively investigated as one of the negative electrode 
materials for nickel/metal hydride batteries due to their  
high storage capacity, long cycle life and environmental 
friendliness [1,2]. La–Mg–Ni-based hydrogen storage 
alloys are typically prepared by melting ( induction, arc, 
magnetic levitation), powder metallurgy  and  sintering 
[3-9]. Generally, after this processes products need 
annealing for several time [11,12,15,17]. Annealing is 
helpful to get the  homogeneous alloy with single phase 
structure [10]. (La,Mg)2Ni7 type alloys and their 
hydrogen storage properties studied extensively [3, 
6,8,10,11].

Fray-Farthing-Chen discovered a new process in 1997. 
FFC Cambridge process is a novel method for obtained 
of metals and alloys directly from their oxides  in a 
molten salt [12,13]. Many hydrogen storage alloys like 
CeNi5, TbNi5, CeCo5, LaNi5, La2Ni7, Ti0.85Zr0.15Ni, 
ZrMn2 [14-22] etc, have been effectively synthesized by 
electro-deoxidation technique. 

In this work A2B7 type La-Mg-Ni-Co hydrogen storage 
alloys were synthesized in the molten CaCl2 electrolyte 
by the electro-deoxidation method. The hydrogen storage 
characteristics of the synthesized alloys were determined. 

2. Material and Method  

Commercially available La2O3, NiO, MgO and CoO 
powders were obtained from Alfa Aesar. Required 
amounts of the oxide powders were mixed 
homogeneously in anhydrous ethanol includes 3% (by 
weight) polyethylene glycol (PEG) with a planetary ball 
mil. The powder was then dried overnight at room 
temperature. Dried powder was cold pressed into pellets 
of 10 mm in diameter, under a pressure of 1.5 tonne cm-2.
The oxide mixture pellet of La2O3+NiO+CoO+MgO was 
then sintered at 1200°C for 3 h.  

100 gr CaCl2 was mixed with 1 gr CaO and placed into 
graphite crucible. Before electro-deoxidation process 
CaCl2-CaO powder mixture was dried under Ar gas. 
Drying was carried out by slow heating  to the target 
temperature (for non Mg including alloy 850°C and for 
Mg including alloy 750 °C) for the electro-deoxidation 
experiments.

In order to fully remove the water and the possible redox-
active impurities, pre-electrolysis were carried out at 2.5 
V and target temperature for 4 h. During the pre-
electrolysis graphite crucible was used as anode and 
another graphite rod was used as cathode. The electro-
deoxidation was conducted at 3.2 V for various times at 
target temperatures. The potential control was carried out 
by the programmable direct current source. 
After the electro-deoxidation experiments the pellet 
electrodes were removed from the molten melt. The 
solidified salt on the pellet was washed out by tap water. 
After slight surface grinding the pellets were kept in 1 M 
HCl for few minutes. Finally the deoxidized pellet 
samples were dried at 100°C for 24 h under vacuum. 

The deoxidized pellet samples were ground into fine 
powder (alloy powder). Working electrodes were 
prepared by mixing 0.1 g alloy powder with 0.3 g nickel 
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powder and then cold pressing into pellets of 10 mm in 
diameter, under a pressure of 147MPa. The working 
electrode was wrapped by Ni mesh and a Ni lead wire 
was attached to Ni mesh by spot-welding to prepare a 
hydrogen storage alloy electrode (negative electrode). 
Hg/HgO reference electrode was used in 6 M KOH 
solution. Tests were performed with GAMRY Model 
Reference 3000 potentiostat/galvanostat unit. The charge 
current density was 100 mAg 1  and the charging was 
carried out down to the severe gassing potential. The 
charging was followed by a 10 min rest before the 
discharging. The discharge current density was 25 mAg-1

and the discharge cut-off potential was -0.5 VHg/HgO.

The phase structure of the synthesized alloy powders was 
examined by the X-ray diffractometer (Bruker axs D8) 
using Cu K  radiation. The powder morphologies were 
observed by ZEISS SUPRATM 50 VP Scanning Electron 
Microscope (SEM).

2. Experimental Procedure 
2.1. The Molten Salt Electrolysis  

The XRD patterns  of the sintered La2Ni7,
La2(Ni0,80Co0,20)7 and (La0,75Mg0,25)2(Ni0.8Co0.2)7 alloys 
are provided in Fig. 1. Partial substitution of Ni by Co 
and La by Mg change the sintered structure. NiO is  
present in all samples. In addition to these oxide 
La2NiO4, LaNiO3, Mg0.4Ni0.6O are present in La2Ni7,
La2(Ni0,80Co0,20)7 and (La0,75Mg0,25)2(Ni0.8Co0.2)7 alloys, 
respectively. Instead of hygroscopic La2O3, the formation 
of nonhygroscopic oxides during sintering makes 
synthesizing of A2B7 type  alloys possible by electro-
deoxidation technique in molten CaCl2 salt. 

Figure 1.  XRD patterns of the sintered samples prepared 
to obtain La2Ni7,  La2(Ni0.80Co0.20)7 and 
(La0.75Mg0.25)2(Ni0.8Co0.2)7  alloys. 

The XRD patterns of 20 h electro-deoxidized La2Ni7,
La2(Ni0,80Co0,20)7 and (La0,75Mg0,25)2(Ni0.8Co0.2)7  alloys 
are also presented in Fig. 2.

Figure 2. XRD patterns of the 20h electro-deoxidized 
samples prepared to obtain La2Ni7,  La2(Ni0.80Co0.20)7 and 
(La0.75Mg0.25)2(Ni0.8Co0.2)7  alloys. 

LaNi5 phase can be seen in all compositions in this work. 
After 20h electrolysis of  La2Ni7 and  La2(Ni0,80Co0,20)7
alloys LaNi5 and La2Ni7 form as the electro-deoxidation 
product. After 20h  electrolysis of  
(La0,75Mg0,25)2(Ni0.8Co0.2)7 alloy,  LaNi5 and 
La1.5Mg0.5Ni7 form as the electro-deoxidation product. 
Obviously during the electrolysis the sintered structures 
are completely deoxidized. The X-ray diffraction 
analyses revealed that electro-deoxidized material has 
multi-phase structure. 

The scanning electron micrographs of the as- sintered 
and 20h deoxidized  (La0.5Mg0.25)2(Ni0.8Co0.2)7 alloy 
morphologies are provided in Fig. 3a and 3b, 
respectively.

Figure 3. XRD patterns of a) as sintered  and       b) 20 h 
electro-deoxidized (La0.75Mg0.25)2(Ni0.8Co0.2)7 alloys. 
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Like in  Fig. 3a, all the sintered samples have typical fine 
oxide powder appearances. At the end of 20h electro-
deoxidation process, however, the typical large 
crystalline metallic powder morphology develops (Fig. 
3b) for all the alloys. The porous structure of the alloy is 
also observable clearly in Fig. 3b.

2.2. The Hydrogen Storage Characteristics of the 
Synthesized Alloys 

Fig. 4 shows charge/discharge curves of 20h electro-
deoxidized La-Mg-Ni-Co alloy electrodes for various 
charge/discharge cycles. The maximum discharge 
capacities of La2Ni7,  La2(Ni0.80Co0.20)7 and 
(La0.75Mg0.25)2(Ni0.8Co0.2)7 alloys are 207 mAhg-1, 332 
mAhg-1 and 356 mAhg-1

, respectively. As expected, Co 
and Mg improves the discharge capacities of the alloys. 
Magnesium, as the additive element, increases the 
maximum discharge capacity, but decreases the capacity 
retention rate. 

Figure 4. Discharge capacities of  20h electro-deoxidized  
La-Mg-Ni-Co alloys depending on the charge/discharge 
cycle.

4.Conclusion

La-Mg-Ni-Co alloys were synthesized directly from 
sintered oxide mixture by the molten salt electro-
deoxidation method and the electrochemical hydrogen 
storage characteristics of the synthesized alloys were 
observed. The following conclusions may be deduced: 
• Sintering converted the hygroscopic La2O3 into the 
non-hygroscopic La2NiO4, LaNiO3 and Mg0.4Ni0.6O
• The maximum discharge capacitiy of 
(La0.75Mg0.25)2(Ni0.8Co0.2)7 alloy was higher than those of  
La2Ni7,  La2(Ni0.80Co0.20)7 alloys.
• As expected, Co and Mg improved the discharge 
capacities of the alloys.

• Electro-deoxidation  is an effective method of 
sythesizing  La-Ni based alloys for hydrogen storage 
materials. 
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Abstract
Polymer electrolyte membrane fuel cell (PEMFC), also 
known as proton exchange membrane fuel cell can be 
classified with electrolyte type; but basic principle of 
electric production is in the same manner as other fuel 
cell types that using redox reactions for electric 
production without greenhouse gas emissions. The fuel is 
based on hydrogen or hydrogen – based gases, and output 
is water products. It is clearly understand that power 
generation technique of fuel cell (redox reactions) 
directly related to catalyst performance. Catalyst 
materials determine the rate of the chemical reaction, 
therefore the amount of electricity produced depends on 
the rate of this reaction, i.e. depends on the effect of the 
catalyst. Conventional fuel cells use noble metals as a 
catalyst material. The prevalence of noble metals in 
environment is nominal and production processes are 
expensive, so noble metals greatly affect the limitations, 
usage areas and cost of fuel cell technology. New 
generation materials with high electro catalyst 
performance can dramatically reduce the cost of fuel 
cells. Accordingly, developed new materials should 
tested for fuel cell systems. Hence, experimental testing 
techniques constitute fund and time drain. In this study, 
FeNiCu alloy particles are produced with ball – mill 
method for developing an alternative catalyst material. In 
addition, FeNiCu particles are characterized by XRD, 
SEM – EDS and gas flow test. Also, hydrogen oxidation 
and oxygen reduction characteristics were investigated 
and used as initial parameters for electrochemical 
modelling studies. Finally, the behavior of catalyst 
particles which have been carried out in previous studies 
(FeNiCo, FeNiCoCu), and FeNiCu in the fuel cell are 
compared within the scope of a simulation studies. 

1. Introduction 
The electrodes are the basic components of the fuel cells, 
they are on two opposite side and there is two different 
electrodes (anode and cathode). The basics of reactions 

on electrodes are that breakdown of hydrogen occurs on 
anode electrode, the electrons resulting from the 
oxidation is emitted through external circuit; while 
hydrogen ions are transferred to the cathode via the 
electrolyte. Reduction of oxygen and formation of water 
occurs on cathode side [1]. Membrane electrode 
assembly is the part that includes electrodes and the 
membrane between them, catalyst materials are 
embedded on electrodes inside MEA unit. Theoretically, 
fuel cells can work without catalysts, but the reaction 
occurs very slowly and inefficient. The catalyst is 
responsible for accelerating the reactions by lowering the 
activation energy or splitting the steps of reactions. 
Especially, the oxygen reduction reaction is very slow 
and difficult to perform on its own. Catalytic behavior 
depends on catalyst surface area. Hence particle size, 
shape and morphology is important for active surface 
area [2]. Nanoparticles have large active specific surface 
area to show catalytic behavior of material. Catalytic four 
electron reduction of oxygen to water is kinetically 
slower than hydrogen reduction reactions. Hence, the 
speed of reaction is decided by oxygen step. The over 
potential of half reaction is 500 – 600 mV with a 
platinum-based catalyst. Moreover, commercial fuel 
cells, a current density of about 1.5 A/cm2 of electrode 
material is normally desirable [3].  
In this paper, FeNiCu nano particles produced as catalyst 
material. In order to production of alternative catalyst 
material ball – mill method is used and SEM-EDS, gas 
flow test and XRD used for characterization. In addition, 
the results that taken from characterization used for initial 
values for electrochemical simulation study. The 
characterization results of the newly developed catalyst 
material (FeNiCu) and catalyst materials, which 
produced in previous studies, compared and the catalytic 
behaviors in an ideal fuel cell examined through a 
simulation study. 
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2. Experimental 
Previously mentioned in introduction, FeNiCu 
nanoparticles produced with ball – mill method and 
characterized by SEM-EDS, XRD and gas flow test. Gas 
flow test is applied to examine the differences between 
inflow and outflow of gasses (oxygen and hydrogen) 
because of passing the gasses over the particles. 
Electrochemical behaviors of electrodes are studied for 
simulation purposes. Modeling studies applied with 
initial values that are taken from characterization results 
and simulation results are compered conventional fuel 
cell performance and electrochemical effect of catalyst 
materials that are produced in previous studies.  

2.1. Producing FeNiCu with ball – mill method 
For this study, ternary FeNiCu particles synthesized by 
mechanical alloying from starting powders which have 
Fe (>99.9% pure and <10 μm powder), Ni (>99.7% pure 
and <45 μm powder size), Cu (>99.7 pure and <45μm
powder size). 0,1 mole of Fe, Ni, Cu powders were 
weighed. The stainless steel balls are added with 1/10 
powder to ball weight ratio and n-heptane was added as 
process controlling agent in a tungsten carbide vial.
The powders milled for 250 rpm during 54 hours, after 
milling, drying operations carried out in an oven at 40oC
for an hour.

2.2. Gas flow test 
Gas flow test is applied to decide the initial values of 
simulation study and examine the catalytic effect via gas 
inflow/outflow rates. In this experiment, gasses passed on 
dried and stacked FeNiCu nanoparticles. The gas 
supplied to the system is passed through 1st flow meter 
and inlet flow is measured. After that, mass flow rate – 
known gas is passed over the particles and outflow rate is 
measured with 2nd flow meter. The difference between 
outflow and inflow shows gas consumption rate. 99.9% 
pure hydrogen gas is given to system for measuring the 
H2 consumption rate. In order to measure the consumed 
oxygen values, air supplied to the system and the oxygen 
content in the air is used (21%). Spent H2, O2 and formed 
H2O are calculated with “Rate Function”, which derived 
from volume – time. Electrochemical simulation studies 
were performed by integrating the obtained data into the 
parameters of the simulation.
The gas flow results integrated into the derived rate 
function are examined. The results, which are taken from 
rate, function obtained means the efficiency of catalytic 
nano particles. Derived rate function is given below.

𝑅𝑎𝑡𝑒 𝑁𝑇𝑤𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

2.3. Modelling and simulation studies 
First of all a conventional stacked PEMFC shape is used 
as model geometry, it is shown in Fig. 1 with mesh and 
boundaries.

Figure 1. Geometry of model

The initial values are taken from characterization results 
and some assumptions were made for examining the 
catalytic effect. These assumptions were to show that the 
reaction kinetics and the fuel cell principles are ideal.  
The modeling simulation is based on some mathematical 
equations. The equations are listed below: 
• Local current density for the hydrogen oxidation 

(anode side, ia) and oxygen reduction reaction 
(cathode side, ic);

Both equations are linearized concentration dependent 
Butler – Volmer expression. 
• For reacting flow in prous media is where MEA; 

𝑗𝑙 𝜌𝜔𝑖𝐴𝐷𝑖 𝑒𝑓𝑓𝑑𝐴 𝐷𝑖 𝑒𝑓𝑓𝑇 𝑇𝑇

𝐷𝑖 𝑒𝑓𝑓 𝑓𝑒𝑓𝑓𝐷𝑖 𝑓𝑒𝑓𝑓 𝑝

𝜌 𝑝𝑢𝑐 𝑈𝑐 𝑝 𝑝𝑐𝑙 𝜇 𝑝 𝑇 𝜇 𝑝

• For inflow (wi) and outflow; 
𝜔𝑖 𝜔 𝑗

𝑛 𝜌𝜔𝑘𝐷𝑖𝑘𝑑𝑘
Stationary solver used to investigate the catalytic 
behaviors of FeNiCu particles when flow rates reaches 
constant regime.

3. Results and Discussion 
Particles are characterized by XRD for phase analysis. 
The analysis results are given at Figure 2. In XRD pattern 
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of FeNiCu particles, peak broadening was occurred. This 
situation predicates the formation of nanocrystalline 
structure and the lattice strain enhancement.  
 

 
Figure 2. X-Ray Diffraction spectrum of FeNiCu 

particles 

FeNiCu nano particles are analyzed by SEM – EDS. The 
SEM results are given at Figure 3 and EDS results given 
at Figure 4. SEM images of FeNiCu particles show that 

the nanocrystalline grains are agglomerated and particles 
have elliptical shaped with a thickness of less than 1 m. 
Mean particle radius is 22,163 m. EDS results show that 

particle distribution is nearly homogenous.

 

Figure 3. SEM results of FeNiCu particles. a)x100, 
b)x250, c)x1000, d)x3000. 

Figure 4. EDS analysis results of FeNiCu particles. 

Catalytic effect of FeNiCu particles were investigated in 
simulation study. Figure 5 shows the catalytic effect on 
cell voltage and gives the comparison between 
conventional catalyst particle, produced FeNiCoCu 
particle and FeNiCu particle.  

Figure 5. Cell potential – current density result 
comparison FeNiCoCu, FeNiCu, Pt and conventional 

Pt/C electrode material 

Figure 6 shows the electrolyte potentials according to cell 
potential value. FeNiCu catalytic particles improves 
electrolyte potential at higher values than FeNiCoCu 
catalytic particles, even if they are not perfectly spherical.  

Figure 6. Electrolyte potential comparison  

The formation of H2O depends on the reduction reaction 
of O2 and H2. However, oxygen is reduced in more steps 
than hydrogen. Hence, speed of water formation reaction 
is determined by oxygen reduction reaction. Effective use 
of the fuel cell depends on the electrons that are released 
as a result of the reactions. Thus, electricity production is 
directly bonded with reaction rate and speed, and it limits 
the response time. Figure 7 shows the mass fraction of O2 
by cell voltages.  

Figure 7. Mass fractio of O2 according to cell voltage 
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The results shows that O2 consumption rates at FeNiCu 
catalyst material – PEMFC is higher than FeNiCoCu. 

4. Conclusion 
FeNiCu particles are produced by mechanical alloying 
method from their starting powders. Particles are 
characterized by XRD, SEM – EDS. XRD results show 
that FeNiCu alloy particles are formed. The particles 
have elliptical shape in micro-scale and include 
nanocrystalline FeNiCo grains with nano-scale as shown 
in SEM results.   
In addition to, EDS results gives that particles consist of 
Fe-Ni-Cu elements with nearly same weight distribution. 
A ternary alloy was produced with equatomic ratios by 
mechanical alloying method. After characterization, the 
results of experiments were used at simulation study. It 
was known that Cu is an effective catalyst material than 
Co, Ni and Fe. And characterization results show that 
FeNiCu has more %Cu than FeNiCoCu particles. 
Because of this situation, cell potential of PEMFC which 
has FeNiCu catalyst material is higher than FeNiCoCu 
catalyst material – PEMFC. Cell potential is directly 
bonded with reduction reaction rates. Reduction reactions 
rates are higher at FeNiCu  - PEMFC because of high 
%Cu. This study shows that, even if Pt catalytic 
performance is highest, alternative metals can be used as 
a catalyst material at PEMFC in order to Pt.   
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Abstract
Fuel cells are energy converters that use hydrogen-based 
fuels. They are noise-free and highly efficient. They have 
important advantages which include high tolerance to 
impurities in the fuel, using various fuel types directly or 
through additional fuel converting systems. Fuel cell 
components are interconnectors, gas diffusion layers, 
electrodes and membranes. “Membrane Electrode 
Assembly” (MEA) is the part that includes opposing 
electrodes (anode – cathode) and the membrane between 
them. Reaction kinetics are accelerated by catalyst 
materials embedded into the MEA, which are 
conventionally platinum and other noble metals. 
Production of noble metal is hard to conduct and their 
resources are constantly decreasing as their demand 
increases which results in rising prices. Furthermore, for 
the purpose of using less noble metal by increasing 
particles’ surface areas; they are produced in nanoscale 
but it is difficult to control the kinetic behavior of 
particles in nanoscale. Alternative catalyst material 
research will encourage widespread usage and increase 
availability of fuel cells. In this case FeNiCoCu 
nanoparticles are used as a catalyst material for fuel cells. 
Nonetheless, surface area is a critical parameter for 
catalysts. Properties of reduced graphene oxide are 
mostly revealed. Hence reduced graphene oxide 
supported FeNiCoCu catalyst material further expands 
the surface area in catalyst layers. In this study, 
FeNiCoCu particles were synthesized with ultrasonic 
spray pyrolysis method and supported with reduced 
graphene oxide; reaction kinetics and material 
characteristics were investigated and were used as initial 
parameters for electrochemical modeling studies. Results 

were compared with previous studies that included 
different catalyst materials. 

1. Introduction 
Fuel cells are electrochemical devices that use chemical 
energy to produce energy as electrical power. Ability to 
make this conversion in reverse makes these devices 
opportune for in-situ energy production. They don’t 
produce vibrations or sound unlike internal combustion 
engines and they emit water vapor as a by-product which 
makes these devices environment friendly. Fuel cells use 
either hydrogen or hydrogen-based fuels. They are 
considered to be used on various transportation fields 
such as trains, automobiles and ships. Even though they 
aren’t the ultimate solution to world’s energy storage 
problem, fuel cells are excellent alternatives when 
batteries or supercapacitors aren’t sufficient enough 
tools. Their advantages include highly efficient 
conversion rates, high power density, ability to use 
various fuel types and tolerance to impurities in the fuels 
[1-2]. Fuel cells include 2 primary reactions to operate; 
“Hydrogen Oxidation Reaction” (HOR) and “Oxygen 
Reduction Reaction” (ORR). Mostly ORR is the 
inhibiting step in fuel cell operation equations [3]. In 
order to obtain adequate performance levels, an electro 
catalyst material and/or layer is required which is 
contained inside both anode and cathode electrode layers. 
Pt and Pt-based noble materials are conventionally used 
catalyst materials but noble materials are rare and 
therefore expensive. In addition to the numerous security 
restrictions brought by hydrogen-based fuels, costly 
catalyst layer hinders the widespread usage of fuel cells. 
Development of new generation, accessible and better 
fuel cell electro catalyst materials are the main aim of this 
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study. Properties of transition metal and graphene-based 
catalysts as alternatives have been reported [3, 4]. Figure 
1 shows a membrane-electrode assembly with 
conventional catalyst loading.

Figure 1. Cross-section image (left) and schematic 
(right) of a PEMFC membrane-electrode assembly [2]. 

In this study, FeNiCoCu nanoparticles were synthesized 
with Ultrasonic Spray Pyrolysis and Hydrogen Reduction 
(USP-HR) method. USP-HR method was adopted in 
order to produce highest possible surface area while 
controlling the size distribution. To further increase the 
surface area and catalytic effect, nanoparticles were 
mixed with Reduced Graphene-Oxide (RGO). Catalytic 
effect was tested with dried catalyst mixture. These tests 
provided the initial values for electrochemical modelling 
studies. Simulations were conducted to compare catalytic 
performance of FeNiCoCu – RGO fuel cells to 
conventional Pt-based fuel cells. 

2. Experimental 
FeNiCoCu particles and RGO were produced separately. 
Final catalyst material was characterized with gas 
consumption tests. Characterization results were used for 
modelling studies. 

2.1. Production of FeNiCoCu Nanoparticles 
Nano particles were synthesized with Ultrasonic Spray 
Pyrolysis technique. A precursor solution with 0.2M 
concentration of nitrate salts was prepared. Precursor 
solution was mixed for 15 minutes at 500 rpm for 
homogeneous mixture. For aerosol generation 1.3 MHz 
frequency was used while the precursor solution’s 
temperature was controlled by a refrigerated circulating 
bath. Reduction zone was a quartz tube of 40 cm length 
and 3 cm diameter. Reduction temperature was 800 oC
with 1 L/min H2 flow. Particles were collected in ethanol 
and were dried afterwards.

2.2. Preparation of Catalyst Material 
RGO (reduced graphene oxide) and FeNiCoCu particles 
were mixed at a 1:1. Both RGO and FeNiCoCu were 

dried and weighed equally. Powders were mixed 
mechanically for gas consumption tests.  

2.3. Gas Consumption Tests 
H2 gas and air was passed from dried and bulk powder 
catalyst material in order to obtain initial parameters for 
electrochemical modelling studies. Figure 2 shows the 
schematic of gas flow test. H2 consumption values were 
used for anode side, and air consumption values were 
used for cathode side. It was assumed that air held 21% 
oxygen.

2.4. Modelling Studies 
Proton exchange membrane fuel cell (PEMFC) was 
electrochemically modelled with both conventional and 
prepared catalyst materials. Laboratory scale, single cell 
fuel cell was used for initial parameters of PEMFC with 
conventional catalyst material. Results from “Gas 
Consumption Tests” were used for initial parameters of 
PEMFC with FeNiCoCu – RGO catalyst material. 

3. Results and Discussion 
Catalyst material was characterized with various different 
methods. RGO and FeNiCoCu were characterized by 
XRD separately for phase analysis. Figure 3 shows the 
XRD pattern for RGO and alloy particles. 

Figure 3. XRD analysis of a) FeNiCoCu b)RGO 

As catalytic activity correlates proportionally with 
surface area, SEM images were used to determine 
particle size and shape of FeNiCoCu particles. SEM 
results of RGO and FeNiCoCu can be seen on Figure 4 

1st Flow meter 2nd Flow 

Results

Outflow
Rate

FeNiCu
nano
particles

Inflow
rate

a)

b)

2
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and EDS results on Table 1 showed elemental 
distribution was homogeneous. 

Figure 4. SEM results of FeNiCoCu and RGO particles 
at, a) RGO x10.000 b) RGO x50,000 c) FeNiCoCu 

x10,000 d) FeNiCoCu x 50,000 enlargements. 

Table 1. EDS analysis results of FeNiCoCu particles 

Fe Ni Co Cu Total 
23,74 25,02 25,84 25,40 100 

Electrochemical simulation results revealed the catalytic 
performance of FeNiCoCu – RGO mixture. Figure 5 
shows the geometry of the model. Figure 6 shows the 
comparison of fuel cell parameters between different 
catalyst materials. 

Figure 5: Fuel cell model geometry 

Figure 6. Oxygen molar concentration (mol/m3)

4. Conclusion 
Reduced Graphene-Oxide (RGO) phase was produced 
with modified Hummers method and FeNiCoCu particles 
were produced with USP – HR method. Characterization 
studies were conducted with XRD, SEM – EDS analysis. 
RGO and FeNiCoCu were mixed at same amounts to 
obtain final catalyst material. Gas consumption tests 
provided initial parameters for electrochemical studies. 
Simulation showed FeNiCoCu – RGO is a promising 
alternative as a catalyst material. 
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Abstract

Heterovalent cations, such as alkaline earth and rare earth 
ions, doped ceria has been considered as one of the most 
promising electrolyte material for intermediate temperature 
solid oxide fuel cells (ITSOFCs). These materials 
demonstrate much higher ionic conductivity at relatively 
low service temperatures in comparison to that of yttrium-
stabilized zirconia (YSZ). Pechini method was used for the 
preparation of 20 mol % samarium-doped ceria 
(Ce0.80Sm0.20O1.90; SDC) solid solution. This technique 
offers advantages such as production of high purity 
ultrafine powders, being a relatively cost-effective and 
simple process. Characterization studies including X-ray 
diffraction (XRD) and scanning electron microscopy were 
performed to investigate the properties of the SDC powders 
calcined at 400 °C for 4h. XRD results indicated that all 
samples were fluorite-type ceria-based solid solutions. 
Crystallite size of the calcined SDC powder was about 15 
nm. The pellets prepared from the calcined powders were 
then sintered at 1400 °C in air for 6h. The relative densities 
of the sintered pellets were over 90%. Ionic conductivity of 
the SDC samples was measured utilizing an impedance 
spectroscopy (IS).. 

1. Introduction 

Recently observed great interest in fuel cell technology is 
due to the possibility of directly converting energy stored in 
hydrogen-containing fuels into electrical energy. A 
relatively simple construction of such a device and a high 
efficiency of electricity generation, noise-free operation 
due to the lack of mobile parts, and low level of waste 
products make this technology the most prospective for 
future electrical energy sources. A wide application of this 
technology is obstructed by some properties of the 
electrode and electrolyte materials, as well as high-
temperature operation conditions. Yitria-stabilized zirconia 
(YSZ) membrane, with a composition of ZrO2 doped with 
8 mol% Y2O3 is one of the most commonly used solid 
electrolyte materials for the construction of solid fuel cells 
due to its relative low cost, chemical inertness, and high 

ionic conductivity.  It is usually operated at temperatures as 
high as 1000 °C to obtain the required level of ionic 
conductivity. However, such a high operating temperature 
causes short service life of the cell (thermal degradation of 
materials) [1,2]. This situation requires expensive and toxic 
materials, like LaCrO3, for interconnectors. Lowering the 
operating temperature to 600 °C is considered as a strategic 
aim for the technological development of SOFCs, and calls 
for application of a suitable solid electrolyte material. Up to 
now, doped ceria materials have been extensively studied 
as a promising candidate solid electrolyte for intermediate 
temperature SOFCs [3]. Doped ceria based electrolytes 
showed higher ionic conductivity at the temperature of 
<700 °C. As reported Inaba et al. [3], samarium doped ceria 
and gadolonia doped ceria are the best combinations. 

In the present paper, Sm3+ doped ceria based 
Ce0.8Sm0.2O1.90 (SDC) electrolyte material was prepared 
using the Pechini method and characterized. This paper is 
intended to study the structure and electrical conductivity 
of the Sm doped ceria. The doped-ceria powders prepared 
in this study were characterized by X-ray diffractometry 
(XRD). Microstructure of the sintered pellets were 
examined by scanning electron microscopy (SEM), and 
their electrical conductivity was measured by ac impedance 
spectroscopy (EIS). The results of the experimental 
observations are discussed in this paper. 

2. Experimental Procedure 

SDC powder was prepared from metal nitrate precursors 
through the Pechini method. Stoichiometric amount of 
cerium nitrate hexahydrates (Ce(NO3)3.6H2O 99.99%, 
Aldrich) and samarium nitrate hexahydrates 
(Sm(NO3)3.6H2O 99.99%, Aldrich) were individually 
dissolved in deionized water and then these solutions were 
mixed. Anhydrous citric acid (C6H8O7, Boehringer 
Ingelheim) was dissolved in de-ionized water and then was 
added with ethylene glycol (R.P.Normopur) to the cation 
solution. Details about the Pechini method were reported in 
our previous work [4].The powders were collected and 
calcined at 400°C for 4 h to remove the carbon residue. The 
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calcined powders were uniaxially pressed at a compaction 
pressure of 200 MPa into 10-mm-diameter pellets and 
sintering was performed at 1400 °C for 6 h. 2.1. 
Characterization

Phase identification of the calcined SDC powder was 
performed using X-ray diffractometer (XRD; Rigaku 
D/max-2200 ultima X-ray diffractometer with 
CuK  radiation (1.5406 Å)).  Data in 2  range of 10-90° 
were collected in a step-scanning mode. Crystallite size 
was calculated using the well-known Scherrer’s Equation, 
D = K•l/ •cosq. Where D is the crystallite size (nm), K is 
the constant taken as 0.9,  is the wavelength of radiation 
(0.154056 nm for CuK ),  is the corrected peak at full 
width at half maximum (FWHM) intensity and  is the 
scattering angle of the main reflection (111).  The average 
crystallite size (D) of all crystallite powders was 15 nm. 
For density determination, the calcined powders were 
pressed to disk shape at 200 MPa with Cold Isostatic Press 
(CIP). The compact disk of SDC powders were then 
sintered at 1400 °C for 6 h with a heating rate of 5 °C min-
1. The resultant densities (Drs) of the sintered disks were 
determined by the Archimedes’s method. 

Electrical conductivity of SDC powders was determined by 
the two-probe impedance spectroscopy measurement 
(Solartron 1260 FRA and 1296 interface) at 300 °C - 800 
°C temperature range in air. The SDC samples were 
prepared as discs (10 mm diameter 1.5 mm thickness) by 
uniaxial pressing the calcined SDC powder at 100 MPa 
using a cylindrical stainless steel die. The compacted 
samples were sintered in air at 1400 °C for 6 h with 5 
°C/min heating rate. Densities of the sintered SDC samples 
were determined by the Archimedes method. Silver paste 
used as electrode was painted on both sides of the sintered 
SDC samples for the purpose of signal collecting. The total 
conductivity ( T) values were then calculated using Eq.(1); 

T=l/(A.RTotal )                                                  (1) 
where l is the thickness and A is the cross sectional area of 
the sample. Temperature dependence of the conductivity 
was analyzed using the Arrhenius equation (Eq. 2), as 
shown below. 

= 0/T exp(-EA/kT)                                                    (2) 
where T is temperature in Kelvin,  is the total 
conductivity at temperature T, 0 is a pre-exponential 
factor, EA is activation energy, and k is the Boltzmann’s 
constant.

3. Results and Discussion 

3.1. Characterization 

The XRD patterns of SDC powder obtained from the 
Pechini synthesis showed that after calcination at 400 °C 
for 4 h, SDC powder indicated a cubic fluorite structure 

corresponding to the cubic Ce0.90Sm0.20O1.90 phase (JCPDS 
File No. 34-0394). Crystalline peaks corresponding to 
Sm2O3 could not be found, suggesting that a complete solid 
solution between Sm2O3 and CeO2 had formed for the SDC 
powder obtained from the Pechini method. It is clearly seen 
that the reflection peaks became sharp and narrow for the 
calcination temperature, indicating that the crystallinity of 
the powders became better defined during the calcination 
process.

Figure 2(a,b) shows the SEM images of the calcined SDC 
powders at 400 °C and the cross-sectional fracture surfaces 
of the sintered SDC pellet. SDC calcined at 400 °C has a 
spongy structure. The reason for the spongy microstructure 
of SDC may be attributed to the starting materials that were 
used for the preperation of the doped ceria. During 
synthesis, a high amount of gaseous material was evolved 
due to the burning of t h e  organic metarials in the 
salts and the polimerization treatment  agents (citric acid 
and ethylene glycol).  

Figure 1. X-ray diffraction patterns of the synthesized SDC 
powders after calcination at 400 °C for 4 h.

Figure2. Scanning electron micrographs of (a) SDC 
powders calcined at 400 °C/4 h (2500x), (b) cross-sectional 
fracture surfaces of SDC sample sintered at 1400 °C 
(5000x). 

Hence the combustion products obtained after calcination 
is highly porous as shown in the SEM micrographs. The 
sintered SDC pellet is nearly fully dense. The very low 
porosity are typical micro-structural features of the ceramic 
in the final stage of sintering. The calculated relative 
densities for all samples are more than 90 % of the 
theoretical value.  
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3.2. Conductivity results

The complex impedance plots of SDC for 300 °C, 450 °C 
and 700°C are seen in Fig. 3. In Fig. 3(a) two well-defined 
semi-circular arcs which could be confidently assigned as 
the crystal lattice(bulk) and grain-boundary for the SDC 
electrolyte were observed at 300 °C in air. When the 
operating temperature was increased above 350 °C, the arc 
corresponding to the bulk contribution was seen to 
disappear. Two semi-circles merge together and the bulk 
and grain boundary processes can not be totally separated. 
At higher temperatures, above 450 °C, the grain boundary 
arc also disappeared. The total (bulk and grain boundary 
conductivity) ionic conductivity ( 800°C) was found as 4.9x 
10-2 S/cm for the SDC electrolyte. 

Figure 3. Impedance spectra obtained at 300 °C, 450 °C 
and 700°C for SDC. 

4. Conclusion 

The X-ray diffraction result shows that the SDC ceramics 
contain only the cubic fluorite structure with space group 
Fm3m (JCPDS powder diffraction file No. 34-0394). No 
secondary phases were observed in any specimens, 
indicating a complete solid solution. For SDC powders 
sintered at 1400 °C for 6 h, the maximum ionic 
conductivity, 800°C = 4.9x 10-2 S/cm occurred at the SDC 
electrolyte. The ion conductivity of SDC is higher than the 
most commonly used solid electrolyte, yttrium-stabilized 
zirconia at 800 °C. It is concluded that the SDC 
composition is suitable as an electrolyte material for solid 
oxide fuel cells applications. 
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Air pollution is the contamination of 

indoors/outdoorsair.   It occurs when any 

harmful gases, dust, smoke fill the 

atmosphere andcause health problems for 

plants, animals and humans.The purpose of 

this paper  is to design a novel particle 

filtering system  self-sustained by solar 

energy and consecutively investigate its 

filtering efficiency.  The study is started 

with the design of the system using 

solidworks’ sketches, afterthen the model is 

manufactured.   Following the production 

of the transparent plexiglass model, particle 

filtering using powdered coal has been  

performed. The results showed thatsolar 

powered filtering is promisingin the 

filtering of dusty environments especially in 

cement and ceramic industries without the 

need of  additional transportation 

equipments. 

Keywords: air filter, pollution , solar 

energy,contamination, indoor, outdoor 

Air pollution is a highly important 

problem nowadays. Especially in 

crowdedcities and municipalities, there are 

many  factors that cause this pollution 

problem. Cars’ emissions, building 

constructions, factories are some basic 

examples as a source of air pollution. 

Almost 70 metals categorized as heavy 

metals such as  lead, aluminum, chromium, 

tin, cadmium, titanium and strontium  are 

known  to be thecontamination issue 

especially in industrilised areas.            

Heavy metals and other pollutants are 

absorbed/adsorbed  into body by inhalation, 

water and food consumption and through 

the skin. These metals may cause  toxicity 

in human body and obviously start to 

destroy our ecology day by day. [1]

Symptoms such as nose and throat 

irritation, especially in asthmatic 

individuals, are usually experienced after 

exposure to increased levels of sulphur 

dioxide, nitrogen oxides, and certain heavy 

metals such as arsenic, nickel or vanadium. 

Symptoms such as increased blood pressure 

and anemia due to an inhibitory effect on 

hematopoiesis have also been observed as a 

consequence of heavy metal pollution 

(specifically mercury, nickel and arsenic). It 
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is rather important to mention that air 

pollutants can also affect the developing 

fetus in maternal womb. Maternal exposure 

to heavy metals and especially to lea, 

increases the risks of spontaneous abortion 

and reduced fetal growth (preterm delivery, 

low birth weight). [2]One prediction can be 

cited asozone mortality such that: 130,000 

deaths in 2100, due to increases in pollutant 

concentrations in all regions except Africa, 

especially in highly populated and highly 

polluted areas. Climate change has a 

significant contribution to the overall 

change in mortality relative to 2000 (due to 

changing emissions and climate change), 

particularly in 2100: 40% of total 

ozonerelateddeathsand 21% of total PM2.5 

-relateddeaths.  [3] 

Because of these issues described 

earlier, the solar energy system attracts 

attention with its sensitivity to the 

environment. The use of solar energy has 

been greatly improved in Turkey in the last 

decade as a consequence of the government 

supporting policy. For this reason, solar 

powered vehicles and robots are expected to 

be produced in near future. These vehicles 

mostly hybrid convert the sunlight to 

electrical energy up to 20% efficiency.   On 

the other hand, solar systems which are 

used for the purpouse of water heating  

operates with % 60 efficiency 

approximately. Solar energy panels 

independent of temperature directly 

converts sun emnergy to electricity up to 

20% efficiency.  The average lifetime of 

modules with solar panels is 25 years. A 

qualified  panel should not be affected by 

rain and hail, or even a hard object hitting 

on it. 

 The purpose of this study is to 

design a novel particle filtering system self-

sustained by solar energy and investigate its 

filtering performances comparing with 

other systems. The foot steps of the project 

can be described as follows: 

• The model is firstly outlined by the 

project group.  

• Literature survey is made.  

• The model is sketched by solidworks 

program. 

• The prototype was built using 

transparent material. 

• Workability of system is tested using 

accelerated rescue fire smoke. 

• After the system isoperational, the 

filtrationmeasurementswere evaluated 
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• The deposition rate of dust on the filter 
is inversely proportional  to filtration 
time. 

• As the voltage increases, the error of 
approximation decreases meaning more 
particles are deposited on the filter 
causing less error in weighing 
(Figure10)(

Inorder to contribute in the treatment of 
in/outdoor air, a solar-powered filter was 
designed to reduce air pollution in the ideal 
way possible. Our project becomes distinct 
and beneficial in 4 main issues: 

I. The power supply was 
obtained from a solar-panel 
as an infinite,renewable and 
eco-friendly energy source, 

II. The entire system is 
transportable with the aid of 
a specifacally designed 
transport table to bring the 
‘dust-buster’ to locations 
such as building 
constructions, cement, iron-
steel and refractory 
industries where air maybe 
heavily polluted, 

III. Structure of  thewhole 
system was built using 
plexiglass that is 
tougher,more flexible 
andlighter that is easy to 
transport and good 
transparency enabling 
observation of the flow 
behaviour and filtration of 
dusty fluid. 

IV. Due to variable design, the 
solar panel can be adjusted 
for three different solar 
angle enabling to measure 
the effect of light intensity 
for the filtering efficiency. 

 As a final analysis: 

The experiments can also be enrichedwith 
the mathematical model of fluid flow in the 
pipe and tank with and without filter.  
Smoke flowability should be repeated  
using moderatelyintensive artificial smoke 
possibly obtained from the burning of oil.. 
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Abstract 

High temperature Sodium-Sulfur (Na-S) batteries are 
commercially available and widely used for stationary 
applications. However, operation at room temperatures is 
much more important due to the safety issues. Room-
temperature Na-S batteries are safer and have higher 
capacity than thant of high temperature Na-S batteries 
counterparts. In this work, sodium sulfide was synthesized 
under laboratory conditions and investigated as a potential 
cathode material. 

1. Introduction 

Lithium-Sulfur (Li-S) batteries has drawn attention by the 
battery society especially since 2009 with the properties of 
cheapness, abundancy and high theoretical energy density 
(2600 Wh/kg) of sulfur cathode. However, when taking 
into account cost issues, much cheaper and natural 
abundant sodium instead of lithium become a viable 
option. High temperature Sodium-Sulfur (Na-S) batteries 
have commercially been used in lots of industrial 
applications since 1960's. However, they have safety 

from 2006, Na-S batteries that can operate at room 
temperatures have been studied by the scientists [1-4].  

Room-temperature Na-S batteries suffer from the same 
problems with its ancestor Li-S batteries; (i) high 
insulating nature of sulfur and the final discharge product 
Na2S, (ii) polysulfide formation during cycling, (iii) huge 

volume expansion at the end of discharge, (iv) safety 
issues linked with metallic sodium anode.  

In this work, we use Na2S as cathode material instead of 
starting from sulfur. Since Na2S is already in sodiated 
state, it can be coupled with non-sodium anodes (such as 
Sn, etc.) preventing the safety issues. At the same time, 
Na2S has high theoretical capacity which is 666 mAh/g. 
By taking advantages of these, Na2S was synthesized 
chemically and compared the electrochemical 
performances with commercial counterparts.  Different 
ball milling times were tested to see its effect on 
electrochemical performance. 

2. Experimental Procedure 

2.1. Materials 

Sulfur, toluene, 1.0 M lithium triethylborohydride in 
tetrahydrofuran (1M LiEt3BH in THF), hexane, salts and 
solvents were purchased from Sigma-Aldrich.  

2.2. Na2S Synthesis 

Since Na2S is a highly hygroscopic material, all the 
procedure was done in a high purity argon filled glove box 
with oxygen and moisture content under 0.5 ppm. Na2S
synthesis wa ]. 
According to this method, 128 mg sulfur was firstly 
dissolved in toluene for 2 minutes. After that, the solution 
was h
nanometer sized particles. Then, the as-obtained Na2S



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

989
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

particles was washed with THF and hexane. Na2S was 
dried in glove box at room temperature for 2 days before 
cell assembly. 

2.3. Electrochemical Measurements 

Carbon Ketjen Black-Na2S was used as cathode. The aim 
of using Carbon Ketjen Black is to enhance the 
conductivity of cathode material which is because Na2S is 
highly insulating material. To do so, Carbon Ketjen Black-
Na2S was ball milled with a ratio of 1:1. 5 hours and 1 hour 
ball milling were tested. Hand milling in mortar for 15 
minutes was also tested to see the effect. Besides that, to 
see the advantage of using synthesized Na2S, commercial 
Na2S was also tested galvanostatically with the same 
condition. In this comparison, both materials were hand 
milled with Carbon Ketjen Black in mortar for 15 minutes. 
The ratio of Na2S and carbon was 1:1. Na2S loading was 
~4 mg/cm2 for all the cells. 

Metallic lithium was used as anode and Whatman-type 
glass fiber material was used as separator. 1M NaClO4

(Sodium perchlorate - from Sigma-Aldrich) salt 
containing Propylene Carbonate (PC  from Sigma 
Aldrich) was used as electrolyte. 0.1 ml electrolyte was 
used in the prepared cells. 

Galvanostatic cycling measurements were performed with 
C/10 current density (1C corresponds to a current density 
to reach the theoretical cell capacity at 1 hour) using a 
galvanostat/potentiostat VMP3 at room temperature. The 
voltage range is between 1.2-2.8 V vs Na+/Na. 

2.4. Structural Characterization 

The X-ray powder diffraction (XRD) patterns of Na2S
powders were recorded on a Bruker D8 Advance 

-
linear position-sensitive detector) with an air 

tighten beryllium (Be) window covered sample holder. 

3. Results and Discussion 

X-Ray Diffraction (XRD) was used to detect whether 
Na2S particles was successfully synthesized or not. Since 
Na2S is a highly hygroscopic material, sample holder 
which was covered by an air-tighten beryllium window 

was used for XRD process. Fig. 1 shows the X-Ray 
Diffraction pattern of Na2S particles which was 
synthesized under laboratory conditions. Sharp peaks 
which are located in the figure are corresponded to the 
Na2S signals which present that crystalline sodium sulfide 
particles can be successfully synthesized by Cairns' 
method. 

Fig. 1. X-Ray Diffraction pattern of synthesized Na2S
particles.

Fig. 2 shows the comparison of the synthesized Na2S cells 
as a function of ball-milling time. Fig. 2a presents the 
charge-discharge profile of the cells. One discharge 
plateau behavior was observed for all the cells which is 
typical for carbonate-based electrolytes used in sulfur-
based batteries. This is because quasi-solid state reactions 
occurs in carbonate based electrolytes, unlike ether-based 
electrolytes. Fig. 2b shows the discharge capacities as a 
function of cycle number. It can be seen from the figure 
that discharge capacity decreases with increasing ball-
milling time. Moreover, hand-milled Na2S-Carbon Ketjen 
Black composite gave the best result. In fact, it was 
expected that the discharge capacity increases with the 
increasing ball-milling time. However, increasing ball-
milling time might cause decomposition of the structure. 
Additionally, agglomeration of nanometer sized Na2S
particles with increasing ball milling time might occur.  
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Fig. 2. Comparison of the cells with synthesized Na2S as 
a function of ball-milling time. a) Galvanostatic charge-
discharge profiles at C/10, b) discharge capacities as a 
function of cycle number. 

To show the effectivity of using synthesized Na2S
particles, the cell with commercial Na2S and Carbon 
Ketjen Black composite (1:1) cathode was also tested. In 
these cells, cathode composite was prepared with mortar. 
The comparison is shown in Fig. 3. Galvanostatic charge-
discharge profiles are presented in Fig. 3a. Like seen in 
Fig. 2a, one plateau discharge profile behavior is observed 
for both of the cells. Discharge capacities as a function of 
cycle number is demonstrated in Fig. 3b. While 196 
mAh/g discharge capacity is obtained for the cell with 
synthesized Na2S during the first cycle, the cell with 
commercial Na2S presents 102 mAh/g discharge capacity. 
After first cycle, both of the cells show fast capacity fading 
which is more severe in the cell with commercial Na2S. 
After 20 cycles, the cell with synthesized Na2S have more 
discharge capacity of 135 mAh/g than commercial one 
which has 18 mAh/g. This better capacity can be attributed 
to the nanometer particle size of synthesized Na2S which 
enables more surface area.  

Fig. 3. Comparison of the cells with commercial Na2S and 
synthesized Na2S which were hand-milled with Carbon 
Ketjen Black. a) Galvanostatic charge-discharge profiles 
at C/10, b) discharge capacities as a function of cycle 
number. 

4. Conclusions 

In this work, Na2S was synthesized under laboratory 
conditions and effect of the composite treatment was 
investigated. Different ball milling times were observed. 
With increasing ball milling time, discharge capacities 
decreased. Keeping that result in mind, the composite was 
prepared via mortar. The as-prepared composite gave 
better performance than the composites prepared with ball 
mill. This result is associated with agglomeration of 
particles and decomposition of particles with increasing 
ball-milling time. The effectivity of synthesized Na2S was 
also tested by comparison with commercial one. 
Consequently, synthesized Na2S resulted better discharge 
capacity because of the smaller particle size. 
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Abstract 

Lithium sulfur batteries are considered one of the most 
suitable candidates for advanced energy storage systems 
because they have about 5 times more energy density 
than commercially available Li-ion batteries. Having a 
high theoretical capacity (1675 mAh / g), sulfur is 
abundant in nature, cheap and not harmful to the 
environment, making it attractive. Practical applications 
are hampered by a variety of issues such as high volume 
expansion during discharge and safety issues related to 
the use of Li-metal anode. Li2S, the final discharge 
product instead of sulfur; has a high theoretical capacity 
and is a promising cathode candidate since it can be 
matched with anode materials other than lithium such as 
Sn and Si. However, a rapid capacity loss takes place 
due to the dissolution of long-chain polysulfides in the 
electrolyte. In order to prevent this problem and to 
obtain long cycle life, the use of interlayer is suggested 
for lithium protection. It was placed between the cathode 
and anode.  

In our work, Li S, which we synthesize, is primarily 
made of carbon composites for enabling high 
conductivity. Indium oxide coated layer was used as an 
intermediate layer between the cathode and the anode to 
protect the lithium surface from the parasitic effect of 
polysulfides. The as-developed indium oxide as the 
interlayer could significantly enhance the cycling 
performance of Li-S batteries. 

1. Introduction 

The rapid progress of technology causes the need for 
energy to increase day by day. The limited and rapid 
depletion of energy resources in the world has increased 
interest in alternative and renewable energy sources. 
However, it is not always possible to obtain alternative 
energy sources, such as solar and wind energy. For this 
reason, rechargeable batteries are at the forefront. On the 
other hand, LIBs with high energy density cannot meet 
the energy density required for next generation electric 
vehicles and smart grid systems. 

Lithium Sulfur Batteries (Li-S) are considered to be the 
most powerful candidates for next generation energy 
storage systems, due to their high theoretical energy 
density (2500 Wh/kg), which is abundant in 
environment, cheap and environmentally friendly. 
However, the practical application of the Li-S battery is 
often hampered by the fast capacity fading, which can 
be attributed to highly soluble intermediate polysulfide 
species in conventional liquid organic electrolyte 
solutions. These long chain polysulfides produced in the 
cathode may migrate to the lithium anodes, which are 
reduced to high mobility, insoluble Li-S and short chain 
soluble polysulfides. When concentrated on the anode 
side, short-chain polysulfides can be diffused back to the 
cathode side and reoxidized to those with the original 
long chain, called shuttle effect. This shuttle effect 
results in low use of active materials, poor Coulombic 
Efficiency and lithium anode breakdown. The use of 
Li2S (1166 mAh/ g) as a cathode has been shown to 
permit cell work with a lithium-free anode, which avoids 
the problem of volume expansion caused by the use of a 
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sulfur cathode. In the case of Li-S batteries, the diffusion 
of the polysulfides with the selected protective layer 
should prevent the reaction with the Li surface. As a 
result, many solutions have been proposed, such as Li 
anode interface coating or protective coatings with 
polymers, ceramics and glasses. 

In this work, indium oxide is synthesized and is coated 
on a copy paper to obtain a homogeneously coated 
intermediate layer. The as-obtained interlayer is placed 
on the separator to prevent diffusion of polysulfides and 
to increase the use of active material. 

2. Experimental Procedure

2.1. Synthesis of Indium Oxide  

We synthesized In2O3 nanocrystals by a simple co-
precipitation method using Kims method, as 
reported earlier [5]. The obtained powders were 
prepared with homogenous slurry with PVDF 
(Polyvinylidene fluoride) in NMP (N-
methylpyrrolidone) binder and coated on paper with 
doctor blade. The indium oxide coated paper was dried 
in a vacuum oven overnight before cell assembly. 

2.2. Cell Assembly and Electrochemical 
Measurements 

Carbon Ketjen Black-Li2S (1:1) was used as cathode.
Metallic lithium was used as anode and Whatman-type 
glass fiber material was used as separator.  1M LiTFSI 
+ 0.5 M LiNO3 in DOL:DME (1:1) (Dimethyl ether:1,3-
Dioxolane) was used as electrolyte. 0.1 ml electrolyte 
was used in the prepared cells.

Galvanostatic cycling measurements were performed 
with a classical two-electrode Swagelok-typeTM cell 
using a   at a C/10 current density voltage range between 
1.8 and 3.0  V vs. Li at galvanostat/ potentiostat VMP3. 
To overcome the  activation barrier of Li2S, all the cells 
were charged to 3.8V at C/20 current density for the first 
cycle. 

3. Results and Discussion 

Fig. 1. X-Ray Diffraction pattern of synthesized indium 
oxide particles. 

Fig. 1 shows the X-Ray Diffraction pattern of indium 
oxide particles which was synthesized under laboratory 
conditions. Sharp peaks which are located in the figure 
are corresponded to the indium oxide signals which 
present that crystalline indium oxide particles can be 
successfully synthesized by Kims method. 

Fig. 2.
coated copy paper. 
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Fig.2 shows SEM images of indium oxide coated copy 
paper and uncoated copy paper. The structure of the 
copy paper is completely covered with indium oxide. 

Fig. 3. a) Galvanostatic charge-discharge profiles at 
C/200, b) discharge capacities  

Galvanostatic charge-discharge profiles are presented in 
Fig. 3a. Discharge capacities as a function of cycle 
number is demonstrated in Fig. 3b. The cathode 
electrode clearly shows plots of Li2S converted to short 
and medium chain polysulfides at 2.1 V and at mid-
chain length polysulfides to long chain polysulfides and 
sulfur at 2.4 V. Comparing the capacities of cells 
without interlayer, it was seen that rapid capacity loss 
was prevented and capacity maintenance was achieved 
in the cell using the interlayer. 

4. Conclusion 

In this work, with the use of the interlayer, the 
dissolution of polysulfides, loss of active material and 
the parasitic reactions between Li and polysulfides are 

prevented. At the end of 50 cycles, the capacity obtained 
without the intermediate layer was 40 mAh / g while the 
discharge capacity of 400 mAh / g was obtained when 
using the indium oxide coated intermediate layer. 
Capacity loss rate was substantially slowed. 
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Abstract

The aim of this study is to produce Reduced 
Graphene Oxide (rGO)/NiO/ZnO composite 
particles, because they have potential use as anode 
materials of lithium ion batteries due to the 
advantages of large surface area and excellent 
electrical conductivity. Graphene oxide (GO) was 
prepared from natural powdered flake graphite 
through a modified Hummers method. GO was added 
to the initial solution of 0.4 M prepared from the salts 
of nickel nitrate (Ni(NO3)2.6H2O) and zinc nitrate 
(Zn(NO3)2.6H2O). The prepared solution was heated 
at 800°C in air atmosphere and 1.3 MHz ultrasonic 
frequency, rGO/NiO/ZnO composite particles were 
obtained by ultrasonic spray pyrolysis (USP) method. 
The structure of the obtained composite particles 
were characterized by X-ray diffraction (XRD). 
Scanning Electron Microscopy (SEM) was used to 
study the morphology of the composites. Energy 
dispersive spectroscopy (EDS) was used for 
determining the qualitative proportions of the 
elements contained in the particles. 

1. Introduction 

Graphene, a rapidly rising star on the horizon of 
materials science, has fascinated the scientific 
community in recent years due to its remarkable 
electronic conductivity, superior mechanical 
properties, large surface area, high thermal stability, 
optical, and chemical properties [1,2]. Graphene is an 
allotrope of carbon in the form of two-dimensional 
(2D), atomic-scale and hexagonal lattices. Its unique 
2D crystal structure makes it much popular as a 
support to load various materials or to form different 
composites. Such composites thus feature the 
advantageous properties of both graphene and the 
added components. More importantly, the synergistic 
effect between graphene and added nano-components 
is expected. For example, graphene/metal oxide 
composites have shown better performance for 
energy storage and electrochemical detection than 
individual graphene or added components [2]. As one 
of the graphene derivatives, reduced graphene oxide 
(rGO) has been investigated widely for various 
applications, such as lithium battery, supercapacitor, 

gas sensor, electrochemical aptamer sensor, biosensor 
and solar cells, because of its versatility in 
hybridizing with other materials, large surface area, 
and excellent electrical properties. On the other hand, 
gas sensors made of pure rGO have some drawbacks 
that impede its application in gas sensors, such as low 
sensitivity, long response and recovery time [3-5]. 

ZnO, a typical n-type semiconductor with a direct 
wide band-gap (3.37 eV) and large excitation binding 
energy (60 meV), has been widely studied in gas 
sensing application due to its good response to a 
variety of reducing or oxidizing gases, low cost, and 
being friendly to the environment. Additionally, 
recent research has shown that ZnO can be used for 
enhancing the sensing performance of rGO [6]. These
ZnO/rGO composites feature both large surface areas 
and high electrochemical activity [7]. 

NiO is a typical p-type semiconductor with a band 
gap of 3.5 eV. It has been studied as a good material 
due to its remarkable electrical properties, thermal 
stability, and small electron affinity [8,9]. On the 
other hand, although NiO demonstrates excellent 
activity as electrode material, the low electrical 
conductivity of NiO would lead to high internal 
resistance and poor performance in the 
electrochemical devices. One way to improve the 
electrical conductivity of metal oxide based 
electrodes is to fabricate nanostructured metal oxides 
combining with high conductivity materials (metal, 
carbon black, graphite, carbon nanotube, graphene, 
rGO etc.) for efficient electron collection [10]. 

rGO/NiO/ZnO composites have not been produced 
before. In this study, composite particles were 
successfully produced by ultrasonic spray pyrolysis 
(USP) and characterization studies (XRD, SEM, 
EDS) were carried out. 

2. Experimental Studies 

rGO/NiO/ZnO composite particles were synthesized 
via USP method using aqueous solution of nickel and 
zinc nitrate and graphene oxide dust (GO) under air 
flow rate at 0.4 molarity concentration and 800°C 
temperature. Prior to experiment, the nitrate salts, 
Ni(NO3)2.6H2O, Zn(NO3)2.6H2O and were dissolved 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

996 IMMC 2018   |   19th International Metallurgy & Materials Congress

in deionized water to preverse solution stability and 
then stirred by magnetic stirrer and then graphene 
powder which was prepared from natural powdered 
flake graphite through a modified Hummers method 
was added to the solution. 

The initial solution prepared was filled into the 
atomizer and then the test system shown in Figure 2.1 
with the quartz tube, glass fittings and dust collecting 
bottles of the test system was installed. The 
experimental study used air as carrier gas. The 
composite particles produced by thermal 
decomposition are collected in distilled water in dust 
collection bottles associated with the quartz tube 
reactor. In the next stage of experimental work on 
particle production, characterization studies of 
nanoparticles deposited in dust collection bottles have 
been carried out. 

Figure 2.1: General view of the test system 1) 
Atomizer 2) Atomizer power supply 3) Cooling 
system 4) Furnace 5) Air 6) Quartz tube 7) Dust 
collecting bottles. 

3. Results and Discussion 

3.1. Structural characterization 

Phase analysis by X-ray diffractometry was carried 
out in the characterization studies of the produced 
rGO/NiO/ZnO composite particles. X-ray 
diffractometry of Philips mark was used for X-ray 
analysis of the particles. X-ray diffraction 
measurements were obtained using the continuous 
scanning method at 2 =0°-90° and at constant 
scanning speed (1°/min).  

Fig. 3.1 shows the XRD patterns of rGO/NiO/ZnO 
composite. It can be seen that the feature diffraction 
peak of GO appears at 10.5°. And the rGO shows a 
very broad diffraction peak at nearly 25°, which 
means that GO have been transformed to reduced GO 
[11]. It has been determined that the peaks at 
approximately 32°, 36° and 63° represent ZnO 
(JCPDS No: 01-075-1526). The crystal structure of 
the ZnO peaks is hexagonal. Approximately 37°, 43°,

62°, 75° and 79° belong to NiO (JCPDS No: 01-089-
7130). The crystal structure of these peaks is cubic. 

Figure 3.1: XRD patterns of rGO/NiO/ZnO 
composite particles. 

3.2. Morphological characterization (SEM-EDS) 

Morphological characterization of rGO/NiO/ZnO 
composite particles was performed using JEOL FEG-
SEM instrument and carried out the EDS analysis for 
determining the chemical composition. SEM- results 
of rGO/NiO/ZnO particles produced at 800°C from 
initial solutions at 0.4 molarity concentration are 
shown in Fig. 3.2. 

(a)

(b)
Figure 3.2: SEM-EDS results of rGO/NiO/ZnO 
composite particles. 

Fig. 3.2 are examined, it is understood that the 
rGO/NiO/ZnO composite particles have spherical and 
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sheet morphology. Morphology distribution isn’t 
homogeneous.

Fig. 3.3 shows the results of EDS analysis of 
rGO/NiO/ZnO particles obtained as a result of 
experimental study. 

Figure 3.3: EDS results of rGO/NiO/ZnO composite 
particles.

Figure 3.3 shows that when the weight and atomic 
ratios of the particles prepared by USP method are 
examined, only carbon, oxygen, nickel and zinc 
elements. Table 3.1 gives the weight ratios for these 
analyzes.

Table 3.1: EDS results of rGO/NiO/ZnO composite 
particles.

Element (%) Molarity (M) / 

Temperature (°C) 
C O Ni Zn

0.4 M / 800 °C 7.2 31.7 36.9 24.2

4. Conclucions 

rGO/NiO/ZnO composite particles were fabricated by 
ultrasonic spray pyrolysis method using nicel nitrate 
(Ni(NO3)2)zinc nitrate (Zn(NO3)2), and graphene 
powder which was prepared from natural powdered 
flake graphite through a modified Hummers method. 
Then, the crystal structures of the composite particles 
were investigated using XRD. The GO peak 
determined in the XRD analysis showed that the 
working temperature was insufficient to complete the 
rGO transformation. SEM results are examined, it has 
been detected that the rGO/NiO/ZnO composite 
particles have spherical and foliated morphology.
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Abstract 

Glucosamine is a nitrogen-containing (N-doped) 
carbon source which is synthesized via 
hydrothermal method. After HTC process, the 
hydrochar is characterized by X-ray diffraction 
(XRD). Further carbonization is performed at two 
different temperatures 750 (GA-750) and 1000
(GA-1000) and calcination temperature effect is 
investigated. Surface morphologies of the obtained 
carbonaceous materials are characterized by 
Scanning Electron Microscopy (SEM). Calcinated 
sample was mixed with ketjen black carbon and 
PVDF binder so as to obtain a slurry. This slurry is 
coated on graphite electrode and used as anode 
material for aqueous electrolyte battery. 
Carbonaceous material calcinated at 750  (GA-
750) performs better capacity than GA-1000 as 50 
F/g and 10 F/g, respectively. 

1. Introduction 

Nowadays lithium ion batteries (LIB) which have 
superior energy density, fast charge/discharge rate, 
long lifespan, and light weight have been applied 
numerous areas [1]. Yet, lithium reservoirs will not 
be sufficient a few years later. For this reason 
abundant, low cost, non-toxic and environmental 
friendly alternative systems has been investigated. 
Sodium is good alternative to lithium, due to 
similar chemical properties as Li [2].Graphite was 
commercialized as Li-ion anode, but sodium has 
bigger atomic radius and cannot intercalate into 
graphene layers. For this reason, new carbonaceous 
material that has large interlayer distance and 
disordered structure has been synthesized [3]. 
Hydrothermal carbonization (HTC) is a simple, low 
cost and most efficient technique to form 
carbonaceous material under mild conditions [4]. 
Biomass and carbohydrate derivatives can be used 
as carbon sources and hydrothermally threated [5-
12]. 
Moreover, electrochemical performances of 
electrodes, both anode and cathode, can be 
improved by using some types of binders which are 
poly (vinylidene difluoride) (PVDF), 
carboxymethyl cellulose (CMC), styrene butadiene 
(SBR) etc [13, 14].  

Organic electrolytes (ethylene carbonate, methylene 
carbonate, dimethyl carbonate, etc.) which have 
high voltage stability could be used in Na-ion 
batteries as in Li-ion batteries. However, they are 
not only toxic and flammable but also expensive 
electrolytes. Aqueous electrolyte would be good 
alternative to organics, since it is abundant, cheap 
and higher ionic conductivity (more than 10 times) 
[15]. Thermodynamic stability of aqueous 
electrolytes is the biggest disadvantages because it 
results low energy density. Theoretically, aqueous 
electrolytes are not stable thermodynamically over 
1.23 V, it was increased up to 2.0-2.15 V in 
practically [16]. 
In this study,  carbonaceous material was 
prepared from glucosamine via hydrothermal 
carbonization method in order to investigate 
electrochemical performance for aqueous 
electrolyte battery. 

2. Experimental

Glucosamine was used to synthesize carbonaceous 
anode material via HTC under mild temperature 

After HTC process 
the sample was washed with pure water and 
ethanol, separately, by using soxhlet extraction 
method shown in Figure 1. Washed sample was 
dried in oven at 80  over a night. 

Figure 1. Soxhlet extraction setup for glucosamine. 

Moreover, calcination process was performed to 
dried sample 
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2 atmosphere for 6h to 
improve structural order.  
The product materials (GA-750 and GA-1000) 
firstly mortared then were mixed with 
Polyvinylidene fluoride (PVDF) binder and Ketjen 
black carbon in a suitable ratio to prepare the slurry 
in order to improve electrochemical performance of 
the active mass. The overall procedure steps were 
given in Figure 2. 

Figure 2. Experimental procedure steps. 

2.1. Electrochemical Measurement 

The electrochemical performances after ethanol 
washing were performed by galvanostatic test in 
aqueous electrolyte half-cell system.  Saturated 
calomel electrode (SCE) and graphite sheet were 
used for reference and counter electrodes, 
respectively.1M Na2SO4 was used as an electrolyte. 
Current density and voltage window are 1C and 0-
0.8 V, respectively. 
 
3. Result and Discussion 

Carbonaceous anode material derived from 
glucosamine was firstly characterized by XRD 
which is given in Figure 2. XRD pattern shows 
broad carbon peak around 24 . The distinct peak 
at 30  in Figure. 3, which is washed with pure 
water, was disappeared when it was washed with 
ethanol via soxhlet extraction method. By doing 
this, impurity was purified, thereby electrochemical 
measurement were maintained with the sample 
washed with ethanol via soxhlet extraction method. 
Figure 4. displays the SEM images of the as 
synthesized N-doped hydrothermal carbons derived 
from glucosamine. As can be seen, micron size 
granules have been obtained by assembling smaller 
size particles formed after the nucleation of the 
glucosamine during hydrothermal carbonization 
process.   

Figure 3. XRD patterns of GA-180 washed with a) 
pure water and b) ethanol. 

Figure 4. SEM images of as synthesized N-doped 
hydrothermal carbons derived from glucosamine. 

Electrochemical measurements of N-doped 
carbonaceous anode material derived from 
glucosamine, which is calcinated at 750 and 

Figures 5 and 6, respectively. 
Up to 400 cycles around 40 F/g have been obtained 
which was then reached to 50 F/g presumably after 
wetting the particles by aqueous electrolyte. 
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Figure 5. Capacitance of GA-750 in 1 M Na2SO4
aqueous electrolyte. 

In Figure 6. shows that GA-1000 electrochemical 
capacitance is less than GA-750 capacitance. The 
calcination temperature 1000  may influence the 
carbon ordered structure, thus Na intercalation 
might not be happen properly leading a very low 
capacitance of 10 F/g. 

Figure 6. Capacitance of GA-1000 in 1 M Na2SO4
aqueous electrolyte. 

Electrochemical performance of glucosamine as 
aqueous electrolyte anode was moderately law. In 
our similar study, chitosan was also hydrothermally 
synthesized and passed through same procedures. It 
had better capacitance as 160 F/g and it was stable 
for 800 cycles which is the subject of another study. 
This result can be considered successful for carbons 
synthesized via HTC method. 

4. Conclusion 

In summary, carbonaceous materials were 
synthesized via hydrothermal carbonization which 
is simple, low cost and effective method. Then, the 
hydrochar calcinated at two different further 
temperatures and effect of calcination temperature 
on electrochemical performance of aqueous 
electrolyte glucosamine anode was investigated. 

Calcination temperature increased from 750  to 
1000  resulted much order carbon structure, as a 
result of this the capacitance decreased from 50 F/g 
to 10 F/g. 
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Abstract

Sulfur based solid electrolytes have lithium ion 
conductivities on the order of 10-2 Scm-1 in state-of-art 
LMPS(M=G,Si,Sn) systems. Utilization of such 
electrolytes to construct all-solid-state batteries requires 
constructing compatible anode and cathode pairs. Lithium 
and Sulfur are the most studied systems to employ in 
lithium ion batteries as anode and cathode respectively due 
to their high capacities. Yet highly reactive natüre of 
lithium makes it diffucult to combine with solid 
electrolytes. Similiarly sulfur has volume expansion and 
poor conductivity problems  waiting to be  solved. This 
study covers the construction of an all-solid state battery 
where Li3N protected Li metal, Li7P3S11 and quaternary 
sulfur composite utilized as anode,electrolyte and cathode 
respectively. By protecting the lithium anode from 
corrosion through Li3N coating and utilizing sulfur based 
cathode composite we assembled an all-solid state battery 
with 780 mAh/g capacity. 

1. Introduction 

Constructing all-solid state batteries are now the most 
promising alternatives to replace Li-ion batteries with 
liquid electrolytes. With the synthesis of sulfur based solid 
electrolytes having ionic conductivity on the order of liquid 
electrolytes it is now more concrete to get rid of the 
flammability risks of liquid electrolytes by assembling all 
solid state batteries[1]. Besides, such batteries yield more 
energy density through better stackability of solids. 

Although solid electrolytes are promising alternatives to 
replace liquid electrolytes several issues has to be 
eliminated before assembling a complete cell. The main 
challenge to construct an all-solid-state batteries is to 
construct compatible anode and cathode pairs with 
electrolyte especially if one wants to use lithium as anode. 
Due to the reactive nature of lithium, it spontaneously 
forms solid-electrolyte interface(SEI) layer in contact with 
solid electrolyte. Depending on the ionic and electronic 
conductivity characteristics of the SEI, the thickness of the 
layer increases through reducing electrolyte leads to the 
corrosion of anode metal[2]. 

One plausible way of preventing the corrosion of the anode 
metal is to coat it with structures that are ionically 
(electronically) conductive (insulator).Li3N is one of the 
important structure that can be utilized as coating layer due 
to its high ionic conductivity[3–5]. Besides, its facile 
synthesis technique makes it more attractive due to 
economical concerns comparing with expensive thin film 
coating techniques. 

As cathode material, sulfur is one of the most studied 
materials with its theoretical energy density of 2600 Wh kg-

1 with its well known problems of volume expansion and 
insulating nature. In order to overcome such problems it is 
mostly composited with graphene to host its volume 
expansion and impart electronic conductivity into 
cathode[6].

In this study we utilized Li7P3S11 solid electrolyte to 
assemble an all solid state battery where Li3N protected 
lithium and quaternary sulfur composite utilized as anode 
and cathode respectively. 

2. Experimental Procedure 

2.1  Synthesis of Li7P3S11 solid electrolyte 

Li7P3S11 solid electrolyte synthesized by mechanical 
activation of  Li2S (99.98%, Sigma Aldrich) and P2S5
(99%, Merck) powders and subsequent heat treatment. 
Appropriate amount of precursors were ball milled at 400 
rpm for 20hrs to convert ingredients into glassy form that 
will be converted into glass-ceramic with heat treatment. 
The glassy powders were heat treated at 250 °C for 3hrs to 
crystallize Li7P3S11 phase. Due to the air sensitive nature of 
powders all processes were carried out in gloovebox having 
trace amount of humidity and oxygen. 

Synthesized powders were than characterized by XRD with 
air sensitive sample holder. DSC analysis were carried out 
to determine the crystallization temperature from the glassy 
phase.

2.2  Li3N coated Li anode synthesis 
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Li3N coated Lithium were synthesized through flowing N2
gas in a sealed reaction chamber having lithium chip inside. 
Through controlling the gas flow rate and temperature 
black colored Li3N phase formed on the Li chip and 
characterized by XRD analysis. 

2.3  rGO/S/CB/Li7P3S11 Composite cathode synthesis 

Composite sulfur based material synthesized to be utilized 
as cathode. Elemental sulfur first composited with rGO 
through melt diffusion method. rGO/S composite were then 
combined with carbon black to impart electronic 
conductivity into cathode. The ternary rGO/S/CB 
composite were then combined with Li7P3S11 solid
electrolyte to make the cathode ionically conductive. 

Synthesized composite structure were analyzed by Field 
Emission Scanning Electron microscobe(FESEM) 
characterize the morphology and distribution of sulfur 
particulates inside the cathode composite. 

2.4  Electrochemical tests 

Electrochemical tests were performed with a custom-made 
PEEK insulated cell.  Li7P3S11 powders were spread into 
cell and 350 MPa pressure applied to pelletize the powder 
that will be utilized as solid electrolyte. Then cathode 
powders were carefully spread on to electrolyte and pressed 
at 200 MPa. At last Li(or Li3N coated Li) were put into 
opposite side and pressed at 150 MPa to obtain three 
layered cell. 

Galvanostatic charge-discharge tests were performed at  0.8 
- 3.6V (vs Li/Li+) with a current density of 160 mA/g. 
Capacity of the cell calculated according to the amount of 
sulfur active material in the cathode. 

3. Results and Discussion 

Figure 1 displays the DSC analysis of the Li7P3S11
amorphous powders where crystallization of Li7P3S11 and 
impurity phase Li4P2S6 was observed at around 260 and 310 
°C respectively. 

Figure 1. DSC analysis of Li7P3S11 amorphous powders. 

Precursor powders that are intially in amorphous phase 
were converted into crystalline Li7P3S11 phase upon heating 
in a sealed quartz tube. Figure 2 shows the XRD analysis of 
crystalline Li7P3S11 phase. The obtained structure has 
triclinic symmetry with P1 space group. 

Figure 2. XRD analysis of synthesized Li7P3S11 solid 
electrolyte.

rGO/S cathode composite structure synthesized through 
melt diffusion method. Figure 3 shows the morphology of 
the composite where tiny sulfur particles with about 10 nm 
size were homogeneously distributed within the rGO. 
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Figure 3. Synthesized rGO/S composite with tiny sulfur 
particulates ditributed throughout the graphene matrix. 

Li3N coated Lithium metal was synthesized inside a sealed 
reaction chamber under N2 gas flow at temperatures below 
100 °C. Figure 4 shows the reaction process where black 
colored Li3N phase is forming on the surface of Li chip 

Figure 4. Li3N coated Li chips. 

Figure 5 displays the XRD analysis result of Li3N coated Li 
metal where pure Li3N phase compatible with JCPDF 30-
0759 card observed. 

Figure 5.  XRD analysis of synthesized Li3N coating. 

Figure 6 display the charge-discharge analysis of all-solid-
state battery where 780 mAh/g and 710 mAh/g capacities 
were obtained in assembled cell with Li and Li3N coated Li 
used as anode respectively. Our result indicates that Li3N
coating does not deteriorate charge transfer in the system 
possibly due to the high ionic conductivity of Li3N phase. 

Figure 6. Charge-discharge curve of Li and Li3N coated Li 
with Li7P3S11 electrolyte and sulfur based composite 
cathode.

4. Conclusion 

Sulfur based Li7P3S11 solid electrolyte were sucessfully 
synthesized and characterized. Synthesized solid electrolyte 
were used to construct an all-solid-state lithium ion battery 
where Li3N coated Li utilized as anode. On cathode side 
rGO/CB/S/Li7P3S11 used as cathode. Our results indicate 
that pure phase Li3N were succesfully coated onto lithium 
metal. Besides sulfur active material were homogeneously 
distributed in rGO matrix and composited with Carbon 
Black and Li7P3S11. Electrochemical tests of assembled all-
solid-state battery results revealed that Li3N coating does 
not substantially deteriorate charge transfer on LIBs. 
Moreover it is expected that Li3N coating will elongate the 
cycle life of the battery through protecting the lithium 
anode in contact with solid electrolyte. 
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Abstract

Nitriding steels aims to limit the costs of parts to ensure good 
corrosion resistance, friction, fatigue and toughness. 
Reconciling these properties within a same steel, requires 
finding the best compromise between the choice of steel and 
range of thermochemical treatments that must be applied. In 
this work, we propose an experimental methodology for the 
precise determination of nitrogen diffusion coefficient in the 
austenite phase and the realization of different configurations 
of nitride layers on the surface of the steel studied. The 
characterization of the samples nitrided at 1050°C by x-ray, 
electron microprobe analysis and optical microscopy, allow us 
to determine the stability range of the austenite and the 
nitrogen concentrations limiting this area.

1. Introduction  

Stainless steel widely used in the industry is becoming more 
and more a consumer product. It stands out as a base material 
for the manufacture of parts resistant to the mechanical, 
chemical and thermal stresses of increasingly severe, as is 
particularly the case in the field of nuclear power generation. 
To precede and accompany this development, it is necessary 
to perfectly master the control of the microstructure of 
products to get the mechanical and physical characteristics 
required by users [1-5]. In this work, our task is to perform a 
deep nitriding treatment at high temperature on the surface of 
the steel studied to obtain a single-phase layer of martensite 
enriched in nitrogen 'N and free of chromium nitrides CrN to 
improve mechanical properties (wear, friction and fatigue) 
and preserve the stainless character of the base material. To 
achieve this goal, it is necessary to control the rate of diffusion 
of the nitrogen in the austenitic phase. This requires a 
mathematical description of the diffusion flux of this 
dissolved element through the phases formed [6]. This flux 
can be calculated using Fick's laws, if the diffusion coefficient 
of the nitrogen in the austenitic phase and the concentrations 
limiting the stability domain of this phase are known. In the 
case of high-temperature nitriding of the steel studied, these 
parameters are not available in the literature [7-9]. We have 
therefore developed a methodology to determine them 
experimentally with sufficient accuracy. Under these 
conditions it is possible to solve the equations of diffusion in  

semi infinite medium and to access the calculation of the 
theoretical curve of mass gain of the sample. The control of 
this theoretical curve during the nitriding treatment allows us 
to control the composition of the gaseous atmosphere, to 
ensure an optimal transfer of the nitrogen at the gas / solid 
interface and to realize different types of layer configurations 
on the surface of the steel studied. 

2. Material and Experimental Procedure  

Our study focuses on a martensitic stainless steel type APX4 
(NF: Z06CND16-04). Its structure before nitriding treatment 
consists of martensite obtained after austenitization at the 
temperature of 1050°C and water quenching. If we refer to the 
Schaeffler diagram [10-13], we note that the steel studied is 
located very close to the boundary between the zones : 
(Martensite - Ferrite Delta) and (Austenite - Martensite - 
Ferrite Delta). Small variations in process temperature, 
cooling rate, or composition can cause large variations in 
structures. Except in the case of a treatment at 1050°C where 
the structure of the material after quenching is martensitic. 
Islands of delta iron or more or less important residues of 
austenite can remain after quenching. Figure 1 shows the 
experimental equipment that we use to perform the different 
nitriding treatments. It is composed mainly of: 

Figure 1. Schematic representation of the experimental 
setup of nitriding

- A thermobalance equipped with a cylindrical vertical 
alumina reactor provided with a device for quenching the 
sample with water or with oil, 
- Mass flowmeters for adjusting the gas composition in order 
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to ensure an optimal transfer of nitrogen at the gas / solid 
interface according to the predictive calculations of the weight 
gain of the sample as a function of the treatment time, 
- A computer ensuring the acquisition of the measures of 
weight gain and mass flow rates. 

3. Results and Discussion  

3.1. Nitriding Test 

The nitriding treatment is carried out at the temperature of 
1050°C and at the atmospheric pressure over a steel sample 
Z06CND16-04, of parallelepipedal shape (8x8x50mm). 
Figure 2 shows the theoretical and experimental evolution of 
the weight gain of the sample as a function of nitriding time. 
Lack of bibliographic data of the steel studied, including the 
nitrogen diffusion coefficient in the austenitic phase, led us 
initially to achieve a nitriding treatment by adjusting the gas 
flow rates ammonia and argon introduced into the reactor of 
the thermobalance in order to follow the theoretical curve of 
mass variation calculated with a constant surface nitrogen 
concentration equal to 0.5 wt.% and a diffusion coefficient of 
nitrogen corresponding to that of nitrogen in austenite in the 
absence of alloying elements (DN = 2.10-7 cm2.s-1). Model-
experiment coupling gives access to the diffusion coefficient 
of nitrogen in the austenitic phase of the steel studied [10].

Figure 2. Experimental and theoretical curves of the mass 
variation after 5 hours of nitriding at 1050°C with 

NS=0.5wt.%. 

3.2. Metallographic Observation 

To allow examination of the diffusion layer on each side 
exposed to the nitriding treatment, the nitrided sample is cut 

attacked with the 
catella reagent. The optical micrograph of figure 3 shows the 
different phases obtained after nitriding. The presence of 
martensite 'N on the surface of the sample is due to a 
dechromatization following the dense precipitation of the 
chromium nitrides CrN in the grain boundaries of the austenite 
and within the austenitic matrix N. It notes in particular, that 
the treatment has affected the sample on a total depth close to 

 : 
- A two-phase outer layer of CrN chromium nitride and 

nitrogen-enriched austenite N equal to 200 m thick. The 
optical micrograph of figure 3, reveals a dense precipitation 
of CrN chromium nitride on the first 100 microns of the 
surface. In the range (100-200 m), CrN nitrides are 
distributed at grain boundaries of austenite N.
 - A single-phase sub-layer with a thickness of 250 m, 
consisting of equiaxed grains in which fine twinning is 
observed. These grains are characteristic of a nitrogen-
enriched N austenitic structure which differs easily from the 
martensitic structure 'N.
- A layer of nitrogen diffusion, martensitic structure 'N and 
equal to 200 m thickness. 

Figure 3. Optical micrograph after nitriding at 1050°C 
during 5 hours and water cooling. 

Table 1, below, shows the different phases obtained after 5 
hours of nitriding at 1050°C and their respective thicknesses.

Table 1. Measurement of the layer thickness after nitriding. 

3.3. X ray Diffraction Pattern 

The X-ray spectrum of Figure 4 is performed with an 
incidence of 10°. The diffraction peaks indicate the presence 
of three phases : chromium nitride CrN, austenite N enriched 
with nitrogen and martensite 'N.

Figure 4. X ray diffraction patterns of Z06CDN16-04 steel 
nitrided 5h at 1050°C with NS=0.5wt.% and water quenching. 
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3.4. Electronic Microprobe Analysis 

The electron microprobe analysis of Castaing determined 
accurately the concentration of nitrogen to chromium nitrides 
interfaces CrN/austenite N and austenite N / martensite 'N.
Figure 5 shows the nitrogen concentration profile made on the 
four sides of the sample nitrided. These profiles provide 
access to the following information: 
 - The nitriding depth on each of the analyzed faces is equal to 

esult shows that the nitriding treatment is 
uniform over the four sides analyzed. 
 - In the interval (0 - 100 m) corresponding to the domain 
nitride CrN (dense) and austenite N, the nitrogen 
concentration varies from 4 to 1.5wt.%. In contrast, in the 
range (100 - 200 m) corresponding to domain austenite N

and CrN in the grain boundary of austenite N, the nitrogen 
concentration varies from 1.5 to 0.4wt.%. 
 - In the interval (200 - 
of stability of austenite N, the nitrogen concentration varies 
from 0.4 to 0.2 wt.%. 
 - m, the nitrogen 
concentration varies from 0.2 to 0.01 wt.% (nitrogen 
concentration gradient in the diffusion layer consists of 
martensite 'N enriched with nitrogen.). 

Figure 5. Nitrogen concentration profil of Z06CND16-04 
steel nitrided 5 hours at 1050°C with NS = 0.5 wt.%. 

From the correspondence between micrographic 
measurements of thickness of layers (table 1) and nitrogen 
concentration gradients (figure 5), we can determine the 
nitrogen concentrations limiting the stability domain of 
austenite N. Table 2, below, shows the values obtained. 

Table 2. Nitrogen concentration at CrN/austenite N and 
N/martensite 'N interfaces. 

3.5. Estimation of nitrogen diffusion coefficient in 
austenite N

From the concentration profiles of nitrogen of Figure 5, we 
calculate the nitrogen diffusion coefficient in the austenitic 

phase according to the Matano method [11]. For a depth x, 
corresponding to the concentration C, Matano has established 
the following relationship: 

dc/dx is the tangent to the curve C(x,t) at x point and t is the 
diffusion time (5 hours). The nitrogen diffusion coefficient of 
the Z06CND16-04 steel is therefore calculated from equation 
(1) in the range 200-
austenitic phase at temperature of 1050°C). The experimental 
value of diffusion coefficient of nitrogen in austenite phase is 
equal to 2.10-8 (cm2.s-1). This value is lower by a factor of 10 
compared to the calculated in binary Fe-N system at the same 
temperature of 1050°C: DN = 1.8.10-7 (cm2.s-1)

3.6. Experimental Validation 

3.6.1. Nitriding Test 

In order to verify the value of the diffusion coefficient 
determined previously, we perform an enrichment of nitrogen 
for 5 hours at 1050°C with a constant surface nitrogen 
concentration 0.4 wt.%. This value corresponds to the 
maximum nitrogen concentration at the interface nitride 
CrN/Austenite N. Optical micrograph of figure 6 indicates the 
presence of two phases : Austenite enriched with nitrogen N

and Martensite 'N.

Figure 6. Optical microraph of the sample nitrided 5 hours  
at 1050°C with NS = 0.4 wt.% and water quenching. 

The nitrogen concentration profile of Figure 7 shows that the 
surface nitrogen concentration is 0.4 wt.%. The results of 
different characterizations obtained by optical microscopy, x-
ray diffraction and electron microprobe analysis confirm that 
the austenite is stabilized after quenching to a nitrogen 
concentration of 0.2 wt.%. For a nitrogen content less than 0.2 
wt.%, the austenite N transforms to martensite 'N.
Micrographic measures of the layers thickness shows that the 
austenite N layer unconverted after quenching is equal to 

about
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Figure 7. Nitrogen concentration profil after 5 hours of 
nitriding at 1050°C with concentration NS = 0.4 wt.%. 

3.6.2. Nitriding Test: Martensite 'N Configuration 

After experimental validation of the nitrogen diffusion 
coefficient and precise determination of nitrogen 
concentrations limiting the austenite stability range at 1050°C, 
our task now is to perform a diffusion layer of martensite 'N
without austenite N. The treatment is carried out by adjusting 
the gaz flow rate at the inlet of the reactor to follow the 
theoretical curve of mass variation calculated with a surface 
nitrogen concentration (figure 8) : - constant (NS = 0.4 wt.%) 
during the enrichment phase and equal to the maximum 
solubility of nitrogen in the austenite at 1050°C, - variable
from 0.4 to 0.2 wt.% during the diffusion phase of the nitrogen 
with no flux (maximum solubility of nitrogen at the interface 

N / martensite 'N). 

Figure 8. Experimental and theoretical variation of weight 
gain after nitriding 10 hours at 1050°C and water cooling. 

Figure 9 Nitrogen concentration profils after 10 hours of 
nitriding at 1050°C with NS variable 0.4 to 0.2 wt.%. 

The nitrogen concentration profiles of figure 9 show that the 
effective nitriding depth on each of the analyzed faces is 

 and the surface nitrogen 
concentration measured is in good agreement with the one 
chosen during the nitriding treatment NS = 0.20 wt%. In order 
to validate the results obtained previously, we chose to 
perform a diffusion layer formed martensite 'N on a 
neighboring depth of 1.50 mm. The nitrogen concentration at 
the interface austenite N / martensite 'N was selected equal 
to 0.15 wt. N phase. 
The treatment is conducted using an appropriate adjustment 
of gas flow rates to follow the theoretical curve of mass 
variation calculated from the model with a surface nitrogen 
concentration constant in the interval (0 - 25 hours) and equal 
to the maximum solubility of nitrogen in austenite at 1050°C: 
Ns = 0.40 wt.%, variable from 0.4 to 0.15 wt.% in the range 
(25 - 50 hours). The nitrogen concentration profile of figure 
10 confirms the results obtained previously: the nitriding 
depth obtained is close to 1.50 mm and the surface 
concentration of nitrogen measured is equal to 0.15 wt.%. 

Figure 10. Nitrogen concentration profils after 50 hours of 
nitriding at 1050°C with NS variable 0.4 to 0.15 wt.%. 

4. Conclusion 
In this work, our task was to demonstrate the feasibility at high 
temperature 1050°C of nitriding treatments using ammonia 
and argon gas mixtures. The nitriding treatments are carried 
out in the furnace of a thermobalance at atmospheric pressure 
on Z06CND16-04 steel samples. We have shown that it is 
possible to control the composition of the gas and to realize 
different layer configurations, in particular the martensite 'N
layer without nitrides CrN in order to improve the mechanical 
properties (wear, friction and fatigue) and to preserve the 
stainless character of the base material. Due to the lack of 
bibliographic data on our steel, including the diffusion 
coefficient of nitrogen in the austenite and the nitrogen 
concentrations limiting its stability range at 1050°C, we have 
developed an experimental methodology from which we 
determined experimentally the diffusion coefficient of the 
nitrogen in austenitic phase. Results obtained after nitriding at 
1050°C show in particular that for a nitrogen content of 
between 0.4 and 0.2 wt%, the austenite N is stabilized after 

N / m N

configuration. on the other hand, for a nitrogen content of 
0.2wt% or less, the austenite is completely transformed after  

N. The experimental value of the 
diffusion coefficient of nitrogen in the austenite of the studied 
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steel Z06CND16-04 is lower by a factor of 10 than that 
calculated in the Fe-N binary system at the same temperature 
of 1050°C: 1,8.10-7 (cm2.s-1) compared to 2.10-8 (cm2.s-1). 
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Abstract 

Pure nickel and nickel-cobalt alloy platings are one of 
the most prominent materials due to their wear and 
corrosion resistances, thermal conductivities, magnetic 
properties and electrocatalytic properties. Although Ni 
based coatings have been plated with Watts solution for 
a long time, today, especially for the engineering 
applications, Nickel sulfamate based solutions are 
commonly preferred due to the advantages of low 
internal stress, high deposition rate and enhanced 
mechanical properties. In this study, the effects of heat 
treatment (HT) regimes on microstructure and surface 
properties of Ni based platings obtained under sulfamate 
electrolytes were investigated. Different heat treatments 
were applied to both pure Ni and Ni-Co alloy platings in 
order to reveal the altered properties of the coating with 
heat treatment temperature and time. After all, the 
platings were characterized in terms of grain size and 
shape, composition of the plating and hardness. 

1. Introduction 

Pure Ni and Ni-Co alloy platings are important 
electrplating materials due to their alterable magnetic 
properties [1-2], wear resistances [3-4], electrocatalytic 
properties [5] and applicability to electroforming [6]. 
Nickel based platings can be done for aesthetic purposes 
in consumer electronics, telecommunications, whereas 
the enginnering applications include communications, 
wear resistant erosion shields, even in aerospace and 
rocket systems. Ni-based deposits were plated in Watts 
Solution for a long time, today for engineering purposes,  
their deposition were conducted in sulfamate 
electrolytes due to various advantages such as low 
internal stress even deposition at high current densities, 
high current efficiencies and higher hardness as 
compared to the conventional Watts electrolyte [7].  

The effects of processing parameters on Ni-based 
platings have been deeply investigated by many research 
groups so far. For example, Bai et al. characterized the 
electrolytes by electrochemical methods like cyclic 
voltammetry to see the reaction mechanism of the Ni-
Co electrodeposition [8]. Bakhit et al. studied the 
corrosion behavior of Ni-Co alloy and Ni-Co/SiC(p) 
composite platings and concluded that cobalt additions 
improved the corrosion resistance but the composite 

structure deteriorated the corrosion resistance [9]. 
Vazquez-Arenas et al. studied the application of 
different current regimes (i.e. direct, pulse and pulse 
reverse) during electroplating of Ni-Co alloys to see the 
structural properties like grain size, cobalt content and 
surface roughness [10]. Recently, . et al. [11] 
revealed the effects of plating parameters on the 
microstructure, hardness and cobalt content. 

The effects of heat treatment on the properties of pure 
Ni and Ni-Co alloy platings which has not been studied
thoroughly, were investigated in this study. The heat 
treated platings were characterised in terms of 
microhardness, microstructure and composition. 

2. Experimental Procedure 

Both Ni and Ni-Co alloys were plated in sulfamate based 
electrolyte with a composition of 350 g/l nickel 
sulfamate, 15 g/l nickel chloride and 30 g/l boric acid. 
No additives were used during the experiments, only the 
pH of the electrolyte was set by the addition of sulfamic 
acid. High purity nickel anodes were used as nickel 
source, whereas Co2+ ions from cobalt sulfate was the 

temperature controller and the electrolyte was stirred 
with at a speed of 600 rpm by magnetic stirrer.  

Cu plates, which had been mechanically polished 
before, were used as cathode materials. All cathodes 
were chemically cleansed by firstly dipping into 1M 
NaOH then rinsing with water, then dipping into 25 
vol% HNO3. The surface to be plated was defined by 
masking and kept nearly 5 cm2. Fresh electrolytes were 
used in each experiment. The electroplating tests were 
conducted under galvanostatic conditions. All deposits 
were aimed to have 40 

perfect current efficiency.  

Heat treatment (HT) operations were conducted under 
open atmosphere muffle furnaces. Different heat 
treatments were applied with the samples plated using 
the same electroplating parameters. The experimental 
parameters and design of experiments are summarised 
in Table 1. 
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Table 1. Experimental parameters and DOE. 
Electrolyte Constituents 
Ni(SO3NH2)2 350 g/lt 
NiCl2.6H2O 15 g/lt 
H3BO3 30 g/lt 
pH 4.0 
[Co2+]/[Ni2+] 0 ; 0.05 
Electroplating Parameters 
Temperature 
Current density 4 A/dm2

Design of Experiments 
All platings Control samples (No HT) 

591  for 1, 2 and 6 hrs. 
Nomenclature 
T(Temperature in celcius)t(time in hrs) 
Ex: T245t2 meant HT at 245°C for 2 hours.

    

3. Results and Discussion 

3.1. Heat Treatment of Pure Ni Platings 

Figure 1 showed the results of hardness measurements 
of pure Ni platings. Black and red bars represented the 
hardness values of coatings before and after heat 
treatment. Approximate values shown by black bars 
indicated reproducible and precise as-plated hardness 
values of about 260 HV0.2. The hardness values were 
seemed to be affected negatively from the heat 
treatments. Especially at high temperature cycles, the 
hardness was decreased to about 120 HV0.2.

Figure 1 Hardness values of pure Ni platings 

The microstructure of pure Ni deposits before and after 
HT were illustrated in Figure 2(a) and 2(b), respectively. 
Similar microstructures Ni before and after HT at 245 C
can be seen. However, at high temperature heat 
treatments, the platings exhibited very low hardness 
values and changes in surface properties. The 
microstructure of nickel coating was completely 
changed and even copper substrate was visible at some 
regions. Cross-sectional analyses were conducted to 
examine the metallurgical phenomena of the system. 
.

Figure 2 Microstructure of T245t6 Ni coating (a) 
Before and (b) After HT 

Figure 3 shows the composition profile of the cross-
section from sample T591t6. It can be seen that there 
was a gradual change in the composition at the Cu-Ni 
interface after the heat treatment, which was not the case 
for as-plated samples. Since the Cu-Ni phase diagram 
had complete miscibility at heat treatment temperature, 
the structure behaved as diffusion couple and the Cu 
substrate and Ni plating layer diffused each other by the 
aid of temperature.  

Figure 3 Line analysis from the sample T591t6. 

Boltzmann-Matano Analysis: 

Boltzmann-Matano Analysis derived from 
Second Law gave the composition dependent diffusion 
coefficients of miscible systems according to the 
following formula: 

                                      (1)

Where x represents the distance, cx was composition at 
position x and c* was defined as the composition at 
Matano interface. In order to calculate the diffusion 
coefficients the following procedure was applied: 

 A sigmoidal curve was fitted to the 
composition profile (see Figure 4). 

 Analytical integration was used rather than 
numerical integration to minimize the 
numerical errors.  
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 The position of matano interface was 
determined and substituted to the formula 
above.  

Figure 4 Atom fraction of Ni at the Cu-Ni interface 

Figure 5 shows the diffusion coefficient of Ni changing 
with the atomic fraction of Ni. It was observed that there 
was a minimum in the diffusivity of Ni at arround 25 
at% Ni and started to increase again until pure Cu 
composition. 

Figure 5 Diffusivitiy of Ni changing with 
compositions  

3.2. Heat Treatment of Ni-Co Alloy Platings 

The results of microhardness measurements were 
illustrated in Figure 6. Again the black and red bars 
represented the hardness values before and after heat 
treatments, respectively. All hardness values were 
nearly 400 HV0.2 before the heat treatments, which were 
quite reproducible like pure Ni platings. Also, Ni-Co 
alloy deposits yielded better hardness values than pure 
Ni platings for both as-plated and heat-treated 
conditions due to the effect of solid solution hardening, 
which was illustrated in detail from the previous studies 
of the authors [11]. 

Figure 6 Hardness values of Ni-Co alloy platings  

When the hardness values were compared before and 
after HT according to the Figure 6, all samples lost 
hardness to some extent. This loss was not so prominent 
for samples T245t2 and T245t6. However, the loss was 
such severe for heat-treated samples at 591 C that the 
resultant hardness values were even less than half of as-
plated ones.  The microstructures of T245t2 and T591t6 
before and after HT are shown in Figure 7. According to 
Figure 7(a), no drastic change in the microstructure was 
observed, although grain sizes of the T245t2 sample 
were slightly increased, which could be attributed to the 
minor hardness decrease in Figure 6. On the other hand, 
the microstructure was completely changed before and 
after HT of T591t6 sample as shown in Figure 7(b). The 
microstructures of Ni-Co alloys were consisted of 
globular grains. However, these grains transformed into 
the acicular grain structure after the application of heat 
treatment. According to the literature, acicular grains 
were observed at Co-rich region of the Ni-Co phase 
diagram, which was far behind of the composition range 
expected in the samples. This observation indicated the 
change in the chemistry of the samples during heat 
treatment.  

Figure 7 Microstructures of (a) T245t2 and (b) T591t6. 
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Figure 8(a) showed the cobalt concentrations on the 
surface. Cobalt concentrations of the samples T245t2 
and T245t6 were close to each other and similar grade 
with the values before the heat treatment operations. 
However, at high temperature heat treatments, the cobalt 
concentration was significantly increased by the heat 
treatment duration. This could be correlated with the 
microstructures in Figure 7. However, this contradicted 
the line EDS analysis conducted through the cross 
section of the plating according to the Figure 8(b). The 
cobalt content exhibited subtle decrease as the plating 
thickness increase due to the consumption of Co ions in 
the electrolyte, however it was assumed to be equal and 
very close to non-heat treated samples. Therefore, nickel 
atoms diffused into the copper substrate during heat 
treatment.  

Figure 8 Co concentration (a) on the surface and (b) 
through the cross-section 

4. Conclusion 

The effects of heat treatment on the hardness, 
microstructure and composition of the pure Ni and Ni-
Co alloy platings were investigated in this study. 
Hardness was slightly decreased at low temperature heat 
treatments and the effect was much more prominent at 
high temperature heat treatments. A diffusional analysis 
was conducted for determination of effective diffusion 
coefficients of the Cu-Ni system. The microstructural 
change from globular to acicular, was attributed to 

surface composition becaming Co rich after high 
temperature heat treatments in the Ni-Co alloy platings. 
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Abstract
Management of the residual stress state has critical 
importance for fatigue life of the carburized steel 
components. The conventional methods of residual 
stress measurement are either destructive or have 
limited ability for in-situ measurement or take 
considerable time. Hence, there is a need for rapid, 
practical and reliable non-destructive method for 
measurement of residual stress. The aim of this study is 
to investigate the efficiency of the magnetic 
Barkhausen noise (MBN) method for evaluation of the 
surface residual stresses in the carburized SAE 8620 
steel. Various samples having different residual stress 
states were prepared by changing carburization time at 
900ºC. The results of MBN measurements were 
compared with those of the X-ray diffraction method.  

Keywords: Carburizing, Residual stresses, Non-
destructive measurement, magnetic Barkhausen noise 

1. Introduction

Almost all manufacturing processes cause a self-
equilibrating residual stress state within the component. 
Residual stresses are quite critical for product and 
process design. In the failure of engineering structures 
residual stress state should also be taken into account in 
addition to the external loads, and environmental 
effects. Ignoring residual stress brings a risk for 
distortion or early failure. 

Carburizing is a thermochemical surface treatment that 
commonly applied to enhance hardness, wear 
resistance, and fatigue performance of machine parts. 
In this treatment, carbon is embedded into the surface 
of the low-C steels in a furnace with controlled 
atmosphere, and then quenching is applied. As a result, 
compressive residual stresses form in the surface near 
zone which has high hardness due to existence of 
martensite [1]. Formation of residual stress in the 
carburized components is the result of various 

phenomena: differences in volume between the high- 
and low-C zones and between different phases, 
temperature gradients, and local plastic deformation 
due to austenite-to-martensite phase transformation. 

There are several destructive or non-destructive 
methods to measure residual stress. Among the existing 
non-destructive methods, the magnetic Barkhausen 
noise (MBN) method has been gaining attention to 
monitor residual stresses in ferromagnetic materials. 
MBN technique is sensitive to the interactions between 
the magnetic structure and microstructure or residual 
stress fields. When the magnetostrictive materials are 
magnetized, their magnetic domains orient themselves 
by abrupt motion of domain walls. MBN signals are 
induced by the discontinuous changes in the magnetic 
flux density that caused due to the jump of domain 
walls between pinning sites. Residual stresses result in 
variations in the total domain wall area while 
microstructure influences the pinning sites for domain 
walls [2]. With increasing magnitude of tensile residual 
stress the total area of the 180o domain walls increases, 
and thus, the MBN emission [3]. So far, successful 
qualitative results have been obtained for monitoring 
the residual stress variations induced by some 
manufacturing processes [4,5].

The domain dynamics defined with size, shape, and 
arrangement of the domains within the ferromagnetic 
materials are strongly influenced by the state of stress 
among other influential factors [6]. Residual stresses 
tend to change in the area of both 180° and 90° 
magnetic domain walls, whereas microstructure affects 
the pinning sites for domain walls. Tensile residual 
stress increases the area of the 180° domain walls, 
leading to an increase in the MBN emission parameter, 
unlike the compressive residual stress. The number of 
MBN pulses and pulse height distribution also vary 
with the stress state [7]. The peak amplitude of MBN 
emissions indicates the domain wall activity under 
certain conditions; hence, it could be correlated with 
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residual or applied stress. The peak amplitude showed 
a clear rising trend for the transition from compressive 
to tensile stress [8]. The RMS value of the MBN 
voltage and coercive force showed the best correlation 
with residual stress in the quenched steels [9]. In this 
study, the nondestructive measurement of surface 
residual stresses in the carburized steels via magnetic 
Barkhausen noise method was investigated. 

2. Experimental Procedure 

The samples (100mmx45mmx10mm) were prepared 
from the SAE 8620 steel rods by machining and 
grinding. Four sample sets were prepared by applying 
different carburizing-tempering procedures

First, all specimens were normalized. One specimen 
(N1) was kept in the normalized condition as reference. 
Others were exposed to two-step carburizing process in 
Türk Traktör Company under controlled atmosphere 
that includes the mixture of C3H8 and the shielding gas 
(33% H2, 28% CO, 0,8% CH4). Adjustable amount of 
carbon was embedded into the surfaces of the 
specimens that had not to exceed the surface carbon 
concentration of 0.9% C. One specimen (C5T0) was 
carburized at 900oC for 5 hours, and the other (C9T0) 
was carburized for 9 hours. Just after carburizing, the 
specimens were quenched in oil at 60°C. 

Microstructures were investigated, and hardness 
measurements were performed. The effective case 
depth was determined by measuring the depth at which 
the hardness reduces to 550 HV.  

In XRD measurements by Xstress 3000 G2/G2R, Cr-
K  radiation was employed by focusing on the ferrite 
{211} planes at 2 156°. 10 tilt angles between -40° 
and +40° were evaluated. Then, using the sin2

technique, residual stress values were calculated.  

The MBN emissions were measured using 
μScan/Rollscan 500-2 equipment by generating the 
excitation magnetic field with 125 Hz and 10 V, which 
corresponds to the information depth of about 150 μm. 
A calibration procedure was applied to convert the 
MBN emission parameter to the stress values. 
Calibration samples (148 mm length, 13 mm diameter) 
representing each heat treatment condition were 
prepared. They were exposed to stress relief heat 
treatment at 600˚C for 1 hour.

MBN probe and strain gauges were fixed on the 
surfaces of the cylindrical specimens. The specimens 
were uniaxially loaded in the elastic range for both 
compression and tension.

At each loading increment, the values of stress and 
corresponding MBN parameters were recorded. 

Finally, by using the recorded data set, calibration 
curves for each specimen were plotted. 

3. Results and Discussion 

3.1. Microstructure and Hardness 

Microstructural analysis showed that the case region 
consists of needle-like martensite while core has 
pearlite and bainite.

Figure 1 shows the micro-hardness depth profiles of 
the specimens. The effective case depth of the 5 h-
carburized specimen (350 μm) is lower than that of the 
9 h-carburized specimen (600μm).  

Figure 1 Hardness depth profiles of the specimens  

3.2. MBN Emission and Residual Stress  

Error! Reference source not found. 2 shows that the 
maximum MBN emission was obtained for the 
normalized sample. In the case of carburized and 
quenched specimens, longer carburizing time decreases 
the MBN emission. In Figure 3, it is seen that the RMS 
values of the MBN signals decrease with increasing 
carburizing time which is the indication of reduction in 
the residual stress magnitude. High dislocation density 
in the martensite needles restricts the movement of the 
domain walls. A strong field is required for reversal of 
magnetization due to low domain wall movement and 
difficulties in domain wall nucleation. Hence, the MBN 
amplitude decreases.

The results of stress measurements via MBN and XRD 
methods are demonstrated in Figure 4. Both methods 
give similar results, i.e., the magnitude of the 
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compressive residual stress increases with increasing 
carburizing time.  

Figure 2 MBN emission parameters of the carburized 
specimens

Figure 3 MBN RMS signal envelopes of the specimens 

Figure 4 Comparison of the results of MBN and XRD stress 
measurements

4. Conclusion 

Compressive residual stresses exist on the surface of 
the samples carburized at 900oC, and their magnitudes 
increase with increasing carburizing time. Since the 
results of MBN and conventional XRD stress 
measurements give the similar tendency, the MBN 
technique seems to be a strong candidate for 
nondestructive monitoring of residual stress variations 
in the carburized steels. With a pre-calibration 
procedure considering the effect of microstructure, 
MBN technique may give reliable quantitative results. 

Acknowledgement: The authors would like to thank 
Türk Traktör company for carburizing process, and 
Atılım Uni. Metal Forming Excellence Center for XRD 
measurements. 

5. References

[1]  Krauss, G. “Steels: Heat Treatment and 
Processing Principles”, ASM International, 1989. 

 [2]  Clapham, L., Jagadish, C., Atherton, D., Boyd, J. 
“The influence of controlled rolling on the pulse 
height distribution of magnetic Barkhausen noise 
in steels” Mater. Sci. Eng., vol.145 (2), pp 233-
241, 1991 

 [3]  .Buttle, D.J. Magnetic Methods. In G. S. Schager, 
Practical Residual Stress Measurement Methods, 
John Wiley & Sons, pp. 229-231,2013. 

 [4] Gur, C.H., “Review of Residual Stress 
Measurement by Magnetic Barkhausen Noise 
Technique,” Materials Performance and 
Characterization

 [5]  Clapham, L., Jagadish, C., Atherton, D., Boyd, J. 
“The influence of pearlite on Barkhausen noise 
generation in plain carbon steels”, Acta Metal 
Materials, vol. 39 (7), pp. 1555-1562, 1991. 

 [6]  Matzkanin, G.A., Gardner, C.G., “Measurement 
of Residual Stress Using Magnetic Barkhausen 

0,0

50,0

100,0

150,0

200,0

250,0

Normalize C05T0 C09T0

M
B

N
 E

m
is

si
on

 P
ar

am
et

er

Heat Treatment Conditions

90º(Tangential)
0º(Axial)
45º

0

20

40

60

80

100

-100 -75 -50 -25 0 25 50 75 100

R
el

at
iv

e 
R

M
S 

Vo
lta

ge
 (m

V
)

Relative Magnetic Field Strength (%)

Normalized
C05T0
C09T0

-700

-600

-500

-400

-300

-200

-100

0
Normalized C05T0 C09T0

R
es

id
ua

l S
tr

es
s (

M
Pa

)

MBN RS (MPa)
XRD RS (MPa)



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1019
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Noise Analysis,” Proc. ARPA/AFML Review of 
Quantitative NDE, vol. 27, June 1974–July1975. 

[7]  Jagadish, C., Clapham, L., Atherton, D.L., 
“Influence of Uniaxial Elastic Stress on Power 
Spectrum and Pulse Height Distribution of 
Surface Barkhausen Noise in Pipeline Steel,” 
IEEE Trans. Magn., Vol. 26, No. 3, 1990, pp. 
1160–1163

[8]  Mierczak, L., Jiles, D.C., Fantoni, G. “A new 
method for evaluation of mechanical stress using 
the reciprocal amplitude of Magnetic Barkhausen 
Noise”, IEEE Trans. on Magnetics, vol. 47 (2), 
pp. 459-465, 2011. 

[9] Gorkunov, E., Zadvorkin, M., Goruleva, S. 
“Estimating residual stresses in heat-treated 
carbon steels by magnetic parameters”, 18th

World Conf. for NDT, Durban, 2012. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1020 IMMC 2018   |   19th International Metallurgy & Materials Congress

Characteristics of Surface Properties of Aluminum Flat Products Related with Diff erent 
Annealing Temperature and Cleaning Properties

Emel Çalışkan, Ahmet Seisoğlu, Erdem Güler, Sadık Kaan İpek, Ali Ulus

Teknik Alüminyum San. A.Ş, Çorlu, Tekirdağ, 59850 Turkey
  
  
  
  
  

Abstract

The final surface properties of aluminum flat products vary 
depending on different processing conditions such as 
changes in alloy elements, different annealing temperatures, 
rolling parameters and surface chemicals used in the 
degreasing process. These changes in process parameters 
effects the surface roughness, surface oxide formation and 
structure. Thus, the next process steps such as surface pre-
treatment, painting, bonding etc. are determining factors for 
the surface quality in processes. In this study, 1xxx and 3xxx 
series of aluminum alloys were examined. Different 
annealing temperatures between 220 °C and 480 °C were 
applied to cold rolled aluminum sheets, surface roughness 
and wetabillity (adhesion behaviour) values were examined.  
In addition, the effects of acidic and alkaline surface 
chemicals on the surface adhesion with different degreasing 
qualities, have been investigated depending on the 
degreasing parameters (immersion time, bath temperature, 
chemical concentration). Surface qualities were measured 
using different test methods such as; roughness 
measurement, wettability, cross cut test, cupping test, impact 
test and cylindrical bend test to understand physical and 
tribological properties of base material. 

1. Introduction

Aluminum and alloys produced as sheet products are used in 
automotive, architecture, decoration, kitchen equipments,  
packaging etc. They have areas of use that are quite different 
from each other [1]. Due to the passive oxide layer on the 
aluminum surface, the corrosion resistance is high for 
untreated surfaces. The characteristic structure of the surface 
after production effects the material performance in final 
usage areas. The structure of the material surface, effects the 
final product quality in surface treatments such as adhesive 
applications, paint and organic coatings [2]. 

Important properties for determining the surface structure of 
aluminium are surface roughness, oxide thickness and 
structure of the oxide also important process steps for the 
effecting surface properties that are cold rolling and 
degreasing. In the cold rolling process, the work roll surface 
roughness directly effects the surface of the sheet [3].  

Roughness values vary according to different manufacturing 
and application areas and many plants operate the cold 
rolling at an average roughness value range. Surface 
roughness and oxide structure effects; reflectivity, surface 
adhesion (adhesion), surface wettability. Among the 
parameters of roughness variation, Ra: Center Line Average 
(CLA) is the most examined value. At the Figure 1 roughness 
measurement could seen. 

Figure 1. Surface roughness profilometer measurement [5]. 

Generally, measurement is performed on the material surface 
with standard profilometers. It is expressed in Ra, inch or meter, 
which gives the arithmetic average values of the peaks and 
valleys formed on the surface [5]. 

Figure 2. Measuring angle of contact. 

 : Air – Metal surface  
  : Air – Liquid surface
 : Liquid – Metal surface  

   : Wetting Contact angle 

At the Figure 2, surface wetting contact angle measurement can 
be used to examine the material surface cleanliness and surface 
adhesion ability. Aluminum surface roughness and wetting 
contact angle may vary depending on the surface oxide 
structures [6]. In order to determine the mechanical properties 
after the rolling process, annealing is applied according to the 
desired mechanical properties. Annealing in wrought aluminum 
alloys is generally carried out in an open atmosphere. After 
annealing process, low temperature oxidation occurs depending 
on the annealing temperature and duration that effect observed 
surface properties [6-8]. It is seen that the thickness and form 
changes experienced at low temperatures in the surface oxide 
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structure are more than 400 C and above this temperature. At 
these temperatures, the oxide structure changes from amorphous 
𝐴𝑙 𝑂  to - 𝐴𝑙 𝑂   (crystalline) [6-8]. The surface tension 
value that any liquid will perform on the material varies 
according to the oxide structure and the material surface 
characteristics. The change in surface structure effects the ability 
to adhere to the surface, which will interact with the solvent, 
adhesive, powder and immersion coating.  

In twin roll casting production plants, degreasing process is 
applied to remove surface oil and other contaminants which is 
decribed as smudge. The degreasing process can vary in 
application as a spray or immersion. Alkaline and acidic 
detergents are used according to the final surface anticipation in 
the degreasing process. The effective bath parameters are 
chemical type, bath concentration, bath temperature and 
immersion time. Depending on these parameters, the change in 
surface oxide thickness of the material have observed. The 
roughness change and the surface wetting contact angle occurs 
according to the surface form (temperature, concentration, 
immersion time). As the reaction behavior of alkaline and acidic 
chemical increases, the amount of 𝐴𝑙 𝑂𝐻 increases on the 
material surface. Depending on this situation, the passive oxide 
film becomes porous, thinner and more soluble [9]. 

2. Experimental Procedure 

In experimental studies following three condition were 
investigated:

1. Surface roughness and wetting contact angle changes 
due to aluminum final annealing temperature 

2. Surface roughness and wetting contact angle changes 
according to degreasing parameter changes 

3. Cylindrical bend test, cupping test, impact test, cross 
cut test (adhesion test) were applied to the powder 
coated material surfaces according to the degreasing 
parameter changes. 

Experimental studies were carried out on aluminum sheets with 
0.50 mm thickness of 1050 and 3005 alloy series. All of the 
aluminum sheet samples were processed with similar casting 
and rolling parameters, the samples were taken from aluminum 
coils of the same production range. The samples were taken in 
A4 plates. 

For the first test series: Samples were taken from the production 
line after cleaned with alcohol and annealed between the 220 °C 
– 480 °C with every 60 °C temperatures. The annealing times 
were kept constant for 4 hours and the annealing atmosphere 
was selected as the open atmosphere. 

For the second test series: Alkali and acidic two different test 
series were performed. Bath temperatures of alkaline detergent 
were determined as 40°C - 50°C - 60 °C.  Three different bath 
concentrations, 1%, 2%, 3%, and three different immersion time 
were applied with 4 - 8 - 16 second. Experimental parameters 
are given in Table 1. 

Surface roughness and wetting contact angle tests were applied 
to the prepared samples after experimental series. Electrostatic
powder coating process was applied to the test samples. Surface 

roughness measurements were made according to ISO 4287 
standard with Marf Surf PS1 standard profilometer.  Surface 
tension measurements were performed according to the drop 
shape analysis method in ASTM D7334. 

Table 1. The experimental series and parameters for 1050 and 
3005 alloy. 

Table 2. Electrostatic powder coating parameters. 
Spray Gun Type Corona 
Spray Gun Supply Voltage 60 V 
Curing Temperature 200 C
Curing Time 10 min 

The results of the analysis were plotted in statistical program and 
regression analysis was created.  The samples of the third test 
series were applied according to, Impact Test ASTM D2794, 
Cupping Test ISO1520, Cross Cut Adhesion Test to ASTM 
D3359, The Cylindrical Bend Test ISO 1519 standard on the 
painted surface after electrostatic powder painting, and the 
results were examined.

3. Results and Discussion 

3.1 Aluminum sheet surface wetting contact angle and 
roughness change according to annealing temperature 

The final mechanical properties of wrought aluminum alloys are 
determined after annealing. Depending on the applied annealing 
temperature, the surface oxide of the material can be observed to 
change even at low temperatures (500 ° C and below) [6,7]. This 
change has been quantitatively modeled by the Mott-Cabrera 
mechanism by Guiliana et al. [7], which is observed at 
temperatures of 350 °C and above. Figure 3 shows the change in 
surface roughness values due to annealing temperature. When 
compared to 1050 and 3005 alloys; 3005 alloy series roughness 
in the sample was found to be higher than the 1050 alloy. These 
values are seen to be proportional to different annealing 
temperatures.
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Figure 3. Ra (average roughness) change graph based on 
annealing temperature of 1050 and 3005 alloy sheets. 

Additionally an increase of roughness up to 360 °C was 
observed and the roughness values decreased after this value. A 
further increase in roughness was observed after 420 °C. 

Figure 4. Wetting contact angle change graph of 1050 and 3005 
alloy sheets depending on annealing temperature. 

It is seen that the values of the surface wetting contact angle 
given in Figure 4 overlap with the Ra (Average Roughness) 
values given in Figure 3.  Wetting angle values of the materials 
rise with  annealing temperatures increase between 360 °C to 
420 °C. Similarly, in Figure 4 the roughness values decreased to 
420 °C, after which the roughness values increased. Increasing 
the wetting contact angle is an expected result as the roughness 
falls. Normally a higher the surface area need to hold the 
surface-contacting liquid. Decreases in the surface area cause 
increase in the contact angle ( ). For this reason, the values in 
both graphs are mutually accurate. 

Table 2: Summary of wetting contact angle regression model 
according to the annealing temperature.
 R-sq (%) R-sq (adj) (%) p-Value 
1050 86,51 79,76 0,005 
3005 93,33 86,66 0,02 

Tablo 3: Wetting contact angle regression model equation. 
1050 -0.000744 𝑇𝐴𝑛 )2 + 0.558 𝑇𝐴𝑛  - 50.6
3005 -0.000704 𝑇𝐴𝑛 )2 + 0.580 𝑇𝐴𝑛  - 56.7

The regression model, which changes depending on the 
temperature of the wetting contact angle, is given in Tables 2 
and 3. Significant results were obtained in the parabolic equation 
according to the model results. 

3.2 Surface wetting contact angle and roughness change 
due to different degreasing bath parameters 

An important pre-treatment step in increasing the ability of the 
paint to adhere to the surface is the degreasing process. In order 
to understand the effect of degreasing parameters on the 
material; experiments were performed by changing different 
chemical type, concentration, temperature and time parameters. 

Figure 5. Roughness changes on surface with alkali degreasing 
chemicals prepared in 1% concentration. 

         
Figure 6. Roughness changes on surface with alkali degreasing 
chemicals prepared in 2% concentration. 

         
Figure 7. Roughness changes on surface with alkali degreasing 
chemicals prepared in 3% concentration. 

Bath concentration was the most important variable in the 
degreasing process [9]. In Figure 5, when the time and 
temperature value increases at the 1% concentration, the surface 
roughness values decreases reversely. In Figure 6, for the 2% 
concentration value, the hydroxide layer formed on the 
aluminum surface was found to increase the surface roughness. 
It was observed that as the bath temperature and the immersion 
time increased, the hydroxide layer dissolved and reduced the 
roughness. Considering Figure 7 graph created for a given 
roughness of 3% concentration at temperatures above 40 °C was 
reduced. As bath activity increases, roughness values decrease to 
0.60 Ra and below. 
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Figure 8. Roughness changes on the surface with acidic 
degreasing chemicals. 

Similar results with dissolution behaviour according to 
temperature and duration in alkaline environment have similar 
results with the work of D. Prabhu et al. [9]. 

In Figure 8, the roughness values (Ra) of the aluminium sheets 
contacted at different temperatures and immersion times in the 
acidic tanks and the roughness values observed higher. 

3.3 Tested of powder coated surface properties 

a.                           b.                              c.
Figure 9. Impact test result (a), Cupping test result (b), Cross-
cut adhesion test result(c). 

The surfaces of the samples prepared according to different bath 
parameters are coated with electrostatic powder paint. When the 
paint performance tests were examined, it was observed that the 
roughness and wetting angle changes on the substrate surface 
did not affect the final painted products for powder coating. The 
effect of the interface properties on the coating resistance can 
not be explained in the performed tests [9].

4. Conclusion  

Changes in annealing temperatures and degreasing parameters of 
aluminum sheets caused changes in surface roughness and 
wetting angle values, and these changes were found to be 
strongly related to the surface oxide structure. 

1. It has been reported in literature that aluminum surface 
oxides in the temperature range of 420 °C are 
transformed from amorphous 𝐴𝑙 𝑂 form to - 𝐴𝑙 𝑂
form. This conversion value is confirmed by the 
surface roughness and wetting angle measurement 
results.

2. The surface tension and roughness values of the alloys 
were found to be proportional to the temperature. 
Roughness values of alloy 1050 are lower than values 
of alloy 3005. 

3. The regression model summary data for surface 
wetting contact angle and annealing temperature are 
compatible. 

4. Alkaline degreasing chemical has an inversely direct 
proportional relationship between bath reactivity and 
roughness value.

5. At the increasing of acidic degreasing chemical 
reactivity roughness increases directionally. 

6. For both alloys it has been observed that the acidic and 
alkaline degreasing chemicals do not effect the 
adhesion, performance tests for powder coating at the 
relevant parameters. 

Future Works 

Electrochemical methods will give for more meaningful results 
for interaction of the interface between powder coating and 
aluminium surface. It will be investigate for the future.  
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Abstract

This study reports on silicide coating on Ti6Al4V alloy 
realized by pack siliconizing method at 1000°C for 8, 10 
and 12 h using Si as Si source, Al2O3 powder as filler and 
NH4Cl as an activator. The morphology and presence of 
Ti3Si5, TiSi2, TiN and non-stoichiometric TiO compounds 
formed on surface of Ti6Al4V alloy was actualized by 
using classical metallographic techniques and X-ray 
diffraction analysis (XRD). A dense, compact silicide layer 
with a thickness of changing between 7.5- 9.7 μm were 
detected.  Dispersion of the elements in the coating layer 
were investigated by using electron microscope (SEM) and 
elemental analysis (EDS). Hardness of silicide layer 
measured by using Vickers indenter was determined that 
the hardness was over 2000HV. 

1. Introduction 

Titanium and its alloys are promising materials because of 
their excellent properties, such as high specific strength, 
light weight and excellent corrosion resistance at relatively 
low temperature making them of interest for many 
automotive, military, aerospace and chemical industries 
applications [1- 4]. However, titanium alloys exposed to 
rapid oxidation at elevated temperatures and also has poor 
surface wear properties [1, 2]. This limits the highest 
operating temperature for structural components of Ti-
based alloys [3]. Among various methods used for 
improving the oxidation resistance and wear properties of 
Ti-based alloys surface siliconizing has been extensively 
studied. Siliconizing is one of the surface hardening 
process where silicon atoms diffuse into solid metal at 
elevated temperature. It has been shown in many papers 
that the addition of Si produces hard silicide layers and 
increases the thermal, chemical, wear and creep resistance 
of these alloys [2, 3, 5- 7].  There are several methods 
modifying the surface of titanium with silicon. Laser 
surface alloying, silicon ion implantation, pack siliconizing, 
liquid phase siliconizing and vapour phase siliconizing 
have been extensively studied [2, 8]. The silicide layers are 
adherent and hard and can prevent oxidation of the metallic 
surface up to 950°C [9]. Pack siliconizing has distinctive 

advantages such as able to produce uniform coating of the 
substrate, easily controllable thickness, excellent adhesion 
between the coating and the substrate, minimum cleaning 
of parts after treatment, being applicable for a wide range 
of shapes and size, low environmental impact and low 
capital investment and low operation cost [5, 8]. In our 
work we focused on pack siliconizing method to fabricate 
hard silicide coating on Ti6Al4V alloy. Effect of 
siliconizing time on morphology, microstructure and 
microhardness of Ti6Al4V alloy was investigated. 

2. Experimental Procedure 

Ti6Al4V alloy in the form of annealed bars (10 mm in 
diameter) was used as the substrate for siliconizing. The 
samples of 5 mm in height were cut from these bars. Before 
siliconizing, the surfaces of the substrates were 
mechanically ground on SiC papers up to 1200 grit and 
polished with 1μm Al2O3 suspension, then washed and 
dried. Pack siliconizing powder mixtures mainly consisted 
of silicon source (pure silicon), activator (ammonium 
chloride) and filler material (Al2O3). The samples, 
embedded in silicon powder mixture and filled with 
graphite powder to prevent oxidation, were placed into the 
open atmospheric furnace in an alumina crucible for 8, 10 
and 12 h at 1000°C then removed from the furnace and 
cooled in air. Microstructure studies of siliconized samples 
were performed by using a light microscope and scanning 
electron microscope (SEM). The adequacy of silicide 
coatings was also verified by microhardness measurements. 
The phases, formed on the surfaces of the coated samples, 
were identified with a Rigaku X-ray diffractometer using 
the Cu K  radiation with a wavelength of 0.15418 nm over a 
2  range of 10° to 90°. 

3. Results and Discussion 

Optical microstructures of the cross sectional layer etched 
with keller solution for Ti6Al4V alloy siliconized at 
1000°C for 8, 10 and 12 hours were illustrated in Fig. 1. It 
was observed that the silicide layer having white color is 
thin and changes between about 7-10μm. In the pack 
siliconizing process [8], NH4Cl firstly dissociates into NH3
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and HCl at temperature higher than 340°C as presented in 
reaction 1. Then HCl reacts with Si powder and SiCl4 pass 
into the vapour phase with the reaction 2. SiCl4 gaseous 
diffuses to the substrate surface and reacts with Ti forming 
atomic Si as shown in reaction 3. Thus solid state diffusion 
of the coating element of Si on the surface of substrate 
occurs. Total reaction was given in reaction 4. 

NH4Cl(s)=NH3(g)+HCl(g)                                                (1) 
4HCl+Si=SiCl4(g)+2H2                                                     (2) 
SiCl4+Ti = TiCl2+Si                                                          (3) 
Ti+2SiCl4+4H2=TiSi2+8HCl                                              (4) 

    
(a)                                         (b) 

     
                        (c) 

Figure 1. Optical microstructures of Ti6Al4V alloy pack 
siliconized at 1000°C for a) 8, b) 10 and c) 12 hours. 

SEM-Map images of siliconized Ti6Al4V alloy in Fig.2 
revealed that the coating having 8μm thickness includes N, 
Si, Ti and V elements. Si did not detect in the matrix and 
there is no diffusion zone beneath of coating.  

     

                          
Figure 2. SEM-Map images of Ti6Al4V alloy pack 
siliconized at 1000°C for 8 hours. 

EDS analysis given in Fig.3 showed that the coating layer 
are consisting of Ti, Si and N. Presence of nitrogen in the 
coating layer probably caused from the NH4Cl used as 
activator.

(a)

(b)

(c)
Figure 3. SEM- EDS analysis of Ti6Al4V alloy pack 
siliconized at 1000°C for a) 8, b) 10 and c) 12 hours. 

Porosity was observed at the interface of coating and 
matrix material sliconized at 1000°C for 12 h. The 
probably reason is vapourizing of Cl gases with increasing 
siliconizing time. Also titanium and titanium alloys 
oxidizes easily in normal atmosphere and formed oxides on 
the surface of samples before siliconizing heat treatment 
maybe causes formation of porosity. In other to avoid from 
these oxides and gas vacancies, siliconising heat treatment 
must be in vacuum or controlled atmosphere. XRD analysis 
studies indicated that dominant phases formed in coating 
layer are Ti5Si3, TiSi2, TiN and TiO and SiO2 (Fig. 4). Ti/Si 
oxide on the coating surface prevent the oxidation and wear 
of the coatings and also prevented the diffusion of the O 
towards to the matrix [4].   
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Figure 4. XRD analysis of Ti6Al4V alloy pack siliconized 
at 1000°C for 8, 10 and 12 hours. 

Layer thickness as a function of siliconizing time measured 
from their SEM microphotograph was plotted in Fig. 5a 
and Fig. 5b indicates the microhardness profile along the 
depth direction from the coating layer into the matrix.    

(a)

(b)
Figure 5. a) Variation of silicide layer thickness of 
Ti6Al4V alloy versus siliconizing time, b) variation of 
micro hardness distribution of silicide layer formed on 
Ti6Al4V alloy surface versus distance from the surface at 
1000°C for 8, 10 and 12 hours. 

Layer thickness increased with increasing time but growth 
rate of layers progressively reduced with siliconizing time. 
Vojtech et al. claimed in their study that reducing growth 
rate of layer thickness with increasing time is in accordance 
with the parabolic law [4]: 

L2 = KP×                                                                            (5) 

where L is layer thickness, KP is parabolic rate constant and 
t is siliconizing time. This means that the layer growth is 
governed by a slow solid state inward diffusion of Si and 
outward diffusion of Ti atoms. This equation can show that 
long duration of siliconizing time is not efficient on growth 
rate of layer thickness. It is seen from Fig. 1 and Fig. 3 that 
12h siliconizing time increased the layer thickness slowly 
and the coating layer get more porous (Fig. 5a). Average 
microhardness of the coating layer was over 2100 HV 
which is nearly six times than that of matrix (330 HV) and 
increased with increasing siliconizing time. Such a 
considerable increase could be attributed to Ti- Si 
intermetallic compounds and TiN phases (Fig. 5b). 

4. Conclusion 

In the present study it was observed that the powder 
siliconizing at 1000°C for 8, 10 and 12 hours resulted in 
hard multi-phase surface layers composed of Ti- Si 
intermetalics such as Ti5Si3, TiSi2,TiN phase, TiO and SiO2
which confirmed by XRD analysis.  The thickness of 
silicide layer appeared in white color ranged from 7 to 
10μm with increasing process time.  There is nearly a 
parabolic relationship between layer thickness and process 
time in siliconizing heat treatment being a diffusional 
process. It was found that compound coating layers are 
very hard, possessing hardness values up to 2100 HV.
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Abstract

Wear behavior of AISI H13 steel for service life is not adequate for many applications in the manufacture 
industry. Heat treatment such as conventional and nitrating is commonly perform to enhance service life of it. In 
last decades, some coatings technique including PVD methods were used to improve wear resistance of this 
steel. In this study, TiAlZrN coating deposited on the surface of AISI H13 steel using Pulsed DC closed field 
unbalanced magnetron sputtering method. Structural, morphological properties of coated samples were examined 
with scanning electron microscope. Wear tests were performed with using ball on disk type tribometer at room 
temperature. In addition, adhesion strength of coatings was evaluated with using scratch tester. The wear test 
results showed that TiAlZrN coating increases the wear resistance of H13 steel 20 times.  The scratch test results 
showed that the highest adhesion strength was attained as 56 N at 5 A Zr target content, 50 V bias voltages and 
2x10-3 Torr working pressure deposition parameters. Worn surfaces were characterized with SEM.

1.Introduction

Hot work steels are widely used in the manufacture industry for many applications such as casting dies, 
extrusion tools, and steel forging. Among the hot work tool steels, AISI H13 is one of the favoured die materials 
mostly used in aluminum extrusion mold industry owing to its remarkable properties such as good resistance to 
abrasion at both low and high tempereatures, high level of toughness and ductility, uniform and high level of 
machinability, good high-temperature strength and resistance to thermal fatigue, excellent through-hardening 
properties [1]. Besides, extrusion molds have technological and economical importance for its service life, since 
it affects surface quality of product and increases cost of production [2]. However service life of AISI H13 steel 
is not adequate for many industrial applications. Therefore, heat treatment such as conventional and nitrating 
have been performed to improve surface quality and increase service life of this molds made of AISI H13 steel. 
Currently application of coatings using PVD methods on the surface of AISI H13 steels another method to 
enhance wear life of this steel [3]. Among the different PVD methods, Pulsed DC closed field unbalanced 
magnetron sputtering method is one of the most successful and sophisticated technology for the metal, alloy and 
ceramic coatings to control microstructure, surface morphology and phase composition. In particular, transition-
metal nitrides have been successfully used as wear resistant coatings in many industrial applications [4]. TiN is 
one of the most well known and has been studied extensively [5]. However, its properties are not enough for 
same applications. For this reason ternary coatings such as; TiAlN, TiCrN, TiNbN were developed [6]. In these 
studies, it was observed that addition of Al improves thermal stability, hardness and wear resistance of TiN 
coating [7]. In addition, different chemical elements such as Nb, Zr, Cr, and Si were added to TiAlN coatings for 
enhancing the mechanical and wear properties of TiAlN coatings [8,9]. Addition of Zr elemen in TiAlN coatings 
also showed remarkable resistance against the oxidation and improved the mechanical and thermal properties of 
coating [10]. On the other hand, wear properties and scratch resistance of TiAlZrN coating was not investigated 
adequately.
Aim of this study, structural, mechanical and tribological properties of TiAlZrN coatings was investigated. 
Pulsed Dc closed field unbalance magnetron sputtering technique was used for deposition of coatings. 

2. Experimental Procedure 

2.1. Deposition Process

In this study, TiAlZrN-graded composite coatings were deposited by pulse DC closed field unbalanced 
magnetron sputtering. Ti, Al, Zr elemental targets were used for deposition. Hardened (550 HV 0,2) AISI H13 
steels were used for substrate material. Constant and variable parametres are given in   Table 1.  
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         Table 1. Deposition Parametres 

Constant Parameters 
Target Currents; Ti / Al               (A) 6 / 2
Interlayer Target Current Ti      (A) 6

Deposition Duration                   (min.) 60

Duty Time                                   (μs) 2,5

Working Pressure                     (Torr) 2,5x10-3

Substrate Bias Voltage               (-V) 90

Before deposition, the substrate surfaces were sputter ion cleaned for 10 minutes. In order to increase the 
adhesion of coatings, the depositions started with Ti under layer (5 minutes), which were followed by TiN layer 
(15 minutes). After this process, TiAlN/TiAlZrN for each layer was deposited for 20 minutes.  

2.2. Characterization of Coatings 

The surface morphology and thickness of the coatings were characterized using scanning electron microscope 
(SEM). Micro hardness values were measured by Struers Vickers micro hardness tester at 245,3 mN constant 
load. Five micro hardness measurements were performed for each sample to obtain the average values of 
hardness. Adhesion of the TiAlZrN-graded composite films was evaluated by scratch tester-CSM Revester 
equipped with a Rockwell C diamond stylus. Worn surfaces were characterized with scanning electron 
microscopy The wear experiments were conducted using ball-on-disk tribometer. All experimental parameters 
were kept constant as follow; Al2O3 counter body, test period 1600 cycles, normal load 2N and sliding speed 60 
mm/s. Wear volumes were measured with optical profilometer. 

3. Result and Discussions 

Thickness, scratch resistance and micro hardness and wear rate values of the coatings deposited with different 

deposition parametres are presented in Table 2.

Table 2. Thickness, hardness values, sratch values, wear rate and chemical composition of coatings

Chemical composition (%) Sample
Number

Thickness (μm) Hardness   
(HV)

Scratch Lc2

(N)
Wear Rate 

Ti Al Zr N 
R1 2,1 806 51 5,65 E-05 40,56 7,04 2,45 49,95 
R2 2,4 915 48 4,59 E-05 43,24 9,03 4,08 43,65 
R3 2,5 1005 56 2,42 E-06 45,00 6,10 7,37 41,53 

Surface morphology of The TiZrN coating investigated by the SEM is shown in Figure 2.  

    

Figure. The surface morphology of coatings a) R1 b) R2 c) R3 

 Variable Parameters 

Sample
Number Zr Target Current     (A) 

R1 2
R2 3
R3 5
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As shown in Figure 2a, the grain size of R1 coating is relatively bigger than the others. This can be related with 
the lower mobility of the adatoms (absorptive atoms) at low target current during deposition process. In the same 
figure, it can be seen that coatings show finer and more compact structure with increasing Zr target current from 
2 A to 5 A. As the Zr target current increases, the grain sizes become smaller due to the enhanced energetic 
particles bombardment. 

    

Figure 3. Coating layer thickness measurements  a) R1  b) R2  c)R3 

Thicknesses of the TiAlZrN coatings were determined using SEM photos of the crosssections obtained by brittle 
fracture in the radial direction of the films deposited on the glass substrates. It can be seen in Figure 3 that the 
coatings exhibit a dense and thin columnar structure. It was also observed that increasing Zr target current from 2 
A to 5A decreases the column sizes of coatings relatively. This is related with the higher ion bombardments at 
higher target currents. Lv et al indicated that the high energy ion bombardment to coatings increase the number 
of preferential nucleation sites and prevent the migration of grain boundaries and leading to a decrease in grain 
size[11]. Attained result can be explained with this interpretation. 
Micro hardness values of the coatings are given in Table 2. As shown in Table 2, the Zr current value increase in 
the R1, R2 and R3 samples hardness values are increased. This increase is due to the increase of the the Zr 
current, by the enhancement of the solid solution strengthening effect on the coating. This was similarly reported 
by Chen and colleagues as increasing the hardness values of the TiAlZrN coatings by increasing Zr current [12].
Scratch values of the coatings are shown in Table 2. The highest scratch resistance was attained from R3 
deposition conditions. It is interesting to note that there is relation between Al amount and scratch resistance. 
The sample which has lowest amount of Al shows highest scratch resistance, the sample which has highest 
amount of Al shows lowest scratch resistance. This can be related with the soft structure of aluminium. Besides, 
Donohue et al. indicated that increasing Zr current during deposition process results smoother and denser 
microstructure and increase hardness and scratch resistance [13]. Increasing scratch resistance may be related 
this fact.
The scratch mechanisms of samples were characterized using scanning electron microscopy. During SEM 
inspection of scratch tracks, cohesive (conformal cracking) failure mode was observed for R1, chipping failure 
mode was observed for R2, chipping and adhesive failure mode was observed for R3. Also, recovery spallation 
failure mode was observed for all films as shown in Figure 4. 

Figure 4. Scratch pattern of TiAlZrN coating at Lc2

The friction coefficients of coatings are given in Figure 5. According to Figure 5, it can be seen that R3 shows 
stable friction coefficient curve. However R1 and R2 shows former coating removed from the substrate about 
800 cycles, later coating removed from the substrate 1200 cycles. 
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Figure 5. The friction coefficient of coatings 

Wear rate of coatings are given in Table 4. From this table, it can be seen that R3 shows the highest wear 
resistant than the other coatings. This is related with its highest hardness and scratch resistance properties. 
Besides, TiAlZrN coating increases the wear resistance of H13 steel 20 times. 

4. Conclusion 

The TiAlZrN-graded coatings were successfully deposited on AISI H13 steel substrates by pulced dc close field 
unbalanced magnetron sputtering system with the different deposition parametres. The surface morphology, 
chemical composition, wear and properties of coatings were analyzed. Following conclusions were obtained; 

• All coatings show smooth and columnar structure. 
• Increasing Zr target current decreases the grain size 
• The highest hardness value was obtained at R3 deposition parameters with highest Zr current, the 

lowest hardness value was obtained at R1 deposition parameters with lowest Zr current. 
• There is relation between scratch resistance and Al amount. The highest scratch resistance was obtained 

at R3 (smallest amount of Al), the lowest scratch resistance was obtained at R2 (highest amount of Al) 
• The highest wear resistance was attained with highest Zr target current  
• TiAlZrN coating increases the wear resistance of H13 steel 20 times. 
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Abstract
 
In this study, it was aimed to investigate  the effect of 
subzero heat treatment duration as well as tempering on 
some microstructural and mechanical properties of 
commercial Calmax® cold work tool steels. Firstly, five 
steel samples were austenitized at 960oC following by 
quenching at 170°C and one of them was remained as just 
quenched for reference. After quenching, one of other four 
samples was tempered at 525°C for 30 min, while two of 
four samples were exposed to subzero heat treatment in 
liquid nitrogen medium having -197°C for 15 and 60 min, 
respectively and last sample was subjected to subzero heat 
treatment for 60 min. and then tempered at 525°C for 30 
min. The hardness of quenched, quenched and tempered, 
quenched and subzero heat treated and quenched, subzero 
heat treated and tempered test materials were determined as 
755, 527, 807, 829, 616 HV(0.1), respectively. The 
microstructure of test samples investigated by Scanning 
electron microscopy was mainly consisting of martensite 
and small amount of alloy carbides after heat treatments. 
On the other hand, martensitic zones in the microstructure 
increased by increasing deep cryogenic (sub-zero) duration 
and seconder alloy carbides became more visible by 
applying of tempering. XRD analysis revealed that 
remained austenite was considerably eliminated by only 
sub-zero heat treatment, but effectiveness of the process 
increased with additive tempering by observing of the 
ferritic and austenitic peaks. The presence of carbides 
(Cr23C6, Cr7C3) was also verified by XRD and SEM-dot 
EDS analysis.  The retained amount of austenite in the 
microstructures of samples determined by quantitative 
analysis of austenitic and ferritic iron peaks was calculated 
as 9.8% for quenced sample, 2.5 % for quenced and 
tempered, 1.9% for only sub-zero heat treated for 15 min., 
1.4% for only sub-zero heat treated for 60 min. and 0.6% 
for quenced and sub-zero heat treated for 60 min. following 
by tempering at 525 °C, in volume, respectively.   The 
results of the study indicated that both sub-zero heat 
treatment and tempering decreases the amount of retained 
austenite. Sub-zero heat treatment increases the hardness of 
test materials, while tempering decreases the hardness of 

samples. Additionaly, it was found that applying of sub-
zero heat treatment for only 15 min. is enough for 
eliminating the amount of remained austenite to desirable 
level. 
 
1. Introduction 
 
Tool steels represent an important segment of the total steel 
production [1]. Tools for metal forming (working) are 
essential for the production of metal parts in various 
industries. For example, the automotive industry in 2015 
had a share of nearly 44% of metal parts on a global scale. 
Along with the increase in demand from the automotive 
industry, the global market for stamping / punching metals 
is growing at a steady pace [2]. They are used for the 
manufacture of tools, dies and components of mechanical 
devices that demand steels with special properties [1]. The  
manufacturing  industry. Industry is always searching for 
means of increasing the durability of steel and appreciates  
enhanced  tool  life  as  an  important  economic  factor for 
various operations such as forming, cutting, and molding. 
The enhanced  life  of  cutting  tool  reduces  cost  of  
production,  whereas  productivity  and  quality  of  work 
done on the workpiece also matters [3,4]. Over the last 
decade, several researchers  have reported that due to Deep 
Cryogenic Treatment (DCT) considerable reduction in wear 
rate (WR) and coefficient of friction ( ) of AISI D2 tool 
steels than those obtained either by Cold Treatment (CT) or 
by Conventional Heat Treatment (CHT). In addition, it has 
also been reported that DCT and multiple tempering after 
cryogenic treatment reduces the residual stresses and 
enhances the dimensional stability [5]. Deep cryogenic heat 
treatment is a complementary process performed on steels 
before tempering and after quenching at deep cryogenic 
temperatures and improvement in wear resistance is a result 
of the retained austenite elimination and a more 
homogenous carbide distribution which is achieved after 
the deep cryogenic heat treatment [6]. Compared to 
alternative methods to extend tool life, DCT is an 
inexpensive one-time process. In contrast to coatings, it 
affects the whole volume of the treated materials. However, 
the literature data on the wear resistance varies from a few 
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to some hundred percent of improvement. One of the most 
discussed parameters is the holding time at the cryogenic 
temperature. Numerous investigations have shown that 
increasing the soaking time increases the wear resistance 
[7]. 
 
The aim of this study is investigate how the DCT process 
time as well as tempering affects the evaluation of 
microstructural and mechanical properties of the Calmax 
cold work tool steel. 
 
2. Experimental Procedure 
 
The chemical composition of the samples exposed to heat 
treatment processes was presented in Table 1.  
 
Table 1. Chemical composition of Calmax® cold work tool 
steel. 

wt.% Sample C Mn Ni Cr Mo V
Calmax® 0,6 0,8 0,35 4,5 0,5 0,2 

 
Five steel samples having dimension of 10x10x10 mm3 
were austenitized at 960oC following by quenching at 
170°C and one of them was remained as just quenched for 
reference. After quenching, one of other four samples was 
tempered at 525°C for 30 min, while two of four samples 
were exposed to subzero heat treatment in liquid nitrogen 
medium having -197°C for 15 and 60 min, respectively and 
last sample was subjected to subzero heat treatment for 60 
min. and then tempered at 525°C for 30 min. After heat 
treatments, the microstructural evaluations of the samples 
were examined by Jeol 6060 LV SEM. The presence of the 
carbides were investigated by EDS and XRD analyses. 
Amount of retained austenite in the microstructures 
according to DCT process time and tempering was also 
determined via Rigaku XRD instrument. The variation of 
microhardness in the samples was measured by Leica VM-
HT Mod Vickers indenter.  
 
The notations of the samples were demonstrated as C1 for 
just quenched sample, C2 for quenched and tempered at 
525 °C for 30 min., C3 for DCT processed sample for 15 
min., C4 for DCT processed sample for 60 min. and C5 for 
sample exposed to DCT for 60 min following by tempering 
at 525 °C for 30 min. 
 
3. Results and Discussion 
 
SEM microstructures of the heat treated steel samples were 
given in Figure 1a-d.  From the Figure 1a-d, it can be seen 
that microstructures consisted of martensite as well as some 
retained austenite (C1), tempered martensite with some 
small carbides (C2), increasing amount of refined 
martensites by DCT process time and more visible small 
carbides (C3, C4) and tempered martensite with higher 

amount of small carbides (C5), respectively. As a result of 
sub-zero heat treatment, it was observed that the area of 
white zones formed after quenching decreased with the 
increase of the duration of the deep sub-zero process. It was 
foreseen that these open white areas belongs to residual 
austenite (Fig. 1a-b). Furthermore, it was clear that 
martensite plates was further tapered by increasing time of 
DCT process (Fig. 1c-d). The interface of the carbide-
matrix was left behind, that is, the distinct layer around the 
carbides was scattered as result of tempering after DCT 
process. Also, it appeared that smaller secondary carbides 
(<1 m) was precipitated due to the effect of the deep sub-
zero heat treatment process (Fig. 1e). 
 

     
           (a)                                       (b) 

     
          (c)                                       (d) 

                         
                                         (e) 
Figure 1. SEM images of steel samples exposed to heat 
treatment (a) C1 (b) C2 (c) C3  (d) C4 (e) C5. 

The EDS dot analysis results with SEM (in BES mode) 
images of the heat treated steel samples were demonstrated 
in Figure 2a-e.   
 
It can be seen from the Figure 2a-e that microstructure of 
the samples consist of Fe dominant and some Cr-complex 
carbides having spherical morphology in a white zones 
become more visible by tempering with DCT process. 
Also, It was seen that the weight percent of the carbide-
forming alloy elements in the matrix were reduced due to 
tempering as well as DCT. It was highly resulted from 
precipitation of secondary carbides. 
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SEM image of C1 Mark 1

     
               Mark 2                                           Mark 3 

   
SEM image of C2    Mark 1

     
              Mark 2 Mark 3

                         
Mark 4

      SEM image of C3                           Mark 1 

    
Mark 2                                  Mark 3 

Mark 4 is similar to Mark 2

Figure 2. SEM-dot EDS analyses of heat treated steel 
samples  a) C1  b) C2  c) C3 

    
      SEM image of C4                             Mark 1 

      
               Mark 2                                    Mark 3 
Mark 4 is similar to Mark 3 

    
      SEM image of C5                            Mark 1 

               Mark 3                                  Mark 4 
Mark 2 similar to Mark 1 

Figure 2 (cont’d). SEM-dot EDS analyses of heat treated 
steel samples  d) C4  e) C5  c) C3 

The results of XRD analysis realizing for detecting 
remained austenite in the samples according to heat 
treatment processes were showed in Figure 3.  
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Figure 3. XRD patterns of heat treated Calmax steel 
samples.

By effect of DCT process after quenching, it was detected 
that the peak intensity of the remained austenite in 50.788° 
a little decreased, while the martensite peaks in 64.028 and 
82.34° increased.   On the other hand, the intensity of the 
M7C3-M23C6  peaks increased due to precipitation of that 
carbides by additive tempering (Figure 3). 

Volume ratio of residual austenite in heat treated cold work 
steel samples were calculated and the results given in Table 
2.  In order to determine the residual austenite volume ratio, 
the peaks in the planes of martensite (200) and (211) and 
those of planes (111) and (200) for austenite were used. It 
was measured that the highest residual austenite volume 
fraction was obtained as a result of the quenching process. 
By applying conventional heat treatment (quenching 
following by tempering), the residual austenite volume 
ratio in the samples dropped below 5%. DCT process 
applied to the cold work tool steel samples after quenching  
residual austenite values  further reduced compared to 
conventional heat treatment. It has been seen that the DCT 
process applied to Calmax cold tool steels for 15 and 60 
minutes reduces the residual austenite value slightly more 
than that of obtained only by tempering. It was observed 
that the residual austenite in steels samples subjected to 
tempering after DCT decreased to negligible levels. The 
amount of residual austenite further decreased with the 
increase in the duration of the DCT (Table 2). 

Table 1. Variation of remained austenite in the samples 
according to various heat treatments 

Sample Volume Ratio of Retained Austenite, %

C1                                       9.8 

C2 2.5

C3 1.9
C4 1.4
C5 0.6

The variation of microhardness values of the steel samples 
depending on the different heat treatments was given in 
Table 3.  From Table 3, it can be claimed that the 
microhardness of the DCT processed samples (C3, C4) 
according to only quenched sample (C1)  increased due to 
the transformation of retained austenite into martensite. On 
the other hand, for tempered samples (C2, C5) the 
microhardness values decreased according to C1 sample.  
However, the microhardness of C5 sample was higher than 
C2 sample because of the precipitation of some seconder 
Cr-complex carbides induced by prior DCT process and 
time. It was found that the hardness-reducing effect of the 
tempered martensite structure was higher than hardness 
gain obtained by residual austenite martensite 
transformation and carbide precipitation (Table 3). 

Table 3. Microhardness values of the samples applied to 
different heat treatments 

Sample Microhardness (HV0.1)

ref                                    210 

C1                                    755 

C2 527

C3 807
C4 829
C5 616

4. Conclusion 

Amount of remained austenite in quenched samples was 
significantly reduced by DCT and efficiency of DCT 
process was slightly increased by time progress. The 
remained austenite was further decreased by tempering 
process as tempering also leads some remained austenite to 
martensite transformation. This results were verified by 
SEM, EDS and XRD analysis. It was found that the DCT 
process resulted in increasing in microhardness of the 
samples exposed to quenching. The least microhardness 
values was measured in C2 sample that only tempered after 
quenching and microhardness of the C5 sample tempered 
after DCT process was higher than C2 sample due to some 
precipitation of seconder carbides induced by the DCT 
process. It can be claimed that applying of DCT process 
just for 15 min. reduced the amount of retained austenite to 
desirable level and samples exposed to tempering following 
by DCT process performs higher hardness than only 
tempering samples after quenching. So, the optimum 
hardness-toughness values was obtained in C5 sample. 
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Abstract 

In this study, TiO2 particle is added to the 
electroless Ni-P-B-W acidic bath for coating on 
aluminum substrate. To investigation of TiO2
content on the properties of nickel based multi 
alloys system, TiO2 particles is added to the coating 
bath at different concentrations. The 
characterization and mechanical properties of the 
particulate added composite coatings is 
investigated. 

Keywords: Electroless coating, Nickel, Boron, 
Tungsten, DMAB, Hypophosphite, TiO2
Concentration, Composites coating. 

1. Introduction 

Electroless plating is involved electrochemical 
activities, called reduction and oxidation reactions, 
take place among the chemicals entering the 
reaction[1]. Electroless nickel plating, are an 
autocatalytic process aimed to deposition  nickel 
from an aqueous nickel solution onto a substrate 
without electric current [2]. 

Electroless nickel coatings can be grouped 
according to reducing agent, hypophosphites for 
nickel phosphorus coatings, amino borates and 
boron hydrides for nickel boron coatings, and 
hydrazine for pure nickel coatings are determines 
the coating content [3]. 

Electroless nickel coatings are enable to the 
production of materials that can serve many 
purposes with high hardness, corrosion resistance, 
abrasion resistance, lubricity etc.. Electroless 
nickel, nickel alloy or nickel composite coatings are 
used in all areas of the industry due to their 
mechanical, tribological and electrical properties. 
electroless coatings are gaining importance because 
of their complex geometry and can be applied to 
any materials. [4-7]. 

Composite coatings can be formed by adding soft 
or hard particles to the coatings in cases where 
superior properties than nickel and alloys made by 
the electroless coating method are desired. [4] 

In this study , in order to utilize the lubricating and 
abrasion resistance of electroless Ni-B coatings and 
high corrosion resistance of electroless Ni-P 
coatings two reductive and to improve the thermal 
stability W added bath system was installed and 
TiO2 particles were added to this bath composition. 
Characterization studies were carried out on the 
resulting coatings. 

2. Experimental Procedure 

In this study, 6xxx series aluminum alloy was 
chosen as the substrate. The sample was prepared in 
desired sizes to be coated on the plate in 
dimensions of 3x5x1. The surfaces of these samples 
were sanded with 1200 grits of sandpaper.  An acid 
solution consisting of 1% H2SO4, 1,25% HF and 
2,5% HNO3 was used for surface cleaning and 
activation. Zincate plating is applied as preliminary 
treatment to prevent adhesion problem caused by 
surface oxides on aluminum surfaces. 

Ni-P-B-W-TiO2 coating bath composition and 
operating conditions is given Table 1. NiSO4 was 
used as nickel source, NaPO2H2 used as a 
phosphorus source and reducing agent, DMAB 
used as boron source and reducing agent. Sodium 
tungstate was used as a tungsten source. Sodium 
acetate and lactic acid were used as the complexing 
agent and thiourea was used as stabilizer. PH 
adjustment was made with sodium hydroxide. TiO2
(10-15-20 g / L) was used at different 
concentrations for the composite coating. SDS was 
used as the surface active material to increase the 
wettability of TiO2 particles. The TiO2 particles 
added with SDS were mechanically stirred for 30 
min. The prepared TiO2 particles were added to a 
electroless Ni-P-B-W coating bath. Coating was 

C for 1 hour at a stirring speed of 
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300 rpm. In order to reveal the intermetallic phases 
such as Ni2P, Ni3P, Ni2B, Ni3B in the after-coating 
layer and to improve their abrasion properties, they 

were heat- -H2
gas atmosphere and then cooled to room 
temperature. 

Table 1. Electroless bath chemical composition and working parameters.

Bath chemical 
composition

Working parameters

NiSO4.6H2O 33 g/L pH 5-6 

NaPO2H2 25 g/L Deposition Time (min)  60 

C2H3NaO2 16 g/L Bath Temperature 85 

C4H12BBrN2 2,5 g/L Stirrer Speed (rpm) 300 

C12H25O4S.Na  0,1 g/L 

CH4N2S 0.001g/L 

C3H6O3 28 ml/L 

Na2WO4 50 g/L 

TiO2 Particles 10-20 g/L

3. Result and Discussion 

Fig 1. Shows the surface and cross-sectional images 
of coatings obtained from titanium oxide powder 
added electroless Ni-B-P-W-TiO2 composite 
coating baths at different concentrations. 

Fig 1. seen that when the electroless Ni-B-P-W-
TiO2 composite coating surface images are 

examined the amount of titania on the surface 
increases depending on the TiO2 concentration 
added to the coating bath. Similarly, when the TiO2
concentration in the coating bath is increased, the 
amount of dust particles included in the cross 
section increases. Particle addition increases the 
coating thickness up to a concentration of 15 g / L 
TiO2, whereas when the TiO2 concentration is 20 g 
/ L, the coating thickness decreases. Table 2. shows 
the effect of titania amount on thickness. 
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Fig 1. Surface and cross-sectional FESEM images of coatings obtained from titanium oxide powder added electroless Ni-B-
P-W-TiO2 composite coating baths at different concentrations, (a),(b) 10 g/L TiO2, (c),(d) 15 g/L TiO2, (e),(f) 20 g/L TiO2

Table 2. Deposition thickness depending on the amount 
of TiO2

Amount of TiO2 Deposition Thickness 

10 g/L 22,93

15 g/L 35,61 

20 g/L 26,71 

Fig 2. shows XRD patterns before and after thermal 
treatment of the coatings obtained from titanium 
oxide dust added electroless Ni-B-P-W-TiO2
composite coatings different concentrations. 

When the XRD patterns are examined, it is seen 
that the coatings are amorphous before heat 
treatment. Intermetallic phases such as Ni2B, Ni3B, 
Ni2P, and Ni3P appeared after heat treatment 
applied C for 2 hours in Ar-H2 gas 
atmosphere. 

Fig 2. XRD Pattern of Electroless Coatings: (a) After 
Heat Treatment, (b) 10 g/L TiO2, (c) 15 g/L TiO2, (d) 20 
g/L TiO2

Micro hardness tests were carried out to examine 
the effects of heat treatment on hardness. 25gf force 
was applied while hardness measurement.  

Fig 3. Effect of different Titania ratios on the hardness 
of Ni-P-B-W-TiO2 coatings 

When Figure 3 examined, it was observed that the 
increase in titania rate positively affects hardness. 
At the same time, the intermetallic phases formed 
after heat treatment were seen to have the effects of 
increasing the hardness. 

4.Conclusion 

The electroless Ni-P-B-W-TiO2 coatings are 
successfully coated on the aluminum surface 

10, 15, 20 g / L In composite coatings made with 
Titanium reinforcing, the maximum coating 

addition of 15 g / L titanium. 

XRD analyzes revealed that intermetallic phases 
such as Ni2B, Ni3B, Ni2P and Ni3P were formed 
after heat treatment. 

When the hardnesses of composite coatings were 
compared, hardness enhancing effects of 
intermetallics formed after heat treatment were 
observed. And also the increase in the rate of titania 
has led to an increase in hardness. 
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Abstract
Shot peening is local cold deformation of the metallic 
components by impacting of small spherical shots with 
high velocity. Fatigue life of the shot-peened 
components remarkably increases due to strain 
hardening and formation of compressive residual 
stresses in the near-surface zone. The magnitude and 
depth profile of the residual stress are of major 
importance for the quality assessment of the shot-
peened components. To control the achievement of the 
design requirements of shot-peening, there is a need for 
a practical and rapid non-destructive method that is 
able to measure the surface residual stresses. This study 
aims to establish a correlation between the magnetic 
Barkhausen noise measurements and the fatigue life of 
the shot-peened steels. 

Keywords: Steels, Shot-peening, Residual stress, 
Fatigue, Non-destructive evaluation, Magnetic 
Barkhausen Noise 

1. Introduction

Shot peening is a local cold deformation of the near-
surface zone of the metallic components by impacting 
of small spherical shots with high velocity. A 
remarkable increase in fatigue life can be achieved by 
shot-peening due to cold deformation and formation of 
surface compressive residual stresses. Under the effect 
of peening media, local plastic deformation stretches 
the surface whereas the core shows resistance to 
stretching which results in a compressive stress region 
at the surface. Residual stresses can be measured by 
destructive or non-destructive methods [1]. 

Depending on the severity of the shot peening, the 
magnitude and depth of the compressive residual stress 
change. The highest value of the compressive stress at 
the surface or just below it and the gradient of 
compressive stress are of major importance for the 
final quality assessment. In practice the quality of 
surface layers is determined by various methods like 
microstructural analysis, hardness and residual stress 

measurements. Almen tests are usually carried out in 
order to optimize and to verify the peening parameters. 
However, Almen tests are performed on a strip of 
metal only similar in composition and elastic properties 
to that of the actual part to be peened, they do not 
match the conditions of the process such as the shape 
of the real part or the residual stress prior to the 
treatment. The only reliable way to verify the success 
of the treatment is to measure the residual stresses. In 
case of mass production, a large number of 
measurements supported by statistical analysis are 
needed. Due to high production rates and strict quality 
control requirements, the industry demands non-
destructive, practical, cheap and fast characterization 
methods to control all of the products. 

Ferromagnetic materials consist of domains, i.e., very 
small magnetic regions magnetized along a certain 
crystallographic direction of easy magnetization 
(Figure 1). Domains are separated from one another by 
domain walls. When an a.c. external magnetic field is 
applied, irreversible jumps of domain walls occur due 
to discontinuous domain wall motion, rotation, 
nucleation and annihilation of domains. On removing 
the field, the magnetization declines to zero if there is 
no barrier to domain wall motion. When the strength of 
the magnetic field reaches the critical level, the 
motions of domain walls continue by jumps, i.e. 
magnetic Barkhausen noise (MBN) that can be 
detected as the voltage pulses induced in a pick-up coil 
positioned close to the surface.



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1041
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Figure 1 Schematic view of magnetic domains in a 
polycrystalline ferromagnetic material 

Microstructural features (dislocations, precipitates, 
inclusions and grain boundaries) affect the pinning sites 
for domain walls whereas residual stresses affect the 
area of the domain walls. Since MBN signals are 
sensitive to changes in both microstructure and residual 
stresses, the microstructure should be stable for accurate 
determination of residual stresses. Tensile stress 
increases the domain wall area that leads to an increase 
in the MBN emission in contrast to the effect of 
compressive stress [2].  

During magnetization/demagnetization process the 
atomic interactions affected by the anisotropy in electron 
states cause direction-dependent variations in the 
interatomic distance, called as magnetostriction. These 
variations are responsible for very slight changes in the 
dimensions of the material due to distortion of the crystal 
lattice. When a ferromagnetic material is magnetized, 
magnetic moments in the domains become aligned in 
parallel to the direction of the external field, causing a 
forced magnetostriction. If residual stresses are present 
in the structure an additional magnetic anisotropy arises. 
In the case of positive magnetostriction, the elongation 
will be easier if tensile stress is present in the direction 
of magnetization. If there is a residual tensile stress in a 
material having positive magnetostriction like iron, the 
total elastic energy can be reduced if the domains are 
pointing along the stress axis. For a field aligned with a 
tensile residual stress, the magnetization will be greater 
compared to compressive residual stress and hence the 
magnetic permeability will be greater [3]. 

Tiitto distinguished the residual stress profiles in the 
steel components subjected to shot peening by 
measuring the level of MBN [4]. Sipahi et al. 
demonstrated the potential of the MBN method for 
determining the shot peening quality in steel 
specimens, and they reported that the MBN intensity 
gradually increases with decreasing residual 
compressive stress [5]. Suominen and Tiitto evaluated 
various steel specimens shot peened to various Almen 
intensities by MBN. They reported that the response of 
MBN emission is dependent on the work hardening 
and work softening caused by the cold working effect 

of the shot peening process [6]. Jiles et al. assessed the 
shot peened high-strength steel by analyzing the 
maximum values of the MBN signal. They 
demonstrated that the residual stresses in the surface 
causes a broadening of the range of critical field 
strengths for domain wall activation, consequently the 
spectrum of activation fields obtained on a plot of 
micro-magnetic activity versus magnetic field strength 
can be used as an indication of the shot peened 
condition of the material [7]. Zagar et al. measured 
residual stresses in the Ck45 steels by MBN and hole-
drilling techniques after shot peening the specimens. 
They observed that differences up to 150 MPa exist 
between the results of these techniques [8]. Sava  and 
Gür evaluated the surface residual stresses in the shot 
peened low-C low-alloy steel specimens by the MBN 
method. Various sets of specimens having dominantly 
ferritic microstructure were prepared by shot peening 
with four Almen intensities, three impact angles, and 
three coverage values. They concluded that with a 
proper pre-calibration MBN is a fast and reliable 
residual stress evaluation method for the shot peened 
steel components, and it can detect one Almen 
difference in the severity of shot peening [9].

2. Experimental Procedure 

AISI 4140 steel specimens with the dimensions of 
Ø22mm x 130mm were prepared for the resonant 
fatigue tests. For the test matrix, three Almen 
intensities (3-6, 4-7, 6-10) and two coverage values 
(200%, 300%) were chosen.

Surface roughness values in terms of the arithmetic 
mean were measured over the gauge length of the shot-
peened specimens. The surface roughness of all 
specimens was almost identical, and the average 
surface roughness was about 1.5 μm.  

MBN measurements were performed using the roll-
scan channel of the Stresstech 500-2 equipment. The 
roll-scan channel presents the real time measurement 
evaluating a magneto-elastic parameter. A cyclic 
magnetic field was induced in a small part of the 
specimen by the help of a coil, sparked with alternating 
current. The excitation frequency was 125 Hz and the 
Barkhausen signals were analysed in the frequency 
range of 20 to 1000 kHz that correspond to the 
information depths in the range of 30 to 210 m. The 
proper contact of the sensor was assured to apply the 
same pressure on each specimen.  

A calibration curve was established in order to convert 
the MBN parameter to the stress value. Before shot 
peening, the reference specimen was incrementally 
loaded in the elastic deformation range in order to 
create compressive stress by using Zwick electro-
mechanic testing machine. The specimen was loaded 
until 10 kN and MBN values were recorded during 
loading. It was observed that the MBN emission started 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1042 IMMC 2018   |   19th International Metallurgy & Materials Congress

to decrease when the magnitude of the compressive 
load increased. 

Fatigue tests were performed on the axial resonant 
testing machine with 140 Hz frequency. The stress 
ratio for the tensile-tensile loading was 0.1. To decide 
the most appropriate stress range, first, the specimen at 
the as-machined condition was cyclically loaded for the 
maximum stress of 400 MPa. If the specimen did not 
fail until 1.1E+07 cycles, i.e., the run-out criterion, the 
staircase method was applied by increasing the stress 
level with the increment of 100 MPa. The specimen 
failed after 300,000 cycles for 700 MPa loading. Then, 
the remained tests of the specimens were performed for 
the maximum stress of 700 MPa. For the specimens 
still not failed, the maximum stress level was raised to 
750 MPa.  

3. Results and Discussion 

The microstructure of the specimens consists of ferrite 
and pearlite phases with an average hardness of 36 
HRc. The peak values of MBN r.m.s. profiles are given 
in Figure 2, and the effect of the shot-peening 
parameters on the magnitude of the surface residual 
stress can be seen in Figure 3. Decreasing intensity and 
coverage enables enhancement in MBN r.m.s value due 
to forming diverse compressive residual stress for the 
given parameters except the 4A-7A-%300 specimen. 
Among the specimens, the 3A-6A-%200 has the 
minimum MBN peak height and the maximum 
compressive residual stress.  

Figure 2 Variation of MBN r.m.s. value with the shot 
peening parameters 

Figure 3 Effect of the shot-peening parameters on the 
magnitude of the surface residual stress  

The correlation between the magnitude of the 
compressive residual stress and the fatigue life is 
shown in Error! Reference source not found.. The 
fatigue life of the shot-peened specimens increases 
with increasing magnitude of the surface compressive 
residual stress due to retardation of crack initiation and 
propagation. Due to local plastic deformation caused 
by shot peening, excess number of dislocations forms 
in the surface-near zone. These dislocations interact 
with each other without enabling sharp slip, thus, the 
nucleation of the fatigue crack is delayed. Even if the 
crack is nucleated under cyclic loading, the 
compressive residual stress field avoids the movement 
of dislocations, i.e. it acts as a barrier to the crack 
propagation.

Figure 4 Correlation between MBN r.m.s. value and 
fatigue life 

4. Conclusion 

This study aims to establish a correlation between the 
parameters of the magnetic Barkhausen noise 
measurements and the fatigue life of the shot-peened 
AISI 4140 steels. Various sets of specimens were 
prepared for three Almen intensities (3-6, 4-7, 6-10 
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Almen) and two coverage values (200%, 300%). A 
calibration curve was established in order to convert 
the MBN parameter to the stress value. After MBN 
measurements, fatigue tests were performed. The 
following conclusions can be drawn from this 
particular study:

• Compressive residual stress created on the surface 
by shot peening improves fatigue life of AISI 4140 
steel.

• Magnitude of compressive residual stress is 
dependent upon the shot-peening parameters, i.e., 
the Almen severity level. 

•  MBN emission is sensitive to the changes in the 
severity level of shot-peening. It reduces with 
increasing magnitude of the compressive residual 
stress.

• MBN is a promising nondestructive technique for 
an easy and rapid controlling of the success of the 
shot peening on the whole component, and also 
monitoring the variation of the surface residual 
stresses.

• MBN versus stress calibration is important to 
obtain reliable quantitative results of residual stress.
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ABSTRACT 

Austempered ductile iron (ADI) is a special class of 
ductile cast iron that offers a good combination of high 
tensile and fatigue strength, high toughness and wear 
resistance. In addition, ADI has good damping 
characteristics, low cost and low density, the latter of 
which provides light weighting. Those promising 
properties of ADI ensures reliable service under heavy 
conditions of shock, impact and wear. A multiscale 
microstructure analysis is required to fully understand the 
microstructure of ADI and then correlate microstructural 
parameters to mechanical properties since the size, shape, 
and fraction and also the nodularity of graphite particles as 
well as the matrix microstructure influences the 
mechanical properties. A simple optical microscope image 
of as-polished ADI is usually enough to characterize the 
graphite particles, since their average size is in the range 
of 20 – 50 m. However, the details of ausferrite matrix 
cannot be resolved with optical microscope. The details of 
the ausferritic matrix can be resolved with field-emission 
scanning electron microscope (FEG-SEM). In order to 
fully resolve the carbon enriched austenite regions, 
electron back-scatter diffraction technique (EBSD) should 
be employed. EBSD measurements revealed two types of 
austenite: i) film type between bainite platelets and ii) 
blocky type, between bainite-sheafs and also around prior 

austenite grains that are not transformed. EBSD inverse-
pole figures also shows the austenitic grain structure 
before the austempering treatment. The present study 
shows that an EBSD analysis is certainly needed to fully 
understand the specific microstructure of ADI, and later 
correlate it to the resulting mechanical properties. 

1. Introduction 

Austempered Ductile Iron (ADI) is a special type of 
ductile cast iron produced by a special type of heat 
treatment process called “austempering”. ADI shows 
improved mechanical properties, high fatigue strength; is 
resistant to wear and abrasion, and offers good toughness 
compared to other types of cast irons which makes it a 
great alternative for certain steel grades and even 
aluminum alloys [1]. ADI is 8-10% lighter than wrought 
steel. Also, in terms of per unit of mass ADI typically costs 
lower than steel. By replacing steel with ADI which has 
same configuration, less material will be required and less 
will be paid for the material [2]. Sum of all above makes 
ADI an attractive material for industries such as 
automotive, rail transportation and agriculture [3].

The outstanding properties of ADI come from its special 
microstructure composed of nodular graphite particles on 
an ausferrite matrix, which is a mixture of acicular 
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bainitic-ferrite and carbon enriched austenite. To fully 
understand the microstructure of ADI and correlate it to 
mechanical properties, a multiscale microstructure 
analysis is needed [4]. Mechanical properties of ADI are 
highly dependent on parameters such as size, shape, 
fraction and nodularity of graphite particles, austenitizing 
and austempering temperature and time, thickness of the 
specimen, alloying additions, as well as the matrix 
microstructure [5-9]. Although a simple optical 
microscope image of as-polished ADI is usually enough to 
characterize the graphite particles, the details of ausferrite 
matrix cannot be resolved with it. A field-emission 
scanning electron microscope (FEG-SEM) is required to 
resolve the details of the bainitic ferrite of ausferritic 
matrix. Moreover, in order to resolve the carbon enriched 
austenite regions of the ausferritic matrix, electron back-
scatter diffraction technique (EBSD) should be employed. 

 

Figure 1 Multiscale microstructural analysis steps; a) 
characterization of graphite particles from optical micrographs 
of as-polished specimen, b) and c) optical microscope images, 
d) FEG-SEM images of the etched sample; e) and f) EBSD IPF-
maps revealing the details of carbon enriched austenite and 

regions of the ausferritic matrix

The present study is focused on importance of EBSD 
analysis for ADI to understand the relationship between its 
microstructure and mechanical properties. For that 
purpose 3 different alloys were cast, austempered, 
mechanically tested; followed by metallograpic 
examination using optical and scanning electron 
microscopes as well as employing the EBSD technique. 

2. Experimental Procedure 

The material used in this study was first cast as Y-blocks, 
having 3 different chemical compositions: i) lean alloy 
composed of carbon, silicon and manganese only; ii) lean 
alloy + Cu; iii) lean alloy + Cu + Ni + Mo. From each Y-
block at least 3 cylindrical specimens having 6 mm 
diameter were machined. Those specimens were then 
austenized between 850 - 950oC for 60 - 90 minutes until 
a homogenous austenitic matrix was obtained. 
Austenitizing process was followed by austempering 
between 250 - 400oC for 90 - 180 minutes, and then 
tension tests were performed. Both the heat treatment 
processes and tensile tests were repeated 3 times to ensure 
repeatability using DSI-Gleeble 3800 thermomechanical 
simulator. The same austenitizing and austempering 
temperatures and durations were used for all specimens. 

One specimen from each alloy was prepared for 
metallographic examination. For nodularity analysis, 30 
images from each as-polished specimen were taken at 50x 
magnification via Nikon Eclipse LV 150 optical 
microscope, under bright field illumination in order to 
differentiate graphite particles. The nodularity, nodule 
count and nodule size of graphite particles were 
determined in accordance with the ASTM E2567 [10] by 
using Clemex Vision-Pro image analysis software. Before 
EBSD analysis, a final polishing with 0.05 mm colloidal 
silica particles was performed on the specimens. EBSD 
analysis was done using Zeiss Merlin field emission gun 
(FEG) scanning electron microscope (SEM), equipped 
with EDAX/TSL EBSD system with Hikari camera. The 
average hardness of the matrix of the specimens was 
determined by taking 10 Vickers micro-hardness 
measurements from randomly selected regions of the as-
polished surfaces of the specimens. For this purpose 
Zwick / Roell ZHV 10 micro-hardness tester was used 
with a load of 19.61 N at a test speed of 25 mm/min. 
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3. Results and Discussion 

The nodularity analysis have been performed on the as-
polished images of specimens, an example of which is 
shown in Figure 1a. The results of this nodularity analysis 
have been listed in Table 1. Figure 2 shows the size 
distribution of nodular graphite particles. Alloying 
additions refine the graphite particles from 47.5 m to 
27.9 m. Figure 3 shows the shape factor distribution of 
graphite particles. Figure 3 indicated that each alloy has 
almost the same nodularity; and all of the samples’ 
nodularity values are higher than 83%. The lean alloy has 
the lowest elongation, tensile and yield strength; whereas 
it has the highest nodularity. This indicates that for the 
smaller differences in nodularity values do not correlate 
with the mechanical properties.  

Figure 1 b and c shows the optical micrographs of the 
specimens, which can hardly resolve the matrix phases. 
FEG-SEM analysis shown in Figure 1d can resolve the 
details of the ausferritic matrix. EBSD technique was 
employed to resolve carbon enriched austenite regions of 
the matrix of the specimens. EBSD inverse pole figures in 
Figure 1e and 1f represent the acicular ferrite and austenite 
regions. It is observed that both ausferrite and retained 
austenite become finer with increase in alloying elements. 
Alloys with finer matrix phases show higher elongation, 
tensile and yield strength. For the present studies the 
differences in mechanical properties are mainly due to 
differences in fraction and morphology of the matrix 
phases.  

Figure 2 Nodular graphite particle size distributions 

Figure 3 Graphite particle shape factor distributions 

Figure 4 shows an example pattern quality map, in which 
austenite regions are shown in green. The Figure reveals 
two distinct types of retained austenite: : i) film type 
between ferritic platelets and ii) blocky type, between 
ferritic-sheafs and also around prior austenite grains that 
are not transformed. The samples with higher alloying 
additions contain less retained austenite after tensile 
testing. This could be due to i)ausferrite transformation 
kinetics; ii) the transformation induced plasticity (TRIP) 
effect; which causes transformation of metastable retained 
austenite to martensite during tension testing. Further 
analyses are needed to fully understand those cases. 

 

Figure 4 EBSD pattern quality and austenite (green) maps
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Table 1 Nodularity, matrix hardness, mechanical properties and retained austenite of the alloys studied 

Nodularity 
by Area 

Nodular 
Graphite 

Particle Size 

Vickers 
Hardness 
(HV0.2) 

Yield 
Strength 

MPa 

UTS 
MPa 

Total 
Elongation 

(%) 

Ret-  
volume 
fraction 

Lean Alloy %89.27 47.5 m 462  ± 83 
713 
± 

14 

1004.0 
± 

28.1 

4.2 
± 

0.8 
41.1 % 

Lean + Cu %86.36 35.1 m 458  ± 82 
868.7 

± 
23.0 

1158.0 
± 

4.3 

9.0 
± 

2.2 
32.5 % 

Lean + Cu + Ni + 
Mo 

%83.74 27.9 m 437  ± 93 
893.4 

± 
8.0 

1182.0 
± 

14.7 

10.5 
± 

0.01 
20.5 % 

4. Conclusions 

The correlation of microstructure and mechanical 
properties of ADI by multiscale microstructural analysis 
has been studied. The following conclusions can be 
drawn:  
 The graphite nodularity of all 3 samples is higher than 

83% and almost the same. Increasing nodularity does 
not influence the overall mechanical properties beyond 
83%.

 For the present case, the morphology and fraction of 
matrix phases have more significant effect on 
mechanical properties. EBSD pattern quality maps and 
invers pole figures reveal that specimens have finer 
ausferrite matrix and the retained austenite grains have 
improved strength and ductility. 

 The strength and ductility do not correlate well with 
the matrix hardness of the specimens. Specifically for 
the lean alloy, the higher hardness is due to the 
presence of martensitic regions, which also decreases 
ductility significantly 

 The samples with higher alloying additions contain 
less retained austenite after tensile testing. Moreover; 
those samples exhibit higher uniform elongations, 
which can be due to TRIP effect. 

This study shows morphology and fraction of matrix 
phases have more pronounced effect on mechanical 
properties and EBSD technique is needed to analyze it in 
more detail. 
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Abstract

The aim of this study is to investigate the effect of 
austempering time and different quenching media on the 
mechanical and microstructure properties of the 
camshafts made of ductile cast iron (GGG80). For this 
purpose, optimum casting conditions were determined 
with NOVACAST program, the camshafts were 
produced by using the sand casting method. The casting 
was carried out at 1425°C and the pouring time was in 
14 sec. For nodulizing process, Fe-Si-Mg alloy has been 
used and Fe-Si-Ba-Ca-Al alloy has been for inoculation 
process. The produced camshaft was subjected to the 
austenitizing process (90 minutes at 900°C under 
vacuum furnace). The camshaft was then transferred to a 
salt bath (50%KNO3+50%NaNO3) at 260°C and 
austempering was applied for 60-120-240-360 min. The 
camshafts that completed the austempering process were 
allowed to cool down in different quenching media (oil 
and air). The microstructure of the camshafts were 
examined under an optical microscope and mechanical 
tests (hardness, tensile and wear tests) were performed. 
In this study, the highest hardness and wear strengths 
value was observed in the camshafts that were 
austempered at 120 minutes and cooled down in the oil. 
The highest tensile strength was observed in the 
camshafts that were austempered at 120 minutes and 
cooled down in the air. 

1. Introduction

The production of camshafts used in engines, it is carried 
out with the casting and machining techniques. Today, 
camshafts are produced from gray, nodular graphite cast 
iron, because of many advantages, and also machining of 
steel [1-2].

Spheroidal graphite cast iron has properties “such as 
high tensile strength, high ductility, high wear resistance, 
low melting temperature and easy production at low cost 
[3-5].

Austempering heat treatment may be implemented to 
spherical graphite cast iron. When researches on 
austempered spheroidal graphite cast iron increase, the 
field of its use increase also. Austempered spherical 
graphite cast irons have been started to be used instead 
of casting or forging steels used in the automotive 
industry [6-7].

When the thickness of the cross section of spherical 
graphite cast iron increases, it is difficult to produce 

good quality of castings suitable for austempering. As 
the increase in cross-sectional thickness causes a 
decrease in the cooling rate, the number of graphite 
sphere decreases and micro-shrinkage, porosity, and 
deterioration of graphite sphericality and eutectic 
carburetion and segregation of alloying elements such as 
Mn and Mo may occur [8].  

The spherical graphite cast iron should contain high 
amounts of alloying elements for the application of a 
complete austempering process. Higher amounts of 
alloying elements increase the possibility of segregation 
[9].

After heat treatments, oil-based coolant and room-
temperature air environment are used. It has been 
observed that residual stresses in the chilled parts of the 
oil are higher than those of the heat treated parts in order 
to determine the effects of different cooling media [10]. 

The aim of this study is to investigate the effects of 
austempering and diffrent quenching mediaon 
microstructure and mechanical properties of heavy 
vehicles camshaft.

2. Experimental Method 

2.1. Materials and Methods 

In order to eliminate possible errors, the liquid metal 
filling (Fig. 1a) and shrinkage vacuum ) with the runners 
and feeders (Fig. 1b were simulated by 3D solid 
modeling of sand casting models in the Nova Cast 
casting simulation program, before the production of 
ductile iron camshaft. 

       a                b 
Figure 1. Casting simulation; a) liquid phase, b) shrinkage 

Mould sand that will be used in the camshaft casting was 
prepared. Melting of the metal in three different chemical 
analyzes was conducted in induction furnaces. The 
chemical composition was analyzed by spectrometer and 
Atas termal analysis equipment. Table 1 shows the 
chemical compositions of cast iron used in camshaft 
production.
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Table 1. Chemical analyses of casting camshaft 
C Si Mn P S Mg Cr Ni Mo 

3,61 2,45 0,27 0,034 0,024 0,045 0,077 0,061 0,023

Cu Al Ti V Nb W Co Sn Fe 

0,051 0,005 0,01 0,005 0,002 0,003 0,001 0,003 Balance

Nodulizing process was done in the treatment crucible 
between temperature of 1550-1570°C and Fe-Si-Mg 
alloy was used for nodulizing treatment. While liquid 
metal was poured into casting crucible, inoculation 
process was done by adding Fe-Si-Ba-Ca-Al alloy. 
Casting process was completed 15 sec. and at the 
temperature of about 1430°C by controlling laser type 
thermocouple. By this way, camshaft and tensile samples 
(Y blocks) were casted by sand mold casting method. 

Remaining sands on the surface of camshafts and Y 
blocks has been cleaned by sand blasting device. The 
runners and risers of camshafts and Y blocks were 
separated by cutting and their surfaces were ground on 
CNC machines. Tensile test samples were produced 
from Y blocks according to ASTM A597 standard 
(Figure 2).

Figure 2. ASTM A597 standard tensile sample 2D technical 
drawings

2.2. Heat Treatment

In the austempering heat treatments, cabin type 
furnace is used that works with electrical resistance 
and can go up to 1150°C and has atmosphere and 
temperature control. After the camshafts were 
austenitized at 900°C, 90 minutes, austempered rapidly 
in salt bath (%50KNO3+%50NaNO3) at 260°C, 60-
120-240-360 minutes duration. After that, camshafts 
were cooled in air and in oil to room temperature. 

2.3. Metallographic Process 

Heat treated camshafts samples were made ready for 
microstructure investigation by standard metallographic 
methods (mounting, grinding, polishing) and then 
etching process was conducted to the samples by using 
2% nital solution. Microstructure of the camshaft was 
examined under a Nikon MA200 optical microscopy 
and analyzed by Clemex Vision Lite of image analysis 
software. % of nodularity, nodule size and number, % 
volume graphite, ferrite and pearlite were measured.  

2.4. Mechanical Tests 

2.4.1. Hardness Test 

Hardness of core sections on camshafts as casted and 
austempered conditions were measured applying 750kgf 
load in terms of brinell hardness by Instron Wolpert 
hardness device. Hardness test was measured five times 
from different sections. 

2.4.2. Tensile Test 
Tensile test machine called ALSA with 20 tons was used 
for tension test. Tensile strength, yield strength and the 
amount of % elongation were determined. Tension test 
were conducted three times and average values of tensile 
properties were given and then the fracture surfaces of 
each sample were examined by SEM.   
2.4.3. Wear Test 
For wear tests, wear test sample were prepared by taking 
cut views from cam sections on the camshafts under 
casted and heat treated conditions. UTS T10/20 brand 
pin-on disc type test apparatus (tribometer) was used for 
wear test. Wear test was conducted in accordance with 
ASTM Standard G99-05, with various loads, constant 
distance and at a constant RPM. Then, weight loss was 
measured by sensitive balance and wear surfaces were 
examined by optical microscope either on sample or on 
ball bearing that is wear counterpart. Because of ASTM 
G99-05 standard is based on the measurement of wear 
volume, wear on ball bearing was calculated by using 
mathematical relationship and direct measuring 
volumetric loss. Wear test parameters used in this study 
are shown in Table 2. 

Table 2. Wear test parameters 

3. Results and Discussion 
3.1. Microstructure 
Results of image analysis obtained by Clemex Vision 
Lite program was given in Table 3. As seen in the 
table; % nodularity, nodule count, nodule size, 
graphite, ferrite and pearlite volume ratio values are 
close to that of values in GGG80 cast iron standard. It 
has shown that the method was implemented in 
camshaft production was correct and reliable. 

Table 3. Microstructural analysis results 

Nodularity
(%)

Nodule
count
(mm2)

Size of
nodule
(mμ)

Graphite
Volume

(%)

Ferrite
volume

(%)

Perlite
Volume

(%)

90 299 12,15 9,13 26,27 64,60

Camshaft microstructure was given in Figure 3, the 
microstructure is a typical graphite cast iron casting 
structure. The ductile graphite nodules contain ferrite 
converted particles, which are carbonized around the 
graphite nodules, and a perlitic matrix outside them. 
Increasing the number of graphite spheres increases the 
ferrite volume ratio and it is called bulls eye that it is 
seen ferrite structures close to generally graphite 
spheres and perlite are seen in other parts. 

Test Parameters Test 1 Test 2
Wear ball bearing 100Cr6 100Cr6

Ball Bearing hardness (HRC) 65 65 
Ball bearing diameter (mm) 5 5 

Nominal Load (N) 30 30 
Disc Rotating  Speed (rpm) 300 300 

Sliding speed (m/s) 0,095 0,095 
Sliding distance (m) 500 500 

Test temperature (°C) RT RT 
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                     a              b   
Figure 3. The microstructure of the cast camshaft; a) 100X, b) 

500X

The changes in the microstructure due to the 
austempering time and the quenching media were shown 
in Fig.4 In all the austempered samples, the 
microstructure was composed of austenite and 
unconverted austenite due to the time period of the 
process. As a result of 2% nital etching, Ferrit dark, 
high-carbon austenite light-colored and unconverted 
austenite appear as light-colored large areas. In the 
austempering heat treatment, the amount of ferrite and 
converted austenite increased while the amount of 
unconverted austenite decreased as the ferritin 
precipitated from the austenite, depending on the time 
required for diffusion. As the austempering period 
increased after the treatment interval, there was a 
decrease in the number of sphere (Fig. 4 e-g) and the 
sphere sizes increased accordingly. The changes in 
microstructure by air cooling and oil cooling after the 
austempering process are shown in Fig. 4 b-d-f-h. When 
these microstructures were examined, it was observed 
that the residual stresses increased. 

    a          b 

       c             d 

       e             f 

       g             h 
Figure 4. Microstructures of austempered camshaft, 100X; a) 

60 min. air cooled, b) 60 min. oil cooled, c) 120 min. air 
cooled, d) 120 min. oil cooled, e) 180 min. air cooled, f) 180 

min. oil cooled, g) 240 min. air cooled, h) 240 min. oil cooled 

3.2. Mechanical Tests 
3.2.1. Hardness Results
Because the core of camshaft cools more slowly than that 
of surface, it is softer and measured with Brinell 
hardness. The changes in the hardness of the samples 
depending on the casting conditions, austempering time 
and the different quenching media are given in Table 4. 
Hardness values are observed depending on the amount 
of perlite in the phase structure in the samples in the 
spilled condition. As a result of the austempering heat 
treatment, an increase in hardness values was observed. 
This is due to the increase in amount of C that the matrix 
austenite solves. It is seen that there are not very large 
differences between the hardness values of the 
austempered samples. Hardness values of the 
austempered and oil-cooled specimens are higher than 
those of the air-cooled specimens. In parallel with the 
increase in the austempering period, the hardness values 
of all samples decreased. 

Table 4. Hardness analysis results (HB) 
Quenching

Media 
As

Cast
60 min. 

Aus.
120 min. 

Aus
240 min. 

Aus
360 min. 

Aus
cooling in air 421 479 401 375 
cooling in oil 

227
459 532 441 393 

3.2.2. Tensile Test Results 
Tensile tests were conducted three times for each sample 
and average values of tensile properties were calculated 
and submitted. Tensile test results were given in Table 5. 
As can be seen from the results, tensile strengths were 
observed accorded to the amount of perlite in the phase 
structure of the samples in the spilled condition. As a 
result of the austempering heat treatment, an increase in 
tensile strength values was observed. As the 
austempering period increases after the austempering 
process interval, tensile and yield strengths decrease and 
% elongation increases. The tensile strengths of air 
cooled specimens are higher than those of oil-cooled 
specimens. The highest tensile strength was observed for 
120 min. austempered and air cooled samples.

Table 5. Tensile test results 

3.2.2.1. Fracture Surfaces SEM Analysis 
General fracture surface of the samples in the casting 
condition are seen in the figure 5. It exhibits a rather flat 
and roughness-free fracture character with no porosity 
formation / accumulation. A mixed fracture mode occurs 
with ductile and brittle property. Detailed surface 
fracture is seen in Figure 5b that was taken from a 
centrally indented area. Ductile fracture (A) is observed 
in some regions close to the nodules, and cleavage-like 
"quasi-cleavage" brittle fracture is observed in the other 
large sections. 
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                      a                                            b 
Figure 5. SEM analyzes of fracture surfaces of tensile samples 
in casting conditions; a) general fracture surface view, b) detail 

fracture cross section views from the central region 

The general fracture figure of the sample austempered 
and cooled in air at 120 minutes was given in Figure 6.  
The vacuum/pore region takes place on the left side in 
the Figure 6a. On the upper right, there is darkening due 
to charge effect and scattering and it is not related with 
the sample. Figure 6b shows the fracture surface data 
was obtained in the central region. In the figures 
occurred by mixed fracture mode, ductile fracture was 
observed in regions indicated by "A", and cleavage-like 
fracture was observed in regions indicated by "B". 

           a                                            b 
Figure 6. SEM analyzes of fracture surfaces of 120 min. 

austempered and different quenched media tensile samples; a) 
general fracture surface view, b) detail fracture cross section 

views from the central region 
3.2.3. Wear Test Results 
Three tests were conducted for 10N and 30N load and 
their average was calculated given. Wear test results were 
shown in Table 6. As can be seen from the results, perlite 
formation in spilled condition increases the hardness 
value and accordingly the amount of wear is reduced. The 
amount of abrasion according to the casting conditions 
decrease by increasing the hardness value of all the 
austempered camshaft samples. Since the hardness values 
in the oil cooling process are higher than those in air 
cooling, wear loss is less. The lowest wear amount of 
wear was determined at 120 minute austempered and oil 
cooled camshaft specimens under load of 10N. The 
highest amount of wear in the ball bearing that was used 
as abrasive was achieved with the abrasion of the 
camshaft samples in the casting condition under load of 
30N. Because the highest coefficient of friction is 
obtained in this test. Therefore, as the coefficient of 
friction increases, the amount of wear increases. 

Table 6. Wear test results 

3.2.3.1. Wear Surfaces SEM Analysis 
General wear surfaces of the samples in the cast 
condition were seen in Figure 7. When Figure 7a was 
examined that there is an adhesive wear mechanism 
under 10N load and abrasive wear is seen  with increase 
in load (Figure 7b). 

                       a                                                   b 
Figure 7. SEM analyzes of wear surfaces of wear samples in 

casting conditions; a) 10N b) 30N 
The general wear image of the austempered and oil-
cooled sample at 120 minutes is given in Fig 8. When 
Figure 8 is examined, abrasive wear is seen. 

                        a                                                  b 
Figure 8. SEM analyzes of wear surfaces of 120 min. 

austempered and different quenched media wear samples; a) 
10N, b) 30N 

4. Conclusions 

In this study, the effect of the austempering treatment 
applied on ductile graphite cast iron with different 
quenching media microstructure, hardness, tensile 
strength, wear resistance were investigated and following 
results were obtained; 
1. When microstructure of samples in the camshaft 
under casting conditions contain graphite nodules and 
ferritic-pearlitic matrix structure, austempered camshaft 
samples microstructure contains ausferrite (austenite + 
ferrite) microstructure.  
2. As the austempering time period increases, the 
amount of untransformed austenite decreases while the 
amount of ferrite and high-carbon austenite increases in 
general.
3. As the austempering period increases, the size of the 
sphere increases as the number of sphere per unit area 
decreases.
4. Austempering process applied on GGG80 class 
nodular cast iron, the core hardness value of nodular cast 
iron has increased from 227HB to 459HB.  
5. When tensile strength of camshaft with as cast is 
compared with that of austempered cast iron has 105% 
higher tensile strength than the camshaft with as-cast. 
The maximum tensile strength was obtained from the 
camshaft having air cooled austenitized at 260°C and 
120 min. similar results were obtained for yield strength. 
However, the % elongation is decreased by 
austempering heat treatment. 
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6. When the wear samples are examined, it is seen the 
mechanism of adhezive wear under load of 10N. A 
360% increase in abrasion resistance was observed due. 
Abrasive wear mechanism is seen with increasing load. 

7. After the austempering process, the camshaft samples 
are cooled by air and oil cooling. When the samples 
cooled in oil were examined, it was observed that the 
residual stresses increased. 
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Abstract

The electric arc spray (EAS) and plasma 
electrolytic oxidation (PEO) was coated to improve 
the composite ceramic coatings on the surface of 
titanium alloy. The composition of the composite 
coatings was investigated with X-ray diffraction 
(XRD) and scanning electron microscopy (SEM), 
respectively. The cross-section microstructure and 
micro-hardness of the treated specimens were 
investigated and analyzed with scanning electron 
microscopy (SEM) and microhardness tester, 
respectively. The phase composition of the 
composite coatings is mainly composed of -Al2O3,
AlP and Al. The hardness of the ceramic coatings is 
about 720HV0.1 and 3 times higher than that of the 
base

Keywords: Electric Arc Spray (EAS), Plasma 
Electrolytic Oxidation (PEO), Aluminum Oxide,  

1. Introduction 

Titanium and its alloys have high strength to weight 
ratio, excellent mechanical properties and 
biocompatibility. Thus, titanium and its alloys have 
been used in aerospace, chemical, petrochemical, 
sports and biomedicine industries [1-3]. However, 
titanium and its alloys limit to their various 
applications such as engineering components 
because they exhibit poor tribological properties, 
corrosion resistance [4].  These properties were 
improved by using some surface engineering 
methods such as ion implantation, thermal 
oxidation, chemical or physical vapour deposition, 
micro arc or plasma electrolytic oxidation [2,4-6]. 
Recently, PEO is much preferred, but adhesion to 
the substrate after coating is not very good. In this 
study duplex coating affect were studied to increase 
adhesion strength. Duplex coating on Ti alloy was 
produced by using electric arc spray (EAS) and 
plasma electrolytic oxidation (PEO) methods. The
EAS method was carried out in order to deposit a 

aluminum layer on CP-Ti substrates at the first step. 
And then, Al2O3 based on a duplex layer was 
formed to improve mechanical properties of the Al 
layer on the EAS surface by PEO process at the 
second step. 

2. Experimental 

Pure Ti (Cp-Ti) was used as the duplex coating. 
The samples were machined to be plates with a 1 
mm × 15 mm × 60 mm in dimension. The 
fabrication routes for the duplex EAS/PEO coating 
is shown in Fig. 1. 

Fig. 1. Fabrication route for duplex EAS/PEO 
coating.

The current employed in arc spraying was 125A 
and the spraying voltage was 25 V, and the 
compressed air pressure was 2 Bar. All wire arc 
sprayed coatings were carried out using robot arm 
to obtain homogeny coating thickness. The coating 
thickness was approximately 290±40 m. Wires 
were sprayed using a electric wire arc spray gun 
and robotic system (Sulzer-Metco). 

The plasma electrolytic oxidation process was 
conducted on a 10 kW high-power bi-polar pulsed 
electrical source.  Aqueous electrolyte was prepared 
from solutions of C4H6CaO4.H2O (8.0 g/L) and 
Na3PO4 (4.0 g/L) in distilled water and pH of 11.5. 
The temperature of the solutions was kept at 25–

Pretreatment of CP-Ti (Grinding) 

Coating with wire Al by electric 
arc spray (EAS) 

Coating with ceramic oxide by 
plasma electrolytic oxidation 

(PEO)
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30 C during the oxidation. The treatment time was 
3 min. A constant voltage was 450 V.  

3. Results and discussion 

Surface morphologies of EAS coated sample and 
duplex coated EAS/PEO coating were shown in 
Fig. 2 (a) and (b), respectively. It is very noticeable 
that the EAS/PEO coating was characterized by 
rougher surface. The surface morphology of a 
coating processed by the EAS method is shown in 
Fig. 2(a). The process was successfully done and 
this is characteristic feature of the EAS process.  
However, the MAO coating formed on the EAS 
surface was typically porous and rough in micro 
scale due to the existence of micro discharges 
channels occurred through the process as seen in 
Fig.2 (b).  

 

 

 

 

 

 

 

 

 

 

Fig. 2. The surface SEM Morphology of  (a) Ti-
EAS (b) Ti-EAS/PEO 
 
The cross-sectional SEM image and EDS mapping 
results of Ti-EAS coating was shown in Fig. 3. The 
average thickness of the EAS was measured as 
about 190 m. It was found that the EAS coating in 
the was rich only Al and the substrate was rich by 
Ti elements. 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 3. Cross section SEM images and EDS maps of 
Ti-EAS 
The cross-sectional SEM image and EDS mapping 
results of Ti-EAS/PEO coating was shown in Fig.4.  
These results clearly indicate that the coatings 
showed the characteristic peaks corresponding to 
Ti, Al, O, Ca and P. The presence of oxygen can be 
attributed to the MgO phase, the presence of Ce and 
Si elements can be attributed to the CeO2, Ce2O3 
and Mg2SiO4 phases as observed in the XRD 
patterns 
Fig.4. Cross section SEM images and EDS maps of 

Ti-EAS/PEO 
 
Fig.5 shows XRD patterns of the EAS coated and 
ceramic coatings prepared with duplex treatment on 
Ti alloy. According to the XRD pattern of Ti-EAS 
coating consists of Al. After PEO treatment, it can 
be found that duplex coating was mainly composed 
of -Al2O3 and AlP. 
 

(a) 

(b) 
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Fig.5 XRD results of the Ti-EAS and Ti-EAS/PEO 
coating samples 

4. Conclusions 

In this study, the duplex coatings on Cp-Ti 
substrate were successfully obtained by using EAS 
and PEO processes. The following results can be 
drawn from this research: 
After the EAS and PEO processes, the surface 
roughness increased compared to Ti-EAS substrate. 
The coating produced by PEO was rougher than the 
EAS coating due to the existence of micro sparks in 
the micro discharge channels. 
-Al2O3 and AlP phases were detected in the 

duplex coating produced by EAS and PEO 
methods, while only Al exist in the coating 
produced by EAS method.  
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Abstract

In this study, surface alloying treatment with iron, 
niobium, vanadium and boron on the AISI 1020 steel was 
performed by the technique of Tungsten inert gas (TIG) 
welding. The surface alloying was produced from a 
mixture of ferrous boron, ferrous niobium, ferrous 
vanadium and iron powders in the range of 75 m particle 
size with different ratio. The alloy composition was 
prepared to be composed of Fe10Nb2VB7. The prepared 
powder mixture was mechanically pressed on the steel 
substrate and melted by TIG welding for hard facing. The 
coating thickness was set to be 2-3 mm on the substrate. 
Coated layer formed on the steel substrate was 
investigated using by optical and scanning electron 
microscopy, Energy dispersive spectroscopy attached to 
SEM, X-ray diffraction analysis and Vickers micro-
hardness tester. The surface alloying results showed that 
good quality thick coating layer and porosity free hard-
face. X-ray diffraction analyses showed that the alloyed 
layer includes borides of iron, vanadium, niobium and 
iron phases. It was shown that the surface alloyed layer 
has a composite structure containing homogeneously 
dispersed boride phases in the steel matrix. 

1. Introduction

With advancing technology, surface engineering is 
getting more and more important. For this reason, studies 
on increasing the performance of the metallic materials 
by changing their surface properties are increasing with 
new methods and techniques [1]. Among these methods, 
hard surface alloying has a wide range of applications. 

Hard surface alloying process is easily applied to steel 
surface by techniques such as tungsten inert gas (TIG) 
[2], plasma arc welding (PAW) [3], submerged arc 
welding (SAW) shield manual arc welding (SMAW), 
oxyacetylene welding [4], Among these techniques, the 
TIG welding method has a wide range of applications in 
the industry, with advantages such as moderate 
deposition rate, low cost and compatibility with a wide 
variety of materials [5-8]. 

TIG surface alloying associated with rapid heating and 
cooling rate provided a unique opportunity for the non-
equilibrium synthesis of materials and produced rapidly 
solidified fine microstructures with an extended solid 

solution of alloying elements [9, 10]. However, controlling 
dilution of the deposit by a substrate material is rather 
difficult in this process and hence it is possible that 
dilution in the deposits produced by this process could be 
quite high [11]. 

Complex Fe-based alloys with titanium, niobium, 
molybdenum and vanadium in combination with carbon 
and boron gained importance by achieving wear resistance 
due to the precipitation of different abrasion resistant hard 
phases and by optimized matrix properties [4]. The 
conventional thermo-chemical process for boriding is very 
slow. Therefore, different welding techniques have been 
used for surface alloying using pure boron powders or 
powders containing boron [12]. In recent years, many 
investigations have been conducted on the boron included 
alloys for hard facing cladding to improve the hardness 
and wear resistance of industrial parts [13-17]. While there 
is a great deal of study about surface hardening processes 
of boron containing steel and alloys, but there is not any 
study about the Fe-Nb-V-B alloys used for surface alloying 
treatments. The main goal of the study was to investigate 
the microstructural and mechanical properties of the 
surface alloyed AISI 1020 steel with ferrous boron, ferrous 
niobium, ferrous vanadium, ferrous boron and iron by TIG 
welding technique. 

2. Experimental Procedure 

In this study, steel with chemical composition % is 0.18% 
C, 1.37% Mn, 0.20% Si and Fe (balance) (by wt.) was used 
as a substrate material. Before the coating, these plates 
were sectioned to be dimensions of 30x70x5 mm and their 
surfaces were cleaned mechanically and ultrasonically. 

Ferrous niobium, ferrous boron, ferrous vanadium and pure 
iron powders are used as hard surface alloy materials. For 
this reason, ferrous alloys taken in rock form have been 
subjected to crushing, grinding and sieving processes to be 
less than 75 m. Pure iron powder is only subjected to 
sieving. The surface alloying powder mixture was prepared 
by using a ball mill for 2 hours at 200 rpm from the ground 
ferrous boron niobium and vanadium powders and iron (75 

m) to be 50%Fe- 10%Nb- 5%V- 35%B (by at.). 

The prepared powders were pressed on the steel substrate 
under the pressure of 100 MPa. Then the surface alloy 
powders and the substrate were melted together by the TIG 
welding method and the hard surface alloying process was 
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completed. After hard surface alloying treatment, the 
samples were subjected to sandblasting to remove the 
remains and dross from the surface. The coating 
parameters applied to the surface coating process with 
TIG methods are shown in Table 1.  

Table1. Experimental Parameters of TIG Surface 
alloying.

Parameter Value 
Electrode Type W-2 pct ThO2

Electrode Diameter  2.4 mm 
Angle  70 degrees 
Voltage 20 V 
Current  110 A 
Heat input  12.3 kJ/cm 
Protective gas Type Ar (%99.9 Ar) 
Flow  12 L/min 
Welding speed Travel speed 1.16 cm/s 
Heat input Q= .U.I/(V.1000) (kj/cm); U: voltage (V),
I: current (A), V: travel speed (cm/s),  = efficiency 
coefficient (  = 0.65 for the TIG method)  [18] 

After metallographic preparation of hard surface alloyed 
specimens, microstructural studies were carried out with 
Nikon Epiphot 200 optical microscope (OM) and JEOL 
JSM – 6060 scanning electron microscope (SEM). An X-
ray diffractometer (Rigaku XRD/D/MAX/2200/PC) with 
Cu K  radiation was used to analyze the constituent 
phases realized in the microstructure. The hardness of the 
phases formed in the alloyed layer, transition zone and 
matrix were measured under 0.1 N load by using Future 
Tech FM 700 micro-hardness tester. 

3. Results and Discussion 

As a result of the microstructural studies of the surface 
alloyed layer formed on the steel to be Fe10Nb2VB7
composition, it is seen that the thickness of the hard 
coated layer is about 2 to 3 mm (see, Fig. 1). It has been 
determined that sharp separation line was formed 
between alloyed layer and steel matrix (Fig. 1(a)). These 
are (i) -Fe and two different phases of borides layers 
namely  FeNbB and M2B (M:Fe,V) in the surface 
alloyed layer, (ii) separation line, and (iii) steel matrix. 
EDS analysis marked as 1 and 2 on the SEM micrograph 
showed that white colored pahses includes Nb and Fe 
beside B, see Fig.3 (a and b). These EDS analyses 
support the FeNbB phase determined by XRD analysis. 
Light gray matrix phases include Fe element beside 
small V and Nb pics which indicate that the matrix Fe-
Nb-V solute solutions. Dark gray phase took place in the 
eutectic morphology includes Fe and V and small B 
peacks which indicate that M2B (M: Fe, V) phases as 
determined  in the XRD analysis. Coga et.al study 
showed that FeNbB phase and Fe2B phase realized in 
the Fe-Nb-Cr-B included surface alloyed AISI 430 steel 
realized by flame spray which is an other surface 
alloying treatment method [19]. The study supports the 
present study results.  Earlier study of Kilinc et.al 
showed that FeNbB and Fe2B boride phases formed in 
the surface alloyed layer realized by the alloy 
composition which includes Fe-Nb-B, similarly [20]. In 
addition these, In the study of Fernandes et al., surface 

alloying with Fe-Nb-Si-B based metallic glass on AISI 
1020 steel was performed and FeNbB and Fe2B phases 
were similarly detected in the resulting surface alloy layer 
[21]. As shown from the studies that Fe-Nb-B includes 
alloys presents the FeNbB and M2B phases in the alloyed 
layer.

Figure 1. (a) Optical and (b) SEM micrographs of the 
Fe10Nb2VB7 alloy composition 

(a)

(a)

(b)
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Figure  2. (a) SEM micrographs and (b-e) EDS 
analysis of the Fe10Nb2VB7 alloys. 

The hardness values of the boride phases of FeNbB and 
M2B in the eutectic colonies, seperation line and 
substrate material in the Fe-Nb-V-B based hard surface 
alloyed region formed on the steel surfaces with TIG 
welding were 2804±150 HV0.01, 995±47 HV0.01, 407±49 
HV0.01 and 181±7 HV0.01, respectively. As a result, the 
hardness of the boride phases and the eutectic structure 
was found to be higher than that of the hardness of the 
base metal. As known, the hardness of metal (Fe, Nb, V) 
borides are changing between 1800-3700HV [22,23].

Figure 3. X-ray diffraction analysis of the Fe10Nb2VB7
alloys.

4. Conclusion 

The surface alloying treatment was successfully realized 
by tungsten inert gas processing on the steel with 
Fe10Nb2VB7 alloy composition powders. The results as 
follows: 

1. Surface alloying process was realized on AISI 1020 
steel substrates by TIG welding, successfully. 

2. The alloyed layer was porosity free and moderately 
smooth rippled surface topography. 

3. The alloyed steel includes three different regions which 
are surface alloyed layer which includes Fe, B, Nb and V, 
separating line and steel matrix. 

4. The surface alloyed layer includes primary -Fe,
FeNbB and M2B borides in an eutectic structure together 
with primer -Fe phase.

5. The hardness of the FeNbB and M2B boride phases 
took place in the eutectic colonies, seperation line 
(transition zone) and steel matrix are 2804±150 HV0.01,
995±47 HV0.01, 407±49 HV0.01, and 181±7 HV0.01,
respectively.
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Abstract

In the present study, the chromium aluminum nitride 
coating was applied on pre-nitrided AISI 1010 steel by 
the thermo-reactive deposition technique in a powder 
mixture consisting of ferro-chromium, aluminum, 
ammonium chloride and alumina at 1000 °C for 2 h. 
Steels were gas nitrided for the purpose to rich the 
surfaces with nitrogen of the steels in a nitrogen and 
ammonia atmosphere at 560°C for 8 h. The effect of 
aluminum content in the coating bath on chromium 
aluminum nitride layer properties was investigated. 
Coating layers formed on the pre-nitrided AISI 1010 steel 
were compact and homogeneous. The depth of the Cr-Al-
N layers ranged from 5,67±0.8 to 14,8±1,5 m, depending 
on the aluminum content. The hardness of the coated 
layers produced on AISI 1010 steel are changing from 
883 ± 120HV0,01 to 1553 ± 90 HV0,01 depending on bath 
compositions. 

 
1. Introduction

Commonly used ceramic coatings in tool steels improve 
the tribological properties of substrate materials by 
influencing friction coefficient, surface hardness, 
corrosion resistance and oxidation properties [1]. Thermo 
Reactive Diffusion (TRD) is one of the methods used to 
improve the surface properties of steel materials. The 
carbide, nitride and boron coatings obtained wit this 
method are metallurgically bonded to the material with 
high hardness and high density. The TRD method is 
defined as the exchange of the surface composition of the 
material with diffusions of a certain element or a few 
elements from the surrounding environment at high 
temperature [2-4]. Recently, research on ternary nitride 
coatings has continued to expand to other coating 
materials. Chromium nitride (CrN) coatings similar to 
TiN coatings have been successfully applied to wear 
components, cutting tools and molding dies. The addition 
of Al improves the mechanical properties and oxidation 
resistance of TiN coatings, a similar effect can be 
expected with the addition of Al in CrN coatings [5, 6]. 
 
In particular, the ternary system chromium aluminum 
nitride coatings are very attractive for tool and 
component applications. Chromium aluminum nitride 
also exhibits high oxidation resistance as well as 
improved wear resistance. Experimental studies in 
lubricated contact have shown good tribological 
results[7]. 

 
CrAlN coatings have been deposited with different 
physical vapor deposition (PVD) techniques such as arc 
ion plating, cathodic arc evaporation, magnetron 
sputtering, and pulsed laser deposition [8]. In some studies, 
it has been shown that increasing the content of Al in the 
coating improves oxidation resistance and hardness [9, 10]. 
CrAlN coatings exhibit higher hardness than CrN coatings 
and their properties are greatly affected by the aluminum 
content in the coatings. Al content also controls the 
structure of CrAlN coatings [11, 12]. Therefore, CrAIN 
may be a promising candidate for high speed machining 
and other high temperature wear applications [13]. In 
addition, CrAlN coatings have lower thermal conductivity, 
better tribological properties, and higher hardness than 
CrN coatings [14, 15]. 
 
In this study, CrAlN coating layer was formed on the 
surface of AISI 1010 steel by TRD method depending on 
Al composition. Microstructure studies, phase analyzes 
and hardness measurements of the produced coating layer 
were carried out and the effect of Al was investigated. 
 
2. Experimental Procedure 

The steel substrates used in the study were AISI 1010 steel 
with chemical composition of 0,13% C, 0,18% Si, 0,63% 
Mn, 0,01% P, 0,032% S, 0,046% Cu and iron (balance). 
Test pieces of AISI 1010 steel were sectioned as a 
cylindrical coupon that have the dimensions of 20 mm in 
diameter and 5 mm in thickness. Metallographically 
prepared steel samples up to 1200 grid emery paper were 
cleaned with acetone and ethyl alcohol for 15 min, 
ultrasonically. Steels were nitrided for the purpose to rich 
the surfaces in a nitrogen and ammonia atmosphere at 
560°C for 8 h.  Nitrided steel samples were cleaned in the 
ethyl alcohol for 15 min, ultrasonically, followed by 
grinding with 1200 grid emery paper for a short period of 
time (2-3 s). Then chromium aluminum nitride coating was 
performed on the pre-nitrided steel samples by the thermo-
reactive deposition technique in a powder mixture 
consisting of ferro-chromium, aluminum, ammonium 
chloride and alumina at 1000 °C for 2 h. Powder mixture 
was filled in an alumina crucible and steel samples were 
placed in the powder mixture. Alumina lid and alumina 
based cement was used sealing the alumina crucible. 
Values of the major process parameters are presented in 
Table 1. 
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Table1. Technological parameters of chromium 
aluminum nitride coating process 

Deposition parameters Values 
Nitriding temperature (°C) 560 
Nitriding time (h) 8 
Nitriding gas nitrogen and 

ammonia
Cr-Al-N coating temperature (°C) 1000 
Cr-Al-N coating time (h) 2 
Aluminum content (%, by wt.) 1,2,3,4,5,7,10 
Cooling time (min.) 60 

Metallographic cross-sections were prepared to observe 
morphological details using Nickon Eclipse LV 150 
optical microscope and Jeol JSM-5410 scanning electron 
microscope. XRD analysis was performed on the sample 
surface. Cu K  radiation with a wavelength of 1.5418 Å 
was used over a 2  range from 10-90°. The distribution of 
alloying elements from the surface to the interior was 
recorded in linear scan by electron microprobe analysis. 
The thickness of Cr-Al-N layer formed on the pre-nitrided 
AISI 1010 steel samples was measured by an optical 
micrometer attached to the optical microscope. The 
hardness of Cr-Al-N coating layer was measured on the 
coating layer using FutureTech FM-700 micro-hardness 
tester with 10 g loads. 

3. Resultsand Discussion 

Both optical and SEM cross-sectional examinations of 
chromium aluminum nitride coated AISI 1010 steel 
revealed that chromium aluminum nitride layer formed 
on the steel substrate has a compact, smooth and laminar 
morphology, as shown in Fig.1 (a) and (b). EDS analysis 
showed that the laminar structures of the coating layers 
include different iron content in the different layer 
content. Sen et.al was realized the TiN coatings using 
similar technique and explained that the plain low 
carbon steels have a denticular morphology in the 
coating layer, while the TiN coating layer formed on the 
high alloy steels were smooth morphology [16, 17]. 
Ozdemir et.al explained that, chromium nitride coating 
layers formed on the AISI 1010 steels produced by 
thermo-reactive deposition technique exhibited 
homogeneous morphology with significant regularities 
in their thickness and presented a smooth interface with 
the substrate [18]. Coating layer formed on the steel 
sample consists of Cr2N, (Cr,Fe)2N1-x, Fe2N and AlN 
phases which were confirmed by X-ray diffraction 
analysis as shown in Fig. 2. EDS analysis of chromium 
aluminum nitride coated AISI 1010 steel on the cross-
section from surface to interior showed that, the ratio of 
Al just above the interface layer increases when Cr is 
dominant on the coating surface (Fig.3.). Here the idea 
that the Al increase can form a Cr-Al-N phase. 
Similarly, in the analysis of the layer formed in the 
containing 5% Al by weight, The Al ratio in the layer 
close to the coating matrix interface increases while Cr 
ratio is high at the coating surface, In addition, N, Fe 
and C elements were detected together with Cr and Al 
elements as a result of EDS analysis. 

(a)

(b)
Figure  1. (a) Optical microstructure and (b) SEM 

micrographs of the Cr-Al-N coated AISI 1010 steel in the 
bath content including 5%Al wt. at 1000°C for 2 h. 

Figure  2. X-ray diffraction pattern of chromium aluminum 
nitride coated AISI 1010 steel in the bath content, including 

5%Al wt at 1000°C for 2h 
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Figure  3. EDS analysis of chromium aluminum 
nitride coated AISI 1010 steel in the bath content 

including 5%Al wt. at 1000°C for 2h from surface to 
interior EDS. 

 
As seen in Table 2, the thickness of chromium aluminum 
nitride (Cr-Al-N) layer formed on the pre-nitrided AISI 
1010 steel increased due to the increase aluminum content 
in the coating bath. The thickness of the coating layer is 
changing between 5,67±0,8 to 14,8±1,5 m, depending on 
the aluminum content at the treatment temperature of 
1000°C. However, despite the increase in thickness of the 
layer containing 10% Al, there is a tendency for the layer 
to deteriorate at the interface between the coating and the 
substrate. It is assumed that (i) the growth rate of Cr-Al-N 
layer is controlled by the chromium diffusion rate in the 
coating layer and nitrogen diffusion rate from the pre-
nitrided steel sample to Cr-Al-N layer, (ii) Cr-Al-N layer 
growth occurs as a consequence of chromium diffusion 
perpendicular to the pre-nitrided steel sample. It has been 
reported in the literature that increased Al content 
promotes Cr-Al-N and Ti-Al-N based coating formations 
and even hardness enhancement [19, 20]. 
 

Table 2. The changing of aluminum nitride layer 
thickness formed on the AISI 1010 steel depending on the 

aluminum content in the pack composition. 

Coating type Al content 
(% by weight) 

Layer thickness, 
( m) 

1 7,56 ± 0,3 
2 7,07 ± 0,5 
3  5,67 ± 0,8 
4 12,6 ± 1,6 
5 12,1 ± 1,6 
7 9,7 ± 1,2 

Cr-Al-N coated 
AISI 1010 

10 14,8 ± 1,5 
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The hardness of the surface of chromium aluminum 
nitride coated AISI 1010 steel is much higher than that 
of the matrix due to the presence of hard Cr2N, 
(Cr,Fe)2N1-x, Fe2N and AlN phases formed on the steel 
substrate. The hardness of chromium aluminum nitride 
layer is between 883 ± 120 HV0,01 to 1553 ± 90 HV0,01. 
Table 3 shows the hardness values of chromium 
aluminum nitride layer depending on the aluminum 
content in the coating bath.  

 
Table 3. Micro-hardness of Cr-Al-N nitride coating layers 

of the coated AISI D2 steels 

Coating type Al (% by 
weight) Hardness, HV0,01 

1 1149 ± 50 
2 1183 ± 60 
3  1212 ± 120 
4 1325 ± 200 
5 1553 ± 90 
7 1348 ± 50 

Cr-Al-N coated 
AISI 1010 

10 883 ± 120 
 
4. Conclusion 
 
The result obtained from present study can be 
summarized as follows: 
 
a) An Optical and SEM examination of chromium 
aluminum nitride layer formed on the AISI 1010 steel 
has a compact and smooth morphology. Coating layer 
exhibits dense, porosity-free and laminar structure. 
 
b) XRD analysis showed that coating layer formed on 
the pre-nitrided AISI 1010 steel has Cr2N, (Cr,Fe)2N1-x, 
Fe2N and AlN phases. 
 
c) Depending of aluminum content in the coating bath, 
the thickness of chromium aluminum nitride layer is 
changing between 5,67±0,8 to 14,8±1,5 m. As the 
content of aluminum increases, the thickness of the 
coating layer increases. 
 
d) EDS analysis of chromium aluminum nitride coated 
AISI 1010 steel on the cross-section from surface to 
interior showed that chromium, aluminum and nitrogen 
concentrations are higher than that of the matrix. In 
addition, the presence of Cr, Al, N, C and Fe elements in 
the coating layer was determined. 
 
e) The hardness of the coating layers is changing 
between 883 ± 120 HV0,01 to 1553 ± 90 HV0,01. 
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Abstract 

This study covers the structural properties of surface alloyed 
SAE 1320 steel with Fe3B2 and the effect of titanium 
addition on the properties. Ferrous-boron and ferrous-
titanium powders and Armco iron were used as raw 
materials. Powders were mixed into the compositions of 
Fe12-xTixB8 (x=0 and x=3). Mixed powders were pressed on 
the steel substrate and melted by TIG welding technique for 
surface alloying. Structural properties of the surface alloyed 
layer formed on the steel substrate were investigated by 
means of optical and scanning electron microscopy, energy 
dispersive spectroscopy and X-ray diffraction analysis. X-
ray diffraction analysis revealed that the surface alloyed 

-Fe, FeB, Fe2B and TiB2 phases. 
Microstructural analysis showed that the alloyed layers have 
composite structure including steel matrix and 
homogenously distributed boride phases. Ti addition on the 
iron boride based surface alloyed layer lead to the formation 
of titanium boride phase. Micro-hardness values were 
determi -Fe

0.025, Fe2 0.01 and TiB2
HV0.01.

1. Introduction 

The harsh working conditions of cutting tools and machine 
parts make it necessary to increase the wear resistance of 
these materials. Hardfacing, a surface modification 
technique, involves deposition of a wear-resistant alloy on 
either a worn out or new component to improve its service 
life. In this process, an alloy is homogeneously deposited 
onto the surface of a soft material (usually plain carbon 
steels) by welding with the purpose of increasing hardness, 
wear resistance without significant loss in ductility and 
toughness of the base metal [1]. Hardfacing is a method that 
enables to obtain coatings against wear against the surface 
without altering the properties of the used substrate material. 
In this method, the powder mixtures of the desired alloy are 
melted on the surface of the substrate using various welding 
methods [2-3].  High energy sources such as submerged arc 
welding (SAW), electron beam, laser and plasma arc (PA) 

can be used to obtain a hardfacing coatings. Tungsten inert 
gas (TIG) welding, one of the widely used welding methods 
for welding metals such as titanium, steel and aluminum, is 
mainly used for high quality welded parts [4-7].  

The boron produced by transition metals is attracting 
attention with their high hardness, high abrasion resistance 
and high corrosion resistance. Titanium diboride (TiB2) is 
notable for its high hardness (25-35 GPa) and high melting 

C). In addition, it has high elastic modulus 
(>570 GPa), low density (~4.52 g/cm3), low electrical 
conductivity (10-30 10-6 cm), and good thermal 
conductivity (60-120 W/mK) are also important features. 
Titanium diboride is added to iron matrix materials to 
provide high abrasion resistance [8-10].  

In this study, the effect of titanium on the hardfacing alloy 
consisting of iron and boron was investigated. Mixed 
powders composed of Fe, Ti and B were melted at the 
surface of SAE 1320 steel and hard filling process was 
carried out. The microstructural and chemical analyzes of 
the obtained samples were carried out through cross-
sectional views. The phases formed by X-ray diffraction 
analysis were determined. Hardness of the resulting phases 
was measured by micro hardness measurements. 

2. Experimental Procedure 

SAE 1320 steel with the dimensions of 50 mm x 100mm x10 
mm were used as a substrate material. Nominal composition 
of the substrate material is 0.183 C, 1.37 Mn, 0.2 Si, 0.021 
Cr, 0.0177 P, 0.0018 S, 0.062 Ni, 0.0056 Mo and Fe in 
balance (wt.%). Specimens were ground, cleaned, and then 
dried with compressed air before the surface alloying 
process. Commercial ferrous-titanium, ferrous-boron and 
Armco iron powders were used for the surface alloying 
treatment. Powders with the compositions of Fe12-xTixB8
(x=0 and 3; at.%) were well mixed. Mixed powders were 
placed on the substrate material and pressed. Alloying 
powders were melted to form surface alloyed layer by TIG 
welding process. Table 1 shows the welding parameters, 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1069
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

which are used for hardfacing by tungsten inert gas (TIG) 
method.  

Table 1. Welding parameters of the Fe-based hardfacing 
alloys.

Parameter Value 
Electrode : Type W-2 pct ThO 
Electrode diameter : 2.4 mm 
Angle : 70 degrees 
Voltage : 20 V 
Current : 110 A 
Heat input : 2.2 MJ/m 
Shielding gas : Argon (99.9% Ar) 
Gas flow rate : 12 l/min 
Welding speed : 60 mm/min 
Heat input Q=60xIxV/S; I:current, V:voltage, and S: 
travel speed [11]. 

Metallographically prepared surface alloyed samples from 
cross-section were used to evaluate structural properties. 
Microstructural examinations were realized by using 
NICKON ECLIPSE L150 optical microscopy and JEOL 
6060 LV scanning electron microscopy equipped with 
energy dispersive x-ray spectroscopy (EDS). X-ray 
diffraction analyses were performed on the surface of the 
samples by using RIGAKU XRD D/MAX/2200/PC X-ray 
diffractometer with a CuK  radiation. Micro-hardness 
measurements were carried out on metalographically 
prepared cross-sections of the samples by using FUTURE 
TECH FM 700 micro-hardness tester. 

3. Results and Discussion 

Investigation on the microstructural analysis of the Fe12-

xTixB8 (x=0 and 3) based hard-faced alloy coating on SAE 
1320 steel reveals that the thickness of the coating layer is 
about 2-3 mm. (Figure 1) Besides, it can be inferred that the 
layer compose of three distinct layers as the surface alloyed 
layer, transition zone and steel matrix. 

X-ray diffraction analysis showed that Fe3B2 and Fe9Ti3B8

hard faced coating layers comprise of -Fe, FeB, Fe2B and 
-Fe, TiB2, Fe2B, FeB phases respectively (Figure 2). 

(a) Fe12-xTixB8 (x=0)

(b) Fe12-xTixB8 (x=3) 
Figure 1. Optical micrographs of the iron boride based 
surface alloyed steel. 
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Figure 2. X-ray diffraction pattern of Fe12-xTixB8 surface 
alloying layer. 

Figure 3 and 4 shows SEM micrographs and EDS analysis 
of the Fe9Ti3B8 based hard-faced alloys. Light gray matrix 
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phases include Fe element beside small Ti peaks, which 
indicate that the matrix Fe-Ti solute solutions, see Figure 4 
(b1). Dark gray phase took place in the eutectic morphology 
includes Fe and B peaks which indicate that Fe2B phases as 
determined in the XRD analysis, see Figur 4 (b3, b4). Blaack 
phases took place in the microstructure well distributed 
includes strong Ti and B peaks as shown in Figure 4 (b2) 
which indicate that the phases are TiB2 which was 
confirmed by XRD analysis. However, it is possible to 
deviate from the initial stoichiometry of the hard-faces alloy 
powders due to the melting of substrate during TIG welding. 
With the further analysis on the EDS results and considering 
the phase diagram it can be inferred that black colored 
regions compose of TiB2 phase as the analysis shows Ti and 
B elements. Similarly, white colored and eutectic regions 
compose of Fe2B and - Fe+Fe2B phases respectively. . 
Ternary phase diagram of Fe-Ti-B reveals that the promising 
phases to be -Fe+Fe2B+TiB2 at room 
temperature [12]. 

Micro-hardness measurements were carried out under the 
loads of 10 gf and 25 gf for 10 sec. Distinct phases of each 
specimen sampled and the results given as HV. On the 
Fe9Ti3B8 -Fe, Fe2B and 
TiB2 0.025 0.01

0.01 respectively. 

Figure 3. SEM micrograph of the Fe9Ti3B8 based surface 
alloyed layer. 

(a)

(b) 
Figure 4. (a) SEM micrograph and (b) EDS analysis of the 
Fe9Ti3B8 based surface alloyed layer. 

4. Conclusion 

The surface alloying treatment was successfully realized by 
tungsten inert gas processing on the steel with Fe12-xTixB8
alloy composition powders. The results as follows: 

1. Surface alloying process was realized on SAE 1320 steel 
substrates by TIG welding, successfully. 

2. The alloyed layer was porosity free and moderately 
smooth rippled surface topography. 

3. The alloyed steel includes three different regions which 
are surface alloyed layer which includes Fe, B, Nb and V, 
separating line and steel matrix. 

4. The surface a -Fe, TiB2 
and Fe2B in the eutectic structure together with primer -
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Fe phase. 

5. The hardness of the Fe, Fe2B and TiB2 phases are 
0.025 0.01 0.01

respectively.
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Abstract

Ductile iron, also referred to as nodular cast iron or 
spheroidal graphite iron, is a type of graphite rich 
cast iron containing graphite in the form of 
spherical nodules. The mechanical properties of 
ductile iron are determined by the size, number 
fraction and nodularity of graphite particles as well 
as by the matrix phase(s). Depending on 
composition and actual cooling rate, the matrix of 
as cast ductile iron is usually composed of various 
fractions of ferrite and pearlite. Since the overall 
mechanical properties are significantly influenced 
by the matrix phase fractions, determination of 
pearlite content in as-cast ductile irons is 
particularly important. Magnetic Barkhausen Noise 
(MBN) technique provides a good alternative to 
traditional metallographic examinations in terms of 
its fastness and non-destructive nature. The present 
study aims at investigating the possibility of using 
the MBN-technique for non-destructive 
determination of pearlite content in ductile iron 
castings. For that purpose a set of 4 specimens were 
produced from the same ductile iron casting to 
ensure that all specimens contain identical size, 
number fraction of nodularity of graphite particles. 
The pearlite fraction of the samples were 
determined by metallographic examination and the 
MBN-response of the samples were evaluated by 
the peak position, shape and amplitude of the 
signals obtained by a commercial MBN-system.  
The results show that the pearlite fraction in the 
matrix influences the hardness, all of which also 
effect the MBN signals. This indicates that MBN-
technique can be utilized for evaluating the matrix 
phase fractions of ductile iron castings. 

1. Introduction

Ductile cast iron has been in production since 1950s 
and nowadays over 25 million metric tons are cast 
yearly [1]. Heat treatment applications have a 
strong effect on the properties of cast irons, 
specifically the ratio of ferrite to pearlite have a 

pronounced effect on mechanical properties [2, 3]. 
Since heat treatment is the latest processing step, 
controlling the formation of required microstructure 
afterwards is of great importance. Traditionally, X-
ray diffraction (XRD), metallographic examination 
via optical and scanning electron microscopes were 
the main methods used to control the 
microstructure. On the other hand, MBN 
measurement provides a good alternative to 
aforementioned traditional techniques in terms of 
its non-destructive nature and fastness. The MBN 
method is based on ferromagnetism phenomenon. 
Ferromagnetic materials below their Curie 
temperature retain a large spontaneous magnetic 
moment due to the cooperative alignment of 
unpaired electron spins along a common direction. 
Oppositely magnetized domains divided by domain 
walls form to minimize the magnetic energy. The 
change in magnetization, caused by the application 
of the external magnetic field, takes place by 
movement of the boundaries between domains in 
weak fields or by rotation of the direction of 
magnetization in strong fields. On removing the 
field, the magnetization again declines to zero if 
there is no hindrance to domain wall motion [4-5]. 
Various studies have been published on 
characterization of steel microstructures non-
destructively. The ferrite-pearlite fraction in cast 
irons influence had been reported to influence 
magnetic properties, especially the magnetic 
relative permeability [6]. Moreover, eddy current 
method has been used to estimate pearlite fraction 
[7, 8]. The present work aims at evaluating the 
microstructure of nodular cast irons non-
destructively by MBN  

2. Experimental Procedure 
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GGG70 nodular cast iron specimens of 20 mm 
thickness and 20 mm diameter, whose chemical 
composition is given in Table 1, were used in this 
study. The heat treatment of the specimens include 
inter-critical annealing at 6 different temperatures 
(830 oC, 820 oC, 810 oC, 800 oC, 790 oC, 780 oC) for 
30 min., followed by air cooling to room 
temperature. A specimen was left in as-cast 
condition. 

Table 1. Chemical composition of the GGG70 cast 
iron (wt%) 

C Cr Mo Mn Ni 
3.8 0.02 0.63 0.3 0.02 
Si Mg P S Fe 
2.6 0.045 0.035 0.012 Bal 

After the heat treatments, all specimens were 
prepared for metallographic examination. After 
standard grinding and polishing, the specimens 
were etched with 4% picral solution. Then, all 
specimens’ surface sections were examined by 
Leica DMI 5000M optical microscope under bright 
field illumination. For each specimen, 10 
micrographs from randomly selected regions were 
taken at 100x magnification. Those micrographs 
were then analyzed using Leica Application Suite to 
determine the volume fraction of ferrite and 
pearlite.  Moreover, an average Brinell hardness 
value was determined using Emco Duravision 200 
instrument, using 2.5 mm indenter-ball under 187.5 

kgf load. MBN measurements were performed by 
using commercial system (Rollscan, μscan 600). 
The general purpose sensor S1-18-13-01 was used 
for the MBN measurements. A sinusoidal cyclic 
magnetic field was induced in a small volume of 
the specimen via a ferrite core C-coil. The 
Barkhausen signals were collected at a sampling 
rate of 2.5 MHz and then filtered with a wide band-
pass filter (10-1000 kHz). A total of 10 signal 
bursts, each of which represent one half of the 
magnetization cycle, were used to analyze the 
Barkhausen signal of each specimen. 6V of 
magnetizing voltage and 250 Hz of magnetizing 
frequency was used to obtain reliable MBN 
profiles.

3. Result and Discussion 

Optical micrographs of the specimens are given in 
Figure 1, which show that typical nodular graphite 
particles on a matrix of ferrite-pearlite mixture had 
been obtained in the present ductile cast iron 
specimens. Figure 2 shows the ferrite and pearlite 
fractions as a function of annealing temperature. As 
cast specimen has the highest pearlite fraction and 
the 780oC inter-critical annealed sample has the 
lowest fraction. As inter-critical annealing 
temperature increases pearlite fraction increases, 
and ferrite fraction decreases. The increasing 
pearlite content increases the hardness as well, 
which is shown in Figure 3.

830 oC 810 oC

780 oC As-cast 
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Figure 1. Optical micrographs of the specimens inter-critically annealed at the indicated temperatures, taken at 
100x magnification under bright field illumination 

.

Figure 2. Ferrite and pearlite fractions of the 
specimens as a function of inter-critical annealing 

temperature

Figure 3 Brinell hardness values of the specimens 

MBN measurements provide a representative noise 
signal which is obtained in a small volume of the 
specimen by applying alternating magnetic field. 
The irreversible process of magnetization which is 
related to the dynamic behavior of domains 
(nucleation, annihilation and growth of domains) 
affects the detected noise signal. Grain boundaries, 
dislocations and precipitates, in other words the 

microstructure of the material directly influences 
this dynamic behavior.

The raw magnetic noise data consists of series of 
voltage pulses and associated magnetic field values. 
A range of different analysis methods and 
parameters have been used to express the MBN 
response [9, 10]. In the present study, the strength 
of the MBN signal is quantified with the root-mean-
square (RMS) value which is calculated according 
to the following formula: 

. (1)

Where xi represents the MBN signal amplitudes that 
passed through the wide band-pass filter specified 
in the experimental section.  

The microstructural features that impede the 
dislocation movement, also inhibits the domain 
wall motion. Therefore an excellent correlation is 
expected between MBN signals and hardness [10]. 
Figure 4 shows the correlation between hardness 
and RMS of MBN of the present specimens. The 
hardness values shown in Figure 3 were used for 
the correlations. Those values represent the 
hardness of the matrix, which is composed of 
pearlite and ferrite. 

Figure 4. Correlation between hardness and RMS 
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Figure 5. Correlation between pearlite fraction and 
RMS

The matrix phases influence the domain wall 
displacement; therefore, the correlation between the 
area fraction of pearlite and the RMS response is 
also studied and the results are given in Figure 5. 
Those correlations were determined via a simple 
linear regression using least squares method. The 
goodness of fit was quantified by the R2 value, and 
also shown in Figures 4 and 5. The calculated R2

also show that MBN signal depends on the 
microstructure and is sensitive to microstructural 
variations.

The specimen that was inter-critically annealed at 
820 oC has the lowest RMS value due to the harder 
matrix, which allow smaller domain wall 
displacements. Lowering the annealing temperature 
decreases the hardness of the matrix and enhances 
the domain wall displacements. Therefore, MBN 
activity in nodular cast iron increases with 
decreasing annealing temperature

It also should be noted that for the present case only 
the matrix phase fractions and the hardness 
correlations are considered. However, the size, 
shape and volume fraction of graphite particles can 
also influence the MBN response of the specimens. 
Moreover, the present case concentrates on pearlite 
fractions between 45 - 55%. Nevertheless, this 
preliminary study clearly shows the potential of the 
MBN technique for non-destructive microstructure 
characterization of nodular cast iron. 

4. Conclusions 
The evaluation of microstructure by using MBN 
measurements had been studied on a set of GGG70 
ductile cast iron specimens inter-critically annealed 
at different temperatures. The following 
conclusions can be drawn:

- Inter-critical annealing at different 
temperatures followed by air-cooling can vary 
the volume fraction of ferrite and pearlite in 
GGG70 nodular cast iron. 

- As inter-critical annealing temperature 
increases the volume fraction of pearlite 
increases which also increases matrix hardness. 

- MBN method is capable of evaluating the 
influence of inter-critical annealing on the 
microstructure of ductile cast iron. This 
technique can be utilized for evaluating the 
pearlite fraction and controlling the formation 
of the desired microstructures in ductile cast 
irons by establishing quantitative relationships 
between the microstructural variations and 
MBN response of the materials. 
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Abstract

The most widely used joining method in metallurgy is 
brazing. The high temperature vacuum brazing 
process, at the steel austenitization temperature makes 
it possible to carry out simultaneously the brazing of 
DIN 1.2379 steel – cold drawing lama and heat 
treatment. The advantages of this process are increased 
strength of brazed joints and toughness of the part, 
optimum hardness and cutting edge strength for a 
given combination working part/cutting tool. In this 
study the use of vacuum brazing to combine two 
different steel at the paper cutting blade ensure both 
reduced cost and increased durability. The process is 
economical when used in modern mass production 
methods, irrespective of the number of metals to be 
joined and heat treated. The adaptability makes the 
process so economical.

1.Introduction

Brazing is a process for joining two metals with a filler 
material that melts, flows and wets the metals’ surfaces 
at a temperature that is lower than the melting 
temperature of the two metals [1]. Protection from 
oxidation of the metal surface and filler material 
during the joining process is achieved using a covering 
gas or a flux material. 

Brazing has long since been used as a technique for 
joining metals, a technique indispensable for our 
lifestyles. Even in today’s manufacturing industry, 
where many operations are carried out automatically 
using machines, brazing, both mechanized and 
automated, continues to be an indispensable technique 
[2].

Furnace brazing is another widely used technique. 
Manufacturing companies today are looking to 
improve production efficiency, reduce manufacturing 
steel and cold drawing lama with simultaneous heat 
treatment were investigated. Two brazing alloys based 
on copper were applied as filler metals.

costs and replace energy and space inefficient furnaces 
while improving product quality. Brazing devices 
include various types of furnaces, such as vacuum 
brazing furnaces, atmosphere brazing furnaces, multi-
chamber furnaces, and single chamber furnaces [3]. 

The purity level of the atmosphere (vacuum) can be 
precisely controlled; atmospheres of much higher 
purity can be achieved than can be obtained in regular 
atmosphere furnace, in effect; there is less residual 
oxygen to contaminate the work piece. Oxide layers on 
the part surface are decomposed in a vacuum at high 
temperature, which improves base metal wetting 
resulting in better joint properties (e.g., increased 
strength, minimum porosity, etc.). Part distortion is 
minimized due to heating and cooling at precisely 
controlled heating/cooling rates. In addition, the 
repeatability and reliability of brazing in modern 
vacuum makes it suitable for a lean/agile 
manufacturing system [4]. 

Paper cutting blades made from HSS (high speed steel) 
are commonly used in printing press [5]. Tungsten 
carbide, 3343 and 2379 steels are used in making 
paper cutting blades. The entire surface area of the 
blade is made from this steel, which adds an extra cost 
to it. In this study it was aimed that the area of the 
blade used only for cutting was steel. In order to 
extend the life of paper cutting blades and reduce 
costs, vacuum brazing is applied to the blades. High 
temperature vacuum brazing is a method of joining of 
metals by means of heat and filler metal in vacuum at 
temperatures above 900°C. 

In this study, vacuum brazing was used in paper 
cutting blades. The high temperature vacuum brazing 
of DIN 1.2379 steel with simultaneous heat treatment 
is performed in single chamber vacuum furnaces, with 
uniform high-pressuse gas quenching at the 
austenitization temperature of DIN 1.2379. In this 
work high temperature brazed joints of DIN 1.2379
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2. Experimental procedure 

Vacuum brazing is usually a high temperature 
(typically 1700 - 2250°F, or 930 - 1230°C) fluxless 
process using nickel-base, pure copper, and, less 
frequently, precious-metal composition BFM (Brazing 
filler metal). 

Figure 1. Schematic of vacuum brazing furnace 
assembly 

2.1.Main Steps in Vacuum Brazing 

Following are the main steps to be followed in vacuum 
brazing
Clean and Compatible Vacuum Furnace 
Cleaning of the components/Assemblies 
Joint Design and Types of Joints 
Good Fit and Proper Clearance 
Assembly and Loading of the Job 
Heating Cycle of Furnace/Job 

2.2. There are several advantages to brazing under 
vacuum conditions: 

The purity level of the atmosphere (vacuum) can be 
precisely controlled. There is less residual oxygen to 
contaminate the work piece. 

The vacuum condition at high temperature results in a 
decomposed oxides layer, and by doing so improves 
the base metal wetting properties. Improved wetting 
will result in better joint properties (e.g. increased 
strength, minimum porosity, etc.) 

Reduced to a minimum distortion because all parts are 
heated and cooled uniformly at precisely controlled 
heating/cooling rates. 

Repeatability and reliability of the brazing process in 
modern vacuum furnaces, ideally suitable for 
Lean/Agile manufacturing system. 

2.3. Braze Filler Materials

Nickel brazing and copper brazing are classified as 
high-temperature brazing and use heating mechanisms 
designed to heat materials to high temperatures, 
around 1200oC. Since, unlike aluminum brazing, 
products will oxidate if they are cooled at atmospheric 
pressures, they need to be allowed or forced to cool in 
a vacuum atmosphere or gas atmosphere within the 
furnace until the temperature falls to around 100oC, 
before taking them out of the furnace. In these 
respects, nickel and copper brazing furnaces differ 
greatly from aluminum brazing furnaces. Powdered 
brazing materials as well as amorphous foil brazing 
materials have been developed for nickel brazing. 
However these materials are expensive, and powdered 
materials mixed with paste are most often used. In this 
study copper paste was used as brazing filler material. 

3. Results and Discussion 

Experiments were performed on high temperature 
vacuum brazed joints of the DIN 1.2379 steel and cold
drawing lama with simultaneous heat treatment. 
Cupper paste was used as the fiiller metal (Table 1, Fig 
2a). The brazing temperature was 1100oC for blades 
brazed with the filler copper paste. After diffusion the 
heat treatment were cooled in nitrogen flow at the 
pressure under 3.5 bar and then double tempered at 
550oC. Brazing thermal cycle and brazing parameters 
are presented on Figure 3 and Table 2.

Figure 2a) Paper blades manufactured by high 
temperature vacuum brazing with simultaneous heat 
treatment process to achieve a hardness of 62 Hrc 
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Figure 2b) Combined with two different steel (1.2379 
and draw lama) using filler metals but not brazed 

Table 1. Chemical composition of base metals (DIN 
1.2379 steel and cold drawing lama)  

 Chemical composition % 
DIN
1.2379 

C        Cr     Mo    V       Si 
1.55   12.0   0.7   1.0     0.4 

cold
draw
lama 
1040

 
      C         Mn        S        P         Si 
     0,4        0.9       0.3    0.04     0.05 

Figure 3. Thermal cycle of brazing and heat treatment 
to improve mechanical properties; 1,2,3,4- isothermal 
stops while heating, 4-melting of the brazing filler 
metal, 5-cooling in the nitrogen 

Table 2. Parameters of brazing used in the experiment 

Brazing 
filler 
metal 

Isothermal 
stop while 
heating up 

oC / min 

Temperature and 
duration of brazing 

oC / min 

 
Cu 

650/30 
850/30 

1030/30 

1100/20 

4. Conclusion

in a variety of printing machines. These blades wear 
out over time which results in high expensive re-
sharpening maintenance. With vacuum brazing rapid 
prototyping of tools for various purposes is possible. In 
this study new paper - cutting blade was developed 
using the brazing of DIN 1.2379 steel and cold 
drawing lama with heat treatment. The developed 
blade has been found to have the desired strength and 
hardness. The lifetme of paper cutting blades has been 
extended and a problem has been solved industrially. 
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Abstract

Oxy-fuel combustion is the technique used in metallurgical 
furnaces, to achieve completed combustion. Using this 
technology, more energy is transmitted to the load for fuel 
savings in comparison to traditional combustion 
technologies.. This process also leads to declining of 
emmissions of carbon and nitrogen in order to protect the 
environment and human health. When oxy-fuel combustion 
process is in operation, the flow of gas should consist of pure 
oxygen or air with enriched oxygen. Although nitrogen does 
not react in the process, oxygen can be combined with 
nitrogen if air combustion is observed. It is discharged from 
the system as the waste of energy with lower temperature. 
As a result, most of the nitrogen gas is divided from the air 
mixture, leaving 95% oxygen. This makes it possible to 
optimize the energy of the furnace and eliminates the use of 
a heat recovery machine. As volume of the gas in the system 
is decreased, it is easier to discharge the toxic waste. This 
paper discusses various aspects of oxy-fuel combustion such 
as energy savings and environmental effects. 

1. Principle of Combustion

Energy for heat processing is mainly derived by the 
combustion of fuels or electricity. Generally, combustion 
reactions are oxidation reactions that implemented by the use 
of burners  where fuel is combined with oxygen (air, air 
enriched with oxygen or pure oxygen).  
To generate the highest heat with a given fuel, an exact 
amount of air must be supplied to completely burn (oxidize) 
all the fuel without excess air. The process is referred as 
“perfect” or “stoichiometric combustion” and the ratio 
between the air and the fuel is called the stoichiometric air-
fuel ratio. 
In this theoretical case, the combustion equation can be 
written as : 
 
Fuel + Oxygen   ===>   Heat + CO2 + H2O    (1) 
 
Heat generation, heat storage and heat transfers are the three 
main components of efficient process heating parameters. 
 
1.1. Oxy-fuel Combustion  
 
In usual air combustion, fuel is burned with the oxygen that 
is naturally present in the air (21% O2 and 79% of inert 
gases) as oxidant. 
 

 
In combustion with the  addition of pure oxygen, two cases 
occur: 
1. Fuel is burned with a mixture of air and pure oxygen 
which result in an oxidant with an O2 concentration varying 
from 22% to 100 % (oxygen enrichment) 
2. Fuel is only burned with pure oxygen as an oxidant (oxy-
combustion) abbreviation etc. 
 

Figure 1. Effects of combustion on fumes 

1.1.1 Benefits of Oxy-Combustion Principles 

• Oxy-combustion with methane instead of air combustion 
basics 
• Do not have to heat up anymore “N2” in air 
• More energy transmitted to the load for fuel savings 
 
CH4 + 2O2  + 8N2 ===> CO2 + H2O + 8N2                        (2) 

 

Less CH4 consuming : 1 m3 of CH4 produces 1m3 of CO2 
or 2 kg of CO2. By eliminating “N2” in the oxidant, the 
NOX formation is drastically reduced 

o CO2 : up to 60% reduction 
o NOx : up to %90 reduction 

 
1.2. Effects of Oxygen on Combustion 
 
These effects are a function of the O2 enrichment level. They 
are maximal in the case of pure oxy-combustion. 
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1.2.1 Increasing the Flame Temperature 
 
Energy released in combustion remains constant no matter 
which oxidant is used. The adiabatic flame temperature is a 
reaction in which all the heat generated is retained in the 
products of combustion. 
An increase of the oxygen content in the oxidant will reduce 
the ballast of nitrogen and will increase adiabatic flame 
temperature. 

Figure 2. Effects of O2 fraction on flame temperature 

1.2.2. Improvement of Heat Transfer 
 
Increasing the flame temperature results in a strong  
improvement of direct radiation transfer between the flame 
and the load. 
The radiation of the flame towards the surrounding sidewalls 
is dismissed by the higher concentration of CO2 and H2O 
molecules, which absorb and reflect radiation while 
protecting the refractoring walls from overheating. 
 

Figure 3. Effects of O2 on heat transfer 

1.2.3. Best Combustion Efficiency 
 
Combustion efficiency (Rc) is in function of flue gases 
temperature for three different cases: Oxy-combustion, air 
preheated at 500°C and cold air. 
 

Figure 4. Effects of air and O2 on flue gas temperature 
 

Improvement of the combustion efficiency in function of the 
percentage of O2 in the oxidant at different flue gas 
temperature. 
 
1.2.4. Decrease in Flue Gas Volume 
 
The higher the oxygen enrichment, the more important the 
decrease in flue gas volume. 
 
Effect of flue gases reduction on heat balance : 

• Less energy loss trough the flue gases 
• More heat available to increase heat transfer to the 

load 
• Smaller volume of dust swept away into the 

chimney (reduction of « fire loss »). 
• Use of smaller filters for flue gas treatment (lower 

investment and maintenance cost for flue gas 
treatment). 

 
1.3. Oxygen Implemantation  
 
The 3 Techniques for Implementing Oxygen are  
 
1.3.1. Global Air Enrichment  

 
• Uniform addition of O2 in the combustion air 

upstream the burners  
• Overall increase of flame temperature  
• Limited O2 enrichment level 

 
1.3.2. Local Enrichment by Lance 

 
• Introducing oxygen by means of lances results in 

local changes in flame temperature 
• High and targeted effects toward the load 
• No limitation of the O2 enrichment level 
• Lances position depends on researched 

performances 
 

1.3.3. Oxy-fuel burner  
 

- Implementing specific oxy-fuel burner allows 
additional heat input or pure oxygen combustion 

 
2. Oxy-Combustion Application in Metal Production 

Industries 
 
2.1. Secondary Aluminum Melting 

 
There are three types of operation purpose in secondary 
aluminum melting furnaces: 
• Melters: the charge is made of solid aluminum to be 

melted 
• Holders: the charge is liquid aluminum that must be held 

liquid for casting 
• Melters/Holders: the charge is liquid aluminum but there 

is a possibility to add and melt up to 20% of the load 
from solid aluminum. 

Oxygen application is mainly intended for production 
capacity increase and it essentially the melters and 
melters/holders. 
2.2. Cast Iron in Cupola 
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Benefits of the use of Oxygen in the operation of a Cupola 
can be detailed as follows: 
• Increase in Cast Iron yield 
• Increase in pouring temperature 
• Increase in temperature of the combustion zone leading 

to: 
 

- Faster production 
- Better Carbon pick up (possible increase in the 

proportion of steel) 
- A reduction in the Coke rate 
- An increase in silicon and manganese content by 

reduction of heat losses 
- An increase in the operating range in optimum 

economic conditions 
- A reduction in the volume of fumes, an advantage 

in case of undersized filters 
- A reduction in the blast, an advantage in case of 

overloaded blower (air leaks) 
 

2.3. Steel – Electric Arc Furnace 
 

• Door lance (> 100 ton EAF) : Lancing allows to adjust 
solved carbon and reach composition target. 

• Oxy-fuel burners (usually 3 burners): Preheat the scrap 
charge = increase in productivity. 

• Post Combustion Injectors (between 3 and 6 injectors) 
• Multi-injection tools 
 
2.4. Secondary Lead Melting 

 
Most rotary furnaces operate with oxygen in order to reduce 
the volume of stack fumes. The burner will either be 
installed on the stack side or opposite on the loading door. 
 
3. Oxy-Combustion Application in Non-Metallic 

Production Industries 
 
3.1. Glass Industries 
 
Benefits of the use of Oxygen in Glass Industries can be 
detailed as follows: 

 
• Faster heat transfer to the product (higher flux density) 
• Better heat efficiency of the furnace (high efficiency of 

oxy-fuel flame) 
• Very low flue gas volume 
• Quality of the product improved (thermal homogeneity) 
• Greater flexibility of the furnace operation (very fast 

response time of the oxy-fuel) without introducing new 
constraints on the process (adjustment of the 
combustion parameters, perfect integration with the 
customer process control) 
 

 
3.2. Frit (Enamel) Industries 
 
Benefits of the use of Oxygen in Frit Industries can be 
detailed as follows: 

 
• Increase in productivity 

• Possibility to operate at higher temperature 
• Better temperature homogeneity improve quality 
• NOx reduction and control 
• Very small flue gas volume, easier to be treated 
• Very useful when highly corrosive flue gas are produced 

(presence F, Cl) 
 
3.3. Cement Industries 

 
The implementation of oxygen enrichment in cement kilns 
and precalciners has demonstrated multiple benefits to the 
cement production process: 
 
• Increased production capacity by 5 to 15% 
• Improved flame stability and kiln flexibility 
• Increased fraction of cheaper alternative fuels (both 

precalciner and rotary kiln) 
• Reduced dust carry-over in the kiln 
• Lower kiln flue gas temperature 
• Reduced specific energy consumption 
• Reduce CO-emissions both from rotary kiln and 

precalciner 

3.4. Mineral Wool Cupola 
 

Reduced smelting costs 
- Coke savings (typically 10 to 15%) 
- Reduce in Blast air flow 
- Reduce in emissions 

 Sulfur (SOx) because of coke saving 
 Dust 

 
Increased Smelting Capacity 

• Higher production rate (15% to 25%) 
• Average smelting temperature increased 
• Higher temperature of outlet product 
• More stable product viscosity 
• Higher yield on fiber machines with fewer product 

losses 

4. Conclusion

Oxygen combustion is getting more popular in metallurgical 
industry based on sustainable development. As observed in 
metallurgical heating/melting equipment of oxy-burner 
installations, it also provide optimum CAPEX/OPEX 
relations especially in energy-intensive metallurgical sectors. 
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Abstract 
Equimolar FeCoCrNi high entropy alloy (HEA) was 
produced from industrial raw materials which were 
not pure and contain various impurity elements such 
as Al, Si and C by induction melting in order to 
investigate mechanical properties of the alloy. This 
alloy was casted into compressed steel mold that let 
us to produce mechanical test samples. XRD (X-Ray 
Diffraction) and SEM (Scanning Electron 
Microscopy) were used for structural 
characterization of the samples. Brinell hardness test 
was applied for mechanical characterization of the 
alloy. In the result of the experiments, it was 
observed that besides FCC phases, Cr7C3 phases 
were present in the HEA. The average hardness 
value of the alloy was found as 313 HB. 

1. Introduction  

Conventionally, alloy systems consist of one main 
element with small amount of alloying elements 
added to enhance the properties or processability of 
the material. Since the amounts of the added 
elements are considerably lower than the amount of 
the main element, the structural and mechanical 
properties of the alloys to be obtained are limited. In 
this respect, 'high entropy alloys' (HEA) have been 
proposed as a new concept, which refers to alloys 
that include many elements in almost equal 
proportions. The main reason of popularity of HEAs 
is that HEAs contradict Gibbs phase rule. Gibbs 
phase rule indicates that increment of the number of 
main element in an alloy system can lead to the 
formation of intermetallic compounds and 
complicated microstructures, which could cause 
brittleness and processing problems. However, 
studies conducted by Yeh et al. [1], [2] show that 
alloys with five or more principal elements that have 
the concentrations between 5 and 35 at% can be 
obtained without the formation of intermetallic 
phases. This new class of alloy is so called high 
entropy alloys (HEAs) due to higher mixing   

entropies of their liquid or random solid solution 
compared to the conventional alloy systems [3]. 
Therefore, HEAs generally form face centered cubic  
(FCC), body centered cubic (BCC) and/or hexagonal 
close packed (HCP) solid solutions rather than many  
complex phases. Another reason for popularity of 
HEAs is that these alloys have various properties 
such as high strength/hardness, wear resistance, 
exceptional high-temperature strength, good 
structural stability, good corrosion and oxidation 
resistance, fatigue resistance and excellent magnetic 
properties due to the unique multiprincipal element 
composition [3-5]. One of the commonly studied 
type of HEA is FeCoCrNi alloy system having FCC 
crystal structure and this alloy is generally produced 
from highly pure (>99.9% purity) raw materials. A 
study conducted by He et all. [6] show that 
FeCoCrNi has 165 MPa yield strength, 400 MPa 
tensile strength with 68% elongation by using drop 
casting method. However, in order to improve the 
mechanical properties of the alloy, powder 
metallurgy (P/M) method which is a different 
production technique was implemented by Liu et. al. 
[7]. According to their study, powder metallurgy 
(P/M) route consists of mechanical alloying and 
consolidation operation used in order to obtain more 
strength and ductility. Study performed by Liu et al., 
also demonstrates that gas atomization and hot 
extrusion processes as P/M method are applied to 
produce scale-up HEAs to get high mechanical 
properties. According to this study, 359 MPa yield 
strength, 712.5 MPa ultimate tensile strength with 
56% elongation were obtained. Indeed, the most 
remarkable point for this study is the preparation of 
large-sized HEAs to obtain higher mechanical 
properties.
However, one of the drawbacks of P/M method is the 
price of the powders. Because the quality of the 
powders is directly related to the powder processing 
costs, which include the cost of elemental raw 
materials and atomization media costs. In addition, 
P/M method is a time consuming process that it takes 
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40-60 h. for alloying and homogenization processes 
[7].  
In the present study, we focused on the production of 
scale up FeCoCrNi HEA by using industrial raw 
materials in induction casting furnace. The 
characterization, microstructural observations and 
the mechanical properties of the FeCoCrNi HEA 
were studied.  

2. Experimental Procedure 

In order to produce FeCoCrNi HEA, commercial 
grade raw materials were used. Chemical 
composition of the elements used in the experiments 
is shown in Table 1. Equiatomic Fe, Co, Cr and Ni 
mixture was prepared. FeCr was used as Fe and Cr 
source. Additional low carbon steel (99.6 Fe wt. %) 
was used to balance atomic ratio of Fe and Cr in 
FeCr. The other raw materials were used as received.  

Table 1. Chemical compositions of the raw materials 

Raw 
Metarials 

Composition (wt.%) 
Fe Cr Co Ni Al Si 

FeCr 25.5 72 - - 0.5 2
Ni - - - 99.5 0.5 -
Co - - 99 - 0.5 0.5 

The prepared mixture was melted in high capacity 
induction melting furnace. The alloy was hold 
approximately 3 minutes in the furnace to ensure 
chemical homogeneity. After the melting process, 
the melt was poured into a cylindrical shape steel 
mould then, the melt was compressed in hydraulic 
press machine with 70 tons capacity. Finally, disc-
shaped sample with dimensions of approximately 11 
mm thickness and 90 mm diameter were produced. 
Small pieces of sample were cut from that alloy, 
grinded, polished and ethced with aqua regia. The 
phases present in the alloy were examined by Rigaku 
D/Max 2200PC/Ultima X-ray diffractometer 
(XRD). In order to perform microstructural 
characterization, scanning electron microscopy 
(SEM) with FEI Nova NanoSEM 430 was used.  
Brinell test was done with a ball with diameter of 2.5 
mm and 187.5 kgf load to investigate hardness of 
FeCoCrNi HEA. 10 measurements were taken from 
different region of sample. The average of them was 
indicated as the hardness of the material. 

3. Results and Discussion 

The XRD patterns of FeCoCrNi HEA, seen in Figure 
1, show that Cr7C3 phase is present in addition to 
FCC phase. Carbon impurities in the raw materials 
promote the formation of Cr7C3 phases. Also Cr is 
much more prone to form compounds with carbon 
compared to Fe, Ni and Co. 

Figure 1. X-ray diffraction pattern of the FeCoCrNi 
HEA

The microstructural analysis of disc-shaped alloy, 
seen in Figure 2, was carried out by using SEM. The 
alloy contains two phases, a dendritic phase, labelled 
as A, and interdendritic phase, labelled as B. 
According to EDS analysis results, shown in Table 
2, only the Si, Cr, Fe, Co and Ni characteristic peaks 
are visible. The dendritic region (Region B) is 
enriched with Cr and depleted with Ni, on the other 
hand the interdendritic region (Region A) is enriched 
with Ni and depleted with Cr. The concentration of 
Fe is nearly the same in these regions and is equal to 
overall concentration. Although, quantitative 
observation of C by EDS is not possible due to low 
atomic number, it is known that the alloy contains 
Cr7C3 phase. Considering the results of EDS, 
dendritic region (Region B) is the field of Cr7C3
while interdendritic region (Region A) comprises of 
FCC solid solution phase. Although there is good 
chemical homogeneity, the overall quantitative 
analysis indicates that the desired composition of Cr 
as atomic percent was not obtained properly. This 
compositional difference may be derived from 
production process as a portion of the Cr may pass 
the slag during melting.  

Table 2. EDS analysis results of the FeCoCrNi HEA 
(at%)

Fe Cr Co Ni Si 

A 27.68 12.42 28.59 30.18 1.12 

B 24.82 38.35 21.39 15.45 -

Overall 26.51 18.59 26.11 26.00 1.27 
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Figure 2. SEM images of the FeCoCrNi HEA: (a) 
general view, (b) enlarged view  

Figure 3 indicates Brinell hardness profile of the 
alloy which was applied from one side of the disc-
shaped specimen to the other side of that. Higher 
hardness values were obtained at the edges of the 
sample compared to the inner regions due to due to 
the fact that the cooling rate decreases from the edges 
to inner region. Average hardness was found as 313 
HB. Cr7C3 is a type of ceramic materials which have 
very strong covalent bonding. Therefore, they have 
higher hardness values. Due to its lack of accessible 
slip system, dislocation movements are strictly 
restricted. As a result, it can be said that the Cr7C3
phases increase the hardness of the alloy.  

Figure 3. Vickers hardness profile of the FeCoCrNi 
HEA

4. Conclusion and Future Works 

The mechanical and structural characterization of 
impure FeCoCrNi HEA has been investigated in 
combination of XRD, SEM and Brinell Hardness. 
According to XRD pattern, the alloy contains both 
FCC and Cr7C3 phases. Microstructural 
characterization indicates that alloy has dendritic 
structure and dendritic regions contain more Cr 
compared to interdendritic regions. Therefore, it can 
be a proof that the Cr7C3 intermetallics has gathered 
in the dendritic regions. The mechanical test result 
show that the hardness of the alloy is 313 HB. It is 
thought that hardness is increased by hard Cr7C3
phases. In order to obtain much more information 
about mechanical and structural behaviour of the 
alloy, tension and compression tests will be applied 

and FeCoCrNi HEA using pure raw materials will be 
produced to compare with the alloy produced from 
impure raw materials.  

5. References 

 [1] Huang, Kuo-Hsiung, and J. W. Yeh. "A study on 
the multicomponent alloy systems containing equal-
mole elements." Hsinchu: National Tsing Hua 
University (1996).  
[2] Yeh, 
alloys with multiple principal elements: novel alloy 
design concepts and outcomes." Advanced 
Engineering Materials 6.5 (2004): 299-303.  
[3] M.-H. Tsai and J.-W. Yeh, -Entropy 
Alloys: A Critical Review, er. Res. Lett., vol. 2, 
no.3, pp. 107 123, 2014. 
[4] Hsu, Chin-You, et al. "Wear resistance and high-
temperature compression strength of Fcc 
CuCoNiCrAl 0.5 Fe alloy with boron addition." 
Metallurgical and Materials Transactions A 35.5 
(2004): 1465-1469. 
[5] Hemphill, Michael Alexander, et al. "Fatigue 
behavior of Al0. 5CoCrCuFeNi high entropy 
alloys." Acta Materialia 60.16 (2012): 5723-5734. 
[6] He, J. Y., Wang, H., Huang, H. L., Xu, X. D., 
Chen, M. W., Wu, Y., ... & Lu, Z. P. (2016). A 
precipitation-hardened high-entropy alloy with 
outstanding tensile properties. Acta Materialia, 102, 
187-196.  
[7] Chen, Zhen, et al. "Effects of Co and Ti on 
microstructure and mechanical behavior of Al0. 
75FeNiCrCo high entropy alloy prepared by 
mechanical alloying and spark plasma sintering." 
Materials Science and Engineering: A 648 (2015): 
217-224. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1087
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Development of a Novel Ductile Cast Iron for Elevated Temperatures by Th ermoCalc Studies: 
Eff ect of Aluminum Content

Gülşah Aktaş Çelik¹, Maria-Ioanna T. Tzini², Şeyda Polat¹, Ş. Hakan Atapek¹, Gregory. N. Haidemenopoulos²,³

¹Kocaeli University, Department of Metallurgical and Materials Engineering, Kocaeli, Turkey
²University of Th essaly, Department of Mechanical Engineering, Laboratory of Materials, Volos, Greece

³Khalifa University of Science and Technology, Department of Mechanical Engineering, UAE

Abstract

In high temperature applications, like exhaust 
manifolds, mostly cast irons with ferritic matrix are 
commonly used. However, increasing demands for 
higher temperature applications lead the 
manufacturers to use more expensive materials like 
stainless steels and Ni-resist austenitic ductile cast 
irons. In order to meet the demands with low cost 
materials, having improved high temperature strength 
and oxidation resistance, new alloys must be 
developed. In this study, thermodynamic calculations 
with ThermoCalc software on a novel ductile cast 
iron composition (wt. %) 3.5C, 4Si, 1Nb, 0-4Al, were 
carried out to reveal the possibility of its use in place 
of commercial ferritic ductile cast irons at more 
demanding working conditions. These calculations 
involved the determination of; (i) Al temperatures, the 
lowest critical temperatures of austenite to pearlite 
eutectoid transformation, of the studied compositions 
(with TCFE6 database) which define the limit of 
service temperature, (ii) solidification sequence (with 
Scheil module) which is important for castability and 
(iii) oxidation behavior (with SSOL and SSUB 
database). Calculations revealed that aluminum 
content plays an important role in improving the A1

temperature. In the solidification sequence delta 
ferrite appears with aluminum addition and aluminum 
rich oxide forms appear which are useful for 
oxidation resistance. 

1. Introduction 

Exhaust manifolds provide deliverance of hot exhaust 
gases from the combustion chamber to the 
atmosphere [1]. Exhaust gas temperature can reach to 
1000 °C in the new engine designs which satisfy the 

environmental and fuel consumption regulations [2]. 
Exhaust manifold is exposed to this elevated 
temperature for a long time and to continuous thermal 
cycles during the engine operation. Also, severe high 
temperature oxidation occurs due to hot exhaust gas 
flow. Therefore, mechanical stability, thermal fatigue 
resistance and low thermal expansion of the material 
are significant criteria.  High thermal conductivity 
and low thermal expansion coefficient reduce the 
stress produced in the component during start-up and 
shut down of the engine [1-4]. 

Due to increasing exhaust gas temperature, 
manufacturers are in search of new materials that can 
withstand thermal and mechanical stresses and 
oxidative environment. The development of new 
austenitic stainless steels and Ni-resist austenitic 
ductile cast irons are in demand due to high thermal 
stability of austenitic matrix, in contrast to ferritic 
ductile cast irons. However, these austenitic alloys are 
more expensive due to their chemical composition 
and manufacturing process. In order to meet the 
demands using low cost materials and having 
improved high temperature strength and oxidation 
resistance simultaneously, new alloys must be 
developed. Ekström et. al. showed that ferritic alloys 
have higher thermal conductivity and lower thermal 
expansion than austenitic alloys [3]. Nevertheless, A1

temperature of SiMo alloy which determines the limit 
of service temperature is approximately 820 °C and 
elastic modulus of SiMo51 decreases above 700 °C 
[3,5]. Therefore, it is reasonable to develop ferritic 
ductile cast iron with higher A1 temperature in order 
to enhance both thermal and mechanical properties at 
higher temperature. In alloy design of ductile cast 
iron, hyper eutectic composition is useful for casting 
and solidification, therefore C and Si should be 
selected in this range. In addition, A1 temperature can 
be risen by aluminum addition in the chemical 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1088 IMMC 2018   |   19th International Metallurgy & Materials Congress

composition.  Besides, the addition of aluminum 
increases oxidation resistance by forming stabilized 
oxide layer at elevated temperature [6]. In order to 
improve mechanical properties, eutectic carbide 
forming elements such as Nb can be added in the 
composition to provide precipitation hardening [7].    

In this study, thermodynamic calculations employing 
ThermoCalc software on a novel ductile cast iron 
with composition (wt. %), 3.5 C, 4Si, 1Nb, 0-4 Al, 
were carried out to reveal the possibility of its use in 
place of commercial ferritic ductile cast irons at more 
demanding working conditions. 

2. Computational Method

Thermodynamic calculations for the composition of 
3.5 C, 4Si, 1Nb, 0-4 Al (wt. %) were carried out with 
ThermoCalc software. In order to determine Al

temperatures of the studied compositions, the TCFE6 
database was used.   Solidification sequence of the 
compositions, which is important for castability, were 
studied using the Scheil module, and for the 
simulations of oxidation behavior, the SSOL and 
SSUB databases were employed. 

3. Results and Discussion 

3.1. Phase transformations 

Carbon isopleth with respect to a constant 4Si1Nb 
composition is given in Figure 1a. According to this 
isopleth, the composition containing 3.5% C is 
hypereutectic. Solidification starts with graphite 
precipitation, continues with the precipitation of MC 
type carbide and finishes after austenite 
transformation. Upon cooling ferrite starts to 
transform from austenite and ferrite transformation is 
completed at A1 temperature. Under 200 °C, M7C3

precipitation is observed, therefore the final 
composition can is expected to consist of ferrite, MC 
type carbide, graphite and M7C3 type carbide. In order 
to understand the effect of Al addition on austenite to 
ferrite phase transformation, Al isopleth of 
3.5C4Si1Nb constant composition is given in Figure 
1b. According to this isopleth, the phase 
transformation sequence remains the same with 
increasing Al addition. However, transformation 
temperatures increase as Al addition increases. It is 
important to understand the effect of Al addition on 
A1 temperature in order to determine maximum 
service temperature of the compositions. As given in 
Figure 2, Al addition increases the A1 temperature.

While A1 temperature of 3.5C4Si1Nb composition is 
852 °C, it is increased to 960 °C by the addition of 4 
wt. % Al in 3.5C4Si1Nb 4Al. 

(a)

(b)

Figure 1. (a) C and (b) Al isopleth sections 

Figure 2. Change in A1 temperature with Al addition. 

3.2. Solidification sequence

Solidification sequences of 3.5C4Si1Nb1-4Al 
compositions are given in Figure 3. Solidification of 
3.5C4Si1Nb1Al composition starts with graphite 
precipitation at 1280 °C.  MC type carbide 
precipitates from liquid between 1208-1198 °C due to 
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the Nb content. Finally, austenite transformation 
starts at 1208 °C and solidification finishes when 
austenite transformation is completed at 1152 °C.  
Solidification sequence remains the same for 
compositions containing   2 wt. % and 3 wt. % Al but 
solidification starts at higher temperatures with 
increasing Al content; 1328 °C and 1363 °C for 2Al 
and 3Al compositions, respectively. Even though 
solidification sequence of 3.5C4Si1Nb4Al 
composition is similar to the other compositions at the 
beginning, it finishes with the ferrite transformation 
from liquid at 1161 °C. 

Figure 3. Solidification path of 3.5C4Si1Nb with 
1Al, 2Al, 3Al, 4Al. 

3.3. Evaluation of oxidation behavior 

In order to understand oxidation behavior of the 
compositions containing Al, the diagrams showing 
the wt. % of phases versus oxygen activity at 850 °C 
are given in the Figure 4.  For 3.5C4Si1Nb1Al 
composition, as oxygen activity increases FeO, Fe3O4

and Fe2O3 oxide layers form on the alloy surface, 
respectively. Due to the Si presence in the 
composition, Fe2SiO4 oxide layer (fayalite) forms at 
as the same oxygen activity with FeO. As it is well 
known, fayalite layer is more protective than iron 
oxide forms [6, 8-10]. Also with the addition of Al, 
protective Al rich, Al2FeO4, layer forms similar to 
fayalite layer (Fig. 4a) [11]. When Al addition rises to 
4 wt. %, the weight percentages of FeO and Fe2SiO4

decrease, while of Al2FeO4 increase (Fig. 4b). 

(a)

(b)

Figure 4. Oxidation diagrams of (a) 3.5C4Si1Nb1Al 
and (b) 3.5C4Si1Nb4Al at 850 °C. 

4. Conclusion 

In this study, thermodynamic calculations with 
ThermoCalc software on a novel ductile cast iron 
composition (wt. %), 3.5 C, 4Si, 1Nb, 0-4 Al, were 
carried out to reveal the possibility of its use in place 
of commercial ferritic ductile cast irons at more 
demanding working conditions. Calculations revealed 
that aluminum content is significant in increasing the 
A1 temperature, in the solidification sequence delta 
ferrite appears with aluminum addition, while 
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aluminum rich oxide forms appear as well, that are 
useful for oxidation resistance.
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Abstract 
Cores are used in casting process to form cavities, hole 
protrusions, recesses and casting products which are not 
possible to be shaped by the mold. In order to give 
strength and stiffness to the core, core sands and binders 
are used. There are several cold box systems in which 
different binders and gas catalyzers are used. 
For efficient productions such as automotive industry, 
pipe production, cooling systems cold box process are 
used because they can produce complicated tools, they 
have stable moisture content, they do not need any 
preheating, they have high strength and high precision. 
Because of his productivity, cold box process is used in 
most of the casting industry. 
For our research, of all cold box processes, we are going 
to use and analyze phenolic urethane cold box (PUCB) 
process. As we can understand from the name of this 
process, phenolic urethane cold box process is obtained 
by the reaction of two component with polyurethane.  
The constituent of Part I is a phenol-formaldehyde resin 
and the constituent of Part 2 is isocyanate. A 
polyaddition of the part 1 component, the phenol-
formaldehyde resin, and the part 2 component, the 
isocyanate, is initiated through basic catalysis, usually 
by means of gassing with a tertiary amine. The 
hardening reaction is very fast, which makes the PU cold 
box process attractive for the highly productive 
production of series components in particular. 
Different ratio (50/50, 40/60, 60/40) of Part 1 and Part 2 
with DMEA (dimethylamine) gas cold box system is 
compared. They were tested with 3-point bending and 
analyzed effect on casting conditions.   

Introduction 
Phenolic resins have many various applications. 
Especially for heavy duty conditions, bonding of 
particle and fiber structure, those resins are used 
commonly. The casting industry is also one of the 

application area.  
In foundry process, resins are used in core making and 
mold making process. Different properties are expected 
from resins for these two sections. For example, the 
immediate and long-term strength is very crucial for 
core making process [1].  
Hot box and cold box systems are common process for 
core making. Thin wall and detailed cores are made with 
hot box, relatively thicker cores are made with cold box 
process [2,3].  
Cold box system is consisted of three parts. One of them 
is a resin that is generally a phenolic urethane resin, the 
other part is a crosslinking agent. The last part is an 
activator that is generally an amine (Fig 1)[4].  

Figure 1 Cold box curing system[4] 
There are few researches about cold box systems. Some 
of them are given below. 
In study of Liu F. and his friends in the year of 2017, 
were investigated the factors which affect performance 
of no-bake resin bonded sand (NBRBS) including furan 
resin, curing agent and boric acid content and kinds of 
collapsibility agents and base sand. In the results are 
shown that the optimization of the comprehensive 
performance of NBRBS is achieved when the furan 
resin addition is 1.6 wt% of base sand content and the 
curing agent addition is 50 wt% of furan resin content. 
[5] 
In a work conducted by Stauder B. and his friends, were 
investigated the foundry sand core properties which are 
a key requirement for high precision casting process 
development. In this work is demonstrated the potential 
to evaluate mechanical and functional sand core 
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properties using precisely acquired 3-point bending test 
load curve data applying standard bending test 
geometries. The organic binder systems which have 
been investigated were: coldbox, hotbox and warmbox. 
[6] 
In a work conducted by Gonzalez R. and his friends in 
2011, is presented the results of tests carried out on 
mixtures of sand and binders used in phenolic  urethane 
cold box cores. In this work were analyzed: two binders 
and silica sand with two grain size distributions. The 
cores were blown with blends of sand that had resins 
within the range of 0.8 to 1.15%. Some tests were 
carried out for obtaining the viscosity, polydispersity, 
molecular weight and refractive index of the resins. The 
aim of this study was to determine which resin fulfills 
the critical conditions to obtain sound aluminum 
castings. [7] 
In our present work, we will keep stable the amount of 
sand and the Part 2 while in Part 1 we use a phenolic 

 Afterwards, we use another resin which 
belongs to an A industry. Resin characterization tests 
were done., 3-point bending test. After, different ratios 
of Part 1 and Part 2 mix were compared and with 
standard core samples. 
All samples were tested on casting trial with cast iron. A 
cube model was determinate for casting trial. 

Experimental 

Two cold box systems 
Density, viscosity, amount of solid content, amount of 
water content, amount of free-formaldehyde and 
refraction index of all resins was determined. And then 
standard 3-point test sample were prepared from three 
Part 1 and Part 2 ratio (50/50, 40/60 and 60/40) and same 
sand. Total risen ratio is %1.3. Sand properties are 
represented in Table 1. All sand testing sample were 
cured with DMEA gas in same duration.  

Table 1. The sand parameters 
AFS pH Moisture (%) Dust (%) 

50 6.06 0,2 0.05

For casting trial, 15x15x15 samples cubes were casted 
with EN-GJS-500 ductile iron alloy in resin bonding 
sand mold. Pouring temperature is 
time is 13 second. Three ratios samples were tested 
together in same mold (Fig 2). Standard bending test 
samples were used in casting as cores. Cores were 
placed in the center line of cubes.  

Figure 2 Casting mold with cores

Result and Discussion 
Cold box resin systems of both companies were tested 
and discussed for their physical and chemical properties. 
For equality and accurate results all tests were applied in 
same condition like 25 temperature, same air 
humidity and by using same source and quality sand. As 
known that, kind of sand is an effective parameter for 
Cold Box System.  
First information about for both resin systems were 
achieved by standard test methods as shown in Table 2. 
These results show that both resin system is eligible for 
using in foundry. There were no improper properties like 
high free-formaldehyde content or increased viscosity 
that shows gelation of resin. Main difference in these 
resins is odor and second part solid contents. Solid 
content determination method was applied in 150oC and 
it is actually shows non-
system has almond like smelling but A resin systems has 

products are more Part 2 high 
solid contents could come from less volatile solvent or 
high PMDI content or both of these parameters.  

Table 2 Standard test methods for phenolic resin 

The effect of humidity has undeniable negative effects 
for cold box system. Isocyanate groups in part 2 can 
easily react with active hydrogen in reaction medium 
rather than react with polyols in part 1. These effects 
reduce the effectiveness of PMDI and strength of cores. 
Although the same core preparation and resting 
condition, strength of cores behaved differently, Table 3 
and 4. This must be result of different formulations. As 
mentioned in pervious paragraph, there is difference 

TEST NAME METHOD 
Amount of free-formaldehyde 

(%) 
ISO 11402 

Viscosity (25oC) (Cp) ISO 2555 
Amount of solid content 

(150oC) (%) 
ISO 8618 

Amount of water content (%) TS ISO 760 
Density (20oC) (g/ml) DIN 51757 
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between solvent of both cold box resin system. It was 
predicted that A industry resins have solvent derived 
from petroleum and the strength change over time and 
maximum strength after 24 hours give another evidence 
for this prediction. Volatile solvent vaporize quickly and 
the humid air can easily enter into the voids left behind 
and reduce the strength of the core. Those effects are 
increased by higher amount usage of part 2. PMDI and 
phenolic polyol resin using ratios show different results 
but for both products shows balanced ratio has more 
advantage than other ratios [8]. First strength of 50/50 
cores were the highest and after 24 hours storage

Table 3 Strength of cores, depending on their storage 

industry 

Storage time 
(hour) 

0 1 2 3 24 

Strength for 
50/50 ratio 

(N/cm2)
310 376 396 398 448 

Strength for 
60/40 

ratio(N/cm2)
284 340 372 378 382 

Strength for 
40/60 ratio 

(N/cm2)
142 388 410 392 476 

Table 4 Strength of cores, depending on their storage 
time, produced with the resins belonging to A industry 

Storage time 
(hour) 

0 1 2 3 24 

Strength for 
50/50 ratio 

(N/cm2)
254 398 402 412 418 

Strength for 
60/40 ratio 

(N/cm2)
274 316 354 354 394 

Strength for 
40/60 ratio 

(N/cm2)
166 308 372 350 414 

In casting results, there is no breaking or deformation on 
core related to molten metal. All samples can resist force 
of during casting(Fig 3). Although, metal penetration is 
detected on the core. The molten metal penetrated to 
sharp edge of core. The metal surface near core is so 
rough(Fig 4).  

Figure 3 Casting parts

Figure 4 Surface near core

Conclusions  

For same sand and total resin ratio, Part 1 and Part 2 ratio 
affects the strength of the core. Also, storage time affects 
the strength. Part 2 properties increase or decrease total 
strength of the cores. Part 1 content and properties are 
too close together for these different companies. 
However approximately 20% changing upper from 300 
N/cm2 can not be detected with cast trials.  
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Abstract

High silicon and molybdenum ductile cast iron 
(SiMo) is a common manifold material due to its low 
cost and good castability as well as high oxidation 
resistance and high-temperature strength. However, 
the trend in increasing power density of engines limits 
the use of commercial SiMo alloy at increased 
temperatures. Instead of this alloy, stainless steels are 
preferred, however they have higher cost and are 
more difficult to cast. This brings the need for 
modification of SiMo by using several alloying 
elements. In this study, the effect of alloying elements 
like Al, Si, Cr, Mo, V, Ti, W and Nb on the A1

temperature, mole fraction of graphite and thermal 
expansivity of ferritic matrix were calculated by 
ThermoCalc software using TCFE6 database. The A1

temperature is important since it determines the 
maximum temperature at which the alloy can be used. 
Due to the thermal cycles that the material exposed 
during service low thermal expansivity is required. 
Mole fraction of graphite is also important because it 
effects the ductility as well as thermal conductivity. 

Simulation studies revealed that all these alloying 
elements except for Mo increased the A1 temperature 
whereas the effect of Al and Si was the highest. All 
alloying elements except for Si decreased the mole 
fraction of graphite. Thermal expansion property of 
the SiMo was decreased by the addition of Cr, Mo, 
W, while it was increased by the addition of others.  

1. Introduction 

Cast irons have been used as exhaust manifolds since 
the first exhaust manifold was manufactured. 
According to literature, unalloyed, high carbon grey 
cast irons withstand operating temperatures up to 540 
°C were used as the first exhaust manifold materials 
[1]. Since then, exhaust gas temperature exceeds 750 
°C and reaches 1000 °C in some applications due to 
the stringent emission standards, environmental 

protection and fuel economy regulations [1-5].  
Therefore, in the near future it will be impossible to 
use cast irons even SiMo which is commonly used as 
manifold material today.  

Although the maximum operating temperature of 
SiMo cast iron is limited to 820 °C [6], its casting 
process provides to obtain compact and complex 
geometry with a lower process and material cost [1]. 
Besides, ferritic ductile cast irons like SiMo has high 
thermal conductivity, low coefficient of thermal 
expansion and good mechanical properties which are 
vital for long service life of exhaust manifolds [7]. 
High thermal conductivity provides fast cooling thus 
the material is subjected to high temperatures for 
shorter periods of time. Its lower coefficient of 
thermal expansion will help to avoid cracks that may 
form due to thermal fatigue [5-7].  However, in order 
to increase its service temperature, it is necessary to 
modify SiMo composition using some alloying 
elements which have increasing effect on A1. It is 
known that elements such as Si, Al, Ti, W, Nb, etc. 
that expand the ferrite area will increase the A1

temperature [8].

In this study, the effect of alloying elements like Al, 
Si, Cr, Mo, V, Ti, W and Nb on the A1 temperature, 
mole fraction of graphite and thermal expansivity of 
ferritic matrix were calculated by ThermoCalc 
software using TCFE6 database. 

2. Computational Procedure 

The effect of alloying elements like Al, Si, Cr, Mo, V, 
Ti, W and Nb on the (i) A1 temperature, (ii) mole 
fraction of graphite and (iii) thermal expansivity of 
ferritic matrix of SiMo ductile cast iron were 
calculated by ThermoCalc software using TCFE6 
database. The SiMo composition used for calculations 
is given in Table 1. 
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Table 1. Chemical composition of the SiMo alloy 
(wt. %) 

C Si Mo Mn Ni Fe 
3.4 3.6 0.8 0.15 0.05 Bal.

3. Results and Discussion 

3.1. Computational results of SiMo ductile cast 
iron

Figure 1 shows the isopleth section identifying both 
phases and critical temperatures of SiMo composition 
given in Table 1. A1 temperature, which is considered 
the limit of the maximum service temperature of 
SiMo, was computed as 823.91 °C. 

Figure 1. Isopleth section of SiMo 

3.2. Evaluation of the effect of alloying elements 

A diagram showing the effect of alloying elements on 
A1 temperature of SiMo is given in Figure 2. In order 
to understand the effect of Si, it is necessary to 
consider values above 3.6 % Si in the diagram since 
SiMo already has this amount in its composition. 
Diagram shows that, Si is the most effective element 
in increasing A1 temperature, 8 % Si addition rises the 
A1 temperature to 1150 °C. Al addition in SiMo has 
also increasing effect on A1 temperature. With 8 % Al 
addition in SiMo, A1 temperature reaches to 1025 °C. 
Carbide forming elements except Mo keep A1

temperature almost stable.

Figure 2. Effect of alloying elements on A1

temperature of SiMo. 

Figure 3 shows the effect of alloying elements on 
mole fraction of graphite in SiMo. Above 3.6 % Si, 
mole fraction of graphite decreases slowly with 
increasing Si content. Al has more decreasing effect 
on mole fraction of graphite than Si. Among the 
carbide forming elements, only W almost has no 
effect. On the other hand, the effect of Nb in 
decreasing mole fraction of graphite is much less 
weaker compared to the elements which keep the A1

temperature almost stable (Cr, Ti, V). 

Figure 3. Effect of alloying elements on mole 
fraction of graphite of SiMo. 

Effect of alloying elements on thermal expansivity of 
ferrite at room temperature (RT) is shown in Figure 4. 
Matsushita et. al. showed that for fully ferritic 
spheroidal graphite cast iron, coefficient of thermal 
expansion decreases with increasing graphite [9]. In 
this study a similar effect is observed; Al increases 
the thermal expansivity more than Si and only W has 
a reducing effect on thermal expansivity of SiMo. 
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Figure 4. Effect of alloying elements on thermal 
expansivity of ferrite of SiMo at RT. 

Figure 5 and 6 show the isopleths of elements  having 
increasing effect on A1 temperature (Al, Si) and 
carbide forming elements (W, Nb), respectively. For 
the calculations, SiMo composition given in Table 1 
is used. In the isopleths by the addition of alloying 
elements, only Fe amount in the SiMo composition 
descreases since it is the balance element. These 
carbide forming elements are chosen mainly because 
they do not have decreasing effect on A1 temperature 
(Fig. 2). Their effect on mole fraction of graphite is 
also important since it affects thermal conductivity 
[10].  W increases the mole fraction of graphite and 
the decreasing  effect of Nb is much weaker than 
other carbide forming elements (Fig. 3). As for the 
thermal expansivity of ferrite, W has a decreasing 
effect and  Nb has no significant effect on this 
property (Fig. 4).

Al and Si dissolve in ferrite and provide solute 
solution strengthening of ferritic matrix [11]. 
Therefore both elements increase A1 temperature 
without any carbide precipitation (Fig. 5a and b). Si 
provides  delta ferrite transformation from liquid 
above % 8 Si (Fig. 5b). Figure 6a shows that W 
provides eutectic M6C carbide formation like Mo and 
has small increasing effect on A1 temperature. Nb 
forms primer MC type carbide (Fig. 6b). Studies 
indicate that addition of Nb and W in Fe-based cast 
alloys increases the mechanical properties due to 
precipitation strengthening by primary carbides. 
These carbides also prevent grain boundary motion 
and provide grain size strengthening [12, 13].

(a)

(b)

Figure 5. Isopleths of (a) Al, (b) Si elements in SiMo 
composition.
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(a)

(b)

Figure 6. Isopleths of (a) W, (b) Nb elements in 
SiMo composition. 

4. Conclusion 

In this study, effect of Al, Si, Cr, Mo, V, Ti, W and 
Nb on A1 temperature, mole fraction of graphite and 
thermal expansivity of ferrite in SiMo composition 
were studied by ThermoCalc software. Results 
revealed that alloying elements increased the A1

temperature except for Mo. Increase in A1

temperature brings the possibility of material use at 
higher temperatures and among these elements the 
effect of Al and Si was the highest. All alloying 
elements except for Si decreased the mole fraction of 
graphite. Thermal expansion property of the SiMo is

decreased by the addition of Cr, Mo, W, whereas is 
increased by the addition of others. 
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Abstract 
In present study, the effect of uniform electric field on 
microstructure and hardness of Al-33wt.%Cu eutectic 
alloy were investigated. For this purpose, an apparatus was 
designed to directionally solidify the Al-Cu eutectic alloy 
under different directions and magnitudes of high uniform 
electrical fields, obtained by applying high positive and 
negative voltages up to DC 6 kV between two parallel 
copper plates. 
Firstly, the Al-Cu molten eutectic alloy at near the eutectic 
composition was solidified with none uniform electrical 
fields under certain solidification conditions and then, the 
same alloy were solidified under the same solidification 
conditions with different directions and magnitudes of 
uniform electrical fields. The eutectic spacing and 
hardness of the Al-Cu eutectic alloy, solidified both 
without and with uniform electrical fields were measured 
and dependency of eutectic spacing and hardness on 
directions and magnitudes of electrical fields were 
obtained with linear regression analysis. 

1. Introduction 

Applying AC and DC electric fields, magnetic field and 
electropulsing at high current density to metallic materials 
have shown to influence the microstructure and 
mechanical properties of materials [1, 2]. Liao et al. [3] 
investigated the effect of pulse electric field on alloy 
element distribution and migration in Fe-based binary 
alloys. They stated that the applied electric field alters both 
the migration and the distribution of the alloying elements. 
Liu et al. [1] have found that the electric field applied is a 
major effect on the solidification of Al-Cu eutectic alloys. 
In the experiment, liquid metal was used directly as one of 
the electrodes and an electric field which is normal to the 
growth direction of liquid-solid interface was applied [1]. 
They observed that both positive and negative electrical 
fields increased the eutectic spacing and grain size as it 
reduced the number of grains. In the crystal growth 
process, Ma et al. [4] have shown that, the microstructure 
formation can be regulated by electrical and magnetic field 
generated by externally applied alternating current in the 
Bi-Mn eutectic system. 

Despite all these, there is a not sufficient study on 
solidification of metallic alloys under uniform electric 
field. Besides previous studies do not have a suitable 
prototype design for producing an industrial cast under 
uniform electrical fields. In present work; the effect of 
uniform electric field magnitudes and directions on 
microstructure and hardness in the Al-33wt.%Cu eutectic 
alloy were investigated. For this purpose, the Al-Cu 
eutectic alloy at near the eutectic composition is solidified 
under the uniform different magnitudes and directions of 
electrical fields, obtained by applying the positive and 
negative different values of DC voltage (0-6kV) between 
two parallel plates and the eutectic spacing and hardness of  
Al-Cu eutectic alloy solidified under the uniform electrical 
fields are then analysed. 

2. Experimental Procedure 

2.1 Alloy preparation 

In this study 33 wt.% Cu alloy was prepared with the 
99.99 wt.%  purity of Al and Cu metallic elements 
supplied by Alfa Aesar company. The phase diagram of 
Al-Cu binary system is shown in Figure 1. 
The specimen produced with and without uniform 
electrical fields for measuring the eutectic spacing and 
hardness measurements must be solidified under same 
solidification or growth conditions otherwise an 
experimental error comes from different microstructural 
length scale due to different solidification conditions or 
growth rates. To prevent length scale problems, same size 
graphite crucibles were 
type of measurements. The graphite crucibles were made 
by drilling a hole, 80 mm in depth and 10 mm in diameter 
into graphite rods of 100 mm in length and 40 mm in 
diameter. pproximately 20 cm3 metals 
were melted in a graphite crucible (
OD and 150 mm in depth ) to form the molten alloys using 
the vacuum melting furnace. This amount of alloy was 
sufficient to produce samples solidified with and without 
electrical fields. When the metals were melted, the molten 
alloy was mixed with a graphite rod 20 minutes intervals at 
least 3 times to get homogenous molten alloy. 
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The compositions of prepared Al-Cu eutectic alloys were 
confirmed by optical emission spectrometry (Hilger 
analytical) and it is given in Table 1. 

2.2 Solidification under electric field 

The specially designed experimental set up for 
solidification under uniform electric field is shown in Fig. 
2. The apparatus is preheated up a few 
degrees above the eutectic melting point of Al-Cu. The Al-
Cu molten eutectic alloy was prepared under vacuum at 

 and the molten alloy is then poured into graphite 
crucible, held in a specially constructed solidification 
furnace under uniform electrical fields at approximately 
close the melting temperature of the alloys. 

Temperature of heating furnace was controlled with on/off 
temperature controller using a K-type thermocouple (0.5 
mm diameter). The graphite crucible is insulated from the 
Cu plates to avoid possible electropulsing effect and 
preheated up to the melting temperature of alloy. After

pouring the molten liquid into preheated crucible, the 
required DC voltage is applied between two copper plates 
using high DC voltages generator, generates up to 6kV.
After applying the required voltage to copper plates, the 
input power applied to heating wires is turn off and the 
cooling water is turn on to directionally solidify the 
specimen from bottom to top.at constant temperature. The 
electric field is applied in steps of 0kV, 2kV, 4kV and 6kV
and solidification experiments are carried out under the 
different magnitudes and directions of electric field. 

2.3 Microstructure and hardness investigations 

The samples were first cut transversely into small pieces, 
approximately 5 mm in length. Then the samples were 
mounted using a transparent thermoplastic resin. Grinding 
and polishing processes were carried out by MiniTech 263 
polishing machine. After polishing, the samples were 
etched with Keller agent to expose the microstructures of 
the samples. Microstructure images were taken using 
Nikon Eclipse MA100 model reverse metal microscope. A 
typical microstructure of Al-Cu eutectic alloy is shown in 
Figure 3. The lamellar spacing is considered to be the 
distance from center of solid Al2Cu to center of nearest 
solid Al2Cu. The lamellar spacing as shown in Figure 3
was measured according to equation 1.  

1
x

n      (1) 

The lamellar spacing  is total distance
and n is the number of lamella. 

Hardness measurements were made with a standardized 
Brinell device, has 2,5 mm diameter steel ball using a 62,5 
kg load. Hardness values have obtained by taking the 
average of at least 10 measurements on the transverse 
sections. 

Figure 1  Al-Cu phase diagram 

Table 1 Elemental analysis of prepared alloy 
Fe Al Cu In Ti 
0,006 67,47 32,57 0,003 0,018 

Figure 2 Solidification apparatus under uniform electrical 
fields.

Figure 3 
measurements. 
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3. Results and Discussion 

eutectic samples, directionally solidified under positive 
different magnitudes of electrical fields are shown in 
Figure 4. Directions of electrical fields were parallel to 
gravity direction.  

The variations of lamella spacing and hardness with 
magnitude of positive DC voltages are plotted and they are 
given in Figures 5 and 6. 

The lines in the Figures 5 and 6 indicate that  decreases 
with increasing applied positive voltage values as the 
hardness increases with increasing the applied positive 

voltage value. From present result, it can be concluded that
the electric field constitutes an electrical force on liquid 
atom or molecules on direction of solidification and this 
force increases the number of atom or molecule 
transferring from liquid to solid. Thus, the positive 
electrical field increases solidification rates uniformly and 
decreases the eutectic lamellar uniformly spacing as it 
increases the hardness of Al-Cu eutectic alloy. 

The solidification experiments were then carried out under 
negative DC voltage to produce negative direction of 
electric field, antiparallel to the gravity at the same 
solidification conditions. Some typical optical images from 

solidified under different magnitudes of negative electrical 
fields are shown in Figure 7. Directions of electrical fields 
were antiparallel to gravity direction.  

Figure 4 Some typical optical images from cross 

solidified under different magnitudes of electrical 
fields. Directions of electrical fields were parallel to 
gravity direction. (a) without electric field, (b) 0.2 (c) 
0.4, and (d) 0.6 kV/cm

Figure 5 The variation of lamella spacing with 
positive DC voltage in the Al-Cu eutectic alloy.

 (
m

)

Figure 6 The variation of hardness with positive DC 
voltage in the Al-Cu eutectic alloy

Figure 7 Some typical optical images from cross sections of 
eutectic samples directionally solidified under different 

magnitudes of negative electrical fields. Directions of electrical 
fields were parallel to gravity direction; (a) Without electric 
field, (b) 0.2 (c) 0.4, and (d) 0.6 kV/cm.
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The variations of lamella spacing and hardness with 
magnitude of negative DC voltages are plotted and are 
given in Figure 8 and 9. 

As can be seen from Figures 8 and 9, the value of lamellar 
-Cu eutectic alloy solidified under 

negative uniform electrical fields increases uniformly with 
increasing the applied negative voltage value but the 
hardness values seem to be do not more effectively change 
with increasing the applied negative voltage value.  

4. Conclusion 

In present work, it has been shown that uniform electric 
field application on the molten liquid during the 
solidification process effects on microstructure and 
hardness of Al-Cu eutectic alloy. The lamellar spacing of 
Al-Cu eutectic alloy uniformly decreases with increasing 
the applied positive voltage as the hardess of Al-Cu 
eutectic alloy increases with increasing the applied 
positive voltage. On the other case, the lamellar spacing of 
Al-Cu eutectic alloy uniformly increases with increasing 
the applied negative voltage but the hardness of Al-Cu 
eutectic alloy does not change more effectively with 
increasing the applied negative voltages.  From present 
experiment observations, it can be conclude that the 
magnitude and direction of uniform electrical field effect 
on microstructure of Al-Cu eutectic alloy as well as 

mechanical properties of Al-Cu eutectic alloy and it is
more effective solidification parameter on metallic alloys.  
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Abstract

Microstructure of Al-Si alloy has coarse silicon and 
this structure is known dangerous for mechanical 
properties due to its crack effect. Sr addition is 
preferred to modify the coarse silica during 
solidification. Additionally, Bifilms (oxide structure) 
are known more dangerous defect which is seen in light 
alloys frequently. It is aimed that negative effect of 
bifilms on the properties of the alloys tried to be 
removed degassing process and to regulate 
microstructure of the alloy. In this study, the effect of 
degassing and Sr modification on the mechanical 
properties of A413 alloy was investigated.

1. Introduction

Al and its alloys are preferred by many industries such 
as automobile, aerospace and aircraft because of their 
superior properties such as high specific strength, good 
formability, good machinability and easy castability [1-
3]. A413 alloy is an Al-Si alloy that used for 
production of engine box, measuring box, cylinder and 
pump pieces and thin-walled casting components [4, 
5]. It is a material that needs to be developed constantly 
since it is used in critical applications. It is required to 
keep up the casting quality in order to improve the 
mechanical and microstructural properties of the alloy. 
In other words, it is very important to carry casting 
with optimum conditions in order to get best result 
from the experiments. Microstructure of Al-Si alloy 
has coarse silicon and this structure is not preferred 
because it decreases the mechanical properties of the 
alloy by giving brittleness. Sr addition is preferred to 
modify the coarse silicon during solidification [6, 7]. Sr 
modification also increase the castability (casting 
quality) of the A413 alloy. In the modification process, 
the orientation of the Si grains is restricted by Sr and 
more ductile structure is achieved. The mechanical 
properties, therefore, are enhanced [8]. Improving the 
casting quality is key point for a good casting [9, 10]. 
Defects must be reduced from the structure before and 
during casting.

As mentioned above that bifilms are the defects seen in 
light alloys such as Al-Si alloy casts frequently [1, 11].
They occur from oxide films (Al2O3) that came from 
ingots or melts used before casting or that formed due 

to turbulence during casting. It is aimed to remove 
bifilms by some applications such as degassing and 
grain refinement from the structure in order to increase 
mechanical properties and to regulate microstructure of 
the alloy. Degassing process is vital to clean bifilms [4, 
11-13]. In this process, argon gas is given to the bottom 
of the crucible thanks to means of a rod immersed in 
the melt, and it is provided that while this low-density 
gas moves to the top of the crucible, it can clean 
bifilms, besides hydrogen [1].

In this study, the effect of degassing and Sr 
modification on the mechanical properties of A413 
alloy was investigated.

2. Experimental Procedure

Chemical composition of the A413 alloy which was 
used in this study are given in Table 1.

Table 1. Chemical composition (in wt. %) of the alloy 
used in the study. 

Allo
y

Si Fe Cu Mn Mg Zn Ti Al 

A41
3

11.7
7

0.1
9

0.00
6

0.00
1

0.00
5

0.01
6

0.00
6

Re
m. 

The alloy used in the study was obtained as primer cast 
ingots. A resistance furnace that has 22 kg capacity 
was used to melt the alloy. Sr additions were made 
once the melt temperature had reached 670 °C. 
Castings were realized after 10 min of Sr addition. The 
degassing process was applied with Ar gas.  The parts 
are casted into the tensile test molds which are 13 mm 
in diameter and 150 mm in length given in Figure 1. 

Castings were made firstly for as-received condition 
when the alloy in the crucible is melted. The second 
and third casting was realized for Sr modification and 
degassing, respectively. Analysis of microstructure and 
mechanical properties were done on every parameter.  
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Figure 1. Image of tensile test mold 

3. Result and Discussion

Microstructural images of castings for Sr addition and 
as-received are given as a representative in Figure 2.

Figure 2. Microstructure images of castings for Sr 
addition and as - received 

It can be understood on the images that microstructure 
morphology of A413 was changed by Sr addition. As 
known that A413 alloy has 12 % Si and it displays 
eutectic morphology after the solidification (Figure 2). 
Silicon morphology was affected by Sr addition which 
is transformed the microstructure from coarse and long 
size to fine and short size [8, 14]. This effect of Sr can 
be observed on the microstructure images of the alloy, 
clearly.

Figure 3. UTS and YS results of the alloy for as-
received and modified, a) No degassing condition, b) 

Degassed condition 

UTS and YS results of the alloy for all conditions 
(degassed, no degassing, as-received and Sr modified) 
were presented in Figure 3. This chart is quite 
explanatory in order to understand effect of Sr 
modification and degassing process on the mechanical 
properties of the alloy. As shown on Figure 3, before 
degassing UTS values of the alloy for as-received 
parameter are lower than UTS results of the alloy for 
Sr modified parameter. It can be understood that Sr 
modification affects the UTS results, but this effect is 
quite low for no degassing condition. UTS results of 
as-received parts is the highest for degassing condition. 
It can be said that degassing process increases UTS and 
YS values of the alloys for all conditions. Similar 
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effect with Sr modification and degassing was seen for 
YS values of the alloy. It was seen that Sr modification 
did not affect the results of UTS and YS for degassed 
condition well but get worse the results of UTS and YS 
for degassed condition. If the experiment parameters is 
investigated together, it can be understood that the best 
result was obtained from as-received and degassed 
conditions. However, if the results are examined in 
terms of stabilization, modified and degassed alloys are 
the best. Degassing is crucial process to improve the 
mechanical properties of the alloys. As known in the 
literature [12, 15], Degassing is made to clean bifilms 
from melt and therefore, it increases the casting and 
liquid quality. These knowledges were promoted in this 
study.     

Figure 4. e % and QT results of the alloy for as-
received and modified, a) No degassing condition, b) 

Degassed condition 

Results of e % and QT were presented in Figure 4. It is 
seen on the chart that Sr addition decreases e % value 
for no degassing and degassed conditions. If looking at 
the results in terms of stabilization, results of Sr 
modified alloy are more stable. Similar to UTS and YS 
results mentioned above e % results were affected by 
degassing process, positively. In general, degassing is 
beneficial process to improve the mechanical 
properties, but it decreases the stabilization of e % 

results according to Figure 4b. If average results are 
examined, it can be said that degassed and non-
modified parameters are optimum for this study. QT
results are also affected by degassing and Sr 
modification similar to e %. Degassing improved QT
value for both Sr modified and non-modified alloy. It 
can be thought about these results that degassing 
process cleans the structure from bifilms and therefore 
casting and liquid metal quality can increase. Effect of 
this can be understood by comparing of degassed and 
non-degassed QT values.

4. Conclusion

Effect of Sr modification and degassing process on the 
mechanical properties of A413 alloy were investigated 
in this study and conclusions of the study summarized 
below:

1- Sr modification affects the silicon 
morphology. 

2- Bifilms are effective on the mechanical 
properties.

3- Degassing increases the mechanical properties 
by cleaning bifilms from the structure. 

4- Sr modification is not suggested to improve 
the mechanical properties of A413 alloy.  
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Abstract

A380 alloys have been used in many industries such as 
automotive, power and hand tool, electronic device and 
airspace craft due to their tremendous castability, 
excellent corrosion resistance, good strength-weight 
ratio. Heat treatment achieves for the objectives of 
changing the microstructure and advanced the 
mechanical properties. Porosity is a major issue that 
may occur during the casting. The dissolution capacity 
of gases in liquid aluminum is much higher than solid 
aluminum. Therefore, casting and solidification 
processes are significant actions which affects the 
porosity rate of alloys. In the present work, A380 alloy 
and Ti reinforced A380 alloy were produced by using 
the sand mold casting, performing with two different 
procedure, degassing and without degassing. Degassing 
process performed with argon gases for 20 minutes 
before casting process. Fabricated alloys were heat 
threated, microstructure of the samples were analyzed 
with Optical Microscopy. Hardness values was 
investigated to determine the mechanical properties of 
the samples. As a result, Ti addition for A380 alloys 
reduces the hardness. 

1. Introduction

In recent years, light metal alloys have been frequently 
used in order to overcome fuel efficiency and 
environmental problems. Aluminum alloy castings 
have been used in wide variety of commercial 
applications such as automobile components, aerospace 
craft, high pressure resistance castings, electronic 
equipments, furniture parts. [1,2] 

A380 is one of the most widely used aluminum silicon 
die-casting alloys owing to its excellent castability, 
great weldability, good corrosion resistance, low raw 
material cost, high-quality machinability, tremendous 
strength–weight ratio and ductility. Chemical 
composition of the alloy is given in Table 1. [2]. 

Table 1. Composition range of A380/C380 alloy [3]. 
Alloy Si Fe Cu Mn Mg Zn Sn 

A380
7.5
to
9.5

1.3
max.

3.0
to
4.0

0.5
max.

0.3
max.

3
max.

0.35
max.

Despite its superior properties, the strength of 
aluminum alloys is reduced to over 200oC. Although 
the phases increase the strength of the alloy, above 200
oC phases decrease the strength by dispersing or 
coarsing. Ti, Zr and V have low solubility in Al. These
transition elements precipitate in the form of Al3X
phases and these phases constitutes thermally stable 
intermetallics. Therefore, Al alloys have been shown to 
greater strength at temperatures up to 350oC. [4] 
Al-Ti-B grain refiners modify the coarse -Al to finer 
dendrites structures for Al alloys. [5] Anyalebechi et al. 
[6] reported that Al-5Ti-0,2B additions increased pore 
size and Fakhraei et al. [7] reported amount of Ti 
increased in the melt, porosity increased in Al-20%Mg 
alloys.

In this study, A380 alloys were manufactured by using 
sand mold casting, performing with different 
parameters which are degassing process and Ti 
addition. Effect of degassing and Ti addition on 
microstructure and hardness in A380 alloy were 
investigated

2. Experimental Procedure

Electrical furnace with 5 kW power and a SiC crucible 
with 22 kg capacity were used to melt the two types of 
A380 alloys. The sand molds have been used and 740 
C ± 15 C was selected as casting temperature for 

A380 alloys. A380 alloys performing with two 
different procedures, degassing and without degassing. 
Degassing process performed with argon gases for 20 
minutes during to casting process. For degassing 
process, graphite lance was used. The experimental 
parameters and the levels at which they were tests are 
shown in Table 2. 

Table 2. The experimental parameters and the levels at 
which they were tested 

Parameter Levels 

Degassing No degassing; degassing 

Ti Addition 0 ppm (unmodified); 10 ppm (modified) 

Chemical composition of the alloys that was used in 
this study is given in Table 3.  
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Table 3. Chemical composition (in wt. %) of the alloy 
used in the study.

Alloy Si Fe Cu Mn Mg Zn Ti Al 

A380.1 8.14 0.64 3.115 0.44 0.22 0.49 0.02 Rem.

Samples properties and codes that was used in this 
study are given in Table 4.

Table 4. Samples properties and codes used in the 
study.

Samples
Code Parameters

T41 No degassing; No Ti addition 

T42 Degassing; No Ti addition 

T47 No degassing; Ti addition 

T48 Degassing; Ti addition 

Heat treatment constitute 3 following processes, 
solution treatment, water quenching and artificial age. 
The samples were solutionized at 500 oC for 3 hours, 
followed by a boiling water quenching. Boiling water-
quenched samples were artificially aged immediately 
for 16 hours at 175oC.  
All samples were ground, polished and etched with 
Keller's etchant and analysis of microstructure. The 
hardness values of samples were measured by Brinell 
hardness method. 

3. Result and Discussion

Microstructural images for Ti addition and degassing 
conditions as a representative are given in Figure 1. 

Figure 1. Microstructure images of specimens a) A380 
alloy without degassing b) A380 alloy with degassing 

c) Ti additive A380 without degassing and d) Ti 
additive A380 with degassing. 

It can be seen on the microstructure images that 
addition of Ti and degassing parameters changed 
microstructure morphology. Titanium grain refinement 
occurs on secondary dendrites arm spacing (SDAS). 
SDAS is a method that shows grain size of the alloys. 
Ti addition provide to obtain grains in small size for 
the alloys. As a result of the degassing process, the 
amount of porosity is reduced.

Figure 2. Hardness values of samples 

Figure 2 shows the hardness values of samples. T41’s 
hardness was 135,99 HB. For A380 alloys, degassing 
process reduces the hardness. Ti addition for A380 
alloy reduces the hardness. T48’s hardness was 127,83 
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HB. For Ti added A380 alloys, the degassing process 
increased the hardness values. 

4. Conclusion

Effect of Ti modification and degassing process on 
hardness in A380.1 alloy were investigated with this 
study and conclusions of the study summarized below: 

1- Addition of Ti and degassing parameters 
changed microstructure morphology.

2- For A380 alloy, degassing process reduces the 
hardness.

3- Ti addition for A380 alloy reduces the 
hardness.

4- For Ti added A380 alloys, the degassing 
process increased the hardness values. 
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Abstract

Grain refinement with Ti-based master alloys is a classic 
application for aluminium casting industry. It is claimed 
that the grains are refined and thus improved mechanical 
properties through the constitution of heterogeneous 
nucleation center Ti compounds such as TiAl3 in liquid 
aluminium. However, the relation between the presence 
of bifilms in liquid aluminium and grain refiners is not 
adequately mentioned. In this study, the ratio of wt.0.1% 
Al-5Ti-1B master alloy is added into 356 aluminium 
alloy has high bifilm index (BI). Ti ratio and BI chancing 
of the melt are succeeded with produced reduce pressure 
test (RPT) samples. Into die and sand moulds step 
samples for microstructure analyses and tensile samples 
for tensile tests are poured. As a result, it is found that 
titanium compounds rapidly migrate to the bottom of the 
crucible after addition and also sweep down the bifilms. 

1.  Introduction 

A356 aluminium alloy is most commonly used and 
researched casting alloy in the aerospace and automotive 
industries. In practice, A356 is cast basically two 
different moulds: die and sand. If it’s necessary to 
compare, it has been claimed that much higher 
mechanical properties are obtained by using die mould in 
casting. It is known that a similar effect is observed by 
using Al-Ti-B grain refiner master alloy [1-3]. 
Microstructural differences have been shown as the main 
reason of this. 

Grain refinement with Al-Ti-B master alloy is the most 
commonly used method in aluminium casting processes. 
With the addition of grain refiner, aluminium matrix is 
dissolved and released TiB2 and TiAl3 particles 
heterogeneously nucleate -Al during solidification [1]. 
Thus, higher mechanical properties are obtained by 
means of fine equiaxed grains. However, due to the 
density differences between liquid aluminium and grain 
refiners, the particles show settling behaviour when they 
are added to liquid aluminium. Therefore, the efficiency 
of Al-Ti-B master alloys has been a long going 
discussion by many researchers [2,3].

Bifilms whose density is almost equal to the molten metal 
is suspended in liquid aluminium [4,5]. Time 
dependently, settling of TiB2 and TiAl3 particles sweep 
down the bifilms to bottom of the crucible after grain 
refiner addition. This phenomenon directly influences the 
melt quality, microstructure, and mechanical properties. 

2.  Experimental Procedure 

In this study, the effect of Ti-based inoculant on bifilm 
existence was investigated. 356 aluminium alloys were 
supplied from automotive industry’s scraps. The 
chemical composition of the 356 alloy as can be seen in 
Table 1. The sand moulds were prepared by mixing silica 
sand, resin, and hardener. The charge was pre-heated at 
400 ºC for 1 hour and then the casting temperature was 
set at 725 ºC. Two different casting conditions, with 
(ratio of wt. 0.1%) and without Al-5Ti-1B addition, were 
applied. The pouring was begun 10 minutes after grain 
refinement master alloy addition. In these conditions, 
tensile bars and step samples are poured to analyze 
mechanical properties and microstructure respectively 
into either die or sand moulds. At the same time, bifilm 
index is determined for each condition by Reduce 
Pressure Test (RPT) machine to determine the melt 
quality changing. No sample was heat treated. 

Table 1. Chemical composition of the 356 alloy (wt. %). 
Si Fe Mg Ti B Sr 

7.31 0.13 0.26 0.11 0.001 0.008 

3.  Results and  Discussion 

Residual Ti is a usual situation in seconder aluminium 
alloys. Therefore, although no grain refiner is added the 
Ti ratio is over 0.1% in the as-received alloy As can be 
seen in Figure 1, according to spectral analyses there is a 
slight decreasing of Ti ratio in the melt for the as-
received alloy. However, in the Al-5Ti-1B grain refiner 
added melt, noticeable increasing of Ti content toward 
the bottom zone of the molten metal was observed. 
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Figure 1. Change of Ti ratio in different zones of the 
crucible during casting prosses. 

BI analyses show clear time depending trend which is 
decreasing in both conditions. Interestingly, although the 
molten alloy had the same initial BI, Al-5Ti-1B master 
alloy added melt had lower quality. Master alloy addition 
decreases the melt quality because of oxide film 
entrapment during addition. Also, in both melts, BIs 
increase in the bottom zone of the molten metal, as can 
be seen in Figure 2. This is a good evidence of bifilm 
accumulation in the bottom of the crucible accompanied 
by the Ti settlement. 

Figure 2. BI changes of molten metals. 

In the microstructure analyses, it is observed that Al-5Ti-
1B addition is not worked. As can be seen in Figure 3, 
there is no any remarkable difference between as 
received and grain refiner added images in both two 
mould. Also, heterogeneity in microstructures is 
discerned. However, the effect of variation of the cooling 
rate because of mould material on microstructure can be 
observed. Conventional results cannot be observed in 
SDAS analyses except for few data. Despite the grain 
refiner addition, there is no successful refinement.  
Figure 4 also shows the importance of cooling rate on 
grain size during solidification. SDAS data of die-cast 
samples are higher than sand cast samples’. 

Figure 3. Microstructural images of castings (a: as-
received die, b: grain refiner added die, c: as-received 

sand, d: grain refiner added sand). 
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Figure 4. Microstructural analyses of all conditions. 

Despite the finer grains, the worst and inconsistent UTS 
and elongation values are observed in die casting (Fig. 4-
5).

Figure 4. UTS results of tensile tests. 

According to UTS results, grain refiner addition cannot 
rely a better result for tensile properties and it has an 
adverse effect on elongation values in die cast samples. 
The best tensile test results are obtained distinctly in sand 
casting.

Figure 5. Elongation results of tensile tests. 

Results of two different conditions (no add (i.e.: as-
received) and Al-5Ti-1B add.) are close to each other. 
Al-5Ti-1B master alloy addition in sand casting has 
increased stability of UTS and elongation values. Low 
cooling rate results in unravelling o bifilms during 
solidification. So that, the notch effect of the failures is 
decreased in tensile testing compare to the compacted-
scrambled bifilms. 

4.  Conclusion 

• Addition of master alloy increases the bifilm index 
and decreases the melt quality. 

• In these conditions, no clear relation between grain 
refiner addition and microstructure was detected. 

• Duration (actually gravity) and particles from grain 
refiner, such as TiB2 and TiAl3, settle the bifilms. 

• The shape factor of bifilm effects considerably on 
mechanical properties. 
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Abstract

Brazing is a joining process depending on melting, 
flow and solidification of filler material to form 
metallurgical bond between filler and base component. 
From the various brazing filler materials (BFMs), Ni-
based BFMs are commonly used in high temperature 
applications and corrosive environments. In this study, 
AISI 304 stainless steel pieces with different roughness 
values were brazed under vacuum brazing furnace 
using nickel based BNi-2 filler material. Different 
surface treatments were applied to alter the surface 
roughness of steel pieces; namely, sand blasting, 
grinding, polishing and electropolishing. Mechanical 
properties were identified with tension test and 
microstructural characterization was done with 
scanning electron microscopy (SEM).  The results 
indicate that with increasing roughness of the base 
material enhanced the interfacial strength up to a 
certain roughness level. 

1. Introduction

Among various metal joining techniques, such as 
mechanical connection [1], diffusion bonding [2,3], 
transient liquid phase bonding [4,5], spark plasma 
sintering [6] and welding, vacuum brazing has been 
attracting more and more attention in the joining of 
metals due to its simplicity, good reproducibility as 
well as perfect adaptability of joint size and shape. 
Brazing is one of the metal joining processes which is 
defined by American Welding Society (AWS) as 
“group of joining processes that produce the 
coalescence of materials by heating them to the brazing 
temperature in the presence of a brazing filler metal 
that has a liquidus temperature above 450°C and below 
the solidus temperature of the base materials”[7]. 
Brazing method can be applied for joining of similar 
and dissimilar metals, and even non-metals such as 
ceramics. For the melting of brazing filler material, the 
heat sources can listed as torch, induction and furnace.  
From these numerous types of brazing techniques, 
brazing under vacuum furnaces has a wide range of 
applications such as chemical industry, aerospace 
applications which require the combination of high 
precision, high temperature stability and corrosion 
resistance.  

Stainless steel parts can be brazed with gold, silver, 
copper and nickel based filler materials. Among these, 
nickel based filler materials exhibit high interfacial 
strength, high temperature stability, high corrosion 
resistance and applicability under cryogenic 
temperatures [8]. Within the scope of this study, AISI  

304L grade stainless steel parts were brazed by BNi-2 
nickel based filler material and the effects of surface 
modifications and joint clearance on the interfacial 
strength and microstructure were investigated. By the 
extend of this study, the interfacial strengths were 
determined by tensile test. The wetting angles and 
spreading characteristics were investigated under 
stereomicroscope; whereas, the microstructure and 
chemical analyses were conducted under SEM. 

2. Experimental Procedure 

3 mm thick specimens were brazed for the 
determination of shear strength by single lap test 
according to ASTM D1002 [9] by using BNi-2 foil.. 
For pressure burst tests, 7 cm diameter hollow 
specimens were machined and brazed with different 
joint clearances ranging from 0.070-0.150mm. The 
filler material used in this study was BNi-2 paste. The 
compositions of the base metal and filler material were 
given in Table 1.
The surface cleaning steps were started by immersing 
the specimens into the 1M NaOH solution for the 
removal of oil-based contaminants and immersed in 
distilled water. Then, the specimens were immersed in 
10% HNO3 for descaling of oxide layer on the stainless 
steel parts and immersed in distilled water. After 
finishing the surface cleaning, the specimens were 
dried and loaded in the vacuum furnace. When the 
vacuum level reached 10-6 torr, the furnace was turned 
on and the heating profile shown in Figure 1 was 
applied.
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Table 1 Chemical composition of base metal and filler 
material [7], [10].

Element AISI 304L BNi-2 
C <0.03 <0.06
Mn <2.00 -
P <0.045 <0.02
Si <0.75 4.0-5.0
Cr 18.0-20.0 6.0-8.0
Ni 8.0-12.0 Bal. 
N <0.10 -
B - 2.75-3.50
Fe Bal 2.5-3.5
Al - <0.05

The temperature profile applied for brazing is shown in 
Figure 1. The profile can be divided into five different 
steps. The first step was heating the furnace up to 
nearly 200°C and keep there around 15 minutes so that 
all the water-based contaminants and humidity could 
be removed from the system without any damage to the 
filler material. In the second step, the temperature was 
raised to 540°C and kept for ten minutes for the 
removal of organics from the surface. The third step 
included the heating the furnace up to 950°C in order 
to obtain homogeneous temperature distribution 
throughout the sample.  The filler material melted at 
step 4.  The final step is furnace cooling under vacuum 
environment.

Figure 1 Temperature profile applied under furnace.

3. Results and Discussion 

3.1. Single Lap Tests 

Different roughness values were obtained from the 
techniques showed in Table 2. While the lowest surface 
roughness was achieved by fine grinding, the highest 
one was obtained by sand blasting in terms of Ra and 
Rq values. 

Table 2 Surface roughnesses obtained different surface 
modifications.

 Ra Rq 
Electropolishing 0,14 0,17
Fine grinding 0,08 0,2 
Polishing 0,19 0,26
Coarse grinding 0,45 0,60 
Sand Blasting 0,93 1,19

Effect of changing surface roughness by different 
surface treatment on the mechanical strength of the 
brazed joints was revealed in Figure 2. According to 
force vs roughness graph, shear strength showed 
parabolic change. Maximum shear strength was 
obtained at a surface roughness value of 0.45 Ra which 
was obtained by coarse grinding. As a matter of fact, 
surface treatment influenced brazing properties like 
wettability, contact angle, diffusional concepts etc. If 
surface roughness values were smaller than critical 
value which was 0.45 in this study, less contact area 
would be formed between the joints. By extending 
contact area of surface, the adhesion properties of 
brazing showed increasing tendency. However, after 
the certain roughness values, the filler material cannot 
wet the surface and shear strength started to decrease. 

Figure 2 Force vs Surface roughness graph obtained from 
single lap test.

3.2. Microscopic Examination 

The cross-sections of brazed joints were investigated 
under SEM. The results of were illustrated in Figure 3. 
First of all, both grinded and polished joints had 3 
different regions whose widths were different from 
each other. The R1 layers were formed due to grain 
boundary precipitation, R2 layers were formed as 
interphase between BFM and steel parts and R3 layers 
were the BFM. Grain boundary precipitation was 
attributed to boride/carbide formation in the many 
studies from the literature [11]. When the widths of 
these layers were compared, the width of R1 in 
polished sample was wider than that of ground sample. 
This was attributed to the retarding of boron diffusion 
from the BFM to the steel parts in the ground sample. 
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When the diffusion lengths of polished and ground 
samples were compared, the ground sample had higher 
diffusion distance. Since the boron diffusion was more 
prominent in the polished sample, the width of 
interphase in R2 region was more as compared to 
ground sample. Finally, R3 region was Ni-riched solid 
solution region. 

Ground Sample:

Polished Sample:

Figure 3 Cross-section brazed joints under SEM. 

EDS analyses were conducted at three different region 
corresponding to the SEM images in Figure 3. The 
results were inserted and illustrated in Figure 4. Both 
polished and ground samples exhibited similar 
compositions. According to the EDS analyses from R1, 
chromium riched, iron and nickel depleted precipitates 
formed at the grain boundaries constructing a network 
of brittle phases. The composition of R2 was very 
similar to the composition of steel. The main difference 
appeaed as the amount of nickel. This was probably 
due to the diffusion of nickel from BFM to steel at the 

vicinity of the contact area. Finally, R3 had a very 
close composition of BNi-2 filler material.     

Figure 4 EDS measurements from the joint.

3.3. Burst Pressure Test 
Four specimens with different joint clearances were 
brazed by paste form filler material and exposed to 
burst pressure test to see the effect of joint clearance on 
the interfacial strength between the brazed stainless 
steel parts. As shown in Figure 5, as the joint clearance 
increased, the burst pressure of the specimens 
decreased almost in a linear manner. While, at low 
joint clearances, the assembly of the joining parts 
caused difficulties, because the parts could only be 
assembled in tight-fit condition. Also, due to the high 
viscosity of the BNi-2 filler material, filling of such 
small clearances could be problematic.  On the other 
hand, at higher joint clearances, the burst pressures 
started to decrease. Therefore, the minimum joint 
clearances to be studied were set to be order of 70 μm.     

Figure 5 Dependence of joint clearance on the burst pressure

Figure 6 revealed the microstructure of brazing area 
from circular burst test specimen. The backscatter 
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electron image showed that the structure was full of 
precipitates with different morphologies. In terms of 
their morphology, acicular and equiaxed precipitates 
formed in the BFM after brazing cycle.   

Figure 6 Back-scattered image of BFM.

The EDS studies were conducted from numbered 
precipitates and BFM matrix shown in Figure 6. While 
numbered as 1 precipitate was an example of equiaxed 
morphology, numbered as 2 precipitate had acicular 
precipitate. EDS analyses of these precipitates and 
matrix BFM were tabulated in Table 3. As it can be 
noticed, the acicular precipitate 2 had more chromium 
content than the equiaxed precipitate 1. Also, 
precipitate 2 had no iron constituent in its composition. 
Both of precipitate 1 and 2 were the Chromium 
Carbide/Boride precipitates with different 
morphologies mainly due to its relative chromium 
content.

Table 3 EDS results from the numbered precipitates and 
BFM matrix above. 

Element Prec1 Prec2 Matrix 
Si 0.62 0.61 5.53 
Cr 89.57 92.41 5.85 
Fe 2.84 - 7.97 
Ni 6.97 6.98 80.65 

4. Conclusion 

 To conclude, surface roughness values were critical 
both morphology and interfacial strength of the 
brazed joints in terms of diffusion of carbide/boride 
precipitations and adhesion strength. The highest 
interfacial strength was attained by coarse grinding 
whereas the lowest one was from polishing. In 
general, interfacial strength exhibited parabolic 
behavior with respect to surface roughness. 

 Apart from surface roughness, there were three 
different layer formation observed at all brazed 
joints. These layers were quite different from each 
other in terms of morphology and composition. 

 Burst pressure decreased as the joint clearances 
increased. However at lower clearances difficulties 

about the assembly of the hollow circular parts 
were experienced. 

 Two types of precipitates were observed in the 
BFM matrix, which are different from each other 
with regard to morphology and composition.  
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Abstract

Butt welded seams are widely used in steel constructions. 
The welding conditions, bevel geometry and the weld 
sequence are decided by considering the material thickness, 
welding process and the accessibility. Welding operation 
generates a residual stress state in the joint area depending 
on the geometry or path of the weld, initial temperature of 
the material, heat input, clamping conditions, cooling 
conditions, phase transformations, etc. Design of a product 
ignoring residual stresses always involves risks for 
distortion or early failure in the service. In this work, the 
construction safety measures and the loading safety was 
discussed based on the surface residual stress distribution in 
the butt welded joints. 

1. Introduction 

Welding is one of the most widely used joining methods in 
the metal industries. Because of its flexibility and many 
process varieties, a wide range of metallic components 
from thin plates to the heavy structures can be welded 
easily using various methods [1]. However, due to the local 
heating and cooling differences of the welding methods, 
residual stresses and distortion may develop in the 
structures [2-4]. Distortion induced by weld cycles causes 
usually additional time consuming costly straightening 
work because of strict dimensional tolerances requested in 
the subsections or in the overall structures [4, 5].  

Residual stresses are directly related to quality, integrity 
and performance of the components and structures because 
they are algebraically summed with applied stresses. For 
instance, residual compressive stresses in the surface layers 
are generally helpful because they can reduce the effects of 
imposed tensile stresses that may produce cracking or 
failure.

Residual stresses in the welded steel structures are caused 
by additive effects of the subsequent processes in the 
manufacturing chain, i.e, steel-making, metal forming 
processes, welding and post-welding processes such as heat 
treatment [6]. Moreover, straightening by thermal or 
mechanical means also contributes to the final state of 
residual stress. 

Many research articles were published about the residual 
stress distribution in the butt welded seams. They 
commonly reported that the stresses are concentrated on the 
weld zone; the stress distribution mainly depends on the 
material type, geometry, welding parameters and clamping 
conditions. Tensile residual stresses exist on the weld metal 
whereas compressive residual stresses are dominant in the 
heat affected zone (HAZ) [7,8]. Investigations were mainly 
focused on the stress profile along the plate thickness and 
the effects of the number of passes on the residual stress 
distribution. The results show that the residual stresses in 
the transverse direction are much higher than those in the 
longitudinal direction. As the plate thickness increases, 
obvious differences occur in the stress distribution along 
the thickness. The finite element analysis of welding 
processes showed that the residual stress level is closely 
related with the inter-pass temperature and clamping 
conditions [9-12]. 

The residual stresses in the weldment combined with 
geometric discontinuities and/or defects may cause brittle 
fracture, fatigue failure or stress corrosion cracking. In the 
absence of geometric imperfections in ductile materials, 
local plastic deformation in the components reduces the 
residual stress level [13-15].

This study discusses the effect of residual stresses on the 
construction safety of steel structures by focusing on the 
multi-pass butt welded plates.  
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2. Experimental Procedure 

API 5L X70 pipeline steel plates having the dimensions of 
18x280x150 in mm were multi-pass welded. The chemical 
composition of the material is given in Table 1. 9 mm deep 
V-groove was opened along the weld line to lead the filler 
zone (Figure 1). After completion of the welding process, 
residual stress distribution was nondestructively determined 
by Magnetic Barkhausen Noise (MBN) method.  

Figure 1. Sketch of the API 5L X70 plate. 

First, three plates were prepared and normalized 
(austenitization at 960°C) to remove the residual stresses 
induced during previous manufacturing processes and also 
to obtain a uniform microstructure. 

Table 1. Chemical composition of the API 5L X70 steel. 
C Si Mn P S Cr 

0.0349 0.258 1.66 0.0088 0.0030 0.151 
Ni Cu Nb Ti V Al 

0.0366 0.0492 0.0507 0.0190 0.0525 0.0168 

The plates were fixed from the four corners to prevent any 
distortion during Metal Active Gas (MAG) welding. The 
welding parameters are given in Table 2.  

Table 2. Welding parameters and heat input. 

Specimen Number 
of Passes 

WFS 
(m/min) 

U
(V) 

I
(A) 

A 2 11,5 29 290 
B 4 9,0 25 230 
C 8 6,5 21 170 

LWS 
(m/min) 

E/pass
(kJ/mm) Efficiency H

(kJ/mm) 
4 1,26 0,8 2,02 
6 0,58 0,8 1,84 
8 0,27 0,8 1,71 

WFS: Wire Feed Speed, LWS: Linear Welding Speed,  
H: Heat Input 

The first plate was welded with 2 passes, the second one 
with 4 passes, and the third one with 8 passes. MBN 
measurements were taken from the back (root-side) and the 
front side (cap-side) of the plates.

Before MBN measurements a calibration procedure was 
applied to covert the MBN values into the residual stresses.

3. Results and Discussion

The surface residual stress profiles obtained by the MBN 
measurements are given in Figure 2. Continuous MBN 
measurements could be only taken at the root side of the 
welded plates since a smooth surface exists. The 
measurements were interrupted on the cap side due to 
irregular profile of the weld surface.  

(a)

(b)

Figure 2. Distribution of the surface residual stresses 
a) the back-side,  b) the cap-side 
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When the plates of the same thickness are butt welded with 
2, 4 or 8 passes, the tensile residual stress levels on the cap 
side of the weld passes are relatively high in contrast to 
those at the root-sides. At the root side, the subsequent 
weld passes creates normalization/stress relief heat 
treatment effects and thus the magnitude of residual stress 
reduces [16].

The results show that the magnitude of the surface residual 
stresses in the welds can reach up to 50% of the nominal 
yield strength of the API-5L X70 steel under the given 
welding conditions.

When examining the effects of residual stresses on the joint 
loading capacity, three factors should be considered:

• Discontinuities: Discontinuities restrict the plastic 
deformation in the weld zone and cause brittle fracture 
because of their notch effect. It means that brittle 
fracture starting from the weld zone may occur even in 
the ductile materials. The most critical discontinuity 
encountered in the weld zone, especially at the fusion 
line, is the sharp toe blend. According to the notch 
stress approach, the notch stress range notch is 
calculated by multiplying the nominal stress range 

nom with the stress concentration factor SCF (Eqn.1)

notch = nominal  SCF (1) 

The stress concentration factor is related with the toe 
blend radius by the formula given in Eqn. 2 [18]. 

SCF = 1 + A  (tan )1/4  (t/ )1/2 (2) 

where A refers to the shape factor which is taken as 
0.27 for butt welds,  is the flank angle, t is the plate 
thickness, and  is the weld toe radius.  

In addition, discontinuities such as undercut and lack of 
fusion play an important role on making the weld toe 
brittle. A comprehensive discussion on this subject is 
held in the work “Fatigue strength assessment of butt-
welded joints with undercuts” [19]. The related 
geometrical acceptance criteria exist in the EN ISO 
5817 standard. The discontinuities that have sharp notch 
effect such as undercuts, toe angles are classified in 
three acceptance levels as B, C and D.

• Design Loads: Design loads are generally kept at a safe 
value using a safety factor prescribed in the standards 
and safety side-factors of the welded joints [21]. When 
the material is sufficiently ductile the sum of the 
residual stress and service stress may plastically deform 
the material, and thus, the severity of residual stresses 
decreases. However, if the welded zone is brittle due to 
microstructure and geometry there is a high risk for 

early failure. For instance, stress corrosion cracking is 
triggered when the brittle phases in the microstructure, 
high tensile residual stress levels on the surface and a 
corrosion environment exist at the same time. 

• Variation of Load: Fatigue crack formation and 
propagation in the weld zone may occur when the 
welded joint is under variable loads. There is an IIW 
regulation to determine the remained lifetime [22]. If 
the residual stresses induced by welding are not taken 
into account the calculations according to the regulation 
may lead to errors in the life cycle calculations. 

4. Conclusion 

Residual stresses are directly related to quality, integrity 
and performance of the components and structures because 
they are algebraically summed with the service stresses. In 
welded joints, combined effects of tensile residual stresses 
with high magnitude, discontinuities in the weld zone, and 
brittle microstructural phases lead to unpredictable brittle 
fracture or early fatigue failure. For this reason, it is 
absolutely necessary to keep the weld joint within the 
geometrical tolerances to minimize stress amplification; to 
follow an approved procedure to prevent the formation of 
brittle phases in the microstructure; and to minimize the 
residual stresses. In situations where high level of safety is 
required, stress relieving process must be applied. 
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Abstract
Silver can be used due to its high electrical and 
thermal conductivities and chemical stability for 
heat sink materials. Because of its high cost copper 
is used more common than silver. However, copper 
has lower oxidation resistance than silver. 
Therefore, silver coated copper materials can prefer 
for heat sink materials. In this study, the effect of 
silver coating on the corrosion characteristics of 
copper based materials has been investigated. The 
copper based materials were fabricated by using the 
warm pressing and sintering methods. After the 
production of copper based materials, the prepared 
samples were used as working electrode and 
graphite was used as reference electrode. In order to 
evaluate corrosion behavior of samples, corrosion 
potential (Ecorr) and corrosion current density 
(Icorr) were obtained by Tafel extrapolation method 
from potentiodynamic polarization curves. It was 
observed that silver coating provides significantly 
improvements in the corrosion resistance of silver 
coated copper based materials.   

1. Introduction 

The metal particles such as gold, silver, copper, 
aluminum and nickel can be used for electronic 
industry to provide electrical and thermal 
conductivity for bulk materials or conductive 
polymers (1-3). Silver and gold has superior 
electrical conductivity but it has disadvantage as 
cost. In spite of that, copper has inexpensive but it 
has low resistance against to oxidation. To provide 
good conductivity and high resistance of the 
oxidation, copper powders can be coated with silver 
(3-6). Silver coating with chemical route 
(electroless) can be used for uniform distribution of 
silver nano particles on the copper powders and in 
this system, it is taken advantage of the 
electrochemical potential between the copper and 
silver. The compliance of this method ensure the 
multitude of products, with different shapes, 
granulometry and silver contents (7). Besides,  
choosing of the silver as a coating material on the 
copper powders benefits on the corrosion resistance 
of the bulk materials manufactured with silver  
 

 
 
coated copper powders with their superior thermal 
and electrical conductivity. 
Additionally, silver has also excellent corrosion 
resistance in sulphur atmospheres compose the film 
of silver sulphide (Ag2S). In this study, the effect of 
the silver coating on the bulk materials including 
silver coated copper powders were investigated to 
understand how much improved of the corrosion 
resistance because of the silver coating with 
potentiodynamic polarization curves. 

2. Experimental Procedure 

The copper powders used as substrate material for 
this study were procured from Alfa Aesar, 
Karlsruhe, Germany. The average size of those 
copper powders were 65 m and the purity was 
above %99.9. Firstly, a pre-treatment was applied 
to the copper powders before the coating process 
with putting of the copper powders (15 g) in a 
vessel including %50 HCl and %50 ethanol under 
the stirring for 15 min. After that, the pre-treated 
copper powders were separated and washed with 
distilled water and ethanol. During this process, the 
coating solution including 13,6 g/L silver-nitrate 
(AgNO3) and 27 g/L sodium-potassium tartrate 
(KNaC4H4O6·4H2O)  was prepared in another 
vessel. Before the adding of the KNaC4H4O6·4H2O, 
ammonium-hydroxide (NH3OH) was added 
dropwise. All of the chemicals were provided from 
Sigma Aldrich, Darmstadt, Germany. The dropping 
speed selected as 6 ml/min to control the reaction. 
The adding was carried out until the solution has a 
pH value of 11. When it has pH=11, the chelating 
agent of KNaC4H4O6·4H2O were added into the 
coating solution and then the pre-treated copper 
powders were added into the coating solution. The 
temperature of the solution was fixed as 60 oC and 
the coating process performed for 30 min under a 
stirring has the speed of 600 rpm. The powder 
morphologies of the copper powders before and 
after the coating process were investigated in a 
scanning electron microscopy (SEM) and X-ray 
diffraction (XRD) method. 
 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1122 IMMC 2018   |   19th International Metallurgy & Materials Congress

After the coating process, the copper powders and 
the silver-coated copper powders were sintered 500 
oC and then pressed under 600 MPa. And then the 
corrosion behaviors of the obtained bulk materials 
with powder metallurgy were investigated with 
potentiodynamic polarization method (Gamry 
Potentiostat, Warminster, PA) in a 3.5 wt.% of 
NaCl aqueous solution at the room temperature.  

3. Results and discussion 

Fig. 1 shows the morphology of the uncoated and 
coated copper powders. as can be seen in this 
figure, the copper powders have a morphology of 
the spherical mostly. The copper powders prevented 
to the their original forms after the coating process 
as seen. Besides, any free silver particles did not 
remain among the copper powders because the 
copper powders applied pre-treatment process 
before the coating process. 

Figure 1. The powder morphologies of the (a) 
substrate copper powders and (b) silver coated 

copper powders. 

Fig. 2. shows the polarization curves of the bulk 
materials produced from un-coated and silver 
coated copper powders using with powder 
metallurgy method. The parameters of the corrosion 
tests of the bulk materials were given Table. 1. 

Table 1. The corrosion test parameters for the   
 samples 

Sample Initial 
and
final
potential
(V)

Equivalent
weight (g) 

Scan
rate
(mV/sn)

Density
(g/cm3)

Silver
coated

-1 to +1 108 5 10,49 

Uncoated -1 to +1 31,97 5 8,96 

Figure 2. The polarization curves of the samples 

As can be understood from the polarization curves 
the bulk samples produced from silver coated 
copper powders showed far less current density 
than that of uncoated copper powders. In this 
regard, the corrosion rate of the samples including 
uncoated copper was about 7.6 mpy while that of 
samples including silver coated copper was 
approximately 7×10-3 mpy because of the corrosion 
resistance of the silver. 

Fig. 3. shows the images of the damages of the 
corrosion surface after the corrosion tests in NaCl 
solution. As can be seen in  Fig. 2 (a) and (b), it is 
clear that many pits existed on the corrosion surface 
of samples produced from uncoated copper 
powders. However, for the samples produced from 
silver coated copper powders, there is still smooth 
surface after the corrosion test because of the 
corrosion resistance of the silver. 

a

b
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Figure 3. The SEM images of the corrosion 
surfaces of bulk samples produced from uncoated 
copper powders with magnification of (a) 2 KX and 
(b) 5 KX; silver coated powders with magnification 
of (c) 2 KX and (b) 5 KX. 

4. Conclusion 

Silver coated copper powders were successfully 
produced with simple chemical route.  It was 
determined that there was not any free silver nano 
articles without composing onto the copper 
particles according to SEM images of silver coated 
copper particles. The bulk samples manufactured 
from silver coated copper particles were 
successfully produced using with powder 
metallurgy. The bulk samples produced from silver 
coated copper powders showed very higher (about 
103 times) resistivity of corrosion than that of 
uncoated copper powders. 
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Abstract

Single crystal growth that invented by Jan Czochralski, 
was essentially used in AEG laboratory in 1916. Further 
development was about obtaining bulk crystals according 
to matching of the crystallization velocity and pulling 
rate. Gomperz improved the Czochralski process by 
changing die, crucible, and cooling system in 1922. One 
year later, Goens and Gruneisen applied different method 
to obtain crystal having certain orientation. Henry Walter 
from Bells Laboratory designed a new furnace and 
succeeded about crystal rotation, producing non-metallic 
and enhancing dimensions. After the WWII with 
invention of contact-transistors, importance of the 
Czochralski method significantly increased. Using 
microprocessors provided automatic control of crystal 
growing process. In the end of 1960s, the process of 
single crystal technique became similar to today’s 
process. Research and development activities on single 
crystal processes have been continued due to necessity of 
improving semiconductor technology. In this study, 
manufacturing of single crystal, Czochralski method, its 
parameters, and historical developments have been 
discussed in detail. 

1. Introduction

The Czochralski process that has been invented by Jan 
Czochralski is a single crystal growth method by pulling 
poly-crystal feed from the melt [1]. Czochralski process 
pioneered the industry of microelectronics, photovoltaics, 
power electronics and many other technological 
applications. Products of crystal growth process are 
approximately used 60% in semiconductors, 20% in 
optical process, and the rest is shared upon other 
applications like laser, jewelry, and watch industries [2]. 
It is well-known that a single crystal (mono-crystalline) is 
a matter in which the structure presents a strict order 
atomic arrangement, i.e., nearly perfect crystal [3]. Most 
common usage of the Czochralski process is the growth 
of semiconductors, especially of mono-crystalline silicon. 
This technique has a significant importance for hundred 
years, because the demands on the required materials for 
industries like semiconductor, photovoltaic and 
microprocessor have been increased significantly. 
Although the manufacturing of bulk crystal was about 
20.000 t/year in 1999, today manufacturing only for 

silicon is about 250.000 t/year [1, 2]. Since the 
technological developments, single crystals with 
diameters up to 450 mm and weights of more than 300 kg 
can be industrially manufactured by the Czochralski 
process today [1]. Aim of this study is to emphasize the 
importance of the Czochralski process via presenting a 
comprehensive overview. 

2. Historical Development of Czochralski Process 

In the 19th and 20th centuries, the developments in 
thermodynamics, nucleation and growth theories provided 
the basic aspects of crystal growth technology [2]. 
Although it has been accepted that the first inventor of 
crystal growth is J. Czochralski, according to Scheel [2], 
the founder of industrial crystal growth  is A. Verneuil 
[2,4]. Czochralski discovered his process through a 
creative mistake [5, 6]. While he was working on the rate 
of crystallization of metals, he terminated an unsuccessful 
trial with a tin melt. He placed the full, hot crucible on the 
edge of the desk to cool. Then, while taking notes, he 
accidentally dipped his pen not into the ink well, but into 
the crucible with molten tin. When he lifted his arm 
quickly, a long and thin thread was hanging onto the pen. 
By etching with acid, the first single crystal was drawn out 
of the crucible by Czochralski [6]. The first drawing of 
Czochralski’s setup is given in Figure 1.

Figure 1. Czochralski setup from 1916 [5]. The
clockwork
motor (U) draws the single crystal (E) out of the melt (S) 
which sits in the crucible (T). The seed crystal resides in 
a capillary (K), which is attached to a thread (F). The 
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capillary (K) is shown on the right-hand side of the 
apparatus, magnified six times.
Czochralski measured crystallization velocities of several 
elements, i.e., Sn, Pb, and Zn, 90, 140, and 100 mm/min., 
respectively [4]. E. von Gomprez changed the 
Czochralski setup by introducing a die to control crystal 
diameter and using a N2 stream in 1922 [4]. The 
Czochralski process has been introduced in the USA in 
1922. In 1929, the most important research was to 
determine the crystal orientation by changing of dipping 
orientation of seed material. In 1934 and 1935, diameter 
of crystals reached from 1-3 mm to 11 mm. Until this 
time, only low melting temperature materials obtained as 
a single crystal. Henry Walter was the first to introduce 
crystal rotation to the Czochralski process, also he was 
the first to control the crystal shape and diameter during 
Czochralski growth. Henry Walter obtained straight rods 
with 2 cm diameters and 30 cm lengths, and <110>, 
<100>, and <111> orientations [4]. After the WWII, the 
first Ge crystal was manufactured in the USA in 1948 by 
G.K. Teal and J. Little. In 1949, bulk silicon single 
crystals by Czochralski process were manufactured in 
Bell Laboratory, thus, the first Si-based transistor built by 
Pietenpol and Ohl at Bell Labs [7]. Dash [8], from the 
General Electric Research Laboratory, in 1959, exhibited 
that crystals free from dislocations can be grown by the 
proper selection and preparation of the seed crystal. 
Davies [9] from Honeywell obtained the first tellurium 
single crystals in 1957, and Keezer [10] from Xerox 
achieved the first selenium single crystal in 1967. In 
Table 1, the extendibility of the Czochralski process for 
the growth of elemental semiconductors in the USA is 
presented [4]. 

Table 1. Manufacturing Centers of Silicon [4]. 
Year Company/Institute Note 
1949 Bell Telephone Laboratories, 

Murray Hill/NJ 
First Si 
crystal

1952 1952 Technische Hochschule, 
Stuttgart/Germany 

1954 Texas Instruments Inc. , 
Dallas/TX 

1959:
15.24cm

1954 Raytheon Corp. , 
Waltham/MA 

1956 Associated Electrical 
Industries Ltd., Aldermaston 
(AEI)/United Kıngdom

1956 Shockley Semiconductor Lab.,
Mountain View/CA 

Silicon
Valley 

1957 Fairchild Semiconductor, San 
Jose/CA

Silicon
Valley 

1958 Knapic Electrophysics 
Inc.,Palo Alto/CA 

Silicon
Valley 

1959 General Electric Research 
Laboratory, Schenedady/NY Dash neck 

Also in 1954, the fırst compound semiconductor such as 
InSb and GaSb was manufactured in 1954 at Bell 
Laboratory (Table 2). Afterwards, many institutions 
manufactured same or different type of compound 

semiconductor crystals. Perfect single crystals of oxides 
have a significant importance for laser applications. 
CaWO4 was the first Czochralski oxide crystal, grown by 
Kurt Nassau in 1960 (Table 3). In 1961, Kurt Nassau 
obtained several divalent metal fluorides (CaF2) by using 
Czochralski method, included the common materials i.e., 
NaCl, KCl, and LaF3 [4].

Table 2. Manufacturing Centers of Compound Crystals 
[4]
Year Company Institute Crystals 
1954 Bell Labs, Murray Hill/NJ InSb, 

GaSb
1958 1958 MIT, Lexington/MA GaAs 
1958 Batelle Institute, Columbus/OH AlSb 
1959 Chicago Midway Lab., Chicago/IL InSb

Strauss
InSb

1959 RCA Laboratories, Princeton/NJ GaAs 
1960 Philips, Aachen/Germany Bi2Te3

1961 IBM Corp., Poughkeepsiee/NY 

Cd3As2,
CdAs2,
CdSb, 
Zn3As2,
ZnAs2,
ZnSb

1961 Ampex, Culver City/CA GaAs 
1961 General Electric Research Laboratory,

Schenectady/NY
GaSb

1962 US Naval Ordnance Lab, White
Oak/MD 

PbTe

1963 Texas Instruments Inc., Dallas/TX 
GaAs 
InAs 
PbTe

1964 Stanford University, Stanford/CA 
GaAs 
GaP

1968 Hughes Res. Lab., Malibu/CA Ag3AsS3
Ag3SbS3

1969 Sandia Nat. Labs. Albuquerque/NM 
GeTe
SnTe
PbTe

Table 3. Manufacturing Centers of Oxides [4]. 
Year Company/Institute Crystals 
1960 Bell Labs, Murray Hill/NJ CaWO4
1961 General Electric Research 

Laboratory, Schenectady/NY Fe3O4
1962 Raytheon Corp., Waltham/MA Y3Fe5O12
1963 Sperry Rand Res. Center, 

Sudbury/MA CaWO4
1963 US Army Electronics R & D Lab., 

Fort Monmouth/NJ 
CaWO4

1964 Bendix Corp., Southfield/MI CaWO4
1965 Aerojet-General Corp., Azusa/CA  

Cu2O
1965 Westinghouse Res. Lab., 

Pittsburgh/PA ZnWO4
1966 IBM Corp., Poughkeepsiee/NY LiNbO3
1967 Union Carbide Corp., 

Indianapolis/IN Cr:Al2O3
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1967 Air Force Cambridge Res. Lab. 
Bedford/MA Li2Ge7O15

1968 Sandia Nat. Labs, Albuquerque/NM LiGaO2
1970 Stanford University, Stanford/CA LiNbO3

In Japan, Hitachi University and the Nagoya University 
presented germanium growth in 1961 [11], and 1969 
[12], respectively. Nozaki [13] at Komatsu achieved the 
first silicon crystal in 1970. In 1983, vapor pressure 
controlled Czochralski method presented by Azuma [14] 
from Furukawa Electric Co. Ltd., for the growth of 
compound semiconductor crystals. 

3. Czochralski Process 

The basics of the Czochralski process is shown in Figure
2 that presents the setup of an industrial type Si 
Czochralski puller [15].

Figure 2. Setup of An Industrial Type Silicon 
Czochralski Puller [15]. 

After loading the polycrystalline silicon feed material into 
the bowl-shaped silica crucible, in an inert gas (argon) 
atmosphere, the melting is performed. By dipping a 
silicon seed crystal into the surface of the silicon melt, 
crystal growth begins. Then, the seed is drawn from the 
melt slowly. The vacuum-proof cylindrical main vessel 
(1) has water cooled steel walls. The upper chamber is 
directly connected with the main vessel. A major source 
of impurity contamination to the Si crystal is the crucible 
material, thus, the required purity, mechanical stability, 
and chemical inertness are provided by using fused silica 
crucibles. Temperature, flow rate in the melt, argon 
pressure, and flow rate in the gas above the melt surface, 
have significant effects on the dissolution rate of the 
silica crucible. Additionally, high silicon melt 
temperature causes increasing the crucible corrosion, and 
decreases its mechanical stability. The purity of the 
growing crystal directly is related to the purity of the 
melt. The seed holder (5b) is typically made from 
molybdenum, and connected to either a solid pulling shaft 
(5c) or a pulling wire. The pulling unit (5d) provides the 

rotation of the crystal. The crystal diameter and the hot 
zone geometry are directly related to the pulling rate. 1 
mm/min and 20 rpm are the typical rates for pulling, and 
crystal rotation, respectively. The main heater (6a) and 
the bottom heater (6b) are the main parts of hot zone 
which is the key part in controlling the growth process. 
Argon gas flow prevents the contamination of the Si melt 
by residual gases such as CO and H2O, also, removes the 
evaporating SiO from the melt surface. In the Czochralski 
pullers, an external magnet is used to control the oxygen 
transport [15].

In Figure 3, the steps of the Czochralski process is given 
detailed.

Figure 3. The Steps of The Czochralski Process [15]. 
(a–j) of the Czochralski process for growing a silicon 
crystal (5). (a) The polycrystalline feedstock (2) is melted 
(b) in a silica crucible (1). (c, d) Seeding procedure: The 
Si seed crystal (4) is dipped into the melt (3), followed by 
the Dash procedure (e) of growing a neck (5) (e), 
shouldering (f), cylindrical growth (g), growth of end 
cone (f), lift off (i), and cooling down and removing of 
the crystal (j). 

Figure 4 shows a cooled silicon single crystal with a 
diameter of 300 mm, about 2 m in length, and weighing 
approximately 265 kg that was produced by the 
Czochralski Process [5]. 
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Figure 4. A Single Crystal of Silicon, 300 mm in 
diameter, 2 m long, and weighing 265 kg, obtained by the 
Czochralski Process [5]. 
4. Conclusions 

Life without single crystals is barely conceivable due to 
the fact that microelectronics and information technology 
cannot be survived without single crystals. It is obvious 
that the evolutions begun with Jan Czochralski’s creative 
mistake will continue progressively.  
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Abstract

The main goal of VULKANO is the retrofitting of two 
types of industrial furnaces, namely preheating and 
melting, applied on three energy–intensive sectors (steel, 
ceramic and aluminium) with a huge number of potential 
users in Europe. Thus, this project aims to design, 
implement and validate an advanced retrofitting 
integrated solution to increase the energy and 
environmental efficiency in existing industrial furnaces 
fed with NG; through the combined implementation of 
new solutions based on high temperature phase change 
materials, new refractories, optimised cofiring of NG and 
syngas from biomass or process gas, an advanced 
monitoring and control system and an holistic inhouse 
predictive tool. All together will achieve a 20% increase 
in the energy efficiency of furnaces.  

1. Introduction 

VULKANO -Novel integrated refurbishment solution as 
a key path towards creating eco-efficient and competitive 
furnaces– is an international collaborative project funded 
by the European Commission under the Horizon2020 
program. The total cost of VULKANO amounts to 6.9m
and the project will be realised by the international 
consortium composed of 12 partners from: Spain 
(CIRCE, TECNALIA, TORRECID, CIDAUT), Slovenia 
(BOSIO, Valji), France (FIVES), Italy (CSM), Great 
Britain (PCM Products), Germany (Fraunhofer), Turkey 
(ASA  Aluminum) and Poland (IEn). The project is 
coordinated by CIRCE Foundation (Centre of Research 
for Energy Resources and Consumption), Saragossa 
(Spain).

The project aims to contribute to update the mainly old-
aged European furnaces of the intensive industries and to 
create a path to follow in order to ensure a successful 

design in case of new furnaces. For this reason 
VULKANO will design, implement and validate an 
advanced retrofitting integrated solution to increase the 
energy and environmental efficiency in existing 
preheating and melting industrial furnaces, currently fed 
with natural gas. This will be achieved through 
implementing combined new solutions based on high-
temperature phase change materials (PCMs), new 
refractories, optimized co-firing, advanced monitoring 
and control systems and a holistic in-house predictive 
tool.

The integrated solution will be tested in two real pilots 
for the steel and ceramic sector, validating their 
replicability in the aluminium sector. Besides, the project 
partners will analyse this replication in several other 
sectors. By means of its implementation, important 
achievements are expected such as an increase of the 
furnaces energy efficiency up to 20% and a reduction of 
the fuel consumption up to 40%, depending on the sector. 

On top of that, the holistic tool will also be able to 
optimize the integration of the solution with 
upstream/downstream perspective, following a life cycle 
and cost thinking. This will support plant operators and 
decision makers to select the most suitable retrofitting 
strategy for their plants, fostering overall efficiency, 
increase in competitiveness and circular economy and 
reducing the environmental impact of the product value 
chain.

VULKANO addresses the main challenge when facing 
furnaces retrofitting, which is tackling the problem from 
an overall and cost thinking perspective, which will 
enable overcoming the barriers for energy efficiency 
improvements.
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Intensive industries are continuously facing new 
challenges in order to increase the efficiency, reliability 
and flexibility of their processes. In particular, due to 
being one of the most energy intensive processes, 
industrial furnaces have been the focus of multiple 
researches in order to address radical improvements in 
the competitiveness and energy, environmental and cost 
performance at system level. For that purpose, the 
development of improved designs based on new new 
materials, alternative feedstocks, equipment and the 
integration of permanent monitoring and control systems 
into new and existing furnaces seem to be essential 
instrument to meet those demands. In that sense, the 
overall objective of VULKANO project will contribute 
not only to update the mainly old-aged European 
furnaces but also to create a path to follow in order to 
ensure a successful design in case of new furnaces. 

Figure 1. VULKANO Project Practice 

2. Project Studies 

The project aims to design, implement and validate an 
advanced retrofitting integrated solution to increase the 
energy and environmental efficiency in existing 
industrial furnaces fed with natural gas; through the 
combined implementation of new solutions based on high 
temperature phase change materials, new refractories, 
optimised co-firing of natural gas and syngas from 
biomass or process gas, an advanced monitoring and 
control system and an holistic in-house predictive tool. 

2.1. Improved Refractory Materials 

VULKANO project foresees a 5% of improvement in the 
energy efficiency of the overall process through the 
development and implementation of new alternative 
materials for high-temperature, high-alkali environments 
capable to operate at higher temperatures or/and for 
longer periods. This will lead to less process down time, 
greater energy efficiency as more heat kept in associated 
manufacturing processes, and materials that can be 
installed/repaired in a more efficient manner. To 
withstand with variations in furnace operation conditions 
and to overcome the current challenges existing in 
refractories related to reparability, durability, and 
recyclability, it is expected to develop in this project 
under eco-design criteria a new family of refractories 
nano-bonded able to cover more efficiently the required 
conditions existing in the pre-heating and melting 
furnaces considered in the framework of the project. 
Beyond this goal, VULKANO project includes the use of 
nano-particles containing aqueous suspensions (colloidal 
binders) instead of more common options as nano-
powers to avoid the managing of these substances which 
have technical and healthy handicaps and higher prices 
that hindrance to their industrial use. 

Additionally, VULKANO project foresees the 
incorporation of potential by-products of combustion 
process, like fly ash and by-products of aluminum 
industry into the refractories to foster the circular 
economy, decreasing environmental impacts along the 
value chain and decreasing the initial installed cost 
(CAPEX) of the solution. 

2.2. Phase Change Material (PCM) Based Energy 
Recover

VULKANO will develop a novel energy recovery system 
which will allow integrating the furnace and its thermal 
flows downstream and upstream the process. The system 
will be based on high temperature PCM, which becomes 
a really interesting option to increase operation efficiency 
in the thermal transfer and transport within a single 
facility. This increase is promoted by taking advantage of 
latent heat instead of sensible heat. In this respect, 
VULKANO will provide an important progress in the 
knowledge of potential applications for PCM facing up 
with the challenge of implementing these materials at 
high temperature ranges. 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1130 IMMC 2018   |   19th International Metallurgy & Materials Congress

Figure 2. PCM Working Prensibles 

2.3. Co-Firing 

VULKANO project will introduce a second energy 
source from renewable/alternative feedstocks with the 
aim to substitute the high percentage of natural gas in 
industrial furnaces. The use of syngas has been identified 
as one of the most suitable strategies to integrate 
retrofitting actions into industrial furnaces, as it can be 
mixed and complemented with natural gas. 

2.4. Integrated Control System 

Most of the furnaces currently used at various industrial 
sectors that consumes large amount of energy have some 
kind of control system which does not provide 
monitoring and an integrated control to make the 
transition more gradual and self-teaching. This is 
attributed mainly to the fact that I/O had become obsolete 
which leads to the existent need to retain overall control 
strategies and user functional knowledge of system 
operations. This scenario has allowed to VULKANO 
project to detect an undervalued potential in the existent 
furnaces to improve substantially quality control 
requirements and hence to improve decision-making by 
the engineers and technicians, in particular, when there 
are variations in furnace system inputs and quality of 
materials being processed in the furnaces and changes in 
market conditions. 

This improvement can be achieved through the high 
degree of reliability of computer technology and 
programmable logic controllers which has also made 
process control systems as a whole more reliable. This 
circumstance and the fact that it is now possible to create 
single information space based on a local computer 
network connected to the furnace system, VULKANO 
project proposes to integrate the existing equipment by 
upgrading from a legacy DCS (Distributed Control 
System) to a new monitoring and control system 
platform. To this end, VULKANO project will develop 
systems able to execute dispatcher-level control functions 
using open mainline/modular subsystems, thereby, 

VULKANO project will resolve issues concerning to the 
integration between subsystems. As final outcome, the 
new and improved control system will directly contribute 
to achieve a more efficient furnace and consequently 
important fossil fuel savings. 

2.5. Holistic In House Predictive Tool 

VULKANO project will include the development of a 
powerful holistic decision support tool able to address 
and optimise the furnace design and its energy and 
environmental performance taking into account the 
interaction between the furnace and the eco-innovative 
retrofitting solutions and upstream/downstream processes 
according to LCA/LCC premises alongside the value 
chain. This tool will be materialized in specific software. 
The application of a LCA/LCC methodology requires a 
comprehensive characterization of the sectors involved in 
VULKANO, creating a cross sectorial database structure 
which will allow the comparison between the current 
state of each furnace and their expected performance 
once the retrofitting solutions will be applied. 

Figure 3. VULKANO Integrated Solutions 

3. Relationship to Aluminum Sector and Conclusion 

The involvement of the aluminium sector is crucial to 
enlarge replication potential and ensure that cross-
sectorial approach is fully covered within VULKANO. 

ASA  is the aluminum Sector Demonstrator of 
VULKANO, being responsible for trial activities at 
aluminium furnaces and ASA  will mainly involve to 
validate the solution proposed by VULKANO in the 
aluminium sector and also related to project 
dissemination. Project solutions will be applied to 
foundry melting furnace and the extrusion billet 
preheating furnace. VULKANO target the increase of the 
overall efficiency in two of the main types of industrial 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1131
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

furnaces and savings of fuel consumption with a 
subsequent reduction of CO2 emissions. These solutions 
will show the feasibility in the aluminium sector and 
therefore the real replication potential they have. 

Acknowledgment 

This project has received funding from the European 
Union’s Horizon 2020 research and innovation 
programme under grant agreement n.o 723803 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1132 IMMC 2018   |   19th International Metallurgy & Materials Congress

Temperature-Dependent Properties of Exothermic Riser Sleeves

Onuralp Yücel¹, Ahmet Turan², K. Can Candeğer³

¹Metallurgical and Materials Engineering Department, Faculty of Chemical and Metallurgical Engineering, Istanbul Technical University, 
34469, Maslak, Istanbul, Turkey

²Chemical and Process Engineering Department, Faculty of Engineering, Yalova University, 77200, Yalova, Turkey
³Smart Engineering, 69006, Zaporozhye, Ukraine

  
  
  

Abstract

Exothermic riser (feeder) sleeves are useful tools which are 
used to increase solidification time in steel and ductile iron 
castings. A riser is wanted to be the last solidified part of a 
casting. It thereby causes to feed the other parts of a casting 
product to remove porosities and related defects. 
Sometimes it is necessary to use a sleeve, insulating or 
exothermic, around a riser to increase solidification time. 
Exothermic riser sleeves which consist of thermit powder 
mixtures (Al, Fe2O3 and SiO2 etc.) have superior heat-
sealing properties to insulating sleeves and unsleeved 
risers. Thus, they significantly reduce process costs to 
produce sound and high quality castings. In the present 
study, performances of selected commercial sleeves were 
evaluated in terms of reaction duration, flammability and 
temperature change etc. Some thermochemical modelling 
studies were performed to understand the effect of reactant 
composition on sleeve performance prior to the 
performance tests by using HSC Chemistry 6.12 database. 
During experimental studies, it was observed that 
increasing sleeve weight caused an increase in the highest 
reaction temperature and cooling duration. It was 
anticipated that increasing weight decreases specific 
surface area of a sleeve which hot solids lose their heat 
through. Thus, sleeves keep their inherent heat for longer 
time. 

1. Introduction 

Casting is a one of the manufacturing methods for metal 
products. It is based on the pouring of molten metal into 
mould cavity to shape same as the cavity after 
solidification. Technically, pouring temperatures of metals 
and metal alloys are greater than the melting temperatures 
of the metals or their alloys. Thus, mould cavities are fully 
filled by molten metal before solidification. That 
phenomenon is called “superheat”. Two types of shrinkage 
happen during the solidification of metals; liquid shrinkage 
and solidification shrinkage. Liquid shrinkage takes place 
during the cooling down of molten metals to solidification 
temperature. Densities of metals increase due to the 
decrease of molten metal volume. It was reported for cast 

irons that volume decrease ratio is about 1.1% of volume 
for each 100 °C fall of temperature. Solidification 
shrinkage takes place in the phase transformation from 
molten phase to solid state having crystal structures. The 
sum of liquid shrinkage and solidification shrinkage is used 
to calculate how much excess molten metal would be 
poured into mould cavity prior to the pouring to have sound 
casting products without cavity like defects. The 
summation of those shrinkage mechanisms is called “total 
liquid shrinkage” and it may change in accordance with the 
type of alloy referring to their different chemical 
compositions and their phase transformations during 
solidification. Detailed information, concerning the effects 
of chemical compositions on total liquid shrinkage, can be 
found in the literature. Nevertheless, for instance, total 
liquid shrinkage of grey cast iron which has a carbon 
content of between 3.4-4.0% and to be poured at 1350 °C is 
about 0.6% whilst that value is 7.25% for white malleable 
cast iron which is poured at 1510 °C [1]. 

Next definitions and technical approach are mainly given 
for sand casting practice. Sand moulds consist of upper part 
called “cope” and lower part called “drag”. In cope and 
drag, there are cavities as the patterns of casting product, 
gating and risering systems. Gating system containing 
sprues is the set of cavities where molten metal is first 
poured into moulds and, it directs molten metal into main 
mould cavity whereas a risering system (or riser) is the 
final part of a mould cavities to solidify. Therefore, risers 
(or feeders) feed other parts of casting products which 
solidify priorly. Thus, casting products without cavities can 
be obtained. Risers and sprues are cut off after the fully 
cooling down of casting products [2-6]. In the literature, it 
was stated that riser weight should be 2.5 times greater than 
the feed requirement of casting product for circular risers. 
However, surface area of a riser is another important 
parameter to consider. Smaller surface area for the same 
mass values results in higher solidification duration. 
Spherical risers have the lowest surface area / weight ratios 
as well as the highest solidification duration [1]. Detailed 
analytical calculations about the dimensions and positions 
of risers were previously studied and released by some 
well-known scientists such as Wlodawer [7, 8]. 
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Sometimes, it is necessary to use insulating or exothermic 
sleeves around risers to extend solidification duration 
particularly for steel or ductile iron casting. Exothermic 
riser sleeves are made of powder mixtures which give 
exothermic (thermit) reactions. Plenty amount of heat is 
thereby produced to keep risers hot. Those sleeves have 
heat-sealing properties superior to those of insulating 
sleeves and unsleeved risers [1, 2, 8-10]. Exothermic riser 
sleeves are composed of a mixture of metallothermic-based 
exothermic materials and insulating materials such as Al, 
Fe2O3 and SiO2. The main reactions providing heat are 
given as Equation (1) which is called the “Goldschmidt 
Reaction” and as Equation (2) and, they are both 
exothermic reactions [1, 9]. 

2Al + Fe2O3  Al2O3 + 2Fe                                             (1) 
2Al + 3/2O2  Al2O3                                                        (2) 

It has been stated in the literature that riser sleeves can 
increase solidification time by nearly 50% and they retain 
up to 30-35% of the heat from casting. Exothermic sleeves 
are in the market in different sizes and shapes such as 
cylindrical, oval cylindrical, conic etc. Exothermic riser 
sleeves are sold under their commercial names with 
changing chemical content ratios. Manufacturers usually 
just share their basic properties in product specifications. It 
is necessary for designers who design mould systems 
containing gating and risers should know their 
themochemical and thermophysical properties to enhance 
their designs [11-13]. 

In the literature, the number of studies on the properties of 
exothermic (or insulating) riser sleeves is limited. Studies 
about riser sleeves in the literature have not 
comprehensively concerned their performance tests and 
direct use. In 2000, Smith et al. reported the results of a 
study on the application of new feeding rules which had 
been developed by the SFSA (Steel Founders’ Society of 
America) to risering of steel castings. They also used riser 
sleeves in some of their models. Preliminary results of a 
study about the effects of sleeve type on casting yield were 
released in 2013 by Hardin et al. They stated that 
exothermic sleeves increased the time to solidus by 44% 
when it is compared to unsleeved 7 inch (17.78 cm) 
diameter riser during the solidification. 

In the present study, selected commercial exothermic 
sleeves were tested to determine their temperature 
dependent properties such as reaction duration, flash point 
and temperature change as a function of the weight-size of 
the sleeves. The experimental results were compared to 
each other and thermodynamical simulations which were 
conducted prior to the experiments. 

2. Experimental Procedure 

The “Goldschmidt Reaction” which was given with 
Equation 3 is the main reaction in exothermic sleeves. After 
reaction, the composition of products change in accordance 
with the change in the aluminium ratio in reactants. 
Aluminium reduces iron from iron oxide up to the 
stoichiometric ratio. If there is excess aluminium (much 
more than the stoichiometric ratio to reduce iron), silicon 
may be reduced under the prevailing conditions. 

Fe2O3 + SiO2 + Al2O3 + Al  Fe + Fe2O3 + SiO2 + Al2O3
(3)

Wlodawer suggested two different exothermic riser sleeve 
initial compositions which are showed in Table 1 with their 
respective thermodynamic properties. Those compositions 
were codded as A and B and, details can be found 
elsewhere [8]. They change in terms of Al content and, 
their corresponding thermochemical properties were 
calculated by using HSC Chemistry 6.12 database. 

Table 1. Suggested exothermic riser sleeve contents in the 
literature (Wlodawer, 1966) and their calculated 
thermodynamical properties (HSC Chemistry 6.12, 
Reaction Equations Module). 

Five commercial exothermic riser sleeves which were 
manufactured by Smart Engineering (Ukraine) were used 
for the experimental studies. Shapes, diameters and weights 
of the exothermic riser sleeves were shared in Table 2. Four 
of sleeves were cylindrical and the other had an oval cross-
section. 

Table 2. Shapes, dimensions and weights of exothermic 
riser sleeves which were used in experimental studies. 
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Sleeves were put in a muffle furnace which was maintained 
at 1000 °C and under atmospheric pressure. The change of 
sleeve temperature vs. (increasing) time was recorded to 
document the flash point, reaction duration and the highest 
temperature. The sleeves were removed from the furnace 
after they had cooled to 1000 °C. 

3. Results and Discussion 

Products were thermodynamically predicted for the reactant 
compositions A and B and, their equilibrium compositions 
were plotted as a function of temperature in Figure 1. It is 
evident that the metallic silicon and aluminium content of 
the products increase due to the increase in aluminium in 
the reactants. After nearly 1700 °C for the composition B, a 
slight amount of SiO2 appears in reaction products.

Figure 1. The change of reaction products for the 
compositions (A) and (B) with the increase in reaction 
temperature (HSC Chemistry 6.12, Equilibrium 
Compositions Module). 

The sleeves started to burn once they were put in the muffle 
furnace. It is the proof of that the furnace temperature 
(1000 °C) was higher than the flash point of the sleeves. 
Maximum reaction temperature ranged from 1352 °C to 
1670 °C; for cylindrical sleeves in particular, it was 

determined that the higher reaction temperatures were 
attained as the sleeve weight increased. The reaction 
duration and the cooling period were also with increasing 
sleeve weight. An exception was the cooling duration of the 
sleeve coded (IV). Although sleeve (IV) exhibited the 
highest reaction temperature of the cylindrical sleeves, it 
cooled more rapidly than two lighter sleeves, which were 
coded (II) and (III). It is believed that the rapid cooling was 
due to structural degradation caused by the very high 
reaction temperature (Figure2, Table 3). 

Figure 2. The relationship between size-weight of the 
sleeves and reaction time. 

Table 3. Thermal and chemical properties of the sleeves 
measured during the experiments. 

The sleeve coded (V) had the greatest mass (800 g). This 
sleeve retained more heat than the other specimens; its peak 
temperature of 1505 °C was lower than those of the lighter 
sleeves, and it cooled to below 1000 °C in 15 minutes. The 
experimental results provide evidence that increasing 
sleeve weight increases the peak temperature and extends 
the cooling period due to surface effect. Because the solids 
lose heat from their surfaces, increased mass decreases the 
specific surface area for heat loss, thereby accounting for 
the greater degree of heat retention. 

Photographs which were taken prior to the experiments and 
during the experiments can be seen in Figure 3. 
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Figure 3. Photographs of exothermic riser sleeves before 
performance tests and during the tests; (A) riser sleeve in 
the muffle furnace, (B) riser sleeve during cooling period. 

4. Conclusion 

Exothermic riser sleeves are used to increase the 
solidification time of risers in sand casting operations. It is 
thereby guaranteed for risers to be the last solidified part 
between casted metal products containing gating parts. 
Thus, sound casting products that do not have cavity-like 
defects can be obtained. Exothermic riser sleeves consist of 
an exothermic reactant powder mixture (mainly Fe2O3 and 
Al) to retain heat in the riser part of castings by providing 
an exothermic reaction during casting operation. In the 
present study, five different commercial sleeves, in terms of 
size and shape, were evaluated to determine their 
temperature dependent properties. Thermochemical 
modelling was done prior to the experimental studies by 
using HSC Chemistry 6.12. It was determined that 
increasing percentage of aluminium in a sleeve 
composition elevates the Gibbs free energy, enthalpy and 
specific heat values. Moreover, metallic silicon and 
aluminium were predicted to be present in the reaction 
products as a result of the excess aluminium. During the 
experimental studies, it was observed that increasing sleeve 
weight caused an increase in the peak reaction temperature 
and extended the cooling duration. Solids lose their heat 
through their surfaces. Therefore, it was thought that 
increasing weight decreases the specific surface area of the 
sleeves. Sleeves having higher weight thereby retain the 
heat in the riser for longer durations and, the solidification 
takes longer.  
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Abstract

In this work, AlMgTiB light alloys were produced 

at different rates and their structure and mechanical 

properties were examined. This alloys, 2 different 

alloys Al76Mg15Ti6B3 and Al75Mg15Ti6B4 were 

produced by changing the proportions of 

"AlMgTiB" (metals form of the purity of 99.99%) 

alloy elements. “AlMgTiB” alloy were produced by 

metal casting method. These alloys were 

characterized the crystal and phase content of the 

samples by X-ray diffraction (XRD), scanning 

electron microscopy (SEM) for their morphological 

properties, the alloys compositions as well as the 

concentrations of elements impurities were 

controlled by Energy-dispersive X-ray 

spectroscopy(EDX), mechanical properties for 

Vickers microhardness measurement. Xray 

diffraction analysis has revealed that all the 

prepared compositions had strongly crystal 

structures. The highest value of microhardness of 

Al75Mg15Ti6B4 ingots were determined.

1. Introduction

Aluminium-based alloys, due to its important 

properties such as high corrosion resistance, low 

specific weight, conductance of electricity and heat 

and easy shaping, have been expansively used in the 

industry in recent years[1]. Moreover, Al-based 

alloys have new application areas in every day and 

are spread over a large area from the house goods to 

space technology[2].

The most prominent feature of aluminum-based 

alloys, which takes place widespread use in 

industrial applications and human life, is 

lightness[3].                                                                                                 

Therefore, alloying elements in aluminum have 

further been improving the physical, mechanical and 

thermal properties that provide superior compared to 

other metals[4]. Especially, the adding magnesium, 

titanium and boron into aluminum plays a very 

important role in improving the properties of the 

alloys[5]. There is a lot of Al based work in the 

literature[6][7]. The researches carried out in these 

studies have been to determine the changes of 

mechanical properties by making microstructure 

studies[8]. In microstructure changes and crystal 

structure formation, Al Mg and Al Ti binary alloys 

have been observed to develop in mechanical 

properties by changing crystal structure of pure 

aluminum metal in different compositions and works 

in the literature[4][9].

2. Experimental Procedure

"Al-Mg-Ti-B" alloys are produced by metal die 

casting method in different ratios, melted in graphite 

pot of 2kg capacity. Manufactured compositions 

Al76Mg15Ti6B3 and Al75Mg15Ti6B4 alloys. Al, Mg, Ti, B 

elements (purity 99%) were weighed in metal forms 

according to the proportions of the experimental 

work to be done. After the cleaning process, the 

metals are placed in the graphite pot. The test against 
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oxidation was carried out under an argon 

atmosphere. The metal mold was cast from room 

temperature. At the end of the solidification, the 

alloys removed from the mold were given to the 

mills and burrs were removed.

The Philips X'Pert PRO brand X-Ray Diffraction 

(XRD) instrument was used under monochromatic 

40 kV and 30 mA. XRD analyzes were performed 

for all samples; Measurements were taken at 293 K 

from 20º to 110º in 0.02º steps and 1 s in each step.

Scanning Electron Microscopy (SEM) and Energy-

dispersive X-ray spectroscopy (EDS) studies were 

performed on the ZEISS EVO LS10 SEM device.

Furthermore, the composition ratios of the alloys 

produced are determined by the Bruker Quantax 200 

brand EDS, which is connected to the SEM device.

The mechanical properties of the Shimadzu HMV-2

microhardness device with Vickers tip are used.

Measurements were carried out at 988 kN (HV0.01) 

at a load of 98.07 mN for 10 s. Surface hardness 

values are calculated. 

3. Results and Discussion

(Fig.1) shows the XRD patterns of the 

Al76Mg15Ti6B3 and Al75Mg15Ti6B4 alloys. The phases 

in the as-cast microstructures indicated that alloys 

-Al3Mg2 solid solution and the

compound of intermetallic TiAl3 phases. Due to the 

low boron content in the alloy composition, no xrd 

pattern was detected.

Figure 1: XRD pattern of Al76Mg15Ti6B3 and

Al75Mg15Ti6B4 Alloys

(Fig.2a and 2b) shows the microstructures of SEM 

image of alloys produced by boron doping in two 

different ratio. Titanium and Boron are distributed in 

solid phase. The phase structure of the SEM images, 

grain boundaries and morphology of the alloys were 

determined by magnifications of 500 times.

Figure 2-a:  SEM image of Al76Mg15Ti6B3 alloy

Figure 2-b: SEM image of Al76Mg15Ti6B4 alloy

Table 1. Vickers MicroHardness results of
Al76Mg15Ti6B3 and Al75Mg15Ti6B4

Vickesrs Microhardness(HV)
Al76Mg15Ti6B3 106,1 ±11

Al75Mg15Ti6B4 125,3 ±3
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The measurements were carried out at 298 K at 

98.07 mN (Hv0.01) and at a load of 15 s. 

Surface hardness values were obtained as 125.3 ± 3 

HV and 106,1± 4 in alloys. As the boron content 

increased, there was a noticeable increase in the 

vikers hardness values. The MicroHardness vickers 

chart is given in Figure 4.

Figure 3: Vickers MicroHardness of Al76Mg15Ti6B3

and Al75Mg15Ti6B4 Alloys

In the SEM images, the intermetallic phase in 

aluminum was observed homogeneously of the 

magnesium element, where the titanium had rod-like 

phase structure. EDX analysis was performed by 

screening area.

Figure 4: EDX results of Al76Mg15Ti6B3 Alloys

Table 2: EDX results of Al76Mg15Ti6B3 Alloys

Figure 5:  EDX results of Al75Mg15Ti6B4 Alloys

Tablo 3: EDX results of Al75Mg15Ti6B4 Alloys

4. Conclusion

The conclusions drawn from this study are as 
follows;

1. Alloys have been successfully produced in 
the direction of research.

2. Al Mg Ti B composition, which is 
composed of the lightest metals, is costly 
and costly to produce with conventional 
methods.

3. The addition of Magnesium in the 
composition risks the risk of oxidation.

4. As the boron content of the alloys produced 
by the casting method increased, the 
microhardness vickers values increased.

5. The morphological structures of the alloys 
are homogeneously dispersed in solid 
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solution Titanium.
6. It is fixed with the literature that the 

elements forming the alloy composition are 
composed of intermetallic phases of the 
XRD-forming peaks.
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Abstract

A356 the Silicon particles high wear resistance. In 
the A356 alloy, the fluid provided by the silicon 
reduces the tendency of the spill to occur [1]. 
Alloy strength / weight ratio is high due to its low 
density and are used in automotive and aerospace 
field [2].
1050 alloy has a specific gravity of about 2.7 
g/cm3. Low specific gravity is important in the 
aircraft and automobile industry and in all 
transportation industries [3]. 
 Metal matrix composites (MMC), 
monolithic material and polymer matrix 
composites (PMC) as having properties superior 
to many materials. The mechanical properties of 
MMC vary according to the reinforcement volume 
ratio and reinforcement particle size. 
Reinforcement volume ratio shows a steady 
increase in mechanical properties such as 
increased tensile strength, some studies it is 
observed that certain mechanical properties of the 
reinforcement such as a specific volume decreases 
tensile strength than sonar. As reinforcement 
particle size decreases, mechanical properties 
improve [4]. 
               In this study, 356-1050 alloys were made 
with 0,5%, 1% B2O3 particle reinforcement. B2O3
glassy and porous. B2O3 glassy at room 
temperature, has a low hygroscopic. Porous 
compared absorb less moisture. The resulting 
metal matrix composite, SEM, optical 
microscope, wear and hardness (Vickers) tests 
were applied. 

1.Introduction

Table 1: Chemical composition of 356 
Alloy Si Fe Cu Mn Mg Zn Ti Al 
A356 6,6 0,35 0,02 0,03 0,28 0,04 0,04 Bal.

Table 2: Chemical composition of 1050 
Alloy Fe Si Zn Ti Mg Mn Cu Al 
1050 0,4 0,25 0,07 0,05 0,05 0,05 0,05 99,5 

The purpose aluminum alloys (1050-356) by 
adding boron oxide to increase the wear resistance 
and hardness of the material. 
The negative side of the boron oxide is the density 
is low. Boron oxide specific weight 1,84g/cm3. 
Boron oxide melting point 450-465°C [5]. 
Boron Oxide is a highly insoluble thermally stable 
Boron source suitable for glass, optic and ceramic 
applications. Oxide compounds are not conductive 
to electricity. They are typically insoluble in 
aqueous solutions (water) and extremely stable 
making them useful in ceramic structures as 
simple as producing clay bowls to advanced 
electronics and in light weight structural 
components in aerospace and electrochemical 
applications such as fuel cells in which they 
exhibit ionic conductivity [7]. 

2.Experimental Procedure 

Figure.1.2- Foam mold sample  
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In this study, B2O3 particles were added at 
different ratios (0.5% and 1%) to the 356 and 
1050 aluminum alloys. At the moldings made at 
750 ºC the foam is covered with sand around the 
mold. In Figure 1-2, the schematized foam mold is 
cast. Mechanical properties and SEM were also 
examined in this study. The spectral analyzes of 
356 and 1050 aluminum alloys used in the study 
are the same as in Table 1 and Table 2. 

3. Results and Discussion 

Figure.3- 356 Alloy %0.5-%1 B2O3 Hardness 
Results 

According to contribute 0.5% of additive 1% were 
achieved higher hardness.

Figure.4- 1050 Alloy %0.5-%1 B2O3 Hardness 
Results 

1050 alloy showed a hardness of less than 0.5% 
increase compared to 1%. 

 Figure.5- 356 Alloy %0,5 B2O3 Wear Results 

Figure.6- 356 Alloy %1 B2O3 Wear Results 

Alloy 356, which reduces the wear by the addition 
of 1% boron oxide. 

Figure.7- 1050 Alloy %0,5-%1 B2O3 Wear 
Results 

1050 Alloy was observed more decreased by the 
abrasion 0.5% and 1%. 

4. Conclusion 

Figure 1-2  Foam mold were cut according to the 
volume%. According to contribute 0.5% of 
additive 1% were achieved higher hardness 
(Figure 3). In Figure 5 and Figure 6 by graphs a 
neat sample of boron oxide, boron oxide doped 
specimens more than worn. Boron oxide particle 
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size -315 μm. 356 alloy oxide doped with boron, 
boron oxide by the mere abrasion resistance of 
356 alloy was found to be better. The contribution 
of boron oxide is understood that the structure of 
the hardness and wear test. As a result is expected 
to accumulate at the grain boundaries, it will be 
performed in later stages of the study.  

Figure.8- 356 Alloy %1 B2O3 SEM 

Figure.9- SEM-EDS 1 of the marked region  

Figure.10- SEM-EDS 2 of the marked region  

Figure.11- 356 Alloy %0,5 B2O3 SEM 

Figure.12- SEM-EDS 1 of the marked region 

Figure.13- 356 Alloy %0,5 B2O3 Topographical
Image 
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It is understood that the structure with the 
topographical image of the boron oxide particles. 

Figure.15- 1050 Alloy %1 B2O3 SEM 

Figure.16- SEM-EDS 2 of the marked region  

Figure.17- 1050 Alloy %0,5 B2O3 SEM 

Figure.18- SEM-EDS 1 of the marked region  
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Abstract

A380 alloys are one of the commercial heat treatable 
alloys. Heat treatment performs for the purpose of 
changing the microstructure, improving the mechanical 
properties or removing the residual stress in aluminum 
alloys. In this study, A380 aluminum alloy was 
fabricated via sand mold casting. Solution treatment 
process have been applied for 1, 3 and 5 h. The 
quenching operations were performed inside boiling 
water. The samples have been aged at 175 oC constant 
temperature and different times up to 24h. During the 
aging, the samples were taken for each 2 hours and 
hardness measurements were realized for each sample. 
The characterization of samples was performed using 
Differential Scanning Calorimetry (DSC) and Optical 
Microscopy (OM) techniques. Hardness measurements 
were carried out to investigate the mechanical behavior 
of the samples.  It is determined the optimum 
parameter for the highest hardness values is 3 h 
solution treatment and 16 h artificial aging. 

1. Introduction

A380 alloys are by far the most extensively casting 
alloy among the aluminum die casting alloys, offering 
the ease of production and good alloy properties. Uses 
of this alloy include automotive parts, electronic and 
communication equipments, gearbox and gear parts, 
motor brakes, furniture parts, accessories, power and 
hand tools [1]. 
Table 1 gives the composition range of A380/C380 
alloy [2]. The existence of Cu, Fe, and some other 
elements like Mn specifies intermetallics those are 
commonly dispersed inside the solidified eutectic 
regions [2]. A380 alloys are potential heat treatable 
alloys with Cu, Si and Mg which are strengthening 
elements and a different number of precipitations can 
be expected after the heat treatment of A380 alloy 
[2,3].

Table 1. Composition range of A380/C380 alloy [2]. 
Alloy Si Fe Cu Mn Mg Zn Sn 

A380/C380
7.5
to
9.5

1.3
max.

3.0
to
4.0

0.5
max.

0.3
max.

3
max.

0.35
max.

Lumley et al. [4] reported that an evident changing of 
the strength evolved during heat treatment, between 
A380 (Al-8.5 wt%Si-3.5 wt% Cu) alloy and binary 
wrought Al-4wt%Cu alloy, even at similar Cu 
concentrations. They concluded that, the changing was
mainly caused by the spheroidized Si particles, which 
results with increased dispersion hardening. 
In other works [5,6] it has been reported that 
solutionized eutectic silicons’ morphologies change 
from polyhedral to spherical structure and the 
spheroidization and coarsening occur more rapidly in 
the modified structure. 
Timelli et al. [7] reported the die-cast Al-6.97 wt%Si-
0.3wt%Mg-0.68wt%Mn alloy properties with and 
without the effect of solution heat treatment. They 
concluded that at 475 °C or 525 °C, 15 min solution 
heat treatment was enough for spheroidizing the 
eutectic silicon particles. They also stated that, 
increasing the temperature of the solution heat 
treatment from 475 °C to 525 °C introduced the 
advance mechanical properties of the alloy. 
Lumley et al. [3] have been studied on the age 
hardening of A360 (Al-9.5 wt%Si-0.5 wt%Mg) and 
A380 (Al-8.5 wt% Si-3.5 wt%Cu) alloys and reported 
that alloys show high level of age hardening. In 
compare with the cast state, age hardened A380 alloy 
has 115% increasing in yield stress. 
The aim of this work, is to investigate the 
microstructural, thermal and mechanical properties of 
A380 alloy with different heat treatment conditions.  

2. Experimental Procedure

Electrical furnace with 5 kW power and a SiC crucible 
with 22 kg capacity were used to melt the A380 alloy. 
The sand molds have been used and 740 C ± 15 C
was selected as casting temperature for A380 alloy.
Chemical composition of the alloy which is used in this 
work is given in Table 2.

Table 2. The alloy composition (in wt. %). 
Alloy Si Fe Cu Mn Mg Zn Ti Al 

A380 8.14 0.64 3.12 0.44 0.22 0.49 0.02 Rem.

Solution treatment process have been carried out at 500 
oC for 1, 3 and 5 hours. The quenching operation was 
applied inside boiling water for each sample. The 
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quenched samples have been artificially aged at 
constant temperature at 175 oC. Various times have 
been applied for artificial aging up to 24h. During that 
artificial aging step, the samples were taken for each 2 
hours and hardness measurements were realized for 
each sample. The characterization studies of samples 
were performed using Differential Scanning 
Calorimetry (DSC) and Optical Microscopy (OM) 
techniques. To determine the solidus and the liquidus 
temperatures of the alloys Differential Scanning 
Calorimetry (DSC) analysis was used. Samples were 
heated to 700 oC with the heating rate of 5 oC/min, in 
N2 atmosphere. 
For investigating the mechanical behavior of the 
samples, hardness measurements were carried out for 
each sample in Brinell Scale with the 62.5 kg of load 
and 15 seconds of load application time. 

3. Result and Discussion

     

     

Figure 1. Microstructure images of samples a) without 
heat treatment b) 1 h solution treated c) 3 hours 
solution treated and d) 5 hours solution treated.

Figure 1 shows the microstructures of samples with 
different solution treatment times (0, 1, 3 and 5 hours 
respectively).

As can seen in the Figure 1a, microstructure of as-cast 
sample has coarse silicon morphology. This coarse and 
columnar morphology was transformed to shaped 
structure thanks to solution treatment, as expected. 
When the microstructure image of 3 hours solutionized 
sample on the Figure 1c is examined, it is seen that Si 
particles are much less columnar than other structures. 
According to the microstructure images evaluation, it 
can be said that hardness of the alloy must be much 
better than others for 3h solution treated sample.    

Figure 2 shows the hardness values of 1, 3 and 5h 
solutionized samples with different aging times at 175 
oC. The as-cast sample’s hardness was 91.4 HB. It can 
be determined, the optimum parameter for the highest 

hardness values is 3 h solution treatment and 16 h 
artificial aging.  

Figure 2. Hardness values of samples 

Figure 3 gives the microstructure of 3 h solutionized 
and 16 h artificial aged at 175 oC. 

Figure 3. Microstructure of 3 h solutionized and 16 h 
aged sample. 

Figure 4-5-6 gives the DSC curves of samples with the 
1, 3 and 5 h solution treating times respectively.

Figure 4. DSC curve of 1 h solution treated sample 
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Figure 5. DSC curve of 3 h solution treated sample

Figure 6. DSC curve of 5 h solution treated sample

Figure 7 shows the DSC curve of as-cast sample and 
Figure 8 shows DSC curve of 3 h solution treated and 
16 h aged sample.

Figure 7. DSC curve of as-cast sample

Figure 8. DSC curve of 3 h solution treated and 16 h 
aged sample

4. Conclusion

Effect of solution treatment and aging times for A380 
alloy were investigated with this study and following 
conclusions of the study is given: 
-The optimum parameter for the highest hardness 
values is 3 h solution treatment and 16 h artificial 
aging.
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Abstract

One of crucial defects for aluminum alloys is hot 
tearing. In this work, HTD formulation was applied on 
A380.1 alloy casted under different addition 
parameters which are Sr and Ti addition. Effect of Sr 
modification and Ti grain refinement on hot tearing in 
A380.1 alloy were investigated by using T-shape mold. 
It was concluded that the HTD formulation for T shape 
mold seems to be suitable for define hot tearing 
tendency of Al alloys. Sr addition is not suggested to 
prevent hot tearing but Ti addition can be suggested. 

1. Introduction

Casting defects affect properties of the alloys seriously. 
One of crucial defects for aluminum alloys is hot 
tearing [1]. In the literature, pretty much studies [2-10] 
about this defect have been performed. Hot tearing 
formation is seen in mushy zone during solidifcaiton 
because of strength, constrained shrinkage and lack of 
feeding [1, 2]. This is usually connected with the grade 
of segregation that result in a microscopic scale [11]. 
The liquid film perfectly wets the solid grains and acts 
as a lubricant to aid hydrostatic pressure to decrease 
[4]. Uluda  et al [7] claimed a new approach for hot 
tearing which is bifilm content and freezing range is 
the main reason for this defect. Lin et al [12] studied on 
hot tearing sensitivity (HTS) using Constrained Rod 
Casting (CRC) test. They published a formulation to 
calculate HTS with four different severities. The arms 
of cast part were numbered 1, 2, 3, 4 from bottom to 
top and each arm number multiplies its hot tear 
severity. Total value from four arms give us HTS for 
the casting. Formulation is given below. 

𝐿𝑖 𝑋 𝐶𝑖

Where;  𝐿𝑖  Number of arms for CRC mold (from 

bottom to above) and 𝐶𝑖  Severity of hot tearing 

On the other hand, Uluda  et al [8] tried to create a 
new formulation to define hot tearing degree of the Al 
alloys using T-shape mold. They used five different 
severity that are 2, 4, 6, 10 and 30 was called as ST,

surface sink factor that is 3 was called as Fsc and 
distance of the tearing was called as DVT. The 
formulation is given below. 

HTD = ST×(FSC+DVT/10)

In this work, HTD formulation was applied on A380.1 
alloy casted under different addition parameters which 
are Sr and Ti addition. Effect of Sr modification and Ti 
grain refinement on hot tearing in A380.1 alloy were 
investigated by using T-shape mold.

2. Experimental Procedure

Chemical composition of the alloy that was used in this 
study are given in Table 1.

Table 1. Chemical composition (in wt. %) of the alloy 
used in the study.

Alloy Si Fe Cu Mn Mg Zn Ti Al 

A380.1 8.14 0.64 3.115 0.44 0.22 0.49 0.02 Rem.

An electrical furnace that has 5 kW power and a SiC 
crucible that has 22 kg capacity were used to melt the 
alloy. To investigate hot tearing in this study, T shape 
permanent mold was used. Image of the cast part with 
dimensions is given in Figure 1.

Figure 1. Image of cast parts with dimensions of T 
shape mold 

Castings were started firstly for as-received condition 
when the alloy in the crucible is melted. The second 
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and third casting was carried out for Sr modification 
and Ti addition respectively. The liquid alloy was kept 
for 10 minutes after Sr addition and 5 minutes after Ti 
addition. 740 C ± 15 C was preferred as pouring 
temperature for A380.1 alloy. Three different casting 
into the T-shape mold were applied from the same melt 
for each parameters. Analysis of microstructure and 
scanning electron microscopy (SEM) were done on 
every parameters. Calculation of HTD were done on T 
zone that is hot tearing area of the T-shape mold.  

3. Result and Discussion

Microstructural images for three casting conditions as a 
representative are given in Figure 2.  

Figure 2. Microstructure images for casting parameters 

It can be seen on the images that addition parameters 
changed microstructure morphology. As know that 
A380.1 alloy has 8 % Si and 3 % Cu and is solidified 
with a-Al dendrites, Al-Si eutectic and Al-Cu eutectic 
phases in as-received condition similar Figure 2. Sr 
addition affect silicon morphology which is changed 
from coarse and long size to fine and short size. This Sr 
effect can be seen on the images clearly.  Other 
addition parameters is Ti grain refinement that plays an 
important role on secondary dendrites arm spacing 
(SDAS). It representatives grain size of the alloys. 
When all images of this parameters obtained 
experimental study are analysis, it can be understood 
that Ti addition help to get grains in small size for the 
alloy.

Images of the T zone to show hot tearing of A380.1 
alloy under different addition parameters present in 
Figure 3. It can be seen that there can be a sever hot 
tearing on T zone of the alloy and this alloy can be torn 
easily if the oxide structures are available at the around 
of the T zone [7].



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1149
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Figure 3. Hot tearing areas on T shape mold 

HTD calculations were done from the T-shape casting 
parts and the results are given in Figure 4. Uluda  et al 
[9] studied on hot tearing of A380 alloy and used 
Constrained Rod casting (CRC) mold. They calculated 
hot tearing sensitivity of the alloy with different 
addition parameters by using the formulation published 
by Lin et al [12]. They claimed that while Ti addition 
decreases the hot tearing formation, Sr addition 
increases hot tearing formation. The results of this 
study is similar to results of Uluda  et al’s study [9]. 
The average value of the results seems to Sr addition 
decreases hot tearing like Ti addition. When the three 
casting trials are evaluated together, all casting of Sr 
addition have hot tearing or hot cracking. Severity of 
the casting parts of Sr addition can be low but all 
castings have hot cracking. However, hot tearing is 
either occurred or no occurred with Ti addition. If there 
is no hot tearing, surface sink can be seen on T zone. 
This is an evidence for T zone has not any oxide 
structure and because of this surface sink is occurred 
during the solidification.

Figure 4. HTD results of the addition parameters 

SEM examinations were done on surface of hot tearing 
of T zones. Images to present tearing on T zone are 
given in Figure 5. Hot tearing formation between 
dendrites arms can be seen easily on the SEM images. 
As it was previously claimed [1, 7-9] that there are 
oxide structures on hot tearing surface. It can be said 
that when the casting quality of the a alloy is improve 
namely oxide structures are removed from the melt, hot 
tearing can be prevented. Sr and Ti addition play an 
important role on hot tearing formation. Sr addition is 
not suggested with this study, because though HTD of 
Sr addition parameters is low, all castings of this 
parameters have hot tearing or hot cracking. However, 
Ti addition can be suggested, because Ti addition has 
an effect on casting quality by cleaning oxide 
structures [1, 13]. 
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Figure 5. SEM images from hot torn areas

4. Conclusion

Effect of Sr modification and Ti grain refinement on 
hot tearing in A380.1 alloy were investigated with this 
study and conclusions of the study summarized below: 

1- The HTD formulation for T shape mold seems 
to be suitable for define hot tearing tendency 
of Al alloys.

2- Sr addition is not suggested to prevent hot 
tearing but Ti addition can be suggested. 

3- The main reason for hot tearing is oxide 
structures [7] and this defects must be 
removed from the liquid before casting. 
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Abstract

Al and its alloys are used frequently thanks to their 
excellent properties such as high specific strength, 
good formability, good machinability, easy castability 
and high electrical and thermal conductivity. It is vital 
to improve the mechanical and microstructural 
properties of this alloy since it is used in crucial 
applications, as mentioned above. It is very important 
to keep up casting quality to produce cast part which 
have high quality. Degassing, modification, grain 
refinement and heat treatment are realized to improve 
the mechanical properties of aluminum alloys. In this 
study, effects of degassing and Sr modification on T6 
heat treatment efficiency in A380 alloy were 
investigated. It is understood from the study that 
although silicon morphology is affected by Sr addition 
as expected, hardness of the alloys is affected 
negatively. Moreover, it is come out that although 
degassing process is not effective on hardness of the 
alloy, heat treatment is influential.

1. Introduction

Al and its alloys are used frequently thanks to their 
excellent properties such as high specific strength, 
good formability, good machinability, easy castability 
and high electrical and thermal conductivity [1, 2].  
A380 which has -Al dendrites, eutectic Al-Si and 
eutectic Al-Cu phases morphologies in the 
microstructure is an Al-Si-Cu alloy used in critical 
application areas such as automotive industries. It is 
vital to improve the mechanical and microstructural 
properties of this alloy since it is used in crucial 
applications. It is very important to keep up casting 
quality to produce cast part which have high quality 
[3].

When the literature is examined, it is seen that some 
process such as degassing, modification, grain 
refinement and heat treatment are realized to improve 
the mechanical properties of the alloy [4, 5]. In 
aluminum alloys, achieving the high quality of a 
casting and liquid metal plays an important role to 
obtain good mechanical properties depending on 
microstructure [6, 7]. Degassing is applied to Al cast 
alloys for this aim [8, 9]. Degassing is a process that 

clean the melt from gases and oxide films (bifilms) 
thanks to an inert gas such as Ar by giving in to the 
melt before pouring. In addition to these knowledges, it 
is known that Al-Si alloys are affected by Si 
morphology because of the microstructure of Si that 
causes a decreasing in properties due to its form of 
acicular and coarse in the structure. Sr which is 
preferred for modification is added in to the melt to 
convert the Si morphology from acicular and coarse to 
fibrous and fine [10, 11]. 

Al alloys can be categorized as heat-treatable and non-
heat treatable [12]. Heat treatment can be applied to 
A380 alloys to improve the mechanical properties of 
the alloy. T6 heat treatment is usually applied for Al 
alloys such as Al-Cu, Al-Mg and Al-Zn [13, 14]. T6 
heat treatment is made in three steps that are solution 
treating, quenching and aging.

In this study, the effect of degassing and Sr 
modification on the mechanical and microstructural 
properties of A380 alloy was studied. Additionally, it 
was also tried to explain that how T6 heat treatment 
affects the hardness of the A380 alloy depending on 
microstructure changes and degassing.

2. Experimental Procedure

Chemical composition of the A380 alloy that was used 
in this study are presented in Table 1.

Table 1. Chemical composition (in wt. %) of the alloy 
used in the study. 

Alloy Si Fe Cu Mn Mg Zn Ti Al 

A380 8.14 0.64 3.12 0.44 0.22 0.49 0.02 Rem.

The alloy used in the experimental works was obtained 
as primer cast ingot. A resistance furnace that has 22 
kg capacity was used to melt the alloy. Sr additions 
were applied once the melt temperature had reached 
740 °C. Castings were realized after 10 min of Sr 
addition. The degassing process was made with Ar gas.  
The parts are casted into the sand molds. 

Castings were realized firstly for as-received condition 
(no degassing and no addition) when the alloy in the 
crucible is melted. The other castings were realized for 
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no addition-degassed, Sr addition-no degassing and Sr 
addition-degassed, respectively. T6 heat treatment was 
performed by applying solution treatment for 3 hours at 
500 C and aging for 16 hours at 175 0C. Quenching 
was done in boiling water medium. Analysis of 
microstructure and mechanical properties were carried 
out from each parameter. 

2. Result and Discussion

Microstructural analysis of the A380 alloy for all 
experimental conditions were carried out and 
representative images of the parameters are given 
Figure 1 and 2 for no addition and Sr addition, 
respectively. Also, secondary dendrites arm spacing 
(SDAS) values for all conditions were calculated by 
using an image analysis software and the results of the 
SDAS are given in Table 2.

Figure 1. Representative microstructure images of the 
A380 alloy: a) No heat treatment, b) Heat treated

It can be seen in Figure 1a that microstructure was 
taken shape a morphology of -Al dendrites and 
eutectic phases as expected. Silicon phases have 
acicular and coarse morphology. However, the 
microstructure seems to be organized homogeneously 
after heat treatment (Figure 1b). -Al dendrites are 
displayed more columnar morphology. Secondary 
phase that is CuAl2 for the alloy used in the study 

appear more pronounced. 

Effect of strontium on silicon morphology can be seen 
easily in Figure 2. Si morphology was converted from 
acicular and coarse to fibrous and fine. Changing in 
secondary phases distribution on microstructure is also 
seen on the image of Figure 2b.

Figure 2. Representative microstructure images of the 
A380 alloy modified by Sr: a) No heat treatment, b) 

Heat treated

It comes to evaluate the grain size thanks to SDAS 
calculations, it can be said that some minor differences 
have been occurred depending on Sr modification 
when heat treatment is applied and heat treatment when 
there is no addition. At this point, it can be concluded 
that the morphology tends to be become coarse with 
heat treatment and become fine when Sr modification 
is applied in heat treated samples. On the other hand, 
degassing process should make grain size smaller. This 
effect of degassing can be explained with effect of 
oxide structure on nucleation. Oxide structures are 
decreased in the melt after degassing. Therefore, 
amount of nucleation agents is reduced.

Table 2. SDAS values calculated from microstructure 
images

No Heat treatment Heat treated
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No
addition

Sr
addition

No
addition

Sr
addition

No
degassing 37.65 36.66 43.28 39.21

Degassed 39.79 42.59 43.56 40.45

Hardness values of the alloy obtained under different 
parameters (degassing, Sr modification and T6 heat 
treatment) were presented in Figure 3. It can be said 
that Sr modification affected hardness of the alloy for 
no degassing condition (Figure 3a). It was also seen 
from the Figure, T6 heat treatment increased hardness 
for all conditions. This effect of T6 on the hardness 
shows similarity with literature [15, 16]. Hardness
values showed discrepancy too little as a result of 
degassing for both Sr modified and non-modified alloy. 
It can be said for this study that degassing process 
doesn’t affect the hardness of the alloy. If examining of 
hardness values on the Figure 3b, it can be said that 
while hardness was affected by Sr addition negatively 
for heat treated condition, it was improved by Sr 
addition slightly for as-received condition. If hardness 
values are evaluated in terms of stability, it is 
understood from the Figures Sr addition decreases it 
for both degassed and no degassing conditions.   

Figure 3. Hardness values of the for as-received, heat 
treated and modified, a) No degassing condition, b) 

Degassed condition

4. Conclusion

Effect of Sr modification, degassing and heat treatment 
the hardness and microstructural properties of A380 
alloy were investigated in this study and conclusions of 
the study were summarized below: 

1- Silicon morphology is affected by Sr addition. 
2- Sr modification affects hardness negatively. 
3- Degassing doesn’t affect the hardness of the 

alloy.
4- Solution treatment process is effective on the 

hardness of the alloy. 
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ABSTRACT

There is always a demand for high quality parts for 
automotive and aircraft industries and Al-Si alloys are 
widely used due to their good castability and mechanical 
properties. Strontium modification of Al-Si alloys has 
also many advantages for the production of high quality 
casting parts. However, Sr has high affinity to oxygen 
and spinel oxides of Sr on the surface of the liquid may 
form depending on the holding time. Therefore, Sr 
amount in the melt can decrease by time. The main 
objective of this study is to investigate the behavior of Sr 
under different casting conditions. Sample collection was 
made at 4th and 17th hours of holding time at 700°C and 
750°C casting temperatures. Microstructural analysis and 
reduced pressure test (RPT) were used to evaluate 
microstructure and melt quality. Tensile tests were 
performed using round bar tensile specimens with a 
diameter of 10 mm. It was found that both Sr 
modification and bifilm index was decreased 
significantly over time. It was also seen that mechanical 
properties were increased by Sr modification. 

1. Introduction 

Aluminium-silicon based alloys are widely used 
especially due to their good mechanical properties, 
corrosion resistance and castability, for light weight 
components in automotive and aerospace industries 
where it is used for cylinder blocks and heads, plain 
bearings, internal combustion engine pistons and cylinder 
liners [1-3]. The mechanical properties of Al-Si alloys 
depend significantly on the morphology of eutectic 
silicon. Modification is one of the most important melt 
treatments for aluminium-silicon alloys castings. Desired 

properties of Al-Si alloys can be achieved by 
modification in two diferrent ways, either by rapid 
cooling rate or by addition of certain modifier elements, 
such as Sr or Na [2,3]. With modification the 
morphology of eutectic is changed from coarse, birttle 
flakes which leads to poor mechanical properties to finer 
and fibrous structure [4-5]. Primary aluminium exists as 
dendrites in the structure of a hypo-eutectic Al-Si alloy. 
The eutectic silicon phase crystallizes into a coarse, 
plate-like morphology during eutectic formation. This 
coarse morphology of eutectic silicon is disadvantageous 
for the casting parts. The stress concentrations on sharp 
corners of this structure can result in fracture during the 
use. Proper modification can minimize stress 
concentration in these regions and improve the 
mechanical properties of the alloy [6-8].  

Fading effect which is because of the increasing holding 
time at high temperatures and varying treatment times 
may also affect the efficiency of Sr on the modification 
of Al-Si alloys [9]. Another important factor which 
changes the melt quality is the oxide-flms suspended in 
melts for a long periods. During casting, these oxide-
films may fold double and cause cracks after 
solidification [10].

In this work the effect of holding time on modification
was investigated by comparing modified and unmodified 
alloys at 700 C and 750 C. Reduced pressure test and 
tensile tests were used to assess changing mechanical 
properties and metal quality by measuring the bifilm 
index of samples.

2. Experimental Procedure 
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The A360 alloy ingot was cut into smaller pieces and 
charged crucibles in resistance furnace. The melts were 
modified with Sr by adding an Al-15%Sr master alloy. In 
order to observe the effect of temperature on the 
modification, the melts were held at temperatures of 
700 C and 750 C. For each temperatures four metal 
casting and four lost-foam casting were carried out at 4th 
and 17th hours. The samples were cut into smaller pieces 
for microstructural analysis. The chemical compostion of 
the alloy is summarized as in Table 1 

Table 1. The chemical composition of A360 alloy 

Fe Si Cu Mn Mg Zn Ni Ti 

0,50 9,00 0,10 0,40-
0,60

0,
30

0,10 0,10 0,15

For the investigation of eutectic-Si morpholoy of 
modified and unmodified samples, optic microscope and 
Clemex vision software were used. In order to measure 
Bifilm index of samples, reduced pressure test was used.  

The spectral analysis was carried out after 4 hours and 17 
hours of holding time at two different temeperatures, in 
order to investigate the effect of holding time on Sr 
fading.

Tensile test specimens  were  also  prepared  and their 
tensile strengths and elongation % determined in order to 
observe the modification and different casting conditions 
on the mechanical properties of A360 alloy. 
 

3. Results and Discussion 

The microstructures of modified and unmodified, alloys 
are compared in Fig 1 and Fig 2. The effect of Sr 
modification can be clearly seen in finer eutectic 
microstructure of modified samples. When the holding 
time is raised to 17 hours, the eutectic silicon area 
decreases. However, the effect of modification can still 
be seen even after this holding time.  The eutectic 
microstructure of samples which was rapidly cooled in 
metal-molds are even finer at the same conditions. 

Figure 1. The microstructures of samples which was 
poured into permanent mold at 700 C; a) 4 
hours,unmodified, b) 4 hours, Sr modified, c) 17 hours, 
unmodified, d)17 hours, Sr moified. 

     

      
Figure 2. The microstructures of samples which was 
poured into permanent mold at 750 C; a) 4 
hours,unmodified, b) 4 hours, Sr modified, c) 17 hours, 
unmodified, d)17 hours, Sr moified. 

The relation between tensile strength and average bifilm 
index measurements of samples collected from 700ºC 
and 750°C  and 4th and 17th hours of holding times are 
given in Fig 3, Fig 4, Fig 5 and Fig 6. In order to observe 
the effect of Sr modification, alloys were prepared as Sr 
modified (300 ppm) and unmodified at 700 C and 750 C. 
It can be clearly seen that the bifilm index of the samples 
which were modified with Sr decrease significantly at 
both temperatures. Moreover, the higher holding times 
decrease the bifilm index of samples. Besides that, tensile 
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strength values of modfied samples also increase as a 
result of low bifilm index and Sr modification.  

Figure 3. The relation between tensile strength and 
average bifilm index measurements of unmodified and 
modified samples at 700ºC and  4 hours holding times 

Figure 4. The relation between tensile strength and 
average bifilm index measurements of unmodified and 
modified samples at 700ºC and  17 hours of holding 
times 

Figure 5. The relation between tensile strength and 
average bifilm index measurements of unmodified and 
modified samples at 750ºC and 4 hours of holding time. 

Figure 5. The relation between tensile strength and 
average bifilm index measurements of unmodified and 
modified samples at 750ºC and 17 hours of holding time. 

4. Conclusion 

The following conclusions can be drawn from the 
experimental work: 

1. Sr modification results in finer eutectic silicon 
in A360 alloy. As the holding time increases 
from 4 hours to 17 hours the eutectic silicon 
takes a coarser shape at same Sr consentrations.

2. Increasing holding time of melts, modified with 
300 ppm Sr has lower bifilm index, compared to 
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the unmodified alloys and the samples that have 
lower holding times. Optimum results were 
obtained from modified samples that were cast 
after 17 hours of holding time. 

3. Considerable Sr fading was observed after 
holding  4 hours in furnace. Moreover, when 
holding time was increased to 17 hours in 
furnace, it was seen that Sr content was lower 
than 50 ppm in both temperautres.

4. There is a strong correlation between bifilm 
index and mechanical properties of A360 alloy. 
As bifilm index decreased, mechanical 
properties are improved.
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 It is a common process to refine the grain with the addition of master alloys to 
aluminum alloys. Refined grains which are incorporated in molten aluminum provide 
fine grain structure by forming solid heterogeneous nucleation in the melt. It is known 
that grain-refined aluminum alloys improve casting quality with better fluidity and 
mechanical properties as well. In this study, the effect of grain refiners namely Ti, B and 
V on Etial 171 alloy was investigated. Samples were poured into sand and die moulds 
that consisted different thickness in order to simulate the effect of cooling rate on the 
microstructure. It was found that Ti was more prone to changing the microstructure 
whereas V and B had not significantly effected the grain size regardless of the cooling 
rate.
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Abstract

Degassing process with different diffusors is widely used 
to increase melt quality in aluminium casting industry. 
Degassing process reduces non-metallic inclusions, such 
as bifilms. Inert gas bubbles blown from diffusor also 
bring about excellent stirring that assist in homogenising 
the temperature and chemical composition of melt. RPM 
and diffusor design are the most important parameters of 
the process. In this study, efficiency of degassing process 
in various parameters with different diffusor types is 
observed on A360 alloy. Change in cleanliness of liquid 
aluminium was detected with reduce pressure test (RPT). 
It was found that the efficiency of melt cleanliness was 
significantly increased with ceramic diffusor compare to 
lance degassing systems. 

1.  Introduction 

Degassing process is widely used in aluminium casting 
process to clean the liquid aluminium (decrease the 
bifilm index) with various diffusors as it can be seen at 
Figure 1. Degassing process reduces non-metallic 
inclusions (such as bifilm) since they generally become 
attached to the rising bubble and are subsequently 
skimmed from the surface. Also, inert gas bubbles bring 
about excellent stirring that assist in homogenising the 
temperature and chemical composition of the melt [1, 2]. 

Koca et al. claimed that there is a direct correlation bifilm 
index (BI) and tensile properties [1]. 
Dispinar at al. proved that there is no correlation between 
hydrogen content and tensile properties and uncontrolled 
degassing process can be increased bifilm index [2]. 

Figure 1. Disc type (a) and lance type (b) diffusors. 

Rpm, gas pressure, gas type, degassing time, degassing 
temperature and diffusor design are parameters of 
degassing process [1-4]. Homogenous distribution of 
bubbles would be creating for effective cleaning process. 

2.  Experimental Procedure 

In this study, efficiency of degassing process in various 
parameters is observed on 360 aluminium cast alloy. 
Chance in cleanliness of liquid aluminium is detected 
with change of BI by reduce pressure test (RPT).

Table 1. Chemical composition of the 360 alloy (wt. %). 
Si Fe Mg Ti Cu Zn 

9.45 1.10 0.36 0.14 0.40 0.35 

3.  Results and  Discussion 

Differences between before and after in liquid aluminium 
are observed clearly by RPT as can be seen at Figure 2. 
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Figure 2. Cutaway view of RPT specimens before (a) 
and after (b) degassing. 

4.  Conclusion 

• Degassing processes is an efficient way of increasing 
the melt quality. 
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Abstract

There are two common methods to produce 
Aluminium sheets. The first and conventional one 
is Direct Chill Casting (DC) and hot Rolling. Twin 
Roll casting (TRC) is an alternative method to DC 
for producing aluminium sheets. TRC has lower 
investment and operating costs, lower need for 
labor which results into being the favored method. 
In this work, AA3003 alloy aluminium material 
was produced with Twin Roll Casting method. 
Thermomechanical processes effect on the orange 
peeling was been investigated during production of 
3003 alloy material. This work can be used by all 
aluminium casting factories which are produced to 
aluminium with Twin roll casting method. 

1. Introduction

Aluminum and aluminum alloys Areas of usage to 
increase and become varied every day according to 
superior feature than the other metals. Aluminum 
and aluminum alloys the most important 
engineering material for structure because of 
superior features. 
The aluminum has got properties which does high 
heat- electric conductivity, strength of corrosion in 
pure state. This properties and areas of usage 
increase with alloyed states [1]. 

Weight of aluminum is %35 lighter than iron 
weight,   %9 lighter than copper. The mechanical 
and physical properties of aluminum (strength, 
toughness) can be developed with thermos 
mechanical processes. Based on high corrosion 
strength property, aluminum using area expanded 
to chemical, food, household areas [2].  
Aluminum could be rolled to folio thickness and 
malleable casted by extrusion method.  

Aluminum and alloys can be used in transportation 
sector, aircraft / space sector, train/marine 
vehicles, structure, packaging, electrical, 
machines, durable consumer goods [3]. 

Main Alloys Element symbols has been shown in 
following line; 

Aluminium content  99,00 % = 1xxx  
Copper = 2xxx
Manganese = 3xxx  
Silisium = 4xxx  
Magnesium = 5xxx  
Magnesium and Silisium = 6xxx  
Zinc = 7xxx
The other elements = 8xxx [4] 

The main alloy element is Manganese for 3xxx 
types. A strength property is 20% better than 1xxx 
types. If the medium strength and good machining 
properties want to be together, 3003 alloys uses 
[4].
There are two manufacturing types for the 
aluminium which names are traditional casting 
process and twin roll casting process.  In this work, 
the samples were produced with twin roll casting 
process. Twin roll casting process has got lots of 
advantages than the traditional casting process. 
Some advantages is explain in following line [5].

- Approximately 30%  less investment cost  
- 2% less material consumption 
- Approximately 30%-50% more 

production amount 
- Less time and place 
- Less personnel needs 

Because of these advantages the twin roll casting 
process has been come into prominence.

2. Experimental Process 

In this work, before the plates reached to ultimate 
thickness, 3003 alloy plates were produced with 
twin roll casting process. After the casting, they 
were exposed to cold rolling and heat treatment 
process.  For reached to ultimate thickness, there 
were done different process trials. In all trials has 
been investigated to thermomechanical process 
impact on orange peeling effect. 
The samples were produced with following table 
(Table 1) analysis and casting conditions in Table 
2.
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Table 1: The chemical compositon of AA3003 
alloys and benchmarked to standard [6].

(%) 
Alloy 

Si Fe Cu Mn Zn Al 

AA3003
(EN) 0,6 0,7 0,050-

0,200
1,000-
1,500 0,1 Residue 

AA3003
(Sample) 0,16 0,324 0,072 1,124 0,04 97,133 

Table 2:The casting condition of AA3003 
Aluminium roll

Alloy AA3003

Thickness 6,52 mm 

Casting Width 1350mm

Line Speed 115cm/dk

Roll Water Temperature 
(bottom-top) 35°C-37°C

Temperature of Headbox 715°C

Pozition of Nozzle 73mm

The plates were produced with 5 different process 
to ultimate thickness was 0,30mm and condition of 
H16.  After the casting, the 5 different process 
were applied on the plates according to Table 3. 

The first goal in all trials was determination to 
optimum recrystallization temperature with 5 
different deformation ratios for ultimate thickness 
plates.  For the determination of optimum 
recrystallization temperature; the heat treatment 
trials were done with 400-420-440-460ºC 
temperatures for 3,5 hours. In the heat treatment 
trials, the plates were chosen in 0,54 mm thickness 
which was average. The forecasting was 
determination to recrystallization temperature. 
After the determination of recrystallization 
temperature, different deformation ratios effects 
were investigated to on ultimate thickness plates.  

Table 3: 5 Different Process Trials 

1. Process 2. Process 3. Process 4. Process 5. Process

Casting
Thickness
(6,52mm) 

Casting
Thickness
(6,52mm) 

Casting
Thickness
(6,52mm) 

Casting
Thickness
(6,52mm) 

Casting
Thickness
(6,52mm) 

Rolling
(0,480mm

)

Rolling
(0,570mm

)

Rolling
(0,540mm

)

Rolling
(0,640mm

)

Rolling
(0,695mm

)

Recrystalli
zation
Heat

Treatment

Recrystalli
zation
Heat

Treatment

Recrystalli
zation
Heat

Treatment

Recrystalli
zation
Heat

Treatment

Recrystalli
zation
Heat

Treatment

Rolling
(0,30mm) 

Rolling
 (0,30mm) 

Rolling
 (0,30mm) 

Rolling
 (0,30mm) 

Rolling
 (0,30mm) 

According to obtained data’s the most optimum 
heat treatment situations were identified 440°C 
temperature for 3,5 hours. Also while optimum 
process values were determination, high tensile 
strength, low yield strength, vertical anisotropy 
almost 1 and planar anisotropy value almost 0 
were noted. The determinate recrystallization 
temperature was applied to 5 samples which were 
different thickness and after than the samples were 
rolled for reached to ultimate thickness. In the 
finally all samples have been reached to 0,30 mm 
thickness. These samples were exposed to tensile 
test for 3 directions.

3. Result and Discussion

The mechanical properties which were obtained 
with tensile test has been shown in Table 2. 

Table 4:The mechanical properties after the tensile 
test

The
hickness
before
rolling
(mm)

0,48

0,57

0,54

0,64

0,695

The
thickne
ss after
rolling
(mm)

0,31

0,34

0,298

0,318

0,315

%
Deform

ation

0,65

0,6

0,55

0,5

0,45

Temper
ature Heat treatment in 440 °C for 3  Hours 

Directio
n 0 45 90 0 4

5 90 0 45 9
0 0 45 90 0 45 90 

Tensile
Strengt
h %0,2
(Mpa)

173,90 ± 0,81 

174,21 ± 0,18 

176,29 ± 2,45 

178,28 ± 0,23 

175,44 ± 0,17 

180,28 ± 0,35 

180,58 ± 0,47 

176,26 ± 0,25 

186,29 ± 1,00 

193,23 ± 0,81 

186,29 ± 0,20 

196,52 ± 3,34 

196,40 ± 0,10 

193,14 ± 0,64

200,01 ± 1,24 

Rp

166,32 ± 0,80 

163,43 ± 0,31 

174,33 ± 1,07 

165,27 ± 2,64 

165,62 ± 0,08 

170,15 ± 1,85 

172,47 ± 1,36 

166,47 ± 0,23 

179,04 ± 4,29 

180,71 ± 5,66 

179,40 ± 0,57 

179,63 ± 1,85 

187,90 ± 1,27 

181,08 ± 0,78 

188,49 ± 3,82 

At

2,91 ± 0,85 

1,43 ± 0,16 

1,00 ± 0,02 

2,30 ± 0,29 

1,53 ± 0,18 

1,10 ± 0,36 

1,18 ± 0,04 

1,61 ± 0,13 

1,21 ± 0,16 

2,65 ± 0,84 

1,64 ± 0,10 

1,94 ± 0,25 

1,81 ± 0,54 

1,76 ± 0,04 

2,01 ± 0,23 

When the mechanical properties were evaluated, 
expectation was low yield strength. Tensile values 
respectively from less to higher: 4. Process, 5. 
Process, 3. Process, 2. Process, 1. Process. The 2. 
Expectation were high elongation values and high 
tensile strength. When the all results have been 
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taken in consideration; according to mechanical 
properties result’s the most appropriate process has 
been determined as 4. process.

Graphic 1: Vertical anisotropy index in 
alternative process 

Graphic 2: Planar anisotropy index in alternative 
process

Graphic 3: The variation of tensile strength in 
alternative process 

Graphic 4:The variation of yield strength in alternative 
process

Graphic 5:The variation of % elongation in alternative 
process.

After recrystallization process the expectation was 
recrystallized cores will be occurred as maximum quantity. If 
the core hasn't occurred at will, structure would be coarse 
grained. This structure result in to orange peeling effect. 
The 5 samples were exposed to macroscopic etching. In 
consequence of the etching process, the orange peeling effect 
was the same sequencing with the mechanical properties on 
the samples. Visually, orange peel effect hasn’t seen on the 4. 
Sample.

Figure 1: The picture of 1 sample after the 
macroscoping etching process 
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Figure 2: The picture of 2. sample after the 
macroscoping etching process 

Figure 3:The picture of 3. sample after the 
macroscoping etching process 

Figure 4:The picture of 4. sample after the 
macroscoping etching process 

Figure 5: The picture of 5. sample after the 
macroscoping etching process 

4. Conclusion

The thin and homogeneous granulation has been 
seen on 4. proses in the way of grain structure. 
Referring to the reference picture which was 
Figure 6, orange peeling effect was saw on 4. 
sample which is Figure 7. 

Figure 6: Orange peeling after the Erichsen Test 
(a). Material granulation Picture (b) [7].

Figure 7: 4. Sample picture after Erichsen Test
The mechanical properties could be see in Table 5 
belonging to 4. process samples. 
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Table 5: The mechanical properties process of 4.

Alloy Thickness before
Rolling 

Thickness
After Rolling

%
Defor
matio

n

Temper
ature

3003 0,64 mm 0,318 mm 0,5 440°C 3 
Hours

Direct
ion Rm

Rm
Deviatio

n
Rp

Rp
Deviat

ion
At 

At
Deviatio

n

0 193,23 0,81 180,71 5,66 2,65 0,84 

45 186,29 0,2 179,4 0,57 1,64 0,1 

90 196,52 3,34 179,63 1,85 1,94 0,25 
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Abstract 

 In this study, three different mould coatings 
(named Fondermat, Dycote and BN) were applied 
onto three different dies. After the casting process 
of A356 alloy with coated and uncoated moulds, 
secondary dendrite arm space (SDAS) of the square 
and cylindrical sectioned samples were measured 
via image analysis software on an optical 
microscope. As a result, the secondary dendrite arm 
spaces of the samples were found to be close and no 
significant difference was found. The use of the 
coatings showed that the surface qualities of the 
samples were decreased. 

1. Introduction 

 The two most common known methods for shaping 
aluminum alloys are casting and forging. 

 Casting operations can be applied in various 
moulds. One of the most suitable methods 
especially for mass production is die moulding. In
die casting, choice of coating and application is 
important as well as mould design, alloy type, metal 
temperature. 

 Various surface treatments can be applied to 
permanent moulds. One of these treatments is 
coating.  Surface coating processes aim to control 
heat transfer to ensure better solidification and full 
feed of cast parts. It is also supports the 
improvement of surface quality and mould service 
life. 

2. Experimental Procedure 

 In the experiments, 2 different shaped, as shown on 
Fig 1 and 2, 1040 steel moulds were used to 
examined the differences of 3 coating . These molds 
have 2 different geometries with cylindrical and 
square sections. Fondermat, Dycote and BN were 
used as coats. 

 Mold surfaces were cleaned via compressor. Then 

minutes. Then brushed with Fondermat, Dycote and 
BN. After coating, the molds were again heated at 
200 C for 30-45 minutes. Only Fondermat coating 
is left for 1 hour. 

Fig 1. Fondermat coated mould samples. 

Fig 2. BN coated mould samples. 

 After the mould preparation process, DubAl A356 

no additional cooling was applied to the 
solidification process. 

 All the samples were examined with optical 
microscope and measured secondary dendrite arm 
spacings (SDAS) for comprasion. 

3. Results and Discussion 

 As a result, no significant difference was observed 
in the microstructures of non-coated and coated 
moulds. SDAS were measured on average 15-20 
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Fig 3. Comparising the SDAS measurements from 
microstructers of square and cylindrical sections. 

(a)                               (b) 

Fig 4. Microstructure images of uncoated samples 
in (a) cylindrical and (b) square sections at 10x. 

(a)                               (b) 

Fig 5. Microstructure images of Fondermat coated 
samples in (a) cylindricaland (b) square sections at 
10x. 

(a)                               (b) 

Fig 6. Microstructure images of Dycote coated 
samples in (a) cylindricaland (b) square sections at 
10x. 

(a)                               (b) 

Fig 7. Microstructure images of BN coated samples 
in (a)cylindrical and (b)square sections at 10x. 

Fig 8. Specimens from the uncoated mold. 

The surface roughness increased visibly in all 
coated cast samples and there were a decrease in 
surface quality. The brightest and smoothest surface 
was achieved in uncoated die casting. 

Fondermat coated mold has taken a long time to 
dry. So, melt was poured while the mould not dry 
yet. There is a possibility of interaction between the 
humid mold surface and the liquid metal during 
aluminum casting. therefore sample surface became 
distorted. 

Fondermat, which has a viscous structure, couldn't 
yet dry even after melting. For this reason, even 
after a long period of cleaning work such as wiping 
and grinding, the desired mold cleaning could not 
be achieved. It has also been observed that paint 
residues have accumulated on the surface of the 
samples which have been dyed with Fondermat. 
Other coatings did not show such a result. 

Fig 9. Specimens from the mold coated with 
fondermat. 
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Samples of Dycote used mould casting have the 
most rough and porous surface.  

Fig 10. Specimens from the mold coated with  
Dycote paint. 

The best surface quality samples were obtained 
from mold coated with BN. the easiest to remove 
the sample from the mould was seen in the BN 
coating. However, the problem is that the service 
life of the paint is short and the paint needs to be 
repeat. 

Fig 11. Specimens from the mold coated with BN 
paint. 

4. Conclusion  

In this study, microstructural changes and surface 
quality of A356 aluminum alloy are examined in 
general terms. Three different mould coating 
materials named Fondermat, Dycote and BN were 
used for this experiment.  

It is desired to influence the solidification of the 
casting material with the mould dyes and to observe 
the change of the microstructure. As a result, these 
three coating dyes did not cause a significant 
change in the mold designs used. 

Mold design is an important factor in solidification. 
There is a possibility that different results can be 
seen by using the coating dyes in different mold 
designs. 

At the end of the study, the surface quality was also 
examined. It is seen that the surface quality of the 
coated molds is much lower than the uncoated 

molds. BN coatings showed the best performance 
among the coated molds with minimal roughness. 
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Abstract

Conventionally, stainless steel alloys are used in 
steering mechanism of sailboats because of its high 
wear and corrosion resistance and improved 
properties. However, recently, polyurethane (PU) 
and Acrylonitrile-Butadiene-Styrene (ABS) 
materials from polymer material family with lower 
cost, lighter weight and longer service life are 
preferred. In this study, ABS, PS12, PU and 
pigment added PU were investigated. The materials 
were produced by 3D printing method. Tensile and 
abrasion properties of the produced four different 
materials are compared. It was found that PS12 
revealed the highest strength and wear properties. 

1. Introduction 

Pek çok geleneksel üretim i lemleri, iki sınıftan
birine girer. Parçalar ya tala lı imalat (frezeleme, 
tornalama, testere ile kesme, matkapla delme vb.) 
ana kütleden çıkarılır veya ham malzemenin bir 
kalıbın eklini almasını zorlayarak (dövme, 
enjeksiyonla üretme, döküm vb.) üretilirler. 3D 
baskı yöntemi, artık üreticiler tarafından ciddi 
oranda kesme, bükme, presleme ve döküm 
yöntemlerine alternatif olarak dikkate alınmaktadır
[1]. Prototipleme veya 3D baskı üretim; malzeme 
ve enerji yönüyle geleneksel üretim yöntemlerinden 
üstündür. 3D baskıda görülen üstün ürün kalitesi 
(dökümden iyi, dövmeye yakın) ve di er nedenler 
son ürün seçene ini güçlendirmektedir. 3D baskı
makineleri bugün; polimerleri, metalleri, sıvı ve toz 
di er malzemeleri de kullanarak üretim 
yapmaktadır [1]. 

Günümüzde ula ılabilirli i,ekonomik olarak uygun 
olu u ve mekanik özelliklerinin iyi olmasından
ötürü polimer malzemelerle 3D baskı makineleri  
ile üretim yöntemleri oldukça yaygınla mı tır.
Ara tırmalara göre opak bir termoplastik  malzeme 
olan Akrilonitril, 1,3-Bütadiyen ve Stiren   (ABS) 
ve  ABS'yi olu turan bile iklerin konsantrasyon 
farklarından olu an ABS PS- 12 'lerin 3D 
makineleri ile üretimi di er mühendislik 
plastiklerine göre çok daha yaygın  olarak 
kullanıldı ı belirlenmi tir.Bunun nedeni olarak ise   

mükemmel yüzey kalitesi ,kimyasal direnci ,darbe 
dayanımı  ve üretim kolaylı ıdır.
Hatta yüksek mukavemet gerektiren i lerde
genellikle metallerin kullanılmasına ra men
günümüzde ABS ve ABS PS12'ler de üstün 
özellikleri nedeniyle tercih edilmeye ba lanmı tır
[2].

Dü ük maliyetli ve güvenli olan poliüretanlar (PU), 
günlük ya antımızı güvence altına alan ve daha 
rahat bir hale getiren sürdürülebilir polimer 
malzemelerdir.Bu malzeme, uyarlanabilirli i ve 
kullanılabilirli i, hatta dü ük maliyeti ve geri 
dönü türülebilirli i sayesinde ço u üreticinin ilk 
tercihi haline gelmi tir [2]. Yapılan bazı testlere 
göre poliüretan malzemeye renk pigmenti 
eklendi inde malzemenin bazı mekanik 
özelliklerinde iyile me görülmü tür.Pigment 
ekledi imizde malzemenin çekmeye kar ı
dayanımının arttı ını, malzemenin gevreklikten 
sünek bir malzemeye geçi  yaptı ı gözlemlenmi tir. 

2. Experimental Procedure 

Bu çalı mada ABS ve ABS PS12 ile 3D baskı
yöntemi kullanarak üretim yapılmı tır.Daha sonra 
Fig.1'de ematize edilen 'dog bone ' çekme 
çubu una çekme testi uygulanmı tır.Çekme 
testinden aldı ımız sonuçlardan merakla 
numunelere a ınma testi de uygulanmı tır. 
Poliüretan ve poliüretan-pigment ise oda 
sıcaklı ında  silikon kalıplarda döküm yoluyla elde 
edilmi tir. Daha sonra Fig.1'de ematize edilen 'dog 
bone ' çekme çubu una çekme testi uygulanmı  ve 
ardından a ınma testi de uygulanmı tır .Döküm 
yoluyla üretti imiz poliüretan ve poliüretan-
pigmente 4 hafta sonar tekrardan çekme testi 
yaparak döküm yoluyla üretimde zamanın mekanik 
özelliklere olan etkileri tespit edilmi tir.

Figure 1. Dimensions of the test bar. 
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3. Results and Discussions 

Figure 2. Tensile result of polyurethane. 

Uygulanan çekme testi sonucunda poliüretan 
numunesi maksimum  440,8251 Newton'a (N) 
kadar dayanım göstermi  olup, grafikte ve makro 
incelemede görüldü ü gibi  malzemede gevrek 
kırılma ya anmı tır (Figure 2). 

Figure 3.  Tensile result of four weeks aged 
polyurethane.

Poliüretan malzeme dökerek üretti imiz numuneye 
4 hafta sonra tekrar çekme testi uyguladı ımızda bu 
malzeme maksimum 615,212 N'a kadar dayanım
göstermi  olup, grafikte ve makro incelemede 
görüldü ü gibi malzemede gevrek kırılma 
ya anmı tır. (Fig .3) 

Figure 4. Tensile result of pigment reinforced 
polyurethane.

Poliüretan malzemeye renk pigmenti ekledi imizde 
maksimum 516,0661 N 'a kadar dayanım göstermi
olup sonrasında 390,125N'a kadar uzama göstermi
olup makro incelemede görüldü ü gibi gevrek bir 
kırılma ya anmı tır.(Fig.4)

Figure 5. Tensile result of pigment reinforced and 
four week aged polyurethane. 

Poliüretan-pigmentli numuneye   4  hafta sonra 
tekrar çekme testi uyguladı ımızda maksimum 
760,412N a kadar dayanım göstermi  ve ardından
ilk poliüretan-pigment numuneye göre daha az 
uzama gösterip gevrek bir ekilde kırılmı tır. 
(Fig .5) 

Figure 6. Tensile result of ABS. 

Uygulanan çekme testi sonucunda ABS numunesi  
maksimum 881,9281N a kadar dayanım göstermi
olup ,grafikte ve makro incelemede görüldü ü gibi
malzemede gevrek kırılma ya anmı tır.(Fig.6) 

Figure 7. Tensile result of ABS PS12 

ABS bile iklerinin farklı konsantrasyonları ile elde 
etti imiz ABS PS12 maksimum 1005,15N'a kadar 
dayanım göstermi  olup ,grafikte görüldü ü gibi 



UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book

1176 IMMC 2018   |   19th International Metallurgy & Materials Congress

di er malzemelere  göre çok daha fazla uzama 
göstermi  ve belirgin bir ekilde boyun 
vermi tir.Makro incelemede ise di er malzemelere 
göre çok daha farklı bir kopma göstererek 
malzemede sünek bir kırılma ya anmı tır.

Figure 8. Wear test results. 

Uygulanan a ınma testinde poliüretan ve pigmentli 
poliüretan  test sırasında  kolay bir ekilde a ındı ı
gözlemlenmi tir.Grafikte görüldü ü gibi en kolay 
a ınan malzeme poliüretandır.
ABS ve ABS PS 12'ler ise poliüretanlara göre çok 
daha az a ınma göstermi tir.Yine grafikte 
görüldü ü üzere ABS PS12 'ye baktı ımızda
neredeyse kütle kaybı yok denilecek kadar az 
a ınma görülmü tür.

Figure 9. The samples after tensile test 
(Respectively from up to down: ABS, 

Polyurethane, Pigment reinforced polyurethane and 
ABS PS12). 

4)Conclusion

Uygulanan çekme testi sonucunda poliüretan 
numunesi maksimum 440,8251 Newton'a (N) kadar 
dayanım göstermi tir.Malzemede gevrek kırılma 
söz konusu olmu tur. 
Poliüretan malzeme dökerek üretti imiz numuneye 
4 hafta sonra tekrar çekme testi uyguladı ımızda bu 
malzeme maksimum 615,212 N'a kadar dayanım
göstermi tir ve gevrek kırılma ya anmı tır. Bu 
sonuçtan anla ılaca ı üzere zaman,poliüretan 

malzemede mekanik özellikleri iyile tirici bir etki 
göstermektedir.
Poliüretan malzemeye renk pigmenti ekledi imizde 
maksimum 516,0661 N 'a kadar dayanım göstermi
tir.Sonrasında 390,125N'a kadar uzama göstermi
olup makro incelemede görüldü ü gibi gevrek bir 
kırılma ya anmı tır. Poliüretana kattı ımız renk 
pigmentinin malzeme dayanımını arttırdı ı ve 
malzemenin elastikiyetini arttırdı ı sonucuna 
varılmı tır.
 Poliüretan-pigmentli numuneye   4  hafta sonra 
tekrar çekme testi uyguladı ımızda maksimum 
760,412N a kadar dayanım göstermi  ve ardından
ilk poliüretan-pigment numuneye göre daha az 
uzama gösterip gevrek bir ekilde
kırılmı tır.Zaman,mukavemet arttırıcı bir etki 
gösterirken di er yönden de malzemenin 
elastikiyetini dü ürücü bir etki göstermi tir. 
Uygulanan çekme testi sonucunda ABS numunesi  
maksimum 881,9281N a kadar dayanım göstermi
olup ,grafikte ve makro incelemede görüldü ü gibi
malzemede sünek kırılma ya anmı tır.
ABS bile iklerinin farklı konsantrasyonları ile elde 
etti imiz ABS PS12 maksimum 1005,15N'a kadar 
dayanım göstermi  olup ,grafikte görüldü ü gibi 
di er malzemelere  göre çok daha fazla uzama 
göstermi  ve belirgin bir ekilde boyun 
vermi tir.Makro incelemede ise di er malzemelere 
göre çok daha farklı bir kopma göstererek 
malzemede sünek bir kırılma ya anmı tır. 
Uygulanan a ınma testinde poliüretan ve pigmentli 
poliüretan  test sırasında  kolay bir ekilde a ındı ı
gözlemlenmi tir.Grafikte görüldü ü gibi en kolay 
a ınan malzeme poliüretandır.
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Abstract

Magnesium and its alloys are very difficult to cast due its 
affinity to oxygen. The casting has to be carried out 
under protective atmosphere. Yet, the selection of casting 
method by itself is not good enough to produce good 
quality cast parts. The runner and sprue design have to be 
calculated in accordance with Ten Rules of Casting so 
that defect free cast magnesium parts can be obtained. In 
this work, various mould designs were investigated with 
MagmaSoft optimisation tool was used. The correlation 
between experimental castings and simulation was found 
to be over 90%.   

1.  Introduction 

Casting of magnesium alloys is always a challenge. Its 
significantly high affinity to oxygen makes it difficult to 
control during melting and pouring processes. 
Magnesium is the lightest metal almost half of density of 
aluminum [1]. The alloying of magnesium with various 
elements improves its mechanical properties which may 
become close to aluminum alloys. Therefore, magnesium 
alloys are still the attractive choice of metals and research 
on casting of these alloys have increased over the past 
decade. It has high ductility and damping properties. 
Thus, combined with its specific strength, major 
application areas are automotive and aerospace parts [2]. 

The current alloys are expensive and have not reached 
the desired mechanical properties. Therefore, high 
pressure die casting, particularly hot chamber 
applications are quite common [3-4]. In this work, Zr 
grain refined ZE41 alloy was sand cast and its castability 
and mechanical properties were evaluated.  

2.  Experimental Procedure 

The chemical composition of ZE41 alloy used in casting 
trials is given in Table 1. The cylindrical part geometry 
was selected which is given in Figure 1. 

Table 1. Chemical composition of ZE41 (wt. %). 
Zn Zr Rare Earth Mg 
3.7 0.7 0.8 Rem. 

Figure 1. Schematic drawing of the cast part. 

Casting experiments were carried out in an air tight-
sealed unit where the melting furnace is on top with a 
stopper at the bottom of the crucible, and the cast part is 
placed underneath the stopper connected with the runner 
system to the sand mould as seen in Figure 2. This 
original design was proposed by Prof.Ali Kalkanli 
(METU, Ankara, Turkey). 

Figure 2. The casting unit. 

The casting temperatures were selected as 675 and 
710oC. Alphaset resin binder was used with silica sand. 
Magmasoft Simulation was used for optimization of 
casting parameters. 

3.  Results and  Discussion 
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In the initial mould design, cylindrical down sprue was 
used with the cast part being filled by 4 ingates from the 
outside with a C shaped runner that surrounds the cast 
piece as seen in Figure 3. 

Figure 3. The initial runner design. 

However, this design had resulted in misrun, cold shots 
and porosity. Such examples can be seen in Figure 4 and 
5. X-ray results had shown that the cast piece had Grade 
8 and 9 porosity, gas hole, shrinkage and foreign 
materials. 

Figure 4. Porosity observed on top surface (left) and 
after machining (right). 

A new design was proposed and Campbell’s 10 rules of 
casting [5] were applied. A tapered downsprue with 
natural fall of the liquid magnesium was measured and 
applied which was placed at the center of the cylindrical 
cast piece. Four runners were placed at the bottom of the 
gates that looked like chandelier and the cast piece was 
filled from the bottom.  AFS 100 sand was dropped down 
to AFS 40. The binder content was decreased from 3 
wt% to 1.0 wt%. Magmasoft optimization tool was used 
to optimize the casting parameters. These can be seen in 
Figure 6 and 7. 

Figure 5. Runner optimisation for reduced porosity by 
Magmasoft. 

Figure 6. Correlation Matrix results by Magmasoft. 

abc

4.  Conclusion 

• After optimization studies of the runner design, sand 
grain size and binder content, X-ray studies show 
zero grade porosity, shrinkage and foreign material. 

• ZE41 was successfully sand cast with minimized 
defects.

• Magmasoft Optimization tool is effective and 
comprehensive for improving quality and cost of 
metal casting. 
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Abstract

Investigation of fracture surface is an effective method in 
characterising casting defects. Some data can be collected 
such as reasons of defects and initiation of fracture by 
means of investigation of fracture surface via scanning 
electron microscope (SEM). In this study, tensile test 
samples were poured into die and sand moulds from two 
different 356 aluminium melt: no addition and Al-Ti-B 
grain refiner added. After tensile test, casting defects in 
fracture surfaces are analysed and classified via SEM. 
These defects are correlated with bifilm index and tensile 
properties such as UTS and elongation. 

1.  Introduction 

The presence of defects, such as bifilms, inadequate 
feeding, sand erosion (in sand mold casting), negatively 
affects the tensile properties of cast parts. Unfortunately, 
in many castings, particularly large-volume castings, 
these defects occur and unexpected out-of-service 
situations are encountered. 

The defects like porosity in the tensile sample increase 
the load bearing area (Figure 2). The voids create a 
multiaxial stress centre and cause the elongation to 
accumulate on their near-sides. 

Caseres and Selling [1] determined two fundamental 
defect in tensile test bars’ fracture surface of A356 
aluminium alloy in their study: clearly visible dendrites, 
and matt and rough oxides as can be seen in Figure 1. 
They observed relations between either UTS values and 
area fraction of defects (AFD) or elongation and AFD. 

Surappa et al. [2] suggested that the values of strength 
and elongation affected the porosity dimensions on the 
fracture surface and they emphasized that decreasing the 
cross section causes the stress and plastic strain near to 
the defects. 

Table 1. Chemical composition of the 356 alloy (wt. %). 
Si Fe Mg Ti B Sr 

7.31 0.13 0.26 0.11 0.001 0.008 

Teng et al. [3], claim that pore size should be 
independent of the type of test and experimental 
conditions because of material characteristics. 

Figure 1. SEM micrograph of clearly visible dendrites 
(a) and rough and dull oxide films (bifilms) [1].  
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Figure 2. Illustrated defect in tensile sample. 

2.  Experimental Procedure 

In this study, relation between tensile values and fracture 
surface defect ratio was investigated. 356 aluminium 
alloys were supplied from automotive industry’s scraps. 
The chemical composition of the 356 alloy as can be seen 
in Table 1. The sand moulds were prepared by mixing 
silica sand, resin, and hardener. The charge was pre-
heated at 400 ºC for 1 hour and then the casting 
temperature was set at 725 ºC. Two different casting 
conditions, with (ratio of wt. 0.1%) and without Al-5Ti-
1B addition, were applied. The pouring was begun 10 
minutes after grain refinement master alloy addition. In 
these conditions, tensile bars are poured to analyze 
mechanical properties and fracture surface analysis into 
either die or sand moulds. After tensile tests, JEOL JSM-
5600 scanning electron microscope was used in fracture 
surfaces examination. SEM images were analysed with 
Sigma Scan Pro 5 image analyse software. With 
reference to Figure 2, the cross section in the smooth 
region, A0, and the cross section in the defect, Ai, a 
simple equation was used as can be seen in (1) to 
calculate area fraction of defects (AFD). 

𝐴𝐹𝐷 𝑥 𝐴𝑖𝐴  (1) 

3.  Results and  Discussion 

According to tensile test results, the worst and 
inconsistent UTS and elongation values are observed in 
die casting as can be seen in Figure 3 and 4. 

Figure 3. UTS results of tensile tests depend on 
conditions.

Figure 4. Ductility results of tensile tests depend on 
conditions.

Grain refiner addition cannot rely a better result for 
tensile properties and it has an adverse effect on 
elongation values in die cast samples. The best tensile 
test results are obtained distinctly in sand casting.

After the tensile tests, fracture surface analyses were 
carried out to five fracture surface of tensile sample each 
conditions. All defects in a fracture surface were included 
in the AFD ratio. The number of detected defect per 
fracture surface is 15-52. SEM micrographs of fracture 
surface depend on casting conditions are as can be seen 
in Figure 5-8. 
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Figure 5. SEM micrograph of fracture surface of no 
grain refiner added and die casted samples. 

Figure 6. SEM micrograph of fracture surface of Al-5Ti-
1B grain refiner added and die casted samples. 

Figure 7. SEM micrograph of fracture surface of no 
grain refiner added and sand casted samples. 

Figure 8. SEM micrograph of fracture surface of Al-5Ti-
1B grain refiner added and sand casted samples. 

Figure 9. Relation between UTS and area fraction of 
defects.

Except in two cases, in all conditions, AFD ratio is 
followed linear decreasing trend for both UTS and 
elongation values. 

Figure 10. Relation between elongation and area fraction 
of defects. 
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AFD ratios and tensile results is almost fully alignment.

4.  Conclusion 

• Area Fraction of Defects (AFD) ratio is a useful 
method for material characterisation. 

• There is a good relation between AFD ratio and 
tensile properties. 

• The tensile properties increase while AFD ratio 
decreases.
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Abstract

Al-Si alloys are mostly used in casting industry for 
automotive parts. In this alloy, silicon needs to be 
modified to obtain fine fibrous particles instead of 
coarse needles. Strontium master alloys have been 
used as a modifier in Al-Si alloys for decades. In 
this study, production of the Al-Sr master alloy 
from different Sr powder-sources were investigated. 
Type and percent of Sr sources, base alloys, and 
atmospheric environments were applied as 
parameters. Then, obtained master alloy samples 
were applied to unmodified alloy and the modifier 
properties were examined. All samples were 
investigated with SEM-EDS and XRF technics. 
Results of the all modificator samples SEM-EDS 
results of Al-Sr intermetallics shown that Al-Sr 
intermetallics were not seen in the magnesium-free 
experiments except experiment #1. Al-Sr 
intermetallics were observed in magnesium-
containing SrCO3 and SrO-Sr (OH)2 experiments. 
Also heterogeneously distributed rough plates 
containing Al and Sr similar to those in the 
commercial master alloy. 

Introduction

Closset and Gruzleski, have shown that strontium 
can be used as a modifier in silicon-containing 
alloys[1]. Modifier elements with lower diffusion 
coefficients reduce the diffusion rate of Si in the 
melt, so growth of Si is preventing in the melt. 
Pozdniakov et al. obtained master alloy from 
granular Al and SrCO3 via planetary ball mill. 
Mattheus Vader et al. used Sr and Ti/B at and 875-
950 °C constant amount of Ti and B as %1. 
Specimens collected from liquid metal by 
atomizing. C. Moreno Molina et al., obtained Al4Sr 
intermetallic phase in their work in the argon gas 
environment with SrO and Mg. Jan Noordegraat et 
al. in their patented work, atomized Al alloy 
containing Sr in different amounts, with 9 bar 
pressure N2 gas by blowing from a nozzle at 
temperatures ranging from 780 to 950 ° C.  

The obtained products modified the Si-containing 
alloy [5]. Juarez et al. studied the production of Al-
Sr master alloy from scrap aluminum, SrO and 
Mg[6]. 

Experimental Procedure 

Alloys containing 99.7% Al and 10% and 6% Mg 
were melted in a medium frequency induction 
furnace in F-9 crucible and then Ar gas was 
supplied to the pot. After degassing the liquid 
metal, it is heated to 1200 ° C and Sr source dust 
was added to the pot. The amount of dust is 
calculated so that 5% and 10% Sr contents can be 
obtained as a result of the reaction. Samples of 40 x 
55 x 15 mm were poured into the mold. The 
chemical compositions of the samples were 
examined by Thermo Scientific XRF Niton XL3t 
GOLDD +, micro-structures by Metallography and 
SEM-EDS analysis.  

Table 1. Formulas of experiments

Test castings were examined as modifier with E-
171 alloy, 9% Si. Modifier alloys were added at 
725 ° C. After 15 minutes, melts were poured to 
sand molds. The modification samples were 
subjected to SigmaPlot as image analyzer, XRF and 
Metallography. 
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Figure 1. Experimantal setup 

1: Induction furnace 2: Coils 3: Crucible 4: Rotor 
5: Refractory cover 6: Mechanical stirrer  

7: Powder feeding silo 8: Gas flow-meter 9: Gas 
regulator 10: Ar(g) tube 

 

Figure 2. Microstructure of E-171 alloy. 

Table 2. Optic spectrometer results of used alloys. 

 

Results and Discussion 

Figure 3. SEM and microstructure images of 
sample 1 and 2. 

Al-Sr intermetallic structure was not observed in 
sample 1 which is produced using Al and 10% SrO-
Sr (OH)2. The coarse Si grains have been modified 
but are not enough. 

Al-Sr intermetallics were not observed in the 
sample produced with 5% SrO-Sr(OH)2 and Si 
grains were not modified. 

Figure 4. SEM and microstructure images of 
sample 3 and 4. 

Al-Sr intermetallic structures were not observed in 
specimens 3 and 4 which are produced using Al 
and% SrCO3. Modification experiments using these 
samples also failed. 

Figure 5. SEM and microstructure images of 
sample 5 and 6. 

Al-Mg and 10% SrO-Sr (OH) 2, no intermetallic 
structure was observed, but the modification 
experiment was achieved. 

Al-Mg and 5% SrO-Sr (OH) 2, the modification 
was achieved in Al-Sr experiments as shown in 
Figure 5. 

Al Mg Si Fe Mn 
1050 99,08 0,05 0,25 0,40 0,05 
Al-Mg 93,37 6,16 0,11 0,28 0,02 
E-171 90,15 0,36 8,81 0,15 0,47 
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Figure 6. SEM and microstructure images of 
sample 7 and 8. 

Modifications in samples 7 and 8, which are 
produced using Al-Mg and SrCO3, were seen but 
insufficient. Coarse Si grains and intermetallic 
phases continue to be present between the 
secondary dendrite arms. In general, the 
modification is inadequate, as seen in 
microstructures in Figure 6.

In the SEM images of modifier experiments shown 
that, rough plate structures had been obtained like 
master alloys has on 1050 alloy with wt. 5% SrCO3
(#3), 6% Mg alloy with 5% SrO+Sr(OH)2 (#6),  Mg 
alloy with 10% SrCO3 (#7) and 6% Mg alloy with 
5% SrCO3 (#8)experiments.

It was expected that the modification would be 
successful only when done with these samples. 
Modifiers without rough plate structures have also 
begun to be modified. The reason why the 
modification is observed in both cases is that the 
rough structures are actually found in the structure 
but not homogeneously distributed. 

Conclusion 

1. A SrCO3 and SrO-Sr(OH)2 mixture can be 
successfully used as a Sr source on master 
alloy experiments. 

2. Modifier production was more successful in 
experiments using Al-Mg alloy. 

3. The most efficient conditions were observed 
in an argon atmosphere using Al-Mg alloy, 
10% SrO-Sr(OH)2.

4. Homogenity of sample number 5 is similar 
to master alloy. 

5. It is necessary to increase the 
homogenization in order to produce high yield.
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a Al Si Fe Cu
1 43,96 51,10 3,14 1,80
2 97,36 0,15 0,57 1,93
3 91,76 5,91 0,58 1,76
4 97,95 0,07 0,44 1,54
5 89,63 0,43 0,86 9,08
6 74,37 11,18 12,83 1,62
c Al Si Fe Cu
1 63,33 18,67 16,82 1,19
2 75,69 0,65 21,13 2,53
3 97,36 0,13 0,52 1,99

a Al Fe c Al Fe
1 63,65 36,35 1 69,44 30,56
2 64,66 35,34 2 100,00
3 65,28 34,72 3 61,49 38,52
4 99,19 0,81 4 66,34 33,66
5 61,49 38,52 5 65,94 34,06
6 100,00 6 85,40 14,60
7 70,25 29,75
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Investigation of Hypoeutectic Al-Si Alloy Microstructure in Diff erent Sr Modifi er Quantities

İbrahim Göksel Hızlı, Özen Gürsoy, Eray Erzi, Derya Dışpınar

Istanbul University, Department of Metallurgy and Materials Engineering, Istanbul, Turkey

Abstract

Al-Si alloys are widely preferred in the casting 
industry due to their superior properties. When the 
coarse silicones are modified, the silicon structure 
is homogeneously dispersed and higher mechanical 
properties are achieved. Despite the continuous use 
of the modification process, there are uncertain 
points about the working mechanism. A full 
understanding of the mechanism will allow for 
more efficient processes to be developed. In this 
study, the ratio of SDAS and Si/Sr was investigated 
by adding Sr in different amounts in the 
hypoeutectic Al-Si alloy. No significant change in 
SDAS ratio was observed and the concept 
of Si/Sr ratio was evaluated. 

Introduction

The conversion of coarse and fine silicon into a 
fibrous structure is called modification. This 
development has undoubtedly been one of the 
greatest developments for the aluminum casting 
industry and has allowed Al casting alloys to be 
among the modern engineering materials. Thus, 
today it can be used in important areas such as 
transportation and defense industry [4,7].  

Fiberic eutectic structures can be obtained by 
increasing the solidification rate, by making 
chemical additions or both of them [4,5]. If the Si 
phase is not modified, oxide films precipitate on the 
coarse structure and grow as planar cracks. Thus, 
bifilm structure can be occured. Finally, bifilms 
affect the mechanical properties negatively [17]. 

As a result of modification applications, Al4Sr and 
Al2Si2Sr phases were formed in eutectic and 
hypoeutectic alloys [12]. It has been suggested that 
when higher than 100 ppm as Sr modifier, the 
number of eutectic Al-Si grains and the eutectic 
nucleation temperature are lowered [18]. In all 
studies, the modification effect of Sr on Si has been 
studied and discussed. The observed AlSrxSiS 
compounds formed by Sr in the Al-Si alloy give an 
idea of the modification mechanism. 

In this study, the relationship between the percent 
eutectic region, sdas, Si / Sr ratio of hypoeutectic 

Al-Si alloy which is containing different amounts 
of Sr is investigated. 
Experimental Procedure 

The unmodified E-171 alloy was melted at 725 °C 
in a SiC-based A3 crucible and the strontium 
master alloy was added at different ratios. After 15 
minutes holding melts were poured to sand molds. 

The modification samples were subjected to XRF, 
Metallography and SigmaPlot as image analyzer,
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Figure 1. Unmodified E-171, base,  alloy. 

Table 1. Optic spectrometer results of used alloys. 

Results and Discussion 

Obtained samples were determined by XRF 
analysis after metallographic preparation. The 
microstructure images of the samples are shown in 
Fig. 2 and 3. Microstructure images were analyzed 
by SigmaPlot image analysis program. % Eutectic 
area, SDAS and Eutectic / Al area ratio of each 
sample microstructure were examined.

Figure 2. SEM and microstructure images of 
sample 1-4. 

Figure 3. SEM and microstructure images of 
sample 5-8. 

Modifications have been made in other samples 
except 2, 3, and 4, as shown in Figs. 2 and 3. The 
common feature of these samples is that Sr content 
is less than 39, as shonw in Fig 4.

Figure 4. %Sr,ppm quantities of samples. 

In the modified samples, the eutectic area was 
changed along with the Sr amount. % Eutectic/Al 
ratio in microstructure gives us accurate 
information. After the modification, the eutectic / al 
ratio increased from 0.5 to 1. The eutectic area has 
doubled.

Al Mg Si Fe Mn 
E-171 90,15 0,36 8,81 0,15 0,47 
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Figure 5. % Eutectic / Al ratio of unmodified and 
modified samples. 

Figure 6. Relation between %Eutectic are and Sr, 
ppm.

There is a direct proportion between the Sr, ppm 
amount and the% Eutectic area. The Sr 
participating in the structure directly affects the 
increase of the eutectic area. 

Figure 7. Relation between Eut/Al ratio and SDAS 

There is an inverse relationship between the amount 
of Sr in the structure and the SDAS. The SDAS 
length decreased from 10.6 in unmodified samples 
to 8.9 in modified samples. But this decline is not 
of great value. 

Conclusion 

In this study, SDAS,% Eutectic and % Eutectic / Al 
ratio of E-171 alloys modified in different amounts 
of Sr were investigated. 

The Sr content and the% E area are directly 
proportional to each other. In the modification with 
Sr, the% E / A ratios at all Sr levels were found to 
be about 1%. Although the amount of Sr is very 
high, the SDAS measurements show no significant 
change.
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ABSTRACT

In this study, grain refinement effect was investigated as 
a result of addition of vanadium and boron at 0,05% and 
0,1% to A356 alloy containing 7% silicon. Al-10V and 
Al-3B master alloys were used in castings. The cast 
samples at 730 °C were subjected to microscopic 
examination, tensile test hardness test and spectral 
analysis. As a result of the analyzes made, hardness and 
strength values were increased and grain refining was 
observed in grain sizes. 

INTRODUCTION

Aluminum - Silicon alloys are one of the most commonly 
used aluminum alloys in the industry. Aluminum-silicon 
alloys are distinguished by their main features (lightness 
and lightness, high strength, high fluidity, low 
solidification shrinkage during casting, good weldability, 
hot workability and many casting methods etc.). The 
greatest effect of silicon is to increase the casting ability 
of pure aluminum. 

The mechanical properties depend on the morphology, 
size and distribution of the eutectic phase. The 
morphology, size and distribution of the eutectic silicon 
in the microstructure depends on the rate of cooling of 
the alloy and on the elements or compounds that may 
affect the solidification mechanism of the silicon in the 
alloy.

While fibrous silicon increases the tensile strength, 
decreases the ductility and impact and fatigue resistance.
Coarser grained silicones increase wear resistance but 
result in lower tensile strength and higher thermal 
conductivity[1,2].

Grain refinement is one of the basic strength increasing 
methods in aluminum silicon alloys.  Grain refinement 
increases micro-structure homogeneity, mechanical 
properties and reduces porosity therefore small grain 
size. Solidification in aluminum casting alloys begins 

with the growth of the primary -Al phase then continues 
with the collapse of the other elements forming the alloy. 
The nucleation and growth phase is the first step in grain 
size formation in casting. With this dendrite formed, the 
morphology of the silicon determines all the properties of 
the alloy[1,2].

Modification of the primary Si particles to reduce 
structural defects and improve micro properties, and 
grain refinement with Ti-containing (AlTi and AlTixBy), 
Ti-free Sr and (Al3B) master alloys to -Al grains. The 
most common view of how titanium exhibits this effect is 
that titanium forms a compound of aluminum and TiAl3 
which forms heterogeneous nucleation points in liquid 
aluminum. [3-5]

Fig.1 a) Schematic presentation of the steps that 
aluminum spends during its growth by nucleation on 

TiAl3 particles [1].b) Demonstration of the cooling of 
aluminum with and without grain refinement[1].

As shown in the above figure, it is seen that the 
heterogeneous nucleation begins and grows on the 
surface of the grain refining alloy element dissolved in 
liquid aluminum. This continues until the fluid is 
exhausted.

In the cooling curve shown in Fig. B, the grain is shown 
on the cooling diagram of the refined and untouched 
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states. Here, when the casting cooling curve without 
added grain thinner is examined, cooling to a nucleation 
temperature (Tn) below the growth temperature (Tg) is 
required so that the nucleation can take place 
spontaneously. It is seen that nucleation is carried out 
above the Tg temperature in castings with grain refiners 
added.

In general, the grain refinement mechanism has been 
expressed in this way when working up to today. In this 
study, the effect of grain refinement and mechanical 
properties of A356 alloy with Vanadium and Boron 
addition were investigated. 

EXPERIMENTAL

The compositions of the A356 alloy, "Al-V" and "Al-B" 
master alloys used in this study are as follows. 

Table Chemical composition of A356 alloy (wt.%). 
Alloy Si Fe Cu Mn Zn Ti Al 
A356 6,8 0,35 0,02 0,03 0,04 0,04 Bal. 

The castings were poured into die and sand molds to 
produce tensile and step samples. Samples in the form of 
steps were poured to observe the effect of the cross-
section area on grain refinement. At the same time, RPT 
and Zippo molds were also poured to determine "Bifilm 
index" and "spectral analysis" for each crucible. During 
the preparation of sand molds; 

Sand, resin and hardener were weighed according to the 
proportions in the relevant table. The sand and resin were 
mixed for 2 minutes in the reservoir of the mixer, then 
the kneader was added and stirring was continued for 5 
minutes, then molded with the prepared sand. The molds 
separated to their jackets after 45 minutes and after 
waiting a day to get the moisture, the molds became 
ready for casting. 

The metals were cut and placed in a crucible, and the 
crucibles were heated to 730 ºC with the furnace. Boron 
and vanadium were added in a rate of 0.05% and 0.1% 
respectively, after the melting process was completed. 
After 10 minutes from the addition of the master alloys a 
unslagging and mixing process was carried out. After 5 
minutes of mixing, the prepared moldings were poured. 
Die and sand molds opened after an average of 5 
minutes. The mold temperature was taken into 
consideration when using the permanent mold. With the 
"k type" thermocouple, the mold temperature was kept 
between 130-140 °C.

The step samples for the metallographic examination and 
the RPTs for bifilm index were cut. Spectral analysis was 

made on the Zippo samples. Grinding and polishing were 
made to the staircase samples. 

DAS and SDAS measurements were taken by 
photographing 5x, 10x and 20x magnified images of  
staircase samples from the metallographic operations. 
This measurement made it possible for us to comment on 
the refining process we did. 

After the microstructure analysis, five hardness tests 
were carried out from each of the three sections of the 
step samples having different thicknesses, and the 
average hardness value of each step was calculated.

RESULTS AND DISCUSSION 

The hardness results examined in castings made of sand 
and die molds are as shown in Fig.2. 

Fig.2 Hardness of  die and sand castings. 

As seen in Figure 2, it was seen that the added alloy 
elements increased hardness values. In general, castings 
made to die molds have been found to have more 
hardness values than others. It has been seen that in the 
alloy A356 with 0.05 V only, the result is better than the 
sand mold casting. 
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Fig.3 Hardness values of die castings. 

As seen in Figure 3, it was observed that in die castings, 
alloys with 0,05 additions,  increased hardness value 
compared to base metal. Comparisons among themselves 
showed similar hardness values for 0,05 alloy additions. 
However, compared to vanadium, bora and base metals, 
it was observed that the hardness results were higher for 
0,1 master additions. 

Fig.4 Hardness values of  sand castings. 

As Figure 4. shows. According to the casting results of 
sand castings, it was observed that the alloying elements 
added samples showed higher hardness value than base 
metal. In comparison with each other (as in figure 2), it 
was observed that V gave a higher hardness value than 
base metal and B. 

Examples from the inspection of the microstructures 
made are shown in fig.5. and fig.6. 

Fig.5  A: Die mold A356, B: Die mold %0,05 B, C: Die 
mold %0,05 V, D: Die mold %0,1 B, E: Die mold 0,1%V  

Fig.6  A: Sand mold A356, B: Sand mold %0,05 B, C: 
Sand mold %0,05 V, D: Sand mold %0,1 B, E: Sand 

mold 0,1%V 
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Fig.7  Die Castings SDAS values. 

When the SDAS values on die castings according to the 
amount of alloy added were examined, it was observed 
that the vanadium and boron additions decreased the 
SDAS lengths compared to the base metal. When 
vanadium and boron were compared, it was observed that 
boron showed better results for 0.05%. It has been 
observed that Vanadium gives better results than boron 
for 0.1% alloying elements. However, it has been 
observed that there is not much effect between 0.05 and 
0.1% addition of boron. For vanadium, 0.1 addition 
showed better results than 0,05. 

Fig.8 Sand Casting And SDAS Correlation. 

 According to Fig.8., it was observed that in sand cast 
moldings, vanadium shorten the length of SDAS better 
than boron. However, it was observed that the boron 
additions did not have much effect on the SDAS values 
in the sand castings. 

Fig.9 Sand Casting And DAS Correlation. 

In the casting of sand mold, when DAS relation was 
examined, it was observed that DAS length of vanadium 
and boron decreased. When comparing vanadium and 
boron, it was observed that boron was more effective on 
DAS length than vanadium. 

Fig.10 Die Casting And DAS Correlation. 
When the castings made with the die castings were 
examined, it was observed that Vanadium and Boron 
shortened the DAS value according to Base Metal.
However, when compared with each other, it was 
observed that they gave the same values when adding 
%0.05 B or V. It was observed that when 0.1% alloy 
element was added, boron gave much better DAS value 
than vanadium and base metal. 

CONCLUSIONS

As a result of the analyzes, it was seen that boron and 
vanadium had grain refinement effect. 
It has been observed that vanadium gives better hardness 
values than boron. 
It was observed that the boron gave better SDAS and 
DAS values than vanadium. 
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SUMMARY

In this study, due to the high strength property of the 
graphene, it is aimed to make metal matrix composite by 
placing the matrix in aluminum. During metal matrix 
composite casting, graphene reinforced aluminum matrix 
composite castings were investigated by using  lost foam 
cast process, squeeze casting method, sand mold casting, 
gravity die casting methods. In these studies, the post-
production mechanical test results of graphene powders 
placed in matrix aluminum were evaluated on a wide 
scale and the increase in strength values was observed. 

1. Introduction

The composite term is broadly defined as "Composite 
Material" where materials in the same or different groups 
of two or more materials are assembled at the macro level 
to combine the best features together or to create a new 
feature. In other words, to obtain superior qualities by 
correcting the weakness of each other, it can be called as 
material consisting of different kinds of materials 
combined with the aim[1]. 

Aluminum is an element in the group IIIA of the Periodic 
Table with an atomic number of 13,+3 valence with an 
atomic weight of 26.89, a density of 2,7 gr/cm3 at 20°C, 
a melting point of 659.8°C and a boiling point of 
2450°C[2].

Aluminum alloys are copper, zinc, silicon, magnesium, 
manganese, iron, nickel, titanium and like elements. 
Features; they must be lightweight, heat and electrical 
conductivity, suitable for heat treatments, and resistant to 
certain chemical effects. Aluminum alloys are suitable 
for casting. At the same time, aluminum alloys which are 
formed by forging, drawing and rolling are also prepared. 
They are resistant to corrosion and are used as 
preservatives in drug and vegetable gardens because they 
do not create a toxic hazard[3]. 

Graphene is the name given to a single layer of graphite, 
an allotropy of carbon element capable of hybridizing sp, 
sp2, and sp3. It was first introduced in 1994 by Boehm, 
Setton and Stumpp[4]. 

 Table 1. General Properties of Single Layer Grafen[4] 
Properties Value 

Hybrid Shape sp2

Number of Layers Monolayer 
Crystal Structure Hexagonal 

Dimension Two 
Degree of Purity (%) 99 
Mass (Bulk) Density 

(g/cm3) ~0.3 
True Density (g/cm3)  2.25 

Thickness (nm) ~1-2 
Surface Area (m2/g) 2600 
High Temperature 

Resistance
 -75 +200 0C there features do 

not change between. 
Thermal Conductivity 

(WK-1/m) 4840-5300 
Electro Mobility 

[cm2/(V.s)] ~2.5x105 
Elastic Modulus (Tpa) ~1 

2. Experimental 

The castings were begun by lost foam cast process. In the 
first casting, graphene was put between 3 same foam 
plates with dimensions of 10x10x30. The aluminum 
melted in the resistance furnace at 750 °C for 2 hours was 
cast into the sand. EDS analyzes were performed in 
scanning electron microscopy (SEM) after metallography 
and ultrasonic cleaning. After graphene powder was 
placed between the foam layers, the cube foam was 
carved inside the dimensions of 20x20x20. The cavity 
was filled with powder graphene, and the foam was 
buried in the sand. In the resistance furnace, aluminum 
was melted at 750°C for 2 hours and then cast into cubic 
foam in the sand. SEM analysis was performed after 
waiting 10 minutes for the cold.
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After the lost foam cast process was tried, 5 mm 3 roll 
plates were cut from previously cast 15 mm diameter 
tension chord with a length of 150 mm. By adding a 
powder graphene between the plates, it is aimed to wrap 
the liquid aluminum over the powder graphene by 
melting. 

In this method, graphene powder was added between the 
interrupted 3 cylinder plates. The samples placed in the 
resistance furnace waited for 1, 2 and 3 hours at 700 °C. 
The samples taken from the resistance furnace were 
cooled in air. After the samples were cooled, they were 
cut from the center and SEM studies were performed 
after the metallography and ultrasonic cleaning. 

In the squeeze casting method, a pre-cast A356 tensile 
sample  was cut into 3 cylindrical plates with a length of 
5 mm and 10 mm. Graphene powder was added between 
the plates and was waited in the resistance furnace at 
700°C for 2 hours.   The samples taken from the furnace 
were pressed under a pressure of 150 bar.After pressing, 
samples were cut and metallography, ultrasonic cleaning 
and SEM studies were performed. 

Then sand mold casting method was used. The samples 
obtained as result of the casting were brought to a semi-
solid phase at 630°C in the resistance furnace. 

For the sand mold casting method, firstly a square 
prismatic mold of 20x20x120 dimensions was prepared. 
Aluminum charged in the furnace for casting was heated 
for 2 hours at 750°C. Firstly, Aluminum was poured 
without grafhene reinforcement. In other castings, a 
powder grafhene was added into the liquid aluminum. 
After half of the sand mold was filled with liquid 
aluminum, a powder graphene was added and the 
remaining space was filled with aluminum again. After 
cooling at air, the aluminum semi-solid phase was heated 
for 20 minutes at 630°C in an resistance furnace. 
Pressing was carried out to samples under pressure of 
220 bar. The three-point bending test was performed on 
the samples subjected to the pressing process. 

After this method, grafhene was added to the aluminum 
foil and the casting process was continued. Liquid 
aluminum heated at the same temperature and time, half 
of the sand mold was filled and then the aluminum foil 
was deposited on the liquid aluminum surface. The
remaining space was filled with aluminum again. After 
cooling the sample at air, the aluminum semi-solid phase 
was kept in the furnace until 630°C. The samples 
removed from the furnace were pressed under a pressure 
of 220 bar. Squeezed samples were sent to three point 
bending devices. 

This method was tried by placing it in 3 different ways. 
In the first casting, the liquid was poured by placing foil 
in the middle of the aluminum.The second casting was 
made by placing foil at the bottom the mold.In the third 
casting was made by placing the foil perpendicularly in 
the middle of the mold. 

3. Discussion and Conclusion 

As a result of the lost foam cast process, it was observed 
that the casting surface was heterogeneously gathered 
due to the density difference of the powder graphene 
(density value in the literature is between 0.8-1.6 g/cm3) 
with aluminum (2.7 g/cm3) and the graphene nonwetting 
properties. As a result of the SEM examinations, it was 
observed that heterogeneously wet a very small amount 
of graphene deposited in a region with aluminum. 

After casting with cube foam content, SEM examinations 
showed the same results as the first tests. 

   

   
      Figure 1: SEM Images of lost foam cast process

After the lost foam cast process, aluminum melting and 
graphene powder coating method and squeeze casting 
methods were tried. 

The graphene powder added between the tension sample 
in the method was left in the resistance furnace for 1, 2 
and 3 hours, after which the samples were allowed to 
cool down at air. At the end of the 1 hour, it was 
observed that the layers of aluminum could not cover the 
graphene surface. At the end of 2 hours, the aluminum 
covered the surface of the graphene, but during the 
metallography process the layers of the samples 
disappeared. After 3 hours, it was seen that aluminum 
covered the graphene surface. In the SEM examinations 
performed after the metelography, the carbon peaks were 
found locally between the layers. 
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Subsequently, the samples made by the same method 
were pressed without being left to cool. It was observed 
that the SEM results were the same as the first results. 

(1)

(3)
Figure 2. SEM Images of Squeeze Casting result 

At the end of these methods, it was observed that the 
graphene was collected only locally because of its low 
density and wetting properties with aluminum.  

Then tested sand mold casting method similar tissue 
made with graphene wetting property and due to the low 
density aluminum surface was observed to be fluid. After 
these observations, three-point bending tests of castings 
made by placing base, middle and vertical shape in 
aluminum foil were carried out. 

Three point bending tests were performed with a mesh 
clearance of 8 cm and a bending speed of 1 mm per 
minute. Test results; 

Figure 3. Graphene Powder added Medium of A356 
alloy - A356 Aluminum Alloy Three-Point Bending Test 

Results 

In Figure 3, the tensile strength of the A356 aluminum 
alloy without graphene was found to be up to 20 MPa.
It was observed that the tensile strength of the samples 
added with graphene were 25-30 MPa. 

Figure 4. Graphene Powder in Aluminum Foil – 
Aluminum alloy without graphene Three Point Bending 

Test Results

In Figure 4, the tensile strength of the A356 aluminum 
alloy without graphene is up to 20 MPa, while the tensile 
strength of graphene added samples into aluminum foil 
ranges between 20-25 MPa. 
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Figure 5. Strain values according to three-point bending 
test results 

Figure 6. Extension Values According to Three Point 
Bending Test Results 

In the sand mold casting method, the results obtained by 
adding graphene to the middle of liquid aluminum were 
found to be based on higher stresses than the casting 
method by adding graphene into the aluminum foil. 

4. Conclusion 

The results of the tests show that it is observed that the 
aluminum tension value without graphene is 20 MPa 
while the graphene is added into the liquid aluminum and 
the tensile values reached 25-30 MPa. As a result of this 
study, it was observed that the tensile values of 
aluminum matrix reinforced composites increased from 
25% to 50% compared to non-graphane aluminum. 

References
[1]<https://www.polerfiber.com/images/kataloglar/3eb23
31a-4.pdf> Dated: 13.11.2017.  
[2] TMMOB Metalurji Mühendisleri Odası, Alüminyum 
Raporu, Eri im 14.11.2017 
[3] <https://malzemebilimi.net/ aluminyum-
alasimlari.html> Dated: 14.05.2018 
[4]Mahmut Can enel, Mevlüt Gürbüz, Erdem Koç,
Grafen Takviyeli Alüminyum Matrisli Yeni Nesil 
Kompozitler,  Dated: 14.11.2017



1202 IMMC 2018   |   19th International Metallurgy & Materials Congress

Materials Degradation and Protection Methods 
Symposium 

Malzemelerin Bozunumu ve Korunma Yöntemleri 
Sempozyumu

MDPM’S



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ı Eğ i t im MerkeziBildir i ler Kitab ı

1203
19. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2018

Th e Investigation of the Eff ect of Nitrocarburizing on the Corrosion Resistance of AISI 4140 
Steel

Ümit Alver, Onur Güler, Hamdullah Çuvalcı, Doğancan Demir

Karadeniz Technical University, Faculty of Engineering, Department of Metallurgical and Materials Engineering, Trabzon, Turkey

Abstract

The corrosion characteristics of nitrided and 
unnitrided AISI 4140 steel were investigated in this 
study. The purpose of this study is to determine the 
effect of the nitrocarburizing time on the corrosion 
resistance of the AISI 4140 steel under acidic and 
basic environmental conditions. Firstly, the surface 
of the AISI 4140 steel samples were polished to 
prepare for nitriding. The AISI 4140 steel samples 
were nitrided in a cyanide salt bath for 1, 2 and 3 h. 
The hardness values of the samples were measured 
with using the Vickers hardness method. The 
corrosion rates of nitrided and unnitrided AISI 4140 
steel were determined by potentiodynamic 
polarization curves in the solution at pH value of 2 
and 12. Scanning electron microscopy (SEM) with 
energy dispersive spectroscopy (EDS) were used 
for the characterization of the cross sections of the 
unnitrided and nitrided samples and X-ray 
diffraction (XRD) were used for the examining of 
the crystal structures of the surface of the nitrided 
samples. Finally, the effect of the nitriding time on 
the corrosion behaviour of AISI 4140 steel was 
investigated and it is determined that the nitriding 
time plays a big role on the corrosion resistance of 
the AISI 4140 steel. 

1. Introduction 

4140 steel is one of the most widely used steel of 
tempered steels of Cr-Mo with low alloy and is also 
known as chrome-molybdenum steel. The AISI 
4100 series is also called steel, forged steel, low 
alloy structural steels, medium carbon steel and 
alloy steel.  When considering their chemical 
composition, 4140 steels are constructional alloy 
steels suitable for hardening in terms of carbon 
content and exhibiting high toughness properties 
under certain loads at the end of the treatment. 
Applications of that include automotive and aircraft 
construction, grooved shaft, axle shaft and sleeve, 
crankshaft and similar high ductility parts, as well 
as gear wheel and bandage [1]. 4140 steels have 
superior fatigue and wear resistance with the 
property of the usability at temperatures as high as  

480°C and this phenemenon makes it suitable for 
critical stressed applications. Pre-hardened and 
tempered 4140 can be further surface hardened by 
nitriding [2-5]. Hard coatings and various surface 
hardening treatments can be utilized in order to 
improve the surface properties of the materials. 
Nitriding is one of the most commonly used surface 
hardening processes. Nitrided steels are widely 
used due to their superior hardness and attractive 
surface hardness, fatigue life, and tribological 
properties [6]. Besides, nitrocarburizing is a 
thermochemical process in which nitrogen and 
carbon are diffused into the surface of a ferrous 
metal. It produces a thin case consisting of a 
ceramic iron-nitrocarbide layer and an underlying 
diffusion zone where nitrogen and carbon are 
dissolved in the matrix. This hardening is used to 
enhance wear and fatigue properties and to improve 
corrosion resistance. Nitrocarburizing can be 
followed by a post-oxidation step which is 
performed to develop the corrosion resistance of the 
material. The aim is the creating of a continuous 
layer of protective magnetite on the surface of the 
compound layer which has a black appearance [7]. 

2. Experimental Procedure 

In this study, 4140 steel which that of composition 
given in table 1 was used as base material for the 
salt bath nitrocarburizing process. 4140 steel 
specimens were subjected to salt bath 
nitrocarburizing at 580 °C for 1, 2 and 3 hours, 
respectively followed by oxidizing process for 20 
minutes at a temperature of 380-400 C in a 
stainless steel-based pot to increase the corrosion 
resistance of the samples. Four different salts were 
used to prepare the nitrocarburizing and oxidation 
bath. These salts are NT-Reg, NT-1 and NaCN, and 
NT-Oxygen for the oxidation bath. These salts are 
procured from Orion Heat Technology  Company, 
Turkey. The vickers microhardness of the 
nitrocarburized and untreated samples was 
measured in the Innova microhardness tester. The 
load applied to the samples was 50 grams and the 
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waiting time was chosen as 10 seconds. Seven 
measurement points were selected from each 
different sample and the averages were taken. 
Electrochemical technique was used to study 
corrosion behavior of uncoated and coated steel 
samples with Tafel analysis after potantiodynamic 
polarization measurements in terms of corrosion 
potential (Ecorr) and corrosion current density 
(Icorr) using GAMRY software. the aqueous 
solution (pH=2 and 12) at the room temperature 
was used as test solution for performing the 
potentiodynamic polarization. The open circuit 
potential and the scan rate were (-500) - (+500) mV 
and 1 mV/s respectively. The corrosion current 
density and corrosion potential provide the 
determining of electrolytic corrosion behavior of 
the samples and all data that exists during the tests 
are output of an average of the three different 
measurements. Corrosion surfaces investigated with 
a scanning electron microscoper (SEM). 

Table 1. The composition of 4140 steel 
C Mn P S Si Cr Mo 

0.38-
0.45

0.75-
1.00

0.035
(max) 

0.04
(max) 

0.15-
0.30

0.80-
1.10

0.15-
0.20

3. Results and discussion 

Fig. 1. shows the microstructure of the untreated 
4140 steel before the nitrocarburizing process for 
the samples in this study. Fig 2. shows the XRD 
patterns of the untreated and nitrocarburized 
samples for 1, 2 and 3 h. As can be seen from XRD 
peaks, for the nitrocarburizing process for 2 h, the 
compound layer is more clear than that of 
nitrocarburized samples for 1 and 3 h.  Besides, the 
hard phases such as Fe2,3N,C, -Fe3N compose 
more than that of the other samples. 

Figure 1. Microstructure of 4140 steel                                

Figure 2. XRD patterns of 4140 steel 

As can be understood in Fig. 3., the micro-hardness 
of the untreated sample shows the lowest hardness. 
with the increase of the nitrocarburizing time for 
the samples, the hardness increase. However, the 
samples nitrocarburized for 3 h shows the lower 
harndess than that of sample nitrocarburized 2 h 
because the microstructure with porosity on the 
surface of the sample compound with the increase 
of the nitrocarburizing time. SEM image from the 
cross section of nitrocarburized sample for 2 h was 
shown in Fig. 4. As it can be seen in the SEM 
image, the microstructure of the sample 
nitrocarburized at temperatures of 580 oC is 
composed of a compound layer and diffusion zone. 

Figure 3. Micro-hardness of the samples 

Figure 4. Nitrocarburizing and compound layers 
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The potentiodynamic polarization curves of the 
untreated 4140 steel and nitrocarburized for 1, 2 
and 3 h 4140 based steel at pH=2 and 12 was given 
in Fig. 5. and Fig. 6., respectively. According to 
results of the corrosion tests, it is determined that 
untreated 4140 steel sample has the highest 
corrosion rate of 30 py among the tested samples 
while the sample nitrocarburized for 2 h has the 
lowest corrosion rate of 0,16 py. The corrosion 
attack on the samples can be also seen in Fig. 7. and 
Fig. 8. As can be seen in these Figures, the samples 
nitrocarburized for 2 h were damaged less than the 
other samples. 
 
 

 
Figure 5. Polarization curves of the samples at 

pH=2 
 

 
Figure 6. Polarization curves of the samples at 

pH=12 
 

 
 

 
 

 
 

 
Figure 7. The SEM images of the corrosion 

surfaces of the samples which was (a) untreated, (b) 
coated for 1 h, (c) for 2 h and (c) for 3 h at pH=2  

 

 
 

 
 

a

b

c

d
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Figure 8. The SEM images of the corrosion 
surfaces of the samples which was (a) untreated, (b) 

coated for 1 h, (c) for 2 h and (c) for 3 h at pH=2  

4. Conclusion 

The corrosion tests were carried out to the untreated 
4140 steel sample and the samples nitrocarburized 
for 1, 2 and 3 h. It is understood that untreated 4140 
steel sample has the lowest corrosion resistance 
while the 4140 steel sample nitrocarburized for 2h 
has the highest corrosion resistance in the solution 
has pH=2 and 12 from the polarization curves of 
the samples during the tests. Finally, as can be seen 
in polarization curves, from corrosion surfaces and 
the corrosion rates of the samples, the 
nitrocarburized time is effective much and all of the 
nitrocarburized samples has the higher corrosion 
resistance than untreated 4140 steel. 
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Abstract

In this study, ~3.5 m thick multilayer TiAlN, AlTiN, 
and AlCrN coatings were deposited on the H13 steel 
surface by Cathodic Arc Physical Vapor Deposition 
(CAPVD) method. The tribological performance of the 
coatings were evaluated by a tribometer at dry and 
boundary lubrication conditions. Then, coating surfaces 
were investigated by optical microscope, optical 
profilometer and atomic force microscope (AFM) to 
evaluate the morphological changes, wear volumes and 
tribofilm thickness. Also, Scanning electron 
microscopy (SEM/EDX) and X-ray photoelectron 
spectrometry (XPS) analysis were applied to coating 
surfaces for the tribochemical evolution of the 
tribofilm. Results showed that AlCrN coating 
performed the best tribological behavior at dry and 
lubricated conditions, when compared to TiAlN and 
AlTiN coatings. 

1. Introduction

Wear and friction of sliding surfaces are important 
phenomena in mechanical systems [1]. Higher friction 
addresses higher energy loss in mechanical systems. 
Wear, in addition, is an indicator of system effective 
life or system components life due to the material 
damage [2]. To decrease friction and wear in moving 
parts of an engine, lubricating oils are widely used. 
These lubricants form a protective tribofilm between 
sliding surfaces by decomposition of the additives such 
as zinc dialkyl dithiophosphate (ZDDP) present in their 
composition [3, 4]. However, tribofilm can fail to 
protect sliding surfaces at boundary lubrication 
condition. This failure causes metal-to-metal contact, 
resulting in higher wear rates for sliding surfaces. The 
cylinder liner-piston ring tribological system, cam 
tappets/followers, and bearings can operate at boundary 
lubrication condition in internal combustion engines 
due to inadequate lubrication. When moving parts of an 
engine work at boundary lubrication condition, it is 
essential to provide wear resistance for sliding surfaces 

to protect them from any material damage. One way to 
have wear resistant surface to prevent metal-to-metal 
contacts at boundary lubrication condition is surface 
treatment by coatings. Therefore, some moving parts of 
engines are coated with various surface coatings. For 
example, top piston rings are generally coated with 
chromium to get wear resistance surface. Similarly, 
crank bearings are coated with different composites 
such as aluminum alloy, and copper-lead-tin alloys. In 
this tribological behavior of hard TiAlN, AlTiN, and 
AlCrN coatings were investigated to evaluate the 
possibility of being a wear resistance coating for cam 
tappets of an engine at dry and boundary lubrication 
conditions. As a result, AlCrN among the all three 
coatings showed the best tribological performance at 
both conditions. 
 
2. Materials and Methods 
2.1. Coating deposition and characterization 

H13 steel samples were hardened by heat treatment 
through quenching and tempering at 600 °C. Following 
this, samples were mechanically polished to average 
surface roughness of 150 μm, and then ultrasonically 
cleaned for nitrating operation. 3.5 μm thick multilayer 
TiAlN, AlTiN and AlCrN coatings were deposited on 
steel substrates by Cathodic Arc Physical Vapor 
Deposition (CAPVD) coating method. Al67Ti33 and 
Al70Cr33 targets were used to deposit TiAlN, AlTiN 
and AlCrN coatings, respectively. Prior to deposition 
process, H13 tool steel samples were first heated to 
450 C, then ion etched via Cr bombardment. During 
the coating process, temperature of the substrate was 
kept at about 450 °C due to the IR and plasma heating. 
The chamber was evacuated to about 10-3 Pa vacuum 
pressure level. Nitrating process was carried under 
100V bias voltage and 99.9 % Nitrogen purity at 1 Pa 
pressure. After the coating application, the cross-
section of the samples were polished to evaluate the 
coating thickness under SEM. Elastic modulus and 
hardness of the coatings was measured by Nano 
indentation analysis with Agilent G200 Nano indenter.  
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2.2. Tribological tests and test conditions 

Tribometer tests were performed with UTS ball on disk 
tribometer with linear reciprocating motion module. 
Alumina (Al2O3) ball with 6 mm diameter and 159 nm 
quadratic surface roughness (Rq measured by Atomic 
force microscopy (AFM)) was rubbed against AlTiN, 
TiAlN and AlCrN samples with the Rq values of 25.1, 
21 and 66 nm (see Fig. 1). AlCrN coating had the 
highest Rq value due to higher level of coating residues 
(see optical image and AFM image in Fig. 1 (d)) from 
the coating process while the TiAlN and AlTiN 
coatings had similar Rq values. The normal load was 5 
and 25 N, sliding speed was 0.01 and 0.1 m/s and 
stroke was 5 mm with 52 and 100-meter total sliding 
distance for dry and lubricated condition in tribometer 
tests, respectively. 0.5 cc ZDDP anti-wear additives 
containing commercial lubricating oil (approximately 1 
drop) was dropped on the sample surface and samples 
were heated to 100 °C before starting the tests at 
lubricated condition. The tests were conducted under 
atmospheric conditions with a relative humidity of 40–
50 % and at room temperature of 20–25 °C. The 
maximum Hertzian contact pressure was calculated by 
eq.(1) [5] and the lambda ratio ( ) was calculated by 
the Dowson and Hamrock’s point contact formula as 
defined in eq. (2) and (3) for linear reciprocating wear 
tests. The calculated maximum Hertzian contact 
pressure of the TiAlN, AlTiN and AlCrN coatings were 
2.72, 2.57 and 2.56 GPa, respectively. The calculated 
minimum film thickness of the TiAlN, AlTiN and 
AlCrN coatings were 69.90, 70.07 and 70.09 nm, and 
the lambda ratios were 0.43, 0.44 and 0.41, 
respectively. Lambda ratios indicate that contact 
regimes were at boundary lubrication condition, where 
<1.

𝑃𝑚𝑎𝑘𝑠 𝜋 𝑥𝐿𝑥𝐸 𝑅         
 (1) 

𝑚𝑖𝑛 𝑥𝛼 𝜂 𝑈 𝑅 𝐸 𝐿     
   (2) 

𝜆𝑚𝑖𝑛 𝑚𝑖𝑛 𝑅𝑞𝑏 𝑅𝑞𝑠         
  (3) 

2.3. Surface analysis 

The surfaces of the tested samples were investigated by 
optical microscopy (Nikon LV-150) and atomic force 
microscopy (AFM-Nanosurf Flex-5) to evaluate 
surface morphology variation after the tribometer tests. 
The tribochemical analysis was performed by scanning 
SEM/EDX and Thermo Scientific K-Alpha X-ray 
photoelectron spectrometer using an Aluminum anode 
(Al K = 1468.3 eV) at an electron take-off angle of 90
(between the sample surface and the axis of the 
analyzer lens). The spectra were recorded using an 

Avantage 5.9 data system. The binding energy scale 
was calibrated by assigning the C1s signal at 284.5 eV. 
Wear depth and volume measurements were evaluated 
by an optical profilometer (Nanofocus). 

Figure 1. Optical microscopy and AFM topography 
analysis of test samples, (a) Al2O3, (b) TiAlN coating, 
(c) AlTiN coating, (d) AlCrN coating. 

3. Results and Discussion 
3.1. Characterization results of coatings 

The measured elastic modulus and hardness of the 
TiAlN, AlTiN and AlCrN coatings are shown in Table 
1. Similarly, hardness values have been measured for 
both coatings. However, elastic modulus value of 
TiAlN coating was higher than AlTiN and AlCrN 
coatings while the others had similar elastic modulus 
values.

Table 1. Elastic modulus and hardness measurement 
results of the coatings. 

Sample Hardness (GPa) Elastic Modulus 
(GPa)

TiAlN 29.75 416.8 

AlTiN 31.06 384.7 
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AlCrN 30.72 382.1 

 

Figure 2 shows coating thickness and chemical 
composition of coating layers. Coatings consisted of 
four layers; as the first and third layers were AlTiN, 
TiAlN, AlCrN, and thickness of these layers were 1.5, 
2.8, 2.1/1.1, 2, 1.7 m, respectively. The second and 
fourth layers of AlTiN, TiAlN, AlCrN coatings were 
CrN layers and thickness were 0.44, 0.79, 0.69 /0.30, 
0.58, 0.51 m, respectively. Thickness measurement 
and EDX mapping results clearly showed that desired 
multilayer coatings were successfully deposited on the 
steel substrates. 

Figure 2. Coating thickness measurements by 
SEM/EDX analysis; (a) AlTiN coating SEM 
measurement and EDX mapping results, (b) TiAlN 
coating SEM measurement and EDX mapping results, 
(c) AlCrN coating SEM measurement and EDX 
mapping results. 

3.2. Friction and wear test results 

Friction coefficient results (COF) can be seen in Figure 
3. For dry sliding condition AlCrN coating showed the 
lowest COF value and TiAlN coating started to crack at 
25 meter while AlTiN coating started to crack at 20 
meter (see Figure 3 (a)). The highest COF value 
observed for TiAlN coating. For the lubricated 
condition, the average COF of TiAlN, AlTiN and 
AlCrN coatings were 0.11, 0.09 and 0.08, respectively. 
Similar COF values were observed at steady-state 
boundary lubrication condition for the AlTiN and 
AlCrN coatings. COF of TiAlN was again higher than 
the other coatings. The wear rate (𝑤𝑅) of the coatings 
were calculated by Archer’s formula (see eq. 4). (V is 

wear volume in mm3, which was evaluated according 
to the optical profilometer measurement of the wear 
tracks, L is load in Newton and D is the sliding 
distance in meter.)  
𝑤𝑅 𝑉𝐿𝑥𝐷           
 (4) 
 
Figure 4 shows wear scar profiles and wear rates at dry 
sliding and boundary lubricating condition. Wear test 
results showed that AlCrN coating had lowest wear 
rate for both sliding condition showing the best wear 
resistance. Wear rates of TiAlN and AlTiN were 
similar at dry sliding conditions (see Fig.4 (b)). 
However, when compared to wear rates, TiAlN coating 
showed better wear resistance than AlTiN at boundary 
lubricating condition (see Fig.4 (c)). This can be 
explained by better anti-wear tribofilm formation on 
the TiAlN surface than AlTiN.  

Figure 3. The friction coefficient curves of TiAlN, 
AlTiN and AlCrN coatings, (a) dry condition, (b), (c) 
and (d) lubricated condition. 

Figure 4. (a) Wear scar profiles of dry sliding 
condition of the coatings, (b) wear rates of the coatings 
at dry sliding condition, (c) wear rates of the coatings 

at boundary lubrication condition. 
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3.3. Tribochemical anaylsis of surfaces and 
tribofilms 

Tribochemical analysis of the surfaces by EDX and 
XPS showed that ZDDP decomposed under load and 
heat to form tribofilm. According to the EDX analysis 
results, detection of the P, S, Zn and O elements was 
the evidence of tribofilm formation on TiAlN, AlTiN 
and AlCrN surfaces. When looking the XPS analysis 
results, combining the peak of O1s and P2p (PO3

compound for binding energy of 132.7± 0.1) were 
found to be zinc orthophosphate and meta phosphate 
anti-wear layers on the coating surface due to 
decomposition of ZDDP (see Fig. 5) [6]. These results 
are in good agreement with the Nicholls et al. work, 
which reported that condensation of the 
phosphates/phosphothionates species turned to zinc 
containing compounds with decomposition in the 
tribofilm. The binding energy of 1021.8 eV for Zn2p 
peak shows ZnS compound in tribofilm and this 
compound improved the wear resistance of tribofilm 
with zinc orthophosphates and metaphosphates for 
TiAlN and AlCrN (see Fig. 5) [7].  

Figure 5. XPS analysis results of the coating surfaces. 

The higher ratio of zinc orthophosphates and meta 
phosphates in tribofilm of TiAlN (57.2/4.57 % in 
atomic) and AlCrN (50.63/2.04 % in atomic) with the 
presence of ZnS is one of the indicators of better wear 
resistance, which is also consistent with the wear rates 
of the coatings as shown in Fig. 4 [8]. The peak at a 
binding energy of 1022.1 could be attributed to ZnO in 
tribofilm. Furthermore, Ca2p peak at a binding energy 
of 347.1 eV was detected in the tribofilm of all 
coatings that presents calcium carbonate (CaCO3) [9]. 
Ca is added to ZDDP as a detergent additive, however, 
it reacts with ZDDP in high concentrations (  2 in 
weight) and it provides wear reduction by forming Ca-

PO or CaCO3 chemical compounds on the surface [10]. 
Due to the lowest ratio of CaCO3 (3.6 % in atomic) 
wear reducer compound in tribofilm, AlTiN had 
weaker anti-wear tribofilm than the TiAlN and AlCrN 
coatings with the lower level of zinc-orthophosphate 
and meta-phosphate compounds. Furthermore, the 
reason of lower wear rate of AlCrN coating than the 
TiAlN coating can be explained by sulfate formation 
(XPS peak at a binding energy of 168.4 eV) with its 
high load carrying capacity in the tribofilm. Especially,
sulfate formations could improve the mechanical 
strength of the tribofilm by reacting with phosphates 
compounds on AlCrN coating surface. 

4. Conclusion 

Tribological performance of the multilayer TiAlN, 
AlTiN and AlCrN coatings were evaluated by 
tribometer tests at dry sliding and boundary lubrication 
conditions. Based on the tribometer tests and 
microscopic, spectroscopic analysis results, the 
conclusions of this study can be summarized as 
follows: 

• AlCrN coating showed the lowest COF when 
compared to TiAlN and AlTiN at dry sliding and 
boundary lubricating conditions. 
• AlCrN had the best wear resistant for both test 
conditions.
• All coatings reacted with ZDDP anti-wear additive 
and formed rich protective tribofilm. Presence of ZnS, 
zincorthophosphate and metaphosphate compound in 
tribofilm provided the best wear resistance to AlCrN.
 To sum up, all coatings showed good anti-wear 
performance at lubricating condition since abrasive or 
adhesive wear was not detected on the coating surfaces. 
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Abstract 

In this study, tribological characterization of cast 
and selective laser melting (SLM) processed Co-Cr-
Mo alloys under dry and wet conditions were 
investigated. Cast alloy (64.80Co-28.50Cr-5.30Mo-
0.50Si-0.50Mn-0.40C, wt.-%) was produced by 
lost-wax casting method, while SLM processed 
alloy (65.20Co-28.30Cr-5.48Mo-0.75Si-0.16Fe-
0.03V, wt.-%) was manufactured by SLM 125 
machine equipped with continuous Nd:YAG laser. 
Initially, the microstructural features of the alloys 
were examined by scanning electron microscope 
and x-ray diffractometer. Then, tribological tests of 
Co-Cr-Mo alloys were examined with a 
reciprocating wear tester under dry and wet 
conditions. In wet conditions, the produced alloys 
were tested in an artificial saliva solution at room 
temperature. It was concluded that although SLM 
processed alloy had a superior wear performance 
under dry sliding condition, it suffered from wear 
more under wet condition. 

1. Introduction 

Co-Cr-Mo alloys are one of the Ni-free implant 
alloys and they are used as restoration materials in 
dentistry due to their superior mechanical 
properties, high corrosion resistance and good 
biocompatibility [1, 2]. In these alloy systems, 
while cobalt and chromium are responsible for 
corrosion and wear resistance, the addition of 
molybdenum causes grain refining, thus mechanical 
properties of the alloys could be enhanced [3, 4]. 
Both physical and chemical properties of these 
alloys are strongly affected by not only the alloy 
composition but also microstructural features. They 
possess - -phase (hcp) and while 
-phase is responsible for ductility, -phase 

enhances corrosion and wear resistance [5].  

Casting technology is commonly used in 
manufacturing Co-Cr-Mo alloys used in biomedical 
applications. The solidified structure reflects a 
typical dendritic matrix and several rough carbides 
(i.e M23C6 and M6C) are seen in the matrix 
depending on the alloy composition [6]. The 
carbides preferably precipitate at the grain 
boundaries and interdendritic regions. In solidified 
structure, these carbides play an important role in 
strengthening mechanism due to their blocking 
effect on dislocations and acting as a source of 
stacking faults when stresses are applied [7]. 
However, cast alloys used in biomedical 
applications suffer from metallurgical phenomena 
such as porosity, segregation, coarse grain structure 
etc. [8]. Today, SLM technology, one of the 
addictive manufacturing methods, is preferred in 
fabricating implant materials in order to enhance 
the alloy properties. Several studies on SLM 
processed alloys showed that their fine and 
homogenous structures exhibited better mechanical, 
physical and also chemical properties compare to 
the ones produced by conventional cast 
technologies [9 - 11]. 

For a material used in biomedical applications, its 
tribocorrosion behavior should be studied. As it is 
well-known, tribocorrosion can be defined as the 
study of the influence of chemical/electrochemical 
factors on the tribological behavior of surfaces. 
Both mechanical contact (sliding, friction, impact 
etc.) and corrosive action cause a surface 
degradation, thus many studies are focused on 
revealing the dominant mechanism resulting in 
volume loss in tribological pairs subjected to any 
chemical/electrochemical factors [12-21]. Hence, in 
this study, tribological characterization of cast and 
SLM processed Co-Cr-Mo alloy under dry and wet 
conditions is studied in order to understand the 
possible effects on wear performance of the studied 
alloys. 
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2. Experimental Procedure 

In this study, two Co-Cr-Mo alloys were manufactured 
by cast and SLM process according to Co212-f ASTM 
F75. Initially, a silicone mold for manufacturing of 
wax models for the cast test specimens was fabricated 
and the cast alloy (64.80Co-28.50Cr-5.30Mo-0.50Si-
0.50Mn-0.40C) was produced by lost-wax casting 
method. Secondly, the 3D model was created with 
SolidWorks software and the SLM samples were 
fabricated directly from the virtual 3D models using 

The machine is equipped with continuous Nd:YAG 
laser which works with power 100 W and laser spot 
diameter of 0.2 mm. The metal powder of Co-Cr-Mo 
alloy (65.20Co-28.30Cr-5.48Mo-0.75Si-0.16Fe-0.03V) 
was melted in layers with 0.03 mm thickness until the 
desired construction was obtained. During 
manufacturing process the laser at first scanned the 

next it hatched the area within the boundaries at an 
angle of 45° with a pitch of 0.13 mm. After that it 

thus fabricating the whole layer. The SLM 
technological regime, recommended from the company 
producer  was used. All samples used in the 
experiments have a dimension of 2 mm x 10 mm x 40 
mm. 

Samples were cold molded and surfaces were prepared 
by standard metallographical techniques and polished 
surfaces were etched electrolytically in a solution (5 % 
HCl, 95 % H2O), at 5 V for 1 sec for metallurgical 
analysis. Microstructural characterization was carried 
out using a scanning electron microscope (SEM, Jeol 
JSM 6060). The phases within the produced alloy were 
also defined by x-ray analysis. X-ray diffraction (XRD) 
studies were carried out using a Rigaku RINT Ultima+ 
diffractometer equipped with a Cu K  radiation source 
at a scanning speed of 1°/min. The Bragg Brantano 
scanning geometry (theta theta) was applied, and the 
glancing/grazing-angle method was used to avoid 
reflections from the substrate. 

Both dry sliding and tribocorrosion tests were 
performed by using a reciprocating sliding wear test 
setup. The sliding started in a reciprocating system 
with total stroke length of 10 mm, sliding speed of 1.7 
cm s-1, normal load of 5 N and total sliding distance of 
50 m. Alumina ball having high chemical stability to 
solutions was selected as counterpart material having a 
diameter of 10 mm. The tribocorrosion behaviors of the 
produced alloys were studied in a simulated artificial 
saliva solution (wet condition) by using the tribometer 
coupled with a three electrode electrochemical cell. 
The produced Co-Cr-Mo alloys were served as the 
working electrode, the saturated calomel electrode was 
the reference electrode and the platinum electrode was 
used as the counter electrode. During the test, sample 
surface with an area of 1 cm2 was exposed to the 

corrosive electrolyte. After wear tests, tribological 
performance of the produced alloys were characterized 
in three stages; (i) evaluation of coefficient of friction 
values, (ii) wear rates and (iii) worn surfaces 
examinations.  

3. Results and Discussion 

Figure 1 shows the microstructures of the produced 
alloys, and cast Co-Cr-Mo alloy exhibits typical coarse 
M23C6 carbides embedded in the Co-rich dendritic 
structure (Figure 1a). The obtained hardness value for 
this structure is 335 HV10. In SLM processed alloy, 
laser scan produces the layer-layer molten pool 
boundaries given in Figure 1b and the structure 
consists of an extremely fine microstructure of Co-rich 
matrix inside a single pool. The phases within the 
produced alloys are also confirmed by XRD data given 
in Figure 2. The fine structure makes the alloy harder 
compared to cast alloy and its hardness is measured as 
382 HV10. 

(a) (b) 
Figure 1. SEM images showing the microstructures of 

the produced alloys; (a) cast alloy and (b) SLM 
processed alloy. 

Figure 2. XRD data showing the presence of phases 
within the produced alloys. 

Figure 3 shows the variation of COF values as a 
function of testing cycles for the alloys tested under dry 
and wet sliding conditions. Under dry sliding 
conditions, a final value is recorded as 0.73±0.08 along 
with stronger fluctuations for the cast alloy, while the 
friction coefficient of the SLM alloy is about 
0.55±0.05. In this case, the obtained wear rates are 
69.35x10-6 mm3/N.m and 8.06x10-6 mm3/N.m for cast 
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and SLM processed alloys, respectively. Therefore, the 
high wear rate of cast alloy can be attributed to heavy 
third body abrasive effect of hard carbides having a 
tendecy to leave its matrix. 

Figure 3. Variation of COF values as a function of 
testing cycle under dry sliding condition. 

The tribocorrosion tests were performed at open circuit 
potential (OCP) conditions and the evolution of the 
potential as a function of time are shown in Figure 4a 
along with their corresponding friction curves with 
respect to testing cycles in Figure 4b. The initial OCP 
values of the produced alloys are    -226 mV and -409 
mV for the cast and SLM processed alloys, 
respectively. However, the OCP values shifted to more 
cathodic ones, the values were measured as -511 mV 
and -570 mV for the cast and SLM processed alloys, 
respectively. The difference in potential was also 
calculated and the findings showed that SLM processed 
alloy had a small drop. This is attributed to a more 
stable passivation layer formed on the surface of SLM 
processed alloy. However, during the sliding, the OCP 
value of cast alloy exhibited a noble characteristic 
compared to SLM processed one having a great deal of 
galvanic cells within its matrix and its value 
maintained at around -555 mV. However, this noble 
behavior did not continue and  both processed alloys 
had the same OCP value as    -535 mV at the end of the 
test. Once rubbing stopped, depassivation in the wear 
scar ceased and the OCP recovered the initial value 
established before rubbing. The variation of COF 
values in wet conditions is given in Figure 4b and the 
diagram shows that SLM processed alloy has a lower 
COF value as about 0.46 compared to cast alloy having 
a COF value of 0.48. As similar to dry sliding 
conditions, the wear rates were also calculated for the 
alloys tested under wet conditions and they were 
obtained as 2.27x10-6 mm3/N.m and 3.45x10-6

mm3/N.m for cast and SLM processed alloys, 
respectively. Due to the lubrication effect of the 
solution,  both COF values and wear rates were 
decreased compared to dry sliding conditions. 

(a) 

(b) 
Figure 4. Evolution of the (a) OCP and (b) friction 

coefficient during the OCP tribocorrosion tests. 

Figure 6 shows the worn surfaces of SLM processed 
alloy tested under dry sliding condition and several 
microcracks propagating along the boundaries of pools 
were observed. Thus, the infiltration of the solution 
during tribological load made the alloy less resistant to 
wear. Under wet condition, SEM images given in 
Figure 7 show the more abrasive behavior of the SLM 
processed alloy than that of cast alloy. 

(a) (b) 

Figure 6. SEM images showing worn surfaces of the 
SLM processed alloy tested under dry sliding 

condition. 

(a) (b) 

Figure 7. SEM images showing worn surfaces of the 
produced alloys tested under wet condition; (a) cast 

alloy and (b) SLM processed alloy. 
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3. Conclusions 

In this study, tribological characterization of cast and 
SLM processed Co-Cr-Mo alloys under dry and wet 
conditions were investigated and results were obtained. 
Solidified cast structure exhibited typical coarse 
carbides embedded in Co-rich dendritic matrix and its 
hardness value was measured as 335 HV10. By SLM 
processing, a Co-rich matrix harder than cast alloy was 
obtained due to its extremely fine microstructure. 
Under dry sliding, the SLM processed alloy exhibited a 
superior wear performance against alumina based 
counterpart material. However, its layered structure 
suffered from wear in wet condition due to formed 
microcracks under loading and possibly infiltration of 
the solution throughout the cross-section made the 
SLM processed alloy less resistant to corrosion.  
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Abstract

The aim of this work is to investigate the effect of applied 
voltage and charge densities on the nanoporous oxide pore 
diameter on electropolished AA1050 (1050 aluminium 
alloy) . Anodic oxidation was carried out in 2M sulfuric 
acid (H2SO4) solution at three different voltage values (12, 
15 and 18 V) and charge densities (757, 3231, 6848 
mC/cm2). The corresponding times for anodizing on each 
charge density were approximately 47, 181 and 383 
seconds, respectively. All experiments were carried out 
under surveillance of computer control system. As a result 
of these treatments, oxide layers in porous structure were 
obtained at 411, 1751 and 3753 nm thicknesses. Surface 
and cross sectional morphology were investigated by using 
FE-SEM (field emission scanning electron microscope). 
For the cross sectional study, the anodised samples were 
prepared via ultramicrotomy with a glass knife cut. In 
addition, current density-time data obtained for all 
experimental conditions were represented on graphs drawn 
by using LabVIEW software. Conventional current density-
time graphs were obtained under all conditions. 

1. Introduction 

Aluminum and its alloys are the most widely used for 
decades as a non-ferrous metal groups due to its 
outstanding characteristics such as lightness and the high 
strength. In addition, the existing advantages of aluminum 
and its alloys have been enhanced by improvements in 
surface properties (1,2). Anodic oxidation is an 
electrochemical method that consists of converting 
aluminum to its oxide (Al2O3) using an external current 
(2,3). Anodic oxidation process has been applied in order to 
improve the tribological and corrosion behaviors and also 
service life of aluminum and its alloys (1,2). 

In sulfuric acid solution which is the most popular solution 
compared with other acid solutions (chromic and 
phosphoric acid), the treatment can be performed at lower 
voltage values (1,4–6).

The present study aimed for a better understanding of the 
effect of applied voltage and charge density on the anodic 
film morphology and pore diameter of anodized AA1050. 
For this purpose, sulfuric acid anodizing were processed in 
different conditions to investigate relationship between 
average pore diameter distribution and applied voltages 
with varied charge densities. 

2. Experimental Procedure 

In this study, AA1050 aluminum alloy (Al - 0.29Fe -0.15Si 
- 0.02Ti - 0.02Zn - 0.01Mg - 0.01Ni, in wt.%) was 
employed as substrate. In order to prepare sample surfaces 
for anodic oxidation, electropolishing were subjected in a 
solution containing ethanol and perchloric acid. 
Electropolishing process (20 V and 4 min) effectively 
removed the rolling lines and generated a surface with 
textured appearance.  

There are many parameters that affect the anodic oxidation 
process. However, in this study, the effect of two 
parameters, voltage value and charge density, which are 
important parameters, are examined. The charge density 
(Q) is defined as the total area below the line in the current 
density-time graph, and the unit is C/cm2.

Anodic oxidation was carried out in 2 M sulfuric acid 
(H2SO4) solution at three different voltage values (12, 15 
and 18 V), then for each applied voltages we aimed to 
reach different charge densities such as 757, 3231, 6848 
mC/cm2 to observe evolution of the  oxide layer. The 
solution temperature during experiment was kept constant 
at 20 ±2 °C and the solution was continuously mixed (200 
rpm). AA1050 sample is used as anode where a pure 
aluminum piece is used as cathode material.  LabVIEW 
software was used to control the experimental condition 
and collect the data. Current density-time plots were drawn 
during anodic oxidation process. First the max charge 
density was introduced to the program and the experiment 
was started at one of the selected voltages. When the 
system reached the max value, the program stopped the 
experiment automatically. Surface morphology and cross 
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sectional micrographs were examined with the help of FE-
SEM.

3. Results and Discussion 

3.1. Current Density-Time Graphs 

The current density-time graphs for each charge density in 
each voltage values are plotted as shown in Figure 1. The 
conventional four-stage graphs have been observed in all 
conditions during anodic oxidation process which confirms 
that the anodic oxidation process was done properly 
(1,5,7,8). In all experiment, the targeted charge density at 
higher voltage values has been achieved more quickly. So,
the increased voltage caused the decrease in the duration of 
the anodic test. 

Figure 1. Current density versus time graphs for different 
voltage values and charge densities. 

Applying varied voltage values effect the current density 
and anodizing time records but, total charge density during 
experiment is constant which implies the anodizing process 
reproducibility.

3.2. Surface Examinations 

In these images, the oxide pores formed by the process are 
clearly observed with homogeneous distribution throughout 
surfaces. Surface FE-SEM images given in Figure 2 a-f 
were selected to see voltage and charge density effect on 
morphology. Figure 2 a-b and c-d represent the coatings 
which are produced at same voltage (12V) with different 
charge densities (757 and 6848 mC/cm2, respectively). 
When we compare the morphology between Figure 2 a-b 
and c-d, increasing the applied charge density affect the 
pore diameter with a slight increment. Figure 2 a-b and e-f 
represent the coatings which are produced at same charge 
densities (757 mC/cm2) with different voltages (12V and 
18V, respectively). Comparing these images shows us the 
increment on porous as increasing voltage.

Figure 2. FE-SEM images after the process at different 
charge densities and at 12V (a-b) 757, (c-d) 3231 and (e-f) 

6848 mC/cm2.

Due to nature of alloying, the substrate material AA1050 
contains small amount of secondary phases which were 
detected in the surface FE-SEM examinations after the 
anodic oxidation process (Figure 3). It is observed that the 
oxide layer was formed on the secondary phases too, but 
homogeneous pore distribution on secondary phases have 
not observed.
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Figure 3. FE-SEM images of the secondary phases on the 
anodized surface in different conditions a) 15V-3231 

mC/cm2 b) 15V-757 mC/cm2.

3.3. Measurement of Pore Diameters 

In this study, oxide pore diameter which is one of the 
important parameter of anodic oxidation process, was 
measured with the help of the imageJ software.  The pore 
diameter distribution of the (15V-6848 mC/cm2) condition 
are represented in Figure 4. Monolithic pore size range was 
observed around 10 nm. At least 500 pore diameters 
measurement was done to obtain average diameter for each 
condition. Table 1 represents the average pore diameter as 
anodizing results of AA1050 for all conditions. A slight 
increment in the average pore diameter due to the increased 
voltage value and the charge density was determined, as 
verified literature (1,9,10).

Figure 4. Pore diameter distribution of the 15V-6848 
mC/cm2 condition.

Table 1. Anodizing results of AA1050 for different 
conditions.

Charge
density

(mC/cm2)

Voltage 
value
(V) 

Time 
(s)

Average
pore

diameter
(nm) 

Film 
thickness

(nm) 

757 12 115 8,51 411 ±12 
757 15 60 8,98 411 ±12 
757 18 47 9,22 411 ±12 

3231 12 433 8,66 1751 ±16 
3231 15 300 9,26 1751 ±16 
3231 18 181 9,73 1751 ±16 
6848 12 861 8,87 3753 ±61 

6848 15 600 9,58 3753 ±61 
6848 18 383 9,82 3753 ±61 

3.4. Cross Sectional Examinations 

In Figure 5, cross sectional SEM images of the anodic 
oxide of three different conditions are presented. For the 
cross sectional study, the anodized samples were prepared 
to conventional ultramicrotomy (11). The thickness of the 
anodic films, approximately obtained for all charge 
densities (757, 3231, 6848 mC/cm2) were 411 ±12, 1751 
±16 and 3753 ±61 nm, respectively. The micrograph of 
middle thickness (Fig. 5b) shows distinct morphology due 
to proper cutting direction. Normally, all samples should 
have the same pore characteristics and shapes irrespective 
of the cutting direction.

In this work, same oxide thicknesses were obtained in three 
different voltage values with same charge density which 
implies that oxide layer thickness is independent from 
applied voltage as shown Table 1. On the other hand, 
increasing charge densities results thicker oxide layer 
(Figure 5). However, the ratio of formed oxide layer 
thickness as a function of charge densities is acquired 
constant. Thus, three anodic oxide films, with similar 
morphology but different thickness, were produced.

Figure 5. The cross sectional micrographs on three 
different charges (a) 757, (b) 3231 and (c) 6848 mC/cm2.

Figure 6 shows cross section of the growing oxide layer on 
the second phase. It was observed that the oxide layer 
continued to growing thorough second phase, but growing 
rate is slightly decreased vicinity of these secondary 
phases.
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Figure 6. Cross sectional SEM images of growing the 
oxide layer on the substrate with second phase.

4. Conclusion 

• It has been determined that increasing both voltage 
and charge density values resulted slight increase on 
average pore diameter. 

• Three different thickness values were achieved with 
anodic oxidation at different charge densities (757, 
3231 and 6848 mC/cm2).

• In the anodizing process, it was determined that 
oxide layer thickness is not depend on oxides voltage 
values, but charge density. 

• Oxide layer growth is observed on second phase in 
substrate, but a minute decrement on growth rate 
around second phase regions was observed. 
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Abstract 

Recently, the use of copper electrodes has been 
increased with rapid developments in the energy sector. 
These electrodes need to have high corrosion resistance 
in order to be durable and long lasting. Electrodeposited 
coatings of zinc and zinc based alloys are generally used 
for protection of such materials from corrosion. Recent 
studies have shown that by adding a third alloy element, 
high corrosion resistance and better physical and 
mechanical properties are obtained compared to those of 
pure zinc coatings. In this study, the effect of Sn addition 
on the corrosion behaviors of electrochemically 
deposited zinc-nickel coatings on copper foils is 
investigated. For this purpose 7 samples with different 
tin (Sn) contents (1mg-6g) are co-deposited 
galvanostatically (at 0.05 A/cm2) on Cu foils for 5 
minutes. To discuss their corrosion behaviors, pure 
ZnNi film and two other films produced by 3g and 6g 
SnCl2 containing baths are immersed in 3.5%wt NaCl 
solution for 1 day, 1 week, 2 weeks and 1 month. The 
pristines  corrosion behaviors are 
evaluated using impedance spectroscopy and Tafel 
extrapolation methods. Corrosion test results indicate 
that 53.3% Sn contained ZnNiSn pristine film exhibits 
superior corrosion resistance compared to others. 

1. Introduction 

For galvanized samples, the substrate metal is protected 
against the fast corrosion reaction due to the sacrifically 
dissolved zinc (Zn) film existence on top of the substrate 
[1]. Thus, electrochemically depositing Zn coating on 
metal substrates has been extensively studied in last 
years as the subject has a remarkable importance for 
both academia and industry. In recent years, Zn alloy 
coatings have been proposed to further improve the 
corrosion resistance of the metal substrate due to the 
passive film developing on the zinc containing coating 
surface [2]. The mechanism underlying the improved 
stability of the passive film on zinc coating due to the 
effect of alloying elements in the galvanized film is still 
not fully understood, although several hypotheses have 
been suggested. Among various alloying elements, 
codeposition of tin (Sn) along with zinc (Zn) has been 
patented first in 1915 by Marino [3]. But its practical use 
has never been widen as expected due to harmful effect 
of cyanide solution and difficulty in operating the bath 
in continuous process. As a solution, in 1948 R.M. 

Angles codeposited Sn and Zn from a non-cyanide 
alkaline solution electrochemically. Then in 1995 
Ashiru et al [4] have proved that ZnSn (75-80%Sn) film 
deposited through a non-cyanide solution performs 
much better corrosion resistance than cadmium (Cd), Zn 
and ZnNi alloys of equal thicknesses, thanks to the 
barrier protection of Sn. However, the fact that Sn price 
becomes much expensive than nickel (Ni), the use ZnNi 
alloys spreads very fast in the market. Studies have 
revealed that this ZnNi film not only has good 
mechanical properties but also shows stronger corrosion 
protection compared to pure Zn [5]. But the performance 
of this ZnNi film still not fully satisfies the customer 
requirements. Following this concept, in 1997 Zhou et 
al [6] have published an article where they have added 
very small amount of Sn (1-5 mg/L) in ZnNi bath. They 
have found that the addition of Sn into the bath affects 
Ni amount deposited in the film (1-3mg/L Sn addition 
leads higher then 4-5 mg/L Sn addition causes lower Ni 
deposition in the film). In this article, they have 
higlighted the need for further research as Zhou et al. 
have only studied limited amount of Sn  effect 
on ZnNi film. Then in 2016, Fashu et al [7] have 
codeposited Zn-Ni-Sn on steel substrate from an ionic 
liquid solution and show that Zn-Ni-Sn film performs 
better corrosion resistance than ZnNi and ZnSn films.  
Therefore, in this study, unlike to previous works we 
have added a wide range of SnCl2 in ZnNi bath to 
analyze the corrosion resistance of Zn-Ni-Sn system. Sn 
atoms are believed to modify the nucleation process of 
the film (as well as many other properties of the 
coating). Thus, various amount of Sn present in the bath 
is expected to lead the formation of different coatings 
with different corrosion protection abilities. We believe 
that the this study enables one to design a coating that 
could be used in various applications where film of high 
amount of Sn with optimum conductivity and corrosion 
resistance are highly required, such as electrode design 
for secondary batteries. 

2. Experimental

2.1 Electroplating process  

The electroplating bath is mainly a mixture of 12 g zinc 
chloride (ZnCl2), 12 g nickel chloride (NiCl2) and 
various amount of tin chloride (SnCl2: 0mg, 1mg, 3mg, 
10mg, 100mg, 1g, 3g, 6g). Other than 10 g boric acid 
(H3BO3), no additive, (brightener or grain refiner) is 
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added into the bath. On the plating bath, the nickel (Ni) 
anode is selected  (4cm x 4cm open surface area) and the 
cathode is chosen as pure copper (Cu) foil (4cm x 4cm 
open surface area) of less than 15 thickness. Prior to 
electrodeposition, both Cu foil and Ni electrode are 
cleaned by aceton and ethanol then rinsed with distilled 
water at 25oC. During depositon of 8 samples, the 
plating current and the coating duration are fixed for all 
experiments: 0.05A/cm2 and 300 seconds, respectively. 
The bath temperature is around 450C and pH of the 
plating solutions is always smaller than 4. Table 1 gives 
details about bath formulation used in this study. It 
clearly shows that the amount of SnCl2 added into the 
bath is changed in a wide range (1mg- 6g). Because, our 
motivation is to analyze 
coating composition while optimizing the corrosion 
protection abilities of the films. 

2.2 Morphology Analysis 

Surface analyses of the pristines are done by JEOL 
7200F and their compositional analyses are 
accomplished by EDS (Oxford). 

2.3 Corrosion and Empedans test:  

The electrochemical corrosion measurements are 
conducted using a typical three-electrode 
electrochemical cell where calomel electrode (SCE) is 
used as the reference electrode, graphite as the auxiliary 
electrode and 1cm2 exposed open surface area of the 
deposits as the working electrode. Prior to each 
experiment, the specimens are immersed into the 
electrolyte (3.5 %NaCl) for 60 minutes in order to 
stabilize the open circuit potential of the cell.  The Tafel 
polarization curves are then obtianed by 
potentiodynamic scan  250mV vs OCP with a 
scanning rate of 1 mV/s. 
EIS measurements are done between 10kHz-10mHz. 
EIS data are obtained with Gamry Interface 1000E.  

3. Results and Discussion 

3.1 Effect of tin on alloy composition 
The relation about the SnCl2 addition into the ZnNi bath 
versus Zn and Ni contents of the deposit is given in 
Figure 1. Upto 3g SnCl2 addition, Ni amount in the 
coating increases while Zn amount decreases. Then 
above 3g SnCl2 the presence of both Ni and Zn atoms in 
the coating decreases, because Sn amount in the film 
prevails. The fact that the potential of Sn  (E0:-0.14V) is 
much positive than that of Ni (E0:-0.25 V) and Zn (E0:-
0.76 V) could explain this result.   

3.2 Effect of tin on film morphology 
Figure 2 shows that the coatings are all homogeneous, 
compact and cover the substrate. But the particularities 
in the morphology of the deposit is noted to change 
along with Sn contents of the electrolytes (Figures 2a-
h). The pure ZnNi film shows dense film structure 
(Fig.2a) with fine grained crystallites (around 2 microns 
size). 

Figure 1. The variation of Zn and Ni content (wt%) in films 
with Sn content in bath 

The addition of SnCl2 into the electrolyte alters the film 
morphology: film becomes porous and grainy until 1g 
Sn addition into the bath (Figs 2b-f). Further increases 
(>3g Sn) of SnCl2 causes a dendritic film morphology 
similar to pure Sn film (Fig.2g). Then, finally for 6 g Sn 
addition into the bath crystalline, dense film 
morphology prevails. 

Figure 2. SEM images (magnification 2000x) of Zn-Ni alloy 
deposits: a) without Sn; b) with 1 mg Sn; c) with 3 mg Sn; d) with 10 
mg Sn; e) with 100 mg Sn; f) with 1 g Sn; g) with 3 g Sn; h) with 6 g 

Sn. 

3.3 Electrochemical corrosion test 
Scientists have been discussed the corrosion mechanism 
of ZnNi films, for years. They all agree that the chemical 
composition, grain size and phase distribution are 
mainly responsible for the corrosion resistance of 
coatings. Some believe that Ni content in the film makes 
the surface potential more noble, leading a higher 
corrosion resistance. Others indicate that although Ni 
content in the range of 5-38% makes the surface 
potential more noble (than zinc), but still more active 
than the substrate. Therefore during corrosion Zn 
sacrificially dissolves to protect the substrate, leading 
the formation of Ni rich film of higher surface potential. 
Herein existence of Sn is expected to change the surface 
potential more noble, which would affect the corrosion 
rate of the coating. Following this idea, Fashu et al [7] 
have studied the corrosion protection mechanism of the 
ZnNiSn film deposited through an ionic liquid system 
on steel.  
Knowing that some applications need films with high 
amount of Sn along with high corrosion resistance and 
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electrical conductance; depositing Sn rich film with 
metals (like Zn and Ni) becomes attractive. Therefore, 
more qualitative tests are made on ZnNiSn films of 
different compositions. Figures 3 reveal that film 
composition directly affets the corrosion protection 
abilities of the pristines. 1g, 3g and 6g addition of SnCl2
into the ZnNi bath clearly move the curves into more 
positive direction, resulting lower corrosion rates. The 
lowest corrosion rate is achieved when the medium Sn 
containing ZnNiSn film (produced through the bath 
containing 3 g SnCl2) is used. The presence of 20% Ni 
along with Sn and Zn could also support the lower 
corrosion rate of the pristine. Detailed literature research 
about the changes in corrosion potential of the samples 
justifies that high Zn amount in the film promotes the 
sacrificial protection behavior of the film, where as the 
increase in Sn amount promotes the barrier protection 
ability of the coating. Thus, the improvement in 
corrosion resistance of the films seen in Fig. 3 might be 
resulted from the difference in the coating morphology 
and/or high amount of Sn presence acting as a barrier 
coating to initiate and growth the corrosion defects. To 
get more understanding about how the aging occurs in 
ZnNiSn samples, 2 different ZnNiSn films (medium Sn 
-ZnNiSn(6.39%Zn-40.48%Ni-53.13%Sn) and high Sn-
ZnNiSn(1.32%Zn-1.10%Ni-97.58%wt.Sn) films are 
aged versus the pure ZnNi (93.11%Zn-6.89%Ni) film 
for 1 day, 1 week, 2 weeks and 1 month in 3.5%NaCl 
containing solution (Figs 4-6). The results reveal that for 
pure and medium Sn containing films, the corrosion 
rates decrease slowly in 2 weeks then slightly increase 
upto 1 month. Herein the corrosion potential of the pure 
ZnNi film aged in 2 weeks is more negative (-249 mV) 
than medium Sn-ZnNiSn (-209 mV) film. At the end of 
1 month, the corrosion potential of the medium Sn -
ZnNiSn (-242 mV) film is still more positive than that 
of the pure ZnNi (-271 mV) film justfying the positive 
effect of Sn onto the corrosion resistance of coatings. On 
the other hand, for high Sn-ZnNiSn film, the corrosion 
rate decreases after 1 week and stabilizes upto 1 month 
around -234 mV, which is more positive than the 
medium Sn-ZnNiSn film (-242mV) and the pure ZnNi 
(-271 mV) film. This indicates that higher Sn content 
induces a protective layer formation on the surface of the 
films maintaining a steady corrosion rate as the aging is 
done in a stagnant electrolyte. We believe that the dense 
crystalline film formation (Fig 1h) of the deposit could 
explain the permenant barrier protection ability. On the 
other hand for medium Sn-ZnNiSn film, possibility of 
any damage in the barrier coating due to passivation of 
the film might result some alterations in corrosion rates. 
Plus, the fact that the sample has around 20%Ni, could 
also suffer from microcrack formation during ageing 
process [8]. The latter causes unstable interface 
formation, hence changes in corrosion rates of the film 
in time. 
Figures 7a-c show the Nyquist plots of the coatings at 
various aging durations. Fig.7d gives the equivalent 
circuit model used in this work and Table 2 reveals the 
mathematical modelling results of them. The fact that Rs 

is always very low and constant shows that the 
experimental setup is well done. The increase in Rpo 
value of the pristine samples versus Sn amount in the 
film might be relevant to the film resistance that would 
increase with Sn content of the film as the conductivity 
of Sn (8.3 MS/m) is lower than Zn (16.5 MS/m) and Ni 
(12.9 MS/m).

Figure 3. Tafel polarization plots of different Sn content ZnNi films. 

Figure 4. Tafel polarization plots of pure ZnNi films.

Figure 5. Tafel polarization plots of medium Sn content ZnNi films. 

Figure 6. Tafel polarization plots of high Sn content ZnNi films. 

For pure ZnNi film Rcorr and Rpol values are 
fluctuating during aging showing an unstable interface 
of the coating. This result could be explained based on 
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previous studies outcomes which have discussed the 
ageing mechanism of ZnNi films [9]. When Ni content 
is around 6-15%Ni, Ni enriched surface layer stabilizes 
the Zn(OH) corrosion product to promote the resistance 
of the top film. Then, when immersed in neutral 
solution, possible crack formation in the film would 
disturb the interface of the coating. The latter might be 
responsible of the changes in Rcorr and Rpor values of 
ZnNi film. For ZnNi film with medium Sn content, it has 
higher film resistance than pure ZnNi film. The negative 
interrelation between Rpor and Rcorr might be related 
to the interference of Sn atoms  barrier protection 
ability. Finally for ZnNi film with high Sn content Rcorr 
value decreases in time then stabilizes justfying the 
barrier protection ability of the film. Thus during ageing 
in a stagnant electrolyte the formation of polarization 
products protects the substrate. The low fluctuations in 
the film capacitance value over ageing also support this 
hypothesis. All results of EIS analysis are in agreement 
with Tafel extrapolations outcomes. 

Figure 7. Nyquist plots in 3.5wt-%NaCl solution; a) pure ZnNi 
films; b) medium Sn content ZnNi films; c) high Sn content ZnNi 

films d) Equivalent circuit model used to interpret the data. 

Table 1.Mathematical modelling results of the ZnNi, ZnNi film with 
medium Sn and high Sn contents. 

4. Conclusion 

In this study, the corrosion capabilities of ZnNi and 
ZnNiSn alloys with different Sn contents deposited on 
copper foil have been investigated. The results obtained 
from the experimental studies are summerized below: 

- ZnNi and ZnNiSn particles have been 
electrochemically deposited on the copper foil, 
succesfully. 

- SEM images show that films cover well the 
substrate surface and their morphologies  
change upon Sn contents of the deposits. 

- The minimum corrosion rate of the pristines is 
achieved when ZnNiSn film is produced 
through an electrolyte containing 3mg SnCl2.

- The ageing mechanism of ZnNiSn samples 
versus ZnNi film is discussed based on Tafel 
extrapolation and EIS results. They have all 
agree that higher Sn amount promotes the 
barrier protection ability of the coating while 
decreases the electronic conductivity. 
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ABSTRACT

One of the larger privately held steel companies in Middle East North Africa, which is a 

fully integrated steel producer from DRI to finished Long steel products of capacity with 

an annual capacity of 1.2 MTPY. 

The Facility was comprised of DRI, Melt shop (MS), and Caster with combination billet 

and Dog bonecaster, as well as a Heavy and Medium Section rolling mill (HSM). 

NALCO Water was awarded the water treatment business and has been engaged with the 

company to bring number of improvements. NALCO Water achieved many milestones in 

terms of operational KPIs, OPEX savings in several areas including water savings. 

This presentation reviews the: 

1) General water treatment concerns and importance on proper water treatment for 

continuous casting& Rolling. 

2) Areas of improvement the Company wanted to improve and the specific metrics 

shared to benchmark the process. 

3) Specifics actions NALCO waterteam has taken to bring the improvement. 

4) The results and the improvements experienced 

Finally, we review the experience NALCO Water has globally with continuous casting 

and specifically the deployment of world class Operational, Mechanical and Chemical 

considerations to help the Continuous Casting Process. 
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Abstract 

This study is concerned with the role of corrosion in 
the heat recovery module (recuperator) that raw 
material is AlSi12Fe. Corrosion resistance of this 
raw material was studied experimentally. The 
specimen of this raw materials were exposed to 
acidic condensing water condition (pH= 3) and hot 
flue gas that was generated by combustion products 
of Natural Gas (NH4 + O2  CO2 +2H2O + energy). 
Plenty of corrosion types were examined between 
Aluminum and its environment and results were 
criticized at this study. Aluminum metal with water 
to produce hydrogen gas is not new, the aim of this 
study is to understand reaction thermodynamics and 
kinetics, between corrosive acidic alkali 
environment and Aluminum alloy. Resulting pitting 
and erosion corrosions were examined in the 
experimental procedure. Suitable coatings were 
determined and their suitability was tested. Some 
criteria for coating solutions were studied as a 
commitment. 

1. Introduction 

Boiler is a widely used steam generating system in 
industries and power plants. A significant portion of 
the world energy consumption is being used in 
boilers. A small improvement on the boiler 
efficiency will help to save a large amount of fossil 
fuels and to reduce CO2 emission [1]. The efficiency 
of the boiler can be improved by doing scheduled 
maintenance work, which helps to run a boiler at its 
highest efficiency [1].  Boiler is classified into two 
types according to condensing and non-condensing 
boiler. Condensing boiler include premix heat 
exchanger or heat exchanger with recuperator. 
Recuperator system is cheaper than premix heat 
engine, so it is mostly used in boiler to energy 
saving. Recuperator position of boiler is shown in 
Fig 1.  

Figure 1. Condensing boiler with recuperator 
technology inside 

For over half a century, gas turbines have been 
widely used in 
mechanical drives and aircraft propulsion, and heat 
exchangers have always taken important roles 
interms  [2]. Initial 
exchangers that have been used in the gas turbine 
systems, including recuperators, were essentially 
designed based on boiler technology, but the 
applicability of these heat exchangers is limited 
because of their bulky size, poor reliability and high 
cost [2]. For this reason, many new types of 
recuperators with smaller size, lower cost and higher 
effective-ness have recently been proposed [2].  

 three types according 
to their heat transfer surface geometry, i.e.,primary-
surface, plate-  [2]. 
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Primary surface recuperator is mostly used in boiler 
to energy saving. operation of recuperator 
technology is shown in Fig.2.  

Figure 2. Operation of recuperator technology. a) 
Hot flue gas in  T: 130 oC, b) Hot flue gas through 
heat engine  T>60 oC, condensing water  ph: 3,2 ,  
c)Hot flue gas out  T: 45 oC,  

Aluminum, include low density, attractive 
appearance, good corrosion resistance and excellent 
thermal and electrical conductivity, is one of the 
world's most commonly used metals. The 
combination of these properties and characteristics 
make it a preferred choice for many industrial 
applications such as Heating & Air condition, 
automobiles, food handling, electronic devices, 
building, and aviation. This film is stable in aqueous 
media of pH values within the range 4.0 8.5, but 
dissolves substantially when the metal is exposed to 
highly acidic or alkaline environment. As such, 
corrosion of aluminum has been a subject of 
numerous studies due to its importance in the recent 
civilization.[3] In order to recover and utilize phase 
transformation heat of waste gases from the 
combustion process, some of the condensing boilers 
have an extra heat exchanger called recuperator of 
which raw material is AlSi12Fe.  

In the vicinity of room temperature, the reaction 
between aluminum metal and water to form 
aluminum hydroxide and hydrogen is the following:  

2Al + 6 H2O  2Al(OH)3 + 3 H2                         (1)  

The gravimetric hydrogen capacity from this 
reaction is 3.7 wt% and the volumetric hydrogen 
capacity is 46 g H2/L[4].  A number of reaction-
promoting approaches were investigated for the 
aluminum-water reaction [4]. In addition, the 
reaction consequences and environmental factors 
were examined for coatings. As the Nernst equation 
suggests that, pH level of a media is determined by 

concentration of [H+] ion (-log[H+] = pH). That 
known, condensing water has a pH level under 4 
depending on concentrations of [Cl-] and [H+] ions 
which causes on corrosion rate.  

2. Experimental Procedure 

The AlSi12Fe alloy was produced in a aluminum 
injection operation in stoichiometric composition 
using Al 84% in purity respectively. AlSi12Fe 
compositon is shown in Table 1. The reasons behind 
the corrosion of the recuperator problem known, it is 
decided to apply a surface coating. Among six 
different types of coating (PVD (Physical vapor 
deposition), eloxal coating, PVDf coating, non-alloy 
nickel coating,) went through aging test.  

After AlSi12Fe was produced, surface cleaning of it 
performed in FePO4 bath in four times between 15-
20 minutes. All samples were dried in the furnace of 
which temperature is 100 C. Electrostatic coating 
powder was implemented to the surface of the 
samples of which surface were cleaned. The samples 
were heated to 200 oC from room temperature in 15 
min. The sintering was heated to 200 oC in 10 min. 
Sintered samples were cooled in the furnace 15 min 
duration.  (Fig 3).   

Figure 3. Sintering of coating material  

The samples were taken from the furnace in order to 
stay in room temperature for ten minutes. 
Electrostatic coating process is shown Fig 4. 

Figure 4.Electrostatic coating process   
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Table 1. The nominal composition of the AlSi12(Fe) , (wt%) 

Al Fe Si Cu Mn Mg Zn Ni Ti Pb Sn 
AlSi12(Fe) 84,3 

86,3 
1,00 11,50- 

13,50 
0,20 0,30 0,20 0,10 0,10 0,15 0,10 0,05 

Aging test was implemented all samples. Each test 
was carried out over 1350 hours aging test was 
performed to the current recuperator to locate 
primary areas where corrosions occurred. 1350 
hours aging tests are simulate 5 years in the field.
The wear amounts were defined as wear volumes 
found by dividing the weight losses. Thickness of 
coating were measured with use Elcometer 456.  
Microstructures were investigated using optical light 
microscopy and scanning electron microscopy 
(SEM).  

3. Results and Discussion 

Samples with coating and without coating was test 
on aging test, XRD analysis and EDX analysis.  

3.1. Aging test 

The test condition for 1350 hours was that appliance 
with recuperator operated in condensing mode (CH 
water 50 oC and return is 30 oC) continuously. It was 
turned out that current recuperator had not 
functioned after 400 hours. Aging test was 
performed on recuperator by working on maximum 
condensing phase (30-500 oC and maximum 
capacity for 1350 hours (desired life time)) and had 
been observed during that time. After 400 hours 
functions of the recuperator had no longer worked. 
As figure 5 clearly shows that corrosion on the its 
surface was the reason behind limited lifetime of the 
recuperator. During aging test, high amounts of 
weight transport was observed and needed to be 
analyzed.  

Figure 5. Corrosion on the lids of the recuperator after 
aging test 1)Before corrosion, 2) After corrosion

Corrosion effect on material was shown on figure 6. 
Normally, thickness of material is 2,8mm , after 

corrosion it was 1,1 mm. Simultaneously, EDX and 
microscopy image of surface analyze had been 
applied to the upper cover of recuperator. Here at this 
stage, multiple EDX analyses were compared to the 
composition of the base metal, AlSi12Fe, and 
serious amounts of weight loss were realized. Thus, 
those processes ended the identification and analysis 
of the problem. The reasons behind the short lifetime 
of the recuperator problem known, generating 
potential solutions were generated as the literature 
research was started. 

Figure 6. Corrosion attack on AlSi12Fe without 
coating 

As table 2, most optimal solution was determined as 
electrostatic paint coating due to its reasonable 
corrosion attach percentage results in aging test, 
overall due to its feasibility.  

Table.2 Comparison of the coating types on the 
internal surface of the recuperator 

Coating 
Technology 

Wall 
Thickness 
( m)

Corrosion 
Attack 
( m)

Corrosion 
Attack 
(%) 

No Coating 2838 1687 59 
PVD 2759 1576 57 
Electrostatic 
paint 
coating 

3466 721 20 

PVDf paint 
coating 

2674 1216 45 

Nitro 
carbide 

2910 1028 35 
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Electrostatic paint coating is not only helps 
controlling the concentration of [H+] ion but also 
prevents Al metal from activation polarization. Thus, 
electrostatic paint coating had prevented corrosion. 
Figure 7 shows corrosion on the recuperator when 
electrostatic coating was applied and not. 

Figure 7. Implementation of electrostatic painting 
140-  a) before coating, b) after 
coating 

3.2. EDX Analyses 

Figure 8 shows results of EDX analyses from upper 
cover of the recuperator and showed that there was 
Al, Si, Fe, O, Cu  formed in the contaminated area. 
Contaminations resulted a muddy structure which 
had both acidic and corrosive properties causing 
erosion with embrittlement. SEM/EDX analyses 
were performed to verify the composition of the 
surface AlSi12Fe, the result of these analyses are 
summarized in Figure 8. 

Figure 8. Result of SEM/EDX analyses of cross 
sections. 

Pieces transported by erosion had begun to pile up 
on inlet and outlet of the recuperator and caused 
occlusion. Furthermore, sudden change in hydrogen 
levels or concentration on recuperator surfaces 
caused pitting corrosion. It is also realized that 
pitting corrosions can occur in multiple amounts at 
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several places which can cause a decrease in 
endurance.  

All results and analyses suggest that electrostatic 
paint coating has been significantly effective 
preventing corrosion. More, this method was found 
to be the most suitable process when it was evaluated 
within an engineering and cost aspect of view. 
Electrostatic paint coating had been the most optimal 
solution to prevent corrosion.  
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Abstract 

The purpose of this study is to improve the service life and 
the performance of piston ring via cathodic reduction 
thermal diffusion boriding (CRTD-Bor) which is a new 
alternative surface hardening approach.  AISI 9254 silicon-
manganese steel is the common base material for piston ring 
applications so CRTD-Bor was applied for this steel type. 
The effects of process durations on boride layer thickness 
and composition were investigated using microscopic and 
X-ray diffraction (XRD) methods. Industrially desired-, app. 
100 m thick-, single Fe2B phase- boride layer was achieved 
to grow after 90 min. of CRTD-Bor treatment (10 min of 
electrolysis at the current density of 200 mA/cm2 and 80 min 
of phase homogenization (PH) in which the polarization of 
electrodes were cut). Thin film XRD analysis confirmed the 
single phase, iron hemi-boride (Fe2B) formation. Hardness 
of grown boride layer was measured as 1550 0 HV. 
Additional Daimler-Benz Rockwell C adhesion test revealed 
that the formed Fe2B layer exhibited perfect adhesion to the 
steel substrate with HF1 quality.  

1. Introduction 

Piston rings located between the cylinder and the piston are 
essential components that provide the engine to operate 
efficiently. Piston rings have four major functions namely 
compression gas sealing, lubricating oil film control, heat 
transfer and support piston in the cylinder [1,2]. During their 
operations, the surfaces of the parts suffer from severe wear 
due to the frictional forces between piston and piston ring. 
Besides, while transferring heat from the piston crown to the 
cylinder, they expose high temperature approximately, 
3500C. Therefore, resistance against wear and high 
temperature oxidation is very crucial to determine the 
service life and the performance. The general approaches to 
enhance the surface of piston rings are chrome based 
coatings and nitriding [1-3]. On the other hand, boriding in 
which boron atoms are diffused into the surface of a work 
piece to form complex borides (i.e.  FeB/FeB2) with the 
base metal is the common surface hardening process for 
ferrous materials to produce very hard layers, i.e. 1700 
HV. However, the drawbacks of conventional pack boriding 
which are the needs of very long process durations (i.e., eight 
hours and so on) and the generations of toxic gas emission 

with huge amounts of solid wastes limit the wide range 
applications of boriding. Moreover, the dual phase 
(FeB+Fe2B) boride layer formations on alloy steels after 
pack boriding cause many functional problems due to the 
poor fracture toughness of FeB; hence, it can fracture or 
delaminate easily from the surface under high normal or 
tangential loading. The best performance of boride layer can 
only be achieved in case the grown layer on steel substrates 
is in the composition of single iron hemi-boride Fe2B [4,5]. 
Boriding process can be considered as an alternative method 
for piston ring applications, considering the fact that it 
provides minimum twice harder layers on steel surfaces 
compared to the currently applied surface hardening process. 
This is very critical to increase wear resistance. Moreover, 
boriding increases the high temperature oxidation resistance 
of ferrous materials up to 6000C which is also crucial for 
piston ring applications. However as mentioned above, solo 
Fe2B layer formation is very difficult to form on alloy steels 
via conventional pack boriding plus it has many negative 
sides. Instead, CRTD-Bor has been developed in our 
research group to overcome disadvantages of pack boriding 
with decreasing process durations (e.g. typically 1 hour) and 
solving environmental issues with its green nature [6,7]. In 
this study we applied CRTD-Bor to modify the AISI 9254- 
piston ring surface and accordingly, the process parameters 
were optimized to grow industrially desired boride layer 
with single phase Fe2B composition.  

2. Experimental Procedure 

2.1. Boriding process 

4 mm thick specimens were cut from AISI 9254 steel bar 
with the diameters of 25 mm. They were polished up to 800-
grit SiC emery paper to remove roughness on the surface 
before boriding, then put into acetone and cleaned the 
surfaces of the samples ultrasonically for 15 minutes at room 
temperature. CRTD-Bor experiments were carried out in a 
medium frequency furnace where graphite crucible was 
polarized as an anode and steel specimens was polarized as 
cathode. During experiments, the change in the electrolyte 
temperature was monitored continuously with N-type 
thermocouples that placed in the crucible. Molten salt 
composed of 90% borax and 10% sodium carbonate were 
used as the electrolyte. Boriding process was performed at 
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current density of 200 mA/cm2 and the temperature of 
 for 10 minutes. In addition to electrochemical part 

of boriding, subsequently phase homogenization (PH) stages 
were applied in order to get rid of FeB layer.  In PH, the 
direct current was cut off, and specimen (cathode) was left 
in molten bath for additional durations without polarization.  

2.2 Oxidation tests 

In order to examine high temperature oxidation nature of 
both bordided and untreated piston ring steels (AISI 9254), 
the samples were placed on magnesite cupels in the electrical 
resistance furnace (Proterm). Oxidation tests were carried 
out in open-air atmosphere at 350  and 50 for the total 
exposure time of 150 h. After holding samples for certain of 
times and temperatures, the samples were taken out the 
furnace to cool down to room temperature, then weighed and 
returned to the furnace. The weight gains were measured on 

structures of oxidized products were identified by XRD with 
-sectional SEM-

EDS examinations were conducted to investigate their 
chemical compositions in detail. 

2.3. Characterization of borided specimens 

After boriding experiment, cathode part was withdrawn from 
the bath and allowed to cool down in air for 15 minutes then 
cleaned with boiling water for 30 minutes in order to remove 
electrolyte residues that solidified on the surface. For further 
cross sectional investigations for boride layer thickness 
measurements and morphological examinations, all samples 
have been prepared metallographically. 
Cross sectional investigation were conducted by optical 
microscope and SEM and EDS investigations. Phase 
analysis of grown boride layer was performed using the thin 
film X-ray method -10mA) with 

The cross-sectional hardness variation 
of boride layers was measured by applying 50 gf in the 
Vikers micro hardness tester. The Daimler-Benz Rockwell-
C adhesion test was utilized to assess the fracture behavior 
and adhesion of the boride layers produced after different 
CRTD-Bor treatments. The principle of this method is given 
in Ref [8]. A load of 1471 N was applied to cause coating 
damage adjacent to the boundary of the indentation. Three 
indentations were conducted for each borided specimen and 
an optical microscope was used to evaluate the test. 

3. Results and Discussion 

According to XRD analysis results as given in Fig.1, two 
phase (FeB + Fe2B) boride layer was grown after 10 min of 
electrolysis. In order to get rid of FeB layer, additional PH 
stage was applied starting from 45 min to 80 min. After 80 
min PH process, FeB phase was disappeared by transformed 
in to Fe2B. The minimum and maximum thickness value of 

single phase Fe2B boride layer was measured as 50 
103 .

Figure 1. XRD pattern of borided layer produced after 10 min of    
electrolysis (EB) and additional PH times. 

It is clearly observed from the cross-sectional optical 
micrograph images (Fig.2) that the presence of FeB phase 
was decreasing with the increasing PH time and after 10 min 
of electrolysis and additional 80 min of PH the produced 
boride layer (Fig.2-e) is homogenous without any crack 
formations. 

(a) 10 min EB (b) 10 min EB + 45 min PH

(c) 10 min EB + 60 min PH (d) 10 min EB + 70 min PH

(e) 10 min EB + 80 min PH

Figure 2. Cross-sectional optical micrograph images with different 
PH times. 

Cross sectional hardness test applied on the borided layers 
revealed (Fig.3) that, after 10 min boriding, high hardness 
values (1700 measured (Fig. 3-a) due to the 
presence of the FeB layer in the vicinity of the double phase 
boride layer with the thickness of 40 m. However single 
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phase Fe2B boride layer (Fig.3-b) exhibits the homogenous 
hardness variation with the range of 
approximately top 85 m. 

(a)10 min electrolysis (b)10 min electrolysis + 80 
min PH 

Figure 3. Hardness distribution of borided layer after (a) 10 min 
electrolysis (b) 10 min electrolysis + 80 min PH 

Since piston rings generally expose maximum temperature 
of s, the first oxidation 
tests were C for 150 hours. Thin film XRD 
analysis (Fig.4) showed that only unborided samples were 
oxidized to Fe2O3 on their surfaces whereas borided samples 

, the minor 
weight increments were measured on unborided ones while 
borided steels kept their stabilities. 

Figure 4. XRD Pattern of samples after 150 hour oxidation test 
at 350 oC

Figure 5. Weight change of samples after 150 hour oxidation 
tests at 350 oC

In order to test oxidation nature of borided and unborided 
AISI 9254 samples at extreme conditions, the temperature of 
thermal oxidation tests was increased to 500 oC.  After 150 
hours, there was a substantial weight increase on the surface 
of unborided sample (Fig 6.). Also, as seen in the thin film 

XRD analysis (Fig.7), an oxide film was formed on the 
unborided AISI 9254 steel sample. 

Figure 7. XRD Pattern of samples after 150 hour oxidation test 
at 500 oC

SEM cross-sectional analysis (Fig. 8-a) and elemental EDS 
analysis (Table 1) confirm that, unborided sample had a 
Fe2O3
slight weight increase (0.025 mg/cm2) on the borided sample 
(Fig. 6), the thin film XRD analysis revealed that (Fig 7.), 
single phase Fe2B layer preserves its existence. Also, as seen 
in the cross-sectional analysis (Fig 8.-b), there is no evidence 
of oxide formation on borided sample. 

(a) Unborided Sample (b) Borided Sample 
Figure 8. Cross sectional SEM analysis of samples after 150 
hour oxidation tests at 500 oC

Table 1. EDS Element analysis of oxide film 
Element Point 1. 

At.% 
Point 2. 
At.% 

O 39.991 37.995 
Si 0.786 5.064 
Cr 0.246 0.578 
Fe 58.977 56.403 

Total 100.000 100.000 

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
0

1

Borlanmamis AIS

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
0

1

Borlanmis AISI 9

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
0

1

Borlanmamis AISI 9254

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
0

1

Borlanmis AISI 9254

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Figure 6. Weight change of samples after 150 hour oxidation 
tests at 500 oC
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Figure 8 shows the results of the Daimler-Benz Rockwell C 
adhesion test conducted AISI 9254 steels borided at different 
PH times. With increasing periods of PH durations, the 
adhesion quality of boride layers to the steel substrates 
became better due to less FeB formations on the top layers 
(Fig. 2). The grown boride layer after 10 min of electrolysis 
and subsequent 80 min of PH exhibited the perfect adhesion 
to the steel matrix. This result was expected due to the solo 
Fe2B composition of the formed boride layer.

(a) 10 min EB (b) 10 min EB + 45 min PH

(b) 10 min EB + 60 min PH (b) 10 min EB + 70 min PH

(b) 10 min EB + 80 min PH

Figure 8. Results of the Daimler-Benz Rockwell C adhesion 
test of AISI 9254 steel borided with different PH times.

4. Conclusion 

In this study, we applied a new approach to modify piston 
ring surfaces in order to increase their performance and 
service life. The process conditions of CRTD-Bor were 
optimized to grow solo, industrially preferred iron hemi 
boride (Fe2B) layer on AISI 9254 steel. After 90 min of 
CRTD-Bor (10 min electrolysis and additional 80 min PH), 
it is possible to grow single-phase Fe2B layer with the 
thickness of approximately100 m. The surface hardness of 
ideally borided piston ring is around 155 0 HV which 
is 5 times harder than that of steel matrix. Moreover, this 
boride layer shows the perfect adhesion to the substrate 
without any delamination. 
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Abstract

Hot dip galvanizing of steels is a very common method 
used in transportation, energy, industrial and many other 
applications. It is important to keep the zinc coating costs 
low as well as maintaining the level of quality high. Thus, 
this investigation focused on the Ni, Bi, and Pb effect 
used in hot dip galvanizing melted zinc. Samples were 
collected from the low alloy carbon steels having a low 
silicon ratio <%0,03. Coating thickness values were 
analyzed by multi regression statistical method to reveal 
the effects of the galvanizing kettle variations such as Ni, 
Pb, Bi. Optimum galvanizing alloying rates were 
determined by main effect and statistical optimizing 
analyses. This study showed that Ni element can be 
effectively used for decreasing the coating thickness and 
increasing the quality. 

1. Introduction 

It has been calculated that 3-4% GDP of the countries has 
been lost with the corrosion of the metals [1]. Hot dip 
galvanizing is a common method used for outdoor 
applications exposed to atmospheric corrosion. By this 
method, the steel materials are dipped into the molten 
zinc at 450 o degrees, after certain type of pretreatment 
applications. That the Zinc prices are more than 3K [2], 
causes the galvanizers to take actions to decrease the 
coating thickness. For this purpose, the galvanizers 
control the chemical content of steel chemistry, 
pretreatment solutions (such as degreasing, pickling, 
rinsing, flux etc.), dipping time, dipping angle and molten 
zinc alloying (Pb, Bi, Ni, Sn) 

When the steel is immersed into the zinc melt, 
metallurgical reactions occur between the steel and the 
zinc interface [3], [4], zeta phase (94% Zn–6% Fe) just 
beneath the eta phase is the phase that causes 
irregularities [5]. It has been determined as the %1-1,5 
optimum lead amount in the kettle to provide fluidity at 
molten zinc, produce spangles and better quality surface 
[6]. Addition of Ni element into the molten zinc promotes 
thin and smooth structure between the eta and zeta phase. 
Al, Bi and Sn elements provides thin coatings. [7][8].  

Kettle composition consisting of %1 Ni and %1 Bi 
reduces the surface tension and thus decrease the coating 
thickness [9]. Ni amount around 0,05%-0,14% has been 
seen very effective on reducing the coating thickness by 
suppressing the zeta phase [10, 11].  

The present work investigates the relation between Ni, Pb, 
Bi in a molten zinc from a statistical perspective to present 
the opportunities for cost saving even for the steel 
materials whose %Si content below 0,03% wt.. 

2. Experimental Procedure 

In this study, Low alloy carbon steel pipes welded with 
flanges were used with ø168,3 mm O.D., P235TR1 (as per 
EN 10217-1) grade and 3 mm wall thickness 
specifications [12]. 

The chemical composition of steels was determined on 
heat basis with optical emission device. Kettle zinc 
analysis was also determined on a weekly basis using the 
optical emission device zinc program. 

The samples were first hanged to the racks specially 
designed for the pipes. The samples were first introduced 
with degreasing for a duration of 5 minutes at 25o Celsius. 
Thereafter taken to the pickling for 40 minutes at 30o C. 
Finally dipped into the rinsing, for 2 minutes at 30o C, and 
flux solution (double salt) for 2 minutes at 40o C 
respectively. 

After the pretreatment processes, the samples passed 
through the drying furnace for 10 minutes at 80o C then 
dipped into the melted zinc kettle. The immersion angle 
was 68o and the average time of dipping in the bath was 
480 seconds at 450o bath temperature with a steel silicon 
content of <0,03% wt. Average steel composition is C- 
0,104%, Si-0,01%, Mn-0,472%, P-0,015%. After the 
coating process, the samples were quenched in the water 
at room temperature. The samples were measured at 3 
areas and 5 sections circumferentially. Samples were 
measured with electromagnetic device and recorded for 
the statistical analysis. 
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3. Results and Discussion 

Before beginning the regression analysis, the 
appropriateness of the data was analyzed as in figure 1.

Figure 1. Residuals and Fitted Values Analysis 
With this analysis, the data that constitutes the R-sq value 
that can be evaluated in terms of the suitability and 
reliability of the coating thickness values were examined. 
The R-sq value is also called the least squares technique. 
In this technique, it is most appropriate to have 
symmetrical distribution on both sides of the middle 
horizontal line. Accordingly, the collected data are 
suitable for analysis. According to the residuals and fitted 
values, the collected data was conforming for analysis 
[13]. At Figure 2, R-sq %83 indicates good correlation 
between the samples. 

Figure 2. R-sq Analysis for the collected data 

Figure 3. Distribution of elements for the melted zinc analysis 

Figure 4. Regression Final Model Equation 

Figure 3 and Figure 4 show the distribution of the 
elements in the zinc melted kettle and the equation that 
can be used for estimation of the coating thickness with 
the X1, X2, X3 elements. If we know these elements by 
means of weight %, then we can easily deduce the coating 
thickness. Incremental impact shows the most effecting 
element to the coating thickness estimation model. As it 
can be seen, Ni is the most effecting, then Pb and finally 
Bi element on reducing the coating thickness.  

Figure 5 Distribution of elements for the melted zinc analysis 
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Figure 5 shows the interaction of the Bi and Ni together, 
and  the individual element effects to the coating 
thickness.

The individual co-effects on the coating thickness of the
alloying elements are given and the maximum coating 
thickness reduction has been seen at 0.08% of  Ni value, 
where Bi value is 0.13 %. 

While the Pb ratio up to 1% increases the coating 
thickness, however, it appears that the coating thickness 
will decrease parabolically after 1% Pb value in melted 
zinc.

Bi value and Ni value decrease the coating thickness 
linearly. When compared together, Ni element is more 
effective than the Bi element in reducing the coating 
thickness on the steel material. 

4. Conclusion 

The steel pipes having Si content less than 0,03%, low 
alloy carbon steel 3 mm thickness samples have been 
subjected to the hot dip galvanizing process. 

Ni % value between 0.06% and 0.08% in melted zinc has 
given the best result for the reducing of the coating 
thickness regardless of the Pb and Bi effect. 

%15-%20 reduction at the coating thickness can be 
obtained, when Bi and Ni used together with the 0,06-
0,08 Ni% and 0,13 Bi% in the kettle.  

By this investigation, it has been seen that even for low 
silicon <0,03% wt steel materials can be used with Ni and 
Bi addition to have a cost saving. 
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Interaction of Industry Generated Nanoparticles (Carbon Nanotubes, Oxides) with Simulated Body 
Fluid

V. Simon¹, A. Vulpoi¹, M. Potara², M. Todea¹,³,  M. Muresan-Pop¹, K. Magyar¹, S. Simon¹

¹Nanostructured Materials and Bio-Nano-Interfaces Center, Interdisciplinary Research Institute on Bio-Nano-Sciences, Babes-Bolyai University, 
400271, Cluj-Napoca, Romania  

²Nanobiophotonics and Laser Microspectroscopy Center, Interdisciplinary Research Institute on Bio-Nano-Sciences, Babes-Bolyai University, 400271, 
Cluj-Napoca, Romania  

³Faculty of Medicine, “Iuliu Hatieganu” University of Medicine and Pharmacy, Cluj-Napoca  
 

The high level of concern about health hazards related to working with 
nanomaterials require efforts in basic research such as determination of physico-
chemical parameters that may determine toxic effects. For this reason the aim of this 
study is to elucidate the in vitro mechanistic basis of the bioactive properties of the 
carbon and ceramic airborne nanomaterials from industry sites. 

In this study a set of multiwall carbon nanotubes and a set of inorganic oxide 
naoparticles were thoroughly investigated with state of the art techniques such as high 
resolution electron microscopy, X-Ray photoelectron spectroscopy together with 
vibrational spectroscopic techniques. In vitro evaluations in Simulated Body fluid 
were conducted in order to determine the effects on the final morphology, size and 
surface chemical composition of the investigated industry relevant nanomaterials. 
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Structural Properties of Nanocomposite SiO2-TiO2 Microspheres

Simion Simon

Institute of Interdisciplinary Research in Bio-Nano-Sciences, Babes Bolyai University, Cluj-Napoca, 400084, Romania

Titania–silica based systems are among the materials investigated for catalytic and biomedical 
applications [1]. Titania-silica microspheres obtained by spray drying method were investigated 
regarding the effect of spraying conditions and heat treatment temperature on the microspheres 
structure, surface properties, as well as on the microspheres bioactivity. The amorphous as-
prepared samples were heat treated at different temperatures up to 1000 oC. The study was 
carried out with the aim of assessing the effect of treatment temperature first on the microspheres 
structure, concerning both the crystallization process and the changes in the atomic environment 
of the component elements and on the microspheres bioactivity tested in vitro, using XRD, FTIR 
and XPS analyses.
The amorphous state of the as prepared samples was preserved by heat treatments carried out at 
temperatures below 700 oC. The crystalline phases developed above this temperature are very 
dependent on the parametres of initial microspheres synthesis and of heat treatments. If for the 
microspheres synthesized at 120 oC inlet temperature in spray dryer [2] the anatase phase is 
stable only up to 900 oC, for the microspheres obtained with 150 oC inlet temperature the anatase 
phase is stable even at 1000 oC [3]. This stabilisation of anatase phase up to such a high 
temperature is an important effect making these samples of interest in catalytic reactions at high 
temperatures.
With the increase of treatment temperature, the surface of the particles appears enriched in silica 
due to the segregation of amorphous silica rich phase and to the diffusion of titania towards the 
core of the particles once with the development of anatase crystallites. The bioactivity of the 
investigated samples is weakly evidenced by FTIR analysis but the results obtained for the 
outermost layer by XPS analysis of the samples immersed for 15 days in simulated body fluid 
denotes the self-assembling of an apatite type layer, wherin the Ca/P ratio depends on the 
preliminary heat treatment temperature. 

[1] M. Todea, A. Vulpoi, C. Popa, P. Berce, S. Simon, J. Mater. Sci. & Technol. in press. 
[2] O. Ponta, E. Vanea, A. Cheniti, P. Berce, S. Simon, Mater. Chem. Phys. 2012, 135, 863-869
[3] M. Todea, M. Muresan-Pop, A. Vulpoi, S. Simon, D. Eniu, Appl. Surf. Sci. 2018,
457, 838-845. 
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