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The Chamber of Metallurgical and Materials Engineers (CMME) is a non-profit state 

agency founded in 1970 and is one of twenty-four Chambers of Union of Chambers of 

Turkish Engineers and Architects. 

The main functions of CMME are to organize required and necessary activities and 

conduct studies in broad fields of production, shaping, improving properties, destructive 

and non-destructive testing of metallic and nonmetallic materials, and also introducing 

the new technologies and the knowledges for

the use and benefits of the members of CMME and the country.

Within this context CMME publishes a bimonthly journal entitled “METALURJI” and a 

bulletin called “E-BULTEN” in which news related to metallurgy and materials science 

appear. CMME also organizes seminars, symposiums, panels, forums, congresses 

and fairs. Board of directors of CMME organized METEM (The Center of Vocational an 

Technical Education) to help vocational and technical improvement of the members.

The supreme governing body of CMME is the General Assembly which consists 

member of the Chamber is collected biannually. Board of Directors is elected at the 

General Assembly is responsible from the execution of the functions mentioned above. 

Additionally, detailed studies on certain specific subjects are conducted by “work groups” 

that consist of specialists from universities, research institutions and the industry and 

established by the Board of Directors.

UCTEA CHAMBER OF METALLURGICAL and MATERIALS ENGINEERS
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Türk Mühendis ve Mimar Odaları Birliği’ne bağlı 24 Oda’dan biri olarak ilgili yasa 

hükümlerine uygun şekilde 1970 yılında kurulan Metalurji Mühendisleri Odası, kamu 

kurumu niteliğinde bir meslek kuruluşudur. 

Ülke ve Oda üyelerinin hak ve yararları gözetilerek, metal ve metal dışı malzemelerin 

üretimi, şekillendirilmesi, özelliklerinin geliştirilmesi, hasarlı ve hasarsız kontrolleri vb. 

alanlarda, ihtiyaç duyulan ve gerek görülen etkinliklerin organizasyonu ve çalışmaların 

yapılması, sektörümüzde yapılan çalışmaların, yeni teknolojilerin ve bilgi birikiminin çeşitli 

araçlarla meslektaşlarımıza ve sektör mensuplarına duyurulması, üyelerin durumlarının 

iyileştirilmesi, oda amaçlarının temelini oluşturmaktadır.

Bu amaçlar doğrultusunda Metalurji ve Malzeme Mühendisleri Odası iki ayda bir 

“METALURJİ” dergisini ve Oda faaliyetlerinin, sektörel haberlerin güncel şekilde 

aktarıldığı “E-BÜLTEN”i yayınlamakta ve seminer, sempozyum, panel, forum, kongre, 

fuar gibi etkinlikler organize etmektedir. Oda Yönetim Kurulumuz üyelerimizin mesleki 

ve teknik gelişimine yardımcı olmak amacıyla METEM (Mesleki Teknik Eğitim Merkezi)’ni 

kurmuştur.

İki yılda bir yapılan ve Odaya kayıtlı üyelerin katılımıyla gerçekleştirilen Genel Kurul en üst 

organdır. Genel Kurul’da seçilen Oda Yönetim Kurulu yukarıda bahsedilen çalışmaların 

yürütülmesinden sorumludur. Ayrıca, Oda Yönetim Kurulunca oluşturulan ve üniversite, 

araştırma kuruluşları ve sanayiden uzmanların yer aldığı çalışma gruplarınca belli 

konularda ayrıntılı çalışmalar yapılmaktadır.

TMMOB METALURJİ ve MALZEME MÜHENDİSLERİ ODASI
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This proceedings book contains the peer-reviewed papers that were presented at the 18th International Metallurgy 
& Materials Congress held in TUYAP Fair, Convention and Congress Center-Beylikdüzü Istanbul, Turkey between 29 
September – 01 October 2016. 

18th International Metallurgical and Materials Conference organized by UCTEA, the Chamber of Metallurgical and 
Materials Engineers was the most comprehensive international event held in Turkey for 45 years which embraced all 
sectors in this area.

850 participants from 16 countries contributed with 134 oral and 162 poster presentations (total: 296) in 10 
symposiums. The titles of symposiums were; Iron and Steel Metallurgy Symposium, Biomaterials Symposium, 
Casting Symposium, Non-Ferrous Metallurgy Symposium, Ceramic, Glass, Refractory and Composite Materials 
Symposium, Environment, Occupational Safety and Sustainability Symposium, Energy Materials Symposium, 
Materials Degradation and Protection Methods Symposium, Nanomaterials Symposium, Materials Characterization 
Symposium.

The abstracts of all these presentations were published in the Symposium Abstract Book, while the selected papers 
were refereed according to the international standards in this book. 

I, as the Chairman of the Organizing Committee, would like to express my sincere thanks and gratitude to the Congress 
Organization Committee, Symposiums Organization Committee, Congress Advisory Board, and International Scientific 
Committee Members for making this Congress possible.

We gratefully thank Hannover-Messe Ankiros Fair Organization for coordinating ANKIROS 2016 (13th International 
Iron-Steel and Foundry Technology, Machinery and Products Trade Fair), ANNOFER 2016 (12th International Non-
Ferrous Metals Technology, Machinery and Products Trade Fair), TURKCAST 2016 (7th Foundry Products Trade Fair 
organized by Foundrymen’s Association of Turkey) and 8th International Ankiros Foundry Congress in the meantime. 
During IMMC 2016, the participants have had the opportunity to follow the latest technological developments, novel 
designs and products as well as related academic researches. 

The Congress was also supported by Aveks, Çukurova Kimya, IDDMID, Marmara Metal and Sarkuysan.

We are looking forward to meet in the next Congress, which will be organized by UCTEA, the Chamber of Metallurgical 
and Materials Engineers in 2018.

November 2016

Congress Chair

Onuralp Yücel

The 18th International Metallurgy & Materials Congress
(IMMC2016)
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ISM'S
Iron and Steel Metallurgy Symposium
Demir Çelik Metalurjisi Sempozyumu

C'S
Casting Symposium
Döküm Sempozyumu

CGRCM'S

Ceramic, Glass, Refractory and
Composite Materials Symposium 

Seramik, Cam, Refrakter ve 
Kompozit Malzemeler Sempozyumu

EM'S
Energy Materials Symposium
Enerji Malzemeleri Sempozyumu

NM'S
Nanomaterials Symposium
Nanomalzemeler Sempozyumu

BM'S
Biomaterials Symposium
Biyomalzemeler Sempozyumu

NFM'S
Non-Ferrous Metallurgy Symposium
Demir Dışı Metaller Metalurjisi Sempozyumu

EOSS'S
Environment, Occupational Safety and 
Sustainability Symposium

Çevre, İş Güvenliği ve Sürdürülebilirlik Sempozyumu

MDPM'S

Materials Degradation and 
Protection Methods Symposium

Malzemelerin Bozunumu ve 
Korunma Yöntemleri Sempozyumu

MC'S
Materials Characterization Symposium
Malzeme Karakterizasyonu Sempozyumu



INVITED LECTURERS
DAVETLİ KONUŞMACILAR
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29 September Thursday / 29 Eylül Perşembe 2016
Hall Karadeniz / Salon Karadeniz

11.00 - 11.40 Graphane Applications: Future Perspectives and Technological Developments
Burcu Saner Okan
Sabanci University
Türkiye

29 September Thursday / 29 Eylül Perşembe 2016
Hall Karadeniz / Salon Karadeniz

15.10 - 15.50 Biodegradation Behavior of Some Magnesium Alloys Potentially Used for Trauma Implants
Lulian Antoniac
University Politehnica of Bucharest
Romania

29 September Thursday / 29 Eylül Perşembe 2016
Hall Karadeniz / Salon Karadeniz

16.50 - 17.30 Acrylic Bone Cements: New Insight and Future Perspective
Simona Cavalu
University of Oradea
Romania

29 September Thursday / 29 Eylül Perşembe 2016
Hall Marmara / Salon Marmara

11.40 - 12.20 Energy Saving and Modern Process Control and Automation
Florian Kongoli
Flogen Technologies Inc.
Canada / USA

30 September Friday / 30 Eylül Cuma 2016
Hall Marmara / Salon Marmara

11.20 - 12.00 Critcal Raw Materials
Martin Tauber
CRM Alliance
Belgium

30 September Friday / 30 Eylül Cuma 2016
Hall Karadeniz / Salon Karadeniz

15.10 - 15.50 Geleceğin Li-İyon Pil Negatif Elektrotları İçin Yeni Malzeme ve Elektrot Mimari Yapıları
Geleceğin Li-İyon Pil Negatif Elektrotları İçin Yeni Malzeme ve Elektrot Mimari Yapıları

Hatem Akbulut
Sakarya University
Türkiye

01 October Saturday / 01 Ekim Cumartesi 2016
Hall Marmara / Salon Marmara

13.30 - 14.10 Demir Çelik Sektöründe Meslek Hastalığı Riskinin Yönetilmesi ve Sektöre Özgü Etkin Sağlık 
Gözetimi Kurulması 
Management of the Occupational Disease Risks in the Iron and Steel Industry and the Establishment 
of an Effective Sector Specific Health Surveaillance

Ali Rıza Tiryaki
Artı OSGB
Türkiye
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EOSS'S2
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and Sustainability Symposium2 
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14:00
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Environment, Occupational Safety 
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BM'S1

Biomaterials Symposium1
Biyomalzemeler Sempozyumu1

16:50

18:10

BM'S2

Biomaterials Symposium2
Biyomalzemeler Sempozyumu2

11:00 NM'S1

Nanomaterials Symposium1
Nanomalzemeler Sempozyumu1

12:20

IMMC 2016 PROGRAMME
IMMC 2016 PROGRAMI
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18:10
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Composite Materials Symposium3 
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CGRCM'S4
Ceramic, Glass, Refractory and 
Composite Materials Symposium4 
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Composite Materials Symposium5 
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10:00
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MC'S1
Materials Characterization 
Symposium1 

Malzeme Karakterizasyonu 
Sempozyumu1

11:20

12:40

MC'S2

Materials Characterization 
Symposium2 

Malzeme Karakterizasyonu 
Sempozyumu2

13:30

14:50

MC'S3

Materials Characterization 
Symposium3 

Malzeme Karakterizasyonu 
Sempozyumu3

15:10

16:30

MC'S4

Materials Characterization 
Symposium4
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16:50

18:10

MC'S5

Materials Characterization 
Symposium5
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Coffee Brea
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15:10 NFM'S4

Non-Ferrous Metall
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16:50 NFM'S5

Non-Ferrous Metall
Symposium5 
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10:00

11:00
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Hall / Salon KaradenizMarmara

k / Kahve Molası
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k / Kahve Molası

11:00

urgy 

Metalurjisi 

12:40

urgy 

Metalurjisi 

14:50

urgy 

Metalurjisi 

16:30

urgy 

Metalurjisi 

18:10

urgy 

Metalurjisi 

Coffee Break / Kahve Molası

Coffee Break / Kahve Molası

Coffee Break / Kahve Molası

10:00

11:00

NFM'S6
Non-Ferrous Metallurgy 
Symposium6 

Demir Dışı Metaller Metalurjisi 
Sempozyumu6

11:20

12:40

MC'S6

Materials Characterization 
Symposium6

Malzeme Karakterizasyonu 
Sempozyumu6

13:30

14:50

EM'S1

Energy Materials Symposium1 

Enerji Malzemeleri Sempozyumu1

15:10

16:30

EM'S2

Energy Materials Symposium2 

Enerji Malzemeleri Sempozyumu2

16:50

18:10

EM'S3

Energy Materials Symposium3

Enerji Malzemeleri Sempozyumu3

Lunch /  Öğ le  Yemeğ i

01 October Saturday / 01 Ekim Cumartesi 2016
Hall / Salon KaradenizHall / Salon MarmaraHall / Salon Büyükada

Coffee Break / Kahve Molası

Coffee Break / Kahve Molası

10:00

11:00

11:20

12:40

13:30

14:50

MDPM'S1

Materials Degradation and 
Protection Methods Symposium1 

Malzemelerin Bozunumu ve 
Korunma Yöntemleri Sempozyumu1

15:10

16:30

MDPM'S2

Coffee Break / Kahve Molası

Coffee Break / Kahve Molası

10:00

11:00

ISM'S1
Iron and Steel Metallurgy 
Symposium1 

Demir Çelik Metalurjisi 
Sempozyumu1

11:20

12:40

ISM'S2

Iron and Steel Metallurgy 
Symposium2 

Demir Çelik Metalurjisi 
Sempozyumu2

13:30

14:50

ISM'S3

Iron and Steel Metallurgy 
Symposium3 

Demir Çelik Metalurjisi 
Sempozyumu3

15:10

16:30

ISM'S4

Iron and Steel Metallurgy 
Symposium4 

Demir Çelik Metalurjisi 
Sempozyumu4

Coffee Break / Kahve Molası

Coffee Break / Kahve Molası

10:00

11:00

C'S1

Casting Symposium1 

Döküm Sempozyumu1

11:20

12:40

C'S2

Casting Symposium2

Döküm Sempozyumu2

13:30

14:50

C'S3

Casting Symposium3 

Döküm Sempozyumu3

15:10

16:30

ISM'S5

Iron and Steel Metallurgy 
Symposium5 

Demir Çelik Metalurjisi 
Sempozyumu5

CGRCM'S6
Ceramic, Glass, Refractory and 
Composite Materials Symposium5 
Seramik, Cam, Refrakter ve 
Kompozit Malzemeler Sempozyumu5

CGRCM'S7

Ceramic, Glass, Refractory and 
Composite Materials Symposium6 
Seramik, Cam, Refrakter ve 
Kompozit Malzemeler Sempozyumu6

Materials Degradation and 
Protection Methods Symposium2 

Malzemelerin Bozunumu ve 
Korunma Yöntemleri Sempozyumu2



CONGRESS SESSIONS
KONGRE OTURUMLARI



18. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016 XXIII

Ceramic, Glass, Refractory and 

Composite Materials Symposium  

Seramik, Cam, Refrakter ve 
Kompozit Malzemeler Sempozyumu

CGRCM’S
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29 September Thursday / 29 Eylül 2016
Hall Büyükada / Salon Büyükada

CGRCM'S
Session 1
Session Chairman / Oturum Başkanı: FİLİZ ŞAHİN

10.00 - 10.20 A Study on Spinel Formation and Sintering Behavior of Al2O3-MgO System for Induction 
Furnace Linings
Ozan Uylas¹,², Muharrem Timuçin³, Ender Suvacı¹, Muammer Bilgiç5, Beyhan Özdemir4, Oktay 
Uysal², Uğur Cengiz5, Özkan Kurukavak4, Hasan Erdoğan4, Yakup Yalçınkaya4 
¹Anadolu University, ²Entekno Endüstriyel Ltd. Şti., ³Middle East Technical University, 4Kütahya Manyezit Sanayi 
A.Ş., 5Bilecik Demir Çelik A.Ş. / Türkiye

10.20 - 10.40 Seramik Sağlık Gereçlerinde Tane Boyut Dağılımının Yüzey Özelliklerine Etkisi
Influence of Particle Size Distribution on Surface Properties of Sanitarywares

Selin Baklacı¹, Pervin Gençoğlu¹, Alpagut Kara²
¹Seramik Araştırma Merkezi A.Ş., ²Anadolu University / Türkiye

CGRCM'S
Session 2
Session Chairman / Oturum Başkanı: ALPAGUT KARA

11.20 - 11.40 Usage of Boron Wastes in the Commerically Produced and Used ZrCMS System Opaque Frit 
Composition 
Fatma Aksu¹, Ayşe Tunalı¹, Neslihan Tamsu Selli¹, Buğra Çiçek², Emre Talşık¹
¹Eczacıbaşı Building Product Co., ²Yıldız Technical University / Türkiye

11.40 - 12.00 Silver Containing Antimicrobial Soda Lime Glass Prepared by Ion Exchange
Duygu Güldiren, İpek Erdem, Süheyla Aydın
İstanbul Technical University / Türkiye

12.00 - 12.20 Influence of TiO2 Content on the Photocatayltic Activity of TiO2-B2O3 Glasses Prepared by 
the Sol-Gel Process
Sıtkı Can Akkuş¹, Abdullah Öztürk¹, Volkan Kalem², Jongee Park³
¹Middle East Technical University, ²Selçuk University, ³Atılım University / Türkiye

12.20 - 12.40 Production of Nanoporous Glass Fiber by Selective Leaching Method
E. Burak Ertuş¹,³, Çekdar Vakıfahmetoğlu², Abdullah Öztürk¹
¹Middle East Technical University, ²İstanbul Kemerburgaz University, ³KTO Karatay University / Türkiye



18. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016 XXV

29 September Thursday / 29 Eylül 2016
Hall Büyükada / Salon Büyükada

CGRCM'S
Session 3
Session Chairman / Oturum Başkanı: ABDULLAH ÖZTÜRK

13.30 - 13.50 High-Purity Si3N4 For Technical Ceramics & High Heat-Resistant SiC Fiber For Ceramic 
Matrix Composites Applications
Miriam Niedenhof-Duecker, Markus Hankeln
UBE Industries, Ltd., UBE Europe GmbH / Japan, Germany
(Commercial Paper)

13.50 - 14.10 Optimization of Pyrolysis and Liquid Silicon Infiltration Parameters for the Processing of 
C/C-SiC Composites
Simge Tülbez¹, Ziya Esen², Arcan F. Dericioğlu¹
¹Middle East Technical University, ²Çankaya University / Türkiye

14.10 - 14.30 Translucent α-SiAlON Ceramics Produced by Gass Pressure Sintering (GPS) Method
Suna Avcıoğlu¹, Semra Kurama²
¹Ondokuz Mayıs University, ²Anadolu University / Türkiye

14.30 - 14.50 Production of Porous Sodium Borate-Bonded Si3N4 Ceramics via Starch Consolidation 
Technique 
Ayşe Kalemtaş, Okan Bilgiç
Bursa Technical University / Türkiye

CGRCM'S
Session 4
Session Chairman / Oturum Başkanı: AYŞE KALEMTAŞ

15.10 - 15.30 Fabrication and Characterization of Composites Starting from Boron Carbide Titanium 
Powder Mixture
Meral Cengiz, Bülent Büyük, A. Beril Tuğrul, Gültekin Göller, Onuralp Yücel, Filiz Şahin
İstanbul Technical University / Türkiye

15.30 - 15.50 Mechanical and Microstructural Properties of Spark Plasma Sintered B4C-W2B5 Composites
Salih Çağrı Özer¹, Servet Turan¹, Filiz Çınar Şahin²
¹Anadolu University, ²İstanbul Technical University / Türkiye

15.50 - 16.10 Effect of Spark Plasma Sintering Parameters on the Synthesis and Mechanical Properties 
of Ti3SiC2 Ceramics
Erhan Ayas, Ayşe Nil Ertürk
Anadolu University / Türkiye

16.10 - 16.30 Processing of the MAX Phase of Ti3SiC2 Ceramic from Oxides
Ahmet Atasoy, Emre Saka
Sakarya University / Türkiye
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29 September Thursday / 29 Eylül 2016
Hall Büyükada / Salon Büyükada

16.50 - 17.10 Preparation of Pre-Alloyed TZM Alloy with Addition of B4C by Using Spark Plasma Sintering
Barış Yavaş, Filiz Şahin, Onuralp Yücel, Gültekin Göller
İstanbul Technical University / Türkiye

17.10 - 17.30 Mechanical Properties of Mg/TiNi Composites Produced Via Spark Plasma Sintering 
Technique
Tarık Aydoğmuş
Yüzüncü Yıl University / Türkiye

17.30 - 17.50 Synthesis of Zn2SnO4 Powders via Hydrothermal Synthesis for Ceramic Targets
Cem Açıksarı¹,², I.Gözde Tuncolu³, Ender Suvacı4, Emel Özel4, Stanislav Rembeza5, Ekaterina 
Rembeza5, Ekaterina Plotnikova5, Natelia N. Kosheleva5, Tamara V. Svistova5

¹Yıldız Technical University, ²Mutlu Akü ve Malzeme A.Ş., ³Fematek Uluslararası Ticaret A.Ş., 4Anadolu University, 
5Voronezh State Technical University / Türkiye, Russia

17.50 - 18.10 Fabrication of Alumina-Epoxy Interpenetrating Network Composites 
Okan Bilgiç, Yasin Altın, Ayse Bedeloğlu, Onur Saray, Ayşe Kalemtaş
Bursa Technical University / Türkiye

CGRCM'S
Session 5
Session Chairman / Oturum Başkanı: FİGEN KAYA
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01 October Saturday / 01 Ekim 2016
Hall Büyükada / Salon Büyükada

CGRCM'S
Session 6
Session Chairman / Oturum Başkanı: AYŞE KALEMTAŞ

10.00 - 10.20 Processing and Characterization of CYSZ/Al2O3 Functionally Graded Thermal Barrier Coating
Fatih Kırbıyık, Gültekin Göller
İstanbul Technical University / Türkiye

11.20 - 11.40 Microstructure and Mechanical Properties of Graphene/TiC-ZrC Composites
Burak Çağrı Ocak, Filiz Şahin, Onuralp Yücel, Gültekin Göller
İstanbul Technical University / Türkiye

11.40 - 12.00 Effect of Excess Carbon Content of Boron Carbide and Temperature on Synthesis of 
Calcium Hexaboride Powders
Duygu Yılmaz Çakta¹, Nurşen Koç¹, Servet Turan²
¹Eskişehir Osmangazi University, ²Anadolu University / Türkiye

12.00 - 12.20 Combustion Synthesis of Molybdenum Containing Boride Based Hard Alloys
Sevinc Rahimi Moghaddam¹, Bora Derin¹, Onuralp Yücel¹, M. Şeref Sönmez¹, Meltem Sezen², 
Feray Bakan², Vladimir Sanin³, Dimitriy Andreev³
¹İstanbul Technical University, ²Sabancı University, ³Institute of Structural Macro Kinetics Materials Science  / 
Türkiye, Russia

CGRCM'S
Session 7
Session Chairman / Oturum Başkanı: BORA DERİN
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Nanomaterials Symposium  

Nanomalzemeler Sempozyumu

NM'S
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29 September Thursday / 29 Eylül 2016
Hall Karadeniz / Salon Karadeniz

NM'S
Session 1
Session Chairman / Oturum Başkanı: H. EMRAH ÜNALAN

11.00 - 11.40 Graphane Applications: Future Perspectives and Technological Developments
Burcu Saner Okan¹,², J. S. M. Zanjani¹, Y. Z. Menceloglu¹,²
¹Sabanci University, ²Nanografen Nano Technological Products Ltd. Co. / Türkiye
(Invited Lecturer)

11.40 - 12.00 Characterization of Silver Nanowire Modified Textile Heaters
Doğa Doğanay, Şahin Coskun, Sevim Polat, H. Emrah Ünalan
Middle East Technical University / Türkiye

12.00 - 12.20 Synthesis of Submicron Metal/Metal Oxide Particles Production by Medium Frequency-
Induction System
Levent Kartal¹,², Barış Daryal¹, Yasin Kılıç¹, Güldem Kartal Şireli¹, Servet Timur¹
¹Istanbul Technical University, ²Hitit University / Türkiye

13.30 - 13.50 Behavior of Polylactide / Montmorillonite Nanocomposites
Burcu Sarı, Cevdet Kaynak
Middle East Technical University / Türkiye

13.50 - 14.10 Effect of Nano-Clay Addition on Thermal Conductivity of Rigid Polyurethane
Oktay Uysal¹,³, Kübra Ortaç¹,4, Gökşin Sayer², Metin Kaya², Ali Ünlütürk², Ender Suvacı¹, 
Murat Erdem¹
¹Anadolu University, ²Arçelik A.Ş., ³Entekno, 4Poliser / Türkiye

14.10 - 14.30 Synthesis Manganese-Doped Zinc Oxide Nanoparticles 
Özlem Altıntaş Yıldırım¹, Caner Durucan²
¹Selçuk University, ²Middle East Technical University / Türkiye

14.30 - 14.50 Preparation and Characterization of TiO2 Processed by Alkoxide Gel Method
Ahmet Çağrı Kılınç, Ali Aydın Göktaş
Dokuz Eylül University / Türkiye

NM'S
Session 2
Session Chairman / Oturum Başkanı: BURCU SANER OKAN



XXX IMMC 2016   |   18th International Metallurgy & Materials Congress

Biomaterials Symposium

Biyomalzemeler Sempozyumu 

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

15.10 - 15.50 Biodegradation Behavior of Some Magnesium Alloys Potentially Used for Trauma Implants
Lulian Antoniac
University Politehnica of Bucharest / Romania
(Invited Lecturer)

15.50 - 16.10 Effect of Laser Beam Welded AISI 2205 Duplex Stainless Steel on the Viability of Fibroblast 
Cells 
Ceyhun Köse¹, Ramazan Kaçar², Aslı Pınar Zorba³, Melahat Bağırova³, Emrah Şefik Abamor³, 
Adil M. Allahverdiyev³
¹Gaziosmanpaşa University, ²Karabük University, ³Yıldız Technical University / Türkiye

16.10 - 16.30 Nanocomposite Materials Containing Metal Nanoparticles for Tissue Engineering 
Applications
Ayşen Aktürk, Melek Erol Taygun, Gültekin Göller, Sadriye Küçükbayrak
İstanbul Technical University / Türkiye

29 September Thursday / 29 Eylül 2016
Hall Karadeniz / Salon Karadeniz

16.50 - 17.30 Acrylic Bone Cements: New Insight and Future Perspective
Simona Cavalu
University of Oradea / Romania
(Invited Lecturer)

17.30 - 17.50 Production and Characterization of Yttria Stabilized Zirconia Ceramic Blocks for Dental 
Applications
Melis Kaplan¹, Abdullah Öztürk¹, Jongee Park²
¹Middle East Technical University, ²Atılım University / Türkiye

17.50 - 18.10 Effect of Time on the Direct Formation of Hydroxyapatite Coatings on Commercially Pure 
Zirconium by Plasma Electrolytic Oxidation
Salim Levent Aktuğ¹, Metin Usta¹,²
¹Gebze Technical University, ²TÜBİTAK Marmara Research Center / Türkiye

BM'S
Session 2
Session Chairman / Oturum Başkanı: CANER DURUCAN
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Environment, Occupational Safety and

Sustainability Symposium

Çevre, İş Güvenliği ve 

Sürdürülebilirlik Sempozyumu

EOSS'S
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29 September Thursday / 29 Eylül 2016
Hall Marmara / Salon Marmara

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

10.00 - 10.20 Health and Safety Issues Associated with Nanotechnology
Ayşenur Gül
Işık University / Türkiye

10.20 - 10.40 Recovery of Metals From Solutions Obtained by Cutting Tool Recycling
Meltem Ergün, M. Şeref Sönmez
İstanbul Technical University / Türkiye

10.40 - 11.00 Production of Polyethylene – Aluminum Composites from Waste Tetra Pak Packages
Büşra Akoğlu¹, Kübra Azgı¹, Armağan Özpektürk¹, Sevil İncir², Murat Çopur², Ahmet Turan¹
¹Yalova University, ²Alarko Carrier San. ve Tic. A.Ş. / Türkiye

11.00 - 11.20 Selective Sulphide Precipitation of Copper, Nickel and Zinc from Industrial Wastewater
Aysel Şen, Levent Kartal, Gülden Kartal Şireli, Servet Timur
İstanbul Technical University / Türkiye

11.40 - 12.20 Energy Saving and Modern Process Control and Automation
Florian Kongoli
Flogen Technologies Inc. / Canada / USA
(Invited Lecturer)

12.20 - 12.40 A New Approach on the Recycling of EAF Slags: Sponge Iron Production Via Direct 
Reduction
İdil Bilen¹, Ahmet Turan², Paer Jönsson¹, Onuralp Yücel³
¹KTH Royal Institute of Technology, ²Yalova University, ³İstanbul Technical University / Türkiye

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

14.00 - 15.30 İnsan, Kültür, İletişim ve Yönetim Boyutlarıyla Üretim 
İşletmelerinde Sürdürülebilir, Sağlıklı ve Güvenli Çalışma
Sustainable, Healthy and Safe Work in Production Operations: 
Opinions from Humanistic, Cultural and Communication 
Aspects

PANELISTS / PANELİSTLER

Management and its Impact on Health and Safety
Çiğdem Vatansever
Namık Kemal University
Türkiye

Dynamics of Safe and Unsafe Behavior
Nevin Kılıç
Fatih Sultan Mehmet Vakıf University
Türkiye

Culture of Healthy and Safe Work
Elif Sungur
Maltepe University
Türkiye 

The Role of Communication in Health and Safety at Work
Hakan Aytekin
Maltepe University
Türkiye

29 September Thursday / 29 Eylül 2016
Hall Marmara / Salon Marmara
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Materials Characterization Symposium

Malzeme Karakterizasyonu Sempozyumu 

MC'S
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30 September Friday / 30 Eylül 2016
Hall Büyükada / Salon Büyükada

10.00 - 10.20 Recent Developments on the Microstructural Characterisation Techniques and Strategies 
for Better use of Existing Microscopes
Servet Turan, Umut Savacı, Sinem Başkut
Anadolu University / Türkiye

10.20 - 10.40 Evaluation of the Microstructure of AISI D2 Steel by Magnetic Barkhausen Noise Technique
Ebru Arslan¹, Ömer Faruk Murathan², Kemal Davut¹, Volkan Kılıçlı²
¹Atılım University, ²Gazi University / Türkiye

10.40 - 11.00 Sensitivity Analysis of Distortion of Carburized Steel Shafts Using Computer Simulations
Büşra Yazır Terzi, G. Elif Evcil, Seçil Yıldız, Kemal Davut, Caner Şimşir
Atılım University / Türkiye

MC'S
Session 1
Session Chairman / Oturum Başkanı: SERVET TURAN

MC'S
Session 2
Session Chairman / Oturum Başkanı: KEMAL DAVUT

11.20 - 11.40 Investigation the Reliability of Gleeble Phase Transition Data by the Means of EBSD 
Method
Dilara Çimen, Gözde Karaçalı, Ekrem Akça, Recep Vatansever
Ereğli Iron and Steel Works Company / Türkiye

11.40 - 12.00 Influence of Atmospheric Plasma Surface Activation Treatments on Polyproplene (PP) 
Surface Properties
Sevim Gökçe Esen¹, Ekrem Altuncu¹, Fatih Üstel¹, Gülşah Karagöz²
¹Sakarya University, ²Assan Hanil Automotive Industry and Trade Inc. / Türkiye

12.00 - 12.20 Microstructural Refinement of Ti-6Al-4V Alloy Fabricated by Additive Manufacturing Using 
Thermochemical Processes
Güney Mert Bilgin¹, Ziya Esen², Şeniz Reyhan Kuşhan Akın², Arcan F. Dericioğlu¹
¹Middle East Technical University, ²Çankaya University / Türkiye

12.20 - 12.40 Effect of Ta Addition on Structural and Room Temperature Mechanical Properties of B2-
Type Ordered FeAl Intermetallics 
Mehmet Yıldırım¹, M. Vedat Akdeniz², Amdulla O. Mekhrabov²
¹Selçuk University, ²Middle East Technical University / Türkiye
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30 September Friday / 30 Eylül 2016
Hall Büyükada / Salon Büyükada

13.30 - 13.50 Mechanical Properties of Plasma Electrolytic Carburized Pure Iron

Fatih Çavuşlu¹,², Metin Usta¹,³
¹Gebze Technical University, ²Adana Science and Technology University, ³TÜBİTAK Marmara Research Center / 
Türkiye

13.50 - 14.10 Determination of Crystallite Size, Lattice Strain and Amorphization of Mechanically Alloyed 
W–VC-C Powder Composites

Sultan Sönmez, Hadi Jahangiri, M. Lütfi Öveçoğlu
İstanbul Technical University / Türkiye

14.10 - 14.30 Surface Characterization Study on EPDM Rubber Seal Profiles

Ekrem Altuncu¹, Uğursoy Olgun¹, Ali Erkin Kutlu², Yusuf Güner², Müfit Çağlayan²
¹Sakarya University, ²Standard Profil Automotive / Türkiye

14.30 - 14.50 Microstructural and Fractographic Investigations of Brazed Martensitic Stainless Steel 
Joints Under Cyclic Loading

Tanya A. Başer
TOFAŞ Türk Otomobil Fabrikası A.Ş. / Türkiye

MC'S
Session 3
Session Chairman / Oturum Başkanı: GÜLTEKİN GÖLLER

MC'S
Session 4
Session Chairman / Oturum Başkanı: KEMAL DAVUT

15.10 - 15.30 Sm Microalloyed Cu-Zr-Al Bulk Metallic Glasses

Fatih Sıkan¹, İlkay Kalay², Yunus Eren Kalay¹
¹Middle East Technical University, ²Çankaya University / Türkiye

15.30 - 15.50 Fully Automated Analysis of Non-Metallic Inclusions in Steel According to EN10247 and Focus Effect 

Hüseyin Kurtuldu¹, Göksel Durkaya², Hakan Kaplan², Tuncay Çelebi³, Figen Dikilitaş³, 
Osman Yazaroğlu³
¹Başkent University, ²Atılım University, ³Kardemir Iron Steel Industry Trade / Türkiye

15.50 - 16.10 Investigation of Thermal Behaviour of Hisarcık and 
Espey Colemanites

Dilek Şenol-Arslan¹, Orhan Özdemir¹, M. Sabri Çelik²
¹İstanbul University, ²İstanbul Technical University / Türkiye

16.10 - 16.30 Synthesis of Copper Doped Zinc Oxide (ZnO:Cu) Nano-Centipedes via Vapor Deposition Method

Özlem Altıntaş Yıldırım¹,², Yuzi Liu², Amanda K. Petford Long²,³
¹Selçuk University, ²Argonne National Laboratory, ³Northwestern University / Türkiye, USA
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30 September Friday / 30 Eylül 2016
Hall Büyükada / Salon Büyükada

30 September Friday / 30 Eylül 2016
Hall Karadeniz / Salon Karadeniz

16.50 - 17.10 Measurement of Residual Stresses in the Carburized Steels by Non-Destructive Techniques
Hüseyin Hızlı, Tuğçe Kaleli, C. Hakan Gür
Middle East Technical University / Türkiye

17.10 - 17.30 Comparison of the Mechanical Response of Porous Ti-6Al-4V Alloys Produced by Different 
Compaction Techniques
G. İpek Selimoğlu², E.Erkan Aşık¹, Fatma Şen², Gizem Yaymacı²
¹University of Twente, ²Anadolu University / Netherlands, Türkiye

17.30 - 17.50 Microstructural Characterization of Spark Plasma Sintered Graphene Containing SiAlON
Sinem Başkut, Alper Çınar, Servet Turan
Anadolu University / Türkiye

17.50 - 18.10 New Generation Ultra-High Strength Steels For Cold Forming
Barış Çetin¹, Eren Billur²,³, Cansu Yazganarıkan¹
¹FNNS Savunma Sistemleri A.Ş., ²Billur Metal Form Mühendislik ve Danışmanlık Ltd. Şti., ³Atılım University / Türkiye

MC'S
Session 5
Session Chairman / Oturum Başkanı: BORA DERİN

11.20 - 11.40 Characterization of Tribological Properties of Lubricating Oil With Silicon Nitride 
Nanoparticle Additives
Abdullah Sert¹, Umut Savacı², Osman Nuri Çelik¹, Servet Turan²
¹Eskişehir Osmangazi University, ²Anadolu University / Türkiye

11.40 - 12.00 A Study of Quantitative Metallography and X-Ray Diffraction Methods for Quantifying 
Carbide Amount in AISI D2 Tool Steel
Abdullah Sert¹, Selim Gürgen², Osman Nuri Çelik¹
¹Eskişehir Osmangazi University, ²Anadolu University / Türkiye

12.00 - 12.20 Combined Effect of Heat Treatment and Friction Stir Processing on the Microstructure and 
Mechanical Properties of Low Carbon Steels Used in Shipbuilding 
Dursun Murat Sekban¹, Semih Mahmut Aktarer², Gençağa Pürçek¹
¹Karadeniz Technical University, ²Recep Tayyip Erdoğan University / Türkiye

12.20 - 12.40 Mapping the Spatial Distribution of Nodular Properties in Spheroidal Graphite Cast Iron
Göksel Durkaya¹, Hüseyin Kurtuldu², Hakan Kaplan¹, Barış Çetin³
¹Atılım University, ²Başkent University, ³FNSS Savunma Sistemleri A.Ş. / Türkiye

MC'S
Session 6
Session Chairman / Oturum Başkanı: KÜRŞAT KAZMANLI
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Non-Ferrous Metallurgy Symposium

Demir Dışı Metaller Metalurjisi Sempozyumu 

NFM'S
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30 September Friday / 30 Eylül 2016
Hall Marmara / Salon Marmara

NFM'S
Session 1
Session Chairman / Oturum Başkanı: MARTIN TAUBER

10.00 - 10.20 A Chronoamperometric Study for Nucleation and Growth Mechanism of Au-Ag Alloy 
Electrodeposition from Pyrophosphate Electrolyte 
Kübra Akben, Servet Timur
İstanbul Technical University / Türkiye

10.20 - 10.40 Antimony Production from Domestic Stibnite Ores via Niederschlag Process
Sedef Pınar Başağ¹, Ahmet Turan², Onuralp Yücel¹
¹İstanbul Technical University, ²Yalova University / Türkiye

10.40 - 11.00 Production of Pure Platinum and Palladium from Dore Metals via Hydrometallurgical 
Methods
Yasemin Kılıç, Güldem Kartal Şireli, Servet Timur
İstanbul Technical University / Türkiye

11.20 - 12.00 Critical Raw Materials
Martin Tauber
CRM Alliance / Belgium / (Invited Lecturer)

12.00 - 12.20 Production of Technical-Grade MoO3 from MoS2 Concentrate
Kağan Benzeşik, M. Şeref Sönmez, Onuralp Yücel
İstanbul Technical University / Türkiye

12.20 - 12.40 Investigation of the Larger Scale Tungsten Production by the Electrochemical Reduction Technique
Furkan Özdemir¹, Metehan Erdoğan², Mustafa Elmadağlı³, İshak Karakaya¹
¹Middle East Technical University, ²Yıldırım Beyazıt University, ³Roketsan Inc. / Türkiye

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

13.30 - 14.10 Development of High Performance Magnesium Alloys via Twin Roll Strip Casting Process
Kwang Seon Shin
Seoul National University / Republic of Korea / (Invited Lecturer)

14.10 - 14.30 Production of Magnesium Metal From Calcined Dolomite Via Pidgeon Process
Mehmet Buğdaycı¹,², Ahmet Turan², Murat Alkan³, Onuralp Yücel¹
¹İstanbul Technical University, ²Yalova University, ³Dokuz Eylül University / Türkiye

NFM'S
Session 3
Session Chairman / Oturum Başkanı: ALİ ARSLAN KAYA
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30 September Friday / 30 Eylül 2016
Hall Marmara / Salon Marmara

NFM'S
Session 4
Session Chairman / Oturum Başkanı: KWANG SEON SHIN

15.10 - 15.30 Deformation Behavior of Some Ternary Magnesium Alloy Systems
G. Palumbo¹,², D. Sorgente²,³, A. Cocozza¹, D. Eren4, D. Turan4, A.Arslan Kaya5

¹Polytechnico di Bari, ²CNR-IFN UOS Bari, ³Universita degli Studi della Basilicata, 4Anadolu University, 5Muğla 
Sıtkı Koçman University  / Türkiye, Italy

15.30 - 15.50 Changes in Elasticity Modulus and Damping in Some Novel Magnesium Alloys at Room and 
High Temperatures
Çisem Çelik¹, S. Güneş¹, N. Sarıkaya¹, P. Karadayı¹, Y. Türe², A. Ataman³, E. Arkın4, Ç. Yalçın4, 
G. Palumbo5,6, D. Sorgente6,7, D. Turan³, A. Arslan Kaya¹
¹Muğla Sıtkı Koçman University, ²Şeyh Edabali University, ³Anadolu University, 4Assan Hanil Co., 5Polytechnico di 
Bari, 6CNR-IFN UOS Bari, 7Universita degli Studi della Basilicata / Türkiye, Italy

15.50 - 16.10 Effect of SiC Grain Refining on Wear Resistance of Mg-Al Alloys
Erdem Karakulak¹, Norbert Hort², Yusuf Burak Küçüker1
¹Kocaeli University,²Helmholtz-Zentrum Geesthacht / Türkiye,Germany

16.10 - 16.30 Aluminum Sheet Production: General Principles of Finishing Lines
Sadık Kaan İpek, Faruk Günaçan, Ali Ulus
Teknik Alüminyum A.Ş. / Türkiye

16.50 - 17.10 Optimization of Strontium Addition for the Modification of AlSi7Mg0.3 Alloy
Selin Derin¹, Uğur Aybarç², Yücel Birol¹
¹Dokuz Eylül University, ²CMS Co. A.Ş. / Türkiye

17.10 - 17.30 Numerical Simulation of Residual Stresses in Al 5083 Slab Based on Finite Volume Method
Şerzat Safaltın, Sebahattin Gürmen
İstanbul Technical University / Türkiye

17.30 - 17.50 Enhancement of Mechanical Properties of AA6082 Alloy by Equal Channel Angular Pressing 
and Aging Processes
A.Yiğit Erdoğan, Hasan Kaya, Ş.Hakan Atapek
Kocaeli University / Türkiye

17.50 - 18.10 Optimization of the Diffusion Bonding Parameters for 6063 Aluminum Alloy
Sıla Ece Atabay, Arcan F. Dericioğlu
Middle East Technical University / Türkiye

NFM'S
Session 5
Session Chairman / Oturum Başkanı: AHMET TURAN
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30 September Friday / 30 Eylül 2016
Hall Karadeniz / Salon Karadeniz

NFM'S
Session 6
Session Chairman / Oturum Başkanı: MURAT ALKAN

10.00 - 10.20 Microstructure and Properties of Age Hardenable Cu-2.55Ni-0.55Si Alloy
Ş. Hakan Atapek¹, Gülşah Aktaş Çelik¹, Şeyda Polat¹, Apostolos N. Chamos², 
Spiros G. Pantelakis²
¹Kocaeli University, ²University of Patras / Türkiye, Greece

10.20 - 10.40 The Effects of Mo Addition on Microstructural Characteristics of W-Ni-Co Heavy Alloys
Onur Dinçer, M. Kaan Pehlivanoğlu
TÜBİTAK-SAGE / Türkiye

10.40 - 11.00 Liquid Phase Sintering Behaviour of Tungsten Powders Produced by the Electrochemical 
Reduction
Mahmut Erol¹, Metehan Erdoğan¹, İshak Karakaya²
¹Yıldırım Beyazıt University, ²Middle East Technical University / Türkiye
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Enerji Malzemeleri Sempozyumu
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30 September Friday / 30 Eylül 2016
Hall Karadeniz / Salon Karadeniz

13.30 - 13.50 The Use of Polysulfide Barriers to Improve the Performance of Room-Temperature Sodium-
Sulfur (Na-S) Batteries
Elif Ceylan Cengiz, Rezan Demir-Çakan
Gebze Technical University / Türkiye

13.50 - 14.10 Improvement of Cycling Behavior of Aqueous Electrolyte LiFePO4 Cathode Material
Serkan Sevinç, Burak Tekin, Rezan Demir-Çakan
Gebze Technical University / Türkiye

EM'S
Session 1
Session Chairman / Oturum Başkanı: HATEM AKBULUT

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

15.10 - 15.50 Geleceğin Li-İyon Pil Negatif Elektrotları İçin Yeni Malzeme ve Elektrot Mimari Yapıları
New Materials for the Future Li-ion Battery Negative Electrodes and the Electrodes Architectural Structures

Hatem Akbulut
Sakarya University / Türkiye / (Invited Lecturer)

15.50 - 16.10 Advanced Batteries for Micro-Hybrid Applications
Hatice Doğanay, Muhsin Mazman, Cem Açıksarı, Doğancan Sarıkaya, Öner Toy, Ezgi Bilgiç, 
Serdar Gül, Mustafa Kılıçaslan, Ali Alim 
Mutlu Akü ve Malzeme A.Ş. / Türkiye

16.10 - 16.30 LiMn2-xMxO4 (M = Li, Co) Cathode Production Via Sol-Gel Method and Characterization for 
Li-Ion Batteries
B.Anıl Özkaya, Özgül Keleş
İstanbul Technical University / Türkiye

16.50 - 17.10 The Effect of Ball Milling Time on Discharge Behaviour of Mg2Ni-Type Hydrogen Storage 
Alloy Electrodes
Gökçe Hapçı Ağaoğlu, Gökhan Orhan
İstanbul University / Türkiye

17.10 - 17.30 The Surface and Bulk Kinetics of Oxygen Transport in Solid Oxide Fuel Cell Cathodes
Doğancan Sarı, Ziya Çağrı Torunoğlu, Fatih Pişkin, Yener Kuru, Yunus Eren Kalay, Tayfur Öztürk 
Middle East Technical University / Türkiye

17.30 - 17.50 Development of Rare Earth-Free Negative Electrode Materials for Ni/MH Batteries
Ezgi Onur Şahin, Cavit Eyövge, Tayfur Öztürk
Middle East Technical University / Türkiye

17.50 - 18.10 Design and Development of Ni-Based Heusler Alloys for Magnetic Refrigeration
Sedanur Toraman, Amdulla O. Mekhrabov, M. Vedat Akdeniz
Middle East Technical University / Türkiye

EM'S
Session 3
Session Chairman / Oturum Başkanı: TOLGA TAVŞANOĞLU
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Malzemelerin Bozunumu ve 

Korunma Yöntemleri Sempozyumu
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Hall Büyükada / Salon Büyükada

13.30 - 13.50 Degradation of Thermal Barrier Coatings with Molten CaO–MgO–Al2O3–SiO2 (CMAS) 
Deposition and Hot Corrosion
Muhammet Karabaş¹, Emre Bal², Ayşe Kılıç³, İ. Yılmaz Taptık³
¹Hakkari University, ²Akdeniz University, ³İstanbul Technical Unıversity / Türkiye

13.50 - 14.10 Determination of Hot Corrosion and CMAS Infiltration Behavior of Thermal Barrier Coatings 
using a CO2 Laser Beam
Gültekin Göller¹, Mustafa Güven Gök²
¹İstanbul Technical University, ²Hakkari University / Türkiye

14.10 - 14.30 Comparison of Microbiologically Induced Corrosion Behavior of 316L Stainless Steel and 
Galvanized Steel as Cooling Tower Materials
Tuba Ünsal¹, Simge Arkan¹, Esra İlhan-Sungur¹, Nurhan Cansever²
¹İstanbul University, ²Yıldız Technical University / Türkiye

14.30 - 14.50 Corrosion Behavior and Cathodic Protection Modeling of a Selected Steel Component in 
Seawater
Rauf Aksu¹, Metehan Erdoğan², Halim Meço³, İshak Karakaya¹
¹Middle East Technical University, ²Yıldırım Beyazıt University, ³FNSS Defence Systems  / Türkiye

MDPM'S
Session 1
Session Chairman / Oturum Başkanı: NURHAN CANSEVER

15.10 - 15.30 Corrosion Properties of Ni-P-W / Al2O3 Electroless Composite Coatings on AZ91 Magnesium Alloy
Selim Taşçı, Reşat Can Özden, Mustafa Anık
Eskişehir Osmangazi University / Türkiye

15.30 - 15.50 Corrosion Behaviors of Different Aluminum Allyos and Cathodic Protection Application to 
the Amphibious Military Vehicles
Refik Onur Uğuz¹, Halim Meço², Metehan Erdoğan³, İshak Karakaya¹
¹Middle East Technical University, ²FNSS Defense Systems Inc., ³Yıldırım Beyazıt University / Türkiye

15.50 - 16.10 Characterization of Corrosion of A380 
Eda Ergün Songül, Derya Dışpınar, Gökhan Orhan 
İstanbul University / Türkiye

16.10 - 16.30 Galvanik Korozyonu Önlemek İçin Bağlantı Elemanı Montajında Farklı Metodların Kullanımı
Effect of Different Fastener Installation Methods to Prevent Galvanic Corrosion

Ali Erdem Eken, Cemil Yılmaz, Evren Tan
Aselsan A.Ş. / Türkiye

MDPM'S
Session 2
Session Chairman / Oturum Başkanı: MUSTAFA ÜRGEN
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Demir Çelik Metalurjisi Sempozyumu

ISM'S
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01 October Saturday / 01 Ekim 2016
Hall Marmara / Salon Marmara

10.00 - 10.20 Çemtaş Çelik Fabrikasında Hidrojen Kontrolü
Hydrogen Control at Çemtaş Steel Plant

Hazal Suna¹, İsmail İrfan Ayhan¹, Mehmet Akpınar¹, Naci Sevinç²
¹Çemtaş Çelik Makine Sanayi, ²Atılım University / Türkiye

10.20 - 10.40 Çok Düşük Karbonlu Çeliklerde Pota Nozulu Tıkanma Probleminin Önlenmesine Yönelik 
İncelemeler ve Uygulamalar
Investigation of Ladle Nozzle Clogging Problem in ULC Steel Grades at Continuous Casting Process

Zafer Çetin, Emre Alan, Cenk Öztürk, Yılmaz Kaçar, Oğuz Gündüz
Ereğli Demir ve Çelik Fabrikaları T.A.Ş. / Türkiye

10.40 - 11.00 Inclusion Shape Control with Calcium and Zirconium and Their Effects on Mechanical 
Properties of Cast Steel
Ersel Aydın, C. Fahir Arısoy, M. Kelami Şeşen
İstanbul Technical University / Türkiye

11.00 - 11.20 Effect of CAL and CGL Heat Cycle Characteristics on Microstructure and Mechanical 
Properties of DP Steels
Mehmet Bulut Özyiğit, Ümran Başkaya, Yasemin Kılıç, Oğuz Gündüz
Ereğli Iron and Steel Works Company / Türkiye

ISM'S
Session 1
Session Chairman / Oturum Başkanı: NURİ SOLAK

11.40 - 12.00 Dünyada ve Türkiye'de Demir Çelik Üretimi
Steel Production in the World and in Turkey

Yusuf Ziya Kayır
KOSGEB Ankara Sincan Müdürlüğü / Türkiye

12.00 - 12.20 3.Yüksek Fırın Hazne Tamiratı
Blast Furnace #3 Hearth Repair

Gökhan Baki, Ahmet Serter Karabıyık, Fatih Şatır,Memduh Kırcan
İskenderun Demir Çelik Fabrikaları A.Ş. / Türkiye

ISM'S
Session 2
Session Chairman / Oturum Başkanı: OĞUZ GÜNDÜZ
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01 October Saturday / 01 Ekim 2016
Hall Büyükada / Salon Büyükada

13.30 - 14.10 Demir Çelik Sektöründe Meslek Hastalığı Riskinin Yönetilmesi ve Sektöre Özgü Etkin Sağlık 
Gözetimi Kurulması
Management of the Occupational Disease Risks in the Iron and Steel Industry and the Establishment 
of an Effective Sector Specific Health Surveaillance 

Ali Rıza Tiryaki
Artı OSGB / Türkiye / (Invited Lecturer)

14.10 - 14.30 Production of Ferromanganese, Zinc and Potassium Hydroxide From Spent Alkaline 
Batteries
Selçuk Yeşiltepe, M. Kelami Şeşen
İstanbul Technical University / Türkiye

14.30 - 14.50 Effect of B2O3 and CaO/Al2O3 Ratio on Physical Properties of CaO-Al2O3 Based Mould Fluxes
Mustafa Seyrek¹, Richard Thackray¹, Priyanka Nadig²
¹The University of Sheffield, ²Allied Metallurgical Products Pvt. Ltd. / United Kingdom, India

ISM'S
Session 3
Session Chairman / Oturum Başkanı: TAMER BIÇAKLI

15.10 - 15.30 Determining the Interactions Between Raw Sinter Blend and Sinter Product
Selda Daldal¹, İsa Keskin¹, Ebru Tezcan¹, Cenk Kaya¹, S. Çevik²
¹Ereğli Iron and Steel Works Company, 
²İskenderun Iron ad Steel Works Company / Türkiye

15.30 - 15.50 Increasing the Sinter Ratio at Isdemir's Blast Furnace#4
Sadi Balaban, Evren Şahin
İskenderun Demir Çelik Fabrikaları A.Ş. / Türkiye

15.50 - 16.10 Synthesis of Spongy Iron Powder from Maghemite in Pure Methane Atmosphere
Şenol Çetinkaya, Şerafettin Eroğlu
İstanbul University / Türkiye

16.10 - 16.30 Study of Slab Quality and Tonnage Determination for Overlapping Heats in a Continuous 
Casting Tundish
Ayşe Oran¹,², Müberra Gürel³, Bora Derin¹
¹İstanbul Technical University, ²Çolakoğlu Metalurji A.Ş., ³Safir Company  / Türkiye

ISM'S
Session 4
Session Chairman / Oturum Başkanı: C. FAHİR ARISOY
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01 October Saturday / 01 Ekim 2016
Hall Karadeniz / Salon Karadeniz

15.10 - 15.30 C66D Kalite Malzemelerde Mukavemet Değerlerinin Düşürülmesi ve Müşterideki 
Çekilebilirlik Hızının Arttırılması
Increase Tensile Strength and Decrease Drawibility on Customer of C66D Quality

Serdar Günbay, Koray Aray, Erdi Gönülalan
İskenderun Demir Çelik Fabrikaları A.Ş. / Türkiye

15.30 - 15.50 Effect of Microstructure on Fracture Toughness of Coarse-Grain Heat Affected Zone in As-
Welded X70M Steel
Mehmet Çağırıcı, Uygar Tosun, Murat Tolga Ertürk, C. Hakan Gür
Middle East Technical University / Türkiye

15.50 - 16.10 Determination of Factors Influencing Distortion of Carburized Quenching of Steel Shafts 
Using DoE with Computer Simulations
Hasan Yılmaz, Büşra Yazır, G. Elif Evcil, Seçil Yıldız, Caner Şimşir, Kemal Davut
Atılım University / Türkiye

ISM'S
Session 5
Session Chairman / Oturum Başkanı: KELAMİ ŞEŞEN
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Casting Symposium

Döküm Sempozyumu

C'S
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01 October Saturday / 01 Ekim 2016
Hall Karadeniz / Salon Karadeniz

10.00 - 10.20 Sodyum-Silikat Bağlayıcılı Kum Sistemlerindeki Gelişmeler
Developments in Na-Silicate Bonded Sand Systems

Ahmet Odabaş¹, Necip Ünlü²
¹Alazan Döküm Kimyasalları A.Ş., ²İstanbul Technical University / Türkiye

10.20 - 10.40 Tribological Behavior of Cast CF3 and CF3M Austenitic Stainless Steels
Gülşah Aktaş Çelik, Şeyda Polat, Ş. Hakan Atapek
Kocaeli University / Türkiye

10.40 - 11.00 Casting Simulation Study on Thermal Spray TBC Coated Die in Aluminum Wheel Low 
Pressure Die Casting
Yılmaz Okçu¹, Ekrem Altuncu², Fatih Üstel², Ö. Burak Çe¹, Ali Kara¹
¹CMS Jant ve Makine Sanayi A.Ş., ²Sakarya University / Türkiye

11.00 - 11.20 Process Simulation to Support Casting of Co-Cr-Mo Superalloy Dental Blocks Using Vacuum 
Centrifugal Investment Casting Method
T. Gürel Poyraz, F. Duygu Garip
Nev Vakumlu Hassas Döküm / Türkiye

C'S
Session 1
Session Chairman / Oturum Başkanı: NECİP ÜNLÜ

11.40 - 12.00 Endüstri 4.0 Döküm Sektörü İçin Bir Fırsat mı, Yoksa Tehdit mi?
Industry 4.0, Is It an Oppurtunity or a Threat to the Foundry Industry?

Yaylalı Günay
Günay Danışmanlık / Türkiye

12.00 - 12.20 Cost Reduction Study of Heavy Vehicle Carrier Casting on Vertical Moulding Line
Recep Akyüz, İsmail Büyükgül, Abdullah Karakulak, Mehmet Arslan 
Demisaş Döküm Emaye Mamülleri A.Ş. / Türkiye

12.20 - 12.40 End Product Quality and Melt Treatment in Direct Chill Casting
Arda Yorulmaz, Eray Erzi, Derya Dışpınar 
İstanbul University / Türkiye

C'S
Session 2
Session Chairman / Oturum Başkanı: NECİP ÜNLÜ
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01 October Saturday / 01 Ekim 2016
Hall Karadeniz / Salon Karadeniz

13.30 - 13.50 The Effects of High Pressure Die Casting in Thin Sections of Heat Treated 7075 
Aluminum Alloy 
Tayfun Durmaz, Ali Kalkanlı
Middle East Technical University / Türkiye

13.50 - 14.10 Evolution of Aluminium Melt Quality of A356 After Several Recycling 
Abdullah Şaşmaz, Özen Gürsoy, Eray Erzi, Derya Dışpınar 
İstanbul University / Türkiye

14.10 - 14.30 Hot Tearing Tendency of A356, A413 and A380.1 Alloy
Muhammet Uludağ¹, Remzi Çetin², Derya Dışpınar³
¹Selçuk University, ²Haliç University, ³İstanbul University / Türkiye

14.30 - 14.50 Thermomechanical Treatment of CuNiSi Alloy
Ömer Faruk Koç, Ali Kalkanlı
Middle East Technical University / Türkiye

C'S
Session 3
Session Chairman / Oturum Başkanı: YAYLALI GÜNAY
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POSTER PRESENTATIONS
POSTER SUNUMLAR

Ceramic, Glass, Refractory and Composite Materials Symposium /
Seramik, Cam, Refrakter ve Kompozit Malzemeler Sempozyumu 

CGRCM'S-P01 The Effect of Third Component Filler on Properties of E-Glass Reinforced Epoxy Matrix 
Composites
Neslihan Topalömer¹,², Aylin Bekem¹, Duygu Gülfem Baydar¹,², 
Mustafa Doğu², Ahmet Ünal¹
¹Yıldız Technical University, ²Mir R&D Company
Türkiye

CGRCM'S-P02 An Investigation on the Processing of SiC by Magnesiothermic Process
Ahmet Atasoy, Emre Saka
Sakarya University
Türkiye

CGRCM'S-P03 The Effect of Sintering Temperature on Machinability Properties of Vermuiculite Based 
Glass-Ceramics 
Umut Önen¹, Ediz Ercenk², Şenol Yılmaz²
¹Cumhuriyet University, ²Sakarya University
Türkiye

CGRCM'S-P04 Manufacturing and Aging of 7075 Based Metal-Metal Composites by Using Sawdusts as 
Reinforcements
Rıdvan Gecü, Alptekin Kısasöz, Kerem Altuğ Güler, 
Ahmet Karaaslan
Yıldız Technical University
Türkiye

CGRCM'S-P05 The Investigation for the Possibilities of Construction Material Production from 
Vermiculite 
Umut Önen¹, Ediz Ercenk², Şenol Yılmaz²
¹Cumhuriyet University, ²Sakarya University
Türkiye

CGRCM'S-P06 Preparation and Characterization of Electroless Ni-P Coated SiC Composite Particles
Ulaş Matik
Karabük University
Türkiye

CGRCM'S-P07 Influence of Starting Material Molar Ratio on the Properties of Alumina Powders
Azade Yelten, Suat Yılmaz
İstanbul University
Türkiye

CGRCM'S-P08 The Effects of Additives on Ballistic Performance of the Spark Plasma Sintered Boron 
Carbide Ceramics
Burcu Apak, Gültekin Göller, Onuralp Yücel, Filiz Şahin
İstanbul Technical University
Türkiye
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CGRCM'S-P09 Production and Characterization of Althea Officinalis 
L. Fiber Reinforced Polyester Composites
Ahmet Çağrı Kılınç¹, Serhan Köktaş¹, Metehan Atagür², Mehmet Özgür Seydibeyoğlu²
¹Dokuz Eylül University, ²İzmir Katip Çelebi University
Türkiye

CGRCM'S-P10 A Preliminary Study on the Use of Waste Silica in Floor Tile Production 
Fuat Çelik, İskender Işık
Dumlupınar University
Türkiye

CGRCM'S-P11 Production and Characterization of Magnesium Aluminate Spinel (MgAl2O4) Ceramics with 
Light Transmission by Spark Plasma Sintering
Seyran Sarıdaş, Gültekin Göller, Onuralp Yücel, Filiz Şahin
İstanbul Technical University
Türkiye

CGRCM'S-P12 Production of an Iron Boride Reinforced Nanocomposite by Devitrification of a Fe-Co-Ni 
Based Metallic Glass
Aytekin Hitit, Z. Özgür Yazıcı, Hakan Şahin, Pelin Öztürk, Nusrettin Barut, Buğrahan Eryeşil
Afyon Kocatepe University
Türkiye

CGRCM'S-P13 The Effects of Particle Size on the Microstructural Properties of YSZ 50% wt – LZ 50% wt 
Composite Thermal Barrier Coating
Utku Orçun Gezici, Muhammet Karabaş, Ayşe Kılıç, 
İsmail Yılmaz Taptık
İstanbul Technical University
Türkiye

CGRCM'S-P14 Characterization of Cellular Ceramics Made by Clay Additive Porcelain Tile Polishing 
Residues 
Derya Kırsever, H.Özkan Toplan
Sakarya University
Türkiye

CGRCM'S-P16 Solid Particle Erosive Wear Behavior of Basalt Base 
Glass-Ceramics Influence of Erodent Particle Size and 
Air Jet Pressure
Muhammet Öztürk, Uğur Günay, Ediz Ercenk, Şenol Yılmaz
Sakarya University
Türkiye

CGRCM'S-P17 Processing of Ceramic Pigment for High Temperature Applications 
Ahmet Atasoy¹, Ertuğrul Can², Orhan Şahin²
¹Sakarya University, ²Gizem Frit Glazür San. Tic. A.Ş.
Türkiye
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POSTER SUNUMLAR

CGRCM'S-P18 Synthesis of BaHF Ceramics by Microwave Heating
Emel Erdal, Simge Tülbez, Arcan F. Dericioğlu
Middle East Technical University
Türkiye

CGRCM'S-P19 Production and Characterization of TZM Based TiC or ZrC Reinforced Composites Prepared 
by Spark Plasma Sintering (SPS)
Cansinem Tüzemen, Filiz Şahin, Onuralp Yücel, Gültekin Göller
İstanbul Technical University
Türkiye

CGRCM'S-P20 Conventional Sintering of Diamond Tools Used in Cutting Natural Stones
Ekin Selvi¹, Ferit Topaloğlu², Onur Tazegül², 
Eyüp Sabri Kayalı²
¹Yalova University, ²İstanbul Technical University
Türkiye

CGRCM'S-P21 Synthesis of Fe-doped MicNo®-ZnO Particles 
Bülent Alkan¹, Ender Suvacı²
¹Anadolu University, ²Hitit University
Türkiye

CGRCM'S-P22 Commercial and Coprecipitated of Al2O3-20 wt.% ZrO2 Plasma Sprayed Coatings 
Mediha İpek, Cuma Bindal, Sakin Zeytin
Sakarya University
Türkiye

CGRCM'S-P23 Manufacturing Corrosion Resistant CAS-Based Glass Ceramics from the Natural Raw and 
Waste Materials
Zafer Yavuz Merkit, Nil Toplan
Sakarya University
Türkiye

CGRCM'S-P24 Production of Magnesia-Rich Magnesium Aluminate Spinel
Nuray Canikoğlu, H. Özkan Toplan
Sakarya University
Türkiye

CGRCM'S-P25 Glass Coloring In Studio Environment
Göktuğ Günkaya, Khorram Manafidizaji
Anadolu University
Türkiye

CGRCM'S-P26 Use of a Sustainable ZnO in Place of Standard ZnO in Ceramic Tile Production
Mustafa Fahri Özer¹, Zehra Emel Oytaç¹, Eda Atan¹, 
Alpagut Kara¹,² 
¹Ceramic Research Center INC, ²Anadolu University
Türkiye
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CGRCM'S-P27 Production of CaO-Al2O3-SiO2 Based Plasma Spray Coating Powder
Bahadır Aydın, Göknil Gülpınar, Hüseyin Özkan Toplan, 
Nil Toplan
Sakarya University
Türkiye

CGRCM'S-P28 Thermal Cycle Properties of Plasma-Sprayed Strontium Zirconate Coatings
Göksun Sönmez, S. Kurt, H. Özkan Toplan, Nil Toplan
Sakarya University
Türkiye

CGRCM'S-P29 Gamma Attenuation Properties of Strontium Zirconate Coated Steel
A. Beril Tuğrul¹, H. Özkan Toplan², Bülent Büyük¹, 
Ertuğrul Demir¹, Göksun Sönmez², Nil Toplan²
¹İstanbul Technical University, ²Sakarya University
Türkiye

CGRCM'S-P30 Production of Cobalt - Doped (Ba,Ca)TiO3 Piezoelectric Ceramics from Turkish Barite
A. Murat Avcı¹, G. Özhan Demirel¹, Oktay Uysal¹, Şükrü Can², Ender Suvacı², Emel Özel²
¹Entekno Ltd., ²Anadolu University
Türkiye

CGRCM'S-P31 Production of Olivine Based Refractories from Domestic Sources
Özgün Küçükoğlu, Onuralp Yücel
İstanbul Technical University
Türkiye

CGRCM'S-P32 Effect of Al Particle Size on Formation of TiB2-Al2O3 Powder by Combustion Synthesis
Hasan Erdem Çamurlu
Akdeniz University
Türkiye

CGRCM'S-P33 Post Mortem Study on Al2O3-MgO Induction Furnace Linings
Ozan Uylas¹,², Muharrem Timuçin³, Ender Suvacı¹, 
Muammer Bilgiç5, Beyhan Özdemir4, Oktay Uysal², 
Uğur Cengiz5, Özkan Kurukavak4, Hasan Erdoğan4, 
Yakup Yalçınkaya4 
¹Anadolu University, ²Entekno Endüstriyel Ltd. Şti., 
³Middle East Technical University, 4Kütahya Manyezit Sanayi A.Ş., 
5Bilecik Demir Çelik A.Ş.
Türkiye

CGRCM'S-P34 Fabrication of Porous SiC Based Ceramics in Air Atmosphere
Ayşe Kalemtaş, Nigar Özey
Bursa Technical University
Türkiye
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CGRCM'S-P35 Effect of ZrO2 Addition on the Mechanical Properties and Microstructural Stability of 
Spark-Plasma Sintered 
Al2O3/Er3Al5O12 Eutectic
Kübra Gürcan, Yaprak Özman, Ece Özerdem, Erhan Ayas
Anadolu University
Türkiye

CGRCM'S-P36 Ultrasound Assisted Synthesis of Sm, Gd and Nd Doped Ceria Electrolyte and Comparison of 
Their Ionic Conductivities
Hikmet Okkay¹, Mahmut Bayramoğlu², M. Faruk Öksüzömer³
¹Yalova University, ²Gebze Technical University, ³İstanbul University
Türkiye

CGRCM'S-P37 Production and Mechanical Characterization of Commercial Synthetic Hydroxyapatite-
Niobium (V) 
Oxide-Magnesium Oxide Composite
Nermin Demirkol
Kocaeli University
Türkiye

CGRCM'S-P38 Development Of A Cement - Free Castable Refractory Having High Slag Corrosion 
Resistance
Bilal Demir, Dilan Er, Furkan Özkaya, İlkiz Tüzel, Çağatay Durmuş, Serdar Özgen, Serin Tatlıdil
İstanbul Technical University
Türkiye

CGRCM'S-P43 Application and Production of Titanate Flexible Ceramics by Mimicking of Microstructure 
of Itacolumite
Semra Kurama, Oğuzhan Sakarya
Anadolu University
Türkiye

Nanomaterials Symposium / Nanomalzemeler Sempozyumu

NM'S-P01 Silver Nanowire-Nickel Hydroxide Nanocomposites for Pseudocapacitors
Recep Yüksel, Şahin Coşkun, Hüsnü Emrah Ünalan
Middle East Technical University
Türkiye

NM'S-P02 Production of High Refractory Y2O3 Submicron Particles by the Ultrasonic Spray Pyrolysis 
(USP) and Sol-Gel Methods 
Doğan Arslan, Onur Tüysüz, Tolga Eker, Esra Yudar, Elif Emil, 
Şerzat Safaltın, Sebahattin Gürmen
Istanbul Technical University
Türkiye
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NM'S-P04 Synthesis of Nanoparticles by Using RF-Plasma System
Barış Daryal¹, Levent Kartal¹,², Yasin Kılıç¹, 
Güldem Kartal Şireli¹, Servet Timur¹
¹Istanbul Technical University, ²Hitit University
Türkiye

NM'S-P05 Investigation of Nano Silver Particles Synthesis by Medium Frequency-Induction Method
Levent Kartal¹,², Barış Daryal¹, Yasin Kılıç¹, 
Güldem Kartal Şireli¹, Servet Timur¹
¹Istanbul Technical University, ²Hitit University
Türkiye

NM'S-P07 Synthesis of Al- Doped Zinc Oxide (ZnO) Particles with Designed MicNo® Morphology 
Pınar Şengün, Ender Suvacı
Anadolu University
Türkiye

NM'S-P08 Synthesis of Carbon Nanotube Cathodes Via Molten Salt Technique for Li-Air Batteries
Mustafa Anık, Ersu Lökçü
Eskişehir Osmangazi University
Türkiye

NM'S-P09 Effect of Stearic Acid Amount on the High Energy Milling Behavior of Atomized Iron 
Powders
Esra Kasapgil¹, İlke Anaç¹, Burak Özkal²
¹Gebze Technical University, ²Istanbul Technical University
Türkiye

NM'S-P10 Production of Nano Zinc Oxide (ZnO) by Hydrothermal Method
Duygu Yeşiltepe, Sebahattin Gürmen
Istanbul Technical University
Türkiye

NM'S-P11 Production and Characterization of Undoped and Er Doped Y2O3 Thin Films
Fatma Ünal, Sebahattin Gürmen, Kürşat Kazmanlı, 
Mustafa Ürgen
Istanbul Technical University
Türkiye

NM'S-P12 Investigation of Film Formation Behavior of PS 
Latex/AGNPs Composites Using Fluorescence Technique
Şaziye Uğur, Uğur Çelik
Istanbul Technical University
Türkiye
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NM'S-P13 Capacitors Built in Nanocomposites
Levan Chkhartishvili¹,², Archil Gachechiladze², 
Otar Tsagareishvili², Domenti Gabunia²
¹Georgian Technical University, 
²Ferdinand Tavadze Instıtute of Metallurgy&Materials Science
Georgia

NM'S-P14 Production and Structural Characterization of NiB Nanoalloy Synthesized by Ball Milling 
L. Seda Mut, Amdullah O. Mekhrabov, M. Vedat Akdeniz, 
M. Merve Karataş
Middle East Technical University
Türkiye

Biomaterials Symposium / Biyomalzemeler Sempozyumu

BM'S-P01 Effect of Cutting Methods and Annealing on the 316L Stainless Steel Stent Structure
Levent Öncel, M. Ercan Açma
İstanbul Technical University
Türkiye

BM'S-P02 Influence of Thermal Treatments on Development of Ti6Al4V Alloys (Grade 23) Surface 
Activity Via Ceramic Coatings Produced by MAO Process
Serhan Köktaş, Ahmet Çakır
Dokuz Eylül University
Türkiye

BM'S-P04 The Relation of Rheological Properties with Electrospinnability of Gelatin/Sodium Alginate 
Solutions
Seza Özge Gönen, Ayşe Özyuğuran, Ezgi Keskin, Hande Yıkkın, Melek Erol Taygun, Sadriye 
Küçükbayrak
İstanbul Technical University
Türkiye

BM'S-P05 The Effect of Final Voltage on the Surface 
Morphology-Chemistry of PEO Treated Zirconium
Sezgin Cengiz¹,², Yunus Azaklı¹, Mehmet Tarakçı¹, 
Lia Stanciu², Yücel Gençer¹
¹Gebze Technical University, ²Purdue University
Türkiye, USA

BM'S-P06 NiTi-Cu Shape Memory Alloys Produced by Combustion Synthesis
Berk Keskin¹, Bora Derin¹, Meltem Sezen², Feray Bakan², Paola Bassani³
¹İstanbul Technical University, ²Sabancı University, ³National Research Council-Institute for Energetics and 
Interphases
Türkiye, Italy
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Environment, Occupational Safety and Sustainability Symposium
Çevre, İş Güvenliği ve Sürdürülebilirlik Sempozyumu

EOSS'S-P01 Recovery of Copper, Nickel and Zinc from Wastewater via Solvent Extraction
Alica Esenboğa, Yasin Kılıç, Levent Kartal, Servet Timur 
İstanbul Technical University
Türkiye

EOSS'S-P03 Recovery of Copper Powder from Wastewater by Rotating Cylinder Electrode (RCE) Method
Merve Sert, Gökçe Hapçı Ağaoğlu, Gökhan Orhan
İstanbul University
Türkiye

Materials Characterization Symposium
Malzeme Karakterizasyonu Sempozyumu

MC'S-P01 Synthesis and Characterization of Bulk Amorphous/Nanocrystalline Soft Magnetic 
Materials
M. Merve Karataş, M. Vedat Akdeniz, Amdulla O. Mekhrabov
Middle East Technical University
Türkiye

MC'S-P02 New Generation Nondestructive Test Techniques: Computed Tomography Real Time X-Ray 
with High Image Quality
Aydın Şakalakoğlu, Özgür Numanoğlu, Yasin Kuruoğlu
TÜBİTAK-SAGE
Türkiye

MC'S-P03 Effect of Engine Oil Type on the Wear of Piston-Cylinder
Hakan Yılmaz¹,², Arzu Şencan Şahin²
¹Süleyman Demirel University, ²İstanbul University
Türkiye

MC'S-P04 Various Nozzle Designs Effect on the Polyproplene (PP) Surface Energy in Plasma 
Activation Treatments of Bumpers
Ekrem Altuncu¹, Sevim Gökçe Esen¹, Fatih Üstel¹, 
Evren Karayel²
¹Sakarya University, ²Assan Hanil Automotive Industry and Trade Inc.
Türkiye

MC'S-P05 Determination of Isothermal Austenite Grain Growth 
Model Parameters for SAE 8620H Carburizing Steel
Seçil Yıldız, Hasan Yılmaz, Büşra Yazır, G. Elif Evcil, 
Caner Şimşir, Kemal Davut
Atılım University
Türkiye
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MC'S-P06 Characterization of Diamond Tools for Cutting Natural Stones Using Fe-Co-Cu Base Alloy as 
a Metal Matrix
Berrak Bulut, Onur Tazegül, Murat Baydoğan, 
Eyüp Sabri Kayalı
İstanbul Technical University
Türkiye

MC'S-P07 Effect of Aluminum Addition on Wear Performance of Niobium Carbonitride Coated AISI 
4140 Steel Through Thermo Reactive Diffusion/Deposition Method 
Eray Abakay, Mustafa Durmaz, Şaduman Şen, Uğur Şen
Sakarya University
Türkiye

MC'S-P08 Nodularity and Nodule Count Analysis of Austempered Ductile Iron Castings by Digital 
Image Processing
Kemal Davut¹, Barış Çetin², Ebru Arslan¹, Halim Meço², 
Cansu Yazganarıkan²
¹Atılım University, ²FNNS Defence Sytems Co.Inc.
Türkiye

MC'S-P09 An Investigation the Effect of Solution Heat Treatment on 
475 °C Embrittlement in 1.4462 Duplex Stainless Steels
Rıdvan Gecü, Alptekin Kısasöz, Ahmet Karaaslan
Yıldız Technical University
Türkiye

MC'S-P10 Solid Particle Erosion Behavior of Cast CuCrZr Alloy
Gülşah Aktaş Çelik, Ş. Hakan Atapek, Sinan Fidan, 
Şeyda Polat
Kocaeli University
Türkiye

MC'S-P11 The Effect of Sample Preparation Method on Volume Fraction of Retained Austenite
Ümran Başkaya, Gözde Karaçalı, Mehmet Bulut Özyiğit, Yasemin Kılıç
Ereğli Iron and Steel Works Co.
Türkiye

MC'S-P12 Effects of Intensive Milling on the Structural Characteristics of Pyrophyllite Ore 
Turan Uysal, Mustafa Birinci, Esra Porgalı, Murat Erdemoğlu
İnönü University
Türkiye

MC'S-P13 EBSD-Based Analysis of Oxide Scales Formed on a Hot Rolled Strip
Gözde Karaçalı¹, Kemal Davut², Dilara Çimen¹, 
Ümran Başkaya¹
¹Ereğli Iron and Steel Works Co., ²Atılım University
Türkiye
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MC'S-P14 Corrosion Behavior of CrN and CrAlN Coatings Formed on AISI D2 Steel
Bülent Kılınç, Mustafa Durmaz, Aydın Karabulut, Uğur Şen, Şaduman Şen
Sakarya University
Türkiye

MC'S-P16 Kinetic Study of Titanium Carbide Coating on AISI D2 Steel by Thermo Reactive Deposition 
Technique
Mustafa Durmaz, Eray Abakay, Uğur Şen, Şaduman Şen
Sakarya University
Türkiye

MC'S-P17 Investigation on Influences of Electrolytes on the Growth Behavior and Microstructure of 
Plasma Electrolytic Oxidation Coatings on Mg-Al-Sn Magnesium Alloy
Aysun Ayday, S. Can Kurnaz
Sakarya University
Türkiye

MC'S-P18 The Surface Properties of 1.2842 Steel After Heat Treatment
Yıldız Yaralı Özbek, Ahmet İpek
Sakarya University
Türkiye

MC'S-P19 The Fracture Behaviour of DIN 1050 Steel After Heat Treatment
Yıldız Yaralı Özbek, Ahmet İpek
Sakarya University
Türkiye

MC'S-P20 The Surface Treatment to Effect to Surface Properties of 1050 Steel
Yıldız Yaralı Özbek, Ahmet İpek
Sakarya University
Türkiye

MC'S-P21 Tribological and Microstructural Characterization of Natural Diatomite Filled Epoxy 
Composites
Umut Savacı, Servet Turan
Anadolu University
Türkiye

MC'S-P22 The Effect of Heat Treatment to Surface Properties of 
DIN 1.2842 Steel
Yıldız Yaralı Özbek, Tuğçe Gökkaya 
Sakarya University
Türkiye

MC'S-P24 Investigation of Pack Borided Micro Alloyed Steel
İbrahim Altınsoy, Tuba Yener, Abdülkadir Kızılaslan, 
İbrahim Özbek
Sakarya University
Türkiye
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MC'S-P25 Microstructure and Dry Sliding Wear Resistance of Pulse Plasma Modified AISI 5140 Steel
Aysun Ayday, Volkan Ziya Bayhan, Mehmet Durman
Sakarya University
Türkiye

MC'S-P26 An Investigation of the Effect of Material Size on the Distortion Behavior During Welding
Caner Batıgün
Middle East Technical University
Türkiye

MC'S-P27 Dökme Demirden Üretilmiş Kam Millerinin Aşınma Özelliklerine Isıl İşlemin Etkisi
Effect of Heat Treatment on the Wear Properties of Cam Shaft Made of Ductile Cast Iron

Bahadır Karaca¹, Mehmet Şimşir², Murat Aydın¹
¹Estaş Eksantrik Sanayi A.Ş., ²Cumhuriyet University
Türkiye

MC'S-P28 Dişli Üretimi İçin Toz Metalurjisi Yöntemi ile Üretilmiş Fe-C-Ni-Cu-Mo-B Metal Matriksli 
Kompozitin Mekanik Özelliklerinin Araştırılması
Investigation of Mechanical Properties of Fe-C-Ni-Cu-Mo-B Metal Matrix Composites by Powder 
Metallurgy for Gear Production

Tarık Gün¹, Mehmet Şimşir², Fatih Özaydın¹
¹Estaş Eksantrik Sanayi, ²Cumhuriyet University
Türkiye

MC'S-P29 An Investigation on MgO Reinforced Cu Matrix Composites
Gözde Çelebi Efe, Mediha İpek, Sakin Zeytin, Cuma Bindal
Sakarya University
Türkiye

MC'S-P30 The Influence of Sintering Temperature on the Thermal Conductivity of Yb2O3 Containing 
Silicon Nitride Ceramics
Pınar Uyan¹, Servet Turan²
¹Bilecik Şeyh Edebali University, ²Anadolu University
Türkiye

MC'S-P31 Temperature Dependent Young's Modulus Change in Si Doped Fe65Ni35 Invar Alloy 
Uğur Can Özöğüt, Aslı Çakır
Muğla Sıtkı Koçman University
Türkiye

MC'S-P32 Evaluation of Microstructure and Wear Behavior of 
Fe-Based Hardfacing Layer on the 1.2714 Steel
Nurşen Saklakoğlu¹, Gizem İldaş², Simge Gençalp İrizalp¹, İ.Etem Saklakoğlu³, Selçuk Demirok4

¹Celal Bayar University, 
²Academy Energy Industry and Trade Limited Company, 
³Ege University, 
4Egemet Forge Metal Industry and Trade Limited Company
Türkiye
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Non-Ferrous Metallurgy Symposium
Demir Dışı Metaller Metalurjisi Sempozyumu

NFM'S-P01 The Effect of Temperature on the Electrowinning of Copper
Arman Ehsani¹,², Ersin Y. Yazıcı², Hacı Deveci²
¹Adana Science and Technology University, 
²Karadeniz Technical University
Türkiye

NFM'S-P02 Microstructural Evaluation of Thixoforged A380 Alloy Billets Produced by Low Superheat 
Casting Process
Kerem Altuğ Güler, Alptekin Kısasöz, Ahmet Karaaslan, Gökhan Özer
Yıldız Technical University
Türkiye

NFM'S-P03 Comparative Leaching of Chalcopyrite With Non-Milled and Advanced Milled Flotation 
Concentrate
Z. Abidin Sarı, Aslıhan Demiraslan, M. Deniz Turan 
Fırat University
Türkiye

NFM'S-P04 Leaching of Copper from Chalcopyrite Concentrate under Conditions Effective Oxidizing by 
Using Response Surface Methodology
M. Deniz Turan, Ertuğrul Terzi, Z. Abidin Sarı
Fırat University
Türkiye

NFM'S-P05 Evaluation of Statistical Approaching of Hydrometallurgical Copper Extraction from 
Advanced Milled Flotation Concentrate
Doğukan Boz, Enser Karakaş, Z. Abidin Sarı, M. Deniz Turan
Fırat University
Türkiye

NFM'S-P06 Effect of Chemical Composition and Heat Treatment on Hardness and Wear Properties of 
7050 Al Alloy
Erdem Karakulak, Yusuf Burak Küçüker, Adem Karaaslan
Kocaeli University
Türkiye

NFM'S-P07 Strontium Production from Strontium Oxide Using Vacuum Aluminothermic Process
Mehmet Buğdaycı¹,², Ahmet Turan², Y. Cucurachi¹, 
Onuralp Yücel¹
¹İstanbul Technical University, ²Yalova University
Türkiye

NFM'S-P08 Aluminum Sheet Production: Heat Treatment of Aluminium and Temper Designations of 
Aluminium Alloys 
Eda Dağdelen, Ali Ulus
Teknik Alüminyum A.Ş.
Türkiye
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NFM'S-P10 A Brief Overview of Pyrometallurgical Treatments of Marine Ores
Arman Ehsani¹,²,³, İlhan Ehsani²
¹Adana Science and Technology University, ²Hacettepe University, ³Karadeniz Technical University
Türkiye

NFM'S-P11 The Effects of Cr Addition on the Atomic Ordering Properties of Ni-Based Superalloys
Rasim Eriş, Amdulla O. Mekhrabov, M. Vedat Akdeniz
Middle East Technical University
Türkiye

NFM'S-P12 High Strength Copper Alloys for Extreme Temperature Conditions
Onur Dinçer¹, M. Kaan Pehlivanoğlu¹, Arcan F. Dericioğlu²
¹TÜBİTAK-SAGE, ²Middle East Technical University
Türkiye

NFM'S-P13 A Review on Uranium and Thorium Studies in Turkey
Murat Alkan¹, Akan Gülmez², Mehmet Ulusoy²
¹Dokuz Eylül University, ²MTA
Türkiye

NFM'S-P14 Thermodynamic Simulation of Metallothermic Magnesium Production Processes
Onuralp Yücel¹, Mehmet Buğdaycı¹,², Ahmet Turan², 
Murat Alkan³
¹İstanbul Technical University, ²Yalova University, ³Dokuz Eylül University
Türkiye

NFM'S-P15 The Conversion of Strontium Sulfate to Strontium Carbonate by Using Hydrometallurgical 
Method
Mert Zorağa, Cem Kahruman, İbrahim Yusufoğlu
İstanbul University
Türkiye

NFM'S-P16 Fabrication of Porous Cu Film via Electrochemical Dealloying Process
Bayçu Ongunyurt, Burçin Bilici, B.Deniz Polat, Özgül Keleş
İstanbul Technical University
Türkiye

NFM'S-P17 Aluminum Sheet Production: General Principles of Cold Rolling
Beyza Yeşilbağ Yorulmaz, Bilal Demir, Ali Ulus
Teknik Alüminyum A.Ş.
Türkiye

NFM'S-P18 Solvent Extraction of Copper from Palu (Elazığ) Region Malachite Ores
M. Şeref Sönmez¹, Can Akkaş², Onuralp Yücel¹
¹İstanbul Technical University, ²Ümran Boru A. Ş.
Türkiye
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NFM'S-P21 Investigation of Adhesion Properties of Primer Coating on Al/ EPDM Interface Automotive 
Seal Applications
Ekram Altuncu¹, Uğursoy Olgun¹, Fatma Mıhçı², 
Ali Erkin Kutlu², Kübra Kılnaz²
¹Sakarya University, ²Standart Profil Automotive Industry and Trade Inc.
Türkiye

NFM'S-P22 Improvement of Heat Treatment Application of Aluminium Forged Parts
Ömer Sürmen¹,², Mehmet Tarakçı², Yücel Gençer², 
Sakin Zeytin³
¹Kanca Forging Steel Company, ²Gebze Technical University, 
³Sakarya University
Türkiye

NFM'S-P24 The Effect of Imidazolidin-2-Thione on Gold and Gold Alloy Electrodepositions 
Kübra Akben, Servet Timur
İstanbul Technical University
Türkiye

NFM'S-P25 Macroporous 3D Copper Films Prepared by an Electrochemical Deposition
Ebru Kandil, Gökhan Orhan
İstanbul University
Türkiye

NFM'S-P26 Electrodeposition of Pure Ni and Ni-Based Composite Coatings
Büşra Çetin, Tolga Taylı, Gökhan Orhan
İstanbul University
Türkiye

NFM'S-P27 Recovery of Scandium from Lateritic Nickel Ores
Ece Ferizoğlu¹,², Şerif Kaya¹, Yavuz Topkaya²
¹Middle East Technical University, ²Meta Nikel Kobalt A.Ş.
Türkiye

NFM'S-P28 Effects of pH and Cobalt Concentration on the Properties of Nickel – Cobalt Alloy Plating
Mertcan Başkan¹, Metehan Erdoğan², İshak Karakaya¹
¹Middle East Technical University, ²Yıldırım Beyazıt University
Türkiye

NFM'S-P29 Half Metallicity Ferromagnetism in Half Heusler RbBaB and RbBaC Compounds: An Ab Initio 
Calculation
Radjaa Benabboun, Dalila Mesri, Abbes Chahed
Dijillali Liabes University of Sidi Bel-Abbes
Algeria

Energy Materials Symposium / Enerji Malzemeleri Sempozyumu
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EM'S-P01 Investigation of the Co-Dopant Effects on the Ionic Conductivity of the Ceria Based 
Electrolytes
Nazlıcan Yüksel, Aliye Arabacı
İstanbul University
Türkiye

EM'S-P02 Capacitive Behavior of Azide Functionalized Graphene Oxide as Electrode Materials
Utkan Şahintürk, Ahmet Ekerim
Yıldız Technical University
Türkiye

EM'S-P05 The Use of Li2S as Cathode Material and Optimization for Li-S Batteries
K. Burcu Çelik, Elif Ceylan Cengiz, Rezan Demir-Çakan
Gebze Technical University
Türkiye

EM'S-P06 SnSb/C Composite as Anode Electrode Material for Na-Ion Batteries
Burcu Dursun, Rezan Demir-Çakan
Gebze Technical University
Türkiye

EM'S-P07 SnO2/ Pyrolyzed Bacterial Cellulose Composites as Anode Materials for Li-Ion Battery
Burcu Dursun, Taner Sar, Meltem Yeşilçimen-Akbaş, 
Rezan Demir-Çakan
Gebze Technical University
Türkiye

EM'S-P08 Use of Ion Beam Assisted Deposition to Improve the Adhesion of the Structured SiCu Thin 
Film Anodes Produced by GLAD Method 
Deniz B. Polat, Özgül Keleş
İstanbul Technical University
Türkiye

EM'S-P09 The Electrochemical Characterization of Na0.44MnO2 in Aqueous Electrolytes
Burak Tekin, Serkan Sevinç, Rezan Demir-Çakan
Gebze Technical University
Türkiye

EM'S-P10 N-Doped Materials as Anode for Na-Ion Carbonaceous Batteries
Ayşen Zerey, Meral Aydın, Burcu Dursun, Rezan Demir-Çakan
Gebze Technical University
Türkiye

EM'S-P11 Implementation of 12 V Li-Ion Batteries for S&S Micro Hybrid Aplication
Cem Açıksarı, Muhsin Mazman, Hatice Doğanay, Serdar Gül, Doğancan Sarıkaya, Ezgi Bilgiç, 
Öner Toy, Mustafa Kılıçaslan, Ali Alim 
Mutlu Akü ve Malzeme A.Ş.
Türkiye
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EM'S-P12 Recycling of Lead Lithium Batteries
Doğancan Sarıkaya, Serdar Gül, Muhsin Yazman, 
Hatice Doğanay, Cem Açıksarı, Öner Toy, Ezgi Bilgiç, 
Mustafa Kılıçaslan, Ali Alim 
Mutlu Akü ve Malzeme A.Ş.
Türkiye

EM'S-P13 Graphene Wrapped Silicon for High Reversible Lithium Ion Battery Anodes
Mahmud Tokur, Yağmur Tanrıkulu, Zeynep Özdengül, 
Şeyma Özcan, Hasan Algül, Tuğrul Çetinkaya, Mehmet Uysal, Hatem Akbulut
Sakarya University
Türkiye
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Abstract 
 
Alumina (Al2O3) is the most fashionable material for 
producing neutral linings of induction furnaces used in 
steel industry. This type of lining has very high melting 
temperature, high strength, high hardness, and relatively 
high resistance to slag attack.  In induction furnace 
applications chemical durability, thermal shock 
resistance, and mechanical strength of Al2O3 based 
neutral linings can be improved by direct addition of pre-
reacted spinel (MgAl2O4), or by adding fine MgO to 
form an in situ spinel phase. When using in situ spinel 
forming alumina based neutral linings factors such as 
control of spinel formation kinetics, distribution of the 
spinel phase in the microstructure, and sintering kinetics 
in the Al2O3-MgO system are critical issues. 
Accordingly, the objective of this research was to study 
the spinel MgAl2O4 formation behavior and the sintering 
of alumina based Al2O3-MgO type induction furnace 
ramming materials in terms of the controllable variables 
like particle size distribution in the ramming mix, 
sintering temperature, and sintering time.  

1. Introduction 
In steel industry, refractories gain importance for many 
reasons, including product quality, energy saving, and 
cost effectiveness. About 75 percent of world refractory 
production is consumed in iron and steelmaking. In 
recent years, induction furnaces have become 
indispensible tools of melting units for the steel industry 
owing to their high efficiency, low energy consumption, 
easy operational control, and compatibility with a vast 
variety of scrap types [1-3]. In induction furnaces the 
most preferred refractory lining type is dry vibrating 
mixes. This is due to their ease of application, low cost of 
lining production, and absence of junction points [4]. 

SiO2, MgO and Al2O3 based Dry vibrating mixes for 
linings of induction furnaces may be based on silica, 
magnesite or alumina.  Due to high working temperature 
and slag chemistry, SiO2 based and MgO based 
refractories not favorable in steel melting induction 
furnaces [4].  In contrast, alumina based neutral linings 
featuring in situ MgAl2O4 spinel forming capability have 
become materials of choice due to their high thermal 
shock resistance, high corrosion resistance, longer 
service life, and high chemical stability in both acidic and 
basic media [5,6]. 

MgAl2O4 spinel is called as mullite of 21st century 
because of its outstanding chemical, thermal, and 
mechanical properties [7].  It maintains its lattice 
structure even at elevated temperatures.  In alumina 
based refractories differences between thermal expansion 
coefficients of alumina and spinel creates microcracks in 
microstructure. The microcrack network imparts a 
toughening mechanism and improves mechanical 
properties of the refractory body [8]. The in situ spinel 
formed in the alumina ramming mix at service 
temperature has a defective structure with a tendency of 
forming substitutional solid solutions while in contact 
with molten steelmaking slag [9]. When Fe2+ and Mn2+ 
cations migrate into A-site of spinel they form (Mg, Mn, 
Fe)O(Al, Fe)2O3. Also Ca2+ cations in the slag react with 
excess Al2O3 for forming Hibonite (CA6). Depletion of 
MnO, FeO and CaO causes increment in relative SiO2 
content of the slag which limits the slag penetration and 
thereby reduces slag corrosion [9, 10]. Although spinel is 
known to exhibit superior properties in refractory bodies 
the knowledge on the formation of in situ spinel and 
sintering behavior of alumina based Al2O3-MgO dry 
vibrating mixes is still far from being complete.  
Preliminary studies on Al2O3-MgO refractory systems 
have concentrated on Al2O3-MgO castables or on 
ceramic systems with fine particle size [11, 12].  
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The success of neutral ramming mixes in steel melting 
induction furnaces depends critically on the formation of 
in situ spinel during service.  A better understanding of 
spinel formation and sintering kinetics is essential for 
designing Alumina based Al2O3-MgO spinel forming dry 
vibrating mixes for induction furnace linings with 
improved thermal, chemical, and mechanical properties 
compared to those in the commercially available 
products. The objective of this study is to examine the 
effect of particle size range, sintering time and sintering 
temperature on spinel formation and sintering behavior 
of these particulate refractories. 

2. Experimental Procedure 
Fused Al2O3 and sinter MgO with particle size 0-5 mm 
and 0-500 μm were used as raw materials. Particle size 
range of the raw materials resemble those in commercial 
dry vibrating mixes. Particle size range in experimental 
mixes, designated as K1, K2, K3 and K4, was defined as 
shown in Table 1. 

Table 1. Compositions and particle size range of raw materials. 

Flow chart of the experimental procedure is shown in 
Fig. 1. According to the flow chart experimental 
compositions were mixed with stoichiometric molar ratio 
of Al2O3 to MgO in a rotating high density polyethylene 
(HDPE) bottle, then pressed uniaxially under 150 bar 
into the form of cylinders measuring 50 mm in diameter 
and 50 mm in height. The cylindrical compacts were 
sintered at temperatures in the range 1350 °C to 1700 °C.  
The longest dwell time at the peak sintering temperature 
was 4 hours. Samples fired at 1550, 1650, and 1700 °C 
were withdrawn from the furnace at 1 hr intervals.  The 
sintering operation was carried out in a programmable 
muffle furnace heated by MoSi2 elements.   

The dimensions of the samples were measured before 
and after sintering for determining the permanent linear 

change (PLC) in dimensions of the sintered bodies. PLC 
in neutral ramming mixes is an important index, because 
in addition to dimensional change it provides clue on 
sintering behavior and sintering depth. Phases in the 
sintered specimens were determined by powder XRD 
techniques, using an X-ray difractometer  (Rigaku Rint 
2200) with Cu - K  radiation.   

Spinel transformation rates were calculated according to 
Eqn. (1) which is an internal standard method based on 
ratio of highest intensity peaks of the components 
periclase (200), corundum (113), and spinel (311) in their 
XRD patterns [13]. 

(1) 
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Particle Size 
of Al2O3 

Particle Size 
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K1 0-5 mm 0-500 μm 
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K4 0-500 μm 0-500 μm 
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Fig. 1. Summary of experimental procedure 

3. Results and Discussion 
3.1. Spinel Conversion Rate 

Spinel conversion rate is important in understanding the 
spinel formation mechanism. The spinel conversion rates 
of experimental compositions are shown in Fig. 2. It can 
be seen that K4 has the highest spinel conversion rate at 
all temperatures. K1 follows as the the second highest in 
conversion rate, while K2 and K3 exhibit the least 
conversion rates. The conversion rates of the latter two 
compositions are very close to each other for all sintering 
temperatures.   

These results show that particles size of components has 
a major effect on spinel conversion rate. When we 
compare the conversion rates of K1 and K2 it can be seen 
that particle size of MgO is predominant.  With fine 
MgO the rate is higher.   As MgO gets coarser the effect 
of particle size of Al2O3 on conversion kinetics becomes 
lesser.   

 

 

 

 

 

 

 

Fig. 2. Spinel conversion rate of compositions according to temperature 

These results show that the Wagner mechanism [14], 
which explains spinel formation mechanism in fine MgO 
+ Al2O3 particulate mixtures, works for the dry vibrating 
mixes used in the present study.  

3.2. Permanent Linear Change 

PLC represents a combination of dimensional variations 
due to sintering shrinkage and volume expansion 
encountered during spinel formation. Because of   
differences in density of MgO, Al2O3, and MgAl2O4 
phase the thermal synthesis of spinel is associated with a 
volume expansion [15]. The magnitude of this expansion 
is governed by the particle size of the components MgO 
and Al2O3. Thus, PLC can be controlled and monitored 
by adjustments in particle size distributions.    

 
PLC determination is important for understanding the 
thermo-mechanical behavior of neutral ramming mixes in 
the induction furnace. The results of calculations on PLC 
values of sintered bodies in the present study are shown 
in Fig. 3.  

 

Fig 3. PLC values of compositions according to temperature 

In case of experimental mix K1, until 1650°C volume 
expansion due to spinel formation is dominant 
mechanism on PLC behavior, above this temperature K1 
starts to shrink, because the dominant mechanism shifts 
to densification instead of volume expansion. When K2 
is compared with K1, the expansion is lesser, and the 
sintering shrinkage starts at 1550°C.  Hence, when Al2O3 
particles are coarse the spinel formation becomes slower 
and densification mechanism of sintering becomes 
effective on PLC at lower temperature.  
 
The details of the PLC behavior were studied at 
temperatures 1500, 1650 1700°C for sintering times at 
peak temperature between 1 to 4 hours. The results of 
PLC determinations obtained under these conditions are 
shown in Fig. 4, Fig. 5, and Fig 6, at 1500°C, 1650 °C, 
and 1700 °C, respectively.  
 
Fig. 4 shows that at 1550°C, in K4 which has both Al2O3 
and MgO particles in fine fraction, the PLC exhibits a 
maxima at hours of firing, therefore at this temperature 
initially the spinel formation mechanism is dominant. In 
fact, within 2 hours all reactants are transformed totally 
into spinel phase. Following the maxima in PLC, the 
sintering shrinkage takes over. At 1550 °C, the 
compositions show relatively moderate PLC values. 
Interestingly, however, these mixes maintain their PLC at 
longer retention times at temperature.   
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Fig 4. PLC values for 1550°C 
Fig. 5 shows that when firing temperature is raised to 
1650°C the spinel conversion rate in the mixture 
designated as K4 becomes very high, therefore 
spinelization occurs within a very short period followed 
by sintering shrinkage. Thus, negative PLC values are 
encountered due to the dominant mechanism of 
densification.  In the early stages of thermal exposure, 
the mixes K1, K2, and K3 all develop certain amount of 
spinel phase within a period shorter than 1 hour. This is 
because of the fact that, in the early stages, the spinel 
formation is faster than densification.  Pass this period, 
the spinel formation in mixture K1 continues with rising 
PLC. The other mixtures attain a stable PLC which may 
indicate that the spinel formation and densification rates 
are almost equal 
 
 

 
Fig 5. PLC values for 1650°C 

. 
Fig. 6 shows that, at 1700°C, for K4 the volume change 
behavior is same as the one observed at 1650°C.  The 
remaining mixes attain a higher level of spinelization in 
the early stages.  Later in the firing process, in all 
mixtures densification becomes dominant over spinel 
conversion so that shrinkage, at a low overall rate, occurs 
at all holding times.  
 

 
 

Fig 6. PLC values for 1700°C 
 
4. Conclusion 
 
The focus of the present study was examining the effect 
of parameters like particle size, firing temperature, and 
firing time on the spinelization and sintering kinetics of 
stoichiometric particulate mixtures of MgO and Al2O3.  
The results are important for the design of neutral 
ramming mixes of induction furnace linings.  It is known 
that in neutral type dry vibrating mixes spinel formation 
and sintering are two competing mechanisms.  
Spinelization is important because it provides the bonds 
necessary for strength development in the lining. 
Shrinkage determines the level of microstructure 
development.  Present study revealed that MgO particle 
size plays a key role in the spinelization and sintering 
processes.  The rates of these may be kept under control 
by adjusting the temperature.  Thus linings with different 
internal structures may be produced.     
 
These investigations provide fundamental knowledge for 
producing alumina based spinel forming induction 
furnace linings with controllable mechanical, chemical 
and thermal properties. 
 
References 
 
[1] Lil, X.C., Wang,T.X., Zhu B.Q., Effect of Electromagnetic Field on 
the Slag Resistance  of MgO-C Refractories, IOP Conf. Series: 
Materials Science and Engineering 18, 2011. 
[2] Stark, R. A., Optimizing Induction Furnace Refractories, Modern 
Casting , June 1, 1994 
[3] Refractory failure in induction furnaces can be 
limited.http://www.thefreelibrary.com/Refractory+failure+in+induction
+furnaces+can+be+limited.-a010913837 
[4] Reference of Furnace Lining, Anonim. 
[5]A. Bahatia, B.E., Overview of refractory materials, 2011 
[6] Krause.T., Rieke K., Use of Spinel Forming Dry Vibrating Mixes in 
20-40 t Crucible Induct on Furnaces Anonim. 
[7] R.C. Bradt, Mg–Al spinel: is it the mullite of 21st century? 
Refractories Window 
[8]Zhang, S., Lee, W.E., “Spinel Containing Refractories”, Refractories 
Handbook, (Ed: Schacht, C.A.), Marcel Decker Inc., New York, ABD, 
11-38, 2004 
[9] Matsumoto, O., Isobe, T., Nishitani, T., and Genba, T., “Alumina-
spinel monolithicrefractories”. US Patent 4 990 475 (1991). 

 

 

 

 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

2718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

[10] Kurata, K., Matsui, T., and Sakki, S., “Castable lining technique to 
bottom of teeming ladle”, Taikabutsu Overseas, 12, pp.29 39 (1992). 
[11]Sako E.Y., Braulio M.A.L., Zinngrebe E., van der Laan S.R., 
Pandolfelli V.C., Fundamentals and Applications on in situ spinel 
formation mechanisms in Al2O3-MgO refractory castables, Ceramics 
Internatioal, , 38, 2243-2251, 2012 
[12]Braulio, M.A.L., Bittencourt, L.R.M., Pandolfelli V.C., Magnesia 
grain size effect on in situ spinel refractory castables, Journal of the 
European Ceramic Society, 28, 2845-2852, 2008 
[13] Domanski, D., Urretavizcaya, G., Castro,F.J., Gennari, F.C.,  
Mechanochemical Synthesis of Magnesium Aluminate Spinel Powder 
at Room Temperature 87, 11, 2020-2024, 2004 
[14]C. Wagner, The mechanism of formation of ionic compounds of 
higherorder (Double salts, spinel, silicates), Zeitschrift Fur 
Physikalische Chemie B34 , 209–316, 1936 
[15] R.E. Carter, Mechanism of solid-state reaction between 
magnesium oxide and aluminum oxide and between magnesium oxide 
and ferric oxide,Journal of the American Ceramic Society 44 (3) 116–
120, 1961. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

28 IMMC 2016   |   18th International Metallurgy & Materials Congress

Seramik Sağlık Gereçlerinde Tane Boyut Dağılımının 
Yüzey Özelliklerine Etkisi • Infl uence of Particle Size 
Distribution on Surface Properties of Sanitarywares

Selin Baklacı¹, Pervin Gençoğlu¹, Alpagut Kara² 

¹Seramik Araştırma Merkezi A.Ş., ²Anadolu University - Türkiye

Özet 

S r, seramik bünyeyi ince bir tabaka eklinde 
kaplayarak, bünyenin üzerinde eriyen cams  bir 
olu umdur. Kimyasal bile imi aç s ndan pi irme 
ko ullar na ve bünyenin s ya ba l  davran lar na 
uyum sa lamak ve kullan m esnas ndaki ko ullarda 
dayan kl  olmak zorundad r. Seramik sa l k 
gereçlerinde (SSG), ürün boyutlar n n büyük ve 
karma k olmas  nedeniyle s r yüzeyi ki ilerle 
do rudan temas halindedir. Kullan lan s r n beyaz ve 
opak olmas  kusurlar  rahatça göstermektedir, 
dolay s yla düzgün bir s r yüzeyi elde etmek oldukça 
zordur. Bu çal mada, s r çamurunun tane boyut 
da l m  de i iminin s r yüzeyine etkisi incelenmi tir. 
Çal malar farkl  kompozisyona sahip olan iki reçete 
ile gerçekle tirilmi tir. Bu kapsamda, ham 
numunelerin tane boyut da l m  ve s  mikroskobu 
analizi, pi mi  numunelerin karakterizasyonu için 
XRD, SEM, spektrofotometre, parlakl k, yüzey 
pürüzlülük ölçümleri yap lm t r. Çal malar 
sonucunda, s r süspansiyonunun tane boyut de i imi 
ile yüzey özelliklerinin de i ti i görülmü tür. 

Abstract 

Glaze is a vitreous formation which covers the 
ceramic body as thin layer by melting over the body. 
Glaze must accomodate and resist firing conditions 
and thermal behavior of the body by means of its 
chemical substance. Due to their big size and 
complex shapes of saintaryvares, glazes are always in 
contact with human body. The white color of the 
glaze causes defects to be noticed easily. Therefore, 
that is difficult to obtain perfect glaze surface. In this 
study, it is aimed to examine the effect of different 
particle size distribution on the glazed surfaces. Two 
different glaze recipes which have different 
components are used.  Particle size distribution of 
raw glazes are determined. Crystalline phases 
developed in the surfaces are indentified with X-ray 
diffraction and SEM/EDX. Sintering behavior of 
glazes was studied with hot stage microscopy. The 
results showed a correlation between glaze particle 
size  distribution and glazed surfaces. 

1. Giri  

Seramik sa l k gereçleri iki ana bile enden 
olu maktad r. Bunlardan biri iskeleti olu turan 
seramik malzeme, di eri ise hem dekoratif hem de 
fonksiyonel anlamda görev üstlenen ve bu do rultuda 
yüzeyi kaplayan s r katman d r [1-3]. Ö ütülmü  
uygun bile imli seramik hammaddelerden elde edilen 
ve seramik bünye üzerinde pi irme neticesinde cam 
yap ya benzer bir yap  olu turabilen kar mlara ve 
bünye üzerinde olu an cams  tabakaya s r denir [4]. 
S rl  ürünlerin yüzey görünümleri ayn  zamanda ham 
s r n kimyasal kompozisyonuna ve tane boyut 
da l m na ba l d r. S r n tane boyutunu çok 
de i tirmeden yüzey özelliklerinin iyile tirilmesi 
ad na çal malar da mevcuttur [5]. Yap lan çal malar 
s r tane boyutunun belli bir seviyeye kadar 
dü ürülmesinin erimi  s r n viskozitesinin 
dü ürülmesi ile hava kabarc klar n n elimine 
edilmesine sebebiyet verdi ini ve sonuçta daha 
pürüzsüz bir s r yüzeyinin elde edilmesine olanak 
sa lad n  kan tlam t r. Öte yandan çok küçük 
taneler ham halde plastikli i ve pi irim s ras nda 
küçülmeyi art rarak pi irim sonras  çatlaklara ve 
patlamalara sebep olabilir [5, 6]. 
Bu çal mada, iki farkl  kompozisyona sahip vitrous 
china (VC) s r reçetesinin tane boyut da l mlar  
de i tirildi inde s r yüzeyine olan etkisi 
incelenmi tir. Ayr ca, kompozisyon fark ndan 
kaynaklanan de i imlerin de uygulanan s r n 
özellikle mikroyap s n n ve renk, parlakl k ve 
pürüzlülük gibi fiziksel özelliklerinin de i mesine 
neden oldu u gözlemlenmi tir. 

2. Deneysel Çal malar 

ki farkl  kompozisyona sahip s r süspansiyonlar  
haz rlanm t r. Kompozisyonlardaki fark Seger 4 
reçetesinde kullan lan fakat Std reçetede 
kullan lmayan vollastonit hammaddesidir. ki s r 
aras ndaki fark  görmek için Tablo 1’de reçetelerin 
Seger formülasyonlar  sunulmu tur. Haz rlanan tüm 
reçeteler laboratuvar artlar nda yap lm t r. Reçeteler 
Gabrielli marka jet de irmenlerde sulu ekilde 
ö ütülmü tür. Tane boyut da m  ölçümleri lazer 
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k r n m tekni i ile ölçüm alan Mastersizer 2000 
cihaz  ile gerçekle tirilmi tir.  

Tablo 1. Reçetelerin Seger formülasyonlar  

Haz rlanan s r süspansiyonlar  elle püskürtme 
yöntemiyle, pistole kullan larak 0,5-0,8 mm 
kal nl nda olacak ekilde VC plakalara 
uygulanm t r. S rlanan ürünler kurutma amac yla 
Venticell marka etüvde 90 C s cakl kta bir gün 
bekletilmi  ard nda Protherm marka laboratuvar tipi 
f r nlarda pi irilmi tir. Pi irim 5 C/dk s tma ve 
so utma h z  ile 1210 C’de yap lm t r. Haz rlanan 
ürünlerin yüzey karakterizasyonlar   
gerçekle tirilmi tir. Renk ölçümleri Konica Minolta 
marka CM-3200d model, parlakl k Minolta marka  
Multi Gloss 268 model, yüzey pürüzlülü ü Mahr 
marka MahrSurf 300 + RD 18 model cihazlarla 
tamamlanm t r. Hammaddelerin mineralojik,  pi mi  
ürünlerin faz analizinde Rigaku marka Miniflex 600 
model XRD cihaz  kullan lm t r. Son olarak 
yüzeyden al nan görüntülerde Zeiss Supra marka 
taramal  elektron mikroskobu (SEM) kullan lm t r.  

3. Sonuçlar ve Tart ma 

Bu çal mada, Std Reçete ve Seger 4 Reçetelerinin 
tane boyut da l m  de i iminin s r yüzeyine etkisi 
ara t r lm t r. Sonuçlar, a a da tablo halinde 
sunulmu tur. 

Daha önce yap lm  çal malar sonucunda s r tane 
boyutunun azalt lmas  s r n viskozitesini dü ürür, bu 
da gazlar n daha kolay ç k na, daha parlak 
görünüme ve daha pürüzsüz  bir yüzeyin geli mesine 
imkan sa lar. Ancak çok ince tanelerin olmas  da 
plastikli i ve küçülmeyi artt raca ndan pi irim 
esnas nda çatlama gibi hatalar meydana gelebilir [5]. 
Bu sebeplerden dolay  s r süspansiyonu için optimum 
tane boyut da l m n  bulmak büyük önem ta r. 

Std Reçete ve Seger 4 reçetelerinin tane boyut 
da l m  e rileri 

 
ekil 1. Tane boyut çal mas nda kullan lan s rlar n tane boyut 

da l m  grafikleri 

Seramik sa l k gereçleri s rlar n n tane boyut 
de erleri ö ütme prosesi ile de i tirilir. Ö ütme 
süresinin artt r lmas  ile s r n tane boyut aral  

daralmakta ve ortalama yani D50 tane boyut de eri 
dü mektedir.   

Tablo 2.  Std Reçete ve  Seger 4  tane boyut da l m  verileri 

 

Std Reçete ve Seger 4 Reçetelerinin Renk ve 
Parlakl k Ölçümleri 

Tablo 3. Std Reçete ve Seger 4’ün renk ölçümü 

 
Tablo 4. Std Reçete ve Seger 4’ün parlakl k ölçümü 

 

 Std Reçete ve Seger 4 Reçetelerinin Yüzey     
Pürüzlülük Ölçümü 

Tablo 5. Std Reçete ve Seger 4’ün yüzey pürüzlülük ölçümü 

 

S rlar n tane boyut da l mlar na göre renk, 
pürüzlülük ve parlakl k de erlerine bak ld nda s r 
tane boyutunun artmas yla pürüzlülük de erlerinin 
artt , renk ve parlakl k de erlerinin tane boyut 
de i imiyle k smen de i ti i fakat bu de erlerin 
kompozisyona da ba l  oldu u görülmektedir. Kaba 
tane boyuta sahip ürünlerde normale göre daha az, 
ince tane boyuta sahip üründe normale göre daha 
yüksek parlakl k de erleri elde edilmi tir. Kuvars 
yap da parlakl n geli mesini de sa lar. nce tane 
boyutlara getirilen s rlarda kuvars tanelerinin de 
küçülmesi sayesinde kuvarslar n ço u erir ve cams  
faz olu umuna katk da bulunur ve parlakl k de erinin 
de do rudan artmas na sebep olur. Ayr ca, s rlar n 
renk de erlerine bak ld nda vollastonitin ilave 
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edilmesiyle özellikle CIELAB renk sisteminde 
beyazl n nicel de eri olan L* de erinin artt  
görülmü tür. Ayn  zamanda vollastonit ilavesiyle s r 
parlakl n n artt  ve s r n yüzey pürüzlülü ün 
azald  görülmü tür. 

Is  Mikroskobu ile Erime Davran n n Belirlenmesi 

 
ekil 24. Farkl  tane boyut da l m na sahip s rlar n erime 

davran lar  

Farkl  tane boyut aral nda olan s rlar n sinterleme 
davran lar na bak ld nda, küre s cakl n n 
üzerinde s v  faz n olu tu u bilinmektedir ve 
feldspat n erimesiyle kuvars n çözünmeye ba lad  
tahmin edilmektedir. Ö ütme süresinin artmas yla ve 
tane boyutun dü mesiyle s v  faz n artt  
dü ünüldü ünde temas aç s n n artmas  
beklenmektedir. E riden de görüldü ü üzere, kaba 
taneli ile ince taneli s rlar n kar la t r lmas nda kaba 
taneli s r n daha yüksek s cakl kta sinterlemeye 
ba lad  ve e rinin daha yukardan seyretti i 
görülmektedir. Küre ve yar  küre s cakl klar  aras nda 
feldspat erimesi ve kuvars n çözünmesi beklendi i 
için kaba tane boyutlu numunede daha yüksek 
s cakl kta gerçekle mi tir. Daha ince tane boyutlarda 
s r, yap s nda daha fazla hava hapsetti i için yüzey 
özellikleri olumsuz etkilenmektedir. 

Std Reçete ve Seger 4 Reçetelerinin Mineralojik ve 
Faz Analizleri 

 
ekil 2. Std Reçete-kaba taneli denemenin XRD grafi i 

 

ekil 3. Std Reçete-ince taneli denemenin XRD grafi i 

ekil 4. Seger 4-kaba taneli denemenin XRD grafi i 

ekil 5. Seger 4-ince taneli denemenin XRD grafi i 

 

 

ekil 6. . Tane boyut çal malar n n XRD grafikleri (a. Std reçete-
ince taneli, b. Std reçete-kaba taneli, c. Seger 4-ince taneli, d. 
Seger 4-kaba taneli)  

 

ekil 7. Std Reçete-kaba tane boyut da l m na sahip numunenin 
geri saç l ml  SEM görüntüleri A. 5000x büyümede al nan SEM 
görüntüsü B. 500x büyütmede al nan SEM görüntüsü (Z: Zirkon 
K. Kuvars) 
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ekil 8. Std Reçete- nce tane boyut da l m na sahip numunenin 
geri saç l ml  SEM görüntüleri A. 5000x büyümede al nan SEM 
görüntüsü B. 500x büyütmede al nan SEM görüntüsü (Z: Zirkon) 

 

ekil 29.  Seger 4-kaba taneli  numunesinin geri saç l ml  SEM 
görüntüleri A. 5000x büyümede al nan SEM görüntüsü B. 500x 
büyütmede al nan SEM görüntüsü (Z: Zirkon, K: Kuvars, V: 
Vollastonit) 

 

ekil 10. Seger 4-ince taneli  numunesinin geri saç l ml  SEM 
görüntüleri A. 5000x büyümede al nan SEM görüntüsü B. 500x 
büyütmede al nan SEM görüntüsü (Z: Zirkon, K: Kuvars) 

Zirkon s r n opakl n  sa lamaktad r. Zirkon 
kristalleri sinterleme esnas nda yap da ya ergimeden 
kalmaktad r ya da zirkon ilk a amada çözünüp daha 
sonra s r içinde kuvarsla birle ip zirkonun yeniden 
kristalizasyonuyla olu maktad r [7]. Yap lan 
çal malarda zirkonun yap da ergimeden kald  
dü ünülmektedir.  Buna ek olarak, kaba tane boyuta 
sahip ürünlerde kuvars n mineralojik analizde tespit 
edilmesiyle yap da erimeden kald  ve pürüzlülü ü 
artt rd  gözlemlenmi tir [8]. Sonuçlar mikroyap  
görüntülerinde görülmektedir. S rlar n 
mikroyap lar nda yo un bir zirkon da l m  (kontrast 
fark na bak ld na a r elementler aç k renkli hafif 
elementler koyu renkli gözükmekte) ve kuvars 
taneleri kaba tane boyutlu kristallerde görülmektedir.  
Seger 4 reçetesinde kullan lan vollastonitin miktar  az 
oldu undan mineralojik analizde ortaya ç kmam t r, 
fakat kaba taneli Seger 4 reçetesinin mikroyap  
görüntüsünde gözlemlenmi tir. Bunun sebebi bir 
k sm n n erimeden yap da kalmad n  gösterir. nce 
taneli ürünün mikroyap s nda vollastonit 
görünmemesinin sebebi ise vollastonitin s r yap s nda 
çözünmesinden kaynaklanmaktad r. 

4. Genel Sonuçlar 

S r süspansiyonun tane boyut da l m  de i iminin s r 
yüzeyine etkisini görmek amac yla yap lan 
çal mada, tane boyut de i iminin s r yüzeyinin 
kalitesini etkileyen bir parametre oldu u 
anla lm t r. S rlar n tane boyut da l mlar na göre 
renk, pürüzlülük ve parlakl k de erlerine bak ld nda 
s r tane boyutunun artmas yla pürüzlülük de erlerinin 
artt , azalmas  ile renk ve parlakl k de erlerinin  
artt  gözlenmi tir. Renk ölçümlerinde L* de erinin 
daha çok kompozisyona ba l  oldu u görülmektedir. 
Seger 4 reçetesinin renk ölçümü verileri Std reçete ile 
k yasland nda aradaki fark oldukça belirgindir. 
Kaba taneli ile ince taneli s rlar n kar la t r lmas nda 
kaba taneli s r n daha yüksek s cakl kta sinterlemeye 
ba lad  ve e rinin daha yukardan seyretti i 
görülmektedir. Küre ve yar  küre s cakl klar  aras nda 
feldspat erimesi ve kuvars n çözünmesi beklendi i 
için kaba tane boyutlu numunede daha yüksek 
s cakl kta gerçekle mi tir. Kaba tane boyuta sahip 
ürünlerde mineralojik analizlerde ve SEM 
görüntülerinde gözlenen kuvars n var olmas  kuvars n 
erimeden kald n  ve pürüzlülü ü artt rd n  
göstermektedir. Seger 4 reçetesinin vollastonit 
içermesine ra men, miktar n n az olmas ndan dolay  
XRD analizinde vollastonit görülmemi tir. Ancak 
kaba taneli Seger 4 reçetesinin mikroyap snda 
vollastonit varl , vollastonitin ergimeden yap da 
kald n  göstermektedir. Bu sebepten dolay  hem 
kuvars hem vollastonit göz önüne al nd nda, tane 
boyuta ba l  olarak pi irim esnas nda hammaddelerin 
ergimeden s r yap s nda kalmas  da yüzey 
özelliklerini etkilemektedir. Çal malar sonucunda 
renk, parlakl k, ve pürüzlülük gibi yüzey özellikleri 
aç s ndan optimum D50 de eri için 7.5-8.5 m 
aral n n uygun oldu u tespit edilmi tir. 
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Abstract 
 
Over the past two decades there was growing interest in 
the development of frits that are able to crystallise on 
firing because of the need for improvement in the 
mechanical and chemical properties of glazed tiles.  The 
ZrO2-CaO-MgO-SiO2 (ZrCMS) glass-ceramic system is 
one of these and exhibits high resistance to abrasion and 
surface scratches. In this present study, boron wastes of Eti 
Mine Boron Company, which appear at huge amounts 
during processess, were characterized and added into the 
commerically produced and used ZrCMS system opaque 
frit composition. New compositions were applied on tile 
bodies, and then fast fired under industrial working 
conditions. Newly-produced glazes were characterized in 
terms of optical, mineralogical and microstructural 
properties. 
 
1. Introduction 
 
Boron is a metalloid chemical element with symbol B and 
atomic number is 5. It is not found naturally on Earth. It 
takes part more than in 230 mineral in nature [1]. The 90 
% of the boron minerals used in industry worldwide are 
sodium and calcium borates, as borax, kernite, colemanite 
and ulexite. There are more than 300 end uses linked with 
borates (glass, agriculture, ceramics, cleaning products 
(detergents, soaps, bleaches), metallurgy, corrosion 
inhibitors, flame retardation, wood preservation, adhesives 
and abrasives) [2]. 
The world’s largest boron reserves are located in Turkey, 
U.S.A and Russia. Turkey is the luckiest country 
possessing 72.1 % of total world boron reservations [1]. 
Boron is mined Bigadiç, Emet, K rka and Band rma region 
of Turkey by Eti Mine Boron Company. The most 
important boron minerals in Turkey are colemanite, ulexite 
and tincal. These boron minerals are concentrated to 
increasing the grade of B2O3 and wastes are discharged 
during the concentrated processes [2]. A problem is the 
 

 
 
 
large quantity of boron wastes which are generated and 
have to be disposed. The increasing costs of some 
traditional raw materials for ceramics industry are leading 
to a necessity for the use of complementary alternatives. 
The aim of the present study is to utilize Eti Mine 
Band rma Boron Company colemanite wastes in a 
commerically produced ZrCMS glass-ceramic system 
opaque frit composition instead of boric acid. New 
compositions were applied on wall tile bodies, then fast 
fired under industrial working conditions. Finally, newly-
produced glazes were characterized. 
 
2. Experimental Procedure 
 
Colemanite wastes (A5 and A6) were suplied by Eti Mine 
Band rma Boron Company. The wastes of chemical 
compositions were presented Table 1. 
 
Table 1. Chemical compositions of the colemanite wastes 

(in wt. %) 
 

Oxides A5 A6 
B2O3 29,52 31,12 
Na2O 0,91 0,82 
MgO 0,82 0,60 
Al2O3 0,11 0,63 
SiO2 0,39 1,28 
P2O5 0,01 0,01 
SO3 0,56 0,77 
K2O - 0,04 
CaO 52,75 33,42 

Fe2O3 0,14 0,14 
Cr2O3 - 0,04 
SnO2 - 0,34 
*L.I. 14,80 30,80 
Total 100,00 100,00 
*L.I.: Losses on ignition. 
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The mat opaque frit, which has been produced by 
Eczac ba  Building Product Co., is accepted as a reference 
(MOF1). MOF1 frit, which is huge amounts produced, is 
used in glazes and engobes recipes. New recipes were 
prepared with colemanite wastes to utilizing colemanite 
wastes in MOF1 frit recipes. The frit that was formed with 
A5 was coded MOF1-A5 and the frit that was formed with 
A6 was coded MOF1-A6. 
 
Table 2. Compositional details of studied frits (in moles) 

 
 COMPONENT MOF1 MOF1-

A5 
MOF1-

A6 

Content 

R2O 
(Na2O, K2O) 1,17 1,3 1,32 

RO 
(CaO, MgO, ZnO) 35,50 35,75 35,4 

R2O3 
(B2O3, Al2O3, Fe2O3) 

6,60 6,55 6,64 

RO2 
(SiO2, ZrO2) 

56,73 56,4 56,7 

TOTAL 100 100 100 
Oxides 
ratio 

SiO2/Al2O3 45,587 44,725 42,987 
MgO/CaO 0,910 0,901 0,905 

B2O3 
Total B2O3 0,146 0,143 0,145 

*B2O3 (BW) 0 0,143 0,145 

*B2O3 (BW): B2O3 amount from wastes 
 
 
Boric acid that is used in MOF1 recipe, was removed in 
MOF1-A5 and MOF1-A6 frits recipes. Furthermore, the 
amount of dolomite that used as source of CaO and MgO, 
decreased in the new recipes. Thus, all amount of B2O3 
and a far amount of CaO and MgO were provided from the 
wastes. 
The weighed and thoroughly mixed batches were melted in 
alumina crucibles in a Protherm series laboratory type 
electrically heated furnace at 1450°C for 1 h. The melt was 
then quenched by pouring into cold water to obtain frits 
under laboratory working conditions. In order to prepare 
glazes suitable amounts of frit, kaolin, carboxyl methyl 
cellulose (CMC), sodium tripolyphosphate (STPP) and 
water were mixed in a Ceramic Instruments Rapid Mills-
Moduler System SD series jet-mill containing alumina 
balls for 14 minutes. The slurries were applied onto 
industrial wall tile body without engobe. The glazed tiles 
were dried in a Nüve FN 40 laboratory type furnace at 100 
oC for 2 h. After drying, glazed tiles were fired in a fast 
firing furnace in Eczacibasi Building Product Co. at 1145 
oC for a total time of 36 minutes. The glaze that was 
formed with MOF1-A5 frit was coded MOF1-A5 glaze 
and the frit that was formed with MOF1-A6 was coded 
MOF1-A6 glaze. 
Microstructural changes and phase formations of the 
glazes were inspected with a Rigaku Rint 2000 series 
diffractometer (XRD) and a Zeiss Evo 50 EP series 
scanning electron microscope (SEM/EDX). Glossiness, 

colouring and roughness parameteres of the glazes were 
determined using a Konica Minolta Multi Gloss 268 Plus 
model gloss meter, a X-rite model colorimeter and a 
Ceramic Instruments KR 100 model profilometer. 
 
3. Results and Discussion 
 
If the values of brightness and surface roughness of glazes 
were presented in Table 3, it can be seen that MOF1-A5 is 
more similar to the standard glaze. MOF1-A6 glaze is 
brighter than the standard glaze and its surface roughness 
is rather less. As far as brightness values are compared, the 
comparison would be MOF1-A6 > MOF1-A5 > MOF1 
and as far as surface roughness values are compared, it 
would be MOF1-A5 > MOF1 > MOF1-A6. When the 
whiteness are compared, it is seen that MOF1-A5 and 
MOF1-A6 have close values to each other and little less 
values than MOF1 glaze. 
 
 
Table 3. Glossiness, colouring and roughness parameteres 

of the glazes 
 

 MOF1 MOF1-A5 MOF1-A6 

COLOUR 

L 92,47 90,94 90,45 

a* -0,1 0,22 0,32 

b* 0,76 1,4 1,64 

BRIGHTNESS 

20 ° 1,1 1,1 1,4 

60 ° 2,4 2,7 6,2 

80 ° 2,4 2,9 7,2 

ROUGHNESS m 18,72 19,35 10,13 

 
 
According to the XRD results were presented in Figure 1, 
diopside and zircon crystals in addition to a small amount 
of amorphous phase were determined in all glazes. While 
the wide elevation at 20-35o 2 , which belongs to 
amorphous phase, do not be seen clearly MOF1 glaze, it is 
rather clearer in the new glazes. In standard MOF1 glaze, 
the peak intensities of diopside crystals are higher than the 
ones in zircon crystals. In MOF1-A5 glaze, peak 
intensities of zircon and diopside crystals have become 
almost equal. 
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Figure 1. X-ray diffraction paterns of the MOF1, MOF1-

A5 and MOF1-A6 glazes. 
 
 
When investigated the microstructure of MOF1, MOF1-
A5, MOF1-A6 glazes, two different crystals can be seen 
homogenously distributed light ones and dark ones. It is 
also observed that the light crystals are a thin stick while 
the dark ones are in a larger and dispersed way. As a result 
of the EDX analysis made on the crystals marked as “Z” in 
Figure 2,3 and 4, were detected peaks which belong to the 
elements Zr and Si. As a result of the EDX analysis made 
on the crystals marked as “D” in Figures 2, 3 and 4, were 
detected peaks which belong to the elements Si, Mg, Ca 
and Al. The EDX results agreed with the XRD data 
confirming both zircon and diopside cyristallizations. 
 
 

 
(a) 

 

 
(b)                              (c) 

 
Figure 2. (a) SEM micrographs of the MOF1, (b) EDX 
analyses taken from “Z” (Zircon) cyrstal and (c) EDX 

analyses taken from “D” (Diopside) cyrstal. 

 
(a) 

 

 
(b)                                              (d) 

 
Figure 3. (a) SEM micrographs of the MOF1-A5, (b) 
EDX analyses taken from “Z” (Zircon) cyrstal and (c) 

EDX analyses taken from “D” (Diopside) cyrstal. 
 
 
 

 
(a) 

 

 
(b)                                            (c) 

 
Figure 4. (a) SEM micrographs of the MOF1-A6, (b) 
EDX analyses taken from “Z” (Zircon) cyrstal and (c) 

EDX analyses taken from “D” (Diopside) cyrstal. 
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Using of borax wastes by not changing the Seger formulas 
of standard glazes does not affect the crystallization and 
microstructure of the glaze and not deteriorate the desired 
matte surface texture. Similar results have been reported in 
the literature. [3-4] 
 
4. Conclusion 
 
Boric acid that is used in MOF1 recipe source of B2O3, 
was removed in MOF1-A5 and MOF1-A6 frits recipes. 
The whole amount of B2O3 in the recipes were provided 
from wastes Furthermore, the amount of dolomite that 
used as source of CaO and MgO, were decreased by 66.67 
% in MOF1-A5 recipe and by 41.3 % in MOF1-A6 recipe 
and some amount of the CaO and MgO requirements is 
provided from wastes. 
Using of boron wastes by not changing the Seger formulas 
of standard frits does not affect the crystallization and 
microstructure of the glaze. Even though there have been 
increases in the brightness values, decreases in the surface 
roughness and whiteness values of the glazes obtained by 
the use of MOF1-A5 and MOF1-A6 frits, these differences 
do not have a negative effect on usage of frit in glazes. 
Finally, it can be understood that frits prepared with 
colemanite wastes in the ZrCMS glass ceramics system 
can be easily used without leading to any surface failure or 
fault. 
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Abstract 
 
Ion exchange treatment is a convenient technique to 
modify the surface composisiton and properties of 
glasses for many different applications, such as 
strengthening of glass, fabrication of gradient index 
lenses and optical waveguides, coloration and 
decoration of glass. It can be also used to gain the 
antimicrobial property to the glass matrix. In this 
study, it was aimed to prepare antimicrobial soda 
lime glass which is at the same time mechanically 
strengthened. In this regard, ion exchange treatment 
was applied to soda lime glass using AgNO3-KNO3 
mixed salt bath for different experimental 
conditions. Glass samples were evaluated in terms 
of the amount of incorporated silver and potassium 
into the glass, variations in density, wetting ability, 
indentation and scratching behavior, the amount of 
released silver ions into aqueous environment and 
their antimicrobial activity.  
 
1. Introduction  
 
Many studies had been performed on antimicrobial 
materials such as plastics, ceramics, polymers, 
composites and fibers [1-5]. On the other hand, 
antimicrobial glasses have attracted great attention 
in recent years owing to their hardness, forming 
ability, high chemical durability and long lasting 
antibacterial activity [2, 6-7]. Also, they can be 
used for many different applications such as for 
worktops, touch screens, bathroom and kitchen 
surfaces, pharmaceutical and cosmetic bottles, 
textiles, cosmetics, wall and floor coverings, 
medical applications, food containers etc. [2, 8-10]. 
 
Ion exchange treatment which is based on 
substitution of mobile monovalent ions (generally 
Na+ or Li+) in glass by the other ions generally from 
the molten salt bath e.g. K+, Rb+, Cs+, Ag+, Tl+ or 
Cu+/Cu2+ is a useful technique to modify the surface 
properties of the glasses without changing the bulk 
properties. It can be used for altering the optical, 
mechanical and chemical properties of the glasses 
[11-15]. Silver ion exchange was generally studied 
in the literature for investigating the optical 
properties. However, by using AgNO3-KNO3 mixed 
salt bath in the treatment, it is possible to prepare 

glass which is both mechanically strengthened and 
at the same time showing antimicrobial property. 
 
This study aims to develop antimicrobial glass 
which also mechanically strengthened using ion 
exchange treatment. Glass samples were submitted 
to ion exchange using AgNO3-KNO3 mixed salt 
bath at different concentration. The incorporated 
silver and potassium, density changes and wetting 
ability were determined. Investigation of hardness, 
scratch resistance and bending strength were 
realized. The amount of released silver ions into 
aqueous environment was evaluated for their 
potential antimicrobial property. Antimicrobial 
susceptibility test using liquid broth medium were 
performed against E.coli and S.aureus.   
 
2. Experimental Procedure 
 
Corning®2947 soda lime glass (with a composition 
of (wt%) 70.56% SiO2, 14.54% Na2O, 8.93% CaO, 
3.41% MgO, 0.87% K2O, 0.59% Al2O3, 1.1% 
other) has a 1(±0.01) mm nominal thickness, was 
used in the present study. 
 
The ionic medium was prepared using high purity 
powders of silver nitrate (AgNO3, 99.9% purity, 
Alfa Aesar Company) and potassium nitrate 
(KNO3, 99.0% purity, Alfa Aesar Company). Glass 
samples were treated in three compositions of salt 
mixture that AgNO3 concentration varies between 
1-3 wt% at 420 oC for 240 minutes in an electrical 
furnace. Glass surfaces were cleaned prior to use in 
order to remove any kind of contaminants and after 
to use to remove any residues from the salt bath. 
 
The amount of the incorporated silver and 
potassium were determined by energy dispersive X-
ray spectroscopy (EDS) technique using JEOLTM 
JSM 5410 microscope connected to Noran 2100 
Freedom energy dispersive X-ray spectrometer. 
Archimedes method was performed to measure the 
density of the glass samples at room temperature 
using ethanol as an immersion liquid and a digital 
balance of sensitivity 10-4 g. 
 
The wetting ability of the glass surfaces was 
evaluated by contact angle measurement technique 
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using deionized water. Each sample was tested for 
several times on different areas of the surface. 
  
The Vickers hardness of the glass samples were 
measured before and after the ion exchange 
treatment using a Vickers microhardness tester 
(Schimadzu HMV-G21) with 0.49 N indentation 
load for 10 s dwell time. Ten indentations were 
performed for each glass sample in a thermally 
controlled environment at 24±1 °C with 50–60% 
relative humidity. Scratch resistance of the glass 
samples were determined using CSM nano-
indentation and nano-scratch tester equipped with 
Rockwell diamond indenter having 200 m tip 
radius. Tests were carried out at load raised up to 30 
N with a constant speed of 0.02 mm/s over 12 mm 
scratch length. The strength of the ion exchanged 
glass samples was determined through four point 
bending test (with inner and outer spans of 10 and 
20 mm, respectively) using Schimadzu Universal 
Testing Instrument. 
 
The amount of released Ag+ ions from the glass into 
a constant amount of water for a desired time 
intervals (in every 24 hours) was determined by 
using atomic absorption spectroscopy (AAS) 
technique. All precautions were taken against the 
light sensitivity of silver. 
 
The antimicrobial activities of the prepared glass 
samples were determined against Escherichia coli 
(ATTC 10536, American Type Culture Collection, 
Rock-ville, MD) as gram negative bacteria, 
Staphylococcus aureus (ATCC 6538, American 
Type Culture Collection, Rock-ville, MD) as gram 
positive bacteria. Antimicrobial susceptibility test 
using liquid broth medium, which was modified 
from the study of Kun et. al., were performed in 
three sets for each glass sample and each 
microorganism [16]. Glass samples which are not 
subjected to ion exhange treatment were used as a 
control samples. 
 
3. Results and Discussion 
 
EDS analysis results shown in Table 1, directly 
gives the concentration of the elements on the glass 
surface. Silver concentration on the glass surface 
showed an increase with increasing AgNO3 
concentration in the ionic medium. The amount of 
incorporated potassium to the glass surface 
decreases with increasing AgNO3 concentration in 
the ionic medium. 
 
Density values of the treated glasses and % increase 
in bulk density of treated and untreated glass can be 
seen in Table 1. It was revealed that the density of 
the glass samples increase after the ion exchange 
treatment. Significant increase in densities (%) was 

obtained with increasing AgNO3 concentration in 
the ionic medium.  
 
Table 1. Density, increase in bulk density of treated 

and untreated glass, silver and potassium 
concentration detected by EDS. 

 
In order to investigate the wetting ability of the 
glass surface, contact angle values were 
determined. As can be seen from Table 2, contact 
angle values of the treated glasses showed a distinct 
increase with the increasing AgNO3 concentration 
in the ionic medium. It can be deduced that the 
incorporation of silver and potassium to the glass 
increase the compressive stress on the surface and 
increase the contact angle values which means a 
decrease in the wetting ability. 
 

Table 2. Contact angle and standard deviation 
values of the untreated and treated glasses. 

Sample  Contact 
Angle (o) 

Standard 
Deviation 

Untreated 24.5 1.9 
1Ag  45.6 3.4 
2Ag  61.6 3.7 
3Ag  72.2 2.1 

 
Hardness of the glass samples was examined by 
running Vickers microhardness measurements. 
Results are given in Table 3. As it is seen from the 
values, the Vickers hardness of all treated samples 
showed approximately 20% increase compared to 
the untreated sample. 
 
Table 3. Vickers hardness, critical load for scratch 

cracking and bending strength of the glasses. 

Samples 
Vickers 

Hardness 
(GPa) 

Critical Load 
for Scratch 

Cracking (N) 

Bending 
Strength 
(MPa) 

Untreated 5.19 ± 0.05 2.8  56 ± 21 

1Ag  6.16 ± 0.07 9.1  241 ± 19 

2Ag  6.01 ± 0.04 8.7  226 ± 13 

3Ag  5.94 ± 0.05  7.8  199 ± 21 

 
Scratch resistance of the treated glass samples were 
evaluated in terms of the value called as critical 
load for scratch cracking which signifies the 

Sample  Density 
(g/cm3) 

Increase 
in Density 
(%) 

EDS Results 
(wt. %) 
Ag K 

Untreated 2.431    

1Ag 2.462 1.28 29.42 6.24 

2Ag  2.481 2.06 36.51 5.86 

3Ag  2.484 2.18 37.29 4.92 
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initiation in scratch cracking. Results are given in 
Table 3. All glass samples became more scratch 
resistant after the ion exchange treatment. Scratch 
resistance of the glass samples also showed a slight 
decrease with increasing AgNO3 concentration in 
the ionic medium. 
 
Bending strength of each treated glass was 
averagely 3.5-4 times higher than the untreated one 
(Table 3). Bending strength of the glasses slightly 
decreased with increasing AgNO3 concentration in 
the ionic medium. 
 
After the ion exchange treatment, hardness, scratch 
resistance and bending strength of the glasses were 
significantly improved when compared to the 
untreated sample. On the other hand, improvements 
on mechanical properties slightly decreased with 
increasing AgNO3 concentration in the ionic 
medium due to the reduced compressive stress on 
the surface with the increasing silver, decreasing 
potassium incorporation. 
 
From the literature data, it is known that the 
antimicrobial activity of silver is due to the release 
of Ag+ ions. Hence, investigation of ion releasing 
properties is so important for silver containing 
antimicrobial materials [5, 8, 10]. Fig. 1 gives the 
plot of the concentration of released silver into the 
aqueous environment from the treated glass 
samples. It was observed from the graph that silver 
ion release increases with the increasing immersion 
time and ion release rate tends to slow down after a 
while for all the samples. 
 

 
Fig 1. Silver ion release of the ion exchanged 

glasses. 
 

The antimicrobial activity of the ion exchanged 
glasses was investigated by measuring the reduction 
of microbial growth of the selected microorganisms 
and comparing the values with the control samples 
(Table 4). All tested glass samples inhibited the 
microbial growth after 24 hours contact time. There 
was no significant difference determined on the 
antimicrobial efficacy of the glasses against E.coli 
and S.aureus cells. 
 
 

Table 4. Antimicrobial susceptibility test results of 
the glass samples.  

Samples 

E.coli  
(Gram negative 
bacteria) 

S.aureus 
(Gram positive 
bacteria) 

log reduction log reduction 
Control  - - 
2Ag 3.02 ± 0.18 3.14 ± 0.08 
3Ag 4.06 ± 0.08 3.92 ± 0.12 

 
4. Conclusion 
 
Incorporation of both silver and potassium ions into 
the glass was caused substantial improvement on 
mechanical properties of the glass samples. Desired 
and controlled level of silver release from the glass 
was achieved within the studied experimental 
conditions. Treated glass samples showed strong 
antimicrobial activity (log reduction > 3) against 
E.coli and S.aureus cells after 24 hours contact 
time.   
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Abstract 
 
A series of binary (1-x)TiO2  xB2O3 glasses with TiO2 
content up to 80 mol% were prepared by the sol-gel 
technique using titanium tetraisopropoxide (C12H28O4Ti) 
and boric acid (H3BO3) precursors. Effects of initial 
precursor amount, and calcination temperature and time 
on the formation and photocatalytic properties of the 
glasses were investigated. The optimum amount of TiO2 
was researched to get a glass possessing self-cleaning 
ability. The photocatalytic performance of the glasses 
was evaluated by the decomposition of methylene blue 
(MB) solution under UV irradiation. The MB 
degradation of the glasses increased as the TiO2 
concentration increased. The highest MB degradation of 
90.4% occurred for sample 80T after exposing the 
sample to UV illumination for 90 min. Glasses were 
characterized by thermal analyses (TGA and DTA),    
X-ray diffraction (XRD), and scanning electron 
microscope (SEM).  

1. Introduction 
 
Titanium dioxide (TiO2) is a well-known semiconductor 
material for photocatalytic applications. Generally, self-
cleaning ability is brought in the glass or coating on the 
glass with the presence of photocatalytic materials such 
as TiO2, SnO2, ZnO, and CuO [1-4]. Self-cleaning 
glasses have potential use in special applications such as 
window glass, automobile glasses, screen glasses, 
countertops, optical glasses, etc. TiO2 addition to a glass 
composition improves chemical durability, non-linear 
refractive index and photocatalytic properties under UV 
light [5]. Also, the photocatalytic activity of TiO2 can be 
enhanced by boron doping [6, 7].  
 
TiO2 being a glass intermediate, is difficult to obtain in 
the bulk glass form by melt quenching method. 
However, it is successfully synthesized in amorphous 
and crystalline forms via sol-gel method.  
 
 
 
 
 

The glasses containing TiO2 and B2O3 were investigated 
in many studies as binary or ternary systems. Iordanova 
et al. [7] studied ternary TiO2 TeO2 B2O3 system. 
Transparent monolithic gels consisting of amorphous 
and different crystalline phases were obtained by sol-gel 
method.  Paramesh and Varma [8] reported anatase TiO2 
crystallized transparent glass in BaO-TiO2-B2O3 system. 
 
The purpose of this study is to determine the effect of 
TiO2 content on degradation of methylene blue (MB) 
solution in the TiO2-B2O3 glasses prepared by the sol-
gel process. Ultimate purpose is to get a transparent, 
photocatalytically active bulk glass which will possess a 
self-cleaning ability.  
 
2. Experimental Procedure 
 
2.1 Preparation of Gels 
 
Four different solutions of progressively increasing 
B2O3 content in the binary (1-x)TiO2  xB2O3 system 
were prepared where x ranged between 20 and 80 in 
mol % with 20 mol % increments. Experiments were 
carried out in conjunction with the work reported by 
Hsieh et al. though some modifications were made in 
the preparation procedure [9]. Boric acid (H3BO3, 
Merck) was first dissolved in absolute ethyl alcohol 
(C2H6O, Sigma-Aldrich). The solution consisting of 
1.2M glacial acetic acid (CH3COOH, Merck), 5M 
distilled water and 0.3M nitric acid (HNO3) were added 
to the above solution. Then, the necessary amounts of 
titanium tetraisopropoxide (C12H28O4Ti, Sigma-Aldrich) 
were added dropwise while under continuous stirring 
for 30 min. The prepared sols were kept standing at 
room temperature for gelation. The gelation time for the 
sols varied between 4 and 8 days depending on the 
initial composition. After gelation, the aging of gels was 
performed in air for a few days.    
 
The gels obtained were heated to 60 oC overnight for 
drying in an oven. After drying, the gels were exposed 
to a regulated heat treatment stepwise up to 300 oC. The 
heating rate was 0.5 oC min-1. The heat treatment 
temperature was determined on the basis of DTA-TG 
data. DTA-TG (SII EXSTAR TGA-DTA) analyses 
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were conducted to determine the glass transition and 
crystallization temperatures as well as the weight loss in 
the samples at a rate of 10 oC min-1. The temperature 
range between 0-700 oC was taken for DTA-TG 
analysis.   
 
2.3 Characterization  
 
X-ray diffractometer (Bruker-AXS, D8 Advance A25, 
USA) was used to confirm amorphous state of TiO2 
B2O3 glasses. Also, the crystals precipitated in the 
amorphous state due to the heat treatment applied were 
detected by X-Ray diffraction (XRD). XRD patterns 
were obtained in the continuous scan mode at a rate of 
0.02o s-1. All XRD patterns were analyzed using Bruker 
software to identify the crystalline phase(s) in the glass 
composition. X-  
 
The morphology of the heat treated samples was 
examined using a scanning electron microscope (FE-
SEM, Nova Nanosem) at operating voltage of 20 kV. 
Samples were coated with gold by sputtering method 
before SEM examination.   
 
Photocatalytic activity was evaluated in terms of the 
degradation of methylene blue solution. UV-vis 
Spectrometer (SCINCO S-3100) was used to measure 
the photocatalytic activity at the wavelength of 664 nm. 
A 30 mL of MB solution was mixed with 30 mg of 
sample powders to prepare a suspension. The 
suspension stirred in dark for 30 min and under UV 
light illumination for 30, 60, and 90 min.  
 
3. Results and Discussion 
 
Transparent gels are obtained by applying the procedure 
mentioned in experimental section. The transparent gel 
formation occurs between 20 and 80 mol% TiO2 at 
room temperature.  
 
Figure 1 shows XRD patterns of dried gels with 20-80 
mol% TiO2. XRD analysis suggested that dried gels 
containing 60 and 80 mol % TiO2 (hereafter named as 
60T and 80T, respectively) are in amorphous state. But, 
crystallization peaks appear in the gels containing 20% 
and 40% TiO2 (hereafter named as 20T and 40T, 
respectively). Crystalline peaks belonged to H3BO3 
crystals (ICDD No: 72-3608).  

 

 
Figure 1. XRD patterns of dried gels a) 80T, b) 60T,  

c) 40T, d) 20T. 
 
Upon a regulated heat treatment, crystallization 
occurred in the amorphous phase for all of the samples. 
After heat treatment, two peaks appeared at 25.29o and 
28.05o in samples 20T, 40T, and 60T. They correspond 
to anatase form of TiO2 (ICDD No: 70-6826) and 
H3BO3 (ICDD No: 72-3608), respectively. H3BO3 peak 
was prominently detected in samples 20T and 40T. 
Besides H3BO3, anatase crystals appeared in sample 
60T. No H3BO3 peak was observed in sample 80T 
suggesting that anatase is the only crystal phase formed. 

 
Figure 2. XRD patterns of heat treated samples a) 80T, 

b) 60T, c) 40T, d) 20T 
 
The representative SEM images of TiO2-B2O3 glasses 
containing 80 mol% TiO2 are shown in Figure 3. TiO2 
and B2O3 rich regions seem to be separated from each 
other. Smooth part of the image indicates the 
amorphous phase. Rough part of the image is for 
crystalline phase of anatase TiO2. 
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Figure 3. SEM images of sample 80T. 

 
DTA-TG analyses represent the glass transition and 
crystallization temperature of glasses with different 
TiO2 content in Figures 4-7. The endothermic peaks at 
about 100 oC indicate the vaporization of water and 
other solvents. The exothermic peaks at temperatures 
greater than 100 oC indicate burn out of organic 
contents. Similar results were reported by Villegas and 
Navarro [10]. All samples have different glass transition 
temperature as presented in Table 1. It is obvious that 
glass transition temperature increased as TiO2 
concentration decreased. In addition, the peaks at about 
400 oC show the crystallization for all glasses.  
 
 

 
Figure 4. DTA-TG graph of sample 80T as dry-gel. 

 
 
 

 
Figure 5. DTA-TG graph of sample 60T as dry-gel. 

 
 

 

 
Figure 6. DTA-TG graph of sample 40T as dry-gel. 

 
 

 
Figure 7. DTA-TG graph of sample 20T as dry-gel. 

 
 

Table 1. Glass transition temperature of dried gels. 
Sample Tg (oC) 

80T 300 
60T 350 
40T 360 
20T 380 

 
MB degradation measured in dark at 30 min was taken 
as a reference point. The measurements at 30, 60, and 
90 min took place under UV light illumination. The 
decrease of MB concentration in dark was physical 
adsorption process. Absorbance spectra for the samples 
exposed to MB degradation for 90 min UV light 
illumination are shown in Figures 8. The samples 
containing 20, 40 and 60 mol% TiO2 show similar 
absorbance spectra while the sample containing 80 
mol% TiO2 indicates the highest MB degradation 
among all samples.   
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Figure 8. Absorbance spectra for all of the samples after  

90 min UV illumination. a) 80T,  b) 60T, c) 40T, d) 
20T. 

 
Figure 8 shows the variation of the percentage of MB 
degradation with TiO2 concentration. After exposing the 
samples to UV illumination for 90 min, MB degradation 
increased as the TiO2 concentration increased. The 
highest MB degradation of 90.4% achieved for sample 
80T as seen in Figure 9.   

 

 
Figure 9. Variation of MB degradation with TiO2 

concentration. 
 
4. Conclusions 
 
The transparent and colorless TiO2-B2O3 glasses could 
be prepared by the sol-gel method. After calcination, the 
samples containing 40, 60, and 80 mol% TiO2 become 
semi transparent - white color glasses. Photocatalytic 
activity was attained in all samples according to the 
UV-vis test results. Glasses containing 80 mol% TiO2 
exhibited the highest photocatalytic activity of 90.4%. 
These glasses may be successfully utilized in self-
cleaning applications. 
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Abstract 

A glass of composition 4.8Na2O-25.2B2O3-70SiO2 was 
produced by melting silica, boric acid, and sodium 
carbonate mixture at about 1600 °C. Sodium borosilicate 
glass fiber was drawn while the glass melt was cooling to 
room temperature. The fiber sample was heat treated to 
provide spinodial decomposition and phase separation at 
600 °C for 6 h. Also, a bulk glass piece was fabricated from 
the same chemical composition. The soluble alkali rich 
borate phase was removed by acid leaching process with 
hot dilute HCl solution. The glass produced was 
characterized using DTA-TG, SEM, and XRD analysis 
techniques. The SEM examinations revealed that nano-
sized pores formed in the sample. 
  
1. Introduction 
 
The investigation of phase separation behavior opened the 
way of producing porous and high silica content glasses 
[1]. The Na2O-B2O3-SiO2 ternary system exhibits an 
immiscibility dome caused by the “boron anomaly” with an 
upper critical temperature of about 760 °C. In this 
immiscibility domain heat treatment produces a visible 
phase separation that may be used for the production of 
porous glasses. 
  
The formation of porous glasses by leaching of phase 
separated glasses has been studied mainly on phase 
separated sodium borosilicate glasses. In these glasses, 
alkali borate phase readily dissolves in hot mineral acids 
such as HCl, HNO3, or H2SO4 leaving behind a porous 
high-silica skeleton [2,3].  
 
Porous glasses can be formed by several different methods 
such as; phase separation and selective leaching method, 
sintering glass powders, sol-gel method or sponge 
replication method. These glasses can be used in the porous 
state or can serve as precursors to fully consolidated 
glasses. The phase separation method is preferred in 
commercial  products  with  advantages  such  as  easier  to 
control the pore size and suitable for low cost mass 

production. Porous glasses have many special application 
areas such as; separation membrane technology, optical 
chemosensors, drug delivery or photobioreactors. Porous 
glass can be produced a wide variety of geometric forms 
such as fibers, rods, beads, hollow fibers or ultrathin 
membranes. Also the tailorable pore size in the broad range 
between 0.3 and 1000 nm, the very reactive surface and 
high specific surface area is the remarkable properties of 
porous glasses. The structural properties of the porous 
glasses can be determined by; the initial batch composition, 
the heat treatment conditions and the leaching conditions 
[3,4]. The purpose of this study is the production of 
nanoporous glass fiber by selective leaching method using 
the suitable composition, heat treatment time, temperature 
and leaching conditions.  
 
2. Experimental Procedure 
 
A 4.8Na2O-25.2B2O3-70SiO2 glass was prepared by a 
conventional melting and quenching technique. The 
Na2O/B2O3 mole ratio was taken as 16/84 where sodium 
borosilicate glasses exhibit maximum immiscibility [1]. 
Na2CO3 (purity  99%), B2O3 (purity  99%) and SiO2 
(purity  99 %) were chosen as starting chemicals. Batches 
of 47 g was formed by mixing the necessary amount of 
each ingredients. After mixing stoichiometrically 
appropriate proportions of the starting powders, the mixture 
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 for a castable melt the furnace temperature 
was raised up to 1600 °C for 1 h.   
 
The fiber sample was drawn directly from melt by simply 
dipping a metal rod into the melt and pulling upward while 
the glass melt was hot. The dense and crack free fiber was 
cut to small sample. Nominal dimensions of the fiber 
sample was 0.62±0.01 mm in diameter and 1±0.01 cm long 
as seen in Figure  1 (a). 
 
The melt was quenched onto a stainless-steel plate and 
firmly compressed with another steel plate onto it. A 
transparent and colorless piece of sodium borosilicate glass 
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chunk was obtained as seen in Figure 1 (b).  The glass 
chunk was crushed to small pieces to get samples for 
analyses and heat treatment. One of the pieces was 
pulverized in an agate mortar with pestle down to 150 μm 
(100 mesh) for differential thermal analysis (DTA) thermal 
gravimetric analysis (TGA), and X-ray diffraction (XRD) 
analysis.  
 

 
 

Figure 1. Sodium borosilicate glass samples. (a) heat 
treated fiber after acid and alkali leaching, and (b) as 

quenched chunk. 
 
Before heat treatment the thermal properties of quenched 
glass was determined by DTA and TGA. The 
measurements were done at a heating rate of 5 °C/min up to 
1100 °C using SII Exstar TGA-DTA unit. A few millimeter 
thick pieces were heat treated at temperatures of 550, 650, 
and 750 °C for 6 h. The amorphous structure or possible 
crystalline formations occurred after the heat treatment was 
investigated by an X-ray diffractometer (Bruker-AXS, D8 
Advance A25, USA) at a rate of 2°/min using CuK  
radiation.  
 
In order to provide spinodial decomposition and phase 
separation the glass fiber was heat treated at 600 °C for 6 h. 
Then, the soluble alkali rich borate phase was removed by 
acid leaching process with 3M HCl solution at 90 °C for 6 
h. In order to remove the silica colloids remained inside the 
formed pores after acid leaching, the sample was treated by 
1M NaOH solution at room temperature for 1 h. After acid 
and alkali treatments the sample was washed with distilled 
water and finally dried at 90 °C for 1 h. The weight 
difference of fiber sample before and after acid-alkali 
treatment was approximately 7 %. The cross section 
microstructure of the acid and alkali treated fiber sample 
was examined using a scanning electron microscope 
(FESEM, Nova Nanosem). 
 
3. Results and Discussion 
 
The DTA curve of quenched 4.8Na2O-25.2B2O3-70SiO2 
glass before heat treatment at a heating rate of 5 °C/min up 
to 1100 °C is shown in Figure 2. The first endothermic 
peak at temperature of 740 °C can be attributed to the glass 
transition temperature (Tg) of the glass. The exothermic 
peak at 785 °C is related to the crystallization of glass (Tc).  

DTA data were used for determining the heat treatment 
temperature where the temperature should be lower than 
Tc. Also the weight loss about 1.5% can be interpreted as 
moving away of the physically and chemically bond water 
in glass powder samples [5, 6]. 
 

 
Figure 2. DTA curve of 4.8Na2O 25.2B2O3-70SiO2 glass 

before heat treatment. 
 
Figure 3 shows the XRD patterns of the 4.8Na2O-
25.2B2O3-70SiO2 glass powders after heat treatment at 550, 
650, and 700 °C for 6 h. The results demonstrate the 
amorphous silica-silicate related glass halo is present in all 
samples in between 15-30 degrees (2 ). Devitrification and 
crystallization was not observed for all samples heat 
treated, verifying the data gathered in DTA.  
 

 
Figure 3. XRD patterns of the 4.8Na2O-25.2B2O3-70SiO2 

glass after heat treatment at 550, 650, 700 °C for 6 h. 
 

Figure 4 shows the images taken from cross-sectional SEM 
examination of the acid and alkali treated fiber sample. 
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Figure 4a was taken at a magnification of 50,000X while 
Figure 4b was taken at a magnification of 100,000X. It is 
obvious that circular, nano-sized pores formed after the 
leaching process. Similar images have been reported in 
previous studies [1,7]. The observed pore size form SEM 
micrographs is around 40-60 nm.  
  

 
 

Figure 4. Cross section SEM micrographs of the acid and 
alkali treated fiber sample at magnifications of (a) 50,000X 

and (b) 100,000X. 
 
4. Conclusions 
 
A transparent and colorless sodium borosilicate glass is 
obtained by melt and quench method. The glass transition 
temperature and crystallization temperature of 4.8Na2O-
25.2B2O3-70SiO2 glass was 745 °C and 785 °C. The XRD 
results reveal that the glasses are X-ray amorphous up to 
700 °C. The porous glass fiber was obtained by selective 
leaching method and the pore size is around 40-60 nm as 
determined by SEM images. 
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UBE started its R&D into Silicon Nitride Powder in 1977 at its facility located in Japan (Ube-city). The fi rst commercial 
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the increasing demand from all across the world. It has now become one of the leading Silicon Nitride manufacturers in 
the world. For Silicon Nitride production, UBE Industries uses a special manufacturing process called the Original Imide 
Decomposition Method. Using its unique manufacturing technique, the company produces a high purity material made 
from silicon tetra-chloride and ammonia with consistent and reliable quality, which is an essential feature for UBE´s 
business partners worldwide.
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Abstract 

The aim of the current study is to investigate the 
production and characterization of Carbon Fiber 
Reinforced Silicon Carbide (C/C-SiC) Matrix 
Composites. Liquid silicon infiltration (LSI) method 
was utilized to produce the C/C-SiC composites. 
Processing of these composites via LSI process contains 
there main steps: Carbon Fiber Reinforced Polymer 
(CFRP) composite production, pyrolysis and liquid 
silicon infiltration. Each production step has an 
important effect on the efficiency of the LSI process, 
therefore, present study investigates the effect of the 
parameters of each step on the silicon infiltration 
process by comparing the properties of C/C preforms 
and resulting C/C-SiC composites obtained by various 
processing conditions. Increasing pyrolysis temperature 
results in decreasing density along wtih increasing 
porosity content and crack opening of the C/C preform 
which directly affect the efficiency of subsequent LSI 
process. Comparison of density, microstructure and 
flexural strength values of resulting C/C-SiC composites 
revealed that pyro C and 
following silicon infiltration of the C/C preforms must 

C in vacuum atmosphere. 

1. Introduction 

Materials are the base of the technology, and progress in 
technology requires advance in materials, especially for 
aerospace and military applications. In recent years, 
usage of C/C-SiC ceramic composites instead of 
monolithic ceramics and traditional refractory materials 
has increased considerably due to their superior 
properties. Because of their relatively low densities and 
high temperature mechanical properties as well as 
erosion and thermal shock resistance compared to their 
counterparts, C/C-SiC ceramic composites are being 
used as high temperature structural materials in 
applications such as components in thrust providing 
parts of rocket/missile systems and thermal protection 
systems of the nose cap of the reentering space crafts. 
Besides these practices, C/C-SiC composites are also 
utilized in high performance brake pad and clutch 
applications. Considering the great combinations of 
excellent wear resistance and lightweight together with 

high and stable coefficient of friction, it is not surprising 
that C/C-SiC composites have been used as a first choice 
for friction applications. 

By improving their manufacturing processes, these 
existing application areas may be expanded, and novel 
application areas could be aroused in the near future. 
Besides the possible improvements in manufacturing 
techniques, enhancement in material properties such as 
mechanical strength and environmental stability, which 

via reliable, 
repeatable and cost effective processing methods must 
be considered. Among the currently available 
techniques, LSI method was chosen for the production 
of the C/C-SiC composites in this study considering all 
of these requirements. The basic advantage of the LSI 
process is that it leads to near net shape composite 
manufacturing providing lower fabrication time and 
cost. 

Processing of the C/C-SiC composites via LSI method 
starts with the production of the CFRP composite part. 
This part is pyrolyzed in a high temperature furnace 
under inert atmosphere to burn out its polymeric binder 
and to convert its polymer matrix into carbon resulting 
in a porous C/C preform. In the following stage, carbon 
matrix is converted into SiC matrix by melt infiltration 
of liquid silicon and formation of the ceramic end 
product termed as C/C-SiC composite. It can be stated 
that the properties of the final composite depend on both 
CFRP and C/C preform characteristics as well as the raw 
materials used together with the applied processing steps 
and their parameters. Although extensive research has 
been carried out on the production of C/C-SiC 
composites, no detailed study is available which 
adequately covers the effects of the production step 
parameters on the properties of the final composite. 

2. Experimental Procedure  

2.1 Fabrication of CFRP  

CFRP composites were fabricated using autoclave. As 
the matrix material resol type phenol formaldehyde resin 
which is in oligomer condition was used along with 
PAN based 2D plain woven carbon fiber fabrics of as 
the reinforcement with volume content of 60 vol%. The 
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under 3-5 bar pressure with the holding time of 4 h. 

2.2 Investigation of Optimum Pyrolysis Temperature 

Pyrolysis of Resin Matrix 

Preliminary pyrolysis experiments were conducted 
using phenolic resin in powder form prior to pyrolysis 
of CFRP composites containing both carbon fiber 
fabrics and resin matrix in order to determine the effect 
of pyrolysis temperature on the conversion of the 
phenolic polymer matrix into carbon. Initially, cured 
phenolic resin was ground manually to powder form 
using alumina mortar and pestle. Particle size of the 
powdered phenolic resin changed between 150 and 600 

ed resin was pyrolyzed for 3 h at 
various temperatures of 500, 600, 700, 800, 900 and 

high purity nitrogen atmosphere. 

Pyrolysis of CFRP to Form C/C Preforms 

CFRP composites were pyrolyzed to obtain C/C 
composite preforms to be used in silicon infiltration 
studies. Carbonization of CFRP composites was 
performed at various temperatures with a constant 

/min under flowing nitrogen 
atmosphere. In order to determine optimum pyrolysis 
temperature and to investigate the effect of the pyrolysis 
temperature on the microstructure and properties of the 
CFRP composites, 6 different pyrolysis experiments 
were done for 3 h at 500, 600, 700, 800, 900 and 1000 
C. After pyrolysis, the samples were allowed to cool 

slowly in the furnace under flowing nitrogen atmosphere 
in order to prevent excessive crack formation. 

2.3 Liquid Silicon Infiltration (LSI) of C/C Preforms 

During infiltration process firstly ca. 1.6 g of Si powder 
was filled into graphite crucibles containing pyrolyzed 
C/C preforms as shown in Figure 1. 

 
Figure 1. Graphite crucible containing pyrolyzed C/C 

preforms. 

Before setting up the furnace, alumina tube of the 
furnace was initially flashed with argon gas, and then 
vacuum was applied by a rotary pump to reduce the 
vacuum level to round 10-3 mbar. Argon purging and 
vacuum degassing cycles were applied 3 times in order 
to ensure that the tube was free from air or any impurity 
gases. For infiltration process, the furnace was set up to 
desired temperature and heating rate was adjusted to 

/min. Until the furnace had reached to 

crucibles were kept above the hot zone in order to 
prevent secondary pyrolysis of the C/C preforms. The 
crucibles containing the samples which were initially in 
the cold zone of the furnace were placed slowly to a 
region of the furnace where the temperature was 

to rapid temperature change, and the samples were held 
in this zone for 3 minutes for temperature 
homogenization in the samples. Next, the samples were 
moved to the hot zone of the furnace where they were 
held for 1h at the test temperatures. Liquid silicon 
infiltration of porous C/C preforms was studied at 
various temperatures above the melting point of pure Si 

either under flowing argon atmosphere or 
vacuum atmosphere of around 10-3 mbar. During the 
infiltration processes optimum process parameters were 
sought at which the complete reaction occurs between 
liquid silicon and free carbon in the C/C preform 
emerging from the pyrolyzed phenolic matrix of the 
initial CFRP. Complete reaction of Si with the free 
carbon to form SiC is crucial which results in a dense 
and homogenous ceramic composite containing C/C 
fibers separated from each other by SiC without any 
residual unreacted Si. After infiltration, the furnace was 
switched off, and the samples were allowed to cool in 
the furnace slowly under flowing argon atmosphere. 

2.4 Characterization Studies 

Microstructural Characterization 

Microstructural characterization of the pyrolyzed CFRP 
and silicon infiltrated composites were conducted using 
scanning electron microscope (SEM) (FEI Nova Nano 
SEM 430) equipped with an energy dispersive X-ray 
spectroscopy (EDS) analyzer. All of the samples were 
examined after grinding and polishing the surfaces with 
800-

were done at an accelerating voltage of 10 kV. 

Density Measurement 

Density and open porosity contents of the samples were 

(CH3C6H4CH3) as the immersion medium utilizing 
PRECISA XB220A balance equipped with a density 
measurement kit. After weighing the samples in dry 
condition, the samples were inserted into xylol and held 
in a desiccator for 1 h. In order to achieve successful 
penetration of xylol into the open pores vacuum was also 
applied to the desiccator. Then, the samples were 
suspended in a beaker filled with xylol on the balance 
and the weights of the samples were measured when 
they were in the liquid medium. Finally, after taking the 
samples out of xylol, weight of xylol impregnated 
samples were also measured in air to determine the 
amount of impregnated xylol into pores. During the 
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density and open porosity calculations, density of xylol 
xylol) was taken as 0.861 g/cm3. Density and open 

porosity content of C/C preforms were measured by the 
 

Structural Analysis by X-ray Diffraction (XRD) 

X-ray diffraction (XRD) characterization using Rigaku 
D/MAX2200/PC was performed for phase analysis of 
phenolic resins, C/C preforms after pyrolysis at various 
temperatures and silicon infiltrated C/C-SiC 

and 
 angle range of 5-

 

3. Results and Discussion  

3.1 Effect of Pyrolysis Temperature on the LSI 
Process 

In this part of the study, the influence of pyrolysis 
temperature on the densification behavior of the liquid 
silicon infiltrated composites is presented. C/C preforms 
pyrolyzed at various temperatures were silicon 

As it is 
shown in Figure 2, with decreasing C/C preform density, 
density of the final C-C/SiC composite increases. 
Increasing pyrolysis temperature results in C/C 
preforms with lower density, higher porosity and higher 
crack opening leading to improved densification of the 
silicon infiltrated composites. However, remarkable 
densification by silicon infiltration has been obtained in 

For all pyrolysis temperatures after silicon infiltration 
outer and inner sections of the resulting C/C-SiC 
composites revealed different microstructures. This is 
because, liquid silicon is not able to reach to the inner 
sections of the C/C preform. Only at the outer regions of 
the C/C preform SiC formation was observed while 
inner sections of the composite still contain 
untransformed carbon matrix.

XRD analysis of C/C-SiC composites obtained by 
silicon infiltrating the C/C preforms pyrolyzed at 800, 

, in which relatively high densification 
is achieved, was conducted on their cross sections 
(Figure 3). For all of the samples, existing phases are 
carbon which has a wide peak around 26
silicon carbide with the corresponding diffraction peaks.
Carbon has a wide peak because it involves both 
turbostratic carbon existing in the matrix and the carbon 
fibers existing at the cross section of the specimen. 
Silicon and SiO2 peaks are not observed in the 
diffraction data, therefore, it can be said that all of the 
silicon infiltrated into the C/C preform has reacted with 
the carbon matrix and has formed silicon carbide, while 
no detectable oxidation of the Si was present.   

 

Figure 2.  Relationship between C/C preform 
density/pyrolysis temperature and C/C-SiC composite 
density/open porosity. 

Consequently, for all of the silicon infiltrated 
composites it can be said that pyrolysis steps were 

order words, polymeric matrix has been converted to 
turbostratic carbon completely and C/C preform matrix 
did not contain any non-carbon species which may have 
produced oxidation products like CO2, CO or H2O 
during the infiltration process. 

 

Figure 3.  XRD results of C/C-SiC composites 
obtained by the Si infiltration of the C/C preforms 

pyrolyzed at (a) 800,  

In order to observe the effect of pyrolysis temperature of 
the C/C preforms on silicon infiltration depth, resulting 
C/C-SiC composites were cut and their cross sections 
were examined using SEM. SEM micrographs were 
taken for all pyrolysis temperatures from the outer and 
inner sections of the composites to get information about 
the microstructural variations. Calculated average 
silicon infiltration depth values are given in Table 1. It 
can be stated that with increasing pyrolysis temperature, 
(increase in crack opening and porosity content of the 
preforms) silicon infiltration depth increases. 
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Table 1. Infiltration depth values of liquid silicon in 
C/C-SiC composites. 

 

3.2 Effect of Process Atmosphere (Argon vs. 
Vacuum) on the Efficiency of LSI Process 

In order to investigate the effect of positive Ar pressure 
vs. vacuum in the controlled atmosphere on the 
efficiency of liquid silicon infiltration, C/C preforms 

, which have nearly the same 
amount of porosity, density and crack width, were 

either under argon 
atmosphere or in vacuum. 

Table 2. Density and open porosity comparisons of 
silicon infiltrated preforms under argon atmosphere 

and in vacuum. 

 

As it is seen in Table 2, after the infiltration at different 
atmospheric conditions, for both of the cases due to the 
chemical reaction at the interface of carbon and liquid 
silicon, some amount of SiC was formed in the matrix, 
therefore, density of the preform has increased as 
opposed to the porosity content. The increase in the 
density of the preform infiltrated in vacuum is higher 
than that of the one infiltrated under argon atmosphere. 
Porosity reduction compared to just pyrolyzed preform, 
is 36.65% and 65.08% after silicon infiltration under 
argon and in vacuum, respectively. 

3.3 Effect of Infiltration Temperature on the LSI 
Process 

In order to study the effect of the liquid silicon 
infiltration temperature on the densification properties 
of the resulting composites, C/C preforms pyrolyzed 
using identical processing variables were silicon 
infiltrated under vacuum at either 1550 or It is 
seen in Table 3 that, there is an increase in C/C-SiC 
composite density with increasing infiltration 
temperature where amount of pore filling by formed 
silicon carbide formation is higher. Moreover, 
comparison of the SEM micrographs (Figure 4) reveals 
that crack and pore contents are less in the composites 
infiltrated at higher temperatures in vacuum. 

Table 3. Density and porosity comparison of C/C-SiC 
composites silicon infiltrated at two different 

temperatures in vacuum. 

 

  

Figure 4: SEM micrographs of the C/C-SiC 
composites silicon infiltrated at different temperatures 

 

4. Conclusion 

Applied pyrolysis temperature plays an important role 
on the densification behavior observed during the LSI 
process. Increasing pyrolysis temperature results in C/C 
preforms with lower density, higher porosity and higher 
crack opening leading to improved densification of 
silicon infiltrated composites. Presence of a gas phase at 
the Ar-Si-C triple line hinders the penetration of the 
liquid silicon into the C/C preform during LSI under 
argon atmosphere. Under constant permeability of the 
C/C preform, higher silicon infiltration temperature 
results in more efficient filling of the cracks and pores, 
as lower viscosity accelerates the infiltration rate. 
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Abstract 
 
In the present work, translucent Dy3+-doped -SiAlON 
ceramics were successfully fabricated by gas pressure 
sintering (GPS) method and their microstructure were 
tailored by controling sintering parameters to improve 
transmittance of products. The transmittance of the sintered 
Dy- -SiAlON ceramics were inspected in 2000–7000 cm-1 
wave number region by using FTIR. The microstructure 
and phase characterization of the samples were also carried 
out by using SEM and XRD techniques, respectively. 
Results showed that the main parameters determining the 
optical features of translucent SiAlON ceramics are grain 
size/grain size distribution in the sintered product, phase 
variety therein, the amount and distribution of grain 
boundary phases within the structure and density. 
 
1. Introduction 
 
SiAlON is a kind of ceramic alloy which is produced by 
combination of four elements (silicon (Si), aluminium (Al), 
oxygen (O) and nitrogen (N)). As a result of substitution 
for Si by Al with corresponding atomic replacement of N 
by O, SiAlON has superior properties than Si3N4 such as 
high strength (even at high temperatures), good thermal 
shock resistance and exceptional resistance to corrosion. 
Due to this reason SiAlON ceramics have been widely used 
for extremely harsh structural applications. In recent years, 
serious attention were taken to examine SiAlON ceramics 
optical properties as well. The main aim of these reasearchs 
to achive better optical transmission without losing superior 
mechanical properties of SiAlONs. Many reaserchers 
worked with different -SiAlON compositions and dopands 
such as alkali earth cations (Ca2+ and Mg2+) or rare earths 
(Lu3+, Nd3+, Sm3+, Tb3+) to improve optical properties of -
SiAlONs [1-4]. Additionally, in many researches, the 
transparency of the SiAlONs has been tried to improve by 
using different sintering techniques such as spark plasma 
sintering (SPS), hot isostatic pressing (HIP) and hot press 
(HP) [5-7]. However, there is no report about production of 

translucent SiAlONs by the gas pressure sintering (GPS) 
method.  
 
The aim of this study is to fabricate translucent Dy- -
SiAlON ceramics by using GPS technique. Additionaly to 
investigate effects of GPS parameters on optical properties 
of products. 
 
2. Experimental Procedure 
 
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) and 
Dy2O3 (99.99%, HC Starck) were used to prepare Dy0.66 
Si9.0 Al3.0O1.0N15.0 composition according to general formula 
of -SiAlON (Re(x)Si(12-m-n)Al(m + n)O(n)N(16-n)). 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. 
Ethanol used as solvent for milling process. After milling, 
the powder slurry was dried at 55 C and sieved (250 m).  
The dry powders were pressed into tablet-shaped compacts 
by Uniaxial Pressing Equipment with 2 MPa pressure. 
Pellets of each specimen were cold isostatic pressed to 
achieve maximum green density. Shaped samples were 
sintered by GPS method using FCT GmbH-Germany 
branded a gas pressure sintering furnace. Sintering 
conditions of samples shown in Table 1. Also the entire 
process is performed in N2 atmosphere. Infrared 
transmissions in wave number of 1000–7000 cm-1 were 
measured by FT-IR (Bruker Tensor27). The densities of the 
sintered samples were measured by the Archimedes method 
in distilled water. The phase compositions were analyzed 
using the X-ray diffraction method (Rigaku Rint 2200) with 
Cu K  radiation (  = 1.540 Å) from 20° to 60° and a 
scanning speed of 1/min. The microstructure of the final 
products were characterized by scanning electron 
microscopy (Zeiss Supra 50 V). 
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Table 1.  Sintering conditions of sintered samples 
Sample 
Code 

Sintering 
Temperature 

(°C) 

Holding 
Time 
(h.) 

Pressure 
(bar) 

GDy1 1850 2 22 

GDy2 1900 2 70 
 
3. Results and Discussion 
 
The bulk densities and the porosity amount of the sintered 
specimens are listed in Table 2. According to density 
measurements, GDy2 specimens have a higher density 
value and lower porosity content than GDy1 specimen. 
GDy2 sample could densified to over 99% of its theoretical 
density however GDy1 sample includes high amount of 
porosity which is around %16.  This difference is obviously 
related to their sintering conditions. GDy2 specimen 
sintered at higher temperature and pressure than GDy1 
which can be seen from Table 1.  
 

Table 2. Bulk density and porosity values of samples 
Sample Code Density 

(g/cm3) 
Porosity 

(%) 
GDy1 2.89 16.38 

GDy2 3.23 1.01 
 
SEM micrographs of the GPS-ed GDy1 and GDy2 samples 
are shown in Figure 1 and 2 respectively. SEM 
micrographs confirm the density measurement results. 
GDy1 specimen includes high amount of porosity which 
are shown as darker areas on micrograph and one of them 
marked as point 1 (Figure 1).  On the other hand, any 
amount of porosity hardly seen from GDy2 samples 
micrograph. The samples consist of equiaxed and elongated 

-SiAlON grains. The average grain size of equiaxed -
SiAlON grains very small, on the contrary average 
elongated -SiAlON grains size approximately 30 μm. 
Some dark grains were observed in the GDy2 specimen. 
This secondary crystalline phase might be AlN-polytype. 
AlN-polytypes are commonly seen in the -SiAlON 
structure after sintering.  Due to its low amount of 
existence, AlN-polytypes couldn’t detect by XRD analysis. 
 

 
Figure 1. SEM micrograph of GDy1 sample by back-

scattering mode. 
 

 
(a) 

 

 
(b) 

Figure 2. SEM micrographs of GDy2 sample by back-
scattering mode, (a) 1000x, (b) 2500x. 

 
The XRD analyses of the sintered samples were carried out 
to check the phase composition of the samples. X-ray 
diffraction pattern of the GPSed GDy1 and GDy2 samples 
are shown in Figure 3. The results show that -SiAlON is 
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the major phase in both of the samples. No other crystalline 
phase or amorphous-glassy phase were not observed. 
 

 
Figure 3. X-ray diffraction pattern of the samples, red 

pattern GDy1 and blue pattern GDy2. 
 
The infrared transmittance of the specimens, ranging 
between 2000 and 7000 cm 1, are shown in Figure 4.  

 
Figure 4. Infrared transmission of SPS-ed specimens (a) 

GDy1-red (b) GDy2-blue (0.3 mm in thickness)  
 
Maximum transmission values and phase contents of the 
specimens are shown in Table 3 also. GDy2 samples 
highest transmission value is 21.489% at around ~2100 
wavenumber for 3 mm sample thickness. However, GDy1 
sample didn’t shown any transmission in range of 2000-
7000 cm 1. It is known that the microstructural 
inhomogeneity such as porosity, grain boundary, anisotropy 
of grains cause the internal light scattering. Due to this 
reason material behave like optical opaque. Because of 
high amount of porosity that GDy1 sample includes, GDy1 
sample became optical opaque in contrast with GDy2 
sample is translucent. 
 

Table 3.  Transmission values and phase contents 
Phase Content Sample 

Code 
Maximum 

Transmission 
(%) -SiAlON AlN-

polytype 

GDy1 - vs - 

GDy2 21.489 vs vw 

(vs): very strong, (w): weak, (vw): very weak, (vvw): very very weak. 
 
 

4. Conclusion 
 
Dy-doped -SiAlON ceramics produced by gas pressure 
sintering method at different sintering conditions 
(temperature and pressure). GDy2 sample could fully 
densified at 1900°C and 70 bar pressure. However, GDy1 
sample (which has same composition with GDy2) could not 
fully densified at 1850°C and 22 bar pressure. The results 
show that GDy1 specimen is optically opaque however 
GDy2 specimen is translucent. The main reason of the 
difference between samples optical properties is density 
distinctness.  
As a conclusion, it is possible to produce translucent  

-SiAlON ceramics by gas pressure sintering technique. 
However, microstructure tailoring is must to obtain highly 
translucent -SiAlON ceramics.     
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Abstract 

In this study starch consolidation, a kind of direct 
consolidation technique, was successfully used to 
produce porous sodium borate-bonded Si3N4 
ceramics. Highly porous sodium borate-bonded 
Si3N4 ceramics were consolidated with corn starch 
and homogenous porous ceramics were fabricated 
at relatively low sintering temperature ( 1200 C) in 
air atmosphere. Microstructure investigations of the 
porous ceramic samples revealed that due to high 
amount of borax based sintering additives, a 
significant amount of liquid phase was formed in 
the sintered porous Si3N4 ceramics. It was observed 
that significant amount of cristobalite phase was 
formed during the sintering process and the liquid 
phase formation was promoted cristobalite 
formation. However it was determined that it is 
possible to produce cristobalite free porous silicon 
nitride ceramics via adjusting the composition of 
the recipe and processing conditions. 
 
I. Introduction 

 
Porous Si3N4 ceramics offering an interesting 
combination of properties such as high hardness 
and fracture toughness, low density, high porosity 
and specific surface area, acceptable dielectric 
properties, high thermal shock and corrosion 
resistance. 1-5  Due to this challenging 
combination of properties porous Si3N4 ceramics 
have been widely used in various engineering 
applications namely separation membranes, 
filtering materials, catalyst supports, and high-
temperature insulation. 6-8  
 
Fabrication of porous Si3N4 ceramics could be 
carried out in numerous ways, such as gel casting 
[9], carbothermal nitridation [1], freeze casting 
[10], in situ reaction bonding [11], combustion 
synthesis [12], and adding fugitive additives [13]. 
Among these well known fabrication techniques 
Yao et al. produced porous Si3N4 ceramics via 
starch consolidation-freeze drying process. [14]  
 

Starch consolidation technique gained significant 
attention as an advanced near net-shaping technique 
for the fabrication of various porous ceramics in the 
last two decades. This process is a cost effective 
one which provides a systematic approach for 
controlling the microstructure of the porous ceramic 
materials via controlling the composition of the 
ceramic slurry regarding the solid loading, type and 
amount of the starch and also by the degree of 
sintering achieved during the sintering process. 
Also this technique has the advantage of near-net 
shaping without requiring specialized equipment 
and it is relatively a simple processing technique. 
 
In the current work, highly porous Si3N4 ceramics 
were produced via starch consolidation technique. 
Samples were pressureless sintered under 
atmospheric conditions at low temperature 
( 1200 C). Microstructural evolution, bulk density, 
open porosity content and phase analysis of the 
fabricated porous Si3N4 ceramics were investigated. 
 
 
2. Experimental Procedure 
 

-Si3N4 powder was used in combination with 
borax decahydrate (Na2B4O7.10H2O), corn starch 
and limited amount of other additives to prepare 
designed ceramic suspension having desired 
rheological properties.  
 
Thermogravimetry (TG) and differential thermal 
analysis (DTA) of the corn starch was carried out 
by using a simultaneous TG/DTA analyzer 
(Netzsch STA 449F3) up to 700 C in air 
atmosphere to determine starch removal process 
conditions. Applied heating rate during this thermal 
analysis was 10 C/minute and as a result of this 
analysis it was observed that pyrolysis of the corn 
starch was completed at 575 C (Fig. 1). 
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Figure 1. TG-DTA result of the corn starch 

 
Slurries were prepared by wet milling in a planetary 
ball mill by using deionized water. The as-prepared 
slurries were poured into the non-porous molds 
which were heated in air at 80 C to achieve 
gelatinization. After gelatinization process the 
samples were dried at room temperature for at least 
24 h. Binder burn out process was performed at 
600 C for 1 h under atmospheric conditions and 
1 C/minute heating rate was applied. After binder 
burn out process pressureless sintering of the 
samples was performed under air atmosphere at 

1200 C for 1 h. 
 
Bulk density and open porosity content of the 
fabricated porous ceramic samples were determined 
by Archimedes displacement method. 
 
X-ray diffraction (XRD) analysis of the samples 
were performed to identify phases by using 
monochromatic Cu-K  radiation. Sintered samples 
were crushed and ground down to 
XRD analysis. Starting powders and fracture 
surface of the samples were investigated by 
scanning electron microscopy (SEM). SEM 
micrograph of the starch is given in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 2. SEM micrograph of the corn starch 
 

3. Results and Discussion 
 
Prepared green samples were sintered at 1100  and 
1200 C for 1 hour after binder burn out process. 
Bulk density and open porosity measurements of 
the manufactured ceramics revealed that highly 
porous and light weight samples were produced 
(Table 1).  
 
Table 1. Bulk density and open porosity content of 
the produced porous ceramics. 
 

Sintering 
Temperature 

C 

Density 
g/cm3 

Open Porosity 
% 

1100 0.90  0.04 62.4  2.1 

1200 0.76  0.01 66.7  1.5 
 
 
 

10 m 
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Microstructural investigations of the sintered 
samples revealed that three-dimensional 
interconnected network structure was achieved 
(Fig. 3). It was determined that there are mainly 
two different size pores. First type of bigger pores 
were developed by the removal of starch during the 
heat treatment process (Fig. 3, red arrows).  Second 

type of pores, smaller in size, were formed between 
particles. 
 
 
 
 
 

 

 
 
Figure 3. SEM micrograph of the porous Si3N4 ceramics sintered at (a-b) 1100 C and (c-d-e) 1200 C for 1h. 

 
X-ray diffraction patterns of the porous samples 
sintered at different sintering conditions are given 
in Fig. 4. XRD results depicted that a significant 
amount of cristobalite phase was formed in the 
structure and Si3N4 phase was markedly consumed 
during the sintering process via reacting with 
oxygen in the furnace atmosphere. It is believed 
that low melting temperature liquid phase formation 
due to borax containing sintering additives was 
promoted cristobalite formation. New studies were 
performed to prevent cristobalite formation in the 
system and to achieve this goal recipe design and 

optimization of the processing conditions were 
done. As a result of these intense studies it was 
determined that cristobalite formation was 
prevented and performed XRD analysis were 
confirmed this result. 
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Figure 4. X-ray diffraction patterns of the porous 
ceramics produced at (a) 1200  and (b) 1100 C for 
1 hour. 

 
4. Conclusion 
 
Highly porous sodium borate-bonded Si3N4 
ceramics were fabricated via starch consolidation 
technique at relatively low sintering temperature 
( 1200 C) and in air atmosphere. Microstructure 
investigations of the porous ceramic samples 
revealed that due to high amount of borax 
decahydrate (Na2B4O7.10H2O) sintering additive 
considerable amount of liquid phase was formed in 
the samples. XRD analysis revealed that cristobalite 
phase was formed markedly during the sintering 
process. It is believed that borax containing liquid 
phase formation was promoted cristobalite 
formation. However it was confirmed via XRD 
analysis that it is possible to prevent cristobalite 
formation by optimizing the composition and 
processing conditions. 
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Abstract 

Boron carbide ceramics, having high melting point, 
outstanding hardness and low density is commonly used 
in body armours, abrasives, production of refractory 
materials, control rods and nuclear waste containers. 
There are some obstacles in achieving high densities 
closer to theoretical density values and those 
disadvantages are tried to be overcomed by Ti metallic 
addition to boron carbide structure. Boron carbide 
powders were mixed with various volumetric Ti metallic 
powders and granulated. The powder mixtures were 
fabricated by spark plasma sintering (SPS) technique. 
The sintering process was carried out at 

axial pressure with a 
. argon 

atmosphere. The effect of various amounts of metallic Ti 
and other sintering parameters were investigated on the 
final products. Density measurements were carried out by 

 Principle. Radiation testing and 
characterization of monolithic B4C samples and B4C-Ti 
samples are accomplished in terms of neutron shielding 
and by addition of metallic Ti to the bulk structure.  

1. Introduction 

Up to date hard materials such as boron carbide 
applicable to many industrial areas have always been an 
attractive research topic in terms of its outstanding 
physical, mechanical and nuclear properties. However, 
boron carbide has some disadvantages such as its 
difficulty in fabricating the bulk compacts which requires 
high temperature and pressure values in order to enable 
better sinterability up to high relative densities. So as to 
achieve its high relative density in the final bulk 
composites, relatively new sintering method, spark 
plasma sintering, is used in this study. Spark plasma 
sintering method, by using pulsed dc electric current and 
pressure by heating both the graphite dies and powders 
concurrently, provides homogenous heating compared to 
other conventional methods. Moreover, spark plasma 
sintering enables rapid sintering where grain growth is 
prevented and higher mechanical and physical properties 
achieved [1-5].  

Due to covalently bonded structure of boron carbide and 
very high melting point upto ~2,763 
method and its advantages are not most of the time 
sufficient to overcome the disadvantages of boron 
carbide such as low fracture toughness and sinterability. 
Upto date many researches made investigations about 
using additives such as TiB2, C, AlN, Al2O3, SiC, Si, Al 
and Y2O3 in order to increase the low fracture toughness 
and brittle behaviour of boron carbide and decrease the 
sintering temperature in order to save time and energy in 
production. [6-9].  Metallic sintering aids such as Si, Al, 
Mg and Fe are frequently added to provide a medium for 
liquid phase sintering and among them, Ti stands as one 
of the best candidates [10] that helps to form liquid phase 
by not increasing the composites specific density 
drastically and making new phases while increasing the 
fracture toughness values. Up to now there is not any 
recorded study that conveys boron carbide ceramics 
being produced by spark plasma sintering method with Ti 
additions and in depth analysis for the neuron shielding 
properties and this research aims to convey the missing 
information. 

A neutron shielding material would be light in weight, 
have high thermal conductivity, be resistant to thermal 
shock, be corrosion resistant, and be able to withstand 
moderate to high operating temperatures without 
suffering degradation. For structural shielding 
applications such as nuclear waste containers or shielding 
elements for nuclear submarines, the ideal material 
would also be manufacturable into a desired shape, have 
high strength, have high toughness, and not be prone to 
brittle fracture. [11].   When these issues are considered, 
it is aimed to examine the thermal neutron shielding 
properties containing 5, 10, 15, 20 % vol. Ti added 
composites produced by spark plasma sintering 
technique. In order to analyse the effects of Ti metal 
which both have low densities and low melting 
temperature compatible to boron carbide melting point 

, the neutron shielding properties are 
compared with monolithic boron carbide ceramics.  

 

 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

60 IMMC 2016   |   18th International Metallurgy & Materials Congress

2. Experimental Procedure 

In this study, the nuclear performance of boron carbide 
ceramics, their thermal neutron shielding properties in 
different amounts of metallic titanium into boron carbide, 
produced by spark plasma sintering technique, were 
investigated experimentally. The starting raw materials, 
HS grade B4C was supplied from H.C. Starck company, 
whereas Ti metal powders having 99.8 % were purchased  
from Alfa Aesar company. According to BET analysis 
(Nova 2200e Surface Area & Pore Size Analyzer), the 
mean sizes of B4C and Ti are 1,78 and 26,46  
respectively. Boron carbide and titanium powders are 
measured in certain amounts in order to achieve 5, 10, 15 
and 20 % vol. Ti composites. The powders are mixed in 
Merck quality ethanol medium for 24 hours by ball 
milling with WC balls. Furthermore, the powders are 
dried at 100  in order to evaporate ethanol medium. 
The dried boron carbide powders with titanium metal 

s and loaded 
into graphite moulds having 50x50 mm square cross 
shaped inner void. Obtained end products are given in 
Figure 1. The spark plasma sintering process is carried 
out by using SPS-7.40MK-VII, SPS Syntex Inc. The 
whole sintering processes heated with a heating rate of 

under an applied pressure of 40 MPa under 
1 atm. argon atmosphere. Monolithic boron carbide 
samples w
Spark plasma sintering temperature for Ti added boron 
carbide composites a
however 20 %Ti added composites smelted from the 
center and had failure in the end product. As a result those 
composites are sintered at lower 
The densities of the specimens were measured by using 
Archimedes  principle by measuring the bulk weight and 
suspended weight. 

Figure 1. Two different views of square shaped boron 
carbide ceramics produced by using spark plasma 

sintering. 

After fabrication composites are sand blasted in order to 
remove the graphite foils during die preparation step. 
Prepared samples are irradiated against neutron source 
and the effect of titanium metal is investigated. Neutron 
transmission techniques were used in the experiments 
which were based on detection of incoming radiation 
from the source. The radiation source and detector are 

aligned and the intensity is measures with/without the 
prevention of the composites and the results are 
evaluated. The schematic view of neutron transmission 
technique is illustrated in Figure 2. 

 

Figure 2. Schematic view of neutron transmission 
techniques. 

A Pu-Be neutron howitzer (NH-3) was used for neutron 
source having 5 Ci activity 106 n/(cm2 s) neutron flux and 
5 MeV average neutron energy. Paraffin wax (4 cm thick) 
was used in order to slow down the neutrons and decrease 
the energy and let the interaction of neutrons with target 
materials atoms. The distance between detector and the 
source was 40 cm. The accumulation time for the 
neutrons are arranged to be 240 s. All initial radiation 
intensity (Io) was measured and for each material, the 
neutron counts (I) were detected by locating materials 
having different thickness values in front of the source 
and evaluated by taking the relative counts (I/Io) [12].   

3.  Results and Discussion 

Theoretical, measured andrelative density values are 
given in Table 1. of the spark plasma sintered samples. 
The highest density value is obtained in 5 vol.% Ti 
containing sample which was spark plasma sintered at 

. It can be observed that increasing the Ti 
addition would be beneficial in terms of densification. 
When the metallic titanium amount was increased from 
15 to 20 vol.%, the sintering temperature decreased from 

relative density values 
remained 100 %. 

Table 1. The densities of samples 

Sample 
Theoretic 
density  
(g/cm3) 

Measured  
density 
(g/cm3) 

Relative 
density 

(%) 
B4C 2,52 2,45 97,4 

B4C-%5Ti 2,62 2,62 99,8 
B4C-%10Ti 2,72 2,72 100 
B4C-%15Ti 2,82 2,82 100 

B4C-%20Ti* 2,92 2,92 100 
 

 
In this study thermal neutron shielding properties of B4C-
Ti composites are investigated and thickness to relative 
count values are given in Table 2. 
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Table 2. Thickness-relative count values of B4C-Ti 
composites against thermal neutrons. 

Materials Thickness 
(cm) 

Pu-Be  
(Thermal neutrons) 
Relative 
Count 

Std.  
Deviation 

I0 0 1,000 0,041 

B4C-5Ti 

0,5168 0,689 0,057 
1,0252 0,555 0,055 
1,5365 0,453 0,054 
2,0422 0,370 0,043 

B4C-10Ti 

0,4928 0,721 0,047 
0,9844 0,597 0,042 
1,4752 0,532 0,051 
1,9674 0,398 0,050 

B4C-15Ti 

0,4745 0,752 0,044 
0,9496 0,626 0,052 
1,4216 0,563 0,060 
1,8923 0,440 0,048 

B4C-20Ti 

0,4676 0,785 0,035 
0,9272 0,660 0,049 
1,3782 0,593 0,045 
1,8322 0,484 0,052 

 
From the values provided in Table 2, neutron attenuation 
graphs are derived and plotted in Figure 2. As far as the 
material thickness increases the relative counts detected 
decreases in other words there is a better shielding. When 
the Ti amount in the composite increased there is a 
significant increase in the relative count values.  

 
Figure 2. Neutron attenuation graphs of boron carbide-

Ti composites against thermal neutrons. 
 
Total macroscopic cross sections (attenuation 
coefficients) of boron carbide composites are given in 
Table 3. 
 
 
 

  Table 3. Total macroscopic cross section of composites. 

Materials 
Total Macroscopic Cross 
Section t, cm-1) 
Pu-Be Std. Dev. 

B4C 0,712 0,042 
B4C-5Ti 0,541 0,032 
B4C-10Ti 0,485 0,042 
B4C-15Ti 0,450 0,035 
B4C-20Ti 0,410 0,029 

In order to figure out the attenuation behaviour of boron 
carbide composites with the increase of metallic Ti, total 
macroscopic cross section versus titanium amount is 
plotted in Figure 3. In monolithic boron carbide ceramics 
it is observed that total macroscopic cross section is the 
highest among all. As the Ti amount and the secondary 
phases such as TiB2 and C increases it is observed that 
the total macroscopic cross section decreased drastically 
from absence of Ti to 5 vol. % Ti composites. As the Ti 
amount increases there still remains a tendency to 
decrease in macroscopic cross section but not as drastic 
as in lower amounts.  

 

Figure 3. Effect of Ti metal in boron carbide 
composites on the total macroscopic cross section. 

 
Half value layers are the minimum material thickness in 
order to decrease the incoming radiation to its half value 
and indicate hoe efficient the material is in terms of 
protection. Therefore HVL values are calculated and 
given in Table 4. 

Table 4. Half value layers of boron carbide titanium 
composites. 

Materials 

Half Value Layers  
(HVL, cm) 
Pu-Be 
(Thermal) Std. Dev. 

B4C 0,973 0,041 
B4C-5Ti 1,281 0,041 
B4C-10Ti 1,429 0,060 
B4C-15Ti 1,540 0,054 
B4C-20Ti 1,674 0,049 
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From the values using Table 4, Half value thickness vs. 
Ti amounts are plotted in Figure 4. There is a significant 
increase in Half Value Layers of boron carbide titanium 
composite with the increasing Ti amount. The very first 
introducing the Ti metallic addition to the monolithic 
boron carbide structure has the most negative impact on 
the shielding where the minimum thickness, to drop the 
radiation to its half value, increases drastically at first. 
Moreover, the increase of Ti amount still have a negative 
effect on shielding and the material thickness is required 
to be increased in order to provide the similar protection. 

 

Figure 4. Effect of Ti metal in boron carbide 
composites on the Half Value Thickness. 

 
3. Conclusions 

Boron carbide composites with changing vol. % of Ti and 
monolithic boron carbide, are fabricated by powder 
metallurgy technique and spark plasma sintering method 
consequently. The density results show that the 
densification is improved by the metallic additions and 
when the Ti addition increases to 20 vol.%, the sintering 
temperature is required to be decreased in order to avoid 
failure occurred due to melting. However, neutron 
shielding performance decreases with the increasing Ti. 
Since within a certain volume in the composites, the 
amount of boron carbide is replaced by secondary phases 
occurred due to Ti metal existence, the amount of B10 

isotope which plays a crucial role in neutron absorption 
decreases. As a result metallic titanium additions in boron 
carbide seems to be favourable on sinterability and 
density whereas it is concluded to have a negative effect 
on neutron shielding. In storing and/or carrying Ti added 
composites needs to be higher in thickness in order to 
provide an equal protection level as in the monolithic 
boron carbide ceramics. 
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Abstract 
 
In-situ formed W2B5 and graphite containing B4C 
composites were produced by spark plasma sintering (SPS) 
technique. 5 vol.% W conatined B4C starting powders were 
shaped into square cross-sectioned bulk composites with 
50x50x5 mm dimensions. The sintering process was carried 

vacuum. The effects of tungsten addition and different 
sintering temperatures on densification, hardness, fracture 
toughness and microstructural properties were examined. 
The hardness and fracture toughness of the samples were 
evaluated by the Vickers indentation technique and 
Palmqvist Method. Microstructures of the samples were 
investigated by using In-Lens mode of scanning electron 
microscopy (SEM) and the phase investigation of SPSed 
samples were obtained by using X-ray diffraction (XRD). 
Composites with high hardness and improved fracture 
toughness were obtained. 
 
1. Introduction 
 
Ceramic materials are extensively used in 
aeronautics/aerospace, military/defense and abrasive 
applications due to their unique properties, which are; high 
hardness, high bending strength and low density. B4C, being 
the third hardest material known to us (after diamond and 
cubic boron nitride) has 

(2.52 g/cm3) as well as having great chemical and thermal 
properties. Thanks to these attributes, B4C is extensively 
used in ballistic applications (mostly as light weight armor), 
abrasive applications, nuclear applications due to its very 
high thermal neutron capture cross-
Unfortunately being a brittle material with very low fracture 

-3.7 MP 1/2) limits B4
applications [1-3]. 
 
Manufacturing ceramic materials is very hard with 
conventional manufacturing techniques such as casting, 
since most of the ceramic materials have very high melting 
temperatures due their covalently bonded structures. 
Ceramic materials are generally produced by sintering 

starting powders mixed with appropriate sintering additives. 
It could be seen in previous researches that the sintering of 
B4C powders were managed by pressureless sintering, hot-
pressing (HP) and SPS with additives (metallic, oxide, or 
non-oxide materials) or without additives. SPS, a relatively 
new method have many advantages out of these techniques. 
These advantages may be expressed as; very fast sintering 
rate, lower sintering temperatures than the other sintering 
methods, prevention of grain coarsening, and positive affects 
to the properties of the SPSed material thanks to these other 
advantages. In this work, SPS was used for sintering B4C 
specimens [1, 4]. 
 
In a previous work, it was found that the W2B5 formation in 
the B4C matrix improved the nuclear properties [5]. 
Therefore, in this study, it was aimed to obtain W2B5 
containing B4C composites with better fracture toughness 
performance than monolithic B4C with limited loss of 
hardness by using metallic W starting powder as an additive. 
 
2. Experimental Procedure 
 
B4C  powders (from H.C. Starck, commercial HS grade with 

mean particle size and 99.8% purity) in order to produce 
samples with 5 volume % tungsten. Suspensions were 
prepared by mixing B4C and W powders with WC balls in 
Merck quality ethanol medium by ball milling for 24 hours. 
The slurry was then dried for another 24 hours and 
granulated by screening. After powder preparation, dry 
powders were loaded in graphite dies with graphite sheets 
between the punches and the powder in order to consolidate 
samples with 50x50x5 mm square cross-section by using 
SPS technique. 
 
SPS (7.40 MKVII, SPS Syntex Inc.) system with 20.000 A 
capacity was used for production of the samples. Before 
SPS, a 10 MPa uniaxial pressure was applied to loaded dies 
with a manual press for the compaction of the powders. 

while 
soaking time of 4 min., pressure of 40 MPa and heating rate 

 were used. All of the SPS process was carried 
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out in vacuum with controlling shrinkage, displacement, 
temperature, vacuum, current, and voltage during the 
process. At the end of the process, SPSed B4C-W based 
bulks with 50x50 mm2 square cross-section and 5 mm 
thickness were obtained. During SPS the following reaction 
occurs; 
 

                                                          (1) 
 
After spark plasma sintering, the Archimedes method was 
used to determine the bulk densities, relative densities of the 
compacts were calculated after determining final phases in 
the structure with X-ray diffraction (Rigaku Rint 2200) with 

- -
theoretical densities of each composition in regards to the 
phase composition of the samples. 
 
For Vickers microhardness measurements, specimens 

were subjected to indentation with a load of 1 kg at room 
temperature. 
 
Fracture toughness of the samples were evaluated by the 
Palmqvist method given in Equation 1 [6]. 
 

                                                 (2) 
 
Where; KIC 1/2), HV is Vickers 
micro-hardness (GPa), a is the indent half-length, E is the 
elastic modulus (MPa) and l is the crack length. 
 
Elastic modulus of the samples were measured by ultrasonic 
testing method in order to calculate the fracture toughness of 
the samples. 
 
Microstructures of the samples were investigated by 
scanning electron microscopy (SEM; Zeiss Supra 50VP) 
with both BSE (Back-Scatter Electron) and In-Lens imaging 
techniques. 
 
3. Results and Discussion 
 
It was seen that increasing sintering temperature decreased 
the quantity of the porosities within the matrix, thus 
increasing relative density values of the samples (Figure 1). 
The lowest relative density was found to be 90.73% for the 

highest relative density found to be 95.94% for the sample 

metallic W containing samples.  

 
Figure 1. Relative densities of samples. 

 
It was observed that increasing sintering temperature 
increased hardness values (Figure 2) due to better relative 
density values of the samples with better packing of powders 
due to SPS. Introducing low amounts of metallic W, thus 
obtaining a softer W2B5 phase in the system yields nearly the 
same results of microhardness compared to the literature. 
Introducing higher amounts of W would lower this value. 
For the samples containing 5 vol. % metallic W, the highest 
hardness value found to be 33.16 GPa for the sample sintered 

. 
 

 
Figure 2. Vickers microhardness measurements of 

samples. 
 

Elastic modulus and fracture toughness values behave the 
same way as the hardness (Figure 3 and 4 respectively), 
increasing sintering temperature increased both elastic 
modulus and fracture toughness of the samples due to better 
relative density values obtained.  
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Figure 3. Elastic modulus measurements of samples. 

 

 
Figure 4. Fracture toughness measurement of samples. 

 
XRD analysis showed the formation of W2B5 phase along 
with B4C, but no indication of W which was added to the 
composition. This shows that B4C and W reacted during SPS 
process according to the reaction given as the Equation 1. 
 
According to this equation and also W-B-C ternary phase 
diagrams, W-B4C binary phase diagrams found in the 
literature and FactSage outputs [7-9], there should be in-situ 
formed C containing phases in XRD. However, there is no 
peak observed corresponding to graphite in the XRD pattern 
(Figure 5). This indicates that either C is in amorphous form 
or due to its small quantity, it is below the detection limit of 
XRD. 
 
Therefore, C containing phases were tried to be observed by 
using BSE SEM imaging. However, due to the expectation 
of low contrast difference between C and B4C, it could not 
be observed (Figure 6.a). Therefore, In-Lens SEM imaging 
technique was employed to observe C containing phases and 
it was successfully imaged (Figure 6.b) 

 
Figure 5. X-ray diffraction patterns of samples. 

 

  

Figure 6. SEM images of the samples; a) BSE image of 
B4C+5 vol.%W, b) In-Lens image of B4C+5 vol.%W 
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4. Conclusion 
 
Introducing metallic W to B4C and spark plasma sintering 
this powder mixture yields a composite of B4C-W2B5 which 
has very high hardness as well as better fracture toughness 
then monolithic B4C. Properties of these composites may be 
controlled by spark plasma sintering parameters and 
sintering rate. Introducing more metallic W additive would 
change both hardness and fracture toughness performance, 
since it controls how much W2B5 phase and graphite would 
occur during spark plasma sintering. 
 
W2B5 formation was clearly observed, but existence of 
graphite could not be detected when W addition was in low 
quantities. This indicated that produced graphite content is 
below the detection limit of X-ray diffraction. To observe 
whether C containing phases are really forming or not, and 
if they are formed, to obtain their size and size distribution, 
BSE imaging was employed, however it did not show any 
indication of expected C containing phases. Therefore, In-
Lens imaging was employed. As it can be seen from Figure 
6, In-Lens imaging is more suitable than BSE imaging for 
this type of composites, containing phases with very high 
atomic number difference and density values. 
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Abstract 

Ti3SiC2 ceramics was synthesized and densified with TiC 
and Si starting powders by spark plasma sintering (SPS) 
technique in terms of varied SPS parameters (temperature, 
pressure and holding time). In-situ formed SiC and TiC 
phases were detected as secondary phases after sintering on 
entire sintering trials. Fully dense ceramics were obtained 
after sintering at 1400°C for 15 min. under 40 MPa uniaxial 
pressure. The measured Vickers Hardness was in the range 
of 5.21-9.48 GPa and the fracture toughness of samples were 
around 4.97-6.70 MPa .m1/2.  

1. Introduction 
MAX Phases which are the combination of such properties 
of both metals and ceramics are known as a family of the 
carbides and nitrides with the general formula Mn+1AXn 
(MAX)—where n = 1, 2, or 3; M is an early transition metal; 
A is an A-group element (a subset of group 13–16 elements); 
and X is C and/or N—represent a new class of solids [1-2]. 
Among the MAX Phases, Titanium Silicon Carbide 
(Ti3SiC2) , takes more attention due to its outstanding 
physical and thermal properties [2-3]. These properties 
provide that Ti3SiC2 can be a candidate material for jet 
engines [4], semiconductors [5], cutting tools [6-7] and body 
implants [8].  

Different methods [9-13] with various starting materials 
have been used for the synthesis of this material with high-
purity. Luo et al. [9] successfully synthesized polycrystalline 
Ti3SiC2 with high-purity (>99 wt %) by hot isostatic pressing 
(HIP), and the result indicated that it was much effective to 
obtain phase-pure materials at 1600°C for 2 h. Gao et al. [10] 
established that dense Ti3SiC2 powders with purity of 95% 
can be rapidly synthesized using the spark plasma sintering 
(SPS) technique starting from Ti/Si/2TiC at 1200°C under 
20 MPa pressure. Liang et al. [11] obtained high purity of 
Ti3SiC2 through the combination of mechanical alloying 
(MA) and self-propagating high temperature synthesis 
(SHS) from a starting mixture composed of n(Ti): n(Si): 
n(C): n(Al) =3:1:2:0.2 at a relatively low temperature. The 
results showed that the additional proper amount of Al 
significantly increased the purity of Ti3SiC2 as well as 
reduced the sintering temperature of Ti3SiC2. Nevertheless, 
the expensive equipment used in these methods still greatly 
hinder the large production and the application of these 

materials. Recently, Li et al. [12] reported the synthesis of 
highly dense Ti3SiC2 with a relative density up to 99% and a 
phase purity of ~80% by pressureless sintering the 
mechanically alloyed elemental Ti, Si and C powder mixture 
at 1500°C in an Ar atmosphere of 0.1 MPa. Panigrahi et al. 
[13] fabricated Ti3SiC2 powder of about 96 wt % purity via 
pressureless reactive sintering by using TiCx and Si powders 
as starting materials. These synthesis processes, however, 
mostly contain ball-milling mix, which is complicated, 
easily leads the raw materials to be oxidized, and energy- and 
time-consuming. Therefore, it is still a great challenge to 
develop a facile and effective process to fabricate Ti3SiC2 
with high purity.  

In this study, Ti3SiC2 materials was fabricated with using 
TiC and Si initial powders by SPS methods. To optimize SPS 
parameters, different temperature, pressure and holding time 
values were applied.  

2. Experimental Procedure 
2.1. Powder Preparation 
Commercially available TiC (99.9%; ABCR GmbH < 325 
mesh) and Si (99.99%; Across; d50: 20 m) powders were 
used as starting materials. The powders were mixed at a 
composition of 3:2 TiC:Si respectively. 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.  
 
2.2. Spark Plasma Sintering of Powders 

Sintering of the mixed powders was carried out at in a SPS 
furnace (HPD-50, FCT GmbH, Germany) under vacuum. 
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 and the 
cooling rate were 100°C/min and 600°C/min (switching 
power off) respectively. The temperature was increased by 
controlled electrical current and measured inside the graphite 
punches by using an optical pyrometer. The selected 
sintering conditions were given in Table 1.  
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Table 1.  Selected spark plasma sintering conditions. 

 
2.3. Characterization 

Relative densities of the samples were measured with 
distilled water at room temperature by the Archimedes 
method. The polished surfaces of the samples were 
examined under variable pressure (VP), 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 10 kg. The fracture toughness (KIC) 
of the samples was evaluated from radial cracks formed 
during the indentation test. 

3. Results and Discussion 
In order to understand the effect of SPS conditions a 
systematic procedure was carried out during the study. 
The effect of sintering parameters such as maximum 
sintering temperature, applied pressure and holding time 
at the maximum sintering temperature was examined 
intensively. In terms of selected SPS conditions the 
physical properties of the produced composites were 
given in Table 2.  
   
Table 2. The measured physical properties of the samples.  
 

 

3.1. The Effect of Sintering Temperature  
 
Comparative XRD patterns of the Spark Plasma Sintered 
samples at 1200°C, 1300°C and 1400°C under 50 MPa 
uniaxial pressure for 15 min at maximum sintering 
temperature are given in Figure 2 respectively. Regardless 
from the sintering temperature Ti3SiC2 (ICDD 40-1112), SiC 
and (ICDD 04-0756) and TiC (ICDD 32-1383) were detected 
as the major crystalline phases, confirming the in-situ 
formation of Ti3SiC2 phase. According to the achieved 
patterns, in all temperatures the displacement reaction 
(Reaction 1) of the starting powders at given mole ratio was 
promoted which is in good agreement with literature [9]. 
Although TiC formation is obvious, the reason for the 
occurrence of such phase is generally attributed to the 
consuming problem at low temperature such as 1200°C and 
decomposition of Ti3SiC2 phase at high temperatures such as 
1400°C [9]. 
 
2Si + 3TiC  Ti3SiC2 + SiC      (Reaction 1) 
 

 
 
Fig 1. XRD patterns of the samples prepared under 40 MPa for 

15 min. soaking time at 1200, 1300 and 1400 °C. 
 
 
The representative SEM images obtained from the polished 
surfaces of the sintered samples were give in Fig. 2. In the 
images light gray areas represents Ti3SiC2 phase, dark 
colored grains distributed randomly represents SiC grains. 
Due to the atomic contrast similarity it is not easy to separate 
TiC grains along the Ti3SiC2 phase. Black colored areas 
represent the porosity in the composites. Considering the 
relative density of the samples with the increase in the 
temperature density of the composites increased. Decrease 
in the porosity that can be seen clearly in the SEM images 
confirms the above mentioned density improvement. 
Measured hardness and fracture toughness of the samples 
were given in Figure 3. Both property increases with the 
increase in sintering temperature which is directly related 
with the increasing density of the composites 
 
 
 

Sample 

Design. 

Temperature 

(°°C) 

Pressure 

(MPa) 

Soaking 

Time (min.) 

1 1200 40 15 

2 1300 40 15 

3 1400 40 15 

4 1400 30 15 

5 1400 40 30 

6 1400 50 15 

Sample 

Design. 

Density 

(g/cm3) 

Porosity 

(%) 

Hardness 

(HV10, GPa) 

Fracture 

Toughness 

(MPa.m1/2) 

1 3.67  9.80  5.21  4.97 

2 3.87 6.24 7.32 6.23  

3 3.96 4.84 8.26 6.71 

4 4.04 1.25 7.43 6.76 

5 4.20 0 9.64 6.65 

6 4.20 0 9.48 6.36 
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Fig 2. Representative SEM images of samples sintered at a) 

1200°C b) 1300°C and c)1400°C. 

Fig 3. Hardness and fracture toughness of the composites in 
terms of the increasing sintering temperature.  

 
 
3.2 The Effect of Applied Pressure 
 
In order to understand the effect of applied pressure during 
SPS process, maximum sintering temperature and holding 
time kept constant at 1400°C and 15 min respectively. The 
applied pressure is varied between 30 and 50 MPa. 
Considering the density values achieved by Archimedes 
principle, sample sintered under 50 MPa exhibits no porosity 
which were confirmed by the microstructural investigations. 
The representative SEM images of the samples were given 
in Figure 4 respectively.   

 

 

 
Fig 4. Representative SEM images of samples sintered under 

a) 30 MPa b) 40 MPa and c) 50 MPa at 1400°C for 15 
min. 

Measured hardness and fracture toughness of the samples 
were given in Figure 5. Hardness increases with the increase 
in sintering temperature which is directly related with the 
increasing density of the composites. On the other hand, 
fracture toughness of the samples was decreased when 
subjected to a pressure of 50 MPa. The strong bonding 
between phases due to the high densification level thought 
to be change the fracture behavior of the composites. This is 
also confirmed by the crack paths given in Figure 6. As it 
can be seen clearly the fracture mode of the samples shift to 
inter-granular to trans-granular with the increase in applied 
pressure  

 
 
Fig 5. Hardness and fracture toughness of the composites in 

terms of the increasing applied pressure during 
sintering.  
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Fig. 6. SEM images depicting the crack paths originated during 

Vickers indentation a) sample sintered under 30 MPa  
b) sample sintered under 50 MPa 

 
3.2 The Effect of Holding Time  
 
Samples were sintered at 1400°C under 40 MPa for 15 
(Sample 3) and 30 min. (Sample 5) in order to evaluate 
the effect of holding time at the maximum sintering 
temperature on the properties. Increasing the sintering 
time up to 30 min the densification of the samples 
improved extensively. Fully dense composites were 
prepared successfully. The SEM images obtained from 
the polished surface of the samples were given in 
Figure 7 indicating the porosity difference.      
 

 

 
Fig 7. Representative SEM images of samples sintered 
at 1400°C under 40 MPa for a) 15 min. and b) 30 min. 
 
Similar to the other samples the hardness of the 
composites increased in terms of full densification, 
however fracture toughness of the composites 
decreased in terms of grain coarsening and high levels 
of bonding strength between in-situ formed phases.  
 
 
 
 

4. Conclusion 
In the current study the effect of temperature, pressure 
and holding time applied during the SPS process on the 
densification and mechanical properties of synthesized 
Ti3SiC2 ceramics. High sintering temperatures 
(1400°C) and long holding times  
(up to 30 min.) lead to produce fully dense composites. 
On the other hand, long holding times and applying 
pressures above 40 MPa lead to decrease fracture 
toughness of the ceramics. On entire trials the hardness 
of the ceramics was found to be increase with the 
increase in temperature, holding time and applied 
pressure respectively.  
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Abstract 

In recent two decades, there is growing interest on the 
processing of new generation ceramic materials which 
are called MAX phases are a bridge between ceramic 
and metallic materials. They have excellent properties 
at high temperature applications, corrosion resistance 
and machinable properties like metals. The proposed 
deals with the following phases in Ti-Si-C ternary 
system: TiO2, SiO2, C, Al, Al2O3, SiC, TiC and 
Ti3SiC2. 

The main goal of the study is to understand and 
evaluate different various reaction parameters such as 
carbon content, holding time, reaction temperatures, 
effect of metallic aluminum on the reaction mechanism 
on the synthesis of the Max phase ceramic. The 
produced composite was consisted of Ti3SiC2 and 
Al2O3 as a major, TiC and SiC as minor phases. 

1. Introduction 

In the literature, Max phase was discovered by 
Nowontny and co workers[1,2], but these new 
discovered phases did not receive much attention until 
pure Ti3SiC2 phase purely produced by Barsoum and El 
Ragby[3]. MAX phase, M is early group of 2 elements, 
A is transition elements and X is C or N in the system. 
There are more than ten discovered MAX phase 
systems can be classified according to the 
stoichiometric structure of the phases which are 211, 
312, 431, 523 and 735[1-5]. There are growing 
interests on the MAX materials family at the last two 
decades because of the MAX phase materials combine 
metal and ceramic material properties[5,6]. The 
materials are very stable and desired at high 
temperature applications[6-8]. They have unique 
mechanical, thermal and chemical properties which are 
used wide range of applications from cutting tools[9 
10] to as a radiation shielding material in nuclear 
reactants[11]. These materials are new generation 
materials which replaced with the advanced ceramics 
in the near future. The decomposition temperatures of 
the materials change between 850-2300 C, depending 

upon the type and number of impurities present[12-14]. 
Preparation and processing methods of MAX phase 
include solid state synthesis[15], mechanical 
alloying[15, 16], arc melting[17], hot pressing[18], 
chemical vapour deposition[19], spark plasma 
sintering[20], pulse discharge sintering[21], 
pressureless sintering[22] and self propagation[23, 24]. 
Among the MAX phase ceramics, Ti3SiC2 is one of the 
most attraction material which is half of the published 
papers were about it[6, 25]. It is usually processed from 
pure Ti, Si, SiC and TiC powders or combinations at 
high temperature[26-30]. Because of expensive raw 
materials used, the cost of the products is so expensive. 
An alternative use of oxide source for Ti or Si and in-
situ synthesis of the final phase such as Ti3SiC2 could 
be attraction method in the Max phase family. The aim 
of the work presented here is to investigate the effect of 
aluminium addition on the formation of MAX phase 
and to determine the optimum condition for synthesis a 
Max phase-alumina composite. 

2.1. Materials 

In the present study, TiO2 powder as a Ti source, SiC 
as a MA phases, carbon as X phase, and Al powder as 
a heat and reducing sources were used as starting 
materials to synthesis Ti3SiC2 phase. To prepare 
homogeneous mixture corresponding to the desired 
stoichiometric, the powders were ball milled with 
alumina balls for 6 h. For the determination of mineral 
in the starting mixtures and the obtained phases in the 
products, X-ray diffraction method (D/max Rigaku, 
Japan) was used at the condition of Cu K  radiation 
( =0.15418 nm) with a step size of 0.02  (2 ) and a 
scanning rate of 2  min-1. Energy dispersive analytical 
X-ray (EDAX) was also used for basic chemical 
analysis. Thermal analysis of the mixture was 
performed on a simultaneous thermal analyser (STA). 
TG/DSC was performed in an alumina crucible, under 
nitrogen atmosphere in the temperature range of 20-
1450 C and heating rate of 10 C/min. For 
microstructure and morphology of the starting and the 
reduced samples were investigated by scanning 
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electron microscopy (SEM) coupled energy dispersive 
X-ray spectroscopy (EDX).  

3. Results and Discussions 

In the present study, an attempt has been made to 
prepare Ti3SiC2 by the reaction of in presence of 
carbon in argon atmosphere with the overall reaction 

The overall reaction is highly exothermic and quite 
fast. In this process, the starting mixture consists of 
oxide as Ti source, C for carbide formation, Al as heat 
source and reduction of the oxide and SiC as a MX 
phase. It is clear from the reaction 1, there is no 
possibility of uniform mixture during the reduction 
stages and formation reactions. However, it believes 
that this is not affect the formation of MAX phase. 
Once Al melts, it spreads across the charge and the 
reactions proceed by solid-liquid reaction mechanism, 
but there are number of different reactions in the 
mixture. The first reaction initially involves with the 
reduction of TiO2 with Al to form Ti metal, but other 
sub oxides may form during the reduction of silica and 
titania and the new formed oxides may be reduced to 
metallic Si and Ti according. The formation of MAX 
phase can be formed as explained above, but the 
reduction of oxide is complex procedure and other 
reactions can took place during the heat treatment 
process. 

Figure 1. The XRD patterns of the obtained samples. 
 

The X-ray diffraction patterns of the reduced samples 
are presented in Figure 1 for firing carried out for 6 and 
12h. at temperatures 1300 °C to 1400 °C in presence of 
argon atmospheres. It shows the new formed major and 
minor phases of the reduced samples. As seen from the 
XRD pattern, the major peaks belong to Si and Ti 
carbides at lower temperatures, but when the reaction 
temperature was increased to 1400 C, they were 
transformed to the MAX phase form. At higher 
temperature and longer holding times, 
titaniosilcocarbide phase becomes major and dominant 

phase in the mixture. Addition of the major phases, 
there were other intermediate products as TiSi in the 
processed samples. Alumina phase was determined at 
all reaction temperatures, due to process. Any form of 
the starting oxides as a SiO2 and TiO2 were not 
determined in the reaction products. Carbon does not 
give good peaks, but the carbon content can be seen up 
to 12º (2Theta) in the figure. 

DSC curve of the mixture of silica, titanium dioxide, 
carbon and aluminium was shown in Figure 2. As seen 
from it, there were both endothermic and exothermic 
peaks. An huge exothermic peak starts below 500 C 
and raises to the maximum point at around 650 º C is 
corresponding to the melting point of Al content in the 
mixture. Besides the exothermic peak, there was an 
endothermic peak above 1300 C on the DTA curve 
which indicates any decomposition of formed oxide 
spinel or the formation of TiC and The MAX phases 
during the process. 

Figure 2. TG/DSC analysis of the mixture. 
 

The formation of inter metallic compounds between Ti 
and Si are less favourable at higher temperature, but it 
is possible. However the thermal stability of any 
formed SiC is higher than TiSi compounds. On the 
other hand, the formation of inter metallic compounds 
between Ti and Al is more favourable than TiSi 
compounds.  

TG of the mixture was presented in Figure 2.  The 
thermal behaviour of the mixture is quit interest and 
seems to be complex. As seen from the curve, there 
was various mass loss and gaining stages at different 
temperatures. There is continuously mass lose  up to 
1000 ºC, but after this temperature there is 
continuously mass gaining up to 1200 ºC, and again the 
loss of weight was observed up to 1250 C, and then 
slightly weight gaining up to 1300 C, final there was 
mass loss in the mixture.  
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Silica is thermodynamically stable phase up to melting 
point of it, but under the experimental conditions, the 
thermal stability of the oxides are low. There are no 
DSC peaks until the melting point of metallic 
aluminium was reached at 650 C. At this point, due to 
the melting point of metallic Al. The first peak is 
attributed to the reduction of the oxides, firstly silica 
and secondly is TiO2 to the metallic forms by the 
metallothermic process. 

After the reduction by aluminium, the carburising 
reactions and the formation of carbide phases take 
place. It is known that, depending on the experimental 
parameters such as heating rate, the reduction. The 
formation of Si/Ti carbides and Ti3SiC2 phases may 
give a peak of endothermic on the DSC curve of the 
mixture. After the formation of metallic Si and Ti, they 
react in-situ with carbon to form Ti3SiC2. The 
formation of the MAX phase can be formed as 
explained above, but the reduction of oxide is complex 
procedure and other reactions and inter metallic phases 
can took place during the heat treatment process.  

As seen from the XRD patterns of the reduced samples 
in Figure 1, depending on the reaction temperature and 
holding times, the intensities of the products were 
change, but Al2O3, TiC, SiC and Ti3SiC2 were 
determined. No other phases, such as, mullite, TiAl2O5 
were detected in it. The intensities of the reaction 
phases were altered sample to sample. At 1300 °C, the 
peak intensities of SiC and TiC are major but Ti3SiC2 
phase is minor for 6 h holding time, but when the time 
was increased to twice, the major and the minor phases 
were changed.  At lower temperature and longer times, 
titanisilicocarbide becomes dominant phase.  

Figure 3. Scanning electron microscope images of the 
reduced samples. 
 

Scanning electron micrograph of the reduced powders 
was presented in Figure 3. It was assumed that larger 
particles and agglomeration were obtained as a result 
of the liquid phase. When comparison of the starting 
phases with the reduced samples, TiO2, SiO2, Al phases 

were disappeared at all reaction temperatures. The bulk 
density of the obtained powders was 3.07 g/cm3.  

To understand, the reduction of the starting 
compositions and the formation mechanism Ti3SiC2 
phase in the mixture of SiO2/TiO2 powders, a series of 
experimental works were carried out.  Depending on 
the starting composition, reaction time and temperature 
the formation of the phases were changed. It was 
suggested that, depending on the starting composition 
and temperature the mixture of the oxides, carbon and 
metallic powders show three steps are the reduction of 
the oxides portion by molten Al to metallic form, the 
formation of carbides, and the formation of the 
Maxphase.  

4. Conclusions 

MAX phase materials have unique combination of 
metallic and ceramic properties, potentially suitable for 
a wide range of applications. Commercially, synthesis 
methods of these materials have largely refined on the 
reaction of elemental and carbide powders. Ti-Si-C 
bulk composite has been successfully produced by the 
carbo-aluminothermic process. When comparing with 
conventional techniques, the process is simple, 
effective and easily applicable any high temperature 
materials processing. With the addition of Al, the 
reaction mechanism of the mixture was changed from 
solid-solid to liquid-solid and the reaction temperature 
was lowered. XRD results was confirmed that, the 
composite was found to be consisting of Ti3SiC2, TiC, 
SiC, Al2O3. The optimum conditions were 1400 ºC and 
above, increasing reaction temperature and holding 
time, the intensity of the secondary phases were 
decreased in the XRD pattern of the processed samples. 
The reduction of the oxides are exothermic process, but 
the formation of the Max phase shows endothermic 
peak on the DSC curve of the mixture. For purification 
of the obtained products, Al2O3 content of the 
composite can be carried out by simple leaching 
operation. The next step of the project will focused on 
the thermodynamic modelling of the experimental 
work and the manufacturing of a cylinder based on the 
produced powder after the removing of alumina 
content. 
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Abstract 
 
Pure molybdenum is one of the most important refractory 
metal and its alloys are used for high temperature 
applications in a variety of industries. However, application 
temperature is limited by the beginning of recrystallization, 
which can be inhibited by addition of fine grained structure 
and the formation of TiC and ZrC in the grain boundaries 
of molybdenum in TZM alloys (molybdenum alloy 
containing 0.5–0.8 wt% titanium, 0.08–0.1 wt% zirconium 
and 0.016–0.02 wt% carbon). In this study, B4C-TZM 
composites having 0-30 vol% B4C were sintered by spark 
plasma sintering (SPS). The prepared composites were then 
characterized in terms of densification, microstructure and 
mechanical properties. 
 
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 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 is 
rapidly increased 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. 
In this study, both type of additive and production method 
selected to produce TZM alloy were different than 
literature. B4C was added into pre-alloyed TZM powder in 
different amounts in order to enhance the mechanical and 
oxidation resistance. 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 powders or pre-alloyed powders 
in SPS sintering. During the process grain coarsening can 
be suppressed by rapid heating and the densification of is 
accelerated at higher temperatures [6-8]. 
 
2. Experimental Procedure 
 
Pre-alloyed 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. 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 
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7000F, JEOL Ltd.). Energy dispersive spectroscopy (EDS) 
was used to investigate the surface composition. 
 
3. Results and Discussion 
 
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). 
 
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. 2 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.  

 
 
Figure 2. Relationship between displacement, temperature 

and the time dependence of isothermal displacement of 
samples 

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 [9]. 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. 
 
4. Conclusion 
 
Pre-alloyed TZM powders with variable amount of B4C 
between 0-5 %wt were produced by spark plasma sintering. 
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. In addition, Vickers hardness was increased 
from 1.9 to 7.8 GPa in the same amount of B4C addition. 
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Abstract 
 
Magnesium (Mg) is the lightest structural metallic 
material with a density of 1.74 g/cm3. Main demand for 
Mg and its alloys comes from automotive industry due 
to the need for more fuel-efficient vehicles. However, 
low absolute strength, especially at elevated 
temperatures, of Mg alloys limits their usage particularly 
in the production of load bearing automotive parts such 
as in powertrain applications. In the present study, 
titanium nickel (TiNi) shape memory powders have been 
used as reinforcement materials in order to produce pure 
Mg matrix composites. Room temperature yield 
strengths of the composites increased with increasing 
reinforcement content up to 81 MPa for the composite 
containing 30% (vol.) reinforcement particles. High 
temperature yield strengths of the composites on the 
other hand were extraordinary and increased with 
increasing temperature up to 150 °C. Yield strength of 
the composite with a 30% reinforcement content was 
measured to be 127 MPa at 150 °C. 
 
1. Introduction 
 
Low density combined with a high specific strength, 
good damping capacity and easy recycling makes Mg 
and its alloys potential candidates for automotive and 
aerospace applications. However low absolute strength, 
observed particularly at elevated temperatures, as well as 
poor creep resistance and low ductility of these alloys 
limit their use in high performance applications such as 
automotive and aerospace. Although application fields 
for Mg alloys include cam and mobile phone bodies and 
side panels of portable computers, several household 
appliances, biomaterials and metallurgical processes, 
main demand for these alloys comes from automotive 
industry in which low density is a very important 
parameter. Indeed, they were used in automotive 
industry as gearbox housings, seat frames and steering 
components [1-3] in the past years. It has been estimated 
that the main potential application for Mg and its alloys 
in automotive will be powertrain applications including 
engine block, cylinder head, gearbox housings, 
differential housings etc. which form one of the heaviest 
part of an automobile. These engine parts are subjected 
to service conditions of 150-200 °C and the stress levels 
of 50-70 MPa [4]. Unfortunately, the commercial Mg 
alloys cannot fulfill these requirements. On the other 
hand, experimental alloys which meet the stated 

requirements are not economical since they include 
expensive alloying materials such as strontium, 
scandium, silver and rare earth elements. In order to 
solve the problems mentioned above Mg/Mg alloys have 
been reinforced with ceramic particles or fibers. 
Although ceramic reinforcements were effective in 
increase of Young’s modulus, yield and ultimate tensile 
strength, decrease in ductility of the composites 
produced was drastic, (composite ductility less than 1%) 
which was attributed to the formation of brittle phases 
due to chemical reactions and porosity formation due to 
poor wetting, at and around the interfaces between 
Mg/Mg alloy and the reinforcements [5-8]. 
TiNi shape memory particles were used as the 
reinforcement material to improve both the room 
temperature (RT) and high temperature (up to 250 °C) 
strength of Mg without sacrificing ductility in the 
present study.  
 
2. Experimental Procedure 
 
Spherical elemental Mg powders (99.8% purity, supplied 
by Tangshan Weihao Magnesium Powder Co. Ltd.) and 
pre-alloyed spherical Ni-rich Ti49.4Ni50.6 powders (99.9% 
purity, supplied by Nanoval GmbH&Co.KG) were used 
as the raw powders both of which were produced by the 
inert gas (argon) atomization technique. Mean particle 
size of Mg and TiNi powders were 400 and 20 μm, 
respectively. 
Mg and TiNi powders were mixed for 10 minutes in 
order to produce Mg-TiNi composites with TiNi 
contents in the range of 0-30 vol.%. As a binder ethanol 
was used during mixing in order to obtain a 
homogeneous mixture. Then powder mixtures were 
loaded into cylindrical graphite dies with 20 mm 
diameter. After that the dies were put into the chamber 
of spark plasma sintering (SPS) machine (Thermal 
Technology LLC, Model # SPS 25-10) and the 
specimens were preloaded applying 5 MPa pressure. 
Subsequently, the chamber was firstly vacuumed up to 
10-6 torr and held for 10 minutes and then backfilled 
with ultra-high purity (UHP) argon gas to a pressure of 2 
torr. SPS has been carried out at 600 °C, which is lower 
than the melting point of pure Mg (650 °C), applying 50 
MPa pressure for 10 minutes. The heating and cooling 
rates were 200 °C/min and during heating and cooling 
operations the samples were subjected to 50 MPa 
pressure.  
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Density and porosity of pure Mg and the composite 
samples were measured using Archimedes’ principle in a 
precision balance equipped with a density determination 
kit. The microstructure of the samples was investigated 
using an FEI QUANTA 600 field emission scanning 
electron microscope (FE-SEM). Uniaxial compression 
tests were conducted on the samples with the dimensions 
of 4x4x8 mm through the orientations perpendicular to 
the SPS loading direction using an MTS frame. 
Compression strains were measured using an 
extensometer while yield strengths of the samples were 
determined applying the 0.2 pct-offset method. 
Compression tests were carried out at RT and at elevated 
temperatures starting at 100 °C with 50 °C increments 
up to 250 °C. All the compression tests were performed 
at a strain rate of 5×10 4 s 1.                 
 
3. Results and Discussion 
 
Density of all the samples produced was higher than 
98% of the theoretical density of the composites 
calculated from the rule of mixtures equation. As 
expected, increasing reinforcement content in the 
composite materials led to higher porosity levels. Figure 
1 displays the microstructure of Mg-20%TiNi 
composite. As a result of SPS processing a good Mg-
TiNi interface that was completely free from secondary 
intermetallic phases, such as Ti2Ni and TiNi3, oxides and 
undesired porosity was obtained. The reason for the 
existing small amount of porosity between TiNi powders 
is insufficient sintering of TiNi powders. The phases 
present in the composite materials were mainly Mg and 
B2 (austenitic TiNi) including also small amounts of 
B19’and R phases (martensitic TiNi) and Ti3Ni4 
precipitates, as reported in a previous study [9].   
Both Mg and TiNi are prone to oxidation at high 
temperatures and during processing they can easily get 
oxidized leading to brittle samples. Moreover, secondary 
Ti-Ni intermetallic phases such asTi2Ni and TiNi3 may 
form inevitably in oxygenous atmosphere even for very 
low amounts of oxygen [10], since solubility of oxygen 
in TiNi alloys is extremely small, around 0.045 at% [11]. 
These secondary Ti-Ni intermetallics are brittle, do not 
show shape memory effect (SME) or superelasticity and 
change phase transformation temperatures [12, 13]. 
Therefore their existence in TiNi alloys is not a desired 
situation. In terms of possible contamination problems 
SPS technique has been evaluated to be a very efficient 
technique for processing of Mg-TiNi composites. The 
unique properties of SPS such as rapid heating and 
cooling rates, short processing time, and removal of 
oxygen atoms during processing resulted in 
contamination free composite samples. 
Yield strength and elastic modulus of the composites 
measured at RT are presented in Figure 2. Elastic 
modulus of the composites and pure Mg were 
comparable to each other. Increase of TiNi amount did 
not make a considerable change in elastic modulus of the 
composites since the elastic modulus of TiNi austenite is 
around 75-83  GPa and that of martensite is in the range 

of 28-40 GPa [14] similar to Young’s modulus of Mg 
which is 45 GPa [6]. On the other hand, yield strength of 
the composites increased dramatically with increasing 
reinforcement content. As it can be seen from the figure 
that yield strength of the composites was linearly 
dependent to the reinforcement content and increased up 
to 81 MPa for the sample with 30% TiNi content. 10% 
TiNi addition increased the yield strength 36% whereas 
20% and 30% TiNi addition resulted in 77% and 108% 
increments, respectively in the yield strength values 
compared to that of pure Mg. 
 

 
 

Figure 1. SEM image of Mg-20%TiNi composite.  
 

 
 

Figure 2. Yield strength and elastic modulus of the 
composites as a function of reinforcement content. 

 
Figure 3 shows the compression strength and ductility of 
the composites with various amount of TiNi content 
together with those of pure Mg reference material. The 
minimum increment in the compression strength 
occurred in Mg-10% TiNi sample and the maximum 
increment was observed in Mg-30%TiNi sample being 
88%. Compression strength of the composite with a 30% 
reinforcement content was higher than 300 MPa. 
Ductility, which was taken as fracture strain, of the pure 
Mg sample was around 15%. 10% TiNi addition 
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increased ductility to 20%, while 20% and 30% 
reinforcement addition decreased ductility values to 14% 
and 9.6%, respectively. 

 
 
Figure 3. Compression strength and ductility variation 

with the reinforcement amount. 
 

Figure 4 exhibits the stress strain curves of pure Mg 
(Mg-0%TiNi) and composite samples at different 
temperatures in the range of 20-250 °C. It is clear from 
the figure that, the yield strength and the elastic modulus 
of pure Mg decrease with increasing temperature. Both 
of the mechanical properties decrease gradually up to 
150 °C and after that temperature this decrease becomes 
drastic. The yield strength and the elastic modulus of 
pure Mg at RT were measured to be 39 MPa and 44.8 
GPa, respectively. These values decreased to 28 MPa 
and 28.4 GPa respectively upon heating the samples to 
250 °C. On the other hand, composite samples exhibited 
an extraordinary mechanical behavior with increasing 
temperature. Contrary to pure Mg and other 
conventional metallic and composite materials, Mg-
10%TiNi, Mg-20%TiNi, and Mg-30%TiNi samples 
displayed higher yield strength and elastic modulus 
values at higher temperatures. Increase in the elastic 
modulus and the yield strength occurred up to a critical 
temperature, 150 °C. Exceeding that temperature both 
mechanical properties decreased significantly. Yield 
strength and elastic modulus of Mg-30%TiNi sample at 
RT were measured to be 81 MPa and 44.7GPa 
respectively. These values reached their maximum, 127 
MPa and 56 GPa at 150 °C and decreased to 80 MPa and 
44.9 GPa at 250 °C. The mechanism of this strange 
mechanical behavior is martensitic phase 
transformations observed in TiNi shape memory alloys 
(SMAs). TiNi SMAs deform above their Ms (martensite 
start) temperature by stress-induced martensitic 
transformation instead of slip mechanism that involving 
dislocation motion. The temperature at which martensite 
is no longer stress-induced is called Md, and above Md, 
SMAs deform like ordinary materials by slip [12]. 
Therefore yield strength term actually represents critical 
stress for stress-induced martensite or transformation 
stress in the temperature range of Ms and Md for TiNi 
reinforcements. Ms temperature of Mg-TiNi composites 
used in the present study was reported in a recent study 

of the author [9] to be around 25 °C (RT). Critical stress 
for stress-induced martensite increases with increasing 
temperature. Accordingly, yield strengths of the 
composites also increase.  
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Figure 4. (a) Room and (b-e) high temperature stress-
strain curves of the composites produced. 

 
TiNi SMA particles and fibers (short, long or 
continuous) have been used intensively to strengthen 
polymeric materials [15, 16] and aluminum/aluminum 
alloys [17-20]. A few attempts have also been conducted 
to produce Mg based composites [21-23]. Almost, all the 
studies used SME as the strengthening mechanism. SME 
was activated either during processing by heating the 
compact including pre-deformed reinforcement and 
matrix material or after processing deforming the 
composite under martensite finish (Mf) temperature and 
subsequently reheating above austenite finish (Af) 
temperature. By this approach residual stresses were 
generated in the composites resulting in strength 
increase. Apart from SME another extraordinary 
behavior of SMAs was used to improve the mechanical 
properties of the composites in the present study. 
Contrary to conventional materials, above their Ms 
temperatures SMAs deform by stress-induced 
martensitic transformations instead of slip. 
Transformation stress is the critical stress level at which 
austenite to martensite transformation occurs and it 
increases with increasing temperature [12]. In other 
words, SMAs become stronger with increasing 
temperature. Having this characteristic property SMAs 
are the ideal reinforcement material candidates for pure 
Mg and Mg alloys which suffer from insufficient 
mechanical properties at elevated temperatures. 

 
4. Conclusion 
 
Pure Mg matrix composites reinforced with various 
amount of TiNi powders have been produced employing 
SPS technique. SPS provided a clean and durable 
interface which was free from contamination, oxidation 
and undesired secondary Ti-Ni phases. TiNi 
reinforcement increased both RT and high temperature 
strength of pure Mg while maintaining the ductility. Mg-
TiNi composites exhibited extraordinary mechanical 
behavior at elevated temperatures due to different 
deformation mechanism of TiNi reinforcements used. 
Yield strength of the composites increased with 
increasing temperature up to 150 °C. Elastic modulus of 
the composites also increased with increasing 
temperature due to the reverse transformations 
(martensite to austenite) observed at higher 
temperatures. 
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Abstract 

The synthesis of (SnO2)x(ZnO)1-x particles as a ceramic 
target material use for thin film production via 
hydrothermal technique within a broad range of x values 
(x= 0-1) was investigated. The phase formation of the 
(SnO2)x(ZnO)1-x system (x= 0-1) was mapped in terms of 
changing x values. Zn2SnO4 almost pure phase forms as 
x= 0.29 for the (SnO2)x(ZnO)1-x composites at 220 C for 
24h under hydrothermal conditions. The synthesised 
Zn2SnO4 powder, as a target, exhibits suitable properties 
in terms of an adequate electron concentration and high 
mobility of free charge carriers.The obtained results show 
that ceramic targets synthesized via hydrothermal 
synthesis are candidate material for use in thin film 
transistor channel. 

1. Introduction 

Zinc stannate (ZTO) composite powder is a candidate 
target material that can be used in a wide variety of 
applications, such as gas and humidity sensors, 
transparent thin film transistors (TTFT) [1], transparent 
conductive electrodes, functional coating and as negative 
electrodes for Li-ion batteries [2]. ZTO is an n-type 
ternary oxide semiconductor (II–IV–VI) that has unique 
properties, including high electron mobility, high 
electrical conductivity, low visible absorption and 
excellent optical properties [3]. Synthesis of zinc stannate 
composite powders has been investigated via different 
techniques, including solid state reaction, thermal 

evaporation, sol–gel, solid state reaction, coprecipitation 
and hydrothermal synthesis [4–7]. However, 
hydrothermal synthesis of (SnO2)x(ZnO)1-x (x= 0-1) 
particles has not been reported in detail. Hydrothermal 
synthesis has advantages among the other powder 
synthesis techniques to produce high purity and 
controlled particle size and morphology. Particle physical 
properties can be easily controlled by adjusting synthesis 
temperature, time and initial concentration of cations. In 
addition to that, the hydrothermal method is 
environmentally friendly and energy efficient process due 
to produce oxide materials directly without any extra 
process step, including calcinations or milling [8]. The 
research objective of this study were to investigate the 
hydrothermal synthesis of (SnO2)x(ZnO)1-x 
nanocomposite powder within a broad range of x values 
(x= 0-1) and to evaluate phase development and particle 
characteristics of Zn2SnO4.  

2. Experimental Procedure 

Zinc nitrate ((Zn(NO3)2·6H2O) and tin tetrachloride 
(SnCl4·5H2O) salts were used as precursors. Zinc nitrate 
and tin tetrachloride were dissolved into distilled water 
separately to form two transparent solutions. After two 
solutions were mixed under stirring, NH4OH solution 
was added dropwise into the solution of Zn-Sn mixture. 
As white precipitates form at pH 8.0, supernatant 
solution was centrifuged at 5000 rpm for 5 minutes to 
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remove dissolved anions. Before feeding of the Zn-Sn 
mixture into the hydrothermal reactor, the pH of the 
suspension was adjusted to 8.0 by deionized water. The 
hydrothermal reaction was conducted at 220 C for 24 h 
at 60% degree of filling under autogenous pressure. As 
the hydrothermal reaction was completed, the product 
was washed with distilled water for several times and 
dried in an oven at 90 C overnight. The phase 
development of the composite powder was analysed by 
the XRD method (Rigaku Co., Ltd., Japan). Particle 
characteristics, including particle size and distribution 
and morphology were investigated by SEM (Zeiss Supra 
50V, Germany) and STEM (JEOL 2100F, FEI, 200kV 
HRTEM, Japan). The microstructure of the Zn2SnO4 
samples was evaluated by SEM. The average grain size 
of sintered target was calculated by ImageJ.   

A target with a diameter of 40mm was prepared from 
hydrothermally synthesized Zn2SnO4 powder by pressing 
at 200MPa in a cylindrical die and sintering at 1200 C 
for 2 h. Deposition of the films from the Zn2SnO4 target 
was achieved by AC magnetron sputtering equipment 
from INFICON. Sputtering was carried out on the glass 
and silicon substrates in an ambient atmosphere of pure 
argon for 5 h. Thin films prepared by AC magnetron 
sputtering were characterized by Hall measurements via 
the Vander-Pauw method in a magnetic field induction of 
0.63 Tl. 

3. Results and Discussions 
 

3.1. Phase formation of (SnO2)x(ZnO)1 x (x=0-1) 

The phase formation of the (SnO2)x(ZnO)1 x 
nanocomposite system was investigated the range of x 
(0.0, 0.05, 0.1,…, 0.8, 0.9, 1.0) under hydrothermal 
synthesis conditions at 220 C for 24h. The XRD patterns 
of the synthesized powders with x=0.05, 0.1, 0.2 are 
given in Figure 1. Zn2SnO4 phase was formed mainly 
with minor ZnO precipitates at x=0.2.  

 

Figure 1. XRD pattern of hydrothermally synthesized 
(SnO2)x(ZnO)1-x powders prepared with x=0.05, 0.1, 0.2 
at 220 C. 

The calculation of the molar ratio of (SnO2)x(ZnO)1-x 
showed that the x value should be 0.33 for the formation 
of the pure Zn2SnO4 stable phase. However, small 
amount of SnO2 was formed at x=0.33 with Zn2SnO4 
major phase. The formation of SnO2 at x=0.33 can be 
clarified that precipitated ZnO removed from the system 
during centrifugation. The supernatant solution was 
analyzed by ICP-OES to determine the amount of soluble 
Zn2+ and Sn4+ cations. The results showed that while the 
Sn4+ cation concentration was less than 5.29 ppb, the 
concentration of Zn2+ was approximately 4000 ppm. This 
result proved the removing of ZnO during washing 
process before charging of the solution to the reactor. 
Therefore, extra Zn2+ cations (0.04% by mass) should be 
added to prepared solution to obtain pure Zn2SnO4 
without any residual phases as SnO2. XRD pattern of 
(SnO2)x(ZnO)1-x x=0.29 are given in Figure 2. The 
obtained Zn2SnO4 powders were heat treated at 800 C to 
examine the excess crystallization of SnO2. After heat 
treatment, no SnO2 phase observed. 
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Figure 2. XRD pattern of hydrothermally synthesized 
(SnO2)x(ZnO)1-x powders prepared with x=0.29 

Up to x=0.7, SnO2 and Zn2SnO4 rich phases were 
identified. With increasing x value (x>0.7), SnO2 began 
forming as a major phase. The phase formation of the 
(SnO2)x(ZnO)1-x system in the full range (x=0-1) were 
mapped as showed in Figure 3. Whereas major phases are 
marked with green lines, minor phases are marked with 
yellow lines. The results revealed that solutions of the 
ZnO and SnO2 binary phases were limited within each 
solution in the system. For x=0.30-.90, the Zn2SnO4 and 
SnO2 phases coexist. The single phase Zn2SnO4 occurs 
only at x=0.29 at 220 C for 24h.  

 

Figure 3. Map of hydrothermally synthesized 
(SnO2)x(ZnO)1-x phases with respect to x value at 220 C. 

The TEM images and EDX results of the labelled 
particles prepared with x=0.33 are presented in Figure 4. 
The particle size is 40-50 nm with cubic morphology. 
The dark (Zn2SnO4) and light (SnO2 rich) regions were 
numbered as 1 and 2, respectively in STEM images. The 
region 1 consists of 26% zinc and 13% tin, with the 

remaining amount as oxygen, while Region 2 contains 
2% zinc and 14% tin, with the reaming amount as 
oxygen. TEM-EDS studies of the samples showed that 
there is very small amount tin rich regions even in x=0.29 
samples. Therefore, the almost single phase of Zn2SnO4 
formed at x=0.29.   

 

 

 

 

 

 

 

 

Figure 4. STEM and EDS results of hydrothermally 
synthesized powders prepared with x=0.33 at 220 C. 

3.2. Electrical properties of thin films prepared by AC 
magnetron sputtering from synthesized Zn2SnO4 

The morphological property of powder used in target 
preparation was evaluated by SEM (Figure 5). 
Agglomerates are composed of spherical nanosize grains 
with average particle size 50-60 nm. SEM image of the 
sintered Zn2SnO4 target at 1200 C for 2h was shown in 
Figure 5. The average grain size of the sintered target 
was 1±0.5 μm and Zn2SnO4 target indicates the >92% of 
theoretical density. The films deposited from the 
Zn2SnO4 target, the concentration of electrons was 3.0x 
1018 cm-3 and mobility of free carriers was 15 cm-2/V.s. 
After thermal treatment for 1h at 400 C, the films 
became transparent (transparency was between 80-90%), 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

8518. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

the concentration and mobility of free charge carriers 
were 1.8x1016 cm-3 and 20 cm-2/V.s, respectively. Thin 
films prepared from Zn2SnO4 powders can be used as 
channels of transparent thin film transistors (TTFT) [1]. 
A film, to be used for this purpose, must have a 
concentration of electrons from 1015 cm 3 up to 1017 
cm 3 and be transparent. Therefore, these values meet 
the requirements for thin film transistor channel 
applications. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SEM images of (a) the hydrothermal 
synthesized Zn2SnO4 powder prepared with x = 0.29 at 
220 C and (b) polished, thermally etched cross-section 
of the Zn2SnO4 target sintered at 1200 C for 2 h 

4. Conclusions 

In this study, hydrothermal synthesis of (SnO2)x(ZnO)1 x 
nanocomposite powder within a broad range of x values 
(x = 0–1) was investigated. Phase formations of the 
(SnO2)x(ZnO)1 x powder system in the range from x = 0.0 
to 1.00were mapped, and ZnO, SnO2 and Zn2SnO4 
phases were found depending on the changing x value. 
The almost single 
phase Zn2SnO4 occurs only for x = 0.29 (Zn/Sn = 2.4:1) 
for the (SnO2)x(ZnO)1 x composite system at 220 C for 
24 h. The obtained Zn2SnO4 powder, as a target, exhibits 
suitable properties in terms of an adequate electron 
concentration and high mobility of free charge carriers. 
The results show that the Zn2SnO4 powder synthesized 

by the hydrothermal method can be successfully used for 
thin film transistor channels. The results are particularly 
important to demonstrate that Zn2SnO4 powder 
synthesized by the hydrothermal method can be 
successfully used for thin films in different 
optoelectronics devices, for instance, as a channel in 
transparent thin film transistors. 
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Abstract 

In this study, macroporous alumina ceramics 
containing interconnected porosity were prepared 
by a simple and economical technique, polymeric 
sponge technique. Commercial polyurethane 
sponges with 10 pores per inch were used to 
prepare porous alumina ceramics. Then ceramic-
epoxy composites were fabricated by infiltrating 
epoxy resin into the highly porous alumina 
substrates under vacuum conditions to eliminate air 
bubbles during the processing step. Scanning 
electron microscopy investigations of the produced 
composites revealed that there is a good bonding 
between the ceramic and epoxy materials. It was 
also determined that dense and macroscopically 
homogenous ceramic-polymer interpenetrating 
network composites were produced. 
 
I. Introduction 

 
Composites materials are used in increasing 
quantities in various fields of industry such as 
automotive [1], defence [2, 3], transportation [4], 
aviation [5], marine [6], health [7, 8] and 
communication [9, 10]. Interpenetrating network 
composites is a subgroup of composites materials 
and in recent years there is a significant increase in 
research activity and publications in this area. 
Interpenetrating network composites that have a 3D 
interpenetrating microstructure have drawn a 
significant attention [11-15] due to achieved 
enhanced properties when compared with the 
particle reinforced counterparts. It was 
experimentally shown that interpenetrating network 
composites has enhanced elastic properties when 
compared with discontinuously reinforced 
composites. [16-18] Interpenetrating network 
composites has more homogenous structure and as 
a result they have promising properties when 

compared with particle reinforced traditional 
ceramic composites. 
 
There are various fabrication methods for the 
interpenetrating network composite structures. One 
of the most common method is to impregnate a 
desired second phase into a preexisting open-cell 
porous substrate material. The goal of the current 
work was to produce alumina-epoxy 
interpenetrating network composites by using a 
simple and economical approach. Firstly, highly 
porous alumina ceramics with a network structure 
was produced via polymeric sponge method. Then, 
epoxy resin was infiltrated into these ceramics 
which was containing interconnected porosity to 
produce interpenetrating network ceramic-polymer 
composites.  
 
Alumina ceramics and epoxy both have a very wide 
application area as a monolithic material or a 
member of a composite structure. Alumina 
ceramics have a widespread use in industry due to 
good mechanical properties, such as high hardness, 
an ability to work at high temperatures and high 
resistance to thermal shock, excellent wear and 
chemical resistance. Epoxy polymers have a wide 
engineering and structural applications such as 
plastic-tool industries, electrical and electronic 
industries, transportation, communications, 
construction, commercial and military aircrafts 
industries  due to its low density, outstanding 
mechanical properties, excellent dimensional, 
thermal and environmental stabilities, good 
electrical insulation, low shrinkage rate, easy 
process ability, and economical processing 
capabilities.  
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2. Experimental Procedure 
 
In this study, commercial alumina powder was used 
as the major ceramic material and low amount of 
bentonite was used to adjust rheological properties 
of the ceramic slurry. Also some rheological 
additives such as dispersant, thickening agent and 
binder were used to achieve desired solid loading 
and improve rheology of the slurry, respectively. 
Commercial polymeric sponges (10 ppi) were used 
as templates to produce porous alumina substrates 
for the fabrication of interpenetrating ceramic-
polymer composites.  

Thermogravimetry (TG) and differential thermal 
analysis (DTA) of the polymeric sponge was 
carried out by using a simultaneous TG/DTA 
analyzer (NETZSCH STA 449F3) in air 
atmosphere to determine heating regime of binder 
burn-out process. Applied heating rate during TG-
DTA was 10 C/min. It was determined that 
pyrolysis of the polymeric sponge was completed at 

650 C (Fig. 1). 
 
 

 
 

Figure 1. TG/DTA curves of the polymeric sponge. 
 
Alumina slurry preparation was performed in 
deionized water by using a planetary ball mill. 
Polymeric sponges were immersed into the ceramic 
slurry and compressed to provide coating of the 
sponge walls with alumina suspension. Then, the 
sponges were removed from the slurry. The sponge 
immersion process was repeated for a few times to 
achieve desired ceramic coating thickness.  
 
Prepared samples were initially dried at room 
temperature for two days. Dried samples were 
slowly (1 C/min) heated up to 650 C and a 60 
min dwell time was applied to burn out the 
polymeric sponge and other organic additives used 
during the slurry preparation step before sintering. 
Subsequently, the samples were heated to the 
sintering temperature (1600 C) at a rate of 3 C/min 
with a 1 hour dwell time.  
 
Alumina-epoxy composites were fabricated by 
infiltrating epoxy resin into the highly porous 
ceramic substrates under vacuum conditions to 
eliminate air bubbles during the processing step. 
Microstructures of the fabricated interpenetrating 
network composite samples were investigated with 

a scanning electron microscope (SEM, Zeiss Supra 
50 VP) in secondary electron image mode (SEI).  
 
3. Results and Discussion 
 
A representative photo of the porous alumina 
ceramic substrate taken by digital camera is given 
in Fig. 1. As clearly visible from the macroscopic 
photograph of the sample pores are interconnected 
and structure is highly porous. 
 

 
Figure 1. Macroscopical picture of the fabricated 
porous alumina substrate. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

88 IMMC 2016   |   18th International Metallurgy & Materials Congress

Scanning electron microscopy investigation of the 
fracture surfaces of the produced porous alumina 
samples confirmed that these samples are 
containing interconnected porosity and the structure 
is highly porous. (Fig. 2)  
 

 
 

 
 

 
 
Figure 2. SEM micrographs of fractured porous 
alumina samples  at different magnifications. 
 
Fracture surface investigations of the produced 
alumina-epoxy interpenetrating network composite 
samples via scanning electron microscopy 
investigation revealed that the composites are 
dense, microstructure is homogenous and there is 
good bonding between alumina ceramic and epoxy. 
(Fig. 3) 

 
 

 
 

 
 
Figure 3. SEM micrographs of fractured alumina-
epoxy interpenetrating network composite samples  
at different magnifications. 
 
 
4. Conclusion 
 
In the current study, dense and macroscopically 
homogenous alumina-epoxy interpenetrating 
network composites were produced via a cost 
effective and readily applicable fabrication 
technique. Microstructural investigations of the 
fabricated ceramic-polymer interpenetrating 
network composites also revealed that there is a 
good bonding between the components of the 
structure, alumina and epoxy. This study represents 
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initial results of an ongoing project and mechanical 
properties of the produced porous ceramics and 
alumina-epoxy interpenetrating network composites 
will be investigated. 
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Abstract 
 
CYSZ / Al2O3 ceramic coating were produced in two-
layered and 4, 8 and 12 functionally graded layered by 
high-velocity oxy-fuel (HVOF) and atmospheric plasma 
spraying (APS) processes. Microstructure, thermal and 
thermal cycling behavior were evaluated. The thickness of 
metallic bonding layer and total thickness of ceramic top 
layer were measured as 100± 10 m and 350 ±20 m, 
respectively. Thermal conductivity values of the CYSZ / 
Al2O3 functionally graded showed lower thermal 
conductivity, 0.82 W/m.K at 835 °C compared to 
CYSZ/Al2O3 two-layered, 1.32 W/m.K at 835 °C and 
CYSZ, 1.44 W/m.K at 835 °C. Thermal cycle result of 
CYSZ/Al2O3 functionally graded TBCs were higher than 
CYSZ/Al2O3 two-layered coatings. 
 
1. Introduction 
 
Thermal barrier coatings (TBCs) have been widely 
employed in the hot-section of gas turbine to protect the 
superalloy components against high temperature and 
oxidation, and thereby to prolong the lifetime of 
components and improve engine efficiencies achieved by 
increasing the turbine inlet gas temperature. Most 
commercial TBCs generally consist of a multilayer 
structure with a NiCoCrAlY or Pt/Al diffusion bond coat 
applied on a Ni-based superalloy substrate to provide 
oxidation protection and 8  wt.% Y2O3-stabilized ZrO2 
(8YSZ) coating deposited on top as the outer low-
conductivity thermal barrier [1]. It possesses low thermal 
conductivity (2.2 W/mK [2]) and high CTE (10.7 × 10  6 
K  1)[3]. Ceria-yttria stabilized zirconia (CYSZ) has 
higher CTE (13 × 10  6 K  1) than YSZ [4]. Moreover, the 
addition of CeO2 to YSZ (CYSZ) layer provides further 
phase stability, lower monoclinic and tetragonal phase 
transformation comparing with YSZ. Alumina (Al2O3) is 
used as a second ceramic topcoat material due to resistant 
to oxygen diffusivity, strengthened structure and improved 
adherence properties of coating, although it has a higher 
thermal conductivity properties. However, the plasma spray 

coated alumina contains mainly unstable phases such as  
and -Al2O3 These unstable phases transform into -Al2O3 
during thermal cycling, accompanied by a significant 
volume change ( , ~15%) which results in micro crack 
formation in the coatings [5].  
Functionally graded materials (FGM) are layered materials 
with a gradual compositional variation from the metallic 
part to the ceramic part so that the thermal stresses can be 
released and the mechanical and thermal properties can be 
improved significantly. Saremi and et. al.  YSZ and FGed 
YSZ–Al2O3 coatings were deposited on bond coated 
specimens by APS method [6]. Dokur and et. al. studied on 
the physical and mechanical properties of Al2O3/CYSZ 
multilayered design. [7].There is no research in literature 
relating to thermal and mechanical properties of 
functionally graded multilayered coatings containing CYSZ 
and Al2O3.   
 
2. Experimental Procedure 
 
In this study, one layered CYSZ, two-layered CYSZ / 
Al2O3 and 4, 8, 12 layered functionally graded (FG) 
thermal barrier coatings were produced as a ceramic 
topcoat material. The bond coat were applied by HVOF 
(High Velocity Oxygen Fuel) process on the substrate 
material. APS (Atmospheric Plasma Spraying) process was 
used to produce ceramic topcoat. Microstructure 
characterization, thermal conductivity measurement, 
thermal cycle failure test were fulfilled. 
Commercial alumina (Al2O3), CYSZ and bond coat 
powders (NiCoCrAlY) were used as coating powders. 
Composition of the bottom and topmost layers were 100% 
CYSZ and alumina, respectively. Each layer had different 
ratio of mixture (wt %) of CYSZ and alumina in the FGed 
coatings. Alumina and CYSZ powders were weighed 
according to the composition of each layer and then mixed 
for 6 h in a turbula type of mixer using zirconia balls then 
heated to 70 °C for 2 h to release moisture. INCONEL, 
316L and Al substrates were subjected to cleaning and grit 
blasting process. Afterwards, NiCoCrAlY powders were 
sprayed to prepared surface by HVOF process. Alumina 
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and CYSZ and mixture of ceramic top coat powders were 
sprayed onto the bond coating layer by APS system.  
Microstructure characterization were carried out by field 
emission gun scanning electron microscope (FESEM). An 
image analysis software (Image J) and back-scatter electron 
images were used to process porosity measurement.  
The thermal conductivity of the coatings was determined 
by use of a laser flash thermal properties analyzer from 
room temperature to 1105 °C.  
Thermal cycle performance test of FGed TBCs was carried 
out by using a dynamic heat flux of oxygen-propane flame. 
Surface of the coatings was heated to 1250 ±50 °C for 1 
min then cooled down for 1 min by using air jet.  
 
3. Results and Discussion 
 
Angular alumina (54+12μm) and spherical CYSZ (90+16 
μm) powders were used for depositing the top ceramic 
coat. The morphology and internal structure of the two 
powders are depicted in Fig. 1. 
 

 
Figure 1. (a) Alumina powder, (b) CYSZ powder 
 
According to FESEM analysis, typical surface and polished 
cross-sectional images of the APSed coat were obtained. 
Powders melted enough in plasma flame and layers bonded 
each other without any proposition of Al2O3/CYSZ 
functionally graded layered thermal barrier coating were 
monitored with cross-sectional microstructure analysis. 
Total thickness of the ceramic coatings and bond coatings 
were about 350 ±100 μm and 90 ±20 μm, respectively. 
Figure 2 shows FGed 8 layered sample cross-sectional 
microstructure. Table 1 shows each sample ceramic top 
coat thickness and porosity percentage. 
 

 

Figure 2. FGed 8 layered sample cross-sectional 
microstructure. 

Table 1. Ceramic topcoat thickness and porosity 
percentage of each sample. 

Sample 

Ceramic 
Topcoat 

Thickness 
(μm) 

 (Porosity 
%) 

CYSZ 195 12 

ÇK2 160  13 

FD4 296  6 

FD8 362 7 

FD12 210 8 

 
The most significant property of a thermal barrier coating is 
thermal conductivity. Lower thermal conductivity result of 
ceramic coat will be needed in future gas turbines due to 
reduce in temperature which has effect on surface of 
substrate. Thermal conductivities of two-layered and 
functionally graded thermal barrier coatings are measured 
1.32 W/mK and 0.84 W/mK at 835 oC and at room 
temperature 1.23 W/mK and 0.94 W/mK, respectively. 
Thermal cycle tests were applied for 300 cycles 60 sec 
heating and 60 sec cooling with air. First cracks that caused 
failure were determined starting on edge of topcoat. After 
300 cycles there was no any defects like cracks or pull outs 
on two-layered and functionally graded coats. Thermally 
grown oxide that Al2O3 phase (TGO) was formed at 
interface of topcoat and bond coat. 

 
4. Conclusion 

As a conclusion. FGed thermal barrier coating had better 
properties than multilayered coatings. Layers bonded each 
other without any separation on functionally graded 
thermal barrier coating. Functionally graded thermal barrier 
coatings had spallets, cracks and porosities seen in 
characteristic microstructure of APSed thermal barrier 
coatings. Thermal conductivity results showed that FGed 
design provided lower thermal conductivity values. Each 
samples endured 300 thermal cycle test, there was not any 
pull out on functionally graded coats. 
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Abstract 
 
Titanium carbide (TiC) and graphene nanoplatelets (GNPs) 
were introduced into zirconium carbide (ZrC) ceramics to 
improve the fracture toughness. ZrC–TiC–GNP composites 
containing 20 vol.% TiC and 0.25–3 wt % GNP were 
prepared by spark plasma sintering at temperatures of 
17500C for 300 s under a pressure of 40 MPa. Densification 
behavior, microstructure, and mechanical properties of the 
ZrC-based composites were investigated. Fully dense ZrC–
ZrC– TiC–GNP composites with a relative density of more 
than 98 % were obtained. Addition of GNPs up to 0.5 wt% 
significantly increased the fracture toughness of ZrC-TiC 
composites. Some graphene nano-platelets were kept in the 
composite microstructure, wrapping and pullout, crack 
deflection, and crack bridging. 
 
1. Introduction 
 
Ultra-high temperature ceramics (UHTCs) have a great 
interest for applications requiring exposure to extreme 
thermal and chemical environments such as thermal 
protection systems, hypersonic space vehicles, drive 
systems [1],[2]. Among them, zirconium carbide (ZrC) has 
unique properties such as low density, high melting point 
and hardness, a good thermal and electrical conductivity 
and makes a candidate material for structural applications 
that require high temperatures, such as cutting tools, wear 
parts and armor. However this potential is hindered by two 
major drawbacks; low fracture toughness caused from 
brittle structure and high temperature required for its 
sintering because of covalent bonding. Thus, the nature of 
brittleness and thereby the lack of damage tolerance is one 
of the most crucial problems in applications. On the other 
hand, the mechanical behavior of composites is strongly 
influenced by the content of the reinforcement. 
 
Recently, the nano-sized graphene is used as a reinforcing 
material to improve the properties of the composites [2,3]. 
The main advantage of using graphene instead of the CNT 
is that graphene have a higher specific surface area, so it is 
dispersed more readily in the matrix. CNTs are often 

necessary for the surface modification process. In addition 
to produce graphene relatively inexpensive, easier, and less 
hazardous to health when compared to CNTs [5,6]. There 
are not a lot of extensive research on the use of graphene as 
an additive to improve the sintering behavior and 
mechanical properties of ceramics and ceramic matrix 
composites [7,8]. 
 
In this study, graphene nanoplatelets were added to the 
ZrC-TiC , composite powders with increasing amount and 
the resulting powder mixtures were sintered by spark 
plasma sintering (SPS) at 1700°C under 40 MPa with a 300 
s.The influence of graphene nanoplatelets contents on the 
densification behavior, and mechanical properties of 
composites were investigated. 
 
2. Experimental Procedure 
 
ZrC (H.C. Starck Corp. Grade B, an average particle size of 
1–4 lm), TiC (H.C. Starck Corp. Grade HV120, an average 
particle size of 1–1.5 lm), and graphene nanoplates powder 
were used as raw materials for the processing of ZrC–TiC–
graphene composite. Composites containing 80 vol % ZrC 
– 20 vol % TiC – 0, 0.25, 0.5, 0.75, 1, 3, and 5 wt % 
graphene were fabricated. ZrC - TiC were first ball-mixed 
for 24 hours in a merck ethanol cup using SiC balls. ZrC–
TiC composite containing 20 vol.% TiC was selected and 
different amounts of CNT was distributed into binary 
composites using an ultrasonic probe for 45 min. After 
dried, the mixture was placed into a graphite die and spark 
plasma sintered (SPS-210LX, SPS Syntex Inc.) at 1700°C 
for 5 min with the applied pressure of 40 MPa in vacuum. 
The bulk densities of the specimens were determined by the 
Archimedes method and converted to relative density using 
theoretical densities of ZTG (ZrC-TiC-Graphene) 
composites. 
Vickers hardness (HV) was measured under loads of 9.8N. 
The average value of the 10 measurements for each sample 
was used for the evaluations of hardness.  
The microstructure analysis of ZrC composites were 
carried out by scanning electron microscopy (SEM). 
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3. Results and Discussion 
 
Table 1 shows the variation of relative density of ZTG 
samples as a function of reinforcement type. The average 
relative densities of ZT and ZT-0.5GNP samples spark 
plasma sintered at 1700°C for 5 min under 40MPa were 
98.8% and 98.5%, respectively. For the same spark plasma 
sintered parameters, the relative density of ZTG composites 
increase to 99,0%. SEM micrographs from the polished and 
fracture surface of ZTG samples are presented in Fig.1. 
ZTG samples, reinforced with TiC and graphene nano-
platelets, showed a near fully-dense microstructure with the 
addition of wt% graphene nano platelets. Graphene pulled 
out at the grain boundaries and negligible closed pores 
were observable on the fracture surface of ZTG 
composites. 
 
Table 1. Compositions (wt.%), relative densities and hardness of  

ZrC–TiC–GNP composites consolidated by SPS. 
Sample Relative 

density 
(%) 

Vickers 
hardness 
(GPa) 

ZT 98.8 22.08 ± 
0.20 

ZT-0.25GNP 98.7 21.29 ± 
0.16 

ZT-0.50GNP 98.5 20.66 ± 
0.21 

ZT-0.75GNP 98.9 20.15 ± 
0.12 

ZT-1.00GNP 99.0 20.00 ± 
0.21 

 
The SEM images describing the morphology are showing Fig.1. 
 

 
Figure 1. SEM images of morphology of (a) as-received ZT 

powders,(b) as-received ZTG0.5 powders. 
 

 
4. Conclusion 
 
ZrC–TiC ceramic composites with different contents of 
graphene nano-platelets as additive were prepared by the 
Spark Plasma Sintering process at 1700 °C under a pressure 
of 40MPa for 5 min. ZrC-based composites with a relative 
density of more than 98 % were obtained. The microstructure 
and mechanical properties were investigated. Further 

addition of GNPs resulted in lower mechanical properties due to 
the agglomeration problem. 
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Abstract 

Calcium hexaboride (CaB6) was synthesized by the 
boroncarbide(B4C) method via reaction of calcium 
carbonate(CaCO3), B4C and carbon(C). B4C is an 
expensive raw material which is commercially 
synthesized by the carbothermal reduction at a high 
temperature. In this study, B4C powder which provided 
from our previous study had been synthesized by the 
carbothermal reduction of precursor obtained from boric 
acid  polyol mixture. B4C powder had been synthesized 
via low temperature method and it was used as both raw 
material and carbon source due to its excess C amount. 
B4C powder was mixed with CaCO3 powder and B4C-
CaCO3 mixtures were prepared. In this study, effect of 
boro/carbothermal reduction (BCTR) temperature and 
excess C amount have been studied using X-Ray 
diffraction and the optiumum product morphologies 
have been investigated via scanning electron 
microscopy. CaB6 is formed by a solid state process 
which is carried out by the transitional phases that occur 
due to the interaction between CaCO3-B4C-C. 

1. Introduction 

CaB6 is one of the most popular ceramic materials with 
its unique properties such as high melting point, high 
chemical stability, high hardness, and the ability of 
neutron radiaton absorbance of its composites[1-2]. It is 
also a bright candidate for using as a cathode 
materials[3] and electronic materials[4]. In recent years, 
CaB6 is commonly used for its antioxidant and 
deoxidant effect on refractory industry and copper, steel 
production industry due to its ineffectiveness on 
electrical conductivity [5-6].  

The one of the most common synthesis method for 
boride production is boro/carbothermal reduction 
(BCTR). Boron carbide, carbon and metal oxide are 
used as a raw materials and the process is also a proper 
method to yield mass production of CaB6 [7-8]. 

In this study, we synthesized CaB6 powder via the 
boro/carbothermal reduction of calcium oxide (CaO) 
formed from the calcination of CaCO3 during the 
heating process that was followed by BCTR. Effect of 
excess C content of B4C dispersed along B4C that we 
synthesized in our previous study and temperature of 

BCTR process on CaB6 formation are investigated in the 
present paper, systematically.   

2. Experimental Procedure 

Raw materials used in this study were CaCO3 (Merck, 
%99) and B4C with excess carbon that was synthesized 
in our previous study. B4C powder with excess carbon 
content was synthesized via boro/carbothermal 
reduction method with using H3BO3 (ETITM 
Mine,%99.5) and D(-)-Mannitol (C6H14O6, MerckTM, 
%99). C/B2O3 ratios were chosen to obtain both 
carbothermic reduction ratio (C/B2O3:3,5-CB35) and 
esterification ratio of raw materials(C/B2O3:6-CB60). 
Then, calcium carbonate(CaCO3:B2O3 = 1:3) and boron 
carbide were mixed with ethanol and milled for 24 hours 
in a ball mill. Ethanol powders mixture was dried to 
obtain as-blended powders and pressed into a pellets 
with hydraulic press. Pellets were placed into a graphite 
crucible and heated at 1300-

 
Phase analysis of resulting products were conducted by 
using x-ray diffractometry (XRD-Rigaku, MiniFlex600, 
Rigaku Co., Ltd., Tokyo, Japan) which is operated at 40 

Precursors for boron carbide were pressed into pellets by 
mixing of KBr powders to investigate functional groups 
by using Fourier Transform Infrared Spectroscopy 
(Bruker-Tensor 27 FTIR) in transmission mode.  

Thermal analysis of the precursors for boron carbide 
was studied to investigate the thermal characteristics of 
precursors by using simultaneous thermal analyzer 
(STA)-thermogravimetric analysis (TG)/differential 
thermal analysis (DTA) (Netzsch 449F3) and heating 

in an Ar atmosphere. 

Morphology of the resulting powder was performed via 
using scanning electron microscopy (SEM- Zeiss Supra 
50 VP) operated at 15 kV. Samples were coated with 
Au-Pd before SEM imaging. 
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3. Results And Discussion 

The FTIR spectrum of precursor for B4C synthesis is 
shown in Fig. 1. For the precursor CB60, there was no 
absorption peak at 1195 cm-1 which is related to 
deformation band of B-O-H [9] therefore, it can be said 
that no unreacted boric acid left in the precursor. 
However, there were some boric acid left in the 
precursor CB35. Absorption peaks at 1130 indicated 
that B-O-C bonds were formed successfully and these 
peaks were especially sharp for CB60 [9-11].   

 

Fig.1. FTIR spectra of precursor for B4C. 

To investigate the thermal characteristics of the 
precursors, TG/DTA analysis were carried out (Fig. 2-
3). Significiant decomposition peak was observed 
approximately at 425  for precursor CB60 and there 
was no peak indicated of unreacted boric acid. For 
precursor CB35, decomposition peak was observed 
approx. at 415 C and there was an endothermic peak 
indicated of melting point of boric acid. These results 
showed that B-O-C bonds were formed homogeneously 
in precursor CB60. 

 

Fig.2. TGA/ DTA curves of precursor(CB35). 

 

Fig.3. TGA/ DTA curves of precursor (CB60). 

 

XRD patterns of synthesized B4C powders are given in 
Fig. 4. It can be seen that in precursor CB60, there was 
significant excess C in comparison with precursor 
CB35. XRD patterns of CB35-CaCO3 and CB60-CaCO3 

is 
obvious that BCTR was carried out a transitional phases 
and 1200 C was not sufficient to form CaB6 over CB35-
CaCO3 mixture.  

 

Fig. 4. XRD patterns of B4C powders. 
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Fig. 5. XRD patterns of CB35-CaCO3 and CB60-CaCO3 
mixtures  

In Fig. 6., XRD patterns of powders obtained by BCTR 
of CB35-CaCO3 mixture at 1300-1500 C for 6 hours 
under an Ar flow are given. It can be seen that, some 
transitional phase such as CaC2, Ca3B2O6 and Ca2B2O4 
obtained at 1200 C. When the temperature increased, 
reduction yield was also increased with consuming of 
transitional phases. When the temperature was set at 
1500 C, there were only B4C and CaB6 in the system.  

 

Fig. 6. XRD patterns of BCTR of CB35-CaCO3 
mixtures at 1300-1500  

In Fig. 7., XRD patterns of powders obtained by BCTR 
of CaB60-CaCO3 mixture at 1300-1450 C for 6 hours 
under an Ar flow are given. In this system, it can be seen 
that formation and consuming of transitional phases 
were balanced in comparison with CB35-CaCO3 

mixture. There were only CaB6 and B4C phases present 
in the system. At 1400 C, CaB6 powders were 
successfully synthesized from CB60-CaCO3 mixture.  

 

Fig. 7. XRD patterns of CB60-CaCO3 mixtures at 1300-
1450  

 

In Fig. 8.. SEM images of powders obtained by BCTR 
at 1400 C for 6 h can be seen at both high and low 
magnifications. Particle size of powders was a few 
micrometer and particles were dispersed as a micron and 
submicron particles. 

 

Fig. 8. SEM images of CB60-CaCO3 mixtures at 
1450  at high and low mag. 
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4. Conclusions 

In this study, CaB6 powders were synthesized 
successfully via BCTR method with using B4C  included 
excess carbon. With using of CB60-CaCO3 mixtures, 
CaB6 powders were synthesized as a single phase at 
1450 C for 6 hours. However, with using of CB35-
CaCO3 ient to synthesize CaB6 
as a single phase. 
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Abstract 

The ternary boride containing alloys and compounds are 
hard materials which can be used in applications as an 
alternative to tungsten based cemented carbides. In this 
study, molybdenum contaning boride based hard alloys 
were prepared by self propagating high temperature 
synthesis method. The combustion synthesis process 
was carried out in copper crucible through an 
aluminothermic reduction in three different ternary 
systems of Mo-Ni-B, Mo-Fe-B and Mo-Co-B including 
oxides as starting materials. Synthesis of these alloys 
was realized under normal gravity and atmospheric 
conditions. During these exothermic reactions, adiabatic 
temperature reaches over 2000°C and the flame 
propagates spontaneously through the powder mixture. 
Thermodynamical calculations were performed using 
FactSage 6.4 thermochemical software in order to 
estimate the obtained adiabatic temperature and weight 
percentage of products. Mechanical test results of the 
obtained boride containing alloys revealed that vickers 
hardness amount is about 800-900HV.   

1. Introduction 

Hard alloys containing borides exhibit a wide range of 
properties that are valuble for industrial applications.   In 
competition with tungsten carbide based composites, 
these ternary boride based materials possess high 
melting point and high wear resistance [1]. The ternary 
borides of Mo2FeB2, Mo2CoB2 and Mo2NiB2 were 
analyzed extensively and represented low density 
typically close to steels [2], high Vickers hardness of 15-
20 GPa and high corrosion resistance against 
hydrochloric and hydrosulphuric acid aqueous solutions 
which make it applicable for cutting tools or plastic 
injection molding machine parts [3]. Composites with 
borides dispersed in metallic  matrix have shown better 

capabilities by combining the high toughness of Ni as 
metallic binder and high hardness of boride based 
intermetallics as hard phase. 

Self-propagating high temperature synthesis (SHS) is a 
method which was used for the fabrication of high 
temperature ceramics, intermetallics and composites in a 
one-step operation. This technique has the advantages of 
providing high purity products, low energy requirements 
and simplicity of the process over the conventional high 
temperature methods[4]. In this study, for the first time 
production of boride based intermetallics of Mo-Ni-B, 
Mo-Fe-B and Mo-Co-B systems by self propagating 
high temperature synthesis method using 
aluminothermic reduction of metallic oxides of MoO3, 
Fe2O3, NiO, Co3O4 and B2O3 as starting materials was 
investigated. Combination of binary and ternary 
intermetallics in produced alloys shows high hardness.  

2. Experimental Procedure 

Starting materials were commercially pure powders of 
MoO3 (99,5%), NiO (99%), Fe2O3, Co3O4, B2O3 (94,2%) 
and Al (99,7%) while they are involved in the 
aluminothermic reaction which takes place under 
atmospheric environment and normal gravity. First step 
of these experiments are mixing of powders and drying 
them at about 100°C for 30 minutes before combustion. 
The mixtures were placed into the copper crucible and 
the tungsten filament on the top of the powder 
connected by copper wire to power supply working with 
20(VA) initiated the exothermic reaction. The generated 
heat in aluminothermic reaction process is calculated by 
FactSage programme to estimate the possibility of the 
self-propagation of the reaction. After the SHS synthesis 
process, all the obtained bulk shaped samples were 
metallographically prepared by grinding and polishing 
for consequent analyses. The samples were numbered as 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

100 IMMC 2016   |   18th International Metallurgy & Materials Congress

NI7, FE12 and CO5 representing alloys of Mo-Ni-B, 
Mo-Fe-B and Mo-Co-B systems, respectively. The 
crystal structure of final products is determined by X-ray 
diffractometer (XRD, PANalytical PW3040/60 with a 
Cu Ka radiation), microstructure and compoosition of 
phases were characterized by scanning electron 
microscopy and energy dispersive spectroscopy (SEM, 
Jeol JSM-840) and AAS spectrometry (Perkin-Elmer 
1100B). Vickers hardness test (Micro Hardness Tester, 
SHIMADZU CORPORATION) is also performed on 
the specimens to identify the mechanical properties.  

3. Results and Discussion 

Thermochemical simulation by using the advanced 
“Equilib” module of FactSage 6.4 was performed to 
estimate the effect of initial components on adiabatic 
temperature and product composition [5]. The reaction 
of the process was assumed as adiabatic ( H=0) and the 
initial reaction conditions were considered as ambient 
temperature under atmospheric pressure. SGTE and 
FactPS databases were selected for detecting all 
compounds and alloys. The adiabatic temperature values 
of the reactions starting from initial oxide materials for 
the combustion synthesis in Mo-Ni-B, Mo-Fe-B and 
Mo-Co-B systems were calculated by FactSage software 
and shown in Table 1. 

Table 1. Adiabatic temperature of reactions 

No Starting materials Adiabatic 
Temp. 

1 2MoO3+1.5NiO+1B2O3+7Al 2703.4 
2 2MoO3+0.75Fe2O3+1B2O3+7.5Al 2679.7 
3 1MoO3+0.5Co3O4+0.5B2O3+4Al 2721.5 

 

The combustion temperature in these processes are so 
high that heat sinker additives such as aluminium oxide 
are required. The addition amount of Al2O3 in three 
systems was used as 5% of total weight of raw 
materials. The microstructure of specimen coded with 
NI7 in Mo-Ni-B system is shown in SEM image of 
Figure1. In this sample, Mo2NiB2 phase was observed as 
gray angular shapes (2). The grains in the light region 
represents MoB phase (3). The excess Al reacted with 
Ni to form Ni3Al in matrix (1) 

The dendritic phases in light gray regions distributed in 
matrix (3,4) which are depicted in Figure 2 consist of  
Fe-Mo alloy with dissolved Al. Rectangular shapes  in 
larger light gray regions (1,5) are consisted of ternary 
borides of Mo-Fe-B system. The EDS analysis result 

shows the presence of Mo-Fe binary intermetallics as 
hard phase in Mo-Fe-B systems. Unreacted Al in system 
combines with Fe and produces Fe3Al phase in matrix 
observed in dark gray areas (2).  

Therefore, the fabrication of some amounts of Mo2NiB2 
and Mo2FeB2 ternary borides is detected in NI7 and 
FE12 samples respectively. There are two regions of a 
matrix and a hard phase that spreads in that matrix 
almost in every sample. According to the EDS elemental 
analysis, diffusion of Al in matrix is higher than hard 
phase in observed three samples. 

 

Figure 1. SEM image of NI7 (x500) 

 

Figure 2. SEM image of FE12 (x500) 

In Mo-Co-B system, as shown in Figure 3, light regions 
(3,4) are consisted of ternary phases coexisting with Al 
containing Mo-Co phases in darker areas (1).  Besides, 
excess Al remained from the incomplete aluminothermic 
reduction reacts with Co to form Co rich CoAl phase in 
matrix (2). In fact, the matrix phase contains brittle 
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Ni3Al, CoAl and Fe3Al intermetallics in NI7, FE12 and 
CO5 coded samples.  

Distribution of ternary boride containing phases in 
ceramic background makes these samples to reach high 
hardness values. The Vickers microhardness test results 
of three samples in different systems are shown in Table 
2.  

 

Figure 3. SEM image of CO5 (x500) 

Table 2. Hardness of hard alloys 

No Hardness (HV) 
NI7 943 

FE12 885 
CO5 854 

 

4. Conclusions 

The combustion synthesis of Mo-Ni-B, Mo-Co-B and 
Mo-Fe-B containing hard alloys through the 
aluminothermic reduction of low cost metallic oxides 
was performed. It was concluded that the fabrication of 
molybdenum containing ternary boride based hard 
alloys using this simple process is possible. Due to high 
amounts of excess Al in the alloys, intermetallic based 
matrix was observed. Although the hardness of 
produced alloys are so high but the Al based ceramic 
matrix of these materials avoids reaching superior 
mechanical properties. In order to improve the 
toughness of these alloys further experiments will be 
carried out.  
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Abstract 
 

In this study, filler effect was investigated at E-glass 
woven and felt fabric reinforced composites. Epoxy as a 
matrix, E-glass as reinforced material and calcite, 
aluminum hydroxide as filler were used. In case 
composite material production was done two main 
groups. These; epoxy resin with the different filler 
(control group) and the other group which is E-glass 
reinforced with the different filler ratio plates. After the 
production has been completed mechanical, physical and 
analytical tests were applied to samples. According to the 
tests results; epoxy matrix E-glass reinforced composites 
values have been decreased because of that filler effect 
but values of samples with aluminum hydroxide filler 
higher than values of samples with calcite filler. In 
addition cost of composite materials reduced with 
increasing filler ratio. 

 
1. Introduction 

 
In recent days, polymer matrix composite materials have 
been used in many areas from automotive industry to 
aerospace industry. The %80 of composite usage is 
consisted of polymer matrix composite because of their 
properties, such as toughness, corrosion resistance and 
easy workability. Polymer matrix composites are divided 
into two main groups. These are thermoset matrix and 
thermoplastic matrix. Thermoset matrix composites have 
preferred frequently among the polymer composites 
because of it has fiber-matrix interfacing connection and 
the best adhesion on fiber materials. Epoxy has been 
commonly used as thermoset resin. It has high strength, 
low shrinkage, excellent adhesion to various substrates, 
effective electrical insulation, chemical and solvent 
resistance, relatively low cost and low toxicity properties. 
Also, epoxy resin has simple cure process and compatible 
with many surfaces. When we consider these properties, 
epoxy resins are very suitable for the manufacture of 
composite material. So, it has been used as matrix at 
many studies. Mechanical properties of epoxy matrix are 
shown Table 1 [1], [2], [3].  
 

Table 1. Thermoset resin mechanical properties. 

Thermoset 

Resin 

Density 

(g/cm
3

) 

Elasticity Modulus Tensile Strength 

GPa (10
6 

psi) MPa (10
3 

psi) 

Epoxy 1.2 1.4 2.5 5.0 (0.36 0.72) 50 110 (7.2 16) 

 

Matrix is main material of composites and the other main 
element is reinforcing material. A few of reinforcing 
elements is glass fiber, carbon fiber, boron fiber, basalt fiber. 
The specified reinforcing elements glass fiber is often 
encountered in terms of cost and mechanical properties of 
these fibers [4]. 
Matrix is main element of composite structure and the other 
main element is reinforcing material. A few of reinforcing 
material are glass fiber, carbon fiber, boron fiber, basalt 
fiber. Glass fiber have preferred among reinforcing 
materials. E-glass, C-glass, S-glass have been frequently 
used as glass fiber and E-glass is the most preferred type, due 
to mechanical properties and cost efficiency. Mechanical 
properties of E-glass are shown Table 2. 

 
Table 2. Mechanical properties of E-Glass 

 

Generally, composite materials have been manufactured 
with one reinforcing element which is fiber but at times, it 
has been manufactured two reinforcing elements. Second 
reinforcing element is called fillers. Filler is known that as 
third component of the main structure. Calcite, aluminum 
hydroxide, talc has been given an example as filler. When 
filler is used at the study, there are a few important things. 
Some of these filler must have appropriate particle size 
distribution and dispersion in the matrix.  Also the most 
important point of choosing filler; filler must have higher 
mechanical properties than matrix. Because of filler is 
directly effect on mechanical properties of composite 
structure. The other parameter is filler and matrix must 
have excellent mix. Otherwise composite structure may 
have low strength values [5, 6, 7]. 

Choosing production method of composite material has 
great importance as well as the main component of 
composites which is matrix and filler. Production method is 
the main factor which affects the properties of final and 
semi product. Hand lay-up, vacuum bagging, autoclave and 
vacuum infusion have been used production of thermoset 
matrix composites. Among these methods vacuum infusion 
allow that production of big sized parts with high quality. 
The basic principle of the vacuum infusion method is 
reinforced materials to impregnate the reinforcement with 
the help of pressure difference [1]. 

In this study, epoxy had been used as matrix and E-glass 
had been used as fiber. Besides, filler had been used as 

 Tensile 
Strength 
(Mpa) 

Tensile 
Modulus 
(Gpa) 

Density 
(gr/cm3) 

E-Glass 3.100-3800 72.5-75.5 2.50-2.62 
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reinforcing element. And these fillers were calcite and 
aluminum hydroxide. Also, vacuum infusion method was 
chosen as a production method. Because one of the aim of 
this study, having a high quality at the end of the product. 

As a result, epoxy matrix E-glass woven and felt fabric 
reinforced composite have been produced with using 
different ratio filler as aluminum hydroxide and calcite. 
After the production ad been completes some tests were 
applied. These test; tensile, bending, density and hardness 
tests were used to the sample and images of the surface 
were examined by scanning electron microscope. 

 

2. Materials and Experimental Studying 
 
Epoxy resin as main material was used in this study. This 
material supplied from Polikem Company. Epoxy resin code 
is Polires 188. Table 2 shown that epoxy 188 resin properties. 
Cetapox 1588 LH was used as epoxy resin hardener. This 
hardener supplied from the same company.  
As reinforcing material was chosen woven and felt fabric E-
glass because of when the load apply to the composite 
material, load can be moved to the all surface of the material 
properties. Weight of woven fabric E-glass is 300 gr/m2, 
density is 2,55 gr/m2. Weight of felt fabric E-glass is 450 
gr/m2 As for that, particle size of calcite and aluminum 
hydroxide is 5 μm.  
Table 3 is shown that epoxy resin and filler ratio. (E; epoxy 
resin, E5Ca; %5 calcite was added epoxy resin, E5Al; %5 
aluminum hydroxide was added.) 
 

Table 3. Epoxy resin and filler ratio 

Sample Epoxy 
mix 
(%wt) 

Calcite 
(%wt) 

Sample Aluminum 
hydroxide 
(%wt) 

E  100 -  - 

E5Ca 95 5 E5Al 5 

E10Ca 90 10 E10Al 10 

E15Ca 85 15 E15Al 15 

 
In addition, same filler and same filler ratio were used for the 
production of E-glass reinforced plates. These sample and 
contents are;  
EC: E glass reinforced epoxy matrix composites 
EC5 : 5% calcite added that E glass reinforced epoxy matrix 
composites 
EC10 : 10% calcite was added E glass reinforced epoxy 
matrix composites 
EC15:  15% calcite was added E glass reinforced epoxy 
matrix composites 
EC5Al: 5% aluminum hydroxide was added E glass reinforced 
epoxy matrix composites 
EC10Al: 10% of aluminum hydroxide was added E glass 
reinforced epoxy matrix composites 
EC15Al: 15% aluminum hydroxide was added E glass 
reinforced epoxy matrix composites.  
Non fiber reinforced plates had been product benefit from 
250*300 mm teflon mold.100/50 ratio of epoxy/hardener was 
used for production. Then resin stayed in the mold 24 hours 
for cure and one day later post cure was done. Condition of 
post cure is 4 hours, 70 °C. After the post cure, plates were 

prepared for the optimization. In case fiber reinforced plates had 
been product benefit from 300*300 mm metal mold and 
vacuum infusion method was chosen for the production method. 
Preliminary for the vacuum infusion; firstly wax was used for 
the mold surface, then tape was used for the mold edges and 
peelply was placed on the mold surface. 
Then, 4 layer woven and 1 layer felt fabric e glass was placed 
on the peelply and second peelply was placed on the e glasses.  
These stages are shown that Figure 1. 
 
 

 
Figure 1. Preliminary stages for vacuum infusion. 

  
Finally, vacuum blanket and pipes was placed, surface was 
covered with the vacuum bag. When the production of plates 
 -900 milibar pressure from the benefit autoclove. Autoclave 
was used as vacuum resource. Much air turn out the system and 
the resin inflow the system benefit from the autoclave. Figure 2 
is shown that vacuum infusion system 
 

 
Figure 2. Vacuum infusion system. 

 
After the production of the all plates, some tests were applied to 
plates. These tests are tensile test, flexural test, impact and 

Shore D hardness device was used for the hardness test.  
 
3.Results and Discussion 
 
According to the tensile strength results; E-glass reinforced 
composite material group have maximum tensile strength value. 
When the composite materials which addition to fillers, tensile 
strength values decrease. This situation was expected, because 
filler give rise to discontinuity in the composite structure. As the 
calcite and aluminum hydroxide effect is compared to each 
other, tensile strength values of sample which is addition to 
calcite were lower than sample which is addition to aluminum 
hydroxide filler. Figure 3 is shown that tensile strength graphic 
of epoxy matrix composites. 
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Figure 3. Tensile strength results 
 
Flexural test was done as three point bending. When the filler 
ratio is increase, strength value is decreases. As to Figure, E- 
glass reinforced composites have maximum strength values. 
Because of filler district to interfacing connection of fiber and 
matrix. 

Figure 4. Flexural strength results. 
 
Hardness values were tested by shore D hardness. Filler ratio 
increased, hardness values are increase. E glass reinforced 
composite have maximum strength value which %15 ratio of 
aluminum hydroxide filler. Figure is shown that graphic of 
composites hardness values. Refer to this graphic, when the 
filler ratio increases hardness values are increases. Because 
matrix phase and filler phase have the best interfacing 
connection. 

Figure 5. Shore D hardness results. 
 
As to impact strength test results; impact toughness values 
decrease, when the filler addition to structure. Figure 6 is 
shown that, impact toughness graphic of production of 
materials. 

 
Figure 6. Impact Toughness results. 

 
Figure 7 is shown that graphic of cost analysis. To this graphic 
fillers decrease of composite production s cost. 
 

 
Figure 7. Cost of composite production. 

 
Figure 8, figure 9, figure 10 and figure 11 are shown that 
scanning electron microscopy for the surface images of the 
samples.  
Figure 8 is shown that %10 calcite added epoxy matrix E-glass 

  
 

 
Figure 8. Surface image of %10 calcite added epoxy matrix E-

glass reinforced composite 
 

Refer to Figure 8 fiber material is clearly seen. Also, creating 
discontinues, degradation and thus decrease to mechanical 
properties which is filler observed as pimples. When filler and 
matrix mixed excellent, these pimples discoverable and effect 
that strength values of composite structure. 
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Figure 9 is shown that %10 calcite added epoxy matrix non E-
 

 

 
Figure 9. Surface image of %10 calcite added epoxy matrix 

non E-glass reinforced composite 
 
Refer to figure 9 there is only matrix and filler. Filler is seen 
as pimples. This 
properties lower than fiber reinforced composite structure. 
 
Figure 10 is shown that %10 aluminum hydroxide added 
epoxy matrix E-  

 

 
Figure 10. Surface image of %10 aluminum hydroxide added 

epoxy matrix E-glass reinforced composite 
 
Refer to figure 10 fibers are clearly seen. This structure has 
aluminum hydroxide filler and dispersion of filler is good to 
figure 10.  
Figure 11 is shown that %10 aluminum hydroxide added 
epoxy matrix non E-  
 

 
Figure 11. Surface image of %10 aluminum hydroxide added 

epoxy matrix non E-glass reinforced composite 

Refer to figure 11 structure these structure have aluminum 
hydroxide filler.  These filler and matrix has been mixed well. 
So figure 11 has less pimples and mechanical properties better 
than the others which is composite with calcite filler. 
  
4. Conclusion 
 
As to all test results; calcite and aluminum hydroxide filler have 
cost decreasing effect. But, plates which addition to aluminum 
hydroxide filler have better test results than plates which 
addition to calcite filler. Also, all e glass reinforced composite 
materials strength values increase to non e glass reinforced 
materials.  
In addition, this work on processing now and apart from these 
results, aluminum hydroxide has flame retardant properties. 
This work has been continuing flame retardant properties of 
aluminum hydroxide.  
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Abstract 

An effort to produce a comprehensive set of chemical 
stability, reduction, and formation of SiC by 
metallothermic process. The proposed deals with the 
following phases: SiO2, Mg, C, SiC and MgO. In this 
work the processing of SiC ceramic was investigated 
and the interaction between the reactants and new 
formed phases were reported, during the process. The 
relationship between the initial and the final 
composition was play crucial role in the samples. 
Thermal analysis curves, showed that, the first reaction 
was started at temperature below the melting point of 
metallic content. The aimed reaction products, SiC and 
MgO were obtained at temperatures between 1000-
1200°C, according to the XRD results of the processed 
samples. There was silica loose in the form of SiO 
form which deposited at the top and around graphite 
crucible on the reduced samples. The results from TGA 
were processed and a multiple reaction mechanism was 
proposed to describe the process. It was described by 
three reaction steps. The complete silica to silicon 
carbide conversion was achieved where the metallic 
and carbon contents of the starting composition play 
important role in the formation of new phases.  

1. Introduction 

Silicon carbide is one of most attractive material in 
advanced ceramics for high temperature applications. 
Due to its excellent properties it has been used in wide 
range of applications from foundry crucible to heating 
element[1-4]. Conventionally, it is manufactured by the 
Acheson process at high temperature. Beside of this 
process, there are alternatives routes for processing of 
it from different Si sources with various methods[5-7]. 
Several production methods have been introduced for 
manufacturing of silicon carbide, including combustion 
synthesis, self-propagating high temperature synthesis 
(SHS), carbothermic, spark plasma etc[8-12]. 
Metalotermik process is an alternative method to the 
conventional production of silicon carbide[13-15], but 
production cost is higher depending on used metal. All 
metalotermik processes create huge amount of heat 
when reacts with oxygen. In metallurgical applications, 
using a metal for reducing of metal oxide is very 

common. Depending on metal oxide is going to be 
reduced, thermodynamic conditions show which metal 
is used. It is known that according to the Ellingham 
diagram[16], Ca can be used to reduce any metal 
oxides. The combustion values of some metals was 
given in Table 1. 

Table 1. Combustion values of some metals. 
Source Entalpy (J/g) Entalpy (J/cm3) 
Carbon 
Al 
Mg 
B 

32.75 
31.06 
24.70 
57.68 

74.19 
83.60 
43.05 
134.60 

 

In the present work, special attention has been paid to 
produce SiC powder using magneziothermic process. 
The XRD, EDAX, TGA, SEM analyses were carried 
out for the characterization starting and the processed 
samples and the obtained results were discussed. in the 
following part of the study. The correlation between 
the initial and the final products, the reducibility, the 
formation of carbide were discussed. 

2. Experimental Procedure 

In the present work, SiC was synthesis by reduction of 
silica by magnesium in presence of carbon as a 
carburizing agent. The starting composition consists of 
silica, Mg and carbon. Any possible reaction between 
the components was presented in Table 2. According to 
the reaction 13 (Table 2), the mixtures were prepared. 
The ratio f silica to magnesium to carbon black was 
1:1:2. Each run, 10 g compacted mixtures were put into 
a graphite crucible. A vertical programmable electric 
furnace was used under inert atmosphere. With a 6 
C/min heating rate was used to heat the mixture to the 

required temperature which changed from 1000-
1200°C for 2h holding times. After the process, the 
obtained samples were allowed to cool room 
temperature. To remove any un reacted carbon residue 
in the reduced samples, it was calcinated at 900°C in 
air for 2 h. The experimental flow diagram was 
presented in Figure 1. The main steps of the 
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experimental procedure are mixing, compaction, 
reducing/carburizing, leaching and characterization. 

2.1. Materials 

The raw materials were used in this study were SiO2 
(98.6% SiO2, 1-5μm), petroleum coke (1-5 μm 
TUPRAS) and metallic magnesium powder (99.5%, 
d<50 μm, GURAL). The mixture was ball milled with 
alumina balls in ethanol for 6 h and then it was dried at 
120 °C for overnight. 

 
Figure 1.The experimental flow diagram. 

 

Chemical, phase compositions of the samples were 
examined by different material characterisation 
techniques. For the determination of mineral in the 
starting powder and the reaction phases in the 
processed samples, X-ray diffraction method (D/max 
Rigaku, Japan) was used at the condition of Cu K  
radiation ( =0.15418 nm) with a step size of 0.02  (2 ) 
and a scanning rate of 2  min-1. Energy dispersive 
analytical X-ray (EDAX) was also used for basic 
chemical analysis. To find any endo/exothermic 
reactions, the starting composition was subjected to 
thermo gravimetric and calorimetric measurements. 
Thermal analysis of the mixture was performed on a 
simultaneous thermal analyser (Netzsch STA 400, 
Germany). TG/DTA was performed in an alumina 
crucible, under nitrogen atmosphere in the temperature 
range of 20-1400 C and heating rate of 8 C/min. For 
microstructure and morphology of the starting and the 
reduced samples were investigated by scanning 
electron microscopy (SEM) coupled energy dispersive 
X-ray spectroscopy (EDX).  

3. Results and Discussions 

The X-ray diffraction patterns of the processed samples 
under the experimental conditions were presented in 

Figures 2. In all samples Si, SiC, Mg2Si, MgO, 
Mg2SiO4 and MgSiO3 phases were detected and the 
well defined peaks were matched with the phases. All 
these phases was defined as the new formed ones due 
to the process. The new formed phases can be divided 
into two groups according to the intensities of them. 
Some of them are minor and corresponds to the small 
peaks in the figures but SiC and MgO are major and 
dominant peaks at all temperatures. 

 
Figure 2. XRD patterns of the reduced samples at 
different temperatures for 2h. 
 

The slight shifting of Mg peak is due to the solid 
solution with other phases such as SiC. The peaks 
corresponding to elementel Si was not observed. 

Table 2. Possible reactions in the system 
No Reaction 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Mg (s) Mg(l) 
SiO2(s) + 2Mg(l)  Si(s)+ 2MgO(s) 
SiO2(s) + Mg(l)  SiO(g) + MgO(s) 
SiO2(s) + C(s)   Si(s) + CO2(g) 
SiO2(s) + 2C(s)  SiC(s) + CO2(g) 
SiO2(s) + C(s)  SiO(g)+ CO(g) 
SiO2(s) + CO(g)  SiO(g) +  CO2(g) 
SiO2(s) + CO(g)  SiC(s) + CO2(g) 
SiO2(s) + 2Mg(l)  Si(s) + 2MgO(g) 
Si(s) + C(s)  SiC(s) 
Mg(s)  Mg(g) 
CO2(g) + C(s)  2CO(g) 
SiO2(s) + 2Mg(l) + C  SiC(s)  + 2MgO(g) 
SiO2(s) + 2MgO(g) Mg2SiO4 (s) 
Si(s) + 2Mg(l)  Mg2Si(s) 

 

As mentioned above, metalotermik reduction processes 
have several advantages but on the other hand it is non 
controllable high temperature as a nature of route. As 
seen Table 2, possible reactions can be divided into 
two groups which are endothermic and exothermic 
reactions. 
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Figure 3.SEM micrograph of the used composition. 
 

To see the thermal behavior of the charge, TG/DSC 
experiments were carried out at temperature up to 1400 
C in a alumina crucible (Figure 4). TG/DSC methods 

are very useful instrument for determination of any 
reaction type, temperature, weight change etc to take 
place during the thermal processing. The melting point 
of Mg, silica and Si are 650, 1200 and 1410 C. It was 
assumed that, the reduction of silica starts at below 
melting point of Mg which is triggering. 

 

Figure 4. Thermal behavior of the mixture. 

DTA data shows that in SiO2-Mg-C mixture, the 
intensive reduction the oxide content starts at 
temperature below the melting point of magnesium. On 
the other hand, it is known that at above 700 C in 
presence of carbon, any formed CO2 in the system 
generates 2 mol CO which acts as a reducing agent and 
facilitates the silica reduction. Any possible reaction in 
the process were given in Table 2. When these 
reactions are considered, the reducing-carburizing 
process controls by a complex reaction mechanism. 
However, the presence of metallic magnesium in the 
mix, totally change and determine reaction mechanism 
of the process which is liquid-liquid mechanism. In a 
conventional carbothermic reduction of silica takes 
place at around 1650 C for the formation of silicon 
carbide, and this kind of solid-solid reactions control 
by the contact points (area) between oxide and agent. 
But under the experimental conditions, as a result of 

huge amount of heat which raises from the reaction 2, 
the temperature of the process results the melting of 
silica. Using the metallic powder decreases the 
reduction temperature as well as the formation of 
carbide phase due to the exothermic heat. It is 
noteworthy to mention here that, reactions 1 and 8 are 
responsible for the heat of generation and carburizing 
of reduced metal. 

The reduction mechanism of the process is complex 
which can be take more than one reactions that are 
responsible for reduction and carburizing stages. Under 
the experimental conditions, it was assumed that the 
rate of reaction was controlled by the metalotermik 
reaction due to the process. However, it was expected 
that the huge amount of heat was increased the 
temperature of the mixture so that some amount of Si 
content in the form of SiO gas phase was observed as 
white deposition on and around the graphite crucible 
during the reduction tests. As seen from the crystalline 
phases of the reduced samples, there was detected 
fosterite phase at temperature above 1100 C. The 
volatile content of both MgO and SiO may be formed 
the phase. 

4. Conclusions 

On the basis of the presented experimental results on 
the magneziothermic reduction of silica and the 
formation of silicon carbide, the following conclusions 
can be drawn. 

The investigation demonstrates that under the 
experimental conditions the formation of SiC phase 
technically feasible at lower temperature than 
conventional methods for the mixture of silica, carbon 
and magnesium powders. The process was made in a 
single steep with a maximum SiC yield more than 50% 
of the bulk sample.  

The reactions start at lower temperature than the 
melting point of metallic portion of the mixture. During 
the reaction, there was huge amount of generated 
exothermic reaction at temperature above 600 C. The 
formation of carbide phase started at higher 
temperature above 1200 C in the system. It was 
observed that there was considerable amount of silica 
deposition on the top and around the graphite crucible 
as a result of the formation of SiO gas phase. 

For comparison of the produced SiC sample with the 
commercial one should be carried after the purification 
of the oxide content of the sample by acid leaching 
method.  
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ABSTRACT 
 
Glass-ceramic was produced by sintering method from 
vermiculite, K2CO3 and MgF2. The sintering behavior 
and machinability of glass-ceramic composition was 
investigated. The starting materials were mixed 
together and milled in an alumina mill for 2 h. Then the 
powders were sieved to grain sizes smaller than 75 μm. 
For the sintering route, disc samples were prepared by 
pressing at 100 MPa. The pressed discs were sintered 
at 1100 - 1300 °C for 2 h in an electric furnace using a 
heating rate of 5 °C/min. Some characterization tests 
such as X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and machinability tests were 
performed on sintered samples. The results indicated 
that all samples exhibits good sintering and 
machinability properties. 
 
1. INTRODUCTION 
 
Glass–ceramics (GC) are attractive materials for 
engineering purpose including electronic, 
semiconductor, laser, high vacuum, aerospace and 
space industry and also bio-medical purpose including 
bone, dental, and tissue engineering applications. They 
are normally obtained by a controlled crystallization 
process of suitable glasses. It can be produced from 
different waste or natural materials such as fly ash or 
natural volcanic rocks. Initially, glass base structures 
are transformed to glass-ceramics via controlled 
crystallization [1-4]. Machinable glass-ceramics rely 
on mica crystals in their microstructure. They can be 
machined to complicated shapes and precision parts 
with ordinary metalworking tools, quickly and 
inexpensively. Machinable glass-ceramics require no 
post firing after machining. This means that 
specifications can be met without having to resort to 
costly machining with diamond or other cutting tools 
[4,5]. Most of the commercial machinable glass–
ceramics are based on potassium fluorphlogopite and 
other types are based mica group. The mica containing 
glass–ceramics received wide application due to their 
high machinability, excellent esthetics, low thermal 
conductivity, high strength, durability, 
biocompatibility, ease of manufacture and high wear 
resistance [1].  

Vermiculite is a member of clay minerals, produced by 
the decompositions of micas and occurs as large 
crystals of mica-like habits [6]. Vermiculite mineral 
has a mica- like lamellar structure that quickly expands 
on heating to produce a lightweight material. 
Vermiculite is formed by weathering or hydrothermal 
alteration of hydrobiotite or phlogopite 
(KMg3AlSi3O10(F,OH)2) mineral phases [7,8]. In 
Turkey, totally 5.2 million tons reserve of vermiculite 
is reported by Mineral Research&Exploration General 
Directorate. The most important deposits of vermiculite 
in Turkey are Karakoç mines (in Yildizeli, Turkey) 
because of its expansion ratios [9]. 
 
The aim of our investigation is to synthesize 
machinable glass-ceramics by using the expanded 
vermiculite minerals. When it comes to machinable 
ceramics, glass and glass-ceramic materials produced 
from vermiculite by sintering method have not been 
evaluated in the literature.  
 
2. EXPERIMENTAL  
 
In Table 1 the chemical compositions of the 
vermiculite used in this study were given. The 
vermiculites were provided from Organik Madencilik 
company in the Y ld zeli region of S VAS, TÜRK YE. 
K2O % 5 and MgF2 15 % (wt. %) was added to 
vermiculite for obtaining machinability property. The 
raw materials and other additives were mixed by using 
an alumina ball mill at 250 rpm for 60 minutes in an 
alumina media. The mixture was sieved to a particle 
size fraction of -75 μm and then uniaxial pressing was 
employed to shape the samples. Cylindrical samples (Ø 
25 mm) were shaped under the 100 MPa load and then 
sintered at several temperatures as 1100, 1200 and 
1300 °C the heating rate of 5 /min for 2 h. XRD 
analysis (Rigaku D/MAX, CuK  radiation) was used 
for the crystalline phases determining. 
 
The micro-structural examinations were realized by 
using SEM (JEOL 6060) to polished and etched 
surfaces of samples in the solution of 5 vol. % HF for 
1-2 min was used for etching process. Furthermore, 
machinability tests were applied to the disc shaped 
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specimens using 5 mm diamond drills with 440 rpm 
drilling rate under uncontrolled load. 
 
TABLE 1. Chemical composition of the vermiculite  
 

% wt. Vermiculite 
SiO2 36-40 
Al2O3 12-17 
TiO2 1-3 
Fe2O3 6-12 
CaO 2-13 
MgO 8-18 
K2O 1-6 
L.O.I. 0-10 

 
3. RESULT AND DISGUSSION 
 
Table 2 exhibits detected crystalline phases and the 
macro images as to machinability test results. As seen 
from Table, machinability test was performed for all 
samples, successfully. As can be seen in the macro 
images, firing shrinkage and also darkening of color 
was observed clearly depending on increase in 
temperature. 
 
TABLE 2.  The macro images and detected crystalline 
phases of samples according to sintering temperature 
 

 Machining Test 
Sintering 

Temperature 
Detected 
Phases 

Before After 

1100 °C 

Forsterite, 
Phlogopite, 
Jadeite-
diopside, 
Augite 

1200 °C 

Forsterite, 
Phlogopite, 
Jadeite-
diopside, 
Spinel 

1300 °C 

Forsterite, 
Phlogopite, 
Spinel 

 

The XRD patterns of the samples sintered at 
temperatures in the range from 1100 to 1300 °C are 
seen in Fig. 1. (Mg,Fe,Ti,Al)(Ca,Na,Fe,Mg)(Si,Al)2O6 
[Augite (ASTM card no:01-088-0859)], Mg2SiO4 
[Forsterite (ASTM card no:01-071-1080)], 
(Ca0.45Na0.55)(Mg0.37Fe0.03Al0.60)(Si1.92Al0.08O6) [Jadeite-
diopside (ASTM card no: 01-080-1869)], MgAl2O4 
[Spinel (ASTM card no: 98-000-0098)] and 
Al1.71F0.068Fe0.12H1.932K0.82Mg2.28Na0.115O11.932Si2.785  
[Phlogopite (ASTM card no: 01-089-6513)] phases 
were determined by XRD in the samples. 

 

 

 

FIGURE 1. XRD patterns of the samples depending 
on sintering a-) 1100 °C, b-) 1200 °C and c-) 1300 °C 

 

As seen in the XRD results, Forsterite, and Phlogopite 
phases were detected for all samples. When jadeite 
diopside and augite phases were determined for the 
sample sintered at 1100 °C 1200 °C, spinel phase was 
detected at 1200 °C and 1300 °C. Similarly to fluor 
mica phases, Diopside is common phase for 
machinable glass-ceramics [10]. Alizadeh et al. have 
reported Forsterite, Phlogopite, Jadeite-diopside phases 
at 1140 °C for similar glass-ceramic system [11]. 
Furthermore, the peak intensities of forsterite phase 
detected at 1100 °C decreases with increasing in 
temperature, it is possible that the phase transform to 
spinel. 1000 °C is considered as the onset point for 
spinelisation. MgAl2O4 spinel has crystallized above 
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1000 °C, generally [12]. Zheng et al. have presented 
that Diopside is major phase from 950°C to 1110 °C, 
Spinel is minor in related temperatures [13]. In the 
current study, Augite and Diopside phases possibly 
started decomposition after 1200°C, and then Spinel 
phase had dominant role at 1300 °C. Strong spinel 
phase signals in the XRD pattern for 1300 °C have 
good agreement to this.    

 

 

 

 

FIGURE 2. SEM images of the sintered samples at a-) 
1100 °C, b-) 1200 °C and c-) 1300 °C  

Fig. 2 shows SEM images of the samples, rod-like and 
crystals are observed in the samples sintered at 1100 °C 

and 1200 °C. Diopside crystals are presented as this 
kind of rod like structures in the literature [14]. These 
structures are Diopside phases, possibly. When the 
temperatures reached at 1300 °C, these crystals have 
disappeared. This result supported to the XRD results, 
the grains and crystals are seem to be more oval 
compared to the samples sintered at 1100 °C and 1200 
°C.  

 

4. CONCLUSION 
 
The main object of this study was to produce 
machinable glass-ceramic materials from vermiculite 
by sintering method. Phlogopite, Augite, Forsterite, 
Jadeite-diopside, and MgAl2O4 spinel phases were 
detected by XRD. Diopside and Phlogopite phases are 
common phases for machinable glass-ceramic systems. 
Phlogopite, Augite and Diopside phase intensities 
decreased with increasing temperature. When 
temperature reached to 1300 °C, Spinel phase is major 
phase.  This phase transformation was approved by 
SEM images. Sharp igneous Diopside crystals 
disappeared for SEM image of the sample sintered at 
1300 °C. It has not negative effect on machinability. 
All samples were machined, successfully. When macro 
images of samples were scrutinized, firing shrinkage 
and also darkening of color was observed clearly 
depending on increase in sintering temperature. 
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Abstract 

This study deals with the production of 7075 

aluminum based metal-metal composite using 

sawdust as reinforcement via vacuum assisted solid 

mould investment casting. 2205 duplex stainless 

steel (DSS) and commercially pure (CP) titanium 

sawdusts were pressed separately in order to make 

convenient preforms which were infiltrated by 

molten 7075 aluminum at vacuum atmosphere. 

Produced specimens were solution treated at 460°C 

for 2 hours, quenched and artificial aged at 160°C 

for 7 hours following the casting. Light optical 

microscopy and Brinell hardness tests conducted 

for microstructural characterization of specimens at 

both as cast and aged conditions. CP-Ti reinforced 

samples were shown better improvement in 

hardness than DSS reinforced ones due to their 

excellent oxidation resistance at the process 

temperature.   

1. Introduction 

Metal matrix composites (MMC) are commonly 

used in structural applications that require high 

strength, high wear resistance, good thermal 

stability, good corrosion resistance and low density 

from the material [1–3]. Ceramic reinforced metal 

matrix composites become prominent due to their 

capability of overcoming these properties 

conveniently. Although ceramic reinforcements 

improve hardness and specific strength of the 

matrix, they cause decreasing ductility and 

toughness of composite contrary to metal 

reinforcements. On the other hand, metal-metal 

composites are promising engineering materials 

that have high potential to replace ceramic 

reinforced metal matrix composites owing to low 

production cost advantage without losing 

competitive features.  

Aluminum matrix composites become widespread 

in many application fields as a result of increasing 

demand for lightweight structures. While there are 

several studies of ceramic reinforced ones such as 

SiC, Al2O3, TiC and B4C, usage of metal 

reinforcements in Al matrix remains limited.  

Cratchley [4] fabricated stainless steel fiber 

reinforced aluminum matrix composite by powder 

metallurgy. This technique prevents formation of 

intermetallic phases which cause decreasing of 

mechanical properties at the interface. However, 

first investment cost and metallic powder prices are 

costly in addition to geometrical restrictions of the 

produced material. 

Baron et al. [5] investigated two types of steel 

(unalloyed steel and stainless steel) reinforced Al 

matrix composites. While unalloyed steel 

reinforcement caused decreasing tensile strength of 

monolithic Al alloy, stainless steel reinforcement 

provided increasing up to 409 MPa from 248 MPa. 

Increasing of tensile strength was originated by 

reaction phase that connected matrix and 

reinforcement at the interface strongly. Reaction 

phase reached 37% volume fraction in unalloyed 

steel-Al composite, accordingly the interface acted 

brittle and strength was decreased.         
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Titanium is also an attractive metal as a 

reinforcement alongside steel for metal matrix 

composites due to its low density, high specific 

strength, high modulus and good fatigue strength 

[6]. Perez et al. [7] produced 10% Ti reinforced Mg 

matrix composite and demonstrated that crack was 

propagated on Ti particles instead of Mg matrix 

owing to titanium’s transferring ability of applied 

force from Mg to itself.  

Thakur and Gupta [6] fabricated Al based 

composite with reinforced Ti particulates by using 

the disintegrated melt deposition technique 

followed by hot extrusion. Hardness, yield strength 

and tensile strength values were enhanced with 

increasing Ti volume fraction. Especially tensile 

strength results of 6% Ti reinforced composite were 

superior to SiC reinforced Al matrix composites [8–

10]. Furthermore, Ti reinforced composites had 

more ductile and tough characteristics as against 

ceramic reinforced composites. 

In this work, 2205 duplex stainless steel (DSS) 

reinforced and commercially pure (CP) Ti 

reinforced 7075 Al matrix composites were 

manufactured by vacuum assisted solid mould 

investment casting using metal sawdusts as 

reinforcements. Microstructural and mechanical 

properties of produced specimens at as cast and 

aged conditions were investigated.  

2. Experimental 

Conventional process steps of the solid mould 

investment casting method were followed in 

experimental works which were carried out into two 

steps including mould making and casting. 

A cylindrical wax pattern in 20 mm diameter and 

50 mm height was placed on to a rubber flask  base 

afterwards stainless steel perforated flask was fixed 

around it. A castable slurry was obtained by 

investment powder mixture with water at the ratio 

of 0.40. Prepared slurry was filled into the steel 

flask under vibration and waited for 15 minutes to 

set. The mould, held for 2 hours in undisturbed 

condition, was subjected to dewaxing and roasting 

processes. Dewaxing was performed at 110°C for 1 

hour, then dewaxed mould was heated up to 700°C 

gradually and held for 2 hours in order to make 

proper mould for casting process.  

A7075 aluminum alloy as a matrix, SAF 2205 

duplex stainless steel and commercially pure 

titanium (Grade 2) as reinforcements were used 

(chemical compositions of the materials were given 

in Table 1-3). 2205 DSS and CP-Ti sawdusts were 

obtained from their rods by using turning machine. 

Shortened DSS and CP-Ti sawdusts with random 

sizes were pressed separately under 125 MPa in an 

attempt to get porous preforms. Produced preforms 

were placed into the heated mould merely 10 

minutes before the casting so as to avoid rapid 

solidification of molten aluminum without 

excessive oxidation in preforms. Casting of 7075 Al 

alloy was carried out at 830°C by using -105 Pa 

vacuum pressure as shown in Figure 1. Porous 

preforms were infiltrated by molten 7075 Al alloy. 

After solidification, the mould was water cooled 

and the cast part was taken out. After casting, 

specimens were solution treated at 460°C for 2 

hours, quenched and artificial aged at 160°C for 7 

hours. Both as cast and aged samples were 

characterized by light optical microscopy and 

Brinell hardness measurement. 

Figure 1. Schematic illustration of casting process. 
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Table 1. Chemical composition of A7075 aluminum alloy (wt.%)  

Mg Mn Si Cu Fe Cr Ti Zn Al 
2.50 0.30 0.40 1.60 0.50 0.23 0.20 5.60 Bal. 

 

Table 2. Chemical composition of SAF 2205 duplex stainless steel (wt.%) 

C Cr Ni Mo Mn Si P S N Fe 

0.02 22.56 5.42 2.95 1.29 0.457 0.031 0.014 0.170 Bal. 

 

Table 3. Chemical composition of CP-Ti (wt.%) 

C N O Fe H Ti 
0.08 0.03 0.25 0.30 0.01 Bal. 

3. Results and Discussion  

2205 DSS reinforced and CP-Ti reinforced 7075 Al 

matrix composites were successfully fabricated by 

vacuum assisted solid mould investment casting. 

Metallographic preparations of produced bimetals 

may be difficult due to enormous hardness 

difference between the matrix and the 

reinforcement.   T6 heat treatment was applied in 

order to increase matrix hardness and decrease 

aforesaid difference. Light optical microscopy 

images were given in Figure 2. Molten 7075 Al 

alloy was almost fully filled the vacancies in both 

DSS and CP-Ti preforms during casting. As a first 

impression, it can be stated that aluminum 

infiltration was accomplished. The key role in this 

case pertains to vacuum assisted process.  Serrated 

shape sawdusts were surrounded by narrow light 

gray zone which called as interface. This interface 

existence demonstrated that metallurgical bonding 

between matrix and reinforcements was occurred as 

well as mechanical bonding. 

 

Figure 2. Micrographs of (a) as cast 2205/7075, (b) aged 2205/7075, (c) as cast CP-Ti/7075, (d) aged CP-
Ti/7075 composites. 
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After aging, precipitations were formed in Al 

matrix and this made hardness profile more stable 

along the composite. The lowest hardness before 

aging was shown in Al matrix about 82 HB for all 

samples. Precipitation hardened Al matrix was 

reached to 123 HB and 132 HB hardness for 

2205/7075 and CP-Ti/7075 respectively. CP-Ti 

reinforced composite was harder than DSS 

reinforced one because of the fine sawdust size. As 

a consequence, entire material hardness of CP-

Ti/7075 was superior to 2205/7075 both as cast and 

aged conditions. Hardness alteration after 7 hours 

artificial aging of produced composites were given 

in Figure 3. CP-Ti reinforced sample was shown 

better improvement in hardness than DSS 

reinforced ones due to their excellent oxidation 

resistance at the process temperature. The oxide 

film on CP-Ti alloy may protected the material 

from hydrogen embrittlement which occurs caused 

by oxidation [11]. Mechanical properties of DSS 

containing austenite and ferrite phases cannot be 

improved using precipitation hardening, thusly 

hardness increment of 2205/7075 composite was 

only belonged to precipitate distribution of Al 

matrix after aging.   

Figure 3. Hardness changing after aging of 
produced composites. 

 

 

4. Conclusion 

DSS and CP-Ti reinforced Al matrix composites 

were successfully produced by vacuum assisted 

solid mould investment casting.  In comparison of 

metal and ceramic reinforcements for MMCs, metal 

reinforcements were advantageous in terms of cost. 

Metallic sawdusts obtained from turning were used 

as reinforcements to highlight this cost advantage in 

this study. Various kinds of sawdusts can be 

procurable in low cost readily instead of the 

expensive and elusive ceramic particles, fibres or 

whiskers. 

Solution treatment and artificial aging processes 

increased composite hardness by precipitation 

hardening of Al matrix. CP-Ti reinforced composite 

hardness increased much beside 2205/7075 owing 

to its excellent oxidation resistance.   
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Abstract 

Vermiculite is a naturally-occurring mineral composed 
of shiny flakes, resembling mica. In this study, the 
utilization of vermiculite and the mixtures containing 
vermiculite, industrial waste and natural materials for 
construction material production were investigated. 
The raw materials grinded using mill as -90 μm was 
employed for this study. The mixtures were shaped by 
pressing, cylindrical samples were produced. The 
samples were sintered at 1050, 1100 and 1150 °C, and 
characterized. Firing shrinkage, porosity and bulk 
density measurements were carried out, moreover 
scanning electron microscopy (SEM) and x-ray 
diffraction analysis (XRD) were used for analysis. The 
results show that produced samples can be used for 
construction industry as tile. 

 

1. Introduction 

Bricks have been a major construction and building 
material for a long time. Conventional clay based brick 
production generally uses the mixtures of clays and 
shale as raw materials, and requires the processes of 
shaping, drying and firing at a high temperature One of 
the brick production is well known firing method. In 
particular the firing method, in most cases related to 
the conventional clay brick production, has the 
advantage of easy execution using well known and 
traditional procedures and equipments [1,2].  

A large variety of waste materials have been studied, 
including fly ash, mine tailings, slags, construction and 
demolition waste, wood sawdust, cotton waste, pulp 
and paper production residues, boron waste, cigarette 
butts, waste tea, rice husk ash and crumb rubber and 
marble powder [3]. 

Vermiculite is a member of clay minerals, produced by 
the decompositions of micas and occurs as large 
crystals of mica-like habits [4]. Vermiculite mineral 
has a mica- like lamellar structure that quickly expands 
on heating to produce a lightweight material. 
Vermiculite is formed by weathering or hydrothermal 
alteration of hydrobiotite or phlogopite 

(KMg3AlSi3O10(F,OH)2) mineral phases [5,6]. In 
Turkey, totally 5.2 million tons reserve of vermiculite 
is reported by Mineral Research&Exploration General 
Directorate. The most important deposits of vermiculite 
in Turkey are Karakoç mines (in Yildizeli, Turkey) 
because of its expansion ratios [7]. 

The aim of our investigation is to synthesize 
construction materials (glass-ceramics) by using the 
expanded vermiculite minerals and study the effect of 
sintering temperature on the mechanical and 
microstructural properties of the sintered samples. 

 

2. Experimental Procedure 

In this study, availability to produce construction 
bricks via vermiculite which is one of the natural 
material investigated. The chemical compositions of 
raw materials and the sample compositions/codes were 
given in Table 1 and 2, respectively. The vermiculites 
were obtained from Organik Madencilik company in 
the Y ld zeli region of S VAS, TURKEY. Vermiculite 
was exposed to calcination at 1100°C before 
experimental procedure. The mixtures were prepared 
by using clay and sepiolite to vermiculite. The clay 
obtained from the Eczac ba  company and sepiolite 
obtained from Beylikova region of ESK EH R, 
TURKEY. Pure vermiculite, %10-30 sepiolite and clay 
doped as seven mixtures prepared from raw materials. 
The mixtures were ball milled in a dry atmosphere at 
250 rpm for a 30 minutes in an alumina media. Then 
mixed powders granulated by adding %8 distilled 
water and unaxial pressed in a steel mold under 100 
MPa to form cylindirical samples. Cylindirical shaped 
samples sintered at the range of 1050°C-1150°C with a 
rate of 10°C/min for an hour. Then density, porosity 
and shrinkage tests examined to sintered samples. Also 
compression strength examined via Instron tensile 
strength device. Samples fracture surface micrographs 
analyzed by SEM-Jeol 6060 scanning electron 
microscope device.   
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Table 1. Chemical composition of the raw materials 

Oxides 

Wt.% 

 

Clay 

 

Sepiolite 

 

Vermiculite 

SiO2 66.80 54.20 39.49 
Al2O3 21.00 4.43 17.06 
Fe2O3 1.80 1.70 11.98 
CaO 0.10 8.15 2.58 
K2O 2.00 0.00 5.67 
Na2O 0.10 0.00 0.00 
MgO 0.60 28.52 18.91 
TiO2 0.60 0.20 2.78 
SO4 0.20 0.00 0.00 
LOI 6.70 2.30 0.26 

 

Table 2. Codes of brick samples 

Samples Sepiolite 
(%wt.) 

Clay 
(%wt.) 

Vermiculite 
(%wt.) 

10S 10 --- 90 
20S 20 --- 80 
30S 30 --- 70 
10C --- 10 90 
20C --- 20 80 
30C --- 30 70 

100V --- --- 100 
 

3. Results and Discussion 

Fig. 1 exhibits bulk densities of the samples produced 
from vernicullite, caly and sepiolite.  As seen that pure 
vermiculite sample has lowest bulk density values, 
which are determined 0.8-0.9 gr/cm3 bands. 
Vermiculite is a type of hydrous phyllosilicate mineral, 
its density is changing with chemical content such as 
chemical bonded water [9]. Vermiculite can increase 
10–30 times in volume to become expanded 
vermiculite when exposed to calcination [8]. Expanded 
vermiculite has exhibited 0.2-0.3 gr/cm3 [10]. After the 
sintering process, densities increased to 0.8-0.9 gr/cm3 
band, possible. Vermiculite has lower density 
compared with clay and sepiolite. Because of this, 
increasing in clay and sepiolite content in the samples 
led to increase in bulk densities. The bulk density 
results reached to 1.6-2.2 gr/cm3 with clay addition, 
1.5-2.7 gr/cm3 with sepiolite addition. Sepiolite 
minerals have higher density compared with expanded 
vermiculite, but lower than clay density. The bulk 
density results containing clay are higher than the 
samples including sepiolite at 1050 °C and 1100 °C. 
When the temperature reached to 1150°C, the densities 
of the sample including sepiolite 20-30% are higher 
than other group.  As similar study, vermiculite added 
to clay up to 10wt.%, and bulk densities markedly 

decreased with vermiculite addition. Similar situation 
was observed in the porosity results (Fig.2). The 
porosities of pure vermiculite were measured about 
40%. There is similarity in the literature, these values 
decreased with increasing in clay and sepiolite content   
[7]. Fig.3 shows compressive strengths of the samples, 
the results point out that increasing in clay and sepiolite 
additions cause an increase in compressive strength of 
the samples. These values have a good agreement with 
porosity and density results. When the results were 
compared with commercial brick properties, according 
to TS 704, for dense and middle dense bricks, 
compressive strength values are about 30-50  kg/cm2 

[11]. It can reach to 200-300 kg/cm2 for high dense 
commercial bricks.  The compressive strength results 
in the current study have acceptable values compared 
to commercial bricks. In terms of porosity results, the 
samples produced in the study are in porous brick 
standards. Since their porosities are higher than 15%.  

 

 

(a) 

 

(b) 

Figure 1. Bulk density results of the samples a) the 
samples including clay b) the samples including 
sepiolite 
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(a) 

 

 

(b) 

Figure 2. Porosity results of the samples a) the samples 
including clay b) the samples including sepiolite 

 

 

(a) 

 

 

(b) 

Figure 3. Compressive strength results of the samples 
a) the samples including clay b) the samples including 
sepiolite 

SEM micro-images of the samples were given in Fig.4, 
the images show that increasing in clay and sepiolite 
content cause an decrease in porosity size and amount. 
These results have a good agreement with bulk density 
and porosity results of the samples.   
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Figure 4.  SEM images of the sintered samples a) 10K, 
b)10S, c)20K, d)20S, e)30K, f)30S and g) 100V 
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Abstract 
 
The electroless deposition of Ni-P alloy on SiC particles 
(SiCp) with average size of 82 μm has been studied by 
following SnCl2 sensitization and PdCl2 activation 
processes. The bath for electroless deposition was 
prepared by using NiCl2·6H2O, NaH2PO2·H2O, 
HOC(COONa)(CH2COONa)2·2H2O and NH4Cl, and the 
deposition was carried out at a bath temperature of 82 °C 
with a pH value of 9. The phases and morphology of Ni-
P coated SiCp were examined by XRD, SEM and EDX. 
The crystallization temperature of Ni-P coating were 
detected with a differential scanning calorimeter (DSC). 
XRD showed that the as-plated Ni-P deposit was 
amorphous. However, after heat treatment, the metallic 
deposits crystallized into Ni and Ni3P phases. The 
structure of Ni-P coated SiCp was assessed as a beneficial 
surface modification to improve interfacial bonding 
strength between the matrix phase and the dispersed 
phase for metal matrix composite manufacturing. 
 
1. Introduction  
 
Metal matrix composites (MMCs) are the engineered 
materials produced by mixture of two or more unlike 
materials, at least one of which is basically a metal [1]. 
The interaction between the reinforcement and the matrix 
was recognized at an early stage as a critical factor in 
determining the properties of the resulting MMCs [2]. 
Properties of MMCs strongly depend on the interfacial 
phenomena between the metal matrix and ceramic 
reinforcement [3]. Stronger adhesion at the particle–
matrix interface improves load transfer, increasing the 
yield strength and stiffness and delaying the onset of 
particle–matrix de-cohesion [4]. However, poor 
wettability is a major problem in composite systems 
[2,5]. There are some methods to overcome the problem 
of generally poor wetting of reinforcements by metals, 
such as reinforcement pretreatment, alloying 
modifications and reinforcement coating [6]. Among 
these coating methods, electroless nickel coating of the 
reinforcement, which is a simple, low-cost and an easy to 
use process, has been successfully applied to prevent 
undesired interfacial reactions and promote the 

wettability through increasing the overall surface energy 
of the reinforcement [3]. 
 
Ni-P coatings can be classified into three categories with 
respect to the microstructural differences as a function of 
the phosphorus content; phosphorus supersaturated 
structure with a low phosphorous content (<7 at%), 
compounded nanocrystalline Ni and amorphous structure 
with a medium phosphorous content (8-19 at%), and 
fully amorphous structure with a high phosphorous 
content (>20 at%) [7,8]. Guo et al. [9] showed that in the 
as-deposited state, P in the solid solution had a minimal 
effect on wetting force and kinetics. Upon high 
temperature annealing, Ni3P precipitated out of the Ni 
matrix, resulting in degradation of solderability. 
 
SiCp have become one of the popular reinforcing phases 
for many metal matrix composites. They are hard and 
brittle ceramic particles with high strength, high modulus 
of elasticity, and high thermal and electrical resistance 
[10]. 
 
In this study, preparation and characterization electroless 
nickel (EN) coated SiC particles has been investigated. 
Another purpose of this study was to investigate the 
effect of heat treatment on structure of Ni-P coated SiCp.  
 
2. Experimental procedure 
 
SiCp with an average size of 82 μm were used for 
experimental. The activation process had to be applied to 
the SiCp prior to the electroless deposition process 
because of their passive surface properties. For this aim, 
following process steps were carried out prior to 
deposition process; 
 
i)  cleaning the  SiCp with  acetone, 
ii) sensitization  in  an  aqueous  solution  containing 2.65  

g/L  SnCl2 and 10  ml/L  HCl, 30 min 
iii) activation  in  an  aqueous  solution  of  0.14  g/L  

PdCl2 and  10  ml/L concentrated  HCl, 30 min 
 

After the activation processes, the particles were washed 
thoroughly by deionized water. Finally, electroless 
plating Ni-P was carried out on the particles. 
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Composition of the electroless Ni-P plating bath and the 
operation conditions were given in Table 2. The plating 
solution was stirred using a heather magnetic stirrer. 
After the process of electroless plating, the particles were 
thoroughly rinsed with deionized water and dried. 

 
Table 2. Composition of the electroless Ni-P plating bath 

and the deposition parameters 
Chemical composition and operation conditions 
NiCl2·6H2O 35 g/L 
NaH2PO2·H2O 10 g/L 
HOC(COONa)(CH2COONa)2·2H2O 65 g/L 
NH4Cl 50 g/L 
NH4OH pH adjuster 
pH 9 
Temperature 80 °C 
Stirring speed 400 rpm 
Time 30 min 

 
The crystallization temperature of coatings were detected 
with a differential scanning calorimeter (Hitachi 
DSC7000X). The heating temperature ranged from 50 to 
500 °C with 10 °C/min rate in N-flow atmosphere (30 
ml/min). After the coating processes, according to the 
transformation temperature heat treatment was designed 
at 450 °C for 1 h to determine the change in structure. 
The structure, morphology and chemical composition 
analyses of uncoated and coated SiCp were performed 
using a field emission scanning electron microscope 
(SEM), (Carl Zeiss ULTRA PLUS FESEM equipped 
with EDX). X-ray diffraction (XRD) analyses of 
uncoated, coated and, coated and heat-treated SiCp at 450 
°C with a Rigaku Ultra IV XRD applying Cu K  
radiation. Scanning was performed through 10°-90° (2 ), 
with a step size of 0.01° and counting time 4 s/step. 
 
3. Results and discussion 
 
Fig. 1 shows the optical photographs of uncoated and Ni-
P coated SiCp. It is observed that after the coating 
process, the color of SiCp has changed from green to 
gray.  
 

 
 
Figure 1. The optical photographs of (a) uncoated and 

(b) coated SiCp 

 
Fig. 2 shows the DSC analysis of uncoated and coated 
Ni- SiCp in the temperature range from 50-500 °C at 
heating rate of 10 °C/min.  The DSC trace of Ni-P coated 
SiCp exhibits the formation of an exothermic peak at 

about 400°C. The exothermic peak is associated with the 
formation of Ni and Ni3P phases [7]. Also, DSC curves 
show that SiCp are thermodynamically stability up to 500 
°C. 

 
Figure 2. DSC traces of of (a) uncoated and (b) coated 

SiCp at a heating rate of 10 ºC/min. 
 
The XRD patterns of uncoated, coated and, coated and 
heat-treated SiCp at 450 °C are shown in Fig. 3. There 
were only diffraction peaks of -SiC detected on raw 
particles. 
However, in the diffraction peaks of Ni-P coated SiCp, a 
sharp peak under 30° and a broad Ni peak around 45° can 
be clearly observed. It shows that the coating has an 
mixture of amorphous and microcrystalline structure. In 
the heat-treated sample, heating to 450 ºC, the nickel 
reflection became sharper and intensity increased. In 
addition, nickel phosphide (Ni3P) phases are present in 
deposits. 
 

 
Figure 3. The XRD patterns of uncoated, coated and, 

coated and heat-treated SiCp at 450 °C 
 
Fig. 4 shows the SEM images of SiCp before and after 
electroless deposition. It can be seen that the surface of 
Ni-P coated SiCp were not completely covered with Ni-P 
coating (Fig. 4, b). This is explaining why strong 
diffraction peaks of SiC and weak diffraction peaks of Ni 
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both exist in its XRD patterns and EDX analysis (Fig. 5-
b). However, it can be seen (Fig. 4 b-c) that the surface of 
coated particles were almost completely covered with 
large amount of Ni-P coating. The average thickness of 
coatings is approximately 0.8 μm for a deposition time of 
30 min. EDX analysis indicated that the phosphorus 
content in the Ni-P coating is about 4.35 wt.%  
. 

 
Figure 4. SEM images of (a) uncoated and (b-c) coated 

SiCp 
 

 
Figure 5. EDX analyses of (a) uncoated and (b) coated 

SiCp 
4. Conclusions 
 
In the present study, the structural and morphological 
properties of as-plated and heat-treated electroless Ni-P 
coating with low phosphorus content on SiCp were 
investigated. The following results were obtained: 
 
• The surface of SiCp was successfully activated by 

SnCl2 sensitization and PdCl2 activation processes, 
• After the activation processes, SiCp were coated with 

an alkaline electroless nickel plating solution, 
successfully. 

• As-plated Ni-P coating has an amorphous structure, 
which crystallized at about 400°C. 

• The final products of the crystallization of Ni-P 
coating were Ni and Ni3P. 

• The structure of Ni-P coated SiCp was assessed as a 
beneficial surface modification to improve interfacial 
bonding strength between the matrix phase and the 
dispersed phase for metal matrix composite 
manufacturing. 

• It can be used that the surface of Ni-P coated SiCp 
were not completely covered with Ni-P coating (Fig. 
4, b). 

• An ultrasonic bath can be used to prevent 
agglomeration of the particles during the activation 
and coating processes. 
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Abstract 
 
Alumina (Al2O3) is a high-tech structural ceramic material 
and can be used in various applications from refractory 
industry to biomedical needs. Sol-gel is the advanced 
production method for obtaining alumina powders with 
high purity at low reaction temperatures. In this study, 
alumina powders were synthesized by using aluminum 
isopropoxide (AIP, (AlOC3H7)3) and aluminum nitrate 
nonahydrate (Al(NO3)3.9H2O) as the starting materials. 
Influence of (NO3

¯/Al3+) molar ratio was investigated by 
preparing sols with (NO3

¯/Al3+) molar ratio as 0.5, 0.86 and 
1.0. Hydrolysis and peptization reactions were completed 
in one step at 85-90 °C instead of two which enables a 
practical synthesis procedure. After hydrolysis&peptization 
step, gelation at 110 °C and heat treatment at 1300 °C were 
carried out, respectively. Characterization of the produced 
powders includes X-Ray Diffraction (XRD) analyses for 
the chemical properties, Scanning Electron Microscope-
Energy Dispersive Spectroscopy (SEM-EDS) for 
microstructure observations-elemental analyses and Fourier 
Transform Infrared Spectroscopy (FTIR) for evaluation of 
the molecular bonding properties. 
 
1. Introduction 
 
Alumina (Al2O3) is a structural ceramic material which 
can be used in various industrial high-technology 
applications ranging from refractory materials to 
biomedical implants, due its attractive chemical, 
mechanical and thermal properties. Alumina undergoes 
several transformations with increasing temperature and 

-Al2O3 is the only stable modification of alumina. Sol-
gel technique is an advanced method to synthesize 
ceramic materials in different forms such as powders, 
granules, fibers, coatings, etc. -Al2O3 powders with 
high purity and high specific area can be obtained by 
using the sol-gel technique. Moreover, preparing a 
homogeneous mixture at molecular level, requiring 
relatively low reaction temperatures, being environmentally 
friendly and economical can be stated as the other 
advantages of the sol-gel methodology [1-3]. 
 
Since sol-gel technique is a pretty sensitive method to 
certain process parameters, it was aimed to investigate the 

influence of (NO3
¯/Al3+) molar ratio on the properties of the 

produced Al2O3 powders, in this study. Hydrolysis, 
peptization, drying and heat treating can be defined as the 
main stages of the sol-gel technique [1-3]. However, in this 
research hydrolysis and peptization steps were carried out 
simultaneously without the addition of any acid catalysts. 
Aluminum nitrate nonahydrate acted as acid 
catalyst/peptization agent in the system instead of the 
common acid catalysts, i.e. HCl, HNO3, etc. With this 
approach, not only the experimental procedure was 
intended to be shortened but also less acid usage and access 
of more aluminum to the system was enabled.   
 
2. Experimental Procedure 
 
Aluminum isopropoxide (AIP, (AlOC3H7)3, Aldrich, wt. 
>98%) and aluminum nitrate nonahydrate (Al(NO3)3.9H2O, 
Merck, extra pure) were used as the starting materials for 
producing alumina powders via the sol-gel technique [4, 5]. 
Three different solutions were prepared with (NO3

¯/Al3+) 
molar ratio values, i.e. 0.5, 0.86 and 1.0. First, each 
chemical was dissolved in distilled water in separate 
beakers. These solutions were kept in a water bath at 85-90 
°C during dissolving and when Al(NO3)3.9H2O was 
completely dissolved, it was added to the AIP solution in 
one step. Solutions were stirred vigorously until thickening 
was observed. After completion of thickening, the mixtures 
were allowed to age at room temperature. Aged gels were 
dried in order to enable the material gain pre-rigidity before 
heat treatment and let the residual solvents remove from the 
structure. Dried samples were ground manually with a 
mortar and pestle to obtain fine powders. The dried 
powders were heat treated at 1300 °C for 1 hour in a high 
temperature laboratory furnace with a 10 °C/min heating 
rate. The preparation conditions of the samples were 
summarized below in Table 1 where SA presents “sol-gel 
alumina”, 1300 is for the heat treatment temperature value 
while 0.5, 0.86 and 1.0 are for the (NO3

¯/Al3+) molar ratio 
of the solution mixtures in the defined sample codes. 
 
Several characterization studies were applied to the heat 
treated powders. Within this context, chemical phase 
determination was performed by X-Ray Diffraction (XRD) 
analyses through monochromatic Cu-K  radiation ( = 
0.154 nm) at Rigaku D/Max-2200/PC branded device. 
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From the acquired X-Ray Diffraction data, the mean 
crystallite sizes (D) of the powders were calculated using 
the Scherrer Formula [6] given in Equation (1). In this 
formula,  stands for the wavelength of CuK , B for the 
full width at half maximum (FWHM) and  for the 
diffraction angle. 

                                                          
                                                       (1) 
 

 
Table 1. Preparation conditions of 

1300SA0.5, 1300SA0.86 and 1300SA1.0 
powder samples. 

 
Sample 
Code Experiment Conditions 

1300SA0.5 

(NO3
-/Al+3) molar ratio: 0.5, 

reaction temp.: 85-87 °C, 
thickening: 85-90 °C, 1.5h 
drying: 110 °C, 2h 20 min. 

1300SA0.86 

(NO3
-/Al+3) molar ratio: 0.86, 

reaction temp.: 85-87 °C, 
thickening: 85-90 °C, 20 min 

drying: 110 °C, 2h 20 min. 

1300SA1.0 

(NO3
-/Al+3) molar ratio: 1.0, 

reaction temp.: 85-90 °C, 
thickening: 85-90 °C, 40 min 

drying: 110 °C, 2h 20 min. 
 
Microstructure examinations of the powder samples were 
carried out with Jeol branded JSM 5600 model Scanning 
Electron Microscope (SEM) and the elemental analyses 
were conducted with XRF branded 550I model Energy 
Dispersive Spectroscopy (EDS) which is integrated to the 
SEM. The powder samples were coated with a thin layer of 
gold before being placed in the SEM. Molecular bonding 
properties of the powders were investigated with the 
Fourier Transform Infrared Spectroscopy (FTIR) analyses 
using a Perkin Elmer Spectrum 100 branded device and the 
KBr method. 
 
3. Results and Discussion 
 
XRD analyses (Fig. 1) indicated that all samples showed 
the characteristic peaks of hexagonal “Corundum ( -
Al2O3)” chemical phase with PDF (Powder Diffraction 
Files) number 99-0036. All XRD spectra exhibited sharp 
and narrow peaks which states that the material is well 
crystallized. Miller indices were confirmed from several 
studies in literature [7-10]. XRD results demonstrated that 
in each (NO3

¯/Al3+) molar ratio case, -Al2O3 phase could 
be produced. However, the effect of (NO3

¯/Al3+) molar 
ratio on the synthesized phase was not evident. Crystallite 
sizes of 1300SA0.5, 1300SA0.86 and 1300SA1.0 powder 

samples were found as 178.311 nm, 135.68 nm and 147.6 
nm, respectively.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. XRD results of 1300SA0.5, 
1300SA0.86 and 1300SA1.0 powder samples. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. FTIR results of 1300SA0.5, 
1300SA0.86 and 1300SA1.0 powder samples. 

 
The FTIR spectrum in Fig. 2 shows the characteristic peaks 
of Al-O bands at 444-462 cm-1 and 599-600 cm1. The 
bands at 599-600 cm1 present the Al-O stretching vibration 
mode. The bands at 3100-3700 cm-1 can be assigned to the 
stretching vibration of O-H bonds [10, 11]. 
 
 

cos
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Figure 3. SEM images of (a) 1300SA1.0 
(x100), (b) 1300SA1.0 (x1000),  

(c) 1300SA0.5 (x100) and (d) 1300SA0.5 
(x1000) powder samples. 

 
Particle shape of the powders was observed to be irregular 
from the SEM images (Fig. 3). Since pretty small particles 
appeared on quite large particles, it is thought that a more 
efficient grinding method should be performed to obtain a 
homogeneous particle size distribution. EDS analyses 
revealed that Al and O elements exist in the structure, as 
expected. 

4. Conclusion 
 
Some important facts about this research can be 
summarized as:  

 Aluminum isopropoxide and aluminum nitrate 
nonahydrate were used as the starting materials for 
producing Al2O3 powders via the sol-gel 
technique. 

 It was aimed to investigate the influence of 
(NO3

¯/Al3+) molar ratio on the properties of the 
produced Al2O3 powders. 

 All samples showed the characteristic peaks of 
hexagonal “Corundum ( -Al2O3)” chemical phase 
with PDF number 99-0036.  

 All samples exhibited the characteristic peaks of 
Al-O bands at 444-462 cm-1 and 599-600 cm1.  

 Particle shape of the powders was observed to be 
irregular from the SEM images. 
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Abstract 

Due to the low density and extremely high hardness, 
boron carbide ceramics are strong candidates for 
personal body armours. However achieving full density 
in final compacts of strong covalently bonded boron 
carbide is difficult. In order to overcome this problem in 
boron carbide, not just some additives are included to 
the structure but also spark plasma sintering which 
proved its success on sintering final products with very 
high relative densities is used in this study. The powders 
are prepared in corresponding rates with ball milling 
technique, dried and granulated. After powder 
preparation, without any pre-shaping application or any 
binder addition, the powders are directly spark plasma 
sintered at the temperatures between 1400 and 1550 °C 
for 4 minutes under an applying pressure of 40 MPa in 
vacuum atmosphere. The densities of samples are 
measured with Archimedes method. The depth of 
penetration values attained on the Al- 5083 backing 
material. The density and ballistic performances of the 
samples with different additions are compared with 
monolithic boron carbide ceramics. 

1. Introduction 

Hard armour systems for ballistic protection of military 
vehicles and personnel have always attracted the 
attention of researchers. Compared to metallic systems, 
numerous studies [1-5] have proven the efficiency of 
armour ceramics when the threat remarkably has high 
kinetic energy values. Moreover, the literature has 
considerable amount of publications which examined 
the ballistic performances of metal/ceramic systems 
together [6-8]. These studies contain both functionally 
graded materials and two or more different plates 
contacted each other by an adhesive [6-9]. However it is 
believed that there is a gap in the literature related to 
showing the ballistic performances of ceramic – metal 
composites which are produced by powder metallurgy. 
It is known that only dense homogeneous advanced 
ceramics, but also heterogeneous materials with optimal 
compositions and structures show prospering ballistic 
performances [10]. In order to achieve dense advanced 
metal containing ceramic matrix composites, spark 

plasma sintering technique is used in this study. Spark 
plasma sintering technology brings the advantage of 
accelerated heating rates compared to conventional hot 
pressing by pulsed electric current heating both the 
graphite dies and powders [11]. In addition, spark 
plasma sintering method is beneficial especially in 
covalently bonded ceramics like borides, carbides and 
nitrides by reducing the sintering temperatures which 
results in products with higher densification rates [12].  

Although, spark plasma sintering is advantageous, due 
to its very strong covalent bonds and low fracture 
toughness, boron carbide may still need a metallic 
additive in order to improve the sinterability and 
mechanical properties [13]. The metals with low or 
moderate sintering temperatures can be used to 
overcome this drawbacks of boron carbide [14]. Also, 
boron carbide ceramics can be designed as personal 
armours thanks to their low density (2.52 g/cm3). 
However not to lose the advantage of low density 
property of boron carbide, a metal with again a low 
density should be added to structure when the 
sinterability is tried to be enhanced.  

When these points considered, it is aimed to examine 
the ballistic performances of boron carbide ceramics 
containing 5 vol. % Al and Si which are produced by 
spark plasma sintering technique. In order to see the 
effects of Al and Si metals which both have low 
densities and low (660 °C for Al) and moderate (1414 
°C) melting points, the ballistic performances of 
composites are compared with monolithic boron carbide 
ceramics.  

2. Experimental Procedure 

In this paper, the ballistic performance of boron carbide 
ceramics and boron carbide matrixed composites with 
two different metals, produced by powder metallurgy 
technique, were investigated experimentally. The 
starting raw materials, HS quality B4C was supplied 
from H.C. Starck, whereas Al and Si metal powders 
both have the purity of 99.8 % were supplied from Alfa 
Aesar. According to BET analysis (Nova 2200e Surface 
Area & Pore Size Analyzer), the mean sizes of boron 
carbide, aluminium and silicon are 1.78, 9.48 and 4. 29 
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μm respectively. The powders are mixed in the 
corresponding amounts in ethanol medium for 24 hours 
by using ball milling technique. Then the powders are 
dried at 110 °C. The dried boron carbide powders with 
different metal additions were sieved using a 400 mesh 
and then loaded directly into a graphite pressure die. 
The dies are designed as producing a hexagonal ceramic 
with 63 mm diagonal length and 31 mm side length. 
Two of them can be seen in Figure 1. The spark plasma 
sintering process is carried out by using SPS-7.40MK-
VII, SPS Syntex Inc. The whole sintering processes 
heated with a heating rate of 100 °C/min under an 
applied pressure of 40 MPa in vacuum atmosphere. 
Monolithic boron carbide samples were spark plasma 
sintered at 1550 °C for 4 min however due to the lower 
melting temperatures of metal additions, the spark 
plasma sintering temperature was reduced to 1400 °C in 
aluminium containing samples, whereas to 1450 °C in 
silicon containing samples. The densities of the 
specimens were measured by using Archimedes 
technique using distilled water as a wetting agent and 
the relative densities were calculated by assuming the 
densities of initial compositions but not the final phases. 

 

Figure 1. Hexagonal boron carbide ceramics produced 
by using spark plasma sintering 

Ballistic tests were directly conducted to the spark 
plasma sintered products after sand blasting. The test 
setup was made according to NIJ standard 0101.06 for 
threat Level IV. This standard mentions that the velocity 
of the threat should be 868 ± 15 m/s when it hits the 
armour ceramic. The velocities of the bullet were 
measured first when the gun has been fired, then 2.2 m 
and 10.4 m away from gun. According to these data, the 
final velocity has been calculated by the interpolation 
technique. The hexagonal ceramic tiles were fixed in 
front of 5083 aluminium alloy back block. 5083 
aluminium alloy is chosen by reason of its high 
ductility. It is thought that the effects of additions can be 
observed more clearly. During the ballistic tests, 7.62 
AP (armour piercing) ammunitions which has 51 mm 

length. The average projectile weight was 9.4 g and the 
mass of propellant was 3.05 g.  All of the tiles were 
broken into pieces when exposed to the threat. Initially, 
the reference penetration on the backing material was 
determined. The depth of penetration formed after the 
shots in the backing block was measured. 10 
measurements were made and the average depth of 
penetration values are calculated.  

3. Results and Discussion 

Table 1 shows the theoretic, measured and relative 
densities of spark plasma sintered samples. The highest 
density value is obtained in aluminium containing 
sample which was spark plasma sintered at the lowest 
temperature. It can be mentioned that although the spark 
plasma sintering temperature is reduced from 1550 °C 
to 1400 °C, Al has enhanced the densification of boron 
carbide. Compared to Si, Al can be stated as a more 
effective density increaser. 

Table 1. The densities of samples 

Sample 
Theoretic 
density  
(g/cm3) 

Measured  
density 
(g/cm3) 

Relative 
density 

(%) 
B4C 2,520 2,3882 94,77 

Al – B4C 2,529 2,4643 97,44 
Si – B4C  2,510 2,3898 95,21 

 
Table 2. The measured velocities of projectile during 

the shot 

Sample V0 
(m/s) 

V2,2m 
(m/s) 

V10,4m 
(m/s) 

V17,6m 
(m/s) 

B4C 880,0 878,5 872,8 867,9 
Al - B4C 876,4 874,7 868,4 862,9 
Si - B4C  877,5 875,5 868,0 861,4 
 

 

Figure 2. The photo of the post shot trace obtained on 
the back block when monolithic B4C tile was used  
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Table 2 gives the information of the velocities which 
were measured by using laser detection system during 
the shot. The influence of the metallic addition on 
residual penetration of projectile on the aluminium ally 
5083 backing material are presented in Figure 2, 3 and 
4. The negative effect of Si addition on the ballistic 
performance of boron carbide can clearly be seen. 
Although the addition of metallic Si resulted an 
increased densification, the results obtained from 
dynamic testing showed that the ballistic performance 
decreases drastically with 5 % vol. Si addition.  

 

Figure 3. The photo of the post shot trace obtained on 
the back block when 5 vol. % Al containing B4C tile 

was used 

 

Figure 4. The photo of the post shot trace obtained on 
the back block when 5 vol. % Si containing B4C tile was 

used 

Table 3. Ballistic experimental results on boron carbide 
tiles with no or different metallic additives 

Sample V17,6m (m/s) DOP (mm) 
B4C 867,9 3,87 ± 0,09 
Al – B4C 862,9 3,10 ± 0,08 
Si – B4C  861,4 11,55 ± 0,16 

 
According to the results obtained from ballistic test, 5 % 
vol. Al addition improved the ballistic performance of 
boron carbide and the depth of penetration value is 
decreased from 3.87 mm to 3.10 mm. However, with the 
addition of Si not just a trace but a visible hole is 
observed on the 5083 aluminium alloy backing material 
which can be seen from Figure 4. When Si added boron 
carbide ceramic tile is used, the depth of penetration of 
projectile is measured as 11.55 mm which means almost 
three times deeper than monolithic boron carbide. In the 
literature, researchers observed nano-sized oriented 
amorphous bands in ballistically tested boron carbide 
tiles [15]. It is known that the amorphous phase is 
weaker and more brittle compared to crystalline phase, 
the amount of weaker amorphous phase formation is 
possible in Si containing boron carbide tiles [16,17]. A 
detailed understanding of the effect of metallic addition 
is yet to be achieved by analysing the formed phases 
and the observed microstructures.  

4. Conclusions 

Boron carbide ceramic tiles with 5 vol. % Al and Si and 
without any additive are processed through powder 
metallurgy technique and then spark plasma sintered. 
The density results show that the densification is 
improved by the metallic additions even in lower spark 
plasma sintering temperatures. However, the ballistic 
performance vary according to the type of addition. Al 
improved the ballistic performance of boron carbide 
ceramic tiles, whereas Si addition increased the depth of 
penetration value. It can be concluded that 5 % Al 
addition presents higher protection compared to same 
amount Si containing and monolithic boron carbide. 
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Abstract 

In this study Althea Officinalis L. (Marshmallow) 
fibers were used as reinforcement to produce 
polyester composites. A. officinalis L. (AOL) plant 
was obtained from Mordo an, Izmir (Turkey). 
Extraction of fibers from stem was done via 
chemical (NaOH) retting. AOL fiber reinforced 
polyester composites were produced by 
conventional hand lay-up method. AOL fibers 
reinforced composite specimens were prepared with 
different weight fractions such as 5%, 10%, and 
20% and different fiber lengths such as 10mm, 
30mm and 50mm. After preparation process of 
composite materials, test specimens were produced 
by machining of composite plates. Mechanical and 
morphological properties of AOL fiber reinforced 
polyester composites were examined. Surface 
morphologies of fibers and fractured regions of 
composites were determined by JEOL-JJM 6060 
model SEM. In general the tensile and flexural 
strengths of the composites increased as the fiber 
weight fractions and lengths increased. The 
maximum tensile and flexural strengths of the 
composites were obtained at 20% fiber loading. 

1. Introduction 

Environmental concern and depletion of petroleum 
resources have stimulated researchers and industries 
to use sustainable materials instead of conventional 
synthetic materials. In this context usage of new 
materials containing natural components like 
natural fibers have great importance in composite 
materials [1, 2]. Besides mechanical and physical 
properties such as good specific modulus values, 
low density, considerable toughness properties of 
natural fibers [3,4], low cost, biodegradable, 
recyclability, non-toxicity and easy accessibility 
properties are also attractive side of them [5,6]. 
These properties give an opportunity to use natural 
fiber reinforced composite products in various 
industries such as automotive, building, and 
furniture [7]. 

Under the light of this trend, novel natural fiber; 
chemically extracted althea officinalis l. fibers were 
used in this study for production of natural fiber 
reinforced composites. 

2. Experimental 

2.1 Fiber Extraction 

AOL plants were harvested in Mordo an ( zmir-
Turkey). After harvesting, cleaned stems were cut 
into parts about 100 mm. Chemical retting was 
done via boiling of stems in 5% NaOH solution for 
2 hours. Extracted fibers were then washed with 
warm water to remove any alkali boiling waste. 
Figure 1 a and b shows the plant and chemically 
extracted fibers. Finally fibers were dried in an 
oven at 60oC for a night (12 hours) to remove 
moisture. 

 

Figure 1: a) Althea officinalis L. b) Chemically 
extracted fibers 

2.2 Composite Production 

Unsaturated polyester resin was used as matrix 
material for this study and supplied by DYO Paints 
Manufacturing and Trading Company. Catalyst 
(Cobalt Naphthalene) and accelerator (Methyl Ethyl 
Ketone Peroxide) were used to cure unsaturated 
polyester resin. 

Dried fibers were cut to lengths of 10mm, 30mm, 
and 50mm to prepare the composites. The 
conventional hand lay-up technique was used to 
prepare the composite specimen with various 
weight fractions as 5%, 10%, and 20%. Composites 
were labeled depending on fiber lengths and weight 
fractions and represented in table 1. 

One percent of catalyst and one percent of 
accelerator was used to cure the polyester resin. 
Aluminum mold was prepared to product the 
composite specimens. Firstly surface of the mold 
was coated by releasing agent for easy removal of 
the specimens after the curing process. Mold 
surfaces were dried for 10 min, then fibers were 
spread over the mold and unsaturated polyester 
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resin was poured into mold cavity. During curing, 
compressive pressure was applied on the closed 
mold at atmospheric temperature. Finally the 
Althea fiber reinforced polyester composite plates 
were obtained having dimensions of 19mm x 15mm 
x 4mm. 

Table 1: Labels of composites. 

Fiber length 
(mm) 

Weight fraction 
(%wt.) 

Code 

5 UP1-5 
10 UP1-10 10 
20 UP1-20 
5 UP3-5 

10 UP3-10 30 
20 UP3-20 
5 UP5-5 

10 UP5-10 50 
20 UP5-20 

 

Figure 2 shows mold that designed for composite 
production by hand lay-up method. 

 

Figure 2: Al-mold 

2.3 Mechanical characterization 

Tensile tests were performed according to ASTM 
D638 by Shimadzu AG-IS Universal Test Machine 
with the capacity of 250 kN. The cross head speed 
was set up to 5mm/min. and elongation was 
measured by non-contact video extensometer. 
Composite plates were machined to dog bone 
shaped tensile test specimens conforming type-1; 
dimensions and gage length of specimens were 160 
mm x 13 mm x 4 mm and 50 mm respectively. 

ASTM D790 standard was used for determination 
of flexural properties of composites by using 
Shimadzu AG-IS Universal Test Machine with the 
capacity of 50 kN and cross head speed was set up 
to 2 mm/min.  

 

2.4 SEM analyses of composites 

The fracture surface of 5, 10, and 20% reinforced 
fiber/polyester composites were examined by 
JEOL-JJM 6060 model SEM to evaluate 
microstructure of composite and interface between 
fibers and the matrix. SEM images were obtained 
with an accelerating voltage of 5 kV and various 
magnifications. Fractured surfaces were coated with 
Au-Pd by sputter coating prior to scanning. 

3. Results and discussion 

3.1 Mechanical characterization 

The tensile properties of althea fiber reinforced 
polyester composites were investigated for the 
various fiber weight fractions. Tensile strength and 
modulus values with standard deviations are 
indicated in table 2. The maximum tensile strength 
was observed with 20% fiber loading and 50mm 
fiber length. Tensile modulus values of specimens 
were calculated by considering the slope of the 
elastic region of the stress–strain curve. The tensile 
strength increased from 25 MPa for UP1-5 to 82 
MPa for UP5-20. Figure 3 shows bar chart of 
tensile strengths, figure 4 shows bar chart of 
flexural strength of composites against the fiber 
weight fractions. It can be seen from figure 3, 
tensile strength increases with increasing fiber 
weight fraction and length. 

Table 2: Tensile properties of composites. 

Specimen Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

UP1-5 25.39±7.69 4.73±1.22 

UP1-10 31.86±6.79 5.21±0.51 

UP1-20 39.66±4.79 6.70±2.07 

UP3-5 27.70±5.78 2.59±0.39 

UP3-10 39.79±5.42 6.99±2.27 

UP3-20 63.38±5.76 7.54±2.78 

UP5-5 31.12±7.48 4.43±0.43 

UP5-10 42.16±5.47 6.17±1.50 

UP5-20 82.68±16.31 7.77±1.88 
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Figure 3: Tensile strengths of composites versus 
various fiber length and fiber loading. 

 

Figure 4: Flexural strengths of composites versus 
various fiber length and fiber loading 

3.2 SEM analysis of composites 

Failure mechanisms of althea fiber reinforced 
composites were investigated by SEM analysis. 
SEM images of fractured samples are shown in 
figure 5 to figure 13. It can be seen that althea 
fibers are not homogeneously distributed in 
unsaturated polyester matrix especially for low 
loadings. This manner is probably derived from 
production method. Generally existence of long 
fibers on the fractured surface refers to fiber pull-
out. Fiber pull out is derived from weak interfacial 
bonding between fiber and matrix. In case of strong 
interfacial bonding, fibers are broken without pull 
out on the other hand fiber-matrix interface cannot 
carry load efficiently because of weak adhesion and 
results in fiber debonding [8, 9]. Although there are 
fiber pull-outs, as it can be seen in figures, there are 
also good bonded fibers that fractured near the 
crack. This situation supports the tensile test results. 

Figure 5: Tensile failure surface of UP1-5. 

 

Figure 6: Tensile failure surface of UP1-10. 

 

Figure 7: Tensile failure surface of UP1-20. 

 

Figure 8: Tensile failure surface of UP3-5. 

 

Figure 9: Tensile failure surface of UP3-10. 

 

Figure 10: Tensile failure surface of UP3-20. 

 

Figure 11: Tensile failure surface of UP5-5 
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Figure 12: Tensile failure surface of UP5-10. 

 

Figure 13: Tensile failure surface of UP5-20. 

4. Conclusion 

Althea fiber reinforced unsaturated polyester 
composites were investigated by tensile and 
flexural tests. It was concluded that tensile and 
flexural strengths were increased with increasing 
fiber loadings and lengths. SEM images of 
fractured samples revealed that adhesion between 
althea fibers and matrix can be considered as good. 
Although broken fibers were exist which is 
evidence of stress transfer from matrix to fiber, 
there were some fiber pull outs. 
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ABSTRACT

In this study, the use of waste Cimstone 
material containing 96% of SiO2 in floor tile 
production has been examined. Mineralogical 
and chemical analyses of the waste material 
were carried out. Waste material at ratios of 
5%, 10%, 15% were added in place of quartz 
in the prepared recipes. Thermal analyses of 
the obtained recipes were carried out. Water 
absorption, strength and firing shrinkage 
measurements were made. Phase analyses of 
the samples subject to firing were carried out 
via X-ray diffractometer whereas the 
microstructure analyses were carried out via 
electron microscope (SEM) imaging. It was 
determined as a result of the data obtained in 
the study that high silica content mud can be 
used as raw material for ceramic floor tile 
elements.  

1. Introduction 

          The word “ceramic” has been derived 
from the Greek word “Keramos” meaning 
burned material [1]. The definition of ceramic 
with a traditional form of expression is as 
follows: the science and technology of firing 
the glazed or unglazed compounds of inorganic 
materials in order to provide hardness and 
strength following the process of shaping via 
various methods [2]. The raw material base of 
the ceramic industry is quite wide and it is 
limited by chemical materials rather than 
mineral products and ores. All raw materials 
used in ceramics have their primary sources in 
nature. Some raw materials are added to 
ceramic materials in their natural forms. 
Whereas others are subject to the process of 
enrichment during which undesired impurities 
are removed. Today, all raw materials are 
subject to certain processes for enrichment due 

to the limiting and restrictive specifications 
applied with regard to the properties of 
ceramic materials as well as the reducing of 
fine natural raw material deposits [3]. 

         Ceramic sector is one of the oldest and 
most rapidly developing sectors in Turkey and 
it has a significant contribution to Turkish 
economy [4]. Ceramic tiles are produced by 
firing raw materials such as quartz, clay, 
feldspar at high temperatures. Ceramic tiles are 
classified into two groups as wall and floor 
tiles. Floor tile recipes are made up of about 
50% clay, 40% feldspar and 10% quartz [5]. 
The raw materials used in the ceramic industry 
are classified into two groups as plastic and 
non-plastic. Whereas plastic raw materials 
such as clay minerals provide plasticity to 
ceramic products, non-plastic raw materials 
decrease plasticity. Some non-plastic materials 
(pegmatite, feldspar, calcite, bone ash etc.) put 
forth a melting effect in the mud due to the 
effects of addition ratio and firing temperature 
thus increasing the sintering rate [6]. 

          Wall tiles are ceramic tiles fired between 
temperatures of 1120-1150 °C with high 
porosity and water absorption ratios that vary 
between 10% - 20%. Floor tiles are ceramic 
tiles with water absorption ratios below 3% 
which are fired at the temperature interval of 
1180 - 1190 °C for a period of 30 – 45 
minutes. Whereas porcelain tiles are superior 
materials with water absorption values below 
0,5% and high mechanical strength. Porcelain 
tiles are fired at higher temperatures in 
comparison with floor and wall tiles 
(temperature interval of 1180 - 1220 °C for 40 
- 60 minutes) [7,8]. Ceramic raw material 
demand continues to increase with the rapidly 
increasing world population, technological 
developments as well as the popularization of 
ceramic coated materials in the construction 
sector. Similarly, waste materials should be 
recycled and our natural resources should be 
used in a controlled manner so that raw 
material shortage is not experienced in future 
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years as the ceramic industry continues to 
develop rapidly [9,10]. It was observed as a 
result of the literature survey carried out that 
there are many studies on the use of wastes in 
the ceramic sector.  

         "Torres et.al. (2007)" carried out a study 
in which they examined the development of 
ceramic floor tile components using quartzite 
and granite muds. The wastes for which 
chemical compositions have been determined 
were added to the recipes at various ratios. 
These recipes were fired at temperatures of 
1100 °C, 1125 °C, 1150 °C, 1200 °C after 
which strength, density and water absorption 
tests were carried out. It was observed that 
granite mud supported the maturing of the 
ceramic body at low sintering temperatures due 
to its high content of melting oxides. It was 
concluded as a result of the studies carried out 
that quartzite and granite muds can be used in 
ceramic floor tiles [11]. 

         "Souza et.al. (2009)" used gneiss rock 
wastes in the production of vitrified floor tiles. 
They prepared recipes that contain 0%, 10%, 
20%, 30%, 40%, 47.5% by weight of waste. 
The prepared recipes were pressed under a 
load of 50 MPa after which they were dried at 
a temperature of 110 °C and fired at a 
temperature of 1210 °C for 60 minutes. The 
tests carried out indicated that wastes can be 
used in vitrified floor tiles [12]. 

         "Mirabbos et.al. (2010)" carried out 
studies in which they examined the effects of 
muscovite granite wastes on the physico-
chemical properties of ceramic tiles. The 
samples were prepared by adding 20%, 25%, 
30% of muscovite granite waste in the blend 
composition of floor and surface coating 
ceramic tiles after which their degrees of 
densification, sintering behavior, physico-
mechanical properties were examined. It was 
observed that the ceramic floor tile sample 
with 30 % by weight of muscovite granite 
waste displayed high bulk density, tensile and 
compressive strengths and low water 
absorption. It was observed that the floor tiles 
prepared using muscovite granite waste met 
the national standards [13]. 

          "Kurama et.al. (2006)" carried out 
studies in which they prepared 5 different wall 
tile recipes by adding borax solid waste at 
amounts that vary between 0% and 2% instead 
of sodium feldspar. The analysis results put 

forth that controlled waste addition can 
develop sintering and thus enable the 
acquisition of better technological properties in 
complex oven regimes [14]. 

          "Zimmer and Bergmann (2006)" carried 
out a study in which they examined the use of 
fly ash made up of anthracite as ceramic tile 
raw material. Recipes were prepared for 
ceramic tiles using basic raw materials as well 
as fly ash with amounts that vary between 20% 
and 80%. The shrinkage values, water 
absorption ratios, ignition loss values and 
strength values were determined. The results 
indicate that fly ash has the required conditions 
for use as ceramic tile raw material [15]. 

         "Zahide and Elif (2015)" used blast 
furnace slag in ceramic wall tiles. Blast furnace 
slag that is a byproduct of iron-steel production 
was added differentially to the composition of 
ceramic wall tile. It was put forth as a result of 
the experiments that the strength of ceramic 
wall tiles increased by 25% with the addition 
of 33% slag [16]. 

         In this study, the waste material obtained 
from Izmir Çimstone factory with high silica 
content was used in ceramic floor tiles. The 
total annual waste amount of the factory is 
12,000 tons. It has been declared according to 
the waste management regulation printed in the 
official gazette dated April 2, 2015 that 
manufacturers are obliged to take the necessary 
precautions for minimizing waste production, 
to collect the wastes separately and to store 
them temporarily. In addition, it is also 
emphasized as part of the regulation that 
manufacturers are also obliged to prepare and 
present a waste management plan related with 
wastes and waste prevention.  

2. Experimental Study 
         In this study, standard tile recipes with no 
waste content were prepared and the suitable 
recipe was determined after carrying out the 
required experiments. The quartz amount of 
these recipes was decreased and wastes with 
high silica content of 5%, 10% and 15% were 
added. Potassium feldspar, plastic kaolin, high-
alumina kaolin, quartz and waste material were 
used as raw material in the study carried out. 
The waste mud from Izmir Çimstone factory 
was left to wait for one day at room 
temperature after which it as ground in the 
grinder with ring. Chemical and mineralogical 
analyses of the ground waste material were 
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carried out. Figure 1 shows the XRD pattern of 
the waste silica which indicates the phase 
analysis results.  

 

Figure 1. XRD results of the waste material * 
*: Carried out at the DPÜ, Materials Science 
and Engineering Laboratory using a Rigaku 
brand XRF device  

The chemical analysis results of the raw 
materials used have been given in Table 1. 
Three different recipes were prepared in 
accordance with these results. The calculated 
chemical composition and firing loss for the 
ceramic tile recipes have been shown in Table 
2.  

Table 1. Chemical analysis results of raw 
materials carried out via XRF method * 

% 

Oksit  Waste silica  K-Feldspar  Plstc. Kaoline  Quartz HighAlm. 
                                                                                          kaoline 

Na2O         0,15         4,33               2,34             0,17     2,20       

MgO             

Al2O3          

SiO2             

P2O5            

SO3              

CI                 

K2O             

CaO             

TiO2            

Fe2O3         

Total            
*: Carried out at the DPÜ, Materials Science 
and Engineering Laboratory using a Spectro 
brand XRF device  

Table 2. Calculated chemical composition for 
the ceramic tile recipes * 
 

*:The chemical compositions of the recipes 
were calculated via microsoft office excel 
program.  

The samples were placed in ceramic jars with 
sample weight of 200gr mixture, 200 ml water, 
200 gr alumina ball with twice the percentages 
according to the recipes after which they were 
subject to wet grinding for 25 minutes in the 
jet mill. The ground samples were passed 
through 63 micron sieves after which after 
which the oversize remained was examined. 
The samples with zero oversize remainder 
were placed in beakers and were left to wait 
for 6 hours at a drying oven temperature of 175 
°C. Thus, normal water added to the 
composition following wet grinding was 
removed. The samples were ground and mixed 
homogeneously following the drying process.  

The samples were moisturized at a ratio of 
6,5% to obtain spherical particles after which 
they were passed through sieves of 2 mm. The 
samples that were left to wait for 1 day in zip 
lock bags at room temperature were pressed 
under 21,12 N/mm² pressure. The pressed 
samples were subject to a temperature of 1200 
°C with 5 degree/min. for 4 hours and they 
were left to wait at 1200 °C for 30 minutes.  

           The water absorption strength tests, 
SEM and thermal analyses of the sintered 
samples were carried out. Figure 2 shows the 
water absorption test results of three recipes. 
Water absorption ratio of floor tiles should be 
between 0,5% and 3,0% according to TS EN 
ISO 10545-3 standards [17]. It was determined 
that the water absorption ratio of the sample 
coded as R1-5 was 0,517%, whereas those for 
R1-10 and R1-15 coded samples were 
determined as 1,523% and 0,317% 
respectively. It is observed that the water 
absorption ratio decreases with increasing 
waste material in the composition. Figure 3 
shows the strength test results of the sintered 
samples. Flexural strength should be at least 30 
N/mm² according to TS EN ISO 10545-4 
standards [18]. It has been put forth in Figure 3 
that the flexural strength of the sample coded 

% 

R1-5             R1-10                R1-15 

15 

5
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as R1-5 was 51,62 N/mm², whereas those for 
R1-10 and R1-15 were 45,73 N/mm² and 45,84 
N/mm² respectively. The fact that the sample 
coded as R1-15 has a greater strength in 
comparison with the sample coded as R1-10 
might be due to the decreasing porosity 
amount. It was observed that the strength test 
results were in accordance with the TS EN ISO 
10545-4 standards. It was determined in Figure 
4 that the firing shrinkage of R1-5 sample was 
17,52%, whereas those for R1-10 and R1-15 
samples were 16,49% and 16,06% 
respectively. Decrease in firing shrinkage 
values was observed with increasing amount of 
waste according to the obtained results. 
  
Figure 2. %water absorption values dependent 
on waste silica addition 

 

 
Figure 3. Firing strength values  

 

Figure 4. % firing shrinkage values dependent 
on waste silica addition 

The thermal analysis results for the prepared 
recipes have been given in Figure 5. A loss of 
mass is observed at the temperature of 368,19 
°C according to the thermal analysis result of 
R1-5, it can also be stated that caolinite 
transforms into metakaolinite at a temperature 
of 509,79 °C and that the chemical water is 
removed, whereas alpha quartz has 
transformed into beta quartz at a temperature 
of 573,72 °C and primary mullite formation 
took place as a result of the exothermic 
reaction that took place at a temperature of 
998,12 °C. It can be observed as a result of the 
thermal analysis results for R1-10 that the loss 
of mass at 368,35 °C is greater in comparison 
with that of R1-5 and that caolinite 
transformed into metakaolin as a result of the 
endothermic reaction that took place at a 
temperature of 512,7 °C, alpha quartz 
transformed into beta quartz at a temperature 
of 573,66 °C and primary mullite formation 
took place at a temperature of 996,09 °C. 
Finally, it was determined as a result of the 
thermal analysis results for R1-15 that the 
mass loss at 365,45 °C was greater with 
increasing waste amount, that chemical water 
was removed at a temperature of 511,75 °C, 
that alpha quartz transformed into beta quartz 
at a temperature of 573,5 °C and that a new 
phase was formed at the temperature of 997,65 
°C.  

 
                                   (a) 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

14118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 
                                    (b)  

 
                                     (c) 
Figure 5. (a) Thermal analysis graph for R1-5, 
(b) Thermal analysis graph for R1-10, (c) 
Thermal analysis graph for R1-15 * 
*: Carried out at the DPÜ, Center of Advanced 
Technologies, Thermal Analysis Laboratory 
using a Staram Labsysevo device. 

It was determined as a result of the XRD 
analysis results for R1-5,R1-10 and R1-15 
samples given in Figure 6 that there are quartz, 
mullite, cristobalite and tridymite phases. The 
XRD results obtained are in accordance with 
the thermal analysis results given in Figure 3.  

 

 

 
                                        (a) 

 
                                        (b) 

 
                                           (c) 
Figure 6. (a) XRD pattern, (b) XRD pattern 
(c) XRD pattern * 
*: Carried out at the DPÜ, Materials Science 
and Engineering Laboratory using a Rigaku 
brand XRF device 

SEM images for R1-5, R1-10 and R1-15 have 
been given in Figure 7. The crystal structures 
in the R1-5 sample can be clearly seen in 
Figure 7 and it was determined that the pore 
amount was low due to the glass phase formed. 
EDX analysis results of the sample put forth 
that there is 58,91% SiO2 and 17,41% alumina 
in the crystal regions.                           

 
                               (a) 
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                               (b) 
Figure 7. SEM images of R1-5 (a) Porous 
structure in the R1-5 sample (b) Glassy phase 
and crystal structures that are formed in the 
sample* 

*:Electron microscope image Center of 
Advanced Technologies, Electron Microscope 
Laboratory using a FEI Nova NanoSEM 650 
device. 

Table 5. EDX results 

 

 

 

 

 

A partially porous structure can be seen in R1-
10 in the electron microscope image given in 
Figure 8. The glassy phase formation was 
determined from the images. It has been put 
forth in Table 6 that there is 63,93% SiO2 and 
21,78% alumina in the EDX analysis results. 
Contamination at low ratios is observed due to 
the waste material used.  

 
                               (a) 

 
                                 (b) 

Figure 8. SEM images of (a) Glassy phase that 
are formed in the R1-10 sample (b) Porous 
structure in the R1-10 sample * 

*:Electron microscope image Center of 
Advanced Technologies, Electron Microscope 
Laboratory using a FEI Nova NanoSEM 650 
device. 

Table6. EDX results 
 

 

 

 

 

It can be seen in Figure 9 from the electron 
microscope images of R1-15 that the pores 
decrease in comparison with R1-5 and R1-10. 
It is observed that glassy phase has been 
formed in the material. According to the EDX 
analysis results, SiO2 content of 62,46% and 
alumina content of 19,71% are observed. It has 
been observed that contamination inside the 
material has increased in comparison with R1-
10 due to the increasing of the waste amount.  

 
                                 (a) 

Element          Weight%        Atomic% 
CI2O                4,29                 3,42 
Na2O                4,14                 4,63 
Al2O3               17,41               11,82 
SiO2                  58,91               67,89 
K2O                   12,69               9,33 
SO4                    0,22                 0,16 
CaO                    1,42                 1,76 
TiO2                   0,42                 0,36 
MgO                   0,32                 0,56 

Element          Weight%        Atomic% 
Fe 2O3               0,39                 0,17   
Na2O                 2,31                 2,56        
Al2O3                21,78               14,66 
SiO2                   63,93               73,03  
K2O                    7,76                 5,65 
SO4                     0,66                 0,47 
CaO                     1,29                1,58 
TiO2                    0,24                0,20 
MgO                    0,55                0,94 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

14318. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 
                                (b) 

Figure 9. SEM images of (a) Glassy phase that 
are formed in the R1-10 sample (b) Porous 
structure in the R1-10 sample * 

*:Electron microscope image Center of 
Advanced Technologies, Electron Microscope 
Laboratory using a FEI Nova NanoSEM 650 
device. 

Table 7. EDX results 

 

 

 
 
 
 
 

3. Results 
           The following results have been 
obtained during this study carried out for the 
use of wastes obtained from Izmir Çimstone 
factory in ceramic tiles. 

• It was determined when waste silica at 
a ratio of 5% was added to the R1-5 
coded recipe that the material obtained 
has a water absorption rate of 0,51% 
and that this ratio is in accordance with 
the TS EN ISO 10545-3 standards. It 
was observed as a result of the strength 
test carried out on the R1-5 coded 
sample that the flexural strength is 
51,62 N/mm². Crystal regions attract 
attention in the electron microscope 
images of this sample.  

• It was determined when waste silica at 
a ratio of 10% by weight was added to 

the R1-10 coded sample that the water 
absorption ratio was 2,94 times greater 
in comparison with that of the R1-5 
coded sample. This increase in water 
absorption may be due to the increase 
in the porosity of the material. It was 
observed as a result of the strength 
tests that the flexural strength of the 
R1-10 coded sample (45,73%N/mm²) 
was lower in comparison with that of 
the R1-5 coded sample. It is thought 
that this decrease is due to the increase 
in porosity. However, it was 
determined that the water absorption 
and flexural strength values of the 
obtained material were in accordance 
with the TS EN ISO 10545-3 and TS 
EN ISO 10545-4 standards.  

• It was observed when 15% waste silica 
by weight was added to the R1-15 
coded sample that the water absorption 
ratio of the obtained material was 
0,317% and it was also observed as a 
result of the strength test that the 
flexural strength was45,73%N/mm². It 
is thought that this decrease in water 
absorption ratio is due to the decrease 
in porosity. When the electron 
microscope images for the R1-15 
sample were compared with those of 
the R1-5 sample, it was observed that 
the crystal regions disappeared over 
time. The formation of the glassy 
phase in the R1-15 coded material 
observed according to the electron 
microscope images was supported with 
phase analysis results.  

• When 5% waste material was added to 
the recipes prepared according to the 
firing shrinkage test results of the 
samples, a firing shrinkage of 17,52% 
was determined, whereas the firing 
shrinkage values were 16,49% for 10% 
waste and 16,06% for 15% waste. It 
was observed that the firing shrinkage 
decreased with increasing waste 
amount.  

Element          Weight%        Atomic% 
CO3                  1,57                  1,80 
Na2O                1,30                  1,44 
Al2O3               19,71                13,26 
SiO2                  62,46                71,34    
K2O                   9,30                  6,77 
SO4                    1,39                  0,99 
CaO                    1,69                  2,07 
TiO2                   0,32                  0,28 
MgO                   0,62                  1,05 
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• It was concluded in this study that 
waste silica can be used as raw 
material during the production of 
ceramic floor tile and hence contribute 
to the prevention of environmental 
pollution as well as the country 
economy by ensuring recycling.  
 

4. Suggestions 
          It can be suggested as a result of the 
experimental studies carried out under 
laboratory conditions that waste materials can 
be used in industrial scale. The fact that the 
porous structure in R1-10 and R1-15 coded 
samples is greater in comparison with that of 
the R1-5 coded sample resulted in the decrease 
of the strengths of the materials as well as the 
increase in the water absorption ratios. 
However, waste silica can be suggested to be 
used in ceramic floor tiles since the results 
obtained are in accordance with the obtained 
results.  
          Çimstone waste that contains relatively 
lower amounts of contamination can be used as 
an alternative raw material in the production of 
silica, ceramic and porcelain material.  
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Abstract 
 
Trasnparent polycrystalline MgAl2O4 ceramics were 
fabricated by spark plasma sintering (SPS) through 
synthesized powders without and with using  B2O3 dopant. 
The optical properties of transparent polycrystalline 
MgAl2O4 ceramics sintered at temperatures between 1250 
oC and 1350 oC for 20 min. were analyzed. A two-step 
pressure profile was used to prepare transparent 
polycrystalline MgAl2O4 ceramics by applying uniaxial 40 
MPa pressure up to 1000 oC and 80MPa pressure above 
1000 oC. High transmission values were attained by 
reducing the residual porosity and pore size, achieved by 
relatively low-heating rate. For optical characterization, the 
in-line transmission, Tin, was measured by a double-beam 
spectrophotometer in the visible and near-IR-wavelength 
ranges. The effect of additive, on density/relative density 
and transparency were examined by phase analysis, 
microstructural analysis and density measurement. The 
microstructures of spark plasma sintered spinel ceramics 
were determined by scanning electron microscopy (SEM) 
and phase identification was performed by X-ray 
diffractometry (XRD). 
 
1. Introduction 
 
Transparent ceramics are advanced ceramics under focused 
research in recent years. Compared to single crystal 
materials, ceramics are ready to be fabricated into large, 
complex shaped components, and are cost effective [1]. 
Therefore, transparent magnesium aluminate spinel 
(MgAl2O4) ceramic has been considered as an important 
optical material due to its good mechanical properties and 
excellent transparency from visible light to the infrared 
wavelength range. Due to its isotropic crystal structure, 
where no light scattering from birefringence needs to be 
considered, single-crystal-like ceramic can potentially be 
prepared by achieving a fully dense body through careful 
processing. However, as a hard-to-sinter ceramic, 
transparent polycrystalline MgAl2O4 needs to be prepared 
by pressure-assisted sintering techniques, such as hot-
pressing (HP) or hot-isostatic pressing (HIP), in the 
presence of sintering additives [2], such as CaO [3] , ZnO 
[4], TiO2 [5,6],  LiF [7,8] and B2O3[10]. 
 
 
 
 

 
 
For densification of magnesium aluminate spinel, the spark 
plasma sintering (SPS) technique has recently been 
employed, and transparent polycrystals have been attained in 
several ceramics [2,11-15]. The SPS technique has a 
significant advantage over the HIP and HP techniques. In 
order to achieve limited grain growth and maximum 
densification, it can complete the powder consolidation 
within a short sintering time owing to the available high 
heating rates and relatively at low tempereatures. Creating a 
material with small grain size while obtaining high optical 
quality will be the key to extending the range of applications 
of MgAl2O4 [2,13]. 
 
The present study emphasis on the effect of temperature and 
B2O3 dope on transparency in the spinel polycrystal. In this 
paper, fine grained transparent spinel polycrystals was 
produced using the SPS technique without any sintering aids 
and 0,15 wt. % B2O3 sintering aid at different temperatures.  
 
2. Experimental Procedure 
 
Commercial MgO and Al2O3 powders were used as the raw 
materials. Powder mixture have been prepared taking into 
account the stoichiometry of spinel. The properties of the 
selected commercial powders are reported in Table 1. 0,15 
wt% B2O3 is used sintering aid for experiments with dope 
and B2O3 was added to starting powder mixture as boric asid 
form (H3BO3, >99% purity). 
 

Table 1. Properties of starting powders 
 

Powder MgO -Al2O3 

Producer Baikowski  Taimei Chem. 

Grade M30CR TM-DAR 

Purity (%) >99.99% >99.99% 

D50 (μm) 1,35 0,15 

SSA (m² g) 28,0 14, 1 

Impurities 

(ppm) 

Ca 7, Fe 11, K 

28, Na 10, Si 13 

Si 4, Fe 4, Na 2, 

K 1, Ca 2, Mg 1 
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Wet ball milling was used for the homogeneous mixing of 
the powders. The ball milling was carried out in ethanol 
using polyethylene bottles and 98% pure Al2O3 milling 
balls with diameter of 10 mm for 24 hours. Then the slurry 
is dried completely at 100 °C and sieved at 125 μm. 
Additionally, only powder with sintering aid was 
vigorously stirred again in a ball mill to aviod non-uniform 
distribution of boric acid due to sedimentation of the dope.  
The dried magnesium aluminate spinel powders is placed 
in a graphite die with inner diameter 50mm. Densification 
of the high-purity powder was carried out under vacuum 
using an SPS machine (SPS-7.40MK-VII, SPS Syntex 
Inc.).  
 
The temperature was increased to 600 °C with 100 °C   
min-1 heating rate  and then increased to 1000 °C with 25 
°C heating rate,  after that 10 °C min-1 heating rate was 
applied from 1000 °C to sintering temperature and held at 
the sintering temperature for 20 min. Two step pressure 
profile was used. In the first step a uniaxial pressure of 40 
MPa was pre-loaded and kept constant until 1000°C and 
then the pressure was increased to 80 MPa in 1 minute and 
kept constant until the end. The temperature was controlled 
with an optical pyrometer on the surface of the graphite 
die. By this procedure, a circular disk 50 mm in diameter 
and 1,5 mm thick was prepared. 
 
For optical characterization, both surfaces of the samples 
were mirror-polished with diamond polishing paste. During 
the polishing procedures, the thickness of the sample was 
reduced to 0,5 mm. The in-line transmission Tin was 
measured by a double-beam spectrophotometer (UV-Vis. 
Spectrophotometer, Shimazu Co. Ltd., Japan) in the visible 
and near-IR-wavelength ranges (  = 200–2000 nm). The 
microstructures were examined by scanning electron 
microscopy (SEM, JSM 7000F, JEOL, Japan). For the 
SEM observations, the specimens were mechanically 
mirror-polished and thermally etched at 1100 °C for 30 min 
in air. The grain size d was determined by counting the 
number of grains in the SEM micrographs. The reactivity 
in function of temperature of the powder mixtures was 
observed by X-ray diffractometry using a Rigaku Miniflex 
diffractometer The bulk density was measured by the 
Archimedes method using distilled water. 
 
3. Results and Discussion 

 
Figure 1 shows the X-ray diffraction patterns recorded on 
the spark plasma sintered MgAl2O4 samples at increasing 
temperature. 

 
Figure 1. X-ray analysis of sintered magnesium aluminate 

spinel at 1250, 1350 °C. 
 
It is shown that temperatures of 1250 °C and 1350 °C MgO 
– Al2O3 powder mixture were completely transformed in 
MgAl2O4 spinel. Obtaining single phase is one of the 
important needs to produce transparent spinel ceramics 
becuse second phases cause light scatterring. 
 
Density values of spark plasma sintered samples are given in 
Figure 2. It is shown that density values are increasing with 
the increasing temperature. The highest density value is 
obtained in B2O3 doped magnesium aluminate spinel sample 
which is sintered at 1350 °C. 

Figure 2. Relative densities of samples 
 
The in-line transmissions of spark plasma sintered samples 
with and without sintering aid are as shown in Figure 3 and 
Figure 4. Tin is strongly affected by the temperature.     
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Figure 3.  In-line transmissions of samples without 

sintering aid       

 
Figure 4.  .  In-line transmissions of  0,15  wt% B2O3 

doped magnesium aluminate spinel sample 
 
Transparency is increase with the temperature until 1300 
°C and then start decreasing. The highest Tin is obtained in 
B2O3 doped spinel samples and in these samples Tin 
reaches   85% in the near-IR wavelength and  65% in 
visible wavelength range at 1300 °C. In samples without 
dope Tin was measuered as   60% in the near-IR 
wavelength and  70% in visible wavelength range at same 
temperature.  
 
The light transmission of polycrystalline materials is 
sensitive to several microstructural factors such as grain 
size, grain boundary, second phase, impurities, 
residualpores and so on, because these factors act as a 
source of light scattering and absorption losses [17]. In the 
present study, a high-purity powder and sintering aids was 
used. In addition, scattering losses at the boundaries can be 
negligible, because the spinel does not exhibit 
birefringence owing to its symmetric cubic crystal 
structure. Thus, the influence of the grain boundary, second 
phase and impurities on the present transmission is 
negligible. In the light of these informations, it can be said 
that cause of scattering losses are intragranular pores.  
 
 
 
 

 
Because increasing temperature leads to increase of grain 
boundary mobility and due to grain boundary mobility pores 
trap inside of the grains and cause light scattering. 
 
Furthermore, the addition of sintering aids significantly 
enhances the grain growth, probably owing to the enhanced 
diffusion. This growth is explained to be attributed to flux 
behavior of molten B2O3 including phase [10]. 
 

 
 

Figure 5. Scanning electron microscope micrographs of 
spark plasma sintered magnesium aluminate samples at  

1300 °C  a. MgAl2O3 spinel sample without dope (X10000) 
b. 0,15  wt% B2O3 doped MgAl2O3 spinel sample (X500) 

 
Microstructure observations  reveal that the grain size of the 
samples prepared at 1300 °C with B2O3 dope and without 
dope. Grain size difference shown clearly in Figure 5.  Due 
to liquid phase occurred by B2O3 dope leads important grain 
growth compare with samples which are produced without 
dope.  
 
4. Conclusion 
 
High densified, transparent magnesium aluminate spinel 
ceramics could be produced by using SPS process applying 
two step pressure profile at 1300 °C as final SPS 
temperature. B2O3 doped magnesium aluminate spinel 
samples exhibits an high in-line transmission of   65% for a 
visible wavelength of 550 nm and has the highest relative 
density. The high in-line transmission can be explained by 
lower residual porosity due to high densification. 
Consequently, addition of B2O3 improve light transmission 
causing faster grain growth than without sintering aid 
samples. 
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Abstract 
 
Effects of annealing temperature and time on 
microhardness of Fe25Co25Ni25B17.5Si7.5 bulk metallic 
glass have been investigated. Samples of the alloy were 
annealed at 825, 900 and 950 K for annealing times 
between 10 and 150 min.   It was found that for the 
annealing temperature of 825 K, FeCo and (Fe,Co,Ni)3B 
phases precipitate. At this annealing temperature, 
microhardness of the samples were found to be between 
1120 and 1140 Hv.  For the annealing temperature of 
900 K, it was determined that (Fe,Co,Ni)3B, 
(Fe,Co,Ni)2B and fcc phases precipitate, and 
microhardness values, which are between 1129 and 963 
Hv, decrease with annealing time. For the annealing 
temperature of 950 K, precipitation of fcc phase and 
(Fe,Co,Ni)2B were observed.  For this annealing 
temperature, microhardness of the samples were 
determined to be between 895-972 Hv. 
 
1. Introduction 

 
It is known that it is possible to synthesize composites 
having ultrahigh hardness values by devitrification of 
metallic glasses which has high boron content. 
Ultrahigh hardness values result from precipitation of 
borides such as Fe2B, Fe23B6 and Fe3B[1-3]. In fact, 
microhardness values as high as 1800 Hv have been 
reported in these composites[3]. There is no information 
about fracture toughness values of these composites 
obtanined by devitrification metallic glasses.  However, 
since they do not contain any ductile phase(s), they are 
expected to be brittle. Obviously, in order to obtain 
composites which have both ultrahigh hardness and 
high fracture toughness, at least one of the precipitating 
phases must a ductile one.  When compositions of bulk 
metallic glasses are examined, it is seen that only Fe- 
and Co-based bulk metallic glasses contain high volume 
fraction of boron[4-7], and upon devitrification no 
ductile phase form in these systems. At this point, one 
might consider using a nickel or copper based bulk 
metallic glass which contain high volume fraction of 
boron, as a precursor to synthesize composite.  
Nevertheless, no such metallic glass has been reported 
up to date. 
 
For the metallic glass which has the composition of 
Fe25Co25Ni25B17.5Si7.5, it has been reported that 
(Fe,Co,Ni)2B and fcc phases form in the samples having 

diameter larger than critical casting thickness[8]. 
Because one of the precipitating phases is a boride and 
the other one is a fcc phase, it is reasonable to expect 
that this metallic glass can be used as a precursor to 
synthesize a composite which might not only have 
ultrahigh hardness but also have high fracture 
toughness.   
 
In this study, we investigate the effect of annealing 
temperature and time on microhardness of 
Fe25Co25Ni25B17.5Si7.5 alloy.  Microhardness of the alloy 
was determined as a function of annealing temperature 
and time and correlated with the crystallizing phases. 

 
2. Experimental Procedure 
 
Alloy ingot with composition of Fe25Co25Ni25B17.5Si7.5 
was prepared by arc melting the mixtures of pure Co 
(99.8 mass%), Fe (99.9 mass%), Co (99.9 mass%) , Ni 
(99.7 mass %), Si(99.9 mass%) metals and pure 
crystalline B (98 mass%) in a Ti-gettered high purity 
argon atmosphere. In order to ensure homogenity, the 
master alloy was melted three times.  The alloy 
composition represents nominal atomic percentages. 
Bulk glassy samples of the alloy in a rod form with 
diameter of 1 mm and a length of 20 mm were produced 
by suction casting method in an arc furnace.  The glass 
transition temperature (Tg), crystallization temperature 
(Tx), melting temperature (Tm) and liquidus temperature 
(Tl) of the alloy were determined by differential 
scanning calorimetry (DSC) (Netzsch STA 409 PC/PG ) 
at a heating rate of 0.33 K/s. Rod shaped glass samples 
were isothermally annealed at 825, 900 and 950 K for 
10, 25, 50, 75, 100 and 150 min under flowing high 
purity argon atmosphere. All of the samples were 
examined by optical microscopy (OM) and scanning 
electron miscroscopy (SEM) so that annealed samples 
are fully amorphous before annealing.  The structure of 
as-cast and annealed samples  were examined by X-ray 
diffraction (XRD) (Bruker D8 Advance)  with Cu-K  
radiation.  Vickers hardness of the as-cast and the 
annealed samples were measured with a Vickers 
hardness tester (Shimadzu HMV 2L ) under a load of 
2.94 N. Before the hardness measurements, samples 
were carefully polished with diamond paste in order to 
have smooth surfaces.  For the as-cast and annealed 
samples, twenty hardness measurements were taken 
randomly and arithmetic mean of measurements were 
recorded as microhardness of the sample.     
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3. Result and Discussion 
 
DSC curve of the alloy is given in Fig. 1. The DSC scan 
exhibits a distinct glass transition and supercooled 
liquid region, followed by two exothermic events which 
are characteristics of crystallization. The glass transition 
temperature (Tg) and the first crystallization temperature 
(Tx1) of the alloy are determined as 758 and 795 K, 
respectively. Also, melting temperature (Tm) and 
liquidus temperature (Tl) of the alloy are found to be 
1249 and 1379 K, respectively. 

 

 
Figure 1. DSC curves of the Fe25Co25Ni25B17.5Si7.5 
alloy: (a) low temperature measurement and (b) melting 
behaviour. 
 
XRD patterns of the as-cast and annealed samples are 
given in Fig.2.  For the as-cast sample, no crystalline 
peak is visible, which indicates that structure is fully 
amorphous.  After annealing at 825 K for 10 min, it is 
found that structure of the sample contains some amount 
of amorphous phase.  It is also determined that FeCo 
(space group Pm3m) and (Fe,Co,Ni)3B (space group 
Pnma) phases co-precipitate in the amorphous matrix.  
Comparison of the XRD peak intensities of the phases 
indicate that FeCo is the primary crystalline phase. As 
the annealing time is increased, volume fraction of 
(Fe,Co,Ni)3B phase increases significantly. This 
increase can be seen by monitoring XRD peak 

intensities of (Fe,Co,Ni)3B phase.  For example, peak 
intensities of (112) and (121) peaks of (Fe,Co,Ni)3B 
phase which are located at 2 =37.67  and 41.61o, 
respectively, increase with annealing time significantly. 
However, after annealing for 150 min, it is found that 
volume fraction of (Fe,Co,Ni)3B phase decreases, which 
can be seen by examining the intesities of the XRD 
peaks mentioned above.  At the same time, precipitation 
of  (Fe,Co,Ni)2B (space group I4/mcm) phase begins. 
For this reason, it is concluded that at the annealing 
temperature of 825 K, for the annealing time of 150 min 
or longer, (Fe,Co,Ni)3B phase begins to transform into 
(Fe,Co,Ni)2B phase. After annealing at 900 K for 10 
min, precipitation of FeCo, (Fe,Co,Ni)3B and fcc (space 
group Fm3m) phases are observed. As the annealing 
time is increased, volume fraction of FeCo and 
(Fe,Co,Ni)3B phases decrease whereas volume fraction 
of fcc phase increases.  Also, precipitation of 
(Fe,Co,Ni)2B phase is observed for annealing times of 
50 min and longer. After annealing for 100 min, FeCo 
phase completely dissolves and fcc phase and 
(Fe,Co,Ni)2B phase become the majority phases.       
After annealing at 950 K for 10 min, fcc, (Fe,Co,Ni)2B 
and (Fe,Co,Ni)3B phases precipitate.  At this annealing 
temperature, volume fraction of (Fe,Co,Ni)3B phase is 
significantly lower than those precipitate at 825 and 900 
K.  As the annealing time is increased, volume fraction 
of (Fe,Co,Ni)3B phase decreases whereas volume 
fraction of (Fe,Co,Ni)2B phase increases.  However, 
after annealing for 150 min, there is still some amount 
of (Fe,Co,Ni)3B phase in the structure. 
 
Microhardness of the as-cast sample is found to be 1042 
Hv.  After annealing at 825 K for 10 min, 
microhardness of the sample is measured as 1143 Hv.   
As the annealing time is increased, no significant 
change in microhardness is observed.  Microhardness 
values are found to be between 1124 and 1143 Hv (Fig. 
3).  Microhardness of the sample annealed at 900 K for 
10 min was determined to be 1129 Hv. For this 
annealing temperature, microhardness values decrease 
with annealing time.  In fact, after annealing for 150 
min, microhardness value is found to be 963 Hv. For the 
annealing temperature of 950 K, microhardness of the 
sample is found to be 972 Hv, after annealing for 10 
min. As the annealing time is increased, a slight 
decrease in microhardness is observed.  For the 
annealing time of 150 min, microhardness is measured 
as 895 Hv.   
 
After annealing at 825 K for 10 min, the structure 
consists of amorphous phase, FeCo phase and 
(Fe,Co,Ni)3B phase. Because microhardness of FeCo 
phase is insignificant compared to the microhardness of 
the other two phases, the main contribution to the 
microhardness come from the amorphous phase and  
(Fe,Co,Ni)3B phase.  As the annealing time is increased, 
contribution of (Fe,Co,Ni)3B phase to microhardness 
becomes higher whereas contribution of amorpous 
phase to microhardness becomes lower.  One might 
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expect that as the annealing temperature is increased, 
microhardness becomes higher due to the fact that 
volume fraction of (Fe,Co,Ni)3B phase increases and it 

has higher microhardness than amorphous phase.  It is 
believed that
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Figure 2. XRD patterns of the as-cast alloy and samples annealed at 825, 900 and 950 K for 10, 50, 100 and 150 min. 

Figure 3. Microhardness of the samples as a function of 
annealing time for annealing temperatures of 825, 900 
and 950 K. 
this improvement is not observed because as the 
annealing time is increased average particle size of 
(Fe,Co,Ni)3B becomes larger. As a result, expected 
improvement due to the volume fraction incrase is not 
obtained. At the annealing temperature of 900 K, 
microhardness values decrease with annealing time even 
though  volume fraction of (Fe,Co,Ni)2B increases.  It is 
most likely that this degredation in microhardness 
results from the fact that average size of (Fe,Co,Ni)2B 
precipitates increases with annealing time.  The other 
reason of this decrease is that volume fraction of the fcc 
phase, which is softer than the other phases precipitate 
in  
the alloy system, increases with  annealing time.  At the 
annealing temperature of 950 K, after annealing for 10 
min, the structure mainly consists of (Fe,Co,Ni)2B and  
fcc phases. There is also some small amount of 
(Fe,Co,Ni)3B phase in the structure. Because 
microhardness of (Fe,Co,Ni)2B is quite high[3], and it 
has high volume fraction, higher microhardness value is 
expected.  However, microhardness, 972 Hv, is even 
lower than the microhardness of the amorphous phase,  
1042 Hv.  It is very likely that although volume fraction 
of (Fe,Co,Ni)2B phase is high, its average particle size is 
also quite high even after annealing for 10 min. As a 
result, the microhardness is lower than expected.  
Microhardness values obtained for longer annealing 
times support this explanation.  
 
4. Conclusion 
 

i. After annealing the amorphous alloy at 825 K, 
FeCo and (Fe,Co,Ni)3B phases precipitate. Also 
small volume fraction of (Fe,Co,Ni)2B phase 
precipitates for longer annealing times.  At this 
annealing temperature, microhardness values are 
found to be between 1124 and 1143 Hv. 

ii. At the annealing temperature of 900 K, FeCo, 
(Fe,Co,Ni)3B and fcc phases precipitate for the 

annealing times of 10 and 50 min.  As the 
annealing time is increased, fcc and (Fe,Co,Ni)2B 
phases becomes the dominant phases.     
Microhardness values decrease from 1129 to 963 
Hv. 

iii. At the annealing temperature of 950, (Fe,Co,Ni)2B 
and fcc phases precipitate.  There is also small 
volume fraction of (Fe,Co,Ni)3B phase in the 
structure. After annealing at 950 K, microhardness 
values are found to be between 895 and 972 Hv, 
which mainly results from (Fe,Co,Ni)2B phase. 

 
Acknowledgement 
 
The authors would like to thank Mr. Serhat T k z for 
helping with SEM study at Afyon Kocatepe University. 
 
References 
 
[1] M. Iqbal, J. I. Akhter, H. F. Zhang and Z. Q. Hua, 
Journal of Non-Crystalline Solids, 354 (2008) 3284–
3290. 
[2] J. Fornell, S. Gonza´lez, E. Rossinyol, S. 

Surin˜ach, 
M. D. Baro´, D. V. Louzguine-Luzgin, J. H. Perepezko, 
J. Sort and A. Inoue, Acta Materialia, 58 (2010) 6256–
6266. 
[3] A. Hitit, M. Geçgin and P. Öztürk, J. Mater. Sci. 
Technol., 31(2) (2015) 148-152. 
[4] A. Inoue, B.L. Shen and C.T. Chang, 

Intermetallics, 
14 (2006) 936–944. 
[5] A. Inoue, B. L. Shen, H. Koshiba, H. Kato and 

A.R. 
Yavari, Acta Materialia, 52 (2004) 1631–1637. 
[6] A. Hitit, . Tala  and R. Kara, Indian Journal of 
Engineering & Materials Sciences, 21 (2014) 111-115.  
[7] Z. O. Yazici, A. Hitit, Y. Yalcin and M. Ozgul, 

Met. 
Mater. Int., 22 (2016) 50-57. 
[8] T. Qi, Y. Li , A. Takeuchi, G. Xie, H. Miao and 

Wei Zhang, Intermetallics, 66 (2015) 8-12. 
 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

15318. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

Th e Eff ects of Particle Size on the Microstructural 
Properties of YSZ 50% wt – LZ 50% wt Composite 
Th ermal Barrier Coating

Utku Orçun Gezici, Muhammet Karabaş, Ayşe Kılıç, 
İsmail Yılmaz Taptık 

İstanbul Technical University - Türkiye

 
Abstract 
 
Thermal barrier coatings (TBC), are used to protect the 
base material against elevated temperature and other 
environmental impacts in the high-temperature 
applications such as gas turbine blades. The 
microstructure design of thermal barrier coatings 
directly affects the coating properties. In the 
microstructure of TBC; cracks, gaps, semi–melted 
phases are valid. Microstructural differences occur in 
the variation of the process parameters. Spray distance, 
powder particle size, feed angle and rate, base material 
type and temperature are the effective parameters of 
microstructural differences. In this study, the thermal 
barrier coating material used as yttria stabilized zirconia 
(YSZ); examined in three classes according to their 
particle size as finer, medium and coarse, respectively. 
Other process parameters are kept constant. Also 
commercial YSZ (Sulzer AMDRY 6643) is used as 
reference in the study for comparison. YSZ is stirred 
with 50 wt% Lanthanum zirconate (LZ). Mixed 
powders are coated on stainless steel with Atmospheric 
Plasma Spray (APS) method using 9MB plasma gun. 
The effects of different powder particle size on the 
porosit, and surface roughness are investigated with The 
Scanning Electron Microscopy (SEM) analyses.  

1. Introduction 

Thermal barrier coatings (TBC), are used to protect the 
base material against elevated temperature and other 
environmental impacts in the high-temperature 
applications such as gas turbine blades. Thermal barrier 
coatings allow higher gas temperature in gas turbine. 
Due to the high gas temperature, the efficiency of the 
gas turbine engines increase. A TBC consists of a heat-
resistant ceramic top coat and a metallic bond coat. The 
main purpose of bond coat is to attach the top coat to the 
base material. Also the bond coat prevents the substrate 
from oxidation and reduces the thermal expansion 
differences of ceramic layer and substrate. Bond coat, 
MCrAlY(M= Co, Ni), is coated between ceramic layer 
and base material with HVOF process. The top coat of 
TBCs is a ceramic layer, known as thermal insulation 
layer, is applied on the bond coat with Atmospheric 
Plasma Spray process [1-3]. 

The microstructure of TBC depends on many 
parameters such as spray distance, powder particle size, 
feed angle and rate, base material type and temperature. 
These parameters change the characteristics (cracks, 
gaps, semi–melted phases) of the microstructure. There 
are two kinds of cracks at the microstructure of the 
TBC. One of them is vertical and the other one is 
horizontal. Horizontal cracks are perpendicular to heat 
flux. It means, horizontal cracks block the heat transfer. 
But the horizontal cracks are easily affected by residual 
stress. Vertical cracks, segmentation cracks are parallel 
to the heat flux. It means, vertical cracks allow heat 
transfer. But vertical cracks handle the thermal 
expansion mismatch between top coat and substrate [1-
3]. 

Feedstock powder particle size play a primary role in 
the microstructure of TBC. Finer particle sizes cause a 
decrease in porosity, roughness and crack lengths. On 
the other hand, finer micro structure causes a decline in 
the thermal expansion coefficient of the TBC. As this 
leads to a mismatch between top coat and substrate, 
residual stress occurs and this damages TBCs [4]. 

In this study, three different particle sizes of YSZ is 
used A composite TBC is obtained with YSZ powders 
mixed with LZ.  

2. Experimental Procedure 

The study consists of two steps. The first one is the 
powder preparation and particle size analyses. And the 
second one is production and characterization of TBC.  

2.1.  Powder Preparation 

At the beginning of the process, commercial YSZ 
powder Sulzer Metco 204NS (ZrO2–8 wt.%Y2O3) is 
divided into three classes. Two different sieve were 
used for the classification of the YSZ powder. One of 
the sieves has 45 um mesh and the other one has 75 um 
meshes. After the separation of the powders, particle 
size distribution is analyzed (Table1). The powder 
classes were mixed with commercial LZ via turbula 
mixer for 4 hours. The mixture of powders comprises of 
wt %50 YSZ and wt %50 LZ. 
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Table 1. Powder Distribution of YSZ 
 Surface 

Weight 
Mean 

Vol. 
Weight  
Mean 

d(0.5) 

Coarse 
Powder 

78.090 82.970 80.134 

Medium 
Powder 

57.208 60.518 58.208 

Finer Powder 46.638 52.280 49.650 
  

2.2.  TBC Preparation 
Disc shaped 316L stainless steel samples with a 
diameter of 25.4 mm and thicknesses of 2mm were used 
as a substrate material. Prior to bond coat production, 
the substrate was grit blasted with using 50-80 grain 
mesh alumina. Commercial Sulzer Metco Amdry 997 
(Ni- 23Co-20Cr8 .5Al-4Ta-0.6Y) powders were used 
for the bond coats. The spray torches (APS and DJ2700 
HVOF gun) were fastened on a three-axis CNC robot 
and gun speed is 600 mm/min. Grit blasted samples 
were clamped on the turntable and the number of passes 
was 20.  
Four types of coating were produced by atmospheric 
plasma spray process with Sulzer Metco 9MB plasma 
spray gun. The nozzle of plasma gun was Sulzer Metco 
730C.  
The cross section microstructure and thickness of the 
coatings were inspected with Scanning Electron 
Microscopy (SEM) (JSM-7000F Model Field Emission 
SEM).  Porosity analysis was carried out by cross 
section SEM micrographs of the coatings in compliance 
with ASTM 2109 standard. 
 
3. Results and Discussion 

Microstructure and porosity of TBC showed differences 
on powder particle sizes.  

3.1.  Microstructure of TBC 

The cross sections of YSZ + LZ TBCs including bond 
coat and substrate were given at Figure 1. 
Characteristics of TBC’s microstructure, porosity and 
cracks were investigated. 

Figure 1. Layers of Thermal Barrier Coating System 

In the microstructure two different sections were 
observed. One of them is dark and the other one is light. 
EDS results show that the dark side is YSZ and the light 
side is LZ. YSZ and LZ are distributed homogenously 
in microstructure. Adhesive bonding between YSZ and 
LZ was observed. In that way, composite coating of 
YSZ and LZ is produced. 

Figure 2. LZ and YSZ distribution in TBC 
 

The decrease in particle size on microstructure causes a 
decline in porosities. It was observed that the coats 
which used coarse powder has more porous structure. 
The finer powders lead to a decrease in porosity. These 
results are consistent with the literature [5].   Porosity 
measurement values of the TBC are summarized at 
Table 2. 

Table 2. Porosity Measurement 
Sample Porosity (%) 
Coarse  17.705 
Medium  11.665 
Finer 5.852 
Commercial 9.540 

 
3.2.  Surface Roughness 

Surface roughness of engine turbine blades provides an 
increase in erosion, corrosion, and deposition during 
working under high pressure and temperature 
circumstances. Also, due to the increase in roughness 
value and also at high Reynolds numbers, 
aerodynamically losses increase [6]. 
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Figure 3. Surface roughness measurement 

Surface roughness measurement summary is given at 
table 3. Maximum height difference (Rt) and average 
roughness (Ra) of the coating was observed at 
commercial powder.  That means large particle 
distribution cause high roughness. Also coarse powder 
causes high height differences. In addition, the medium 
size powder had the second highest surface roughness 
after commercial powder.  There is any study in the 
literature to compare these results. 

Table 3. Surface roughness measurement results 
 Ra Rq Rz Rt 
Coarse 
Powder  

9.30 11.75 90.04 127.05 

Medium 
Powder 

10.15 13.02 94.95 103.51 

Finer 
Powder 

8.40 10.52 76.71 83.33 

Commercial 
Powder 

13.89 17.72 142.96 179.54 

 

4. Conclusion 

As a result of this study, following important 
conclusions could be drawn: 

• Powder particle size has a great influence on 
porosity and surface roughness of TBC.  

• Finer particles cause less porosity and surface 
roughness. 

• Large particle size distribution causes higher 
porosity and surface roughness.  

• LZ and YSZ bounded adhesively and 
distributed homogenously in microstructure.  

In the further studies, surface roughness and porosity 
will be simulated to examine the effects on the heat 
transfer of the TBC.    
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Abstract 
 
The present work aimed at studying the possibility 
of recycling residues, coming from the industrial 
polishing process of porcelain stoneware tiles. 
Mixtures of polishing porcelain stoneware waste 
and clay were prepared at different compositions 
(up to wt. 10 % clay) and sintered at different 
temperatures (up to 11000C). The sintered samples 
were also characterized to determine expansion and 
bulk density of the sintered samples. 
Microstructural analyses were characterized by and 
scanning electron microscopy-energy dispersive 
spectroscopy.  
 

1. Introduction 
 
Porcelain stoneware is very high density ceramic 
material (water absorption < 0.5 %), made up of 
crystalline phases embedded in a glassy matrix [1]. 
Porcelain stoneware tiles which have attractive 
technical characteristics such as good flexural 
strength, surface hardness, high surface abrasion 
resistance and fracture toughness, are widely used 
in the building industry [2-3]. 
The polishing step serves to obtain the aesthetic 
appearance of the porcelain stoneware tile as a very  
 
 
 
 

 
smooth glossy surface. But, the polishing step 
exists an important environmental problem, due to 
the disposal of the polishing porcelain stoneware 
residues, PPR, in form of mud. This mud contains 
water and very fine debris, coming from the tiles 
and abrasives. This mud are collected and causes to 
environmental problems [4-6]. 
The aim of the research is to assess the possibility 
to recycle the polishing porcelain stoneware 
residues, in the production of porous ceramic 
material. In addition, clay increases plasticity and 
facilitates to form to the material. 
 

2. Experimental Procedure 
 
The chemical compositions of PPR (Duratiles 
Co.,Turkey) and clay (Kalemaden Co., Turkey) 
were given in Table 1. Three different compositions 
were studied, as mentioned Table 2. The 
compositions were ball milled in water with 3 mm 
Al2O3 balls in a polyethylene bottle for 2 hours. The 
compositions were dried at 1000C for 24 hours and 
pressed at 60 MPa. The compacts were sintered 
during 60, 120, 180, 300 min at 1000, 1050 and 
11000C. After sintering, the expanded samples of 
all compositions were characterised in terms of 
bulk density and expansion (%).The morphology of 
samples were observed by using Joel 6060 LV 
scanning electron microscope (SEM).  
 

Table 1. Chemical composition (wt%) of the polishing stoneware residues (PPR) and clay. 
 SiO2 Al2O3 Fe2O3    CaO K2O Na2O MgO TiO2 SO4 LOI 

PPR 64,63 18,28 0,61 1,61 1,0 4,94 3,4 1,95 0,46 2,94 
Clay 66.80 21.00 1.80 0.10 2.00 0.10 0.60 0.60 0.20 6.70 

 
 Table 2. Compositions studied. 

 

 

 
 

 
 
 

 wt % 

Code K0 K1 K2 

PPR 100 95 90 

Clay 0 5 10 
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2. Results and Discussion 
 
Fig. 1 shows the microstructure of K0, K1 and K2 
sintered at 11000C for 60 min. The pores are not 
same size but spherical and closed. The 
decomposition of SiC particles coming from 
polishing process at above 10000C causes pore 
formation. Expansion (%) vs sintering temperature 
curves are shown in Fig. 2 for K0, K1 and K2 
samples for sintering time at 60, 120, 180 and 300 
min. Expansion (%) of all samples increases with 
sintering temperature. This is due the dissociation 
of SiC particles coming from polishing process. K1 
sample sintered at 11000C for 120 min. has     196 
% of expansion

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F 
Fi 
2
 
 
 
 

 
Figure 2. Expansion (%) curves of all samples. 

Figure 1. SEM micrographs of all samples sintered at 
10500C for 60 min.
 
Bulk density vs % clay content curves of all 
samples are given in Fig. 3 sintered at 1000, 1050, 
and 11000C for 60 min. The bulk density of 
samples decreases while sintering temperature 
increases. On the other hand, the bulk density of all 
samples almost does not change with the kaolin 
additions. K0 sample sintered at 11000C for 60 min. 
has 0.4908 g/ cm3 of bulk density.  
 
 
 
 
 
 
 

 
Figure 3. Bulk density of all samples. 
 
 
 
 

K0 

K1 

K2 
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3. Conclusion 
 
In this study, the production of porous ceramics 
from porcelain tile polishing residues was 
researched. The reduction of the bulk density is 
related to the presence of SiC particles coming from 
polishing process. Also, the expansion occurs by 
the presence of closed pores in the microstructure 
of all samples.  Porous ceramics can be used in the 
building industry due to their good acoustic and 
thermal insulation. The addition of 5 % wt of clay 
is enough in pore formation, density reduction and 
increasing expansion.  
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Abstract 
 
This study investigates solid particle erosive wear behavior 
of the basalt base glass-ceramic materials. The samples 
sectioned as the size of 50 x 50 x 12 mm were used for 
experimental studies. They were fixed 20 mm distance 
from the nozzle.The sampleswere eroded in specially 
designed sandblasting system at 90° impact angle by 30-60 
and 40-80 mesh sized garnet particles in different air jet 
pressure 1,5,3 and 4 bar for 20 sec.Variation of wear 
amount depending on erodent particle size and air jet 
pressure was investigated. 
 
1. Introduction 
 
Basalt glass-ceramics are produced by melting and casting 
processes at 1400-1500°C, crystallized by controlled 
heating process. It has been used many industrial 
applications as glass-ceramic material via its high strength, 
high thermal/chemical resistance[1,2]. For instance; pipe, 
plate and elbow-shaped pneumatic and hydraulic systems, 
cyclone separators, chain conveyors, silos, mixers, tanks 
and pulp machines. It is important, especially; solid particle 
or slurry transportation systems in iron-steel, cement and 
fuel industries[3,4].Because of this, erosion wear behaviors 
are significant for basalt based glass-ceramic materials. In 
the current study, commercial basalt based glass-ceramic 
plates were used to investigate erosive wear behaviors of 
these by using some parameters such as impact angles, 
pressure, particle impact velocity and particle size. 
 
2. Experimental Procedure 
In this study, basalt based glass-ceramic materials were 
obtained from MATAS mining . The basalt plates seen in 
Fig.1 were cut size of 20x20x3 cm, and then experiment 
samples were shaped as 5x5x1.2 cm. Erodent Garnet 
particles having two different particle size 30-60 (Garnet C) 
/40-80 (Garnet D) mesh were used for erosion tests. The 
physical/chemical properties and chemical composition of 
Garnet can be seen in Table 1-2.  

 
 

 
 
Fig.1. Commercial basaltplateused in thestudy 
 
 
Table1. The physical and chemical properties of 
Garnet [5].  
Specificgravity 4,1 g/cm3  
AverageBulkDensity 2,4 g/cm3  
Hardness  >8 (mohs)  
CrystalSystem 
 

Cubic 

Acidsensitivity 
 

None 

Hygroscopicmoisturerepellent not hygroscopic 
Magneticproperties low  
FreeSilica Content  
 

None 

 
Tablo 2. Chemicalcomposition of theGarnet[5].   
 
Oxide Wt.% 
Al2O3    % 21  
Fe2O3   % 31  
SiO2   % 35   
MgO   % 8  
CaO    % 1,5   
TiO2   % 1  
 P2O5   % 0,05  
MnO   % 0,5  
ZrO2   trace 
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(a) (b) 

Fig. 2. SEM images of the erodent particle a) Garnet C (30-
60 Mesh) b) Garnet D(40-80 Mesh) 
 
The erodent particles were given in Fig.2, as seen; particle 
sizes of Garnet D are lower than Garnet C. Erodent particle 
Garnet was performed with three different pressure 1.5/3 
and 4 bar for 20 sec. During the erosion test, mass flow 
rates were calculated by dividing mass of the sprayed 
erodent particles to test time for each particle size and test 
pressure. Calculated values were given in Fig.3, the rates 
increased with increasing in pressure, naturally. The mass 
flow rates of Garnet C and D are close to each other, 
because their particle sizes are similar.  These values were 
used for calculating erosion rates. The erosion test rig 
specially produced for erosion tests were used in Sakarya 
University, Metalurgical and Materials Engineering 
Department. The erosion test parameters were given in 
Table 3.  
 

 
Fig.3. The mass flow rates versus pressure 
 
Table 3. The erosion test parameters 
Erodent particle  Garnet C (30-60 mesh) 

Garnet D (40-80 mesh) 
Pressure (bar) 1.5/3/4 
Impact angle (degree) 30-60-90 
Temperature (°C) 22±2 
Nozzle diameter (cm) 0.78  
Distance between sample 
and nozzle (cm) 

2 

 
The weight losses were measured by using after/before test 
weight of the samples in a precision scales with four digit.  
The erosion tests were performed three times for same 

sample, and average values were used. The erosion wear 
rates were calculated according to eq.1[6]. 
 

 
Where E is erosion rate, msis weightloss, me is spread 
particleduringthe test. 
 
3. Resultsand Discussion 
 
The erosive wear rate results can be observed in Fig. 4-5, 
the results show that erosive wear rates increase with 
increasing in pressure for both sample groups exposed to 
Garnet C and D. When pressure increased, wear conditions 
got difficult due to high velocity article impact. On the 
other hand, lowest wear rates were detected for impact 
angle 30° conditions. The erosion rate reached the higher at 
an impact angle of 60°-90°, these behaviors are close to 
each other. When particle contact is in more frontal surface, 
erosion damage increases. In ceramic materials, this trend 
is common result, generally [7,8].  In low impact angles, 
erodent particles hit to surface and rebound, hence, strong 
impact effect can’t occur. But, in high impact angles, 
particles hit to surface, their huge amount of their kinetic 
energy transform to impact energy.  
 

 
Fig. 4. Erosive wear rates of the samples for Garnet C 
 

 
Fig. 5. Erosive wear rates of the samples for Garnet  
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There are no important differences between the erosive 
wear rates of Garnet C and Garnet D. It was observed that 
the wear rate of the eroded samples was proportional at 30° 
and 60°, pressure (1.5/3/4 bar). When impact angle reached 
to 90°, there is no significant increase in wear rates. It is 
pointed out that wear mechanisms and wear force are close 
to each other for the test performed at 60° and 90°. Macro 
images of the eroded surfaces depending on pressure can be 
observed in Fig.6. When particle pressure increased, the 
wear tracks were deeper. These results are good agreement 
with the wear rate results.  
 

 
Fig.6.Macro images of the samples eroded at 90° for garnet 
D, a) 4 bar b) 3 bar c) 1.5 bar 
 

. 
4. Conclusion 

 
In the current study, commercial basalt plates were 
subjected to erosive wear tests. The results showed that 
basalt plates have high resistance against solid particle 
erosion. The tests were performed with different impact 
angle (30°-60°-90°) and pressure (1.5-3-4 bar). The wear 
rates markedly increased with increasing in pressure. When 
it comes to impact angle effect on erosive wear rates, when 
impact angle increased from 30° to 60°, the wear rates 
strongly increased. But, similar increase was not observed 
for 90°. It is possible that wear damage mechanism and 
wear force are similar for the test performed at 60° and 90°.  
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Abstract 

In recent two decades, the ink-jet printing was leading 
technology in ceramic decoration methods. It has 
several advantages over the conventional methods such 
as high production speed, low investment cost, rapid 
prototyping and endless patterns, less waste and 
pigments etc. The effect of pigment preparation 
parameters such as mechanical activation, sintering 
temperature and holding time, on the processing of the 
black pigment was investigated. Cu-Cr-Mn spinel 
black pigment was produced from the oxides at 1200 
C by the solid state reduction method. The d90 value of 

the pigment was 2 m. The L* value of the pigment 
was 37.81 on ceramic substrate surface, after sintering 
at 1100 C in air. Approximately 10% of the total 
particle size was nano size range. Under the 
experimental condition, the sample was sub-micron 
which is called nano-sized pigment was produced by 
the oxide synthesis route. The experimental methods 
involved structural and chemical characterizations of 
the initial and the final pigment color, thermal behavior 
of the oxides, morphological evaluation both before 
and after the processing. XRD, XRF, 
spectrophotometer and particle size  techniques were 
used for analyzing of the raw and the produced 
pigment. 

1. Introduction 

In new generation decor and printing of ceramic tiles, 
CMYK system is fundamental colours in 
applications[1-3]. The system consists of four colours 
of cyan, magante, yellow and black. Each one is 
essential for creating of other colours, but the black is 
very important in which plays key role as a basic 
colour and determine brightness of coated surface of 
tiles. It can be manufactured using different oxides 
systems according to DCMA[4]. Many oxides or other 
form of raw materials are currently used to formulate 
commercial pigments. According to colours and 
characteristics of pigments, chemical composition of 
them alter pigment to pigment depending required 
thermal properties. Each pigment is  be fixed 

stoichiometric requirements. Depending on colour of 
pigments, they are mainly composed by metal 
hydroxides or other salts (with Cr, Ni, Zn, Al, Fe, etc) 
[5,6].  

Spinel structure of  ABO4 is very common structure 
found in ceramic pigments here is suitable for ionic 
substitution. It has a cubic structure involving two 
dissimilar cations sides, one tetrahedral, the other is 
octahedral. The unit cell contains 32 anions and thus 
form 64 tetrahedral interstices of which eight one 
occupied by cations and 32  octahedral interstices of 
which 16 one also occupied by cations. The 
distribution of metal ions in the spinel structure is such 
that each oxygen atom is surrounded by four metal 
atoms in the form of a slightly distorted tetrahedron, 
the oxygen atoms do not form a perfect sub-lattice[7]. 
In the structure, A is 1+ - 4+, B is 4+- 7+ cations 
valences. They have intensity tetragonal properties and 
have been used for different industrial 
applications[8,9].  

High intensity black pigments belong to complex and 
composes of Fe, Co, Ni, Cr, Cu, Mn oxides[10]. The 
chemical composition of starting oxides determine 
colour of pigment from light to dark hue. The black 
colour has a share of 25% in total consumption of 
ceramic pigment. Commercially, black is manufactured 
from two main crystal structures namely hematite and 
spinel[12,13]. spinel pigment has higher stability and 
consists of Fe-Cr-Co, Fe-Cr-Ni. Replacement of Ni and 
Cr in spinel with Mn another one or Co free colours 
can be obtained with Cu-Cr structures. Additional of 
oxides, black pigment can be obtained using carbon 
black can be used as a black source in some pigments 
but it has a limidity of at temperature above 800  
C[14]. 
 
Processing of pigment can be manufactured using 
different methods such as sol-gel[15-18], solid 
state[19-21], polyol[22] or spray drying[23] 
techniques. After formulation of pigment, mixture was 
conventional involved by calcination of it in oxidising 
atmosphere. Depending on processing routes, generally 
pigments are produced in solid state reaction method. 
The particle size of the pigment is very important 
parameter to have good quality colour. For preparation 
of the pigment, properly ball milling was carried out to 
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get particle size distribution between 1-5 m. Particle 
size distribution was determined using particle size 
analyser. 

There is growing interest in Turkish ceramic industry 
in the development of high stability pigments that 
satisfy both technological and commercial competitive 
products. While the first step in pigment production 
involves the choice of raw materials and processing 
methods where are important factors for determination 
of pigment properties. In this article, a new black 
ceramic pigment from Cr, Cu and Mn oxides has been 
prepared by the conventional (CE) method. 

2. Experimental Procedure 

2.1. Materials 

According to the  DCMA data, the preparation of  
black pigment synthesised using the ceramic method 
and the spinel structure was chosen for processing of it. 
For the production of the aimed pigment, Cr2O3, MnO 
and CuO were used as starting materials with a 
stoichiometric ratio. The oxides were weighed and 
formulated based on the refractory pigment properties. 
The dosing of the oxides was carried out according to 
the DCMA spinel black colour. All necessary materials 
were provided by the Gizem Frit company at Sakarya. 
 

2.2.Calcination 

After the weighing of the oxides, they are subjected to 
ball milling in presence of ethanol and zirconia ball for 
4 h and then dried at 120 C for 2 h before any 
calcination operation. For production of the Cu-Cr-Mn 
based black pigment, the dried mixture was calcinated 
at temperature between 1200 C in presence of air 
atmosphere for 2h holding times in air.. 

After the firing operation, the calcinated sample was 
properly milled to get a particle size around 1 m. To 
remove any soluble part of the milled pigment, the 
washing process was carried out and then filtrated and 
dried again at 120 C for 2 h. 

2.3. Characterisation 

For the characterisation of phases in the starting and 
the obtained pigment, X-ray diffraction method was 
used for identification of major and minor crystalline 
phases in them. For the determination of the chemical 
analysis of the initial and the calcinated samples XRF 
method was used.  

For the determination of chromatic potential of the 
pigment, colour properties were measured by colour 
spectrophotometer. The CHI L*a*b* parameters was 
measured under illuminate D65 and 10  standard 
observer from the diffuse reflectance of the pigment 
recorded on Java V-50 UV-vis spectrophotometer. 

3gr of the obtained black pigment was mixed with the 
transparent glaze (10 gr) with melting point of 900 C 
and water 20 gr. The prepared suspension was brushed 
on the ceramic tile and calcinated  at 1000 C for 10 
min. Particle size of pigment is important factor on 
coating property of any pigment. Particle size 
measurement was carried out in a master size analyser 
in a water. The experimental works were carried out at 
the Research and development laboratory at the Gizem 
Frit company. 

 

The chemical composition of the starting sample was 
given in Table 1. The initial composition was mixture 
of Cr, Cu and Mn oxides. 
 
Table 1. XRF chemical analysis of the black pigments. 

Oxides Cr2O3 CuO Mn3O4 Other Total 
Starting 52 28 6 14 100 

 
X-ray diffraction pattern was presented in Figure 1. As 
seen from the figure, all peaks were identified and the 
crystal phases of the sample were Cr2O3, Mn3O4 and 
CuO. Any spinel forms were not determined in the 
starting mixture. 
 

 
Figure 1. XRD pattern of the starting composition. 
 

 

Figure 2. XRD pattern of the produced black pigment. 
 

After the firing, the X-ray diffraction pattern of the 
obtained black pigment was given in Figure 2. It is 
clear from the figure that, there is some differences 
between  peaks intensities, phases of the starting and 
the fired samples. The formation of spinel was 
observed and there was no free of any oxides in the 
processed sample. However, there were very weak Cu 
and Cr oxide peaks. Above the results were indicated 
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that, CuCr spinel and CuCrMn spinel phases  formed 
as a solid solution of Cu-Cr-Mn occurred during the 
firing of the precursors. The chemical composition of 
the pigment was presented in Table 2. 

Table 2.The chemical composition of the fired sample. 
Oxides Cr2O3 CuO MnO3 Other Total 
Fired 55 35 10 2 100 

 

In order to compare the color yield of as ceramic 
pigment of Cu-Cr spinel obtained from the CE method 
its CIEL*a*b* parameters in different commercial 
glazes are summarized in Table 2.  The results 
indicates that CuCr black pigment shows similar values 
in different surfaces, more black in ceramic, higher b 
and lower L* less black (higher negative a).  

 

Figure 3. The application of obtained pigment on 
ceramic and glass surfaces. 

To see colorless of the pigment different substrates was 
coated with the obtained pigment after the mixing with 
10% transparent glaze. The black pigment gives better 
brightness in ceramic surfaces in industrial 
applications. It is known that the synthesis method 
effects the pigmentation of the oxides. The CIE Lab 
parameters of the glazed powders on the glass and 
ceramic substrates were shown in Table 2. L* intensity 
of the glazed sample was improved slightly. Black 
parameters are better than ceramic surface in glass 
application. The difference between the L*a*b* values 
come from the sintering temperatures and coated 
surfaces.  

Table 2. CHI L* a* b* values of the pigment on 
different substrates. 
Pig. Sub. Temp. L* a* b* Hue 

Cer. 1100 C 37.81 -0.55 4.15 Black 
Gls. 600 C 7.83 -0.11 -1.12 Gray 

Cr-
Cu-
Mn G/B 600 C 6.21 -0.31 -0.63 Gray 
 

The particle size distribution of the black sample was 
presented in Figure 4. The size distribution was in a 

range of 100 nm to 5 m. According to the particle size 
analysis results, approximately 10% of the total particle 
was in nano size range and the d90 value was 3 m. 

Figure 4. Grain size distribution of the produced 
pigment. 
 
The specific surface are of the pigment was measured 
as 3.03 m2/g. If a pigment uses over 1000 C, it is 
called as refractory pigment which displays chemical 
stability at high temperature applications. For 
comparison purposes a commercial black Fe-Ni-Cr 
spinel was also evaluated. 

4. Conclusions 

The following conclusions can be pointed out from the 
above results; 

The black pigment was successfully  produced using 
Mn, Cu and Cr oxide by the solid state reaction 
method. 

The obtained sample has a CIE Lab values which are 
better values than some industrial black pigments. The 
application of glaze and ceramic bodies showed that a 
L*a*b* values were acceptable which can used 
commercially as a black pigment.  

The obtained pigment has the L* value of 37.81 after 
sintering 1100  C which was better than the reported 
value of the commercial black pigment. The L* value 
indicates that the obtained black pigment is fully 
covered ceramic surface by the dense coating. The 
pigment shows light black on glass surface 
applications. 
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Abstract 
 
Barium hexaferrite (BaFe12O19, BaHF) is an important 
magnetic material due to its effective electromagnetic 
wave absorbing characteristics. The most convenient 
way of producing BaHF ceramics is mixed oxide 
method in which BaHF powders are synthesized from 
Fe2O3 and BaCO3 starting materials by the action of 
heat. The calcination process is typically conducted by 
conventional heating under ambient atmosphere. 
However, microwave heating can be a good alternative 
for the calcination of BaHF ceramics as it provides more 
homogeneous and faster heating. In this study, the effect 
of microwave heating on the reaction kinetics and 
morphology of the BaHF was investigated. 
 
When the time and temperature of the calcination is 
fixed, it is expected that BaHF conversion would be 
higher as microwave heating is thought to trigger atomic 
processes different than those activated by conventional 
heating. In this study, the effect of calcination 
temperature and heating type on the reaction kinetics 
and morphology of the BaHF powders was investigated 
using SEM, XRD and VSM analyses in comparison to 
conventional heating. The results showed that when the 
temperature is kept constant, 100% BaHF 
transformation can be achieved in a shorter time period 
when microwave heating is applied instead of 
conventional heating.  
 
1. Introduction 
 
Barium Hexa-Ferrite is a widely used ferrimagnetic 
ceramic compound with the chemical formula of 
BaFe12O19. It is commonly abbreviated as BaHF. 
According to Nowosielski [1], BaHF is based on iron 
oxide and it is well known for its benefit of being a hard 
magnetic material. Nowosielski states that BaHF cannot 
be replaced by any other magnets easily because of its 
properties like its high coercive force, magnetic 
anisotropy field, Curie temperature as well as its 
excellent chemical stability and corrosion resistivity. 
Consequently, BaHF is used in various engineering 

 
 
applications including magnetic recording media, 
microwave devices and electromagnetic shielding 
materials. 
 
Magnetic ceramics consist of ferrites. Ferrites are 
crystalline materials composed of a metal other than iron 
(M) together with iron oxide. General formula of ferrites 
are represented as M(FexOy), where M is used for 
metallic elements excluding iron [2]. 
 
There are 3 types of ferrites according to their crystal 
structures, which are called as Spinel, Garnet and 
Hexagonal Ferrite. AB12O19 is the general formula of 
Hexagonal Ferrites, where A is divalent (Pb, Ba or Sr) 
and B is trivalent (Fe). One of the most well-known 
examples for Hexagonal Ferrites is BaHF [3]. 
 
BaHF is an M-type ferrite. Crystal structure of BaHF 
consists of both cubic and hexagonal close-packed 
layers as shown in Figure 1. 
 
 
 

 
Figure 1. Crystal Structure of BaHF [4].
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2. Experimental Procedure
 
2.1. Preparation of Powders 
 
At the beginning commercially obtained Fe2O3 was 
calcined in a muffle furnace at 850 C in order to get rid 
of any existing impurities. Then, Fe2O3 and BaCO3 
initial materials were weighed in 5.3:1 molar ratio and 
put in a PP container. In order to mix these two 
compounds homogeneously, ball milling procedure is 
applied for one and a half hours at 300 rpm. Ball milling 
was applied in distilled water using zirconia balls with 
various sizes as milling medium. Mass ratio of zirconia 
balls to Fe2O3 and BaCO3 mixture was chosen as 7:1.  
 
After ball milling, obtained slurry was separated from 
the zirconia balls and placed into dryer for 24 hours at 
80 C. At the end of ball milling and drying processes, 
homogeneously mixed Fe2O3 and BaCO3 mixture was 
obtained. Following mixing, 1g of the mixture was taken 
and uniaxially compacted under 5.5-6 Mpa of pressure 
to prepare pellet having diameter of 10 mm. Identical 
pellets were processed and used for subsequent 
calcination experiments in muffle furnace or in 
microwave furnace (MKH 4.8, Linn High Therm 
GmbH, Eschenfelden, Germany)to obtain BaHF 
ceramics. 
 
Maximum available microwave power in the microwave 
furnace is 4.8 kW supplied by 6 magnetrons each of 
which is capable of delivering 0.8 kW of power to the 
heating cavity of net dimensions 135 by 135 by 135 mm. 
Due to the rapid and volumetric nature of microwave 
heating, direct heating of the sample can be achieved 
and heating rate can be kept constant at 10-30 C/min by 
manually adjusting the microwave power. During 
microwave heating experiments, temperature of the 
specimens was measured using optical pyrometer. 
 
2.2. Calcination 
 
Initially a completely transformed BaHF ceramic has 
been processed in order to use as a reference sample in 
the following stages of this study. For this purpose, 
using the information from the previous studies in our 
research group [6] following steps were applied in order 
to obtain 100% BaHF conversion by conventional 
heating in a muffle furnace: 
 

 Calcination at 1040 C in air for 5 hours, 
 Crushing calcined pellets and ball milling in 

distilled water for 12 hours, 
 Drying at 80 C for 24 hours, 
 Secondary uniaxial compaction using 

pressure of 5.5-6 MPa , 
 Calcination at 1050 C in air for 7 hours, 
 Crushing and sieving (140 mesh). 

 
 

In order to compare the effect of microwave heating on 
the reaction kinetics of BaHF formation in comparison 
to conventional heating, two samples were prepared as 
follows:  
 

Table 1. Calcination parameters applied. 

Heating Type Duration 
(h) 

Temperature 
( C) 

Heating 
Rate 

( C /min) 
Microwave 1 1000 10 

Conventional 1 1000 15 
 
2.3. Characterization 
 
Processed ceramics were in powder form. For 
microstructural characterization, powders were placed 
on a holder and coated with gold to obtain electrical 
conductivity. The micrographs were taken using 
scanning electron microscope (SEM) (FEI Nova Nano 
SEM 430). The accelerating voltage was between 15-20 
keV. For phase analysis, XRD was conducted on the 
ceramic powders (Rigaku D/MAX2200/PC). The source 
was Cu K  and the scanning was done with 2 /min 
between 2  values of 10  to 80 .  
 
3. Results and Discussion 
 
3.1. Vibrating Sample Magnetometer 
 
Vibrating sample magnetometer (VSM) is one of the 
most reliable methods for determining magnetization 
response of materials. Its working principle relies on 
generating voltage in the coil by changing the magnetic 
flux. Magnetic moment of the sample is measured by 
VSM which can be used to observe various processing 
parameter dependent phase transformations in magnetic 
materials and to conduct a phase transformation 
analysis. By using the below formula, transformed 
fraction of a material can be calculated [5]. In this 
formula Xt represents the transformed fraction at time t, 
where Mt is the magnetization of sample at time t, Mi is 
initial magnetization (in this case magnetization of 
uncalcined Fe2O3 and BaCO3 mixture) and Mf is the 
magnetization at infinite time (in this case magnetization 
of 100% transformed reference BaHF sample). 
 

 

 
It is known that transformation rates differ between 
microwave heating and conventional heating. 
Therefore, the samples calcined at the same temperature 
for the same duration yet applying different heating 
types are expected to result in different transformed 
BaHF fractions. During calcination following reaction 
occurs: 
 

6Fe2O3 + BaCO3 = BaFe12O19 + CO2(g). 
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In both microwave heating in the microwave furnace, 
and conventional heating in the muffle furnace 
calcination took place in ambient air conditions. 
Consequently, produced CO2 resulted in mass loss in the 
material. By weighing before and after the calcination 
and using the initial amounts of the constituting 
materials is was possible to determine the transformed 
fraction of BaHF.  
 
In addition, elemental analysis of the calcined ceramics 
can be used to have a preliminary information about 
transformation fraction. At the beginning there carbon is 
present in the system resulting from BaCO3, however, 
after calcination by the formation of BaHF the amount 
of carbon present must decrease and eventually 
disappear. By investigating the carbon content in the 
sample, preliminary comments can also be made on the 
transformed fraction. 
 
3.2. Microstructural Observation and Phase 
Analysis  
 
Figure 2 and 3 show the morphology of the BaHF 
ceramics obtained by microwave and conventional 
heating, respectively. As it is stated before, the only 
difference between the processing of the two ceramics 
is heating type. It is clearly seen that heating type, and 
therefore, amount of transformation caused 
morphological differences between the two cases. The 
particles seen in Figure 2 are better established in the 
form of platelets which is typical to BaHF ceramics. 
Figure 4 shows the morphology of the 100% 
transformed BaHF ceramics obtained by mixed oxide 
technique using the optimum processing parameters [6]. 
As it is clear, morphology of the BaHF ceramics 
obtained by microwave heating in calcination duration 
of as short as 1 h is quite comparable to that of the 
reference BaHF ceramics pointing out to the efficiency 
of microwave heating. 
 

 
Figure 2. Ceramic calcined in microwave furnace for 

1h at 1000 C 

 
 

Figure 3. Sample calcined in muffle furnace for 1h at 
1000 C. 

 

 
Figure 4. 100% transformed BaHF ceramics obtained 

by mixed oxide technique using the optimum 
processing parameters [6]. 

 
As it is mentioned before, by using the information from 
the previous studies in our research group [6], 100% 
transformed BaHF sample is prepared and in Figure 5, 
the pattern labeled as (a) belongs to that sample. In 
addition, the pattern labeled as (b) belongs to the sample 
calcined in microwave furnace at 1000 °C for 1 hour. As 
it is seen from the Figure 5, Fe2O3 and BaCO3 peaks are 
not observed in the diffraction data, therefore, it can be 
said that 100% transformation is obtained for both 
methods. 
 
When the calcination processes of the samples stated 
above are compared, it is observed that in microwave 
heating full reaction occurs much faster. Although it 
takes around 12 hours to complete the transformation in 
conventional heating, approximately 1 hour is enough 
for microwave heating. 
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Figure 5. XRD patterns of samples calcined in (a) 

muffle furnace, (b) microwave furnace. 
 
It can be also commented that when the duration of the 
process is kept constant, for 100% transformation by 
microwave heating, required temperature would be 
lower than the temperature required for conventional 
heating.  
 
4. Conclusion 
 
BaHF is one of the most important magnetic ceramics 
used in various engineering applications. There are 
several methods for synthesizing BaHF and mixed oxide 
method is one the easiest and most common techniques 
among them. In this method BaHF is synthesized from 
Fe2O3 and BaCo3 powders by calcination typically by 
conventional heating. In this study, it has been 
demonstrated that by microwave heating BaHF 
formation progresses much faster compared to 

conventional heating. This can be attributed to the fact 
that microwave heating triggers atomic processes 
different than those activated by conventional heating. 
Further studies are required to reveal the atomic 
processes active during the formation of BaHF ceramics 
by microwave heating. 
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Abstract 
 
TZM alloys (molybdenum alloy containing 0.5–0.8 wt% 
titanium, 0.08–0.1 wt% zirconium and 0.016–0.02 wt% 
carbon) provide an advantage in elevated temperature when 
compare with pure molybdenum since TZM alloys have 
superior recrystallization temperature than pure 
molybdenum. Addition and formation of TiC and ZrC 
carbides in molybdenum matrix can be inhibited the grain 
growth and beginning of recrystallization temperature. In 
this research, TZM-TiC and TZM-ZrC composites which 
are having variety amounts of TiC and ZrC carbides as 
additives in TZM alloy sintered by spark plasma sintering 
(SPS). The characterization of the prepared composites 
were done in terms of their densification, microstructure 
and mechanical properties. 
 
1. Introduction 
 
Refractory materials have the highest melting point (>1800 
°C) and have wear resistance at elevated temperature [1]. 
Refractory materials are preferred in high temperature 
applications such as aerospace and nuclear industries due to 
their outstanding properties [2]. Thank to development of 
technology, the demand of material which has better 
mechanical properties and high temperature resistance. 
Metal matrices composites has developed to improve 
mechanical properties of material generally via reinforcing 
with ceramic based materials [3]. Titanium carbide (TiC) 
and zirconium carbide (TiC) are refractory carbides have 
superior properties such as high strength, high electrical 
and thermal conductivity and wear strength which makes 
these carbide preferred additive in metal matrix composites 
[4]. 
TZM (titanium-zirconium-molybdenum) alloy is a 
refractory material which is molybdenum based alloy with 
Mo–0.5Ti–0.08Zr–0.01 (mass %) nominal composition. 
During production of TZM alloy, TiC and ZrC particles 
occur in grain boundaries and inhibited grain growth [5]. 
When TZM alloy compare with molybdenum, even though 

their compositions close to each other, recrystallization 
temperature of TZM alloy is 500 °C above than pure 
molybdenum. This difference in recrystallization 
temperature provide better mechanical properties such as 
higher strength and wear resistance in elevated temperature 
[6]. 

In this study, pre-alloyed TZM powder was used as a 
matrix material and TZM-TiC or TZM-ZrC composites 
were produced and was aimed to enhance densification 
behavior and mechanical properties of TZM alloy. The 
purpose of these experimental studies is enhancing 
properties of TZM alloy. TZM-TiC and TZM-ZrC 
composites were produced by using spark plasma sintering 
(SPS) technique which is a powder metallurgy 
methodology and the produced composites were 
characterized.  

 
2. Experimental Procedure 
 

Under this experimental monolithic TZM alloy and TZM 
based TiC or ZrC reinforced composites were prepared by 
using an SPS apparatus with a capacity of 20.000 A in 
Department of Metallurgical and Materials Engineering, 
Istanbul Technical University. Two different additive were 
used in experiments to investigate the effects of type of 
ingredient in TZM based composites. Prepared powder 
mixtures were sintered in 100 °C/min sintering rate, under 
40 Mpa and 5 minute holding time at 1550 °C. 

TZM, TiC and ZrC powders were used as a starting 
material. The powder characterization steps were carried 
out to be informed. Scanning electron microscopy (SEM) 
device was used to powder characterization. 

The powder mixture was measured according to size of die 
which has a cylindrical shape with 50 mm inner diameter 
and 4 mm height. A graphite die was used due to graphite 
has high electrical conductivity. The powders which have 
blended and mixed by turbula mixer for 8 hours with SiC 
balls have placed into die between graphitic sheets. Using 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

17118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

graphitic sheets get an advantage since it is easy to remove 
and better conductivity. A uniaxial pressure of 40 MPa and 
a pulsed direct current (12 ms/on, 2 ms/off) sintering were 
applied during the entire SPS process. Microstructure may 
be controlled and grain growth can be inhibited by rapid 
heating rate and shorter processing times. 

Optical pyrometer is used to measure the temperature of the 
die and sintering of composites was conducted under 
temperature controlled mode by monitoring the shrinkage 
behavior of the specimens during the SPS process. Linear 
shrinkage of the specimens during SPS process was 
continuously monitored by displacement of the punch rod 
and the current was controlled manually. 

TZM composites containing 0-20 volume% of TiC or ZrC 
and other sintering parameters like sintering rate, pressure, 
temperature and sintering time were same for all processes. 
After sintering process, densification behavior, mechanical 
properties of monolithic TZM alloy and TZM composites 
were investigated. 

The bulk densities of the specimens were determined by the 
Archimedes’ method and converted to relative density 
using theoretical densities of TZM, TiC and ZrC. 

In order to determine hardness of specimens, Vickers 
hardness (HV) was measured under load of 200 gf (1.96 N) 
and applied for 12 seconds. 

3. Results and Discussion 
Initial powder characterization was carried out by SEM 
(Fig.1) and pre-alloyed TZM powder has spherical 
characteristic while TiC and ZrC powder have angular. 
 

 
Figure 1. (a) pre-alloyed TZM powder, (b) TiC powder, (c) 

ZrC powder. 
 

The bulk densities of the specimens were determined by the 
Archimedes’ method and converted to relative density 
using theoretical densities of TZM and TiC (Table 1). The 
highest relative densities for TZM-TiC samples was 
achieved in 10T as 99.6% and for TZM-ZrC samples was 
achieved in 15Z as 99.3% as 15Z which are produced by 
SPS. 
 
 
 
 
 
 

 
 

Table 1. Relative densities of TZM-TiC and TZM-ZrC 
composites. 

Sample 

TZM 
amount 

(Volume
%) 

TiC 
amount 

(Volume
%) 

ZrC 
amount 

(Volume
%) 

Relative 
density 

(%) 

0T0Z 100 - - 98.3 

5T 95 5 - 96.9 

10T 90 10 - 99.6 

15T 85 15 - 97.8 

20T 80 20 - 98.2 

5Z 95 - 5 98.5 

10Z 90 - 10 98.7 

15Z 85 - 15 99.3 

20Z 80 - 20 98.9 

 
TiC and ZrC additives was increased beginning of 
shrinkage and sintering temperature of TZM alloy. 
According to temperature, displacement amount was shown 
in Fig. 3 and Fig 4. of TZM composites. 
 

 
Figure 3. Shirinkage behavior of TZM-TiC composites. 

 

 
Figure 4. Shirinkage behavior of TZM-ZrC composites. 
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According to microhardness result, the TZM-TiC 
composites have higher hardness value than TZM-ZrC 
composites. Vickers micro hardness was 4.10 GPa for 20T 
sample and 3.88 GPa for 20Z sample (Table 2). 
 

Table 2. Microhardness result of TZM composites 

Sample 
TZM 

amount 
(Volume%) 

TiC amount 
(Volume%) 

ZrC amount 
(Volume%) 

Hardness 
(GPa) 

0T0Z 100 - - 2.13 ± 
0.09 

5T 95 5 - 3.23 ±  
0.2 

10T 90 10 - 3.07  ± 
0.18 

15T 85 15 - 3.55 ± 0.1 

20T 80 20 - 4,10 ± 
0.16 

5Z 95 - 5 2.54 ± 
0.14 

10Z 90 - 10 2.90 ± 
0.20 

15Z 85 - 15 3.26 ± 
0.22 

20Z 80 - 20 3.88 ± 
0.43 

 
4. Conclusion 

As a conclusion with different material as additive was 
affected sintering and densification behavior of TZM alloy. 
The addition of TiC or ZrC increased beginning of 
shrinkage temperature due to TiC and ZrC have covalent 
bonds in their structure. Covalent bonds makes harder to 
sintering process than monolithic phase. TZM-TiC 
composites have higher displacement rate than TZM-ZrC 
composites although displacement rate decreases by 
addition of carbides. TiC and ZrC content increased 
relative density and hardness and decreased average grain 
size. 
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Abstract 
 
Zinc oxide (ZnO) is one of the two candidates as inorganic 
“mineral” based ingredients in sunscreens. In addition, ZnO 
is non-toxic and has a high potential of UV absorption. 
However, it exhibits photocatalytic characteristic and this 
photocatalytic activity increases as ZnO size decreases 
down to nano scale. It is important to reduce the amount of 
free radicals formed over the skin due to interaction 
between UV rays and the photocatalytic materials in 
sunscreen compositions. The reduction in photocatalytic 
activity also results in less physiological and morphological 
changes of skin cells caused by free radicals. It has been 
reported earlier that Fe doping to ZnO can result in 
reduction of photocatalytic activity of this material. 
Therefore, in this study, we investigated i) synthesis of Fe-
doped MicNo®-ZnO particles which are composed of 
primary nanoparticles; and ii) effect of Fe-doping on 
primary size and shape of MicNo®-ZnO particles.  
 
1. Introduction 

 
Human health is negatively affected when exposed to 
harmful UV rays.1 These negative effects include 
physiological and morphological changes of skin cells from 
sunburn to skin cancer. Sunscreens have gained importance 
recently due to increasing harmful UV rays penetration 
through the atmosphere.1 Sunscreen is a multi-ingredient 
system with both inorganic materials and various organic 
materials that absorb or reflect some of the sun’s UV 
radiation and thus help human to be protected against 
negative effects of UV rays.4 Basically, UV blockers are 
constituted from both organic and inorganic compounds. 
Organic compounds have low refractive index (n~1.5), but 
they are less stable than inorganic materials. Because 
organic compounds tend to form more free radicals with 
interaction UV rays.2 

 
Zinc oxide and titanium dioxide are only two candidates as 
inorganic “mineral” based ingredients in sunscreens. The 
significantly lower refractive index of zinc oxide when 
compared to titanium dioxide also provides a higher degree 
of transparency.3 The medium in which the pigments are 
dispersed, determines the final opacity of pigment and can 
be used to enhance transparency.3 Another advantage of 
zinc oxide over titanium dioxide is that it is a softer material 
according to Mohs scale.3  

 

Previous research comparing nanosized and larger titanium 
dioxide and zinc oxide particles showed that nanoparticles 
are much more effective in sunscreen formulations.3 
Consumer may also prefer sunscreen products made with 
nanoparticles as they have a smooth feeling and transparent 
appearance.4  However, non-governmental organizations 
and even some governments have noted the potential risk 
associated with nanosized ultraviolet blocking agents.4 
Those concerns are mainly about a possible photocatalytic 
activity of inorganic ingredients, such as titanium dioxide 
(TiO2) and zinc oxide (ZnO) besides penetration possibility 
of nanoparticles through the skin.1 Recently, our group 
developed MicNo® particle technology process where 
micron sized platelet (MicNo®) particles, composed of nano 
primary particles can be produced. Accordingly such 
designed particles behave like micron sized platelets on the 
skin while they exhibit high transparency like a typical 
nanoparticles due to their nano primary particle size.  
 
Commercial sunscreens that contain nanoscale TiO2 and 
ZnO particles may also generate reactive oxygen species 
depending on their characteristics. Accordingly, it is 
necessary to find solutions to make all UV blocking 
nanoscale particles less/no photoactive in cosmetic products 
to prevent possible adverse effects.4  
 
Photocatalytic reactions take place on the surfaces of 
semiconductors.5 Photocatalytic activity of ZnO 
nanoparticles can be determined by the ability of electron-
hole (e-/h ) pair formation under illumination. When a ZnO 
crystal absorbs a photon, which has equal or greater energy 
than the bandgap of ZnO, an electron (e-) is promoted from 
the valence band (VB) to conduction band (CB) and a hole 
(h ) forms in the VB.6 Crystal structure, particle size, 
structural characteristics and the influence of impurities 
such as metal ions on photocatalytic activity of 
semiconductor materials are very important. Dopant metal 
ions can be used to reduce photocatalytic activity by 
providing the recombination of the electron and the hole. 
 
Effective sunscreen products should absorb powerfully in 
the appropriate UV region, display good photostability, 
great hide power, minor spectral modifications when 
exposed to UV radiation, be non-toxic and not penetrate 
through the skin. MicNo® ZnO particles exhibit almost all 
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of these requirements but its photocatalytic activity can still 
be reduced to eliminate any adverse effects that may come 
with high photocatalytic characteristics of nano ZnO.  
 
Previous studies have reported that Fe doping to ZnO can 
result in reduction of photocatalytic activity of this 
material.7 Accordingly, the research objective of this study 
was to synthesize Fe-doped MicNo®-ZnO particles with 
micron size, platelet shape and transparency.  

 
2. Experimental Study 

 
The raw materials were ZnO (Merck 99.0%) and Fe2O3 
(Sigma Aldrich 99.0%). Fe-doped MicNo®-ZnO particles 
were synthesized by a modified solvothermal method. 
 
X–ray diffraction (XRD) analyses which were performed 
for phase identification and lattice parameter determination 
of Fe-Doped MicNo®-ZnO were carried out by Rigaku Rint 
2200 x-ray diffractometer using Cu K  radiation ( =1.5418 
Å), X-ray source operation voltage of 40 kV and a rate of 
2°/min. The size and morphology of the samples were 
observed through scanning electron microscopy (SEM, FEI 
Quanta FEG 450).  
 
3.  Results and Discussion 
 
Figures 1 (a) and (b) show wide range and enlarged region 
XRD patterns of Zn1-xFexO (x=0.01-0.02) particles, 
respectively, after the MicNo® particle technology process 
which is a modified solvothermal process.  It is clearly 
observed from the patterns that all diffraction peaks are 
corresponding to single phase ZnO wurtzite structure (i.e., 
hexagonal close packed O and Zn atoms in point group 
6mm and space group P63mc with Zn atoms in tetrahedral 
sites). The diffraction angles for ( )ZnO crystallographic 
planes are also listed in the Table 1. According to the results, 
when MicNo®-ZnO was doped by Fe with x varying from 
0.01 to 0.02, only ZnO peaks are detected in the XRD 
patterns.  
It is clear that ( )ZnO peak positions shift to relatively 
lower 2  values.. The positional shift to lower 2  values can 
be interpreted, as a lattice extension that was expected 
through the ionic radius of Fe+2 in tetragonal coordination 
(r=0.63 Å) which is larger than Zn+2 (r=0.60 Å).  The results 
show that the large Fe+2 ions were successfully substituted 
in ZnO lattice at Zn lattice sites and crystallite size vary in 
the range of 19-17 nm and decreasing with increasing Fe 
content as predicted from line broadening via Scherrer 
formula.  
 

 

 
 

Figure 1. (a) wide range (b) enlarged region of the XRD 
patterns of Fe-Doped MicNo®-ZnO samples 

 
 

Table 1. ( )ZnO Peak Positions, Lattice Parameters, 
Spacing of Lattice Planes, XRD Crystallite Size Estimated 

Debye Scherrer Formulation of Fe-Doped MicNo®-ZnO 
with  

Zn(1-x)FexO composition 
 

 
 
Figure 2 shows SEM micrograph of the 1mol.% Fe-doped 
MicNo®-ZnO particles. The particles are ~2 to 5 m 
hexagonal plate-like morphology with high transparency. 
 
 
 
 

 

(a) 

 

 

 

(b) 
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Figure 2. SEM micrograph of Fe-doped  
MicNo®-ZnO with Zn0.99Fe0.01O composition 

 
3. Conclusions  

 
In this study, Fe-doped MicNo®-ZnO particles with high 
transparency were successfully synthesized via a modified 
solvothermal method. Increasing Fe content, resulted in a 
slight peak shift toward lower diffraction angles and 
increase in interplanar spacing, suggesting substitution of 
Fe+2 ions into the ZnO structure. 
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Abstract 
 
The aim of this study is to investigate atmospheric 
plasma sprayed coating using coprecipitated Al2O3-
20 wt.% ZrO2 powders and commercial Al2O3-20 
wt.% ZrO2 (8 mol% Y2O3) powders. Alumina-20 
wt.%zirconia powders were synthesized by the 
coprecipitation method from Al2(SO4)3 and 
Zr(SO4)2 salts without stabilizing component. First, 
aluminum sulfate salt was dissolved in hot distilled 
water and it was cooled down to room temperature, 
for powder mixture. Then aqueous zirconium 
sulfate salt was added into cooled aluminum salt 
solution with continuous stirring. For precipitation, 
the pH of solution was adjusted to 10 with addition 
of NH4OH. After drying at 80°C for 72 h, 
precipitate was calcinated at 1300°C for 1 h. For a 
comparison commercial alumina and Y2O3 
stabilized ZrO2 powders are mixed by 
conventionally ball milling for 2 h. The 
morphology of powders and coatings were 
examined by means of SEM and phase analyses 
were performed by XRD instrument. 
 
1. Introduction 
 
 Alumina is one of the most important technical 
ceramics. Its mechanical, electrical, thermal and 
optical properties have been extensively studied 
because of its wide range of uses such as lasers, 
lamp covers, thread guides, catalytic converters and 
substrates for microelectronic computer chips. 
However, the major disadvantage which restricts 
use is its tendency to fracture in a brittle fashion. 
Moreover, failure often occurs without prior 
warning. This can be overcome by increasing the 
toughness of alumina. The fracture toughness and 
strength of alumina can be significantly increased 
by adding zirconia which shows transformation 
toughening effect due to tetragonal monoclinic 
phase transformation [1,2]. Zirconia containing 
alumina is known as zirconia toughened alumina 
(ZTA). ZTA is a high purity combination of the low 
cost of alumina and high strength of zirconia. The 
enhanced strength and toughness have made the 
ZTAs more widely applicable and more productive 
than plain ceramics and cermets in machining steels 
and cast irons. It was proved that the combination 

of high hardness alumina (19.3 GPa in the dense 
form) with the low thermal conductivity zirconia 
(2.2–2.6W/mK in the dense form) contributed to 
the development of the microhardness and wear 
resistance of the as-sprayed coatings. In addition, 
their mechanical properties are known to depend 
strongly on their microstructure. With the 
development of nanoscience and nanotechnology, 
the interest in the preparation of ultra-structured 
coatings is growing, since they have improved 
mechanical properties and might find promising 
application in engineering. Noticing that although 
the microstructures and properties of plasma 
sprayed alumina or zirconia coatings with nano 
powders have been extensively dealt with in many 
reports, only limited researches have been 
published on Al2O3-ZrO2 nano composite coatings 
by plasma spraying method and on the 
microstructure and properties of the composite 
coatings as well in open literature [3-7]. In the 
present study, both nano and coarse powders of 
Al2O3-20 wt.% ZrO2 were used as the starting 
materials for the feedstocks to prepare ultra-
structured and micro-structured Al2O3-20 wt.% 
ZrO2 composite coatings by atmospheric plasma 
spraying. The microstructures and phases were 
comparatively investigated. 
 
2. Experimental details  
 
In this study, alumina with 20 wt.% zirconia 
powders were prepared by coprecipitation method. 
Composite powders were processed from Al2(SO4)3 
salt and aqueous solution of Zr(SO4)2 salt. Firstly, 
aluminum sulfate salt was dissolved in hot distilled 
water and then it was cooled room temperature. 
Aqueous zirconium sulfate salt was added into 
cooled aluminum salt solution with continuous 
stirring. The pH of salt solution was adjusted as 10 
for precipitation with addition of NH4OH. 
Precipitate was calcinated at 1300°C for 1 h after 
dried at 80°C for 72h. Commercial alumina and 
Y2O3 stabilized ZrO2 (YSZ) powders are mixed by 
conventionally ball milling for 2 h. The powders 
size of alumina is -31 +3.9 mm, and the powders 
size of YSZ is -106 +11 mm. The substrate used for 
the coatings was AISI 316 stainless steel plates with 
the dimensions of 20 mm in length, 15 mm in width 
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and 10 mm in height. The surface of the substrates 
was grit-blasted to provide surface roughness for 
better adherence between the coating and metallic 
substrate with 35 grid Al2O3 under 0.2 MPa 
pressure and a flow rate of 2 kg.min-1. Alumina-20 
wt.% zirconia coatings were produced using an 
atmospheric plasma spraying (APS) technique on 
substrates with NiCoCrAlY bond coating. The 
plasma-spraying parameters are given in Table 1. 
 
Table 1. Plasma spraying parameters 
Parameter Value 
Plasma Gun 3 MB 
Arc current (A) 600 
Voltage (V) 65-75 
Gas flow for Ar (l/min) 100 
Gas flow for H2 (l/min) 15 
Spray distance (mm) 100 
Powder feed rate (g/min) 60 

 
Scanning electron microscopy (SEM) was used to 
examine the microstructure evolution of the plasma 
sprayed coatings. The distribution of elements in 
coatings layer was determined by means of energy 
dispersive spectroscopy (EDS) analysis. Phases of 
started powders and coatings were described by X-
ray diffraction (XRD) analysis technique.  
 
3. Results and discussion 
 
Figure 1 shows micrographs of alumina- 20 
wt.%ZrO2 powders calcinated at 1300°C for 1 h. 
The morphologies of coprecipitated powders have 
sharp and complex geometrical shape and particle 
size of powders ranged from 1 mm to 100 mm. In 
fact, each particle consists of agglomeration of nano 
size powders (Figure 1b). 
 
SEM micrographs of atmospheric plasma spray 
coatings produced from coprecipitated and 
commercial powders are given in Figure 2. In 
coating layers, randomly distributed small pores 
with different sizes and lamellar structure which is 
characteristic for this kinds of coatings [5-8] are 
observed in all coatings. Lamellar structure is 
clearer in coatings produced from commercial 
powders (Figure 2b) than coprecipitated ones 
(Figure 2a). In coating produced from commercial 
powders (Figure 3) the open gray regions are 
zirconium-rich areas, while dark gray regions 
indicate aluminum rich areas. Zirconia and alumina 
particles can be distinguished very easily. But 
alumina and zirconia areas are not clear in the 
coatings produced from coprecipitated powders 
(Figure 4). The distributions of aluminum and 
zirconium elements in coating layer are more 
homogenous than commercial ones which 
confirmed by EDS analysis (Figure 3 and 4). The 
reason of this formation is agglomeration of 

particles in nano scale which produced by 
coprecipitation method. 
 

 
(a) 

 
    (b) 

Figure 1. SEM micrographs of coprecipitated 
alumina-zirconia powders calcinated at 1300°C for 
1 h, a) low and b) high magnifications 
 
XRD analysis showed that the coprecipitated and 
commercial powders have alpha ( ) alumina, 
tetragonal and monoclinic zirconia phases (Figure 
5). It is interesting to note that the coprecipitated 
powders have tetragonal zirconia phase which do 
not include any stabilizer. Also coatings have 
similar phases to powders have, but differently the 
coating include gamma ( ) alumina phase. In 
general, sprayed alumina coatings consist of not 
only the expected stable  form, which is the most 
desirable phase because of its relatively high 
corrosion and chemical resistance, hardness, but 
also the metastable , , and  phase forms of 
Al2O3. Plasma spraying may lead to rapid 
solidification phenomena in the droplets following 
deposition at a surface, resulting in metastable 
crystalline phases and amorphous structures [8-11]. 
The intensity of  alumina phase in coating 
produced from coprecipitated powders is very low 
than coating produced from commercial powders 
(see Figure 5).  
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(a) 

 
(b) 

Figure 2. SEM micrographs of coatings produced 
from a) coprecipitated and b) commercial powders 
 

 
wt. % Mark 

Al Zr Y O 
1 - 64.208 11.585 24.207 
2 57,870 - - 42.130  

Figure 3. SEM micrographs and EDS point analysis 
of coatings (commercial powders) 
 
 

 
wt. % Mark Al Zr O 

1 33.426 22.101 44.473 
2 37.747 17.267 44.986 
3 33.087 22.359 44.554 
4 34.882 20.304 44.814 
5 36.385 17.598 46.017 
6 38.358 15.100 46.542  

Figure 4. SEM micrographs and EDS point analysis 
of coatings, (coprecipitated powders) 
 

 

 
Figure 5. XRD analysis of powders and coatings a) 
coprecipitated and b) commercial  

Substrate 

Coating 

Bond coat 

Bond coat 

Coating 

Bond coat 

a 

b 
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4. Conclusions 
 
In this study, Al2O3-20 wt.% ZrO2 coatings were 
produced by using coprecipitated nanocomposite 
powders and coarse commercial powders. The 
results obtained from this study are listed below: 
1. Coprecipitated powders is formed from 

agglomerated particles which are mixture of 
alumina and zirconia powders in nanoscale. 

2. Coprecipitated and commercial powders have 
stable phases composed of -alumina, 
monoclinic and tetragonal zirconia. 

3. Coatings have typical lamellar morphology 
and small porosity. 

4. Each coating has -alumina, -alumina, 
monoclinic and tetragonal zirconia, 
respectively. But the amount of -alumina 
phase is very low in coating performed with 
coprecipitated powders comparing to 
commercial one. 

5. Although, synthesized alumina-20 wt.% 
zirconia powders from salts reveal that 
tetragonal zirconia phase have been obtained 
without using any stabilizer for powders and 
coating.   
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Abstract 
 
Calcium alumina silicate (CAS) glass ceramics 
have excellent abrasion resistance and chemical 
stability, further large industrial and economic 
importance. CAS glass ceramics can be produced 
such as from using natural raw materials also can 
be manufactured waste materials. 
 
Pumice powder that obtain from Nev ehir state (as 
silica and alumina sources), the waste of marble 
powder (as a CaO source) consist of marble 
machining process and pure alumina from 
Seydi ehir were used as a starting materials. The 
CAS composition powder was melted at 1450 oC 
for 3 hours and then melted glass was poured in the 
graphite mould. Heat treatment was applied to 
crystallization glass material at temperature in the 
range of 1000–1150 oC between the range time 1 
hour up to 5 hour as a single state heat treatment 
method for each sample in an electric furnace, then 
samples cooled in the furnace. Phase analysis were 
investigated with X-ray difractometer (XRD) and 
microstructure was observed with scanning electron 
microscope (SEM). Chemical durability of CAS 
glass ceramic specimens were analysed by 
measuring weight loss after chemical attacked at 2h 
later in 10% HNO3 solution. 
 

 Introduction

CAS glass ceramics have excellent abrasion 
resistance and chemical stability, further large 
industrial and economic importance. CAS glass 
ceramics can be produced such as from using 
natural raw materials also can be manufactured 
waste materials. Various waste materials because of 
include SiO2, Al2O3 and CaO component, CAS 
based glass ceramics can be produce as design 
starting composition and heat treatment conditions. 
This low-cost and dark materials (because the waste 
contains a high ratio of transition elements like Fe) 
generally hard and chemically resistant. The 
purpose of using this type of glass-ceramics are 
applying in chemical, mechanical and other heavy 
industrial as abrasion and chemical resistant parts. 
Furthermore, CAS based glass-ceramics are used in 
construction area as wall and floor tiles [1-4]. 
 

Pumice is a light-coloured, natural porous and 
volcanic origin rock that include 60-75 % SiO2, 13-
17 % Al2O3, 1-3 % Fe2O3, 1-2 % CaO, 7-8 % 
Na2O-K2O and low amount of TiO2 and SO3 
compounds. Worldwide, more than 50 countries 
realize the manufacture of pumice. Turkey is one of 
the important manufacturers in the world with the 
2.2 million tons annual production and 10 different 
pumice formation of 3.3 million m3 own reserves 
[5,6]. 
 
Marble dust is kind of a waste material that exposed 
during the marble blocks shaping process. Over the 
cutting proses water are used to prevent overheating 
the cutting tip and dust generation. As a result, 
marble sludge are formed as mixture that water and 
marble dust. Turkey is significant producer with 
approximately 5.2 billion cubic meters marble 
reserves. Considering that about 30-40% of a 
marble block becomes waste in the cutting process, 
approximately 2.500.000 tons of marble sludge are 
generated as a waste of marble production in 
Turkey [7]. 
 
The aim of this study is to produce CAS based glass 
ceramics using the natural raw and waste materials 
and investigate the corrosion behaviour of 
manufactured CAS based ceramics.
 
2. Experimental Procedure 
 
In order to produce CAS based glass-ceramics, 
powder of pumice that obtain from Nev ehir state 
(as silica and alumina sources), the waste of marble 
powder (as a CaO source) consist of marble 
machining process and pure alumina from 
Seydi ehir was used as starting raw materials and 
the chemical compositions of these are given in 
Table 1.  The CAS composition was selected 
according to the stoichiometric anorthite 
composition region (57.5 wt.% SiO2, 27.5 wt.% 
CaO, 15 wt.% Al2O3) at CAS ternary diagram. 
Starting CAS powder mixture that consist of 71.16 
g pumice, 56.12 g marble dust and 4.55 g Al2O3. 
Homogenization process applied for 2 hour as dry 
milled with 250 rpm.  
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Table 1. Chemical Compositon of raw materials (*LoI: Loss on ignition)

 
Subsequently, the CAS composition powder was 
melted at 1450 oC for 3 hour and following process 
melted glass was poured in the graphite mould. 
Afterwards forming glass, in order to crystallization 
glass material, heat treatment was applied in air at 
the temperature in the range of 1000–1150oC 
between the range time 1 up to 5 hour as a single 
state heat treatment method for each sample in an 
electric furnace, then furnace-cooled. Phase 
analyses were investigated with X-ray difractometer 
and microstructure was observed with scanning 
electron microscope. Chemical durability of CAS 
glass ceramic specimens was analysed by 
measuring weight loss after chemical attacked for 
2h later in 10% HNO3. 
 
3. Result and Discussion 
 
XRD results of CAS based glass ceramics with 
different heat treatment conditions are given at 
Figure 1.(a-c). Figure 1.a shows the XRD result of 
CAS based glass ceramics that produce with 1000 
oC at 1 to 5 hour.  As a result, wollastonite and 
anorthite peak determined at various degree for 
each heat treatment time. While heat treatment time 
increased 3 and 5 hour anorthite, wollastonite 
phases became appeared and gehlenite phases 
occurred weak intensity.  Various anorthite 
(CaAl2Si2O8) peaks at 23.7o, 27.2o, 28.0o, 31.1o, 
39.1o, 43.0o and wollastonite at 29.3o, 29.9o and 
49.7o

 determined as major phases. Das et.al reported 
these phases at similar peak degree [8]. The theory 
of stable energy of glass structure unit explain that 
CAS glasses have [SiO4] and [AlO4]Ca[AlO4] 
structural unit. Stable energy of [SiO4] is lower than 
[AlO4]Ca[AlO4] [9]. At the nucleation temperature 
of CAS glass, Ca2+ tend to unit [SiO4] to form 
wollastonite structural unit first. Following that 
later rearrange and unite [SiO4] to form anorthite 
crystals [10]. During the heat treatment temperature 
increased at 1100 oC (Fig 1.b) anorthite and 
wollastonite phases determined clearly as compare 
with 1000 oC.  At the 1150 oC (Fig 1.c)   amorphous 
phases observed with anorthite and wollastonite, 
whereas increasing heat treatment time amorphous 
phases became disappeared and crystalline phases 
intensity became stronger. 
 
XRD result of CAS based glass ceramics that 
crystalized for 5 hour with different temperature 
and chemical attacked into HNO3 acidic solution 
are given Figure 2.(a-c). As a result, after chemical  

 
leached crystalline structure occurred amorphous. 
Crystalline phases such as anorthite and 
wollastonite determined weak intensity with new 
phases that silica (SiO2). Amorphous phases is a 
particular concern to silica that consist of 
wollastonite with reacted HNO3 [11]. The reaction 
of the wollastonite structure with H+ ions in the 
acidic solution is shown Eq.1 [12]. 
 
CaSiO3+2H+  Ca2+ + H2O + SiO2                       (1)   
 
While at 1000 oC (Figure 2.a) crystalline phases 
observed low peak intensity, during the increase 
heat treatment temperature at 1100 oC (Figure 2.b) 
crystal peaks determined stronger. It can be also 
seen that at 1150 oC (Figure 3.b) amorphous phases 
determined with crystal phases. 
 
The microstructural analysis of the initial glass 
ceramic samples and chemical tested samples are 
shown in Figure 3 for the purpose of comparison. 
At 1000 oC (Figure 3.a) wollastonite structure are 
displayed as needle-like formation. After corrosion 
test granular pores less than 5 μm distributed 
randomly on surface (Figure 3.d). During the 1100 
oC (Figure 3.b) laminal and needle-like formation 
are determined. It is seen that crystal size and 
density increased with temperature rise obviously. 
Chemical leached surface shows that rod-shaped 
pores probably due to ensured reaction wollastonite 
with HNO3 solution (Figure 3.e). As the 
temperature increased 1150oC (Figure 3.c) 
wollastonite and anorthite crystals observed similar 
formation with 1100 oC.  Result of the chemical 
attack (Figure 3.f) shows that various sized needle-
like formation distribution on surface randomly due 
to reaction HNO3 solution with wollastonite 
crystals. 
 
The corrosion resistance of glass-ceramics is 
evaluated from the weight losses after leaching in 
acid and alkali solutions. The results are given in 
Table 2. Glass-ceramics weight loss values change 
between the ranges of 8.62 % to 0.01 %.  It can be 
seen that, in general, the durability of glass–ceramic 
is increased depend on crystallization time with 
comparison in identical temperature.  The corrosion 
mechanism can be occurred with ion exchange 
processes between the hydrogen and alkali metals 
or alkali earth metals to release metals ions during 
the dissolution of glass ceramics in acid solution 
[13]. Another corrosion process can be ensured to 

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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breaking Si-O bond as dissolving silicate structure 
from surface [14]. 
 
Table 2. Corrossion resistant properties of glass-
ceramics in HNO3 solution 

Temperature 
 (oC) 

Time  
(h) 

Weight Lost 
(wt.%) 

1  8.62 
3  7.07 

 
1000  

5  1.31 
1  0.74 
3  0.01 

 
1100 

5  0.07 
1  2.57 
3  1.14 

 
1150 

5  0.63 
 

 
(a) 

 
(b) 

 
(c) 

Figure 1.  XRD pattern of CAS based glass 
ceramics at (a) 1000 oC, (b) 1100 oC, 1150 oC 
temperature in 1, 3 and 5 hour (a:anorthite, 
w:wollastonite, g:gehlenite) 

4. Conclusions 
 
The result shows that increased heat treatment 
temperature and time, crystallization and corrosion 
resistance were improved. Main crystal phases 
wollastonite and anorthite were determined. On the 
other hand, depending on the anorthite phases 
density, corrosion behaviour were increased. After 
chemical leached (corrosion) process, silica phases 
are seen all specimens. 
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(a) 

 
(b) 

 
(c) 

Figure 2. XRD analysis of CAS based glass 
ceramics before and after corrosion test in HNO3 
solution at (a) 1000oC, (b) 1100oC, (c) 1150oC for 5 
hour. (a:anorthite, w:wollastonite, g:gehlenite, 
s:silica) 
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a b c 

 
d e f 

Figure 3. Microstructure analysis of CAS based glass ceramics of surface a-c. before and d-f. after corrosion test 
in HNO3 solution at (a,d) 1000oC, (b,e) 1100oC, (c,d) 1150oC for 5 hour 
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Abstract 
 
Synthesis of magnesia-rich magnesium aluminate 
(MgAl2O4) spinel (66%wt. Al2O3 - 34%wt. MgO) after 
mechanical activation of a powder mixture containing 
Al2O3 and magnesite waste was investigated. The 
mechanical activated powder mixture was compacted 
under a uniaxial pressure of 100 MPa and sintered in the 
range of 1400°C-1700°C in open atmosphere. The 
sintered samples were characterized by X-ray 
diffractometer (XRD), scanning electron microscopy 
(SEM). In addition to, the bulk density, the apparent 
porosity (%) and the microhardness (HV) were 
measured. The optimum condition for magnesia-rich 
magnesium aluminate (MgAl2O4) spinel sintering was 
determined as 1600°C-1h from the activated magnesite 
waste and Al2O3 powder mixture. In this sintering 
condition, the microhardness and the bulk density of 
sample were obtained as 1786 HV and 2,91 g.cm-3, 
respectively.  
 
1. Introduction 
 
Aluminates form in binary systems with alkali, alkaline 
earth or rare-earth oxides and share the high melting 
point, high hardness, high strength and resistance to 
chemical attack of the pure Al2O3 end-member (Table 1) 
[1].  
Magnesium aluminate (MgAl2O4) spinel is an important 
raw material for refractories and other advanced 
engineering ceramics, because of its many excellent 
properties such as high melting point (2135°C), high 
thermal shock resistance, and excellent slag corrosion 

resistance, good mechanical strength [2,3]. Magnesium 
aluminate powders are commercially synthesized using 
different techniques. These methods include sol-gel 
[4,5], co-precipitation [6], hydrothermal [7], microwave- 
assisted combustion processing [8], microemulsion [9], 
metal-organic processing [10], spray drying [11],  
mechanochemical synthesis [12] and solid state 
synthesis [13] techniques. 
If the amount of magnesia is higher than the magnesia 
content of pure spinel composition, then it is known as 
magnesia rich spinel (MR). If the amount of alumina is 
higher than the alumina content of pure spinel 
composition, then it is known as alumina rich spinel 
(AR). Commercially there are many grades of spinal 
such as (MR 66, AR 78, AR 90) and by varying the 
composition [14]. Preparation of spinel can be made by 
reaction of magnesium and aluminum compounds. 
When relative cheap raw materials, such as burned 
magnesite, sea water magnesia, calcined alumina or 
gibbsite were used, the calcination temperature 
necessary to obtain complete conversion was about 
1450-1600°C [15]. 
In this work, we presented Mg-rich MgAl2O4 spinel 
(66%wt. Al2O3 - 34%wt. MgO) production using 
magnesite waste and alumina by solid state synthesis. In 
produced samples, the effects of sintering temperature 
were investigated. The sintered samples were 
characterized by X-ray diffractometer (XRD), scanning 
electron microscopy (SEM). In addition to, the bulk 
density, the apparent porosity (%) and the microhardness 
(HV) were measured

Table 1. The physical properties of selected binary aluminate ceramics 
 

 
Melting 

Temperature 
(K) 

Density 
(g.cm-3) 

Hardness 
(Knoop/100g) 

(kg.mm-2) 

Compressive 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Young’s 
Modulus 

(GPa) 
-Al2O3 2327 3,98 2000-2050 2549 255 393 

CaAl2O4 2143 2,98     
MgAl2O4 2408 3,65 1175-1380 1611 129 271 
LiAlO2 1883 2,55   350  

Y3Al5O12 2243 4,55 1315-1385  280 282 
       

2. Experimental Procedure 
 
In this work, the magnesia-rich magnesium aluminate 
(MgAl2O4) spinel was prepared using magnesite waste 
and alumina (Al2O3) powders as starting raw materials. 
Magnesite waste was supplied from KUMA  Company, 

Turkey and Alumina was supplied from Dura-Bagno 
Company, Turkey. The chemical compositions of the 
raw materials as XRF analysis are given in Table 2. The 
mixture containing 66wt.% Al2O3 - 34wt.% MgO was 
prepared. The powders were mixed by ball milling for 
10 h with alumina balls. The mixture was activated 
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mechanically a high-energy planetary ball mill (Fristch) 
with a rotation speed 600 rpm for 1h. The samples were 
uniaxially pressed (10 mm diameter x 7 mm height) at 
100 MPa and sintered at different temperatures ranging 
from 1400-1700°C for 1 h in an electric furnace.  X-ray 
diffraction analysis was performed using a Rigaku 
Ultima X-ray diffractometer and CuK  radiation. A Joel 
6060 LV scanning electron microscope (SEM) with 
energy-dispersive spectroscopy (EDS) was used for 
microstructural analysis of sintered samples after the 
thermal etching (the sintering temperature 50°C under). 
Bulk density, % apparent porosity, % water absorption 
values of the sintered samples were measured using 
Archimedes Principle. Also, hardness values of the 
sintered samples were measured by Vickers 
microhardness method.  
 
Table 2. Chemical compositions of magnesite waste and 
alumina powder 

Compound 
(wt.%) 

Magnesite 
waste  

Alumina 
 

Al2O3 0,28 99,85 
MgO 45 - 
SiO2 15,56 - 
CaO 1,79 - 

Fe2O3 3,36 - 
Na2O - 0,06 
L.O.I* 33,96 0,29 

* Loss on ignition 
 
3. Results and Discussion 
 
In Figure 1 was given XRD analysis of sintered samples 
from 1400°C to 1700°C. According to XRD analysis, 
MgAl2O4 spinel phase was formed at 1400°C, also 
enstatite (MgSiO3) phase was determined. The 
intensities of this peak were decreased with the increased 
sintering temperature. In this study, MgAl2O4 spinel was 
synthesized from magnesite waste at a similar 
temperature and time as literature [16].  So that, with 
using waste material was synthesized spinel phase more 
economically.  

 
Figure 1. XRD analysis of the sintered samples at 
different temperatures for 1h 

The bulk density graphic of sintered samples at 
temperatures between 1400°C and 1700°C was given in 
Figure 2. Here, the densities were changed from 3,02 
g/cm3 to 2,77 g/cm3 from 1400°C to 1700°C with 
increased sintering temperature. As the literature, the 
bulk density values were obtained around 3 g/cm3 for 
MgAl2O4 spinel [17].  
 

 
Figure 2. Bulk density changes of sintered samples 
 
In Figure 3 was shown the apparent porosity (%) values 
of sintered samples at the different temperatures. The 
apparent porosities of samples were decreased with 
increasing sintering temperature. These results have 
shown that the samples are sintered better with 
increasing temperature.  
Sinhamahapatra et all. [18] have producted the magnesia 
rich magnesium aluminate spinel with the natural 
magnesite and the synthetic caustic magnesia. But, 
spinel and periclase and forsterite are found in the 
samples due to presence of silica as impurities. In our 
study, only magnesium aluminate spinel was formed at 
1600°C. The magnesite contains substantial amount of 
CaO and SiO2, these may form low melting phases, 
which promotes densification of samples at lower 
sintering temperatures. The decrease in apparent 
porosity of samples; from 1400°C to 1700 °C also 
indicates that the densification occurred through liquid 
phase sintering (Figure 7).  
 

 
Figure 3.  Apparent porosity (%) values of sintered 
samples 
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The Vickers hardness of the sintered samples at different 
temperatures was given in Figure 4. The hardness of 
samples was increased from 1400°C to 1600°C, later it 
was decreased up to 1700°C. This situation can be 
explained by density reduction given in Figure 2 and 
with increased the glassy phase seen in XRD analysis 
(Figure 7). The maximum hardness was found in 
sintered sample at 1600°C as 1786 HV. In this study, the 
optimum sintering temperature was determined as 
1600°C for Mg-rich MgAl2O4 spinel production with 
activated magnesite waste and Al2O3 powders. 
 
 

 
 
Figure 4. Microhardness values of sintered samples 
 
 
SEM analyses of sintered samples at different 
temperatures were presented in Figure 5. As seen from 
micrographs, the structure was more densificated, the 
porosity was decreased and the grain size was increased 
with increasing sintering temperature. The 
morphological features were almost similar for all 
sintering temperatures. The average grain size was 
observed range from 5 to 20 m in the sintered sample at 
1600°C for 1h.  
EDS analysis of this sample was given in Figure 6. The 
analysis was applied for different regions and Mg, O, Al 
elements were detected in the grains (2 and 3 points), 
these elements belong to MgAl2O4 spinel. Mg, O, Al, Si 
and Ca elements were detected between the grains (1 
point). It is thought that the oxides in the magnesite 
waste (Table 1) occur the glassy phase in the regions. 
The presence the glassy phase was proved in the XRD 
analysis given in Figure 7. 
 
 

 
(a) (b) 

 
(c) (d) 

 

(e) (f) 
 

(g)  
 
Figure 5. SEM analyses of the sintered samples at (a) 
1400°C, (b) 1450°C, (c) 1500°C, (d) 1550°C, (e) 
1600°C, (f) 1650°C and (g) 1700°C for 1h 
 
 
 

 
 
ELEMENT    1     2      3 
O              33.041 32.981 30.852 
Mg              17.282 18.224 19.044 
Al              29.855 48.795 50.104 
Si              17.664   
Ca              0.323   

 
Figure 6. EDS analysis of the sintered sample at 1600°C 
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Figure 7. XRD analysis of the sintered sample at 
1600°C for 1h. 
 
 
4. Conclusion 
 
In this study, the magnesium-rich magnesium aluminate 
(MgAl2O4) spinel was synthesized from the activated 
magnesite waste and alumina powder. Firstly, mixed 
powders were pressed and sintered at 1400, 1450, 1500, 
1550, 1600, 1650 and 1700°C for 1 h in the open 
atmosphere. The sintered samples were examined with 
same characterization methods. The optimum sintering 
temperature for samples was determined as 1600°C. In 
the produced MgAl2O4 sample at this temperature, the 
bulk density, the micro hardness and the apparent 
porosity was measured as 2,91 g/cm3, 1786 HV,  0.61%, 
respectively.  
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Abstract 
 
In this study, transparent colored glasses were produced in 
a studio environment. These experiments were done by 
preparing colored glass recipes and melting them in metal 
or ceramic crucibles in kiln. Soda lime silica, various 
compositions and metal oxides were used as raw materials. 
Colored glass production was affected by some important 
variables: the most important of these factors were; the 
composition of glass and coloring agents in the recipe 
(usually metal oxides) and the percentage of these. In this 
study, different amount of coloring agents were added to 
glass batch. Color change in glass according to amount of 
added oxides were investigated. Thermal expansion 
coefficient of the colored glasses were examined. Also 
thermal properties of glasses at different temperatures were 
observed. The results of the study have given knowledge 
about using these glasses in various shaping techniques, 
identifying kiln diagrams and how to color glass for glass 
studio. 
 
1. Introduction 
 
Color is the response of the normal eye to certain 
wavelengths of light. It is necessary to include the qualifier 
“normal” because some eyes have abnormalities which 
makes it impossible for them to distinguish between certain 
colors, red and green, for example. Color also can be used 
as material. Color as material and color as light are 
extremely different [1]. Color almost always seems applied 
in different ways. Use of glass specially in an artistic way 
allows color to take form and bring itself to appearance. 
The discussion of color in the glass can be comprehended 
with a simple 3-dimensional form like cube. Also, 
properties like size, transparency, thickness, surface 
smoothness, direction of illumination, etc. have significant 
effect on appearance of colored glass [2].  
The color of glass appears by absorbing and passing light 
spectrum through the glass after hitting the glass surface. 
The disclosure of this action; if glass contains metal ions 
the apparent color is performed due to electron transition 
related to transition elements or rare earth [2, 3] 
The most commonly metals used in glass coloring and 
eventually resulted colors is available in the following 
table. 
 

 

Table 1. Glass coloring oxides [4] 

Color  Colorant Metal oxides 
Blue / 
Turquoise       

Cu2+ ion 
Co2+ ion 

Cu2++CuO 
Co3 O4  

Purpule 
/violet             

Mn2+ ion 
Ni2+ 

tetrahedral 
Nd3+  ion 

Mn2O3 
NiO (in potassium 
silicate glass) 
Nd2O3 

Green Cr3+  ion 
Fe3+ ion 
V5+ ion 

Cr2O3 
Fe2O3+Cr2O3+CuO 
V2O3 

Brown 
 

Mn2+ ion 
Complex ion 
Complex ion 
Ni+2 ion 

MnO 
MnO+Fe2O3 
MnO+CeO2 
NiO 

Yellow Colloidal 
CdS 
Ce4+ +Ti4+ 
Colloidal Ag   
U6+  ion 

CdS 
CeO2 + TiO2 
AgNO3 + SnO2      
UO3 

Orange  Colloidal 
CdS:Se 

 

Red Colloidal Au 
Colloidal Cu 
 

AuCl + SnO2 
CuO 
 

Grey and 
black 

Co2++ other 
ions 
PbS, FeS, 
CoSex 

Co3O4 +Mn, Ni, Fe, 
Cu and chrome oxide 
Various sulphide and 
selenoids  

 
The factors affecting the color formation : 
There are different factors which affect color density and 
concentration in colored glass. The most important of these 
factors are as below. 
The effect of glass composition; the percentage of colorant 
oxides in the composition is one of the most important 
factors affecting the color of glass. The higher percentage 
of metal oxides can produce darker color tones and 
different colors. In addition to the quantity and quality of 
colorant oxides, glass color depends on the source and 
direction of illumination. For example, Neodymium, one of 
the strongest rare earth colorants, is blue under fluorescent 
light and it changes in color to the wine red in normal 
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sunlight. If more than one colorant is found in glass 
composition, color control may be more difficult[2, 3].  
The effect of reduction conditions; some transition metals 
have multiple valence and when mixed with glass 
composition may show different color effects. When these 
metals are dissolved in glass an equilibrium will be 
established between ions which represent different valence 
of metal. The color of the glass depends on the ratio of 
these ions. Also equilibrium ratio depends on the oxygen 
pressure in the glass melting furnace atmosphere[3] 
The effect of furnace atmosphere and melting temperature; 
multivalent metal oxides can be exist with various valences 
in the glass composition. The following equilibrium shows 
the balance between oxygen and ions in the furnace 
atmosphere (M: any multivalent metal or any rare earth 
metal). 
 

4M2+ + O2 = 4 M3+ + 2 O2-       (1) 
                                                        

Increasing the oxygen pressure or the decrease of the 
melting temperature causes increased rates of high valent 
ions and thus can not achieve the expected color. 
As it is given reductive and oxidative atmosphere 
conditions also effects the color [3].  
 
The nal color of the glass would depend not only the 
above mentioned factors and the metal oxide used, but also 
on the amount of colorant used. In addition, the heat 
treatment and the method and rate of cooling the hot glass 
play a crucial role in the glass coloring as well [5, 6]. 
 
 
2. Experimental Procedure 
 
In this article, various tests have been carried out to 
produce colored glass with desirable quality considering 
the effect of temperature on the glass quality. This research 
contributes to the practice of kiln casting method for 
development of techniques to produce homogenous 
transparent colors in a studio environment, using ceramic 
crucibles and single coloring agents in a furnace. 
In the process for glass color testing in a kiln, many factors 
should be considered: firstly, crucible; form, size, material 
and making method, Secondly, firing temperatures and 
cycles for the glass melt, and the amount of glass. The 
central purpose of these tests is to get the color of the glass, 
to allow choosing of appropriate compositions for either 
further testing or making. Also tests give us a basic 
knowledge of color density, allowing judgment of the 
quantity of oxides. the result of test should be a transparent 
sample, which can be viewed in different lighting 
conditions. Crucibles are made using casting clay in wide 
mouth cylinder form, measuring approximately 50 mm in 
diameter, 50 mm in height with a wall thickness of 5 mm 
which normally fires on 900°C and approximately are 
resistant up to 1200°C. commercial glass was grinded to 

d(0.5):18.5 μm by  vibrating cup mill Pulverisette 9. The 
coloring agents (Cr2O3, d(0.5): 2,16 μm - MnO2, d(0.5): 
7.52 μm) mixed with the glass batch (commercial glass) by 
shaking for at least 1 minute in a sealed container. 50g of 
glass batch (commercial glass) per test were used.  The aim 
for these tests was to find oxide amounts to achieve a 
desired color. The single coloring agents includes metal 
oxides which were used in the production of green and 
brownish purple. In tests, the metal oxides which were used 
to get the green and brownish purple respectively are 
Chrome (III) oxide (Cr2O3) and Manganese (IV) oxide 
(MnO2). Tests were produced using these metal oxides in 
percentages of 0.1, 0.3, 0.5, 1 and 3 and three separate 
firing cycle was employed as follows:  
 
 
Time (min.) Temperature 

(°C) 
Holding temperature 

(min.) 
180 600 30 
180 1100/1150/1200* 300 
180 800 5 
30 510 300 
60 400 30 
20 300 30 

120 25 End 
* The same firing schedule was used with different top 
temperatures. 
 
 
3. Results and Discussion 
 
3.1. Glass Coloring with Chrome(III) Oxide (Cr2O3)  
 
Chrome in very small quantities (up to 2%) can be used to 
produce green and yellow green depending on glass batch 
composition[7]. Chromic oxide (Cr2O3) is an important 
refractory material due to its high melting temperature 
(about 2300°C) and oxidation resistance; although its 
sinterability is very poor and requires special sintering 
condition to achieve high density [8]. 
Chrome oxide was sometimes introducing as potassium 
dichromate because of its low solubility. All chromium 
glasses have a high transmission in the red part of the 
spectrum. Chrome was used for the production of 
aventurine glass by the formation of large crystalline plates 
of Cr2O3 in the melt [8]. 
As already mentioned, Chrome(III) oxide used in 
percentages of 0.1, 0.3, 0.5, 1 and 3 to get transparent green 
glass in different tones. The furnace temperature was raised 
slowly and gradually up to temperatures of 1100°C (Fig. 1), 
1150°C (Fig. 2) and 1200°C (Fig. 3) to avoid spattering or 
splashing of the batch materials during melting. The molten 
batches were held for 300 minutes to ensure the 
homogenization of the melts. The glass samples then 
adjusted at 510°C for annealing and then cooled down to 
room temperature.  
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Figure1. Colored with Chrome(III) oxide at temperature of 
1100°C . From left to right : wt. 0.1%, 0.3%, 0.5%, 1% and 
3%. 
 

Figure 2. Colored with Chrome(III) oxide at temperature 
of 1150°C. From left to right: wt. 0.1%, 0.3%, 0. 5%, 1% 
and 3%. 
 

 
Figure 3. Colored with Chrome(III) oxide at temperature 
of 1200°C. From left to right: wt. 0.1%, 0.3%, 0.5%, 1% 
and 3%. 

As it was expected, color density of glass colored with 
chrome oxide rapidly increases between 0.1% and 0.5% 
(Fig. 1-3) and it has appeared almost black at 1%.  
The point that was obvious and common by adding all 
oxides Cr2O3 was change of color tone with increasing 
amount of oxide. Although the impact of the type and 
direction of illumination and the thickness of glass on how 
the color seems unavoidable. The point that was interesting 
and noteworthy was that the chrome green strengthened 
faster than the manganese purple with increasing amount of 
oxide. So as understood, it was caused a kind of 
crystallization on the  chrome  green  glass  in  percentages  
of  over  0.3% (Fig. 1-3). It means to get desirable chrome 
green the amount of chrome oxide should be used up to 
0.3%.   
 
3.2. Glass Coloring with Manganese(IV) Dioxide(MnO2)  
 
MnO2 have been used for many years as coloring/oxidizing 
agents/refining in the manufacture of certain glasses [9]. 
Manganese(IV) dioxide is useful in both oxidation and 
reduction firing for producing brown to purplish color also 
in ancient Rome for making violet color [10]. 
MnO2 have been used as coloring and decolorizing agent to 
neutralize the coloring effect of Fe in the manufacture of 
certain glasses[11]. Varies shade of purple colored glass 
form pink to dark purple by increasing Manganese(IV) 
oxide concentration in the glass composition was observed.  
In this study to produce brownish purple color by doping 
MnO2 to commercial glass batch (wt. 0.1%, 0.3%, 0.5%, 
1% and 3%) was aimed. The samples were fired in the 
same atmosphere and firing schedules but with different 
maximum temperatures (1100°C, 1150°C and 1200°C). 

 
Figure 4. Colored with manganese(IV) oxide at 
temperature of 1100°C . From left: wt. 0.1%, 0.3%, 0.5%, 
1% and 3%. 
 

 
Figure 5. Colored with manganese(IV) oxide at temperature of 
1150°C. From left to right: wt. 0.1%, 0.3%, 0. 5%, 1% and 3%. 

 

Figure 6. Colored with manganese(IV) oxide at temperature of 
1200°C. From left to right: wt. 0.1%, 0.3%, 0. 5%, 1% and 3%. 

 
 
Brownish purple is seen in the concentration more than 3% 
of manganese (IV) oxide in the composition. It can be said, 
in order to get intended manganese purple it should be 
more than 3% because the color formation is beginning to 
appear over 3%. So the best result of manganese (IV) oxide 
has been achieved at 3% and in firing cycle with 1150°C 
maximum temperature because we resulted translucent 
brownish purple glass at temperature of 1100°C and got 
lighter but more transparent brownish purple at temperature 
of 1200°C. It is estimated that the reason which cause 
purple brownish to be lighter at temperature of 1200°C is 
reducing the concentration of MnO2 in glass composition 
by in increasing temperature. It can be proved by 
spectroscopic analysis which was not carried out during the 
present study. As observed, by changing firing cycle (max. 
temperature) and ratio of doped colorant oxides glass with 
different colors and transparency was obtained.  
 
3.3. Thermal Expansion Behavior 
 
Dilatometry analysis results showed as expected that 
thermal expansion coefficient was the tendency of glass to 
change in shape and volume in response to a change in 
temperature similarly. Three important behavior of the 
produced glasses like dilatometric transformation 
temperature (Tg), dilatometric softening temperature (Ts) 
also compatibility of the thermal expansions can be seen 
from the thermal expansion experiment results. Thermal 
properties of glasses were analyzed by Linseis L75. 
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Heating rate during the measurement was fixed to 10 
°C/min. 
Commercial glass has the lowest dilatometric 
transformation temperature (524,3°C) and dilatometric 
softening temperature (582,4°C ) (Fig. 7, Tab. 1). 
 

 
Figure 7. Dilatometry analysis result of commercial glass. 

 
Table 1. Dilatometric transformation and softening 
temperatures of obtained glasses. 
Glass Composition Tg (dil.) Ts (dil.) 
Commercial Glass 524,3°C 582,4°C 
Commercial Glass + wt. 3% 
Cr2O3 

561,8°C 619,4°C 

Commercial Glass + wt. 3% 
MnO2 

538,4°C 595,6°C 

 
 
Cr2O3’s higher melting point than MnO2 causes higher 
dilatometric Tg and Ts. Commercial glass with wt. 3% 
Cr2O3 has highest dilatometric Tg and dilatometric Ts. Even 
though the diversity at dilatometric transformation 
temperatures and dilatometric softening temperatures of the 
three different glass compositions, thermal expansion 
behavior of all these were similar (Fig. 8). 
 

 
 
Figure 8. Dilatometry analysis result of commercial glass, 
commercial glass with wt. 3% Cr2O3 and commercial glass 
with wt. 3% MnO2. 

Also artistic works can be produced by using these colored 
glass compositions (Fig. 8). Commercial glass + wt. 0.1 % 
Cr2O3 was used for green color and commercial glass + wt. 
3% MnO2 was used for brownish purple color.  

 
Figure 9. Artistic work produced by transparent and 
colored glasses by adding Cr2O3 and MnO2 colorant agents. 

4. Conclusion  
 
In the present study the effect of heat treatment and the 
percentage of metal oxides in the glass composition on 
glass coloring has been investigated. Best color with MnO2 
was obtained by adding wt. 3% MnO2 melting at 1150 °C. 
The optimum color for Cr2O3 group was achived by adding 
wt. 0.1% Cr2O3 to milled commercial glass. Even by 
adding high amount wt. 3 % MnO2 and Cr2O3 the thermal 
expansion of glasses were showed similar behavior. In 
studio environment glasses can be colored by adding 
coloring oxides successfully at low temperatures like 
1150°C. 
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ABSTRACT 

This study was carried out in order to investigate the 
possible use in 
ceramic frits . IZO sample was generated at laboratory 
scale by a new sustainable and environmentally friendly 
process of upgrading of HZO (Halide bearing Zinc 
Oxide) concentrate. HZO is industrially produced in 
South Korea from the recycling of EAFD (Electric Arc 

technology. First of all, chemical, mineralogical and 
physical properties of the IZO and a standard ZnO 
provided commercially were measured. Then, several 
transparent and opaque frit formulations containing 
sustainable and commercially available ZnO powders in 
varying amounts were prepared under laboratory 
conditions. From these frits, transparent, opaque and matt 
wall tile glazes were formulated and prepared at 
laboratory conditions. Glazes were applied to already 
engobed wall tiles and fired under standard industrial 
firing conditions. The physical, mineralogical and color 
properties of the fired bodies were measured. Scanning 
electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX) were further employed in order to 
observe the microstructural and micro chemical 
characteristics of the fired bodies. The experimental 
results showed that it was possible to employ IZO in the 
place of commercially available standard ZnO. No 
difference of qualities has been observed between the 
different ceramics produced with the IZO and a zinc 
oxide usually used in the ceramic industry. 

 

1. INTRODUCTION 

 South Korean Rotary Hearth Furnace plant is 
the largest Asian Electric Arc Furnace Dust recycling 
facility with a capacity of 200 000 tons per year. The zinc 
contained in the dust is recovered in a zinc oxide 

concentrate called HZO (Halide-bearing Zinc Oxide). A 
sample of this concentrate was upgraded at laboratory 
scale into Industrial Zinc Oxide (IZO) by using the 
innovative and environmentally friendly CML 
(Consecutive Metal Leaching) process developed by 
ZincOx. This study was carried out in order to investigate 
the possible use of IZO in ceramic frits.  

 

In the frame of increasing global commercial competition 
in the field of whitewares, the main efforts in the 
processing are currently directed towards the reduction of 
production costs without risking the productivity rates or 
product quality. In ceramic tile production, zinc oxide 
(ZnO) generally used in glazes and frits. 

 
In acid glazes with high alumina content, zinc oxide 
plays a fluxing role. Depending on the percentage used, 
this oxide has a range of effects: 

 
a) In low percentages: increases the brightness 

of glasses and colors except for greens and 
blues; together with alumina it improves the 
opacity and whiteness of the glazes as long 
as CaO content is low: in the absence of 
B2O3 it reduces the thermal expansion 
coefficient. 

b) In high percentages: devitrifies from the 
vitreous mass, giving the glaze surface a 
characteristic matt finish, brought out where 
the glaze is basic. 

c) In very high percentages: crystallizes and 
individual crystals made up of ZnO silicates 
separate. Glasses rich in this oxide are 
extremely vulnerable to acid aggression [1]. 

 
ZnO is used for whiteware, stoneware, terracotta and raw 
glazes. Introduction of small amounts of ZnO into high 
fire porcelain glazes enhances the fusion and promotes a 
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smooth perfect surface. When the amount of ZnO 
increases in the glaze, it acts as a refractory and 
saturation of the glaze with ZnO results in crystalline 
texture. Zinc containing glazes consist of alkaline (R2O), 
rare earth alkaline oxides(RO), SiO2, and Al2O3 in their 
chemical composition. Willemite (zinc silicate) is the 
main crystalline phase of these glazes. Excessive 
amounts of ZnO may lead to crawling, pitting, and pin-
holing, but in conjunction with alkaline oxides, it 
provides a bright and smooth glaze surface without any 
defects [2]. 

 
In glazes, ZnO generally resembles alkaline earth oxides. 
However, the dissolution rate of ZnO is somewhat faster 
and occurs at slightly lower temperatures than alkaline 
earth oxides. The incorporation of the ZnO containing 
glazes caused lowering of the temperature of 
densification onset [3]. 

 
Zinc oxide is a valuable auxiliary flux in glazes firing up 
to about 1050°C. At higher temperatures, it is effective in 
viscosity reduction and the amount added to a glaze 
recipe should be adjusted to needs. By its use the firing 
range of high temperature glazes is extended. While 
some glazes mature, zinc oxide will dissolve readily even 
if present in excessive amounts. On cooling, crystals 
appear as those formed from a saturated solution. The 
fine crystals collect any pigment or colouring ion present 
in the glaze to give highly decorative effects [4]. 

 
Low firing temperatures could be used when small 
amounts of ZnO and B2O3 were added. In this case, under 
suitable conditions, a high content of zinc oxide can 
easily act as a nucleating agent and zinc-based crystalline 
phases can be obtained. The zinc-containing glaze is 
usually gloss fired at 1150 1300°C. It gives the well-
known macrocrystalline glaze due to the formation of 
willemite (2ZnO·SiO2) crystals which can grow up to 
centimeters in size [5]. 

 
Zinc oxide (ZnO) is not classified as a crystallisation 
agent but known to improve crystallisation in soft 
porcelain crystalline glazes producing its own phases. It 
is also reported that with those crystal phases ZnO can be 
used to produce opaque and matte glazes. In some of 
previously done studies although the relevant glaze 
systems did not contain titania which is known to 
produce nuclei for the development of zinc-based crystals 
it was shown that even in the absence of TiO2, ZnO is 
still capable of forming its own crystals [6]. 
 
2. EXPERIMENTAL STUDIES 
 
XRD measurements were carried out using a Rigaku 
2200 Rint model equipment. X-ray fluorescence 
measurements were carried out using a Rigaku ZSX 

Primus model equipment. The particle size distribution of 
the powders were determined by laser diffraction 
(Malvern Mastersizer 2000). Four frits were melted in 
alumina crucibles at 1475 oC in a box type laboratory 
furnace and then poured into cold water to obtain the 
frits. 6 different glazes were prepared with these frits. 
The glazes are applied to the engobed wall tiles and fired 
at laboratory scale furnace. Firing was carried out at a 
peak temperature of 1135 ºC for a soaking time of 5 
mins. The total firing time was 40 minutes. Melting 
behavior of the prepared glazes was studied using a non-
contact measurements Misura 3.2 model heating 
microscope. 

 

3. RESULTS 

ZINCOX-IZO and commercially available ZnO 
-received powders were compared in 

Figures 1 and 2 where the main crystalline phase was 
found to be Zincite. As known, zincite is the mineral 
form of ZnO. 

 

 
Figure 1 : Representative XRD spectra of a 
commercially available ZnO.  
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Figure 2 : Representative XRD spectra of ZINCOX-IZO 
ZnO. 

 

X-ray fluorescence measurements can be seen from 
Table 1, both powders have almost same amount of ZnO, 
only differs in minor oxides. 

       Table 1 : XRF of the ZnO powders 

 

 ZINCOX-
IZO 

Wt. (%) 
AVAILABLE ZnO 

Wt. (%) 
SiO2 0.216 0.187 

CaO 0.035 --- 

Cr2O3 0.047 --- 

Fe2O3 0.191 0.206 

ZnO 99.397 99.427 

PbO 0.087 --- 

SO3 --- 0.070 

L.O.I. 0.027 0.110 

 

ZINCOX-IZO and commercially available ZnO powders 
are compared according to their particle size distribution 
(Table 2) where they were found to have a similar 
particle surface distribution. It is well know that physical 
characteristics of the powders such as particle shape, size, 
distribution and surface area will affect the melting 
behavior and thus the glaze surface quality of the ceramic 
tile. 

 

       Table 2 : Particle Size Distribution of the ZnO 
powders 

 

 
ZincOx IZO Commercially 

Available ZnO 

d(0.1) m 0.945 0.952 

d(0.5) m 2.193 2.156 

d(0.9) m 6.059 5.849 

 

According to the frit formulations given in Table 3, four 
different types of frits were obtained. Six different glaze 
compositions were prepared using four different frits 
(Table 4). The prepared glazes were then applied onto the 
engobed wall tiles. Measurements of the chromatic 
coordinates were carried out on the glazed surface (Table 
5). 
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Table 3 : Frit Compositions 

RAW MATERIAL 
(wt. %) 

TRS.
* 

STD. 

TRS.* 
ZincOx 

IZO 

OPAQUE 
STD. 

OPAQUE 
ZincOx 

IZO 

QUARTZ 32.0 32.0 49.5 49.5 

ALUMINA 2.0 2.0 4.0 4.0 

K-FELDSPAR 25.0 25.0 1.5 1.5 

K-CARBONATE 4.5 4.5 4.5 4.5 

CALCITE 14.5 14.5 13.5 13.5 

DOLOMITE 6.0 6.0 10.0 10.0 

COMMERCIALY 
AVAILABLE ZnO 7.0 --- 11.0 --- 

ZINCOX-IZO --- 7.0 --- 11.0 

BORIC ACID 7.5 7.5 --- --- 

BORAX 1.5 1.5 --- --- 

ZIRCON --- --- 6.0 6.0 

TOTAL 100,0 100,0 100.0 100.0 

*) Transparent 

 

 

 

 

 

 

 

Table 4 : Investigated Compositions 
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TRS. 
STD. FRIT 93 --- --- --- --- --- 

TRS. 
ZincOx IZO 
FRIT 

--- 93 --- --- --- --- 

OPAQUE 
STD. 
FRIT 

--- --- 93 --- 90 --- 

OPAQUE 
ZincOx 
IZO 
FRIT 

--- --- --- 93 --- 90 

CALCITE --- --- --- --- 5 5 

KAOLIN 7 7 7 7 5 5 

TOTAL 100 100 100 100 100 100 

*) Transparent 

 

 

Table 5 : Chromatic coordinates of glazes (L, a, b) 
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L 89.07 89.48 93.99 93.54 94.69 94.32 

a 0.89 0.65 - 0.14 -0.05 0.08 0.11 

b 0.55 0.52 1.11 1.41 1.58 1.66 

*) Transparent 
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Considering the visual appearance of the fired glazed 
surfaces, they showed similar surface quality. This 
observation is also confirmed by their chromatic 
coordinates in Table 5.  

 
Transparent and opaque frits are the main frits used in 
ceramic tile sector and their consumption is much more 
than the other types of frits. The content of ZnO in other 
frit compositions is lower than transparent and opaque 
frits. Many of companies are producing their own matt 
glazes by using opaque frit and raw materials. Melting 
behavior analysis results are presented in the table below 
(Table 6). 
 

Table 6 : Thermal behavior of glazes  

 
TRS. 
STD. 

TRS. 
ZincOx 

IZO 

OPAQUE 
STD. 

OPAQUE 
ZincOx 

IZO 

Sintering 
temperature 
(o C) 

872 878 920 904 

Softening 
temperature 
(o C) 

994 1010 1084 1088 

Sphere 
temperature 
(o C) 

1048 1050 1114 --- 

Half Sphere 
temperature 
(o C) 

1116 1104 1166 1128 

Melting 
temperature 
(o C) 

1184 1138 1228 1148 

 

As can be seen from Table 6, opaque ZincOx IZO glaze 
shows lower melting behavior than opaque standard 
glaze. It begins to melt at lower temperatures. Opaque 
standard glaze has wider working interval when 
compared to opaque ZincOx IZO glaze. Both transparent 
glazes show similar thermal behavior. Viscosity of glassy 
phase decreases when liquid phase of glaze increases and 
thus melting behavior of ZincOx IZO glaze is thought to 
be lower than standard glaze. It is believed that if a glaze 
shows lower melting points, there will be no need to 
reach upper firing temperatures. Approximately 30% of 
producing cost of one square meter ceramic tile consist of 
energy costs. In order to have energy saving, to reach to 

lower melting points is good for ceramic tile company. 
But on the other hand every company must set their own 
firing temperatures regarding body formulation, glaze 
formulations and organic ingredients. 

 

Figure 3: Thermal behavior graphics of opaque standard 
and ZincOx IZO glazes. 

 

 
Figure 4: Thermal behavior graphics of transparent 
standard and ZincOx IZO glazes. 

 

Microstructural observations were performed on standard 
zinc oxide and ZincOx IZO powders under different 
magnifications (Figs. 5 and 6). Representative images 
were obtained from the glaze surfaces and the crossed 
sections of the fired samples. All the investigated 
samples were sputtered with a thin layer of gold-
palladium alloy in order to prevent charging. 

ZincOx IZO powder is usually in the form of equiaxed 
grains. On the other hand, standard ZnO powder has 
needle like particle shapes. Considering the images 
obtained from the fired glaze surfaces and the cross-
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sections, distribution and the shape of the zinc containing 
crystals are found to be similar. 

 
Figure 5: Typical SE image of ZincOx IZO 

powder ( 15000 X) 
 

 

Figure 6: Typical SE image of standard ZnO 
powder ( 15000 X) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
 

Sustainable zinc oxide powder was produced by the 
laboratory upgrading of HZO (Halide Bearing Zinc 
Oxide). HZO concentrate was taken from the recycling of 

Rotary Hearth Furnace technology First of all chemical, 
mineralogical and physical properties of ZincOx-IZO and 
a standard ZnO provided commercially were measured. 
Then, several transparent and opaque frit formulations 
containing IZO and commercially available ZnO powders 
in varying amounts were prepared under laboratory 
conditions. From these frits, transparent, opaque and matt 
wall tile glazes were formulated and prepared at 
laboratory conditions. Glazes were applied to already 
engobed wall tiles and fired under standard industrial 
firing conditions. The physical, mineralogical and color 
properties of the fired bodies were measured. Scanning 
electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX) were further employed in order to 
observe the microstructural and micro chemical 
characteristics of the fired bodies. The experimental 
results showed that it was possible to employ ZincOx-
IZO in the place of commercially available ZnO in frits 
and glazes with similar properties. 

Standard tests (-EN 10545 standard tests-) were applied 
on glazes made with commercially available ZnO and 
with ZincOx-IZO. No significant difference was 
observed between the different glazes. The experimental 
results showed that ZincOx-IZO can replace in frits and 
glazes the commercial zinc oxide normally used in these 
applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    1 m 

    2 m 
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Abstract  
 
In this study CaO-Al2O3-SiO2 (CAS) based coating powders 
prepared for plasma spraying coating process. In accordance 
with this purpose, natural, waste and pure materials were 
used to prepare composition of compound which contain 
%57.5 SiO2, %27.5 CaO, and %15 Al2O3 by weight.  The 
glasses obtained by melting at 1450oC, then were annealed 
at 600oC for 1h. Annealed CAS glass samples were crushed, 
milled and sieved to obtain desired particle sizes. Phase 
analysis and microstructural properties of prepeared 
powders were analyzed by X-Ray diffraction (XRD), 
scanning electron microscopy (SEM). The results showed 
that obtained CAS based glass powders were non-porous, 
had an angular shape and proper flowability for plasma 
spray coating process. 
 
1.Introduction 
 
Atmospheric plasma spraying is one of the most commonly 
used thermal spraying processes because of its flexibility, 
high deposition rates and multifunction [1]. It consists of a 
plasma source where a feed material is melted and 
accelerated until it impacts upon substrate. The high heat 
energy provided by plasma flame could melt spraying 
materials quickly and the solidification of the melting 
materials can obtain a lamellar structure coating preventing 
the formation of vertical cracks in the coating. Therefore, 
the coating prepared with plasma spraying often exhibits 
good thermal shock resistance and outstanding oxidation 
protective ability [2,3]. Plasma spraying is employed to 
deposit coatings of almost all materials including metal 
alloys, ceramics and cermet with a congruent melting point 
onto the substrate [1,4]. It is known that the properties of 
plasma spraying coating is related to many parameters of 
plasma spraying process such as the powder feed rate, the 
spraying power, spraying distance, gas flow rate and 
particle size [1,5]. These parameters affect the thermal 
energy and kinetic energy of the particles. If particles are 

subjected to an excess of thermal energy, they can be 
vaporized in the plasma jet rather than arriving at the 
substrate in the fully molten condition. However, if the 
particles receive too little thermal energy, they arrive at the 
substrate in an unmelted condition. It is widely recognized 
that the hardness increases with the increasing coating 
density, i.e. decreasing number of pores and microcracks 
[1]. 
 
The deposition efficiency, interface bonding and 
mechanical properties of sprayed coatings increases with 
the increase of particle velocity and temperature. It was 
demonstrated that the as-sprayed coatings show elemental 
composition different from the initial feedstock powders. 
Variation of plasma gun power allows changing and 
controlling the plasma jet temperature and, consequently, to 
adjust the melting degree of the feedstock powders. 
Therefore, it is generally considered that the fully melted 
particles will lead to production of dense with low pore 
volume coatings. The nature and elemental composition of 
the initial powders are directly related to the melting 
temperature. Therefore it is very important to obtain the 
optimal spraying process parameters for individual 
feedstock powders [5]. Powder characteristics such as 
shape, density, and purity also have a significant influence 
on the thermal-spray process used and resulting coating 
properties. Thus the end user must have a good 
understanding of all powder characteristics to be capable of 
matching powder type, coating rate, deposition efficiency, 
and price to achieve optimum coating performance [5-7]. 
The coating material, in powder form, is radially fed into 
the plasma flux just outside the nozzle exit: the particles are 
therefore dragged and heated by the plasma itself, so that 
they melt and accelerate towards the substrate. The melted 
droplets impact on the substrate, flattening and solidifying 
in a few microseconds, assuming a typical lamellar (or 
splat-like) morphology. Among thermal spraying techniques 
the plasma spraying is probably the fittest to spray glass 
powders [6]. 
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The torch power is a crucial parameter, because it 
influences the velocity and temperature of the plasma flow 
and, in consequence, powder particles directly [5]. These 
parameters directly influence the heat and mass transfer 
between particles and plasma jet, and then affect the degree 
of melting of particles, the temperature and in-flight 
velocity of droplets before they impact on the substrate [1]. 
 
To produce spray powders, precursor materials must be 
melted or sintered with subsequent size reduced by 
crushing, grinding and attrition milling. Mixing of powders 
and classification are also important process steps. Fusing 
and crushing technique of manufacturing is applied to 
ceramics and cermet (carbide) powders as well as to brittle 
metals. Oxide ceramics are manufactured by fusing or 
sintering followed by crushing. The fused or sintered 
powders are blocky and irregular and this lowers their 
flowability [8]. 
 
Numerous reports on the ternary system CAS have been 
issued in the literature [9]. Glasses in the ternary CAS 
system find their application in printed circuit boards, gems 
and also glass fibers. Furthermore, they are used as 
reference material [9]. CAS s ystem glasses are one of the 
basic silicate systems that have been used widely in many 
fields of industry [9-11].  
 
In this work, CAS based plasma spraying coating powder 
was prepared using natural, waste and pure materials. XRD 
was conducted with a Rigaku-type diffractometer with Cu 
K  radiation, to analyse CAS based coating powder over a 
2  range of 10°–90°. A JEOL 6060 SEM-EDS was used for 
characterization of starting and produced CAS based plasma 
powders. 
 

2. Experimental Procedure 
 
The chemical composition of waste and natural materials 
that used in this study are given in Table 1. Zeolite raw 
materials used as a SiO2 and Al2O3 resources both CAS1 
and CAS2 compositions. Eggshell powder was used as a 
CaO resource for CAS1 and marble powder was used in 
CAS2 composition for same purpose. Table 2 shows CAS 
compositions that selected according to the CAS ternary 
diagram which has low melting temperature within this 
system.  
 
The raw materials mixed by wet ball milling for 24 h and 
then dried at 100oC for 48h. After drying process the 
powder mixture was put into an alumina crucible and 
melted at 1450oC for 2 hours. Then the melt was cast into a 
graphite mould and placed into preheated furnace (600oC) 
for 1 hour to annealing. Annealed CAS glass samples were 
crushed, milled and sieved to 45-125 m to obtain desired 
particle sizes. AISI 304 steel was used as substrate material 
in the dimensions of 5x5 cm. Stainless steel samples were 
cleaned in ethyl alcohol and acetone, ultrasonically for 15 
min and then sand blasted with 24 grit alumina.  
Atmospheric plasma spray coating technique (Sulzer 
METCO, F4 Plasma spray gun) was used for coating 
treatment of the prepared CAS based powder on NiCr 
(Metco 43F-NS) coated steel samples. Only one surface of 
each substrate was coated. X-ray diffraction (XRD) analysis 
was performed with RIGAKU D/Max/2200/PC to 
determine the crystalline phases occurred in the produced 
glasses. Scanning electron microscopy (SEM, Jeol 6060LV) 
and energy-dispersive X-ray spectroscopy (EDS) were used 
to characterization of starting powders and produced CAS 
based glass powders. 

Table 1. Chemical Components of Raw Materials (wt %). 

            I.L. (Ignition Loss) M.P. (Marble powder) Eggshell (E.S.) 
 
Table 2. Composition of CAS glass-ceramics (wt%). 

SiO2 Al2O3 CaO Composition 
(wt%) Zeolite E.S. M.P. 
CAS1 57.5 15 27.5 - 
CAS2 57.5 15 - 27.5 

 
3. Result and Discussions 
 
Figure 1 showed the XRD pattern of CAS1 and CAS2 
coating powders and as-sprayed CAS coatings. XRD pattern 
of the coating powders and as-sprayed coatings for both 
CAS1 and CAS2 as presented in the curves showed a 
complete amorphous material. 

 
Figure 1. XRD patterns of CAS 1 and CAS 2 coating 
powders and as-sprayed CAS coatings. 

Components  CaO Al2O3 SiO2 K2O Na2O Fe2O3 MgO TiO2 SO3 P2O5 I.L. 
Zeolite 2.383 13.123 76.972 4.631 0.188 1.669 0.935 0.099 - - - 
M. P 71,63 0.111 0.176 - - 0.067 0.427 - - - 27.59 

Eggshell 51.76 0.040 0.109 0.083 0.110 0.122 0.367 - 0.597 0.177 46.63 
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The CAS based glass powders particles have the typical 
shape of a mechanically milled material as seen in Figure 2. 
SEM micrographs indicate the particles have an irregular 
morphology. An acceptable particle size distribution has 
been achieved through sieving. Figure 3 indicates the 
granulometric distribution: the maximum of the distributive 
curve lies at around 100 m, an optimal particle size for 
plasma spraying, although the distribution is not narrow 
around this value. It is important to have spray powders 
with a narrow particle size distribution, since several studies 
have shown that spray parameters can be optimized only for 
a narrow particle size distribution [12,13]. 

Figure 2. SEM micrographs of a) Eggshell, b) Marble, c) 
Zeolite, d) CAS1 starting, e) CAS1 and f) CAS2 coating 
powders. 
 
The as-sprayed CAS1 and CAS2 coatings (Fig. 4) have 
much more porosity, which are quite high, but not too 
different from literature porosity values for plasma-sprayed 
coatings [14]. Both the coatings show a broad band in the 
diffraction patterns, with no detected crystalline phase peaks 
(Fig.1). They both present the lamellar microstructure of 

plasma sprayed coatings. The defectiveness of as-sprayed 
coatings might be ascribed to different reasons: the broad 
particle size distribution, the low thermal conductivity of 
glasses which hinders heating and melting of the middle 
region of sprayed particles, the low density of glasses when 
compared to other engineering ceramics usually employed 
in thermal spraying (like alumina and zirconia) resulting in 
lower particle speed (the particle density affects the viscous 
drag) and lower kinetic energy upon impact. 
 

a 

b 
Figure 3. Particle size distribution for a) CAS1, b) CAS2 
coating powders. 
 
The higher defectiveness of CAS1 and CAS2 as-sprayed 
coatings mainly to the different grain size distribution of the 
CAS starting powders: the effect of increasing particle size 
distribution on higher porosity of plasma-sprayed coatings 
(mainly because of increased amount of unmolten material) 
has been widely discussed in literature [14]. 
 
Cross-sectional micrographs show that as-sprayed coatings 
have a defective microstructure (Fig. 4), typical of the 
plasma-spraying process: besides the presence of pores due 
to gas entrapment between splats, there are a few unmelted 
particles and, in particular, interlamellar and intralamellar 
microcracks, which reduce the coating cohesion [13]. CAS1 
coatings (eggshell powder was used as a CaO resource) 
have denser than CAS2 coatings (marble powder was used 
as a CaO resource). Phase analyses of the both coatings 
have amorphous structure as seen in Figure 1.  As a result; 
all coatings have lamellar structure, porosity and amorphous 
structure.

Consequently, some general conclusions on plasma 
spraying of glass coatings can be drawn. In the as sprayed 
conditions the coatings are always defective so they must be 
thermally treated. In any case, proper heat treatments 
always improve the coatings mechanical properties. The 
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highest improvement in mechanical properties is obtained 
when controlled crystallization of suitably chosen glass 
compositions is achieved [6]. 
 

 
a 

 
b 

Figure 4. SEM micrographs cross-section; a) CAS1 as-
sprayed, b) CAS2 as-sprayed coatings. 

 
4. Conclusions 
 
The as-sprayed microstructures were fully vitreous and very 
defective: pores, cracks due to thermal stresses relaxation 
and very rough and irregular surfaces were present. Post-
process thermal treatment can enhance the microstructure, 
but the degree of improvement strongly depended on the 
thermal behaviour of the coating materials. Thus, future 
developments of this research will focus on the 
crystallization of glass compositions in order to achieve 
very high quality glass ceramic coatings (small amount of 
porosity, high toughness induced by crystallization). 
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Abstract 

The objective of the present work are to produce 
Strontium zirconate (SrZrO3) powders and coatings 
which are used for application as materials for thermal 
barrier coatings (TBC) at operating temperatures 

SrZrO3 is produced by solid phase synthesis 
from zirconium dioxide and strontium carbonate. Starting 
powders were a high grade ZrO2, and commercial SrCO3. 
Powders calcined at 6 h with a heating rate of 
10 C/min. The powders were calibrated the correct 
particle size for plasma spraying and characterized using 
SEM-EDS and XRD techniques. Strontium zirconate 
(SrZrO3) powders has been deposited on stainless steel 
substrates by atmospheric plasma spray technique. 
Thermal shock tests were performed over the specimens, 

quenching for 2 min. The coatings have been 
characterized by SEM-EDS and XRD techniques. 

1. Introduction 

Atmospheric plasma spraying (APS) technique is 
generally used for depositing ceramic materials due to 
the high enthalpy and temperature available in the 
plasma jet. Depending on the process parameters, the 
temperature at the core of plasma jet can be as high as 
10.000-15.000K and any metal or ceramic powder 
injected into the plasma jet can be melted and spray 
coated. The injected spray grade powder particles are 
rapidly melted, accelerated and propelled at high 
velocity to the substrade surface. Quality of the deposit 
is determined by many parameters controlling the 
coating microstructure [1]. 

Plasma sprayed ceramic coatings are extensively used 
for thermal barrier, wear and corrosion resistant and 
chemical barrier applications. The choice of the specific 
ceramic material is decided by its thermal stability, 
chemical stability in the operating environment, etc. [2].  

Plasma-sprayed TBCs typically consist of an oxidation 
resistant metallic MCrAlY (M=Ni and/or Co) bond coat 
and a ceramic top coat. Present top coat materials are 
based on 7-8 wt.% Y2O3-stabilized ZrO2. However, at 
higher temperature, volume changes induced by phase 
transformation and sintering give rise to cracks, leading 
to coating failure. To overcome this shortcoming, the 
search for new TBCs materials has been intensified. 
Perovskite type SrZrO3 has been investigated as 
candidate TBCs material [3]. Zirconates with high 
melting points were investigated for application as 
materials for thermal barrier coatings at operating 
temperatures 3 powders were 
synthesized and sintered to compacts with various levels 
of porosity [4-7]. In this study, SrZrO3 was coated by 
atmospheric plasma spraying technique on stainless steel 
(AISI 304L) substrates and investigated the thermal 
cyclic life of the coatings.  

2. Experimental Procedure 
 
2.1. Materials 
 
Figure 1 presents a flow chart for the preparation of the 
SrZrO3 powder  and coatings. Firstly, as 
the starting materials, a high grade of ZrO2 and SrCO3 
(Aldrich,>98%, Munich, Germany) were used. The 
properties of the raw powders are shown in Table 1. 
SrCO3 and ZrO2 starting powders were mixed in the 
Sr/Zr atomic ratio of 1.136 using conventional ball-
milling techniques. The mixtures were ball milled for 4 h 
using ZrO2 balls and distilled water as the milling media 
to provide homogenous mixtures. After drying, the 
mixed powders were stabilized by heating in air at 

 to complete the calcinations and partial 
sintering of the powders. Sintering powders were 
screened and calibrated the correct grain size for plasma 
spraying.  
 
Table 1. Chemical analysis of raw ZrO2 and SrCO3(wt%) 

Powder  ZrO2 SrCO3 HfO2 SiO2 Fe2O3 
ZrO2 97.64 - 1.89 0.15 0.03 
SrCO3 -  - - - 
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Figure 1. Flow chart for the powder production and 

coating process. 

2.2. Deposition process 

AISI 304L stainless steel plates of 30 mm diameter were 
used as a substrate. Before the deposition process, steel 
substrates were grit blasted with Al2O3 particles and 
followed by ultrasonic cleaning in acetone for 15 min. A 
33 kW air plasma spraying system (Sulzer METCO, F4 
Plasma spray gun) was utilised to produce coatings using 
the parameters summarised in Table 2. Only one surface 
of each substrate was coated. The coating parameters of 
the SrZrO3 ceramic top coat and the NiCrCoAlY bond 
coat were summarised in Table 2. 

Table 2. Plasma spraying parameters of the coatings 
Primary gas flowrate (Ar) 80 
Secondary gas flowrate (H2) 15 
Carrier gas flowrate (Ar) 10 
Spray distance, mm 100 
Current, A 500 
Voltage, V 66 
Power, kW 33 

2.3. Characterisation  

Microstructures of the starting powders (ZrO2, SrCO3), 
produced plasma powder (SrZrO3) and plasma sprayed 
coatings were analysed using JEOL (JSM-6060LV) 
SEM with energy  dispersive X-ray spectrometry (EDS). 
X-ray diffraction  (XRD) analysis was carried out on 
RIGAKU DMAX  2200 type diffractometer with Cu
radiation, which has a wavelength of 1.54059 
analyse phases of coating powder and SrZrO3 coatings 

over a 2    
 
2.4. Thermal shock test 
 
Two different temperatures (1000  C) were 
used for thermal shock ) furnace tests. The samples were 
directly pushed into the furnace. When the temperature 
of the furnace reached up to 1 C the samples 
were held at these temperatures for 5 min, and then 
cooled down rapidly by forced air flow for 2 min. After 
2 min, the samples were on room temperature. More 
than 50% of the spalled region of the surface of the top 
coating was adopted as criteria for the failure of the 
coating samples [6,8]. This type of thermal shock testing 
was also performed by other investigators [9-12]. 
 
3. Results and Discussion 
 

  
(a) (b) 

 
(c) 

 
(d) 

Figure 2. a. SrCO3, b. ZrO2, c. SrCO3-ZrO2 starting 
powder and d. SrZrO3 powder sintering at  

Figure 2 shows the morphology of SrCO3 and ZrO2  
starting powders, SrZrO3 powder before sintering 
prosess and SrZrO3 
hours respectively. SEM examination shows that the 
morphology of SrZrO3 powder is irregular and angular 
shapes owing to the sintering and crushing processes. 

Starting powders  
(ZrO2, SrCO3) 

Sintering 
1600oC for 6 hours 

Crushing + sieving 

SrZrO3 Plasma Powder 

Mixing  
ZrO2 ball  

Drying  
100oC for 24 hours 

Plasma Spray Coating 
(AISI 304 Stainless Steel) 
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Furthermore, these powders are not only irregular in 
shapes but also occasionally there are some spherical 
ones exist. These forms obtained by sintering-crushing 
technique are applied the thermal treatment to obtain 
spherical grains [9]. 

Figure 3 shows cross-sectional SEM micrographs of 
polished surface of the as sprayed SrZrO3. The ceramic 
top coat, NiCrCoAlY bond coat and stainless steel 
substrate are clearly seen in Fig. 3. Randomly distributed 
small pores of different sizes and microcracks were 
observed in all coatings. All of the coatings showed the 
lamellar structure which is a characteristic of plasma 
sprayed coatings. In APS layers, intersplat pores result 
from the impingement of molten droplets onto a 
substrate. These pores are roughly aligned parallel to the 
substrate surface and are accompanied by microcracks 
and fine grain boundaries.  

 
(a) 

Figure 3. Cross-sectional SEM micrographs of polished 
surface of the as sprayed SrZrO3 

Fig. 4 presents the XRD patterns SrZrO3 plasma powder 
before sintering and heat treated in a  furnace in the 

atmosphere and phases formed on the produced SrZrO3 
coating. Plasma powder mixture before sintering have   
ZrO2, SrCO3 phases. All SrZrO3 plasma powders 
crystallize in an orthorhombic structure according to 
literature.  The main phase composition was found to be 
SrZrO3 (orthorhombic) in all coatings   accordance with 
ZrO2-SrO phase diagram also. No other phases were 
detected [3,13].  

Thermodynamic equilibrium calculations reveal a 
temperature of 1
SrCO3+ZrO2      SrZrO3 +CO2 at 1 bar CO2. This reaction 

decomposition of SrCO3 takes place. However, the 
reverse reaction of SrZrO3 to SrCO3 and ZrO2 is not 
observed. This means that SrZrO3 is stable in pure 1 atm 
CO2 atmosphere. XRD data showed that SrZrO3  with 
perovskite-type structure belongs to orthorhombic 
structure at room temperature. Previous studies have 
indicated that SrZrO3 forms readily from SrO and 
tetragonal ZrO2. The fact that the features corresponding 
to the reversible transformation of ZrO2 (i.e., from 

tetragonal to monoclinic phase) are not present in the 
equimolar mixture indicates that the formation of SrZrO3 
powders is complete after 8 h (i.e., or longer) of thermal 

13-15]. 

 

Figure 4. XRD pattern of the SrZrO3 plasma powder a. 
before sintering, after b.  

 

   
As sprayed 75 Cycles  102 Cycles 

(a) 

   
As sprayed 15 Cycles  27 Cycles  

(b) 
Figure 5. Macro images of  SrZrO3 coatings at first and 

 and b. 1  furnace 
test 

 
The photographs of the SrZrO3 coatings after cycling are 
shown in Fig.5. The coatings that sustained the 

life of SrZrO3 27 cycles 

more than 102 cycles (for only 10% spalling) for the 
same composition. It was observed that early stages of 
cycling the bare surface of the substrate start to oxidize. 
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And after a few cycles it was observed that the SrZrO3 at 
the edges was hanged freely, Fig. 5 and then spalled in 
the next few cycles. Recently researchers suggested that 
bond coat surface roughness affects the thermal fatique 

[15]. Because in all the samples the 
spalling mode was same i.e. all spalled completely at the 
interface of bond and topcoat. The thermal cycle failure 
of a TBC system can be affected by many factors, such 
as the bond coat oxidation, the thermomechanical 
properties of the different coating layers and the 
microstructural evoluation during the thermal exposure 
[9]. The possible explanation might be the large 
temperature differences, at quenching and heating times, 
between the substrate and surface of the topcoat. In case 
of thick TBCs, this temperature difference increased and 
as a result more thermal stresses developed at the 
interface of the bond and topcoats. The mismatch in CTE 
between the ceramic and the bond coat or oxidation of 
bond coat leads to failure. The other possible explanation 
might be that for thicker coatings there is more stored 
elastic strain energy than for thin coatings, which is the 
driving force for debonding. Residual stresses are 
believed to affect the TBC integrity temperature 
applications. One source of intrinsic residual stresses 
within the as-deposited TBC is the thermal residual 
stresses of plasma-sprayed SrZrO3 coating which arises 
from the nature of the plasma-spraying process 
associated with the rapid cooling of molten droplets, 
impacting on the cold substrate. The deposition 
temperature of the coating can control these stresses 
[15]. The thermal cycling results reveal that the lifetime 
of SrZrO3 is longer than YSZ and SrZrO3 coatings might 
be used at higher temperatures than YSZ [8]. 
 
4. Conclusions   

A perovskite-type SrZrO3 compound was prepared by a 
solid state reaction. The X-ray diffraction pattern of 
SrZrO3 represents a single phase of a perovskite-type 

good chemical and mechanical properties in a wide 
range of temperatures, recently SrZrO3 has been 
investigated as a promising candidate material for the 
application of thermal barrier coatings (TBCs). The life 
of SrZrO3 TBC deposited at 1200 C was only 27 cycles 
(50% spalling) whereas C the life increased to 
more than 100 cycles (for only 10% spalling) for same 
composition.  
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Abstract 

In the present work, the radiation attenuation properties 
of strontium zirconate coated steel substrates were 
investigated. By virtue of it low thermal conductivity, 
high melting point SrZrO3 ceramic has potential 
applications for thermal barrier coatings (TBC). The 
thermal expansion coefficient of SrZrO3 is larger by 
about 4% than that of Yttria stabilized zirconia (YSZ) in 
the temperature range 200
stress at the interface of the ceramic layer and bond 
coat. The value of Young's modulus of SrZrO3 is lower 
than that of YSZ, which would lead to lower stress level 
for coatings. The only undesirable feature of SrZrO3 for 
TBC applications is the temperature induced phase 
transitions. However, the volume change accompanying 
the phase transition is very small, only about 0.14% and 
can be tolerated. SrZrO3 has been deposited on stainless 
steel substrates by atmospheric plasma spray technique 
and performed against gamma sources. Cs-137 and Co-
60 were used as gamma radiation sources. The linear 
attenuation coefficients of the samples were carried out 
for gamma radiation sources. The experimental results 
were compared with the theoretical mass attenuation 
coefficients which were calculated by using XCOM 
computer code. The coatings have been characterized 
by X-ray powder diffraction and scanning electron 
microscope. In conclusion, the gamma shielding 
properties of the stainless steel substrates increased by 
coated surface SrZrO3 by plasma spray coating 
technique for nuclear shielding applications. 

1. Introduction 

TBCs can be considered as a three layer material 
system, consisting of a substrate, an oxidation-resistant 
metallic bond coat, usually MCrAlY or a platinum 
aluminide coating, and the ceramic top coating, usually 

6 to 8 wt.% YSZ deposited either by air plasma spray 
(APS), electron beam physical vapor deposition (EB-
PVD) process or electrophoretic deposition [1-3]. The 
zirconia topcoat has excellent thermal shock resistance, 
low thermal conductivity and relatively high coefficient 
of thermal expansion (CTE) [2]. YSZ that makes up the 
TBC, the MCoCrAlY bond coat layer and the substrate 
material (such as steel) all have different thermo-
mechanical properties. This property mismatch, 
together with the applied temperature gradients, usually 
results in thermal stresses on the coating surface and at 
the interfaces. These stresses can be large enough to 
initiate surface and interface cracks. Cyclic application 
of thermal loads can cause these cracks to propagate 
resulting in delamination/ spallation of the coating and 
loss of thermal protection to the substrate [1-8]. 

SrZrO3 with high melting point (3073K) was 
investigated for application as materials for TBCs at 

select appropriate materials included high melting point, 
low thermal conductivity, high thermal expansion 
coefficient (10.9x10-6K-1), thermal and chemical 
stability, no phase transitions, and low sintering activity 
[9]. SrZrO3 is an important perovskite material and 
synthesized by various methods. SrZrO3 powder was 
synthesized using conventional solid-state reaction. 
They heated SrCO3 and ZrO2 mixtur
h with intermittent grinding. SrZrO3 powder obtained 
by this method has several problems like 
inhomogeneity, impurity contamination, coarser powder 
structure with non-uniform size and distribution. To 
eliminate these problems, SrZrO3 powder has been 
synthesized using wet chemical methods such as sol
gel, coprecipitation, hydrothermal and combustion 
method. However, some problems still persist. Oxalate 
coprecipitation method is most commonly used method 
for the synthesis of mixed oxides. This method has 
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several advantages: This is one of the simple and rapid 
methods of preparation, control of particle size and 
composition is possible, and there are possibilities to 
modify the particle surface and maintain overall 
homogeneity [10]. 

Theoretically, all materials could be used for radiation 
shielding if employed in a thickness sufficient to 
attenuate the radiation to safe limits; however, due to 
certain characteristics, lead and concrete are among the 
most commonly used materials. The choice of the shield 
material is dependent upon many varied factors such as: 
final desired attenuated radiation levels, ease of heat 
dissipation, resistance to radiation damage, required 
thickness and weight, multiple use considerations (e.g., 
shield and/or structural), uniformity of shielding 
capability, permanence of shielding and availability. 
The following is a generalization of the more important 
criteria and the required properties of the shield material 
[11]. 

In this study, the SrZrO3 coatings gamma attenuation 
behaviors were performed against Cs-137 and Co-60 
gamma radioisotopes. Gamma transmission technique 
was used for the measurements. Experimental geometry 
and experimental set up were prepared carefully. 
Scattering effect was minimized. All the measurements 
were implemented at least three times in the same 
geometry. The results of the experiments were 
interpreted and compared with each other. Therefore, 
the gamma attenuation properties of the SrZrO3 coatings 
were determined using Cs-137 and Co-60 gamma 
radioisotope sources. 

2. Experimental 

Figure 1 presents a flow chart for production of the 
SrZrO3 plasma sp and 
coatings. Firstly, as the starting materials, a high grade 
of ZrO2 and SrCO3 were used. The properties of the raw 
powders are shown in Table 1. They were mixed in the 
Sr/Zr atomic ratio of 1.136. The calculated amounts of 
oxides for the indicated compositions were ball milled 
for 4 h using zirconia balls and distilled water as the 
milling media. After drying the powders were screened 
and calibrated in the correct grain size for plasma 
spraying. Then, the temperature was set to 16
6 h to complete the calcination and partial sintering of 
the powders. X-ray powder diffraction was carried out 
with Philips PW 1710 diffractometer and CoK  
radiation.  X-ray diffraction (XRD) was conducted with 
a Rigaku-

over a 2  - OL 6060 scanning 
electron microscope (SEM) with energy-dispersive X-
ray spectroscopy (EDS) was used for characterization of 
starting powders, produced plasma powder, and 
coatings. 

Gamma attenuation properties of SrZrO3 coated and 
uncoated steel were carried out by using gamma 

transmission technique. Cs-137 and Co-60 gamma 
radioisotopes were used in the experiments. Afterwards, 
the linear and mass attenuation coefficients of the 
SrZrO3 coated steel were determined for Cs-137 and 
Co-60 gamma radioisotope sources which have energy 
peaks at 0.662 MeV and 1.25 MeV. Then mass 
attenuation coefficients and half-value thicknesses 
(HVT) of the materials were calculated.  

Table1. Chemical analysis of starting powders wt% 
Powder  ZrO2 SrCO3 HfO2 SiO2 Fe2O3 

ZrO2 97.64 - 1.89 0.15 0.03 
SrCO3 -  - - - 

 

 

Figure 1. Flow chart for production process. 

Gamma transmission technique is based on penetrating 
gamma rays through materials. The gamma source and 
the detector are placed on opposite sides of the material 
on the same axis. The detector counts the gamma ray 
intensity which comes from the source. First, initial 
baseline intensity in the absence of any material is 
counted. Then, for each material, the material is placed 
between the gamma source and the detector, and the 
gamma ray intensity is counted. The results of the 
intensity for each material are then compared with the 
initial baseline intensity [12].  

3. Results and Discussion  

Figure 2 a, b and c shows the morphology SrZrO3 
powder before sintering proses and after sintering 
1600 6 hours and SrZrO3 coatings layer 
respectively. SEM examination shows that the 
morphology of SrZrO3 powder is irregular and angular 

Starting powders  
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shapes owing to the sintering and crushing processes. 
Furthermore, these powders are not only irregular in 
shapes but also occasionally there are some spherical 
ones exist. These forms obtained by sintering-crushing 
technique are applied the thermal treatment to obtain 
spherical grains [6]. 

Fig. 3 presents the XRD patterns SrZrO3 plasma 
sprayed coatings. All SrZrO3 plasma coatings 
crystallize in an orthorhombic structure according to 
literature [13-16]. 

 
(a) 

 
(b) 

 
I 

Figure 2. a. SrCO3-ZrO2 starting powder, b. SrZrO3 
, and c. Cross-sectional 

SEM micrographs of polished surface of the as sprayed 
SrZrO3. 

Gamma transmission properties (I/I0) of SrZrO3 coated 
and uncoated Steel were carried out by using gamma 
transmission technique for Cs-137 and Co-60 gamma 
radioisotopes and given in Figure 4. 

 

Figure 3. XRD patterns of SrZrO3 plasma sprayed 
coatings. 

 
(a) 

 
(b) 

Figure 4. Gamma transmittance ratios of SrZrO3 coated 
and uncoated steel for Cs-137 (a) and Co-60 sources. 

As seen on Figure 4, gamma transmissions of SrZrO3 
coated steel samples were about 2% lower than 
uncoated steel samples. It means that coated samples 
have higher gamma attenuation than uncoated samples. 
In addition the linear attenuation coefficients of SrZrO3 
coated and uncoated Steel were carried out against Cs-
137 and Co-60. The attenuation graphs were given in 
Figure 5.  

The gamma attenuation curves of SrZrO3 coated and 
uncoated steel were closed to each other. The linear 
attenuation coefficients ( ) and HVT values were 
obtained and given in Table 2. 
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(a) 

 
(b) 

Figure 5. Gamma attenation graphs for of SrZrO3 
coated and uncoated steel for Cs-137 (a) and Co-60 (b) 

gamma sources. 

Table 2. 
HVT values of SrZrO3 coated and uncoated steels. 

 Uncoated 
steel 

SrZrO3 
coated steel 

 
(cm-1) 

Cs-137   
Co-60   

HVT 
(cm) 

Cs-137 1,338   
Co-60   

From Table 2 it could be said that there is no significant 
difference between the linear attenuation coefficients 
and HVTs of SrZrO3 coated and uncoated steel samples. 
However, SrZrO3 coating on steel increased the gamma 
attenuation by 2%. Therefore SrZrO3 coating on steel 
could be thought as complementary shielding material. 
On the other hand, the other advantages of SrZrO3 
coating on steel could made the system useful for 
gamma shielding applications.  

4. Conclusions 

A perovskite-type SrZrO3 plasma powder was prepared 
by a solid state reaction. The microstructure of the 
coatings showed molten lamellae with craters and 
micro-pores characteristic of plasma spray deposited 
ceramic coatings. Plasma sprayed coatings of SrZrO3 
has been deposited on steel substrates. delamination of 
the coatings. Gamma transmissions of SrZrO3 coated 

steel samples were about 2% lower than uncoated steel 
samples. 
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Abstract 

Ba,CaTiO3 piezoelectric ceramics are a potential 
candidate to lead free materials for  acoustic applications 
(hydrophones, acoustic receivers etc.). BaTiO3 ceramics 
must be chemically modified to be used in cold water 
applications. Second transition point of BaTiO3 ceramics 
can be shifted below 0oC with calcium and/or cobalt 
doping. In this study BaTiO3 powder was synthesized 
from BaCO3 (>99.5 purity) which was produced by using 
a Turkish Barite as a raw material. Chemical and physical 
properties of the powder were controlled with powder 
preparation techniques (mixing, calcination temperature, 
time etc). The chemically modified BaTiO3 ceramics were 
produced with 99% of theoretical density, high 
piezoelectric charge coefficients (>120 pC/N) and high 
dielectric constants (>1000) and low dielectric loss tangent 
(tan  0.01). Electrical characterization results and aging 
behavior of the ceramics showed it’s potential to be used 
for underwater piezoelectric applications.  

1. Introduction 

Barium titanate (BT) ceramics can be used in underwater 
applications (hydrophone, acoustic receivers etc). Also Ca 
doped BT ceramics have been used in multilayer ceramic 
capacitors (MLCC). Due to high dielectric loss, second 
transition point at 10oC and remanent polarization 
problems, BT must be chemically modified with cations 
[1]. Ca2+ doping for Ba2+ lowers the tetragonal-
orthorombic phase transition and improves stability at 
deep sea water  conditions having a temperature of about 
0oC [2]. In sonar transducers nonlinearities of piezoelectric 
ceramics result as undesired heat power due to dielectric 
loss and distort output acoustic signals. Cobalt doping of 
BT ceramics improves the aging behavior and improves 
the working life of for underwater environments [3].  For 
all applications, well crystallized, homogenous, equiaxed 
and fine particle sized BT powder must be achieved to 
produce BT ceramics with desired electrical performances 
[4]. Mixed oxide technique is frequently used to 
synthesize BT powder via calcining BaCO3 and TiO2 at 

high temperatures (700-1200oC) [5]. Chemical purities of 
raw materials are very important to obtain controllable 
electrical properties from BT ceramics. BaCO3 can be 
found as naturally occurred as witherite mineral or 
synthesized from barite (BaSO4) synthetically. The single 
source of barium in Turkey is barite which is naturally 
occurred near limestone, dolomite and magnesium ores. 
Most of the barite sources in Turkey are hard crystalline 
type occurs along shear zones or in metasomatic 
replacement bodies in limestone [6]. Turkey has the 
world’s  9th largest barite reserves with  4 million tons [7]. 
The impurities in barite that negatively affect electrical 
properties are clays, calcium carbonate, silicon dioxide, 
ferrous oxide etc [8]. Electronic grade (>99.5%) purity 
BaCO3 can be synthesized from barite via flotation, acid 
or/and washing processes, precipitation etc. The overall 
reactions for synthesizing BaCO3 from barite are shown 
below: 

BaSO4 + 4C  BaS + 4CO       (1) 

BaS + Na2CO3  BaCO3 + Na2S      (2) 

Equation 1 is known as black ash process. Water soluble 
barium sulfide is obtained by reduction of barite with 
carbon sources such as coal [9] and methane [10]. The 
product BaCO3 of Equation 2 can be synthesized with 
controlled physical (particle size, size distribution, 
morphology) and chemical (purity, phase) properties by 
modifying process conditions.  Khorsand et al. showed 
that concentration, pH and temperature of BaS solution 
controls the morphology of BaCO3 particles. The 
researchers have synthesized floc, olivary, pillar and 
candy like BaCO3 due to the changing conditions 
aforementioned before [11]. For electronic applications of 
BaTiO3 , equiaxed (spherically) morphology is desired to 
obtain homogeneous mixture with TiO2 [12]. 

Calcium and cobalt doped BT powders are frequently 
synthesized via wet chemical, hydrothermal and sol-gel 
methods [1-13]. These methods have some advantages as 
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producing fine, homogenous and sinterable particles. But 
more complicated processing steps, using high cost, 
hazardous solvents are advantages of these chemical 
methods [13]. The objective of this study was to produce 
chemically modified barium titanate ceramics with desired 
electrical properties by electronic grade BaCO3 derived 
from Turkish barite. 

2. Experimental Procedure 
 

2.1 Preparation of electronic grade BaCO3  

Barite (<98%,Ado Barite, Turkey) was reduced with coal 
in a box furnace at 1000oC for 2-4 hours. Reduced particles 
were dissolved in hot water for 2 hours and filtered to 
obtain clear BaS solution. BaCO3 was precipitated from 
this solution by adding carbonate source (Na2CO3, K2CO3, 
CO2 etc.) with vigorous stirring. Technical grade (<99%) 
BaCO3 was synthesized after this precipitation. To obtain 
electronic grade (>99.5%) BaCO3 further purifications 
were made (abbreviated as BC). 

2.2 Preparation calcium and cobalt doped BaTiO3 
powder 

Electronic grade BaCO3 (BC), anatase form of TiO2 
(99.9%,Alfa Aesar, Germany), CaCO3 (>99%, Merck, 
Germany) and nanopowder of  Co3O4 (99.8%, Aldrich, 
USA) were mixed with desired stoichiometric ratios  in 
teflon attrition mill with zirconia ball- acetone media. Dry 
mixture was calcined at 900-1100oC for 2 hours. After 
calcination 1-3 wt. % of binder was added to granulize 
powder for pressing without defects. Doped BT powder 
with binder was granulized by using 90 m stainless steel 
sieve. 

2.3 Preparation of doped BaTiO3 ceramics 
 

Granulated doped BT powder was compacted by uniaxial 
pressing. To improve the green density of the ceramics 
cold isostatic pressing was applied. Green ceramics were 
sintered at 1350-1450oC for 5 hours after binder burn out 
process. 
 
3. Results and Discussion 

 
3.1 Electronic grade BaCO3 preparation from barite 

X-ray fluorescence (XRF) results revealed that BC has 
>99.5 % purity. Figure 1 shows the x-ray diffraction 
pattern of BC. The pattern revealed that BC have single 
phase. 

Figure 2(a) shows that BC particles are equiaxed and have 
300 nm to 1 m particle size. Morphology of BC particles 
are more uniform when compared with commercial 
electronic grade BaCO3 as seen in Figure 2(b). 

 

 

Fig.1. XRD pattern of electronic grade BaCO3 synthesized 
from barite (BC). 

 

 

Fig. 2. Secondary electron (SE) images of a) electronic 
grade BC synthesized from barite, b) commercial 
electronic grade BaCO3. 

2A.
U

.
(a) 

(b) 

                   1 m 

                   1 m 
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One of the main advantages of equiaxed morphology of 
BC particles is the capability of homogenous mixing with 
TiO2 to form BaTiO3. Equiaxed morphology reduces 
mixing time of raw materials before calcination process. 

3.2 Modified BaTiO3 powder production  

Figure 3 shows that fine grained (< 1 m), equiaxed BT 
powder could be synthesized via mixed oxide technique. 

 

Fig. 3 SE image of modified BT particles derived from 
electronic grade BC at 1000oC. 

3.3 Modified BaTiO3 ceramics production for 
underwater piezoelectric applications 

50-60 % of theoretical green densities were obtained after 
two step uniaxial and cold isostatic pressing steps. 
Sintering studies showed that doped BT ceramics reach 
densities up to 90-98% theoretical densities after 1350oC. 
Sintering temperature did not exceed 1450oC to prevent 
exaggerated grain growth. Dense and homogenous BT 
ceramics produced with different shapes is shown in 
Figure 3. Figure 4 shows the fracture surface of modified 
BT ceramic.  

 

 

Fig.3 Modified BT ceramics. 

 

   

Fig. 4 SE image of fracture surface of modified BT 
ceramic. 

Figure 4 shows that modified BT ceramic has dense, 
homogenous and fine microstructure without exaggerated 
grain growth. The microstructure of BT proves that 
granulation, pressing and binder burn out processing 
conditions are optimized to produce dense and 
homogenous ceramics. 

3.4 Electrical characterization  

Modified BT ceramics were lapped to obtain parallel 
surfaces with Logitech, PM5, Scotland lapping machine.  
Lapped ceramics were cut to desired shapes and 
dimensions with precision diamond saw machine (Well 
3242, Sweden). Parallel surfaces of ceramics were 
electroded with Ag paste and heat treated at 800oC. 
Ceramics were poled in the transformer oil bath under dc 
field of 10-12 kV/cm. Characterization results are shown 
in Table 1. 

 Piezoelectric 
charge 
coefficient 
(d33) pC/N 

Dielectric 
loss 
(tan ) 

Capacitance 
- pF 

Modified BT 
ceramic 

130  0.01 85  

Commercial 
BT ceramic 

120 0.02 70 

 

Electrical characterization results show that BT ceramics 
could be produced with relatively high piezoelectric 
coefficient, low dielectric loss and proper capacitance 
values.  Aging behavior of ceramics will be observed by 
measuring electrical performances within the period of 30 
and 100 days. 

                      10 m 

                   2 m 
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4. Conclusions 

The results of this study show that electronic grade 
(99.5%) BaCO3 can be produced from Turkish barite 
having <98% purity with proper synthesizing and 
purification. Homogenous, fine grained BT particles are 
able to be synthesized via mixed oxide technique without 
aggregation. Green ceramics with 50-60% of theoretical 
density could be formed. Dense BT ceramics are produced 
without exaggerated grain growth at elevated temperatures 
of exceeding 1350oC. BT ceramics could be produced with 
relatively high piezoelectric coefficient, low dielectric loss 
and proper capacitance values. 
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Abstract 
 
Olivine [(Mg+2, Fe+2)2SiO4] is one of the most abounded 
mineral in the Earth’s crust. In spite of its massive quantity, 
refractory materials from olivine are rarely produced 
because of its iron content. Studies in the literature show 
that iron in olivine can be transformed to magnesioferrite 
by adding MgO. In this study, E irdir/Isparta dunites were 
used as raw materials for the production of refractory 
materials.  
Formation of magnesioferrite phase was investigated with 
the addition of MgO varying from 10% to 30% and with 
increasing sintering temperature from 1300 ºC to 1400 ºC 
with various process durations between 60 – 180 minutes. 
Before the sintering experiments, 5% by wt. of totanine as a 
binder was added to olivine-MgO mixtures and, the 
mixtures were pressed in the form of rectangular prism 
under pressure of 20 MPa. Sintering experiments were 
conducted in a chamber type furnace under air atmosphere. 
Rapture modulus test was applied to the sintered compacts 
according to ASTM C-133 Standard. XRD (X-ray 
Diffraction Spectrometry), AAS (Atomic Absorption 
Spectrometry) and chemical analysis techniques were used 
for the characterization of the raw materials and the 
products. 
 
1. Introduction 
 
Forsterite (Mg2SiO4) is a mineral which have high melting 
point (1900 ºC). Because of its high melting point, 
forsterite is used as refractory product. However, pure 
forsterite mineral rarely found in earth crust. Mostly, 
forsterite exists with fayalite (Fe2SiO4) as solid solution 
which is called olivine. Natural olivine is one of the 
abounded mineral in earth crust.  
As raw material, olivine deposits frequently found all over 
the earth crust especially Norway, Japan, USA, China and 
Italy. Norway is the most important olivine supplier with 
3,5 million ton per year. Studies in recent years show that, 
Turkey is one of the richest countries as olivine deposits. 
For this reason, studies about domestic olivine sources are 
becoming more crucial [1]. 
Olivine is widely used as slag conditioner in blast furnaces. 
In addition, olivine takes places different industrial 
application as refractory material. For instance, in 

continuous steelmaking process, olivine is used as tundish 
material to form spinel (MgAl2O4) which helps producing 
Al free steel. [2].  
Especially in ferrous metallurgy, usage of magnesia based 
refractories is increasing. Magnesite refractories are 
commonly used for refractory applications. However, 
treatment of resources to produce high-quality magnesia 
refractories causes prize increase. Both manufacture cost-
effective refractory materials and benefit from massive 
quantity of olivine sources, production of forsterite 
refractories is necessary [3]. 
Forsterite refractories have high thermal shock resistance, 
low thermal expansion coefficient (9,5x10-6) and high 
softening temperature (1835 ºC) [4].  
Although outstanding properties of forsterite refractories, 
fayalite in olivine causes reducing refractoriness properties. 
The effect of fayalite is shown in Figure 1.  

 
Figure 1. Binary phase diagram of Forsterite and Fayalite. 
 
As is seen from Figure 1, increase of percentage of fayalite 
(Fe2SiO4), causes decrease of melting temperature 
dramatically. 
To overcome this negative effect of fayalite, iron in olivine 
which is bound with silica, can be transformed to 
magnesioferrite (Fe2Mg04) phase by addition of periclase 
(MgO) [5,6].  
The formation of magnesiferrite phase is given with Eq. 1. 
 
Fe2SiO4 + 3MgO + 1/2O2  Mg2SiO4 + Fe2MgO4      (1) 
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With decomposition of fayalite, 2 moles of periclase reacts 
with SiO2 to form forsterite phase.  
Besides fayalite, there is another undesirable phase can be 
occurred during sintering of forsterite refractories which is 
called enstatite (MgSiO3). The effect of enstatite can be 
seen in Figure 2. 

 
 
Figure 2. Binary phase diagram of MgO and SiO2. 
 
As is seen from Figure 2, at 60% of SiO2 content, enstatite 
phase is formed which has relatively low melting 
temperature (1557 ºC).  
 
2. Experimental Procedure 
 
Olivine raw material was provided by domestic source in 
E irdir/Isparta which is extracted by Dakduklu Minerals. 
Olivine raw material was analyzed by using chemical 
analysis and AAS (Perkin Elmer Analyst 800).  
 
Chemical analysis of olivine is given in Table 1. 
 
Table 1. Chemical analysis of olivine. 

% MgO % SiO2 % Fe2O3 Other Oxides* %L.O.I 
45 44 8,3 1 1,7 

*Other oxides: Al2O3 and CaO 
 
Periclase was provided by Küma  Manyezit Sanayi A. . 
which product code is KCM EXTRA-3. The Chemical 
analysis of periclase is given in Table 2. 
 
Table 2. Chemical analysis of periclase. 
% MgO %SiO2 Other Oxides* %L.O.I 

93,5 4 2,5 4 
*Other oxides: CaO and Fe2O3 

Forsterite refractories are manufactured by traditional 
refractory production process [7]. According to this, first of 
all, raw materials are prepared and mixed homogeneously 
by varying different MgO% content 10, 20 and 30 of total 
mixture. %5 totanine (ammonium lignosulfonate) was 
added to all mixtures as binder.  
Prepared mixture was pressed by dry pressing under 20 
MPa pressure. The dimension of pressed specimens was 
considered according to ASTM C-133 standard which is 
2,5 x 2,5 x 15,5 mm.  
Shaped specimens were dehydrated for 2 h at 105 ºC. After 
dehydration, specimens were sintered for 1, 2, and 3 h. at 
1300, 1350 and 1400 ºC.  
Finally, sintered specimens were tested for modulus of 
rupture by 3 point bending test as described in ASTM C-
133. Modulus of rupture was calculated by Eq. 2. 
 

mor   =   𝐹𝐿 𝑏𝑑                  

(2) 
  
Where F is force and L is length, b is wide and d is height 
of the specimen. After 3 point bending test, the XRD 
pattern of sintered forsterite refractories was obtained by 
using PANalytical PW3040/60 XRD.  
 
3. Results and Discussion 
 
3.1. Modulus of rupture 
 
The significant modulus of rupture values are given in 
Table 3. 
 
        Table 3. Modulus of rupture values. 

Comp./Time(h)/Temp (ºC) mor (MPa) 
%10 MgO / 3 / 1300 - 
%30 MgO / 3 / 1300 - 
%20 MgO / 1 / 1400 1,13 
%20 MgO / 3 / 1350 1,85 
%20 MgO / 3 / 1400 2,23 
%20 MgO / 3 / 1450 2,78 
%20 MgO / 6 / 1400 3,27 

 
As is seen from Table 3, there is no value about specimens 
which have fired at 1300 ºC. Sintering mechanism has not 
been started at this temperature.  
With increasing the temperature, sintering process was 
started at 1350 ºC. Test results shows that, increasing the 
sintering temperature causes to rise of modules of rupture 
value.  
However, even 1450 ºC is not high enough to complete 
sintering process.  Because, modulus of rupture value for 
20% MgO containing forsterite refractories is 8 MPa (8).  
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On the other hand, sintering time also effect sintering 
procces. Increasing the sintering duration causes to rise of 
modulus of rupture value.  
 
3.2. XRD results 

 
 Figure 3. XRD pattern of % 10 MgO, 3h, 1300 ºC. 
 
As is seen from Figure 3, little amount of enstatite phase 
has been started to form at 1300 ºC.   
 
 

 
Figure 4. XRD pattern of % 10 MgO, 3h, 1400 ºC. 
 
According to Figure 4, it can be claimed that, target 
formation phase which is called magnesiferrite can be 
occurred at 1400 ºC. However, there is still enstatite phase 
which is harmful for refractory production.  

 
Figure 5. XRD pattern of % 30 MgO, 3h, 1400 ºC. 
 
With increasing the amount of periclase percentage, it has 
been observed that in Figure 5, there is no enstatite phase 
has been occurred. In addition, little amount of 
magnesioferrite phase has been formed at 1400 ºC with 
30% periclase (MgO) addition.  
 
4. Conclusion 
 
Olivine is one of the most common mineral in the earth 
crust which has superior refractoriness properties. 
However, fayalite phase in olivine mineral causes to reduce 
olivine’s refractoriness properties. Because of that, it is 
important to overcome some difficulties caused by fayalite 

phase to produce refractory products from olivine sources. 
In this study it was shown that, increasing the ratio of MgO 
helps formation of magnesiferrite phase and prevents 
formation of enstatite which is undesirable phase. 
On the other hand, it was observed that sintering process 
has been started at 1350 ºC. However, sintering process has 
not been completed at 1450 ºC . 
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Abstract 
 
TiB2 + Al2O3 powder mixtures were obtained by 
combustion synthesis (CS).  TiO2, H3BO3 and Al were used 
as the starting powders. Two types of aluminum powders, 
having sub-micron particle size and 212-315 microns 
particle size, were utilized in order to investigate the effect 
of aluminum particle size on the formed TiB2 + Al2O3 
powder. Experiments were conducted by mixing the 
reactants and afterwards keeping them in a closed graphite 
crucible inside a furnace, which was heated before the 
experiment. The products were subjected to XRD, SEM 
and particle size analyses. According to XRD analyses, the 
intended reaction products were obtained in the TiB2 - 
Al2O3 system by using both types of aluminum starting 
powders. However, some unreacted Al powder was seen to 
remain in the products according to XRD analyses, when 
coarse aluminum powder was used. Crystallite size of the 
products was seen to decrease with the increasing particle 
size of aluminum, according to the broadening of the peaks 
on the XRD patterns of the products. 
 
1. Introduction 
 
Titanium diboride and aluminum oxide are important 
ceramic materials with high melting points, high hardness, 
wear and oxidation resistance. Therefore, their mixture is of 
technological interest. Presence of aluminum oxide in metal 
borides is suggested to improve the toughness [1]. There 
are various studies in the literature aiming to obtain TiB2-
Al2O3 powder mixture, starting from elemental or oxide 
materials [1-4]. 
 
TiB2 can be obtained through various techniques. The 
reaction between elemental boron and titanium can be 
stated as the main solid state reaction. However, the cost of 
the elemental powders makes this method expensive. 
Metallothermic and carbothermic reduction reactions of 
titania and boron oxide are relatively cheaper methods for 
obtaining TiB2. Some of the employed techniques include 
mechanochemical processing and SHS [5-11]. 
 
In the metallothermic reduction, magnesium and aluminum 
and some other metals can be used as the reducing agent. 
When Mg is used, the products contain MgO, which can be 

removed by dilute acid leach [5-11]. When Al is used, 
aluminum oxide remains in the products due to its 
difficulty of leach; therefore, a composite powder of metal 
boride and alumina is obtained. 
 
Combustion synthesis (CS) can be divided into two types: 
i) self-propagating high-temperature synthesis (SHS), ii) 
volume combustion synthesis (VCS). In SHS, a reactant 
pellet is ignited from one end and the reaction proceeds 
itself throughout the pellet, without additional heat source, 
due to high exothermicity of the reaction. In VCS, the 
reactant mixture is heated at a sufficiently high rate so that 
reaction takes place in the mixture altogether at once. 
Combustion synthesis methods have advantages over other 
methods of obtaining TiB2 + Al2O3 mixture powder, due to 
the fact that they require low energy, short duration, less 
and cheaper equipment and that they are relatively simple. 
Combustion synthesis techniques have been employed for 
the formation of various metallic, intermetallic and ceramic 
powders and their mixtures. For example intermetallics 
such as NiAl, etc, intermetallic and ceramic composite 
powders such as NiAl-ZrB2 [10], ceramics such as TiB2, 
ZrB2, MoB, CeB6, etc. [5-11] have been produced by 
combustion synthesis. 
 
The aim of the present study is to examine the effect of 
aluminum particle size on formation of TiB2–Al2O3 powder 
mixture by volume combustion synthesis. 
 
2. Experimental Procedure 
 
TiB2 + Al2O3 powder mixtures were obtained by 
combustion synthesis (CS) reaction.  TiO2, H3BO3 and Al 
were used as the starting powders.  Reactant powders were 
weighed stoichiometrically according to Reaction (1) and 
they were mixed thoroughly by hand in an agate mortar and 
pestle. 
 
TiO2 + H3BO3 + Al = TiB2 + Al2O3 + H2O           (1) 
 
Then, the reactant mixture in powder form, was poured into 
a graphite crucible. The graphite crucible was covered with 
a lid, through which argon gas was blown into the crucible, 
onto the reactant mixture. The argon gas supply prevented 
the oxidation of the products, after the reaction had taken 
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place, since TiB2 in the products is prone to oxidation. The 
furnace was heated to 900oC before the experiment. The 
graphite crucible with the reactant mixture was placed into 
the furnace. 
In the present study, two types of aluminum powders, one 
having sub-micron particle size (Carlo Erba) (reffered to as 
fine aluminum powder) and the other having particle size in 
212-315 microns range (atomized and screened) (referred 
to as coarse aluminum powder), were utilized in order to 
investigate the effect of aluminum particle size on the 
formed TiB2 + Al2O3 powder via combustion synthesis. 
The products were subjected to XRD and SEM analyses. 
 
3. Results and Discussion 
 
3.1. XRD Analyses 
 
XRD patterns of the products obtained by using sub-micron 
sized aluminum powder and by using aluminum powder 
having particle size in 212-315 microns range are presented 
in Figure 1(a) and Figure 1(b), respectively. 
 
It can be seen that when the sub-micron sized aluminum 
powder was used as the reactant, the obtained products 
contained no unreacted aluminum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

On the other hand, according to the XRD analyses, some 
unreacted Al was present in the system where aluminum 
powder having particle size in 212-315 microns range, was 
used in the reactant mixture. This may be attributed to 
kinetic reasons.  
 
As a result of incomplete consumption of aluminum, some 
unreacted boron oxide and titanium oxide is expected to 
remain in the products. Boric acid is converted into boron 
oxide at the reaction temperature, and the formed boron 
oxide is expected to vaporize. Therefore, the absence of the 
boron oxide peaks in the XRD patterns is not unexpected. 
Very low amount of unreacted TiO2 and some Al2TiO5, 
Al4B2O9, Al3Ti were detected by XRD. Amounts of 
unreacted TiO2, Al2TiO5 and Al4B2O9 were higher than 
those in the products obtained by using sub-micron 
aluminum powder. 
 
The crystallite size of the formed TiB2 and Al2O3 particles 
can be estimated from the broadening of the peaks in the 
XRD patterns. The products obtained by using sub-micron 
aluminum powder presented narrower peaks, indicating 
that the crystallite size of TiB2 and Al2O3 obtained from 
sub-micron aluminum powder was larger than that obtained 
from coarse aluminum powder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. XRD patterns of the products obtained (a) by using sub-micron sized aluminum powder and 
(b) by using aluminum powder having particle size in 212-315 microns range. (1. Al2O3, 2. TiB2, 3. Al, 

4. Al2TiO5, 5. Al4B2O9, 6. TiO2, 7. Al3Ti) 
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3.2. SEM Examinations 
 
SEM micrographs of the products obtained by using sub-
micron sized aluminum powder and by using aluminum 
powder having particle size in 212-315 microns range are 
presented in Figure 2 and Figure 3, respectively. TiB2 is 
seen as large equiaxed, angular particles in these 
micrographs. On the other hand, Al2O3 is believed to be the 
needle like, smaller particles, among the larger TiB2 
particles. The size of the TiB2 particles seems to be not 
affected by the size of the aluminum powder in the starting 
mixture. Size of the alumina particles appear to be finer, 
when the size of the aluminum powder is large in the 
starting mixture (Fig. 3). 
 
Melting points of TiB2 and Al2O3 are 3230 oC and 2072 oC, 
respectively. The adiabatic temperature of Reaction (1) was 
calculated as 2050oC. Since the reaction took place when 
the reactants reached to about 750oC, the combustion 
temperature can be accepted to be much higher than 
2050oC, which is higher than the melting point of Al2O3. 
Therefore, during combustion reaction, TiB2 is expected to 
be in the solid form, and Al2O3 is expected to be at liquid 
state. 
 

 
Figure 2. SEM micrograph of the products obtained by 

using sub-micron sized aluminum powder 
 

 
Figure 3. SEM micrograph of the products obtained by 
using by using aluminum powder having particle size in 

212-315 microns range 
 
4. Conclusion 
 
TiO2, H3BO3 and Al were used as the starting powders in 
the formation of TiB2 + Al2O3 powder mixtures through 
combustion synthesis. Effect of two types of aluminum 
powders, having sub-micron particle size and 212-315 
microns particle size was investigated. Some unreacted 
aluminum was present in the products obtained from large 
aluminum powder. On the other hand, when sub-micron 
aluminum was used, no unreacted aluminum remained in 
the products. In addition, products obtained from sub-
micron aluminum powder, contained less amount of side 
products, according to XRD analyses. Size of alumina 
particles were smaller, when large aluminum powder was 
used in the starting mixture. 
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Abstract 
 
In steel industry, induction furnace is preferred as a 
convenient melting unit because of its high efficiency, 
low energy consumption,  easy operational control, and 
good performance with various kinds of steel scrap. 
Al2O3-MgO type in situ spinel formed neutral linings are 
the most frequently used refractory materials in induction 
furnaces due to their high melting point, high strength, 
high hardness, and high wear resistance. In order to 
improve various properties of the refractory lining, 
understanding of high temperature chemistry, slag-
refractory and liquid steel-refractory interactions 
involved in the steel melting process is important. The 
objective of this research was to examine the wear and 
corrosion mechanisms taking place in Al2O3-MgO 
linings via post mortem analysis. For this purpose, 
samples of refractory lining and furnace slag were 
collected from a 25 ton capacity induction furnace  which 
was shut down for lining repair after numerous heats.  
Instrumental tools including XRF, XRD, SEM, and EDX 
were used for the determination of chemical 
compositions, mineralogy, phase analyses, and 
microstructural study on slag and lining samples.  
Density and porosity determinations were made for 
revealing the internal structure. Result of this study were 
used to develop new concepts for the production of 
neutral induction furnace linings having higher 
durability.    
 
1. Introduction 

Induction furnaces are used for melting cast iron, mild 
steel and various alloy steels in foundries. Normally, the 
selection of refractory is based on the type of slag 
generated during melting.  If the slag contains high 
amount of acidic components then a silica lining is used. 
For slags with a high basicity index magnesite linings are 
appropriate. Silica lining has good endurance against 

thermal shock but poor resistance against steelmaking 
slags. Magnesite lining is more compatible chemically 
but it is prone to thermal shock and develops vertical 
cracks during service.  
 
Neutral refractory has become the new trend in steel 
foundries because of its success in minimizing the lining 
related problems. Neutral lining has advantage over both 
silica and basic lining in terms of chemical reaction and 
thermal shocks [1].   The ramming refractory mass used 
for neutral lining in the induction furnace consists of a 
mixture of alumina (Al2O3) and sinter magnesite (MgO) 
blended according to a certain granulometry.  Such 
blends are tested prior to their use for estimating their 
corrosion resistance and mechanical behavior [2].     
 
Although the preliminary tests are useful, often they fail 
to predict the behavior of the lining in actual practice.  
Post mortem study on furnace linings which experienced 
the real service conditions has become a valuable tool in 
developing ramming masses with higher performance.   
The past literature reporting the results of post mortem 
studies conducted on neutral induction furnace linings is 
rather too shallow.  The present study was undertaken to 
perform post mortem analyses on the refractory lining of 
a 25 ton induction melting unit which has been used for 
melting steel scrap with an overall chemical composition 
which imposes rather harsh corrosive conditions on the 
lining.       
 
2. Experimental Procedure 

The samples of neutral lining and those of slag were 
obtained from an induction furnace of Bilecik Demir 
Çelik Inc. The ramming mass of the lining was provided 
by KÜMA , the specific brand being coded as NH22. 
With this lining the furnace was used to melt numerous 
heats of steel until the zone shown in Fig 1 demanded 
repair due to refractory erosion.  The samples of the 
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lining used in the post mortem study were taken from this 
particular zone where the slag attack, thermal shock 
effects, and mechanical wear were predominant.   

 

Fig. 1. The zone of the furnace where lining samples were taken 

The picture of a representative lining piece used in post 
mortem work is shown in Fig 2.  Several zones could be 
distinguished visually by the color difference. Samples 
belonging to each of the zones were cut by a diamond 
disc as shown in the red insert of the picture. These 
pieces were prepared for analyses and examination by   
techniques of XRF, XRD, and SEM.     

Thickness of zones was measured to determine slag 
penetration depth, density of samples were measured by 
Archimedes method. The SEM analysis of samples were 
done in Zeiss EVO scanning electron microscope, and 
phases in samples were identified by Rigaku Rint 2200 
X-ray diffractometer.  Chemical composition of slag 
samples was determined in an XRF unit of Rigaku 
Primus ZSX. 

 

Fig. 2. Sample of lining taken from induction furnace 

 

3. Results and Discussion 

3.1. Chemical Compositions 

Table 1 shows the results of chemical analyses on several 
samples of slag.  The average slag composition is 
indicated at the bottom of the table. The main 
components of the slag are SiO2 and CaO, with 
considerable presence of Al2O3, Fe2O3, and MnO.  
Therefore, instead of using the ratio CaO/SiO2 as the 
basicity index we preferred to express it with the ratios 
B3 and B4.  Also the optical basicity was evaluated. The 
results of these calculations are shown in Fig 3.   

Table 1. Chemical compositions of slag 

 

 

Fig 3. Basicity indices of slag samples 

Fig 3 shows that, in terms of the optical basicity index, 
the chemical characteristics of the slag is slightly on the 
basic side. This may be due to the high MnO and high 
CaO content which can make the slag rather detrimental 
to the lining. The alumina based dry vibrating mixes have 
neutral characteristics, therefore the furnace slag has a 
limited but tolerable compatibility with the lining 
material. 

3.2. Slag Penetration 

The measurements on dimensions and densities of zones 
shown in Fig 2 are given in Table 2.  The results show 
that the slag penetrate to the first zone and partially to the 
second zone. 

 

Sample 
No %MnO %TiO2 %Cr2O3 %CaO %MgO %Fe2O3 %SiO2 %Al2O3 

12 13,45 1,21 3,86 24,09 6,13 5,31 28,48 15,48 
13 10,98 1,41 3,62 26,62 5,79 10,43 26,02 12,90 
19 10,53 1,33 6,02 23,11 4,56 15,05 25,92 10,95 
21 9,60 1,23 4,61 23,62 4,43 18,81 24,58 10,62 
24 11,30 0,86 5,97 21,92 4,49 17,56 24,65 11,17 

Average 11,17 1,21 4,82 23,87 5,08 13,43 25,93 12,22 

SampleNumber 

Basicity 

 
Neutral 

Alkaline 

Acidic 
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Table 2. Thickness and density of analysed zones 

 

The third zone seems to be densified as well, but this 
may be due to the development of prilling in the lining 
rather than slag penetration. 

As far as the slag attack is considered, the first zone is 
highly damaged; the density of this zone seems to be 
lowered due to carry over by slag, in addition to the 
chemical wear. The operating temperature of the second 
zone is lower than the one at the lining surface, therefore 
some liquid slag that reached this zone by penetration 
might have solidified there. Such an event may cause 
eventual partial spalling of the lining during successive 
heats.    

3.3. Phase Identification by XRD  

The powder XRD pattern of the first zone (PM1) is 
shown in Fig 4.  It can be seen that, in addition to well 
crystallized solid phases amorphous slag layer is present 
due is splashing.  Solid phases in the PM1 zone are 
Magnesium Aluminum Iron Oxide, Calcium Aluminum 
Silicate and Calcium Aluminum Iron Oxide. These are 
the result of interactions between the slag and the lining.  
These phases are prone to decrease the refractoriness.   

  

 

 

 

 

 

 

 

 

 

Fig 4. XRD pattern of first zone  (PM1) 

 

The XRD pattern of second zone (PM2) is shown in Fig. 
5.  In this zone all solid phases are well crystallized, the 
main phases are Spinel, Corundum, Periclase and 
Calcium Aluminum Silicate. With the exception of 
calcium aluminum silicate, other phases are the phases of 
the refractory lining.   Calcium Aluminum Silicate phase 
occurs due to interaction of refractory and slag. This 
phase causes liquid phase at working temperatures and it 
decreases the refractoriness of lining. 

 

 

Fig 5. XRD pattern of the second zone (PM2) 

The XRD pattern of PM3 is shown in Fig 6. The phases 
in this zone are phases of the refractory lining; the peaks 
reflecting the minor phases come out from impurities in 
raw materials, principally the alumina.  Thus, we may 
conclude that the zone PM3 remained unaffected by slag.   

 

Fig 6. XRD pattern of third zone (PM3) 

The XRD patterns recorded for zones PM4 and PM5  
were similar to the one shown in Fig 6, except that the  

Zone Thickness(mm) Density(gr/cm3) 

PM1 5,92 3,05 

PM2 6,63 3,36 

PM3 12,12 3,15 

PM4 24,60 2,93 

PM5 30,33 3,00 

Inte
nsit
y 

2  (°) 
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intensities of peaks were different due to differences in 
spinel conversion rates.  This was due to the lower 
temperatures existing at the back of the lining.  

3.4. Microstructural Evaluation by SEM 

The SEM image of the first zone obtained by the back 
scattered electron (BSE) method is shown in Fig. 7. 
Differences in contrast are due to the presence of 
different phases. Thus slag has different modes of 
interaction with the refractory lining. Elemental analysis 
by EDX were done on the points designated as 1, 2, and 
3 on Fig. 5.  These analyses show that the particle at 
point “1” is Al2O3 aggregate. Point “2” is the grey phase 
around Al2O3 aggregate which occurs after interaction 
between slag and Al2O3 aggregate.  Point “3” is the phase 
which formed after interaction of the slag with the lining 
matrix.   

 

Fig 7. SEM image of Zone PM 1 

These results show that the slag react with the lining 
matrix and new phases occur upon dissolution of alumina 
aggregates.  Evidently, the presence of Al2O3 in the 
neutral lining allows formation of new solid phases 
which delay the thermochemical dissolution process of 
the refractory in the slag.  

The SEM (BSE) image of the second zone (PM2) is 
shown in Fig.8.  Similar to the first zone (PM1) there are 
several solid phases. Elemental analyses by EDX were 
performed at four different points having differences in 
contrast. According to elemental analysis the zone at 
Point 1 is a coarse MgO particle. Zone around Point “2” 
has Spinel and Calcium Aluminum Silicate phases. 
Spinel occurs after interaction between MgO and Al2O3 
at elevated temperatures. The Point 3 is Al2O3 aggregate 
and the Point 4 is Spinel phase. These results show that 
in this zone slag penetration is less pronounced. 
Although the matrix is effected chemically by the slag, 
the aggregates of the original lining, MgO and Al2O3, 
remained intact during slag ingress.   

 

Fig 8. SEM image of Zone PM 2 

Conclusion 

This report is based on a post mortem study conducted on 
a neutral type induction furnace lining.  The furnace from 
which the samples of slag ant lining were obtained has 
been used for melting and refining of steel from scrap.  
The principal raw materials forming the neutral lining 
was Al2O3 and MgO particulates.  The aim of the post 
mortem study was to investigate the effect of furnace 
slag on the performance of the lining. The study showed 
that the slag caused chemical as well as mechanical wear 
at the immediate lining interface.  In the inner zones the 
refractory aggregates in the lining remained relatively 
intact from slag attack whereas the matrix reacted 
partially.  This sort of reaction formed new solid phases 
which hindered the chemical wear.  

As a conclusion of practical interest, we can state that, as 
far as chemical degradation by slag is considered, 
controlling the chemical characteristics of the matrix in 
the lining is more important than the purity of aggregates. 
The spinel phase which forms in the matrix of the lining 
is functional in improving the structure and the resistance 
of the lining against thermal shocks and chemical 
damage.  Results of this study may be used as a guide to 
develop induction furnace linings which have better 
chemical, thermal and mechanical properties. 
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Abstract 

High sintering temperatures or/and liquid phase 
sintering is necessary to produce dense SiC based 
ceramics owing to the covalent character of the Si-
C bond. In this study, sodium borate was used as 
sintering additive to lower the sintering 
temperature. Starch consolidation technique was 
used to produce SiC green bodies. SiC, borax 
decahydrate, corn starch and limited amount of 
other additives containing suspensions were 
prepared in a planetary ball mill. SiC green bodies 
were manufactured by heating the prepared ceramic 
suspensions in non-porous molds at 80 C. After 
gelatinization process was completed green samples 
were dried at room temperature for 24 hours.  
Binder burn out process and sintering process were 
conducted simultaneously at 575-600 C for 1 h 
under atmospheric conditions. Microstructural 
analysis revaled that highly porous sodium borate-
bonded SiC based ceramics were fabricated via 
starch consolidation technique. XRD analysis 
confirmed that cristobalite free SiC based ceramics 
were produced by optimizing the composition and 
processing conditions. 
 
I. Introduction 

 
Porous SiC ceramics exhibit multifunctional and 
very attractive properties such high thermal 
conductivity, low thermal expansion coefficient, 
good corrosion, wear and thermal shock resistance, 
excellent mechanical properties such as high 
hardness etc. [1, 2] Due to these challenging 
properties porous SiC ceramics has potential for a 
wide range of applications such as filters, catalyst 
supports, heat exchangers, electrodes, and sensors 
[3-5].  
 
Considerable effort has been devoted to produce 
porous SiC ceramics for various applications by 
using numerous shaping techniques such as as sol-
gel and carbothermal reduction [6], polymeric 
sponge [7], freeze casting and solid state sintering 
[8], adding fugitive additives, gel casting [9], 
sintering of hollow spheres as sacrificial templates 
[10] and direct foaming. However, these porous 
SiC fabrication studies were performed under 
controlled atmosphere such as nitrogen, argon or 

vacuum. In the present work, it was aimed to 
produce porous SiC ceramics under atmospheric 
conditions and at lower sintering temperatures to 
explore the applications of these porous ceramics.  
 
Starch consolidation technique is a relatively new 
consolidation method that is used for forming 
various porous ceramics. [11-14] Starch has mainly 
two different function in starch consolidation 
technique. These are acting as consolidator/binder 
and pore former. [11] 
 
2. Experimental Procedure 
 
In this study, Alfa Aesar SiC powder was used in 
combination with Tekkim borax decahydrate 
(Na2B4O7.10H2O), corn starch and limited amount 
of other additives to prepare designed ceramic 
suspension having desired rheological properties. 
Weight ratio of SiC:starch is 7:3. 
 
Slurries were prepared by wet milling in a planetary 
ball mill by using deionized water. Prepared slurries 
were poured into the non-porous molds which were 
heated in air at 80 C to achieve gelatinization. 
After gelatinization process was finished green 
samples were dried at room temperature for at least 
24 hours.  
 
Thermogravimetry (TG) and differential thermal 
analysis (DTA) of the corn starch was carried out 
by using a simultaneous TG/DTA analyzer 
(Netzsch STA 449F3) up to 700 C in air 
atmosphere to determine starch removal process 
conditions. Applied heating rate during this thermal 
analysis was 10 C/minute and as a result of this 
analysis it was observed that pyrolysis of the corn 
starch was completed at 575 C.  
 
Binder burn out process and sintering process were 
performed simultaneously at 575-600 C for 1 h 
under atmospheric conditions. During this heat 
treatment step 1 C/minute heating rate was applied.  
 
X-ray diffraction (XRD) analysis of the samples 
were performed to identify phases by using 
monochromatic Cu-K  radiation. Sintered samples 
were crushed and ground down to 
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XRD analysis. Starting powders and fracture 
surface of the samples were investigated by 
scanning electron microscopy (SEM). 
Microstructure of the starch is given in Fig. 1. As 
seen from the SEM micrograph starch size is 10-

 
 

 
 

Figure 1. SEM micrograph of the corn starch 
 
 
3. Results and Discussion 
 
Starch Consolidation 
 
Shaping of the SiC ceramics were performed by 
starch consolidation technique. Green SiC samples 
produced by this technique are given in Fig. 2. 
Starch consolidation casting, a non-contaminating 
and low-cost consolidation technique, recently has 
become one of the most popular processing routes 
for the fabrication of numerous porous 
ceramics.[11, 15, 16] 
 

Figure 2. SiC green samples produced at different 
compositions 
 
Characterization by SEM 
 
Microstructure investigations of the sintered 
samples revealed that highly porous samples were 
fabricated (Fig. 3).  
 

 
 

 
 

 
 
Figure 3. SEM micrograph of the porous SiC 
ceramics sintered at 600 C.  
 
It was determined that there are mainly two 
different size pores. First type of bigger pores were 
developed by the removal of starch during the heat 
treatment process (Fig. 3).  Second type of pores, 
smaller in size, were formed between SiC particles. 
SEM investigations also showed that there is good 
bonding between SiC particles and neck formations 
are clearly visible. It is observed that liquid phase 
formation during the sintering process significantly 
accelerated sintering process and resulted in 
enhanced sintering behavior at very low 
temperatures when compared with the literature. 
 
 
 
 
 
 

10 m 

100 m 

20 m 

10 m 
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Characterization by XRD 
 
X-ray diffraction patterns of the sintered porous 
samples are given in Fig. 4. XRD results revealed 
that cristobalite free SiC ceramics were fabricated 
via sintering at 575-600 C for 1 hour under 
atmospheric conditions (Fig. 4).  
 

 
Figure 4. X-ray diffraction patterns of the porous 
ceramics produced at (a) 600  and (b) 575 C for 1 
hour and (c) SiC starting powder. 
 
4. Conclusion 
 

 Microstructural analysis revaled that highly 
porous sodium borate-bonded SiC based 
ceramics were fabricated via starch 
consolidation technique.  

 Sintering studies were conducted at very low 
temperatures ( 600 C) and in air atmosphere. 
It was determined that porous SiC based 
ceramics can be produced successfully at 
atmospheric conditions and at very low 
temperatures (575-600 C).  

 Microstructure investigations of the porous 
ceramic samples revealed that due to high 
amount of borax decahydrate 
(Na2B4O7.10H2O) sintering additive 
significant amount of liquid phase was formed 
in the system and this liquid phase promoted 
sintering and neck formation between SiC 
grains.  

 XRD analysis confirmed that cristobalite free 
SiC based ceramics were produced by 
optimizing the composition and processing 
conditions. 
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Abstract 

Al2O3-Er3Al5O12 (EAG) eutectic composites was prepared 
by using Al2O3 and Er2O3 starting powders in arc melting 
furnace under the Ar atmosphere. Pulverized fine powders 
of eutectics were reinforced with different amount of ZrO2 
addition which were then consolidated by spark plasma 
sintering (SPS) technique. The measured Vickers Hardness 
was in the range of 12,06-15,74 GPa and the fracture 
toughness of samples were found to be around 3,78-5,76 
MPa .m1/2. It was observed that the phases formed are 
distributed homogeneously in the material. The fracture 
behavior of the composites was found to be significantly 
improved with the addition of 20 wt % ZrO2 

1. Introduction 
The development of gas turbine and thermal power 
generation systems which works high temperatures under 
decent loading conditions increased the demand for 
structural materials. Super alloys, which are already 
commercially available on such application are restricted 
above-mentioned areas because of their low heat and 
oxidation resistance. [1,2] As it is well known, 
polycrystalline ceramic oxides and their composites has 
very low density, high oxidation and wear resistance. 
However, they are very low fracture toughness and strength 
at high temperature, compared to metals due to their grain 
boundaries which acts as main defect zones. To improve 
their mechanical properties, Al2O3-based materials with 
binary and/or ternary eutectic compositions have been 
investigated [3-5]. Al2O3-based eutectics present superior 
creep and oxidation resistance, high temperature strength 
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. [6-9]. However, 
low thermal gradients (below 102 K/cm) resulted in large 
thermal stresses and uncontrolled steady micro-structural 
formations during this process which limited their using 
[10]. Recently, Spark Plasma Sintering (SPS) and Hot 

Pressing (HP) methods have used for forming Al2O3-based 
eutectic ceramics [11-14]. Comparable densification level 
and microstructural stability have been produced with using 
these methods. However, lower fracture toughness of 
eutectics is restricting to use of them in the above-mention 
applications. 

In this paper, Al2O3-Er2Al5O12 (EAG) eutectics with 
addition of ZrO2 were prepared with using spark plasma 
sintering method. Al2O3-Er2Al5O12 (EAG) eutectics has 
interesting specific features, related with the Er2O3 is its 
strong band emission features. The bands permit strong 
thermal excitation at high temperature, which allows the 
composite to use selective emitters applied in thermo 
photovoltaic generation systems above 1200°C [15]. To 
improve fracture toughness, different amount of ZrO2 
particles was used.  

2. Experimental Procedure 
Commercially available Al2O3 (99.99%; Sumitomo 
Chemical Co., Ltd., Tokyo, Japan, d50: 0.5 m) and Er2O3 
(99.99%; Sigma Aldrich Co.; d50: 2 m) powders were 
used as starting materials. The powders were mixed at a 
eutectic composition of 81 mol% Al2O3 and 19 mol% 
Er2O3, considering the phase diagram of Al2O3-Er2O3. 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 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 
Al2O3–EAG composite eutectic powders. Obtained 
eutectic powders were then mixed using same conditions 
with the addition of 10, 15, and 20 wt% ZrO2, 
respectively.  
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Figure 1. Button shaped melts obtained after arc melting  

2.2. Spark Plasma Sintering of Powders 

Sintering of the mixed powders was carried out at 1640°C 
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 100°C/min. The temperature was increased by 
controlled electrical current and measured inside the 
graphite punches by using an optical pyrometer. A 
maximum sintering temperature was selected as 1640°C, 
which is 100°C lower than the eutectic temperature, 
considering the displacement curves achieved during 
consolidation trials. The specimens were held at the 
maximum sintering temperature for 2 min. Then, fast 
(switching power off, 600°C) cooling rates were applied. 
 

2.3. Characterization 

The polished surfaces of the samples were examined under 
variable pressure (VP), 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 [16]. 

3. Results and Discussion 
3.1. Phase Analysis    
X-ray diffraction patterns of the Spark Plasma Sintered 
samples are given in fig. 2 in comparison. Er3Al5O12  

(ICDD 32-0012) Al2O3 (ICDD 43-1484) and  
ZrO2 (41-1164 ICDD )  were detected as the major 
crystalline phases, confirming the formation of a desired 
eutectic composition and the stability of ZrO2 in the 

matrix material. Because of lower the scattering factor of 
aluminum diffraction peaks of Al2O3 were weak when 
compared with other phases. In addition, no evidence of 
WC/Co based phases, due to possible contamination from 
the secondary milling process, was detected. 
 

 

Figure 2. Representative XRD patterns of the composite 

3.2 Microstructural Characterization 

The backscattered SEM images obtained from the cross 
sections of the samples, are given in Fig 3. respectively. 
Both microstructures exhibit quite similar microstructures. 
In both figures, white contrasted areas represent ZrO2, 
while light gray contrasted areas represent the EAG and 
dark contrasted areas represent the Al2O3 phases. Due to the 
similar atomic contrast level of EAG and ZrO2, it was 
difficult to distinguish these phases in the microstructure. 
ZrO2 particles are generally detected as separate particles in 
the microstructure. Both microstructures contain eutectic 
colonies which were enclosed by entangled coarse EAG 
and Al2O3.  
 
3.3 Mechanical Properties 
Hardness and fracture toughness of the samples were 
determined by Vickers indentation tests (HV10). Measured 
hardness and the indentation fracture toughness of the 
samples were presented in Table 1. The sample which was 
produced without ZrO2 addition, has the lowest fracture 
toughness value. After all, it was observed that fracture 
toughness of eutectic composites was increased with the 
addition of ZrO2 particles. In Al2O3-based eutectic 
composite approach, the fracture toughness generally 
depends on the amount of ZrO2 addition [17]. By 
considering these attributes, fracture toughness was 
observed to increase as the increasing amount of ZrO2. It is 
well known that, hardness generally depends on the relative 
amount, size and shape of the constituents. Highest 
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hardness values were generally observed in finer 
microstructure. With the increasing of ZrO2 amount, 
hardness values were decreased because of the coarser 
microstructure. The representative crack paths achieved 
during the indentation of the without ZrO2 and 20 wt % 
ZrO2 reinforced composites are given in Figure 4. In AE 
sample which was our previous study, Crack propagation 
was transgranular and no crack deflection was observed. 
However, incorporation of ZrO2 to the composites lead to 
work toughening mechanisms such as crack deflection, 
crack bridging which were were found to be effective for 
achieving high toughness. 
 

 

Figure 3. Representative SEM images of the Al2O3-EAG 
Composites reinforced with a) 10 wt % ZrO2 b) 10 wt % ZrO2 
c) 20 wt % ZrO2. 

Table 1. Quantitative analysis result of sample 
 
ZrO2 (wt %) Hv10 (GPa) KIc (MPa.m1/2) 

0 15.86±0.22 2.08±0.03 
10 12.70±0.12 3.78±0.07 
15 12.52±0.18 4.44 ±0.29  
20 12.06±0.71 5.76±0.71 

 

 
 
 
 
 
 
 

Figure 4. Representative SEM images of the crack paths 
originating during Vickers indentation achieved from the 
a) Al2O3-EAG b) Al2O3-EAG-20 wt % ZrO2. 
 
 
4.  Conclusion 
 
Al2O3-EAG-ZrO2 composites were successfully 
produced by spark plasma sintering of arc melted and 
pulverized mixtures.  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. No new phases or solid solution 
formation between Al2O3-ZrO2 and Er2O3-ZrO2. 
Considering the mechanical properties, the hardness 
of the composites was found to be decreased in terms 
of the low hardness value of introduced ZrO2. On the 
other hand, the fracture toughness of the composites 
was found to be improved up to 5.76 MPa.m1/2 
successfully. 
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Abstract 
 
The ionic conductivity of rare-earth doped ceria systems 
depends on the kind of dopant and its concentration. The 
ionic conductivity of ceria based electrolytes is promoted 
by suitable trivalent additives such as Sm3+, Gd3+ or Nd3+. 
The microstructural parameters influencing ionic 
conductivity depend mainly on the characteristics of the 
starting powder, which differs depending on the synthesis 
method and conditions used. The sonochemical method has 
been extensively used to generate novel materials with 
unusual properties. The ceramic powders of Ce1-xSmxO2 – x/2 
, Ce1-xGdxO2 – x/2 and Ce1-xNdxO2 – x/2 (x = 0.05, 0.10, 0.15, 
0.20 and 0.25) were synthesized by ultrasound assisted co-
precipitation method. The ionic conductivity was studied as 
a function of dopant concentration, over the temperature 
range of 300 – 800 oC in air, using an impedance 
spectroscopy. The maximum ionic conductivity, 800 C = 
4.01x10-2 Scm-1 with the activation energy, Ea= 0.828 
kJmol-1, 800 C = 3.80x10-2 Scm-1 with the activation energy, 
Ea= 0.838 kJmol-1 and 800 C = 3.07x10-2 Scm-1 with the 
activation energy Ea= 0.871 kJmol-1 were obtained for the 
Ce0.90Gd0.10O1.95, Ce0.85Nd0.15O1.925 and Ce0.80Sm0.20O1.90 
electrolytes, respectively, with pulsed ultrasound for an 
acoustic intensity of 14.9 Wcm-2, using 19 mm probe and 
8:2 pulse ratio. 
 
1. Introduction 
 
The ionic conductivity of rare-earth doped ceria systems 
depends on the kind of dopant and its concentration. The 
ionic conductivity of ceria based electrolytes is promoted 
by suitable trivalent additives such as Sm3+, Gd3+ or Nd3+. 
The microstructural parameters influencing ionic 
conductivity depend mainly on the characteristics of the 
starting powder, which differs depending on the synthesis 
method and conditions used [1].  
Generally, several synthesis methods have been employed 
to produce oxide electrolytes such as conventional solid 
state [2], sol-gel [3], hydrothermal [4], co-precipitation [5], 
spray and freeze drying [6]. Chemical precipitation is a 
simple and feasible technique for synthesizing ultrafine 
ceramic powders with high sinterability. This method offers 
some advantages, such as simple and rapid preparation, 

direct and precise control of stoichiometry, homogeneity 
and high purity [7-8]. 
 
The sonochemical method has been extensively used to 
generate novel materials with unusual properties [9]. The 
chemical and mechanical effects of ultrasound are due to 
the cavitation phenomena which produces bubbles during 
the rarefaction (negative pressure) period of sound waves. 
The eventual collapse of bubbles generates intense local 
temperatures (hot spots of ~5000 oC), extreme pressures 
(~1000 atm) and rapid heating and cooling rates (above 
1010 Ks-1). These high heating and cooling rates hinder the 
organization and crystallization of the products. 
Furthermore the fast kinetics does not permit the growth of 
the nuclei. Due to these extreme conditions, in almost all 
the sonochemical reactions leading to inorganic products, 
nanomaterials have been obtained [10-11]. In this 
perspective, ultrasonic irradiation has been successfully 
applied to prepare various nanosized metals and metal 
oxides [12-13].  
 
In this study, three types of doped ceria electrolyte 
gadolinium doped ceria (GDC), neodymium doped ceria 
(NDC) and samarium doped ceria (SDC) were prepared at 
various dopant concentrations by ultrasound assisted co-
precipitation method. Also, we report the results of a 
systematic study of the effects of dopant type and 
concentrations on the ionic conductivity of rare-earth doped 
ceria electrolyte produced by an ultrasound assisted co-
precipitation method. 
 
2. Experimental Procedure 
 
The ceramic powders of Ce1-xSmxO2–x/2, Ce1-xGdxO2–x/2 and 
Ce1-xNdxO2–x/2 (x = 0.05, 0.10, 0.15, 0.20 and 0.25) were 
synthesized by ultrasound assisted co-precipitation method 
using cerium(III)nitrate hexahydrate (Ce(NO3)3.6H2O, 
>99.0% Fluka), gadolinium(III)nitrate hexahydrate 
(Gd(NO3)3.6H2O, 99.9% Aldrich), samarium(III)nitrate 
hexahydrate (Sm(NO3)3.6H2O, 99.9% Aldrich) and 
neodymium(III)nitrate hydrate (Nd(NO3)3.xH2O, 99.9% 
Aldrich) as starting materials. Stoichiometric amounts of 
starting materials were dissolved separately in distilled 
water and mixed. The resulting solutions were then made 
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up to 75 ml with water. The hydrolysis reaction was 
conducted in a three neck round bottom flask equipped at 
the central neck with a horn type titanium probe of 19 mm 
tip diameter. A pH probe was placed at side neck to 
continuously monitor the pH during the reaction. Low 
frequency (20 kHz) ultrasound was generated by means of 
an ultrasonic generator (Bandelin, Type HD-2200). For 
each synthesis, the nitrate solution was poured into the 
reactor, 4N NH4OH solution was pumped until pH 9,5. 
During the hydrolysis reaction, the solution was sonicated 
for 30 minutes. At the end of the reaction, the precipitates 
were centrifuged, washed with distilled water and ethanol 
to remove the byproducts. After complete washing, the 
product was dried at 125 oC in an oven overnight. The 
obtained powders were grounded and pressed into pellets, 
followed by cold-isostatic pressing at about 200 MPa. 
Subsequently, the samples were sintered at 1200 oC for 6 h 
with a programmed heating rate of 5oC/min. The relative 
densities of these sintered pellets were measured by the 
Archimedean method. The disk-shaped pellets with a 
thickness of around 1 mm and diameter of around 10 mm 
were used for the ionic conductivity measurement. 
The oxide ionic conductivity ( ) of the electrolytes was 
measured by electrochemical impedance spectroscopy 
based on the sintered pellets. Both sides of the pellets were 
coated with silver paste and then heated 800 oC for 1 h 
before the measurement to ensure good bonding. The 
measurements of the oxygen conductivity were made by 
AC impedance analyzer (Solartron 1260 FRA and 1296 
interface). The measurements were conducted in air in the 
frequency range from 0.05 Hz to 10 MHz and in the 
temperature range of 300 – 800 oC with an increment of 
100 oC. Curve fitting and resistance calculation were done 
by ZView3.3a software. 
 
3. Results and Discussion 
 
The ionic conductivities of SDC, GDC and NDC 
electrolytes are strongly related to the dopant concentration. 
The maximum ionic conductivity, 800 C = 4.01x10-2 Scm-1 

with the activation energy, Ea= 0.828 kJmol-1, 800 C = 
3.80x10-2 Scm-1 with the activation energy, Ea= 0.838 
kJmol-1 and 800 C = 3.07x10-2 Scm-1 with the activation 
energy Ea= 0.871 kJmol-1 were obtained for the 
Ce0.90Gd0.10O1.95, Ce0.85Nd0.15O1.925 and Ce0.80Sm0.20O1.90 
electrolytes, respectively, with pulsed ultrasound for an 
acoustic intensity of 14.9 Wcm-2, using 19 mm probe and 
8:2 pulse ratio. In all cases, with increasing dopant 
concentration the conductivity increases until a maximum 
value, then it decreases with further increase in the dopant 
concentration. The occurrence of maximum points in these 
curves indicates the existence of conflicting causes which 
affect the ionic conductivity depending on the dopant 
concentration.  By introducing increasing amount of dopant 
atoms in the ceria crystal, oxygen vacancy concentration 
increases and consequently the ionic conductivity 
increases. Furthermore, the formation of associations 

between dopants and oxygen vacancies at high dopant 
concentration causes a negative effect on the ionic 
conductivity. 
It is known that the ceria electrolytes are difficult to densify 
below 1400 oC and nanocrytalline powders can provide 
faster densification kinetics and lower sintering 
temperatures. In this work GDC, SDC and NDC powders 
were sintered to a relative density of over 95% at a lower 
sintering temperature of 1200 oC for 6 h. The lower 
sintering temperature provides important advantages such 
as reducing the cost and avoiding chemical interaction 
problems with electrodes. Another considerable advantage 
of ultrasound assisted co-precipitation method is the rapid 
preparation process to produce homogeneous and fine 
powders without the need for a calcination step. 
 
4. Conclusion 
 
The effect of the dopant type and concentration on ionic 
conductivities of the GDC, SDC and NDC electrolytes 
synthesized by ultrasound assisted co-precipitation method 
was studied. The ultrasound assisted co-precipitation 
method was shown to be an advantageous and efficient 
route to producing rare-earth doped ceria electrolytes. Also, 
fine powders of uniform crystallite sizes were obtained by 
this synthesis method. Because of the small particle size, 
the electrolyte powders could be sintered to a relative 
density of over 95% at a lower sintering temperature of 
1200 oC for 6 h. This provides important advantages such 
as reducing the cost and avoiding chemical interaction 
problems with electrodes. 
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Abstract 
 
Hydroxyapatite (HA), one of the calcium phosphate 
compounds with an empric formula as Ca10(PO4)6(OH)2 , 
is the most widely used bioceramics. HA materials have a 
common usage in bone repairing due to its ability to 
accelerate the bone growth around the implant. In spite of 
being a biocompatible and bioactive material 
hydroxyapatite has a limited usage as an implant material 
because of its weak mechanical properties. HA material is 
not suitable for the application requiring strength. HA 
based composites are required to supply improvement of 
strength and toughness of the implant materials without 
compromising of biocompatibility. 
In this study, commercial synthetic HA (CSHA) composite 
was reinforced with 5wt% Nb2O5–5wt% MgO (CSHA-
5N5M) was characterized. Phase analysis were done by X-
ray diffractomer (XRD) technique, mechanical properties 
were measured by compression and hardness tests.  
The highest physical and mechanical properties were 
obtained with this composite according to former studies 
which were done with CSHA- 10 wt% Nb2O5 and CSHA-
10 wt% MgO composites. The best density, compression 
strength and Vickers Microhardness values were obtained 
as 3,01 g/cm3, 96 MPa and 393 HV with CSHA-5N5M 
Composite sintered at 1300°C, respectively.   
 
1. Introduction 
 
Biomaterials, which are used as an improvement or 
replacement of a living tissue or an individual part of the 
human body with continuously or interruptedly contact 
with body fluids, are the biocompatible, reliable and 
effective materials. Nowadays, the application areas and 
importance of biomaterials have been gradually increasing 
[1]. 
Hydroxyapatite (HA) has been widely used as bone grafts 
due to its chemical and structural similarities to the mineral 
phase of hard tissues, its bioactivity and biocompatibility. 
However, HA has poor mechanical properties due to its 
brittleness [2,3]. To improve mechanical properties of HA-
ceramics, ceramics oxides, whiskers or fibers have been 
suggested. Demirkol et all. [1,4] produced sheep  
hydroxyapatite- niobium (v) oxide and commercial  

synthetic hydroxyapatite- niobium (v) oxide composites. 
When niobium (V) oxide was added to synthetic 
hydroxyapatite, density, compression strength and Vickers 
microhardness increased with increasing sintering 
temperature and additive amount. They obtained the 
highest density, compression strength and Vickers 
microhardness as 2,95 g/cm3, 89 MPa and 390 HV with 
CSHA-10 wt% Nb2O5  composite sintered at 1300°, 
respectively. Niobium oxide addition to hydroxyapatite had 
used for repairing bone, promoting the calcification process 
of human osteoblasts [5,6]. 
Demirkol et. all. [7] studied mechanical properties of  
sheep hydroxyapatite and commercial synthetic 
hydroxyapatite-magnesium oxide composites. They 
obtained the highest density, compression strength and 
Vickers microhardness as 2,90 g/cm3, 85 MPa and 370 HV 
with CSHA-5 wt% MgO  composite sintered at 1300°, 
respectively.  
Tan et. all. [8] studied sintering and mechanical properties 
of MgO-doped nanocrystalline hydroxyapatite. Doping by 
MgO to HA is found to effectively suppress grain growth 
and enhance fracture toughness by nearly 50% while good 
densification and phase stability in all samples regardless of 
concentration of dopant are fully maintained. MgO is the 
very important reinforcement material for bioceramics. 
Because magnesium (Mg) is seemingly reduces risks of 
cardiovascular diseases, promotes catalytic reactions and 
controls biological functions of human body [7,8]. 
In this study, 5wt% Nb2O5 and 5wt% MgO were used 
together as reinforcement material to determine the effects 
on the mechanical properties and to compare the effect of 
reinforcement materials which were used separately in the 
former studies [4,7].  
 
2. Materials and Methods 
 
The CSHA used in this study was obtained from Across 
Company with the an average particle size of 6.5 m. The 
CSHA powder was mixed with (together) 5 wt.% Nb2O5 
and 5 wt % MgO powders for 4 hours. The samples were 
prepared according to British Standart for compression 
tests (BS 7253) [9].  The powder portions were pressed at 
350 MPA between hardened steel dies. Pressed samples 
were subjected to sintering at different sintering 
temperatures  between 1000 and 1300°C (with the heating 
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rate of +5°C min-1) for 4 hours. Compression strength, 
Vickers microhardness and density were measured. X-Ray 
diffraction studies were also conducted. Microhardness 
tests were done under 200 g. load. Compression test with 
an universal testing machine. SEM images were taken with 
Scanning Electron Microscopy (FEI NovaNanoSEM650 
attached with EDAX Trident System). 
 
3. Results and Discussion 
 
Fig.1, Fig.2 and Fig.3 show the particle size distribution of 
used materials in this study. Commercial synthetic 
hydroxyapatite, niobium (V) oxide and magnesium oxide  
were obtained with 6.5, 4.8 and 65 m mean particle sizes, 
respectively (Fig.1-3).  
 

 
Fig.1: Particle Size Distribution of Commercial Synthetic 
Hydroxyapatite. 
 

 
Fig.2: Particle Size Distribution of Niobium (V) Oxide. 
 

 
Fig.3: Particle Size Distribution of Magnesium Oxide. 
 
In former studies, Demirkol et. all. [4,7] examined 
microstructure and mechanical properties of CSHA-
niobium (V) oxide and CSHA-magnesium oxide 
composites. For CSHA-Nb2O5 composites, the highest 
density, compression strength and Vickers microhardness 
values were obtained with CSHA-10 wt% Nb2O5 composite 
sintered at 1300°C as 2.95 g/cm3, 89 MPa and 390 HV, 
respectively. For the CSHA-MgO composites, density, 
compression strength and Vickers microhardness were 
obtained with CSHA-5 wt% MgO composite sintered at 
1300°C as 2.90 g/cm3, 85 MPa and 370 HV, respectively. 
The former study shows that the similar density and 
compression strength values were obtained with both 
composites. Higher Vickers microhardness value was 
achieved with CSHA-5 wt% MgO composite sintered at 
1300°C.  

Table 1 shows the density results of this composite 
measured by Archimed method. Density increased with 
with increasing sintering temperature.  
 
Table 1: Density values of CSHA-5N5M Composite at 
Different Sintering Temperatures.  
 

Sintering 
Temperature (°C) 

Density (g/ cm3) 

1000 2.47 
1100 2.69 
1200 2.83 
1300 3.01 

 
Fig.4 shows compression strength and Vickers 
microhardness graphics of the CSHA-5 wt% Nb2O5 -5 wt% 
MgO composite (CSHA-5N5M) sintered at different 
sintering temperatures. Mechanical properties increased 
with increasing sintering temperature as density values. The 
best mechanical properties were obtained for this 
composite at 1300°C sintering temperature.  
 

    
                         (a)                                            (b) 
Fig.4: (a) Compression Strength (b) Vickers Microhardness 
Graphics of CSHA-5N5M Composite at Different Sintering 
Temperatures.  
 
When we compared physical and mechanical results with 
former studies, we concluded that using niobium (V) oxide 
and magnesium oxide together in stead of using separately 
as a reinforcement material is more useful for improving 
properties.  
 
Fig.5 denominates the scanning electron microscopy image 
of CSHA-5N5M composite sintered at 1300°C.  
 

 
 

Fig.5: SEM Images of CSHA-5N5M Composite Sintered at 
1300°C (50000X). 
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Compact crystals containing niobium-magnesium oxide, 
calcium phosphate phases and grain growth for niobium 
magnesia calcium phosphate phase were observed.   
 
4. Conclusions 
 
In this study, production and the mechanical properties of 
commercial synthetic hydroxyapatite-5 wt% niobium (V) 
oxide-5 wt% magnesium oxide composites sintered at 
different sintering temperatures were investigated to 
determine suitable sintering temperature.  
The following conclusions were obtained. 

1. Mean density values and mechanical properties 
increased with increasing sintering temperature. 

2. Using niobium (V) oxide and magnesium oxide 
together as a reinforcement material is better than 
using them separately for mechanical properties. 

3. The highest density, compression strength and 
Vickers Microhardness values were obtained for 
composite sintered at 1300°C 3,01 g/cm3, 96 MPa 
and 393 HV, respectively. 

4. 5 wt% niobium (V) oxide and 5 wt% magnesium 
oxide addition to CSHA improved the strength 
properties of composite up to 50%. 

Biocompatibility studies are going on.  
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Abstract  

Aim of this study is to develop and design a cement free 
castable refractory material having high slag corrosion. 
To design a cement free castable refractory material, two 
different binders having special compositions are used 
instead of the cement phase.Composition ratios are 
decided by using particle packing factor which is found 
as 0.25 in this study. Influences of cement on 
microstructure, thermal, mechanical, chemical and 
physical properties for the recipes were investigated. 
Firstly, some physical, chemical, and mineralogical 
characterization tests are applied to powder raw 
materials. Then, seven different recipes are prepared by 
using particle packing factor. The recipes are shaped by 
casting technique and heat treatments are applied to the 
shaped refractory at 110oC, 1000oC and 1500oC 
temperatures. Cement containing sample and special 
binders containing samples are compared with many 
aspects. As a result of the comparisons, an optimum 
cement free recipe is chosen. Effects of the Binder A and 
Binder B with different ratios on recipes was explained in 
this paper. 

1. Introduction  

In this study, it is aimed to develop an alumina based, 
cement free and slag corrosion resistive refractory. An 
alumina castable refractory is studied by the contribution 
of specially developed active alumina based binders with 
micro-filler and reactive alumina components which are 
existed in the structure. The behaviors and properties of a 
cement having alumina based reference recipe and the 
new developed binder containing castable recipe are 
compared. 

2. Experimental Procedure 

2.1 Raw Materials 

Sintered alumina at different particle sizes, reactive 
alumina, cement, Binder A, Binder B, and water are used 
as raw materials in this study. 

2.2 Particle Packing Factor Calculation 

Dinger and Funk equation is used to calculate component 
ratio of recipes. After the accomplished calculations, 
optimum distribution coefficient (q) is found as 0.25 and 
recipes are prepared according to this value. Prepared 
recipes are given in Table 1 and Table 2. 

Table 1 : Recipes with components and ratios. 

Raw 
Materials/Recipes 1 (Reference) 2 3 

Sintered Alumina (2-
5 mm) 30% 30% 30% 

Sintered Alumina (1-
2 mm) 15% 15% 15% 

Sintered Alumina (0-
1 mm) 23% 23% 23% 

Sintered Alumina (0-
0.5 mm) 12% 12% 12% 

Sintered Alumina (-
325 mesh) 6% 6% 6% 

Reactive Alumina 7% - - 
Cement 7% - - 
Binder A - 14% - 
Binder B - - 14% 

Water 4.40% 4.10% 4.10% 

 

Table 2 : Recipes with components and ratios. 

Raw 
Materials/Recipes 4 5 6 7 

Sintered Alumina 
(2-5 mm) 30% 30% 30% 30% 

Sintered Alumina 
(1-2 mm) 15% 15% 15% 15% 
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Sintered Alumina 
(0-1 mm) 23% 23% 23% 23% 

Sintered Alumina 
(0-0.5 mm) 12% 12% 12% 12% 

Sintered Alumina 
(-325 mesh) - - 6% - 

Reactive Alumina - - - - 
Cement - - - - 
Binder A 20% - 7% 10% 
Binder B - 20% 7% 10% 
Water 4.10% 4.10% 4.10% 4.10% 
 

2.3 Raw Material Characterization 

In this study, particle size distribution measurements, 
density measurements, chemical analysis, and phase 
analysis are applied to the raw materials in terms of 
characterization studies. 

2.4 Sample Preparation and Heat Treatments 

Preparing samples includes five main steps which are 
raw material weighing, mixing, shaping, setting and 
demolding, and drying. After shaped refractory samples 
are obtained, heat treatments are applied at 110oC, 
1000oC, and 1500oC. 

2.5 Sample Characterization 

Shaped sample characterization includes density/apparent 
porosity measurements, Cold crushing strength (CCS) 
measurements, permanent dimensional change 
measurements, phase analysis, microstructural analysis, 
micro-hardness tests, abrasion tests, ultrasonic 
examinations, thermal shock tests, and crucible slag 
corrosion tests.  

3. Results and Discussion  

3.1 Density, Apparent Porosity, Cold Crushing 
Strength, Dimensional Change Results 

Density, apparent porosity, cold crushing strength and 
dimensional change results of the recipes are reprt the 
Table 3 and Table 4. 

 

 

 

Table 3 : Characterization test results 

  110oC 1000oC 

Rec. 
Dens. 

g/cm3 

AP 

% 

CCS 

kg/cm2 

Dens. 

g/cm3 

AP 

% 

CCS 

kg/cm2 

Dim. 

Ch. 

(%) 

1 3.14 10.8 825 3.07 18.0 590 0.0 

2 3.18 10.4 143 3.17 10.1 243 0.0 

3 3. 21 12.7 108 3.19 12.7 143 -0.1 

4 3.16 12.4 189 3.15 10.4 375 0.0 

5 3.17 14.2 118 3.16 14.1 163 0.0 

6 3.16 15.0 182 3.15 14.4 224 0.0 

7 3.13 15.6 193 3.12 15.5 309 0.0 

 

According to the Table 3 and Table 4, it is decided that 

Recipe 7 with 10 % Binder A and 10 % Binder B is the 

optimum recipe for this study between the recipes. This 

selection is done according to its extreme cold crushing 

strength, dimensional change as shrinkage, and other test 

values in adequate levels. In the rest of this study, 

remaining measurements and characterization tests are 

made to Recipe 7 and reference recipe samples only. 

Table 4 : Characterization test results 

  1500oC 

Recipes 
Density 

(g/cm3) 

AP 

% 

CCS 

(kg/cm2) 

Dimensional 

Changes 

(%) 

1 3.04 16.3 1332 0.3 

2 3.18 10.9 1337 -0.2 

3 3.22 12.9 1879 -0.2 

4 3.16 11.4 1656 -0.2 
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5 3.19 13.8 1801 -0.3 

6 3.17 14.1 1835 -0.2 

7 3.15 15.4 1997 -0.2 

 

3.2 Microstructural Analysis with Scanning Electron 
Microscopy (SEM)  

SEM images of the reference sample and optimum 
cement free sample heated to 1500oC by two different 
magnifications are represented in the Figure 1. 

Figure 1 : SEM images of the reference samples 
(number 1 and 2) and optimum cement free samples 

(number 3 and 4) by x2000 and x7500 magnifications at 
1500oC. 

 

In the SEM images, it is observed that cement free 
sample shows better packing behavior, sintering process, 
and it has preferable bonding structure than cement 
containing reference sample. 

3.3 Slag Corrosion Test Results 

Area calculation which is the stage of slag corrosion test 
results are given in Table 5. 

Table 5 : Area calculation results. 

 
As can be seen above, slag infiltration of the reference 
sample reaches to the highest of the table at 1600oC with 
234 mm2 and cement free optimum recipe has zero 
infiltration which means having extremely good filtration 
resistance property. And at 1500oC, reference sample has 
9 mm2 slag abrasion and 60 mm2 slag infiltration while 
optimum cement free sample has only 7 mm2 slag 
abrasion and again zero infiltration. Correspondingly, 
results are positive through this examination as it is 
desired. 

Figure 2 : Cross sections of optimum cement free sample 
(left) and reference sample (right) after slag corrosion 

testing at 1500oC . 

 

In the Figure 2, yellow flakes on the optimum cement 
free sample on the left represent some particles of sample 
itself and there is no slag infiltration, but slag abrasion. In 
reference sample it is seen that there are both slag 
abrasion and infiltration at the right and left side of the 
reference sample. Thus, it can be briefly concluded that 
optimum cement free sample has higher slag corrosion 
resistance at 1500oC. 

 

 Reference 
Sample 

(1500oC) 

Recipe 7 
Sample 

 
(1500oC) 

Reference 
Sample 

(1600oC) 

Recipe 7 
Sample 

(1600oC) 

Slag 
Abrasion  
(mm2) 

9 7 18 7 

Slag 
Infiltration 
(mm2) 

60 0 234 0 
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Figure 3 : Cross sections of optimum cement free sample 
(left) and reference sample (right) after slag corrosion 

testing at 1600oC 

 

Figure 3 clearly shows that reference sample has abrasion 
at the both sides and a lot of leakage from three sides 
through the inside of the refractory while optimum 
cement free sample has no leakage but just a little amount 
of abrasion. 

4. Conclusion 

Physical, chemical, and mechanical tests are applied to 
the shaped refractory samples. As evaluations throughout 
of these tests, an optimum recipe is chosen as Recipe 7 
with %10 Binder A and %10 Binder B. As a compare of 
cold crushing strength and permanent dimension change 
of the optimum recipe, it gives better results than 
reference recipe. And these factors are considered while 
choosing the optimum recipe. It is specified that slag 
corrosion resistance of the optimum recipe is so much 
better when it is compared to the cement containing 
reference recipe. 
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Ceramics are very useful materials in many areas due to their excellent properties such as heat 
and corrosion resistant. They have a poor property such as fragility as well as good features. 
Many researchers are trying to reduce the fragility of ceramics via using various methods 
defined as toughening mechanisms. The most common method is the improving fracture 
toughness of ceramics by adding fine particles. When examined ceramic raw materials, a 
mineral known as itacolumite give a different opportunity for obtaining flexible ceramics. 
Itacolumite is a species of sandstone rocks, which consists of large quartz grains and 
significant amount of muscovite in microstructure. Not only the large quartz grains but also 
the amount of muscovite in microstructure has an effect on the flexibility of itacolumite. 
Muscovite is the harden minerals upon drying or firing, so the amount of muscovite become 
more considerable for obtaining better improvements in the flexibility of itacolumite. 
Additionally, the microstructure of itacolumite contains micro cracks and interconnected 
pores along the grain boundaries. Because of these unique microstructure properties, 
itacolumite shows a flexible behavior without the any additives in comparison with the other 
sandstone rocks. For the production of itacolumite flexible ceramics, firstly the structure of 
itacolumite is going to be mimicked due to anisotropy of materials such as thermal expansion, 
and then gaining the flexible behavior to ceramic bodies due to micro cracking by thermal 
expansion anisotropy. Throughout the that study, firstly obtained micro cracking in micro 
structure of the body due to produced titanate compounds in the ceramic body’s structure, and 
then gained the flexible behavior to ceramic bodies due to that micro cracking was aimed. In 
parallel with this purpose, that study was performed as three main parts. At the first part, 
necessary compositions for obtaining the titanate compounds (Al2TiO5 and Al2TiO5-
MgTi2O5) were designed according to phase diagrams of Al2O3 and MgO oxides with TiO2. 
At the second part of the study, designed compositions were produced depend on some 
parameters such as firing time, firing temperature, heating and cooling rates. At the last part 
of the study, effect of changing in that four parameters on micro crack’s dimensions, density, 
pore size distribution, mechanical, thermal shock and expansion properties were investigated. 
Samples were characterized by using 3 points bending test, scanning electron microscope 
(SEM), x-rays diffractometer (XRD), dilatometer, Archimedes principle and mercury 
porosimeter. In this context, produced flexible ceramics by mimicking of microstructure of 
itacolumite are going to be useful for anti-vibrating systems and refractory industry due to 
high thermal shock resistance.  
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Graphane Applications: Future Perspectives and 
Technological Developments

Burcu Saner Okan¹,², J. S. M. Zanjani¹, Y. Z. Menceloglu¹,² 

¹Sabanci University, ²Nanografen Nano Technological Products Ltd. 
Co. - Türkiye

There has been a growing interest in graphene commercialization since graphene based materials has shown great potential 
in various fi elds such as energy, aerospace, automotive, construction. Graphene based sheets have a great infl uence on 
mechanical performance of composites and improve mechanical, thermal, electrical, and fl ame retardancy properties of 
polymers. Graphene materials synthesized from different carbon sources such as recycled carbon and graphite fl akes are 
used as reinforcing agent to produce cost-effective composites in large amounts. These two types of produced graphene 
are used as nano fi llers in thermoplastic and thermosetting polymer formulations. In the present work, graphene based 
composites were produced by using different thermoplastic polymers and feeding different graphene amounts by melt-
compounding process. The mechanical properties of composite were analyzed by Universal Test Machine, and structural 
changes were investigated by Raman spectroscopy, Fourier Transformed Infrared Spectroscopy and X-ray diffractometer. 
Melt processing involves in direct inclusion of the graphene sheets into the melted polymer under high shear rates and 
this technique gains attention for the commercialization of graphene composites. For thermosetting polymers, graphene 
sheets were dispersed in epoxy hardener and epoxy composites were prepared by classical moulding and vacuum infusion 
techniques. Especially graphene obtained from recycled carbon brings a new insight in upscaling of graphene and 
provides cost-effective opportunities in the fi eld of composite. With the proposed techniques, the mechanical and thermal 
properties of the materials are improved and signifi cant weight reduction is provided by the addition of graphene in matrix 
material in low loadings changing from 0.05 to 2%. As a result, more reliable and long lasting composite production is 
possible by using graphene in polymer composites.
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Abstract 
 
In this study silver nanowires synthesized through polyol 
method are used to modify textiles via simple dip and dry 
method. Basically, bare cotton textiles are dipped into the 
ethanolic silver nanowire solution and dried at 80 oC. 
Resistance changes with respect to dipping number and 
heating performance at different applied voltages are 
recorded. Stability of the conductive textiles under different 
conditions are also investigated. It is observed that the 
textiles can be easily heated above 50 oC with an applied 
voltage of 3V. Moreover, it was observed that the heating 
performance of the textiles remains unchanged after several 
bending cycles. 
 
 
1. Introduction 
 
Conventional textiles such as cotton, nylon and polyester 
are electrical insulators. Commercially available conductive 
thread is generally either a solid metal wire, such as copper 
or stainless steel, or a non-conductive thread coated with a 
metal film, usually silver. However, these kind of 
conductive threads are not suitable for wearable 
applications since they are stiff and brittle. Therefore, after 
repeated bending cycles they can rupture and tend to cause 
problems both during weaving and in applications. As a 
result, novel conductive materials were investigated for 
development of conductive textiles via simple methods. 
These methods can be casting, spinning, printing, direct 
synthesis on textiles and dipping methods, most of which 
have already been demonstrated for the fabrication of 
electrically conductive textiles from the conductive 
polymers, metal particles, and carbon fillers [1-7].  
 
Utilization of one-dimensional nanomaterials instead of 
nanoparticles decreases the required amount of conductive 
materials for obtaining three-dimensional conductivity. 
Moreover, increased surface attraction between conductive 
filler and matrix prevents conductivity loss in daily usage. 
Carbon nanotubes, a well-known one-dimensional 
nanomaterial, have been used as a conductive material in 
smart textiles [8]. However, although individual carbon 
nanotubes are highly conductive, the junction resistance 
between two carbon nanotubes is found to be very high 

[10]. On the other hand, silver seems as a promising 
candidate, is the most conductive material both electrically 
and thermally among all metals. It is cost-effective when 
compared to gold gold or platinum, and is more stable in air 
than its cheaper counterpart copper. Recently, functional 
fabrics based on silver nanowires are also reported. For 
instance, Nateghi et al. coated silver nanowires onto cotton 
fabrics via dip and dry method and investigated their UV-
blocking performance [10]. Atwa et al. investigated the 
electrical conductivity of silver nanowire decorated fabrics 
under various mechanical treatments [11].  
 
Herein, we report on the heating performance of silver 
nanowire decorated cotton fabrics. Dip and dry method is 
used for the decoration of silver nanowires onto the fabrics, 
which also allowed the control on the thermal performance 
of the cotton fabrics.  
 
 
2. Experimental Procedure 
 
2.1. Materials 
 
All chemicals were purchased from Sigma-Aldrich and 
used without further purification. Ethylene glycol 
(anhydrous, 99.8%), polyvinylpyrrolidone (PVP) 
(monomer-based calculation MW= 55000), sodium 
chloride (NaCl, 99.5%) and silver nitrate (ACS reagent, 

99.0%) are used for polyol synthesis of silver nanowires. 
 
2.2 Synthesis of silver nanowires 
 
Silver nanowires were synthesized according to a 
procedure reported elsewhere [12]. Following synthesis, 
nanowires were purified. Purification involved repeated 
washing with ethanol and centrifuging for the recovery of 
the nanowires. At the end, the final product was dispersed 
in ethanol for further characterization and processing. 
 
2.3 Decoration of cotton fabrics with silver nanowires 
 
In order to functionalize cotton textiles 20 ml of 0.2 mg/ml 
ethanol solution of silver nanowires were prepared. Then 
pre-cleaned cotton textiles were immersed into this solution 
for 5 minutes. After that, the fabrics were dried at 120 oC 
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for 10 minutes. Silver paste was coated parallel to each 
other at the two sides of the textile piece to ease the 
contact. 
 
 
3. Results and Discussion 
 
An SEM image of silver nanowire modified textile is 
provided in Figure 1. This SEM image reveals the 
formation of a homogenous conductive network. 
Accelerated charge carriers as a result of applied electric 
field, collides with defects and phonons. Due to this 
collisions, heat is released. The relation between applied 
voltage and heat release can be explained by Joule’s law  
 

𝑃 𝑉 𝑅 
, where P is the power, V is the applied voltage and R is the 
resistance. 
 

 
 

Figure 1: SEM image of silver nanowire modified textile  
 
Time dependent heating profiles of silver nanowire 
modified textiles is provided in Figure 2. This heating 
profile can be investigated in three stages, which are 
heating period, steady state period and cooling period. 
Response time can be described as the time required to 
reach the steady state. Response time of silver nanowire 
decorated textiles is measured as 50 seconds. Steady state 
temperatures of this textiles were measured between 32 to 
170 oC. This large temperature range makes silver 
nanowire decorated textiles suitable for various 
applications like thermal therapy wear and outdoor sports 
wear. .  

 
Figure 2: Time dependent heating behavior of silver 

nanowire decorated cotton textiles. 
 
4. Conclusions 
 
We have investigated the heating behavior of silver 
nanowire modified cotton fabrics. It was observed that dip 
and dry method is an easy and efficient method to control 
the nanowire amount and the conductivity of the textile. 
Time dependent heating profiles of these fabrics under 
different voltages show their high potential for different 
applications areas.  
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Abstract 

Noble metal/metal oxide composite particles were 
commonly used for the catalysts in the degradation of 
pollutants. In this study, the synthesis of noble 
metal/metal oxide particles namely Ag/ZnO, Ag/Fe3O4, 
Ag/TiO2 were investigated in our self-designed system 
including a medium frequency induction furnace. The 
submicron Ag/ZnO, Ag/Fe3O4, and Ag/TiO2 composite 
particles were produced by the thermal decomposition 
of aerosols generated from initial solutions of silver 
nitrate (AgNO3), zinc nitrate (Zn(NO3)2), potassium 
silver cyanide (KAg(CN)2), potassium ferricyanide 
(K3(Fe(CN)6)) and titanium tetra-isopropoxide (TTIP). 
The particles were synthesized at the constant 
conditions; 0.01 M concentration, 15 min. running 
time, 800 °C reduction temperature and 1.0 L/min. air 
volumetric flow rate. X-ray diffraction (XRD) and 
scanning electron microscopy (SEM) investigations 
revealed that the spherical and submicron (~290nm 
average size) composite particles could be successfully 
produced without any contamination. 

1. Introduction 

In the last decade, the semiconductor catalysis has 
become more attractive and important since it has a 
great potential in resolving environmental issues [1]. 
The semiconductor materials like ZnO [2] and TiO2 
[3] are two of the ideal photo catalysts [4]. Both 
provide photo-generated holes with extraordinary 
oxidizing power because of their wide band gap energy 
[4]. Furthermore, the noble metal deposition can be 
used to decrease the metal oxide semiconductor band 
gap and increase their photocatalytic activity [5]. 
However, the magnetic materials [6, 7] (i.e. Fe3O4, etc.) 
have arisen as an alternative to conventional support 
materials in catalysis, since they can be easily 
separated from the system with the help of external 
magnetic fields [8].   

Lately, numerous processing routes have been 
developed for the synthesis of submicron and 
nanoparticles. Some most preferred methods can be 
listed as the chemical co-precipitation [9], sol-gel 
process [10], chemical vapour deposition [11], thermal 
decomposition [12], hydrothermal synthesis [13], solid-
state reaction [14] and spray pyrolysis [15]. Among the 
others, the significant benefit of the ultrasonic spray 
pyrolysis method is the flexible fast production of both 
submicron and nanoparticles with the correct 

combinations of process parameters; particularly the 
concentration of solution and the reaction temperature. 

In this study, metal/metal oxide powder production 
ability of our self-designed medium frequency 
induction system including ultrasonic spray were 
investigated. For this aim, three different noble metal 
modified semiconductor powders were produced at 
constant conditions: 0.01 M concentration, 15 min. of 
running time, 800 ºC of reduction temperature, and 1.0 
L/min. of air volumetric flow rate. XRD and SEM 
analyses were carried out to inspect the purity, size and 
morphology of produced nanoparticles. 

2. Experimental Procedure 

All the reagents ((KAg(CN)2, K3Fe(CN)6, AgNO3, 
Zn(NO3)2 and TTIP) were analytical grade and used 
without any further purification.  
Titanium tetra isopropoxide (TTIP) reacts very fast 
with water to form titanium oxide hydrate or titanium 
dioxide that directly precipitates as a white powder. To 
prevent this instant precipitation of hydrated titanium 
oxides and to prepare stabile solution, nitric acid is 
added into TTIP solution.  
The schematic representation of ultrasonic spray 
pyrolysis setup was shown in Fig.1. The developed 
design consisted of three major units: (1) a high 
frequency ultrasonic spray for the aerosol generation 
from solutions, (2) a medium frequency induction 
reactor for the thermal decomposition of aerosols and 
(3) particle collection bottles for the accumulation of 
the produced particles. Initially, the prepared solutions 
with the desired concentrations were atomized by using 
a high frequency ultrasonic generator (1.7 MHz), then 
transported through 800 ºC heated induction reactor 
(30 kW, 50 kHz frequency, 330 mm length) with 
carrier gas (air). During the nanoparticle production, 
the precursor solution was decomposed to form 
particles.  

The crystal structures of synthesized particles were 
identified by a X-ray diffraction (XRD, Philips 1700  
diffractometer) using Cu K  radiation ( =1.54187 Å, 
2  range 10° 90°). The morphology and size of 
produced powders were studied using a field emission 
scanning electron microscopy (FE-SEM, Jeol JSM 
700F). 
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Fig. 1. Schematic diagram of the experimental set-up 

The process conditions of the particle production were 
summarized in Table 1.  

Table 1: Composition of precursor solutions and 
conditions of the production process [Temperature 800 
ºC, flow rate 1 L/min.]  

Particles Precursor 
solution 

Concentration 
[mol/L] 

Ag/TiO2 (AgNO3)/ (TTIP) 

Ag/Fe3O4 
KAg(CN)2/ 
K3Fe(CN)6 

Ag/ZnO AgNO3/ Zn(NO3)2 

0.01 M / 0.01M  

 
3. Results and Discussion 

3.1 Thermodynamic analysis of precursor materials 

Thermogravimetric (TG) analysis technique was used 
to determine the thermal behavior of the precursor 
materials. AgNO3, Zn(NO3)2 and TTIP were used in 
this characterization. TG curves of these raw materials 
were inspected and the possible decomposition 
reactions were suggested with the change of Gibbs free 
energy calculations carried out by HSC Software 
program

TG analysis of silver nitrate, TTIP and Zn(NO3)2 were 
analyzed in the temperature ranging from 25 °C to 
1000 °C and seen in Fig. 2.  Major weight loss was 
seen between 400 °C and 500 °C, and after 500 °C no 
noteworthy further change was observed in AgNO3 
thermogram (see Fig. 2a).  

The TG curves of TTIP and Zn(NO3)2 given in Fig. 2b 
and 2c respectively showed that the decomposition of 
both TTIP and zinc nitrate were completed at around 
250 °C.  

The stoichiometric reaction for the decomposition of 
silver nitrate, TTIP and zinc nitrate could be suggested 
as in Eq.1, 2, 3, respectively.   

2AgNO3 (l) + O2 (g) = 2Ag (s) + 2NO2 (g) + 2O2 (g                (1) 

(Ti[OCH(CH3)2]4)(l) TiO2(s) + 4C3H6(g) + 2H2O(g)     (2) [17]                                                               
Zn(NO3)2 +O2(g)=2ZnO(k) +4NO2(g)) +2O2(g)               (3) 

The values of Gibbs free energy ( Gº) for the proposed 
zinc oxide formation reaction (Eq.3) at the temperature 
from 200 °C to 1000 °C confirmed the possibility for 

the synthesizing of zinc oxide by the thermal 
decomposition of zinc nitrate (see Fig. 3b). 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. TG/DSC thermograms of (a) AgNO3 (b) TTIP 
and (c) Zn(NO3)2 

The values of Gibbs free energy ( Gº) for the reaction 
(Eq. 4 to Eq. 7) at the temperature range up to 1000 °C 
confirmed the possibility for the formation of silver by 
the thermal decomposition of potassium silver cyanide 
(see Fig. 3a). The Gibbs free energy is positive 
between 0 ºC and 600 ºC whereas always negative 
beyond the temperature of 600 °C. Furthermore, the 
curves decline towards negative values at elevated 
temperature. It could be inferred that the metallic silver 
and magnetite formation by the result of thermal 
decomposition of potassium silver cyanide 
(KAg(CN)2) and potassium ferricyanide were 
thermodynamically possible at the chosen temperatures 
between 600 °C and 1000 °C.  

2KAg(CN)2 + O2(g)= 2Ag(k) + K2(CN)2(g) +2CN(g)                    
(4) 

K2(CN)2(g)  + 2 CN(g)  + 17/2 O2(g) + H2O(g)  = 2KOH + 4 
CO2(g)  + 4 NO2(g)                              
(5) 

3K3Fe(CN)6+2O2(g)=Fe3O4(k)+9/2K2(CN)2(g)+6CN(g)                (6)                  
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3K2CN2(g) + 6 CN(g)+51/2 O2(g) + 3 H2O(g)  = 6KOH +12 
CO2(g)  +12 NO2(g)                                                                                                 
(7) 
 

 
(a) 

 
(b) 

Fig. 3. Change of Gibbs free energy for thermal 
decomposition of (a) KAg(CN)2, K3Fe(CN)6 salts and 
(b)AgNO3, Zn(NO3)2 salts 

3.1 Production of Fe3O4/Ag 

The synthesizing of Fe3O4/Ag particles from 
KAg(CN)2 and K3Fe(CN)6 mixture were examined at 
constant process parameters; 0.01 M concentrations, 15 
min. of process duration, 800 °C of reaction 
temperature and 1 l/min. of air volumetric flow rate.  

The morphology and size of the Fe3O4/Ag core-shell 
particles were analyzed by SEM technique. As clearly 
seen in Fig. 4, Ag/Fe3O4 powders were submicron 
particles in which core Ag particles were larger than 
shell Fe3O4 ones. It could be understood that the silver 
seeds were generated in the same reaction mixture 
earlier than iron oxide formation.   

SEM examinations of synthesized powders revealed 
that Ag particles surrounded Fe3O4 were nearly 
spherical morphology with a dimension of below 
200 nm. 

The magnified SEM images (Fig. 4b) reveals the more 
detailed structural characteristics of the Fe3O4 around 
Ag composites. As shown in Fig. 4b, the Fe3O4 spheres 
with the size of 30 nm adhered to the surface of the 
large Ag particles. The silver particles were 
surrounded with thick agglomerated spherical nano-
magnetite particles formed as the shell. The sizes of 
Fe3O4 shells and Ag cores can be altered by controlling 
the concentrations of potassium ferricyanide and 
potassium silver cyanide, respectively. 

XRD analysis of particles confirmed the pure Fe3O4 
and Ag formation without the existence of any 
impurities (JCPDS Card No: 01-004-0783(Ag), 75-
0033 (Fe3O4)) (Fig.4).  

 
(a) 

 
(b) 

Fig. 4. SEM images of Ag/Fe3O4 particles produced by 
using 0.01 M KAg(CN)2 and 0.01 M K3Fe (CN)6 
solutions [800 ºC ,1 L/min. 15 min.] 

 

Fig. 5. XRD diffraction spectra of Ag/Fe3O4, particles 
[0.1 M, 800 ºC, 1 L/min. 15 min.] 

3.2 Production of Ag/TiO2 

The production of Ag/TiO2 particles from the mixture 
of inorganic AgNO3 salt and organic TTIP compound 
were investigated at constant process parameters; 0.01 
M concentrations, 15 min. of process time, 800 °C of 
reaction temperature and 1 l/min. of air flow rate. 

The typical SEM images of the Ag/TiO2 spheres 
synthesized by using TTIP and AgNO3 were shown in 
Fig. 6. It can be seen that a large quantity of Ag 
nanoparticles were distributed on the surface of the 
TiO2 spheres. The reason of initial formation of TiO2 
particles as a core is probably due to the previous 
thermal decomposition at 250°C whereas the thermal 
decomposition of AgNO3 occurs at around 440°C. The 
further SEM investigations revealed (Fig. 6) that the 
Ag particles formed as a shell of TiO2 seeds was under 
100 nm. 

  

Fig. 6. Scanning electron micrographs of Ag/TiO2 
nanoparticles [0.01 M AgNO3, 0,01 M TTIP, 800 oC 
and 1 l/min. Air, 15 min.] 
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XRD investigation confirmed the pure Ag/TiO2 
formation. (JCPDS Card No: 01-004-0783(Ag), 084-
1286(TiO2)) (fig.7). 

 
Fig. 7. XRD diffraction spectra of Ag/TiO2 particles  
[0.01 M, 800 ºC, 1 L/min., 15 min.] 

3.3 Production of Ag/ZnO 

We studied the synthesize ability of Ag/ZnO particles 
at constant process parameters; 0.01 M concentrations 
15 min. of process duration, 800 °C of reaction 
temperature and 1 l/min. of air volumetric flow rate by 
using self-designed system. 

The mixture of silver nitrate and zinc nitrate were used 
as precursor in the experiments. The morphology and 
size of the Ag/ZnO particles were investigated with the 
help of SEM. The high-magnified SEM images Fig. 
8a) showed that  Ag/ZnO particles were about 150 nm 
size and nearly spherical morphology.  On the contrary 
of the Ag/TiO2 Fig. 6)  and Fe3O4/Ag Fig. 4) particles 
within the core/shell model, Ag/ZnO particles were 
generated in the composite structure, even all of them 
were synthesized in the same production set-up.  

  
Fig. 8. Scanning electron micrographs of Ag/ZnO 
nanoparticles [0.01 M AgNO3, 0.01 M Zn(NO3)2 800 
oC and 1 l/min. Air, 15 min.] 

XRD pattern (Fig.9) of the Ag/ZnO sample 
demonstrated that particles had good crystallinity and 
had no impurities.  

 

Fig. 9. XRD diffraction spectra of Ag/ZnO particles 
[0.1 M, 800 ºC, 1 L/min.] [JCPDS card no. 04-
0783(Ag), JCPDS card no. 36-1451(ZnO)] 

4. Conclusions 

In this study, three different noble metal/metal oxide 
composite particles produced by self-developed 
continuous particle synthesis process. Based on the 
results reported, the following conclusions can be 
drawn:  

• This research proved that noble metal/metal 
oxide composite particles could be easily 
synthesize with simple, single step, cost 
effective medium frequency induction system.  

• Since no surfactant has been used in the 
synthesis, the particles are achieved to 
produce purely without any contamination.  

• Fe3O4/Ag core-shell particles, Ag core Fe3O4 
shell, were successfully produced from the 
mixture of metal cyanide precursors 
containing KAg(CN)2 and K3Fe(CN)6 salts.  

• The spherical submicron Ag/TiO2 particles 
produced successfully with the average size of 
250 nm. 

• About 150 nm Ag/ZnO composite particles 
was produced in the spherical like 
morphology within the homogeneous size 
distribution.  
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Abstract 

 
Polylactide (PLA) is one of the most essential biopolymeric 
material thanks to its renewability, biodegradability and 
biocompatibility. PLA has significant commercial use in food 
packaging industry and biomedical applications. However, it 
has not taken place yet in engineering applications when 
compared with traditional petroleum-based polymers because 
of its insufficient mechanical and thermal properties. The 
purpose of this study was to overcome these problems by 
using nanocomposite approach. In this manner, the influences 
of montmorillonite (MMT) type nanoclay addition and 
maleic anhydride (MA) grafted polylactide copolymer 
compatibilization were investigated on the thermal and 
mechanical behaviors of PLA. Nanocomposites have been 
compounded by melt mixing method via twin-screw 
extruder. After compounding, injection molding method has 
been used for shaping of bulk nanocomposite specimens. 
Intercalation and exfoliation level of the PLA/clay 
nanocomposites were examined by XRD method and TEM 
analysis. FTIR spectrums have been used for possible 
chemical interactions. Tensile tests, bending tests and 
fracture toughness tests have been used to investigate 
mechanical properties of PLA nanocomposites. Besides, 
changes in the transition temperatures and thermal 
degradation temperatures of PLA were observed in DSC and 
TGA thermal analyses. It was basically concluded that use of 
MMT nanocomposite approach could lead to significant 
improvements in many properties of PLA. 

 
1. Introduction 

 
Aliphatic biopolyesters, such as polylactide (PLA) occupies 
a large area as environmentally friendly material in 
academia and industry due to its biocompatibility and 
biodegradability properties [1]. Even though PLA has a 
wide application area in food packaging and biomedical 
items [2], it is also a promising material in engineering 
applications, because PLA is an alternative material to 
petroleum based polymers. 
 
Despite all these advantages, PLA requires higher 
mechanical and thermal properties to be used in 
engineering applications. For this purpose, reinforcements 
have been used to produce polymer matrix composites. In 
this respect, one of the most widely used reinforcement is 
montmorillonite (MMT) [3]. These materials are named as 
PLA/MMT nanocomposites. 
 
In the literature, PLA/MMT nanocomposites are 
investigated basically in two groups. In the first group [4, 

5], nanocomposites were produced as film specimens to 
enhance barrier properties. 
 
In the second group [6-16], although nanocomposites were 
produced as bulk specimens, many important thermal and 
mechanical properties were not investigated.  

 
Therefore, the first purpose of this study was to investigate 
effects of organically modified MMT content on the 
significant engineering properties of PLA. 
 
Apart from organic modification of the silicate layers for 
efficient intercalation purposes, another modification to 
improve properties of PLA/MMT nanocomposites further 
could be use of maleic anhydride (MA) type modification 
techniques. Therefore, the second purpose of this study was 
to investigate the influences of PLA-g-MA copolymer 
compatibilization. 

 
2. Experimental Procedure 
 
2.1. Materials 

 
In this study, L-type poly(lactic acid) , i.e. polylactide (PLA) 
was used as the matrix material. The montmorillonite (MMT) 
type nanoclay used was Cloisite 30B which is organically 
modified with methyltallow bis-2-hydroxyethyl quaternary 
ammonium cation (MT2EtOH). The particle size range of the 
nanoclay was 2–13 μm. 
 
2.2. Production of the PLA/MMT nanocomposites 
 
PLA/MMT nanocomposites were produced by two industrially 
compatible steps; i.e. “twin-screw extrusion melt-compounding” 
and “injection molding melt-shaping” with laboratory size 
equipment. 

 
PLA nanocomposites were produced with the loadings of 0.5, 1, 
2 and 3 wt% MMT. These nanocomposites were designated by 
using the format of “PLA/MMT x”, where x denotes wt% of 
MMT used. 
 
Effects of interfacial compatibilization was conducted by 
using the MA grafted PLA copolymer. 
 
2.3. Characterization f 
 
Formation of PLA/MMT nanocomposite structure was first 
determined by X-ray diffraction (XRD). Then, in order to 
evaluate dispersion and level of intercalation/exfoliation of 
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MMT silicate layers in PLA matrix, transmission electron 
microscopy (TEM) was conducted. 
 
In order to reveal possible interfacial interactions between 
PLA, MA and MMT fillers, “Fourier transform-infrared 
(FTIR) spectroscopy” was used. Fracture surface 
morphology of the fracture toughness specimens were 
carried out under scanning electron microscope (SEM). 
 
Fracture toughness (KIC and GIC) tests, tension and flexural 
tests were carried out to determine significant mechanical 
properties of the specimens. 
 
The first thermal analysis to determine transition 
temperatures and enthalpies of each specimen was 
differential scanning calorimetry analysis (DSC). The 
second analysis for the determination of the thermal 
degradation temperatures of each specimen was 
thermogravimetric analyses (TGA).  
 
3. Results and Discussion 
 
Figure 1 shows that MMT layers were intercalated and 
exfoliated successively by the macromolecular chains of 
PLA. 
 

 
Figure 1. TEM images showing (a) and (b) uniform 

distribution, (c) and (d) intercalation and exfoliation of MMT 
layers in PLA matrix 

 
IR spectrums shown in Figure 2 pointed out that there could 
be strong chemical interaction between the hydroxyl end 
groups of PLA and the hydroxyl groups present on the 
surfaces of MMT layers plus in the structure of its organic 
modifier. After MA compatibilization these interactions were 
via the oxygen of the carbonyl groups of MA. 
 

 
Figure 2. ATR-FTIR spectra of neat PLA and PLA/MMT 

nanocomposites. 
 
Bending and tension tests showed that due to the composite 
stiffening and strengthening mechanisms, use of MMT 
reinforcement increased the modulus and strength values of 
PLA.  
 

Table 1. Flexural Modulus (EFlex), Tensile 
Modulus (E), Flexural Strength ( Flex) and Tensile 

Strength ( TS) Values of the Specimens 
Specimens EFlex (GPa) E (GPa) Flex (MPa) TS (MPa) 

PLA 3.60±0.07 2.85±0.08 97.9±1.3 58.6±1.4 
PLA/MMT 0.5 4.04±0.01 3.07±0.07 99.9±3.9 59.6±1.6 
PLA/ MMT 1 4.18±0.09 3.17±0.08 104.2±1.3 61.0±0.6 
PLA/ MMT 2 4.57±0.06 3.28±0.06 102.5±1.9 57.8±0.5 
PLA/ MMT 3 4.56±0.06 3.24±0.10 101.1±0.4 55.8±1.5 
PLA/gMA/ MMT 1 4.14±0.06 3.01±0.08 103.0±2.2 59.3±2.1 

 
 
Ductility measurements in terms of %strain at break ( f) and 
KIC, GIC fracture toughness tests indicated that due to the 
shearing and composite toughening mechanisms; use of 
MMT resulted in very significant improvements. For 
example, 1 wt% MMT resulted in more than 6 times increase 
in f value, while 31% and 85% increases in KIC and GIC 
values, respectively. After MA compatibilization these 
improvements were much higher, this time the increase in f 
was more than 22 times, while in KIC and GIC values 70% and 
119%, respectively. 
 

Table 2. Tensile Strain at Break ( f) and Fracture 
Toughness (KIC and GIC) Values of the Specimens 

Specimens f  (%) KIC  (MPa m) GIC  (kJ/m2) 
PLA 3.48 ± 0.25 3.43±0.04 5.44±0.34 
PLA/MMT 0.5 6.28± 0.48 3.88±0.08 6.05±0.61 
PLA/MMT  1 21.75 ± 2.14 4.50±0.14 10.05±0.90 
PLA/MMT 2 16.70± 2.31 3.14±0.92 4.93±3.13 
PLA/MMT 3 14.25 ± 3.20 2.74±0.16 2.85±0.49 
PLA/gMA/MMT 1 78.45±30.34 5.84±0.06 11.95±0.74 
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DSC and TGA analyses revealed that incorporation of MMT 
with and without MA compatibilization have almost no 
effect on the glass transition and melting temperatures, and 
also in the thermal degradation temperatures of the neat PLA. 
The only difference observed in DSC was certain decreases 
in the cold crystallization temperature of PLA matrix; which 
was not effective to increase crystallinity amount of PLA. 
 

Table 3. Transition Temperatures, Enthalpies and 
Crystallinity Percent (XC) of the Specimens  

Specimens Tg 
(°C) 

Tc 
(°C)    

Tm 
(°C) 

Hm 

(J/g) 
Hc 

(J/g) 
XC 
(%) 

PLA 65 120 151 16.2 1.2 16.1 
PLA/MMT 0.5 65 111 149 23.6 8.4 16.4 
PLA/MMT 1 63 109 148 23.8 7.3 17.9 
PLA/MMT 2 63 108 148 22.2 5.7 18.1 
PLA/MMT 3 63 105 147 21.5 6.8 16.3 
PLA/gMA/MMT 
1 

64 114 150 22.2 5.2 18.4 

 
Table 4. Thermal Degradation Temperatures of 

the Specimens  
Specimens T5%  

(°C) 
T10%  
(°C) 

T25%  
(°C) 

Tmax  
(°C) 

PLA 330 340 352 367 
PLA/MMT 0.5 331 340 351 365 
PLA/MMT  1 332 341 352 366 
PLA/MMT 2 333 342 352 366 
PLA/MMT 3 332 342 353 367 
PLA/gMA/MMT 1 333 342 353 367 

 
4. Conclusion 

 
This study basically revealed that MMT type nanoclay could 
be an efficient reinforcement candidate for PLA 
nanocomposites. Improvements in the mechanical 
properties, especially fracture toughness and ductility, were 
outstanding. Moreover, it was observed that MA 
compatibilization contributed these improvements even 
more. 
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Abstract 

Today energy is a prominent subject. Alternative energy 
resources are being sought but the demand of energy is 
also increasing. To decrease the energy consumption is 
as important as finding alternative energy resources. 
Refrigerators are the most energy intensive devices, 
present in all of our houses. The energy consumption of 
all refrigerators in Turkey is equal to all the energy 
produced by Keban hydroelectric dam. The energy 
consumption of refrigerators depends on two main parts 
of a refrigerator: The compressor and the insulation. For 
the insulation rigid polyurethane foams (RPUFs) is used 
in refrigerators. The rigid polyurethane has a closed cell 
structure where a low conductivity gas is present inside 
the cells. Due to this structure, a refrigerator can exhibit 
a very low thermal conductivity. The conductivity of 
rigid polyurethane is affected by the cell size. If the cell 
size decreases the thermal conductivity can also be 
decreased. In this study, nano-clay produced in Turkey 
was tested as an additive to reduce the cell size of rigid 
polyurethane. The cell size of rigid polyurethane was 
managed to be decreased from about 550 microns to 
200 microns and hence the thermal conductivity 
decreased from 22.6 mW/m.K to 20.8 mW/m.K. 

1. Introduction 

Rigid polyurethane is a very versatile material used for 
thermal insulation in many aspects of our life. One of 
these applications is refrigerators. The main body of 
the refrigerators is composed of rigid polyurethane 
foam to achieve the high thermal insulation needed for 
a refrigerator. Rigid polyurethane foams are produced 
by mixing a polyol with an isocyanate by using several 
foaming agents such as water and/or pentane. During 
the reaction between polyol in which the foaming 
agent is dissolved and isocyanate the foaming agent 
vaporizes and the foam structure forms. The 

microstructure of a rigid polyurethane foam is 
comprised of closed cells having polyurethane as the 
polymeric matrix and the blowing agent as the gaseous 
form inside the polymeric closed cells. A rigid 
polyurethane cellular structure is shown in Figure 1.  

 

Figure 1. Rigid polyurethane microstructure 

The thermal conductivity of a rigid polyurethane can 
be expressed with three different components. These 
components are: 

1. Thermal conduction through the solid polyurethane 
walls 

2. Thermal conduction through the gas 
3. Radiation from the cell walls 

The total thermal conductivity can be expressed with 
the following equation [1]: 

𝑡𝑜𝑡𝑎𝑙 𝑔𝑎𝑠 𝑠𝑜𝑙𝑖𝑑 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛            (1) 

gas, solid and radiation  depend on the blowing agent, the 
polyurethane itself and the cellular structure, 
respectively. Widya and Macosko stated that usually 
smaller cell size results in lower thermal conductivity 
[2]. According to the results from recent 
investigations, nanoparticles reduced the cell size of 
the foam and increased the cell density [3]. 
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The compatibility of hydrophilic inorganic silicates 
with hydrophobic polymer matrices is poor. To 
increase the compatibility and hydrophobicity of the 
silicates, an organic modification is generally applied. 
In this organic modification, the intergallery cations 
are exchanged with cationic organic compounds such 
as alkylammonium and alkylphosphonium. The 
organically modified silicates become more 
hydrophobic, spacing of the galleries is expanded and 
thus more compatible with the polymer matrix [4].  

In this study our aim is to produce a nanoclay starting 
from a national clay source which is compatible to be 
used in a rigid polyurethane nanocomposite application 
and to use this nanoclay to improve the thermal 
insulating property of rigid polyurethane foam used in a 
refrigerator application.  

2. Experimental Procedure 

2.1. Materials  

The formulized polyol used for making RPUFs was a 
polyether-based polyol (Dow Chemical Company) and 
the isocyanate was polymeric 4,4'-diphenylmethane 
diisocyanate (pMDI) (Dow Chemical Company). 
The montmorillonite based clay used in this study was 
pure bentonite (EC) supplied from a local source in 
Turkey. The properties of the bentonite is shown on 
Table 1. 

Table 1. Chemical analysis of fractions of EC 

Chemical Composition Weight (%) 
SiO2 72.3 
A2O3 14.4 
MgO 3.8 
CaO 1.3 

Fe2O3 0.9 
Na2O 0.8 

The cation exchange capacity (CEC) and the interlayer 
distance of the montmorillonites were determined as 74 
meq/100g and 14.8 Å, respectively. 

2.2. Preparation of nanoclay 

10 g of bentonite were dispersed in 100 mL of distilled 
water. The organic modifier dissolved in 150 mL of 
distilled water was added to the clay mixture. The 
mixture was stirred at room temperature for several 
hours. The obtained organoclay was filtered, washed 
several times to remove excess modifier and then dried 
at 100oC for 24 h. 
 
2.3. Preparation of rigid PU-clay nanocomposite 

The RPUFs were obtained by mixing mechanically a 
certain amount of polyol and pMDI in a paper cup. 
After adding pMDI onto polyol, stirring was continued 

for 7-10 seconds. During this time blowing agent 
vaporizes and foaming occurred. The mixture was 
poured into an aluminum mold and cured for 5 
minutes. Three different type of RPUFs were 
produced. The explanations of the trials are shown at 
Table 2 
 

Table 2. PU trials 

Trial code Explanation 
StPU No clay additive 
NC1 Unmodified clay additive 
NC2 Modified clay additive 

2.4. Characterizations 

X-ray diffraction (XRD) measurements were 
performed using a Rigaku-Rint 2200 diffractometer. 
The contact angles of clay and organoclays were 
measured with a Krüss DSA 100 goniometer. Cell 
structure of foams was investigated by using a Carl 
Zeiss Scanning Electron Microscope (SEM). The 
images were analyzed using SmartSEM software. The 
thermal conductivity of RPUFs was determined by 
using a thermal conductivity analyzer (Laser Comp 
FOX 314). The average temperature of the samples 
during measurements was 24oC. The compressive 
strength parallel to the rising direction of foam 
samples were measured by a Zwick Roell Z010 
universal test machine at the room temperature. 
Closed cell content of RPUFs was determined by 
Micromeritics AccPyc 1330 gas displacement 
pycnometer. 

3. Results and Discussion 

3.1. Effect of modification on the clay properties  

The change of the hydrophobic characteristic of the 
clay was observed by using contact angle 
measurement.  The contact angle measurement results 
are shown in Figure 2. The contact angle of the clay is 
increased from 16° to 83,5° after the organic 
modification.   

 

 

 

 

 

 

Figure 2. Change of hydrophobicity with organic 
modification 

Unmodified clay Modified clay 

16° 83,5° 
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The XRD patterns of modified and unmodified clay 
are given in Figure 3. The intergallery distance of the 
clay is increased from 14,8 A° to 21,4 A° after the 
modification. 

Figure 3. XRD patterns of the modified and unmodified 
clay  

The total results of the modification on the clay  
properties are shown at Table 3.  

Table 3. Effect of modification on clay properties 

 Intergallery 
distance, Å 

Contact 
angle, ° 

Bentonite (NC1) 14,8 16 
Modified clay (NC2) 21,4 83,5 
3.2. Effect of clay addition on the RPUFs 
microstructure  
 
The average cell size variation of RPUFS with respect 
to addition of different amounts of modified and 
unmodified clay is shown in Figure 4. It can be seen 
that the average cell size is decreased with both type of 
clay addition as the addition content is increased. For 
modified clay the average cell size is decreased further 
when compared to the unmodified clay.  
 

Figure 4. Change of polyurethane cell size with respect 
to increased percentage (volume) of modified and 
unmodified clay addition 
 
The closed cell content with respect to addition of 
different amounts of modified and unmodified clay is 
shown in Figure 5. It can be seen that the closed cell 
content do not change considerably with either type of 
clay addition and up to about 18 % addition of clay.   

Figure 5. Change of polyurethane closed cell content 
with respect to increased percentage (volume) of 

modified and unmodified clay addition 

 
3.2. Effect of clay addition on the thermal 
conductivity of RPUFs 
 
The change in thermal conductivity of RPUFs with 
respect to increased amount of modified and 
unmodified clay content is shown in Table 4 and 
Figure 6. The thermal conductivity of the PU is 
decreased for both clay additions but the decrease is 
more for modified clay.  
 

Table 4. The results of the thermal conductivity with 
increasing amounts of modified and unmodified clay   
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 Additive  % 

(By volume) 
Thermal 
Conductivity 
(mW/m.K) 

StPU - 22.64 
NC1 2.4 22.98 
NC1 7.2 22.67 
NC1 12.2 22.64 
NC1 17.5 22.24 
NC2 2.0 22.58 
NC2 5.0 21.85 
NC2 10.0 21.66 
NC2 15.0 20.87 
NC2 20.0 20.85 

 
 

Figure 6. The variation of the thermal conductivity with 
increasing amounts of modified and unmodified clay  
 
3.3. Effect of clay addition on mechanical properties 
of RPUFs 
 
The change in compressive strength of the rigid 
polyurethane with respect to increased percentage 
(volume) of modified and unmodified clay addition is 
shown at Table 5 and Figure 7. The compressive 
strength is increased by about 20 % with unmodified 
clay addition while it decreased about 7.5 % with 
modified clay addition.  
 

Table 5. Change of compressive strength with respect 
to increased amounts of modified and unmodified 

clay content  
 

 Additive % 
(Volume) 

Compressive 
strength 

StPU - 135 
NC1 2.4 165 
NC1 7.2 175 

NC1 12.2 163 
NC1 17.5 154 
NC2 2.0 132 
NC2 5.0 124 
NC2 10.0 114 
NC2 15.0 123 
NC2 20.0 124 

 

Figure 7. Change of polyurethane compressive 
strength with respect to increased percentage (volume) 
of modified and unmodified clay addition 

Conclusions 

The following conclusions can be made with this 
study: 

• The organic modification of clay increases the 
compatibility of the bentonite to be used as a nano 
additive for improving certain properties of rigid 
polyurethane 

• With increased amount of clay addition the cell 
size decreases while there is no considerable 
change in closed cell content 

• The thermal conductivity of the rigid 
polyurethane is decreased by about 8% with 
modified clay addition of 20% 

• The compressive strength is decreased by about 
7.5 % for modified clay while it is increased by 
20% for unmodified clay. 
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Abstract 
 
Synthesis of manganese-doped zinc oxide (ZnO:Mn) 
diluted magnetic semiconductor quantum dots is 
reported. The synthesis was carried out by room 
temperature precipitation method using zinc acetate 
and manganese acetate as precursors and ethylene 
glycol as solvent. Analytical characterization was 
performed by x-ray diffraction (XRD) and 
transmission electron microscopy (TEM). The lattice 
parameters of ZnO:Mn quantum dots-as estimated 
from the XRD analyses-slightly increased compared 
to those of undoped ZnO. This suggests substitutional 
incorporation of Mn into ZnO lattice. TEM 
examinations revealed single crystalline ZnO:Mn 
quantum dots with an average particle size smaller 
than 3 nm.  
 
1. Introduction 

 
For the spintronic device applications, there is an 
intense interest for diluted magnetic semiconductors 
(DMSs) which can be obtained by the replacement of 
host semiconductor cations with small amount of 
transition metal (TM) cations such as Co, Cu, Mn, 
etc. [1]. Recently, II-VI type TM doped 
semiconductors have been extensively studied as they 
permit high dopant concentration and offer 
possibility for realizing magnetic ordering at ambient 
temperatures [2, 3]. Among various II-VI type 
semiconductor metal oxides, zinc oxide (ZnO) has 
provoked attention as DMSs due to not only its 
unique properties like wide band gap (3.37 eV) and 
large exciton binding energy (60 meV) [4], but also 
due to its room temperature ferromagnetic character 
which can be achieved upon doping with TM, 
especially with Mn [5].  
 
The origin of ferromagnetism in DMSs is still 
controversial and strongly depends on the dopant 
concentration and synthesis conditions. Therefore, 
development of synthesis method by achieving better 
control over the material composition is important in 
order to provide homogeneously distributed and 
substitutionally incorporated 3d TM ions into the host 
ZnO crystal.  

 
In this study, 1.2 at.% Mn-doped ZnO quantum dots 
were synthesized by room temperature aqueous route. 
Crystal and structural properties were investigated by 
x-ray diffraction and transmission electron 
microscopy.  

 
2. Experimental Methods and Materials 

Characterization 
 
2.1. Materials and Experimental methods 

 
ZnO:Mn quantum dots  were synthesized using zinc 
acetate dihydrate (C4H6O4Zn 2H2O, 99%), 
manganese acetate tetrahydrate ((CH3COO)2-
Mn 4H2O, 99%), polyvinyl pyrrolidone (PVP, 
(C6H9NO)n, MW~ 55000), sodium hydroxide 
(NaOH), ethylene glycol (EG, C2H6O2, 99%) and 
deionized (DI) water.  All reagents were used without 
any purification. Synthesis was accomplished at room 
temperature in a similar way to a previous study [6]. 
First separate solutions of 0.1 M zinc acetate 
dehydrate (100 mL) and 0.5 g PVP containing EG 
solution (100 mL) were prepared. The zinc-
containing solution was added drop-wise into the EG 
solution using an automated injection pump at a rate 
of 50 mL/h and stirred for 15 min. 2 M NaOHaq was 
added (at a rate of 20 mL/h) to this mixture until the 
pH reached at 10.0. After addition of the NaOHaq, 
required amount of Mn containing 50 mL aqueous 
solution was added into zinc-containing parent 
solution at a rate of 20 mL/h.  The final mixture was 
aged at 25 °C for 15 min by stirring at 900 rpm. The 
precipitates were collected by centrifugation at 8000 
rpm for 10 min and subsequently washed thoroughly 
(five times) with DI-water. The powders were then 
dried at 70 °C for 3 h in a vacuum dryer. 
 
2.2. Materials Characterization 

 
The phases of the reaction products were identified 
by using XRD with Cu K  radiation ( =1.54 Å) and 
an x-ray source operating voltage of 40 kV at a 
scanning rate of 0.01°/sec. The size and morphology 
of the ZnO:Mn quantum dots were examined by 
TEM. The representative TEM samples were 
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prepared drying out an ultrasonically-dispersed 
aqueous suspension on holey carbon-coated copper 
grids.  
3. Results and Discussion 
 
It is well known that the size and morphology of ZnO 
nanostructures can be controlled by precipitation 
reaction parameters such as pH of the solution, 
reaction temperature and precursor concentration [7]. 
The concentration of H+ or OH- ions in the reaction 
solution strongly affects the nucleation and growth of 
precipitates, thus pH becomes a critical factor 
determining the final size and morphology of 
nanostructures. Figure 1 shows the dependence of the 
synthesis solution pH on the NaOH addition amount. 
After 8 mL of NaOH addition, pH value of the 
precipitation solution becomes ~8.0 and solution 
appearance changes from a transparent to a turbid 
state.  Thus, formation of ZnO nucleation starts at 
this pH value. With further addition of NaOH (2 mL), 
a sharp increase in the pH value from 8 to 10 shows 
that nucleation of ZnO is dominant in this pH range. 
After this stage, the addition of base results in a 
gradually increase in the pH value and growth of 
ZnO nuclei becomes dominant. Therefore, in order to 
synthesize ZnO nanostructures within the quantum 
size scale, pH value of the reaction solution should be 
adjusted highly alkaline values at around ~10.0.  
 

 
 
Figure 1. The dependence of the synthesis solution 
media on the NaOH addition and pH value. 
 
XRD patterns of undoped and 1.2 at.% Mn-doped 
ZnO powders are shown in Figure 2(a). All 
diffraction peaks belong to the crystalline ZnO with 
the hexagonal wurtzite structure (JCPDS card no: 14-
1451). This data indicates no evidence for existence 
of any additional Mn-containing phase within the 
detection limit of XRD.  
 

Figure 2(b) exhibits the details of the peak positions 
and full width half maximum (FWHM) values of 
XRD data. XRD peak positions slightly shift to lower 
2  values with Mn addition, (002) peak positions are 
determined as 34.46° and 36.43° for undoped ZnO 
and 1.2 at.% Mn-doped ZnO samples, respectively. 
This originates from the ionic size differences for 
dopant Mn ions and host Zn ions, and indicates 
substitutionally incorporation of Mn into ZnO crystal. 
FWHM value of (002) peak increases from 0.50° 
(undoped ZnO) to 0.82° (1.2 at.% Mn-doped) in 
terms 2 . Broadening of the XRD diffraction peaks 
indicates reduction in crystallite size  with Mn 
addition. The average crystallite size was estimated 
(line-broadening based) as 8.3 nm for undoped ZnO 
and 6.2 nm for 1.2 at.% Mn-doped ZnO, respectively. 
 
The lattice parameters (c) were determined as 5.138 
Å and 5.161 Å for undoped and Mn-doped ZnO 
samples. ZnO is a native n-type material [8] and 
incorporated Mn atoms are mainly substitutionally 
positioned Zn sites of ZnO lattice. Therefore, an 
expansion of the lattice parameter is observed due to 
larger ionic size of Mn ions (0.66 Å) than that of Zn 
ions (0.60 Å) for the same coordination number [9].  
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Figure 2. a) XRD diffractograms and b) regional 
XRD patterns of undoped and 1.2 at.% Mn-doped 
ZnO quantum dots.  

 
 
Figure 3. (a) Low magnification TEM and (b) 
HRTEM image 1.2 at.% Mn-doped ZnO quantum 
dots. 
 
Figure 3(a) shows a low magnification TEM image 
of the ZnO:Mn quantum dots, showing their 
morphology and size distribution. The micrographs 
indicate the presence of a few number of larger 
particles which are probably nucleate in the early 
time of the base addition. The high-resolution TEM 
(HRTEM) image of ZnO:Mn quantum dots shows 
that single crystal quantum dots marked with dashed 
circles have nearly spherical morphology and ~2 nm 
particle size. Distance between adjacent fringes 
measured as 0.26 nm shows that quantum dots have 
interplanar spacing of (0002) of ZnO crystal 
structure. In addition, HRTEM image of 1.2 at.% 
Mn-doped ZnO sample indicates that Mn is 
homogeneously distributed into the sample instead of 
form a separate phase. 
 
4. Conclusions 

 
As a conclusion, we have synthesized 
homogeneously distributed Mn-doped ZnO quantum 
dots via simple room temperature precipitation 
method. According to XRD peak positions and lattice 
parameter values, Mn is substitutionally incorporated 
into the ZnO crystal. XRD analyses suggest that Mn 
addition results a reduction of the crystallite size 
from 8.3 nm to 6.2 nm for undoped and Mn-doped 

ZnO nanoparticles, respectively. TEM micrographs 
shows that particle size of the homogeneously 
distributed spherical ZnO nanoparticles decrease to 
nearly 2 nm with 1.2 at.% Mn addition.  
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Abstract 

TiO2 sol gel solutions were prepared by using 
alkoxide gel method. Titanium butoxide were 
used as a titania precursor. Various proportion 
of additives as of water, acids, and ethanol 
were used to enable to prepare homogeneous 
solutions without precipitations. It was found 
that the sequence and the proportion of 
additives and using different acids played an 
important role for the homogeneity of the 
solutions and thereafter for the crystallization 
behaviour of heat treated powders. The single 
layer thin films on stainless steel substrate 
were prepared by using dip coating techniques. 
Upon heat treatment the microstructure 
development of thin films and the 
crystallization behaviour of powders were 
analysed by SEM and XRD respectively. 
Adherence ability of coatings to the substrate 
was explained by SEM micrographs.  The 
results were discussed depending on the 
preparation conditions of the solutions. 

1. Introduction 

Sol gel technology is economic and 
environmentally friendly coating techniques. 
Starting materials of alkoxides can be solved 
and mixed easily and sol gel solutions can be 
prepared very homogeneously. In alkoxide gel 
method metal alkoxide M(OR)n  is used as a 
precursor, where M represents the metal and R 
the alkyl group. Alkoxides react with water 
and hydroxyl part becomes attached to the 
metal atom. Condensation occur when two 
partially hydrolyzed molecules or a partially 
hydrolyzed molecules with an OR group react 
each other. 

Homogeneity of sol gel solution is the most 
important step for the coating quality and 
properties such as optical, electronical, 
mechanical, and also for phase transformation. 
One of the promising approaches to obtain fine 
coatings is using metalalkoxides as starting 
precursor. 

Titania thin films find applications in effective 
photocatalyst, electrical and optical elements, 
photoelectric conversion devices and 
antireflective coatings due to high refractive 
index, photocatalytic effects, transparency to 
visible light, [1, 2, 3, 4] . Photocatalytic effects 
of titania thin films are investigated by using 
Titanium alkoxide as precursor [3].Titanium 
nanoparticles are obtained by using TiCl and 
gas sensibility of particles are investigated. To 
enhance photocatalytic effect of TiO2 one find 
various researches in binary compositions 
[5,6,7,8]. In Literature one observes different 
results, in the phase analysis, phase 
transformation temperatures, microstructural 
development. There is a lack in systematic 
approaches to explain the relationships. 

In this work, it is targeted to develop 
homogeneous and clear titania alkoxide gel 
solutions with special attention to improve the 
photocatalytic activity of titania thin films. For 
this purpose the additives such as water 
ethanol and acids are used in various sequence 
and proportion to find the optimum preparation 
condition of alkoxide gel solutions prepared 
with Titanium butoxide. 

2. Experimental 

Titanium butoxide are used as starting 
precursor of titania. To prepare alkoxide gel 
solutions different additives were used, 
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distilled H2O for hydrolysis, HCl and ethyl 
aceto acetate acids as a catalyst and C2H5OH 
as solvent. In general it was started with 10 ml 
of Ti butoxide diluted in 10 ml ethanol, and 
finally 20 ml ethanol was used in total. The 
molar ratio of water to Ti alkoxide varied from 
1 to 3. All solutions were prepared at room 
temperature under continuous stirring. Water 
had to be diluted in 10 ml ethanol together 
with HCl before adding in to Ti butoxide 
solutions. HCl was used with varying amount 
of 1- 3 ml. Water mixture needed to be added 
drop by drop in order to avoid precipitation. 
By increasing of water amount ethyl aceto 
acetate acids were needed to be added in the 
final step to provide homogeneity and clearity 
of alkoxide gel solutions without precipitations 
which was found very important for phase 
development and coating properties. 

The prepared gels after drying were subjected 
to X-ray diffraction analysis, the opaque gels, 
which is called gel 1, obtained from milky and 
not clear solutions exhibited crystalline 
structure,  the clear gels ( gel 2) obtained from 
clear solutions appeared to be amorphous or 
crystalline structure depending on the 
preparation conditions of solutions. The gels 
obtained from clear solutions containing ethyl 
aceto acetate addition (gel 3) shown 
amorphous structure.  DTA analyses 
(Shimadzu Model) of dried sample made in air 
atmosphere at 10 oC/min, showed 
transformation of the gel upon heating with 
regard to releasing temperature of organic 
solvents and  water and transformation 
temperature of crystalline phases. The 
thicknesses of coatings were measured with 
profilometer (Ambios XP Series). 
Microstructure development of heat treated 
coatings were analysed by using SEM. 

To investigate the adherence ability of coating, 
the substrates were pretreated with polishing 
and sandblasting. The prepared substrates were 
then coated by dip coating method.  After 
drying and heat treatment the properties of 
coatings were investigated by SEM analysis. 

Heat treatment temperatures of the coatings 
were determined by DTA analysis. 

3. Results and discussion 

The heat treated gels of all compositions were 
subjected to XRD analyses. According to XRD 
results the opaque gel 1 crystallized at early 
stage at 450 oC with rutilee phase, while clear 
gel 2 crystalized at 500 oC with rutilee phase, 
and gel 3, composition containing ethyl aceto 
acetate, remained amorphous up to 500 oC and   
started to crystallize at higher temperature of 
600oC with the crystal phase of anatase and by 
further heat treatment it showed also the other 
crystalline structure of rutilee phase starting at 
600 oC. These results showed the dependency 
of thermal stability of TiO2 in preparation 
condition of sol gel solutions. 

In this work besides these three compositions it 
is also a composition of gel 4 prepared, which 
contains only additional 2 ml ormosil put in to 
solution of gel 2. This composition showed an 
amorphous structure up to 600 oC and started 
to crystallize first at temperature of 750 oC 
with anatase phase. Later crystallization of the 
composition containing ormosil may be 
explained with slow down and controlling of 
reactions in the structure. 

Early crystallization of the composition 1 with 
450 oC may be indicated that a sudden reaction 
of titanium butoxide with water effect thermal 
stability of TiO2 negatively and cause early 
forming of rutile phase.    
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Figure 1. shows XRD patterns of composition 
1 heat treated at 450 oC.  

 

Figure 2. shows XRD patterns of composition 
3 heat treated at 600 oC 

 

Figure 3. shows XRD patterns of composition 
4 heat treated at 750 oC. 

 

Figure 4. DTA analysis of compositions, gel 1   

 

Figure 5. DTA analysis of compositions, gel 4  

DTA results of compositions 1 and 4 without 
and with ormosil are shown in Figure 4-5. The 
curves exhibit low temperature endotherms at 
about 100 oC which is explained with the loss 
of water. At about 300 oC, one observes 
exotherms which are attributed to the oxidation 
of residual organics. The peak becomes sharp 
shift to higher temperature with the composite 
4 containing ormosil. These findings may be 
interpreted as an exotherm due to combustion 
of high content of organics. 

In composition of gel 1 one observes a wide 
range of exothermic peak at around 400 oC 
which is an indication of forming a crystal 
phase, in case of composition 4 containing 
ormosil one observes a wide range of peak at 
around 600 oC compared to composition 1, 
which is attributed to starting of anatase phase. 

 

Figure 6. DTA analysis of compositions, gel 3 

Figure 6 shows also peaks at 400 and 700 oC 
same as to DTA graphics of comp. 4, only 
there is no sharp peak at 300 oC as of gel 4 

The coated samples from clear solution on 
stainless steel were heat treated at two different 
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temperatures as of 400 oC and 600 oC since 
according to DTA results at around these 
temperatures phase transformations start to 
occur. 

SEM micrographs of single coatings on two 
different pretreated substrates heat treated at 
two different temperatures are shown in 
Figures 3-6 Morphologies observed in these 
Figures are different from each other. 

Figure 7 a,b show morphologies of the 
coatings on polished 7 a and sandblasted 
substrate 7 b, heat treated at 400 oC. 
Comparing the surface morphologies one 
realize their adherence ability to the substrate.  
Figure 7 shows seperated island forms of 
coatings, whereby Figure 8 shows a full 
covered coating without any serious defects. 

Figure 8 a, b represents the morphologies of 
the same coatings at the temperature of 600 oC. 
One can see similar morphology compared to 
previous Figure 7 a, b where again sandblasted 
furnace represents a better covering capability. 

Furthermore at this temperature of 600 oC one 
can see grain growth of crystals, compared to 
the morphologies at the temperature of 400 oC. 

 

 

Figure 7. SEM images of coatings at 400 oC 
on a) polished substrate and b) sandblasted 
substrate 

 

 

 

Figure 8. SEM images of coatings at 600 oC 
on a) polished substrate and b) sandblasted 
substrate 
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Figure 9. SEM image of coating on polished 
substrate at 400 oC of composition containing 
ormosil 

Figure 9 represents morphology of coatings of 
composition containing ormosil on polished 
substrate at 400oC 

Fig 9 shows the morphology of composition 4 
with ormosil additives. Compared to other 
Figures one see a better coverage of coatings 
with only some micro cracks and broken parts , 
better coverage can be explained with binding 
effects of ormosil to the substrate. 

4. Conclusion 

Alkoxide – gel coatings of TiO2 on stainless 
steel were obtained using Titanium butoxide, 
water, ethanol, HCl and ethyl acetoacetate in 
various sequence and proportion with the aim 
of preparing homogeneous and clear solutions 
and achieving coatings with enhancing the 
thermal stability of TiO2. Coatings were made 
by using dip coating method and heat 
treatments were done at two different 
temperatures at 400 oC and 600 oC according 
to DTA results. 

It is found that the addition of ethyl 
acetoacetate in to sol gel solution assured the 
clearity of coatings promoting the forming of 
anatase phase and thermal stability of titania. 

Our results shown that the addition of ormosil 
in to titanium butoxide solutions, composition 
4, slowed down the reaction by keeping the 
amorphous structure up to higher temperature 
of 600 oC and promoting the forming of 

anatase phase and shifting the phase 
transformation temperature of rutile phase up 
to 750 oC. 

XRD patterns revealed amorphous structure of 
this composition 4 heat-treated up to 600 oC 
and by further heat treatment it showed a 
crystalline structure with anatase phase starting 
at temperature around 750 oC, which indicate 
the positive effect in thermal stability of 
titania. 

The composition1, the opaque gel powder 
started to crystallize at 450 oC with rutile 
phase, whereby the other compositions 2 and 3 
remained amorphous up to 500 oC. Early 
crystallization of the composition may indicate 
a sudden reaction of titanium butoxide with 
water which makes it difficult the control the 
reactions. 

The thicknesses of coatings were measured 
with profilometer. For single layer coatings, a 
film thickness of 200-300 nm was obtained. 

Surface morphologies of single layered 
coatings on stainless substrate with polished 
and sandblasted surfaces heat-treated at two 
different temperatures as of 400 oC and 600 oC 
are demonstrated by SEM micrographs. On 
sandblasted substrates one observes a good 
coverage of coatings compared to samples on 
polished substrates which may be explained 
with increased surface area of surfaces. On 
substrate of composition 4 with ormosil 
addition one could obtain a better adherence 
ability which may be explained with the 
binding effect of ormosil to the substrate. 
Increasing the heat treatment temperature of 
the coatings from 400 to 600 oC demonstrated 
grain growth of crystals. 
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Abstract 
 
Nickel hydroxide (Ni(OH)2) is commonly utilized in 
catalytic, sensing, energy storage and recording media. It 
has unique physical and chemical properties such as high 
redox activity, high power density, high chemical stability 
and cyclability. Ni(OH)2 is reported to have highly 
pseudocapacitive properties, which make it promising 
electrode materials for supercapacitors. In this work, we 
report on the fabrication and capacitive properties 
characterization of supercapacitors with nanocomposite 
Ni(OH)2 and silver (Ag) nanowire network electrodes . Ag 
nanowire network on polyethylene terephthalate (PET) and 
glass substrates provided high conductivity and a template 
for the attachment of Ni(OH)2. Electrochemical properties 
such as specific capacity and cycling ability of 
supercapacitors with coaxial composite electrodes were 
then investigated through cyclic voltammetry, 
chronopotentiometry, electrochemical impedance 
spectroscopy. A specific capacitance of 1165.2 F/g was 
obtained for the nanocomposite electrodes, which was 
higher than that of bulk Ni(OH)2 electrodes. Our results 
reveal the potential use of the Ag nanowire/ Ni(OH)2 
nanocomposites in flexible supercapacitor electrodes that 
can be fabricated through simple solution based methods 
and the method investigated herein can be simply adapted 
to industrial scale fabrication.   
 
1. Introduction 
 
Energy storage is accepted as one of the most essential 
issues of our era. Among energy storage systems, 
supercapacitors have drawn high attention due to their high 
power and moderate energy densities [1]. 
 
Ag nanowire network electrodes were started to be used as 
transparent electrodes in different prototype optoelectronic 
devices, such as polymeric light emitting diodes [2] and 
organic solar cells [3]. They display better transparency and 
lower sheet resistance values when compared to 
commercial indium tin oxide (ITO) thin film electrodes. 
These network electrodes are also promising for 
supercapacitor devices due to their unique conductivity, 
large surface area, three dimensional architecture and 
mechanical stability [4].   

  
Ni(OH)2 is one of the high-power-battery-type materials 
and its theoretical specific capacitance (2358 F g-1) is 
higher than many metal oxides. In fact, it is reported that 
the experimental results go beyond the theoretical value of 
specific capacitance (3152 F g-1) [5]. Its reversible redox 
activity and good stability in alkaline electrolytes make it a 
good candidate for high capacity energy storage devices. 
 
2. Experimental Procedure 
 
All materials used in this work were purchased from 
Sigma-Aldrich were of analytical grade and used without 
further purification.  
 
Ag nanowires were synthesized according to a procedure 
reported elsewhere [6]. Following synthesis, purification of 
Ag nanowires was done using acetone (in a ratio 1:5) and 
centrifuged two times at 8000 rpm for 20 minutes. The 
final product was dispersed in ethanol for further 
processing. Ethanolic solution of Ag nanowires were 
deposited onto PET and soda-lime silica substrates using 
simple nitrogen fed spray gun [4]. 
 
Ni(OH)2 shell layer was cathodically electrodeposited onto 
Ag nanowire networks using a using 
potentiostat/galvanostat system (Gamry Reference 3000). A 
solution of nickel acetate (Ni(CH3COO)2.4H2O, 0.1 M) was 
used for the electrodeposition of Ni(OH)2. 
 
The morphology of electrodes was investigated by 
scanning electron microscopy (SEM, FEI Nova 430).  
 
3. Results and Discussion 
 
Ni(OH)2 layer was conformally electrodeposited onto 
conductive network of Ag nanwires. Ni(OH)2 
nanostructures were gradually grown on the surfaces of Ag 
nanowires during electrodeposition and it formed a 
continuous layer as shown in Figure 1. The thickness of the 
Ni(OH)2 layer was controlled through the deposition time. 
A typical Ni(OH)2 shell thickness of around 400 nm nm 
was used for these measurements.  
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Figure 1. An SEM image of Ag NW/Ni(OH)2 
nanocomposite. 
 
 
To evaluate the electrochemical performance of the 
nanocomposite electrodes, cyclic voltammetry 
measurements were performed within a potential window 
of 0 V and 0.5 V (vs. Ag/AgCl) in 1 M aqueous solution of 
potassium hydroxide (KOH). This potential window was 
particularly chosen due to the strong and reversible redox 
reactions, which probably involved hydroxyl ions. It also 
provides a safe operating window for Ag nanowires. Figure 
2 shows the cyclic voltammetry results of the 
nanocomposite electrodes at different scan rates. Ag 
nanowire network was utilized as a skeletal network for the 
deposition of Ni(OH)2 layer and the conformal coating 
facilitates the charge transfer from Ni(OH)2 shell layer to 
the inner Ag nanowires (within the core). 
 

 
Figure 2. Cyclic voltammetry results of the fabricated 
electrodes in 1 M KOH solution at different scan rates. 
 

 

4. Conclusions 
 

In conclusion, coaxial Ag nanowire network core Ni(OH)2 
shell nanocomposite electrodes were fabricated via 
electrochemical means and characterized. Conformal 
coating of Ni(OH)2 resulted in a high charge transport 
towards the Ag nanowire network electrodes. A specific 
capacitance of 1165.2 F g-1 at a current density of 3 A g-

1was obtained. 
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Abstract 

The present study focuses on the production and 
structural characterization of submicron Y2O3 particles. 
Submicron Y2O3 particles were synthesized by USP and 
sol-gel processes from yttrium nitrate solution. Y2O3 
particles were produced by ultrasonic spray pyrolysis 
method in single step from an 0.4M yttrium nitrate 
solution at 900 oC in an air atmosphere. The particle 
characterization studies show that Y2O3 particles have a 
great morphology in terms of spherical shape, narrow 
size distribution, sub-micron size and non-aggregation 
characteristics. In Sol-Gel process, the effects of the 
concentration of high purity nitrate salt solution and 
calcination temperature on the crystalline size of the 
products were studied. Moreover, the catalytic 
performance with citric acid during the gelation process 
and the final product morphology were investigated.  

1. Introduction 

Sub-micron particles; metals, alloys and metaloxide 
particles/powders are used as high technological raw 
materials. Besides, their application areas spread to 
various industries. Nowadays, high technological 
materials have high potential to be used in some areas 
such as electronic, pharmacy, chemistry, optical, 
communication and biological systems. These 
applications can be classified by high technological 
ceramics and insulators, drugs, catalysts, sensors, 
polymers and anti-microbial applications [1]. High 
surface to volume ratio of metaloxide particles make 
them attractive in many areas. 

There are sorts of approaches to produce Y2O3 particles 
in literature. Y2O3 has high melting temperature, high 
refractory index (~2), high thermal conductivity (13,6 
Wm-1 K-1), high band gap (5,72eV) and high transmission 
range (280–8000 nm). These properties allow particles to 
be used in many applications such as lasers, projection 
tubes, fiber-optic cables, ultra high speed sensors, 
Transmission Electron Microscope (TEM) and high 
temperature coating with characteristic properties [2]. 

USP is an aerosol process commonly used to form a wide 
variety of materials (metals, metal oxides, ceramics) in 
powder form, method is a suitable process to fabricate 
spherical and non-aggregation Y2O3 nanopowders. In this 
method, purified leach solutions of high purity metal salts 
and secondary raw materials are used. Basic processing 
steps of USP method are (1) formation of aerosol from 
initial solution by ultrasonic waves, (2) transportation of 
aerosol to reaction zone with carrier/reactive gases and 
shrinkage, (3) thermal decomposition or reduction, (4) 
formation of particles. The sol-gel process is a wet-
chemical method that uses either a chemical solution (sol 
for solution) or colloidal particles to form an integrated 
network (gel) [3-5]. 

In this study, Y2O3 particles were produced by USP and 
sol-gel techniques. The effects of the processing 
parameters on their size and crystalline structure were 
characterized by X-ray diffraction (XRD), energy 
dispersive spectrometry and scanning electron 
microscope (SEM-EDS). 

2. Experimental 

2.1. Materials 

0.4 M water leach solution of (Y(NO3)3.6H2O) (powders 
were dissolved in DI water) used as precursor solution. 
Solution was stirred with a magnetic stirrer.  

2.2. Experimental procedure 

In this study, USP and Sol-Gel methods are used to 
produce sub-micron Y2O3 particles by using high purity 
ytrium nitrate salts. In USP method, 0.4 M yittrum nitrate 
solutions prepared by dissolving yittrium nitrate in 
deionized water. The solution was stirred with a constant 
stirring rate about five minutes. Then according to 
parameters given in Table 1, the solution is converted to 
aerosol form and carried to reaction zone which is at 900 
°C, converts aerosol by calcination/reduction reaction 
and obtained Y2O3  particles are collected at tubes. In Sol-
Gel method, stociometric ratio (NH3) solution was 
dropwised to solution containing yittrium nitrate with a 
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constant stirring rate by magnetic stirrer. Then, citric acid 
was added to solution to react. 1 M citric acid dropwised 
to stociometric ratio (NH3) solution and stirred. After the 
reaction, white precipitate formed, then according to 
parameters given in Table 1 drying and calcination steps 
are applied. 

Table 1. Experimental parameters. 

 

X-ray diffraction (XRD, Phillips PW 1700) with Cu K  
radiation was used to examine the crystalline phase of the 
prepared particles. For XRD analysis, the Y2O3 dispersed 
particles were placed on a glass substrate and allowed to 
dry at room temperature. Particles were characterized by 
differential thermal analysis (DTA). After that, Y2O3 
dispersed particles calcinated at 900 C and particles were 
characterized by XRD. For size and morphology, 
particles were characterized by SEM. The chemical 
compositions of particles were studied by the energy 
dispersive spectroscopy (EDS) instrument. 

3. Result and Discussion 

3.1. X-ray analysis of Y2O3 particles 

XRD analysis determined the phases in particles. XRD 
result as seen in Fig. 1 are the resulting pattern of Y2O3 in 
various profiles of peak and diffraction angle at 2 , 
which represent the diffraction of Y2O3 using Yttrium 
Nitrate as precursor. According to the XRD patterns, the 
diffraction peaks of the samples were identified as Y2O3 
particles (JCPDS Card no: 86-1326). 

 

Figure 1. XRD analysis of the Y2O3 particles synthesized 
by USP. 

XRD result as seen in Fig. 2 are the resulting pattern of 
Y2O3 particles produced by Sol-Gel method with 
different temperatures.   

 

Figure 2. XRD analysis of the particles of Y2O3 
sythesized by Sol-Gel method. 

3.2. Differential Thermal analysis (DTA) of Y2O3 
particles 

Differantial thermal analysis is used as a tool to calculate 
weight loss due to temperature gradient. Fig. 3 shows the 
weight loss of the powder sample from room temperature 
to 1000 C, for as-synthesized powder. The primary 
weight loss was observed at 100 C due to the solvent 
evaporation.  
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Figure 3. DTA analysis of the hydrothermal Y2O3 
particles of before calcination process. 

4. Conclusion 

Y2O3 particules produced from 0.4 M Y-Nitrate solutions 
by USP and Sol-gel methods has almost spherical 
morphology. According to XRD results, Y2O3 particles 
with cubic crystal structure obtained in both of the 
methods. Compared to USP, sol-gel method has higher 
amount of powder production capability. However in 
USP method the final product can be produced in one 
step. In sol-gel method, 0.4 M starting solution is used to 
produce gel in room temperature and 50 oC to obtain 
Y2O3 particules with size ranging 100-200 nm. The 
processed sol-gel solutions are crystalized by evaporation 
methods and waste raw material recycling is done. In 
terms of this recycling process NaNO3   is produced to be 
used in many areas. 
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Abstract 

In this study, an equipment setup of radio-frequency 
thermal plasma (RF-Plasma) system was designed and 
installed for the production of nano-particles. For 
testing of the scheme, different kinds of particles were 
synthesized namely, a nano-metal (Ag), a nano-metal 
oxide (FexOy) and composite nano-particles (Ag/TiO2, 
CuO/ZnO). The developed RF plasma system was 
composed of three major units: (1) a high frequency 
ultrasonic spray for the generation of aerosol, (2) a RF 
induction system for the thermal decomposition of 
aerosols (3) an electrostatic filter and particle collection 
system. During the experiments, the mixture of aerosol 
was generated from the initial solutions contained 
metal ions between 0.1 M and 2 M by the ultrasonic 
atomizer and flowed into the plasma zone with the help 
of argon carrier gas. The produced particles were 
characterized via Scanning electron microscopy 
(SEM), Transmission electron microscopy (TEM) and 
X-ray diffraction (XRD) techniques. The results of 
characterizations revealed that the particles have a 
considerably homogeneous particle distribution with 
the average size below 40 nm. 
 
1. Introduction 

Radio frequency (RF) induction thermal plasma 
technology has arisen as a novel method for the 
manufacturing of advanced materials and also used for 
production of numerous kinds of nanoparticles in 
metallic, metal oxide, metal/metal oxide and metal 
oxide/metal oxide composites [1]. 

Silver, silver doped titanium dioxide, iron oxide and 
composite semiconductor oxides (CuO/ZnO) are 
commonly investigated due to their unique properties. 
Silver nanoparticles are usually used for applications 
such as catalysis, biological labelling and photonics 
[2,3]. Iron oxide nanoparticles are presently in the use 
of vitro diagnostics because of their biocompatible 
properties. Furthermore, these nanoparticles also offer 
many potential applications namely, catalytic materials, 
waste water treatment adsorbents, pigments, gas 
sensors and etc. [4,5] TiO2 and ZnO nanoparticles are 
usually used as photocatalytic materials. Lately, it has 
been understood that doping semiconductor oxides 
(TiO2, ZnO) with metal (Ag) and coupling of 
semiconductor oxides (CuO/ZnO) can reduce its band 
gap, extend its absorption range at visible light region 
[6, 7, 8]. 

Nanoparticles synthesis via RF thermal plasma method 
has many benefits, namely high chemical reactivity 
owing to their high temperatures, energy densities [8, 
9], as well as capability of obtaining a homogeneous 
size with high production rates and so on [10,11]. 
Besides, it is ability to produce reducing, oxidizing, 
nitriding, and carburizing environment [12] according 
to the desired chemical reactions. In addition, RF 
thermal plasma synthesis is contamination-free since it 
avoids interior electrodes during the process [13]. In 
addition to that, various precursors such as vapor, 
liquid, and powder which are able to control their feed 
rates, can be used in the RF thermal plasma method 
[14]. Submicron or nanosized spherical powders with 
narrow particle size distribution can be formed by 
using thermal plasma processing [15].  
In this study, nano-metal (Ag), nano-metal oxide 
(FexOy) and composite nano-particles (Ag/TiO2, 
CuO/ZnO) powders synthesizing by using self-
designed RF thermal plasma system including high 
frequency ultrasonic spray were investigated at the 
constant 5 min. of running time, plasma temperature 
and 15 L/min. of argon flow rate process conditions. 
The produced particles were characterized via 
Scanning electron microscopy (SEM), Transmission 
electron microscopy (TEM) and X-ray diffraction 
(XRD) techniques. 

2. Experimental Procedure 

Fig. 1 is the schematic procedure of the experimental 
apparatus consisted of three major units: (1) a high 
frequency ultrasonic spray for the aerosol generation 
from solutions, (2) a RF generator and induction 
system for the thermal decomposition of aerosols and 
(3) homemade electrostatic filter for the accumulation 
of the produced particles. First, the plasma-forming gas 
is supplied to the torch with water cooling, then applied 
RF power to the induction coil. The thermal plasma is 
generated by producing an electromagnetic field into 
the torch. Then, precursors mixed with carrier gas are 
introduced into the thermal plasma to induce chemical 
reactions. 

The powders that nucleated from the gas phase leave 
from the high temperature zone quickly and deposit on 
the electrostatic filter. 
 
The powders were dispersed into ethanol and dropped 
on a conventional carbon-coated copper grid for TEM 
measurements. 
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The crystal structures of synthesized particles were 
identified by X-ray diffraction (XRD, Philips 1700 
diffractometer) using Cu K  radiation ( =1.54187 Å, 
2  range 10° 90°). The morphology and size of 
produced powders were studied using a field emission 
scanning electron microscopy (FE-SEM, Jeol JSM 
700F) and Transmission electron microscopy (TEM). 

 
Fig. 1. Schematic drawing of the experimental set-up. 
(1-Ultrasonic generator, 2-Inductive reactor, 3- Quartz 
tube, 4- Powder collectors) 

The process conditions of particle production 
experiments are summarized in Table 1.  

Table 1: Composition of precursor solutions [5 min. 
process duration, 15 L/min. Argon flow rate.]  

Particle Precursor Concentration 
[mole/L] 

Ag AgNO3 2 M 

Ag/TiO2 (AgNO3)/ (TTIP) 0.1 M / 0.1M 

FexOy FeCl3.6 H2O 0.1 M and 1M 

CuO/ZnO Zn(NO3)2/CuNO3 1 M/1 M 

3. Results and Discussion 
3.1. Production of Ag nanoparticles 

The production of Ag nanoparticles from AgNO3 
precursor by using self-designed RF plasma system 
was investigated at constant process parameters; 2 M 
AgNO3 concentrations, 5 min. of process duration, 15 
l/min. of argon volumetric flow rate. 

The possible thermal decomposition of silver nitrate at 
440 °C for the formation of Ag metal could be 
proposed as in Eq.1.  

2AgNO3 (l) + O2 (g) = 2Ag (s) + 2NO2 (g) + 2O2 (g)      (1) 

SEM micrographs of nanoparticles generated at 
concentrations of 2 M AgNO3 were given in Fig. 3(a) 
and (b). The spherical like Ag-particles were formed 
with least than 30 nm. 

  

Fig. 3. SEM images of Ag nanoparticles [2 M AgNO3, 
15 l/min. Ar, 5 min.]   

The XRD patterns of the product nanoparticles clearly 
confirm the formation of pure Ag (Fig. 4). 

 

Fig. 4. XRD patterns of Ag nanoparticles [2 M AgNO3, 
15 l/min. Ar, 5 min. process time]   

 

3.2. Production of Ag/TiO2 nanoparticles 

The production of Ag/TiO2 particles from mixture of 
inorganic AgNO3 salt and organic TTIP compound 
were investigated at constant process parameters; 0.1 
M Ag+ + 0.1 M Ti4+ concentrations, 5 min. of process 
time, 15 l/min. of argon flow rate. 

The stoichiometric reaction for the decomposition of 
TTIP could be suggested as in Eq.3 [16] 

(Ti[OCH(CH3)2]4)(l)   TiO2(s) + 4C3H6(g) + 2H2O(g)     
(3)             

A typical SEM images of the spheres like particles 
synthesized by using TTIP and AgNO3 are shown in 
Fig. 5. Two distinct nanoparticles were detected in 
SEM micrographs (see fig. 5), small shiny Ag and 
bigger matt TiO2 particles. Two individual nano-sized 
particles were formed from mixture of AgNO3 and 
TTIP precursor within the plasma. The formation of 
distinct Ag and TiO2 particle were the result of the 
exposure of precursor to a very high temperature. 
Precursor disintegrated into its elements could combine 
together in the condensation stage yielding Ag/TiO2 
composite nanoparticles. However, it did not happen in 
this experiment and for the production of Ag/TiO2 
composite nanoparticles needs further investigation. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

28118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

The obtained results on the disintegration of Ag/TiO2 
particles is also reported by Aytekin et al [17].

 

Fig. 5. SEM images of the Ag and TiO2 nanoparticles 
[0.1 M Ag+ & 0.1 M Ti4+, 15 l/min. Ar, 5 min.]   

3.3. Production of FexOy nanoparticles 

The metal oxide (FexOy) nanoparticles production 
ability of self-designed RF Thermal plasma system 
investigated using two different 0.01 and 1 M FeCl3 
solutions at the constant process parameters; 5 min. of 
process duration, plasma reaction temperature and 15 
l/min of argon flow rate.  

SEM images of the iron oxide particles produced at the 
concentrations of 0.01 and 1 M FeCl3 were given in 
Fig.6.  

Based on SEM observations given in fig. 6, it could be 
concluded that the increase in the precursor 
concentrations from 0.01 to 1 M have notable influence 
on the morphology and size of the particles. It caused 
the growth of particles and also changed morphology 
of particles from spherical like to needles form. 

 
(a) 0.01 M 

 
(b) 1 M 

 
0.01 M 

 
1 M 

Fig. 6. SEM images of the FexOy nanoparticles [0.01 
M, 0.1 M Fe3+,15 l/min. Ar, 5 min.,]   

 

 

 

3.4. Production of CuO/ZnO composite 
nanoparticles 

The production of metal oxide/metal oxide (CuO/ZnO) 
composite nanoparticles examined in RF Thermal 
plasma system at the constant process parameters; 1 
mol/L. Cu2+ and 1 mol/L   Zn2+ solution, 5 min. of 
process duration, plasma temperature and 15 l/min of 
argon flow rate.  

As seen obviously from the SEM images given in Fig. 
7 primary particles generated via thermal 
decomposition of aerosols are under approximately 10 
nm. The size of secondary particles, formed 
agglomerations and sintering of primary particles, are 
about 35 nm. EDS analyses results given in Fig. 7c 
showed that the particles composed of only copper, 
zinc and oxygen.  

 
(a) 

 
(b) 

 
(c) 

Fig. 7. SEM and EDS analysis results of the CuO/ZnO 
nanoparticles [1 M Cu2+ & 1 M Zn2+, 15 l/min. Ar, 5 
min. experiment duration]  

Fig. 8 presents a TEM images of the ultrafine 
CuO/ZnO powders. TEM photos given in Fig. 8. 
showed that particles were almost spherical shape and 
the average grain size is about 15 nm. 
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Fig. 8.  TEM images of CuO/ZnO particles produced 
by using 1 mol/L. Cu2+ and 1 mol/L Zn2+ solution [15 
L/min., 5 min.] 

4. Conclusions 

In the current study, the synthesis of Ag, Ag/TiO2, 
FexOy, CuO/ZnO composite nanoparticles were 
investigated in RF inductively coupled thermal plasma 
incorporating a high frequency ultrasonic spray for the 
aerosol generation. The study has shown the 
followings; 

• Ag particles with the size of 30 nm were 
obtained at the initial AgNO3 concentrations 
of 2 M.  

• Composite Ag/TiO2 particles could not be 
synthesized in RF plasma system. However, 
the separate Ag and TiO2 particles were 
generated probably due to the considerably 
high temperature exposure of the precursor. 

• The increase in the solution concentration 
from 0.1 M to 1 M leaded to increase in the 
average particle size and also changed 
morphology of particles from spherical to 
needle like structure. 

• Average grain size of CuO/ZnO secondary 
particles, generated via agglomeration of 
primary particles, is about 30 nm, whereas the 
size of the primary ones is under 10 nm. 
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Abstract 

In this study, spherical submicron silver particles were 
synthesized by our self-designed system consisting of 
three major units: (1) a high frequency ultrasonic spray 
for generating aerosol, (2) a medium frequency 
induction reactor for thermal decomposing aerosols 
and (3) particle collection bottles for accumulating 
powders. For the purpose of system optimization, the 
temperatures (600 and 800°C) and the initial solution 
concentrations (ranging from 0.01 to 0.1 M) were 
investigated for silver particle production. The 
produced silver powders were characterized through 
scanning electron microscopy (SEM), X-ray diffraction 
(XRD) and DLS (Dynamic Light Scattering) 
techniques. The XRD studies confirmed the pure silver 
particle formation even it was synthesized using air as 
the carrier gas. The SEM and DLS investigation results 
showed that the size of silver particles highly depends 
on the initial solution concentration and decreases from 
340 nm to 95 nm by reducing solution concentrations 
from 0.1 M to 0.01 M. 

1. Introduction 

In the last decade, silver nanoparticles have received an 
increasing attention owing to their unique optical, 
catalytic and antibacterial properties [1 3]. Silver 
nanoparticles are usually synthesized as a stable 
dispersion and these are used for numerous 
applications such as catalysis, biological labelling, 
photonics, optoelectronics, in surface-enhanced Raman 
spectroscopy (SERS) and etc. [4, 5]. 
Many techniques are used to synthesize silver 
nanoparticles; including chemical reduction [6], laser 
ablation [7], electrochemical reduction [8], 
sonochemical method [9], polyol process [10], sol-gel 
[11], bio-synthesize [12], and spray pyrolysis [13]. 
Among the others, the notable side of the ultrasonic 
spray pyrolysis method is the flexible fast production 
of nanoparticles with the size of 100 nm at the correct 
combinations of process parameters; specially the 
concentration of solution and the reaction temperature.  
In this study, the effects of critical process parameters 
like initial concentrations of AgNO3 solution and 
temperatures of reaction zone were investigated to 
optimize the nano-scale production of silver particle in 
the combined inductive power system and ultrasonic 
spray. 
 

 

2. Experimental Procedure 

All the reagents (AgNO3) were analytical grade and 
used without further purification.  

The schematic depiction of the nanoparticle production 
setup was given in Fig. 1. The developed design 
consisted of three major units: (1) a medium frequency 
ultrasonic spray for the aerosol generation of particles 
from their solutions, (2) a medium frequency induction 
reactor for the thermal decomposition of relevant 
aerosols and (3) particle collection bottles for the 
accumulation of the produced nanoparticles.  

Due to the advantage of ultrasonic spray system in 
which a well solubility and homogeneity of aerosol 
generation, basic soluble chemical compounds were 
preferred in experimental studies instead of expensive 
and volatile organometallic ones. Silver nitrate 
(AgNO3) was utilized as the starting solution of silver. 
Firstly, prepared solutions with the desired 
concentrations were atomized by using a high 
frequency ultrasonic generator (1.7 MHz), then 
transported through 800 ºC heated induction reactor 
(30 kW, 50 kHz frequency, 330 mm length) with 
carrier gas (air).  

During the nanoparticle production, the precursor 
solution was decomposed into the inductively heated 
zone in order to form silver particles.  

 
Fig. 1. Schematic drawing of the experimental set-up. 
(1-Ultrasonic generator, 2-Inductive reactor, 3- Quartz 
tube, 4- Powder collectors) 

The process conditions of particle production 
experiments were summarized in Table 1. 
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Table 1: Composition of precursor solutions and 
conditions of the production process [Temperature 800 
ºC, flow rate 1 L/min., 15 min. process time]  

Precursor solution Concentration 
[mol/l] 

0.1  
0.5 
0.3 

(AgNO3) 

0.01 

 

3. Results and Discussion 

3.1 Thermodynamic analysis of precursor materials 

Thermogravimetric (TG) analysis technique was 
utilized to determine the thermal behavior of the 
precursor materials. During this part of the 
investigation, TG curves of these raw materials were 
examined and the possible decomposition reactions 
were proposed with the change of Gibbs free energy 
calculations carried out by HSC Software program.  

The thermogravimetric curve of silver nitrate in the 
temperature ranging from 25 °C to 1000 °C was given 
in Fig. 2. A major weight loss was seen between 400 
°C and 500 °C, and no significant further change was 
observed.  

 
Fig. 2: TG/DSC thermograms of AgNO3 

The possible thermal decomposition of silver nitrate at 
440 °C for the formation of Ag metal could be 
proposed as in Eq.1.  

2AgNO3 (l) + O2 (g) = 2Ag (s) + 2NO2 (g) + 2O2(g)     (1) 

The values of Gibbs free energy ( Gº) for the reaction 
(1) at the temperature range up to 1000 °C confirmed 
the possibility for the formation of silver by the thermal 
decomposition of silver nitrate (see Fig. 3). The Gibbs 
free energy is positive between 0 ºC and 440 ºC 
whereas always negative beyond the temperature of 
440 °C. Furthermore, the curve decreases towards 
negative values at elevated temperature. It could be 
deduced that the metallic silver formation by the 
thermal decomposition of silver nitrate was 

thermodynamically possible at the desired temperatures 
between 450 °C and 1000 °C.  

 
Fig. 3. Change of Gibbs free energy for thermal 
decomposition of silver nitrate 

3.2. Effects of precursor concentrations on nano-
silver synthesis 

The effects of precursor AgNO3 concentration were 
investigated at the various concentrations ranging from 
0.01 to 0.1 M at constant process parameters; 15 min. 
of process duration, 600 °C of reaction temperature and 
1 l/min. of air volumetric flow rate.  

SEM images of the silver particles produced at the 
concentrations of 0.1, 0.5, 0.3 and 0.01 M AgNO3 were 
given in Fig.5. Apparently, all synthesized silver 
particles exhibited a spherical morphology with smooth 
surfaces. 

Based on SEM observations, it could be concluded that 
the reduction of the precursor concentrations from 0.1 
to 0.01 M didn’t have any noteworthy influence on the 
morphology of Ag particle; however, it caused the 
decrease in the size of particles significantly from 
approximately 340 nm to 100 nm, respectively. 
Additionally, the average particle size measured in the 
DLS analyze to reflect all particle distribution (Fig. 4). 
The obtained results correspond to those of SHI et al 
[14]. 

 
Fig 4 : Particle size variation with concentration [600 
ºC, 1 L/min. carrier gas flow rate, 1,7 MHz atomizer 
frequency, 15 min. experiment time] 
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(a)  

 
(b) 

 
(c)  

 
(d) 

Fig 5: SEM images of silver particles produced at 
different AgNO3 concentrations (a) 0.01 M, (b) 0.03 
M, (c) 0.05 M, (d) 0.1 M [600 ºC, 1 L/min. air, 15 
min.] 

 

 

3.3 Effects of decomposition temperatures on nano-
silver synthesis 

The influence of decomposition temperature on the size 
of produced silver particles was inspected at the 
temperatures of 600 °C and 800 °C at constant 
parameters; 15 min. running time, precursor 
concentration ranging from 0.01 M to 0.1 M and 1 
l/min air volumetric flow rate.  

The average size variations of produced particles at 
different reaction temperatures revealed that the 
average particle size was almost independent of 
temperature (Fig. 6). This result is consistent with the 
findings of Stopic and et al [15].   

 
(a) 0.01 M - 600  ºC 

 
0.01 M – 800  ºC 

 
(b) 0.03 M - 600  ºC  

 
0.03 M - 800  ºC  

 
(c) 0.05 M – 600  ºC 

 
0.05 M – 800  ºC  

 
(d) 0.1 M – 600  ºC  

 
0.1 M – 800  ºC  

Fig 6: SEM images of silver particles produced at 600 
and 800 ºC temperatures (a) 0,01 M, (b) 0,03 M, (c) 
0,05 M, (d) 0,1 M [1 L/min., 15 min.] 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

286 IMMC 2016   |   18th International Metallurgy & Materials Congress

XRD investigation of resultant particles confirmed the 
pure silver nano-powder formation with a face centered 
cubic structure (JCPDS Card No: 01-004-0783) (fig.7).  

 
Fig. 7: XRD diffraction spectra of nano-Ag particles 
[0.1 M, 800 ºC, 1 L/min., 15 min.]] 

4. Conclusions 

In this study, silver particles produced by continuous 
nanoparticle synthesis method. Based on the results 
reported, the following conclusions could be drawn:  

• This research proved that the necessary energy for 
the decomposition of precursor material could be 
easily derivable with an induction system.  

• Ag nanoparticles production was possible from the 
initial solution of AgNO3 by sequence reactions of 
thermal decomposition.  

• The decrease in the solution concentration from 0.1 
M to 0.01 M leaded to decrease in the average 
particle size from 340 nm to 100 nm.  

• Since, no surfactant has been used in the synthesis 
system the formations of second phase(s) or any 
impurities were not observed in Ag nanoparticles 
production.  
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Abstract  
 
Nanotechnology and nanomaterials have been utilized in 
various applications such as cosmetics, medicine, solar 
cells, chemical sensors and electronics. In electronic 
applications, conductive oxides are also utilized. Zinc 
oxide (ZnO) is one example of the conductive oxides and 
it can be used for such applications according to its unique 
electronic and optical properties. ZnO has wide direct 
band gap energy (3.37 eV) and large excition energy (60 
meV). However, pure ZnO has relatively high electrical 
resistivity due to its low carrier concentration. Doping is a 
widely applied method in order to improve electrical 
conductivity of ZnO materials. To date doped ZnO 
nanoparticles have been widely used as an active 
ingredient in anti-static coatings, conducting inks and 
conductive fillers in insulators. In addition, ZnO 
nanoparticles exhibit uncontrolled agglomeration due to 
their high surface energy. To overcome such problems, 
our group developed a novel synthesis method, called as 
MicNo® particle technology process which produces 
designed micron size hexagonal platelets which are 
composed of primary nanoparticles. MicNo® 
(MicNo=Micron+naNo) particle technology brings 
advantages of both nano and micron size while mitigating 
their disadvantages. In this study, micron size Al- doped 
ZnO platelets which will be tested to be used as a 
conductive filler in insulators, were synthesized 
successfully by MicNo® process. 
  
1. Introduction  
  
Nanoparticles are preferred due to their unique properties. 
They show properties that are quite different from their 
bulk forms. This difference is strongly related with 
increasing surface area, changing band structure and 
quantum effects. However, nanoparticles may have some 
problems such as uncontrolled agglomeration because of 
their high surface energy. The uncontrolled agglomeration 
results in lose of unique characteristics of nanoparticles. 
To control properties of nano particles it is important to 
control size and morphology of particles [1]. ZnO is 

found in mineral zincite form in the nature and also it has 
hexagonal wurtzite structure P63mc. In this type of 
structure Zn+2 ions are coordinated by 4 O-2 ions to occur 
tetrahedral coordination in the structure [2]. Zinc oxide is 
an important technological material due to its unique 
properties, availability, less toxicity and relatively low 
production cost. ZnO has wide direct band gap (3.37 eV) 
and large excitation energy (60 meV). Due to their 
physical and chemical properties, ZnO nanoparticles, are 
used in different applications, such as varistor [3,4,5], gas 
sensor [3,6,7], solar cell [8,9], cosmetics and medical 
applications [10]. ZnO is a naturally n-type 
semiconductor. However, pure ZnO shows low electrical 
conductivity. In spite of semiconducting properties of 
ZnO, it has low free carrier concentration.  Doping is a 
widely applied method in order to improve electrical 
conductivity of ZnO materials. To date, doped ZnO 
nanoparticles have been widely used in anti-static 
coatings, conducting inks and conductive fillers in 
insulators. [11]. Dopant elements mainly provides 
increasing free carrier concentration, so that electrical 
resistivity can be decreased. For n-type doping of ZnO 
materials elements such as Al, Ga, B, In, Y, Sc, F, V, Si, 
Ge, Ti, Zr, Hf, Mg, As, H can be used [12,13]. To 
determine suitability of the dopant element, crystal 
structure of materials should be analyzed. ZnO contains 
Zn+2 cations and O-2 anions. They are tetrahedral 
coordinated with Zn+2 ions radius are 0.060 nm. Dopant 
elements should have similar ionic radius with Zn+2 ions 
to obtain stable crystal structure. [14,15]. When candidate 
dopant elements are compared, Al- is the most 
appropriate one for ZnO system because Al+3 has 0.047 
nm ionic radius [16]. Electrical conductivity is improved 
by free electron carriers which are obtained by excess 
electrons after doping. [11,15]. In literature, there are 
some studies related to Al- doping of ZnO systems. Most 
of them related to thin film processes. In the case of Al-
doped ZnO particles, uncontrolled agglomeration is one 
of the main problems associated with the nanosize. To 
overcome such problems, our group developed a novel 
synthesis method, called as MicNo® process which 
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produces designed micron size hexagonal platelets which 
are composed of primary nanoparticles. MicNo® 
(MicNo=Micron+naNo) particle technology brings 
advantages of both nano and micron size while mitigating 
their disadvantages. Up to our knowledge, there is no 
report in the literature on the synthesis of micron sized 
Al-doped ZnO particles with designed morphology. 
Accordingly, the research objective of this study was to 
determine processing parameters to synthesize micron 
sized Al-doped ZnO platelets which are composed of 
primary nano particles.  
 
2. Experimental Procedure  
 
Al-doped ZnO particles were synthesized by MicNo® 
process technology which involves a modified 
solvothermal synthesis method. ZnO (>99.0 % - Sigma 
Aldrich), AlCl3 ( 99.0 % Sigma Aldrich) and glycerol 
were used. Aluminum concentration was varied from 0 to 
2 mol% to obtain Zn(1-x)AlxO and also these samples were 
named as Ax (where x = 0, 1 and 2 mol% Al). Synthesis 
process occurred at 200-250°C for 1-2 hour. After 
synthesis, precipitate was washed with alcohol several 
times then centrifuged and dried. Finally, obtained 
powder was calcined at 350-450°C. Phase development 
was characterized by using an X-Ray Diffraction (XRD) 
with Cu-K  ( =0.154) radiation. From these XRD 
analyses crystallite size of the samples calculated by 
Scherer formulation [6],  
 
                                   𝑑 𝜆𝛽𝑐𝑜𝑠𝜃                                         
(1) 
 
where,  is wavelength of the X-Ray,  is FWHM of the 
(101) planes peak, and  is the Bragg’s diffraction angle. 
Also, interplanar distances were obtained from XRD 
analyses. Morphological characterization was achieved by 
scanning electron microscopy (SEM).   
 
3. Results and Discussion  
 
Figure 1. shows the XRD pattern of Al- doped ZnO 
particles which have different Al concentrations. Samples 
exhibit only ZnO diffraction peaks without any 
characteristic peaks of the dopant element. XRD result 
also shows a peak shift towards shorter interplanar 
spacing as Al content increases. This shift suggests that Al 
incorporates into the ZnO lattice during the process.  
 
The interplanar distances and crystallite size of 
nanoparticles are shown in Table 1. Crystallite size of 
these particles decreases with increasing dopant 
concentration.  
 

 
 
Figure 1. XRD results of undoped (A0), and Al- Doped ZnO 
particles; 1 mol% A1, 2 mol% A2 
 
Table 1. Crystallite size calculation results of Al-Doped ZnO 
particles. 

Sample Crystallite 
Size (nm) 

Interplanar 
distance,d 

(Angstrom) 
A0 18.86 2,4781 
A1 20.25 2,4781 
A2 15.63 2,4728 

 
To characterize morphology of the particles, SEM 
analysis was used. SEM images of undoped and Al-doped 
particles are shown in Figure 2. Undoped ZnO particles 
have hexagonal platelet morphology and they have 
approximately 5-10 μm particle size. Al-doped particles 
exhibit platelet morphology, too. Furthermore, Al- doped 
ZnO particles demonstrate XRD line broadening, 
indicating presence of nano primary particles. All these 
results show that Al-doped micron sized ZnO platelets 
composed of nano primary particles (called as MicNo®) 
can be synthesized by the modified solvothermal process. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 2.  SEM images of (a)undoped A0 and Al- Doped ZnO 
particles; (b)1 mol% A1, (c)2 mol% A2 
 

(a) (b)  

(c)  
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4. Conclusion  
 
In conclusion, 5-10 μm size Al- doped ZnO platelets 
composed of primary nanoparticles were successfully 
synthesized by using modified solvothermal method. 
XRD results show the formation of ZnO structure without 
any characteristics peaks of the dopant element. It has 
been shown that Al- doped ZnO particles can be 
synthesized via MicNo® particle technology. 
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Abstract 

Developing of an efficient and low cost cathode 
material is a significant issue for the high 
performance lithium-air batteries. In the present study 
carbon nanotubes (CNTs) were synthesized by the 
electrolysis directly from graphite in LiCl:NaCl melt 
at 800 C and 900 C. The morphology of CNTs was 
characterized by SEM and it was found out that the 
diameter of CNTs was in the range of 10 to 30 nm. 
The charge-discharge characteristics of the CNTs 
were investigated from 2 V to 4.5 V at a constant 0.01 
mA cm-2 in lithium-air cell. The results of this study 
showed that the molten salt synthesis approach offers 
great opportunities for efficient and low cost 
synthesis of CNTs which have good potential to be 
used as cathode in lithium-air batteries. 

1. Introduction 

Carbon nanotubes (CNTs) have attracted much 
attention because of their unique electrical, thermal, 
and mechanical properties since its discovery. These 
properties have great potential for electrochemical 
energy storage devices. CNTs have been intensively 
investigated in supercapacitors [1], fuel cells [2], 
lithium-ion and lithum-air batteries [3,4] as active 
electrode material. They are mainly produced via arc-
discharge [5], laser ablation [6] and chemical vapour 
deposition [7] techniques. Since these techniques are 
not very efficient and cost effetive in CNT synthesis, 
usage of CNTs in electrochemical energy storage 
systems is limited.  

Alternative production technique for carbon 
nanotubes is molten salt approach that was reported 
firstly by Hsu et al. [8]. This technique is based 
simply on electrolysis of graphite that it provides 
efficient and low cost synthesis. 

This promising technique was then experimented in 
various studies that contains different molten salts 
such as LiCl [9], NaCl [10], KCl [11]. Kamali et al. 
optimized the operating temperature, applied current 
or voltage, and electrolysis time to obtain maximum 
amount of CNTs [12]. 

In this study CNTs were synthesized in LiCl:NaCl 
(eutectic composition) melt especially to control the 
process temperature in a broader range. The 
morphology and nature of CNTs were characterized 
by SEM. Also obtained CNTs were used and 
characterized as active electrode material in lithium-
air cell. 

2. Experimental Procedure 

The electrolysis process was performed in a quartz 
cell which was located inside a home-made 
programmable electrical furnace. The upper end of 
quartz cell was closed tightly  with a quartz cover 
which has holes for the electrodes, thermocouple, gas 
inlet and outlet. Fig. 1 shows a schematic 
representation of the used cell. 

A graphite crucible of 40 mm inner diameter and 120 
mm inner height was filled with commercially 
available  LiCl:NaCl (72:28 mol%) powders. Before 
the electrolysis of graphite, LiCl:NaCl mixture was 
heated slowly  under  argon gas for drying of  the salt 
mixture until the target temperature was attained. For 
the electrolysis process a graphite rod of 6.3 mm 
diameter was inserted in the center of graphite 
crucible. 

Electrolysis was performed with a constant current of 
5.0 A, which corresponds to average cathodic current 
density of 2.5 A cm-2. Duration of process was 7 min 
and process was repeated totally 10 times with fresh 
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graphite rod surface. After electrolysis the cell was 
cooled to room temperature. The electrolytic product 
was washed with water to remove the solidified melt 
and then toluene was used to seperate carbon 
nanotubes from suspension. Finally the obtained 
CNTs were dried  at 100 C under vacuum. 

 

Figure 1. Schematic representation of the 
experimental setup. 

Electrolysis was performed with a constant current of 
5.0 A, which corresponds to average cathodic current 
density of 2.5 A cm-2. Duration of process was 7 min 
and process was repeated totally 10 times with fresh 
graphite rod surface. After electrolysis the cell was 
cooled to room temperature. The electrolytic product 
was washed with water to remove the solidified melt 
and then toluene was used to seperate carbon 
nanotubes from suspension. Finally the obtained 
CNTs were dried  at 100 C under vacuum. 

The electrochemical characterization was performed 
with home-made lithium-air cell, which was 
constructed with lithium metal as the negative 
electrode, and CNTs as the positive electrode. 1.0 M 
LiTFSI: DME was used as electrolyte.                       
The charge-discharge characteristics of the cell was 
investigated from  2 V to 4.5 V at a constant          
0.01 mA cm-2 by Gamry Reference 3000 
Potentiostat/Galvanostat/ZRA. 

3. Results and Discussion 

SEM images of the obtained CNTs are presented in 
Fig. 2. It is clear from the images that characteristic of 
CNTs are randomly oriented and multi-walled. 

Also analyses showed that the sample obtained at 
900 C mainly consist of graphitic plates, spherical 
nanocarbons and nanotubes, while the sample 
obtained at 800 C dominated by nanotubes and a 
small amount of spherical nanocarbons. The reason 
that high process temperature causes the detaching of 
the graphite layer by thus  - erosion of graphite - 
more rapidly and there is no enough time needed for 
nanotube formation.  

 

 

Figure 2. SEM images of a electrolysis product that 
contains graphitic plates, spherical nanocarbons and 
nanotubes, electrolysis temperature (a) 900 C and (b) 
800 C. 

The high magnification SEM image in Fig. 3. Shows 
that the diameters of the nanotubes varies from 10 to 
30 nm.  

The undesired structures such as graphite flakes and 
variant diameters are directly related with electrolysis 
parameters and nanotube formation mechanism.  
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Nanotube formation mechanism was disscussed in 
detail by Chen & Fray[13]. However it is still not 
possible to adress optimum conditions for CNT 
production for this technique. 

It was observed that the initial discharge capacity of  
the designed cell is 520 mA h g-1. This capacity value 
is quite promising  and  presently further efforts are 
being spent to increase the charge/discharge cycle 
number. 

 

Figure 3. High magnification SEM image of a 
nanotubes synthesized at 800 C. 

4. Conclusion 

Multi walled carbon nanotubes were successfully 
produced via molten salt technique. The process 
temperature was observed as very important 
parameter for CNTs synthesis in this technique. The 
molten salt synthesis approach offered great 
opportunities for efficient and low cost synthesis of 
CNTs which have good potential to be used as 
cathode in lithium-air batteries. 
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Abstract 
 
Mechanical alloying is a high energy milling technic and 
widely applied for many different engineering purposes 
at powder state. There are different variables which affect 
the mechanical alloying process and process control 
agent (PCA) is one of them. Main purpose of using PCA 
is to establish the necessary balance between cold 
welding and fracturing sequences especially when there 
is a ductile component exist in the mechanical alloying 
batch. In this study, stearic acid was selected as a PCA 
and atomized Fe powder was selected as ductile 
component. High energy milling behavior of atomized Fe 
powder was studied for 1 wt. %, 3 wt. % and 5 wt. % 
stearic acid contents for a constant ball to powder ratio of 
10:1. Morphological characterization of the milled 
powders were performed via scanning electron 
microscopy (SEM). Fourier Transform Infrared (FT-IR) 
spectroscopy was applied to detect stearic acid in the 
system. Particle size distributions and pycnometer 
density of the initial and milled powders were detected 
via laser light scattering and He gas pycnometer 
respectively.  
 
1. Introduction 
 
Mechanical alloying (MA) is a solid state high energy 
milling technic which involves repeated cold welding, 
fracturing and re-welding of powder particles in a high 
energy ball mill. There are important process variables 
during mechanical alloying, such as milling time, milling 
speed, ball to powder weight ratio, milling atmosphere 
and process control agents (PCAs) [1]. A successful 
mechanical alloying process can only be achieved when 
the welding and fracturing steps are well balanced [2,3]. 

 
Process control agents (PCAs), which are mostly organic 
compounds, are added to the powder mixture during 
mechanical alloying. PCAs are adsorbed to the surface of 
the powder particles and minimize cold welding between 
the particles and prevent agglomeration. Therefore, type 
and amount of PCAs which are added to high energy 

milling systems to control the balance between the 
fracturing and cold welding of particles are critical. 
Generally, PCAs are added into powder batch between 1-
5 wt. % of the total powder charge [4-6]. A wide range of 
PCAs such as stearic acid [2,3,7-9], hexane [5], ethanol 
[10], methanol [11] and benzene [11] are used in milling 
processes of various powders. 
 
The aim of this work is to investigate the effect of stearic 
acid amount on the high energy milling behavior of iron 
powders. For this purpose, atomized iron powders were 
selected as starting material and high energy milled 
against time in presence of different amounts of stearic 
acid to find out its effect on the system.  
 
2. Experimental Procedure 
 
Atomized Fe powders were used as raw material. Stearic 
acid (SA) (ZAG  Chemistry, Turkey) was used as a 
process control agent (PCA). Mechanical alloying 
experiments were carried out for 15 min, 60 min and 120 

with a speed of 1200 rpm. Stainless steel balls (with a 
diameter of 6.35 mm) were used as milling media. The 
ball-to-powder weight ratio (BPR) was 10:1 for all 
experiments. A summary of various milling conditions 
that were studied is given in Table 1. 
 

Table 1. A summary of the samples that milled with 
various conditions. 

Sample Particle 
 

PCA Content 
(wt. %) 

Milling Time 
(min) 

S1 -150+106 1 15 
S2 -150+106 3 15 
S3 -150+106 5 15 
S4 -150+106 3 120 
S5 -150+106 3+3 60+60 
S6 -150 3 60 
S7 -150 3 120 
S8 -150 - 60 
S9 -150 - 120 
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Samples; S1, S2 and S3 were milled for 15 min with 
different amount of stearic acid to investigate the effect 
of the amount of PCA on mechanical alloying. S4 was 
milled for 120 min with 3 wt. % PCA. S5 was milled for 
60 min with 3 wt. % PCA first, and then 3 wt. % PCA 
was added the vial and it was milled for 60 min again. S4 
and S5 was prepared to understand the effect of gradual 
adding of PCA on the powder properties during milling. 
Samples; S6, S7, S8 and S9 were prepared to investigate 
the effect of the addition of PCA in mechanical alloying 
processes. 

 
Milled powders were analyzed for their morphology 
using a Philips XL30-SFEG scanning electron 
microscope (SEM). To detect stearic acid in the system, 
samples were analyzed using Fourier transform infrared 
(FT- -P). To 
investigate the particle size distributions and pycnometer 
density of the initial and milled powders, laser light 

respectively. 
 
3. Results and Discussion     
 
3.1. Effect of PCA addition on MA process 
 
The pycnometer density values of the samples; S6, S7, 
S8 and S9 before and after milling are shown in Table 2. 
It is seen that densities of the samples milled without the 
addition of SA increased while densities of samples 
milled with the addition of SA decreased. Similar results 
was reported by Gaffet et. al. [12] and contamination by 
milling media and vials was shown as main reason for 
this. 

 
Table 2. Pycnometer density values of the milled and 

unmilled samples prepared with and without the 
addition of SA.     

Sample Before Milling 
(g/cm3) 

After Milling 
(g/cm3) 

S6 6.99 6.70 
S8 7.86 8.12 
S7 6.99 6.55 
S9 7.86 7.90 

 
The change in particle morphology of Fe powders for 
four different conditions (i.e., with and without SA 
milled for 60 min. and 120 min.) was evaluated by SEM 
analysis. It is seen in Figure 1 that, powders milled in the 
presence of SA have finer grain sizes than the powders 
milled in the absence of SA. Certain flattening was 
observed when there is no SA was used. The effect of SA 
as PCA in reducing the cold welding tendency can be 
clearly observed when the SEM images are compared in 
Figure 1.  

 
Figure 1. SEM images of the samples; (a) S6, (b) S8, (c) 
S7 and (d) S9, that milled with and without the addition 

of SA. 
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When Fe powders are milled without SA, large flake-like 
particles with smooth surfaces are obtained due to 
excessive cold welding. In contrast, when Fe powders are 
milled with SA, cold welding is suppressed and finer 
particles sizes are obtained. 
 
3.2. Effect of PCA amount on MA process 
 
Fe powders with 1 wt. %, 3 wt. % and 5 wt. % initial SA 
contents were milled for 15 min to investigate the effect 
of the amount of SA as PCA on MA process. The SA 
content of milled iron powders were evaluated by FT-IR 
spectroscopy and the results are given in Figure 2. By 
comparing the FT-IR peaks of the milled powders with 
the characteristic FT-IR peaks of SA, the SA content of 
the samples can be predicted.  
 
As the SA content of the sample increases, the area under 
the characteristic peaks increase. Therefore, it can be 
concluded that, the control of the organic PCAs like SA 
can be done during MA processes by FT-IR 
spectroscopy. If the effects of PCAs on MA processes are 
considered, it can be a very useful method to detect PCA 
in the system. 
 

 
Figure 2. FT-IR spectrum of SA and milled powders; (a) 

pure SA, (b) S3, (c) S2 and (d) S1. 
 

For evaluating the change in particle morphology of Fe 
powders milled with different amounts of SA (1 wt. %, 3 
wt. % and 5 wt. %), SEM investigations were performed 
to the samples. The obtained images are given in Figure 
3. It is seen from Figure 3 that, when the initial SA 
content increases, iron powders of lamellar structure are 
obtained which means they tend to overlap each other. 
 

 
Figure 3. SEM images of the samples; (a) S1, (b) S2 and 

(c) S3, that milled with different SA contents. 
  

To investigate the effect of SA amount on milling 
behavior of iron powder, two samples (S4 and S5) were 
prepared. 3 wt. % SA was used for these samples, prior 
to milling (0 min). Differently from S4, S5 is prepared by 
consecutively PCA adding method; 3 wt. % SA is added 
to milling system after 60 min and it was milled for 120 
min in total. Particle size distributions of these milled 
powders were detected via laser light scattering and the 
results were given in Table 3. It is seen from Table 3 that, 
powders with large particle sizes are obtained when SA is 
added consecutively. 
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Table 3. Average particle size values of samples that SA 
was added at the beginning (S4) and was added 

consecutively (S5). 

Sample 
PCA 

Content 
(wt. %) 

Milling 
Time 
(min) 

Average 
Particle 

 
S4 3 120 8.68 
S5 3+3 60+60 12.03 

 
 
4. Conclusion  
 
Based on the results of this investigation, following 
conclusions can be drawn: When the milled powders are 
compared, it is clear that the addition of PCA helps in 
delaying the excessive tendency to cold welding and thus 
finer particle sizes can be obtained. Furthermore, it was 
seen that when the initial SA content increases, iron 
powders of lamellar structure are obtained. 
 
During the characterization step FT-IR spectroscopy was 
successfully applied to detect the SA after high energy 
milling the powders and probably same methodology 
will be applicable for the detection of other PCA 
materials which are used in mechanical alloying of 
different systems. Therefore it is believed that such an 
additional characterization will be useful during the 
decision process for optimum milling times without 
decomposition. 
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Abstract

Zinc oxide (ZnO) plays an important role in current 
industry due to its special characteristics such as anti-
bacteria, anti-corrosion, has low electrons conductivity 
and great heat resistance. In this study, ZnO particles 
have been produced by hydrothermal method using zinc 
nitrate (Zn(NO3)2), ammonia (NH3) and distilled water 
have been used as medium. Before the heat treatment the 
physical properties of ZnO particles have been 
characterized by X-ray diffraction (XRD) and differential 
thermal analysis (DTA). After the calcination process at 
550 C particles have been analyzed by XRD and 
scanning electron microscope (SEM). SEM investigation 
has given detailed information about particle size and 
morphology. ZnO nanoparticles have been successfully 
synthesized by hydrothermal method.

1. Introduction

In recent years, the number of applications of ZnO 
nanostructures has risen dramatically and this can be 
expected to be just the beginning [1]. ZnO is one of the 
most promising materials in the materials research and 
device fabrication technologies with a wide range of 
potential applications from sensors, gas sensors–
biosensors, to optoelectronic devices such as UV lasers, 
field emitters, varistors and solar cells due to its wide 
band gap (3.37 eV) and large exciton binding energy (60 
meV). ZnO nanostructures display unique properties 
including high surface to volume ratio, nontoxicity, 
biocompatibility, chemical and photochemical stability, 
optical transparency, electrochemical activity, and high 
electron communication features [2]. Zinc oxide particles 
were extensively used in fields as diverse as textile, 
antibacterial activity or organic coatings, due to the non-
toxic nature of ZnO and the ability to block the UV 
radiation. In the tin can industry, ZnO has been used as a 
pigment in lacquers for preventing the sulphide staining 
[3].

Zinc oxide nanoparticles can be prepared by different 
methods such as hydrothermal, chemical vapor 

deposition, sol-gel, thermal decomposition, Pechini, 
electrochemical precipitation, chemical precipitation and 
spray pyrolysis [4,5,6]. From these methods, the
hydrothermal method is more popular because of its 
cheapness, reliability, repeatability, and simplicity. In 
addition, the nanoparticles which are produced by this 
route, show good optical properties. But, this can be 
achieved only by good control of the size and 
morphology of the particles. That is, we have to carefully 
control the hydrothermal process and the growth of 
nuclei must be prevented [4].

In this study, ZnO particles were produced by 
hydrothermal method. The effects of the processing 
parameters on their size and crystalline structure were 
characterized by X-ray diffraction (XRD), energy 
dispersive spectrometry (EDS) and scanning electron 
microscope (SEM).

2. Experimental

2.1. Materials

The reagent (Zn(NO3)2·6H2O) was in analytical grade 
and used without further purification. A water leach 
solution of (Zn(NO3)2·6H2O) (powders were dissolved in 
deionized water) was used as starting material for this 
research. The concentration of the precursor solution is 
0.1M. Solution was stirred by using a magnetic stirrer.

2.2. Experimental Procedure

ZnO nanostructure was synthesized by using 
hydrothermal method. In order to prepare a solution 5.95 
g of Zinc nitrate was weighted using a weighting balance. 
Then, 200 ml of distilled water was measured by a 
measuring cylinder. After that, 5.95 g zinc nitrate was 
dissolved with a 200 ml of distilled water. The solution 
was stirred with a constant stirring for about five minutes. 
After well mixed, 5 ml ammonia (NH3) solution was 
dropwised to the solution containing zinc nitrate with a 
constant stirring by magnetic stirrer. After the reaction, 
white precipitate was formed.
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X-ray diffraction (XRD, RIGAKU)
radiation was used to examine the crystalline phase of the 
prepared particles. For XRD analysis, the ZnO dispersed 
particles were placed on a glass substrate and allowed to 
dry in air at room temperature. Particles were 
characterized by differential thermal analysis (DTA). 
After that, ZnO dispersed particles were done calcination 
process at 550 C and then particles were analyzed by 
XRD. Then, particles were analyzed by SEM for given 
detailed information about particle size and morphology.
The chemical compositions of particles were analyzed by 
the energy dispersive spectroscopy (EDS) instrument.

3. Result and Discussion

3.1. X-ray Analysis of ZnO Nanopowder

XRD analysis determined the phase’s presence in 
nanopowder [7]. XRD result as shows in Fig. 1 are the 
resulting pattern of ZnO nanopowder of before 
calcination process in various profiles of peak and 

of 
ZnO nano-powder using Zinc nitrate as precursor. 
According to the XRD patterns, the diffraction peaks of 
the samples were identified as Zn(OH)2 (JCPDS Card no: 
48-1066).

Figure 1. XRD analysis of the hydrothermal ZnO 
nanoparticles of before calcination process.

XRD result as shows in Fig. 2 are the resulting pattern of 
ZnO nanopowder of after calcination process at 550 C. 
According to the XRD patterns, the diffraction peaks of 
the samples were identified as hexagonal wurtzite 
structure of ZnO particles (JCPDS Card no: 36-1451).

Figure 2. XRD analysis of the hydrothermal ZnO 
nanoparticles of after calcination process at 550 C.

3.2. Differential Thermal Analysis (DTA) of ZnO 
Nanopowder

Differantiel thermal analysis is a technique by which one 
can measures the mass loss with respect to the 
temperature [8]. Fig. 3 shows the weight loss of the 
powder sample from room temperature to 1000 C, for as-
synthesized powder. The primary weight loss was 
observed at 100 C due to the water. 

Figure 3. DTA analysis of the hydrothermal ZnO 
nanoparticles of before calcination process.
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3.3. Scanning Electron Microscope (SEM) of ZnO 
Nanopowder

SEM images of nanopowder ZnO particles produced at 
550°C is shown in Fig. 4. There are varieties of ZnO 
nanostructures that had been discovered, which are in a 
form of nanorods, nanospheres and flower shape 
structures.

Figure 4. SEM analysis of the hydrothermal ZnO 
nanoparticles of after calcination process at 550 C.

4.Conclusion

ZnO particles were successfully fabricated by 
hydrothermal method using zinc nitrate (Zn(NO3)2), 
ammonia (NH3) and distilled water. Then, the crystal 
structures of the ZnO were investigated using XRD. X-
ray diffraction pattern of ZnO before and after 
calcinations using simple solution phase method. The 
results indicated that ZnO particles are the wurtzite 
phase. The synthesized ZnO nano-powder obtained 
exhibit good crystallinity. ZnO could be one of the most 
important nanomaterials in future research and 
applications.
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Abstract 

In this study, undoped and Er doped Y2O3 (yttrium oxide) were synthesized using 
hydrothermal method and deposited on glass substrates by using electron beam 
evaporation method. Both undoped and doped Y2O3 structures were produced to compare 
the effect of dopant element on the optical properties. In this paper, optical transmittance 
and reflectance of the films were measured by spectrophotometer. The samples were 
characterized by using scanning electron microscopy (SEM), X-ray diffraction and 
spectrophotometer. 
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Abstract 
Steady-state uorescence (SSF) technique in 
conjunction with UV-visible (UVV) technique nd 
scanning electron microscope (SEM) is used for 
studying lm formation from pyrene (P) labeled 
polystyrene (PS) latex/silver  nanoparticles 
(AgNPs) (PS/AgNPs) composites. PS latex 
dispersion was mixed with different amounts of 
AgNPs, varying in the range of (0-50) wt% and 
then were coated on glass substrates by drop casting 
method.  After drying at room temperature, these 
composite films were separately annealed above the 
glass transition temperature (Tg) of PS, ranging 
from 100 to 280 0C, for 10 min. Fluorescence 
emission intensity, Ip from P and transmitted light 
intensity, Itr were measured after each annealing 
step to monitor the stages of lm formation. Below 
30 wt% AgNPs, two distinct film formation stages, 
which are named as void closure and interdiffusion 
processes, were seen in fluorescence data. 
However, above 30 wt%, no change was observed 
in IP and Itr upon annealing indicating that no film 
formation process takes place in these films. Film 
morphologies were examined by scanning electron 
microscopy (SEM) and found in consistent with 
optical data. 

1.Introduct on 
Polymeric materials are widely used in industry, 
e.g., for transparent film and paper coating[1].  In 
some cases, the properties of neat polymers are not 
quite sufficient for certain high demand 
applications. Appropriately adding high-quality 
fillers into a polymer matrix can significantly 
improve its performance and even endow some new 
properties to the polymer.  Typically, the 
polymer/inorganic nanoparticle composites are 
synthesized by simply mixing polymer 
microspheres with aqueous nanoparticle 
suspension[2]. This fact facilitates the direct 
compounding of a suspension of nanoparticles in 

interest due to the combination of the properties of 
organic polymers, such as a high aspect ratio and 
specific surface area, light weight, and high 
flexibility, with the properties found in inorganic 
materials, such as high mechanical strength, metal-
like conductivity, plasmon wave propagation, and 
magnetism. The properties of these materials 
depend primarily on the interactions between the 
matrix and the filler particles.  Understanding the 
nature of the interfacial region between an organic 
polymer matrix and inorganic filler component is 
essential in determining how this region impacts the 
overall bulk properties of the organic/inorganic 
composite material.   
 
When nanocomposites with noble metal 
nanoclusters are exposed to light, they exhibit a 
strong absorption maximum at a particular 
wavelength due to photon induced oscillation of the 
electron charge density[3].  This collective response 
of electrons in metal nanoparticles to optical fields 
is called plasmon resonance (PR) or surface 
plasmon resonance (SPR) in the case of thin 
films[4]. The emission spectral properties of 
fluorophores can be dramatically altered by the 
presence of nearby metallic surfaces[5].  The 
effects of metalic surfaces on fluorophores are due 
to at least three mechanisms[6]:  (i) quenching at 
short distances;  (ii) an increase in the excitation 
field, and (iii) an increase in the radiative decay 
rate.  When the fluorophores are close to the surface 
of metalic surface (<50 A), due to the reduced 
quantum yield the intensity of fluorophores will be 
decreased near the surface due to quenching.  The 
quenching results in increased photostability 
because the molecules spend less time in the 
excited state and thus have a fewer reactions. Since 
the lifetime of the fluorophores will be decreased, 
quenching by the surface is expected to result in 
increased stability and an increase in the number of 
excitation-deexcitation cycles prior to 
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photodecomposition. An increase in the excitation 
field will result in an increased intensity when 
compared to the no-metal sample, both observed for 
the same incident intensity.  The lifetimes will 
remain the same.  An increase in the radiative rate 
will result in an increased intensity due to the 
increased quantum yield.  The lifetime will be 
shortened by the metal-induced increase in the 
radiative rate.  Since the fluorophore will spend less 
time in the excited state for each cycle, the extent of 
photobleaching is expected to decrease.  The 
combination of increased quantum yield and 
decreased photobleaching should result in a 
substantially increased number of deteched photons 
per fluorophore when the radiative rate is increased.      
 
In this work, we investigated the characteristic 
change in film formation, optical and  
morphological properties of fluorescent polystyrene 
(PS) latexes depending on AgNPs content and 
annealing temperature.  Films were prepared by 
mixing PS latex with AgNPs  particles in various 
compositions and annealing them at temperatures 
above glass transition temperature of PS for 10 min 
intervals at temperatures ranging from 100 to 280 
0C.  The maximum peak intensity, Ip at 375 nm and 
transmitted light intensity, Itr at 700 nm were 
monitored to observe the film formation process. 
The increase in Itr and IP by increasing the 
annealing temperatures was attributed to the void-
closure process.  However, the decrease in IP was 
attributed to the interdiffusion processes.  
 
2. Exper mental sect on 

2.1 Materials and Film Preparation 
Pyrene (P)-labeled polystyrene latex particles were  
were produced via an emulsion polymerization 
process [7].  The mean diameter of these particles 
was around 349 nm.  The weight-average molecular 
weights (Mw) of individual PS chains and the glass 
transition temperatures (Tg) of the PS latexes were 
found be around 2.66×105 g/mol and 105 °C, 
respectively.  
 
Poly(vinyl pyrolodine) (PVP) covered core-shell 
silver nanoparticles (AgNPs) were obtained from 
Sky Spring Nanomaterials in powder form and 
were used as supplied in without further 
purification.  These particles are composed of 25 
wt% Ag in the core and 75 wt% PVP polymer in 
the shell and the average diameter of AgNPs is 15 
nm.  SEM image of PS latex and AgNPs used in 
this study are shown in Fig 1a and 1b, respectively. 
 

Nine different mixtures were prepared with 0, 1, 3, 
5, 10, 20, 30, 40 and 50 wt%AgNPs by mixing the 
dispersion of AgNPs in water with the dispersion of  
 

 
Fig 1 SEM images of (a) PS latex and (b) AgNPs 
used in this study. 
 
PS. By placing the same number of drops on a glass 
substrate with similar surface areas (0.8x2.5 cm2) 
and allowing the water to evaporate at room 
temperature, dry films were obtained. After drying, 
samples were separately annealed above Tg of PS 
for 10 min at temperatures ranging from 100 to 280 
0C.  After each annealing step, films were removed 
from the oven and cooled down to room 
temperature.  
 
2.2 Measurements 
After annealing, each sample was placed in the 
solid surface accessory of a Perkin-Elmer Model 
LS-50 fluorescence spectrometer. Pyrene (P) was 
excited at 345 nm and fluorescence emission were 
detected between 350–500 nm. Fluorescence 
spectra were taken at 900 with respect to excitation 
light at room temperature.  
 
Photon transmission experiments of composite 
films were carried out using Variant Carry-100 Bio 
UVVisible (UVV) scanning spectrometer. The 
transmittances of the lms were detected at 700 nm. 
Measurements were carried out at room 
temperature after each annealing processes.   

Scanning electron micrographs (SEM) of the 
PS/AgNPs films were taken at 10–20 kV in a FEI 
QUANTA FEG 250 microscope in MEMTEK-ITU.  
 
3. Results and Discussion 
 
3.1 Film formation process of PS/AgNPs 
composites 
Fluorescence emission spectra of 0, 20 and 30 wt% 
AgNPs content composite lms annealed in 10 min 
at various temperatures are shown in Fig. 3a, b and 
c, respectively. As the annealing temperature is 
increased, fluorescence intensity, IP from all film 
samples first increased and then decreased with 
increasing annealing temperatures. Here, it was 
interesting to notice that the emission spectra of 
pyrene become narrower when the AgNPs content 
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was increased (see Figure 3b and 3c).  We believe 
herein that the narrowed emission may be due to 
coupling of the emission light from pyrenes labeled  

 

Fig 3. Fluorescence emission spectra from 
PS/AgNPs composite lms for 0, 20 and 30 wt% 
AgNPs content after being annealed at various 
temperatures for 10 min.  
 
to PS with the metal plasmon from the silver core 
of AgNPs. The emission band from the pyrenes was  
more narrow and the pyrene intensity was enhanced 
with increasing AgNPs content. 
 
Fig. 4 shows the fluorescence emission and 
excitation spectra of pyrene and the absorption 
spectrum of AgNPs.  Pyrene exhibits two maximum 
emission bands at 375 and 395 nm, respectively, 
and AgNPs (no fluorescence is observed) display 
an intense absorption at 430 nm.  It is obvious that 
the emission spectrum of pyrene overlaps with the 
absorption band of AgNPs, which is critical for 
resonant energy transfer.   Since no spectral shifts 
in the fluoresence spectrum of the pyrene were 
observed with increasing AgNPs content, the film 
formation of PS/AgNPs composites were studied by 
measuring the fluorescence intensity of pyrene, IP at 
375 nm as a function of the annealing temperature.   
Figures 5 and 6 illustrate the transmitted (Itr) and 

uorescence (IP) light intensities versus annealing  
temperatures, T for 0, 1, 3, 5, 10, 20, 30, 40 and 50 
wt% AgNPs content lms. For all lm samples, 
upon annealing the transmitted light intensity Itr 
started to increase above a certain onset temperature 

which is known as the minimum lm formation 
temperature, T0.  The uorescence intensity, IP, 
from composites with (0-30) wt% AgNPs content 

rst increased, 

Fig 4. Emission spectrum of pyrene ( ) for 345 nm 
excitation light  and absorption spectrum of AgNPs 
particles (…..) used in this study. 

 

Fig 5 Plots of Itr versus annealing temperature for 
various AgNPs content lms. Numbers on each 
curve represent AgNPs content in the lm. Here, T0 
is the minimum lm formation temperature. 
 
reached a maximum, and then decreased as the 
annealing temperature increased[8]. The  
temperature at which IP reached the maximum is 
the healing temperature, Th. The increase in Itr 
above T0 can be explained through an evaluation of 
the transparency of the composite lms upon 
annealing. Since we measured the transmittances of 
the lms at 700 nm (above the absorption 
wavelength of both pyrene and AgNPs), the 
absorption of the lms is negligible at this 
wavelength. Most probably, an increase in the Itr in 
the visible region corresponds to the void closure 
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process[8]; i.e., polystyrene begins to ow upon 
annealing and the voids between particles are then 

lled.  The PS starts to ow as the result of the 
annealing process, and the voids between particles 
can then be lled due to the  

 

Fig 6  Plots of IP versus annealing temperature for 
various AgNPs content lms. Numbers on each 
curve represent AgNPs content in the lm. Here, Th 
is the healing temperature 
 
viscous ow. Further annealing at higher 
temperatures caused healing and interdiffusion 
processes[8], resulting in a more transparent lm. 
On the other hand, the increase in IP above T0 
presumably corresponds to the void closure process 
up to the Th point where the healing process takes 
place. The decrease in IP above Th can be 
understood as interdiffusion processes between the 
polymer chains[8].  However, IP intensity from 
composites which have 40 and 50 wt% AgNPs are 
very weak and almost remain unchanged during 
annealing showing that no film formation takes 
place in these composite films.   
 
It was noted that both the emission spectrum and IP 
curves of composite films became narrow  relative 
to the pure PS film when the AgNPs content was 
increased and the emission intensity was enhanced 
with an increase of AgNPs in the range of (3-20) 
wt%. The emission enhancement reached saturation 
at 20 wt% AgNPs content and was found to 
decrease with increase of AgNPs content above 20 
wt%.  This decrease can be explained by the strong 
scattering from the AgNPs shell possibly screened 
the surface of PS particles and as a result the 
plasmon resonance does not ocur between pyrenes 
and AgNPs particles.   Experiments show that 
AgNPs nanoparticles have little effect on the extent 

of diffusion at low AgNPs content (0 and 1 wt%) in 
comparison to a much greater effect at high AgNPs 
content films in the range of (3-30) wt%.  
Therefore, these data support the concept of 
reduced mobility at interfaces with increasing 
AgNPs content.  Above 20 wt% AgNPs content,  
nanoparticles can sit at the interface between latex 
particles and thereby reduce the total area of contact 
between latex particles in the films.  Since AgNPs 
particles are significantly smaller than the latex 
particles, the number of AgNPs particles will be 
higher than the number of latex particles even when 
their fraction is lower.  Therefore AgNPs will 
present a physical barrier to interdiffusion at the 
inerfaces between latex particles.  This results in a 
strong scattering from the AgNPs shell possibly 
screened the surface of PS particles and as a result 
the plasmon resonance does not ocur between 
pyrenes and AgNPs particles.    

 
4. Conclusions 
 
In this study, we employed the SSF technique in 
conjugation with UVV and SEM techniques to 
study the lm formation process of PS/AgNPs 
nanocomposites and the morphological changes 
dependent on AgNPs content. From optical data, it 
was observed that classical latex lm formation 
occurred in the range of (0-30) wt% AgNPs content 
and above this range no film formation takes place.  
The emission spectrum became narrower with 
increasing AgNPs content. Fluorescence  
enhancement was also observed with increasing 
AgNPs content in the range of (3-30) wt%.  This 
can be understood in terms of increased radiative 
rates due to interactions between the pyrenes and 
the electron plasma in nearby silver nanoparticles.  
Therefore, this study can be used to develop novel 
dye-labeled polymer/metal composite films with 
bright and narrow emission bands.   
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Abstract 
 
Based on a model of interfaces between particles of different 
components, there is obtained the formula to estimate the 
capacitance of nanocapacitors spontaneously built in 
nanocomposite materials. 
 
1. Introduction 
 
According to the classical electrostatics, decreasing 
permittivity  and thickness d  of a dielectric material, that 
separates a thin flat capacitor’s plates, and increasing their 
area S  should yield increasing its capacitance 
 

d
SC 0                                                                                (1) 

 
(

0
 is the electric constant). However, for extremely small 

nanostructures the quantum and the so-called dead-layer 
effects can change these dependences. 
 
In particular, first-principles studies predicted that an ultra-
thin nanocapacitor made of graphene and hexagonal boron 
nitride (h-BN) films can achieve superior capacitor properties 
in sharp contrast to what is expected from the formula (1). 
Recently, it was actually fabricated [1] the thinnest possible 
nanocapacitor system, essentially consisting of only 
monolayer materials – h-BN with graphene electrodes – and 
experimentally demonstrated a significant increase in 
capacitance below a thickness of  5 nm, more than 100 % of 
what is predicted by classical electrostatics. 
 
Similar example is the liquid exfoliated black phosphorus 
(BP) nano-flakes taken [2] to make flexible all-solid-state 
supercapacitors, where the BP-deposited polyethylene 
terephthalate substrates serve as electrodes. They show 
excellent specific capacitance and other characteristics even 
well surpassing their counterparts built on graphene. 
 
Such artificial nano-capacitors are used in nanoelectronics as 
elements of devices or integrated circuits, as well as for 
storing of electrical energy. The problem how to estimate their 
capacitance, we intend to investigate elsewhere [3]. 
 
The nanocomposite materials are characterized by very high 
values of the total specific surface area of interfaces between 
the particles of different components. Therefore, the electric 
capacitance associated with the internal interfaces can 
significantly affect electronic characteristics, and particularly, 
dielectric properties of a nanocomposite material. 
 

Assessment of the capacity of spontaneously built nano-
capacitors, similarly of that for artificial nanocapacitors 
capacity, is not possible with the standard formula (1). 
 
In this paper we intend to solve this problem theoretically, 
taking into account the impact of two factors: (1) Possibility of 
formation of the space charge regions on both sides of the 
interface; and (2) Presence (vacuum) gaps of non-zero 
thickness between the surfaces of neighboring nanoparticles. 
 
2. Model 
 
We choose some part of the approximately flat interface 
(Figure 1) with area of S  between adjacent particles of two 
components. Let d  denotes the average width of the vacuum 
(i.e. with a dielectric constant equal to 1) gap between the 
particles, and by D  and D  – the thicknesses of positive and 
negative space charges regions in these components, 
respectively. Let  and  are the dielectric constants, and 

 and  – the corresponding absolute values of the space 
charge average density (for vacuum gap 0).  
 

 
 
Figure 1. Schematic view of cross section of approximately 
flat part of interface between particles of different components 
of nanocomposite material. 
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Obviously, the parameters d , , , and  characterize 
a material, whereas the parameters D  and D  are also 
determined by the external voltage drop V  on an interface, if 
the nanocomposite sample is biased by an external electric 
field. From the general physical requirement of electrical 
neutrality, SDSD , it implies the relation between 
these parameters: 
 

DD ,                                                                 (2) 
 
where  is the absolute value of the surface specific charges, 
on both sides of the interface. Absolute value of the charge q  
condensed on a “capacitor plate” equals to 
 

Sq .                                                                                  (3) 
 
Electric field strength distribution )(xEE , where the axis 
Ox  is perpendicular to the interface plane, can be calculated 
from the Gauss theorem: 
 

xdxE
2

)(
00

       
22
dxdD  

 
         

0

                                   
22
dxd  

 
         xd

200

      .
22
dDxd        (4) 

 
3. Results 
 
If V  is the internal voltage corresponding to the difference in 
work function of components, the voltages’ balance condition 
 

VVdxxE

dD

dD

2

2

)(                                                               (5) 

 
gives the equation 
 

VVVdV 11
2

)()(

0

                           (6) 

 
determining absolute value of the surface specific charges in 
dependence of voltage .)(V . Here it is assumed that 

VV  because when VV  there are no charges 
concentrated in the vicinity of the interface: 
 

0)(V                                                           VV   
 

         111)(2111 2
0

d
VVd  

                                                                          VV .       (7) 
 
Absolute value of the electrical charge condensed on a 
“capacitor plate” in dependence of voltage )(Vqq  equals to 

SVVq )()( . Consequently, we can calculate differential 
capacitance dVVdqVC /)()(  as 
 

0)(VC                                                             VV  
 
          

11)(2 0
2

0

VVd

S      VV ,      (8) 

 
Introducing two parameters 
 

d
SC 0

0
                                                                            (9) 

 
and 
 

112 0

2

0
dV

                                                     (10) 

 
we can rewrite the expression (8) in the simplified form: 
 

0)(VC                                                       VV  
 
          

0

0

1
V
VV

C                                     VV ,         (11) 

 

 
 
Figure 2. Schematic curve of differential capacitance versus 
voltage for interfaces between particles of different 
components of nanocomposite material. 
 
The function (11) is shown in Figure 2. One can see that, the 
differential capacitance at relatively high negative voltages, 

VV , equals to 0, at VV  it reaches its maximum value 

0C , and at sufficiently high positive voltages, 0VV , 
vanishes too slowly. 
 
In the limit of low applied voltages, VV || , the effective 
capacitance CC )0( , related to the formation of positive 
and negative space charge regions in neighboring particles of 
component-materials at the interface between them, 
 

d
SC 0                                                                          (12) 
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is determined by the effective permittivity  of a gap of 
“width”  d  between these neighboring particles: 
 

2
0

ff

21111
d
V

e

.                                     (13) 

 
Finally, the specific capacitance, i.e. capacitance per area, 

SCc /  is found in the following form: 
 

112 0
2

0

Vd

c
                                      (14) 

 
retaining dependences only of the material’s characteristics. 
 
4. Conclusion 
 
In summary, we have proposed a model for the nanoscale 
interfaces between particles of different components of a 
nanocomposite material and based on this model obtained 
an analytical expression for the capacitance of a 
nanocapacitor spontaneously built in a nanocomposite 
material at an interface between adjacent nanoparticles of 
different components. 
 
The specific capacitance c  of built in nanocapacitors are 
found to be dependent of average width d  of the vacuum gap 
between the particles, dielectric constants  and , absolute 
values of the space charge average densities  and  of 
these components, and internal voltage V  corresponding to 
the difference of work functions of components. 
 
As the nanocomposite materials are characterized by very high 
values of the total specific area of interfaces between the 
particles of different components, the electric capacitance 
associated with the internal interfaces can significantly affect 
electronic characteristics of nanocomposite materials. 
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Abstract 

Ni-B nanocrystalline alloy/intermetallic phase 
powders have been synthesized via mechanical 
alloying by using high-energy ball milling. The 
effects of milling time on phase formation, 
microstructure and magnetic behaviors have been 
investigated. Milling operation has been carried out 
with two different compositions of Ni-B alloys as 
Ni80B20 and Ni60B40 up to 80 hours of milling time. 
Initial sub-micron sized particles have been reduced 
down to a size ranged in between 20 nm to 110 nm at 
the end of ball milling procedure. Structural analyses 
showed that in the Ni-B nanoalloys a Ni3B 
intermetallic phase were formed for both 
compositions of alloys under investigation. 
Additionally, Ni2B intermetallic phase formation 
have been detected in Ni80B20 nanoalloy. Magnetic 
measurements indicated a general decrease in 
saturation magnetization and increase in coercivity 
and also in hysteresis area with increasing milling 
time for both samples.  

1. Introduction  

As nanoalloys may exhibit properties that are 
different from the bulk form of the same alloys, 
there is a significant research interest on production 
and characterization of nanoalloys. There are various 
methods for production of nanoalloys such as 
mechanical alloying, chemical reduction, ion 
implantation, electrochemical synthesis, etc [1]. 
Among all methods; high energy ball milling is one 
of the most effective, simple, low-cost method and it 
is easily scalable for industrial use. Novel properties 
of nanoalloys make them useful for numerous 
application areas like biomedicine, catalysis, 
utilization of optical and magnetic properties, 
including the specific uses such as nano-electronics, 
photocatalysis, biomarkers, bioimaging, gene 

delivery, cell labelling, targeted drug delivery, anti-
microbial applications, electro-chemistry, chemical  
sensors etc [2, 3]. Interest in magnetic nanoalloys 
has increased recently, since they have unique 
properties and these properties can be used in 
various applications such as magnetic separation, 
magnetic recording media and data storage [4]. 
Catalysis is also another field of use and 
nanostructured/amorphous Ni B alloys have been 
studied as a catalyst [5, 6]. The role of Ni-B 
nanoalloys at hydrogen storage has also been 
investigated and it is found as a promising catalyst 
for hydrogen storage application [7, 8]. 
To be able to increase the application fields of a 
nanoalloys it is important to establish the relation 
between the synthesis conditions, structure and 
properties of them. In this study, Ni80B20 and Ni60B40 

crystalline/amorphous nanocomposite powders have 
been tried to synthesize via mechanical alloying by 
means of high-energy ball milling and to get an 
insight on the structure  property relationship. For 
the nanoalloy production process, experimental 
procedure have been chosen by considering the 
results of the previous studies indicating that for Ni-
B ball milling experiments, when ball diameter 
scaled down, some intermetallic compounds began 
to appear in shorter times and the change in rotating 
speed has not affected considerably the results of 
experiments [9].  

2. Experimental Studies  

Two different compositions of Ni-B alloys (Ni80B20 
and Ni60B40) were prepared by mixing elemental Ni 
and B powders in separate bowls. Initial materials 
were Ni powder with 99.8% purity (Alfa Aesar), 

 in size and B powder with 
98% purity (Alfa Aesar), ap
size. High-energy ball milling experiments was 
realized by using Fritsch Planetary Micro Mill 
Pulverisette 7 Premium Line up to 80 h milling time 
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in 20 mL atmosphere-controlled stainless steel bowls 
with 80 stainless steel balls (each 5 mm in diameter 
and 0.51 grams in weight) for each bowl. Ball to 
powder weight ratio was determined as 10:1. Milling 
operation was performed at 250 rpm speed and 
under high purity Ar atmosphere. Milling process 
has been interrupted after definite milling time 
periods and samples were taken from each bowls to 
carry out required analyses for characterization. The 
microstructure and morphology analysis were done 
using a FEI Nova Nano 430 FEG model scanning 
electron microscope (FEGSEM); phase 
identification of the milled powders was performed 
using X-Ray diffraction (XRD) method. Hysteresis 
(B-H) loop, saturation magnetization and coercivity 
measurements were executed with an ADE 
Magnetics EV9 vibrating sample magnetometer 
(VSM). 

3. Results and Discussion  

According to the outputs of structural analyses, after 
milling, morphologies of the particles have become 
deformed where at first Ni particles are more 
spherical and B particles are more plate-like. SEM 
images were given in Figure 1 for Ni80B20 and in 
Figure 2 for Ni60B40. It is evident from the SEM 
analyses that as milling time increases particle size 
decreases as expected and sub-micron sized particles 
have been observed in a range between 20 nm to 110 
nm after 80 h of milling time.  

 

  
Figure 1. SEM micrographs at different 
magnifications of Ni80B20 particles milled for a) 0 h; 
b) 10 h; c) 40 h and d) 80 h.  

 

 
 

Figure 2. SEM micrographs at different 
magnifications of Ni60B40 particles milled for a) 0h; 
b) 10 h; c) 40 h and d) 80 h  
 
 
XRD diffractograms of Ni80B20 and Ni60B40 samples 
for different milling times are given in Figure 3 and 
4 for Ni80B20 and Ni60B40 alloys, respectively. 
Increase in peak broadening with milling time has 
been observed for both composition. 
 

 
 
Figure 3. XRD pattern of Ni80B20 particles milled for 
0 h (un-milled), 10 h, 40 h and 80 h. 
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Figure 4. XRD pattern of Ni60B40 particles milled for 
0 h (un-milled), 10 h, 40 h and 80 h. 
 
Ni3B and Ni2B type intermetallic phase formation 
after 40 hours of milling time in Ni80B20 alloy and 
only Ni3B phase formation after 60 hours of milling 
in Ni60B40 alloy were observed, Fig-s 3 and 4. With 
the increase in milling time the increase in the 
amount of these phases is evident. Peak broadening 
in the XRD diffractograms indicate that size of 
nanoparticles decreases with increasing milling time 
for both alloys. 
Hysteresis curves revealing the effect of the milling 
time on magnetic behavior are given in Figures 5 
and 6. Insets in the figures shows the detailed part of 
hysteresis for powders milled at 0 h and 80 h milling 
time. 
 

 
 

 Hysteresis curves of initial powder and 
powders milled for different time periods of Ni80B20 
alloy 

 
 

Figure 6.  Hysteresis curves of initial powder and 
powders milled for different time periods of Ni60B40 
alloy 
 
Phases within the initial structures are only pure Ni 
that is a ferromagnetic material and pure B that does 
not show magnetic behavior. Intermetallic phases 
formed at the last steps of milling can be considered 
as a parameter that affects magnetic properties. 
Since particle sizes for both compositions are 
similar, volume fraction of magnetic phases is the 
dominant factor for saturation magnetization values. 
It is seen from Fig-s 5 and 6 that with increasing 
milling time the area of the hysteresis curves 
increases in both nanoalloy compositions of Ni-B 
which is related to the amount of energy dissipation. 

4. Conclusion  

Ni80B20 and Ni60B40 crystalline/amorphous 
nanocomposite powders have been produced via 
mechanical alloying by high-energy ball milling. 
Ni3B and Ni2B type intermetallic phase formation 
after 40 hours of milling time in Ni80B20 alloy and 
only Ni3B phase formation after 60 hours of milling 
in Ni60B40 alloy have been detected. The size of the 
initial sub-micron particles has been reduced down 
to a range between 20 nm to 110 nm by applying 
ball milling. Results of magnetic measurements 
indicate that the area of hysteresis curves and 
coercivity increases, but saturation magnetization 
decreases with increasing milling time in both 
nanoalloy compositions of Ni-B.  
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Biodegradable magnesium alloys appear to be an interesting potential orthopedic biomaterial for trauma implants. Unlike 
its industrial applications in which corrosion is an undesirable event, in medical applications it is an advantage. This 
problem could be solved by choosing suitable alloying elements. For example, is known that for application in bone 
tissue replacement, calcium is appropriate as alloying element for magnesium alloys [1, 2]. Therefore, in order to obtain a 
magnesium based alloy with a decreased rate of corrosion is very important to select a favorable alloying element ration. In 
our study, we analyze the effect of different alloying elements on the microstructure, corrosion and biodegradation behavior 
of magnesium based alloys without aluminium, from different systems like Mg-Ca, Mg-Zn-Zr and Mg-Zn-Zr-Ag.
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Abstract 
 
Duplex stainless steel is widely used in the oil, chemical 
industry and to a lesser extent in the medical industry, 
because of the high mechanical properties, corrosion 
resistance and good weldability. In recent years, because 
of these properties, it can enable the use in the biomedical 
applications. Accordingly, duplex stainless steel material 
can be highly important to examine the effect on the cells. 
In this study, the effect of the AISI 2205 duplex stainless 
steels which are joined by CO2 laser beam welding on the 
fibroblast cells has been studied in vitro for the first time. 
The effect of the laser beam welded samples and samples 
of the base metal of AISI 2205 duplex stainless steel with 
L929 fibroblast cells as an element of connective tissue 
under in vitro conditions has been studied. To study the 
effect of the base metal and the laser welded test 
specimens on the viability of the fibroblast cells were kept 
in DMEMF-12 medium for 7 days. The viability study 
was experimentally studied using the MTT method for 7 
days. The cell viability of the laser welded sample has 
been detected to be higher than that of the base metal and 
the control based on 7th day data. According to the 
obtained results reveals that laser beam welded and base 
material AISI 2205 duplex stainless steel has been found 
suiatable to study for biomedical applications. 
 
1. Introduction 
 

Duplex stainless steels (DSSs) consist of a two phase 
microstructure involving -ferrite and -austenite. DSS as 
suitable alternatives to conventional austenitic stainless 
steels. Duplex stainless steel shows such excellent 
mechanical properties and corrosion resistance due to the 

fact that its internal structure consists of ferrite and 
austenite phases at equal rates [1,2]. The duplex 
microstructure enables the steel to become especially 
highly resistant to stress corrosion cracking as well as 
intergranular and pitting corrosion. AISI 2205 stainless 
steel, with 22% chromium, 56% nickel, and 3% 
molybdenum, is a nitrogen-alloyed duplex stainless steel 
with excellent corrosion resistance and mechanical 
properties. Due to its superior corrosion resistance, this 
type of steel is used in steam boilers, chemical tanks and 
heat exchanger pipes as well as in a wide range of areas in 
the chemical and petroleum chemical industry and less in 
the medical industry [3-5]. Weldability of duplex stainless 
steel is very good and it can be joined by many fusion 
welding techniques, such as submerged arc welding 
(SAW), shielded metal arc welding (SMAW) and tungsten 
inert gas welding (TIG) and laser beam welding [6]. 
 
AISI 316L austenitic stainless steel is known as the most 
commonly used orthopaedic and orthodontic bracket 
material because of its favourable mechanical properties, 
and relatively good corrosion resistance in various 
aqueous environments [7]. However, it is regularly 
challenged by the aggressive environment in the human 
body, as it is highly susceptible to localized corrosion in 
environments containing chloride [7]. Therefore, 
austenitic stainless steels are currently often replaced with 
duplex stainless steels, such as AISI 2205 duplex stainless 
steel.  
 
There are many studies on the laser beam welding process 
of AISI 2205 duplex stainless steel  [8-10]. However, 
there is no study regarding the clinical examination of in 
vitro and in vivo relation between laser beam welded AISI 
2205 duplex stainless steel and fibroblast cells in the 
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literature. Welded implants’ and prosthesis’ biological 
properties such as biocompatibility and cell toxicity 
should be examined under in vitro conditions prior to its 
clinical application. The effects of the AISI 2205 duplex 
stainless steels which are joined by CO2 laser beam 
welding on the fibroblast cells has been studied in vitro 
for the first time with this study. 
 
2. Experimental Procedure 

2.1. Material, welding process and microstructure 
analyses applied to the welded joint 
 
In this study, AISI 2205 duplex stainless steel is widely 
used in various industries, such as chemical and petroleum 
chemical industry. The chemical composition of AISI 
2205 stainless steel is given (weight %) in Table 1. 
 
Table 1. The chemical composition of AISI 2205 stainless 

steel (weight %) 

 
 

AISI 2205 stainless steel plates were fixed in a horizontal 
position onto the fixture and the welding was performed 
with TRUMPF LASERCELL 1005 model, 4 kW power 
rated CO2 laser beam welding machine without any filler 
metal with the parameters given in Table 2. 
 

Table 2. The welding parameters. 

 
 
The process of electrolytic etching was applied using a 
solution of 10g oxalic acid + 100 ml pure H2O. 
Microstructure examinations were carried out by using 
optical microscope (OLYMPUS) at magnifications 
between 5x-100x. 
 

2.2. The preparation of the test specimen and the 
examination of their effects on the cell culture 
 
AISI 2205 duplex stainless steel is commercially obtained 
and a pair of AISI 2205 stainless steel joined by CO2 laser 
beam welding method. Samples have been polished by 
200-1200 grit emery paper after being cut in sizes of 3 x 5 
x 20 mm and perpendicular to the welding direction so 
that the welding seam is left in the middle. 

The experiments to study the effect of the laser beam 
welded AISI 2205 Duplex Stainless Steel material and the 
laser beam welded joint on L929 fibroblast cell culture. 
The test materials have been wiped with alcohol and 
bathed in distilled water and then sterilized in 170 oC 
temperature for 90 minutes. They have been incubated in 
an incubator containing 5 % CO2 at 37 oC temperature by 
placing 3 ml of DMEMF12 medium and the materials in a 
sterile falcon.  The supernatants of the main material and 
the specimen joined by welding which have been in a 
DMEMF12 medium along 7 and their viability effect on 
the L929 cells have been examined via the MTT 
(Thiazolyl Blue tetrazolium bromide) method. The same 
order of procedures have been carried out for all three 
time periods set in this study. L929 fibroblast cell 
plantation has been carried out in a way that 10.000 cells 
are in each well on a plate of 96. 

Sample wells in threes have been taken for the main 
material and the sample joined by laser welding and the 
testing apparatus has been set on the control cells by only 
adding from the medium so that there samples are in 
threes. As a result of the cells fully covering the wells, the 
excess medium has been removed and 100μ of the 
DMEMF12 medium in which the samples were kept has 
been placed instead and they have been incubated in an 
incubator with 5% CO2 at 37 oC for one day.  

Following the incubation, the MTT experiment protocol 
has been applied to determine the cell viability. It has 
been dispersed and vortexed with MTT solution of 
10mg/ml (Phosphate Buffered Saline). The MTT solution 
prepared has been put in each well in 10 μl’s after being 
filtered with 0,45 μl filters and incubated for 4 hours at 
37oC and then the crystallization has been observed under 
the microscope. 100 μl’s of DMSO have been added to 
each well by pipetting onto the MTT for the dissolution of 
the formazan crystals formed on the cells and kept in the 
dark for 30 minutes. After the dissolution of the crystals 
with the DMSO, they have been read in 570 nm by ELISA 
and the results have been obtained.   

2.3. Statistical analysis 

In multiple comparisons, the Tukey test has been applied 
as a post-hoc test for the ANOVA one-way analysis of 
variance on the GraphPad statistics software. In the 
assessment of the results, the significance levels of 
p<0.001, p<0.01 and p<0.05 have been used as a basis.  
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3. Results and Discussion 
 
3.1. Microstructural examination of the laser welded 
sample 
 
The microstructural examination of the base metal, the 
heat affected zone (HAZ) and the weld metal of the AISI 
2205 duplex stainless steel joined by CO2 laser beam 
welding used in the study and the result are shown in 
Fig.1. 
 

  
Figure.1. Microstructure of laser welded joint, a) HAZ 
(200X), b) HAZ (500X) 
 
As can be seen in Figure 3, the weld metal structure of 
AISI 2205 stainless steel as it was provided consists of 
ferrite phase (70 %) and austenite phase (30 %) and it has 
almost fully ferritic structure with some precipitation of 
austenite decorate to the grain boundaries. The light 
colored grains in the structure indicate the austenite phase 
while the dark colored ones indicate the ferrite phase. As 
it is known, the high tensile strength and stress corrosion 
resistance of duplex stainless steel results from the delta 
ferrite phase in its structure while its toughness and 
general corrosion resistance results from the austenite 

phase in its structure. The micrographic examination 
shows that the extension of the heat affected zone is 
negligible (Fig.1a and 1b). Formation of a very narrow 
heat affected zone is an expected result since low heat 
input, which is a characteristic of laser beam welding, 
causes fast cooling. 
 
3.2. Cell Studies 

The effect of CO2 laser beam welding method applied to 
AISI 2205 duplex stainless steel on the viability of the 
fibroblast cells was studied by placing the base metal and 
laser welded samples directly in the cell culture medium 
for particular periods. MTT result is given in Fig.2. and 
Fig.3. The basemetal and the laser welded sample show 
better cell viability effect when compared to the control 
group (Fig.) As a result of the direct interaction of the 
L929 cell culture and the control, main material and laser 
welded sample, while an increase in the cell proliferation 
of main material and the laser welded sample has been 
observed in comparison with the control group (p<0.001) 

 
Figure 2. The results of the MTT which is applied as a 
result of the direct interaction of the L929 cell culture and 
the samples, C: Control, C: Base metal, Ck: Laser welded 
sample 
 
When the results regarding the 2205 duplex stainless steel 
main material and laser welded sample are studied, after 
the first week, the effect of the supernatant samples 
obtained from the mediums in which the samples were 
kept on the cell viability was higher for laser welded 
sample when compared with the main material. In laser 
welding, weld metal has finer grains and therefore, larger 
grain boundary due to high solidification rate. The grain 
boundaries have higher energy than inside the grains [11]. 
Therefore, this excessive energy in grain boundary 
combined with high ferrite phase content (70 %) and 
austenite phase (30 %) and it has almost fully ferritic 
structure with some precipitation of austenite decorate to 
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the grain boundaries. Weld metal is considered for the 
reason of the denser cells at the beginning of the process. 
However, the grain boundaries are more chemically 
reactive than the grains themselves as a consequence of 
this grain boundary energy [11] and the rapid ion 
exchange along the grain boundaries can be responsible 
for less dense cells in welded sample compare with base 
metal end of the process. 
 

 
Figure 3. Formazan crystal formation after 7 days MTT 
(10x) a) L929 control has been incubated only with the 
DMEMF12 culture medium. The control cells and the 
density of the formazan crystals which indicate the 
viability are scarcer than the cells shown in figures b) and 
c) The post MTT image of the L929 cell culture which has 
been incubated with the supernatant taken from the 
medium in which the main material was kept for 7 days. 
Density of the cells and formazan crystals has been 
observed to be higher than the control. c. The post MTT 
image of the L929 cell culture which has been incubated 
with the supernatant taken from the medium in which the 
laser welded sample was kept for 7 days. It has been 
observed that the L929 cells were denser in one direction 
and that they contained darker formazan crystals when 
compared with that of the control and the main material.  
 
4. Conclusions 
 
According to the results acquired, the interaction of the 
CO2 laser beam welded AISI 2205 duplex stainless steel 
sample and base metal with the L929 fibroblast cells 
which were connective tissue elements were studied under 
in vitro conditions. 
 
The findings obtained can be summarized as follows: 
 
1. It was found that the low heat input and high cooling 
rate of laser beam welding method had an effect on the 
microstructure and morphology of the weld metal. It was 
discovered that the ferrite-austenite balance of the weld 
metal and the HAZ differed from that of the base metal as 
to be in favor of ferrite phase, also, the low heat input 
caused a very narrow HAZ. 

2. In the data obtained after the first week (7 days), the 
effect of the laser welded sample on the cell viability was 
greater than that of the base metal. It is believed that 
higher grain boundary energy, the presence of high delta 
ferrite phase content (70%) in weld metal and higher 
surface energy of welded region due to weld thermal cycle 
can be responsible for the denser cells at the beginning of 
the process. 
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Abstract 
 
Metal–polymer nanocomposites are the subject of increased 
interest due to their potential to combine the features of 
polymers with inorganic materials. In this study, silver 
nanoparticles were first prepared by microwave heating. 
Then, the as-prepared silver nanoparticles were introduced 
into the polyvinyl alcohol (PVA) polymer solution from 
which electrospun nanocomposite fibrous mats were 
produced through electrospinning method. Characterization 
studies including dynamic light scattering (DLS) analysis, 
scanning electron microscope (SEM) analysis, specific 
surface area analysis using BET analyzer. Conductivity 
measurements were conducted to find out the effect of 
silver nanoparticle solution on the PVA nanofiber mats. 
Therefore, this study holds a promise in developing 
scaffolds with functionalized features. 
 
1. Introduction 
 
Due to large surface area to volume ratio, high porosity, 
good flexibility and interconnected porous network, 
nonwoven nanofiber mats prepared from biodegradable 
polymers are used in many applications such as tissue 
engineering of scaffolds, drug delivery enzyme 
immobilization, biosensors, gene therapy, wound dressing, 
artificial organ, medical prosteheses, optoelectronics and 
catalysis [1-5]. Nanofibers are produced by many methods 
including self assembly, dry and wet spinning, phase 
separation, melt spinning and electrospinning. Within these 
methods electrospinning is a comparatively easy, 
environmentally friendly and effective method [2, 6]. By 
this method, electric field is applied between a needle 
capillary and a collector, thus electrostatic force overcomes 
the liquid surface tension and charged fluid jet is ejected to 
form nanofiber mats on the collector having diameters from 
submicrons to a few nanometers [2, 3, 7]. Additionally, 
natural polymers, synthetic polymers and polymers having 
nanoparticles, metals and ceramics are suitable materials 
for this method [5].  
 
On account of physically similar dimensions between 
extracellular matrix and biodegradable nanofiber mats, 
electrospun nanofibers are promising materials for tissue 
engineering scaffolds [1, 3, 4]. The requirements of 
scaffolds are high porosity, large surface area, suitable pore 
size and porous structure. Biodegradable polymers can be 

electrospun to produce nanofiber mats for this purpose. 
Within biodegradable polymers, polyvinyl alcohol (PVA) 
is used for a wide range of potential biomedical materials 
including surgical sutures, implant materials, drug carriers 
and scaffolds [4, 6]. It is a semicrystalline, hydrophilic 
polymer with stability against chemicals/heat and is 
biodegrable in physiological environments. Furthermore, 
its mechanical properties are comparable with soft tissues 
[5, 7]. The hydrolysis products of PVA are harmless to 
animals which make it a good polymeric material for tissue 
engineering applications [5].  
 
Microbial attack and cell proliferation on biomaterials are 
the difficulties that can be faced in tissue engineering 
applications. It is possible to overcome these problems with 
nanoparticle incorporation into the polymer matrices by 
developing unique properties in the overall performance of 
biomaterials with increasing antimicrobial activity [8]. 
Metallic ions possess therapeutic effect when their levels or 
location in the body are controlled and metal nanoparticles 
have strong antimicrobial activity [9, 10]. As a result, 
controlled drug delivery systems are adopted to deliver 
nanoparticles to a targeted site to limit side effects. 
Nanofibers as drug delivery systems are capable to increase 
therapeutic efficiency, reduce toxicity, control release rate 
of drugs and increase patience compliance [8, 10] 
 
Within metal nanoparticles, silver nanoparticles are favored 
in many applications such as catalysis, photonics, micro-
electronics, photocatalysis, lithography, biosensor material, 
textile, agriculture, surface enhanced raman scattering, 
optoelectronics and pharmaceuticals [11-13]. Especially, 
their antibacterial activity with low toxicity, high thermal 
stability, chemical stability, good conductivity, 
biocompability and low volatility make them very 
attractive for industrial usage and scientifical applications 
[8,14-18].  So, they become suitable for applications 
relevant with biomedical purposes [8].  
 
Some studies related with the antimicrobial nanofiber mats 
containing  silver nanoparticles for biomedical applications 
are based on in situ reduction of Ag+ ions by using 
dimethyl formamid (DMF), dichloromethane (DCM), 
formic acid, acetic acid which are the solvents of polymers 
such as polycaprolactone (PCL), polylactide (PLA),  
poly(l-lactide-co-glycolide) (PLGA),  polyurethane (PU), 
polyvinylacetate (PVAc), polyacrylonitrile (PAN), nylon 6, 
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gelatin and silk fibroin [19-31]. Other methods used to 
fabricate such nanofiber mats are the UV irradiation of 
nanofiber mats resulting the reduction of silver ions in the 
polymer matrices such as PVA and thermal heating or 
annealing could be used for some polymer matrices which 
are polyvinylpyrrolidone (PVP), chitosan/PVA composites 
and ethylene vinyl alcohol copolymer (EVOH) fibers [32-
38]. Additionally, biosynthesized silver nanoparticles have 
been used for biomedical nanofiber production [8]. In our 
study we used microwave assisted green synthesis to 
produce metal nanoparticles by which environmental 
friendly reducing agents, solvent systems and capping or 
stabilizing agents with low cost are used [14, 39-41]. 
Soluble starch was used as capping agent and sodium 
hydroxide (NaOH) as reducing agent in microwave assisted 
green synthesis of silver nanoparticles and the nanoparticle 
solution synthesized by this method was added to the PVA 
solution. As a result, the effect of this silver nanoparticle 
solution to the nanofiber structure was investigated. 
 
2. Experimental Procedure 
 
2.1. Materials  
 
Silver nitrate (AgNO3), sodium hydroxide (NaOH) and 
soluble starch were all purchased from Merck. Polyvinyl 
alcohol (PVA, 95.5-96.5% hydrolyzed, Mw = 85000–
124000) was obtained from Acros Organics and used 
without further purification. All the solutions were prepared 
using deionized water. 
 
2.1. Preparation of silver nanoparticles 
 
To prepare silver nanoparticles, 4 ml of 0.05 M silver 
nitrate solution and 0.1 ml of 0.05 NaOH solution were 
added to the 0.5 % starch solution. For the synthesis of 
silver nanoparticles, Bosch microwave oven (model: 
HMT882H) was used. The desired solution mixture was 
reacted in a microwave oven that operated at 600 W and a 
frequency of 2450 MHz.. 
 
2.3. Preparation of PVA electrospinning solution 
 
8 wt% PVA was prepared by dissolving PVA in deionized 
water at 85 ºC for 6 hours. The solution obtained was kept 
overnight to homogenize. The silver nanoparticle solution 
obtained from microwave heating was added into the PVA 
at 5 wt%, 10 wt% and 15 wt%. The solutions were stirred 
on a magnetic stirrer for one hour.  
 
2.4. Electrospinning of polymer solutions 
 
The as-prepared solutions were transferred to a plastic 
syringe equipped with a flat stainless steel needle, which 
was connected to a high-voltage supply. Voltage applied to 
the needle tip was 23 kV. The flow rate was set as 0.8 ml/h 
by a syringe pump. Nonwoven electrospun fibers were 

deposited onto an aluminum foil wrapped around the 
grounded collector placed at a distance of 11 cm 
perpendicular to the needle tip. Electrospinning procedure 
was performed at 23 ºC with a relative humidity of 47-48 
RH %. 
 
2.5. Characterization 
 
Dynamic light scattering (DLS) analyzer (Nanoflex particle 
size analyzer) and field emission scanning microscope 
(JEOL) were used to measure the nanoparticle size and 
determine the nanoparticle shape. Morphology of the 
nanofibrous scaffolds were determined by scanning 
electron microscope (SEM) (JEOL JSM-5410). Before the 
observation, the surface of scaffolds was sputter coated 
(SC7620 sputter coater, Quorum Technologies Ltd, United 
Kingdom) with platinum for 120 s. For each experiment, 
the average fiber diameter and its standard deviation were 
analyzed by the help of an image visualization software 
(Image-J, National Institute of Health, USA) from about 
100 measurements of the random fibers. SEM/EDAX 
analysis was performed to determine silver content of the 
nanofiber mats. Specific surface areas of nanofiber mats 
were measured by using BET analyzer (Quantachrome 
NOVA 1200). The conductivity of the electrospinning 
solutions was measured with Multiparameter (Mettler 
Toledo S470 SevenExcellence). 
 
3. Results and Discussion 
 
Silver Nanoparticle Production 
 
Figure 1 demonstrates the particle size distribution and the 
FE-SEM image of silver nanoparticles. According to these 
results it is found that silver nanoparticle solution size 
distribution has a polydisperse behaviour, but 75.68 % of 
the nanoparticles are smaller than 40 nm and the mean 
particle size is 26 nm.  

 
Figure 1. a) Particle size distribution b) FE-SEM image of 

silver nanoparticles 
 
By means of FE-SEM image it is concluded that 
nanoparticles have spherical shape. 
 
Silver Nanoparticle Loaded Nanofiber Production 
 
We prepared the mixtures of PVA solution and silver 
nanoparticle solution at weight ratios of 0, 5, 10 and 15 % 
(Ag0, Ag5, Ag10, Ag15) to find the effect of silver 
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nanoparticle solution on the spinnibility and the nanofiber 
size and shape. SEM images and EDAX analyses of these 
nanofiber mats were given in Figure 2. 
 

 
Figure 2. a) SEM image of Ag0 and SEM images and 

EDAX analysis of b) Ag5, (c) Ag10, (d) Ag15 
 
According to these analysis the mean diameter of nanofiber 
mats were found as 205±62, 161±41, 178±62 and 138±51 
for Ag0, Ag5, Ag10 and Ag15, respectively. As the silver 
nanoparticle weight percentage increase the nanofiber mean 
diameters tend to decrease but the homogeneous bead free 
nanofiber structure changes to a bead-on-string structure 
and the specific surface area of the nanofiber mats increase. 
This relationship can be seen in Figure 3. 
 

 
Figure 3. Changes of specific surface area and nanofiber 

with silver nanoparticle content 
 
Additionally, physicochemical properties of polymers, 
solution viscosity and mixture conductivity affect the 
nature and the morphology of the nanofibers [6]. Changes 
of the conductivity of the mixture and the mean fiber 

diameter are given in Figure 4. As a conclusion the 
relationship between the mixture conductivity and silver 
nanoparticle content was found linear. 
 

 
Figure 4. Changes of conductivity and nanofiber diameter 

with silver nanoparticle content 
 
The silver content of the nanofiber mats were determined to 
evaluate its toxicity level to the human cells and these 
results were compared with other studies in literature. The 
EDAX analysis results were given in Table 1. 
 

Table 1. EDAX analysis of nanofiber mats 
Elements Ag5 Ag10 Ag15 

CK ( wt%) 59.94 58.44 59.38 
CK (At%) 66.77 65.39 66.41 
OK ( wt%) 39.00 40.51 39.14 
OK (At%) 32.61 34.03 32.87 
NaK( wt%) 1.06 0.97 1.17 
NaK(At%) 0.62 0.57 0.68 
AgL (wt%) 0.00 0.08 0.30 
AgL (At%) 0.00 0.01 0.04 

 
The highest amount of silver content was found as 0.3 wt%. 
In studies related with biomedical purposes performed by 
Sumitha et. al, Kandasubramanian and Filip et. al it was 
found that the AgNO3 content should be < 1mM, 1 wt% 
and 0.3 wt%, respectively  [10, 19, 25]. Thus, the contents 
of silver in the nanofiber mats that fabricated in this study 
were found suitable for biomedical applications. 
 
4. Conclusion 
 
In this study silver nanoparticle solution was fabricated by 
using microwave heating method and the effect of the 
obtained silver nanoparticle solution on the production of 
polyvinyl alcohol (PVA) nanofiber mats fabricated by 
electrospinning method was investigated. Characterization 
studies including SEM, DLS, specific surface area 
determination by using BET analyzer and conductivity 
measurements show that silver nanoparticles cause an 
increase in the conductivity of the polymer mixture and a 
decrease in nanofiber mean diameter. As a result, nanofiber 
structures having larger surface area were produced. 
Elemental analyses obtained by EDAX show that the silver 
content of the nanofiber structures have acceptable values 
for biomedical purposes. 
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Acrylic Bone Cements: New Insight and Future Perspective Simona Cavalu 

University of Oradea - Romania

The history of acrylic bone cement comprise a long period of time, Sir John Charnley being considered the founder 
of modern artifi cial joint replacement, as he started to develop the cementing in the late 1950s. Acrylic bone cements 
(ACB) are polymer-ceramic composites based on polymethyl metacrylate (PMMA), widely used in orthopaedics as 
suture materials and fi xation devices. The main features of these materials are: 1) biocompatibility and ability to support 
new bone growth (osteoconductive) and 2) bioactivity (ability to form a calcium phosphate layer on its surface). The main 
function of the cement is to serve as interfacial phase between the high modulus metallic implant and the bone, thereby 
assisting to transfer and distribute loads. During years of follow up, cemented prosthesis with acrylic bone cements (ABC) 
demonstrated a good primary fi xation and load distribution between implant and bone, along with the advantage of fast 
recovery of the patient. However, several problems are still persisting, as the orthopedic acrylic bone cements have to meet 
several medical requirements, such as low values of maximum cure temperature in order to avoid thermal necrosis of the 
bone tissue during the setting time, appropriate setting time (so that cement does not cure too fast or too slowly) and high 
values of compressive strength in order to withstand the compressive loads involved by normal daily activities. Generally, 
the improvement mechanical properties can be realized in three directions: 1) by searching alternative material to PMMA 
acrylic bone cements; 2) chemical modifi cation of PMMA; and 3) the reinforcement of PMMA by adding different 
bioactive particles, antimicrobials, vitamins. The aim of this rewiew is to explore the development of bone cements in 
the last decade, to highlight the role of bone cement additives with respect to mechanical properties and limitations of 
polymethylmethacrylate in orthopaedic surgery. The behavior of antibiotic-loaded bone cement is discussed, compared 
with other alternative additives including nano-fi llers, together with areas of research that are now open to explore new 
insights and applications of this well known biomaterial.
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Abstract 
 
Yttria stabilized zirconia (ZrO2-Y2O3) ceramics for 
dental applications were produced at temperatures 
down to 1350-1450 oC by means of the integration of 
cold isostatic press (CIP) technique to the production 
route. Disc shaped samples were fabricated by 
applying 25 MPa pressure uniaxially in dry press and 
then 100 MPa pressure in CIP. The compacts were then 
sintered at temperatures between 1350 and 1550 oC. 
Sintering time was kept constant at 2 h. Ceramic discs 
fabricated were analyzed by using X-ray diffraction 
(XRD) and scanning electron microscope (SEM) 
characterization techniques. Vickers hardness, fracture 
toughness, and compressive strength were determined 
and evaluated with respect to sintering temperature. 
The discs were aged in deionized water at 134 oC for 2 
h under 2.3 bar pressure in an autoclave. Results 
revealed that specimens sintered at 1450 oC had a 
density, Vickers hardness, indentation fracture 
toughness, and compressive strength of 6.03 g/cm3, 
1533.6 MPa, 3.7 MPa, and 1980 MPa, respectively. 
After aging, the sample sintered at 1450 oC did not 
show tetragonal- monoclinic phase transformation.  

1. Introduction 
 
Bioceramics are favored in dentistry due to their 
relative inertness to the body fluids, high compressive 
strength, and aesthetically pleasing appearance[1]. 
Zirconia (ZrO2) ceramics are mainly preferred as dental 
material since they provide excellent biocompatibility, 
low thermal conductivity, and superior mechanical 
properties.  In addition, zirconia has less tendency to 
plaque accumulation when compared with metal 
substrates[2].  
 
Depending on the temperature, zirconia has three 
different crystal structures; monoclinic at room 
temperature to 1170 oC, tetragonal between 1170 to 
2370 oC, and cubic at 2370 oC and higher. By adding 
stabilizing oxides such as CaO, MgO, Y2O3 or CeO2, 
tetragonal structure can be preserved in a metastable 
phase at room temperature[3]. Due to ISO standards for 
surgical application, ZrO2- Y2O3 can only met with 
specifications and biomedical grade 3 mol % yttria 
stabilized tetragonal zirconia (3Y-TZP) is used for 
dental restorations[4,5]. According to ASTM standard  

 
 
F1873-98, high-purity yttria stabilized tetragonal 
zirconium oxide polycrystals (Y-TZP) for surgical 
implant applications shall be in density 6.00 g/cm3 or 
greater. Up to 5% monoclinic phase is acceptable. 
Vickers hardness value should be 1200 HV or above, 
after applying 1 kg load for 15 s dwell time [6].  
 
Phase transformation toughening mechanism plays an 
affirmative role for partially stabilized tetragonal 
zirconia. This mechanism includes the transformation 
from tetragonal to monoclinic phase at the crack tip 
together with volume increase of about 4% which 
produce compressive stresses. By this way, further 
crack propagation is prevented and mechanical 
properties of zirconia is enhanced[7].    
 
Low temperature degradation (LTD) phenomenon is 
the major issue for zirconia as a dental implant 
material. Humid environment of human mouth causes 
tetragonal to monoclinic phase transformation at 
relatively low temperatures[2]. Stability of bioceramic 
materials in human body can be tested by accelerated 
aging studies. According to Chevalier et. al., under 
autoclave conditions at 134 oC for 2 h with a water 
vapor pressure of 2.3 bar match with 4 years of ageing 
in vivo[8]. Tetragonal to monoclinic phase 
transformation degree relies on the original sintering 
temperature, the aging time and the aging 
temperature[9].  
 
According to Elshazly et al.[9], grain growth due to 
higher sintering temperatures such as 1550 oC and 1650 
oC triggers the tetragonal to monoclinic phase 
transformation. Phase transformation detrimentally 
affects the mechanical properties of Y-TZP[4]. 
Monoclinic phase formation causes microcrack 
generation and by this way degradation occurs[8]. An 
increase in the sintering temperature increments the 
grain size which results in a decrease in Vickers 
hardness[9].  
 
In order to provide better mechanical properties by 
decreasing the probability of formation of defects in 
the sample, cold isostatic press (CIP) technique can be 
integrated to the production route. It is possible to 
increase the green density of sample by increasing the 
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CIP pressure. An increase in green density leads to an 
increase in the sintered density at lower temperatures. 
As a result, completeness of the formation of grain 
boundaries increases strength of the material[10]. 
 
The purpose of the present study was to produce yttria 
stabilized zirconia ceramics by integration of CIP to 
the production procedure to obtain desired 
microstructure, mechanical properties and aging 
sensitivity. Samples sintered at various temperatures 
were characterized through X-ray diffraction (XRD) 
and scanning electron microscope (SEM) analyses. 
Vickers hardness, fracture toughness, and compressive 
strength of the sintered samples were evaluated with 
respect to sintering temperature in order to see the 
appropriateness of this material for dental applications. 
 
2. Experimental Procedure 
 
2.1. Sample preparation 
 
Ready to press 3-mol%-yttria-stabilized zirconia 
powder was supplied from Tososh Cooperation (TZ-
3YB-E, Lot Z301943B, Tokyo, Japan). Starting 
powder was uniaxially pressed 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 4.5 mm in thickness. The specimens were 
then CIP’ed under various pressures  ranging from 80 
to 150 MPa for 5 min. Pressureless sintering was 
carried out in an electrically head furnace at 
temperatures between 1350 and 1550 oC for 2 h in air 
at a heating rate of 5 oC/min. The specimens were 
cooled from sintering temperature to the room 
temperature at a cooling rate 10 oC/min. 
 
2.2. Characterization  
 
X-Ray Diffraction 
 
XRD analysis was performed in order to identify the 
monoclinic and tetragonal phase content using CuK  
radiation in a Bruker-AXS D8 Advance A25 
diffractometer at 40 kV and 40 mA. Scans were 
conducted in the two-theta range 20- 80o at scanning 
rate of 2 o/min.  
 
Scanning electron microscope 
 
Morphology, size and shape of the grains in sintered 
samples were determined by using scanning electron 
microscope (FE-SEM, Nova Nanosem). Before SEM 
analysis yttria stabilized zirconia ceramic discs were 
thermally etched at 1250 oC for 15 min in order to 
obtain microstructure with recognizable grain 
boundaries. Samples were then coated with gold by 
sputtering method. SEM investigations were done at an 
operating voltage of 18 kV.  
 
 

2.3. Property measurements  
 
Density 
 
Archimedes method was used to determine the density 
of the sintered specimens by using equation 1. Each 
sample was measured both in distilled water and air 
three times.    
 

                                                        (1)                   

 
Where;  is the density of sample (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 sample, respectively. 
 
Microhardness 
 
The microhardness measurements were performed by 
using a microhardness tester (Shimadzu, HSV-20) 
fitted with a Vickers indenter. Before measurements, 
discs were ground using 600, 800, 1200, 2000 grit 
abrasive papers respectively and then polished with     
1 μm and 0.3 μm particle size Al2O3 solution. A 9.8 N 
load was applied to each sample from seven different 
points for 15 s. The highest and the lowest values were 
discarded and the rest five measurements were 
averaged to get a reliable data. 
 
Indentation fracture toughness 
 
Indentation fracture toughness of ceramic discs was 
determined by Vickers indentation technique. Data 
were obtained according to equation 2 [11]. 
 

                                            (2) 

 
Where; KIc 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).  
 
Compressive strength 
 
Compressive strength limit of material was measured 
according to ASTM standard C773-88[12]. At least three 
specimens were tested to get a reliable data. Since the 
number of specimens is limited, all measurements were 
taken into account. The average of the tree 
measurements was taken as the data point.  
 
2.4. Aging Sensitivity 
Aging tendency of specimens was investigated in an 
autoclave at 134 oC for 2 h with a water vapor pressure 
of 2.3 bar. Then aging sensitivity of samples were 
evaluated by XRD. 
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3. Results and Discussion 
 
The density of the 3-mol%-yttria-stabilized zirconia 
samples sintered at various temperatures varied from 
5.43 to 6.03 g/cm3 depending on the sintering 
temperature. The densities correspond to 89.7 to 99.7% 
of the theoretical density. The variation of sintered 
density with sintering temperature is shown in Figure 
1. According to ASTM standards, biomedical grade 
density of zirconia should be 6.00 g/cm3 or above. 
Experimental outcome shows that only the samples 
which exposed to CIP densification and then sintered at 
1450 oC can be reached the applicable density. Samples 
which sintered at 1350 and 1550 oC were insufficient to 
obtain targeted density. So, it can be concluded that 
100 MPa CIP pressure and 1450 oC sintering 
temperature gives the maximum density value for this 
processing route. Due to the highest density, all 
property measurements and characterizations were 
applied  on the samples sintered  at 1450 oC. It is not 
clear why lower densities are obtained for the samples 
sintered at 1550 oC at the moment but further 
investigations are underway. 

 
Figure 1. Variation of sintered density with sintering 

temperature for the samples CIP’ed at different 
pressures. 

 
X-ray diffraction pattern of the samples CIP’ed at 
different pressures and then sintered at 1450 oC is 
shown in Figure 2. The peak locations and their 
relative intensities for the ZrO2 phases were cited from 
the International Center for Diffraction Data (ICDD) 
database.  Only tetragonal phase (ICDD 01-072-2743) 
of ZrO2 was identified for all of the samples. No 
diffraction peaks belonging to other phases were 
detected. 
 

 
Figure 2. X-ray diffraction pattern of the samples 

CIP’ed at different pressures and sintered at 1450 oC.  
 

The values for the microhardness and indentation 
fracture toughness of the samples CIP’ed at different 
pressures and sintered at 1450 oC are shown in Table 1. 
Indentation fracture toughness values were calculated 
based on optical micrograph images. A typical image 
taken from the microhardness and indentation fracture 
toughness measurement is shown in Figure 3. All 
hardness values were matched with the ASTM 
specification and were higher than 1200 HV.  
 

 
Table 1. Hardness and fracture toughness results. 

 
 

 
 
Figure 3. Optical micrograph for the indentation taken 

on sample sintered at 1450 oC. 
 
 

CIP Pressure  
(MPa)  Property No 

CIP 80  100  150  
Hardness 

(HV) 1459.9 1518.8 1533.6 1494.7 

Fracture 
Toughness 
(MPa.m1/2) 

4.4 4.0 3.7 3.7 
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The maximum hardness value was obtained 1533.6 HV 
for the specimen CIP’ed at 100 MPa pressure and then 
sintered at 1450 oC. It is obvious that 150 MPa CIP 
pressure adversely affected the mechanical properties 
of yttria stabilized zirconia ceramic blocks. Density, 
indentation fracture toughness, and hardness of the 
samples CIP’ed at 100 MPa pressure were superior. 

 
Compressive strength was obtained 1980 MPa. 
According to Shackelford et al.[13], corresponding 
compressive strength of yttria stabilized zirconia 
should be ~2068 MPa. Due to sintering temperature 
and grain size of the material, compressive strength 
differs approximately %4. 
 
A typical SEM micrograph of the samples sintered at 
1450 oC is shown in Figure 5. The image reveals that 
the sample has high densification and composed of 
small grains (on the average of 0.35 μm).  
 

 
 

Figure 5. SEM micrographs of a sample sintered at 
1450 oC. 

 
X-ray diffraction pattern of the aged samples suggested 
that no phase transformation occurred during aging.  
Inokoshi et al.[14] stated that 1 h sintering at 1450 oC is 
the ideal sintering condition for zirconia ceramics due 
to slowest degrading rate.  
  

 
 

Figure 6. X-ray diffraction pattern of sample after 
aging. 

4. Conclusions 
 
It can be concluded that CIP has positive effect on the 
processing route of yttria stabilized zirconia ceramics. 
A 99.67% of the theoretical density could be achieved 
when a sample is first CIP’ed at 100 MPa pressure and 
then sintered at 1450 oC. Mechanical properties are 
also improved when CIP’ing is integrated to the 
production procedure. After aging, the samples did not 
show tetragonal- monoclinic phase transformation.  
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Abstract 
 
In this study, hydroxyapatite (HAp) and calcium-based 
ceramic composite coatings were produced directly on 
commercially pure zirconium by plasma electrolytic 
oxidation (PEO) in an electrolyte at 0.260 A/cm2 current 
densities for 5, 10 and 15 minutes. The phase structure, 
Cross-sectional morphology of the coatings, surface 
roughness and coating thickness were characterized by X-
ray diffraction (XRD), scanning electron microscope 
(SEM), electron probe micro-analysis via wavelength-
dispersive spectroscopy (EPMA-WDS), surface 
profilometer and eddy current method respectively. The 
XRD results showed that Zr, c-ZrO2, Ca0.15Zr0.85O1.85, 
CaZrO3 and Ca10(PO4)6(OH)2 (HAp) phases were formed 
on the surface of the commercially pure zirconium. Surface 
roughness of coatings were measured as of 2.04, 3.44 and 
4.33 m for 5, 10 and 15 min, respectively. The average 
coating thicknesses were measured as 17.7, 25.8 and 34.4 

m for 5, 10 and 15 min Hydroxyapatite and calcium-based 
bioceramic coatings on commercially pure zirconium 
produced by PEO method have potential in terms of 
biomaterial application areas such as dentistry and surgery. 
 
1. Introduction 
 
Zirconium and its alloys that have good biocompatibility, 
excellent corrosion resistance and higher mechanical 
properties are widely used in dental and orthopedic implant 
applications [1-3]. However, zirconium does not interact 
with the adjacent tissues after being inserted surgically into 
the body [4]. There are some limitations on using 
zirconium due to the chemical binding and fixing problems 
to the bone tissues [5]. 
 
Hydroxyapatite (HA) which exhibits bioactive and 
biocompatible characteristics is used in biomedical 
applications because synthetic hydroxyapatite is similar to 
bone and tooth mineral [6]. The use of hydroxyapatite itself 
is limited in biomedical applications due to its brittleness, 
low fatigue resistance and poor mechanical properties [7, 
8]. Various coating methods have been developed for 

zirconium and its alloys to deposit the apatite coating on 
the surface in recent years in order to both use the 
capabilities of the HA and improve poor properties of the 
HA at the same time. These methods are SBF immersion 
[9], sol-gel technique [10], anodization [11] and chemical 
treatment [12]. There is another method in use which is 
called plasma electrolytic oxidation (PEO) to enhance 
bioactivity and biocompatibility of the zirconium and its 
alloys surface. However, these studies compared to PEO 
method are limited and rare.  
 
PEO technique is well-developed coating method for 
biometals such as titanium, magnesium and zirconium in 
order to produce ceramic oxides on the surface. The 
composite coatings that have hard, wear-resistant, better 
adhesion to the base material, porous, high corrosion and 
heat-resistance properties are produced by PEO [13]. 
Although hydroxyapatite coated phase are generally formed 
on zirconium by PEO at two stages in the literature [14-16], 
this is a time consuming process which takes too much 
operation time for days even weeks to achieve HA phase in 
the coating structure. However, with a single process it is 
possible for this to produce directly HA coating on the 
zirconium substrate by PEO [17].  
 
In this work, HA and calcium-based coatings were directly 
coated on the commercially pure zirconium surface by PEO 
method at different treatment times. The aim of this study 
was to investigate effect on time for the production of 
hydroxyapatite and calcium apatite-based coatings that are 
bioactive and biocompatible to be used as a biomaterial in 
biomedical applications by PEO method. The surface 
properties of the coated zirconium were characterized to 
investigate the phase structures, cross-sectional 
morphologies and chemical compositions of the surfaces in 
the coating by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), electron probe micro-analysis via 
wavelength-dispersive spectroscopy (EPMA-WDS), 
surface profilometer and eddy current method respectively. 
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2. Experimental Procedure 
 
A commercially pure zirconium metal was used as 
substrate. Before the plasma electrolytic coatings, the 
sample was cut in the sizes of 45 x 25 x 5 mm. The surface 
of the zirconium sample was grounded to grids of 180, 400, 
800 and 1200 by SiC papers. Then, the sample was 
clarified in distilled water and acetone and dried under 
warm air. The electrolyte solution that consists of calcium 
acetate (CH3COO)2Ca) (Alfa Aesar), -calcium 
glycerophosphate ( -C3H5(OH2)PO4Ca) (Alfa Aesar) and 
pure water mixture were used. The plasma electrolytic 
oxidation was carried out at 0,260 A/cm2 current density in 
calcium acetate and -calcium glycerophosphate solutions 
for 5,10 and 15 min. Electrolyte temperature did not exceed 
40oC during the PEO. After the PEO, the coated zirconium 
sample was washed with distilled water and dried out under 
the air. The PEO equipment of 100 kW was composed of 
an AC power supply, a stainless steel container as well as 
cooling and stirring systems. The zirconium substrate was 
used as the anode, while the stainless steel container was 
used as the cathode.  
 
The phases on the coating surface were detected by X-ray 
diffraction (Rigaku Dmax 2200) using Cu-K  radiation (k = 
1.54 Å) between 20o and 80o angles with a step size 
0.02o/min. Cross-sectional morphology of the coating was 
investigated at 25 kV by SEM; Philips XL30 SFEG. 
Chemical compositions of the surface and cross-sectional 
area in the coating were characterized qualitatively with the 
accelerating voltage of 15 kV and the probe current of 15 
nA by EPMA-WDS; JEOL 8230-JXA. Surface roughness 
and the coating thicknesses of PEO coatings were measured 
by using profilometer (Veeco Dektak 8) and eddy current 
method (Fischer Dualscope MP40 device). 
 
3. Results and Discussion 
 
3.1 Phase structure of coatings 
 
The surface XRD patterns of commercially pure zirconium 
and PEO coatings prepared for 5, 10 and 15 min in a 
single-step process are given in Fig. 1. Zirconium (Zr), 
cubic-zirconium oxide (c-ZrO2), calcium stabilized zirconia 
(Ca0.15Zr0.85O1.85), calcium zirconate (CaZrO3) and 
hydroxyapatite (Ca10(PO4)6(OH)2 ~ HAp) phases are 
obtained in the PEO coatings by XRD analysis. 
 
At 5 and 10 min, the coatings consist of c-ZrO2, CaZrO3 
and Ca0.15Zr0.85O1.85 respectively. There is a fading signal 
from the zirconium substrate according to the increasing 
coating duration. At 10 min, hydroxyapatite starts to appear 
in the coating structure as a minor phase. At 15 min, 
crystalline hydroxyapatite is clearly present in the structure 
of the coating and major phases of the coating are c-ZrO2 
and CaZrO3. The PEO coatings formed at 5 and 10 min 
have not shown HAp phase. This is because formation of 

crystalline HAP needs more processing time to be present 
in the coating. Amorphous structures transforms into 
crystalline structure as the processing time increases. 
 

 
Figure 1. XRD pattern of zirconium and plasma 

electrolytic coatings. 
 
3.2 Coating morphology  
 
Fig. 2 shows the cross sectional morphology of coatings 
produced by PEO at 5, 10 and 15 min treatment time. 
Layered structures can be observed in the PEO coating 
cross sections of the samples. Outer layer, interior layer and 
interface layers are appeared in the SEM micrograph. In 
addition to the interior and interface layer a third porous 
layer, located on top of the interior layer was also observed 
on Fig 2c. As the treatment time increases, the gap between 
coating and substrate layer increases as well.  
 

 
Figure 2. SEM (1000x) images of cross-sectional 

morphology of coatings: a) 5 min b) 10 min c) 15 min. 
 
There are micro discharge channels and cracks seen 
through cross section areas due to the thermal expansion of 
the PEO coating process.  
 
Table 1. The average coating thickness and surface 
roughness of the coatings. 

Treatment Time  
Thickness 

of the 
coatings 

Surface 
roughness 

Untreated Zirconium - 0.20 
5 min 17.7μm±1.9 2.04 

10 min 25.8μm±2.4 3.44 
15 min 34.4μm±3.7 4.33 
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The thickness of the coatings increases with increasing 
processing time due to more reaction time with electrolytes 
in order to form thicker oxide layers coating–
substrate interface. This can be observed in Fig. 2 and 
Table 1. In addition, surface roughness of the coatings 
gradually increases according to the increasing treatment 
time. At 5 min treatment time, there is not sufficient time 
for the micro discharge channels to interact at the surface to 
form porous morphology. However, as time passes by, 
there has been a lot interaction between ions in the 
electrolytes and the substrate interface. So this causes more 
oxide accumulation at the surface as the increasing 
processing time. This increases roughness of the coatings 
for 10 and 15 min treatment time.  It is known that a porous 
surface is advantageous to bone tissue development and 
better adhesion of implant on bone [5]. 
 
3.3 Electron Probe Microanalysis (EPMA) of the 
Coatings    
 
EPMA maps of the cross section and the surface PEO 
coatings are shown in Fig. 3-5. The elemental distributions 
of the phosphorus (P), zirconium (Zr), calcium (Ca) and 
oxygen (O) in the coatings are characterized qualitatively in 
all map scans. 
 

 
Figure 3. The cross-section of EPMA-WDS elemental 
mapping of (a) Ca, (b) P (c) Zr (d) O the HAp based 

zirconium PEO coating at 5 min. 
 

The composition of Zr, Ca and O were uniformly well-
distributed throughout the entire surface to the interior of 
the coating as in Fig. 3-5. As seen, the content of Ca 
reached the highest amount at the porous layer of the 
coating and kept its presence throughout the cross-sectional 
coating area. However, the content of P decreases sharply 
from the surface to the substrate along the direction of cross 
section of the coating.  
 
As the treatment time increases, the intensity of the P 
presence near-surface regions increases in Fig 3-5. The 
noticeable characteristic is the presence of P throughout the 
coating, with increased grades in the interior layer of the 
coating. In general, the highest concentration of Ca and P 
elements was observed just at the edge of the top surface in 
all samples. In other words, Ca-P rich layer was obviously 
achieved on the surface of the coating.    

 
Figure 4. The cross-section of EPMA-WDS elemental 
mapping of (a) Ca, (b) P (c) Zr (d) O the HAp based 

zirconium PEO coating at 10 min. 
 

 
Figure 5. The cross-section of EPMA-WDS elemental 
mapping of (a) Ca, (b) P (c) Zr (d) O the HAp based 

zirconium PEO coating at 15 min. 
 
Although Ca-P elemental distributions are clearly seen in 
all samples, crystalline HAp occurs at 15 min treatment 
time in XRD analysis. From this point, it would be wise to 
say that PEO coatings produced at 5 and 10 min treatment 
times have amorphous HAp phase and there is not 
sufficient time to convert amorphous phase into crystalline 
phase. 
 
In Figure 6-8, the composition of Ca, P and O were almost 
regularly distributed all over surface of the coating while Zr 
was generally present in the vicinity of the micro discharge 
regions. As the treatment time increases, it is clearly seen 
that the surface of the coating was rich in P substance in 
accordance with Ca. At 5 min surface morphology of the 
elemental distribution is nearly homogenous. After 10 and 
15 min, intensities of Ca and P are significantly increased 
at the surface of PEO coatings.  
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Figure 6. The surface of EPMA-WDS elemental mapping 
of (a) Ca, (b) P (c) Zr (d) O the HAp based zirconium PEO 

coating at 5 min. 
 

 
Figure 7. The surface of EPMA-WDS elemental mapping 
of (a) Ca, (b) P (c) Zr (d) O the HA based zirconium PEO 

coating at 10 min. 
 

 
Figure 8. The surface of EPMA-WDS elemental mapping 
of (a) Ca, (b) P (c) Zr (d) O the HA based zirconium PEO 

coating at 15 min. 
 

4. Conclusion 
 
1. Hydroxyapatite (HAp) and calcium-based bioceramic 
coatings consisting of biocompatible and bioactive phases 
were directly produce on the commercially pure zirconium 
surface by a single process at 15 min.  

2. C-ZrO2, Ca0.15Zr0.85O1.85, CaZrO3 and Ca10(PO4)6(OH)2 
(HAp) phases were formed on the surface of the 
commercially pure zirconium at all treatment times.  
3. According to cross-sectional and surface analysis of 
EPMA map scans; increase in treatment time increases Ca 
and P content on the surface of the coatings and then 
amorphous HAp transforms into crystalline HAp 
formation.  
4. As the treatment time increases, the coatings produced 
by PEO method have porous and rough surface. Having 
porous surface is advantageous to bone tissue development 
and better adhesion of implant on bone. 
5. These coatings could be used as bioactive and 
biocompatible materials in biomedical applications. 
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Abstract 
 
Implants are becoming more important in medical area, 
with improving of their functions due to the advancements 
in technology and science. 316L stainless steel is the most 
common material used in implants because of its good 
mechanical properties, high corrosion resistance and 
biocompatible structure. Shaping of raw material is the first 
and the most important step in an implant production 
process. Cutting is the main step of shaping. Cutting 
operation causes change in the material structure near the 
cutting zone. The change of material structure is very 
important at the implants which has low dimensional 
tolerances. In this study, 316L stainless steel tube was cut 
by laser cutting, plasma cutting, oxy-fuel cutting, water jet 
cutting and electrical discharge machining methods. Cut 
pieces were examined under SEM (scanning electron 
microscope) and optical microscope. The effect of cutting 
methods on material structure was evaluated. After the 
consideration, normalization annealing was applied on the 
samples. Samples were examined under SEM and optical 
microscope. The effect of the normalization annealing is 
evaluated for each cutting method. 
 
1. Introduction 
 
Implant is a medical device made of one or several 
biomaterials, which is introduced into the human body in 
the long term to replace an organ or supply a function or to 
treat a disease. Implants have been used for a very long 
time period. The Romans, Chinese and Aztec used gold in 
dentistry more than 2000 years ago. Through much of the 
recorded history, glass eyes and wooden teeth have been in 
common use [1].   
 
In the present day, we see more advanced implants thanks 
to experiences gained from previous implants and 
interdisciplinary studies. In the cardiology field, implants 
like pacemakers, substitute heart valves, occluders, sternum 
wires, bare metal and drug eluting stents have great 
importance [1, 2]. 
 
The most common method used in treatment of clogged 
arteries is stenting. Stent is a metallic mesh tube that has 
ability to expand. Stent is mounted on a balloon catheter 

and it is expanded to the desired diameter with the help of 
the balloon. Stent remains in the artery and keep the artery 
open [3]. 
 
First step of stent production is shaping of the stent. It has 
patterns less than 100 μm, for this reason cutting operation 
should be carried out precisely. Stents on the current 
product market generally has strut width around 75-80 μm. 
Both sides of the strut will have the effects of the cutting 
process, so cutting should be done precisely to keep the 
microstructural change at the minimum level [4, 5].  
 
Most common method that is used in stent production is 
laser cutting. Cutting method is very important to get the 
desired design of the stent. After the cutting operation, the 
microstructure next to the cutting area and the 
microstructure of same area after following heat treatment 
have critical importance on the properties of the stent [4, 6].  
 
316 (316L and 316LVM) stainless steel, nitinol and cobalt 
chromium (L605 and MP35N) are the most common 
materials in stent production. Between these materials, 316 
stainless steel is the most common material for production 
of coronary stents. 316 is an austenitic stainless steel, that is 
biocompatible and has convenient yield strength and tensile 
strength for stent manufacturing [7].  
 
Stent’s ductility is important for expanding to desired 
diameter without cracking. Cutting operation creates a heat 
affected zone and this zone gets relatively brittle. Heat 
treatment must be applied to regain the ductility of the heat 
affected zone. A vacuum furnace must be used to avoid 
oxidation. Heat treatment temperature must be between 800 
°C and 1000 °C. Recrystallization and grain growth occurs 
as a result of the heat treatment process [4, 8].  
 
In this study, various cutting methods were used in cutting 
of 316L stainless steel tubings. Effects of cutting methods 
and subsequent heat treatment on microstructure were 
investigated. 
 
2. Experimental Procedure 
 
In this study, cutting of 316L stainless steel tubing with 
various cutting methods was investigated. Cut tubings were 
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heat treated after the cutting operation. Microstructural 
changes before and after heat treatment were examined. 
Chemical composition of 316L stainless steel tubings is 
given in Table 1.   
 

Table 1. Chemical composition of 316L stainless steel. 
Cr Ni Mo Mn Si 

17.75 14.15 2.72 1.87 0.58 
P S C Fe  

0.015 0.008 0.025 Bal.  
 
Cutting methods used in this study are; laser cutting, 
plasma cutting, oxy-fuel cutting, water jet cutting and 
electrical discharge machining. Laser cutting was carried 
out by using Rofin Starcut Tube Nd: Yag Laser, for plasma 
cutting Esab M3 Water Injection plasma was used, 
Campbell Hausfeld WT400000AV Oxyacetylene Torch Kit 
was employed for oxy-fuel cutting, Nevtas Waterjet Model 
NSJ 1630 was used in water jet cutting and EDM (electrical 
discharge machining) was performed by using Fanuc 
Robocut. Carbolite HVT 15/50/450 was used in 
normalization heat treatment of cut samples. The heat 
treatment parameters were temperature of 900 ºC and 
soaking time of 1 hour under 10-5 mbar vacuum 
atmosphere. JEOL-T330 was employed for both cut and 
heat treated tubing’s SEM characterization.  
 
Samples were cut with above methods.  Two different 
parameters were used for laser cutting, because laser 
cutting is the standard method for stent production. First 
cutting was done with 1.17 mJ laser beam energy and 3500 
Hz frequency, second  cutting was done with 0.91 mJ laser 
beam energy and 5500 Hz frequency. For plasma cutting, 
water injection plasma cutting method was used. Plasma 
gas was a mixture of plasma gas was mixture of air and 
oxygen under pressure of 4 bar. Zirconium was used as 
cathode material. Current was 70 A and voltage was 80 V. 
In oxy-fuel cutting, cutting gas was oxygen. In water jet 
cutting, water pressure was 4000 bars and abrasive material 
was garnet. In electrical discharge machining, copper 
electrode was used. Current was 10 A, pulse on time was 
1.1 μs and pulse off time was 12 μs.  
 
Cut samples were mounted in bakelite. After polishing and 
electro-etching steps, micrographs were taking by using 
scanning electron microscope.  
 
Considering the oxidation possibility during cutting 
operations, samples, that were going to be heat treated, 
were held in acid solution consisted of hydrofluoric acid, 
nitric acid and deionized water. Acid solution’s temperature 
was 50 °C and holding time was 5 minutes. An ultrasonic 
cleaner was used to increase the efficiency of the oxide 
removing. 
For heat treatment operation, separate samples were 
prepeared. 316L stainless steel tubings were cut with same 
methods and same parameters. After holding in acid 

solution, normalization heat treatment was applied to the 
samples. As mentioned before, heat treatment temperature 
was 900 ºC and soaking time is 1 hour under 10-5 mbar 
vacuum atmosphere. After polishing and electro-etching 
steps, micrographs of heat treated samples were taking by 
using scanning electron microscope. 
 
Micrographs of cut samples and heat treated samples were 
evaluated and compared with each other. 
 
3. Results and Discussion 
 
SEM micrographs of the tubings cut with laser cutting 
method with different parameters is seen in Figure 1; laser 
cutting with 1.17 mJ laser beam energy and 3500 Hz 
frequency (A1 and A2), laser cutting with 0.91 mJ laser 
beam energy and 5500 Hz frequency (B1 and B2). A1 and 
B1 are the SEM micrographs after cutting operation. A2 
and B2 are the SEM micrographs of heat treated cut 
tubings. Figure 2 shows the SEM micrographs of the 
tubings cut with various cutting methods other than laser; 
plasma cutting (C1 and C2), oxy-fuel cutting (D1 and D2), 
water jet cutting (E1 and E2) and electrical discharge 
machining (F1 and F2). C1, D1, E1 and F1 are the SEM 
micrographs after cutting operation. C2, D2, E2 and F2 are 
the SEM micrographs of heat treated cut tubings.   
 
Laser cutting with 1.17 mJ laser beam energy and 3500 Hz 
frequency created a heat affected zone about 10 μm. In this 
zone, grains are smaller because of the recrystallization 
[Figure 1 (A1)]. Normalization heat treatment created more 
homogenous microstructure (A2). (B1) illustrates that laser 
cutting with 0.91 mJ laser beam energy and 5500 Hz 
frequency created a heat effected zone as the laser cutting 
with different parameters. Heat affected zone for these laser 
cutting parameters is about 20 μm. Recrystallization in this 
zone caused formation of smaller grains. Microstructure 
became more homogenous after the heat treatment.  
 

 
Figure 1. SEM micrographs of laser cut 316L tubings [1.17 
mJ – 3500 Hz: (A1) before heat treatment, (A2) after heat 
treatment; 0.91 mJ – 5500 Hz: (B1) before heat treatment 
(B2) after heat treatment]. 
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Plasma cutting created a heat affected zone about 200 μm 
[Figure 2(C1)]. Grains are smaller in this zone because of 
the recrystallization. Using of oxygen and air mixture in the 
cutting operation created oxidation at the grain boundaries. 
Moreover, a low quality cutting surface was obtained. As 
seen in (C2), holding the cut tubing in the acid solution 
prior to heat treatment removed oxides. In spite of the 
applied heat treatment, grains in the heat affected zone are 
still smaller than the rest of the microstructure. (D1) shows 
that oxy-fuel cutting created heat affected zone between 
100 μm and 200 μm. Grains are smaller in this zone. It is 
seen that oxy-fuel cutting created oxidation and voids at the 
grain boundaries. As seen in (D2), holding the cut tubing in 
acid solution prior to heat treatment removed oxides from 
the grain boundaries. Applied heat treatment did not change 
the size of the grains in the heat affected zone; they are still 
smaller than the rest of the structure. In Figure 3 (E1), it is 
seen that garnet, which was used as abrasive material in 
water jet cutting, deflected from the cutting area and 
damaged a wide area. This damage could lead to crack 
initiation in the structure. In addition, water jet cutting 
method created distortion on the structure because of the 
cutting method’s nature. Water jet cutting method does not 
produce heat, for this reason heat treatment did not change 
the structure of the cut tubing [Figure 3 (E2)]. Figure 3 (F1) 
shows that electrical discharge machining created 
amorphous structure near the cutting zone. This amorphous 
zone is the result of sudden heating and cooling in the 
cutting process. (F2) illustrates that heat treatment caused 
recrystallization and grain growth. Annealing twins can be 
seen in the microstructure. Grain size became nearly 
homogenous throughout the material after the heat 
treatment. 
 
 
After the evaluation of the results, it is seen that laser 
cutting is the best cutting method for producing stent. Laser 
cutting created a heat affected zone between 10 μm and 20 
μm depending on the cutting parameters used. Smaller 
grains were formed in the heat affected zone because of the 
recrystallization. Homogenous microstructure was obtained 
after normalization heat treatment. Plasma cutting and oxy-
fuel cutting created heat affected zones about 200 μm. 
Grain size is smaller than the rest of the material in the heat 
affected zone. Stents have patterns less than 100 μm and 
these values are unacceptable. Normalization heat 
treatment did not have an effect on heat affected zone. 
After heat treatment, grains are still smaller than rest of the 
material. Oxidation at the grain boundaries was an another 
disadvantage of these methods. In these cutting methods, 
oxides were removed by holding the 316L stainless steel 
tubings in an acid solution prior to heat treatment. Water jet 
cutting created distortion on the material. Deflection of 
garnet (abrasive material) from the cutting zone is another 
disadvantage of water jet cutting. Damage created by 
garnet could lead to a crack initiation on the 316L stainless 

steel tubing. Electrical discharge machining (EDM) created 
an amorphous region about 100 μm. Normalization heat 
treatment caused recrystallization and grain growth. In 
addition, annealing twins formed as a result of heat 
treatment. Annealing twins act like grain boundaries and 
this is an adverse condition for stent production. When 
smoothness of the cutting surfaces is compared, laser 
cutting method produced the best results. While not as good 
as laser cutting, electrical discharge machining produced 
acceptable results. Smooth surfaces could not be obtained 
in plasma cutting, oxy-fuel cutting and water jet cutting 
methods.  
 

 
Figure 2. . SEM micrographs of cut 316L tubings by using 
different cutting methods [(C) Plasma cutting, (D) Oxy-fuel 
cutting, (E) Water jet cutting, (F) Electrical discharge 
machining. Numbered with (1) shows the micrographs 
taken before heat treatment, (2) after heat treatment]. 
 
When two laser cuttings were compared, it was seen that 
cutting with 1.17 mJ laser beam energy and 3500 Hz 
frequency created a narrower heat affected zone compared 
to 0.91 mJ laser beam energy and 5500 Hz frequency. 
Increasing of frequency widened the heat affected zone. 
Similar microstructures were obtained after normalization 
heat treatment. 
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4. Conclusion 
 
In the present study, the most commonly used raw material 
of coronary stents, 316L stainless steel tubings were cut 
with various methods including laser cutting, plasma 
cutting, oxy-fuel cutting, water jet cutting and electrical 
discharge machining. After cutting operations were 
completed, samples were characterized by using SEM. 
 
Separate samples were prepared for normalization heat 
treatment operation. 316L stainless steel tubings were cut 
with same methods and same parameters. After cutting 
operation was completed, normalization heat treatment was 
applied on the samples. Heat treated tubings were 
characterized by using SEM.  
 
When results are evaluated, it is seen that laser cutting 
gives the best results between these cutting methods. Laser 
cutting provided a smooth surface with good precision of 
cutting. There were not oxide formations during the cutting. 
In addition, after normalization heat treatment, grains 
become homogenous through the material. It was 
determined that between the cutting methods in question, 
only laser cutting can produce the pattern of the stents. For 
production of medical implants which require less precision 
and surface smoothness, electrical discharge machining can 
be an alternative to laser cutting. Electrical discharge 
machining can create complex geometries with good 
surface quality. Slow rate of material removal must be 
taken into consideration. Plasma cutting, oxy-fuel cutting 
and water-jet cutting methods did not produce acceptable 
surface quality and had negative effects on the 
microstructures. Water jet cutting created distortion and 
abrasive material used in the cutting operation damaged the 
material. In laser cutting, using more laser beam energy and 
less frequency created a narrower heat affected zone. After 
following normalization heat treatment, similar 
microstructures were obtained for both laser beam energy 
and frequency values. 
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Abstract 

In this study different thermal treatments were applied to 
Ti6Al4V substrate material. These are classified in 2 
groups. First step, water cooled (from different 
temperatures then water quenched) and second step, aged 
materials. These different materials were characterized 
by their microstructures and their contact angles. The 
difference between microstructures and contact angles 
show that these thermal processes differentiate the 
activities of the surface. MAO process is used to oxidize 
titanium alloys surface and in-vitro bio-activity tests with 
SBF solution immersion up to 14 days were applied the 
oxide coating on the material. 

Optical characterization of thermally treated materials 
was done by Olympus GX 51 optical light microscope. 
Contact angle measurements of coated and noncoated 
materials were done to calculate the activities of the 
surface by PHOENIX-300 Automatic. Surface 
morphologies and elemental analyses were determined 
by JEOL-JJM 6060 model SEM and EDS (energy 
dispersive X-ray spectroscopy). For high precision at. % 
of elements to see the real Ca/P ratio XPS analysis were 
used.  
 
The results showed that materials that were aged have 
higher bio-activities than that didn’t aged. As indicated 
by lower contact angle and homogeneously precipitated 
HAp in bioactivity test proved that aged specimens have 
better bio-activities. 

1. Introduction 

Titanium (Ti) and its alloys are widely used for medical 
and dental applications due to their good mechanical 
properties, excellent corrosion resistance and 
biocompatibility [1; 2]. However, they are not easily 
integrated with bone tissue, and much effort has gone 
into the modification of the Ti surface to improve the 
implant-tissue osseointegration [3-5]. The porous 
structure formed on implant surfaces is regarded as the 
most convenient and effective way of promoting 
osseointegration with bone tissues growing into the pores 

and enhances mechanical fixation for the prosthesis in 
hard tissues [6]. Among the methods used to obtain the 
rough and porous surface, the micro arc oxidation 
(MAO) process has been reported as preferential method 
to enhance the bonding strength of titanium to bone. 
With this technique, it is also possible to grow TiO2 layer 
as well as to incorporate chemical species (such as 
calcium (Ca), phosphorus (P), magnesium (Mg) from 
electrolyte) that enhance the biocompatibility [7,8]. For 
these reasons, the oxide film generated by the MAO is 
found to significantly improve the cellular activities of Ti 
in vitro and the bone-implant bonding properties in vivo 
(Li et al, 2004; Son, Zhu, Shin, Ong, & Kim, 2003; Sul et 
al., 2002). 

The main purpose of this study is to develop different 
surface activities by differentiating the microstructure of 
the material, applying surface coating (MAO) technique 
to these surfaces, and investigate the effect of 
microstructure to surface activities to the bio-activities of 
specimens by using simulated body fluid (SBF) 
immersion test. 

2. Experimental  Procedure 

Ti6Al4V alloy (Grade 23) samples, 10mm in diameter 
and 100mm in length were used to apply heat treatments. 
After heat treatments samples were cut to 10mm long 
specimens and abraded by SiC sandpaper from 60 to 
2000 grids. Heat treatments applied to as received 
materials are classified in Table 1. There are two types of 
heat treatment to understand the effect of aging and 
solutionizing. 

Table 1. Designation of heat treatments 
Specimen Number Applied Heat Treatment 

1 As Received (Mill Annealed - 10mm) 
2 950oC 1 h hold + Water Quench 

3 
950oC 1 h hold + Water Quench + 675oC 5h 
aging 

4 1050oC 1 h hold + Water Quench 

5 
1050oC 1 h hold + Water Quench + 675oC 
5h aging 
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MAO coatings were produced by using Keronite micro 
arc oxidation apparatus (KT-G2 20kW- 25L). The 
coatings were produced by using MAO process at 
galvanostatic mode at two different current densities of 
0.2A/cm2 and 0.5A/cm2 (see Table 2). Process continued 
for a predetermined times of 3 minutes. Two stainless 
steel plates were used as cathode on both sides of the 
titanium anode which was tightly screwed on a slender 
road and sealed with an isolated tape before dipped into 
the bath.  
 

Table 2. Classification of MAO application 
parameters 

MAO Time (min.) Current Density (A/cm2) Voltage (V) 
X1 3 0.2 205 
Y1 3 0.5 228 

 
The electrolyte (Table 3) was cooled by a chiller to keep 
the temperature below 30°C during MAO process. 
Following the MAO treatment, the samples were washed 
with de-ionized water and dried at room temperature.  

Table 3. The electrolyte used in MAO process. 
Concentration [Mol/L] Electrolyte 

CaA CaGP MgA 

MAO electrolyte 0.0564 0.0068 0.1128 

 
The microstructures were etched by using Kroll’s reagent 
(92ml H2O, 6ml HNO3, 2ml HF) and examined by 
using optical metal microscope (Olympus GX 51). The 
structural and morphological characterization and 
elemental analysis of the coatings were carried out by 
using SEM (Scanning electron microscopy) coupled with 
EDS while the phase compositions were determined by 
XRD (X-ray diffraction) analysis. XRD analyses were 
carried out by 36 mA current, 40 kV potential of CuK  
radiation with 4 degree/min scanning rate. The surface 
roughness and contact angle of the coatings was analyzed 
using XP2 surface roughness tester (Ambios). 

3. Resulsts and Discussion 

3.1 Heat treatments 

The microstructures of heat treatments are shown in 
figure 1. It can be easily seen that specimen number 1 has 
bi-modal microstructure, 2. and 3. specimens have also bi 
modal structure, but because of fast cooling they have 
martensitic structure other than primary alpha. 4. and 5. 
specimens have fully martensitic structures and needle 
like structure can be easily seen. 3. and 5. specimens 
have also Ti3Al precipitates because of aging. Contact 
angles and hardness values of specimens are given in 
Table 4. The contact angles of materials are descending 
according to aging treatment, and the specimens heat 
treated below solutionizing temperature (i.e. 980oC) have 

lower contact angles. The smallest angle seen from the 
table is as received material, which has smallest grain 
size. The hardness values of specimens are increasing 
with quenching temperature and aging. 
 

Table 4. Grain size, contact angle, and Vickers 
hardness values of materials after heat treatment. 

Specimen 
Number 

Grain Size 
( m) 

Contact Angle 
(MAO electrolyte) 

Hardness 
(HV1) 

1 1.249 41.50 294.8 
2 8.952 54.02 336.2 
3 8.952 46.49 344.1 
4 2219 59.77 357.4 
5 2219 57.40 361.8 

 

              1 2     3 

 
                               4 

 
                   5 

Figure 1. Microstructures of as received and heat 
treated materials (x500 magnification). 
 
Corrosion properties of materials are calculated by Tafel 
extrapolation method and the results are given in Table 5. 
As it can be seen from the table specimen number 2 has 
the smallest corrosion rate and 3 has the highest. Highest 
Icorr belongs to as received specimen. So it can be said 
that heat treatment after as received condition would 
decrease the corrosion probability.  

Table 5. Corrosion properties of heat treated 
specimens.

Specimen 
Number 

Icorr 
(nA/cm2) Ecorr (mV) Corrosion Rate 

(mpy) 
1 17.10 nA -323.0 11.94e-3 
2 1.130 nA -270.0 785.6e-6 
3 4.320 nA -284.0 41.54e-3 
4 9.900 nA -248.0 6.896e-3 
5 4.320 nA -284.0 3.011e-3 
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Figure 2. Tafel curves of heat treated speciemens. 

 
3.2 MAO Coatings 

The coatings were done by parameters given in Table 2. 
There are 8 different specimens that oxidized (see Table 
6.). Surface morphologies of MAO coatings were 
investigated by SEM and surface activities related to 
simulated body fluids (SBF) are measured by their 
contact angles. 

Table 6. Designation of MAO coated specimens. 
Heat Treatment X1 Y1 

2 2-X1 2-Y1 
3 3-X1 3-Y1 
4 4-X1 4-Y1 
5 5-X1 5-Y1 

 
The surface morphologies of specimens show that 
(Figure 3.) MAO process was successfully applied to 
materials and the porous structure that improves 
osseointegration was obtained.  

2-X1 
 

2-Y1 
Figure 3. Surface morphologies of specimens after 

MAO process. 

The surface properties of the coating are given in Table 
7. It can be clearly seen that current density increases 
coating thickness, but surface roughness of the specimens 
didn’t affected from current density. Also three smallest 
contact angles that has been calculated were 3-X1, 3-Y1, 
and 5-Y1 specimens. 

Table 7. MAO coating surface properties 
Surface Roughness Specimen 

Number 
Contact Angle with 

SBF (degrees) Ra 
(μm) 

Rz 
(μm) 

Rq 
(μm) 

2-X1 75.44 0.32 2.03 0.30 
2-Y1 76.99 0.32 2.02 0.41 
3-X1 51.97 0.39 2.36 0.49 
3-Y1 52.37 0.42 2.56 0.52 
4-X1 60.60 0.38 2.42 0.47 
4-Y1 65.28 0.41 2.34 0.52 
5-X1 64.54 0.39 2.63 0.50 
5-Y1 53.37 0.33 1.86 0.41 

XRD results of the specimens are given in Figure 4 to 
evaluate the phases present on the coating surfaces, with 
regard to their coating parameters. It can be seen that 
coating surfaces have 3 major phases, a TiO2 phase, 
which is rutile, a Mg doped TiO2 Phase and Ca-P phase 
developed from the electrolyte. 

 
Figure 4. XRD results of MAO coating surfaces. 

 
3.3 In-vitro Bio-activity Tests 

SBF immersion tests were done to investigate how these 
surfaces act after implantation on bone structure. Tests 
were applied for 7 and 14 days long. 
The surfaces of the specimens after 7 days of immersion 
show there are morphology of SBF precipitates on some 
specimens. These are 3-X1 and 5-Y1 (Figure 5). This 
result may show us the effect of aging is more intensive 
than heat treatment temperature, because these two 
specimens are aged specimens. 

 
3-X1 

 
5-Y1 

Figure 5. Surface morphologies of coatings that have 
Ca-P precipitates after 7 days of immersion. 
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EDS results also shows that these specimens have higher 
concentrations of Ca and P elements (Table 8).  

Table 8. EDS results of specimens after 7 days of 
immersion. 

Wt. % Concentration Specimen 
Number Ti Mg Ca P Al 

2-X1 72.278 5.655 4.298 5.468 5.440 
2-Y1 72.200 6.123 4.759 5.797 4.358 
3-X1 62.986 5.283 13.089 10.291 6.309 
3-Y1 68.158 5.131 5.025 6.328 6.783 
4-X1 67.647 4.868 6.812 9.232 5.379 
4-Y1 72.338 5.286 6.030 8.245 5.464 
5-X1 68.656 5.191 4.786 6.619 7.751 
5-Y1 2.185 1.257 58.745 37.127 0.134 

The surfaces that immersed 14 days show most of the 
surfaces have the morphology that SBF precipitates have 
(SEM results can be seen in Figure 6). The images of 
specimen number 2-X1, 3-X1, and 3-Y1 were charged by 
tungsten filament because of humidity, so the shady view 
formed.  

2-X1 
 

2-Y1 

3-X1 
 

3-Y1 

 
4-X1 

 
4-Y1 

 
5-X1 

 
5-Y1 

Figure 6. SEM morphologies of specimens after 14 
days of immersion in SBF. 

When XRD analysis were examined, HAp phase have 
seen on specimens number 3-X1 and 5-Y1 (Figure 7). 
This shows that, aged specimens that have Ti3Al 
precipitates have higher activities on their surface. 

 

Figure 7. XRD resulst of specimens that immersed 
14 days in SBF. 3-X1 and 5-Y1 clearly show HAp phase 
diffractions. 

4. Conclusion 

In this study it was concluded that aged Ti6Al4V alloys 
show much higher activity on their coating surfaces. The 
aged specimens have Ti3Al precipitates and these 
precipitates increase the surface energy of the alloy.  
After 14 days of immersion in SBF solution, HAp phase 
successfully deposited on the surface of coated samples. 

It can also be said that from corrosion studies the 
specimen that 950oC 1 hour held and then Water 
Quenched has most resistivity to corrosion, and it can be 
said that corrosion resistance doesn’t indicate the 
bioactivity of material.  
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Abstract 
 
The present study aims to reveal the viscosity dependence 
of fiber diameter and morphology. For this purpose, the 
rheological behavior of gelatin/sodium alginate solutions, 
prepared at different conditions (i.e.,polymer concentration, 
solvent composition, and blending ratio), was analyzed by 
using a rheometer. Meanwhile, the fiber diameter and 
morphology of electrospun gelatin/sodium alginate 
nanofibers obtained at different conditions were 
investigated by scanning electron microscope. Employing 
both experimental data, the relation between viscosity and 
spinnability was evaluated. Results showed that viscosity 
increased with the concentration of gelatin, sodium 
alginate, and acetic acid. Since an increase in viscosity is 
generally associated with fibers having larger diameter and 
better morphology, it was of great importance to determine 
the impact of solution parameters on viscosity. This study 
provides an overview on the fabrication of gelatin/sodium 
alginate nanofibers which may have potential to be used in 
the field of tissue engineering. 
 
1. Introduction 
 
Electrospinning is a simple and cost-effective technique 
through which fibrous mats with diameters ranging from 
several microns down to a few nanometers can be 
fabricated from both synthetic and natural polymers [1–3]. 
In the last decade, this technique has gained much attention 
for biomedical applications, including tissue engineering 
scaffolds, wound dressing pads, and drug delivery 
platforms [4–7].   
 
The morphology and diameter of electrospun fibrous mats 
depend on many parameters [2, 4–7]. Since the 
characteristics of these mats are associated with their 
morphology and fiber diameter [3, 4, 7], it is very crucial to 
assess the influence of these parameters. Among them, 
viscosity is a key factor in the electrospinning process, 
since it determines whether the jet breaks up into droplets, 
beads, or fibers. On the other hand, higher viscosity resists 
on the extension of the jet, increasing fiber diameter.  
 
The synthesis of natural polymer-based nanofibers is of 
interest because of their many outstanding properties, 

including biological origin, biocompatibility, 
biodegradability, hydrophilicity, commercial availability, 
renewability, and cost efficiency [8–10]. To date, previous 
researchers have shown the potential use of gelatin/sodium 
alginate-based materials for biomedical applications, 
including drug delivery [11, 12], wound healing [13–15], 
and tissue engineering [16, 17]. To the best of our 
knowledge, no systematic study has been reported to 
evaluate the relationships between the rheology and the 
electrospinnability of gelatin/sodium alginate nanofibers. 
Therefore, the main objective of the present work was to 
determine the influence of gelatin concentration, sodium 
alginate concentration, solvent composition, and blending 
ratio on rheological behaviors of gelatin/sodium alginate 
solutions and how this relationship affects the morphology 
and diameter of electrospun fibrous mats. 
 
2. Experimental Procedure 
 
Gelatin (type A, from porcine skin) and sodium alginate 
(alginic acid sodium salt from brown algae) were obtained 
from Sigma–Aldrich Chemicals. Glacial acetic acid was 
purchased from Merck. All chemicals were used as 
provided without further purification. 
 
Gelatin solutions with concentrations of 10%–20% (w/v) 
were first prepared by dissolving in 40%–80% (v/v) acetic 
acid aqueous solutions at room temperature for 2 h. 
Meanwhile, sodium alginate was dissolved in deionized 
water at room temperature for 24 h to obtain the alginate 
solutions with concentrations of 0–2 wt.%. Afterward, 
gelatin and alginate solutions were mixed at different 
volumetric ratios. 
 
The blend solutions, which were transferred into a 5 mL 
syringe, were delivered via a syringe pump to maintain a 
steady flow of the solution at 3 mL/h. Electrospinning was 
conducted under a constant applied voltage of 20 kV. 
Randomly oriented electrospun fibers were collected on a 
grounded plate wrapped with aluminum foil, which was 
placed at a distance of 10 cm from the syringe tip. All 
electrospinning experiments were performed at ambient 
conditions. 
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The rheological measurements used to characterize the 
spinning solutions were performed using a rheometer 
(RM180 Rheomat, Rheometric Scientific). Steady shear 
measurements were carried out at 25oC in the range of 15–
1200 s 1. 
 
The surface topography and fiber diameter of the as-spun 
fibrous mats were determined with the aid of a scanning 
electron microscope (SEM, JSM-5410, Jeol). Prior to 
imaging, a small section of the samples cut from the fibrous 
mats was sputter coated with platinum by using a sputter 
coater (SC7620, Quorum Technologies Ltd) for 120 s. For 
each experiment, the average fiber diameter and its 
standard deviation were analyzed by the help of an image 
visualization software (Image-J, National Institute of 
Health) from about 50 measurements of the random fibers. 
 
3. Results and Discussion 
 
3.1 Effect of gelatin concentration 
 
To investigate the dependence of rheological and 
electrospinning properties on gelatin concentration, three 
different blend solutions with varying gelatin 
concentrations (10, 15, and 20% w/v) were employed. 
Figure 1 depicts the dependence of viscosity on gelatin 
concentration. The solutions with higher gelatin 
concentrations showed higher viscosities, as might be 
expected for common polymeric solutions.  
 

 
Figure 1. The dependence of viscosity on gelatin 

concentration. 
 
As observed from Figure 1, the viscosity of the solution 
with a gelation concentration of 10% w/v was almost 
independent of shear rate and the solution behaved as a 
Newtonian fluid. However, the solution exhibited a 
transition from Newtonion fluid to non-Newtonion fluid as 
the gelatin concentration increased. As seen from Figure 2, 
the morphology of the electrospun nanofibers changed 
from beads-on-fiber to bead-free fibers as the shear 
thinning behavior of the solutions increased. Meanwhile, 

the average diameter of the electrospun nanofibers 
increased from 106 to 124 nm with the increase in gelatin 
concentration from 10% to 20% w/v. This matched with the 
rheological measurements showing the increase in viscosity 
with the increase in gelatin concentration. 
 

 
Figure 2. Representative SEM images of gelatin/sodium 
alginate nanofibers with varying gelatin concentrations. 

 
3.2 Effect of sodium alginate concentration 
 
To evaluate the dependence of rheological and 
electrospinning properties on sodium alginate 
concentration, three different blend solutions with varying 
sodium alginate concentrations (0, 1, and 2 wt.%) were 
used. Figure 3 displays the dependence of viscosity on 
sodium alginate concentration. It is obvious that the 
solution with no sodium alginate (0 wt.%) behaved as a 
Newtonian fluid, while the solutions with sodium alginate 
(1 and 2 wt.%) showed a non-Newtonian behavior. 
Additionally, the shear thinning behavior of solutions 
increased with the sodium alginate concentration, which led 
to a change from beads-on-fiber to bead-free fibers in the 
morphology of the electrospun nanofibers (Figure 4). This 
observation was similar to the one expressed above.  
 
On the other hand, it was determined that the viscosity of 
solutions with the sodium alginate concentrations of 0 and 
2 wt.% were quite similar at higher shear rates (800–1000 
s-1, deformation rates felt in the Taylor cone and jet [18]). 
This was likely the reason for average diameter of the 
electrospun nanofibers fabricated from these solutions were 
almost same. Meanwhile, fibers with thicker diameters 
were obtained when the sodium alginate concentration was 
1 wt.%. This may be because the viscosity of this solution 
was higher at the higher shear rates.  
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Figure 3. The dependence of viscosity on sodium alginate 

concentration. 
 

 
 

Figure 4. Representative SEM images of gelatin/sodium 
alginate nanofibers with varying sodium alginate 

concentration. 
 
3.3 Effect of acetic acid content in the solvent 
 
To ascertain the effect of solvent composition on solution 
rheology and spinnability, solvent mixtures of acetic acid 
and water with different acetic acid contents were utilized 
to dissolve gelatin. Figure 5 shows the effect of acetic acid 
content on viscosity of the gelatin/sodium alginate 
solutions. The solutions with higher acetic acid contents 
showed higher viscosities. This was consistent with the 
increase in fiber diameter from 111 to 127 nm as the acetic 
acid content raised from 40 to 80 vol.%. 
 
On the other hand, the viscosity of the solution with the 
acetic acid content of 40 vol.% was almost independent of 
shear rate and the solution behaved as a Newtonian fluid. 

However, the solution exhibited a transition from 
Newtonion fluid to non-Newtonion fluid as the acetic acid 
content increased. As seen from Figure 6, the morphology 
of the electrospun nanofibers changed from beads-on-fiber 
to bead-free fibers as the shear thinning behavior of the 
solutions increased, matching with observations above. 
 

 
Figure 5. The dependence of viscosity on acetic acid 

content. 
 

 
Figure 6. Representative SEM images of gelatin/sodium 

alginate nanofibers with varying acetic acid contents. 
 
3.4 Effect of blending ratio 
 
To determine the effect of blending ratio on solution 
rheology and spinnability, three different blend solutions 
with varying gelatin/sodium alginate ratios (90/10, 80/20, 
and 70/30, v/v) were employed. Figure 7 shows the effect 
of blending ratio on viscosity of the gelatin/sodium alginate 
solutions. The solutions with higher gelatin contents 
showed higher viscosities, which was likely the reason for 
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increasing in fiber diameter from 136 to 115 nm (Figure 
8(c) and (a), respectively). 
 

 
Figure 7. The dependence of viscosity on blending ratio. 

 
On the other hand, the viscosity of each solution was 
almost independent of shear rate and thus, the solutions 
exhibited a Newtonion fluid behavior. This was why the 
morphology of the electrospun nanofibers were beads-on-
fiber. 
 

 
Figure 8. Representative SEM images of gelatin/sodium 

alginate nanofibers with varying blend ratios. 
 
4. Conclusion 
 
This study aimed to evaluate the relationship between the 
rheological behavior and the electrospinnability of 
gelatin/sodium alginate solutions prepared at different 
conditions (i.e., polymer concentration, solvent 
composition, and blending ratio). Results showed that 
viscosity increased with the concentration of gelatin, 
sodium alginate, and acetic acid. Since the higher the 

viscosity the larger the fiber diameter is, thicker fibers were 
obtained when the gelatin concentration, sodium alginate 
concentration, and acetic acid content were higher. 
Additionally, Newtonian behavior was associated with 
beads-on-fiber morphology, whereas solutions behaving as 
non-Newtonian fluids led to bead-free fibers. Moreover, the 
surface morphology improved as the shear thickening 
increased. Consequently, this study provides an insight for 
future researchers who aim to fabricate fibrous mats 
through electrospinning technique. 
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Abstract 
 
In this work, the effect of final voltage was examined 
to have a better understanding on the change of 
microstructure and chemical properties of an oxide-
based coating layer on a Zr substrate produced by 
Plasma Electrolytic Oxidation (PEO). The effect of 
final voltage on the properties of the coating was 
investigated by using X-ray Diffractometry (XRD), 
Fourier Transform Infrared Spectroscopy (FTIR), 
Scanning Electron Microscopy (SEM) and Optical 
Surface Profilometry (OSP). The XRD data revealed 
that, all the samples prepared at different process 
durations contained t-ZrO2 (tetragonal zirconia) 
phase.  FTIR revealed the formation non-crystalline 
hydroxyapatite on Zr during PEO process.  
 
1. Introduction 
 
Zirconium (Zr) and its alloys have gained great 
interest for biomedical and dental applications due to 
their chemical and dimensional stability, high 
flexural strength, fracture toughness, corrosion 
resistance, and good biocompatibility[1-4]. But their 
usage in surgical and dental applications have been 
limited by their weak bioactivity [1, 5]. A large array 
of surface treatment technologies (sol-gel process, 
thermal oxidation, anodization) have been designed 
in literature with a goal of producing bioactive 
surfaces on their surfaces [3, 4, 6, 7]. Microarc 
oxidation (MAO) also known as plasma electrolytic 
oxidation (PEO) is a novel surface modification 
technique for forming a ceramic-based layer on light 
metals such as Al, Mg, Ti as well as Zr and their 
alloys. This technique is an eco-friendly process, 
which provides excellently adhered coatings with 
high tribological performance, thermal and chemical 
stability for industrial applications [3, 4, 8-13]. 
However, this process depends on complex reactions 
and multifactor controlled systems. MAO creates 
electro-chemical and physico-chemical reactions 
between the surface of the substrate and electrolyte 
solution. Coating properties depend on the electrical 
parameters, process duration, electrolyte chemistry, 
and elemental composition of the substrate [3, 9, 10, 

12-14]. For the coating properties to be controlled, 
understanding the MAO process is a necessity. 
 
The aim of this study is to investigate the effect of 
final voltage on growth mechanism of coatings 
obtained on Zr substrates by MAO, and their 
microstructural evolution and bioactive properties. 
The coating process was carried out with the process 
durations of 2.5 and 30 min. The phase content, 
elemental composition of coating surface and cross-
section of the coatings were characterized by using 
XRD, SEM, EDS, OSP to reveal coating properties.   
 
2. Experimental Study 
 
Pure zirconium (99.5% metals basis excluding Hf) 
samples with the dimensions of 50 mm x 25 mm x 
0.7 mm were prepared from pure zirconium sheets 
(Alfa Aesar). The surface of the samples was ground 
using 600–1200 grit SiC paper. After metallographic 
preparation, the substrates were cleaned in an 
ultrasonic bath of ethanol for 3 min. 
 
MAO processing was carried out for the durations of 
2.5 min (applied final voltage 470 V) and 30 min 
(applied final voltage 550 V) in an electrolyte 
prepared by dissolving Na2SiO3, Ca(CH3COO)2, 
C3H7Na2O6P in distilled water. The process was 
carried out by means of a home-made MAO unit 
with an asymmetric AC power supply. The 
electrolytic solution was aerated and the solution 
temperature was kept at 22 ± 2°C by circulated water 
around the steel chamber during the MAO process. 
 
The coated Zr samples were successively washed in 
distilled pure water in order to get rid of residual 
salts, washed with ethanol and dried under warm air 
flow. Rigaku D-MAX 2200 X-Ray diffractometry 
(40 kV, 40 mA), with a Cu K  radiation over a 2  
range from 10° to 90° with the scanning rate of 
1°/min, was employed for the phase characterization 
of the coated samples. The microstructural and 
morphological examination of the coatings and 
determination of the chemical composition of the 
surface and cross-section of the samples were carried 
out by SEM FEI/Philips XL30 FEG ESEM. The 
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arithmetic average (Ra) surface roughness of the 
samples were measured using Zescope Optical 
Surface Profilometry by scanning an area of 900 x 
700 μm on the samples surface.  

3. Results and Discussion 
 
3.1. XRD and FTIR Analysis 
 
XRD spectrums showed that the coatings were 
composed of t-ZrO2 (tetragonal zirconia) phases for 
all process durations (Figure 1). According to the 
literature, m-ZrO2 (monoclinic zirconia), t-ZrO2 and 
c-ZrO2 (cubic zirconia) phases are three main 
polymorphs of zirconia at one atmosphere pressure 
and transformation of monoclinic to tetragonal occur 
at 1170 ºC, and tetragonal to cubic occurs at 2370 ºC 
[4, 9, 15]. In this work, it is believed that the 
additions of Ca2+ and Si4+ ions into zirconia reduced 
the amount of phase transformation with temperature 
and the most stable phase detected as t-ZrO2 at RT. 
Furthermore, it should be noted that MAO in not an 
equilibrium process [4, 15, 16].  
 
The binding structure of the coatings fabricated in 
different durations was characterized by FTIR 
spectroscopy and results were given in Figure 2. The 
recorded FTIR spectrum exhibited several peaks 
located at 573 and 1030 cm-1 corresponding to PO4

3- 
peaks, which confirmed the presence of apatite in the 
coatings. The coating formed for the duration of 30 
min has peaks which belong to hydroxyapatite. 
Although the FTIR spectrums revealed the 
hydroxyapatite (HA) structure, its presence was not 
detected by XRD. It was either because of the 
formation of non-crystalline apatite structure or 
submicron apatite structure.  Furthermore, it might 
also be attributed to the amount of HA formed on the 
coating which was too low to be detected by XRD. 

 

Figure 1. XRD patterns of MAO coatings on Zr. 
 

Figure 2.  FTIR spectrum obtained from the coated 
surfaces. 

 
3.2. Surface Roughness 
 
Figure 3 exhibited the typical optical surface 
topography of the MAO coatings. Also, surface 
topographical images of the uncoated and coated 
samples were embedded in Figure 3. The surface 
roughness value of the substrates before coating was 
0.1 μm. The surface roughness values of the coatings 
increased from 1.20 to 5.8 μm with coating duration. 
This can be attributed to the formation of the bigger 
sized discharge channels due to the very strong spark 
arose on the coating surface with ongoing process. 
 

Figure 3. The surface topographical images and 
roughness values of the surfaces. 

3.3. Surface and Cross-Sectional Microstructure 
of the Coating 
 
Figure 4 and 5 presented the coating surface and 
cross-sectional morphologies for different process 
durations. The size, distribution and frequency of 
volcano crater like features can be useful in 
providing information about the discharge 
phenomenon. The relatively large macro pores in the 
center of volcano crater-like features are lying 
through the coating by strong discharge sparks. 
Similarly, the stronger discharges resulted in the 
bigger volcano craters and the wide discharge 
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channels. It is known that the extending process time 
results in higher voltage formation, which produces 
stronger sparks. The energy and formation of the 
sparks per unit area significantly influenced the 
microstructure-morphology-roughness, chemical, 
and phase composition of the coating surface [17]. 
 
Regarding the cross-sectional SEM micrographs, the 
coatings are composed of three regions: The outer 
region, the inner region and the thin barrier layer, 
which is located between the inner layer and the 
metal. The increase in the coating thickness with 
time was approximately linear and the average 
coating thicknesses are 9 m for 2.5 min and 100 m 
for 30 min. In this study, the largest pores were 
observed on the border of the outer and inner region. 
This also implies that the formation mechanism of 
the coating layer is a combination of inwards and 
outwards growth (Figure 5). The existence of the 
porous layer near the substrate suggests the inwards 
growth of coating towards the substrate, while the 
development of the dense layer on the surface of the 
coating implies the outwards growth of the coating. 
In addition, the flat Zr substrate-coating interface 
became clear with increasing process duration. The 
coating surface pores, cracks and apatite structures 
are favorable positions, which provide nucleation 
sites for the formation of the secondary apatite after 
simulated body fluid test [18, 19]. 
 

 

Figure 4. The surface SEM micrographs of MAO 
coated Zr; (a) 2.5 min and (b) 30 min. 

 

 

Figure 5. The cross-sectional SEM micrographs of 
MAO coated (a) 2.5 min and (b) 30 min. 

 

4. Conclusion  
 
In this study, the pure zirconium was coated by 
MAO method for the different applied final voltage.  
The effect of the final voltage on the coating growth 
mechanism and bio-properties represented that the 
coatings consist of three regions: the outer, inner and 
barrier layers. The inner region thickened with 
increasing MAO process time. The thickness and the 
surface roughness of the coating increased depending 
on the coating process duration. The presence of non-
crystalline apatite structure after MAO process which 
was proven by FTIR techniques.  
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Abstract 
 
The objective of the present study is to examine the 
effect of addition of the third element “copper” to 
binary NiTi shape memory alloys (SMA) as 10 and 20 
atomic % by using combustion synthesis (CS) method. 
Thermochemical calculations and experimental studies 
were carried out to control and tune the properties of 
the final products investigating morphology and phase 
changes.  
 
1. Introduction 
 
NiTi is one of the most well-known shape memory 
alloys (SMA). These alloys are used not only as 
actuator in electro-magnetic applications, but also as 
biomaterial in dental applications and human bones due 
to its super-elastic behavior. The commercial and 
laboratory scale synthesis methods of NiTi SMA are 
arc-melting, casting, reactive sintering or self-
propagating high temperature synthesis (combustion 
synthesis) [1]. Especially, the porous NiTi which may 
imitate bone structure can be obtained by combustion 
synthesis method. In fact, Cu additions to NiTi have 
been deeply studied for scientific and industrial 
application purposes. One main reason is that; these 
alloys maintain shape memory characteristics even for 
high amount of Cu. In particular, alloys with copper 
addition as partial replacement of Ni (up to 25-30 at % 
Cu) preserve shape memory effect [1]. The effect of Cu 
addition in bulk NiTi alloys provides (a) a decrease in 
transformation temperature sensitivity when added up 
to 25 at % instead of Ni, (b) a reduction in precipitation 
of Ti3Ni4 phase, (c) a reduction in thermal hysteresis 
when added 5-15 at % as Ni replacement, and (d) an 
improvement in thermal cycling behavior.  The latter 
two effects are of high interest for industrial uses of 
shape memory alloys as actuators, and fostered both 
fundamental research and industrial research [2,3]. 
 
The main target in this study to produce, for the first 
time, a ternary Ni-Ti-Cu shape memory alloys via 
combustion synthesis method. 
 
2. Experimental 
  
Some properties of the metallic powders (Ni, Ti and 
Cu) used in the experiments are described in Table 1. 

The powders, were mixed in a turbula mixer for 12 
hours in argon atmosphere. Then ~8 g of pellets were 
prepared (12 mm in diameter, 15 mm in height) under 
the pressure of 70MPa.  The pelleted samples were 
inserted in a batch reactor in which the preheating and 
ignition temperatures were controlled by two different 
variacs. Thermocouples were used to ensure the 
temperature to keep steady in the reactor at the 
preheating temperature of 230 °C. Tungsten wire was 
used at top of the compacted samples in order to trigger 
the combustion reaction.  
 

Table 1. The raw materials used in the experiments 

Element Brand Purity Morhopolgy and 
Size 

Ni Alfa Aeser > % 99.8 -325 mesh, 
dendiritic 

Ti Alfa Aeser > % 99.5 -60+100 mesh, 
spherical 

Cu Alfa Aeser > % 99.5 -100 mesh, 
spherical 

 
In order to prevent the oxidation of pellets during a 
long-period of preheating process, initially, air in the 
reactor was evacuated and then, argon flushing was 
done, repeatedly.  The compositions of two pellets are 
shown in Table 2 in atomic percent.  
 
Table 2.  The composition of two samples (atomic %) 

 Ti Ni Cu 
Sample 1 50 40 10 
Sample 2 50 30 20 

 
3. Results 

 
3.1. Thermochemical Calculations 

 
In order to estimate the Gibbs free enegry, adibatic 
temperature (Tad) value and the possible product 
composition, a thermochemical calculations of the 
combustion synthesis of NiTi-Cu system was carried 
out by using the advanced “Equilib” module of 
FactSage 7 [4]. In the calculations, FactPS and 
STGE2011 were chosen as the 
most appropriate databases.  
 
The Gibbs Free Energy change with addition of Cu to 
NiTi intermetallic system with preheating temperature 
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of 230 °C is shown in the Fig.1. As seen, Cu addition 
increases gibbs free energy in B2 austenite phase. The 
calculated adiabatic temperature and estimated 
products against Cu ratio in NiTi with preheating 
temperature of 230 °C are represented in  Fig. 2(a-b), 
respectively. It is clear that Cu addition decreases the 
adiabatic temperature value but increases the liquid 
ratio in the system. It is noted that liquid ratio controls 
porosity amount in the final product after cooling.  
 

 
Figure 1. Gibbs free energy change vs Cu molar ratio 
in NiTi.   

 
 

 

 
Figure 2. a) The calculated adiabatic temperature and 
b) estimated products against Cu ratio in NiTi with 
preheating temperature of 230 °C  
 

3.2. Experimental results 
 
It was observed that the reaction of the sample 1 ( %10 
at % Cu) propagates very fast (2.67 second/mm) 
compare to that of sample 2  (0.64 second/mm).  It is 
also noted that the reaction of sample 2 propagated 
only when the ignitor kept open throughout the 
process.  
 
The outer and cross section views of sample 1 (10 at % 
Cu) and sample 2 (20 at% Cu) can be seen in Fig.3 and 
Fig.4 respectively. The diagonal propagation path on 
the outer section and high porosity amount in the 
sample 1 are clearly seen in Fig 3. The porosities are 
partially lineer and prependicular against the 
propagation. However, no porosity exists in sample 2. 
This is due to the increase of liquid/solid ratio in the 
product which inhibited the porosity formation. 
 

 
Figure 3. The outer and cross section view of sample 1 
(10 at % Cu) 
 

 
Figure 4. The outer and cross section view of sample 2 
(20 at % Cu) 
 
The results of the XRD analysis for sample 1 and 2 are 
given in Fig. 5 (a-b). It was found that the sample1 
consists of mainly B2 austanite (NiTi) phase with small 
amount of martensite B19 (NiTi), B19’ and NiTi2 
phases. However, XRD data of sample 2 shows not 
only stronger relative intensities of B19, B19’ and 
NiTi2 but also Ni3Ti intermetallic in the structure 
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Figure 5. XRD results of the a) sample 1, b) sample 2 
 
4. Conclusion 
 
It is likely to produce NiTi SMA with low content of 
Cu by combustion synthesis method. High copper 
contents in the alloy inhibits the propagation unless the 
ignitor kept open throughout the process. A sample 
with porous structure was successfully produced by CS 
method when 10 at % Cu copper was added to the NiTi 
system. Higher Cu addition (20 at %) inhibited the 
porous formation and resulted in higher amounts of 
B19, B19’, NiTi2, as well as Ni3Ti phases.  
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Abstract 
Nanomaterials are already used in a wide range of 
industries such as cosmetics, textiles, coating, catalyst, 
medicine, electronics, food and energy, etc.  Exposure 
route, amount and exposure effects are very crucial in 
determining the hazardous potential of nanomaterials. 
Due to lack of sufficient knowledge for toxicity of 
nanoparticles, nanotechnology brings many risks for 
environment and human health. This study reports the 
findings and assessment of health and safety risks 
associated with the usage of nanomaterials. 
 
1. Introduction 
 
Nanotechnology is composed of nanoparticles which are 
in sizes ranging from about 1 to 100 nanometres (nm).  
Nanotechnology is used in a wide range of technology of 
industries. Some applications are sunscreens and 
cosmetics, textiles, coatings, sports goods, explosives, 
propellants and pyrotechnics, catalysts, electronic storage 
media, filtration, disinfectants, medical uses, alloys and 
metals, non-metallic components, etc [1-4].  
 
Besides increasing production and use of different types 
of nanomaterials, health and safety issues have been a 
growing concern. Potential toxic effects of these 
materials on workers have not been a good 
understanding.   Particles lower than 70 nm can enter the 
lungs and deposit on alveolar surfaces. Particles lower 
than 50 nm can penetrate cell walls. An explosibility of 
dust is another concern. Most organic materials, many 
metals and even some non-metallic inorganic materials 
could explode when disperse finely in air by ignition 
source. This study report health and safety risks related 
with the processing of nanomaterials [1-4]. 
 
2. Health and Safety Risks 
 
2.1Health Risk  
 
Exposure to nanoparticles causes high health risk. They 
may immediately enter in three different route; 
inhalation, dermal contact and injection. Lungs are 
mostly affected tissues during inhalation. Inhaled 
nanoparticles could cause inflammatory responses. They 
can be deposited throughout the human respiratory tract 

and deposit in the lungs. Nanoparticles can potentially 
move from the lungs to other organs such as brain, liver, 
foetus, etc [1-2].  
 
Nanoparticles could harm the area of skin where the 
product was applied or absorbed through the skin. They 
could travel in the bloodstream and possibly harm other 
parts of the body [1-2]. 
 
Although there is no evidence about nanoparticle 
injections, they can be used for drug delivery purposes, 
either as drug itself or as the drug carrier. The medicine 
can be applied through oral or dermal ways as well as 
injection. The objective of the drug delivery with 
nanoparticles is to provide more of drug to the target 
cells or to reduce harmful effects of the free drugs on 
other organs. However it is difficult to distinguish the 
toxicity of the drug. For example toxicity of gold 
particles has been shown at high concentration [1-2]. 
 
2.2 Explosion Risk 
 
Materials related with nanopowder can be metal, metal 
oxides, borides, carbides, nitrides and sulphides, carbon 
nanotubes, fullerene graphene, etc. Their forms usually 
are spherical or flakes, fibre or tubes. Particle size or 
specific surface area is main factors of explosion caused 
by dust clouds. As particle size decreases the specific 
surface area will increase [3].  
 
3. Risk Assessment 
 
Accidental risk level depends on nanopowder safety 
parameter (morphology, surface area, and bulk property), 
process factor, and probability of occurrence of accident, 
vulnerability of the target (worker or environment) [1-4].  
 
Nanopowder can exhibit flammable or explosive 
characteristics due to its high surface area and reactivity. 
It can be used under specific control (tools and protocols) 
[1-4].    
 
High performance filtration system can reduce 
probability of occurrence of accidental situation such as 
leakage or generation of explosive atmosphere. Therefore 
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worker or environment vulnerability can be decreased [1-
4]. 
 
Process parameters can trigger potential dangerous 
conditions. Flow velocities, pressures, temperatures, 
material fluxes, inventories and concentrations are main 
factor for risk assessment and should be controlled [1-4]. 
 
Risk can be evaluated by several safety barriers. These 
can be listed below [1-4]. 

• Prevention barrier: lessening the probability of 
occurrence of accident  

o Regular equipment maintenance 
o Venting system 
o Confinement technologies 
o Personal protection equipment 

• Mitigation barrier: reduction of process factors 
o Lower temperature/pressure) 
o Substitution or dilution of nanopowder 

 
4. Conclusion 
 
In this report, safe usage and production of nanoparticles 
were discussed. Today, the concept of safe and 
continuous work and efforts are emerged. Regulation on 
health and safety precautions for working with chemicals 
has spread in our country. The last fifty years the 
chemical industry has realized a rapid growth when 
compared to the entire industry. Nearly 100.000 kinds of 
chemicals are used all over the World. The majority of 
these chemicals are hazardous or carcinogenic. In order 
to ensure the health and safety criteria, following 
solutions could be mentioned.   
 

• Regulation about nanoparticles should be 
improved. 

• Producers and consumers could be informed 
about dangers and prevention methods of 
chemicals.  

• Producers and consumers should be trained. 
• Condition of use and expiry date should be 

considered. 
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Abstract 
 
Cutting tools are used in many industrial applications such 
as processing of natural stones. These type of scrap cutting 
tools contains relatively large amount of synthetic diamond 
together with metallic materials in matrix such as iron, 
copper, cobalt, nickel, silver etc. The aim of the study is, 
primarily, the recovery of synthetic diamond from scrap 
cutting tools. Then hydrometallurgical techniques were 
investigated such as solvent extraction to remove metals 
from the diamond free solution. LIX84I was used in solvent 
extraction experiments to investigate metal recovery 
efficiencies from the solution. 
 
1. Introduction 
 
Diamond tools are widely used for cutting, grinding, 
drilling, and polishing of hard materials. Abrasive diamond 
circular sawblades for use in cutting concrete, brick, block, 
stone, and many other materials are well-known in the prior 
art. In general, such saw blades comprise a metal disk or 
core having abrasive segments, also called teeth, mounted 
along the entire periphery of the core. Generally, the 
abrasive segments are welded to the periphery of the metal 
disk, and composed of diamond particles and other abrasive 
material together with a bonding agent. A typical segment 
contains cobalt, tungsten carbide, various alloys, and up to 
20% of diamond particles (approximately 35 ct) or grit. 
This quantity depends on strongly on geometry and 
dimensions 
sawblade normally processes around 400 m of stones. For a 
large industry, this represents a significant number of these 
cutting tools, which is scrapped every year [1-3].  
Up to now the sawblades at the end of their useful lifetime 
are turned into scrap without practically any commercial 
value. Also, there are estimates in the literature that 
approximately 10% of the existing diamonds could still 
remain in the teeth of a scrapped sawblade. Although this 
preliminary evidence attesting the possibility of diamond 
recovery no further information exists on the situation of 
the left over crystals [2, 3]. 
 
Recently many cutting tool recovery processes have been 
developed [2-5]. The diamond is recovered by dissolving 
metals and other materials to separate the diamond by using 

hydrometallurgical route. The recovery and grading 
removes all the particles that may be of marginal quality. In 
the USA Norton offers a programme for customers to 
annihilate of used conventional grinding wheels and are 
one of a few manufacturing companies that offer this 
service in USA. It was explained that recovered material, 
properly processed and graded, can be used in new tools 
and deliver high performance and both of them (diamond 
and cubic boron nitride) can be recycled in this way [4]. 
 
By the way synthetic diamond based cutting tools which 
are used in processing of natural stones also used 
extensively in Turkey, are not recovered after their service 
life. Scrap cutting tools contain relatively large amount of 
diamond together with metallic materials in matrix such as 
iron, copper, cobalt, nickel, silver etc. 
 
The aim of the study is, primarily, the recovery of diamond 
from scrap cutting tools. For this reason, scrap cutting tools 
was leached by using suitable acids leading the recovery of 
diamond particles by the dissolution of metals in matrix. 
The optimal conditions of leaching were determined by 
investigating parameters such as the amount of acids, 
solid/liquid ratio, duration and temperature. While there are 
studies related with the acidic leaching of scrap cutting 
tools in the literature, no any investigations have been 
noticed about the recovery of metals from the solution 
obtained after the dissolution of metal matrix. Previous 
studies about the metal recovery from solutions which has 
similar characteristics have been investigated [6-9]. For this 
purpose, recovery of metals was carried out from the 
solution obtained after the leaching in this study. 
 
2. Experimental Studies 
 
Chemical analysis was carried out by AAS (Perkin Elmer 
Analyst 800) after the dissolution of all components of 
scrap cutting tools, collected from different companies in 
Turkey, was given in Table 1. All chemicals used in both 
chemical analysis and experimental studies were analytical 
grade. LIX84I was obtained from BASF Turkey. 
 
Firstly, the leaching conditions of scrap cutting tools were 
investigated by using different ratios of HCl and HNO3 
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solutions. Then the solid and liquid phase were filtered out 
and recovery of synthetic diamond particles were obtained. 
 

Table 1. Chemical analysis of scrap cutting tools. 
Element Weight % 
Sn 6,44 
Mo 0.04 
Cu 57.81 
Co 17.97 
Fe 11.63 
Ti 0.06 
Sb 0.1 
Ag 1.38 
Zn 0.81 
W 1.98 
Ni 0.19 
Cr 0.08 
Mn 0.12 

 
In the second stage of the experiments selective recovery of 
metals from the pregnant leach solution was performed. 
Solvent extraction was carried out by using LIX84I as 
solvent. LIX84I was diluted by 30% of kerosene in volume. 
Extraction and stripping conditions of solvent extraction 
process was experimented for different S/O 
(solution/organic) ratios to determine recovery conditions 
of both copper and silver from the solution. 
 
3. Results 
 
3.1. Leaching of scrap cutting-tools 
 
Two different solution mixtures were used to investigate 
leaching conditions of scrap cutting tools. 150 ml HNO3 
+50 ml HCl (Sol. I) and 150 ml HCl+50 ml HNO3 (Sol. II) 
solution mixtures were reacted with the scarps and the 
effect of leaching temperature and duration on the 
dissolution efficiencies of scrap were illustrated by Figure 1 
and Figure 2, respectively. 
 
Slight decrease in the dissolution of scrap by increasing the 
leaching temperature was predicted to be due to the 
evaporation of solution mixture resulted in the decrease of 
solvent activity when the Sol. II was used during the 
leaching experiments. Although the dissolution ratio of 
scrap cutting tools increased when the temperature was 
increased for the leaching with Sol. I, room temperature 
(25 C) leaching was determined to be more advantageous 
due to the energy consumption. 
 
It was clear from Figure 2 that there was no significant 
effect of leaching duration on dissolution efficiency of 
scrap cutting tools. As each cutting tools used for the 
leaching had different chemical compositions it was clear 
that the most efficient leaching conditions were determined 
by the initial composition of scraps. Generally, room 

temperature leaching of scrap cutting tool by using either 
type of solutions depending on the composition for 3 h was 
considered as the optimal condition. 
 

 
Figure 1. Dissolution ratio (by wt%) of scrap cutting tools 
with Sol. I (150 ml HNO3 +50 ml HCl) and Sol. II (150 ml 

HCl+50 ml HNO3) for different leaching temperatures. 
 

 
Figure 2. Dissolution ratio (by wt%) of scrap cutting tools 
with Sol. I (150 ml HNO3 +50 ml HCl) and Sol. II (150 ml 

HCl+50 ml HNO3) for different leaching durations. 
 
After the leaching experiments all solution and solid phases 
were filtered out and kept together for further analysis. 
Solid phase after the leaching consisted of mainly WC, 
WO3H2O and W12C5.08 together with AgCl according to the 
both chemical and XRD analysis. The reason for the 
existence of AgCl in the solid phase was estimated to be 
the precipitation of dissolved Ag+ by reacting Cl- from the 
solution. Due to the smaller particle size of AgCl powders 
within the solid phase they were easily sieved and pure 
synthetic diamond particles were obtained as seen in Figure 
3. 
 
Chemical composition of the solution obtained after the all 
leaching experiments was given in Table 2. 
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Figure 3. Synthetic diamond particles obtained after the 

leaching of scrap cutting tools. 
 

Table 2. Chemical analysis of the solution obtained after 
the leaching of scrap cutting tools. 

Ion in sol. Amount (ppm) 
Cu 10980 
Fe 1964 
Ni 66.85 
Ag 38 
Co 7300 
Zn 153 
Sn 995 
Mn 0.65 

 
3.2. Solvent extraction by LIX84I 
 
Different ratios of S/O were reacted for 5 min in all 
experiments. The effect of the pH of the solution on the 
extraction was experimented in the initial stage of SX 
experiments.  
 
pH of the pregnant leach solution was analysed as -0.70. 
Different values of pH were adjusted ranging from 0.05, 
0.1, 0.22 by the addition of NaOH to the solution. The 
effect of the pH on the extraction of copper ions was given 
in Figure 4. It was clear from the figure that the extraction 
increased from 90.3% to 99.2% when the pH of the 
solution was adjusted to 0.05 and further increase of the pH 
did not have significant effect on the copper extraction. On 
the other hand, the decrease of silver extraction is higher 
when the further increase of the pH after 0.05 for the 
similar experimental conditions, which was seen in Figure 
5. So when the pH of the solution was adjusted to 0.1 to 
0.22, the extraction of silver decreased from 69.4% to 
43.2%, respectively. 
 

 
Figure 4. Extraction of copper ions from the solution by 

using LIX84I (S/O: 1/5) for different pH values. 
 

 
Figure 5. Extraction of silver ions from the solution by 

using LIX84I (S/O: 1/5) for different pH values. 
 
Both extraction and stirring isotherms in different S/O was 
experimented for copper and silver was given in Figure 6 
and Figure 7, respectively. 
 

 
Figure 6. Extraction of both copper and silver for different 

S/O (70% of LIX84I in v., stirring rate: 5 min, pH: -0.7) 
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Figure 7. Stripping of both copper and silver for different 

S/O (1 M HCl, stirring rate: 5 min) 
 
When the experiments were conducted by using the 
pregnant leach liquor (pH: -0.07) and stirring rate of 5 min 
with LIX84I, best extraction ratios for both copper and 
silver were calculated as 90.25% and 76.3%, respectively. 
On the other hand, limited stripping rates were obtained for 
both copper and silver when the experiments were carried 
out by using 1 M HCl. 33.3% of the copper was stripped 
when the S/O was kept 1/4, while the most silver stripping 
rate was obtained as 17.7% when the same S/O was 
obtained. 
 
4. Conclusion 
 
The leaching of scrap cutting tools was carried out by using 
different amounts of HCl and HNO3. It was observed that 
the amount of each acid used for the leaching was related 
with the chemical composition of the cutting tools. It was 
determined that 3h of leaching by aqua regia was the 
optimal condition. On the other hand, further studies by the 
addition of pure water to the aqua regia was required to 
decrease the leaching duration. 
 
Although the extraction behaviour of LIX84I was 
acceptable especially for copper, stripping values were very 
low. It was predicted that the complex formation due to the 
extraction of both copper and silver results in insufficient 
stripping rates. Further studies were required to increase 
both selectivity and extraction and stripping rates of 
copper. Adjustment of the initial pH value of the solution 
and the usage of higher concentration of HCl solution 
during the stripping stage were suggested to be crucial for 
efficient SX with LIX84I. 
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Abstract 
 
The decrease in primary sources and high carbon foot print 
values for primary production make alternative and 
secondary production methods important. Efficiently 
recycling of Tetra Pak packages, which are used for food 
and beverage packaging, is crucial for a materials group 
annually produced as high as 175.5 billion pieces. It is 
reported in the literature that 24.5% of Tetra Pak packages 
was recovered in 2013. Tetra Pak packages basically 
consist of polyethylene (21 wt.%), aluminum (4 wt.%) and 
carton (cellulose, 75 wt.%) layers and they provide a long 
time durability for food and beverage. In the present study, 
firstly the carton part of Tetra Pak package materials was 
separated and a mixture of polyethylene (PE) and 
aluminum (Al) was obtained using Hydropulping Process. 
In the second stage, PEAl composites in a rectangular 
shape (73*60 mm, 2 mm thickness) were produced by 
using hot press. The sintering experiments were conducted 
to understand the effects of sintering temperature and 
duration on the hot pressing of PEAl composites. A 
constant sintering pressure of 114 MPa was used during the 
experiments and all experiments were conducted under air 
atmosphere. The optimum hot pressing parameters were 
de  sintering temperature and 15 minutes 
sintering duration. 45.5 SD hardness, 8.7 MPa tensile 
strength and 11.1% ductility values were measured for the 
sample produced by using the optimum parameters. 
 
1. Introduction 
 
Tetra Pak Aseptic is a commercial packaging material that 
is used to keep foods without spoiling and it consists of 
layers of carton, polyethylene (PE) and aluminum (Al). 
Carton layers provide stiffness; PE layers provide 
durability and Al layers provide strength to the food against 
the effects of light and oxygen [1]. 
 
It is currently estimated that 2/3 of the food produced in the 
World is to be packed with Tetra Pak packages. Tetra Pak 
Aseptic, is the most commonly used subset of packaging 
materials and the first production was in 1969. 
Approximately 175.5 billion units Tetra Pak packaging 
materials were produced in 2013, and it is estimated that 
24.5% was recovered. By the year 2020, it is aimed that the 

recycling of Tetra Pak packages will be reached to 40% [1, 
2]. 
 
The recycling of waste Tetra Pak packages or similar types 
of other packaging materials provides to minimize the 
environmental impact of these waste materials. It is 
important in terms of the use of alternative raw materials. 
The approximate content of the waste Tetra Pak Aseptic 
packages is shown in Table 1 [2, 3]. 
 
Table 1. The average content of waste Tetra Pak Aseptic 

packages (wt.%). 
Carton Polyethylene Aluminum 

75 21 4 
 
The recycling of waste food and beverage packaging 
materials is mainly divided into three basic categories, 
given below. 
 

Recycling of carton parts, 
Recycling of PEAl parts together or separately, 

cycling of all parts together [2]. 
 
Tetra Pak company carries out only the production of this 
kind of packaging materials. The company plays an 
important role to encourage the other companies working 
on the recycling. As general, more than 150 companies 
work on the recycling of waste Tetra Pak packaging 
materials worldwide. Tetra Pak packaging recycling had 
increased 7% between 2012 and 2013. The annual growth 
of the World's foundry industry is 2%, and the annual 

see that the recycling of packaging materials is an industrial 
segment which represents a significant growth [2, 4]. 
 
Recycled carton parts of waste Tetra Pak materials are 
important paper raw material sources and they can be used 
for the manufacture of paper and cardboard derivatives. 
Also we can use the remaining PEAl parts, in the form of 
composites, in a wide range of applications such as pipe 
and roof cladding. PEAl parts can be separated by using 
various hydrometallurgical and pyrometallurgical 
processes. Polymeric fractions can be used for both as 
polymer raw material and the source of energy by 
combustion [4, 5 and 6]. 
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In the literature the general trend includes the studies on the 
production of PEAl composites which were separated from 
carton parts [7]. Several studies have been reported 
concerning the sintering parameters of PEAl composites 
and their mechanical properties [8-11]. 
  
In this study, the experiments were conducted to determine 
the optimum hot pressing conditions of PEAl composites 
which were obtained from waste Tetra Pak package 
materials. 
 
2. Experimental Procedure 
 
In the first stage of experimental studies, PEAl and carton 
parts which are the layers of the packages were separated 
from each other by using the Hydropulping Process in 
accordance with the flow-chart given in Figure 1. For 
spliting operations, a household type blender was used and, 
the spliting speed was applied as 330 rps. As a result of the 
hydropulping experiments, cellulose based carton and PEAl 
phases were successfully separated from each other. 
 

 
Figure 1. Flow-chart of the experiments concerning the 

separation of PEAl and carton phases. 
 
In the second stage of the experimental studies, two 
experimental sets were designed to understand the sintering 
behavior of PEAl composites by using hot press. Before the 
hot pressing experiments, sintering studies were simulated 
through Finite Volume Method using Ansys Fluent 
software for two different power values as 160 W and 205 

W. The technical drawing of the sintering chamber of the 
hot pressing system which was modeled and used for the 
experiments is given in Figure 2. 
 

 
Figure 2. Hot pressing system which was used for the 

experiments. 
 
All sintering experiments were conducted under air 
atmosphere and under the sintering pressure of 114 MPa. In 
the first set of the sintering experiments, sintering 
temperature was investigated. The experiments were 

in the experimental set in question. In the second 
experimental set, investigated parameter was sintering 
duration. The experiments were done for increasing process 

 
 
The sintered plates were in a rectangular shape (73*60 mm) 
and the average thickness was 2 mm. Shore D hardness 
measurement (Zwick Roel), tensile test (Zwick Roel Z1.0, 
5 mm min.-1), optical microscopy (Yamer) and scanning 
electron microscopy (SEM: FEI Quanta 400 MK2; EDS: 
EDAX Genesis XM4i) techniques were used for the 
characterization of the sintered plates. 
 
3. Results and Discussion 
 
In the first stage of experimental studies, the experiments 
were conducted to separate PEAl and carton parts of waste 
Tetra Pak packages. The average particle size of carton 
flakes was measured between 2 - 0.125 mm. Thus, it 
enables the separation of carton and PEAl phases by using 
spliting-wet screening method (Hydropulping Process).  
 
Firstly, residual foods in the packages were distracted by 
washing. Then PEAl and carton phases were separated 
from each other. The amounts of residual foods in the 
packages, PEAl and carton phases were shown in Table 2. 
 
Table 2. Amounts of pollution, PEAl and carton phases in 

the waste Tetra Pak Aceptic packages (wt.%). 
Pollution PEAl Carton 

13.66 24.03 62.31 
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Al content of the PEAl phase was measured by using 
chemical analysis method and given in Table 3. It has been 
observed that the average width of PEAl lamellas was 
approximately 1.9 mm. 
 

Table 3. Results of chemical analysis of PEAl phase. 
PE Al 

79.92 20.08 
 
FT-IR specturum of the PEAl lamellas was taken (Figure 
3). It shows that the PE phase is low density polyethylene 
(LDPE) and the structure still consists of a slight amount of 
cellulose. 
 

 
Figure 3. FT-IR spectrum of PEAl lamellas. 

 
Finite volume modeling studies were conducted for 160 W 
and 205 W power values
temperature was predicted in the center of sintered plate for 

temperature was predicted in the corners of the plate which 
would be sintered. The difference in terms of temperature 

rners. Thus, it was 
decided that the hot pressing system is acceptable for the 
experimental studies (Figure 4). With the increase in watt 

Distribution on thermal gradients can be found elsewhere 
for hot pressing system for both 160 W and 205 W [12]. 

 

 
Figure 4. Thermal gradients on sintered PEAl plate at 160 

W power value. 
 

In the first set of hot pressing experiments, effect of 
sintering temperature was investigated. The constant 
parameters were sintering pressure of 114 MPa and 
sintering duration of 15 minutes. The highest hardness 
value was measured as 45.5 SD in the experiment 

, Table 4). 
 

 
Figure 5. The change of hardness values of sintered PEAl 

plates with increasing sintering temperature. 
 
The highest tensile strength value was measured as 8.7 

values lower and higher sintering temperatures made the 
ity 

highest value after 19 , Table 4). 
  

 
Figure 6. Tensile test curves of sintered PEAl plates with 

increasing sintering temperature. 
 
In the second experimental set of hot pressing experiments, 
sintering duration was investigated. The experiments were 
conducted for 7.5 min., 15 min. and 22.5 min. The constant 
experimental parameters were the sintering pressure of 114 

 The highest 
hardness and tensile strength values were obtained from the 
sample sintered for 15 minutes same as the previous set. It 
was observed that lower and higher sintering durations than 
15 minutes negatively affected the mechanical properties of 
the sintered PEAl composites (Figure 7, Figure 8 and Table 
4). 
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Figure 7. The change of hardness values of sintered PEAl 

plates with increasing sintering duration. 
 

 
Figure 8. Tensile test curves of sintered PEAl plates with 

increasing sintering duration. 
 

Table 4. Mechanical properties of the sintered plates. 
 130 160 190 220 

H, SD 28.9 45.5 42.3 41.5 
, MPa 3.6 8.7 7.0 3.0 
, % 9.2 11.1 12.0 5.7 

t, min. 7.5 15 22.5  
H, SD 33.4 45.5 25.1 
, MPa 2.9 8.7 2.9 
, % 5.1 11.1 11.2 

 
SEM micrographs of sintered PEAl composite plates for 
increasing sintering temperature were given in Figure 9. It 
is clear to see that polyethylene matrix decomposed at the 

mechanical properties decreased at 19
Also it is predicted that the sintering and compaction did 

again for the sample sintered at the temperature in question. 
Similar to the effects of sintering temperature, 7.5 minutes 
sintering temperature was not enough. On the other hand, 
polyethylene matrix started decomposing for the sintering 
duration of 22.5 minutes. The EDS results, other SEM 
micrographs and optical microscope micrographs support 
the evidences as well and they can be found elsewhere [12]. 
 

4. Conclusion 
 
In the present study, it was tried to provide a contribution to 
the recycling of Tetra Pak waste package materials. In the 
first stage, experimental studies were conducted to separate 
the PEAl and carton phases in the waste packages. The Al 
content of obtained PEAl phase was 20.08, balance was 
polyethylene. In the second stage of the experimental 
studies, hot pressing parameters of the PEAl phase were 
investigated to sinter PEAl plates. The optimum hot 
pressing parameters were determined as sintering 

sintering pressure of 114 MPa. All experiments were 
conducted under air atmosphere. In the experiment in 
question, the hardness of the sintered plate was measured as 
45.5 Shore (D) with tensile strength of 8.7 MPa and 
ductility of 11.1%. 
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Abstract 
 
Metal sulphide precipitation is a fast, easy and 
environmentally friendly method which provides to work in 
wide pH ranges and to reuse/recycle them in metal smelting 
processes. In this research, the selective sulphide 
precipitations (SSP) of copper, nickel and zinc from 
industrial wastewater were investigated by using Na2S as 
the sulphur resource. The effects of pH and free sulphide 
concentration on the SSP were examined in two types of 
solutions; synthetically prepared wastewater and 
industrially supplied one from a gold refinery. The highest 
precipitation yields of Cu, Ni, and Zn were determined in 
the synthetic solution at the pH values of 2.3, 5.3, and 5.3, 
respectively. The precipitation efficiencies increased with 
increasing Na2S amount and reached its maximum at the 
ratio of 1:1.75 (Metal: Na2S in molar ratio). The refining 
wastewater, containing 10 g/L Cu2+, 0.3 g/L Ni2+ and 3 g/L 
Zn2+ ions, were treated at pH 2.3 and copper was 
precipitated as CuS with almost 100% of efficiency. In pH 
5.3, the residual nickel and zinc ion concentration in the 
solution was decreased to 4 mg/L and 6 mg/L with the 44% 
and 52% of precipitation efficiencies, respectively.  
 
1. Introduction 
 
The treatment of wastewater arisen from mining, 
electroplating, metal finishing and refining processes is a 
very crucial process for the conservation and reuse of 
natural resources. Therefore, the separation and recovery of 
metals from different kinds of industrial effluents by using 
chemical precipitation methods has been becoming more 
common application [1]. It is known that industrial 
treatment/recovery methods such as electrochemical based 
processes are required to make technological investments 
which not only cause to spend large amount of capital cost 
but lead to adaptation challenges as well [2,3,4]. The 
hydroxide precipitation technique, another well-known 
basic application, is the one applied in most manufacturing 
sectors of Turkey due to its simplicity and hence easy 
practicality. However, it creates huge volume of sludge 
wastes and consequently related long-term waste 
management problems [5]. 
 

 
The metal sulphide precipitation is an alternative way, 
which provides the precipitation of metal ions in a wide pH 
range and also in a short duration [6, 7]. 
 
Furthermore, the obtained metal sulphide precipitates can 
be reused as feeding materials to different metal smelting 
processes, namely CuS, Cu2S [8]. In the precipitation 
methods, very low-priced chemicals such as Na2S and 
Thioacetamide utilized which exhibit high solubility 
differences at low pH values [9, 10]. These advantages 
render the metal sulphide precipitation method more 
significant option. 
 
In this study, the selective sulphide precipitations (SSP) of 
copper, nickel and zinc were investigated from both 
synthetically prepared solutions and industrial wastewater 
by using Na2S as the sulphur resource. The effects of pH 
and free sulphide concentration on the efficiencies of SSP 
were examined in detail.  
 
2. Experimental Procedure 
 
For the investigation of experimental data and the 
determination of reaction potentials and pH values at room 
temperature, Eh - pH diagrams of Cu-S-H2O, Ni-S-H2O, 
Zn-S-H2O, Cu-Ni-S-H2O, Ni-Zn-S-H2O were drawn by 
using the FactSage program. In this way, the optimum pH 
ranges were determined for the precipitation reactions, 
which were performed in the synthetic solution containing 
either a single metal ion or mixed metal ions. Afterwards, 
the optimized parameters were applied to the industrially 
supplied solutions from a gold refinery composing of Cu, 
Ni and Zn ions. The experimental studies were categorized 
into three groups:  
 
-First two group studies were conducted in the synthetic 
solutions (i.e., containing a single metal ion or mixed metal 
ions) to optimize pH and Na2S concentrations in order to 
reach the highest precipitation efficiencies of copper, nickel 
and zinc ions. 
 
- Based on data obtained from first two stages, in last 
experiment step were carried out for the selective sulfide 
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precipitation of Copper, Nickel and Zinc sulphide from 
refinery waste solutions. The precipitation efficiencies of 
Copper, Nickel and Zinc sulphide was also determined for 
the industrial case.  
 
2.1. Single metal precipitations from the single metal ion 
containing synthetic solution  
The first group of study was conducted in the synthetic 
solutions which contain single metal ions such as Copper, 
Nickel and Zinc to optimize process conditions, namely pH 
and Na2S values. Also the required reaction durations to 
complete precipitations were determined experimentally.  
 
2.2. Metal precipitations from the mixed metal ions 
containing synthetic solution  
In the second step, the precipitations of three metal ions 
(Cu, Ni, Zn) were investigated in the synthetically prepared 
solutions according to the obtained results in the previous 
single metal ion precipitation studies. 
The synthetically prepared solutions used in the first two 
experimental stages were given in Table 1 with their initial 
metal ions concentrations. 
 

Table 1. The synthetically prepared solutions used in the 
first two experimental stages  

Solution 
Number Metal ion 

Initial solution metal 
ion concentration 

(mg/L) 

I 
Cu2+                  100 
Ni2+               1,200 
Zn2+             12,500 

II 
Cu2+               6,350 
Ni2+               2,935 
Zn2+               3,270 

III 
Cu2+                  100 
Ni2+                    90 
Zn2+                  100 

 
The followed procedures applied in the experimental 
studies were given in Figure 1. During the preparation of 
synthetic solutions Merck chemicals, namely CuSO4.5H2O, 
NiSO4.6H2O, ZnSO4.7H2O and Na2S were used with 
distilled water. The pH values were adjusted with 10% 
NaOH and 10% H2SO4 solutions. 
 
2.3. Wastewater solution precipitation 
 
The Last part of studies were carried out in the strong 
acidic refinery waste solutions containing 10 g/L Cu2+, 0.3 
g/L Ni2+ ve 3 g/L Zn2+ ions. After pH adjustment, Na2S 
were added to the main solution to initiate the 
precipitations. Afterward, the treated solutions were filtered 
and the obtained precipitates were washed with distillated 
water, and dried in an oven then send pieces of them for the 
chemical analyses. The residual solutions after the 

precipitation were additionally analyzed to determine the 
concentrations of remained metal ions. 
 

 
Figure 1. Applied procedure in the experimental studies  

 
 
3. Results and Discussion 
 
Experimental studies conducted for the determination the 
reaction duration for the single copper precipitation from 
the synthetically prepared solution revealed that the 
precipitation rates were quite high at the beginning. The 
whole metal sulphide precipitation reactions complete at 
around 45 min. to 60 min. (please see Figure 2). These 
results show that metal sulphide precipitation reactions 
occur very fast compared to the other precipitation 
reactions, such as metal hydroxide. 
 

 
 
Figure 2. Variation of Cu2+ ion concentration as a function 

of time [25ºC, Cu2+:Na2S=1:1 in mole, pH= 2.3] 
 

The most two significant factors, namely pH and the free 
sulphide concentration in the solution, are additionally 
studied. During these experiments, the pH values of 
solution measured by pH electrode before the addition of 
Na2S. However it is strongly recommended that pH 
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electrodes be integrated in industrial applications despite 
the pH controlling problem in huge volumes. With these 
pH measurement attachments in real practices, the pH 
variations during the reactions can be prevented, as well as 
sulphide ion species can be tracked and so potential 
hazardous gas (H2S) formation could be controlled. 
Likewise, the usage of mixer is needed to provide the 
homogeneity.  
 
The ideal pH values for the highest precipitation yields of 
CuS, NiS and ZnS were calculated as 2-2.5, 5.3-5.5 and 
5.3-5.5, respectively by FactSage.  
 
The sulphide precipitations from the synthetically prepared 
solutions was initially carried out for copper ions and 
precipitated as CuS at the pH of 2 -2.5. Then nickel and 
zinc ions were precipitated as NiS and ZnS respectively at 
pH range of 5.3-5.5. 
 
The pH variation experiments showed that the maximum 
precipitation efficiency could be obtained by adjusting pH 
(Figure 2). However, it was observed that while pH value is 
arranged to reach the maximum efficiency, the selectivity 
of precipitation decreases. Consequently, the highest 
precipitation yields achieved for Cu2+, Ni2+ and Zn2+ ions at 
the pH of 2.3, 5.3 and 5.3 respectively.   

 

 
 

Figure 3. Precipitation efficiency of Cu2+, Ni2+ and Zn2+ 
ions from wastewater solutions with respect to adjusted pH 
values [Me2+:Na2S 1:1.75 in mole; 25 ºC, 1 hour] 
 
The XRD analyses revealed that the obtained precipitate at 
pH 2.3 was composed of CuS and Cu2S (Figure 4). At the 
second part, the pH value was increase for the precipitation 
of Ni and Zn, the acquired deposit at the pH of 5.3 was in 
the composition of mixed Ni- and Zn- sulphur, NiS33.3Zn32.3 
(please see Figure 6). 
 
Last part of the experimental study was conducted in the 
strong acidic refinery waste solutions. The pH adjustment 
step is more challenging in this case due to the industrial 
waste water buffer tendency.  

The effect of Na2S amount added into the solution on the 
precipitation efficiencies of Cu2+, Ni2+ and Zn2+ ions were 
given in Figure 7. The precipitation efficiencies increased 
with Na2S addition. The maximum precipitation yields 
were achieved at the ratio of 1:1.75 where the metal ion 
(Me2+) molar concentration was 1 and Na2S molar 
concentration was 1.75. However, the excess free sulphide 
ions were consumed by other metal ions rather than 
targeted ions in the wastewater solutions. It should be 
emphasized that the ion selectivity in the precipitation 
started to disappear when applying the more Na2S than 
stoichiometric amount. This observation seen in excess 
Na2S addition is also consistence with the synthetically 
prepared mixed solution containing different types of metal 
ions. 
 

 
Figure 5. XRD diffraction patterns of precipitated particles 
in pH 2.3 [Me2+:Na2S 1:1.75 (mole); T=25 ºC, pH 2.3, 
duration: 1 hour] 
 

 
Figure 6. XRD diffraction patterns of precipitated particles 
in pH 5.3 [Me2+:Na2S 1:1.75 (mole); T=25 ºC, pH 5.3, 
duration: 1 hour] 
 
The excess Na2S additions are always consumed by other 
ions in the solution with very fast reaction rates. The 
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optimized pH values couldn’t be determined in the 
industrial wastewater due to the co-precipitation of metal.  
For this reason, in industrial wastewater applications, the 
measurement of free sulphide ion concentration is required 
by using a selective ion electrode.  
 

 
 

Figure 7. Precipitation efficiency of industrial wastewater 
as a function of Na2S addition [Me2+:Na2S 1:1-1.75 in 
mole; 25 ºC, 1 hour]. 
 

 
4. Conclusion 
 
The selective sulphide precipitations (SSP) of copper, 
nickel and zinc were investigated from both synthetically 
prepared solutions and industrial wastewater by using Na2S 
as the sulphur resource and the obtained results of this 
research could be summarized as following: 
 

The single copper precipitation studies from the 
synthetically prepared solution revealed that the 
precipitation rates were quite high at the beginning. 
Total metal sulphide precipitation reactions complete at 
around 45 min. 
 
The highest precipitation yields achieved for Cu2+, Ni2+ 
and Zn2+ ions were at the pH of 2.3, 5.3 and 5.3 
respectively.   

 
The ion selective precipitation began to disappear when 
applying the more Na2S than the stoichiometric amount. 

 
In last part of the investigation, the SSP was applied to 
the refining wastewater containing10 g/L Cu2+, 0.3 g/L 
Ni2+ and 3 g/L Zn2+ ions. The copper concentration was 
achieved to decrease 40 mg/L by precipitating CuS and 
Cu2S at pH=2.3 with almost 100% of efficiency. At the 
pH value of 5.3, the nickel ion concentration in the 
solution was reduced to 4 mg/L with the 44 % of 
precipitation efficiency. When the precipitation 
reactions completed in at pH 5.3, the residual zinc ion 

concentration in the solution decreased to 6 mg/L and 
the precipitation yield for zinc was determined as 52 %. 

 
Based on the obtained results, the metal sulphide 
precipitation is an alternative way compared to other 
wastewater treatment technologies in terms of its fast 
reaction rates, easy practicality and reusability of 
produces as a feeding material in metallurgical smelting 
processes as well as requests of economical raw 
materials.  
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Energy Saving and Modern Process Control and 
Automation

Florian Kongoli 

Flogen Technologies Inc. - Canada / USA

Modern process control and automation play an important role in minerals and metals extraction and processing industries 
in order to save energy, increase effi ciency and productivity and improve the products quality. Companies that apply the 
most effi cient process control and automation techniques are in the forefront of their competitors and keep continuously 
this position in terms of energy saving, productivity and quality. The exiting process control techniques have their own 
distinctive characteristics which sometimes makes diffi cult the selection process. They differ from each other in several 
aspects such as their specifi c control focus, the number of controlled parameters, the dependent and independent nature 
of controlled parameters, the time of reaction in the control process, the number of process set points, etc. In this plenary 
lecture an overview of the modern control and automation techniques in minerals and metals extraction and processing 
industries will be carried out with a special focus in at their energy savings capabilities along with a description of the 
most effi cient control and automation technologies developed and applied successfully in the recent years. The advantages 
of the new techniques will be underlined and the future developments will also be discussed.
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Abstract 
 
EAF slag is an inert waste which mainly consists of CaO, 
Fe2O3, SiO2, MgO, Al2O3 and MnO. The latest available 
data concerning the production amount of EAF slag was 
reported by EUROSLAG in 2010 and, it shows that 8.5 
million tonnes EAF slag were produced in Europe. The 
main EAF slag disposal method is to use as landfill such as 
road construction. In the present study, it is aimed to 
convert the slag into a valuable raw material through its 
direct reduction. The optimum direct reduction parameters 
were determined as 200% reductant stoichiometry, process 
duration of 1150 C and process duration of 90 minutes. By 
using the parameters in question, 90% iron metallization 
ratio was obtained. 
 
1. Introduction 
 
EAF (electric arc furnace) process is the second important 
steel production process after blast furnace based integrated 
steel plants in terms of global production amounts. 
Complexity and high investment capital of the blast furnace 
process caused to become widespread of EAF and 
alternative production technologies in the latest growth of 
iron and steel industry. The disadvantage of EAF process is 
the cost of scrap which is used as raw material [1]. Lower 
carbon foot print value sourced from EAF process, than 
that of integrated steel plants, can be shown as another 
important advantage. During EAF process, a remarkable 
amount of slag is produced as a waste. Major compounds, 
which are included in EAF slag, are CaO, Fe2O3, SiO2, 
MgO, Al2O3 and MnO. In addition the metal oxides in 
question, EAF slag can contain a slight amount of other 
metal oxides sourced from scraps which are used as raw 
material. 
 
The European Association Representing Metallurgical Slag 
Producers and Processors (EUROSLAG) reported that 8.5 
million tonnes of EAF slag were produced along Europe in 
2010 [2]. EAF slag is known as an inert compound. Thus, it 
is mainly utilized as a filler material. Although its metallic 
iron content is recycled just after its formation by using 

magnetic separation and screening, EAF slag consists of a 
remarkable amount of iron oxide which has a potential to 
use as a raw material of iron and steel production. 
 
The main recycling area of EAF slag is in road construction 
as aggregate [2]. However it can be recycled in the internal 
use for metallurgical processes as well. In order to recycle 
EAF slag in the process as a raw material, direct reduction 
is a new approach. In this study, direct reduction conditions 
of 39% Fe2O3 containing EAF slag were investigated in a 
tube furnace. Direct reduction is the reduction of iron 
containing raw materials with gas or solid reductants 
without melting of charge. Direct reduction temperature of 
iron is generally limited as 1200 due to the beginning of 
melting in charge. Iron which is produced via direct 
reduction is an important semi-product to use on the 
production of steel and cast irons and, it is called DRI 
(direct reduced iron) or sponge iron due to its porous 
structure [3, 4 and 5]. 
 
2. Experimental Procedure 
 
The experiments were performed by using EAF slag as raw 
material and metallurgical coke as reducing agent 
according to its easiness to use and low ash and volatile 
content. The chemical content of EAF slag and 
metallurgical grade coke coal were given in Table 1 and 
Table 2. Slag and coal were milled in order to achieve 
powder form. Milled slag was pelletized to reduce the 
surface area for protection from oxidation after the furnace 
stage. 
 

Table 1. Chemical content of EAF slag (wt.%). 

 Fe (met.) Fe2O3 CaO SiO2 Al2O3 
0.84 39.26 25.45 16.81 7.53 

MgO Na2O ZnO K2O S C 
5.79 0.18 0.13 0.04 0.57 1.28 

 
Table 2. Chemical content of coke coal (wt.%). 

C (fix.) Ash Volatile Humidity 
87.78 8.83 3.39 3.07 
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Coke stoichiometry, process temperature and duration were 
the parameters to investigate for the direct reduction of 
EAF slag. 150% and 200% coke were stoichiometrically 
calculated by using Cfix value for each charge. The 
experiments were conducted at 1050   

process temperatures. Five slag pellets and coke powder 
charged to fixed bed type tube furnace in a graphite boat 
for each trial. 5, 10, 15, 30, 60, 90 and 120 minute process 
duration steps were applied for each temperature and 
stoichiometry combination. After each charge, graphite 
boat was cooled to 700-500 -
cooled. Each charge that was taken from the furnace, was 
weighted for further calculations. 3 of 5 pellets were milled 
for chemical and XRD analysis and 1 pellet was cut into 
two pieces for optical microscopy. 
 
3. Results and Discussion 
 
3.1. Chemical analysis results 
 
Metallization degrees were calculated by using the data 
obtained from the chemical analysis results of direct 
reduced pellets. The experiments which were conducted 
with the 150% of stoichiometrically required amount of 
coke was given in Figure 1. Moreover, metallization 
degrees at 200% stoichiometry is shown in Figure 2. 
 

 
Figure 1. Metallization ratios for 150% stoichiometry at 

different temperatures. 
 
The highest metallization degree was obtained as 90% for 
the experimental parameters as 200% stoichiometry, 1150 

minutes. 
 

 
Figure 2. Metallization ratios for 200% stoichiometry at 

different temperatures. 
 
Metallic iron, FeO and Fe2O3 ratio of the best resulted trial 
set which was conducted at 1150 process temperature 
and 200% stoichiometrically added coke is shown in Figure 
3. 
 

 
Figure 3. Fe, Fe2O3 

stoichiometry. 
 
3.2. XRD analysis results 
 
Figure 4 demonstrates the XRD analysis results of 1150 
and 200% stoichiometrically added coke trials with respect 
to time. Metallic iron phase formation change can be 
observed by the metallic iron peak change in the graph. 
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Figure 4. XRD patterns of 1150 

stoichiometrically added coke trials. 
 
3.3. Optical microscopy results 
 
The 20X magnification micrographs, which illustrate the 
change in metallic iron content in the samples with respect 
to increasing experiment duration were given in Figure 5 
and Figure 6. As the sample set, 1150 
stoichiometrically added coke trials were chosen since the 
highest metallization were obtained. 
 

 
Figure 5. 20X magnification optical microscopy 

micrographs of 1150 
stoichiometrically added coke trials. 

 
Figure 6. 20X magnification optical microscopy 

micrographs of 1150 
stoichiometrically added coke trials 
(continued). 

 
4. Conclusion 
 
Results indicate that increased temperature, process 
duration and reductant stoichiometry have a positive impact 
on direct reduction of EAF slag in terms of iron 
metallization. 90% metallization degree has been achieved 
as the result of the study with the process conditions of 
200% stoichiometry and 90 minutes process duration at 

r 90 minute trials, it was observed that 
reduction efficiency starts to decrease since the carbon in 
the environment became insufficient. Optical micrographs 
of the 200% stoichiometry at 1150 imental set 
show the distribution of iron in the pellets and reduction 
efficiency increases with the increase in process duration. 
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Abstract 
 
The solvent extraction method was applied to 
recover Cu2+, Ni2+ and Zn2+ separately from 
gold refinery wastewater. LIX 84-I was chosen 
for its Cu2+ extraction performance. Extraction 
and stripping performance of the extractant has 
been studied with initial pH, A/O, extraction 
step number parameters optimization. From 
the solution that contains 11.3 g/L copper ions; 
after 3 steps extraction of 20 minutes with 0.4 
M LIX 84-I concentration at pH 3, %98.6 of 
the copper ions extracted. The raffinate 
concentration that determined were 0.16 g/L. 
As a result of copper extraction and stripping 
tests, the raffinate became available for nickel 
and zinc extraction and the stripping solution 
was suitable for copper electrowinning or 
copper sulphate salt production. The impurities 
in the stripping solution were 0.008 g/L nickel, 
0.188 g/L zinc. 
In the second part of the process, CYANEX 
301 were used for the extraction of nickel and 
zinc. The maximum recovery efficiency, 99.8 
% for zinc and 68.6 % for nickel, was obtained 
at 20% CYANEX 301 concentration, pH 1.2 
and A/O 1. However, the stripping 
performances of CYANEX 301 were relatively 
low compared to its extraction performance. 
The stripping efficiency was increased to 6.95 
% for nickel and 49 % for zinc with increasing 
temperature to 50 °C and H2SO4 concentration 
to 6 M at single SX step. 
 
1. Introduction 
 
The wastewater of chemical-intensive 
industries contains several of metal ions. To 
discharge these wastewaters, metal ion 
concentrations of them have to be lower than 
specified limits due to the environmental 
policies [1].  
There are several metal removal and recovery 
methods at the industry. Chemical 
precipitation, ion exchange, adsorption, 
membrane filtration (reverse osmosis, 
ultrafiltration, nanofiltration), electrochemical 

techniques (electrolysis, electrocoagulation, 
electrodialysis) and solvent extraction are the 
most common and effective wastewater 
treatment techniques that have been used in 
various industries [2]. 
The metal ion concentrations, wastewater type 
(acidic or basic), acid concentration, volume of 
the wastewater produced per day are the most 
important parameters that have to be taken 
under consideration during the process 
installation [3]. 
Solvent extraction method is not only a 
recycling method but also a very effective 
technic to recover the metals from the aqueous 
solutions containing different types of metal 
ions [4]. The process composes of two basic 
steps. First step is the one that the metal ions in 
the aqueous phase transfer to the organic phase 
which is called extraction Second step is the 
reverse step of the extraction step which is 
called stripping. The metal ions in the organic 
phase transfer to the aqueous phase with the
exchange of H+ ions in the aqueous phase. 
Complete reaction is shown in the equation 1 
for both steps [5]. 

Mn+ 
(s)+nRH (org)  MRn (org) + nH+  (1) 

In this study, the gold refinery wastewater that 
contains copper, nickel and zinc in the chloride 
and nitrate media has been used. Since the 
wastewater was supplied from the gold 
refining process, the solution were strongly 
acidic (pH below 0). In order to adapt the pH 
for metal extraction firstly caustic solution was 
added to adjust pH to 1.  After the pH 
arrangement the metal ion concentrations were 
analyzed and the copper, zinc and nickel were 
determined as 11.3 g/L, 3.33 g/L, 0.39 g/L, 
respectively. 
Extractant LIX 84-I was chosen for copper due 
to its good copper extraction performance from 
acidic solutions. LIX 84-I organic extractant 
has also decent extraction performance for 
nickel and zinc, but only in high pH values 
between 5 and 9 [6]. Because of the metal 
hydroxide formation problem in the solution at 
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these high pH values, the suitable one for 
nickel and zinc extraction, LIX 84-I, were not 
used for the extraction of nickel and zinc. 
Therefore, the CYANEX 301 was chosen in 
this part of the process since the extractant are 
extracting nickel and zinc at low pH values. [7] 
 
2. Experimental 
 
The extractants, namely LIX 84-I and 
CYANEX 301, were diluted with kerosene to 
adjust the concentration for each extractants. 
For the extraction tests, the pH of wastewater 
was calibrated with concentrated NaOH 
solution. The extraction and the stripping 
experiments were done with 250 and 500 mL 
separating funnels and stirred with mechanical 
mixer for constant stirring speed and time.  
 
After phase equilibrium the aqueous and the 
organic phases were separated. The metal ion 
concentrations in the aqueous phase were 
measured with the atomic absorption 
spectrometry (AAS), the remained ion 
concertation in the organic phase was analyzed 
with the stripping test. The stripping test were 
conducted with the same separating funnels 
and mixer by using the defined acidic solution. 
After stripping tests the organic phase was 
used for further extraction tests, and the 
aqueous phase were measured with AAS to 
determine the concentrations of metal ion 
previously remained in the organic. 
 
3. Results and Discussion 
 
3.1 Copper Extraction and Stripping 
 
Copper extraction test were carried out in order 
to optimize initial pH, A/O ratio, number of  
extraction steps with the constant parameters 
of extraction time, stirring speed, organic 
concentration and extractant type. 
 
In the initial pH optimization tests, the 
influence of the initial pH of the solution 
between the values of 1.5 and 3.5 were not 
significant as reported in Table 1. The 
maximum pH that obtained was 3.5 because of 
the buffering effect of the solution. Rest of the 
extraction test were done with the initial pH of 
3. 
 
Table 1. Effect of initial pH on Cu extraction 

[0.4 M LIX 84-I, A/O=1, 11.3 g/L Cu2+, pH=3, 
20 min, 25 °C] 

Initial pH Extraction Yield 
(%) 

Raffinate Cu2+ 
Concentration 

(g/L) 
1.5 46 6.15 
2.5 55 5.15 

3.0 58 5.91 
3.5 44 6.13 

 
A/O ratio test were carried out between 0.25 
and 4. The variations of extraction yields and 
raffinate concentrations with respect to A/O 
ratios were given in the same figure (Figure 1). 
Extracting the amount of copper in solution 
was not possible with a single step between the 
ratios 0.25-4. Therefore the extraction process 
would indicate several steps. In order not to 
increase extractant consumption the optimum 
A/O ratio was chosen as 1. 
 

 
 
Figure 1. Variations of extraction yields and 
raffinate concentrations with respect to A/O 
ratios [0.4 M LIX 84-I, 11.3 g/L Cu2+, pH=3. 
20 min, 25 °C] 
 
For defining number of extraction steps, the 
extraction step experiments were conducted in 
the given conditions in Table 2. Since 98.6% 
of the copper ions extracted in 3 steps, 3-
extraction step is determined as the ideal 
numbers of extraction. 
 

Table 2. Test results of defining number of 
steps for Cu extraction  

[0.4 M LIX 84-I, A/O=1 11.3 g/L Cu2+, pH=3. 
20 min, 25 °C] 

Number 
of steps 

Extraction 
Yield (%) 

Raffinate Cu2+ 
Concentration 

(g/L) 
1.Step 46.8 6.01 
2.Step 67.4 1.96 
3.Step 91.8 0.16 
4.Step 96.9 0.005 
Total 99.9 0.005 

  
Co-extraction of nickel and zinc with copper 
could not be achieved since the nickel and zinc 
concentrations in the raffinate after three steps 
remained the same level with the wastewater 
mother solution (see Table 3). Stripping of the 
loaded extractant were done with the 
conditions of 3M H2SO4, concentration and 
A/O=1.  
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The study done by Sarangi and his colleagues 
reported that nickel, zinc and cobalt metals are 
not extracted with LIX 84-I extractant at the 
pH level of 3.25. It can be confirmed that the 
probability of extracting nickel and cobalt with 
LIX 84-I in acidic conditions is not present [8]. 
 
Table 3. Nickel and zinc concentrations in the 
mother wastewater solution, raffinate after 3 
steps of extraction, stripping solution 
 

Metal Ni Zn 

Wastewater 
concentration 

(g/L) 

0.39 3.33 

Raffinate 
concentration after 

3 steps (g/L) 

0.38 3.00 

Stripping solution 
concentration 

(g/L) 

0.008 0.188 

 
3.2. Zinc and Nickel Extraction, Stripping 
 
For extracting nickel and zinc CYANEX 301 
were used. The extraction test were done with 
the conditions of 20% CYANEX 301 
concentration, pH = 1.2 and A/O = 1. 
 
99.8% of zinc and 68.6% of nickel was 
extracted as it were given in the Table 4. 
 
Table 4. Nickel and zinc concentrations before 

extraction and raffinate solution 

Solution 
Ni2+ 

Concentration 
(g/L) 

Zn2+ 
Concentration 

(g/L) 
Before 

extraction 0.38 3.0 

Raffinate 0.12 0.01 

 
Stripping performance were very poor as it 
was shown in Table 5. The maximum stripping 
efficiency reached after 3 steps at high 
temperature (50°C) in strong acidic (6M) 
solution as reported in Table 5. The stripping 
performance were relatively lower than its 
extraction performance due to the kinetic 
limitation of the extractant. Extractants’ low 
stripping performance is consistent with the 
investigations carried out by Kerfoot and 
Tsakiridis [9,10].  
 

Table 5. Nickel and zinc stripping tests 
Step 1 2 3 
A/O 1/2 1 1 
Temperature (°C) 25 50 50 
H2SO4 
Concentration 

3M 6M 6M 

%Ni Stripping 0 6.95 3 
%Zn Stripping 6.98 41.6 49 
 
 
4. Conclusion 
 
The copper extraction with LIX 84-I from the 
gold refinery wastewaters containing copper, 
nickel and zinc in chloride and nitrate media 
was studied. After copper extraction and 
stripping tests, the raffinate became suitable 
for nickel and zinc extraction and the stripping 
solution could be used for copper 
electrowinning or copper sulphate salt 
production. 
  
The optimum extraction process was reached 
by using 0.4 M LIX 84-I with A/O=1, 3 steps 
of extraction, 20 minutes extraction time with 
the initial pH 3. The ideal stripping conditions 
were 3M H2SO4 concentration and A/O=1. The 
stripping solution contained low metal ion 
contents, i.e. 0.008 g/L nickel, 0.188 g/L zinc. 
 
Even the extraction of nickel and zinc with 
CYANEX 301 was accomplished, the 
stripping yield could not reach the efficient 
level. The further investigations should be  
conducted for determining the ideal extractants 
for zinc and nickel recovery from acidic 
media.  
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Abstract 

The aim of this study is to recovery copper powder 
from wastewater containing copper in the different 
field of metallurgy such as, etching solutions and 

optimize the experimental conditions a synthetic 
solutions (10 and 20 g L-1 Cu2+ and 10 g L-1 H2SO4), 
which simulated the wastewater, was prepared. All 
experiments were carried out in a rotating cylinder 
electrode (RCE)-type electrolysis cell. In the recovery 
of copper in powder form, the effect of working 
conditions such as current density, copper ion 
concentration  on the morphologies of copper powders 
were analyzed using the scanning electron microscopy 
(SEM) technique. It was found that the shape and 
structure of electrolytic copper powder particles 
depend on the electrolysis parameters. Different 
powder morphologies such as, dendrite and 
cauliflower like forms were obtained. 

1. Introduction 

Plating industry is one of the most important sectors of 
metallurgy where great amounts of waste solutions 
laden with heavy metal ions materialize. Rinsing of the 
plated products is carried out with utmost care, as all 
the chemicals used in plating baths are hazardous to 
human health. Chemical and/or metallurgical 
treatment of the effluents generated in plating plants is 
essential from the viewpoints of both environmental 
and economical concerns as the heavy metal content of 
these wastes not only represents potential health 
hazard to the environment but also possesses a 
substantial value. : It is a must that the heavy metal ion 
concentrations of dilute effluents of the plating plants 
be lowered to the values determined by the various 
standards and authoritative organizations, such as EN 
ISO and EPA, before being disposed to the receiving 
medium. 

Various industrial methods have been developed or 
investigated for the removal and recovery of metals 
from wastewater. The adsorption [1], flotation [2], 
chemical precipitation [3], solvent extraction [4], 
biosorption [5], ion-exchange, membrane processes 
[6], cementation [7] and electrochemical treatment 
(electrolysis, electro-dialysis, electro-coagulation, 
etc.) [8] techniques have been applied to the removal 
and recovery of copper from aqueous solutions. 

Electrolysis is an economic processing method that 
requires low capital investment, energy consumption 
and operational costs. Since this method enables the 

production of metal powder of high purity, it has the 
advantages of good green strength and low oxygen 
content compared to the other alternative powder 
production technologies.  

The aim of this work is the recovery of copper as a 
powder from wastewater in a rotating cylinder 
electrode type electrolysis cell with forced convection. 
In this paper effect of working conditions on the 
recovery of copper powder from solutions which are 
different composition and on the morphologies of 
obtained powders have been reported. 

2. Experimental 

The experiments were performed in rotating cylinder 
cathode types of electrolysis cell. A stainless steel 
rotating cylinder cathodes with the dimensions of 2 (Ø) 
x 5 (h) cm were used at laboratory scale electrolysis 
cells. The cylindrical anode made of lead, which 
situated around the cathode. Total electrolyte volume 
of cell was 1.00 L of electrolyte. The initial 
concentrations of these solutions were given below: 
 
20 g L-1 Cu2+ + 10 g L-1 H2SO4 (solution I) 
10 g L-1 Cu2+ + 10 g L-1 H2SO4 (solution II) 

Following the electrolysis, the obtained powder was 
washed several times with distilled water. After being 
washed with water, in order to prevent oxidation, the 
powder was rinsed with ethanol and dried at 80 °C in 
an oven under vacuum  

Morphological studies of powders were carried out by 
using a model JEOL JSM 5600 SEM. Copper analysis 
of the obtained powder was carried out at ICP (Spectro 
Ciros Vision). According to these results, the current 

 

3. Results and Discussion 

In the first part of experimental study, the effect of 
current density on copper powder recovery was 
investigated. The change in copper ion concentration 
of the solution I with different current densities (150 
and 200 mA cm-2) and solution II (150 and 300 mA 
cm-2) are shown in Fig. 1 and 2 respectively. 
Experiments were carried out at 25°C electrolyte 
temperature and 120 and 480 rpm cathode rotation.  

As seen from Fig. 1, the same trend (closely following 

current densities until the copper ion concentration of 
the solution drops up to 15 g L-1. Curves show 

beyond this concentration. On the other hand the curve 
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obtained current density of 150 mA cm-2 and 480 rpm 
cathode rotation, a trend close to the Faraday line is 
followed until the copper ion concentration of solution 
decreases to ca. 2.5 g L-1 (in this case, current 
efficiency is 92%) and after this concentration 
becoming distant from this line and, consequently the 
current efficiency decreases (Fig. 2). For the 3.5 h 
electrolysis operation, the current efficiency of 61 % is 
reached at 10 ppm final copper ion concentration with 
16.5 Ah. 

 
Figure 1. Effect of current density on copper powder 
recovery (solution I

line, ( ) 150 mAcm-2 ( ) 200 mAcm-2 

 
Figure 2. Effect of current density and cathode 

rotation on copper powder recovery (solution II). 
Key:  ) 150 mA cm-2 
and 480 rpm 150 mAcm-2 and 120 rpm, (  300 

mAcm-2 and 120 rpm 

At lower Cu ions concentration values as in solution II, 
which was easily reached at the limiting current 
density, the current efficiency of hydrogen evolution at 
120, 480 rpm was 19 and 0%, respectively. (Fig. 2). It 
is known that the hydrogen evolution affects the 

hydrodynamic conditions inside theelectrochemical 
cell [6,7,12]. 

It is possible to say that the electrolysis operation takes 
place with high current efficiencies; i.e., powder metal 
deposition with no or minimal hydrogen evolution, for 
the points that are either near or a top the theoretical 
line. However, in the region where concentration 
change starts to follow an asymptotic trend to the x-
axis, existing hydrodynamic conditions are not 
satisfactory to keep the constant electrolysis current 
(galvanostatic operation) below the limiting current 
density, meaning that there are secondary reactions 
taking place along with the basic cathode reaction and 
thus causing a drop in current efficiency. Theoretical 
limiting current densities (LCD), calculated [9-10] are 
given in Table 1. The limiting current density 
measured on vertical plate electrodes and for an 
electrolyte containing 10 g L-1 Cu2+ at 25 C is 35 mA 
cm-2 [10]. This value reaches app. 90 mA cm-2 for 
metal powder deposit on cylindrical cathode; an 
increase of about 2.6 times (Table 1).  

Table 1. Calculated theoretical limiting current 
densities [120 rpm] 

Concentration (g L-1) 20 10 
LCD (mA cm-2) 106.6 89.6 

The current density of 300 mA cm-2 can be applied 
with app. 100% efficiency on the same electrode 
surface, covered with 1 mm long dendrites, because of 
surface enlargement. Practical meaning of this is that, 
it is possible to increase the electrolysis speed app. 8.5 
times by utilizing cells with this type of arrangements 
(cylindrical electrodes), as compared to those with 
plate electrodes. 

The morphology of the copper powder obtained from 
solution I at CDs of 150 and 200 mA cm 2 can be seen 
in Fig. 3. It can be seen from Fig. 3a and b that a denser 
deposit of the copper powder particles was obtained 
from solution I at 150 mA cm 2. The powder structure 
was comprised of agglomerated copper grains, which 
grew extremely like the cauliflower-like grains (Fig. 
3b). The shape of these grains can be characterized as 
being coarse. As can be seen from Fig. 3c, the copper 
powder particles obtained from solution I at current 
density values of 200 mA cm 2 had a denser deposit 
structure and consisted of agglomerated copper grains. 
At higher magnifications, it can be easily seen that the 
shape of these grains could be characterized as 
globular (Fig. 3d).  
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Figure 3. SEM photos of copper powder particles 
obtained at solution I a+b) 150 c+d) 200 mAcm-2 

The morphologies of copper powders obtained from 
solution II at CD of 150 mA cm 2 is shown in Fig. 4. It 
may be seen that the powder particles were shrub-like 
and consisted of small cauliflower-like agglomerates 
of copper grains. The one directional growth of the 
powder particles can be clearly seen in Fig. 4. 

 
Figure 4. SEM photos of copper powder particles 

obtained at solution II [150 mA cm-2, 120 rpm] 

The results obtained from solution II at 150 mA cm 2 
are shown in Fig. 5. From Fig. 5a, it can be seen that a 
very disperse structure was formed at a CD of 300 mA 
cm 2. The formed particles consisted of small 
cauliflower-like agglomerates of copper grains (Fig. 
3b). 

 

 
Figure 5. SEM photos of copper powder particles 

obtained at solution II [300 mA cm-2, 120 rpm] 

Conclusions 

The copper recovery are conducted in rotating cylinder 
cathode cell with an electrolyte, initially containing 10 
g L-1 Cu2+ and 10 g L-1 H2SO4, at room temperature, 
150 mA cm-2 current density, and 480 rpm rotation for 
3.5h. Final copper ion concentrations of 10 ppm are 
reached with 61% current efficiency and 3.72 kWh/kg 
Cu specific energy consumption.  

The shape of copper dendrites depends on the applied 
current density, copper ion concentration and cathode 
rotation speed.  
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Recent Developments on the Microstructural 
Characterisation Techniques and Strategies for Better use 
of Existing Microscopes
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To develope existing materials and discover materials with new properties require an atomic 

scale and three dimensional information under dynamic conditions. Because of these 

requirements, microscopes have been developed to have around 0.05 nm image resolution in 

transmission electron microscopes (TEM) and 0.25 nm in scanning electron microscopes 

(SEM) whilts it is now possible to analyse single atoms in terms of chemistry. Either image or 

chemical information in two dimension is not good enough to understand the three 

dimensional objects and hence atomic scale TEM tomography, nano scale SEM tomography 

and nano to micron scale x-ray tomography techniques have been developed. All these 

techniques are generally worked under high vacuum conditions, however, almost none of the 

materials are used under vacuum conditions, but, used under air, different gases or in liquids. 

Therefore, trying to understand the materials behaviour under different enviroments, 

enviromental SEMs, TEMs and even liquid cell and high temperature holders have been 

developed and ever increasing number of research has been devoted to these areas. In 

addition, especially SEMs are now used combined with ion beams to cut and observe the 3D 

structure of the materials under microscopes. 

 

On the other hand, most of these technologies have been imported to our country. However, 

in our personel opinions, these technologies are not fully understood and used to solve the 

materials problems. In this work, recent developments on imaging and chemical information 

both on 2D and 3D and in situ techniques will be highlighted and some examples will be 

given to show the importance and use of different techniques to overcome some materials 

problems.
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Abstract 
 
Tool steels are a special group of ferrous alloys that 
are used in severe applications, but also demand 
highest quality in every processing step. Typical 
microstructure of those alloys are composed of 
evenly dispersed alloy carbides in a matrix of 
tempered martensite. Controlling the formation of 
desired structure, specifically after the final 
hardening heat treatment is particularly important. 
Magnetic Barkhausen Noise (MBN) technique 
provides a good alternative to traditional XRD-based 
and metallographic techniques 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 evaluation 
of microstructures of hardened AISI D2 tool steel. In 
order to produce a range of different alloy carbide 
and retained austenite distributions, D2 tool steel 
samples were austenitized at 6 different temperatures 
in the range of 900oC - 1150oC for 1 hour, followed 
by oil quenching. Afterwards, the alloy carbide 
distributions were obtained by metallographic 
examination of samples using optical and scanning 
electron microscopes. The MBN-response of the 
samples were evaluated by the peak position and 
amplitude of the signals obtained by a commercial 
MBN-system. The results show that, austenitizing 
temperature influences the distribution of alloy 
carbides and retained austenite fraction, all of which 
also affect the MBN signals. This indicates that, 
those non-magnetic microstructure constituents 
interact with the domain wall displacement. 
 

1. Introduction 
 
Heat treatment applications have a strong effect on 
the tool steel properties. A typical treatment 
procedure involves austenitizing, cooling to obtain 
form martensite and lastly tempering [1,2]. Different 
properties can be obtained by variation of the process 
parameters such as austenitizing temperature and 
time, cooling rate and tempering conditions [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 by MBN 
method. MBN response of the D2 tool steel strongly 
depend on the fraction of alloy carbides, grain size 
of prior austenite grains [6]. A linear relation was 
found between the MBN signals and hardness, which 
is directly related to the microstructure [7]. The 
present work aims at evaluating the microstructure 
of AISI D2 tool steels non-destructively by MBN  
 

2. Experimental Procedure 
 
AISI D2 cold work tool steel specimens of 5 mm 
thick and 20 mm diameter were used in this study. 
Table 1 gives the chemical composition of the AISI 
D2 cold work steel used. The heat treatment of the 
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specimens include austenitization at  6 different 
temperatures (900 oC, 950 oC, 1000 oC, 1050 oC, 
1100 oC, 1150 oC) for 1 hour, followed by oil 
quenching to 80 oC and lastly cooling to room 
temperature by air cooling. 
 

Table 1. Chemical composition of the AISI D2 
cold work steel (wt%) 

C Cr Mo Mn Ni 
1.51 11.60 0.63 0.27 0.20 
Si V P S Fe 

0.32 0.91 0.019 0.016 Bal 
 
After the heat treatments, all specimens were 
prepared for metallographic examination. 
Metallographic specimen preparation started by 
mechanical grinding using SiC grinding papers 
followed by mechanical polishing using 9, 3 and 1 

m diamond paste and lastly by 0.05 m-diameter 
colloidal silica particles Afterwards, 
surface sections were examined by Nikon LV150N 
optical microscope under bright field illumination 
and Zeiss MERLIN field emission scanning electron 
microscope (FEG-SEM). Moreover, an average 
hardness value was measured from 10 indents per 
specimen using Zwick/Roell ZHV 10 instrument 
using a load of 9.807 N applied for 10 seconds. 
 
MBN measurements were performed by using 

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 

 
Figure 1 represents the micrographs of the 
specimens which show that typical bainite- 
martensite structure and carbides were obtained in 
the present AISI D2 tool steel specimens. The 
hardness values, given in Table 2, also prove that a 
variation of austenitizing temperature produced 
different microstructures. The micrographs show 
that the microstructures contain retained austenite, 
martensite and bainite; as well as and primary and 
secondary alloy carbides, all of which are labeled in 
Figure 2. As austenitizing temperature increases 
carbides start to dissolve in the austenite; and 
therefore the room temperature microstructures 
contain less fraction of alloy carbides, as tabulated in 
Table 3. The results also show that austenitizing at 
900 oC was not high enough for dissolution of 
carbides, whereas at 1150 oC almost all of the 
secondary carbides dissolve. This would increase the 
carbon concentration of austenite hence martensite.  
 
Table 2. Vickers Hardness Values of the specimens 
900 oC 950 oC 1000 oC 1050 oC 1100 oC 

539 556 567 596 594 
 
Table 3. Area Fraction of carbides of the specimens 
900 oC 950 oC 1000 oC 1050 oC 1100 oC 

8.52 8.40 8.10 7.47 7.21 

 
900 oC 950 oC 1000 oC 

   
1050 oC 1100 oC 1150 oC 

   
Figure 1. Scanning electron micrographs of the specimens taken at 20 kx magnification with in-lens detector 
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a  b 

  
Figure 2. Scanning electron micrograph with magnification of 20kx (a) and optical micrograph with 

magnification of 500x (b) of the specimen that austenitized at 1050 oC   
 
 
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 [8-9]. 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

0

21 n

i
ix

n
RMS . (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 [9]. 
Figure 3 shows the correlation between micro-
hardness and RMS of MBN of the present D2 steel. 
The hardness values tabulated in Table 2 and used 
for the RMS correlation, represent mainly the 
hardness of the martensitic matrix, which is 
influenced from the carbon concentration of parent 
austenite, as discussed previously.  
 
Apart from the martensitic matrix, the 
microstructure of the samples contain various 
amounts of primary and secondary carbides. Those  

 

 
Figure 3. Correlation between hardness and RMS 

for magnetizing voltage of 6V and for the 
magnetizing frequency of 950 Hz 

 

 
Figure 4. Correlation between area fraction of 

carbides and RMS for magnetizing voltage of 6V 
and for the magnetizing frequency of 950 Hz 
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carbides influence the domain wall displacement, 
since they are non-ferromagnetic. Therefore, the 
correlation between the area fraction of the carbides 
and the RMS response is also studied and the results 
are Figure 4. 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 3 and 4. The 
calculated R2 also show that MBN signal strongly 
depends on the microstructure and is sensitive to 
even the slightest microstructural variation.  
 
The specimen that was austenitized at 900 oC has the 
highest peak and RMS value due to the softer matrix, 
which allow larger domain wall displacements. 
Increasing austenitizing temperature increases the 
hardness of the matrix and restricts the domain wall 
displacements. Therefore, MBN activity in D2 steel 
decreases as austenitizing temperature increases, as 
shown in Figure 5.  
 

 

Figure 5. The RMS value and the peak height of 
the RMS-envelopes of the specimens, as a function 

of austenitizing temperature. 
 
It also should be noted that for the present case only 
the carbide fraction and the hardness correlations are 
considered. However, austenite grain size, 
distribution of carbides, retained austenite fraction 
and its chemistry can also influence the MBN 
response of the specimens. Nevertheless, this 
preliminary study clearly shows the potential of the 
MBN technique for non-destructive microstructure 
characterization of the AISI D2 tool steels. 
 

4. Conclusion 
The evaluation of microstructure by MBN 
measurement was studied on a set of AISI D2 tool 
steels austenitized at different temperatures.  
 
- Carbide fraction, matrix phase fraction and thus 

the hardness values of the D2 tool steels varies 
by changing the austenitizing temperature. 
 

- As austenitizing temperature increases more 
carbides dissolve in matrix, therefore the carbon 
concentration of matrix will increase which will 
also cause an increase of the matrix hardness. In 
addition increasing carbon content stabilizes the 
austenite as well. 

 
- MBN method is capable of evaluation of 

austenitizing temperature influence for the 
microstructure of AISI D2 tool steels. This 
technique can be utilized for evaluating the 
carbide fraction and controlling the formation of 
the desired microstructures of the cold work tool 
steels by establishing the quantitative 
relationships between the microstructural 
variations and MBN response of the materials. 
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Abstract 
 
Carburizing and subsequent quenching heat treatments are 
commonly used industrial processes to improve the 
properties and performance of steel shafts.  Undesired 
dimensional and shape changes (distortion) related to these 
treatments are still the most frequent reason for expensive 
and time consuming corrective operations, low performance 
during service and even product rejection. The major aim of 
this study is to identify the suitable control parameters for 
subsequent optimization of the carburized quenching of 
stepped shafts made of DIN 16MnCr5 (1.7131) steel. 
Another aim is to estimate inevitable experimental variations 
and determine the accuracy of computer simulations in 
presence of experimental uncertainties in the process 
parameters. For this purpose, a local sensitivity analysis is 
conducted using computer simulations in which each control 
parameter is perturbed around its reference state and the 
associated dimensional changes were correlated to those 
perturbations by a dimensionless sensitivity index. The 
results indicated carburization temperature as the most 
sensitive parameters while carbon activity in the 
cementation step, temperature of quenching are ranked 
second. On the other hand, dimensional changes were found 
to be insensitive to carburizing and quenching time whereas 
quenched oil temperature and carbon activity during soaking 
step before the quenching are determined as less sensitive 
parameters. 

 
1. Introduction 

 
Heat treatment is an extremely important process for 
metallic alloys. As a consideration of steel, the common 
industrial metallic material, heat treatment has a substantial 
place to improve the properties and the performance of the 
usage of it. One of the special and commonly used type of 
heat treatment in steel industry is carburizing and subsequent 
quenching. Besides management of the undesired 
dimensional and shape changes (distortion) related to these 
heat treatment chain is still one of the crucial factors in 
economical production of today [1]. The distortion depends 
on the parameters such as the heat-exchange coefficient of 
quenchant, geometry, initial and surrounding temperature, 
heat capacity, thermal conductivity, elastic parameters, and 

hardening parameters [2]. The most effective way to 
decrease the distortion is predicting it before the steel heat 
treatment processes and trying to fix during the processes. 
Within the scope of this prediction the most appropriate 
method is using computer simulations based on the Finite 
Element Method (FEM). 
 
Sensitivity analysis is a widely-used technique for the 
analysis of processes. Sensitivity analysis can be defined as 
The study of how uncertainty in the output of a model 

(numerical or otherwise) can be apportioned to different 
sources of uncertainty in the model input according to A. 
Saltelli et al. [3]. A local sensitivity analysis gives answer to 
the question “Which factor is most responsible for producing 
realizations of output in the region of interest?” [3] When a 
small change in the input parameters results in a large change 
in the output parameters relatively, they can be called as 
sensitive parameters. Sensitive parameters are important for 
the process model and need to be under control to reduce 
variability in the output. Moreover, sensitive parameters are 
candidates for the control parameter to optimize a process. 
In order to achieve a robust optimization, the response 
should have a sensitivity in the changes in the control 
parameters used for optimization. On the other hand, too 
much sensitive parameters are not good candidates for the 
optimization as they can lead to hard to control changes and 
introduce large variability. 
 
In this study, local sensitivity of dimensional changes of the 
gas carburized steel shafts to the variations of process 
parameters are determined using computer simulations in 
order to:  

 Reveal the sources of variability in the distortion 
behavior; 

 Test the robustness of the predictions of the 
simulations in the presence of the inherent 
uncertainty in the process parameters; 

 Determine the input parameters for the succeeding 
Design of Experiments (DoE) study; 

 Identify the control parameters for the succeeding 
numerical optimization study. 
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2. Method 
 
Local sensitivity analysis is performed by using 
SYSWELD® FEM software for the determination of the 
sensitive parameters of the gas carburized and oil quenched 
DIN 16MnCr5 steel shafts. The Figure 1 shows the model of 
the investigated gas carburizing process followed by oil 
quenching (Isorapid® 277HM). 
 

 
Figure 1. Gas carburizing process and the investigated 

parameters. 
 
The investigated parameters are shown in the Table 1. Input 
parameters of whole process affect the output parameters 
unequally. To determine the sensitive parameters of the 
distortion in the process, all the parameters should be 
comparable with each other and hence sensitivity must be a 
non-dimensional quantity. 
 

Table 1.Input parameters in the process 

Parameter Contraction - 0 + 
TCarburizing  (0C) T1 920 930 940 

TQuenching (0C) T2 830 840 850 

%CCarburizing (%C) C1 0.95 1.0 1.1 

%CQuenching (%C) C2 0.7 0.75 0.8 

Toil (0C) T3 50 60 70 

tCarburizing (s) S1 85500 86400 87300 

tbefore quenching (s) S2 3600 4500 5400 

 
2.1. Mathematical Model 
 
The (dimensionless) sensitivity is defined as; 
 

 (1) 

where, and  are the perturbed input variables when in 
fact  and  are the output variables of them. As it is 
shown in Figure 2,  is the reference state for the input 
parameter, whereas  is the corresponding to output.  
 

  
Figure 2. Geometrical representation of sensitivity 

It is possible to determine which input parameters’ small 
change results a large change in the output parameters 
relatively, when we compare the sensitivities. On the other 
hand, to evaluate the overall impact of the investigated 
parameters to the process output, “absolute sensitivity” 
needs to be calculated. Absolute sensitivity provides the 
changes response to a small change in the control 
parameters. In that sense, absolute sensitivity is an 
approximation of the partial derivative of the response 
function w.r.t. the investigated control parameters and it is 
calculated by: 
 

=             (2) 

 
Unlike the sensitivity, absolute sensitivity is not a 
dimensionless quantity. Thus, comparison can only be 
performed between the input parameters sharing the same 
units.  
 
Sensitivity analysis provides not only the sensitive 
parameters but also the estimation of the budget of 
uncertainty (variations) in the process outputs. The 
uncertainty analysis attempts to describe the entire set of 
possible outcomes, together with their associated 
probabilities of occurrence whereas errors and 
approximations in input data, parameter values, model 
structure and model solution algorithms are all sources of 
uncertainty [4].  
 
In regards to computer simulations; the uncertainty, the total 
variation of the output parameters, can also be used to 
estimate the level accuracy of a process which has a known 
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variation in the control parameters. In this study, the 
contribution of each investigated control parameters to the 
uncertainty (U) is calculated by 
 

 
 

(3) 

where, U is the absolute sensitivity multiplied by the 
perturbation range of the input parameter.  
 
As the units of the uncertainty for the same output are the 
same, they can be compared and summed up to estimate the 
total uncertainty. The summation can be done by simple 
summation or by summing up in square. In this study, the 
former approach, which yields a larger estimate for the 
uncertainty, is used. An upper-bound for the uncertainty is 
chosen since the interactions between the input parameters 
were neglected and thus, the actual uncertainty should be 
higher than the one obtained by summing in the squares 
which yields a more realistic estimate. 
 
2.2. Simulation Model 
 
Estimating the distortion generation in a model is a complex, 
multi-parameter problem, generalization only will be 
possible by starting with simple model geometries [1]. In this 
case, a convergence analysis was conducted to isolate the 
effect numerical parameters from the control parameters. A 
convergence analysis is also beneficial to find the optimal 
parameters which provides the accuracy required with 
minimum computation costs such as time and memory 
required. 
 
A stepped shaft was chosen for the investigation. The 
geometry of shaft is reduced to 2D axisymmetric models as 
shown in Figure 3. A layered mesh consisting of 4-noded 
linear axisymmetric quadrilateral elements is used for the 
spatial discretization. A 2 mm-thick surface layer consisting 
of 10 elements is created in order to capture carbon and 
temperature gradients. The core is meshed with 0.7 mm 
square elements according to the results of the convergence 
analysis. The material data for DIN 16MnCr5 steel and heat 
transfer coefficient for the Isorapid® 277HM (Figure 4) is 
from the database of Visual Heat Treatment® (v10.0) for 
SYSWELD.  
  
3. Results and Discussion 

According to simulations, mean diameter changes are 
considered as dimensional changes. Figure 5 illustrates a 
sample result from the simulations. As it is shown in the 
graph (b) mean diameter change is evaluated from the area 
under the curve and it is used in the sensitivity calculations 
as for each parameter. Table 3 and Table 4 represent the 
radius changes results for stepped shaft geometry. To 
determine the important parameters, both sensitivity and 
absolute sensitivity are considered by the overall impact of 

investigated parameters. The highest value and the lowest 
value take the ‘+’ sign and the ‘–’ sign respectively. After 
that the contribution of each parameter for the sensitivity is 
decided. In the Table 3 and Table 4 contributions are shown 
as a column. In the light of this procedure, it is determined 
that cementation temperature is the most sensitive parameter 
whereas carbon activity in the cementation step and 
temperature of quenching are ranked second for dimensional 
changes in the stepped shaft. Besides, the dimensional 
changes were found to be insensitive to carburizing and 
quenching time while quenched oil temperature and carbon 
activity during soaking step before the quenching are less 
sensitive 

 
 

 
 
Figure 3. Geometry, mesh and the boundary conditions for 

the simulations. Arrows indicate the surfaces exposed to 
the carburizing gas and the quenching oil. 

 
 

 
Figure 4. Variation of heat transfer coefficient function of 

Isorapid® 277HM as a function of surface temperature. 
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(a) 

 
 

(b) 
Figure 5. Distortion schematic (a) and graphical (b) 

representations 

The budget of uncertainty which is the total variation of the 
output parameters due to variations in all input parameters is 
also quite important variable for analysis of the process. As 
a result of sensitivity analysis, the total uncertainties are 
calculated as ±0.75 m and ±2.94 m for thinner and thicker 
sections of the stepped shaft respectively. 
 

Table 2. Results of sensitivity analysis for stepped 
geometry’s upper part 

  S Sabs ±U Contribution 
T1 91.06 0.004 m/C ±0.39 m + 
T2 -12.135 (-)0.015 m/C ±0.15 m + 
C1 9.36 9.34 m/%C ±0.011 m + 
C2 0.97 1.29 m/%C ±0.07 m 0 
T3 1.75 0.03 m/C ±0.3 m 0 
S1 0.5 7.7E-05 m/s ±0.07 m - 
S2 -0.24 (-)5.2E-5 m/s ±0.05 m - 
    ±U ±0.75 m   

 
Table 3. Results of sensitivity analysis for stepped 

  S Sabs ±U Contribution 
T1 -10.4 0.114 m/C ±1.15 + 
T2 5.29 (-)0.064 m/C ±0.64 + 
C1 -1.424 14.497 m/%C ±0.72 + 
C2 -0.061 0.82 m/C ±0.04 0 
T3 -0.179 0.030 m/C ±0.30 - 
S1 -0.7 8.28E-05 m/s ±0.07 - 
S2 5.00E-03 (-)1.15E-5 m/s ±0.01 - 
    ±U ±2.94 m   

 
4. Conclusions  
 
In this study, the sensitivity analysis of distortion of gas 
carburized and oil quenched stepped 16MnCr5 steel shafts 
was performed using computer simulations. Carburizing 
temperature of cementation, quenching and quenching oil, 
carbon content of cementation and quenching, time of 
cementation and quenching were the input parameters for the 
process. Consequently,  

 Carburization temperature is the most sensitive 
parameters while carbon activity in the 
carburization step, temperature of quenching are 
secondly ranked.  

 Distortion were found to be insensitive to 
carburizing and quenching time  

 Quenched oil temperature and carbon activity 
during step before the quenching are determined as 
less sensitive parameters. 

 The budget of uncertainty is approximately ±3 m 
as an upper bound under these process conditions. 

 
Following subject is considered as outlook of this study; 

 The sensitive parameters are going to be controlled 
whether they are effective or not by using Design 
of Experiments study. 
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Abstract 

Precise and correct characterization of a material is of 
great importance, specifically for the new material 
development period. In this manner, reliability of 
laboratory scale studies are dependent to the 
reproducibility and verification of the characterization 
equipment. One of the significant steps for the 
microstructural characterization is to be able to detect 
the mixed multi-component inner structure of the steel 
materials. Electron backscattered diffraction (EBSD) is 
one of the most effective micro-texture determining 
method and it is widely used to identify the mixed 
multi-phase structure of fine-grained steel. For concept 
of the study, thermal-cycle samples that will be 
finalized in Gleeble 3500 simulation machine, will be 
characterized by the means of microstructure, micro-
texture and phase identification with light optical 
microscopy (LOM), scanning electron microscopy 
(SEM) and finally with EBSD analysis. This study 
aims identifying the effect of microstructure and phase 
transitions in HSLA grade steels, due to the process 
condition differentiations. 

1. Introduction 

Quantification of different phases of steel grades that 
are highly demanded in steel industry recently, takes a 
huge place for new material development period. 
Knowing that their high strength is based on their 
multiphase structure, it became more favorable to 
simulate multiple phased steels and their micro 
characteristics [1]. In order to produce high strength 
and toughness levels for mentioned steel grades, one 
has to obtain bainitic and martensitic phases 
compatible with ferritic and other softer phases in the 
microstructure with estimated and proper amounts. Due 
to the fact that, toughness and strength properties are 
extremely sensitive to the distribution of second phases 
[2]. Mechanical and thermal simulations are only one 
part of this long period. However, not only gathering 
these mixed structure by simulations are enough, but 
also correct and reliable characterization of them is 
extremely substantial. 

EBSD is a great tool for characterizing the structure of 
crystalline materials in a quantitative manner, provided 
that the microstructural constituents can be indexed 
correctly.  

In this study, Erdemir 22MnB5 hot rolled strip steel 
grade is subjected to various different annealing cycles 
using strip-annealing module of Gleeble 3500 thermal 
simulator. Afterwards, the microstructure of the 
samples is characterized mainly by EBSD and then 
correlated to its tensile behavior.  

2. Experimental Procedure 

Erdemir 22MnB5 grade hot rolled strip, whose 
chemical composition is given at Table 1 is used in the 
present study. 

Table 1. Chemical composition of samples (in wt. %). 

C 
% 

Mn 
% 

P 
% 

S  
% 

Si 
% 

Ti 
 % 

Cr 
% 

B 
ppm 

0.23 1.26 0.02 0.0028 0.32 0.0375 0.149 30 

 
JMatPro 7.0 simulation software, with the chemical 
composition data as input, was used to determine 
Continuous Cooling Transformation (CCT) curves. 
Additional inputs include prior austenite grain size and 
austenization temperature. In Figure 1, CCT diagram of 
the given composition assisted us to get a quick 
understanding of cooling rate and resultant phase 
relations of specified temperatures. 

 

Figure 1. Calculated CCT diagram of 22MnB5 grade 
steel used in experiments. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

390 IMMC 2016   |   18th International Metallurgy & Materials Congress

Particularly it is aimed to read the desired phase 
generations with pursuing the slope of the CCT lines. 
Typical 22MnB5 microstructures are composed of 
mainly martensite and bainite, which cannot be 
identified and differentiated with the LM method. 
Therefore, 3 different thermal-cycles were inferenced 
from the given CCT diagram to obtain 100% bainitic, 
bainitic-martensitic and 100% martensitic structures 
(see Fig.1). For physical simulation tests, Gleeble 3500 
thermo-mechanical simulation machine was used with 
strip-annealing test module. Three pairs of strip-
annealing thermal-cycle samples were prepared from a 
hot rolled Erdemir 22MnB5 steel strip with the 
thickness of 2.25 mm. Sample sizes were specified as 
260x50x2.25 mm. Gleeble 3500 tests were repeated 
twice one pair of sample is used in metallographic and 
micro-hardness test examinations and the other in 
tensile tests. The thermal-cycles that are applied to the 
specimens are shown in Figure 2.  

 

Figure 2. Gleeble 3500 Thermal-cycle scheme for 
three pairs of samples. 

Cooling rate procedure was determined to obtain a 
clear and certain phase transformations at given 
temperatures without allowing any other possible phase 
transitions with the aid of water cooling system. From 
Figure 2, it is seen that there are three different heat 
cycles to form martensitic (Cycle A), bainitic (Cycle B) 
and bainitic-martensitic (Cycle C) microstructures in 
the samples.  

From each pair, one sample was prepared for tensile 
testing with a punch and the other one is prepared 
metallographically for further characterization steps 
and micro-hardness measurements subsequent to 
Gleeble 3500 thermal-cycle trials. 

Tensile tests specimens were prepared with a punch 
and the tests were carried out with Zwick 250 kN 
universal tension test machine. The tests were 
compliance with TS EN ISO 6892-1 Standard, Type-2. 
Microstructures of the samples were characterized by 
LOM and by EBSD mappings, performed on the RD-
ND plane of the specimens. Specimen preparation 
procedure includes hot mounting into bakalite, grinding 
and polishing. LOM observations were performed with 
Inverted Nikon Epiphot Light Microscope, on samples 
etched with 2% Nital. For EBSD, unetched samples 
were polished additionally with colloidal silica, to 
obtain artifact-free and perfectly plane surfaces. The 
EBSD-mappings were performed at x2000 
magnification using 20 kV accelerating voltage. The 
camera was run on 2x2 bining mode, maps of 607x456 

m size were collected with a step size of 0.1 m that 
corresponds to about 275000 number of points. For 
EBSD characterizations, Oxford Nordlys Nano EBSD 
detector that is attached to Jeol JSM 7100F FEG-SEM 
instrument was used. Post-processing of the raw data of 
EBSD- mapping was performed with Oxford Channel 
5 HKL software, using mainly its Tango module. Band 
contrast (BC), grain boundary misorientation 
distribution (GB) and recrystallization (Rex) maps 
were used to discriminate phases and phases mixtures, 
as well as quantify the microstructure. Micro-hardness 
values of the samples were obtained with QNESS 
Q10+ machine with 1kg load and Vickers diamond 
indenter. 

3. Results and Discussion 

Each pair of sample group were tested using the same 
procedure. Figure 3, shows the tensile test results of the 
samples taken from each pair.  

 

Figure 3. Cycle A, B and C tensile test results. 
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It was already expected to see the highest strength and 
the lowest elongation for Cycle A which was treated by 
the martensitic cooling cycle. Likewise, in Figure 4, 
micro-hardness measurements supported the tensile test 
results with the mean hardness values; which are found 
to be  490, 330 and 250 HV, for Cycle A, C and B, 
respectively.  

 

Figure 4. Cycle A, B and C Vickers, 1 kg micro-
hardness test results. 

Cooling rate affected the samples in a way that grain 
structures turned to get finer and needle like shapes. 
However, in Figure 5, LOM microstructure images do 
not correspond to this phenomenon. It should be noted 
that the limited resolution of LOM cannot resolve the 
fine details of bainite and martensite; therefore LOM is 
not an ideal tool form microstructure characterization 
of the present steel studied. 

 

Figure 5. LM images in 500X for a, b and c belong to 
Cycle B, C and A, respectively. 

Under LOM, phase distinction is only possible with 
etched color differences and this depends on the treated 
samples local carbon content. Besides, etching color 
differs very much with etching variables like; 
temperature, time and surface conditions [3]. Thus, 
stating the reliability of investigations are only 
meaningful if they could be quantifiable with related 
software measurements. In that case, phase 
identifications, deformation rates and grain size 
measurements can only be achieved effectively by 
EBSD method. In Figure 6, one can see the 
crystallographic contrast and separate the phase 
ingredients by looking at the BC differentiations which 
are supported with grain boundaries. 

 

Figure 6. BC+GB maps for a, b and c respective to, 
Cycle B, C and A. 

c

b

a



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

392 IMMC 2016   |   18th International Metallurgy & Materials Congress

After getting a quick understanding of the phase and 
grain boundary characteristics, the distributions of 
grain boundary misorientation angle and band contrast 
(BC) values are plotted, the show the EBSD results in a 
quantitative manner, as shown in Figure 7. In order to 
obtain better understanding of subjected phases, high 
angle grain boundary (HAGB) and low angle grain 
boundary (LAGB) histograms are drawn as seen in 
Figure 7 (above).  Misorientation angles are selected 
for HAGB >15° with red lines and LAGB >1.5° with 
black lines (see Figure 6.). As illustrated in Figure 6, 
martensitic transformations ended up with subgrains 
and sub-boundaries, which is a result of dislocation 
generation and dislocation boundary formation [4]. In 
Figure 7, illustration the histogram of misorientation 
angles with respect to given threshold values (1.5 and 
15), one can say the highest subgrain formation is 
obtained with Cycle A, just by looking at the LAGB. 
As it is well known, increment the frequency of LAGB 
means the refinement of the grain structure [5]. In 
Figure 7 (below), BC histograms are revealed that 
selection of a single threshold value to differentiate 
martensite and bainite is not possible, since all 
specimens have almost the same average BC, and not 
gap is present as BC values spread normally around the 
mean value. The samples in which more martensite is 
expected, C and A, much lower BC values observed, 
thus extending the distribution curve. The sample in 
which predominantly bainite is expected, B, the BC 
distribution is much narrower, and does not extend 
much to lower values. 

 

Figure 7. Misorientation histograms of given Cycles 
(above), BC histograms of given Cycles 
(below). 

Cycle B and other remaining cycles. Average grain 
sizes with respect to Cycle B, C and A are measured as 
1.83, 1.17 and 1.10 m which emphasizes the fact that 
cooling rate increments tend to decrease the grain size 
and thus, form finer structures. 

 

Figure 8. BC+ Rex maps a, b and c respective to, 
Cycle B, C and A (color identification as 
follows; deformed areas in red, sub-
structured areas in yellow, recrystallized 
areas in blue). 

Another way of showing phase transitions between 
there different cooling cycles is the “Recrystallized 
fraction module” of Tango software. The results 
obtained from this module are shown in Figure 8. 

As it is seen in Figure 8, red color indicates deformed, 
yellow color indicates sub-structured and blue color 
indicates recrystallized percentages of samples 
regarding to given cycles. It is easy to relate the 

c

b

a
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thermal process and resultant microstructure image for 
mentioned Cycles. Most deformed phase, martensite, is 
developed in red with the percentages of 45 % for 
Cycle A; 14 % for Cycle C; 1 % for Cycle B. 
Oppositely, sub-structured phase, bainite, is developed 
in yellow with the percentages of 44 % for Cycle A; 81 
% for Cycle C; 98% for Cycle B.  

4. Conclusion 

This study aimed to reveal the reliability between 
laboratory scale simulations and characterization tool 
outputs. The results show that, the laboratory scale 
Gleeble simulations were able to produce samples with 
3 different phase fractions. Mechanical test results 
which consist of micro-hardness measurements and 
tensile tests were in compliance with expected phase 
transitions and phase contents of those samples. Next 
issue was to characterize the three pairs of these 
thermal-cycle samples with the EBSD method. To 
make a precise decision of resultant phase relations, 
different post-processing algorithms and parameters 
extracted from the raw EBSD data were used. Same as 
the mechanical results, previously mentioned manager 
component maps and their histograms were all 
supported the thermal-cycle practices, as well.  

What really mattered and considered as the scope of 
the project was to have quantitatively reliable results of 
applied characterization tools. As it was already 
mentioned, metallographic methods can only give the 
basic approaches about the main target which is 
inadequate for future studies. Since development based 
studies must be supported with quantitative manners, 
EBSD method and its tools help to reveal the reliable 
results that based upon numerical outputs. 

Acknowledgements 
 
The authors wish to express their gratitude to the 
Assoc. Prof. Dr. Kemal DAVUT and Emre ALAN for 
their scientific collaboration. 
 
References  

[1] Kang. J-Y, Park. S-J and Moon. M-B, Phase 
Analysis on Dual-Phase Steels Using Band Slope of 
Electron Backscatter Diffraction Pattern, IUMAS, 
2013, Republic of Korea 
[2] Zajac. S, Schewinn. V and Tacke. K-H, Materials 
Science Forum, vol 500-501, 2005, Sweden.  
[3] Zhu. K, Barbier. D and Iung. T, Journal of Material 
Science, 2012, Sweden.  
[4] Mirzadeh. H, Cabrera. J.M, Najafizadeh and 
Calvillo. P.R, Materials Science and Engineering, 
2012, 236-245, Iran/Spain.  

[5] De Castro. R.S, Ferreira. R.A.S, Pedrosa. I.R.V and 
Yadava. P.Y, Materials Research, 2013, 1350-1354, 
Brasil. 
 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

394 IMMC 2016   |   18th International Metallurgy & Materials Congress

Infl uence of Atmospheric Plasma Surface Activation 
Treatments on Polyproplene (PP) Surface Properties

Sevim Gökçe Esen¹, Ekrem Altuncu¹, Fatih Üstel¹, 
Gülşah Karagöz² 

¹Sakarya University, 
²Assan Hanil Automotive Industry and Trade Inc. - Türkiye

Abstract 

The increasing use of polymeric materials in 
lightweight required technological fields, such as 
automotive, has forced the need to overcome some 
of their weak surface characteristic limitations by 
means of innovative processing. In the automobile 
bumper industry a complex and critical process is 
used in order to enhance both wettability and 
adhesive properties of polypropylene (PP) bumper 
surfaces. Atmospheric plasma treatment represents 
an efficient, clean and economic alternative to 
activate polymeric surfaces. In this study the 
influence of plasma surface activation treatment 
parameters on wettability, energy and chemical 
properties of polymeric surfaces was studied. The 
experimental results show that the proposed plasma 
process may considerably increase polypropylene 
wettability and surface energy. 

1. Introduction 

Nowadays, the many plastics are used mainly to 
make cars more energy efficient by reducing 
weight, together with providing durability, 
corrosion resistance, toughness, design flexibility, 
resiliency and high performance at low cost. The 
application of polypropylene (PP) components in 
the automotive industry has been increasing over 
the last decades. Polypropylene is extremely 
chemically resistant and almost completely 
impervious to water [1]. Many plastics, such as 
polyethylene and polypropylene, have chemically 
inert and nonporous surfaces with low surface 
tensions causing them to be non-receptive to 
bonding with paintings, coatings, and adhesives [2, 
3]. Although results are invisible to the naked eye, 
surface treating modifies surfaces to improve 
adhesion. Therefore it is necessary to treat the 
surfaces of these polymers prior to processes such 

as painting or bonding [1]. Chemical activation and 
flame treatments are commonly used in the 
automotive industry to improve paintability and 
adhesion properties of large-size PP bumpers. 
Atmospheric pressure plasma surface activation has 
a significant effect on nonpolar surfaces and also 
cost-effective, environmentally-friendly surface 
modification method. When plasma gas is 
discharged on the polymer, effects of ablation, 
crosslinking and activation are produced on its 
surface. The atmospheric plasma treatment process 
was developed for treating/functionalizing a wide 
range of materials and has advantages over the 
presently used technologies of corona, flame and 
chemical activation [4, 5]. Surface energies and 
their dispersive and polar contributions of PP 
surface are given in Table 1.  

Table 1. Surface energies and their dispersive and 
polar contributions in (mN/m) 

Surf. Energy, mN/m Dispersive Polar 
Untreated PP 28,80 28,78 0,02 

Corona 37,40 29,24 8,16 
Flame 38,26 29,91 8,35 

Air Plasma 39,54 30,42 9,12 
 
The effect of plasma on a given material is 
determined by the chemistry of the reactions 
between the surface and the reactive species present 
in the plasma. At the low exposure energies 
typically used for surface treatment, the plasma 
surface interactions only change the surface of the 
material; the effects are confined to a region only 
several molecular layers deep and do not change the 
bulk properties of the substrate. Each gas produces 
a unique plasma composition and results in 
different surface properties. For example, the 
surface energy can be increased very quickly and 
effectively by plasma-induced oxidation [6, 7].  The 
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aim of this study is the optimization of process for 
plasma surface treatment of PP, in order to achieve 
a higher surface energy of PP bumper in short 
treatment time without use any additional chemical 
activation.  In this study, the influence of plasma 
surface activation process parameters: distance 
between plasma nozzle and PP surface on PP on 
wettability, surface energy and chemical properties 
of PP surfaces was analyzed and discussed. 
 
2. Experimental Procedures 
 
Experimental studies were co-examined at Sakarya 
University laboratories and Assan Hanil 
Automotive Industry and Trade Inc. paintshop 
factory quality control laboratory. Polypropylene 
bumper sample plates with the dimensions of 
160×80 mm2 and thickness of 2 mm were used as 
substrates in this study. Surface energy of untreated 
PP was 28±2 mN/m.  In order to model the real 
industrial bumper painting process the samples 
were cleaned with isopropyl alcohol (IPA) before 
plasma treatment. The PP samples were plasma-
treated using atmospheric plasma treatment unit 
(Plasma Treat GMbH/ Germany) at atmospheric 
pressure conditions in ambient air. Plasma 
activation system and process paramaters are given 
in Table 2.  Plasma treated surface morphologies 
were investigated with 3D surface profilometer 
(KLA Tencor, 0,0025 Gauission filter; 30 min.) and 
scanning electron microscophy (SEM: Jeol (JSM 
6060LV; 5kV). Surface chemistry of PP was 
analyzed with ATR-FTIR (Perkin Elmer). 
Wettability and surface energy of PP were 
measured using the static contact angle (CA) 
measurement (Kruss DSA30S) utilizing the 
Laplace-Young drop (5μl water) method.  

Table 2. Plasma unit and process parameters 

Frequency 21 kHz 

Voltage 300V 

Current 18.2 A 

Nozzle Rotation  

Plasma 
Gases Air 

Gas 
Pressure 5 bar 

Process Parameters Nozzle 
Velocity  

Constant 
120mm/sec  

 Distance 
from the 
surface 

D:2-24 mm 

3. Results and Discussions 

The plasma jet is partially under the condition of 
atmospheric pressure. In addition, the efficiency of 
surface modification is also followed by the 
treatment time per unit area on the surface and 
controlled by the moving velocity of the nozzle and 
nozzle-surface gap distance. As a first step of our 
analysis, we performed contact angle analysis to 
obtain the optimized conditions for hydrophilic 
surface with respect to the different nozzle-to-
surface gap. The untreated PP surface is compared 
with the plasma treated surface. The surface energy 
( ) results of these measurements are 
investigated.Table 3. shows the optimum 
conditions and contact angle images for the surface 
activation with increasing the nozzle-surface gap 
distance.  

Table 3. Contact angle and surface energy values 
under constant nozzle velocity (120 mm/sn) and 
different gap distances. Contact angle images 
before treatment and after treatment. 

 
Untreated PP 

= 96±3   
= 28±2 mN/m 

 

 

D2-8 D10-16 D18-20 
 =32±6   =60±6   =86±4  

   
= 66±4 mN/m = 42±2 mN/m = 30±2 mN/m 
 

As the figures indicate, the contact angles ( ) are 
increased with increasing the nozzle-surface gap 
distance (D:2-24mm). The best surface energy 
calculated from the contact angle value is 
approximately 66.4 mN/m in the conditions of D4-8 
mm and 120 mm/s. Plasma surface activation 
treatment has no effect above the conditions of 18 
mm the treated PP substrates due to the high gap 
distance. Optimum nozzle- surface distances are 
between 16mm-4mm. Below the conditions of 
4mm mm, the treated substrates are damaged due to 

Surface 

Plasma torc 
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the plasma heat and arc generated in the end of 
nozzle tip.  

Fig. 1 show the section images and the three-
dimensional morphologies of both untreated and 
treated substrates in optimized conditions.  After 
the plasma treatment, the new nano scale rims 
appeared densely in comparison with the untreated 
morphology. Surface roughness values for the D5 
samples are: Rz:0,0121μm and Ra:0,00104μm 
respectively. The effects of air plasma treatments 
on the surface roughness and 3D surface topology 
of PP surface are shown in Figure 1 and Fig.2. 

 

Figure 1. 3D surface morphology a) untreated PP 
surface b) Plasma treated surface at D5 (Gap:5 mm) 

 

Figure 2. 3D surface morphology a) Plasma treated 
PP surface at D10 b) Plasma treated surface at D15 
(Gap:15 mm)  

Table 1. Surface roughness values for different gap 
distances 

Rough. Untreated 
PP Plasma Treated PP 

Gap 
Distance 

(mm) 
- D2-8 D10-16 D18-24 

Rz (μm) 0,00993 0,0121 0,0156 0,00378 
Ra (μm) 0,00054 0,0010 0,0011 0,00034 
 

Surface morphology of untreated and plasma 
treated surfaces are analyzed with the scanning 
electron microscophe (SEM) with SE mode. 

  

  

Figure 3.  Electron microscophy micrographs of 
plasma treated surfaces at 120 mm/s. 

ATR-FTIR analysis is performed on the untreated 
and the plasma treated PP in order to investigate the 
potential of this technique to measure plasma-
induced chemical changes on the surface. The 
ATR-FTIR spectras of an untreated PP and plasma-
treated PP surfaces are shown in Fig. 4. As can be 
seen in Fig. 4, a clear peak difference at 3650-3300 
cm-1 and at 1830-1580cm-1 can be found between 
the ATR-FTIR spectra before and after plasma 
treatment. The peak at 3650 cm 1 can be attributed 
to O-H asymmetric stretching. A broad peak at 
1738 cm 1 appears owing to the presence of 
carbonyl (C=O) groups. 

According to the previously discussed XPS 
literature [7] results, plasma treatment of PP leads 
to the incorporation of C–O, C=O and O–C=O 
groups. Therefore, it is believed that the broad OH 
peak is owing to the OH-groups, while the C=O 

a 

b  

a 

b 

Untreated PP D5 

D10 D15 
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peak confirms the presence of aldehydes, ketones 
and carboxylic acids on the surface. 

 

 

 

Figure 4. FTIR –ATR analysis fir different gap distances at 120 mm/s. 

4. Conclusion 

A surface modification is used to reveal high degree 
of adhesion property between the different kind of 
materials, even in the condition of water-based 
adhesives and paints. Therefore, the surfaces could 
be activated for the adhesion enhancement on the 
primer– polymer or primer–polymer combinations 
by atmospheric-pressure plasma jet system. The 
surface energies of PP based bumper surface treated 
by atmospheric plasma systems have been shown to 
increase substantially, thereby significantly 
enhancing the wettability, paintability and adhesion 
properties. Surface energy for the treated PP is 
increased remarkably when compared to the 
untreated surface from 28mn/M to 66 mN/m at 120 
mm/s. The results of FTIR-ATR data and 3D 
surface morpholoy analysis reveal that activated 
oxygen species could etch and oxidize the surface, 
resulting in the increased surface energies and 
surface roughness in nano scale. C=O, C–OH, C–O 
bonds, the adsorption and formation of new 
functional groups can be shown, which could 
support a hydrophilic surface. In conclusion we 
could understand the surface phenomena and 
confirm that the PP bumper surface could be easily 
treated to hydrophilic property under the air 
condition by plasma jet method. 
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Abstract 

Selective laser melting (SLM) is an additive 
manufacturing (AM) technology which enables the rapid 
fabrication of complex shaped parts directly from 
computer aided design (CAD) model providing reduction 
in process time, scrap and cost without the need of 
expensive tools. Ti-6Al-4V is the most widely used alloy 
in biomedical industry due to its unique example of 
biocompatibility along with its great corrosion resistance 
and superior specific strength with respect to other 
metals. Recently, because of attractive properties of Ti-
6Al-4V alloy, additive manufacturing industry is focused 
on manufacturing fully dense components with changing 
process parameters such as scanning speed, laser power 
and scanning pattern. However, highly localized heat 
inputs during very short interaction times and large 
thermal gradients give rise to some problems such as 
segregation and the development of non-equilibrium ’ 
phase. The deficiency in achieving homogenously 
distributed microstructure consisting of  +  grains 
along with the presence of fine, acicular ’ martensite 
grains after the AM of Ti-6Al-4V is undesirable. 
Therefore, post-processes like hot isostatic pressing 
(HIP) are required to follow AM to eliminate non-
equilibrium phases and to enhance the ductility. In this 
study, alternatively a thermochemical process (TCP) 
involving the introduction of hydrogen into SLM 
fabricated Ti-6Al-4V alloy was investigated. The 
alternative post-processing includes following 
treatments; hydrogenation,  solutionizing, eutectoid 
decomposition and elevated temperature vacuum 
dehydrogenation. It was found that after all thermo-
hydrogen processes a very fine and equiaxed  +  
microstructure without the presence of any residual 
hydrogen was obtained. Consequently, acicular ’ 
martensite grain containing microstructure resulting from 
AM was transformed into fine +  microstructure. 

1. Introduction 

The major applications of Ti-6Al-4V alloy are medical 
implants like hip joints and dental screws which require 
superior mechanical properties and corrosion resistance 
to integrate in a bone tissue without chemical reaction 
[1]. However, conventional production methods 
(machining of cast or wrought bars, powder metallurgy 
production methodologies) of Ti-6Al-4V alloy are not 
able to manufacture near net shaped components for 
patients which have an abnormal or unusual anatomy. 
Fully interconnected pore implants are preferred 
particularly for osseointegration requiring a component to 
be machined up to 80% material removal with a 
conventional method. Furthermore, using such 
production method does not provide time and cost 
efficient fabrication along with deficient structural 
flexibility. In today’s manufacturing technology there is a 
strong demand on a new fabrication method which 
allows fabrication of designs having high geometrical 
complexity [2]. 

From beginning of 1990’s selective laser melting (SLM) 
has been used for rapid production of complex shaped 
models. Nearly 100% material density can be obtained 
thanks to a laser beam which provides complete melting 
of metallic powders in a powder bed [3]. Also from 
computer aided design (CAD) complex shaped models 
can be produced easily without an expensive subsequent 
machining process [4]. For two decades, effect of AM on 
orthopedic implants have been studied by several authors 
[5-7]. All of these authors agree on the success of the 
process in achieving high material density in complex 
and irregular shaped components that is nearly 
impossible to obtain in a conventional method.  

Although SLM is able to fabricate custom designed 
components in short durations, residual stresses are 
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unavoidable. Upon irradiation of laser beam, metal 
powder melts and forms a liquid pool. Afterwards, large 
thermal gradients appear when laser beam is focused on a 
different location. This, leads to thermal instabilities 
which enables formation of microcracks and material 
distortion. Moreover, when liquid metal pool cools down 
quickly new non-equilibrium phases develop. Also short 
interaction time leads to segregation of each layer 
deposited in the powder bed [8]. It was found that Ti-
6Al-4V alloy processed by SLM exhibits fine, acicular 
martensitic structure, which is shown as ’, while slow 
solidified Ti-6Al-4V has +  microstructure [9]. To 
improve the ductility of SLM produced Ti-6Al-4V alloy 
a suitable heat treatment must be conducted. 

In this study, an alternative heat treatment applied via 
hydrogen gas interaction which is called thermo-
hydrogen processing (THP) is utilized to restore the 
microstructure and to improve the ductility of SLM 
fabricated Ti-6Al-4V alloy. Since the hydrogen solubility 
and dissolving process is reversible in titanium alloys the 
phase transformations are completed and final 
microstructure is tailored by using hydrogen atoms [10]. 

From the Ti-6Al-4V-Hx phase diagram suggested by 
Qazi et al  phase transition temperature decreases with 
increasing hydrogen content (Fig.1). At hydrogen 
concentrations above 15 at.% the hydride phase ( ) is 
stable below and above the eutectoid temperature. 
Hydride formation in Ti-6Al-4V-Hx system allows the 
formation of new phase boundaries along with refined 
microstructure [11]. However, because of subsequent 
hydrogen embrittlement, hydrogen content must be 
lowered to meet the required levels in biomedical sector. 

  
Figure 1: Phase Boundaries in Ti-6Al-4V-Hx system 

defined by Qazi et al [11]. 

This study presents an investigation on the hydrogenation 
characteristics and the microstructural modification of 
SLM fabricated Ti-6Al-4V alloy by hydrogen treatment. 

The mechanical properties and the mechanism of 
microstructural refinement were examined as well. 

2. Experimental Procedure 

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 were consisting of ’ martensite (Fig. 2). 
 

 
Figure 2: Optical micrograph and XRD pattern of SLM 

fabricated as-received Ti-6Al-4V alloy. 

2.2. Thermo-Hydrogen Processing (THP) 

THP includes hydrogenation treatment,  solutionizing 
treatment, eutectoid decomposition and vacuum 
dehydrogenation as schematically illustrated in Fig.3. 

 
Figure 3: THP 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 has 50 mm diameter and 1000 mm 
in length. Both sides of the tube was precisely sealed and 
mounted in a horizontal laboratory tube furnace. After 
purging cycles specimens were hydrogenated at various 
temperatures under flowing gas mixture composed of 25 
vol.% hydrogen and 75 vol.% argon for 1 hour by 
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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 ASTM F2924 vacuum dehydrogenation 
treatment was applied. 10-5 torr pressure was maintained 
by a turbomolecular pump attached to the quartz tube. 

2.3. Characterization 

The nominal chemical composition of the SLM 
fabricated specimen were measured using inductively 
coupled plasma atomic emission spectroscopy (ICP-
OES). Hydrogen, nitrogen and oxygen contents were 
determined using LECO TCH600 (Table 1). 

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

6.13 4.03 0.27 0.076 0.15 0.042 0.0042 remainder 

Before the microstructural analysis, SiC grinding papers 
up to 2000 grit size 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. 

Compression tests at room temperature were carried out 
in accordance with ASTM 9E to determine the stress- 
strain curves using Instron 5582 Universal Testing 
Machine. A constant cross-head speed of 0.5 mm/min 
was used to deform the cylindrical bars having a 
height/diameter ratio of 3/2. 

3. Results and Discussion 

3.1. Hydrogenation 

Hydrogenation treatments were basically done to get 
information about the temperature dependent hydrogen 
solubility of the alloy. It has been found that the 
solubility decreases with the increase in hydrogenation 
temperature. Another parameter effecting the solubility 
of hydrogen is the partial pressure of hydrogen in the 

environment. However, in the current study, the 
experimental set-up utilized was only capable of keeping 
the gas flow rate constant. Because of that, dissolved 
hydrogen at varying temperatures was observed to be 
different. Fig.4 illustrates the microstructure of the 
hydrogenated alloy. 

3.2.  Solutionizing 

The main factor causing grain refinement of 
hydrogenated alloys is the homogenous decomposition of 

,  and  phases from metastable  phase without any 
grain boundary accumulation. Obtaining 100% beta 
phase is required in order to accomplish subsequent 
homogenous decomposition. According to the phase 
diagram shown in Fig.1,  transition temperature 
decreases with increasing hydrogen concentration. 
Therefore the treatment done above 815°C was sufficient 
to get H +  structure. 

3.3. Eutectoid Decomposition 

In order to obtain fine microstructure consisting of 
equiaxed ,  and  phases specific cooling rate is 
required from  phase region. This cooling rate should 
not be so high as to allow martensite transformation or so 
slow as to cause grain boundary  accumulation. After  
solution treatment the specimen continuously cooled to 
eutectoid decomposition temperature with a 100C/min 
cooling rate with the same hydrogen + argon gas flow 
rate (0.25H + 0.75Ar). During decomposition treatment, 

 and  phases precipitate from all transformed H phase. 
As the aging time increased, more eutectoid products 
precipitated and remaining H phase gradually decreased.  

3.4. Dehydrogenation 

To avoid the hydrogen embrittlement and provide the 
ductility, specimens gone through eutectoid 
decomposition were subsequently kept at an elevated 
temperature within a vacuum chamber. The 
microstructure consisting of fine, equiaxed  +  grains 
without residual hydrogen content is ideal to be obtained 
after vacuum dehydrogenation treatment. Due to the 
higher outward diffusion rate of hydrogen atoms at 
higher temperatures, the time required to obtain hydrogen 
free structure is inversely proportional to the 
dehydrogenation temperature. Besides, increasing 
dehydrogenation temperature will lead to coarser  +  
grains. Various dehydrogenation treatments were applied 
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to observe the consequences of varying time and 
temperature on the microstructure and residual hydrogen 
content. Residual hydrogen content was lowered below 
0.001 wt.%. Finer  +  grains formed after 
dehydrogenation step (Fig.4). The grain refinement 
resulted in higher compressive strength compared to that 
of the as-manufactured specimen (Fig.5). 

 
Figure 4: Optical micrographs obtained following a) 

Hydrogenation b)  Solutionizing c) Eutectoid 
decomposition d) Dehydrogenation steps. 

 
Figure 5: Compressive stress-strain curves of SLM 

fabricated and thermo-hydrogen processed specimens. 

4. Conclusion 

The hydride phase was precipitated at an elevated 
hydrogenation temperature. The microstructure 
consisting of fine ,  and  grains is only possible by a 
specific cooling rate to a eutectoid transformation 
temperature. Although effective dehydrogenation was 
achieved at 700 °C in 24 hours, dehydrogenation at 750 
°C for 18 hours was determined to be more desirable due 
to the fact that a greater volume fraction of equiaxed  
grains were produced after this particular 

dehydrogenation treatment. THP was found to be an 
effective alternative post-process of SLM fabricated Ti-
6Al-4V alloys to transform acicular ’ martensitic initial 
microstructure to fine  +  grains revealing 
improvement in its mechanical properties. 
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Abstract 
 

 

Fe-Al intermetallics are suitable candidates for 
structural and high temperature applications due to 
their outstanding corrosion and oxidation resistance, 
low density, good intermediate temperature strength, 
relatively high melting point and low material cost 
compared to other iron base materials. These unique 
mechanical and physical properties can be further 
improved by ternary alloying additions. Among 
ternary alloying elements, Ta has important 
contributions to high temperature strength of Fe-Al 
based intermetallics. Addition of Ta to FeAl 
intermetallics results in the formation of a new phase, 
called as Laves phase, due to the limited solid 
solubility of Ta in Fe-Al based phases and Laves 
phase acts as a strengthener. Although a great deal of 
experimental study performed on the effect of Ta 
addition on high temperature mechanical properties 
of FeAl intermetallics, little information is provided 
on the structural and room temperature mechanical 
properties of Fe-Al-Ta alloys containing nearly 50 
at.% Al. Therefore, it is aimed to investigate the 
effect of Ta addition on phase relationships, 
microstructures and room temperature mechanical 
properties of FeAl intermetallics in detail. In this 
study, Fe50Al50-nTan alloys, where n=1, 3, 5, 7 and 9 
at.%, will be produced by arc-melting technique from 
high-purity constituents’. 
 
1. Introduction 
 
Iron aluminides are considered suitable candidates 
for structural applications at high temperatures 
because of their outstanding intermediate temperature 
strength and corrosion and oxidation resistance [1, 2]. 
In addition, their low density, relatively high melting 
point, and low cost are the main advantages of these 
materials over many commercial Fe-based alloys and 
stainless steels [1-11]. However, their poor ductility 
and brittleness at room temperature significantly 
hinder their fabricability and potential applications, 
similar to other intermetallic compounds [4, 8-14].  

Alloying element addition is one of the most 
effective ways of improving the insufficient 
properties of iron aluminides [7]. Such alloying 
additions can help strengthen the Fe-Al based alloys 
by different mechanisms such as solid solution 
hardening, coherent/incoherent precipitates and 
ordering [5,7,15]. The solubility of the ternary 
alloying element X in the Fe-Al alloys plays an 
important role in determining which of these 
strengthening mechanisms can actually operate or is 
hindered. Alloying additions such as Nb, Zr, Hf, Ta 
or Ti that have limited solubility in Fe-Al based 
phases often lead to formation of a secondary phase 
[7,8,16-18]. This secondary phase is a hard and brittle 
ternary intermetallic compound, and generally tends 
to form a eutectic phase mixture with the Fe-Al based 
phase [7].  
 
Among these ternary alloying elements, it was shown 
that [17-19] Ta has a strong effect on high 
temperature mechanical properties of Fe-Al based 
alloys. Formation of hard and brittle (Fe, Al)2Ta 
Laves phase strengthens the high temperature 
strength. Although there is a great research interest 
on strengthening effects of Laves phase on high 
temperature mechanical properties of Fe-Al-Ta 
alloys, there is little research interest in the structural 
properties of Fe50Al50-nTan alloys containing nearly 
50 at.% Al. For this reason it is of research interest to 
investigate microstructures, phase relations and 
thermal properties of Fe50Al50-nTan alloys. 
 
2. Experimental Methods and Materials 
Characterization 

 
The Fe50Al50-nTan alloys (n=1, 5, 7, and 9 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 
(Fe=99.97 wt.%, Al=99.9 wt.%, and Ta=99.6 wt.% 
purity). To achieve higher composition homogeneity, 
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the alloys were melted several times in a zirconium-
gettered argon atmosphere. The weight loss during 
the arc-melting process was less than 0.5 wt.%. 
Fe50Al50-nTan alloy ingots were homogenized at 900 
°C for 24 h in encapsulated and argon-filled quartz 
tubes followed by an annealing heat treatment at 400 
°C for 168 h. 
 
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. The typical XRD scans were 
performed in a 2  range of 25°–100° and a scanning 
rate of 2°/min. The microstructures were examined 
using scanning electron microscopy (SEM, JEOL 
JSM-6400 and coupled with energy-dispersive X-ray 
spectrometry (EDS)). The SEM samples were 
prepared using standard metallographic techniques 
and etched with a solution containing 68 ml of 
glycerin, 16 ml of 70 % HNO3, and 16 ml of 40 % 
HF. The relative amounts (volume fraction) of the 
phases observed in the metallographic examinations 
were calculated based on the systematic manual point 
count procedure described in ASTM E562 standards.  
 
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. Prior to DSC measurements, the instrument was 
calibrated for a wide range of temperatures and 
scanning rates by using high purity standard elements 
of Al, Zn, Pb, Ag, Au and Ni. The accuracy of the 
temperature calibration was found to be ± 1 °C. 
 
3. Results and Discussion 
 
The typical solidification microstructures of the as-
cast and heat-treated Fe50Al50-nTan alloys are shown 
in Figure 1. The microstructure of the Fe50Al49Ta1 
alloy exhibited single phase solid solutions having 
equiaxed coarse grain structures in as-cast and heat 
treated conditions, while the microstructure of other 
investigated compositions (n  5) consisted of 
primary Fe–Al-based phase (dark) and secondary 
phase (light). The volume fraction of the secondary 
phase increased with increasing Ta content up to 9 
at.% Ta (Table 1). Small addition of Ta into the B2-
type ordered FeAl intermetallic compound resulted in 
the formation of the C14-type (Fe, Al)2Ta Laves 
phase (space group 194, P63/mmc) due to limited 
solid solubility of Ta in B2-type FeAl intermetallic 
compound, as determined by the XRD analyses 
(Figure 2). The relative intensity of the (Fe,Al)2Ta 
peaks continuously increased with increasing Nb 

content. This finding indicates that the volume 
fraction of the (Fe, Al)2Ta Laves phase increased, 
whereas the volume fraction of the B2-type Fe–Al-
based phase decreased in the Fe50Al50-nTan alloys 
with increasing Ta content. 
 

 
 
Figure 1. SEM micrographs of as-cast and heat-
treated (right-side) Fe50Al50-nTanalloys n= (a) 1, (b) 5, 
(c) 7 ve (d) 9. 
 
 
Tablo 1. Volume fraction of the eutectic mixture 
determined from SEM micrographs of as-cast and 
heat-treated Fe50Al50-nTan alloys. 
 

Volume fraction of 
(Fe, Al)2Ta phase  Alloy 
As-cast  HT 

1 Ta 0  0 
3 Ta 0  0 
5 Ta 3  3 
7 Ta 11  11 
9 Ta 16   15 

 
In Fe50Al45Ta5 alloy, (Fe, Al)2Ta Laves phase was 
distributed along the boundaries of the Fe–Al-based 
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dendrites as a hard skeleton. However, for 
Fe50Al45Ta5 alloy, formation of Laves phase could not 
be detected in XRD analyses due to small volume 
fraction of Laves phase. Further increasing the Ta 
content to 7 or 9 at.%, (Fe, Al)2Ta Laves phase 
formed as rosettes in Fe-Al based matrix. For these 
two compositions, the formation of considerable 
amount of hard and brittle Laves phase particles led 
to observation of intercrystalline decohesion in the 
Fe-Al based matrix. 
 
The typical microstructures of the heat-treated 
Fe50Al50-nTan alloys revealed no significant 
differences in the distribution, volume fraction, 
morphology and size of the constituent phases after 
annealing. 
 

 
 
Figure 2. XRD patterns of Fe50Al50-nTan alloys (a) as-
cast and (b) heat-treated. 
  
XRD analyses of Fe50Al50-nTan alloys revealed that 
the relative intensities of diffraction lines belonging 
to B2-type ordered FeAl phase were comparatively 
larger for the heat-treated than as-cast alloys for 1 or 
3 at.% Ta containing alloys due to the 

homogenization and ordering heat-treatment 
described above. In addition, XRD patterns also 
revealed that the diffraction lines belonging to B2-
type ordered FeAl phase shift towards to lower 2  
values indicating an increase in the lattice parameter. 
Atomic radius of Ta is reasonably larger than those 
for Fe and Al. For this reason, substution of Ta atoms 
in FeAl lattice led to increase in lattice parameter 
which shifted 2  values to lower degrees.    
 
Thermal analysis measurements of the heat-treated 
Fe50Al50-nTan alloys (Figure 3) indicated that the 
endothermic reaction peak corresponding to the 
B2 A2 order-disorder phase transition observed in 
the binary FeAl intermetallic compound was only 
present for the 1 and 3 at.% Ta additions. The 
appearance of this peak for these two compositions 
clearly indicate the presence of a B2-type ordered 
structure after annealing [20,21]. However, this peak 
eventually disappeared for increased Ta contents 
(n>5) because of the highly increased volume 
fraction of (Fe, Al)2Ta Laves phase.  
 

 

Figure 3. DSC heating (at a heating rate of 10 
°C/min) curves of heat-treated Fe50Al50-nTan alloys. 

In addition, melting behavior of 1 or 3 at.% Ta 
containing alloys is similar to that of binary 
stoichiometric FeAl intermetallic compound. 
However, further increasing the Ta content altered 
the melting behavior. The melting temperatures of 
Fe50Al50-nTan (n 5) alloys is considerably larger than 
those for 1 or 3 at.% Ta containing alloys. According 
to the Fe-Al binary phase diagram, melting 
temperatures of Fe-Al based alloys increases with 
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decreasing Al content. Because of the increased 
volume fraction of (Fe, Al)2Ta Laves phase for 
compositions (n 5) the Al content in the Fe-Al based 
matrix phase decreased substantially. Therefore, 
melting temperatures increased.  

Conclusion 

Microstructures, phase relationships and thermal 
properties of Fe50Al50-nTan alloys (n=1, 3, 5, 7 and 9 
at.%) have been investigated. Due to the incomplete 
solid solubility of Ta in FeAl, the ternary 
intermetallic (Fe, Al)2Ta Laves phase was found to 
form at 5 at.% Ta addition along the boundaries of 
the Fe–Al-based dendrites as a hard skeleton. The 
volume fraction of (Fe, Al)2Ta Laves phase was 
continuously increased with increasing Ta content. In 
7 and 9 at.% Ta containing alloys, (Fe, Al)2Ta Laves 
phase formed as rosettes in the Fe-Al matrix phase. 
Thermal analysis measurements revealed that 
increasing Ta content melting temperatures of  
Fe50Al50-nTan alloys increased due to strong decrease 
in Al content with formation of Laves phase. 
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Abstract 
 
Pure iron substrates were carburized by plasma 
electrolytic carburizing process in a solution, 
consisting of glycerin and amonium chloride. After 
the samples were carburized for 5 and 10 min at 
725 oC, the electrical circuit of the system was 
shutdown and the samples were quenched in the 
same solution. Plasma electrolytic carburized layers 
formed on the pure iron were analyzed for the 
mechanial properties. The phases formed on the 
pure iron were found to be a mixture of cementite 
(Fe3C) and martensite (Fe+C) confirmed by XRD. 
The average thickness of the carburized layers for 5 
and 10 min samples was 7,54 m and 15,72 m, 
while the average microhardness of the carburized 
layers was 843 Hv and 861 Hv. Wear rate and 
surface roughness of plasma electrolytic carburized 
samples was decreased. By constrat, average 
friction coefficient of the PEC treated samples was 
increased. 
 
1. Introduction 
 
Ferrous metals are utilized in most of the 
engineering applications, as either functional or 
structural. Among these, low-carbon steels are 
widely used for their low cost, availability, good 
weldability and machinability. However, they have 
low mechanical (hardness, wear resistance, fatique 
resistance) and chemical (corrosion resistance) 
properties. 
 
Surface treatments are applied in order to improve 
or enhance the mechanical or chemical properties of 
the metals. There are a number of surface 
treatments that are intended to alter the surface 
properties of metals. Carburizing is the one way of 
the surface treatment processes for steels. During 
carburizing, low-carbon steels containing 0.10-
0.25% C are heated to an elevated temperature 
above 910 °C in a carbon-rich atmosphere and are 
held above that temperature a period of time. After 
the carburizing process, the carbon-enriched layer 
can be hardened either by reheating and quenching, 

or by quenching directly from the carburizing 
temperature[1].  
 
The plasma electrolytic carburizing (PEC) is a 
novel surface treatment process in which the 
conventional electrolysis and atmospheric plasma 
processes are carried out concurrently. Surface 
carburization is obtained in an aqueous solution by 
employing electrolysis at the interface between 
electrolyte and the workpiece unlike the 
conventional electrolysis. Moreover, plasma 
electrolytic carburizing is implemented under 
atmospheric pressure while the conventional 
gasesous plasma is usually carried out in vacuum. 
In this process, the workpiece is connected as either 
cathode or anode to the power supply, and it is 
called as cathodic or anodic plasma electrolytic 
carburizing. 
 
In this work, the workpiece was connected as 
cathode. By applying high voltage to the system, a 
stable hydrogen film is formed on the workpiece. 
Then, electrical discharge, including electrons and 
ion avalanche, occurs across the hydrogen film. The 
workpiece is heated violently to above the austenite 
temperature due to the generation of resistance heat 
under the applied voltage in a short time. The 
hydrogen film around the workpiece breaks down 
by shutting off the power of the electrolysis cell. 
Finally, especially the surface of the workpiece 
sellf-quenches and/or be quenched by the cold 
electrolyte surrounding the workpiece, leading to 
carburizing and hardening of the workpiece surface. 
As a result, heating, carburizing, and hardening of 
the workpiece can be performed in a single-step 
process within a very short time[2, 3]. 
 
Plasma electrolytic carburizing process was used in 
the literature for low, medium, or high carbon 
steels, stainless steels, alloy steels, commercially 
pure titanium and titanium alloy[4–6]. The 
mechanism of plasma formation was discussed in 
the literature[7,8]. A few articles were reported on 
the plasma electrolytic surface carburizing of pure 
iron[2,3,9]. The aim of this study is to introduce the 
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mechanical properties of plasma electrolytic 
carburized pure iron in a solution containing 40% 
glycerin, treated at 725 oC for 5 and 10 minutes. 
 
2. Experimental Procedure 
 
Pure iron samples (99,9 wt % Fe) were used as 
substrate materials that have a shape of 
approximately 10 mm x 12 mm x 2 mm in the 
experimental works. All samples were ground by 
500 grit SiC paper and cleaned by ethyl alcohol 
before the plasma electrolytic carburizing process. 
The PEC processing unit is composed of a DC 
power supply, a stainless steel container, stirring 
and cooling systems. The pure iron substrate was 
connected to as cathode, while the stainless steel 
container as the anode. The PEC treatments of pure 
iron samples were carried out in an aqueous 
electrolyte solution containing glycerin (C3H5O8) 
and ammonium chloride (NH4Cl), operated at 220 
V (727 °C) for 5 and 10 min. The concentration of 
aqueous electrolyte solution was set as 40 wt % 
glycerin. Glycerin was used as the carbon source, 
while ammonium chloride was used to ensure the 
conductivity of the solution. 
 
The microstructure of the cross-section of the PEC 
pure iron substrates was investigated by scanning 
electron microscope (Philips XL300 SFEG). The 
phases formed after the PEC treatments were 
detected by X-ray diffraction (Rigaku DMAX 
2200) with a Cu-K  radiation ( =1,54 A) between 
20° and 90° with a step size 0.02°/min. The 
microhardness of the PEC cross-sectional surfaces 
and the substrates was measured by ZEIS Axio 
Imager optic microscope equipped with Vickers 
diamond indenter (Anton Paar MHT-10). Surface 
roughness was measured with Dektak surface 
profilometer by scanning 1000 m in length from 
the center of the samples. Wear tests of the PEC 
surfaces and the substrate were carried out against 
Al2O3 balls at 10 N load, for 100 m distance and 0,2 
m/s velocity without lubricant. The wear rates and 
the average friction coefficients were obtained by 
CMS tribometer. 
 
3. Results and Discussion  
 
3.1. Microstructure Characterization 
 
Plasma electrolytic carburizing treatments 
generated a dense and needle-like carburized layer 
on the surface of the pure iron substrates. Figure 1 
shows the cross-sectional microstructures of the 
hardened surface layers treated for 5 and 10 min. 
Microstructure of the hardened surface layers is 
similar and distinguishable as a carburized region 
(1), a diffusion region (2) and the substrate material 
pure iron (3). 
 

Figure 2 shows the X-ray diffraction patterns of the 
PEC treated pure iron samples. Cementite (Fe3C), 
martensite, austenite and ferrite phases were 
detected at the hardened surface layers, treated for 5 
and 10 min. The needle-like martensite structure 
was obtained at the surface by quenching directly in 
the same electrolyte after the turning off the power. 
The austenite phase is referred as retained austenite 
because of the high carbon content of the 
carburized layer. The high carbon concentration 
decreased the martensite finish temperature (Mf) 
below room temperature so that martensite 
transformation could not completely finished.  
 

 
(a) 

 

 
(b) 

 
Figure 1. SEM images of the surface layers after 
the PEC treatment at 727 °C for (a) 5 min and (b) 

10 min. 
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Figure 2. XRD patterns of untreated pure iron and 
PEC treated pure iron samples at 727 °C for 5 and 

10 min. 
The diffusionless transformation of supersaturation 
of carbons in austenite with the diffusion of carbons 
in the grain-boundary sites of the austenite formed 
martensite and cementite phases[10]. After the 
surface of the pure iron was covered by hydrogen 
gas film, carbon and hydrogen atoms or ions were 
transferred to surface by the electrical 
discharges[7]. 
 
The hardness of the PEC treated layers is much 
higher than that of the pure iron substrate. The high 
hardness depends on the martensite and cementite 
phases formed after the PEC. Figure 3 illustrates 
the microhardness profiles of the PEC pure irons 
from surface to the interior. The average hardness 
of the surface layers treated for 5 and 10 min was 
measured as 843 Hv and 861 Hv, while the average 
hardness of the untreated pure iron was 167 Hv. 
 

 
Figure 3. Microhardness profiles from surface to 

interior of the PEC treated pure iron samples at 727 
°C for 5 and 10 min. 

 
The average thickness of the layers for 5 and 10 
min was measured as 7,54 m and 15,72 m, 
respectively. The PEC process depends on 
electrolyte concentration, applied voltage 
(temperature) and treatment time. In this study, 
electrolyte concentration and voltage were fixed 
while the treatment time was determined as 

variable. The thickness of the carburized layer 
increased with time. 
 
The cathodic PEC process increases the surface 
roughness of the workpieces unlike the anodic PEC 
process[3,5,10]. However in this work, the surface 
roughness of the pure irons treated for 5 and 10 min 
was decreased (Figure 4). It was reported that the 
electrical discharges lead to plasma bubble 
implosion and the quenching of the localized 
melted surface layer creating microcraters and 
spheroids on the cathodic PEC treated 
surface[8,11]. These constitutions cause the surface 
roughness to increase. However, the voltage, that is 
to say the treatment temperature was so low that the 
plasma discharges were not intense enough to 
increase the surface roughness. 

 
Figure 4. Surface roughness values of the untreated 

and PEC treated pure iron samples. 
 
The wear rates of the PEC treated pure irons for 5 
and 10 min was decreased (Figure 5). Wear 
resistance of the hardened layers was improved due 
to the martensite and cementite phases. Unlike the 
wear rates, the average friction coefficients of the 
treated layers was increased (Figure 6). 
 

 
Figure 5. Wear rate of the untreated and PEC 

treated pure iron samples at 727 °C for 5 and 10 
min. 
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Figure 6. Average friction coefficients of untreated 
and PEC treated pure iron samples at 727 °C for 5 

and 10 min. 
 
Figure 7 shows the wear surface of untreated pure 
iron and treated pure irons treated for 5 and 10 min. 
Untreated pure iron exposed the adhesive type wear 
mechanism, while treated pure irons for 5 and 10 
min exposed to abrasive wear mechanism. Plastic 
deformation indicates that localized adhesion of one 
surface to another surface arises from adhesive 
wear [12]. As a consequence of abrasive wear, 
ploughing effect was occured that the wear surfaces 
for 5 and 10 min have groove structures and merge 
into each other with some peelings.   
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 7. SEM images of the wear surface of the 
(a) untreated pure iron substrate and PEC treated 
pure iron samples for (b) 5 min, and (c) 10 min. 

4. Conclusion 
 
Pure iron samples were carburized and hardened by 
plasma electrolytic carburizing process in a single-
step treatment. The PEC treatments were carried 
out in an aqueous electrolyte solution containing 40 
wt % glycerin at 727 °C for 5 and 10 min. The 
following results were obtained as below: 
 

1. Cementite (Fe3C) and martensite phases 
were formed at the surface of the pure iron 
samples after the PEC treatments. 

2. The PEC surface layers are dense and 
needle-like.  

3. The hardness of the treated layers are 
greater than the untreated pure iron. The 
maximum hardness was obtained on the 
pure iron treated for 10 min.  

4. The thickness of the carburized layers 
were  
increased with the treatment time. 

5. The surface roughness of the pure iron 
samples treated for 5 and 10 min was 
decreased. 

6. Wear resistance of the hardened layers for 
5 and 10 min was improved due to the 
martensite and cementite phases. 

7. Unlike the wear rates, the average friction 
coefficients of the treated layers was 
increased. 

8. The adhesive type wear mechanism was 
observed for untreated pure iron, while 
abrasive wear mechanism was observed 
treated pure iron samples for 5 and 10 min. 
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Abstract 

Effects of TiC additions on physical properties of W-VC-
C nano powder composites during different mechanical 
alloying (MA) time were investigated. W-2wt.%VC-
1wt.%C and W-2wt.%VC-2wt.%TiC-1wt.%C composite 
powders were mechanically alloyed (MA’d) for 1h, 6h, 
and 24h by high energy ball mill. The effect of TiC 
content and MA duration on the effective lattice 
parameter, crystallite size, lattice strain and amorphization 
rate of the powder composite. Morever, morphological 
analyzing of powders after various MA were studied. 
Addition of TiC declined particle size decreasing rate and 
powder densities after 24h. Up to 6h, the lattice strain 
values increases rapidly and from 6-24h lattice strain 
values enhancement occurs slowly in W-H method, while 
lattice strain values obtained by Gaussian method 
approximately increased linearly. The crystallite size of 
W-2wt.%VC-1wt.%C and W-2wt.%VC-2wt.%TiC-
1wt.%C composite powders decreased to the 3.317nm 
and 3.066nm for 24h in Williamson-Hall (W-H) method 
like Gaussian method respectively.  

1.Introduction 

Due to Tungsten (W) high melting point its fabrication is 
extremely difficult. Recently, powder metallurgy (PM) is 
one of the most interesting methods for W powder 
production since there is a potential field of applications 
in aerospace, chemical, transportation, structural and 
automotive industries [1-4]. High energy ball milling 
technique broadly used in PM processing for attaining a 
homogeneous distribution and fine grained matrix [4-5].  

MA process give rise to uniform dispersion for the fine 
reinforcements and grain size of the matrix. Reinforcing 
of  the ductile W matrix with hard particles such as 
carbides and oxides provides an improvement of physical 
and mechanical properties of composites [2-9].While 
MA’d powders characterization, measurements of 
crystallite size and lattice strain is very important because 
of the phase constitution and transformation 
characteristics that critically dependent on them [6].The 
contributions of crystallite size and lattice strain to the 
broadening of XRD peaks can be calculated by using 
extrapolated W-H method and Gaussian rule [10, 11]. 

One theoretical model was proposed in which 
amorphization was assumed to be realized through 
interstitial impurity formation during MA [6, 12]. It was 
reputed that amorphization occurred when impurity atoms 
penetrated into interstitial sites and distorted the lattice 
locally. When the local distortions achieved some critical 
value, the long-range order of the lattice was destroyed 
and an amorphous phase formed [6]. 

As dispersion strengtheners, refractory carbide, nitride 
and oxide phases, such as TiC, ZrC, TiN, ThO2, ZrO2, etc. 
have been mainly used to improve the mechanical 
properties of tungsten and its alloys [13]. Furthermore, 
there is no literature about powder characterization which 
reports on tungsten matrix composites reinforced with VC 
and TiC. The objectives of the present study are phase 
and morphological characterization of MA’d W 
composite powders and investigate the effects of MA time 
and titanium carbide (TiC) content on the effective lattice 
parameter, crystallite size, lattice strain and amorphization 
rate of the W-2wt.%VC-1wt.%C and W-2wt.%VC-
2wt.%TiC-1wt.%C composite powders. Moreover, 
morphological analyzing of MA’d powders were studied.  

2.Materials and Experimental Procedure 

W-2wt.%VC-1wt.%C and W-2wt.%VC-2wt.%TiC-
1wt.%C powder composites were used in this study. The 
nano powder composites were produced by MA method. 

2.1 Materials 

Elemental tungsten (W) powders (99.9% purity, 17 m 
average particle size) as the matrix of the powder 
composite and vanadium carbide (VC) powders (99.9% 
purity, 7 m average particle size), titanium carbide (TiC) 
powders (99.9% purity, 15 m average particle size) as 
reinforcement. Moreover, 1 wt% graphite powders 
(99.9% purity, 21 μm average particle size) were added to 
each batch as a process control agent (PCA) to eliminate 
cold welding between powder particles and thereby to 
prevent agglomeration . 

2.2. High energy ball milling 

W, VC, TiC and C powders were blended to constitute 
compositions of W-2wt.%VC-1wt.%C and W-2wt.%VC-
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2wt.%TiC-1wt.%C (there after referred to as W-2VC-1C 
and W-2VC-2TiC-1C) which were MA’d for 1h, 6h and 
24h. High-energy milling experiments were carried out in 
a Spex™ Mill 8000D using a tungsten carbide (WC) vial 
and WC balls (6.35mm in diameter) as milling media. 
The ball-to-powder weight ratio (BPR) was 10:1. To 
avoiding oxidation during MA, the vials were sealed in 
glove box under Ar gas (99.995% purity).  

2.3. Morphological and powder density analysis 

Morphological characterizations were carried out using a 
JeolTM Scanning Electron Microscope attached with 
JeolTM EDS. Particle distribution, size and morphologies 
were investigated by using SEM images. Powder particle 
size measurements were carried out in MalvernTM Laser 
particle size analyzer and MicrotracTM NANO-flex. 
Moreover, bulk densities of MA’d nano-sized powder 
composites were measured using a Micromeritics 
AccuPycTM helium pycnometer. 

2.4. Structural evolutions 

X-ray diffraction (XRD) measurements were carried out 
in a Bruker™ X-Ray Diffractometer ( =1.5405 A) at 35 
kV and 40 mA settings in the 2  range from 30º to 110º at 
a scanning speed of 2º min-1. To eliminate equipment 
effects the LaB6 crystal was used as a standard sample. 
The crystallite size and lattice strain were estimated using 
the Williamson–Hall method [14]. 

𝐾𝜆 𝑠𝑖𝑛   (1) 

where s is the full-width at half-maximum of the 
diffraction peak,  is the diffraction angle,  is the X-ray 
wavelength, D is the crystallite size and  is the lattice 
strain and K is constant equal 0,9. s can be given as  

𝛽𝑠 =𝛽𝑒 𝛽𝑖     (2) 

where i is the width at half-maximum of the LaB6 
powder peaks used for calibration and e is the evaluated 
width. It is clear that when s cos  is plotted against 
sin , a straight line with slope( ) and intercept K /D is 
obtained [15]. Lattice parameters were determined by 
using three major diffraction peaks {(110), (200) and 
(211)} in order to increase the precision of the 
measurements. Meanwhile, lattice strain and crystallite 
size were measured by Gaussian methods via TOPAS 3 
(BRUKER AXS). Besides, the percent of crystallization 
rate were calculated by using EVA BrukerTM software. 

3.Results and Discussion 

3.1 Morphology 

Fig 1 illustrates the SEM micrographs of different milled 
times (1h, 6h, 24h) for W-2VC-1C and W-2VC-2TiC-1C 

nanocomposite powders fabricated by MA. It is appointed 
that the particle size is changing with MA time, because 
of the two opposing phenomena of cold welding and 
fracturing of powders [6]. 1 h MA, the powders exhibit 
large irregular shapes, see Fig. 1a and 1c, and then were 
dramatically changed in particle sizes after 6 h MA. After 
24 h MA time, more fine and homogeneous particle size 
distribution were shown in Fig. 1b and 1d. It suggests that 
with continued plastic deformation the particles were 
work hardened and fracture by fatigue failure or 
fragmentation [16]. As shown in fig 1, MA’d W-2VC-
2TiC-1C powders have some greater particles than W-
2VC-1C at same MA durations. It means that, TiC 
declined particle size decreasing rate. This phenomena 
was approved by particle size distribution which 
measured in nano-sizer. It should be established that the 
MA process not only refines the powder but also causes 
significant lattice strain and hence increases the 
dislocations in the powder crystals [17]. Such results are 
in agreement with those reported in different papers 
concerning the production of powders by high energy ball 
milling [6, 7]. 

(a)

 

(c) 

 
 (b)

 

 (d)

 
Figure 1. SEM micrographs of nano powder composites for different milled times. 

a-1h, b-24h for W-2VC-1C and c-1h, d-24h for W-2VC-2TiC-1C 

Powder theoretical densities of W-2VC-1C and W-2VC-
2TiC-1C composites are 17.18 and 16.40 g/cm3 
respectively, which decreased to 13.30 and 13.62 g/cm3 
after 24 MA respectively. After 24h MA, d50 particle size 
measured as ~228nm and ~174nm for W-2VC-1C and W-
2VC-2TiC-1C respectively. This is supported with SEM 
analysis in Fig. 1b-1d, W-2VC-2TiC-1C powder 
composites have smaller particle size than W-2VC-1C. 

3.2 Structure analysis 

X-ray diffraction patterns of W-2VC-1C and W-2VC-
2TiC-1C powder composites for different MA times are 
shown in Fig.2-3. In these figures the XRD patterns of 
powders reveal the presence of the characteristic peaks of 
the W phase which has a b.c.c. Bravais lattice and Im m 
space group with the lattice parameter of a=0.316nm. 
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Only W peaks were seen, while characteristic peaks of 
VC, TiC and C were not appeared because of their low 
amounts. By increasing the MA time, whole appeared 
peaks intensity reduced drastically due to the reduction of 
powders particles to submicron sizes and/or the low 
volume fraction of the MA’d powders [18, 19]. 

The clear shift of the W peaks toward lower 2  due to the 
solution of the C atoms into the W matrix and lattice 
strain created by MA impaction [7]. Further increase in 
MA duration results in further broadening of the peaks of 
both phases as a result of grain refinement and build up 
strain during MA. Moreover, increasing the MA time, 
leads to broadening of the W peaks and decreasing of 
their intensities, which demonstrate reduction in 
crystallite size and accumulation of strain in the materials 
[8,9]. 

 
Figure 2. X-ray diffraction pattern of W-2VC-1C for different MA time 

 
Figure 3. X-ray diffraction pattern of W-2VC-2TiC-1C for different MA time 

The effect of MA time on the lattice strain and the 
crystallite size of composite powders is presented in Fig. 
4 and Fig 5. The lattice strains and the crystallite size of 
the powders were calculated by Gaussian and W-H 
methods. The crystallite sizes and the retained strain of 
the MA’d composite powders were measured by using 
TOPAS 5 (BrukerTM AXS) software with Gaussian 
techniques. Also, Eq.1 and 2 was used to calculate these 
values from XRD data in W-H method. The peak 
broadening owing to the crystallite size and the lattice 
strain increases rapidly with increasing 2 , but the 
separation between these two values is clearer at smaller 
2 . So, it is reasonable to utilize peaks with smaller 2  to 
distinct these two effects [8,15].Thus crystallite size and 
lattice strain was determined using 3 characteristic peaks 

{(110), (200) and (211)} in order to enhance the precision 
of the measurements. 

The effect of MA time on the lattice strain of composite 
powders is presented in Fig. 4. As shown in this figure, 
lattice strain of W-2VC-1C and W-2VC-2TiC-1C 
calculated via W-H and Gaussian methods were increased 
by increasing MA time. Up to 6h for W-2VC-1C and W-
2VC-2TiC-1C powder compositions, the lattice strain 
values (0.651 and 0.652 respectively) increases rapidly 
and from 6-24h lattice strain values (1.323 and 0.884 after 
24h respectively) enhancement occurs slowly in W-H 
method. While, lattice strain values obtained by Gaussian 
method approximately increased linearly. Crystal defects 
such as dislocations and point defects were increased via 
MA [15]. The formed defects increase lattice strain and 
energy so it becomes unstable. The dislocations rearrange 
themselves to a lower energy state leading to the 
formation of sub-grain. At longer times of MA and 
therefore, higher plastic deformation and generation of 
more dislocations, the misorientations between sub-grains 
at their boundaries increase and finally they convert to 
high angle boundaries and become grains with nano sizes 
[8]. 

 
Figure 4. W-2VC-1C and W-2VC-2TiC-1C lattice strain via different methods 

(Gaussian, W-H) for different MA time 

 
Figure 5. Calculated crystallite size via different methods (Gaussian, W-H) for 

different MA time (a) W-2VC-1C, (b) W-2VC-2TiC-1C 

Crystallite size variations of W-2VC-1C and W-2VC-
2TiC-1C matrix versus MA time are offered in Fig. 5. For 
W-2VC-1C and W-2VC-2TiC-1C MA’d powder 
composites, up to 6 h, the crystallite size decreases 
rapidly (5.614nm and 12.700nm respectively) and then 
diminishes slowly (3.317nm and 3.066nm respectively for 
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24h) in  
W-H method. Meantime, crystallite size amounts 
measured by Gaussian method like W-H method. 

In Fig. 6, crystallization rate and lattice parameter versus 
MA time for W-2VC-1C and W-2VC-2TiC-1C powder 
composites were illustrated. The crystallization rate of W-
2VC-1C and W-2VC-2TiC-1C powder composites 
linearly decreased to 82% and 80% respectively MA time 
increment. 

 
Figure 6. Crystallized rate and lattice parameter during MA (a) W-2VC-1C, (b) W-

2VC-2TiC-1C 

TiC addition increased decrystallization (amorphization) 
rate of the W-2VC-1C powder composites. During MA, 
destabilization of the crystalline phase is thought to occur 
by the accumulation of structural defects such as 
vacancies, dislocations, grain boundaries, and anti-phase 
boundaries. These defects raise the free energy of the 
system to a level higher than that of the amorphous phase 
and accordingly, it becomes possible for the amorphous 
phase to form [15]. This phenomena were shown in Fig. 
2-3. These figures illustrate that (200), (220) and (310) 
peaks were disappeared after 24h MA time. That approve 
amorphization rate increment by MA. 

Fig. 6a-6b show that a values increase by MA time 
increment. It means that, lattice parameter expanded and 
lattice interplaner distances increased. This fact relate 
XRD peaks slipping toward the lower 2  due to MA 
period increment. As shown in Fig. 6, with up to 24h MA, 
lattice parameter (a) increases due to interstation of C 
atoms into W lattice [6] and grain refinement [9]. This 

was inferred by the clear shift of the W peaks toward 
lower angles (Fig. 2-3). 

4. Conclusion 

MA process not only refines the W-2VC-1C and W-2VC-
2TiC-1C composite powder but also causes significant 
lattice strain and hence increases the dislocations in the 
powder crystals. Lattice strain values obtained by 
Gaussian method approximately increased linearly. For 
W-2VC-1C and W-2VC-2TiC-1C compositions, up to 6 
h, the crystallite size decreases rapidly and then 
diminishes slowly in W-H method. The characteristic W 
peaks (200), (220) and (310) were disappeared after 24h 
MA time. In both compositions, lattice parameter 
expanded and lattice interplaner distances increased due 
to MA period increment. TiC addition increased 
amorphization rate of the W-2VC-1C powder composites. 
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Abstract 
 
Followed by an increased quality perception of the end 
customers, automotive equipment manufacturers focus 
on visual aspects (color and gloss) of diversified 
components used on vehicles. Consequently, all 
suppliers that produce visual parts are required to 
deliver parts according to internal technical 
specifications of the OEM’s. In this paper, a surface 
characterization research on a roof top profile of an 
automotive weatherstrip system is presented. The 
extruded part of concern is produced through a 
compounding and consequent extrusion process. Aim 
is fundamentally to reveal process effect on the color 
change of a profile.   
 
1. Introduction 

Subsequent to rapid growth in rubber based processes 
brought improved compounding techniques. Increased 
use of accelerators, antioxidants, fillers and carbon 
blacks added complexity to chemical processing. As 
the number of applications increased, demand for the 
raw material grew and added diversity and 
geographically different sources of compound 
materials. Technology to process raw materials has 
also changed and became complex. Based on the 
application and market requirements, even the 
synthetic rubber production surpassed the production 
of natural rubber. Among the wide usage of elastomers, 
current study focuses on weatherstrip compounding 
and extrusion process. 
 
Weatherstrip used in automotive industry is assembled 
along the edges of automobile vehicle body (door, 
window, trunk, hood etc.). A weatherstrip system 
prevents water leakage, dust, air, exterior noises, and 
body and window vibrations and provides shock-
absorbing capacity.  
 
Ethylene propylene diene monomer (M-class) - EPDM 
is a basic elastomer mainly used in automotive sealing 
applications. EPDM is selected in the weatherstrip 
industry due to properties of high resistance against 
severe temperatures, solar ageing, and high elasticity 
under compression, harsh mechanical environments, 

high insulating, wide hardness range and low density 
[1, 2].  
 
The extrusion and curing a compound depends on the 
flow and thermal properties of the chemical design. 
Totally, the process converts the raw material in the 
form of powder or pallets into a saleable finished or 
semi-finished product. Whole process series is 
composed of shaping by an extrusion die and then 
cross-linking (curing) to achieve above-mentioned 
material properties. The detail of the curing (post 
extrusion) is highly specific to the material and product 
[3] Therefore much of it is confidential to producer.  
 
1.1. Description of the case  
 
In the current case, a Gerlach SHF 147 type curing 
process is investigated for an identified surface color 
change abnormality. Colour is visible to the eye as a 
brown colour (Figure 1). Clearly, color change is an 
objective concern of the customer where the color 
change is quantified through a colour measurement.  
 

 
Figure 1. Photograph of the colour change on the 
profile surfaces  
 
Extrusion speed is 12 m/min, tunnel length is 12 m and 
temperature measured in the curing tunnel is 
247°C.Segmented line trials throughout the extrusion 
line indicate that the colour change occurs specifically 
in the curing tunnel. Brown profile surface has a 
gradient colour layout as shown in Figure 2. 
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Figure 2. Failure map of browning on the profile 
surface 
 
The colour that is visually observed is a brownish 
colour defined on a colour scale with a > 0, 4, b > 0, 
82. Non-brown profiles were available for comperative 
analysis after an experimental similar system trial.  
 
1.2. Literature Survey 
 
The browning effect is known for more than 10 years 
in the sealing market. Tacit knowledge within the 
industry is not explicit for scientific research for 
sealing extrusion process and related mechanisms. 
 
The different scientific studies tried to explain the 
effect, till now there is no general statement and 
solution given. For that reason, current case is one of 
the first steps to literally explain the phenomenon.  
 
The compound composition, used polymers, aging 
agents, UV agents and the related compound mixing 
process cause primarily the browning effect. However, 
homogeneous mixing can take influence to surface 
appearance as well. The browning effect is known to 
be happening immediately after curing or after UV lab 
aging of some days after process. As validated in the 
current case, browning occurs after the curing tunnel. 
 
Generally, such a colour change is addressed as a 
degradation of the rubber compound. Available 
literature focuses on artificial weathering environment 
and associated as aging due to cross-linking 
performance [4,5]. Additionally, available literature 
indicates that discolouration on the surface of a product 
develops over a longer period of time while the product 
is in service and is exposed to environmental 
weathering conditions.  The cause can sometimes be 
attributed to amount of sulphur present in the 
compound but mainly two types of degradation exist; 
photo degradation or thermo degradation [6]. Latter can 
be associated with the irregular temperature 
distribution inside the curing tunnel, thus can affect the 
browning however, available literature does not advice 
specific addressin for process adjustment or 
characteristics change of the compound.  
 
 
 
 
 

2. Experimental Procedure 
 
A priori to any analysis of the browning effect, several 
industrial trials are performed; Heat map measurements 
with the IR thermal camera  revealed the fact of 
extreme premature curing of the lip of the profile. 
Where the lip temperature and body temperature of the 
profile are evidently different. Besides, lip thickness 
was mainly inferior than that of the main body (Figure 
2) The result is inline with the failure map shown in 
Figure 3. 

 

 
Figure 3. Heat map of profile surface after curing 

 
Effect of the directionality of the high temperature air 
blow is observed by reversing the extrusion orientation 
of the profile (Figure 4). The outcome of the trial was 
again a brown profile. Temperature profile was same as 
shown as Figure 3. Which has confirmed an irrevelant 
effect and assured that curing system is responsible for 
the undesired effect of bronzing. 
 

 
Figure 4. Extrusion directionality profile surface 

 
A reproduction of the curing process is sought for 
production of a non-brown extrudate. For that purpose 
a similar extrusion tunnel with an IR pre-shock unit is 
used. The outcome of the trial was a non-brown 
extrudate. Which served as a comparison basis for 
analysis and case solution (Figure 5) 

 

Figure 5. Extrusion configuration difference 
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3. Measurements and Equipment Used 
 
Measurements realized served as a means for 
identifying the current issue and well known methods 
are employed [4,5,6]. Surface structure and mechanical 
forms are analysed by an optical microscope.Scanning 
Electron Microscope (SEM) - EDX provided elemental 
analysis and chemical characterization. The surface 
chemical changes, chemical composition relations were 
detected by Specular Reflection Fourier Transform 
Infrared (SR-FTIR) spectroscopy.The colour 
measurements are realized by LABX-3500. Heat 
mapping is performed by an Fluke IR, non contact 
thermal camera. 
 
3.1. Measurement Results 
 
Optical Microscope comparative analysis results for 
surfaces are presented in Figure 6. The browning 
surface are visualized to be detoriated, deformed and 
colored, non-browning sample surfaces are 
homogenous and dark colored. Assuring the fact of the 
presence of a degradation [6] 
 

 
Figure 6. Optical microscope (X100) results a) brown 
b) nonbrown  
 
During SEM analysis, image capturing was not 
possible, because surfaces are deteriorated due to 
vacuum and irradiation by electron beam. However, 
EDS spectrum comparative results are presented in 
Table 1. Essentially, C percentage in brown samples 
are found to be relatively high, whereas S and O 
percentages were relatively low. The notable difference 
in Si percentage can only be attributed to detorition on 
the surface since Si cannot be thermally degraded and 
migrate from the surface in brown profiles. 
 

Table1. EDS Spectrum Results 

Elements 
Intensity 

(c/s) 
Brown 

Intensity 
(c/s) 
Non-

Brown 

Conc 
(wt%) 
Brown 

Conc 
(wt%) 
Non-

Brown 
C 171.37 81.76 65.88 51.92 
O 13.45 18.23 22.05 32.71 
Si 2.58 9.54 0.33 1.65 
S 13.39 12.99 1.67 2.17 

Ca 65.38 57.08 10.07 11.56 
 
Comparative FT-IR surface analysis (see Figure 7) 
primarily depict a low signal strength of brown profiles 
compared with non-brown ones. Probably, based on 

Table 1 results, presence of C has lowered the signal 
strength. In details Signal strength is lower at 1540 for 
C-C, C=C), 1850 for C-H, 1900 for C-H and 3200 nm 
for O-H. 
 

 
Figure 7. FT-IR Spectrums of surfaces (EPDM bronze 
means brown, whereas EPDM black means non-
brown) 
 
 
4. Results and Discussion 
 
The phenomenon under investigation was explainable 
by the differences of pre-shock unit processes. 
Basically, browning disappeared immediately when the 
gas operated shock unit is interchanged by an 
electrically operated IR type. The constructional 
difference of two exrusion line pre shock units lead the 
researchers to following conclusions, provided that 
compound type, process parameters are kept constant.  
 
Mainly gas preshock unit forms surface structure 
impurities. Since IR shock unit did not produce the 
brown surface. In gas pre-shock unit, specifically, the 
specific compound surface is degraded by direct hot 
gas exposure to produce free radicals. The free radicals 
attack the polymer backbone in the presence of oxygen 
and cause bond breakup, introducing further absorbing 
impurities from burned natural gas inside the shock 
unit and curing tunnel. The carbonyl groups and 
peroxide observed under FT-IR can be related to this 
fact.  
 
Additionally, high temperature processing inside the 
tunnel can prematurely initiate cross-linking and 
polymerization on the impurities. Because of this, 
surface texture changes and materials depict a color 
change, which lead to a brown looking color to the 
huma. The microscope results shown in figure 6 
assures that in by IR pre-shocking, pre-micro skin 
cross-linkage is easily formed. It is known that the 
cross-linking of polymers by ionizing radiation 
provides increased stability and improved mechanical 
properties. Under the action of high-energy radiation, 
ethylene propylene elastomers are able to form 
intermolecular links, especially in the presence of 
polyfunctional compounds, to attain a proper 
crosslinking level with a minimum degree of oxidation 
[6]. In some compounding applications antioxidants are 
utlisied which interrupt the oxidative process that occur 
during processing.  
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5. Conclusion 
 
This paper aims to explicitly reanalyse tacit knowledge 
within the industry. Contrary to academical studies 
dominant knowledge inside the industry can be 
misleading. The current case of browning includes 
chemistry, mechanics, metallurgy and thermodynamics 
in extrusion curing.  Even the surface analysis lead the 
authors to resolve the issue, it is clear that 
interpretation of the standard chemical reaction kinetics 
of EPDM curing is scarce. Obviously rheometer and 
alike system studies does not explain whole process. 
 
For that reason, further investigation is planned are as 
follows;  

• Relation of the tunnel curing temperature 
profile with the associated compound 
rheological properties 

• Temperature measurements of the specific 
tunnel components and segmented parts. Use 
them for CFD modelling of a curing tunnel. 
Match temperature profile with rheological 
curve of each compound formulae. 
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Abstract 
In the present work, microstructural and fractographic 
investigation of brazed martensitic stainless steel joints 
were investigated under cyclic loading. The fatigue 
crack threshold values Kth were estimated to be 
9 MPa m0.5, 7 MPa m0.5, 6 MPa m0.5 and 4 MPa m0.5 
for the R values of 0.1, 0.3, 0.5 and 0.7, respectively.  
The Paris  exponent, n, was found to be very high 
compared to homogeneous materials and indicating that 
braze joints have a different cyclic fracture behaviour 
than bulk materials. In order to characterize the fatigue 
crack propagation behaviour more precisely, the cross 
section of the DCB specimen as well as the fracture 
surfaces were investigated by SEM. A stepped fracture 
pattern was observed with ductile deformation features 
containing ductile dimples on the fracture surface. 
 
1. Introduction 
High temperature (HT) furnace brazing is used in the 
aerospace and power generation, e.g. compressor 
impellers or turbine parts. It is a quick and low-cost 
method in order to produce strong brazed joints [1]. 
Under mechanical loading, complex triaxial stresses 
occur in the thin brazing zone due to the different 
elastic-plastic properties of the filler metal and the base 
material and the constraining effect of the base material. 
This high stress triaxiality remarkably affects the quality 
of joint strength [2]. Defects such as incomplete gap 
filling, pores or cracks may be formed during brazing 
and they can act as stress concentration sites in the 
brazing zone. Fatigue cracks can initiate and propagate 
from these defects, leading to spontaneous failure under 
cyclic mechanical loading.  
Understanding the fatigue crack propagation processes 
in the brazing zone should be understood for service life 
estimations. The fatigue crack growth behaviour of 
materials is generally characterized by measuring the 
fatigue crack growth curves (da/dN- K) at a given load 
ratio R [3]. Due to the above mentioned stress 
triaxiality, fatigue crack initiation and propagation in 
brazed components are of a much more complex nature 
than in bulk materials. Only a few studies on the fatigue 
behaviour of brazed joints are reported in the literature 
[2, 4].  
In this study, the fracture behaviour, microstructural and 
fractographic investigations of HT brazed specimens of 
the soft martensitic stainless steel X3CrNiMo13-4 under 
cyclic loading were studied. The crack propagation 

behaviour and the crack propagation path of brazed steel 
joints were investigated by SEM on fractured and cross 
section of brazed specimens.  
 
2. Materials and experimental procedures 

The soft martensitic stainless steel X3CrNiMo13-4 was 
used as a base material. As a filler metal, foils of the 
binary alloy Au-18Ni with a thickness of 100 m were 
applied.  

Table 1. Chemical composition of X3CrNiMo13-4. 

 
Cuboidal steel plates with the dimensions 
300x100x25 mm were brazed using a special brazing 
jig. Brazing was performed in an industrial shielding 
gas furnace (SOLO Profitherm 600) at a temperature of 
1020°C for 20 minutes. Hydro-Argon 7 (93 vol.-% Ar, 7 
vol.-% H2) was used as shielding gas. The addition of 
hydrogen to the argon allows removing the oxide film 
on the stainless steel surface, which is essential for filler 
metal wetting. After brazing, the specimens were 
tempered at 520 °C for 5.5 h in nitrogen atmosphere. A 
homogenous braze joint with a brazing zone width of 
approximately 150 m was obtained with this process.  
The cyclic crack propagation was investigated using 
Double Cantilever Beam (DCB) specimens with the 
dimensions Bx2hxt=90x60x8 mm (Fig. 1). For all 
specimens, the brazing zone was positioned in the 
middle of the specimens. After machining of the DCB 
specimens a notch was introduced into the brazing zone 
by electro discharge machining (EDM) using a wire 
with a diameter of 0.3 mm. The stress intensity for 
mode I loading, KI, as a function of the specimen 
geometry and the applied load can be calculated 
according to [2]: 
 

 

 
where F is the applied force, B and h the specimen 
geometry as described above, and the total crack length 
measured from the load initiation point. 

Elemen
t C Si Mn P S Cr Mo N Ni 

Min.      12 0.3 0.02 3.5 
Max. 0.05 0.7 1.5 0.04 0.01 14 0.7  4.5 
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Figure 1. Geometry of the DCB specimen. 
 

Fatigue crack propagation tests were performed on a 
resonant testing machine (Rumul Type 8601). The load 
form was sinusoidal constant amplitude. The specimens 
were cycled at resonant frequencies in the range of 60-
65 Hz at different load ratios R of 0.1, 0.3, 0.5  and 0.7 
respectively. In order to measure the crack length 
accurately, both side faces of the specimens were 
carefully polished. The crack length was periodically 
measured using two travelling light microscopes on 
both sides of the DCB specimen. It should be noted that 
the difference in the measured crack length on the two 
side surfaces of the specimens was negligible. Hence, 
the average crack length was quoted to calculate K 
values.  
Fractographic and microstuctural investigations were 
performed by using a Leica M420 stereo microscope 
and a Philips-FEG XL30 scanning electron microscope 
(SEM). 
 
3. Results and discussion 
3.1. Microstructure after brazing  
 
Fig. 2 shows the SEM image of a DCB specimen after 
brazing. The base material (X3CrNiMo13-4) and the 
filler metal (Au-18Ni) are indicated and diffusion zones 
in between the base and the filler metals are also signed 
by arrows (Fig 2a). The fine two phase microstructure 
of the Au-18Ni filler metal, consisting of a Au rich solid 
solution (bright) and a Ni rich solid solution (grey) were 
identified in Fig 2b. 
 

 
Figure 2. SEM image of the DCB specimen after 
brazing. 
 
3.2 Cyclic Fracture Behaviour 
The fatigue crack growth rates, da/dN, as a function of 
the stress intensity range, K, are plotted in Fig. 3. The 

curves could not be clearly divided into the threshold 
range, the Paris range and the fast crack propagation 
range. Rather scattered data were obtained at low crack 
growth rates. The fatigue crack threshold values, Kth, 
which were defined as the stress intensity ranges at 
which the crack propagation rates da/dN achieved 
values of 10-10 m/cycle, were estimated to be Kth = 9 
MPa m0.5, Kth = 7 MPa m0.5, Kth = 6 MPa m0.5, 

Kth = 4 MPa m0.5 corresponding to load ratios of R = 
0.1, R = 0.3, R = 0.5 and R = 0.7. The da/dN- K curves 
are shifted to lower values of K. For crack propagation 
rates between 10-9 and 10-5 m/cycles a curve fit was 
performed according to the Paris equation: 
 

 
 
The C and n parameters as estimated for the different R 
values are listed in Table 2. The high slopes of the 
da/dN- K curves indicates that fatigue cracks propagate 
very rapidly in brazed components. In addition, it was 
observed that the Paris exponent increased slightly with 
an increasing R value, indicating that crack growth is 
even more accelerated at higher load ratios. This 
unusual behaviour of da/dN is further explored by a 
series of tests at various R-ratios, using the load 
reduction method according to the ASTM E 647 [5]. 
 
Table 2. Threshold values Kth and calculated C and n 
parameters at different R values. 

R Kth 
[MPa m0.5] 

C n 

0.1 9 1.309E-22 11.17 
0.3 7 4.071E-23 12.17 

0.5 6 7.234E-22 12.64 

0.7 4 8.489E-21 12.81 
 

         
Figure 3. Fatigue crack propagation (da/dN- K) curves 
for R = 0.1, 0.3, 0.5 and 0.7.  
The Paris exponent n is known to be between 3 and 4 
for most metals in the mid-growth rate regime [6, 7]. 
However, it was estimated between 11 and 13 for 
brazed martensitic stainless steel components (Table 2). 
Such high n values show that the fatigue crack growth 
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rate of brazed components is very sensitive to the 
applied load range. 
 
3.3 Microstructural and fractographic 

investigations after fatigue tests 

In order to characterize the fatigue crack propagation 
behaviour more precisely, the cross sections of selected 
DCB specimens were investigated by SEM after the test 
was interrupted and the specimen was removed from the 
machine. Figure 4a shows the crack path beginning 
from the notch. It is clearly seen that, the crack initiated 
in the filler metal close to the steel/filler metal interface. 
Afterwards, the crack has propagated along the centre 
line of the filler metal layer. In the following, several 
changes of the crack propagation path were observed. In 
Fig. 4b and 4c, jumps from one interface to the opposite 
one as well as from the interface to the filler metal 
center line can be seen. Beside the main crack, 
secondary fatigue cracks as well as plastic deformation 
marks and small pores can be observed within the 
brazing zone (Fig. 4d).  

 
Figure. 4. SEM images of the cross section of the DCB 
specimen. 
 
Figure 5a shows the crack propagation path along to the 
brazing zone. It is observed that, minor cracks occured 
ahead of the crack tip (Fig.5c). Some minor cracks 
appeared near by phases as well (Fig. 5b).  
 

 
Figure 5. Crack propagation path along to the brazing 
zone. 
The fracture surfaces are shown in Fig. 6. Smooth 
fatigue fracture area could not be observed by SEM in 
contrast to bulk materials (Fig. 6a). On the contrary, a 

stepped fracture pattern could be seen, which is in 
accordance to the observed crack path in Fig 4b and c. 
Ductile deformation features containing ductile dimples 
as well as the stepped nature of the fracture surface are 
clearly evident on the fracture surface at a higher 
magnification (Fig. 6b). It indicates that ductile material 
damage occurred during cycling loading similar to the 
one in bulk metals. SEM investigations also showed that 
some pores formed in the filler metal during the brazing 
process (Fig. 6c). 

 
Figure 6. SEM image of the fatigue fracture pattern of 
the DCB specimen. 
 
The measured threshold values, Kth, of brazed steel 
joints are significantly higher than those of bulk 
metallic materials which indicates the presence of 
special shielding mechanisms in the vicinity of a crack 
in a thin plastic layer embedded in elastic material, 
including crack closure [8].  
High crack growth rates in the intermediate range are 
probably related to the complex triaxial stress state in 
the brazing zone, which is a result of the different 
elastic-plastic properties of the filler metal and the base 
material. The cyclic axial loading of brazed components 
leads to a perodically changing triaxial stress field in the 
filler metal layer, i.e to a state of multiaxial fatigue. As 
a result, a fatigue crack is not only subjected to mode I 
loading, but pronounced stresses parallel to the crack 
can occur, which increase the von-Mises-stress 
significantly, leading to increased stress and strain 
intensities at the crack tip and hereby to increased crack 
propagation rates [9]. These high stresses can lead to 
the formation of nanometer sized cavities at adjacent 
triggering sites (e.g second phase particles or interface 
pores) well ahead of the crack tip [10-11]. At a critical 
stage, cavities get sufficiently close, and there is a 
coalescence between small nano-meter sized cavities, 
and larger cavities form. These larger cavities lead to 
increase crack propagation rate and rapid failure occurs. 
These mechanisms have only been observed and 
described for constrained metal films subjected to static 
loading, but the damage and fracture behaviour of 
brazed joints under cyclic loading can be expected to 
behave similarly. After crack initiation, new cavities 
develop and grow ahead of the crack tip at 
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microstructural inhomogenities such as large second 
phase particles which concentrate along the center line 
of the filler metal or close to the steel-AuNi18 interface 
during every loading cycle. The fatigue crack then 
propagates along these predamaged zones and coalesces 
with the cavities. These larger cavities lead to increased 
crack propagation rate and rapid failure occurs in 
brazed components. It is possible that these mechanisms 
are very sensitive towards the stress intensity range, 
which would be a further explanation for the high n 
values.  
These results underline that fatigue crack propagation in 
brazed components is of a rather complex nature in 
comparison to bulk metallic materials, making the 
fatigue life prediction of brazed components very 
difficult. 

4. Summary 

In this study, the fracture behaviour and microstructural 
and fractographic investigations of HT brazed 
specimens of the soft martensitic stainless steel 
X3CrNiMo13-4 were studied under cyclic loading. The 
influence of the load ratio R on the fatigue crack growth 
rates was underlined where crack growth rates are 
accelerated and Kth decreased with increasing R 
values. According to the steep slopes of the da/dN- K 
curves, the obtained Paris exponent, n, was very high 
compared to homogenous materials. This observation 
was explained by the triaxial stress state in the filler 
metal which is a result of the different elastic-plastic 
material properties of the filler metal and the base 
material. Several changes were observed on the crack 
propagation path. The crack jumps from one interface to 
the opposite one as well as from the interface to the 
filler metal center line. A stepped fracture pattern was 
observed on the fracture surface of the specimen. 
Besides, SEM investigations revealed plastic 
deformation features containing ductile dimples on the 
fracture surface. The results underlined that fatigue 
crack propagation in brazed components is of a rather 
complex nature in comparison to bulk metallic 
materials, making the fatigue life prediction of brazed 
components very difficult.  
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Abstract 

The glass forming ability (GFA) and crystallization 
kinetics of rare earth (Sm) micro-alloyed Cu-Zr-Al based 
bulk metallic glasses were investigated using differential 
scanning calorimetry (DSC) under continuous heating 
conditions, X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). Under continuous heating 
conditions, the glass transition and crystallization 
temperatures were found to increase with increasing the 
isochronal heating rate. The activation energies for 
crystallization were calculated as 351.25 and 
345.77 kJ/mol by means of Kissinger and Ozawa 
methods, respectively.  

 

1. Introduction 

Metallic glasses are basically frozen liquids by rapid 
solidification. Main aim in the formation of a metallic 
glass is to decrease the temperature below Tm (melting 
temperature) and Tg (glass transition). Decreasing 
temperature to sufficiently low values in a short time 
period causes viscosity of the melt to increase.  As melts 
are quenched they tend to crystalize, but due to limited 
time and increasing viscosity they freeze as liquid 
structure which is an amorphous structure. Normally 
conventional glass formation is easy and does not require 
much effort. However unlike glasses, metals easily 
crystallize upon solidification. So, formation of metallic 
glasses is a difficult process. First metallic glass that is 
obtained required a huge cooling rate around 105-106 Ko/s 

So, sample thickness and critical cooling rate are the 
main problems in the process of metallic glass formation. 
This work is focused on possibilities of decreasing the 
critical cooling rate and increasing the sample thickness, 
so that production of metallic glasses could be more 
practical. 

Glass forming ability is the possibility and ability of a 
material to form glasses with lesser cooling rates. Heat of 
formation and atomic size differences are the keys to 
increasing glass forming ability (GFA). The research 
group of A. Inoue at Tohoku University in Sendai, Japan 
proposed three principles to increase GFA in a metal [1].  

These are: 

 Use three or more elements 

 The difference in atomic size should be greater than 
12% 

 The heat of formation has to be negative 

Principles 1 and 2 are mainly for destabilizing the solid 
solution. Generally binary alloys form intermetallic 
compounds and crystallizes; addition of three or more 
elements increases GFA significantly since it reduces the 
chance of formation of intermetallic compounds and 
stabilizes glass formation. This is also known as 

al by 
presence of different type of atoms and thus making 
crystallization harder.  Even though the atomic size 
difference is not clearly stated and an open research area, 
increase in GFA as atomic size difference increase is 
probably due to distortion of lattice by differently sized 
atoms. As the lattice gets more and more distorted it loses 
its long-range order. Distorted lattice makes 
crystallization harder and glass formation easier. Also 
eutectic compositions for all systems are the best 
compositions for glass forming due to the absence of a 
pro-phase forming at higher temperatures. 

Glass formability is represented by the ratio Tg over Tl 
which is known as reduces glass transition temperature, 
Trg. 

                                                                    (1)      

Higher reduced glass transition temperature indicates that 
sample is easier to form metallic glasses. indicator appeared to be a more precise representation of 
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temperature, Tx into consideration. 

                                                                  (2) 

 better glass forming 
ability. rg it is found that 
critical cooling rate Rc decreases and sample thickness 
Dmax increases. Equations 3 and 4 shows that there is also 
a relationship between  and critical cooling 
rate and maximum sample thickness. 

                                            (3) 

                                        (4) 

By use of these two equations a possible thickness value 
could be calculated. 

Among bulk metallic glasses the Cu-Zr-Al bulk metallic 
glasses have attracted much attention due to their 
practical productivity and superior mechanical properties 
[3].  However, as they have a lower Dmax compared to Be 
and Pd containing BMGs, increasing Dmax by addition of 
a fourth element is studied intensively in literature [4]. In 
most recent years the rare earth elements are found to 
increase the GFA of Zr-Cu-Al BMGs, yielding Dmax 
values up to 25 millimeters [5]. Although effect of REs in 
GFA is well established in literature, their effects on 
mechanical properties are still not well understood and 
requires further studies. 

Here, we focused on one of the previously developed Zr-
based bulk metallic glass alloy, Zr - %45 Cu - %5 Al in 
our research group [6] as melt spun ribbons in 40-micron 
size. In this study, we used different synthesis technique 
to produce amorphous alloy and perform various 
characterization techniques.  

2. Experimental Procedure 

The alloy ingots with nominal compositions of 
(Zr50Cu40Al10)100-xSmx (x=1  4 at. %) were prepared by 
arc melting from high purity elements (0.995 Zr, 0.999 
Cu and 0.999 Al, by weight) under Ti-gathered argon 
atmosphere. The ingots were remelted three times for a 
good chemical homogeneity and then cast into 1 mm 
diameter copper molds via suction casting. The 
amorphous nature of the alloy was investigated by 
conventional X-ray diffraction (XRD) with Cu-
radiation. The chemical composition of the alloy was 
investigated using SEM equipped with energy dispersive 
X-ray spectroscopy (EDS). Thermal analysis was 
performed using constant heating rate (CHR) differential 

scanning calorimetry (DSC) on suction-cast alloys. For 
CHR tests, the alloys were heated at 10, 20, 30 and 
40 C/min from ambient temperature to 500 C. 

3. Results and Discussion 

The microstructural analysis of 1 mm diameter suction-
cast alloy rods were carried out using SEM. The 
micrograph, seen in Figure 1, confirms the amorphous 
structure of the suction-cast alloy. The SEM image 
reveals that the cooling rate achieved during suction 
casting was higher than the critical cooling rate that was 
required for glass formation, and thereby the fully 
amorphous structure were produced.   

 

Figure 1. 
macro image (bottom) 

The chemical composition of the suction-cast rods was 
analyzed by EDS, which were collected from different 
regions of the specimen. Figure 2 illustrates the EDS 
spectrum where only the Zr, Cu and Al characteristic 
peaks are visible. The compositional homogeneity of the 
specimen was also confirmed by the low standard 
deviation values. Even there is good chemical 
homogeneity, the quantitative analysis indicates that the 
desired composition was not achieved properly but quite 
close to desired composition of Zr55Cu39Al6. Since the 
fully amorphous structure was obtained in the produced 
alloys, the slight difference in the composition can be 
ignored. This compositional difference may be resulted 
during synthesizing process as few amounts of elements 
may vaporize during melting.   
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The amorphous nature and crystallinity of the suction-
cast rods were investigated using XRD with Cu-
radiation. The XRD patterns taken from suction-cast 
alloy, seen in Figure 3, indicate only diffuse scattering 
peak correspond to the amorphous structure. There is no 
sharp diffraction peak related to any crystalline phase. 

 

Figure 2. EDS analysis results of the suction cast rod. 

 

Figure 3. XRD pattern of the suction cast rod 

The crystallization kinetics of amorphous alloys was 
performed using DSC under continuous heating 
conditions. Figure 4 shows the DSC thermographs for 
heating rates of 10, 20, 30 and 40 C/min. Each trace in 
Figure 4 exhibits two characteristic temperatures, 
associated with the glass transition (Tg) and the onset of 
crystallization (Tx).  

 

The principal features of the DSC traces, shown in Figure 
4, strong glass transition signals at around 420 C/min, 
and large exothermic peaks indicating crystallization, 

with onsets of around 470 C/min. It is observed that 
both these temperatures are increasing with an increase in 
heating rate. This is mainly due to the limited time given 
for higher heating rates and thereby, the kinetics will 
become slower and crystallization temperature will  
shifted to the higher temperatures.  

 

Figure 4. DSC plot of suction cast rod under various 
heating rates 

The variation of crystallization temperatures with heating 
rate is tabulated in Table 1. The activation energy for 
crystallization was calculated using Kissinger and Ozawa 
treatments according to the following relationships;  

 Kissinger:  

 

 Ozawa:  

where is the heating rate, Tp is the peak temperature 
and Ec is the activation energy of the crystallization. 
Figure 5 gives the Kissinger and Ozawa plots. The 
analysis yields activation energies as 351.25 and 345.77 
kJ/mol, for Kissinger and Ozawa methods, respectively. 
The activation energy values found here are close to the 
activation energy value of 360 kJ/mol previously 
reported for Zr55Cu30Al10Ni5  alloy [7].  
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Table 1. Crystallization temperatures according to 
heating rate 

Heating Rate (C/min) Crystallization 
Temperature (C) 

10 460 

20 467 

30 472 

40 478 
 

 

Figure 5. Kissinger (top) and Ozawa (bottom) plots

4. Conclusion 

The crystallization kinetics of Zr50Cu45Al5 alloy has 
been investigated in combination of DSC, XRD and 
SEM. The fully amorphous structure was confirmed by 

XRD and SEM analysis. by suction casting. The 
crystallization kinetics of suction-cast alloys were carried 
out by DSC under continuous heating conditions using 
different heating rates. The characteristic glass transition 
and crystallization temperatures were found to increase 
with increasing heating rate. The activation energies for 
crystallization were calculated as 351.25 kJ/mol and 
345.77 kJ/mol, suing Kissinger and Ozawa methods, 
respectively. The values are similar to the previously 
reported values for similar alloy systems. The isothermal 
crystallization studies and the effect of Sm microalloying 
on structural, thermal and mechanical properties of Zr-
Cu-Al metallic glasses are ongoing investigation.  
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Abstract 
 
Colemanite (Ca2B6O11.5H2O) is one of the most important 
boron minerals in Turkey, having approximately 76% of 
the Turkey boron deposits. Physical, chemical, and thermal 
properties of colemanite determine its applications such as 
non-sodium fiberglass industry, raw lead glazes and other 
glazes, cleaning agent, low temperature flux, opacifier, 
various medicinal and cosmetic uses etc. In this study, the 
thermal analysis of colemanite crystals obtained from 
Espey and Hisarcik open pit mines located in Emet region, 
Turkey were performed in detailed using TG/DTA. 
Additionally, the physical and chemical properties of the 
samples were determined. The TG/DTA analyses of the 
samples provided both mass loss and thermal information 
about pure colemanite crystals. The results were compared 
with other colemanite samples. The data obtained from 
these results can be used to find alternative applications for 
colemanite samples in industry. 
 
1. Introduction 
 
Turkey and the United States are the world’s leading 
producers of boron minerals [1]. Approximately 73% of the 
world’s boron reserves are found in Turkey. [2]. The main 
borate producing areas of Turkey Bigadic (colemanite and 
ulexite), Emet (colemanite), Kestelek (colemanite, 
probertite, and ulexite), and Kirka (tincal), are controlled 
by the state-owned mining company Eti Mine Works.. One 
of the most important boron mineral is colemanite 
(2CaO.3B2O3.5H2O), and the largest colemanite reserves 
are located around Emet (Hisarcik and Espey), Kestelek 
and Bigadic in Turkey [3]. 
Colemanite is the most important calcium containing 
commercial borate mineral with 5 mol crystal water. Direct 
use of colemanite is a problem for some industrial 
applications, e.g., in glasses and ceramics [4, 5]. 
Additionally, transporting raw colemanite and removing 
impurities and crystal water later is expensive and energy 
inefficient, as colemanite must then undergo heat treatment 
before use, or the production process must be carried out  

 
 
under certain conditions [4-6]. Ideally, the removal of 
impurities and crystal water at the same time will increase 
the use of colemanite as amorphous B2O3. When the raw 
colemanite is heated up to its decomposition temperature, 
only colemanite explodes, breaking up into a fine powder. 
This unique characteristic could be utilized in the 
upgrading of colemanite [7, 8]. 
 
The aim of this study is to interest the influence of 
temperature on the physical and chemical effect on the 
Hisarcik and Espey colemanite crystals and results of these 
crystals are compared with commercial, raw and unmilled 
colemanite samples. 
 
Geology of Emet colemanite 

Borate and non-borate minerals, according to their 
chemical composition and their mineralogical relationships 
with each other in the Emet deposits, may be divided into 
two groups; namely the calcium borates and the non-
borates (mainly realgar, orpiment, celestite, etc.) [9]. 

In the Emet region, borate minerals occur in Neogene 
lacustrine sediments. Lacustrine sediments uncomformably 
lie over Paleozoic metamorphic rocks consisting of marble, 
biotite schist, calcareous schist, and chlorite schist when the 
Neogene sequence consists of a basal conglomerate and 
sandstone, a lower limestone with thin layers of marl and 
tuff lenses, a red unit forming strata of conglomerate, 
sandstone, clay, tuff, marl, and limestone, including coal 
and gypsum bands, a borate-bearing unit of clay, tuff, and 
reworked tuff, and an upper limestone unit with chert-marl 
and clay starata [10]. Fig.1 shows in the Emet basin, a 
borate unit is intercalated with clay, tuff, and marl in the 
Miocene sequence [9, 11, 12]. 
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Figure 1. (a) Location of the colemanite reserve in western 
Turkey (b) Neogene stratigraphic sections and borate units 
from Emet  [11]. 

 

2. Experimental Procedure 
 
2.1. Materials 
 
The different originated ultrapure colemanite crystals were 
hand-picked from the Emet region (Espey and Hisarcik) 
deposits of Turkey. These lump-sized samples were 
described as transparent and colorless. For all analyses, 
they were crushed by a hammer and then ground in an 
agate to produce a sample of -38 μm in size. 
 
2.2. Methods 
 
2.1.1. XRD  
The X-ray diffraction analyses were performed to 
determine the mineralogical structure of two different 
originated colemanite crystals using a RIGAKU D/Max 
2000 X-Ray Diffractometer. The instrumental parameters 
used were as follows; Cu K  (  = 1.542 Å) radiation 
operation at 40 kV and 30 A. 
 
2.1.2. TG/DTA 
Thermal analyses of two different originated colemanite 
samples were performed on simultaneous TG/DTA analysis 
using NETZSCH STA 449 F3 Jupiter model at a heating 
rate 10 °C/min. up to 1000°C under flowing N2 atmosphere 
at 20 mL/min.  
 
3. Results and Discussion 
 
Espey and Hisarcik colemanite crystals used in the 
characterization studies indicated no impurities as apparent 
from the XRD results (Fig.2). These results showed that the 
major components of the boron samples were found to be 
pure colemanite.  
   

 
 
Figure 2. X-ray diffraction analyses of Espey and Hisarcik 
colemanite crystals. 
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Figure 3. X-ray diffraction analyses of Espey and Hisarcik 
commercial colemanite [13, 14]. 
 
As known, the composition of the colemanite mineral may 
differ from different regions (Espey, Hisarcik, Kestelek, 
Bigadic) as it is a heterogeneous nature. Mostly previous 
studies were carried out with commercial, raw, and 
unmilled colemanite. Colak et al. (2000) studied colemanite 
obtained from the upper lime stones to the bottom of the 
open-pit mines. When the XRD peaks of the samples in 
Colak et al., (2000)’s study were examined, it was seen that 
samples had a high clay (saponite) content. Celik et al. 
(2014), before the colemanite samples were supplied, they 
were subjected to a standard processing and milling 
including screening and washing. For this reason, their 
samples had a low clay content. In addition, Yildiz (2004) 
obtained a similar XRD result for Emet colemanite having 
about 83wt% purity, which was subjected to a standard 
processing and milling. In this study, after the colemanite 
crystals were hand-picked, they were separated with great 
care from the gang particles, hence, ü the samples had high 
purity. 
 
 

 
Figure 4. DTA-TG analysis of Espey and Hisarcik 
colemanite crystals. 
 
From the DTA-TG analyses (Fig. 2, Table 1). It was found 
that all colemanite samples attributed to fast dehydration 
between temperatures of ~350 oC - 450 oC in endothermic 
reactions where the thermal decomposition occurs. DTA 
heat flow signals display closely overlapping sharp peaks at 
~391oC and 404oC for all samples. This shows that 
colemanite loses its five water molecules in a narrow 
temperature range. The rapid water loss causes the crystal 
matrix of colemanite to expand suddenly owing to the 
development of uneven stresses. Such internal stresses 
subsequently produce fractures and in turn fragmentation of 
the crystals [6].  
Colemanite samples showed similar characteristics 
exothermic peaks at 765.2 oC, 777.0 oC represent Espey 
and Hisarcik respectively. These steps were attributed 
respectively to the formation of water molecules (H2O) 
from structural hydroxyl groups (-OH), and breaking of 
hydrogen bonds between water and borate chains [15].  
And, transformed to the amorphous structure through an 
endothermic reaction. The samples melted at (987.7 oC and 
985.5 oC, Espey and Hisarcik respectively) and transformed 
to the amorphous structure through an endothermic 
reaction. 
Additionally, TG curves were used to determine the 
dehydration pattern of colemanite crystals, the loss of water 
molecules as a function of temperature (mass change of all 
crystals approximately 21.94%).  
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Table 1. DTA-TG analysis of (a) Hisarcik (b) Espey 
colemanite crystals. 
 

 
 

 
 
Figure 5. DTA-TG analysis of (a) Hisarcik (b) Espey 
commercial colemanite [13, 14]. 
 
 
4. Conclusion 
 
In this study, the thermal, physical and chemical properties 
of Espey and Hisarcik colemanite crystals were determined, 
and the results were compared with commercial colemanite 
samples. The results showed that the commercial 
colemanite samples from Espey and Hisarcik contains 
calcite, clay, quartz, celestite, and arsenic milerals (realgar 
and orpiment) as contamination as demonstrated by the 
XRD analyses while pure colemanite crystals showed no 
impurities. The thermal behavior of commercial and 
colemanite crystal indicated that while pure colemanite 
crystals melted at 987.7 oC and 985.5 oC, Espey and 
Hisarcik respectively, and transformed to the amorphous 
structure commercial colemanite samples showed no melts. 
This study clearly provided clear information about the 
colemanite samples determining the thermal behavior of 

the colemantite samples using DTA as a simple method to 
characterize these minerals.  
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Abstract 
 
Synthesis of copper doped zinc oxide (ZnO:Cu) 
nano-centipede structure was performed via a facile 
vapor-liquid-solid method using a mixture of seed 
ZnO:Cu nanoparticles and graphene nano powder. 
Analytical characterization of ZnO:Cu centipede 
structures were performed using X-ray diffraction, 
scanning electron microscopy, transmission electron 
microscopy, and energy dispersive x-ray analysis. It 
was found that skeleton of the centipede structure is 
approximately 50 m of length and is composed of 
nanowire leg with ~20 m length. In addition, ZnO 
nanowire legs have single crystalline nature and Cu 
atoms are substitutionally incorporated into ZnO 
lattice. 
 
1. Introduction 
 
Metal oxide nanoparticles have attracted considerable 
attention in many scientific and technological 
applications due to their unique properties originating 
from the nanoscale particle sizes [1-3]. Zinc oxide 
(ZnO) is one of the well-known semiconductor metal 
oxides, which has a wide direct band gap (3.37 eV) 
and large exciton binding energy (60 meV) at room 
temperature. Reduction in size to the nano scale, 
novel structural, optical and magnetic properties can 
be attained for ZnO nanomaterials. For example, 
these unique properties give ZnO several advantages 
in spintronic devices due to room temperature 
ferromagnetism behavior when they are doped with 
small amounts of transition metals such as cobalt, 
manganese, and copper (Cu) [4]. The magnetic 
properties of the Cu-doped ZnO (ZnO:Cu) systems 
strongly depend on (i) amount of dopant atoms, (ii) 
size and morphology of the nanostructures and (iii) 
the local distribution of Cu atoms into ZnO structure 
[5-7]. 
 
A significant parameter to study is the way in which 
the Cu atoms are incorporated into the nanowires; for 
example whether they are in clusters, or whether they 

substitute for Zn atoms leading to distortion of the 
oxide crystal lattice. Therefore, there has been a 
strong interest in the synthesis of homogeneously 
distributed and substitutionally incorporated Cu 
atoms into ZnO nanostructures with well-controlled 
size and shape. 
 
A variety of techniques like precipitation [8], sol–gel 
[9], solid state reaction method [10]  and flame spray 
pyrolysis [11] have been already used in the synthesis 
of ZnO:Cu nanostructures. In this study, we want to 
explore synthesis of ZnO:Cu centipede structure with 
well distributed Cu atoms at atomic scale by using 
two step synthesis method: first, synthesis of seed 
nanoparticles by precipitation method and then, the 
growth of these seed nanoparticles with vapor-solid-
liquid technique. 

 
2. Experimental Methods and Materials 
Characterization 

 
2.1. Materials 

 
ZnO:Cu nano-centipede structures were synthesized 
using ZnO:Cu nanoparticles as a seed layer. For the 
synthesis of seed nanoparticles, zinc acetate dihydrate 
(C4H6O4Zn.2H2O, 99.5%; Fluka), copper (II) acetate 
monohydrate ((CH3COO)2-Cu.H2O, 99%, Merck), 
polyvinyl pyrrolidone ((C6H9NO)n, PVP, 
MW~55000, Aldrich) and sodium hydroxide (NaOH 
pellets, 97%, Merck) were used. Ethylene glycol 
(C2H6O2, EG, 99%, Merck) and ultra-pure deionized 
(DI) water were used as solvents. For the growth of 
nano-centipede from the seed nanoparticles graphene 
nano-plate aggregates were used. All reagents were 
used without further purification. 
 
2.2. Experimental methods 

 
For the growth of nano-centipede structure, a seed 
layer of 1.25 at.% ZnO:Cu nanoparticles with ~20 nm 
particle size were prepared via a simple room 
temperature precipitation technique [5]. Growth of 
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nano-centipede structure from the seed nanoparticles 
was carried out by vapor-liquid-solid (VLS) method. 
A 1:1 weight ratio mixture of ZnO:Cu nanoparticles 
and graphene nano-platelets was ground together, 
placed in a quartz boat, and then inserted into a 
horizontal tube furnace. P-type boron-doped silicon 
prime wafers were used as substrates. Prior to 
growth, cleaning of the wafers were done in an 
ultrasonicater with 2-proponal, acetone and DI-water, 
respectively. The wafer surfaces were coated using 
electrodeposition with 5 nm Cr (0.036 nm/s) and 10 
nm Au (0.167 nm/s) thin films. To collect the VLS 
products, the silicon wafers were placed at 
downstream position in the furnace. VLS growth of 
nano-centipedes was performed under a carrier gas 
mixture containing high purity Ar (98 vol.%) and O2 
(2 vol.%) which was kept flowing into the tube 
furnace with 120 sccm (standard cubic centimeter per 
minute). The tube furnace was adjusted to 1000 °C 
and kept at the same temperature for 2 h. Then, the 
furnace was cooled to room temperature over a 3h 
period. At the end of process, a white deposit layer 
on the surface of substrates were obtained.  
 
2.3. Materials Characterization 

 
The phases of the reaction products were identified 
by using X-ray diffraction (XRD) using Cu K  
radiation ( =1.54 Å) and an x-ray source operating 
voltage of 40 kV. Scans were performed in the range 
of 28–90° at a scanning rate of 0.01°/sec. Detailed 
crystal structure investigation was performed with 
Rietveld refinement analyses, conducted using the 
General Structural Software [12] with an EXPGUI 
graphical user interface [13]. The re nements were 
done using the P63mc space group with a Zn atom at 
(1/3, 2/3, 0) and an oxygen atom at (1/3, 2/3, 0.3817). 

The size and morphology of the ZnO nanoparticles 
and nano-centipedes were examined by scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM). The energy dispersive x-ray 
(EDX) and elemental mapping analysis were also 
performed. The SEM samples were examined 
without any conductive coating layer. The 
representative TEM samples were prepared simply 
by drying out an ultrasonically-dispersed aqueous 
suspension on holey carbon-coated copper grids.  
 
3. Results and Discussion 
 
The synthesis method of ZnO:Cu centipede structure 
includes two steps. First, synthesis of 1.25 at% Cu 
incorporated ZnO nanoparticles via simple room 
temperature precipitation technique and then growth 
of nano-centipede via a VLS deposition technique, 

using the ZnO:Cu nanoparticles to act as seeds for the 
nano-centipede structure growth. For the growth of 
nano-centipedes, a mixture of ZnO:Cu nanoparticles-
graphene powders was used. The graphene powder 
was used as a catalyst to decrease the vaporization 
temperature of the ZnO. 
 

 
 
Figure 1. (a) XRD diffractograms of ZnO:Cu 
nanoparticles. The results of Rietveld-refinement 
simulations for the nanoparticles and JCPDS data for 
wurtzite ZnO are also included. (b) Low 
magnification TEM image of seed ZnO:Cu 
nanoparticles. The inset in (b) shows HRTEM image 
of a selected particle. 
  
An XRD pattern from the precursor ZnO:Cu 
nanoparticles is shown in Figure 1(a). All diffraction 
peaks belong to the crystalline ZnO with the 
hexagonal wurtzite structure (JCPDS card no: 14-
1451). The lattice parameter (c) and average 
crystallite size were determined from XRD analyses 
as 0.516 nm and 21.1 nm by the Rietveld refinement 
analyses, respectively. The lattice parameter (c) of 
ZnO:Cu nanoparticles is slightly lower than that of 
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undoped ZnO nanoparticle, 0.526 nm [5]. This shows 
substitutionally incorporation of Cu ions into ZnO 
crystal structure. 
Figure 1(b) shows a low magnification TEM image 
of the ZnO:Cu nanoparticles. The average particle 
size was determined as 22.6 (±3.4) nm, which is in 
agreement with the crystallite size determined from 
XRD analyses. ZnO:Cu nanoparticles have narrow 
size distribution which is important during growth of 
centipede to achieve more homogeneous vaporization 
of seed particles. The high-resolution TEM 
(HRTEM) image of a selected single ZnO:Cu 
nanoparticle (inset Figure 1(b)) shows that 
nanoparticles have inter-connected hexagonal 
morphology and clear (0002) lattice fringes with a 
spacing of 0.26 nm, which means the single crystal 
ZnO:Cu nanoparticles have highly crystalline 
structure. In addition, Cu addition does not result any 
distortion or defect creation of ZnO crystal. 
 

 
 

Figure 2. (a) XRD patterns of ZnO:Cu 
nanostructures. (b) Low magnification SEM image of 
a centipede structure and (c) high magnification SEM 
images of nanowires of the centipede leg. 
Figure 2(a) shows an XRD pattern of 1.25 at.% Cu 
doped ZnO nanostructures prepared with VLS 
technique. The XRD diffractograms of ZnO:Cu 
nanostructures also match with JCPDS card data of 
ZnO having wurtzite type crystal structure. Note that, 
there are some additional diffraction peaks coming 
from the (004) planes of the Si substrate and catalyst 
Au coating film layer. These data indicate no trace 
for presence of any additional phase within the 
intrinsic detection limit of XRD for phase analyses as 
a result of lower dopant amount of Cu than the 
solubility limit in ZnO [14]. ZnO is a native n-type 
material  [15] and incorporated Cu atoms are mainly 
substitutionally sitting on Zn sites into the ZnO 
crystal. For ZnO:Cu nano-centipede structure, lattice 
parameter (c) was determined as 0.522, which is also 
lower than that of undoped ZnO nanoparticles. This 
suggest that after VLS growth of nanoparticles, Cu is 
also substitutionally incorporated into ZnO lattice. 
Fig. 2(b) shows the typical morphology of ZnO:Cu 
nanostructures. A centipede structure with nearly 50 

m skeleton length and ~20 m leg length is shown 
in Fig. 2(b). The high magnification view of legs 
indicates that they are consisted of core-shell 
nanowires (Fig. 2(c)). The diameter of leg nanowire 
is determined as ~150 nm.  
 
Figure 3 shows TEM micrograph, EDX result and 
Zn-Cu elemental mapping images of ZnO:Cu 
nanowires structure. Low magnification TEM image 
(Fig. 3(a)) indicates that the surface of ZnO:Cu 
nanowire seems clear and any amorphous layer is not 
observed. HRTEM image (Fig. 3b) shows that 
absence of visible defects or precipitate of second 
phase meaning that Cu atoms are well-incorporated 
into the ZnO lattice. Fringes of individual planes are 
clearly visible in the micrograph indicate the single 
crystalline nature of the ZnO:Cu nanowires 
preserving the growth direction along the c-axis. The 
measured distance between adjacent fringes is about 
0.26 nm, corresponding to the (0002) plane of ZnO.  
 
The representative selected area of electron 
diffraction (SAED) pattern taken from the HRTEM 
images shows that the growth direction is [0001] 
(inset in Figure 3b). An approximate chemical 
composition of ZnO:Cu nanowires was determined 
with in-situ X-ray energy dispersive spectroscopy 
(EDS) analysis (Fig. 3 (c)). EDX data indicated that 
the particles consist of Zn, O and Cu elements and 
atomic proportion of Zn:O elements are close to 
stoichiometric ratio of 1:1. In addition, Cu amount is 
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determined as 1.14 at.% from the  tip region of the 
Cu-doped ZnO nanowires and there is little Cu loss 
during growth of centipede structure from the 1.25 at. 
% Cu doped ZnO seed particles.  

 

Figure 3. (a) Low magnification TEM (b) HRTEM 
micrograph, and (c) EDX spectrum of ZnO:Cu nano-
centipedes. The inset in (b) shows SAED pattern of 
the tip region of nanowires. 

4. Conclusion 
 

As a summary, ZnO:Cu nano-centipede structure was 
synthesized via two step reaction mechanism. Firstly, 
seed ZnO:Cu nanoparticles with narrow size 
distribution and 22.6 (±3.4) nm average particle size 
were prepared by using room temperature 
precipitation method. Then, nano-centipede structure 
was grown from the seed nanoparticles via VLS 
technique. Results of this study indicate that the 
suggested synthesis method provides a simple 

approach for synthesizing ZnO:Cu nanostructures 
with distinct morphologies and homogeneous Cu 
distribution which are advantageous for the 
spintronic applications. 
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Abstract 
Residual stress state on the surface layers has a critical 
effect on the service performance and fatigue life of the 
carburized components. Non-destructive determination 
of residual stress state in a rapid and reliable way has 
being gained importance for industrial applications. 
The aim of this study is to investigate the efficiency of 
the magnetic Barkhausen noise (MBN) method for 
monitoring the residual stress variations as a function 
of carburizing process parameters. For this purpose, 
MBN and XRD measurements were performed on a 
series of samples prepared by changing process 
parameters, and then, the results were compared and 
discussed.  

Keywords: Carburizing, Residual stresses, Non-
destructive measurement, magnetic Barkhausen noise 

1. Introduction  
Carburizing is one of commonly used surface treatment 
process which enhances hardness, wear resistance, and 
fatigue performance of the highly stressed machine 
parts such as shafts and gear wheels. This 
thermochemical treatment induces carbon diffusion 
into the surface of the low carbon steel. After 
saturation of carbon at the surface at elevated 
temperatures, quenching process is applied in order to 
create martensite phase in the superficial layers. 
Martensite formation improves the strength and 
induces compressive residual stresses [1,2]. 
Compressive residual stresses compensate the effects 
of external tensile stresses so the tendency to failure 
can be remarkably reduced. 

Residual stress is defined as self-equilibrating stress, 
that is, local areas of tensile and compressive stresses 
sum to create zero force and moment resultants within 
the material. It is the result of the metallurgical and 
mechanical processing history of the component during 

its manufacture. Moreover, it also arises from the 
differences between neighboring regions or phases 
within the material. Three main causes of residual 
stresses exist: Non-uniform plastic deformation, 
material phase and/or density changes and surface 
modification.  

The failure of an engineering structure or component is 
not only due to external loads, residual stress state 
should also be taken into account. Any manufacturing 
process introduces a state of residual stress which may 
result in either positive or negative effect. For instance, 
compressive residual stress at the surface improves 
fatigue performance while tensile residual stress at the 
surface will increase the tendency for stress corrosion 
cracking in a corrosive environment.  

Different microstructures and residual stress states may 
be observed in carburized components even if they are 
having the same hardness profiles. Prediction of the 
microstructural transformation and the residual stress 
distribution is a quite challenging task. 

Several methods have been developed to measure 
residual stresses. However, these are either destructive 
or of limited capability. Among various methods 
available to measure residual stress, only the X-Ray 
Diffraction (XRD) method has the appropriate spatial 
and volumetric resolution that adequately characterizes 
the residual stress distributions. However, it is 
relatively expensive and requires long measurement 
periods.  

Industry has been requesting alternative ways to 
measure residual stresses accurately, quickly and easily 
without damaging the material. A less conventional 
approach, the magnetic Barkhausen noise (MBN) 
method, is of particular interest because of its potential 
as a non-destructive tool to measure residual stress in 
the industrial environment. 
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The MBN method depends on the abrupt motion of 
domain walls in magnetostrictive materials that is 
caused by changing in magnetization.  

MBN is produced by discontinuous changes in the 
magnetic ux density related to the jump of domain 
walls between pinning sites [3]. A sensor coil can 
monitor these small changes in the plane of the 
component surface.  

It is known that residual stress affects the total domain 
wall area while microstructure affects the pinning sites 
for domain walls [4]. Tensile residual stress enhances 
the area of 180o domain walls which causes an increase 
in the MBN emission [5].  

It has been reported that the maximum value of the 
compressive residual stress increases and its position 
shifts toward the sub-surface zone with increasing case 
hardening depth [6].  

XRD measurements in the carburized 21NiCrMo2 steel 
showed the presence of the compressive residual 
stresses on the surface up to 550 MPa [7].  

There are limited numbers of publications about the 
characterization of carburized steels by MBN 
technique. The influence of elastic tensile and 
compressive stresses of various magnitudes on the 
MBN signals was verified by XRD technique, and the 
peak amplitude of MBN emissions was found to 
correlate with both residual and applied stress, showing 
a clear rising trend for the transition from compressive 
to tensile stress [8]. Both high and low-frequency MBN 
measurements in the carburized steels were correlated 
to the residual stress depth profiles measured using 
XRD method: the high-frequency MBN emission 
indicated the changes in the surface residual stress, but 
not deeper than 10 m [9]. Case-hardened 
17CrNiMo7-6 steels were investigated to establish a 
multi-parameter MBN method for determining residual 
stress, and the results indicated that the response of the 
material was mainly consistent with the MBN 
emission, but some unequal correlations were found 
[10]. In another study, the RMS value of the MBN 
voltage and coercive force showed the best correlation 
with residual stress variations in the quenched steels 
[11]. 

The aim of this study is the nondestructive monitoring 
the variation of surface residual stresses in the steel 
samples produced by applying different carburizing 
parameters. The results of the MBN measurements on 
the carburized 19CrNiH5 samples were compared with 
those of the XRD measurements. 

 

2. Experimental Procedure 
 
The samples (100mmx45mmx10mm) were prepared 
from the 19CrNi5H steel rods (Table 1) by machining 
and grinding. Four sample sets were prepared by 
applying different carburizing-tempering procedures in 
Türk Traktör Company.  

Table 1. Chemical composition of 19CrNi5H steel (wt%) 

 
After holding the samples at 180°C, the carburizing 
process was applied by using the mixture of C3H8(g) and 
the shielding gas (33% H2, 28% CO, 0,8% CH4). The 
samples were held under the atmosphere containing 
1.1% C, and then, carburizing process was continued 
with the atmosphere containing 0.8% C, not to exceed 
the surface carbon concentration of 0.9% C. After 
cooling down to the shell oxidation temperature of 
880°C, the samples were quenched in oil. One of the 
specimens was kept without carburizing, as the 
reference sample. The next operation was tempering 
which was applied to observe the variation of residual 
stresses. Tempering treatments were applied at 180°C, 
240°C and 600°C for 3 hours, while one set was left in 
the as-quenched condition. At the end, the samples 
were sand blasted. 

In XRD measurements by Stresstech Xstress 3000 
G2/G2R, Cr-K  radiation was employed by focusing 
on the ferrite {211} planes at 2 156°. The average 
penetration depth was 4.7 m [12]. Equally spaced five 
points were chosen for the measurements. Totally 10 
tilt angles from -40° to +40° were evaluated. Using 
sin2  technique, residual stress values were calculated.  

The MBN measurement parameters were optimized by 
altering the voltage from 2 to 16 volts and the 
frequencies from 0 to 1000 Hz. Reliability, sensitivity, 
validity of MBN signal with respect the residual stress 
levels obtained by XRD measurements were 
considered for choosing the optimum MBN 
measurement parameters [10]. 

Microstructure examination was performed on the 
samples that were ground, polished and etched with 2% 
Nital solution. The RD-ND (rolling direction–normal 
direction) planes of the samples were examined via an 
optical microscope under bright field illumination. The 
Vickers hardness measurements were performed by 
Shimadzu HMV-2T using 200 g load, and the readings 
were taken from the surface zone of each specimen. 

C Si Mn P S 

0.18 0.26 0.95 0.014 0.026 

Cr Ni Mo Al V 

1.01 0.94 0.05 0.031 0.009 
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3. Results and Discussion 

3.1. Residual Stresses  

XRD measurements revealed that compressive residual 
stresses exist at the surface, and their magnitude 
decreases with increasing tempering temperature 
(Figure 1).  

Carburized specimens are almost always tempered to 
obtain tempered martensite with improved ductility and 
toughness, to minimize the amount of the retained 
austenite and distortion. 

 
Figure 1. Effect of tempering on the surface residual stress of 

the carburized samples (XRD measurements) 

 
During cooling, thermal and phase transformation 
induced internal stresses may cause local, non-uniform 
plastic deformation. Upon cooling, first the sub-surface 
region consisting of austenite with lower carbon 
content, i.e., with higher Ms temperature, starts to 
transform into martensite. Formation of martensite 
causes an increase in volume while untransformed 
regions restrain this expansion. When the temperature 
compensation between the core and the surface is 
completed the compressive residual stresses exist at the 
surface, and they are balanced by the tensile residual 
stresses in the core.  

MBN measurements indicated that RMS values of the 
samples increase with increasing tempering 
temperature since the magnitude of the compressive 
residual stress decreases (Figure 2). In the as-quenched 
specimen, the high dislocation density in the martensite 
needles acts as a barrier to the movement of the domain 
walls. A stronger magnetic field is required for reversal 
of magnetization due to reduced domain wall mobility 
and difficulties in domain wall nucleation. Upon 
tempering, the crystal structure of the martensite losses 
its tetragonality and dislocation density decreases; thus, 
domain wall motion may take place at lower magnetic 
field strength. All these factors count for easy domain 
wall movement, hence, the amplitude of the MBN 
increases. 

 
Figure 2. MBN root mean square values of the carburized 

and tempered samples 

 
When root mean square values of MBN measurement 
was compared with the residual stress state, it can be 
deduced that MBN measurement was reliable for 
residual stress determination (Fig. 3). This correlation 
shows that residual stress values can be determined by 
Magnetic Barkhausen Noise method. Compared to 
XRD stress measurement, MBN measurement 
technique is faster for determining the stress values 
almost as accurate as XRD technique. 

It should be noted that when the carburizing conditions 
and/or steel type changes another correlation has to be 
found. Moreover, the MBN-RMS values depend on 
both hardness and residual stress levels. Since, 
increasing tempering temperature effects the RMS 
values and the residual stress levels in the same 
direction, the correlation is excellent.  

Figure 3. Correlation between residual stress and 
MBN-RMS 

 

3.2. Hardness and Microstructural Analysis 

Hardness measurements showed that hardness values 
increase remarkably from the core to the carburized 
surface regions. On the surface layer of the as-
quenched sample, the hardness value is about 70 HRC. 
When tempering temperature increases to 600°C, 
surface layer softens down to 45 HRC.  
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Microstructure of the case region consists of needle-
like martensite, while the core region has martensite 
and Widmanstätten ferrite that started to grow at the 
prior austenite grain boundaries. Ferrite and/or pearlite 
phases were not observed in the core since there is only 
slight difference between the cooling rates of the case 
and the core due to low wall thickness of the samples. 

 
Figure 4. Representative micrographs of the samples 

4. Conclusion 
Various sample sets were prepared from 19CrNi5H 
steel by carburizing at 900°C for 8 hours, followed by 
tempering at different temperatures (180°C, 240°C, 
600°C). The effectiveness of the Magnetic Barkhausen 
Noise (MBN) method for non-destructive monitoring 
of residual stress variations in the carburized samples 
was investigated by comparing the MBN results with 
those of XRD method. XRD measurements revealed 
that compressive residual stresses exist on the surface 
of the carburized sample, and their magnitude 
decreases with increasing tempering temperature. The 
results of the MBN measurements give the similar 
tendency. Domain wall pinning effect of high 
dislocation density and needle-like martensite lower 
the MBN activity. After tempering, the magnitude of 
residual stress decreases; nucleation and movement of 
the domains in the microstructure become easier. The 
RMS value of MBN emission increases with increasing 
tempering temperature.  

Measurement by the MBN technique is much faster 
than the XRD technique while both techniques give 
similar tendency for residual stress variations. MBN 
technique is a strong candidate for nondestructive 
qualitative monitoring of residual stress variations. 
With an appropriate pre-calibration procedure 
considering also the effect of microstructure, MBN 
technique may give reliable quantitative results for the 
residual stresses. 
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Abstract 
 
Porous Ti-6Al-4V alloys are attractive candidates as 
implant materials due to their good biocompatibility 
combined with the porous structure leading to increased 
osseointegration and decreased stiffness. Accordingly, 
different processing techniques were employed for the 
production of Ti-6Al-4V foams in the literature. Among 
these techniques, sintering with space holder is used to 
produce porous Ti-6Al-4V alloys in this study. Magnesium 
was employed as the space holder material because of its 
relatively low boiling point as well as high oxygen affinity. 
Two different compaction techniques, die compaction with 
hydraulic pressing and cold isostatic pressing (CIP), were 
employed for obtaining green compacts. Both spherical and 
nonspherical Ti-6Al-4V powders were used to investigate 
the effect of powder shape on compaction. Processed foams 
were characterized in terms of both microstructural and 
mechanical aspects in order to investigate the effect of 
pressing conditions in combination with powder 
characteristics. It was observed that NS-CIP foam, which 
was produced by compacting nonspherical powders by cold 
isostatic press, has the highest strength. However, the S-DP 
foam, which was produced by die-pressing of spherical 
powders, has the highest toughness 
 
1. Introduction 
 
Titanium and its alloys have versatile combination of 
properties such as low density, high specific strength, high 
corrosion resistance, good fatigue resistance and 
biocompatibility which makes them unique for automotive 
[1] and aerospace industries [2] and biomedical 
applications [3-5]. In the recent years, porous titanium and 
titanium alloys are used extensively as biomedical 
materials for dental implants, hip and knee joints [6-8]. By 
controlling porosity content, mechanical properties of 
porous materials can be adjusted. For biomedical 
applications, this gives the opportunity to reduce elastic 
modulus of the implant to the elastic modulus value of the 
bone (5-30 MPa) to prevent stress-shielding effect, which is 
the weakening of the bone due to presence of stiffer 
implant material [9-10]. Furthermore, porous structure 
increases osseointegration and bone ingrowth establishing 

better mechanical adhesion of the implant to the bone tissue 
[11-13]. 
 
Porous titanium and titanium alloys are produced by solid 
state processes due to their high melting point and strong 
reactivity [14]. Loose powder sintering [15], space holder 
method [16,17], sintering of hollow spheres [18], gas 
entrapment method [19], replication method [20] and 
electron beam/laser melting of powders [21-23] are 
common techniques in literature for production of porous 
titanium and its alloys.  From these techniques, space 
holder method has advantages in accurately controlling the 
fraction, size and shape of pores. Magnesium [24], sodium 
chloride [25], carbamide [26], starch [27], titanium hydride 
[28] and ice [29] are some of the space holders that are 
used in the production of porous titanium alloy structures. 
Among the space holders, magnesium is tempting due to its 
dual function; lower boiling point and higher oxygen 
affinity.  During heating to the sintering temperature, which 
is above the boiling point of Mg, magnesium first melts and 
creates macropores and then it evaporates. The Mg vapor 
present in the furnace creates a protective gas atmosphere 
and prevents oxidation of titanium since Mg has got higher 
oxygen affinity [30]. 
 
Apart from pore characteristics, mechanical properties of 
implants are also important. The foams should have low 
stiffness but enough strength and ductility. Strut 
characteristics are important for mechanical strength since 
they are the load carrying parts of the porous structures and 
are mostly effected from sintering conditions (temperature 
and time), compaction of the powders (pressure), powder 
size and shape (spherical or angular).   
 
In the present study, Ti-6Al-4V foams were produced with 
the presence of 60 vol% Mg space holder from two 
different powders (spherical and non-spherical) by 
employing two different compaction methods (die pressing 
and cold isostatic pressing) in order to investigate their 
influence on mechanical properties of the foams. 
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2. Experimental Procedure 
 
In this study, spherical (average particle size of ~55 m) 
and nonspherical (average particle size of ~42 m) Ti-6Al-
4V powders (ASTM F1580-01, Phelly Materials Inc., New 
Jersey, U.S.A) and magnesium (Mg) powder (99.82 % 
purity, TangShanWeiHao Magnesium Powder Co. LTD., 
Tangshan, Hebei Province, China) were used for the 
production of porous Ti-6Al-4V foams. Spherical Mg 
powders were sieved to the range of 250-600 m since the 
final size and shape of the macropores will be determined 
by Mg powder characteristics.   
 
The spherical shape of Ti-6Al-4V (Fig. 2b) powders was 
also revealed by SEM micrographs.  The morphology of 
the powders, extent of sintering and pore structure of the 
produced Ti-6Al-4V foams were examined by scanning 
electron microscope (SEM) (Nova Nano SEM 430, FEI 
LTD, Oregon, USA). 
 

      
(a)                                          (b) 

Figure 2. SEM micrographs of (a) spherical Ti-6Al-4V and 
(b) nonspherical Ti-6Al-4V. 

 
Ti-6Al-4V powders were mixed with 60 vol% Mg powder 
and 5 wt% polyvinyl alcohol solution (2.5 wt% PVA+ 
distilled water), which was used as binder. The mixture was 
blended homogenously until all Mg powders were covered 
with Ti-6Al-4V powders and the excess water in PVA 
solution got evaporated. Cylindrical compacts of spherical 
Ti-6Al-4V+Mg powder mixture were produced by both die 
and cold isostatic pressing. For die pressing, powder 
mixture was compacted in a double-ended steel die under 
500 MPa pressure by using hydraulic press (S-DP) while 
silicon molds were employed for cold isostatic pressing 
under 300 MPa (S-CIP). Furthermore, cylindrical compacts 
of nonspherical Ti-6Al-4V+Mg powder mixture (NS-CIP) 
were obtained by employing CIP (Stansted Fluid Power 
Ltd., Harlow, United Kingdom) to investigate the effect of 
powder shape on mechanical response. All of the compacts 
obtained were 10 mm in radius with an aspect ratio of 1. 
 
All of the compacts were sintered in a vertical tube furnace 
under high purity argon (99.999% purity, N2: 6.2vpm, O2: 
2.2 vpm, humidity: 2vpm) atmosphere at 1200 °C for 2 
hours. Mg powders were evaporated during sintering and 
Mg vapor also aided Ar gas to create protective atmosphere 
in the furnace against oxidation. The heating rate of the 

furnace was kept constant at 10 °C/min to prevent collapse 
of compacts during melting and evaporation of Mg 
powders. 
 
Mechanical behavior of processed porous Ti-6Al-4V alloys 
was characterized by monotonic compression tests, which 
were carried out at a crosshead speed of 0.1 mm/min with 
100 kN capacity screw driven electromechanical testing 
machine (Instron 5582, Instron Co. LTD., Norwood, USA) 
at room temperature. Strain measurements were conducted 
with an advanced non-contact video extensometer (Instron 
2663-821, Instron Co. LTD., Norwood, USA). Three 
specimens were tested for each condition. Young’s 
modulus of each tested Ti-6Al-4V foam was measured 
from the slope of the linear portion of stress-strain diagram 
while yield stress was determined by 0.2%-offset method. 
Maximum strength of the S-DP foam was determined as 
the onset of densification, rapid increase in the stress-strain 
curve, while it was the maximum stress value attained for 
S-CIP and NS-CIP foams.  
 
3. Results and Discussion 
3.1. Porous Ti-6Al-4V alloys produced from spherical 
powder 
 
SEM analyses have revealed that produced foams were 
composed of two different pore structures, namely 
macropores and micropores (Fig. 3). Macropores, which 
were intentionally created by the evaporation of 
magnesium, have homogenous distribution, spherical 
geometry and interconnections to other pores (Fig. 3a, b). 
On the other hand, irregular shaped micropores were 
formed due to insufficient sintering of Ti-6Al-4V powders 
(Fig. 3c, d). 
 
All of the produced Ti-6Al-4V foams have interconnected, 
spherical macropores with relatively homogeneous 
distribution independent from the compaction technique. 
However, the extent of sintering and accordingly the 
amount of microporosity was observed to be highly 
dependent on the compaction conditions. From the 
comparison of Fig. 3c and Fig. 3d, it can be observed that 
the compaction of the powders was not enough and 
accordingly sintering was insufficient when CIP technique 
was used. On the other hand, it is obvious that S-DP foams 
have also considerable amount of microporosity on the 
sintering necks. 
 
The difference in the compaction ratio of S-DP and S-CIP 
foams was attributed to the lower compaction pressure 
applied by CIP. As it was obvious from both PSD 
measurements and SEM micrographs, spherical Ti-6Al-4V 
powder has a very narrow size range. When the spherical 
shape of the powders was combined with the narrow size 
range, the compaction became difficult.  
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(a)                                    (b) 

    
(c)                                  (d) 

Figure 3. SEM micrographs: macropore distribution of (a) 
S-DP and (b) S-CIP foams, micropores at the sintering 

necks of (c) S-DP and (d) S-CIP foams. 

The difference in compaction amount has significantly 
affected the results of monotonic compression tests (Fig. 4). 
Both yield and ultimate tensile strength of S-CIP foam was 
observed to be lower than that of S-DP foam.  The powders 
that have loosely sintered could not sustain the applied load 
and premature collapse has occurred in S-CIP foam. It was 
observed that the mechanical response of S-DP and S-CIP 
foams was similar to each other, the only difference being 
the densification stage. Both of the foams were initially 
elastically deformed upto yield point and deformation 
proceeded by wavy plateau region immediately after 
yielding. However, the increase in the stress due to 
densification of S-DP foam was not observed for S-CIP 
foam since the struts were too weak to sustain the load even 
after collapse of S-CIP foam. 
 

 
Figure 4. Monotonic compression behavior of S-DP and S-

CIP foams. 

NS-CIP foams were produced to decrease the 
microporosity content since the origin of microporosity was 
the insufficient compaction of powders due to their 
spherical shape. The reason of employing CIP instead of 
die pressing as the compaction technique was the fact that 
intricate shapes can be manufactured by CIP technique. 
 
3.2. Porous Ti-6Al-4V alloys produced from 
nonspherical powder 
 
NS-CIP foams were produced to decrease the 
microporosity content since the origin of microporosity was 
the insufficient compaction of powders due to their 
spherical shape. The reason of employing CIP instead of 
die pressing as the compaction technique was the fact that 
intricate shapes can be manufactured by CIP technique.  
 
SEM micrographs indicated that the interconnected 
spherical macropores are also present in NS-CIP foam (Fig. 
5a). However, the microporosity content was significantly 
reduced as given in Fig. 5b. Ti-6Al-4V powders have 
interlocked each other due to their irregular shape resulting 
in better sintering.      
 

    
(a)                                (b) 

Figure 5. (a) Interconnection spherical macropores 
(interconnection is indicated by white arrows) and (b) 

microporosity (indicated by white arrow). 

The better sintering conditions achieved by using 
nonspherical powder resulted in an increase in both yield 
and ultimate strength values as given in Table 1. However, 
it was observed that the energy storage capacity of S-DP 
foam was still higher than that of NS-CIP foam (Figure 6). 
 

Table 1. Mechanical properties of the produced Ti-6Al-
4V foams where y is the yield strength, max is maximum 

compressive strength, E is Young’s modulus. 
 S-DP S-CIP NS-CIP 

y (MPa) 125  92 172 
max (MPa) 185 117 210 
E (GPa) 7.99 1.66 5.30 

 
NS-CIP foam has also displayed a different compression 
behavior with respect to both S-CIP and S-DP foams (Fig. 
6). The latter two foams displayed a wavy plateau region 
after yield strength due to a decrease in porosity content 
after collapse of the strut groups, which leads to transient 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

446 IMMC 2016   |   18th International Metallurgy & Materials Congress

strengthening. However, NS-CIP foams have a steeper 
decreasing trend after ultimate strength has achieved. The 
difference was believed to be due to the higher strength of 
individual struts that prevents regional collapse of strut 
groups, which was the origin of transient strengthening in 
S-DP and S-CIP foams [25].  
 
The results obtained from NS-CIP foam were promising 
since it has observed that better strength can be achieved 
even with lower compaction pressures applied by CIP. 
Furthermore, complex shaped foams, which were 
determined according to the requirements of application, 
can be produced by CIP and increasing CIP pressure can 
enhance mechanical properties. 
 

 
Figure 6. The monotonic compression behavior of S-DP, 

S-CIP and NS-CIP foams. 

 
4. Conclusion 
 
Both spherical and nonspherical Ti-6Al-4V powders, which 
were mixed with 60 vol% Mg powder, were sintered at 
1200°C for 2 hours. Two different compaction techniques 
were employed for spherical powders, namely CIP and DP. 
It was observed that 300 MPa pressure was not enough for 
compaction of spherical powders with CIP. On the 
contrary, the same pressure resulted in the lowest 
microporosity when the nonspherical Ti-6Al-4V powder 
was used since irregularly shaped powders interlocked each 
other. The change in microporosity has affected the 
mechanical properties leading to better yield and ultimate 
strength. However, the energy storage capacity of S-DP 
foam was still higher than NS-CIP foam. It was concluded 
that CIP can be a better alternative to DP when 
nonspherical powder was used; similar pressure was 
applied; and intricate shape of product is required. 
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Abstract 
 
SiAlON ceramics are used in advanced technology areas 
including mechanic, chemistry, metallurgy, optic, 
automotive and defense industry. To improve some of the 
properties, graphene forms have been added to 
composition of these materials. However, these are some 
difficulties on the sample preparation since the properties 
of graphene and ceramics are very different. In this study, 
graphene nanoplatelets (GNPs) homogenized by 
sonication and added to the SiAlON compositions at 8 wt 
%. Graphene containing and pure SiAlON samples were 
sintered in spark plasma sintering (SPS) furnace under the 
same conditions. Distribution and alignment of GNPs in 
the SiAlON microstructure have significant effects on the 
electrical/thermal conductivity and mechanical properties 
such as hardness and fracture toughness. For this reason, 
scanning electron microscope (SEM) examinations were 
performed to make correlations between microstructure 
and material properties. Therefore, sintered samples were 
prepared in three different ways to find the proper sample 
preparation techniques for correctly reveal the 
microstructure in the SEM. Samples were prepared by 
fracturing, mechanically polishing and cross section 
polishing techniques. SEM images obtained from the 
fractured surfaces did not clearly reveal distribution of 
GNPs in the SiAlON structure. At the same time, it was 
observed that the mechanical polishing cause the pull out 
of weakly bonded graphenes from the surfaces. 
Additionally, SEM investigations proved that precise 
polishing capability of ion beam in the cross section 
polisher (CP) show the distribution and orientation of 
graphenes in the SiAlON microstructures clearly.  
 
1. Introduction 
 
SiAlON ceramics are widely used in high temperature 
industrial applications such as high speed cutting tools, 
wear components, metal forming tools and gas turbine 
engine components. Despite the use at advanced 
technology areas, there is still a need to improve the 
thermal, electrical and mechanical properties of these 
materials in addition to increased machinability and 
decreased weight [1,2]. For this purpose, ceramic 
materials are reinforced with appropriate carbon base 

nanofillers and these materials exhibit higher mechanical 
properties as well as better thermal, electrical and 
tribological properties due to the lubricating nature of 
carbon. [3,4,5]. 
 
Nowadays, one of the carbon based reinforcing material 
graphene have become quite popular in various 
applications. They are used extensively in ceramic, 
polymer and metal composites as a nanofiller due to their 
unique properties. It can be found in the form of graphene 
nanoplatelets (GNP), graphene oxide (GO) or exfoliated 
graphene nanoplatelets (xGNPs). Recently, some studies 
related with ceramic base matrices demonstrated that 
charge transport, thermal/electrical and mechanical 
properties of the composites improved even at low 
graphene addition [5,6,7].   
 
Performance of reinforced composites are significantly 
affected by distribution of nanofillers in the 
microstructures. Graphenes having the platelets structure 
must be separated from each other in order to obtain 
homogeneous distribution in the matrice material. 
Otherwise, they can form a clusters in the particular 
regions of composite structure which can lead to non-
uniform material properties.  
 
Determination of the orientation and distribution of GNPs 
in the microstructure is very important due to the applied 
uniaxial pressure in SPS furnace. In the previous works, 
graphene containing ceramic composites were commonly 
examined by imaging the fracture surfaces or obtaining 
backscatter electron (BSE) images from mechanically 
polished surfaces in the SEM. For this reason, in this work 
samples were prepared by fractioning and mechanical 
polishing technique and investigated in the SEM (Figure 
1). However, distribution and orientation of graphenes in 
the microstructure were not clearly identified from 
fracture surfaces as seen in the Figure 1(a). BSE image in 
Figure 1 (b) showed black contrast corresponding to 
GNPs or porosities. However, when SE imaging (Figure 
1 (c)) was employed some of the GNP regions seems to 
be porosities or pull outs. This shows that mechanical 
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polishing is not appropriate technique for sample 
preparation of graphene containing composites. 

Figure 1. (a) SE images obtained from fractured surface, 
(b) BSE and (c) SE images taken from mechanically 
polished vertical surfaces of graphene containing SiAlON 
composites 
 
CP is a new and advanced preparing technology when 
compared to mechanical polishing techniques. It uses an 
argon beam to mill cross sections or polish virtually any 
material that is affixed to the continuously rotating sample 
holder. During milling, the sample is rocked automatically 
to avoid creating beam striations on the cross sectioned 

surface. Due to the glancing incidence of the ion beam, 
argon is not implanted into the sample surface [9]. 
However, there is no study on preparing the GNP-
ceramic/polymer/metal composites by using CP technique 
for electron microscopy investigations. Therefore, the 
motivation of this study is to find the appropriate sample 
preparation technique to investigate the microstructures of 
graphene containing composites.  
 
2. Experimental Procedure 
 
2.1. Production 
 
First of all, graphene powders were homogenized by 
sonication technique (Sonics, 750 Vef) at the conditions 
of 20 kHz frequency, 40% of amplitude, 16 second pulse 
on and 25 second pulse of for 1 hour.  
 
Sonicated GNPs were blended with SiAlON forming 
powders: Si3N4, AlN, Al2O3, CaCO3, Y2O3 and Sm2O3 in 
a planetary ball mill at a speed of 300 rpm for 1.5 hour. 
Following alcohol evaporation from the slurries, the 
mixed powders were dried in rotary evaporator and then 
sintered in a SPS furnac
minutes.  The detailed preparation and properties of these 
composites can be found elsewhere [ nar, 2016]. 
 
2.2. Characterization  
 
After sintering, samples were fractured and investigated 
in the SEM. Then, two other samples from the SPSed 
specimens were cut perpendicular and parallel to the 
pressing direction (Figure 2).  

 

 Figure 2. Vertical and horizontal surfaces of samples  
 
After cutting, samples were mounted in bakelite and 
polished down to colloidal silica finish by using automatic 
polisher (STRUERS, Tegra pol-25). Also, similar surface 
of the samples were polished at 4.5 kV accelerating 
voltage for 16 hours in the CP (Jeol, SM 09010).   
 
Horizontal and vertical surfaces of mechanically and CP 
polished sonicated, GNP added SiAlON composites were 
investigated in a field emission gun-scanning electron 
microscope (ZEISS-SUPRA 50 VP). The SE images  were 
obtained at 12 mm working distance, 10 kV accelerating 
voltage and high vacuum mode without coating whereas 
backscatter electron images (BSE) of uncoated, polished 
graphene containing SiAlON composites were taken 
under variable pressure mode, 20 kV accelerating voltage, 

a) 

b) 

c) 
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5 mm working distance and high current conditions. In 
order to understand the effects of GNP addition on 
materials properties same measurements applied to the 
pure SiAlON ceramics. 
 
3. Results and Discussion 
 
SE and BSE images of sonicated samples which were 
prepared by using the CP technique are shown in Figure 
3. Images were taken at the same magnification with the 
mechanically polished samples (Figure 1) to make an 
accurate comparison. As seen in images alignment of 
graphene platelets clearly investigated due to 
homogeneous and precise polishing capability of CP 
technique. Additionaly, SE image (Figure 3 (a)) showed 
that graphenes did not pull out from surface during CP 
polishing. In this case, the correlation between 
microstructure and properties of composites could be 
performed successfully. Therefore, during the study CP 
was selected as appropriate sample preparation technique.   

 

Figure 3. (a) SE and (b) BSE images obtained at 3000X 
from CP polished samples. 
 
Applying uniaxial pressure to the samples in the SPS 
furnace can cause the grain orientations in particular 

direction. For this reason, both horizontal and vertical 
surfaces of the samples were investigated in the SEM. 
 
BSE images obtained at same magnifications (1650X and 
5000X) from both horizontal and vertical surfaces of pure, 
and sonicated samples are shown in Figure 4 and Figure5.  

 

Figure 4. BSE images obtained from horizontal surfaces 
of sonicated GNP containing SiAlON composites at (a) 
1600X, (b) 5000X and (c) BSE image taken from 
horizontal surface of pure SiAlON at 5000X. 
 

a) 

b) 

a) 

c) 

b) 
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According to BSE images, sonicated graphenes were not 
distributed homogeneously due to forming a clusters in 
the particular regions of microstructure. This results 
demonstrated that the sonication is not enough succesful 
in terms of separating the graphene platelets from each 
other. 

Figure 5. BSE images obtained from vertical surfaces of 
sonicated GNP containing SiAlON composites at (a) 
1600X, (b) 5000X and (c) BSE image taken from vertical 
surface of pure SiAlON at 5000X. 
 
Considering the BSE images taken from the vertical 
surfaces (Figure 5) most of GNPs were oriented 

perpendicular to the pressing direction. Therefore, the 
conductivities which measured from cross sections have 
higher values than horizontal face due to the orientation of 
GNPs in particular direction [8]. 
 
When microstructures of pure and graphene added    
SiAlON ceramics are compared, it is observed that 

 grains become smaller in the sonicated 
graphene containing sample.  The reason of this is that the 
distribution of graphene platelets within the structure 
restricted the growth of  grains during 
sintering. 
 
4. Conclusion 
 
Traditional polishing techniques could not provide the 
true microstructures for graphene containing SiAlON in 
the SEM. However, CP is an effective technique to obtain 
smooth surfaces without damaging to achieve true results. 
With the use of CP technique, examinations of 
microstructures in the SEM were successfully performed. 
SEM observations on the cross polished samples showed 
that sonication technique could not de-agglomerate the 
graphene platelets from each other completely. As a result 
of this, sonicated graphene platelets were formed a 
regional clusters in the microstructure. Additionally, SEM 
images of vertical surfaces indicated that graphenes were 
aligned perpendicular to the pressing direction due to the 
uniaxial pressure of SPS furnace. This have positive 
effects on the thermal and electrical conductivity of 
vertical surfaces. 
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Abstract 

 
Automotive industry requires higher strength materials to 
downgage the sheet metal components. This allows 
lightweighting without compromising safety of the 
vehicle. In the last decade, hot formed  (press hardened)  
steels have dominated the safety components. Recently, a 
number of steel makers are introducing new generation 
advanced high strength steels which can have both high 
strength and high elongation. TWIP steels for example 
have tremendous elongation values (>50% total 
elongation) at high strength levels (1000 MPa UTS). 
These so called 2nd generation AHSS had high alloying 
elements and thus were (1) not so cost efficient and (2) 
not easy to weld. The steel industry is now introducing 
several 3rd generation AHSS, namely Q&P, TBF and 
NanoSteel. These grades have less alloying elements, but 
still have acceptable formability with high strength. In this 
paper, material characterization tests held at Atilim 
University for CAE simulations are presented. In addition 
the study reviews the currently available steel grades and 
potential new steels. Lastly, potential uses of these steels 
in automotive and defense industries are discussed. 
 

 
1. Introduction 

 
Conventionally, as the strength of a steel grade was 
increased, its formability was decreased. This is illustrated 
in the very well known “banana curve”, in Figure 1. Over 
the last few years, steelmakers have developed a number 
of new steel grades with the aim of improving both the 
strength and the formability.  

 
Figure 1. „Banana Curve“: In conventional HSS and 1st 

generation AHSS, as strength is increased the formability is 
decreased [1]. 

 
With the introduction of Twinning Induced Plasticity 
(TWIP), TRIP Aided Bainitic Ferrite (TBF) and 
Quenched and Partitioned (Q&P) steels, automotive 
industry has recently started using cold formed steels over 
1 GPa tensile strength in complex geometries.  
Among these new grades, TWIP (Twinning Induced 

Plasticity) steels have been used in several Fiat models [2] 
including the cost efficient Panda [3]. In a joint EU project 
coordinated by Fraunhofer IWM, five partners (DYNAmore 
GmbH, ESI GmbH, Faurecia Autositze GmbH, Swerea 
KIMAB AB and Salzgitter Mannesmann Forschung GmbH) 
joined to study these materials. This study, named as 
TWIP4EU, investigated the feasibility of a seat component 
and was completed in 2015 [4].  In 2014, Volkswagen has 
studied the feasibility of using these grades in car seats [5]. 
In 2014, Renault showed EOLAB concept car where the 
hinge pillar (lower section of A-pillar) and the sill side outer 
parts were made by TWIP 980 steel [6]. According to a 
survey at the Materials in Car Body Engineering 2012 
conference (May 2012, Bad Nauheim, Germany, sponsored 
by Automotive Circle Intl.), 87 percent of the participants 
from the automotive industry said that TWIP steels can be 
applied in mass production in select applications if they 
could be further improved [7].  
 
Currently three steel makers are offering TWIP steels in 
mass production. Korean steel maker POSCO currently 
offers TWIP 880 and TWIP 980 [8], there are studies 
published by POSCO showing the feasibility of stronger 
1200 MPa UTS versions [9]. According to [10], TWIP 
steels may be produced up to 1700 MPa tensile strength. 
Chinese BaoSteel currently offers TWIP 950 grade [11] and 
is developing 1180 MPa grade [12]. Another Chinese 
steelmaker AnSteel currently offers 980 MPa TWIP steel 
and is developing 1180 MPa [13]. Salzgitter Mannesmann 
has also showed 3 different TWIP steels. They named these 
grades according to their yield stress values at 600, 900 and 
1100 MPa. According to their tensile strength values, these 
will be TWIP 980, TWIP 1150 and TWIP 1250 [14].  

 
TBF (TRIP Aided Bainitic Ferrite) steels were first 
developed by Kobe Steel [15]. In 2012, Renault-Nissan 
group has decided to use TBF steels in their future vehicles 
[16]. In 2013, Infiniti Q50 was introduced, in which A and 
B-pillar reinforcements and cantrail was made of TBF 1180. 
This was 4% of the mass of the Body-in-White [17]. In 
2015, Nissan Murano was introduced. This car also had 3% 
by-mass TBF 1180 components, including the A-pillars 
[18]. In September 2014, ArcelorMittal has introduced 
FortiForm steel family. Currently FortiForm 1050 is 
commercially available. ArcelorMittal is currently 
developing 980 and 1180 MPa versions [19]. In 2016 
Nissan Maxima, use of TBF 1180 steels has surpassed 6% 
of the body mass [18]. Nissan is expecting to increase the 
usage of these grades to over 20% of the body mass [16, 
18]. 

 
Lastly, Quenching and Partitioning (Q&P) steels are currently 
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offered by BaoSteel [11 and AnSteel at 980 and 1180 MPa 
levels [13]. In 2012, Great Wall Automotive has studied 
Q&P 980 for cold forming of a B-pillar [20] Again in 2012, 
American Auto/Steel Partnership has tested BaoSteel’s 
Q&P980 against ThyssenKrupp’s and US Steel’s DP980. 
The study concluded that Q&P980 performs better than 
DP980 in both formability and edge fracture. However, 
predicting springback is an issue [21]. In terms of future 
Q&P grades, BaoSteel is working towards Q&P 1300 
[12]. AK Steel has shown in lab scale Q&P 1800 with 
15% total elongation and Q&P 2100 with 13% total 
elongation [22]. 

 
In this study, TWIP 980 whose thickness is 1 mm, TBF 
1050 whose thickness is 1.0 mm and Q&P 1180 whose 
thickness is 1.2 mm are studied. Several characterization 
tests are held at At l m University Metal Forming Center 
of Excellence (MFCE). The experimental methods and the 
results are presented in the next sections. By using these 
tests, material data necessary for sheet metal forming 
simulations are obtained for these new generation steel 
grades. 

 
2. Material Characterization 

 
2.1 Tensile Tests 

Tensile test specimens were cut according to ASTM E8 
standard [23] by using wire EDM machine. The tests were 
held at room temperature, with constant crosshead speed 
of 10 mm/min. During the tensile tests longitudinal and 
transversal extensometers were engaged simultaneously. 
In order to eliminate the slip/stick affect at the start point 
of the test, a pre-load of 1000 N is applied. The 
extensometers were closed after the pre-load was applied. 
Because of that fact, the formulations of True Strain and 
True Stress were modified as below: 
 

 (1) 

 (2) 

 (3) 

 
Where  is the elongation that corresponds to the preload, 
P is the pre-load, G is the initial gage length, F is the 
force, A0 is the initial cross-sectional area, and L is the 
longitudinal elongation recorded by the extensometer 
 
This pre-load correction was also done to calculate 
Lankford parameters. 
 

 
(4) 

 
Where w0 is the initial width and w is the change in 
width recorded by the extensometer. 
 

2.2 Computation of Yield Strength by Extrapolation of 
Flow Curve 

Determination of yield strength (or yield stress) is not an 

easy task. There is always some ambiguity in computing the 
yield strength. As it is stated in the literature, the yield 
strength is not unique in recognition that the plastic 
deformation in metals due to dislocation flow is not a singular 
event but a diffuse process [24]. In order to avoid ambiguities 
in determination of the yield strength, the most commonly used 
convention is to define the yield strength as the stress required 
to produce a small previously specified amount of permanent 
strain or plastic deformation. For most metallic materials, the 
commonly specified offset strain is 0.002 (or 0.2%) [25]. 
Another and more sophisticated approach is to extrapolate the 
flow curve (true plastic strain vs. true stress curve) to the zero 
true plastic strain value. For this extrapolation, high order 
polynomial curve-fitting might be applied to the flow curve. In 
this study, 4th order polynomial fit was used because it was 
observed that this fit operation had the sufficient amount of 
success (R2 > 0.99). Example of the extrapolation operation for 
TBF 1050 is illustrated in Figure 2. 
 

 
Figure 2. Flow Curve of TBF 1050-Rolling Direction 

 
2.3 Computation of Lankford Parameter 
 
As it is discussed for yield strength, determination of 
Lankford parameter (r-value) is also a challenging task since 
this parameter is not constant throughout the plastic 
deformation process. The general solution to this problem is 
to make a linear fit where the Lankford parameter is 
approximately constant or stable. The computation approach 
used for this parameter is illustrated in Figure 3. 
 

 
Figure 3. Computation of Lankford parameter for TBF 

1050 (Rolling Direction) 
 

2.4 Hydraulic Bulge Test 
Standard tensile test has limitations for sheet metals because 
it only provides the stress–strain behavior of the sheet 
material under uniaxial deformation conditions. In contrast, 
during stamping operations the material deforms under 
biaxial conditions of deformation. Under the biaxial tensile 
this state of stress, the true strain level may reach a 
magnitude of about 0.7 or more. With the standard tensile 
test, however, the true strain level can hardly reach 0.3 [26]. 
The basic reason of that limited max. true strain value is the 
instability in the form of early necking encountered during 
the tension test. This phenomenon hinders the post-diffuse-
necking computation of stresses and strains based on the 
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elementary measurements of force and extension in the 
axial direction [27]. Therefore, in process simulations via 
finite element method (FEM), the flow curve obtained from 
tensile test must be extrapolated. This may cause 
significant errors in process simulations using FE codes 
[26]. The result of a case study on determination of the 
uncertainty introduced by the extrapolation of tensile test 
data is shown in Figure 4.  

 
Figure 4. A comparison of standard tensile test and hydraulic 

bulge test for DP 600 steel [28]. 
 

In order to obtain the flow curve up to large strain values, 
hydraulic bulge test are performed for the samples. The 
studies regarding to this effort is ongoing. An example 
flow curve obtained from hydraulic bulge test is illustrated 
in Figure 5. 

Figure 5. Biaxial flow stress of TWIP 980 
 
3. Results of the Characterization Tests 
 
The results of the characterization tests which are completed 
for new generation AHSS are shown in Figure 6 and Table 
1. 

 
Figure 6. Engineering stress-strain diagrams 

 
 
 
 
 
 
 
 
 
 

Table 1.Summary of tensile properties 
 TWIP 980 TBF 1050 Q&P 1180 

Yield 
Stress 
(MPa) 

   

UTS 
(MPa) 

   

Total 
El. 
(%) 

   

r0    
r45    
r90    
K 
(MPa) 

   

n    
 
In this study the tensile specimens were prepared with respect 
to the rolling (0°) direction and transverse (90° to rolling 
direction) directions, therefore Hill-48 Yield Criterion 
parameters could be determined. Hill-48 model is not highly 
complex yield surface definition compared to Hill-89, Barlat-
2000 or Karafillis-Boyce and etc.; however, it is widely-used 
in sheet metal simulations due to its simplicity. It exhibits 
sufficiently well performance especially in monotonic loading 
cases. With a simple supplementary study in MatLab, Hill-48 
and Hill-90 yield surfaces could be obtained for three AHSS 
grades. The examples of some results are shown at Figure 7, 
Figure 8 and Figure 9. 
 

 
Figure 7. Hill-48 Yield Surface of TBF-1050 

 

 
Figure 8. Hill-48 Yield Surface of TWIP 980 
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Figure 9. Hill-90 Yield Surface of TWIP 980 

 
4. Conclusion 
In this paper, three grades of new generation AHSS 
which have been recently started to be used in mass 
production for automotive industry were studied. 
Several mechanical characterization tests were 
performed on the samples. As it was expected, the new 
generation steels have both high strength and ductility. 
Especially, TWIP 980 has an outstanding formability, 
which can be observed by standard tensile test and 
hydraulic bulge test.  
The determination of the Lankford parameters and yield 
strengths in different directions enabled the construction 
of Hill48 model for those steels. These important test 
results were shared in this paper with the academia for 
possible further research activities. Equi-biaxial yield 
strengths were also being computed by means of which 
the Hill90 yield model could also be determined for 
three steel grades. The comparison of Hill-48 and Hill-
90 yield surfaces of those steels will be treated as a 
future work study. 
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Abstract 
 
The aim of this work is to enhance lubrication with 
different type of Si3N4 nanoparticles and characterization of 
tribological properties of AISI 4140 steel material in the 
lubricating system. The three different types of Si3N4 
nanoparticles with different particle sizes and phases are 
dispersed with a constant concentration (0.2 wt%) in 
synthetic engine oil and tribological tests are conducted 
using ball-on-disc geometry. The morphology of worn 
surfaces and nanoparticles were studied using scanning 
electron microscopy (SEM), the elemental analysis on the 
worn surfaces was also conducted with energy-dispersive 
X-ray spectroscopy (EDS) and the worn scar lengths were 
investigated using optical microscopy (OM) and surface 
profilometer. After experimental tests, an improvement was 
observed in coefficient of friction and specific wear rate 
values, 8.6% and 19.6%, respectively.  
 
1. Introduction 
 
Nanoparticles have recently been used as additives for 
lubrication systems in order to prevent friction and wear of 
materials in industry. The new interest area of tribology 
shows that the lubricants with nanoparticles have 
advantages in tribology, such as wear resistance, low 
friction coefficient, high load capacity and act as back-up 
lubricating film under boundary lubricating conditions [1-
3]. Furthermore, the lubrication technologies are related to 
transportation and manufacturing for energy consumption 
or fuel saving. Several types of nanoparticles have been 
investigated with the size in the range of 2-120 nm in 
lubricants but addition of Si3N4 nanoparticles have not been 
investigated in detail. Si3N4 is a very hard and abrasive 
material in micro size but in nano size Si3N4 particles show 
wear and friction reducing effect for lubrication systems.  
 
In this study, the ball-on-disc type tester is used to examine 
the effect of Si3N4 nanoparticles size and shapes in 
lubricating oil and characterize the worn surfaces by 
surface profilometer, SEM/EDS techniques with SE and in-
lens detectors. 
 
 

2. Experimental Procedure 
 
The lubricant oils for wear and friction tests were prepared 
with nano size Si3N4 and SAE10W40 engine oil. The three 
different type of Si3N4 nanoparticles were dispersed in 
engine oil using ultrasonic and mechanical stirring methods 
with the amount of 0.2 wt%. The properties of 
nanoparticles, engine oil and AISI 4140 steel are given in 
Table 1. AISI 4140 steel samples were austenitized at 860 
°C for 1 h, quenched and tempered at 280 °C for 20 min. 
 
Friction and wear tests were performed by a ball-on-disc 
test using CSM Tribometer. Surface roughness and worn 
profile of AISI 4140 steel samples were measured using a 
profilometer (Mitutoyo SJ-400). Before each test, the ball 
and discs were cleaned ultrasonically with acetone. Tests 
were performed at room temperature under a load of 10 N 
(calculated Hertzian contact stress 2.93 GPa) with a speed 
of 5 cm/s and a distance of 40 m. All wear tests were 
repeated 3 times and the results were averaged. The worn 
samples were examined with a scanning electron 
microscope (SEM, Zeiss Supra 50 VP). Elemental analyses 
of worn surfaces were performed using energy dispersive 
spectroscopy (EDS, Oxford Instrument) to determine the 
silicon and nitrogen contents of the wear debris. The X-ray 
diffraction patterns (Rigaku Rint 2000) of Si3N4 
nanoparticles were obtained with a Cu-K  and the 2  range 
of 20-70°. 
 

Table 1. Properties of WC-6%Co balls and AISI 4140 steel. 
Nanoparticles Properties 
Si3N4 – A type Morphology: nearly spherical, particle size: 15-30 nm 
Si3N4 – B type Morphology: nearly spherical, particle size: 20-30 nm 
Si3N4 – C type Morphology: nearly spherical, particle size: 90-100 nm 

Base Oil Physical properties 

SAE10W40 
Density (15 °C): 0.871 g/cm3, Viscosity index: 871         
Viscosity:     40  °C (ASTM D445) - 90.8 cSt 
                     100 °C (ASTM D445) - 14.1 cSt 

Specimens Properties 

Samples AISI 4140 steel, hardness: 56 HRc, E:205 GPa, 
Ra=0.02, dimensions: ø30 × 10 mm 

Balls WC-Co (6%) Tungsten carbide, hardness:91.6 HRc, 
E:690 GPa, d: 3 mm 

 
 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

456 IMMC 2016   |   18th International Metallurgy & Materials Congress

3. Results and Discussion 
 
Figure 1 shows the SEM images of the different types of 
Si3N4 nanoparticles. Figure 1a and 1b shows that the 
particles have an average diameter of 15-30 nm and 20-30 
nm, respectively. Both of them show the same geometry 
and dimensions. Figure 1c shows that the particles have an 
average diameter of 90-100 nm. All types of Si3N4 
nanoparticles were apparently aggregated. 
 
Figure 2 shows the XRD pattern of Si3N4 nanoparticles. 
Type A includes silicon and nierite phases. Type B and 
Type C include beta and nierite Si3N4 phases and also Type 
C includes silicon, beta and nierite phases. 
 

 
Figure 1. SEM images of three different type of Si3N4 
nanoparticles, (a) Type A, (b) Type B and, (c) Type C. 

 
Worn surface analyses were carried out in SEM by using 
SE detectors and also in-lens detectors because of the 
analyzing region is a topographic surface. In-lens detectors 
collect only SE1 electrons are generated in the upper area 
of the interaction volume and therefore contain detailed 
information on the sample surface [4]. According to 

collection of electrons, in-lens detector gives more details 
of the worn surface as shown in Figure 3. 

 
The effects of the different types of the lubricants on the 
worn surface resulted in different wear scars (Figure 4). 
The maximum wear scar width is obtained with the base 
oil. The Si3N4 nanoparticles additive lubricants are showed 
narrower wear scar width then the base oil. It can be said 
that spherical nanoparticles create a rolling effect to reduce 
the contact surfaces between AISI 4140 steel sample and 
WC-6%Co ball [5, 6]. 
 

 
Figure 2. XRD patterns of three different types of Si3N4 

nanoparticles. 
 

 
Figure 3. SEM analysis of worn surface with (a) SE detector and 

(b) in-lens detector. 
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Figure 4. SEM in-lens images of worn surfaces with different 
lubricants (a) Base oil, (b)Type A, (c) Type B and (d) Type C. 

 

 
Figure 5. SEM in-lens images of the detailed worn surfaces with 
different lubricants (a) Base oil, (b)Type A, (c) Type B and (d) 

Type C. 

 

 
Figure 6. EDS analysis of the worn surface with lubricant Type  

A. 
 

Detailed SEM images of the worn surfaces under the 
different lubrication condition are shown in Figure 5. The 
deep grooves and cracks formed by rubbing surfaces and 
the severe abrasive and fatigue wear are shown in Figure 5a 
whereas in Figure 5b, the delamination crack can be 
observed. This type of defect always observed in adhesive 
wear. The embeded large particle and nano particles are 
shown in Figure 5c.  
 
Nano size Si3N4 particles have filled in the small grooves. 
In Figure 5d, the worn surface is obtained with many wide, 
paralel and deep grooves. Also, the scratches outside the 
wear scar are shown. It can be said that these scracthes are 
formed by clustered nanoparticles and also Type C includes 
large nanoparticles then Type A and Type B lubricants. 
 
In order to better understand of the worn surface lubricated 
with the oil containing Si3N4 nanoparticles, the worn 
surface of lubricated with Type A is selected to perform the 
elementary analysis of the characteristic regions. Figure 6 
shows the enlarged image of worn surface lubricated with 
Type A. It can be seen that small amounts of N and Si are 
found in the worn region. The amount of chromium was 
found higher than the standart 4140 steel composition in 
the EDX result. 
 
The specific wear rates and coefficient of friction values of 
experimental tests are given in Figure 7. When the specific 
wear rate values are analyzed, smallest Si3N4 nanoparticles 
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containing lubricant oils show lower values. The specific 
wear rates of Type A, Type B and Type C were 
respectively,  19.7%, 13.5%, 1.4% lower than that of base 
oil. The major reason for the decreased the wear rate is the 
base oil and nanoparticles make a tribofilm and this film 
protect the rubbing surfaces [7]. And also one of the reason 
of this situation is the spherical nanoparticles may act like a 
rolling parts (Figure 8). So the contact between the rubbing 
surfaces under the lubricant condition with nanoparticles is 
interrupted [8]. 

 

 
Figure 7. Specific wear rates and coefficient of friction values of 

different lubrication oils. 
 

 
Figure 8. Schematic drawing of rolling mechanism of spherical 

nanoparticles.  
 

Figure 9 shows the coefficient of friction (COF) values as a 
function of the sliding distance. The COF values for 
samples base oil, Type A, Type B and Type C are 0.105, 
0.096, 0.126 and 0.144, respectively. When compared to 
the COF values of base oil, that of Type A is 8.6% smaller 
and that of Type B and Type C are 20% and 37.1% higher, 
respectively. For explaining the difference between the 
COF values, there are several mechanisms (the mending 
effect, the rolling effect, a protective film) stated by 
researchers [5]. Also the particle size is effective on the 
COF values. If the nanoparticles are too large, they can 
easily escape from the rubbing surface and lead to poor 
lubrication [9]. In Figure 9, the Type C lubrication shows 
the higher COF value. It should be mentioned that; the size 
of the nanoparticles used in this lubrication is higher than 
the other condition. Nanoparticles of Type A and Type B 
lubrication are almost the same size and geometry. But they 
show the different COF values. The reason for this 

behavior is that, nanoparticles in Type B lubrication are 
accumulate the surface asperities and avoid the lubrication 
film.  

 
Figure 9. Coefficient of friction values as a function of the sliding 

distance. 
 
4. Conclusion 
 
In this study, the effects on friction and wear behavior of 
AISI 4140 steel under different lubrication conditions were 
investigated. For characterization of worn surfaces and 
wear mechanism, SEM and EDS techniques are used. It is 
found that the type of nanoparticles effect the friction and 
wear properties. Compared to the friction and wear 
properties of the base oil, the lowest values are obtained 
with the Type A lubricant. The presence of Si3N4 
nanoparticles in base oil prevent direct contact between 
rubbing surfaces and results in a decrease in wear rate. 
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Abstract  
  
Carbide formation in tool steels can alter the mechanical 
properties. To accurately measure the amount of carbide is 
very important. The metallurgists in academia and 
industry often select different imaging techniques for 
quantifying carbide in tool steels. In this study, the 
amount of carbide by two groups of techniques was 
calculated. The first technique is quantitative 
metallography which includes OM with etching reagent of 
Vilella and backscattered electron - scanning electron 
microscope (BSE-SEM) imaging. Digital image analysis 
with Fiji software was used for calculating the amount of 
phases in the first technique. The second technique is 
chemical methods which include XRD analysis. The 
phase analysis of AISI D2 tool steel were acquired with 
elemental analysis (Fe and Cr) via EDS. The both of 
techniques (quantitative metallography and X-ray 
diffraction analysis) were applied to determine carbide in 
conventionally heat treated and cryogenically treated tool 
steels for a comparison differences. As a result of 
measurements, the cryogenically treated tool steel showed 
higher percentage and uniform distribution of carbide. 
  
1. Introduction  
 
Conventional hardening and tempering methods are 
widely utilized in order to extend the wear properties of 
the tool steels. In recent studies, sub-zero treatments are 
suggested for improving the mechanical properties of the 
tool steels. Microstructures after conventional treatments 
include retained austenite which deteriorates the 
mechanical properties of the materials. However, the 
retained austenite in the microstructure is fully 
transformed to martensite by applying sub-zero 
treatments. Cryogenic treatment and then tempering form 
post precipitated carbides (secondary carbides) in the 
microstructure. Secondary carbides distributed through the 
matrix with the presence of primary carbides improve the 

hardness, toughness and wear resistance of the tool steels 
[1-2].  
 
Characterization of the materials plays an important role 
since the amount, shape and distribution of the carbides 
influence the mechanical properties of the material [3]. In 
this study, conventional hardening and cryogenic heat 
treatment of AISI D2 tool steel were investigated. In the 
evaluation of the results, quantitative metallography and 
X-ray diffraction methods were performed to compare the 
microstructural variations in the samples.  
   
2. Experimental Procedure  
 
AISI D2 samples with following chemical composition 
1.48 C, 0.39 Mn, 0.47 Si, 0.02 P, 0.02 S, 11.24 Cr, 0.81 
Mo, 0.72 V and balance Fe (wt%) were used in this 
research. The samples were subjected to conventional heat 
treatment (HT - austenitization at 1030 °C for 1 hour and 
oil quenched, tempered at 200 °C for 1 hour) and 
cryogenic treatment (HCT - austenitization at 1030 °C for 
1 hour and oil quenched, cryo-treatment at -196 °C for 36 
hours, tempered at 200 °C for 1 hour). Microstructural 
examinations of polished and Vilella etched samples were 
conducted using JSM-5600LV (JEOL) scanning electron 
microscope (SEM) with energy dispersive spectroscopy 
(EDS) and Eclipse L150 (Nikon) optical microscope. The 
size and quantity of carbides were calculated using the Fiji 
(ImageJ) image analysis software. The presence of phases 
in both heat treated samples was measured by 
(PANalytical) X-ray diffraction (XRD) using Cu-K  
radiation at 45 kV and 40 mA with 35-105° 2 . For macro 
hardness measurements, Rockwell C hardness tester was 
used with 150 kg load. 
   
3. Results and Discussion  
 
Figure 1 shows the SEM images of HT and HCT samples 
including various sizes of carbides which are consisted of 
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M7C3 and M23C6 (M=Fe, Cr, V, Mo). [4, 5]. Figure 2 
shows the OM images of HT and HCT samples which 
were rendered for the amount and distribution of the 
carbides by using Fiji software. It is seen that carbide 
particles in HCT sample are smaller in size and well-
dispersed in the matrix in comparison to HT sample. 
However, it should be noticed that OM analyses become 
difficult as the particle size of the carbides reduces in the 
microstructure. Regarding to this, Vimal et al. and 
Surberg et al. suggested that microstructural changes due 
to sub-zero heat treatment are troublesome in the OM 
analyses. [6, 7]. 
 

   

Figure 1. SEM images of HT and HCT. 
 

Figure 3 shows the results of the analyses in HC and HCT 
samples. The results are given in terms of carbide 
fractions for corresponding carbide sizes obtained in both 
SEM and OM analyses. All image analysis were repeated 
5 times in the different region of samples and the results 

were averaged.  Carbide sizes are divided into three 
groups which are small secondary carbides (SSCs) with 
the size of 1 μm, large secondary carbides (LSCs) 
between the size of 1 μm and 5 μm and primary carbides 
(PCs) with the size of 5 μm. Justification for the 
classification of carbides and selection of their size limits 
has been reported in a study [8]. It is seen that there is a 
wide difference between the results of OM and SEM for 
SSCs in HT sample. The fraction of SSCs in SEM 
analysis is approximately three times more than in OM 
analysis. This conflict stems from the ability to 
distinguish for high magnification rates in the SEM in 
comparison to the OM. However, SEM and OM results 
are in a good agreement for PCs which are large enough 
to be detected. Similar to the HT samples, there is a big 
difference between the fractions of SSCs in the results of 
SEM and OM for HCT samples. It is also important that 
SSCs are more likely to be formed in HCT than in HC 
since the SSCs in HCT sample is denser with a ratio of 
49.2%. Besides, the SEM and OM analyses give closer 
results in HCT samples in comparison to HC sample. 
 

 
Figure 2. Rendered OM image of HT and HCT. 
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Figure 3. Image analyses results of amount fraction 

of carbides. 
 

 
Figure 4. EDS analysis of AISI D2 tool steel with HCT 

treatment. 

Figure 4 shows the EDS analysis result of the HCT 
sample which was taken inside of the red frame (area 1) 
on a carbide particle in the SEM image. The chart shows 
the presence of Cr, Fe, V, Mo and C elements in the 
composition of the carbide particle. In tool steels including 
chromium, two types of Cr carbides (Cr7C3 and Cr23C6) are 
often observed. Depending on the chemical composition of 
the steel, alloying elements such as Fe and Mo enrich these 
carbides. As the temperature increases, the precipitation 
sequence in tool steels is noted as follows; 
M3C M7C3 M23C6 where M refers to metal atoms. The 
transformation of M3C (Fe3C) to M7C3 (Cr7C3) is formed by 
the nucleation at the Fe3C (M3C)/ferrite interface [9]. In the 
light of this result, it is possible to mention that the 
chemical structure of the carbide is M7C3 (M=Fe, Cr, V, 
Mo). Also it can be seen that the chemical composition of 
the area 2 is different than area 1. Area 2 is taken from the 
matrix and the weight percent of Cr, V, Mo and C 
elements are lower than area 1. 
 
In order to detect the phase transformations after the 
treatments, samples were investigated with XRD analysis. 
In the XRD results, both treatments result in the identical 
peak positions while the intensity of the peaks varies 
depending on the treatment as shown in Figure 5. The 
peak characteristics were determined with X’Pert 
HighScore software and previous studies in the literature 
[4, 10]. The XRD chart gives that carbides of M7C3 and 
M23C6 are formed in the matrices after the treatments. In 
fact, detection of the carbides is quite problematic since 
lower amounts of carbides are formed in the matrix and 
their peaks coincide with the peaks of martensite. In the 
evaluation of the outcomes, coincident peaks are 
discussed considering the martensitic phases.  
 
Formation of the secondary carbides arises from the 
transformation of the retained austenite during the sub-
zero treatment. Cold treatment after conventional heat 
treatments may cause retained austenite in the matrix. For 
example, martensite finish temperature of AISI D2 steel 
is -125 C which means that fully transformation to 
martensite is not possible in the conventional treatments 
for this steel. However, cryogenic heat treatment ensures 
the martensitic transformation for the retained austenite. 
During the transformation, crystallographic defects and 
dislocations with high densities may be seen in the 
matrix. Carbon atoms form clusters in the vicinity of the 
defects and act as the sources for carbides during the 
treatment [3]. It is known that XRD peaks become wider 
as the structural defects and stacking faults increases in 
the matrix [11]. Furthermore, full-width at half-maximum 
(FWHM) of XRD peaks increases due to the enhanced 
point defects and material hardness [12].  
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Figure 5. XRD analyses of AISI D2 tool steels with HT and 

HCT treatments. 
 
Table 1 gives the FWHM of the XRD peaks shown in 
Figure 5. Peak of M7C3 carbides are located between the 
angles of 42.5  and 43.1 . The difference between the 
FWHMs after HT and HCT is obtained as 16%. The 
variations for the other martensite and carbide peaks are 
5.99%, 2.14%, 6.29% and 6.02% respectively where the 
values are higher in HCT samples. It is also important 
that intensity and width of the peaks increases in HCT 
sample due to the increased amount of the secondary 
carbides in the matrix.  

 
Table 1. FWHM analyses of HT and HCT treated AISI D2 

tool steels. 

Peak 2theta HT-FWHM 
 

HCT-FWHM 
 

42.5 – 43.1 0.21754 0.25905 
43.5 – 45.5 0.33984 0.36151 
63.5 – 65.9 0.73836 0.75452 
80.7 – 83.5 0.67572 0.72114 
97.8 – 99.1 0.90154 0.95932 

 
Table 2. Comparison of HT and HCT. 

 Hardness 
HRC 

SSCs -
SEM 

SSCs -
OM 

FWHM 
-XRD 
(M7C3) 

Relative 
Intensity 

-XRD 
(M7C3) 

HT 60 19.31% 6.00% 0.21754 3.43% 
HCT 61 38.06% 27.89% 0.25905 7.12% 
 
Table 2 gives the comparison of HT and HCT in terms of 
mechanical, microstructural and XRD results. The 
hardness measurement showed +1 HRC enhancement. 
The macro hardness enhancements +0.5 HRC [13] and +1 
HRC [10] have been reported in the literature. The 
increase of the SSCs is consistent with both SEM and OM 
investigations. FWHM and relative intensity of M7C3 
peaks are given for the scanning angle range of 42.5  and 
43.1 . FWHM of the peaks in HCT sample is 16% better 
than that of in HT sample.  
 
 

4. Conclusion  
 
In this study, AISI D2 tool steel was treated with various 
heat treatments to investigate the carbide formation in the 
matrix. Metallographic and XRD investigations were 
performed for the samples in the analyses. HT and HCT 
methods accelerate the formation of the carbides in the 
matrix. However, carbides are more prone to be formed in 
HCT. On the other hand, visualization techniques of SEM 
and OM were compared in the microstructural 
investigations. It is seen that SEM is more precise than 
OM especially for detection of the SSCs. Last, the change 
in the amount of M7C3 in the SEM results is found to be 
consistent with the XRD results.  
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Abstract 
 
Low carbon steels with high workability, weldability and 
low cost have wide range of applications. However, they 
have relatively low mechanical properties due to their low 
carbon content which limits them for applications where 
high surface hardness are needed as in the case of ship 
body building. Heat treatment and deformation-induced 
grain refinement are two separate processes to enhance 
their mechanical properties. But it is well known that 
individual applications of these methods bring about a 
limited improvement in their properties. Thus, a novel 
surface hardening method of friction stir processing (FSP) 
and a traditional method of heat treatment by means 
quenching are combined for the first time in this study in 
order to get further improvement in strength and hardness 
of these steels without considerably decrease its ductility 
and toughness. Quenching applied base metal and after FSP 
was found to have a broader effect on the microstructure 
and mechanical properties of steel sheets as compared to 
their individual applications. After quenching base metal’s 
uniform and failure elongation values dramatically 
decreased. On the other hand, quenched after FSP metal’s 
uniform and failure elongation values decreased but when 
compared to quenched base metal’s values shown higher 
values. These alterations in mechanical properties were 
explained in terms of microstructural alteration during 
application of both processes. 
 
1. Introduction 
 
Low carbon steels have been used in a wide range of 
applications from automotive sector to the ship building 
industry due to their low costs, high workability and good 
weldability. However, these steels have relatively low 
mechanical properties due to their low carbon content. 
Therefore, various processing methods have been tried to 
develop their mechanical properties [1-4] . These methods 
can be divided into two main categories: Advanced 
thermomechanical processing (ATMP) and severe plastic 
deformation (SPD) techniques. ATMP gain advantages on 
workability of large scale workpiece, control of phase 
transformation with temperature control and controlled 

cooling [5]. However, SPD methods provide higher 
strengthening values in comparison with ATMP methods. 
FSP is a new microstructural modification technique based 
on the basic principles of FSW [6]. While the FSP enables 
the control of temperature and cooling rate and provides 
better mechanical properties due to more intense plastic 
deformation on workpieces in comparison with ATMP 
techniques. During FSP, workpiece undergoes intense 
plastic deformation and high temperature in the processed 
zone (PZ) and occurs equiaxed dynamic recrystallized 
grains. The FSP has been used for many studies in the 
literature information related to its processing principle and 
advantages can be obtained in earlier literatures [6-11]. 
Heat treatment and deformation-induced grain refinement 
are two separate processes to enhance their mechanical 
properties. It is well known that quenching caused very low 
failure elongation in most steels [5, 12]. On the other hand, 
additional rapid cooling during FSP applied this steels and 
reached higher failure elongation compared to quenching 
one [5]. In literature, there is no study on quenching after 
FSP, so in this study quenching applied after FSP has a 
broader effect on the microstructure and mechanical 
properties of steel sheets as compared to their separate 
applications. 
 
2. Experimental Procedure 
 
A well-known carbon steel sheets initially hot-rolled (0.16 
wt % C, 0.18 wt % Si, 0.7 wt % Mn, 0.11 wt % S, 0.18 wt 
% P, 0.09 wt % Cr , 0.14 wt % Mo, 0.04 wt % Cu, 0.04 wt 
% V and balance Fe) was used in this study. Samples with 
the dimensions of 200 mm x 40 mm x 6 mm were cut from 
the steel plate for FSP. FSP was performed with a 
processing tool having a convex shoulder with the diameter 
of 18 mm and a cylindrical pin with the diameter and 
length of 8 mm and 3 mm, respectively. FSP was 
conducted with a tool rotation of 635 rpm and a traverse 
speed of 45 mm/min. The shoulder tilt angle was set at 30, 
and the tool plunger downforce was kept constant at 11 kN 
during process. Quenched steel was also prepared in this 
study. The same steel plates were first held at 930 0C for 
1800 s, and then quenched quickly in the water.  
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Optical microscope (OM) was used to observe the 
microstructure of the samples before and after FSP. The 
specimens for OM were cross-sectioned on the processed 
sample perpendicular to the processing direction (Fig. 1), 
polished with standard techniques and then etched in %3 
Nital (3ml. HNO3 + 97 ml. C2H6O) for 15 s. 
 
Mechanical properties of the samples before and after FSP 
as well as after quenching were determined using tensile 
test and hardness measurements. Tensile properties of the 
samples were determined using dog-bone shaped 
specimens with the dimensions of 2 mm x 3 mm x 26 mm. 
The tensile specimens were cross-sectioned parallel to the 
process direction (Fig. 1). The tests were performed using 
an Instron-3382 electro-mechanical load frame with a video 
type extensometer at a strain rate of 5.4x10-4 s-1. Hardness 
measurements were performed using a Vickers micro-
hardness tester with a load of 300 g and a dwell time of 10 
s. Hardness values were scanned along the cross-section of 
the sample as shown Fig. 1. 
 

 
Fig. 1. Schematic illustration of the FSP of the sample and 
the test specimens positions and shapes inside the 
processed regions. 
 
3. Results and Discussion 
 
3.1. Microstructure 
 
The initial microstructure of base steel plate is consisted of 
coarse ferrite+pearlite grains with an average grain size of 
25 m (Fig. 2 (b)). As expected, a martensitic 
microstructure occurred after solution and quenching of the 
base steel plate as Fig. 2(c). This microstructure is mainly 
martensitic but some ferritic regions can also be seen. It can 
be attributed to low carbon content in the base steel. FSP 
resulted in a considerable refinement in the microstructure 
especially inside the processed zone (PZ) ((Fig 2(d)). After 
FSP, the average grain size decreased from 25 m down to 
about 3.0 m in the PZ. The PZ is subjected to hot 
deformation due to the rotational tool and temperature [13]. 
The coarse ferrite and pearlite grains were fragmented and 
refined by the effect of both severe plastic deformation and 
dynamic recrystallization during FSP. Thus, the 

microstructure of PZ is comprised of fine ferrite and 
homogeneously disturbed fine pearlite phases. Also, 
pearlite phase in the PZ fragmented and accumulated in the 
grain boundaries as shown in Fig. 2(d). Although 
processing temperature was above Ac3 (9300C), it is not 
observed martensite in the microstructure which may be 
due to cooling rate is relatively slow during FSP. After 
quenched of FSPed metal, the microstructure exhibited 
finer grain size than that of FSPed metal and quenched base 
metal (Fig. 2(e)). The microstructure in the quenched of 
FSPed metal was characterized by a uniform equiaxed 
ferrite with average grain sizes of 1 m and quite a little 
martensite. Despite having the same quenching conditions 
and the same carbon content, the microstructure in 
quenched of FSPed metal has less the fraction of martensite 
than that of quenched of base metal. It is difficult to explain 
the different fraction of martensite in the microstructures 
using only phase transformation. It may be explain prior 
austenite grain and morphologies of original ferrite and 
pearlite phases. 
 

 
Fig. 2. (a) A schematic view of cross-section of the sample 
perpendicular to direction of FSP. Optical and SEM 
micrographs showing the; (b) Base metal (c) Quenched 
basedmetal, (d) FSPed metal and (e) Quenched  FSPed 
metal.  
 
The hardness profile taken from the vertical cross-section 
of the FSPed samples is shown in (Fig. 3). Quenched 
samples shown high hardness values due to their 
martensitic microstructure compared to base material. As 
clearly shown, quenched material’s hardness values 
reached to about 280 Hv values at the top and bottom 
surface of sample as a result of rapid cooling at these areas. 
On the other hand, as approaching to the mid surface of 
sample, the hardness values decreased and remained stable 
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value of approximately 240 Hv.  As shown, the hardness of 
steel increased from 140 Hv to about 200 Hv in the PZ after 
FSP due to the substantial grain refinement and increase in 
dislocation density [14]. However, the top most surface 
layer just beneath the shoulder has relatively low hardness. 
This may be due to the early recrystallization and grain 
coarsening effect due to the high pressing of shoulder [15]. 
However, hardness values reached to about 245Hv around 
the pin as clearly shown in (Fig. 3.). This may be due to the 
fact that the pin moves as not only rotate but also like a 
forging affect and causes finer grains in this zone than other 
regions. After peak value at the pin’s around, the hardness 
starts decreasing but it is still higher than that of the base 
material (Fig. 3). It probably results from temperature-
induced structural alteration without intense deformation. 
The hardness values of quenched FSPed materials reached 
approximately 220 Hv values in the PZ. When going out of 
PZ, the hardness values increase and reach nearly quenched 
sample’s hardness values as a result of similar 
microstructure with quenched sample in this unprocessed 
zone. 

 

 
 
Fig. 3. The hardness profile of base,  FSPed, Quenched and 
FSPed+Quenched samples through the thickness of the 
plate. 
 
The stress-strain curves of the steel after all conditions and 
the main mechanical properties taken from these curves are 
shown in Fig. 4. As clearly seen, the base steel exhibited 
low yield strength and good ductility due to the coarse 
grain (CG) microstructure. For the as-quenched steel, very 
high yield and tensile strength was achieved as 863 MPa 
and 1098 MPa, respectively. On the other hand, the sample 
tended to fail very quickly as a result of  extremely low 
uniform and failure elongation (uniform elongation of %2.7 
and failure elongation of %3).  FSP of the steel increased 
considerably its strength values without considerable 
decrease in ductility into the PZ. Both yield and tensile 

strength values increased from 256 MPa and 435 MPa to 
about 334 MPa and 525 MPa, respectively. FSP decreased 
slightly the elongation to failure from 44% to about 32%. 
The increase in strength values after FSP can be attributed 
to the substantial grain refinement (Hall-Petch effect) and 
increase in dislocation density (strain hardening effect) 
[16]. Such microstructural changes also brought about a 
decrease in the ductility of the materials due to decreasing 
in their strain hardening effect [17]. However, it should be 
noted that ductility of the steel sheet was not radically 
decreased although the strength values increased 
considerably. The yield and tensile strength values of 
quenched FSPed materials are 715 MPa and 930 MPa, 
respectively. After quenching, FSPed material’s elongation 
values dramatically decreased as a result of finer pearlite 
and martensitic phase occurs in the microstructure (%4.7 
uniform elongation and %5.2 failure to elongation).  
 

 
 
Fig. 4. Room temperature engineering stress-strain curves 
and the main mechanical properties taken from these curves 
of the base, FSPed, quenched and FSPed+quenched 
samples. 
 
4. Conclusions 
 
In the present study, the effects of friction stir processing 
(FSP), quenching and quenching after FSP on the 
microstructure and mechanical properties of a low carbon 
steel were investigated. The main results and conclusions 
of this study can be summarized as follows:  
 
1. Mainly a martensitic microstructure forms after 

quenching and as a result of this, the quenched sample 
shows relatively  high hardness and strength values  as 
well as extremely low uniform and failure elongation. 
 

2. A fine grained microstructure having mean grain size of 
3 m were obtained from the CG (grain size: 25 m) 
steel with FSP. Such grain refinement leads to a 
significantly enhancement in strength and hardness 
without notably sacrificing the elongation to failure. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

466 IMMC 2016   |   18th International Metallurgy & Materials Congress

3. The microstructure in the quenched of FSPed metal is 
characterized by a uniform equiaxed ferrite and quite a 
little martensite. Strength and hardness values increased 
compared to FSPed one while elongation values 
dramatically decreases.   
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Abstract 

(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 bulk glassy rod with 3 
mm diameter was synthesized by copper mold casting 
method and structural characterization of as cast sample 
was carried out. The non-isothermal differential scanning 
calorimetry (DSC) measurements were used for 
investigating the crystallization kinetics of the alloy. 
Kinetic parameters of process were determined by 
Kissinger and Ozawa methods. Isothermal DSC 
measurements at temperature above glass transition 
temperature of the alloy were done for investigating 
nanocrystals dispersed in amorphous matrix. By 
controlling the annealing temperature variation of 
magnetic properties of the alloy was examined. 

1. Introduction 

Amorphous alloys have received much attention due to 
their physical, chemical, mechanical and magnetic 
properties compared to their crystalline counterparts. 
Wide supercooled liquid region and nanoscale structural 
homogeneity make them as superior candidate. Because 
of high cooling rate requirement, glassy alloys were 
generally produced as ribbon or wire. However, recent 
developments in amorphous materials synthesis have led 
to the development of several multi component alloys 
which form metallic glasses at relatively low cooling 
rates and enabled the production of bulk amorphous 
alloys with a diameter or thickness in the smallest 
dimension of several centimeters. Industrial and 
technological applications of bulk metallic glasses 
(BMGs) are strongly depend on how stable they are 
against crystallization under certain conditions. Since 
studies on the crystallization kinetics provide the basic 
data on the stability of materials, an increasing amount of 
work has been devoted to this area. Moreover, 
development of bulk nanocrystalline alloys (BNCA) 
produced by the nanocrystallization of the amorphous 
phase also have attracted considerable attention due to 
further improvement of the properties of BMGs [1-4].   
The production of nanocrystalline soft magnetic alloys 
through crystallizing the corresponding glassy precursors 

was first reported by Yoshizawa [5]  in 1988. Its typical 
composition is like Fe73.5Cu1Nb3(SixB1-x)22.5
and patented trade name is Finemet which derives from 
Fine and Metal. Its crystallized alloys have grains which 
are extremely uniform and small, about ten nanometers in 
s -
crystal grains shows excellent soft magnetic properties. 
Finemet alloy has high saturation magnetic flux density 
(Bs) (around 1-1.2 T), high effective permeability ( e), 
and low core loss. Thus, these features make it as a good 
candidate for applications such as magnetic sensors and 
power devices. However, thickness of Finemet alloy is 

m because of the poor glass 
forming ability (GFA) of it. This leads to much lower 
packing fraction of magnetic cores and impedes wider 
application of nanocrystalline alloys as bulk soft 
magnetic materials. To further extend their application 
range, it is necessary to simultaneously improve their 
GFA and soft magnetic properties. Thus, in the present 
study, by making some Hitperm modifications on 
Finemet alloy, (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 bulk 
amorphous alloy having a high GFA and soft magnetic 
property has been synthesized and attempts have been 
made on understanding the crystallization behaviour of 
the amorphous (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy by 
using thermo-analytical methods and annealing 
experiments. 

2. Experimental Procedure 

The alloy was prepared by mixing the appropriate 
amounts of high purity constituents. It was produced by 
first arc melting and then suction casting into copper 
mold in the form of cylindrical rod with diameter of 3 
mm and length of 150 mm in argon atmosphere. 
Structural characterization of as cast sample was carried 
out by X Ray Diffraction (XRD) using Bruker D8 
Advance. Cu-K  radiation of wavelength 1.540562 A  
and angle range 2 = 5 -110  with scanning rate of           
2 /min were used. Isochronal thermal analyses and 
isothermal annealing of samples were performed by 
means of Differential Scanning Calorimeter (DSC) with 
Setaram Setsys-16/18 and Setaram DSC131 under argon 
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atmosphere, respectively. Microstructural investigations 
were done by using Scanning Electron Microscopy 
(SEM) and the composition of sample was verified by 
Energy Dispersive Spectroscopy (EDS). Microhardness 
measurement of samples were done by Shimadzu 
Microhardness Tester with the load of 9.8 N. Magnetic 
monitoring of samples were carried out using an ADE 
Magnetics EV/9 Vibrating Sample Magnetometer (VSM) 
under a maximum applied field of 18000 Oe. Electrical 
resistivity of sample was measured by four point probe 
method.   

3. Results and Discussion 

Specimen produced by suction casting was cut by wire 
erosion 3 mm to 3 mm (Fig. 1). Because of the different 
cooling rate along the specimen, different parts of sample 
were investigated. According to XRD results (Fig. 2) of 
as cast samples, presence of a broad diffuse peak 
indicating amorphous structure confirms that an glassy 
rod with critical diameter of 3 mm can be produced for 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy. Formation of fully 
glassy (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 BMGs are  
characterized by featureless secondary electron 
micrographs (Fig. 3).  

 

Figure 1. Cutting of the produced rod shaped bulk glassy 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy.  

The amorphous nature of the specimen was further 
confirmed by thermal analysis showing a characteristic 
endothermic glass transition followed by exothermic 
crystallization reactions. As shown in Figure 4, the glass 
transition temperature is 509  and consecutive 
exothermic peaks are attributed to the crystallization 
events and denoted as Tx1, Tx2 and Tx3 (Table 1). This 
multistage crystallization process can yield nanoscale 
crystalline particles distributed in the amorphous matrix. 

The thermo-analytical techniques are generally used to 
observe crystallization behaviour of such alloy systems. 
There are two approaches when using thermal analysis, 
one is the isothermal heating at a temperature below the 
crystallization temperature and non-isothermal heating by 
applying different heating rates. 

 

 Figure 2. XRD pattern of as cast bulk glassy 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy.  

 

Figure 3. Secondary electron image of the bulk 
amorphous (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy.  

 

Figure 4. DSC trace of the bulk glassy 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy at 40 K/min. 

Table 1. Transition temperatures of the produced alloy 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75. 

Tg Tx1 Tx2 Tx3 

509 C 520 C 645 C 724 C 

 

  Tg 
  Tx1 

  Tx2 
  Tx3 

Exo. 
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The non-isothermal experiments are more advantageous 
since they allow for the observation of many of the phase 
transformations occurring in short time durations which 
otherwise cannot be detected.   

 

Figure 5. Isochronal DSC trace of the bulk glassy 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy at 10,20,40 K/min. 

Non-isothermal DSC experiments was conducted using 
different heating rates. The heating rates were chosen as 
10,20,30,40,50,60 and 80 K/min. The glass transition and 
three exothermic peaks are seen in each scan as shown in 
Figure 5. The height and area of the peaks get smaller 
and peaks shift to lower temperatures as the heating rate 
was decreased. It has been demonstrated that the shift in 
the peak temperature with changing the heating rate 
could be used to determine the activation energy. A 
relationship between the crystallization peak temperature, 
Tp, and the heating rate, , which is expressed as 
Kissinger method [6]   

                                                                 (1) 

where Ea is the overall activation energy for 
crystallization, R is the ideal gas constant and A is a 
constant. The plot of p

2) versus 1/Tp is a straight 
line with a slope giving the activation energy. Figure 6 
shows the Kissenger plots for the glass transition and 
three crystallization reactions. The activation energies of 
first, second and third crystallization exotherms denoted 
as Ec1, Ec2 and Ec3 are found as 447.18, 1141.33 and 
551.12 kJ/mol respectively. Also, the activation energy 
for glass transition, Eg, was determined to be           
288.06 kJ/mol, which is lower than the activation 
energies of all crystallization reactions.  

Annealing temperature for nanocrystallization of the    
as-cast (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 BMG alloy is 
585  C which is higher than first primary crystallization 
temperature determined from DSC analyses as shown in 
Figure 4. Nanocrystallization of the amorphous alloy was           

 

Figure 6. a) Kissinger graphs with the high correlation 
coefficients for alloy (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75. 
Calculations were done for 10,20 and 40 K/min.   

Table 2. Ea values obtained from Kissinger plots. 

  

 

 

conducted in Ar atmosphere for various of holding time 
by using termal analysis equipment and resultant 
microstructure was investigated. After 5 min annealing at 
585 C, crystallization reactions leading to the formation 
of the primary crystallization product appears to be        

-single bcc (Fe,Co,Si) phase, Figure 7, and crystallite 
sizes are roughly estimated by Scherrer formula as 
12.81 nm. 

 

Figure 7. XRD of (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy 
annealed at 585 C for 5 min. XRD peaks are marked with 
the corresponding -single bcc (Fe,Co,Si) plane indices.  

 Kissinger Ea R  

Tg 288.06 kJ - 0.998 

Tx 1062.496 kJ - 0.999 

Tp1 447.18 kJ - 0. 999 

(110) 

 (200) 

(211) 
(220) 

Exo. 
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The effect of nanocrystallization on the magnetic 
behavior of the as-cast and annealed 
(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy can be observed in 
Figure 8 where the room temperature B H loops, 
saturation magnetizations (Bs) and coercivities (Hc) are 
presented. It is clear that annealing can induce 
improvements in soft magnetic properties of BMG 
alloys. As shown by the   B H loops traced in Figure 8 
improvements in saturation magnetization values were 
obtained by annealing the as-cast BMGs at 585 C for 5 
min, which led to th -(Fe,Co) from 
the amorphous precursor.                   
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Figure 8. Hysteresis loops of as cast and 
nanocrystalline (Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 alloy. 
By annealing, (Bs) increases from 1,1 T to 1,2 T and 
(Hc) decreases from 3,2 Oe to 2,1 Oe.  

4. Conclusion 

(Fe36Co36B19.2Si4.8Nb4)99.25Cu0.75 bulk glassy rod was 
synthesized by copper mold casting succesfully. 
Crystallization kinetics of sample was investigated by 
isochronal and isothermal DSC analysis and variation of 
magnetic properties was examined. Enhancement of Bs 
and Hc value of annealed sample at 585 C was observed 
due to precipitation of -Fe(Co).    
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Abstract 

 
Industrial applications of Computed Tomography and Real 
Time X-ray systems with high image quality are 
increasing rapidly. Image quality is much more better by 
the use of new technology x-ray systems which are CT 
Systems, new generation Digital X-ray Systems with flat 
panel detector technology or other high quality digital 
detector such as line detector. The paper contains 
computed tomography test techniques, real time x-ray 
systems with high image quality and their applications in 
industry. With the recent technological developments, 
computed tomography is not only used for nondestructive 
tests and so the detection of defects but also used for many 
other industrial applications such as measurements, 
reverse engineering, research and development 
applications. Real time x-ray is declared as digital or 2D 
x-ray at this paper. 

 
1.  Introduction 

 
Computed Tomography (CT) is an imaging procedure that 
uses special x-ray equipment to create detailed images of 
scanned part.  
 
CT is a well known material characterization and 
measurement tool. It is firstly used in medicine in 1969 by 
Nobel Prize winner Hounsfield and then in industry in 
1980. [1]. Difference between medical CT and industrial 
CT in terms of manipulation is that the x-ray source and 
detector rotate in medical CT and sample rotates in 
industrial CT instead of source and detector. 
 
The term tomography comes from the Greek words 
“tomos” meaning “a cut, a slice or a section” and graphein 
meaning “to write or record”. CT procedure shows two 
dimensional density map of a cross-sectional slice of an 
object. The entire series of these slice images produced in 
CT is like a loaf of sliced bread. It is used to take a 
number of two dimensional (2D) images of an object in 
many positions around an axis of rotation. From these 
images, using software, a three dimensional (3D) model of 
object’s external as well as internal structure is 
reconstructed and can be analyzed. [1] 
 
Nowadays, computed tomography became more popular 
because it is also used for dimensional metrology in 
addition to nondestructive test and examination as an 

alternative to tactile or optical 3D coordinate measuring 
systems. The advantage of measurement by CT is that it is 
possible to measure the internal geometry of complex part 
as well as external geometry without cutting it. [1] 

 
More recently, image quality of new technology x-ray 
systems are much more better than image quality of old 
technology x-ray systems. For x-ray systems which are 
computed tomography or two dimensional real time x-ray 
systems, image quality mostly depends on digital detectors 
in addition to x-ray tube and exposure parameters.  
 
Image quality depends on three parameters, resolution, 
contrast and noise on images. These parameters are named 
as basic spatial resolution, relative contrast; linear grey 
values, relative noise; signal to noise ratio for detectors.[2] 
 

 
    SR limited by         SR limited by          SR limited by                    
     16*16 pixels            64*64 pixels         256*256 pixels 

 
     GLR 2 grey             GLR 16 grey          GLR 256 grey  
         levels                      levels                        levels              

 
       SNR:  2                   SNR: 6                  SNR : 80 
Figure 1. Image Quality Factors: Spatial Resolution (SR), 
Grey Level Resolution (GLR), Signal to Noise Ratio 
(SNR) 
 
Basic spatial resolution is the geometrical resolution of 
image and it is known as effective pixel resolution of 
detector. Relative Contrast is the ratio of intensity 
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difference of two adjacent image areas representing 
different material thickness or different material density. It 
is also known as linear grey values. For this case it is 
analog digital conversion of digital detector. Relative 
noise is the noise level measured as standard deviation in 
an area of homogeneous exposure in the image. A detail 
can only be seen in an image if contrast of detail is larger 
than noise. [2]  
 
There are some parameters of digital detector that affect 
on image quality directly. These are number of active 
pixels e.g. 2000X2000 pixels, pixel sizes e.g. 200 m, 
digital analogue conversion of detector e.g. 16 bit and so 
216: 65536 grey values and signal to noise ratio for image.  
Effect of these parameters is seen on Figure 1. [2] If the 
number of pixels, the number of grey levels and the signal 
to noise ratio increase, image quality also increase. 
 
2. Experimental Procedure 
 
Test procedure is very important to get good image quality. 
If there is a good image quality after x-ray exposure and CT 
scanning, operator can be capable for the detection of defects 
and detail of parts.  
  
For CT scanning, object is fixed on the rotation table 
between x-ray source and digital detector. It is slowly 
rotated as 360 degrees with x-ray exposure (Figure 2). At 
the end of CT scanning, many number of projections of an 
object combined by software and then a lot of 2D views 
reconstructed to create 3D view of the sample. 
 

 
Figure 2. Computed Tomography Process 

 
CT scanning test parameters shall be determined at the 
beginning of CT scanning. If operator can determine 
optimum x-ray exposure and CT scanning parameter, image 
quality can be obtained as good as possible.  
 
During CT procedure, the test object is placed on the rotation 
table. A line laser that is aligned with the center of rotation is 
used for optimal positioning of the sample.(Figure 3) At this 
stage, geometric magnification of the sample is determined. 
After that, resolution, contrast requirements and x-ray 
exposure parameters shall be determined. Which detector 
settings, which CT reconstruction parameters have to be set 
shall be determined. Before starting CT scanning, operator 
shall check if the object or the area to be examined fit in the 
loop on the screen and then detector calibration shall be 
done. [3] Generally, CT softwares automatically do detector 
calibration at the beginning of CT scanning.  
 
Before CT Scanning, operator also shall determine which 

 
Figure 3.  Rotation of Test Object in X-Ray Beam 

 
filtering materials and number of projections are used. 
Filtering materials used to decrease image artifacts (blurring) 
which may occur as a result of a lateral misalignment 
between the central beam and the central pixel. [3] 
Decreasing artifacts can also be executed by the use of 
software tool; beam hardening. 
 
Number of projections shall be determined with the formula 
given below; 
 
Number of Projections :( ) x (detector pixels used by test 
object in image)                                                                  (1) 
 
When performing a CT scan, the scan creates what are called 
sinograms. A sinogram is a matrix of projections that 
represent one attenuation of the beam. Each line in the 
sinogram represents a separate angle.  
 

 
Figure 4. Sinogram  

 
During CT scan, the object is rotated in the beam path and 
creates a changing absorption profile (linear profile for the 
line detector or projections for the flat panel detector) on the 
detector. After the measurement has taken place, the 
projection data are reconstructed using mathematical 
algorithms to create tomograms (sectional images) or 3D 
volumes. [3]  
 

 
Figure 5. Tomogram and 3D Volume  

 
Tomogram is a virtual slice of test object and each grey value 
represents a density and thicknesses. Each pixel represents a 
volume block (voxel).  For 3D CT applications, voxel size is 
important to increase resolution. If smaller voxel size is used, 
resolution increases but contrast decreases, so operator shall 
use optimum voxel size to get good image quality.  
 
Voxel size :  Detector Pixel Pitch/Magnification               (2) 
or 
Voxel Size : Object Size/Number of Pixel used by object  (3) 
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For example, if detector pixel size (detector pixel pitch) is 
200 m and magnification is 2, voxel size is 200/2; 100 m. 
If object size is 200 mm and number of pixel used for image 
on detector is 1000, voxel size is 200/1000; 200 m. 

 
3. Customized Tomography System and Software Tools 
 
For some customized CT Systems, system has more than 
one  x-ray tubes and more than one detectors (flat panel and 
line detector) CT System of TÜB TAK SAGE (Figure 6)  
includes two x-ray tubes; one microfocus x-ray tube with 
maximum 225 kV and 3 mA and one minifocus x-ray tube 
with maximum 450 kV and 3,3 mA and flat panel detector. 
For this system, x-ray tube shall be choosed at the beginning 
of CT scan setup firstly and then which focal spot size (small 
or big) is used shall be choosed.     
  

   
Figure 6. CT System of TÜB TAK SAGE 

 
The manufacturer of CT System of TÜB TAK SAGE is 
YXLON International Gmbh Company. The system include 
YXLON CT Software produced by Yxlon International 
Gmbh Company and VGStudio Max Software produced by 
Volume Graphichs Company. 
 
Today, CT Systems are used for measurements in addition to 
defect analyses by the use of software. While 3D 
reconstruction software (YXLON CT Software for CT 
System of TÜB TAK SAGE) is used in all CT Systems, 
additional specific software is necessary for dimensional 
metrology and some other analyses. 
 
The specific software includes defect or pore analysis tool 
and some other special tools. For defect analysis, it is 
possible to see defects by color coded view (Figure 7). By 
the use of this software tool, volumetric percentage of pores 
before and after some special process can easily be 
compared. For example, effect of hot isostatic pressing for 
Cast Ti-6Al-4V in terms of percentage of pores can easily be 
compared by the use of this tool. 
 

 
Figure7. Defect Analysis Software Tool [5]   

 

For dimensional metrology, software includes geometrical 
features like planes, spheres, cylinders etc. and it calculates 
geometrical data like position, orientation, dimension, length, 
diameter, angle etc. (Figure 8)  Dimensional analysis often 
requires different data processing steps conversion to point 
cloud, facetted surface models, geometric features or CAD 
model on which dimensional measurements can be 
performed. The facetted surface model is often formatted 
according to the STL Format (Standard Triangulation 
Language) that was initially developed for Rapid Prototyping 
applications but is now commonly used in other engineering 
applications like CAE, CAD etc. [4] 
 

 
Figure 8. Geometrical Measurement Software Tool [5] 

 
By the use of 3D x-ray image and STL data of test object, an 
actual to nominal comparison is often performed for 
analyzing the deviation of measured complex to a nominal 
CAD representation.[4] This software tool provides us 
difference between nominal and actual in terms of 
geometrical properties. The tool is able to be used for actual 
to actual comparison between two same designed products 
with numerical and color coded analysis (Figure 9). 

 

 
Figure 9. Actual Nominal Comparison Software Tool [5]   

 
Other dimensional metrology tool is wall thickness analysis. 
It determines a characteristic number in the volumetric model 
[4] and allows numerical or color coded analysis of the 
minimum/maximum wall thickness. (Figure 10) 
 
In addition to these tools, there are some other tools in the 
market for some other applications such as fiber analysis 
which is used to detect fiber orientation in composites. The 
software of CT System of TÜB TAK SAGE includes defect 
analysis, wall thickness analysis, geometric measurement 
tool and actual nominal comparison tool. CT software also 
includes segmentation tool which is used to separate different 
materials in the same object. This property is very useful for 
reverse engineering applications in industry. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

47718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

  
 

 
Figure 10. Wall thickness analysis tool of Software [5]   

 
4. Results and Discussion 
 
In order to get good CT result and good image quality; firstly 
good quality 2D projection images needed, this can be 
checked at the beginning of CT procedure to review 2D 
image capture. Operator shall choose the right number of 
projections, enough gray values and enough contrast. After 
taking good quality CT image, measurement and defect 
detection can be executed easily. For 2D x-ray inspections, it 
is also important to choose right x-ray parameters, filtering 
materials and so enough gray values and contrast to get good 
image quality as like 3D x-ray inspection,CT scanning.. 
Detector calibration is also important for both 2D and 3D x-
ray inspection at the beginning of test.  
 
X-ray computed tomography (CT) is increasingly used in 
industry for dimensional measurement. But, industrial users 
have difficulties in the evaluation of CT measurement 
uncertainty and metrological performance of CT System. For 
CT dimensional measurement, voxel size is very important. 
Because many test applications show that   measurement 
errors in the order of 1/10 of the voxel size are clearly 
reachable for size measurements. Measurements of form are 
more difficult than measurement of size. Because they are 
more affected by the influence of intrinsic noise of CT data. 
[6] In order to detect uncertainty, well-accepted method for 
uncertainty using tactile CMM’s can also be applied for CT 
measurements. The method is based on repeated 
measurements carried out on a calibrated master piece from 
production. By performing repeated CT measurements, it is 
possible to characterize the measuring properties of CT 
system and to complete the measurement result for every 
single (uncalibrated) workpiece measurement by adding the 
determined expanded uncertainty. [7] 
 
Different dimensions such as diameter, position, flatness and 
angles in the same object are measured by CMM, optical 
scanner and CT scanner, results are not very different when 
they are compared. Which device is more appropriate to 
apply cannot be explicitly said, because each of these 
devices is characterized by many advantages and drawbacks. 
For CT, different absorption of X-ray on the result on 
computed tomography measurement affect the result. For 
example, x-ray absorption is different for steel and 
polyamide blocks and this result in image quality with 
system parameters and CT scanning parameters. [8] 
 

5. Conclusion 
 
With the recent developments, new generation X-ray 
technology is used in an industry for many applications such 
as geometrical measurement, reverse engineering, material 
characterization etc. in addition to nondestructive testing. 
Good image quality is needed to execute these applications 
effectively.  X-ray system parameters and used x-ray 
exposure parameters are very important to get good image 
quality. For computed tomography systems, CT scanning 
parameters are very important in addition to x-ray exposure 
parameters.  Digital detector’s parameters such as number of 
pixels, pixel sizes, number of gray values and signal to noise 
ratio are very important. For the procedure, experience of 
operator is also important to choose the optimum x-ray 
exposure and computed tomography scanning parameters. 
For this case, choosing right filtering materials and software 
tool; beam hardening are also very important to get good 
image quality by decreasing artifacts and scattering x-rays.  
 
As a result, if you are able to have 2D or 3D image with 
good image quality, you can use this technology for many 
applications such as design, research and development, 
reverse engineering, material characterization and 
nondestructive test and examination.  
 
References  
[1] L.De.Chiffre, S.Carmignato, J.P.Kruth, R.Schmitt, A. 
Weckenmann, Industrial Applications of Computed 
Tomography, CIRP Annals-Manufacturing Technology 
63(2014) 655-677  
[2] K.Bavendiek, U.Heike,Yxlon International Hamburg, 
Germany, W.D.Meade Boeing Commercial Airplane 
Group, Seattle,USA, U.Zscherpel, U.Evert, BAM, Berlin, 
Germany, New Digital Radiography Procedure Exceeds 
Film Sensitivity Considerably in Aerospace Applications, 
European Conference for Nondestructive Testing 2006 
(Th.3.2.1), 25-29 September 2006, Berlin, Germany  
[3] Yxlon International Gmbh Company, Hamburg, 
Germany, Operating Manual for Y.CT.Modular 
Automated and Manual X-Ray Image Inspection  
System, Document Number 1210000914, 41-63  
[4] J.P.Kruth, M.Bartscher, S.Carmignato, R.Schmitt, 
L.De Chiffre, A. Weckenmann, Computed tomography 
for dimensional metrology, CIRP Annals-Manufacturing 
Technology 60(2011) 821-842  
[5] <http://www.volumegraphics.com> 04.04.2016  
[6] Simone Carmignato, Accuracy of industrial computed 
tomography measurements: Experimental results from an 
international comparison, CIRP Annals-Manufacturing 
Technology 61(2012) 491-494 
[7] P.Müller, J.Hiller, Y.Dai, J.L.Andreasen, H.N.Hansen, 
L.De.Chiffre, Estimation of measurement uncertainties in 
X-ray computed tomography metrology using the 
substitution method, CIRP Journal of Manufacturing 
Science and Technology 7(2014) 222-232 
[8] Bartosz Gapinski, Michal Wieczorowski, Lidia 
Marciniak-Podsadna, Bogdan Dybala, Grzegorz 
Ziolkowski, Comparison of Different Method of 
Measurement Geometry using CMM, Optical Scanner and 
Computed Tomography 3D, ScienceDirect, Procedia 
Engineering 69 (2014) 255-262 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

478 IMMC 2016   |   18th International Metallurgy & Materials Congress

Eff ect of Engine Oil Type on the Wear of Piston-Cylinder Hakan Yılmaz¹,², Arzu Şencan Şahin² 

¹Süleyman Demirel University, ²İstanbul University - Türkiye

 
Abstract 
 
Automobile engines should be used more effective to 
enable a longer service life. Important factors such as 
appropriate cycle range, engine oil selection, regular 
maintenance of the vehicle, etc. affect the engine life. 
Usage of the suitable oil extends the service life of the 
engine and provides better fuel-air combustion by partially 
preventing the wear of moving parts. In this research, 
engine of a Fiat branded Palio model automobile was 
designated as the test engine. Effects of Mobil 1TM ESP 
0W-40 type engine oil which is stated in the manual of the 
vehicle and Mobil SuperTM 2000 X1 10W-40 type engine 
oil on the wear of piston-cylinder were investigated. Test 
engine was operated for 144 h at 3000, 4000 and 5000 rpm 
for both of the engine oils and wear amount of the inner 
surface of the cylinder was measured by using a 
comparator set and micrometer. There has been 
considerable work to determine the engine oil type which 
exhibits a more efficient usage considering the wear 
amounts. According to the results, it was observed that 
Mobil 1TM ESP 0W-40 type engine oil yields to less wear in 
the cylinders and helps the engine to improve its working 
performance.    
 
1. Introduction 
 
Weight loss due to the wear process depends on the 
movement speed of the materials and the contact area that 
friction occurs. In this study, it was aimed to prevent the 
early wear and the wear during operation of the automobile 
engines by lubricating. When an engine is started, the 
lubricant amount on the cylinder walls is quite low. 
Deficiency of the engine oil can be defined as the main 
reason of wear. 25% of the engine wear problems are stated 
to arise from the piston-cylinder wear. Reducing the wear 
amount in these parts may enable a substantially prolonged 
engine life [1-7].  
 
2. Experimental Procedure 
 
Properties of the Fiat branded automobile engine used in 
the experiments is given in Table 1. Mobil 1TM ESP 0W-40 
type engine oil which is stated in the manual of the vehicle 

and Mobil SuperTM 2000 X1 10W-40 type engine oil were 
selected as the test engine oils. Test engine was operated 
for 144 h at 3000, 4000 and 5000 rpm for both of the 
engine oils. Cylinder diameter was measured as 72 mm 
before the experiments and all measurements were done by 
using a comparator and a micrometer. The comparator was 
adjusted to contact the two mutual surfaces of the cylinder 
and the measure of difference was read from the rotation 
amount in the comparator gauge.   
 

Table 1. Technical properties of the Palio 1.4 Fire 8V 
77 HP POP type engine used in the experiments. 

 
Cylinder Number 4 
Diameter of cylinders*stroke 72.0*84.0 
Cylinder volume 1368 (cc) 
Compression ratio 11.1:1 
Maximum power (hp/rpm) 77/6000 
Maximum torque 115/3250 
Fuel supply Multi-point injection 
Gear number 5 forward + 1 reverse 
Maximum speed (km/h) 165 
Fuel consumption (in urban 
areas) (manual/automatic) 

7.4/6.7 

Fuel consumption (in rural 
areas) (manual/ automatic) 

4.7/4.6 

Average fuel consumption 
(manual/automatic) 

5.7/5.4 

CO2 emissions value (g/km) 132/124 
 
3. Results and Discussion 
 
In Table 2, the change of the cylinder diameter with time is 
given for Mobil 1TM ESP 0W-40 type engine oil. The 
graphs in Figures 1-3 show the relationship between the 
wear amounts and the working parameters. The engine was 
operated at 3000 rpm for the first 144 h and the cylinder 
diameter was measured as 72.005 mm at the end of this 
period. The material loss due to wear was determined as 
0.005 mm for these working conditions. For the second 144 
h, the test engine was operated at 4000 rpm and the wear 
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amount was determined as 0.003 mm as a result of this 
process.  

  
 

Table 2. Wear amounts of the cylinder diameter when 
Mobil 1TM ESP 0W-40 engine oil was used. 

Time 
(hour) 

Cylinder 
Diameter 

(mm) 

Wear  
amount 
(mm) 

Engine 
rpm 

48 72.002 0.002 3000 
48 72.003 0.001 3000  
48 72.005 0.002 3000  
48 72.006 0.001 4000  
48 72.007 0.001 4000 
48 72.008 0.001 4000 
48 72.011 0.003 5000  
48 72.014 0.003 5000 
48 72.018 0.004 5000 

 
 

 
Figure 1. The change of the cylinder diameter with time 
when Mobil 1TM ESP 0W-40 type engine oil was used. 

 
 

 
Figure 2. Average wear amounts for different engine rpm 
values when Mobil 1TM ESP 0W-40 engine oil was used. 

For the third and last 144 h, the test engine was operated at 
5000 rpm and at the end of this period; the cylinder 
diameter of the test engine was measured as 72.018 mm. In 
all experiments, Mobil 1TM ESP 0W-40 type engine oil was 
used and the average wear amount was determined to be 
minimum at 4000 rpm. The cylinder exhibited 0.001 mm 
average material loss in 48 h at 4000 rpm. Maximum wear 
occurred at 5000 rpm which caused 0.0033 mm average 
weight loss in 48 h.  
 

 
Figure 3. Wear amounts evolved with time when Mobil 

1TM ESP 0W-40 type engine oil was used. 
 
 
In Table 3, the change of the cylinder diameter with time is 
given for Mobil  SuperTM 2000 X1 10W-40 type engine oil. 
The graphs in Figures 4-6 show the relationship between 
the wear amounts and the working parameters. 
 
 

Table 3. Wear amounts of the cylinder diameter when 
Mobil  SuperTM 2000 X1 10W-40 type engine oil was 

used. 

Time 
(hour) 

Cylinder 
Diameter 

(mm) 

Wear  
amount 
(mm) 

Engine 
rpm 

48 72.037 0.001 3000 
48 72.039 0.002 3000 
48 72.040 0.001 3000 
48 72.045 0.005 4000 
48 72.048 0.003 4000 
48 72.051 0.003 4000 
48 72.055 0.004 5000 
48 72.061 0.006 5000 
48 72.065 0.004 5000 

 
 
The engine was operated at 3000 rpm for the first 144 h and 
the cylinder diameter was measured as 72.04 mm at the end 
of this period. The material loss due to wear was 
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determined as 0.004 mm for these working conditions. For 
the second 144 h, the test engine was operated at 4000 rpm 
and the wear amount was determined as 0.011 mm as a 
result of this process.  
 
For the third and last 144 h, the test engine was operated at 
5000 rpm and at the end of this period; the cylinder 
diameter of the test engine was measured as 72.065 mm. In 
all experiments, Mobil  SuperTM 2000 X1 10W-40 type 
engine oil was used and the average wear amount was 
determined to be minimum at 3000 rpm. The cylinder 
exhibited 0.0013 mm average material loss in 48 h at 3000 
rpm. Maximum wear occurred at 5000 rpm which caused 
0.0046 mm average weight loss in 48 h.  
 
 

 
Figure 4. The change of the cylinder diameter with time 

when Mobil  SuperTM 2000 X1 10W-40 type engine oil was 
used. 

 
 

 
Figure 5. Average wear amounts for different engine rpm 
values when Mobil  SuperTM 2000 X1 10W-40 engine oil 

was used. 

 
Figure 6. Wear amounts evolved with time when Mobil  

SuperTM 2000 X1 10W-40 type engine oil was used. 
 
4. Conclusion 
 
Mobil 1TM ESP 0W-40 type engine oil was observed to 
minimize the early wear and the wear during operation of 
the engine. The lowest wear amount was determined as 
0.001 mm at 4000 rpm. Since the ambient conditions, that 
have an impact on the temperature at which the 
experiments were carried out had fluctuations; it is assumed 
that these conditions had an effect on the operating 
temperature of the process and therefore the wear amount.  
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Abstract:  

Plasma surface treatment is a process that raises the 
surface energy of many polymeric materials so as to 
improve the bonding and painting characteristics. 
Polypropylene bumper materials are made of long 
polymer chains which have a non-polar surface and 
are fairly difficult to paint. When the surface is 
activated the plasma actually changes the chemical 
structure and polarity of the PP. When properly 
activated with plasma, PP materials have improved 
adhesive properties, increased surface wettability 
depend on the many plasma treatment parameters 
such as distance between nozzle and substrate, 
nozzle design, holding time. Among them nozzle 
design is one of the significant important 
parameters. The plasma nozzles directed onto the 
material are used to generate and spread the plasma. 
In this study; various nozzle designs effect on the 
polyproplene (PP) surface energy is studied. 
Depending on the speed and distance to the material 
to be treated, different activation of the surface is 
achieved. All treatment parameters can be 
accurately evaluated and reproduced. 

1. Introduction 

Polymer materials have very low values of surface 
tension. Principally this creates certain difficulties 
for their wettability in various liquids, which is a 
necessary precondition for a wide range of recent 
technologies: in automotive industry. Chemical 
surface activation of the polymeric surfaces is the 
most utilized method, however, the ecological 
requirements force the industry to search for 
alternative environmentally friendly methods [1,2]. 
The application of atmospheric plasmas to modify 
surface properties of polymers is such a rapid and 
environmentally friendly process. Plasma contains 
active species, such as electrons, ions, radicals, 
photons which are able to initiate chemical and 
physical modifications at the polymer surface.  

 

The main advantage of this method is that plasma 
surface treatment only changes the uppermost 
atomic layers of a material without modifying the 
bulk properties [3,4]. Therefore, the modification 
depth of the plasma treatment is only a few 
nanometers. Polypropylene (PP) are frequently used 
in automotive industry because of their superior 
bulk properties, such as a high strength-to-weight 
ratio, good thermal and chemical resistance, despite 
these excellent characteristics, polymers are often 
unsuitable to use owing to their low surface-free 
energies. Therefore, plasma surface treatments are 
usually necessary to improve surface-wetting and 
adhesion properties [5-8]. 

Atmospheric plasma treatment is referred to as a 
kind of pretreatment of surfaces and also is an 
alternative method to flame and corona. Treatment 
with high energy plasma removes any foreign 
contaminants present on the surface of a material 
making it more suitable for further processing. 
Applying plasma treatment on polyproylene (PP) 
based automotive part surfaces can result in an 
effective pretreatment of surface activation before 
any gluing, painting or lacquering could take place. 
Usually, industrial oxygen is used in plasma 
treatment as a process gas, hence receiving the title 
of oxygen plasma. However, atmospheric air is also 
used in many plasma surface treatments referred to 
as atmospheric plasma. Depending on the type of 
material that is being treated with plasma, effects 
can remain prominent for just a few minutes or 
even months. A plasma treatment provides different 
possibilities to refine a polymer surface, enabled by 
the adjustment of parameters like nozzle design 
(Fig 1), gas type and its flows, power, pressure and 
treatment time [4-6]. he plasma is generated inside 
the nozzle by a high voltage between a stator and a 
rotor and is blown out through the nozzle head 
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using working plasma gases as an air, oxygen, 
nitrogen. 

 

Fig 1. Examples of plasma rotary nozzles with 
different outlet angles (Plasma Treat GmBH) 

In the present paper we have tried to research 
plasma surface activation of PP with the different 
three design plasma nozzles. The degree of PP 
modification, and the change in the surface tension, 
is traced for each defined nozzle with the change in 
the contact angle and surface morphology. And also 
chemistry of surfaces are analyzed with FTIR-ATR. 

2. Experimental Procedure  

Experimental studies were co-examined at Sakarya 
University laboratories and Assan Hanil 
Automotive Industry and Trade Inc. paintshop 
factory quality control laboratory. Polypropylene 
bumper sample plates with the dimensions of 
160×80 mm2 and thickness of 2 mm were used as 
substrates in this study. In order to model the real 
industrial bumper painting process the samples 
were cleaned with isopropyl alcohol (IPA) before 
plasma treatment. The PP samples were plasma-
treated using atmospheric plasma treatment unit 
(Plasma Treat GMbH/ Germany) at atmospheric 
pressure conditions in ambient air. The power for 
the plasma generation and sustenance is supplied 
with the impulse voltage into the jet-nozzle 
electrode via the transformer. The maximum 
voltage is applied into the jet-nozzle electrode. The 
output frequency is approximately 10 kV from peak 
to peak at the frequency of 16–20 kHz. The length 
of plasma jet flame is approximately 18±2 mm and 
the diameter is 10±2 mm. Plasma activation system 
and process paramaters are given in Table 1.  In 
this study; various nozzle designs (Fig2) effect on 
the polyproplene (PP) surface energy is studied. 
Wettability and surface energy of PP were 
measured using the static contact angle (CA) 
measurement (Kruss DSA30S) utilizing the 
Laplace-Young drop (5μl water) method. Each 
measurement was repeated 6 times at 25 oC. 
Surface chemistry of PP were samples analyzed 

with ATR-FTIR (Perkin Elmer) after the plasma 
treatment.  

 

Table 1. Plasma unit and process parameters 

Frequency 21 kHz 

Voltage 300V 

Current 18.2 A 

Nozzle Rotation  

Rotation 3600 rpm 

Plasma 
Gases Air 

RD1004 (Plasma Treat GmBH) Gas 
Pressure 5 bar 

Nozzle 
Velocity  

Constant 
120mm/sec  

Distance 
from the 
surface 

D:15 mm Process Parameters 

Nozzle 
Types N1, N2, N3 

 

Nozzle Types 

 
Nozzle Code N1 N2 N3 
Nozzle Type  22826 22892 10145 

Hole Diameter  4 mm 4 mm 4 mm 

Angle 14o 32o - 

Exposure 
Width 22 mm 50 mm 8 mm 

 
Fig 2.Different design plasma activation nozzles  
(Plasma Treat GmBH) 
 

3. Result and Discussion 

In this study the effect of varying the plasma nozzle 
type on the polypropylene, surface energy is 
performed. The substrates were placed a distance of 
56 mm from the anode-nozzle. The jet was then 
moved at 120 mm.sec-1. Contact angle 
measurement and water drop shape results are 
demonstrated in Table 2. 

        N1          N2             N3
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The contact angle is higher on the untreated PP 
surface. The water contact angle (CA) of the 
untreated polyproplyle is close to 96o, atmospheric 
plasma jet treatment induces 26o contact angle 
reduction using with N2 type nozzle with constant 
parameters. Maximum contact angle reduction 
obtained with the N1 type plasma nozzle. N3 type 
nozzle effect on surface contact angle value is 
between them. This change in water contact angle 
may be as a result of thermal oxidation caused to 
the polymer surfaces during the plasma treatment 
process. 

Table 2. Contact angle measurement results after 
plasma treatment with different geometry plasma 
nozzles 

 
Untreated PP 

= 96±3  
Code N1 N2 N3 

Drop 
shape 

 
CA 

 =32,1  =70,7  =44,4  

 

Figure 3 shows the surface energy change of the PP 
depending on the plasma nozzle type. The untreated 
PP has a surface free energy equal to 28 mN/m. 
With using various plasma-treatment nozzle, the 
surface energy gradually increases to 68mN/m. 
Plasma treatment of the PP surface creates a 
nanometer-sized oxidized layer on the surface, 
since plasma treatment is not able to change the 
bulk properties of the polymer. 

 

Fig.3. Surface energy measurement results before 
and after plasma treatment with various nozzle 
designs. 

 

The free electrons, ions, and radicals generated in 
atmospheric plasma impacts the surface with 
sufficient energy to cleave the molecular bonds on 
the surface of most plastic substrates. This cleavage 
produces free radicals on the polymer’s surface 
which react rapidly in the presence of air to form 
various chemical functional groups. 

Highly polar functional groups that can form and 
enhance bonding include carbonyl (C=O), carboxyl 
(-COOH), hydroperoxide (-OOH), and hydroxyl 
(HO-) groups. In order to investigate the chemical 
groups introduced on the PP surface by plasma 
treatment, XPS spectrum [9] of the C-C peaks are 
observed in Fig4. After the plasma treatment, the 
new peaks (C=O, C-O-C) appears. 

 

Fig. 4. XPS test results a)untreated b. plasma 
treated 

PP molecule chain are tree atoms of carbon, in the 
form of different groups. Each of them is correlated 
in FTIR spectra with the suitable absorption peak 
by definite wavenumber values (Figure 5). As can 
be seen in Fig. 5, a clear difference can be found 
between the ATR-FTIR spectra before and after 
plasma treatment. A very broad absorption peak at 
3450 cm 1 appear safter treatment, which can be 
attributed to OH stretching vibration. 

However, the most remarkable difference between 
the ATR-FTIR spectra before and after plasma 
treatment can be seen in the region 1850–1600 
cm 1. Two broad peak at 1640 and 1730 cm 1 
appears owing to the presence of carbonyl (C O) 
groups. 

4. Conclusion 

Adhesion requires strong interfacial forces via 
chemical compatibility and/or bonding. Plasma can 
be used to modify surface energies. Hydrophilic 

28 

68 

32 

58 

Untreat 

N1 

N2 

N3 

Surface Energy mN/m 
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surfaces can be created on PP through interaction 
with plasma. Using air to create functionality 
increases the wettability of a surface. The beneficial 
effects of atmospheric plasma treatment have been 
established in the literature and many industrial 
application. Studies demonstrates the efficiency of 
atmospheric plasma on PP used for automotive 
bumpers. After plasma treatment, the composition 
of the PP surface is as follows:  C–O groups, C= O 
and O–C- O groups and 82% C–C or C–H bonds. 
This means that the air plasma probably breaks the 
C–C and/or C–H bonds to introduce C–O, C= O 
and O–C- O groups. 

The plasma treated PP with the N1 type nozzle, 
ensures longer term stability and repeatability of the 
surface activation than N2 and N3 at 15mm 
distance for 120 mm/sec.  
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Abstract 
 
Carburizing treatments involve longer holdings at 
the austenite region, which can produce a range of 
different prior-austenite grain sizes (PAGS) 
depending on the growth behavior.  The PAGS 
influences hardenability, phase transformation 
kinetics and hence the final phase fraction; and 
therefore the final mechanical properties. Since the 
high-temperature austenite structure is transformed 
during subsequent cooling steps, controlling the 
formation of desired austenitic structure during 
carburizing treatment is difficult and particularly 
important. This study aims at predicting the PAGS 
during carburizing by using a model based on ideal 
grain growth law. In order to construct the validity 
of the model, SAE 8620H steel samples were 
austenitized at 3 different temperatures (850oC,  
900oC, 925oC) for 3 different durations (15 min, 8 h, 
24h), and then cooled at a rate of 350oC/s to ensure 
transformation to martensite. The PAGS of those 
samples were determined by metallographic 
examination using optical microscope. The PAGS 
were then determined by Heyn Intercept Method, 
performed on at least 5 micrographs per specimen. 
The results show that the grain growth behavior of 
the present 8620H steel can be explained by ideal 
grain growth law. The model parameters determined 
from the present experimental results agree 
reasonably well with the other studies on same steel 
grade.   
 
1. Introduction 
 
Prior austenite grain size (PAGS) of any steel has a 
considerable influence on hardenability, kinetics of 
phase transformations, final phase fraction and 
hence on final mechanical properties. The most 
important heat treatment variables that determine the 
austenite grain structure are austenitization 
temperature (T ) and time [1, 2]. A typical 
carburizing treatment involves longer holding time 
at higher temperatures (i.e. in the austenite region), 
therefore prior austenite grain structures can vary. 
Moreover, the presence of inter-metallics and 
carbides can pin-down the grain growth of prior 
austenite. This pinning effect on austenite grain 

growth was studied in micro-alloyed steels. [3,4]. 
The objective of this paper is to predict the PAGS of 
SAE 8620H steel during carburizing treatment by 
determining the parameters of the ideal grain growth 
model from the results of metallographic 
examinations. The input parameters of the model 
will only be the austenitization time and temperature. 
This physically based model could then be used in 
heat-treatment simulation of carburized quenching 
for further process development and optimization. 
   
2. Experimental Procedure 
 
SAE 8620H steel samples, whose composition is 
given in Table 1 and was used to determine the 
growth kinetics of austenite grains. The exact 
geometry of the samples is given in Figure 1. In order 
to produce a range of various different prior austenite 
grain sizes the specimens were heated to 3 different 
temperatures, (850, 900, 925oC) at a rate of 1oC/s 
followed by isothermal holding for 3 different 
durations (15 min., 8 hour, 24 hour), and lastly 
quenching to room temperature at the rate of 350oC/s 
to ensure transformation to martensite. Those heat 
treatment cycles for all 9 specimens were conducted 
using Gleeble®–3800 thermo-mechanical simulator.  
 

 
Figure 1. Geometry of the samples which were 

used to determine prior austenite grain size 
 
The prior austenite grain size of the heat-treated 
specimens was determined via metallographic 
examination. Metallographic specimen preparation 
started by mechanical grinding using SiC grinding 
papers followed by mechanical polishing using 9, 3 
and 1 m diamond paste followed by 0.05 m-
diameter colloidal silica particles. Afterwards 
samples were etched with a solution composed of 
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saturated aqueous picric acid (1 gr picric acid, 100 
mL water), 1 large tablespoon of a wetting agent and 
0.2 mL HCI. The etching was performed for 10-15 
seconds by dipping the polished specimens into the 
etching solution kept at 80oC. Micrographs of the 
specimens were taken by Nikon LV150N optical 
microscope, using bright field illumination. Prior 
austenite grain size was measured by Heyn Intercept 

method in accordance with the ASTM E112 
standard. The length of the intercepts used were 180 
mm horizontally and 130 mm vertically. Grain 
boundary and intercept intersections were counted 
on 5 randomly selected fields per specimen. This 
measurement grid produced 50 to 150 intersections 
per micrograph, thus ensuring accuracy of the 
measurements. 

 
 15 min. 8 h 24 h 

85
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90
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92
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Figure 2. Optical micrographs of the specimens taken at 200x under bright field illumination. The etchant does 
not react uniformly with the specimen surface, which can be identified from the burnt dark areas on some minor 

regions. Nevertheless, the prior austenite grain boundaries are revealed clearly.

3. Result and Discussion 
 
Figure 2 shows optical micrographs of all specimens, 
in a tabulated manner with respect to austenitization 
time and temperature. Some specimens are non-
uniformly etched, the dark regions are over-etched. 
However, the prior austenite grain structures are 
revealed clearly in all specimens.  The figure shows 
that the PAGS increase as austenitization 
temperature (T ) or time increases. As expected, the 
temperature, T , influences the coarsening of the 
prior austenite structure much more effective than 
the austenitization time.     
 
 

 Table 1. The comparison chemical composition 
(wt. %) of this study and E.Khzouz’s study [5] 

 Present Study Ref [5] 
C 0.21 0.21 
Cr 0.56 0.56 
Fe Bal. Bal. 
Mn 0.84 0.81 
Mo 0.24 0.15 
Ni 0.53 0.45 
P 0.005 0.006 
S 0.02 0.01 
Si 0.33 0.24 

 
Figure 3 shows the change of average PAGS value, 
which has been calculated for each specimen from 
the optical micrographs, as a function of T . The 
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figure also shows the PAGS findings of a reference 
study, namely the study of E.Khzouz’s [5] for 
comparison. The chemical composition of the steel 
used in this reference study is tabulated in Table 1 as 
well.   
 
The change in PAGS values, specifically in the 900 
– 925oC range is very small, in fact smaller than the 
standard deviation in the measurements.  For the 
reference study, the austenitization time does not 
influence the PAGS value at T  = 850oC. On the 
other hand, the PAGS values show exponential 
growth, most clearly observed for the samples 
austenitized for 9 h, in the reference study. 
 

 
Figure 3. The PAGS values of the current study, 

compared to the reference study of E.Khzouz’s [5]; 
plotted as a function of austenization temperature 

(T ) 
 

Table 2. Average grain size values (AGS) and the 
standard deviation of AGS determined from 

metallographic examination of samples austenitized 
at different temperature (T ) and time combinations.  

T  
 (°C) 

Time (hr) AGS  
( m) 

AGS 
(ASTM-G) 

850 
0.25  11.7 ± 0.8 9.9 ± 0.2 

8  13.7 ± 0.7 9.4 ± 0.2 
24  17.2 ± 0.7 8.8 ± 0.1 

900 
0.25 14.4 ± 0.6 9.3 ± 0.1 

8  16.9 ± 0.7 8.8 ± 0.1 
24  20.4 ± 1.2 8.3 ± 0.2 

925 
0.25 16.2 ± 0.9 8.9 ± 0.2 

8  17.9 ± 0.9 8.7 ± 0.2 
24  20.7 ± 0.9 8.2 ± 0.1 

 
The PAGS values of the present study, which are 
obtained from the prescribed quantitative 

metallographic study, are tabulated in Table 2. Note 
that the standard deviation values are small, in fact 
the relative accuracy for all the measurements are 
well below 10%. This indicates the higher precision 
in PAGS measurements, in accordance with the 
ASTM E-112 standard. Those experimentally 
determined PAGS values are then used to construct 
a physically based grain growth model.  
 
The grain growth in crystalline materials can be 
explained by the “General Grain Growth Law”, 
which is shown in Eq1: 

Dm - D0
m = Kt  (1) 

 
where D is the average grain size, Do is the initial 
grain size (D  Do), K is a temperature-dependent 
parameter, t is holding time and m is grain growth 
exponent [1, 6]. Experimentally determined m 
values are in the range of 2 to 5. In a pure system 
which has no defects or precipitates to pin the growth 
of a grain, m is 2. [7].  
 
In this study m was taken as 2, since the optical 
micrographs does not show potential pinning sites.  
Using Eq1 and the experimental data tabulated in 
Table 2, K and Do values for 850oC, 900oC and 
925oC were calculated, and shown in Table 3.  
  

Table 3. K and Do values, which are calculated 
using Eq1 and the data tabulated at Table 2 

 8620H 
Temperature  

(°C) 
K 

(mm²/min) 
Do (mm) 

850 1.09E-07 1.15E-02 
900 1.43E-07 1.44E-02 
925 1.15E-07 1.62E-02 

 
Grain growth is a thermally activated, temperature 
dependent process, therefore the relationship 
between K and temperature can be represented by 
the following Arrhenius formula[6, 7]: 

K = K0 exp(-Q/RT) (2) 

 
where K0 is the pre-exponential term, Q is the 
activation energy for grain growth, R is the gas 
constant and T is the temperature (in Kelvin). Using 
the Eq2 and the K values tabulated in Table 3, K0 and 
Q values were calculated and shown in Table 4. 
Figure 3 and 4 show the calculated K and Do values 
of the current study compared to reference study [5]. 
The Do values agree quite well, whereas K value of 
the current study is considerably low for 850oC, 
about an order of magnitude. This difference can be 
attributed to the chemical composition differences of 
the samples, as tabulated in Table 1. Specifically, the 
Mo content of the present steel is higher than the 
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reference study [5]. Mo has been reported to form 
fine carbides such as Mo2C, which can pin the grain 
boundaries, inhibit grain growth and therefore lower 
the K value [8].  
 
Table 4. Q and Ko values calculated using equation 

Eq.2 and the values tabulated at Table 3  

86
20

H
 Q 

(J/mol) 
Ko 

(mm2/min) 
18.476 8.29E-07 

 

 
Figure 4. The calculated K values of the current 

study compared to the E.Khzouz’s study [5] 
 

 
Figure 5. The calculated Do values of the current 

study compared to the E.Khzouz’s study [5] 
 

4. Conclusion 
 
In this study, the grain growth of austenite in a SAE 
8620H steel was determined from a quantitative 
metallographic study. Moreover, those results were 
used to construct a grain growth model. The 
following conclusions can be drawn:  
 

 Prior austenite grain growth in present SAE 
8620H steel can be explained via ideal grain 
growth law. 

 Q and K0 were calculated as 18.476 (J/mol) 
and 8.29·10-7 (mm2/min) by taking the 
kinetic exponent, m, as 2.   

 The present model parameters agree 
reasonably well with the literature. Slight 
differences in composition, especially in 
fine carbide forming elements, effect the 
grain growth kinetics drastically.  
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Abstract 
 
Diamonds are widely used in industrial applications due 
to their extremely high hardness. In the cutting operations 
of natural stone, diamonds are used to reinforce the metal 
matrix by forming a diamond doped metal matrix 
composite. During the cutting operation, diamond is 
getting worn by producing some wear products in the 
form of small fragments. These fragments then wear and 
cut the material. In this study, a Fe-Co-Cu based 
commercial powder was used as a diamond bead matrix 
and effect of bronze additions on mechanical properties 
of the matrix were also investigated. Powder was first 
cold pressed and then the pellets were sintered at 950°C 
for 1 h in hydrogen atmosphere in a tunnel furnace. 
Microstructural, physical and mechanical 
characterizations were performed by SEM-EDS 
examinations, density measurements, hardness and 
compression tests. Results showed that bronze additions 
only resulted in a small decrement in the relative density. 
However, hardness and compression strength were 
affected more by the increased amount of bronze addition 
into the matrix. 
 
1. Introduction 
 

Diamond, an allotropic form of carbon, is the hardest 
mineral known which is widely used in industrial 
applications due to its extremely high hardness [1]. 
Natural stone cutting with Diamond Cutting Tools 
(DCTs) is one of these applications. The DCTs’ segments 
are usually being produced by mixing diamond grit with 
the appropriate metal(s)/alloys powders via powder 
metallurgy processes [2,3]. Processing of diamond in 
metal bonds often results in a reaction between the 
diamond surface and the surrounding metal matrix. The 

extent of this reaction depends on specific composition of 
metal powders, their particle size and distribution, and 
processing temperature and time [4]. 

The main factor determining the performance of the tool 
during service is its wear resistance. A number of 
operating conditions such as feeding rate, depth of cut, 
peripheral speed, load, pressure, velocity, cutting mode, 
rock properties, working conditions etc. govern the wear 
rate of DCTs [5,6]. Natural stones react differently and 
show different abrasiveness during cutting processes [7]. 
For this reason, it is very important to choose the right 
matrix material in the manufacturing process of DCTs. 
Depending on the properties of natural stone such as 
hardness and abrasivity, the metal matrix may contain 
some metals or alloys such as iron, cobalt, cobalt and tin, 
cobalt and bronze and tungsten carbide [8]. For a 
successful cutting operation, wear rates of the matrix and 
the diamond must be comparable. Otherwise, detachment 
of diamond from the matrix or embedding of diamond 
into the matrix may occur. In order to optimize the 
performance of the tool during cutting, type and amount 
of the additions are firstly determined by the hardness of 
natural stone to be cut [9,10]. 

There are number of studies that have investigated Fe-
Co-Cu-Sn based diamond cutting tools. Zeren et al [11] 
studied sintering of polycrystalline diamond cutting tools. 
In that study, pressure-sintering experiments during 
direct sintering of diamond cutting tools were conducted 
at 730°C for 3–15 min with a pressure of about 350 MPa. 
For the matrix, cobalt and nickel are used as the bonding 
agents and the bronze was used as the filling phase in 
various amounts. They concluded that the matrix firmly 
supported the diamonds preventing them from damaging 
during cutting, and the bonding between the matrix and 
diamond must be strong enough for high performance. 
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Selvi et al [12] studied conventional sintering of diamond 
cutting tools. They compared microstructural, physical 
and mechanical properties of diamond cutting tools made 
of Co-Ni-Cu-Sn matrix, produced by Spark Plasma 
Sintering and Conventional Sintering. Spark Plasma 
Sintering performed at 850 °C and Conventional 
Sintering performed at various temperatures (between 
950 and 1150 °C) and times (1 to 4 hours). They 
determined the optimal sintering temperature and time 
for conventional sintering as 950°C and 3 h. Rosa et al 
[7] studied diamond-impregnated segmented discs used 
for hard stone cutting. Different types of matrices were 
used for manufacturing new segments for the cutting 
discs. Matrices containing: Co + Bronze (50 wt.%Co + 
50 wt.% of a 90Cu–10Sn bronze); Co + bronze + 10 
wt.% WC; and Co + bronze + 20 wt.% WC, were 
produced and their behavior was compared to that of a 
standard disc available in the market and commonly used 
by the stone industry for cutting granite. The commercial 
tool (Co + Bronze) showed the lowest values of resultant 
force and the highest values of tool consumption or tool 
wear rate. 

The aim of this study is to evaluate the performance of 
the Fe-Co-Cu based matrix as a diamond bead and the 
effect of bronze additions on the structural and 
mechanical properties of the matrix. 

2. Experimental Procedure 

Commercial free sintering metal powder (W1) with a 
particle size of 13.62 m was used as matrix material. 
30% and 50% bronze (90% Cu+ 10% Sn) by volume 
were added to W1 powder, which were designated as 
W1-30 and W1-50, respectively. Chemical composition 
of W1 powder is given in Table 1. The metal powders 
were mixed in 360° rotating chamber for 3. The powder 
mixtures were compacted in a uniaxial cold press by the 
application of 50 kN force. Green samples were prepared 
in 7 mm in diameter and 14 mm in length. Conventional 
Sintering was performed in a continuous tunnel furnace 
at 950°C under hydrogen atmosphere for 1 h. 

Density measurements, hardness and compression tests 
were performed for physical and mechanical 
characterization of the samples. Density of the samples 
was determined by the Archimedes method and divided 
by the theoretical density to calculate the relative density. 
Hardness measurements were carried out in the Rockwell 

B scale by using Zwick/Roell ZHR hardness tester and 
the compression tests were carried out using Dartec 
Universal Testing Machine at a crosshead speed of 1 
mm/min. X-ray diffraction (XRD) analysis was carried 
out by a Bruker D8-Advanced X-ray diffractometer using 
Cu K  radiation. Microstructures of the samples were 
examined by LeicaTM DM 750M optical microscope and 
HITACHI TM-1000 Tabletop Scanning Electron 
Microscope (SEM) equipped with an EDS (Energy 
Dispersive spectroscopy unit. 

Table 1. Chemical composition of the W1 powder. 
Chemical Composition (wt %) 

Fe Co Cu Sn Ni W 
40 30 25 3.9 0.5 0.6 

 

3. Results and  Discussion 
 

Figure 1 shows XRD patterns of the samples 
investigated. Identified phases for W1 sample which 
were sintered at 950°C for 1 h under hydrogen 
atmosphere are mainly Co3Fe7 and CuSn. By the addition 
of 30% and 50% of bronze into the matrix powder, the 
identified phases were essentially the same (Co3Fe7 and 
CuSn) except some variation in the relative intensities 
amongst the samples. 

 

Figure 1. XRD patterns of the samples.
 

Figure 2 shows SEM micrographs of the samples 
investigated (Figs. 2a-c) and the corresponding EDS 
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patterns of the samples (Fig. 2d-f). EDS analysis revealed 
that the micrograph of sample W1 mainly consists of Fe 
and Co coming from Fe-Co intermetallic phase as shown 
in Fig. 1. By adding bronze into the powder, fraction of 
white regions increased. According to the EDS analysis, 
the white areas in the SEM micrographs of the samples 
are bronze-rich regions (Fig. 2a-f). The white areas 
increased with increasing bronze addition to the matrix 
(Figs 2a-c) and they are homogeneously distributed in the 
structure. 

Table 2 lists relative density, hardness and compression 
strength of the samples investigated. The highest relative 
density was obtained in W1 samples. By adding 
increment amount of bronze into the powder 
composition, relative density slightly decreased. Beside 
density, hardness and compression strength were also the 
highest in W1 sample. Increasing amount of bronze 
addition led to more significant decrement in hardness 
and compression strength than that observed in the 
relative density. This result is in contrast to the previous 
study investigated the diamond cutting tools with bronze 
addition. In this work [13], it was reported that bronze 
addition resulted in decrement in mechanical properties 
due to cumulative bronzes in certain regions. However, in 

the present work, bronze islands were not in the form of 
cumulative but uniformly distributed as shown in Fig. 2b 
and c. Finally it is reasonable to assume that uniformly 
distributed bronze islands as a softer component in the 
microstructure decreased hardness and compression 
strength. 
 
Table 2. Hardness and compressive strength values of 
the samples after sintering. 

Samples Relative 
density, 

% 

Hardness 
(HRB) 

Compressive 
Strength (MPa) 

W1 98.43 97±0.6 1293±3 
W1-30 97.39 86±1.2 1024±3 
W1-50 97.30 80±1.7 976±3 

 
In order to evaluate the cutting performance of diamond 
bead produced by using the matrix material studied in 
this study is under investigation with cutting marble to 
test its performance in on-site field cutting operations. It 
is expected that as the matrix material is softer, the better 
is the cutting performance due to reduced abrasion 
resistance in diamond containing cutting tools. 
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Figure 2. SEM Microstructures and EDS analysis of sintered samples (a) W1 (b) W1-30 (c) W1-50 (d) EDS analysis of 
W1 (e) EDS analysis of W1-30 (f) EDS analysis of W1-50. 
 
4. Conclusion 

Following results can be inferred from experimental 
results; 
1. The highest relative density, the highest compressive 
strength and the highest hardness values were obtained in 
the sample W1.  
2. The presence of Co3Fe7 intermetallic phase give rise to 
mechanical properties in W1 sample.  
3. The addition of bronze to W1 sample caused decreases 
in the mechanical properties (compressive strength and 
hardness). 
4. It is expected that  softer matrix with bronze addition 
to W1 sample  may result better cutting performance due 
to reduced abrasion resistance of matrix, as a result of 
optimization of wear rates of diamond and matrix in 
diamond containing cutting tools. 
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Abstract 

In this work, Al-doped niobium carbo-nitride 
coatings were realized on AISI 4140 steel substrate 
by thermo-reactive diffusion/deposition (TRD) 
method. The effect of various amounts of aluminum 
contents on the wear resistance of niobium carbo-
nitride coatings was investigated systematically by 
X-ray diffraction (XRD) analysis, scanning electron 
microscopy (SEM), energy dispersive spectroscopy 
(EDS), micro hardness and wear tests. The XRD 
results showed that the coating layers consist of 
NbC, NbN, AlN, -Fe and Fe3N phases. Hardness 
of the coating layers were obtained ranging from 
993.65±106.25 to 2077.58 ± 194.65 HK0.005. Dry 
wear tests were performed under 2.5, 5 and 10 N 
applied loads at 0.1 m/s sliding speed against Al2O3 
ball. The obtained wear resistance value for the Al-
doped niobium–carbo-nitride coating including 1.0 
wt. % Al was higher. The wear mechanisms of the 
coatings were polishing wear. 

1. Introduction 

Hard and wear resistant coatings are commonly 
deposited on tools which are used for severe 
cutting, forming and casting applications, where the 
conditions typically result in high temperatures, 
mechanical loads and pronounced wear [1]. Two 
different deposition technologies are conventionally 
used, chemical vapour deposition (CVD) and 
physical vapour deposition (PVD), which, 
nevertheless present some drawbacks such as the 
plant investment cost and the need of a vacuum or 
highly controlled atmosphere [2]. These techniques 
are limited because their implementation requires 
the use of complex and costly equipment that must 
be operated at high-vacuum conditions [3]. Another 
option for the production of coatings is the thermo-
reactive deposition process (TRD). This technique 
was patented by Toyota in Japan and it has been 
applied successfully for many years at industrial 
level for producing several types of layers on iron-
based alloys [4]. During the TRD process the 
interstitial element (usually C, N and/ or B) diffuse 

from the bulk towards the surface to meet a 
carbide/nitride-forming element (CFE) such as Nb, 
Cr, V, Ti, Al and Ta. The diffused interstitials react 
with the carbide/nitride-forming element from the 
bath/ pack to produce a dense and metallurgically 
bonded coating at the substrate surface. Such 
process is widely known to yield very high 
hardness, adhesion and a great potential for extreme 
wear applications [5]. The TRD technique can be 
performed with various techniques such as; using 
molten borax/chloride bath, fluidized bed or pack 
method [6]. 

Niobium carbide/nitride coatings have attractive 
properties such as high hardness, high wear 
resistance, excellent chemical resistance and high 
melting point [4] and [6]. Several studies have been 
performed to investigate the mechanical and wear 
properties of NbC and NbN coatings produced 
through TRD technique on steel substrates [5], [8], 
[9].  

Aluminum is added to the transition metal nitrides 
bath in order to enhancing mechanical properties, 
wear and oxidation resistance through PVD 
technique [10], [11]. Differently from this 
technique, Al is added to coated bath for avoiding 
the CFE elements from oxidation to the  molten 
borax bath [2]. Unlike the molten borax bath, the 
pack method is realized with using chlorine gas 
with the CFE’s. Both elements compose metal-
chlorine phases which react with interstitial atoms 
and deposit hard transition metal carbide/nitride 
based phases on steel substrate. Like this hard 
phases, Al-based phases can be formed via pack 
method. In this sense, the aim of this study 
producing and examining of wear properties of Al-
free and Al-added Nb-C-N coating on AISI 4140 
steel.  

2. Experimental procedure 

AISI 4140 steel was selected in the present work as 
substrate. The substrate material was supplied from 
Asil Çelik, Turkey in the form of a bar 20 mm in 
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diameter. The chemical composition of the 
substrate is reported in Table 1. Slices measuring 
approximately 5 mm in thickness were cut from the 
bar and their surfaces were ground up to 1200 grid 
emery paper and ultrasonically cleaned in ethanol 
for 15 minutes. For obtaining nitrogen rich layer on 
the substrates, all samples were nitrided at 803 K 
for 12 h through the gas nitriding process. The TRD 
process was carried out on pre-nitrided samples 
using commercial ferro niobium, ammonium 
chloride, aluminum (99.5 % purity), alumina and 
naphthalene at 1000°C for 4h. The amounts of Al in 
the coating bath were 1.0 wt% and 2.0 wt%, besides 
Al-free coating. 

Table 1. Chemical composition of AISI 4140 steel 
that used in this study. 

Element Mass Percentage (wt. %) 
C 0.41 
Si 0.20 

Mn 0.62 
P 0.02 
S 0.02 
Cr 0.96 
Mo 0.19 

 
Phase analyses of the coated samples was realized 
with the help of a Rigaku diffractometer (Model 
D/MAX-B/2200/PC, Rigaku Co., Japan) using 
copper (Cu) K  radiation, continuous scanning with 
a speed of 2°/min. and scanning angles ranging 
from 20° to 80°. Microstructural examinations were 
carried out using a scanning electron microscopy 
(Model JEOL JSM-6060, FEI Co., Japan) coupled 
with energy dispersive X-ray spectroscopy (EDS) 
on the cross section of the metallograpically 
prepared samples. 

A ball-on disc tribometer which made in 
accordance with ASTM G133-05 standard was used 
for the dry sliding wear tests. The tests were all 
conducted at room conditions with a 10 mm in 
diameter Al2O3 ball as the counter-body. The 
sliding speed was selected as 0.1 m/s and the 
sliding distance was 250 m. The applied loads were 
2.5 N, 5.0 N and 10.0 N for the tests. Mean 
Hertzian contact pressures calculated for Al2O3 ball 
under the applied loads were 389 N/mm2, 491 
N//mm2 and 618 N/mm2, respectively. Wear 
features of the surfaces were examined using the 
SEM examinations. Wear rate of the coated 
samples were measured by making linear height 
profiles across the wear scar, as shown in Fig. 1, 
which is a 3D topographic image of a typical wear 
track. Profiles were made using a stylus 
profilometer (Model P-7, KLA Tencor, USA). The 
depth of the wear scar was determined by averaging 
the lowest point in the center of the three line scans 
from 3D profilometer results. The reported depth of 
the wear scar was quantified by averaging the 

lowest point in the center of the three line scans. 
The calculated debris areas for the three line scans 
were averaged and used as a surrogate measure of 
debris volume. 

 

 

 

Figure 1. (a) 3D and (b) 2D profilometry results of 
the 1.0 wt. Al-doped Nb-C-N coatings with 10 N 

load. 

3.  Results and Discussion 

Fig. 2 shows the typical SEM image of 1 wt. % Al-
doped Nb-C-N coatings on AISI 4140 steel. The 
layer is dense, compact and has a thickness of 
approximately 6 m. Any crack or porosity cannot 
be seen in the coating layer. Coated samples include 
porosity at low rates at the interface between the 
coating layer and the substrate. When pre-nitrided 
substrate is used, , generally some porosities and a 
non-perfectly flat interface can be seen in the 
diffusion zone of the coated samples [2]. The 
cooling treatment of the coated samples were done 
in the coating bath for 1h. Depending on the 
cooling rate, martensitic transformation cannot be 
seen on the substrate.  

 

(a) 

(b) 
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Figure 2. The SEM image of 1.0 wt. Al-doped Nb-
C-N coatings on AISI 4140 steel 

The elemental distributions of the coating layers 
were investigated means of energy dispersive X-ray 
spectrometry. Fig. 3 shows that the layer consists of 
Nb, C, N and Al. The diffusion of iron was not 
realized to the compound layer.  During the TRD 
coating process, formation of the coating layer is 
carried out merging into interstitial atoms which 
contained in the substrate and CFE which 
comprised in coating bath [6]. Considering the 
chemical composition of the substrate, there is no 
any Nb or Al in the substrates of the coated samples 
according to EDS analysis. In general Nb and Al 
are strong carbide/nitride forming elements and any 
free Nb or Al atoms cannot be diffuse in to the steel 
matrix because of the C/N concentration of the 
steel.  

Aluminum has a significant effect on the hardness 
of Nb-C-N coatings. The hardness values of the 
coating layer showed an increase from 994±106 to 
2078 ± 195 HK0.005. According to Reiter et al, 
dissolution of aluminum within the NbN lattice 
caused to inducing strain in the coating layer, 
hindering the dislocation movement with the effect 
of increasing hardness [13].  

 

 

Figure 3. EDS spectrum of (a) coating layer and (b) 
substrate zone 

The XRD patterns of the coated samples were 
presented in Fig. 3. According to the patterns, the 
sample which is coated in Al-free bath contains 
NbC, -Fe and NbN as major and Fe3N as minor 
phases. In chemical composition of the coating 
layer iron was not found and from this point of 
view, it can be express as the minor phases are 
shown in the patterns for containing in the 
substrate. However, Al addition in the coating bath 
caused to formation of AlN phase as well as Nb-
based phases. In general Nb(C,N) coatings include 
NbC and NbN phases [12].

Figure 3. X-ray diffraction patterns of the Al-free 
and Al-doped Nb-C-N coated AISI 4140 steel 
 
The sliding wear test results are presented in Fig. 4 
and revealed a relationship between total wear 
volumes of the tribosystem (ball and disc) and 
applied load for the coated samples. The higher the 
applied load caused to increase in the wear rate. As 
shown from the Fig. 4 that increase in the applied 
load from 2.5N to 10N caused to 10 times increase 
of the wear rate of the coating layers against Al2O3 
ball. When compared to the bath composition, the 
least amount of wear was determined in the 1 wt. % 
Al-doped coating. Al addition in the coating layer 
resulted to increase of the wear resistance of the 
NbCN coatings. Archard equation explained that 
the higher the hardness caused to the higher the 
wear resistance [13]. However, as shown from the 
figure that, 1 wt. % Al addition caused to increase 
in the wear resistance of the layers. In general high 
content Al addition resulted to increase of the 
brittleness of the coating layer [14].  

Fig. 5 shows typical SEM image of the wear track 
produced on the 1 wt. % Al-doped coating surface 
for 10 N loads. The wear tracks have a smooth 
appearance because of polishing effects of Al2O3 
counterpart on the worn surface, gently. With 
increasing the load was gave rise the polished area.  
In addition the observation is that any groove or 
adherence were not found onto the wear tracks. For 
this reasons, main wear mechanism is polishing 

(a) 

(b) 
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wear for all loads and all bath compositions. As 
shown from the figure that under the test 
conditions, coated layers are withstand.  

Figure 4. Wear rate curves of the Al-free and Al-
doped Nb-C-N coated AISI 4140 steel with 2.5, 5 
and 10 N of applied loads. 

 

Figure 5. SEM image of the wear track produced 
on the 1 wt. % Al-doped coating surface for 10 N 

load under dry sliding. 

4. Conclusions 

In this paper, Al-free, 1 and 2 wt. % Al doped Nb-
C-N coatings were produced by the TRD technique 
at 1000 °C for 2 h on AISI 4140 steel. The Nb-C-N 
coatings are mainly composed of NbC and NbN 
phases. With addition of aluminum, AlN phase 
emerge in the coating. Hardness values of the 
coating layer showed an increase from 
993.65±106.25 to 2077.58 ± 194.65 HK0.005 with 
aluminum addition. Increasing of the load is 
increased wear rates for the all coated samples. 1 
wt. % Al-doped Nb-C-N coating showed the best 
wear resistance. Main wear mechanism of the 
coated samples are polishing wear.  
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Abstract 
 
Austempered ductile iron (ADI) castings have a 
wide range of application areas in engineering 
designs due to its promising mechanical properties 
and lower cost. ADI has very good strength and 
toughness values at the same time its ductility is 
relatively high compared to most of the other cast 
irons. This combination of high strength and 
toughness provides an excellent solution especially 
for the pieces experiencing high dynamic loads. In 
order to maintain these ideal mechanical properties, 
the microstructure and specifically the variation in 
the nodularity of the spheroidal graphite should be 
systematically controlled. The present study aims at 
performing quantitative and qualitative analysis of 
nodularity of the different ADI casting lots with 
respect to ASTM E2567 by digital image processing 
methods. Moreover, the mechanical properties of 
those lots were also characterized with simple 
tension test by means of which the dependence of 
nodularity on mechanical properties is tried to be 
clarified. 
 

1. Introduction 
 
Austempered ductile iron (ADI) is a specific type 
spheroidal graphite cast iron (SGCI) grade which has 
attractive mechanical properties such as high tensile, 
fatigue strength, toughness and relatively good 
ductility. The grey cast iron, which is a widely-used 
engineering material, can have maximum 400 MPa 
ultimate tensile strength (UTS) values due to flake 
type of graphite. The flakes promote notch-effect 
and reduce ductility as well [1]. However if the 
graphite shape can be changed to a spheroidal or 
nodular form with some special casting techniques 
the UTS may reach to 800 MPa [2]. Further 
improvement of mechanical properties is possible by 
applying heat treatments, such as austempering, that 
change the matrix microstructure. The excellent 
mechanical properties of ADI, in particular the 
favorable combination of high tensile strength, wear 
resistance and ductility, predestine this material to 
act as a substitute for forged or case-hardened 
materials and Ductile Iron (DI) [2]. ADI also offers 
some technical advantages on engineering 

components such as, being weightless and damping 
vibrations. ADI has been recommended to replace 
forged automobile components, including crank 
shaft, connecting rod, cam shaft, timing gear set, 
piston, suspension etc, [2-7]. These 
recommendations and the technical advantages rely 
on systematic controlling of the graphite nodularity 
and the matrix microstructure. The present study 
aims at performing those systematic analysis on ADI 
samples from 2 different lots, which showed 
different tensile behavior.       
 

2. Experimental Procedure 
 
In this study two ADI samples exhibiting different 
mechanical properties were subjected to detailed 
quantitative metallographic examination. The first 
sample (denoted as D1), cannot satisfy the 
mechanical properties stated in ISO 17804 [8], 
whereas the second one (denoted as D2) conforms 
this standard.   
 
For metallographic examinations the specimen 
preparation started by sectioning the specimens via 
Struers Secotom-10 precision cut-off machine and 
by EDM technique. Afterwards, the specimens were 
subjected to mechanical grinding using SiC grinding 
papers followed by mechanical polishing using 9, 3 
and 1 m diamond paste and lastly by 0.05 m-
diameter colloidal silica particles.  
 
The characteristics of graphite size, shape and 
distribution were investigated by quantitative 
analysis of optical micrographs taken with Nikon 
Eclipse LV 150 optical microscope using bright field 
illumination and cross-polarized light. 20 optical 
micrographs were taken from the as-polished state of 
each specimen to visualize and quantify the shape of 
graphite particles clearly. For each specimen more 
than 2500 graphite particles were analyzed. The 
nodularity of the graphite were evaluated in 
accordance with the ASTM E2567 standard [9]  
 
The polished samples were etched with picral (4 gr. 
Picric acid and 100 mL ethanol) solution to examine 
the matrix microstructure using Zeiss MERLIN field 
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emission scanning electron microscope (FEG-SEM). 
Moreover, an average hardness value was measured 
from at least 5 indentations per specimen using 
Zwick/Roell ZHV 10 instrument using a load of 
9.807 N applied for 10 seconds. 
 

 
3. Result and Discussion 

 
Figure 1 represents the micrographs of the 
specimens. The optical micrographs indicate the 
size, shape and distribution of the spheroidal 
graphite. In both specimens most of the graphite is in 
nodular form. It should be noted that the optical 
micrograph of specimen D2 shows some variation of 
color intensity in the graphite particles; since it is 
taken with cross-polarized light.  The SEM 
micrographs shows the details of the matrix phases. 
Both specimens’ matrix is composed of mixture of 
bainite (B), martensite (M) and retained austenite 
(A). D1 specimen has more martensite and retained-
austenite. The bainitic structure of D2 is finer. The 
martensite-austenite mixture of D1 specimen is in 
the form of coarser particles; whereas in D2 those 

structures are very finely distributed in-between the 
bainitic structures.  
 
The optical micrographs in Figure 1 are taken at 
100x magnification and show the graphite as almost 
perfect circular particles. The SEM micrographs are 
taken at much higher magnification, 5000x, and here 
the shape of graphite particles are far from ideal 
circular shape. This shows that the shape of graphite 
particles, especially the “perimeter” depends 
strongly on magnification. In order to obtain 
reproducible results on different systems, a 
magnification insensitive parameter has to be used.  
 
In the present study, the shape of graphite particles 
were evaluated using “maximum ferret diameter 
(MFD)”. This parameter can be defined as the 
maximum distance between pairs of parallel tangents 
to the projected outline of the particle. The shape 
factor (SF) of graphite particles were then defined as: 
 

 (1) 

. 
 

 Optical Micrograph SEM Micrograph 

D1 

D2 

Figure 1. Optical micrographs of the samples in as-polished condition taken at 50x magnification. Scanning 
electron micrographs of the etched specimens taken at 5000x magnification taken with secondary electron 

detector. In the SEM micrographs the microstructural features are indicated as graphite (G), bainite (B) and the 
martensite-retained austenite (M+A). 
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For a perfect circle the SF is 1, and it approaches to 
zero when the particle shape becomes less round. 
 
A particle is considered as graphite if its MFD is at 
least 10 m (size criteria). A graphite particle is 
qualified as “spheroidal graphite (nodular graphite) 
when its SF is at least 0.6 (SF criteria).  
 

 
Figure 2. The shape factor (SF) distributions of the 

graphite particles of specimens compared 
 
Figure 2 compares the shape factor distributions of 
the specimens. In both specimens the highest 
fraction of graphite particles have SF in the range of 
0.7 – 0.8. D1 specimen has more fraction of graphite 
particles with shape factor less than 0.6.  
 

 
Figure 3. The percent nodularity of the specimens 
compared. Both definitions of the nodularity, by 

area and by number is used.  
 
Using shape factor (SF), the percent nodularity of the 
ADI samples were compared. The “percent 
nodularity” can be defined by area, where the total 
area of spheroidal graphite particles (i.e. particles 
meeting the size and SF criteria) is divided by the 
area of graphite particles (i.e. particles meeting only 
size criteria). In the same manner, percent nodularity 
can be defined by number where total number of 

spheroidal graphite particles is divided by total 
number of graphite particles. Figure 3 compares the 
percent nodularity of the specimens. Although the 
percent nodularity by area is almost the same for 
both specimens, the percent nodularity by number is 
considerably higher in specimen D2. Moreover, the 
percent nodularity of D2, is same for both number 
and area based definitions. In specimen D1 percent 
nodularity by number is less compared to nodularity 
by area. The size distributions of the graphite 
particles could cause this difference. 
 

 
Figure 4. Average size of all graphite particles 

(particles meeting size criteria) compared to size of 
spheroidal graphite particles (particles meeting both 

size and SF criteria) for both specimens 
 

 
Figure 5. Area fractions of all graphite particles 

(particles meeting size criteria) compared to 
spheroidal graphite particles (particles meeting both 

size and SF criteria) for both specimens. 
 
Figures 4 and 5 compares the average size and area 
fraction of graphite and spheroidal graphite particles. 
The area fraction of graphite is about 20%, and area 
fraction of spheroidal graphite is about 10% higher 
in specimen D2. Moreover, the average size of 
graphite particles is larger in specimen D1. 
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Specifically the average size of spheroidal graphite 
particles in D2 is one thirds smaller than that of D1  
 
To sum up, the graphite particles in specimen D2 is 
finer and more spheroidal. Moreover, the area 
fraction of graphite particles is considerably more in 
D2. These morphological features of graphite 
enhances the mechanical properties D2 and this 
specimen conforms the mechanical properties 
specified in ISO 17804 [8]. Moreover, the finer 
matrix of D2, which produces adequate hardness 
(see Figure 6) with improved ductility, is another 
important microstructural aspect.  

 
 

Figure 6. The Vickers hardness (HV2) values of 
the matrix of the specimens compared. 

 
It should be noted that the presented study makes a 
comparison based on specimens much smaller than 
the casting. Nevertheless, the specimens were taken 
from identical locations. The casting process, in 
contrast to other metal forming operations, is prone 
to produce heterogeneous microstructures. 
Therefore, for critical applications the location and 
the number of specimens should be addressed.  
     

4. Conclusion 
The evaluation of microstructure of two different 
ADI lots with different tensile behavior was studied. 
The following conclusions could be drawn:  
 
- The nature of both the graphite nodules and the 

matrix effect the mechanical properties. 
 

- The fraction, morphology and hardness of 
matrix phases influence the mechanical 
properties.  

 
- The size, shape, fraction and nodularity of 

graphite particles are important.  
 

- Changing imaging magnification strongly 
influences the detected “perimeter” of graphite 
particles. Therefore, a perimeter independent 
parameter is crucial for accurate identification 
of nodularity.  
  

- Graphite particles with higher nodularity 
distributed evenly on a finer bainitic matrix 
produces required mechanical properties. 
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Abstract 
 
Duplex stainless steels (DSS), including ferrite and 
austenite phases in the microstructure, are widely 
used in petrochemical industry, storage tanks and 
marine applications. Moreover, intermetallic phases 
nucleate at ferrite-ferrite and ferrite-austenite grain 
boundaries and grow into ferrite phase when DSS 

 

 
of DSS increases and ductility of DSS decreases 

phases. This alteration in mechanical properties of 

embrittlement of 1.4462 alloy were investigated. For 

for 1 hour and 3 hours. Then, specimens were 
quenched and aging processes were applied at 450 

microscopy analysis and nanoindentation hardness 
measurements. 
 
1. Introduction 
 
Duplex stainless steels (DSS) have ferrite and 
austenite phases in roughly equal volume fractions, 
typically ranging from 30 to 70% ferrite [1, 2]. Due 
to balanced amount of ferrite and austenite in the 
microstructure, DSS have excellent combination of 
mechanical properties and corrosion resistance [3, 
4]. Because of the good combination of these 
properties, DSS are finding increased applications as 
structural material in critical components of nuclear 
power plants, chemical industries, oil and gas 
sectors, paper and pulp industries, transportation [3, 
5-7]. 
The properties of DSS are deteriorated with 
exposing the temperature range of 280

embrittlement is highest at 4
embrittlement occurs owing to the precipitation of 
the Cr- -  

DSS and can occur by either nucleation and growth 
or by spinodal decomposition, depending on the 

 
ferrite phase and a loss of toughness of the bulk 
material [1]. 

causes degradation in mechanical properties and 
also, mechanical properties depend on the state of the 
ferritic phase. The volume fraction, distribution in 
the matrix, grain size and grain shape of the ferritic 
phase are observed to affect the nature of 
precipitation and the degree of embrittlement [3]. 
In this study, effects of ferrit phase stability and ratio 

investigated. For this purpose, specimens were 

specimens were quenched and aging processes were 

respectively.    
 
2. Experimental Procedure 
 
Experiments were performed on DIN 1.4462 duplex 
stainless steel with a composition of wt-% 0.02C, 
0.46Si, 1.29Mn, 22.56Cr, 2.95Mo, 5.42Ni, 0.17N. 
DSS alloy was cut as 20x10x10 mm. Fig. 1 shows 
the initial microstructure of studied DSS. Austenite 

Fig. 1. Ferrite phases are seen as dark phase and 
austenite phases are seen as white phases. DSS 

10 min, 1h, 2h, 5h and 10h, respectively.   
 

 
Figure 1. Initial microstructure of DIN 1.4462 

duplex stainless steel 
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Specimens were characterized by optical 
microscopy and SEM analysis. Also, 
nanoindentation hardness measurements were 
performed with 1 g load as shown in Fig. 2 and 
hardness distributions in austenite and ferrite phases 
were determined. 

 
Figure 2. Nanoindentation hardness measurement 

 
3. Results and Discussion 

Fig. 3 presents the microstructure of the annealed 

Dark phases are ferrite and white phases are 
austenite as mentioned before. According to image 
analysis, ferrite phase ratio was determined as 52.79 

for 1h and 3h, respectively. Austenite begins to 
transform ferrite phase and ferrite phase ratio 

ferrite phase content than specimen annealed at 1050 
 

 

 
Figure 3. Microstructure of the annealed specimens 

 

EDS analysis results of annealed and aged 
specimens can be seen in Table 1. In annealing 
process, ferrite content of the specimens was 
increasing with annealing time. After all, Cr content 
of the ferrite phase was decreasing proportionately 
with annealing time as seen in Table 1. 
 
Table 1. EDS analysis results of annealed and aged 

specimens 
  % 
  Cr Ni Mo Mn Fe 

1h 
F 22.63 4.12 3.92 1.38 Bal. 
A 19.88 6.11 3.28 1.64 Bal. 

1050 
 

 

F 22.55 4.07 3.96 1.33 Bal. 
A 19.92 6.28 3.05 1.61 Bal. 

1050 

10 min 
 

F 22.59 4.01 3.87 1.33 Bal. 
F 22.68 4.09 3.91 1.35 Bal. 
A 19.92 6.14 3.68 1.68 Bal. 

1050 

10h 
 

F 22.78 3.98 3.96 1.30 Bal. 
F 22.40 4.02 9.95 1.33 Bal. 
A 19.88 6.21 3.69 1.70 Bal. 

1050 

10 min 
 

F 22.69 3.95 3.91 1.28 Bal. 
F 22.50 3.98 3.95 1.26 Bal. 
A 19.96 6.32 3.10 1.66 Bal. 

1050 

10h 

F 22.76 3.95 3.88 1.35 Bal. 
F 22.48 4.03 3.91 1.28 Bal. 
A 20.01 6.29 3.11 1.59 Bal. 

F: Ferrite, A: Austenite 
 
According to EDS analysis of aged specimens, the 
difference between the minimum and the maximum 
Cr% ratio of the ferrite phases was increasing with 
aging time. Also, this is more significant for 1h 
solution treated specimens. As mentioned before, 
ferrite phase content and stability increase with 
solution treatment time and thus, formation of Fe 
rich and Cr rich regions in ferrite phase is much 
considerable during the aging processes for 1h 
solution treated specimen. However, not any 
significant changes occurred for EDS analysis of 
austenite phases during the aging process. Hardness 
distribution and EDS analysis of the austenite phase 

not any effect 
on the austenite phase properties.  
Fig. 4 shows the hardness distributions of aged 
specimens determined with nanoindentation tests. 
The average hardness value and the difference 
between maximum and minimum hardness values of 
ferrite phase in specimen solution treated for 1h were 
increasing with aging time. Fe-rich and Cr-rich 
regions occurred and segregation of Fe and Cr was 
much distinct for higher aging time. However, 
hardness investigation for aging process in 
specimens solution treated for 3h was much 
complicated. Although obtaining the maximum 
ferrite phase hardness in specimen aged for 2h, the 
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difference between the maximum and minimum 
ferrite hardness was increasing with aging time due 
to segregation of Fe-rich and Cr-rich regions in 
ferrite phase. Also, ferrite phase hardness and EDS 
results are compatible. 
 

Figure 4. Hardness distributions of aged specimens 
 
4. Conclusion 
 
Ferrite phase ratio increases in solution treatment 

 
Cr percent in the ferrite phase was decreasing 

proportionately with annealing time due to 
increasing ferrite ratio. 
The difference between the minimum and the 

maximum Cr% ratio of the ferrite phases was 
increasing with aging time. 
Aging process has not a considerable impact on the 

austenite phase properties.  
In conclusion, solution treatment has direct effect 

The stability and ratio of the ferrite increase with 
annealing time. Thus, formation of Fe-rich and Cr-
rich regions differs owing to physical properties of 
ferrite phase. 
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Abstract 

CuCrZr alloys are a group of precipitation hardenable 
high temperature copper alloys having good 
conductivity with moderate mechanical properties and 
can be used as liner material for engines. In service 
conditions, these alloys are subjected to solid particle 
impingements causing surface erosion, crack initiation 
and fracture. Thus, in this study, it was aimed to 
evaluate the solid particle erosion behavior of cast 
CuCrZr alloy against aluminum oxide particles at 30°, 
60° and 90° impact angles. Surface degradation of 
tested alloys were characterized using light and 
scanning electron microscopes and optical 
profilometer. It was concluded that weight loss 
decreased with increasing impact angle since the 
mechanism of material removal changed from 
ploughing to work hardening.  

1. Introduction 

Precipitation hardenable CuCrZr alloys are used as 
main combustion chamber liners of regeneratively 
cooled rocket engines, lead frame integrated circuits, 
contact wire of high speed railways, heat sink of 
thermonuclear reactor divertor, spot welding 
electrodes, due to their high conductivity, good high 
temperature strength, creep resistance, low cycle 
fatigue resistance, good corrosion and tribological 
properties [1-6]. In service conditions, these alloys are 
exposed to elevated temperatures, high mechanical and 
tribological stresses. Especially when used as main 
combustion chamber liners, CuCrZr alloys are 
subjected to high temperature cycles and flow of 
various gases. This gas flow causes surface erosion, 
crack initiation and fracture due to solid particle 
impingements. Thus, in this study, it was aimed to 
evaluate the solid particle erosion behavior of a cast 
CuCrZr alloy against aluminum oxide particles at 30°, 
60° and 90° impact angles. 

 

2. Experimental Study 

2.1. Material 

Cu-0.97Cr-0.09Zr (wt. %) alloy was provided from 
Sa lam Metal Co. in as cast condition. Its initial 
microstructure is given in Fig. 1.  Elemental Cr in 
globular morphology is observed in blue contrast in the 
light microscope (LM, Olympus BX41RF-LED) image 
(Fig. 1a) and marked with a circle in scanning electron 
microscope (SEM, Jeol JSM-6060) image (Fig. 1b). 
Needle like Cu5Zr phases exist also in the Cu matrix as 
shown in Fig. 1.a and b.  

 
(a) 

 
(b) 

Figure 1. (a) LM, (b) SEM micrographs showing the 
microstructure of cast CuCrZr alloy. Etchant: 10g 
FeCl3, 50 ml HCl, 10 ml HNO3, 100 ml H2O. 
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2.2. Solid particle erosion test 

Solid particle erosion tests were performed at room 
temperature, on polished and cleaned surfaces, using a 
home-made solid particle erosion test setup illustrated 
in Fig. 2 [7]. The parameters of solid particle erosion 
tests are given in Table 1. Al2O3 particles (Fig. 3) were 
accelerated from nozzle to the sample surface using dry 
compressed air at three different impact angles. 
Specimens were weighed prior and following erosion 
tests, in order to determine weight losses. After the 
solid particle erosion tests, surface degradation of 
tested alloys were characterized using SEM and 
Nanovea PS50 model optical profilometer.  

 

Figure 2. A schematic illustration of the setup used in 
erosion tests. 

Table 1. Parameters of solid particle erosion tests. 

Erodent 
particle 

Size of 
erodent 
particle 
(mesh) 

Impact 
angle  

(°) 

Pressure  
(bar) 

Time  
(second) 

30 
60 Al2O3 120  
90 

2 10 

 

Figure 3. SEM image of Al2O3 particles used as 
erodent material.  

 

3. Results and Discussion 

3.1. Effect of impact angle on wear 

It is known that the erosion behavior of materials 
depend on not only whether they are brittle or ductile 
but also on the type, size and velocity of erodent 
particle, impingement angle, distance between nozzle 
and target and environmental conditions [7-9]. Several 
studies focusing on the effect of impact angle on 
erosion behavior, concluded that the erosion rate varied 
as a function of the plastic deformation capability of 
materials [7-12]. The erosion of ductile materials is 
higher at lower impact angles since the erodent 
particles produce a ploughing effect and cause material 
loss. Fig. 4 shows the effect of impact angle on weight 
loss of specimens, occurred in solid particle erosion 
tests. The diagram indicates that, the weight loss values 
increase by changing the impact angle from 30° to 90°. 
This can be explained by the change of wear 
mechanism from ploughing to work hardening as the 
impact angle increases. This effect will be discussed in 
Section 3.2. 

 
Figure 4. Weight loss values of specimens occurred in 
solid particle erosion test. 

3.2. Worn surfaces investigations 

In erosion of ductile materials, a series of mechanisms 
take place resulting in removal of material from the 
surface. At the impingement of erodent particles, 
craters are formed in different locations on the surface 
and then material is displaced from the crater to form a 
raised lip. These displaced metals are deformed by 
subsequent impacts leading to lateral displacement of 
the material and causing some ductile fracture in 
heavily strained zones. After cyclic impingement of 
hard particles, the detachment of material from the 
strained surface continues causing weight loss [13].  

Worn surface images of the samples tested at different 
impact angles are given in Fig. 5. The images exhibit 

0 
5 

10 
15 
20 
25 
30 
35 

30 60 90 

W
ei

gh
t l

os
s (

m
g)

 

Impact angle ( )  



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

506 IMMC 2016   |   18th International Metallurgy & Materials Congress

typical eroded features like ploughing, craters and lips, 
etc. expected from a ductile material and formation of 
these features can be clarified by the erosion 
mechanisms mentioned above. It is observed that 
erosion occurs at 30° impact angle with ploughing (Fig. 
5.a). At 60° impact angle, ploughing is lower and 
formation of craters is higher than 30° case (Fig. 5.b). 
The erosion occurs by the platelet mechanism rather 
than ploughing at 90° impact angle as seen in Fig. 5c. 

 
(a) 

 
(b) 

 
(c) 

Figure 5. SEM micrographs showing the worn 
surfaces at (a) 30°,  (b) 60° and (c) 90°. 

The erosion occurs by creating three zones; the first 
zone is the central area where the material loss and 
depth of eroded region are maximum. In the second 
zone, material loss and depth are less and in the third 
zone, they are minimum due to the decrease in the 

energy of impacting particles [8, 9]. Optical 
profilometric images showing the worn surfaces reveal 
clearly both the effect of impact angle on the eroded 
region and the transition from one zone to the other 
(Fig. 6). Specimen eroded at 30° impact angle has the 
highest depth and widest eroded area (Fig. 6.a) while 
specimens eroded at 60° and 90° impact angles have 
lower depths and narrower eroded areas (Fig. 6.b and 
c). These observations are in good agreement with the 
weight loss values given in Fig. 4. 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Optical profilometric images showing the 
worn surfaces (a) 30°, (b) 60° and (c) 90° 
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4. Conclusions 

In this study, solid particle erosion behavior of cast 
CuCrZr alloy was investigated and it was concluded 
that (i) in cast microstructure CuCrZr alloy had 
elemental Cr and needle-like shaped Cu5Zr precipitates 
in Cu matrix, (ii) weight loss and depth of eroded 
region decreased with increasing the impact angle due 
to the change of erosion mechanism on the surface, (iii) 
while ploughing was the main mechanism at 30° 
impact angle, plastic deformation and platelet 
mechanism became dominant as the impact angle 
increased.  
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Abstract 

Transformation Induced Plasticity (TRIP) steels are 
mostly used due to high mechanical properties in 
automotive industry. Especially the mechanical 
properties of these steels are related to the volume 
fraction of retained austenite. Therefore, accurate 
detection of the retained austenite amount is important. 
In this study, Electron Backscatter Diffraction (EBSD) 
and color etching methods were performed to measure 
retained austenite (RA) and phase characterization. 
Also sample preparation is another important issue for 
EBSD analyses. Therefore electro polishing and 
metallographic specimen preparation were carried out 
and results were compared with each other. The effect 
of sample preparation method on the volume fraction 
of the retained austenite was analyzed.  

1. Introduction 

The usage of TRIP in automotive industry increases 
remarkably because it has the great combination of the 
high strength and ductility. These steels microstructure 
consists of ferrite, bainite and retained austenite phases 
due to heat treatment applications. The steel grade has 
a significant amount of austenite phases (5-30%). TRIP 
steels exhibit excellent formability properties due to the 
metastable retained austenite transforms to the 
martensite (   ’) with plastic deformation. 
Therefore sample preparation is important process in 
order to determine sensitively volume fraction of RA 
[1-3].  

There are many studies dealing with the volume 
fraction of RA measurement and comparison of 
different measurement methods in literature. However 
there is limited information sample preparation. Studies 
generally focus on only electro polishing or mechanical 
polishing as sample preparation but there is not any 
study both polishing methods are used [1-2, 4-6].  
 
In this study, different sample preparation methods 
such as argon ion milling, electro polishing and 
mechanical grinding & polishing were carried out in 

order to determine volume fraction of RA sensitively. 
In this scope EBSD method was performed on each 
sample surface and results of measurements were 
compared with each other. Light optical microscope 
(LOM) and scanning electron microscope (SEM) were 
used for microstructure characterization.  

2. Experimental Procedure 

2.1. Material and Sample Preparation 

The material was used in this study consisted of cold 
rolled TRIP steel with a thickness of 1.25mm.  

Two different methods were performed for sample 
preparation. Mechanical polishing is a conventional 
method and samples were cut in cross-section, hot 
mounted, grinded and polished respectively. For this 
analysis, samples were additionally polished with 
colloidal silica with 0.05 m particles. Second method 
is electro polishing and mechanical polishing without 
colloidal silica is followed by electro polishing. Struers 
A2 electrolyte and 10 kV voltage were applied with 
different times (10, 20, 40 and 60 sec.) as an electro 
polishing conditions. Electro polish was evaluated as 
function of time. After the sample preparation process, 
all samples were characterized by using the EBSD 
(Oxford Nordlys Nano EBSD detector). 

2.2. Microstructural Characterization 

In order to determine the volume fraction of RA and 
discriminate phases (bainite, ferrite, martensite and 
retained austenite), the polished surface was etched 
with LePera and characterized by light optical 
microscope (Nikon Eclipse MA200). SEM (Jeol JSM 
7100F) was also used for detailed microstructural 
characterization.  

All sample surfaces were analyzed with EBSD method. 
Working distance, acceleration voltage and step size 
were selected as 17mm, 20kV and 0.1 m respectively 
for EBSD conditions. All EBSD measurements were 
carried out in the transverse direction (TD) plane. 
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3. Results and Discussion 

Image of the microstructre with etching LePera is 
given in Fig. 3. LePera etching allows to distinguish 
ferrite from martensite and retained austenite due to 
color etching. However retained austenite and 
martensite phases are not separately identifiable 
because retained austenite and martensite appears  
white. There are a need for additional methods such as 
EBSD, XRD, magnetic measurements [7]. Fig. 2 shows 
SEM image of microstructure with etching 2 % Nital. 

 
Figure 1. Light optical microscope image of microstructure 

with etching LePera (white: martensite/retained   
austenite; dark brown: bainite; blue: ferrite). 

 
Figure 2. SEM image of microstructure with etching 2 % 

Nital (M/RA: martensite/retained austenite; F: 
ferrite; B: bainite). 

Whereas ferrite, martensite and bainite have body 
centered cubic (bcc) structure, retained austenite has 
face centered cubic (fcc) structure. Therefore EBSD 
can easily distinguish between fcc and bcc due to 
different crystallographic structure. In this way the 
austenite is determined sensitively. The image of Fig. 3 
was obtained from image quality and color mapping. 
The color of retained austenite in this image is pink and 

ferrite and bainite phases are blue.  EBSD results are 
also  given in Table 1. Results of mechanical polishing 
and electro polishing are close. However the 
measurement results obtained from electro polishing, 
except of 60 seconds, are lower than mechanical polish. 
Because electro polishing in operating conditions could 
not eliminate effect of the remaining damage layer 
from last polishing step. As shown in Table 1, amount 
of zero solution slightly increases from 6.23% to 
8.10% with in time due to the rise in relief. 
 
The volume fraction of RA increased with decreasing 
load (from 30N to 15N) in conventional mechanical 
polishing because transformation from austenite to 
martensite is inhibited with the decline of the applied 
load.  

Table 1.  EBSD results determined by means of different 
sample preparation. 

 

Methods 

RA 
volume 
fraction 

(%) 

Zero 
solution 
fraction 

(%) 
1 Mechanical polish 9 6 
2 Mechanical polish with 

low loading in last step 
14.96 8.50 

3 Electro polish  
(10V 10sec.) 

12.00 6.23 

4 Electro polish  
(10V 20sec.) 

12.15 6.48 

5 Electro polish  
(10V 40sec.) 

13.07 6.77 

6 Electro polish  
(10V 60sec.) 

15.00 8.10 

 

 
Figure 3. Image Quality and color mapping obtained from 
EBSD measurements. 
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4. Conclusion 

TRIP steel was characterized by using LOM, SEM and 
EBSD. Especially EBSD examinations carry out a few 
nano meters under the sample surface. Therefore 
sample preparation process is important since it affects 
directly the measurement results. The main results can 
be summarized as follows: 

• Last polishing step with colloidal silica in 
mechanical sample preparation is more 
effective than low time electro polishing 
applications. 

• RA volume fraction increases by decreasing 
load in mechanical polishing due to 
transformation to martensite. 

• As electro polishing time increases, effect of 
etching increase. Therefore the highest RA 
amount was obtained at 6th experimental 
study. 
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Abstract 

 
Effects of intensive milling on the structural 
characteristics of pyrophyllite Al2Si4O10(OH)2 which is 
favourable for production of high-temperature ceramics 
were investigated. Pyrophyllite ore purchased from 
Malatya Pütürge deposits containing mainly 
pyrophyllite along with quartz and kaolinite, and minor 
disten was used. Planetary ball mill with tungsten 
carbide media was used for milling tests. Changes 
occurred during milling were examined by TGA, XRD, 
BET and SEM analysis. Mainly based on the results of 
XRD analysis, changes at the structural characteristics 
of the milled ore samples were compared to realize 
whether the mechanical activation is achieved or not. 
Consequently, availability of mechanically activated 
pyrophyllite for manufacturing of alumina ceramics was 
evaluated. 
 
1. Introduction 
 
Mechanical activation (MA) is a pre-treatment method 
applied to increase the reactivity of mineral handled in 
metallurgical processes like roasting, carbothermic 
reduction or leaching, and performed in the new 
generation grinding mills where the mechanical energy 
is intensively transformed into mineral treated. During 
MA, size of the mineral particles gets finer and the 
formation of defects in the crystal structure occurs 
mainly due to the mechanical energy density [1]. 
Decreasing reaction temperatures, increasing reaction 
rate, preparation of water soluble compounds, necessity 
for less expensive reactors and shorter reaction times are 
some advantages of MA [2]. 

Pyrophyllite is an aluminium silicate mineral with 
Al2Si4O10(OH)2 mineralogical formula. Regarding the 
usage, it belongs to family of high alumina clays like 
kyanite, andalusite and diaspore [3]. Investigations on 
pyrophyllite based refractories and ceramics have 
revealed some unique advantages, leading to high 
corrosion resistance to molten iron, steel and the slag in 
iron-steel works; good thermal shock resistance, low 
deformation under load, and good mechanical resistance 
in the production of ceramics.  

In this present study, effects of intensive planetary ball 
milling on the crystal structure and thermal behaviour of 
pyrophllite were examined to determine whether the 
milling resulted in a mechanical activation or not. 

2. Experimental Procedure 
 
Pyrophyllite ore was supplied from clay deposits mined 
near Malatya-Pütürge region. The mineralogical studies, 
as performed by XRD analysis (Figure 1) revealed that 
pyrophyllite (P), disten/kyanite (D), quartz (Q), 
kaolinite/dickite (K), muscovite (M), topaz (To) and 
diaspore (Dp) were defined as the ore minerals. The ore 
from the deposit, first, was crushed to -4.75 mm particle 
size by jaw crusher and then short time milled in a 
porcelain ball mill controlled by screening to particle 
size of a of -2 mm. Milled pyrophyllite ore was divided 
into small lots (approx. ~40 g) by rotary sample divider 
to obtain milling material. The lots were stored in small 
polyethylene cups with lid.  All mineral samples were 
dry milled by a planetary ball mill in air. 250 cm3 
tungsten carbide bowl and 10 mm balls of the same 
material were used. Samples were dried in oven at 105 
°C for 1 h to remove surface moisture, if any, and then 
cooled to room temperature in desiccator before being 
milled. Milling was performed at rotary speeds of 400 
rpm at 5, 10, 20 ball to powder ratios (BPR) for time 
periods longing from 10 to 90 minutes. 
 
3. Results and Discussion 
 
3.1. XRD Analysis 
 
XRD analyses of ore milled at various BPRs (5, 10 and 
20) for prolonged times were carried out. From XRD 
patterns of the milled ores, it was revealed that peaks 
belonging to pyrophyllite and kaolinite decrease 
apparently within 40 or 50 min of milling. 
 

 
Figure 1. XRD pattern of pyrophyllite ore 
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Figure 2. XRD patterns of pyrophyllite ore milled at 
BPR= 10 for various periods 
 
Figure 2, for instance, illustrates how milling time 
affects XRD pattern of unmilled pyrophyllite ore when 
it is milled at milling speed of 400 rpm and at BPR=10. 
Peak intensities of pyrophyllite and kaolinite sharply 
decrease; moreover disappear as the milling time is 
increased. Only the peaks belonging to muscovite, 
disten and quartz are still observed even after 90 min of 
miling. It was also observed from XRD patterns of 
pyrophyllite ore milled at BPR= 20 that all the peaks 
except for quartz disappeared within 30 min of milling.  

The effect of mechanical activation can be evaluated by 
a mass fraction of the crystalline phase in the activated 
sample, X, compared with the reference substance 
(unmilled mineral) which is assumed to correspond to 
100% crystalline. Thus it holds that 
 
X = (U0Ix/ I0Ux)·100    (1) 
 
where U0 and Ux denote the backgrounds of unmilled 
(reference) sample and milled sample while I0 and Ix are 
integral intensities of diffraction lines of unmilled 
(reference) sample and milled sample, respectively [4]. 
Equation (1) is based on the assumption that the 
mechanical activation is not accompanied by a texture 
error (e.g. due to preferential orientation where there 
was none in the non-activated sample). Sometimes, the 
complementary value of amorphization, A, (also called 
degree of amorphization or content of X-ray amorphous 
phase) is used. It is defined by Equation (2) as given 
below 
 
A = 100 X     (2) 
 
By presenting change of amorphization (A) with milling 
time, Figure 3 shows how prolonged intensive milling 
affects the crystalline structure of minerals found in the 
pyrophyllite ore.  
 
 

 
Figure 3. Change of amorphization degree with milling 
time (BPR= 10) 
 
When 30 min of intensive milling was applied to the 
ore, amorphization of pyrophyllite and kaolinite 
becomes 70 and 40%, respectively. However, quartz is 
still crystalline up to 40 min of milling. Amorphization 
degrees of pyrophyllite and kaolinite rapidly increase up 
to ca. 90% within 50 min. For this time, even quartz 
gets amorphization at least 40%. Interestingly, 
amorphization degree of those three minerals decreases 
when 60 min of intensive milling was achieved. The 
reason for this phenomenon may be insufficient impact 
of balls to the powder mass in the mill bowl, which has 
agglomerates preventing mechanical effects, as 
determined by SEM images discussed in the next 
section.  
 
3.2. SEM Analysis 
 
Surface morphological characteristics of unmilled and 
intensively milled pyrophyllite ore samples were 
examined by SEM analysis. SEM images of the 
unmilled and milled ores are shown in Fig. 4. SEM 
image of unmilled ore with -2 mm particle size reveals 
that there are many particles with different sizes and 
shapes including large ones with sharp edges and fine 
ones with smooth surfaces. Because there are the hard 
minerals like quartz and kyanite (Mohs hardness is 
around 7-8), and smooth minerals like pyrophyllite and 
kaolinite (Mohs hardness is around 1-1.5). it seems that 
as milling intensity is  increased from BPR= 5 to 20, 
particles tend to become more fine sizes, besides getting 
to be agglomerated. In the SEM picture of pyrophyllite 
ore milled at BPR= 5, it seems that fines of soft 
minerals covers the surface of hard minerals. There are 
also several agglomerates. When BPR was 10, amount 
of agglomerates increases. Quartz or kyanite particle 
seen in the SEM image of the ore milled at BPR= 20 
reveals that these hard minerals are long lasting during 
intensive milling. They are still in angular shape and 
surface is relatively clean. It also draws attention that 
placement of fine clay minerals collected on the hard 
mineral surface as the result of long milling time.  
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Unmilled BPR= 5 

BPR= 10 BPR= 20 

Figure 4. SEM micrographs unmilled and 60 min 
milled pyrophyllite ore samples 
 
3.3. BET Surface Area Analysis  
 
Surface area (SA) of unmilled and milled pyrophyllite 
samples were determined by BET surface area 
measurement based on nitrogen adsorption technique. 
Fig. 5 shows change of BET SA of milled pyrophyllite 
with milling time. Initial SA of -2 mm unmilled 
pyrophyllite is measured to be 0.27 m2/g. When milling 
was carried out, typically, an apparent increase in the 
SA was realized, so that it was measured as 35.96, 44.55 
and 12.61 m2/g for the milling at BPR= 5, 10 and 20 for 
60 min, respectively. This is expected, since particle 
size decreases because of comminution achieved by 
milling. But it was observed that when milling 
conditions were adjusted to become more intensive, 
change in the particle size thus, SA shows different 
characteristics. 

As seen Fig. 5, when milling was performed as BPR= 5, 
BET surface area continually increases even at 60 min 
of milling. Milling the ore with a BPR= 10 resulted in a 
rapid increase in the BET SA, but slope of the 
increment changed to decrease at 60 min of milling 
condition.  Milling the ore with BPR= 20 means that the 
balls in the bowl is crowded resulting in rapid 
comminution. But this crowded environment caused 
also rapid agglomeration of the fine particles to decrease 
the BET SA within 10 or 20 min of milling. 

It is now very-well known that the reason for the 
decrease in BET surface area is the agglomeration after 
a certain time. Fig. 4 clearly illustrates the presence of 
agglomerates occurring during the milling of 
pyrophyllite ore. It is reported that the specific surface 
increases gradually on milling of a well-crystallized 
pyrophyllite (0.52 to ~60 m2/g for milling time of 0-30 
min), followed by a decrease to 7 m2/g at 325 min. This 
behaviour is concluded as due to particle delamination, 
agglomeration and degradation (breakdown) [5, 6, 7]. 

 
Figure 5. Change of BET surface area of the 
pyrophyllite ore milled at various BPRs 
 

 
Figure 6. Change of mass change with heating during 
TGA analysis of unmilled and milled pyrophyllite ore 
 
3.4. Thermal Analysis 
 
Thermogravimetry analysis (TGA) was performed to 
determine thermal behaviour of unmilled and milled 
pyrophyllite ore samples. Measurements were carried 
out in platinum crucibles under argon atmosphere at 10 
°C/minute heating rate. Fig. 6 shows collectively the TG 
curves of products obtained at different milling 
conditions. As ball to ore mill ratio increases, TG curve 
shifts to left, meaning that dehydration and 
dehydroxylation is realized at lower temperatures, when 
compared to unmilled pyrophyllite ore. 

Effects of intensive milling on the crystal structure and 
content of pyrophyllite ore was studied also by Uysal et 
al. [8]. Fig. 7 collectively illustrates XRD patterns of 
unmilled and intensively milled pyrophyllite ore which 
was roasted to several representative temperatures. As 
seen from Fig. 7, peaks of pyrophyllite and kaolinite 
disappear in the unmilled sample roasted at 700 °C, 
whereas they are not present in the milled sample. In 
these milled samples, moreover, peaks occurred at high 
temperatures, which are not followed in the unmilled 
pyrophyllite, belonging to mullite (3Al2O3.2SiO2) which 
is very common in the milled pyrophyllite samples 
roasted at low temperatures, when compared to those of 
unmilled samples [8]. 
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Figure 7. XRD patterns of unmilled and milled pyrophyllite ore samples roasted at various temperatures [8] 
(P00: Unmilled sample; P45: 45 min milled sample; P00-400: Unmilled sample roasted at 400 °C; P45-400: 45 min 
milled sample roasted at 400 °C; P00-700: Unmilled sample roasted at 700 °C; P45-700: 45 min milled sample roasted 
at 700 °C; P00-1000: Unmilled sample roasted at 1000 °C; P45-1000: 45 min milled sample roasted at 1000 °C) 
 

4. Conclusion 
 
Pyrophyllite ore from Malatya Pütürge and containing 
mainly pyrophyllite, quartz, kaolinite/dickite, kyanite, 
muscovite, topaz, diaspore was planetary ball-milled to 
demonstrate the effects of intensive milling on the 
structural properties and thermal transformations during 
heating. Milling the ore only for 30 min caused rapid 
amorphization of pyrophyllite and kaolinite, while 
quartz is still crystalline, as computed from XRD data. 
Almost complete amorphization of the soft minerals 
was achieved as ~95% in 60 min. BPR obviously 
affected amorphization rate. Agglomeration is the 
typical result of intensive milling, as illustrated by SEM 
analysis. BET surface area measurements showed the 
effect of agglomeration formed at very early stages of 
intensive milling. According to the TG curves, as BPR 
increases, dehydration and dehydroxylation occur at 
lower temperatures, suggesting mechanical activation 
effect of milling. Reports and studies performed in this 
study concluded that alumina silicate structures like 
mullite forms at low temperatures in the intensively 
planetary ball milled thus mechanically activated 
pyrophyllite ore, which may be favourable for 
production of advanced alumina ceramic materials. 
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Abstract 

The oxide scale formed on steel strip during the hot 
rolling process effects directly the surface quality of 
final product. This scale layer causes the appearance of 
the processed product to be inhomogeneous, and hence, 
reduces its commercial value substantially. Moreover, 
those oxide scales affect the processes such as cold 
rolling, forming and also the pickling process. 
Therefore, the characterization of the oxide scale has a 
great importance. The oxide scales are usually 
composed of three iron oxide phases, i.e. hematite, 
magnetite and wustite; which are usually located on the 
top, in the middle, and at the bottom of the scale layer, 
respectively. The electron back-scatter diffraction 
(EBSD) technique is used to characterize the different 
layers and the texture as well as orientation relations of 
the oxide scale. Since the crystal structure of those 
layers are different, EBSD technique can successfully 
identify them. In this study, different sample 
preparation methods applied and EBSD analysis 
carried out characterization of oxide scale properties. 

 1. Introduction 

Oxidation is a general problem for almost all of the 
metals at raised process temperatures. For steels, 
especially during hot rolling, an oxide scale forms and 
later effects the surface quality. The surface quality, 
and hence, the commercial value of final products 
depend on the oxide scale properties and capability of 
removing them by steel manufacturer [1].  

The oxide scales are usually composed of three iron 
oxide phases; namely, hematite (Fe2O3), magnetite 
(Fe3O4) and wustite (FeO) layers and they are usually 
located on the top, in the middle, and at the bottom of 
the scale layer, respectively. The thicknesses of these 
three layers can vary by chemical compositions, 
oxidation conditions [2] and surface finish [3].  

The characterization of the oxide scale developed on 
hot-rolled strip surface is significant to following 
processing such as pickling and cold rolling. In this 
study, the oxide scales developed on commercial hot-
rolled strips were characterized by EBSD technique 
with using different sample preparation methods. 
Additionally there is investigation of the relationship 
between oxide scale properties (BC, grain boundary 
character and local misorientation) and the sample 
preparation. 

2. Experimental Procedure 

The material used in this study was commercial hot-
rolled low carbon steel strip. The chemical composition 
of the sample is listed in Table 1.  

Table 1. Chemical composition of samples (in wt. %). 

C  Mn  P  S  Si  Al 

0.06 0.30 0.02 0.02 0.04 0.02 

 
Two different methods were performed for sample 
preparation. In conventional metallographic method, 
the samples were sectioned into 5x5x20mm pieces 
using Struers Accutom 50 precision cutter. Since the 
oxide scales were fragile and pull out easily, samples 
were electrolytically plated with nickel using Buehler 
ElectroMet 4. Operating temperature was varied from 
between 50 C and 60 C, the plating time was 15 
minutes and other parameters were 15 V and 1.0 A. 
After plating cross section of sample were mounted in 
an epoxy resin and surface of the specimen was ground 
by 120, 240, 500, 800 and 1200 grit SiC abrasive 
papers, respectively, followed by polishing using 6 m, 
3 m, 1 m diamond abrasive and final polishing with 
colloidal silica. As a second method, unmounted 
specimen was prepared ion-milled with argon at 6kV 
for 4 hours using Jeol IB-19500CP for EBSD analysis. 
After sample preparation, microstructure 
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characterization was studied using light optical 
microscope (LOM) and then Jeol JSM 7100F FEG-
SEM with Oxford Nordlys Nano EBSD detector, 
operated at accelerated voltage of 20 kV, magnification 
of x2500, a probe current of around 2-5 nA, a working 
distance 17mm and step size of 0.1 m. Acquired 
dataset post-processing was performed using Oxford 
Channel 5 HKL software with Tango module [4].  

3. Results and Discussion 

SEM images of the oxide scales which are prepared 
two different sample preparation methods in Figure 1. 

 

 

Figure 1. SEM images of oxide scale which are 
prepared by; a) ion milling, b) mechanical sample 
preparation. 

In order to determine the effects of sample preparation 
to oxide scale structure band contrast (BC), local 
misorientation, grain boundary misorientation 
distribution (GB) and inverse pole figure (IPF) maps 
derived by EBSD analysis via Oxford Channel 5 HKL 
software, using Tango module. EBSD grain boundary 

maps are given by Figure 2. The results show similar 
character both of two sample preparation. The navy 
blue lines are high angle grain boundaries HAGBs>7° 
and the red lines are low angle grain boundaries 
LAGBs>2°. 

 

 

Figure 2. EBSD grain boundary maps of the oxide 
scale layers (a) ion milling method, (b) mechanical 
sample preparation. 

Local misorientation histograms can be shown in 
Figure 3. Since the anisotropic interaction relation 
between iron-bcc grains and ion milling while the BC 
value is decreasing LOM can be increase. As it is seen 
in Table 2, comprehensive summary of study is given 
by comparison chart.  

a 

b 

a 

b 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

51718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 

 

Figure 3. Local misorientation histograms for iron bcc 
and Fe3O4  (a) mechanical preparation, (b) ion milling 
method. 

Table 2. Comprehensive summary of study. 

  
Mechanical 
Preparation 

Cross Section-
Polisher   

BC 
Tri-modal 

distribution, lower 
average value 

Normal 
Distribution, higher 

average value 
All Phases 

BC 
Bi-modal 

distribution, higher 
average value 

Normal 
distribution, lower 

average value 
Iron - BCC 

Local 
Misorientation 

Normal distribution, 
lower average value 

Normal 
distribution, higher 

average value 

BC 
Bi-modal 

distribution, lower 
average value 

Normal 
distribution, higher 

average value 

Fe304 

Local 
Misorientation 

Normal distribution, 
almost the same 

average value 

Normal 
distribution, almost 
the same average 

value 

BC 
Distribution over a 

smaller range, lower 
average value 

Distribution over a 
larger range, higher 

average value 
Fe0 

Local 
Misorientation 

Normal distribution, 
almost the same 

average value 

Normal 
distribution, almost 
the same average 

value 

 

 

4. Conclusion 

In this paper, EBSD analyses of the oxide scale formed 
on hot-rolled steel strip were carried out and 
investigated the effects of sample preparation methods. 
The results obtained are indicated below: 

 Ion milling method provides to obtain more 
quality EBSD pattern from oxide structures. 
Mechanical sample preparation method shows 
better results for iron-bcc.  

 Mechanical sample preparation gives better 
result for iron-bcc structure due to mechanical 
properties of oxide scale different from iron-
bcc properties. 

 Since the anisotropic interaction relation 
between iron-bcc grains and ion milling while 
the BC value is decreasing, LOM can be 
increase. 

 The results of grain boundary 
characterizations show similar character both 
of two sample preparation. It indicates that the 
EBSD analysis is accurate and pricise 
measurement. 

 Ion milling gives better results for especially 
thermodynamically stable but fragile 
specimen which have different mechanical 
characteristics such as oxide scale layer. 
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Abstract 
 
In the present study, the corrosion behaviors of chromium 
nitride (CrN) and chromium aluminum nitride (CrAlN) 
coatings deposited on AISI D2 steel samples are reported. 
Steel samples were pre-
step of the coating process, and then CrN and CrAlN 
coatings were performed by thermo-reactive deposition 
(TRD) process in a powder mixture consisting of ferrous 
chromium, aluminum, alumina and ammonium chloride, for 
CrN or CrAlN, respectively. Coating treatments were 
realized at 1
characterized by x-ray diffraction analysis (XRD), scanning 
electron microscopy (SEM) and EDS analysis,  and micro-
hardness tester. The corrosion properties of uncoated and 
coated samples were characterized by potentiostatic 
polarization test in a 3.5 wt. % NaCl solution. CrN and 
CrAlN coated steel specimens exhibited higher corrosion 
resistance than uncoated steels.  
 
1. Introduction 
 
Nowadays, hard coatings with boride, carbide, nitride, or 
carbonitride of transition metals are widely used for tool 
applications, in order to increase corrosion resistance and 
wear [1, 2]. The coatings are used in order to isolate the steel 
surface from the corrosive environment and prevent the 
diffusion of oxygen, water vapor, or ions, which act as a 
source that initiates the corrosion. 
 
Hard coatings have been deposited by different techniques: 
physical vapor deposition (PVD), and chemical vapor 
deposition (CVD) techniques, thermal spraying. As an 
economical alternative for producing hard coatings, an 
emerging technique called thermo-reactive diffusion 
deposition (TRD) is being used [1]. This technique was 
patented by Toyota in Japan and it has been applied 
successfully for many years at industrial level for producing 
several types of layers on iron-based alloys [3]. 
 
In the TRD process, the carbon and nitrogen in the steel 
substrate diffuse into a deposited layer with a carbide-
forming element (CFE) or nitride forming element (NFE) 

such as vanadium, niobium, tantalum, chromium, 
molybdenum, or tungsten. The diffused carbon or nitrogen 
react with the CFE and NFE in the deposited coating so as 
to form a dense and metallurgically bonded carbide or nitride 
coating at the substrate surface [5]. Particularly, the coating 
obtained by the TRD process presents excellent adhesion 
with the substrate and consequently good seizure resistance. 
Also TRD process involves relatively simple equipment, 
low in cost, and environment friendly [4]. Thus the process 
has a wide range of practical application [5]. 
 
Nitride based hard compound coatings have high hardness, 
excellent wear and corrosion resistance enable them to 
improve tool life greatly [6, 7]. Among them, TiN and CrN 
are respectively the first and the second most frequently 
employed coatings [7]. CrN also exhibits low friction 
coefficient, high corrosion and wear resistance and high 
toughness, when compared to TiN [8]. CrN coating have 
been used for cutting tools, molding dies and machine parts 
in industry. But the oxidation resistance of CrN is limited up 
to 600 oC. For hard protective coatings, thermal stability is 
important as they are exposed to high temperatures during 
the cutting process. The addition of Al to CrN raises the 
temperature at which onset of oxidation occurs. CrAlN 
coatings have been reported to be stable up to a temperature 
of 900 oC depending upon the Al content in the coatings [9]. 
Therefore, CrAlN coating is a good candidate as an 
alternative to conventional CrN coatings, especially for 
high-temperature oxidation-resistance applications [10-12].  
CrAlN coatings also exhibit higher hardness and a lower 
friction coefficient when compared to CrN coatings [9].  
 
The main objective of this study was to investigate the 
corrosion behavior of CrN and CrAlN coated AISI D2 tool 
steel by thermo-reactive deposition technique in 3.5 wt. % 
NaCl solution.  
 
2. Experimental Procedure 
 
2.1. Coating treatment and characterization 
 
The steel substrates used in this study was AISI D2 steel with 
chemical composition of 1.56% C, 0.27% Si, 0.30% Mn, 
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0.020% P, 0.001% S, 11.2% Cr, 0.75%Mo, 0.93% V and 
iron (balance). Before coating treatment, the samples were 
cut into discs 20 mm in diameter and 5 mm in thick and were 
ground by 1200 grit silicon carbide papers. The preparation 
of the substrates for the process consisted of ultrasonic aided 
cleaning with acetone and ethyl alcohol.  Nitriding treatment 
was carried out for the purpose to rich the surfaces with the 
nitrogen of the steels in a gas atmosphere for 8 hours at 

 Then, CrN and CrAlN coating was 
performed on the pre-nitrided steel by thermo-reactive 
deposition (TRD) technique. The TRD process was 

containing ferro-chromium, aluminum, ammonium chloride 
and alumina powders. Ferro chromium, aluminum (for 
CrAlN), ammonium chloride, and alumina were used as a 
metal supplier (Cr, Al), activator and filler materials, 
respectively. Alumina crucible was sealed with an alumina 
lid and alumina-based cement. Commercial powders were 
used for CrN and CrAlN coating treatment. The coated 

alumina paste and then etched with 3% nital for 
metallographic examinations. In the scanning electron 
microscopy (SEM) and energy dispersive x-ray 
spectrometer (EDS), the samples were analyzed on the 
cross-sections. X-ray diffraction (XRD) analysis of the 
layers were performed on the surfaces of the coated sample 

 
Micro-hardness measurements of the CrN and CrAlN 
coating layers from surface were performed using Future-
Tech FM-700 micro-hardness tester under the loads of 25 g 
and 10 g, respectively.  
 
2.2. Corrosion tests 
 
The corrosion properties of uncoated and coated samples 
were characterized by electrochemical methods, namely 
potentiodynamic polarization. The tests were conducted in a 
three-electrode system test unit using a PCI4/750/ZRA 
Potentiostat-Galvanostat (Gamry Instrument) controlled by 
a computer, with an active area of 0.28274 cm2. To simulate 
the aggressive environment, all the electrochemical 
characterizations were performed in a 3.5 wt.% NaCl 
solution at room temperature, prepared with analytical grade 
reagents and deionized water. Before the electrochemical 
measurements, samples were allowed to stabilize at their 
open circuit potential for 30 min. Polarization measurements 
were made at a potential scan rate of 5 mV/s and the 
scanning range was set from -1 to +1 V. After 
electrochemical test, the corrosion potential (Ecorr), the 
corrosion current density (icorr) and the polarization 
resistance (Rp) were deduced from the Tafel (log i vs. E) 
plots. 
  
3. Results and Discussion 
 
CrN and CrAlN coatings were produced successfully on 
AISI steel by thermo-reactive diffusion technique at 1000 oC 

for 2h. The cross-sectional SEM micrographs of the (a) CrN 
and (b) CrAlN coated are shown in Figure 1. The coating 
layers were dense and exhibits laminar microstructure with 
a well-defined coating/substrate interface as shown in this 
figure. But, the surface of CrAlN coating layer has a dense 
and smooth microstructure than that of CrN. EDS analysis 
showed that, the surface of the coating layer includes higher 
chromium and lower iron concentration than that of the layer 
close to the interface the substrate as seen in Fig. 1. 
 
 
The depth of the CrN and CrAl

, respectively. The phases formed in 
the CrN and CrAlN coating layers were Cr2N and Cr2N, 
(Cr,Fe)2N1-x, AlN and Fe2N phases respectively. The micro-
hardness measurements showed that the CrAlN, CrN 
coatings and uncoated exhibited hardness values of 22, 27 
GPa, 21, 75 GPa and 5, 58 GPa, respectively. These are the 
consequence of the presence of hard nitrides. Such similar 
results are explained by the fact that the layer are made up of 
the same nitride compounds [8].  
 

 
(a) 

 
(b) 

Figure 1. The SEM micrographs and EDS analysis of (a) 
chromium nitride and (b) chromium aluminum nitride 

coated AISI D2 steel. 
 

Fig. 2 shows the potentiodynamic polarization curves of the 
uncoated, CrN and CrAlN coated AISI D2 steels tested in a 
3.5 wt.% NaCl aqueous solution. The corrosion potential 
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(Ecorr), current density (icorr) and polarization resistance (Rp) 
obtained by Tafel calculations for uncoated and coated steels 
are given in Table 1. The measured corrosion potential and 
current values of the CrAlN coated sample (-463 mV and 

-2) is much nobler than that of the CrN coated 
steel (- -2) and  uncoated steel (-1000 
mV and 20,87 -2). CrN and CrAlN coatings deposited 
on steel substrates demonstrated good corrosion resistance 
in 3.5 wt.% NaCl solution. Electrochemical characteristic 
demonstrates the capacity of the CrAlN coating for 
providing corrosion protection to the underlying substrate. It 
is clearly evident from the corrosion data that the CrAlN and 
CrN coatings exhibit superior corrosion behavior as 
compared to the uncoated substrate. The corrosion behavior 
of CrAlN may also have been affected because of the 
presence of Al. It has been reported that the addition of Al to 
the transition metal nitrides improves the corrosion 
resistance. During the chemical attack, aluminum forms an 
Al2O3 layer on the surface of the coating, which passivates 
the surface and prevents the coating from further attack. The 
presence of the passive layer leads to an additional resistance 
to the corrosive medium passing through the pores [8, 13]. It 
is clearly evident from the corrosion results that the CrAlN 
coatings exhibit superior corrosion resistance as compared 
to the CrN coating [14, 15]. 
 

 
 
Figure 2. Potentiodynamic polarization (Tafel) curves for 
CrAlN coated, CrN  coated and uncoated steel in 3.5 wt. % 

NaCl solution. 
 

Table 1. Potentiodynamic polarization datas of coated and 
uncoated steels in 3.5 wt. % NaCl solution. 

Note: ( a, c, Ecorr, icorr, and Rp are the Tafel slopes of the 
anodic and cathodic reactions, the corrosion potential, 
corrosion current density and polarization resistance, 
respectively) 

4. Conclusion 
 
CrN and CrAlN coatings were produced successfully on 
AISI steel by thermo-reactive diffusion technique at 1000 oC 
for 2h. The coating layers were dense, homogeneous and 
exhibits laminar microstructure.  The phases formed in the 
CrN and CrAlN coating layers were Cr2N and Cr2N, 
(Cr,Fe)2N1-x, AlN and Fe2N phases respectively. The micro-
hardness of the CrAlN and CrN layer formed on the steel 
were much harder than uncoated steel. CrAlN and CrN 
coatings deposited on steel substrates demonstrated good 
corrosion resistance. 
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AISI D2 a 
(V/dec) 
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(V/dec) 
Ecorr 
(mV) 

icorr 
-2) 

Rp (x10-3 

cm2) 
Uncoated 0,0874 1,06x106 -1000 20,87 1,8180 

CrN 
coated 

0,1689 0,1255 -492 3,49 8.9581 

CrAlN 
coated 

0,1464 0,1275 -463 3,07 9.6391 
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Abstract 
 
In the present study, the growth kinetics of titanium carbide 
coating deposited on AISI D2 steel by thermo reactive 
deposition (TRD) technique at the temperature of 900, 1000 

-4h was realized. Titanium carbide layer 
thickness formed on the AISI D2 steel ranged from 1.86 to 

, depending on the process temperature and the 
treatment time. The layer growth kinetics was analyzed by 
measuring the depth of titanium carbide layer as a function 
of the treatment times and temperatures. Titanium carbide 
layer deposition on the substrate material has TiC phase 
which was confirmed by X-ray diffraction analysis. Cross-
sectional examinations using by optical and scanning 
electron microscope are showed that titanium carbide layer 
are smooth and compact. The kinetics of the reaction have 
also been determined by coating layer thickness , depending 
on the process temperature and time. The results showed that 
the diffusion coefficient ranged from 1.546x10-15 to 
4.986x10-14 m2/s. The diffusion coefficient of the process 
increased with the treatment temperature. The activation 
energy for the titanium carbide coating on the steel substrate 
was determined to be about 231 kJ/mol. 
 
1. Introduction 
 
The use of hard coatings to produce wear resistant surface 
layer that can increase tool life time or efficiency is well 
accepted, although the wear performance and corresponding 
wear mechanism still remain unclear as there are many 
tribological systems that the hard coatings can encounter 
[1,2]. Ceramic coatings have been proven to be the most 
effective materials to increase the service life of cutting tools 
and machine components, especially for the purpose of 
improving wear and corrosion resistance. These are mainly 
nitrides, carbides and carbonitrides of transition metals [2
4]. Titanium carbide is of great scientific and technological 
interest and is widely used for the coating of titanium alloys, 
carbon steels and tungsten-carbide-based cemented carbide 
cutting tools [5]. Titanium carbide is a well-known coating 
material used in industrial application due to its high 
hardness, good corrosion and wear resistance. Moreover, 
titanium carbide, in particular, has high melting point, good 
thermal shock resistance, thermal stability, low friction 
coefficient, high electrical and thermal conductivity and 

good chemical and physical sputtering resistance under 
bombardment by highly energetic particles. Owing to these 
properties, titanium carbide (TiC) is one of the most 
important refractory metal carbides used as advanced 
ceramics for cutting tools, wear resistance, aerospace 
application and protection for inner walls of fusion reactors 
[4,6 8]. 
 
TiC coatings are produced by a chemical vapor deposition 
(CVD) process as well as by a number of physical vapor 
deposition (PVD) processes such as sputtering, cathodic arc, 
evaporation and ion planting. Depending on the deposition 
techniques and processing conditions, film properties vary 
significantly. The disadvantage of CVD and especially of 
PVD processes is a week adhesion between the substrate and 
the coating, which often results in delamination and also in 
CVD process some products of the chemical reaction may 
induce environmental pollution. For PVD coatings it was 
reported that the chemical composition might not be uniform 
throughout the layers. Another production method is the 
thermo-reactive diffusion technique, which can be applied 
for carbide, nitride or boride type hard coatings on iron based 
alloys [4,8 11]. 
 
The aim of this study is to produce titanium carbide coating 
layer on the AISI D2 steel by thermo reactive deposition 
technique (TRD) and investigate the growth kinetics of the 
TiC coating layer produced by TRD method. 
 
2. Experimental Procedure 
 
The substrate material used in this study was AISI D2 cold 
work tool steel with the dimensions of 20 mm in diameter 
and 5 mm in length. The chemical composition of the AISI 
D2 substrate material is 1.56% C, 0.27% Si, 0.30% Mn, 
0.02% P, 0.001% S, 11.2% Cr, 0.75% Mo, 0.93% V and Fe 
in balance. The samples were ground up to 1200 grid emery 
paper and ultrasonically cleaned in the ethyl alcohol for 15 
min before the coating process. The samples were coated 
with TiC by thermo-reactive deposition (TRD) technique in 
the powder mixture consisting of ferro-titanium, ammonium 
chloride and alumina at 900, 1000 and 1100 1-4 h in 
an electrical resistance furnace. The detail of the TRD 
coating process was explained in Ref. [12]. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

522 IMMC 2016   |   18th International Metallurgy & Materials Congress

The samples coated by TRD technique were sectioned and 
metalographically prepared up to 1200 grid emery paper and 
then progressively alumina paste to 
evaluate microstructural and fundamental properties. The 
morphology of the coating layer formed on the surface of the 
substrate material were examined using NICKON ECLIPSE 
L150 optical microscopy and JEOL 6060 LV scanning 
electron microscopy equipped with energy dispersive x-ray 
spectroscopy (EDS) and the thickness of the coating layer 
was measured by means of an image analysis application. X-
ray diffraction analyses were performed on the surface of the 
coated samples using RIGAKU XRD D/MAX/2200/PC X-
ray diffractometer with a CuK  source to identify the phases 
which form the coating layers of the samples. Micro-
hardness measurements of the coating layers were carried 
out on metalographically prepared cross-sections of the 
samples by a FUTURE TECH FM 700 micro-hardness tester 
using a diamond indenter under the loads of 10 g for 10s. 
 
3. Results and Discussion 
 
3.1. Properties of titanium carbide layer 
 
Microstructural examinations of the titanium carbide coated 
AISI D2 steel revealed that the coated layer is dense, 
compact and porosity free (see, Fig. 1 and Fig. 2 (a)). The 
presence phase in the coating layer was only TiC which was 
confirmed by XRD, and EDS analysis of the coating layer 
showed that the elements took place in the coating layer was 
Ti and C, see Fig. 2(b) and Fig. 3. It is also evident that the 
steel matrix is not affected by the titanium. 
 
The Vickers micro-hardness value of the titanium carbide 
layer deposited on the AISI D2 steel was measured to be 

 HV0.01 which is about three times higher than the 
substrate hardness (570 9 HV). The titanium carbide layer 
exhibits an extremely hard surface compared with chromium 
plating, nitriding, carburising and carbonitriding [10]. The 
results agree with the Raghuram study [13]. 
 

 
Figure 1. Optical micrograph of the titanium carbide 

 

 
(a) 

 

 
 

 
(b) 

Figure 1. (a) SEM micrograph and (b) EDS analysis of the 
titanium carbide coated AISI D2 steel  
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Figure 2. X-ray diffraction pattern of titanium carbide layer 

 
 
3.2. Growth kinetics of titanium carbide coating 
 
Titanium carbide layer thickness formed on the AISI D2 

the process 
temperature and the treatment time.  It was observed that the 
longer the treatment time and the higher the process 
temperature caused to increase the coating layer thickness. 
There is a nearly parabolic relationship between thickness of 
the coating layer and the treatment time. In the classical 
kinetic theory, the squared thickness of the carbide layer 
(diffusion depth) as a function of the treatment time is 
described by [9] 
 

 (1) 
 
where, d is the titanium carbide layer thickness (m), t is the 
treatment time (s) and K is the diffusion coefficient (m2/s). 
Titanium diffusion from the bath and carbon diffusion from 
the substrate into the titanium carbide layer are the primary 
factors affecting the coating layer thickness. As shown in 
Fig. 3, the higher the treatment temperature, the longer the 
treatment time, the thicker the titanium carbide layer 
became. The plot of the square of the layer thickness (d2) 
versus the treatment time (t) was shown to be linear in Fig. 
4. The diffusion coefficient (growth rate constant, K) of the 
titanium carbide layers depending on the treatment 
temperature were calculated from the slopes of the plots. The 
diffusion coefficient depends on the process temperature, the 
composition and microstructure of the substrate material 
[14,15].  
 
The relationship between the diffusion coefficients, K, 
activation energy (J/mol), Q, and the process temperature 
(K), T, can be expressed as an Arrhenius equation [10,16]:  
 

 (2) 

 
where, K0 is the frequency factor (pre-exponential constant) 
and R is the gas constant. Equation (3) was expressed from 
the natural logarithm of the Equation (2) as follows: 
 

 (3)
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Figure 3. Titanium carbide layer thickness formed on the 
steel as a function of the treatment time and temperature. 
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Figure 4. Square of the layer thickness vs. treatment time. 
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Figure 5. ln K vs. 1/T for the titanium carbide coated AISI 
D2 steel. 
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The graph of lnK (m2/s) versus 1/T (K-1) is thus shown to be 
linear in Fig. 5. The activation energy, Q; was calculated by 
the slope of the plot (ln K - 1/T) in Fig. 5. 
 
As shown in Fig. 4, the diffusion rate constant, K increases 
with increasing the treatment temperature. The activation 
energy (Q) for the titanium carbide coating on the steel 
substrate was determined to be 231 kJ/mol. The diffusion 
coefficient (K) ranged from 1.546x10-15 to 4.986x10-14 m2/s. 
The results agree with Kurt et al. and Hayashi et al. 
studies[17,18].  
 
4. Conclusion 
 
The following conclusions can be made: 
 
1. Titanium carbide coating can be formed on AISI D2 

steel by pack method. 
2. The coating layer has dense, compact and porosity free 

morphology. 
3. The higher process temperature and the longer treatment 

time caused to increase the coating layer thickness.  
4. Titanium carbide layer thickness ranged from 1.86 to 

treatment time.   
5. The Vickers micro-hardness value of the titanium 

0.01. 
6. The diffusion rate constant (K) ranged from 1.546x10-15 

to 4.986x10-14 m2/s. 
7. Activation energy (Q) of the titanium carbide formation 

on AISI D2 steel by the TRD technique is determined to 
be 231 kJ/mol. 
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Abstract 

Plasma Electrolytic Oxidation (PEO) coatings of 
magnesium alloys were coated with sodium silicate 
based electrolytic solutions with/without sodium 
hypophosphite and high constant current of 1.5A. The 
aim of the study is investigation of the alloy 
compositions effects of coating compositions and 
growth behavior. The surface morphology and growth 
mechanism were investigated by scanning electron 
microscopy (SEM), energy dispersive spectrometer 
(EDS). The PEO coatings have porous surface 
morphologies with uniform and compact microspores.   

Keywords: Plasma, Oxidation Behavior, Magnesium 
Alloys 

1. Introduction 
 
Mg and its alloys have been increasingly used in 
automotive, aerospace and electronics industries. 
However, the poor corrosion and wear resistance 
limited the application [1-3]. Surface modification 
technology is an effective way to improve the 
performance of magnesium alloy and Plasma 
Electrolytic Oxidation (PEO) has shown great 
potentials [1,2,4]. Many researches have been devoted 
to investigate properties of PEO coatings on metal 
surface of materials like Mg alloy, including 
microstructure, morphology, phase composition, 
mechanical property and corrosion resistance [1-6].  

Plasma Electrolytic Oxidation (PEO) coating, one of 
the surface modification methods, could be used to 
improve surface characteristics by controlling 
substrate, electrolyte, and electrical parameters and 

also nano-additive like TiO2 doping in the electrolyte 
also had great influence on the properties of the 
ceramic coatings [7-8]. In this paper, the EPO process 
of casted Mg-Al-Sn (M-A-S) Magnesium alloy with 
different titanium ratio was investigated the effect of 
different electrolytes. The coating growth patterns 
affected by the electrolyte are discussed in detail. 

 

2. Experimental 

Mg-Al-Sn (M-A-S) Magnesium alloys sheet with the 
size of 40 mm × 25 mm ×5  mm was used as the 
substrate material in these study. Specimens were 
mechanically grinded by abrasive paper progressively 
up to 1000 grint, and then washed by distilled water. 
The coatings were obtained using a 50 kW capacity 
PEO equipment under a constantly pulse frequency of 
100 Hz for 4 min at DC at same voltage (400V). The 
coating parameters was given in Table 1. y. Two types 
of electrolytes were chosen for coating electrolytes (1,5 
g/l Na2SiO3- 0,6 g/l NaOH) and (1,5 g/l Na2SiO3- 0,6 
g/l NaOH- 3,5 g/l NaH2PO2), respectively. 

The surface morphologies and the elemental 
compositions of PEO coatings were examined by EDS 
and SEM. (Joel, JSM 6060-LU). The crystalline 
structure of the films was examined using x-ray 
diffraction (XRD) with a Cu K  source. 

                Table1. Coating parameters 
Sample Code Samples Electrolyte (%) 
MAS M-A-S 1,5 g/l Na2SiO3- 0,6 g/l NaOH- 3,5 g/l NaH2PO2 
MAS0.05 M-A-S- 0,05Ti 1,5 g/l Na2SiO3- 0,6 g/l NaOH-3,5 g/l NaH2PO2 
MAS0.1 M-A-S- 0,1Ti 1,5 g/l Na2SiO3- 0,6 g/l NaOH-3,5 g/l NaH2PO2 
MAS0.2 M-A-S- 0,2Ti 1,5 g/l Na2SiO3- 0,6 g/l NaOH-3,5 g/l NaH2PO2 
MAS0.2* M-A-S- 0,2Ti 1,5 g/l Na2SiO3- 0,6 g/l NaOH 

(* without NaH2PO2) 
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3. Results and discussion 

Figure 1 represents the morphology of the coatings 
prepared in silicate electrolyte with different Ti ratio 
Mg-Al-Sn alloys (Fig.1.(a-e)). With increasing the Ti 
from 0.05 to 0.2, the coating surface became porous 
and rough with 1,5 g/l Na2SiO3- 0,6 g/l NaOH-3,5 g/l 
NaH2PO2 electrolyte. The MAS0.2* (without 
NaH2PO2) sample was flat and smooth but more cracks 
were observed (Fig2.(a),(b)). With increasing Ti from 

0.05 % to 2 %, didn’t change more the surface 
morphology. However, coating without NaH2PO2 
causes microcracks on surface. The microdischarge 
behavior was considered to have a significant effect on 
the morphology and microstructures of the PEO 
coatings [9, 10], and electrolyte species have a 
significant effect on microdischarges, so the effect of 
the phosphates on the coating microstructures and 
properties should be related to the corresponding the 
microdischarges and growth features of the coating. 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 1. SEM images of ceramic coatings with different Ti ratio Mg-Al-Sn alloys (a) MAS; (b) MAS0.05; (c) 
MAS0.1; (d) MAS0.2; (e) MAS0.2* 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. High magnification SEM images of ceramic coatings (a) MAS0.2; (b) MAS0.2* 
 
The EDS analysis of the cross-section of the MAS0.2 
coating is shown in Fig. 3. The three regions contain 
the same elements of O, Si, Mg, P, Ti, Ca, Na but their 
contents are different. The element of Mg and Ti come 
from the Mg-Al-Sn substrate, whereas the rest should 
come from the electrolyte solution. Especially, the 
elements of O, Na and Si. Also, there occur phosphate. 
 
The outside region (+3.1 and +3.3) contains more Si, it 
means that the area compounds are mainly composed 

of silicon oxides. In comparison with the inside region 
(+3.2), the inside region contains more Mg but less Si. 
Fig. 4 shows the MAS0.2* sample cross-section EDS 
analysis. The three regions contain O, Si, Mg, Ti, Na 
elements. Si mainly distribute in the outside of the 
coatings and Mg distributes at the inside
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Figure 3. EDS analysis of 
MAS0.2 coating 

 

 

 

 

 

 

Figure 4. EDS analysis of MAS0.2* coating 

4. Conclusions 

A ceramic coating was formed on the surface of casted 
Mg-Al-Sn (M-A-S) magnesium alloy with different 
titanium ratio by micro-arc oxidation using different 
electrolytic solution.  

The surface roughness of the oxide layer formed in the 
NaH2PO2 electrolyte was higher than that in the non- 
NaH2PO2 electrolyte. But the non- NaH2PO2 coated 
samples include more microcracks. The discharge 
channels in phosphate electrolyte and non-phosphate-
electrolyte have different shapes, which can affect the 
oxidation reaction area and cooling effect during PEO 
process. The phosphate-electrolyte is beneficial to 
create heat and extend the reaction area inward, which 
lead to a dense layer. 
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Abstract 
 
The DIN 1.2842 steels (cold work steel) was used in 
this work. The heat treatment implemented to samples 
for two hour, after these samples were cooling from 
1000ºC via oil. The tempering process was applied  at 
different temperature respectively; 
600ºC,500ºC,400ºC,300ºC,200ºC, and 100ºC 
temperature. The surface all of samples were examine 
by optical microscope. The hardness values were 
measured by hardness machine. The fracture test was 
applied to samples. The surfaces analyses were 
practical by SEM and EDS analyses.  
 
Introduction 
 
In the past decades, there has been a long desire of 
improving the fuel efficiency and serviceability of 
steels in automotive industry [1-5]. 
 
The requirements of steels with high surface hardness, 
wear, fatigue and corrosion resistance and good 
toughness and plasticity caused to use of different 
surface engineering processes such as carburizing.. 
 
The DIN1.2842 steel is medium alloyed cold work tool 
steel. These steel has highest dimensional stability 
during heat treatment, shallow dept of hardening, good 
wear resistance and toughness, easy to machine and 
simple heat treatment, good cutting ability and edge 
holding properties, low distortion, low polishability. 

The mechanical properties are mainly controlled by the 
volume fraction, morphology, size and distribution of 
each phase in the annealing process. In other words, the 
parameters in the austenite formation process such as 
heating rate, heat treatment  temperature and soaking 
time are the optimizable factors for optimal 
microstructural design. Recently, due to the advanced 
annealing  

 

equipment made the rapid heating possible, researchers 
attached a great  importance on the effect of heating  
rate  
on the austenization, and some of them and have 
concluded that heating rate affects the degrees of 
interaction between ferrite recrystallization and 
austenite formation which result in different 
mechanism of nucleation and growth of austenization 
[6]. 
 
The main aim of the present work was to find optimal 
parameters for the surface process that ensures a 
modified, the selected high-alloy tool steel. A well-
defined and optimized process of substrate pre-heating, 
combined with an appropriate post heat treatment can 
be used to improve the surface properties of steel tools, 
or furthermore, for the cost-effective repair of a 
damaged surface during its exploitation. 
 
Experimental Procedure  

The steel under investigation here was a commercial 
one  
The homogenization treatment was applied at 1000 °C.  
The samples were cooling at oil.  After, the cooling 
process, the samples were tempered at different 
temperature such as 600ºC, 500ºC, 400ºC, 300ºC, 
200ºC, and 100ºC.  The samples which have polished 
and etched with 2 pct. nital Microstructures were 
investigated with optical microscope and scanning 
electron microscopy . Observations were carried out at 
microstructural feature. The microhardness measures 
were made at 50g.  load and 15 s dwell time using an 1 
(Future tech. Ltd., Japan) microhardness tester. An 
average of five hardness measurements was reported.  
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3. Result and Discussion 

 

 
a) 

 
b)  

 

c)
 

d)
 

e)

 
f) 

Figure 1. The optic micrograph of 2842 steel cooled in     
oil and tempered for a) 100°C, b) 200°C, c) 300°C d) 
400°C e) 500°C, f) 600° C 
 

 

 

 

 

  Figure 2. The hardness values of samples 

 

The perlite and ferrite phases have shown in Fig 1a. 

The structure was to be normalize structure. The 

martensite structure occurred by high rate cooling. The 

cementite was not soluble for not go up to the high 

temperature. The grain grows in perlite area. After 

tempering treatment, the hardness increases. 

 

It is mainly composed of lath martensite and a small 

number of retained austenite. In addition, the -ferrite 

distributes along with the original austenite grain 

boundaries in the shape of a long strip or ellipsoid. 

 

The microstructure of the specimens tempered at 

different temperatures is tempered martensite and a 
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little -ferrite in the matrix. The -ferrite is a relatively 

soft phase in the martensite and it reduces the strength 

of the steel, increases its ductility [5]. 

 

The hardness values were measured.  The high 

hardness values were seen at 100° C tempering 

temperature [6] 

 

At 200°C, the carbides is soluble and thin Fe3C 

(cementite) is precipitated. The ferrite is occurred. 

When the increase of temperature, the Fe3C is grown, 

spherical and the hardness is decrease. 

The hardness is increase because of the residual 

austenite is transformed to partially bainite. The 

alloying element addition decreases the temper 

embrittlement at this temperature. 

At 350-540°C, the cementite (Fe3C) grows and 

spheriodizes slowly.  The hardness decreases, while the 

toughness rises. The optimum of combination 

toughness and strength is obtained in this range. 

 At 540-675°C; In this temperature range, the hardness 

and yield and ultimate tensile strength values 

decreases, but the impact toughness increases. The 

recrystallization is seen and recrystallizated ferrite 

transforms to spheriozed to Fe3C [7-8]. 

 

4. Conclusion 

In this work, the heat treatment of DIN 1.2842 steel is 

working. The effect of cooling case and temperature of 

tempered were investigated. The oil was selected as 

cooling medium. The cooling medium effect to surface 

properties.  The surface structure was affected to 

tempered of temperature.  The high hardness was seen 

at 100 °C (tempering temperature). 
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Abstract 

In this study, DIN 1050 steel which work at the 
industry area such as agriculture, mining and 
cement are subjected to heat treatment. This work 
investigates the influence of parameters of heat 
treatment on the mechanical performance of 1050 
steel.  The normalizing temperature is typically 
860ºC for samples. Normalizing is followed by 
cooling in still air. After heat treatment, temper 
process applied to samples from 100°C, 400°C, 
500°C and 600°C temperature. The optic 
microscope was used for surface investigation. The 
hardness was measured from samples of surface. 
The hardness values effect to parameters of heat 
treatment. All notched samples were stored into 
liquid nitrogen for two minute.  The cracks were 
taken place in two different fracture modes: one is 
the ductile fracture seen on the modified layer and 
second one is the transgranular fracture seen in the 
matrix. SEM-EDS analyses were used to examine 
of fracture surface. 
 
1.Introduction  
 
In the present technology, machine parts which 
work at the industry area such as agriculture, 
mining and  
cement are subjected to wear. The wear resistance 
of these parts is improved by conventional heat 
treatments or surface heat treatments, which only 
improved the property surface and sub-surface of 
materials. 
 
Depending on the nature and environments of 
applications, materials of engineering parts are 
required to possess a combination of desirable 
properties. Among these properties, some are 

pertinent to the bulk, such as density, tensile 
strength, and ductility, while others are pertinent to  

 

the surface, such as wear resistance and corrosion 
resistance.  

Mild steel is a popular structural material because 
of its low cost and its reasonable strength [1]. 
 
Friction and wear behavior of materials largely 
depend upon surface material, mechanical 
properties, physical structure and chemical 
composition of surfaces and surface topographies. 
Thermo-chemical is heavily used for increasing the 
abrasive wear resistance of materials.  

In this work, the AISI 1050 steel was made 
normalizing at 860° C. After normalizing process, 
the samples was cooled at air. The tempering was 
applied to samples at different temperature such as 
100°C to 600°C temperature.  

2. Experimental procedures 
The material used in the experiments is AISI 1050 
and its chemical composition is given in Table 1. 
Test materials were subjected to improvement 
treatment as well as surface treatments such as 
normalizing at 860 °C.  
 
The samples have been examined under optic 
microscope. Hardness measurements of all samples 
have been done using Leica make Vickers 
microhardness equipment. The hardness 
measurements have been done using 10 g test loads. 
The fracture test was applied to samples. 
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a) 

 
b) 

 
c) 

 
d) 

 
Figure 1. The optic micrograph of AISI1050 steel 
cooled in     air and tempered for a) 100°C, b) 
400°C, c) 500°C d) 600°C 

 
Fig.1 show us the micrograph of samples. The 
ferrite and perlite structure were seen on surface. 
When the increase the tempering temperature 
 
 
 
 
 
 
 

Ferrite and pearlite are observed in the surface 
structure. The microstructure which contained 
pearlite colonies (light) in a matrix of ferrite (dark). 
The pearlite contained alternate lamellas of 
eutectoid ferrite (Fe) and cementite (Fe3C) with 
random orientation. The pearlite constituted 46% 
volume-fraction, whereas ferrite was 54%. (Fig.1b).  
When the increase the temperature of tempering, 
the amount of the ferrite phases is increase.  
 
The specimen consists of fine equiaxed grains. It is 
considered that fine equiaxed grains are occurred on 
surface.   
 
On the other hand, very thin grains were exhibited 
in the specimen as shown in Fig. 1(c).  
The pearlite increased on the expense of ferrite and 
also the inter-lamellar spacing were much reduced 
due to the fast cooling rate with air. 
 
The hardness values were changed with 
temperature of tempering. The hardness was 
decrease at 400 °C, because of temper 
embrittlement at this temperature. (Fig.2) 
 

 
 
Fig. 2 The microhardnesss values of samples 
 
 
 
The SEM micrograph of fracture surfaces of 
samples tempered at 100° C and 600°C in Fig.3 a-b. 
The fracture surfaces is different in samples. At 
100° C, the samples is brittle. When the increase 
the temperature, the structure was be more ductile. 
The cleavage fracture was seen at 100 °C. 
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Fig.3 SEM micrograph the fracture surface of 
sample at 100° C tempered. 
 

 
 

Fig.4 SEM micrograph the fracture surface of 
sample at 600° C tempered 

 

3. Conclusion 

The AISI 1050 steel normalized at 860°C, and 
cooling at air. The tempering process was applied 
to samples at different temperature. 

The ferrite and perlite structure were occurred on 
surface.  

The tempering temperature was affected to 
hardness values. The high hardness was seen at 
100° C. 
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Abstract  
 
In this work, DIN 1050 steels (cold work steel) is used. The 
heat treatment implemented to samples for two hour, after 
these samples were cooling from 860ºC via oil, water. The 
tempering process was applied at different temperature 
respectively; 100ºC, 200ºC, 400ºC, 500ºC, and 600ºC 
temperature. The different parameters are selected for 
surface treatment during pulse plasma process. The 
hardness testing and optic microscope were used for 
investigated.  The fracture test was applied to all samples. 
SEM-EDS analyses were used to examine of fracture 
surface. The cracks were taken place in two different 
fracture modes: the ductile fracture seen on the modified 
layer and second one is the transgranular fracture seen in 
the matrix.  
 
1. Introduction  
 
Most of the engineering components subject to wear and 
they should be selected as suitable for using purposes. For 
effective use of steels in some applications, it is essential to 
improve the surface properties of steels with the most 
effective heat treatment [1-2]. 

 
Heat treatment is defined as the process of heating and 
cooling of metals at a certain rate for specific time to alter 
their physical and mechanical properties. Generally, all the 
heat treatment processes consist of three stages: heating of 
the material, holding at that temperature for sufficient time 
and then cooling, usually to the room temperature. The 
conditions of heat treatment can modify the microstructure, 
mechanical and physical properties of steel within a wide 
range. Various types of heat treatment processes are used to 
modify the surface and structural properties of steel and  
carbon content of steel plays an important role for 

controlling the properties of steel. Practically, all steel 
respond to one or more type of heat treatment. This is the 
only reason steel have been so extensively used in 
manufacturing sector in twentieth century [1,3]. 
 

AISI 1050 steel is a media carbon and cheap material 
widely used in manufacturing of simple constructions and 
machine elements. The surface properties of this steel are 
usually improved by carburizing. On the other hand, AISI 
1050 steel, which is an alloyed steel, is used for machine 
elements such as cam shafts, gears and other transmission 
elements after surface treated by carburizing or nitriding. 
The research was study the effect of post weld heat 
treatment parameters on microstructure and hardness in 
heat affected zone.[4]. 

 

The mechanical properties of steel decide its applicability 
for a particular condition. Heat treatment processes are 
commonly used to enhance the required properties of steel. 
The present work aims at experimentally investigating the 
effect of hardening, cooling case and tempering to AISI 
1050 steel. 

 
2. Experimental Procedure 
 
The AISI 1050 medium carbon steel plate with 20mm 
width and 10 mm thickness was applied to the substrate. It 
is necessary to execute the hardening process so that the 
substrate is heated at 860 °C to obtain a homogenous hypo-
eutectoid structure. 
The hardening process was applied at 860 °C. The sample 
was quenched in two different quenching mediums i.e. 
water, oil. 
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The hardness distribution on the cross-section of the treated 
layer was obtained using Zeiss micro hardness tester with a 
load of 25 g and a loading time of 15 s. A 5% Nital etchant 
was used for etching the specimens to observe the 
microstructure of the treated layer, which was achieved by 
optic microscope (Zeiss). The samples were stored into 
liquid nitrogen for two minute. The fracture surface was 
investigated by SEM (LEO 1530; JEOL JSM-6500F and 
Cambridge Instrument. SEM S360) and element analysis 
was conducted by electron probe microanalysis (JEOL 
JXA-8200). 
 
3. Result and Discussion 
 
The chemical composition of the investigated steel is 
determined by optical emission spectrometer and shown in 
Table 1. Fig. show us the micrograph of samples at cooled 
water. The ferrite and perlite structure were seen on 
surface. When the increase the tempering temperature the 
amount of perlite was decrease.  
 
The micrograph of samples cooled at oil were seen at Fig.2, 
the ferrite+perlite structure was occurred on samples 
surfaces. The ferrite was shown clearly on  structure. 
 
Table 1. The chemical composition of AISI 1050 steel 
 

 
 

 
a) 

 
b) 

Figure1. The optic micrograph of AISI1050 steel cooled in    
water and tempered for a)100°C, b)600°C 

 
Figure 2. The optic micrograph of AISI1050, steel cooled 
in water and tempered for a)100°C, b)200°C, c)600°C 
 

The Fig.3 show us the hardness values of tempered samples 
at different temperature. Then the hardness of those 
samples were measured at five different locations and 
average of them was taken. Finally the comparison was 
shown between the hardness values of all quenching 
mediums [3-5]. 
 
 
 

 
Figure 3. The microhardness values of different 
temperature cooled at water. 
 

 
 
Figure 4. The microhardness values of different 
temperature cooled at oil. 
 

 
a) 

 
b) 

 
c) 

 
  

a) 
 

 
b) 
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The hardness values were changed according to tempering 
temperature in Fig.3. The high hardness value was seen at 
100 °C. When the cooled at oil the hardness values were 
decreased. 
 
  
 
Figure 4. The fracture surfaces, a) cooling in water and 
tempered at 600 °C, b) cooling in oil, tempered at 600 °C 
The SEM micrograph of fracture surfaces of samples 
tempered at 600°C in Fig.4 a-b. The fracture surfaces is 
different in samples. The samples was cooled at water is 
brittle. The cleavage fracture was seen at 100 °C. 
 
4. Conclusion  
 
In this work, the hardening process of AISI 1050 steel was 
applied at 860°C, and cooled at oil and water. The 
tempering process was applied to samples at different 
temperature.  
The ferrite and perlite structure were occurred on surface 
after heat treatment process. The tempering temperature 
was affected to hardness values. The high hardness was 
seen at 100° C. The high hardness was seen at samples the 
cooled at water. The cleavage fracture was seen cooled at 
water. 
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Abstract 
 
Polymers and their composites are widely used and are in 
contact with abrasive particles in some applications such 
as bearing components in automobiles or protective 
coating of marine structures. In order to improve the wear 
properties of polymeric materials, different filler 
materials such as; nano-SiO2, nano-TiO2 and natural filler 
were used; however, there is very little information about 
the tribological performance of natural filler reinforced 
composite materials. Diatomite is one of the possible 
natural filler materials that is fossilized remains of 
diatoms, which is a type of algae that lives in oceans, are 
made from micron sized; tubular shaped silica cell wall 
that contains nano sized pores. In this study, change of 
the wear rate and friction coefficient of neat epoxy with 
addition of different amounts (2.5, 5, and 7.5 wt%) of 
diatomite natural filler were investigated by using ball-
on-disc machine by running AISI 52100 steel ball with 6 
mm diameter and morphologies of worn surfaces of 
epoxy composites were investigated by using scanning 
electron microscopy. According to the test results the 
friction coefficient and specific wear rate decreased up to 
15% and 85%, respectively, with an addition of 5 wt% 
diatomite. 
 
1. Introduction 
 
Polymers are becoming very important engineering 
material because of their low cost and ease of 
manufacturing. Because of this reason polymers are one 
of the mostly used material in wide range of applications 
like joint bearing surfaces, gears, car chassis where 
frictional forces become the most important challenge to 
overcome in order to prevent wear [1,2]. Wear is defined 
as loss of material and damage to surface of material due 
to the motion of contacting surfaces [3]. Different types 
of polymers (PEEK, PTFE, epoxy etc.) have different 
wear behavior, however mostly these properties do not 
satisfy the requirements of applications. Due to the fact 
that, polymers are rarely used as neat state, they are used 
as composite form that composed of polymer matrix 
reinforced with; (i) ceramic oxides like SiC, SiO2, TiO2 
or (ii) carbon nano-tubes [1].  
Epoxy matrix reinforced with SiO2, SiC or MWCNT is 
widely used for wear applications with improved wear 

properties compared with neat epoxy. Wear properties 
like coefficient of friction and specific wear rates of neat 
epoxy is significantly improved with 2.2 vol% nano-SiO2 
addition and SiO2 become an important additive for 
epoxy due to this reason [6].  
Diatoms are single cell photosynthesizing algae that are 
found in all aquatic environments including fresh waters, 
oceans, soil, and almost anywhere moist. Each diatom 
cell has a cell wall known as frustule, which mainly made 
of amorphous silica. Diatoms are commonly between 20-
200 microns in diameter or length and they can be in 
either pennate or centric geometry. Frustules have 
microstructure with pores around the cell walls. When 
diatom cells die their silica cell walls collect at the floor 
of the ocean, and become fossils. These fossils of the cell 
walls are called as diatomite and they are used in many 
applications like sound and heat insulation, filtration, 
etc., because of their characteristic properties like low 
density (2.33 g/cm3), high porosity and chemical 
inertness. Diatoms are used as reinforcement additive for 
epoxy in order to improve mechanical properties [7] 
however there are no information about the wear 
properties of this type of natural additive containing 
epoxy. 
 
2. Experimental Procedure 
 
During the experiments epoxy resin used consisted of a 
bisphenol-A epoxy resin, which was mixed with a 
triethylenetetramine hardener in the ratio of 100:12 by 
mass. Epoxy resin first mixed with the diatom frustules 
(Alfa Aesar) with 2.5, 5 and 7.5 weight percentages, 
which equals to 1.2, 2.5 and 3.8 volume percentages, 
respectively. After initial mixing by hand, sonicator was 
used, in order to reduce the agglomeration and improve 
homogenization, for 2 minutes with 30 seconds intervals. 
During ultrasonic mixing, mixture was cooled with water 
and ice to room temperature, in order to prevent heat 
builds up which decrease the viscosity of the resin. Then, 
resin and diatom mixture was mixed with hardener gently 
by hand to prevent the formation of air bubbles. Mixture 
was casted into the silicon mold and applied vacuum was 
applied for 15 minutes to reduce the trapped air bubbles 
for 15 minutes. Epoxy then cured at room temperature 
for 15 hours. For the wear tests, test surfaces of the 
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samples were polished down to 0.062 m surface 
roughness.  
Tribological properties of the polished samples were 
determined with ball on disk tribometer (CSM). During 
wear tests, 6 mm diameter 100Cr6 steel ball used with 
3N normal force (FN) on sample surface with 0.1 m/s 
sliding speed for 55 mt sliding distance (L) with 3 mm 
route radius. The specific wear rate was determined by 
the following equation; 
 

(1) 
 
where V is the volume of the removed material. In order 
to obtain volume of the removed material, first the cross 
section profile of the wear surface was measured with 
digital profilometer (Mitutoyo), after the calculation of 
the cross section area, volume of the removed material 
was calculated. In order to characterize the wear 
mechanism, microstructures were investigated by using 
scanning electron microscope (Zeiss Supra 50VP). 
Chemical analysis of diatom powder was done by X-ray 
fluorescence (XRF- Rigaku ZSX primus). Additionally, 
Vickers hardness values of the samples were measured 
with micro hardness test equipment by applying 2 N 
force for 6 seconds (Emcotest M1C). 
 
3. Results and Discussion 
 
SEM analysis showed that diatom frustules have different 
morphologies from high aspect ratio tubes to low aspect 
ratio cylinders with different sizes as shown in Figure 1. 
Frustules have a broad range of size distribution (from 
500nm to 100 m) as shown in Figure 2 and average 
particle size is about 18 micrometers.  
 

 
(a)                                      (b) 

 
(c)                                       (d) 

Figure 1 (a-d). SEM secondary electron images of the 
frustules.  
 

 
Figure 2. Particle size distribution of diatome frustules 
obtained by using particle size analyzer. 
 
XRF analysis results (as shown in Table 1.) showed that 
frustules mainly composed of SiO2 and also there are 
some other oxides like Al2O3 and Fe2O3 in the 
composition.  
XRD results are compatible with XRF results and 
frustules composed of opal and quartz crystalline phases 
as well as with some amorphous phase due to the typical 
amorphous hump in the results given in Figure 3.   
 
Table 1. XRF results of the frustules. 

Chemical Composition (mass%) 
SiO2 Al2O3 Fe2O3 K2O3 MgO 
91.58 3.76 1.59 0.79 0.62 
Na2O CaO TiO2 P2O5 Na2O 
0.52 0.48 0.25 0.23 0.52 

 
 

 
Figure 3. XRD pattern of frustules. 
 
Hardness of the composite is also an important parameter 
because hardness of the material controls the surface area 
of contact, which is inversely proportional to the 
hardness. Surface area of contact is also proportional to 
the friction between the moving parts [8,9]. Additionally 
change in hardness with the diatom addition was 
measured and results showed that with diatom addition 
hardness of the composite increases as shown in Table 2. 
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Table 2. Change in hardness of the composites with 
diatom addition.  

Hardness (Hv) 
Neat Epoxy 2.5 wt% 5 wt% 7.5 wt% 

18.5 19.7 19.1 21.3 
 
 
According to the ball on disc wear test results (Figure 5); 
addition of frustules into the epoxy matrix yielded with 
the decrease of friction coefficient and specific wear rate 
compared with the neat epoxy. With an increased amount 
of diatom up to 5 wt% both specific wear rate and 
friction coefficient decrease, however, above 5 wt% 
addition both parameters increase but still lower than neat 
epoxy. According to the SEM results (Figure 4) wear 
mechanism of neat epoxy is characterized by fatigue 
wear (as similar with other researchers results [6]) due to 
the material waves along the sliding direction and wear 
grooves are in continuous mode. With an addition of 
frustules decrease of these parameters can be a result of 
the breakdown of diatom frustules into the smaller 
particles (down to 120 nm according to the SEM results) 
and act as a lubricant layer between the composite and 
ball during wear tests even though wear mechanism is 
still fatigue wear according to the SEM results shown in 
Figure 4.  
Increase of the wear rate with 7.5 wt% frustule added 
composites can be the agglomeration of particles due to 
the high amount of filler loading even though the width 
of the wear mark is about the same (160 m) with 5 wt% 
diatom added composite that is lower than both neat 
epoxy (300 m) and 2.5 wt% composite (250 m).  

 

 
(a)  

                                    

(b) 

 
(c) 

 
(d) 

Figure 4. SEM results of (a) neat epoxy, (b) 2.5 wt% 
additive, (c) 5 wt% additive, (d) 7.5 wt% additive 
(arrows indicate the sliding direction). 
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Figure 5. Change in specific wear rate and coefficient of 
friction with diatom frustule/epoxy composites.  
 
4. Conclusion 
 
According to the results obtained in this study, the 
diatom additive can be used to improve wear and 
mechanical properties of epoxy matrix. 
In this study lowest friction coefficient is obtained with 
2.5 vol% (5 wt%) natural micron sized diatom frustules 
additive as similar with epoxy/nano-SiO2 composites in 
literature and the friction coefficient and specific wear 
rate decreased up to 15% and 85%, respectively, with an 
addition of 5 wt% diatomite. In order to understand wear 
mechanism to a great extent, extensive wear tests needs 
to be studied.  
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Abstract 
The aim of this study was to examine effect of heat on 
the surface properties of steels. The DIN 1.2842 steels 
(cold work steel) was used in this work. Firstly, the 
heat treatment was applied to samples for two hour, 
after these samples were cooling from 1000ºC. The 
cooling case were selected such as water, air. The 
tempering process was applied  at different temperature 
respectively; from 600ºC, 500ºC, 400ºC, 300ºC, 200ºC, 
to 100ºC temperature. The surface all of samples were 
examine by optical microscope and SEM. The hardness 
testing was done. The fracture test was applied to 
samples. The surfaces were investigated SEM and EDS 
analyses.  

2. Introduction  

Oil hardenable cold work tool steel has highest 
dimensional stability during heat treatment, shallow 
dept of hardening, good wear resistance and toughness, 
easy to machine and simple heat treatment, good 
cutting ability and  edge holding properties, low 
distortion, low polishability. Suitable for through 
hardening it offers characteristics of good durability, 
excellent wear resistance and holds a good cutting 
edge. It is a good quality general purpose tool steel 
often used where the expense of a high carbon high 
chromium grade is not justified [1-2]. 

Cold-work tool steels are employed at operating 
temperatures reaching around 200°C and are 
characterized by high levels of wear resistance. They 
also show good toughness properties depending on the 
intended application [3-5]. 

 

 

 

 

The cutting, punching and shearing of metallic and 
non-metallic materials belong to the most demanding 
tasks cold-work tool steel tools are subjected to. 
Besides cutting and shearing, there are virtually no 
other applications where the tool's properties have such 
an influence on the process. 

Typical applications include medium run dies, press 
tools, drawing punches, broaches, bushings, lathe, 
centres, chuck jaws, master cavity sinking hobs, plug 
gauges, thread gauges, thread cutting tools and 
precision measuring tools. It is also a popular tool steel 
for cams, cloth cutting knives, cold taps, reamers, 
collets, tube expander rolls, plastic moulds and 
woodworking knives, cutting hobs, strip slitting cutters 
and trimmer dies [6]. 
 

Heat treatment temperatures, including rate of heating, 
cooling and soaking times will vary due to factors such 
as the size and shape of each component. Other 
considerations during the heat treatment process 
include the type of furnace, quenching medium and 
work piece transfer facilities.  

Cost efficiency is achieved through three main criteria: 
through constantly high quality, long tool lives with 
reduced costs. 

The hardening treatment for most steels consists of 
heating the steel to a set temperature and then cooling 
it rapidly by plunging it into water. Most steels require 
rapid cooling (quenching) for hardening but a few can 
be air-cooled with the same results. Hardening 
increases the hardness and strength of the steel, but 
makes it less ductile. Generally, the harder the steel, 
the more brittle it becomes. To remove some of the 
brittleness, we should temper the steel after hardening. 
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To relieve the internal stresses and reduce brittleness, 
you should temper the steel after it is hardened. 
Tempering consists of heating the steel to a specific 
temperature (below its hardening temperature), holding 
it at that temperature for the required length of time, 
and then cooling it, usually instill air. The resultant 
strength, hardness, and ductility depend on the 
temperature to which the steel is heated during the 
tempering process.  

The purpose of tempering is to reduce the brittleness 
imparted by hardening and to produce definite physical 
properties within the steel. Tempering always follows, 
never precedes, the hardening operation. Besides 
reducing brittleness, tempering softens the steel. That is 
unavoidable, and the amount of hardness that is lost 
depends on the temperature that the steel is heated to 
during the tempering process. That is true of all steels 
except high-speed steel [3]. 

Tempering increases the hardness of high-speed steel 

Actually, the tensile strength of a hardened steel may 
increase as the steel is tempered up to a temperature of 
about 450°F. Above this temperature it starts to 
decrease. Tempering increases softness, ductility, 
malleability, and impact resistance. Remember, all 
steel should be removed from the quenching bath and 
tempered before it is complete] y cold. Failure to 
temper correctly results in a quick failure of the 
hardened part. 

Air quenching is used for cooling some highly alloyed 
steels. Parts cooled with circulated air are placed in the 
same manner and arranged for uniform cooling. 
Compressed air is used to concentrate the cooling on 
specific areas of a part. The airlines must be free of 
moisture to prevent cracking of the metal [4-6]. 

The present study examines the qualitative influence of 
work hardening of cold work steel on the properties of 
steel after cooling at air and water. The tempering have 
a beneficial influence on the properties and structure of 
steel, observed after its quenching 

 

3. Experimental proses  

The selected steel is DIN. 2842 cold work steel in this 
work. The chemical spectral analyses is given in table 
1.  

Firstly, the heat treatment applied to steels groups. The 
heat treatment was applied at 1000 C for 2 hour. Two 
different cooling occasion used; water and air. Water 
quenching is applied to water-hardening medium 
carbon and low carbon alloy grades of steel for 
improved strength, hardness, and toughness in light to 
moderate sections sizes. After hardening process, the 
tempering process was applied from 100 C to 600 C 
temperature. 

The samples were investigated in order to effect of the 
heat treatment, cooling medium and temperature of 
temper process by optic microscope, SEM, EDS 
analyses. However, the hardness test was done for 
samples.  

For the fracture surface examinations using SEM and 
EDS, notched specimens were sunk into liquid nitrogen 
for one minute and then they were cracked by hammer. 
The cracks were taken place in two different fracture 
modes: one is the ductile fracture seen on the modified 
layer and second one is the transgranular fracture seen. 
 

 4. Results and Discussion  

The microstructures of samples were shown in Fig.1. 
The perlite and ferrite were occurred on surface after 
treatment. When the increase the temperature of 
tempering process,  

 

Figure 1. The optic micrograph of 2842 steel cooled in     
air and tempered for a) tempered 100°C, b) tempered 
200°C, c) 300°C d) tempered 400°C e) tempered 
600°C 

 

 

 

 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 2. Figure 1. The optic micrograph of 2842 steel 
cooled in water and tempered for a) tempered 100°C, 
b) tempered 200°C, c) 300°C d) tempered 400°C e) 
tempered 500°C, f) tempered 600°C 

 

the perlite has shown in surface. The structure was to 
be normalize structure. The martensite structure 
occurred by high rate cooling. The cementite was not 
soluble for not go up to the high temperature. The grain 
grows in perlite area. After tempering treatment, the 
hardness increases. 

At 100°C, the martensite was partially disrupted. The 
hardness is not decrease. The residual stresses resolved. 

At 200°C, the carbides is soluble and thin Fe3C 
(cementite) is precipitated. The ferrite is occurred. 
When the increase of temperature, the Fe3C is grown, 
spherical and the hardness is decrease [7-8]. 

The hardness is increase because of the residual 
austenite is transformed to partially bainite. The 
alloying element addition decreases the temper 
embrittlement at this temperature. 

At 350-540°C, the cementite (Fe3C) grows and 
spheriodizes slowly.  The hardness decreases, while the 
toughness rises. The optimum of combination 
toughness and strength is obtained in this range. 

 At 540-675°C; In this temperature range, the hardness 
and yield and ultimate tensile strength values 

decreases, but the impact toughness increases. The 
recrystallization is seen and recrystallizated ferrite 
transforms to spheriozed to Fe3C [4,6]. 
.  
 

Figure 3. The hardness values of samples 
 
Dislocation rearranged and its density decreases. In 
high carbon steels cementite- rich regions retard the 
dislocation and complicates the recrystallization.  
 
 The high hardness shown in water cooling and 
tampered at 100°C. The hardness values decrease with 
increase the temperature of tempering process. 
However, the cooling medium effect to hardness 
values. The optimum hardness values sown in water 
cooling situation. 
 
5. Conclusion 
 
 In this work, the heat treatment of DIN 1.2842 steel is 
working. The cooling medium effect to surface 
properties. The high hardness was seen in water 
cooling medium. 
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Abstract 
 
In this study, we investigated the effect of boronizing time 
on the surface modification of microalloyed(Erdemir 3237) 
low-carbon steel. Pack Boronizing was carried out at 900 
oC for 2,4 and 6 hours and Ekabor powders used as 
boronizing agent. Microhardness and morphology of the 
borided layer were characterized via Vickers microhardness 
and SEM, respectively. Phases exist in the borided layer 
was analyzed by XRD.  
 
It is observed that a diffusion zone between the coating 
layer and matrix is formed and the passage of hardness 
values between these become smoother with the increase of 
time. Diffusion zone and borided layer get thicken as the 
time increases. Morphology of the boride layer observed by 
the SEM revealed a saw-tooth nature of the coating thus, 
increasing coating-matrix interface yields better adherence. 
Depth of the boride layer was measured (by optical 
microscope) to be 49,70 and 81 μm for durations 2, 4 and 6 
hours respectively. XRD results showed that borided layer 
consists of Fe2B phases. FeB becomes more visible as time 
progress. 
 
1. Introduction 
 
Hard coatings with carbides, borides and nitrides have been 
successfully utilised for engineering applications where 
specific properties at particular locations are required 
without compromising the bulk material strengths [1]. In 
the early of recent century,   the surface of the steels could 
be modified by boron diffusion to obtain extremely hard 
and wear-resistant surfaces. This process has been applied 
to a wide range of materials such as ferrous/non-ferrous 
alloys, and cermets in order to improve their durability and 
mechanical performance [2]. The term boriding means the 
enrichment of the surface of a material with boron via 
thermochemical treatment. Boron atoms are transferred by 
means of thermal energy into the lattice of the parent 
material and subsequently form the respective borides 
together with the atoms within the parent material [3]. 
Boriding could be achieved in various ways: powder pack 
boriding, molten salt boriding, gas boriding, fluidized bed 
boriding plasma boriding and electrochemical boriding [4]. 
 All of the boriding methods mentioned involve a high 
processing temperature, usually in the range of 800 °C–
1000 °C [5]. Pack boriding is the most adopted boriding 

process for its fewer requirements on equipment, relative 
ease of handling and safety [6]. 
 
In ferrous alloys, depending on the specific characteristics 
of the boriding experiments (such as type of powder 
mixture, temperature, time, and current density) and 
chemical composition of the base steel, a single or duplex 
layer may form, for instance, FeB and/or Fe2B with low 
alloy steels [7]. The boriding of low-carbon steels usually 
leads to the formation of two different iron boride coatings 
(or phases) according to the Fe-B phase diagram. The outer 
layer is FeB, which has an orthorhombic crystalline 
structure, and a boron content of approximately 16.23 
wt%B, and the inner layer (Fe2B) has a tetragonal 
crystalline structure with a boron content of approximately 
8.9 wt%B [8]. These dual-phase boride layers offer some 
tribological advantages due to a gradually declining 
hardness profile from the surface through the boride layer 
and well into the substrate. However, as seen in the 
examples of steel boriding, the higher boron content phase 
(FeB) on top may not be ideal for mechanical and 
tribological applications [7]. First of all, despite being very 
hard, the FeB top layer is very brittle and has a 
substantially different coefficient of thermal expansion.  At 
the end of the boriding process when the temperature 
decreases to ambient, and if the duplex phase is produced 
in the boride layer, stresses from such phases can lead to 
crack formation at the FeB/Fe2B interface. This latter, due 
to those phases exhibit different coefficients of thermal 
expansion, it can cause spallation leading to these paration 
of the duplex layer, or else crack formation can appear 
under mechanical strain or thermal and mechanical shocks 
[1,7]. By controlling the boron potential in the steel surface, 
both single-layer (only the Fe2B phase) or multilayers 
(FeB–Fe2B phases) can be produced [9]. 
 
In this study, it was aimed to investigate the evaluation  of 
boriding layer on surface of  the micro-alloyed steel by 
boronizing time. 
 
2. Experimental Procedure 
 
The boriding process was performed on the micro alloyed 
steel (Erdemir 3237).  The chemical morphology of the 
Erdemir 3237 steel was given in Table 1. 
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Table 1. Chemical composition of Erdemir (a company of 
Turkey) 3237 steel. 

 
Steel 

Sample 

 
Chemical Composition (wt. %) 

   
 C Si P S Mn Al N 

 
3237 

 

 
0,17 

 
0,4 

 
0,025 

 
0,02 

 
1 

 
0,015 

 
0,009 

 
Boronizing process was carried out in an electrical furnace 
at 900 °C during 2, 4 and 6 hours, respectively using pack 
boriding method. Ekabor 1™ powders were used as boron 
source. Ekrit™ powders were added to boronizing medium 
in order to prevent possible oxidation of boronizing agent. 
 
The morphology and microstructure of the borided layer 
formed on the steel surface were investigated by SEM and 
variation of hardness from borided layer through the matrix 
was measured by Vickers Indentation technique. The 
thickness of borided layer was determined  by using optical 
microscope with thickness measurement kit. The boride 
phases in the compound layer were determined by XRD 
analysis. 
 
3. Results and Discussion 
 
3.1. Microstructure 
 
SEM images of the borided steels were showed in Figure 
1a-c.  
 

 
(a) 

 

 
(b) 

Figure 1. SEM images of steel samples borided at 900 °C, 
(a) 2h  (b) 4h  (c) 6h. 

 
(c) 

Figure 1 (cont’d). SEM images of steel samples borided at 
900 °C, (a) 2h  (b) 4h  (c) 6h. 

 
As it can be seen from Figure 1a-c, the borides layer 
become longer and amount of porosites in the nearfield of 
the boride layer surface  increased by extending of boriding 
time. It can be claimed that as boriding time increases more 
amount of boron can be diffused into iron matrix and leads 
to advance through matrix. Thus, the thickness of the 
boriding layer and amount of FeB phase increase. By 
increasing of FeB phase, area exposed to tensile strength in 
the layer enlarges because of higher thermal expansion 
value of that phase, it results more porosites in the possible 
FeB region. The boride layer have tooth-saw morphology 
as appreciated to most low carbon and alloyed steel and 
thus, increasing coating-matrix interface yields better 
adherence.  (Figure 1a-c). 
 
3.2. XRD analysis  
 
XRD results of as borided samples were given in Figure 2-
4. 
 

 
Figure 2. XRD pattern of steel sample borided at 900 °C 

for 2h. 
 
In the early stage of boriding process at 900°C, it can be 
seen from XRD pattern of borided sample, Fe2B phase is 
dominant in the boriding layer (Figure 2). That was 
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expected because of max boron diffusion into iron matrix 
have occurred after saturation period and then Fe2B is 
formerly formed through matrix of  ferrous alloys.  

 

 
Figure 3. XRD pattern of steel sample borided at 900 °C 

for 4h. 
 

 
Figure 4. XRD pattern of steel sample borided at 900 °C 

for 6h. 
 

As boriding process increased, Fe2B was still dominant 
phase in the compound layer as well as some amount of 
FeB formation can be seen from XRD pattern of sample 
borided for 6h (Figure 3,4). Formation of FeB phase 
verified that amount of porosity taken place on surface of 
boriding layer was increased and become bigger diameter. 
It could be lead to a little decrement of microhardness in 
near surface of the samples (see Figure 1b-c and Figure 
6,7). There was no more  Fe peaks in XRD pattern of 
samples borided for 4h and 6h. It was result of growth of 
layer, so that no Fe peaks could be determined. 

 
3.3. Microhardness through boriding layer 
 
Microhardness variation of the borided samples from 
surface to inner section of the matrix were showed in 
Figure 5-7.  

 
Figure 5. Microhardness variation from surface through 
matrix of micro alloyed sample borided at 900 °C for 2h. 

 
 

 
Figure 6. Microhardness variation from surface through 
matrix of micro alloyed sample borided at 900 °C for 4h. 

 

 
Figure 7. Microhardness variation from surface through 
matrix of micro alloyed sample borided at 900 °C for 6h. 

 
It can be claimed that surface microhardness of the borided 
samples a little increased by increment of process time, 
however high microhardness values could be maintained 
from surface through matrix. This was a result of 
thickening of borides layer via raising boriding time. As 
boriding time increased, more amount of boron can be 
diffused inward of steel matrix and thus, thicker hard 
boriding layer was composed. So that, decrement of 
microhardness   of the samples towards inner section of the 
matrix become smoother (Figure 5-7). On the other hand, 
diffusion zone formed on the borided samples become 
more remarkable with increasing boriding time, especially 
in the samples borided at 900 °C for 4h and 6h (Figure 6,7). 

900°C – 2h 

900°C – 4h 

900°C – 6h 
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3.4. Layer thickness 
 
Variation of the layer thickness of borided samples were 
given in Table 2. 
 
From Table 2, it can be seen that boriding layer thickness 
of the samples were increased and also, it was obvious that 
increment of layer thickness was faster up to 4h boriding 
time as well as it got slower from 4h to 6h. This is a result 
of diffusion controlled  boriding process. As time increases, 
more boron-rich phase, FeB was formed on the surface of 
the sample and  this phase gets thicken as well as boriding 
layer (also Fe2B phase), because of this boron diffusion 
through inner section of matrix become harder and growing 
of the boriding layer gets slower. 
 

Table 2. Boriding layer thickness versus process time. 
Boriding time 

(h) Layer Thickness (μm) 

2 49 
4 70 
6 81 

 
 
4. Conclusion 
 
From this study, the following results can be derived; 
 
The boriding nature of the borided microalloyed Erdemir 
3237 steel has saw-tooth morphology. 
 
As boriding time increases, the thickness of boriding layer 
raised from 49 m to 81 m. 
 
Microhardness measurements revealed that surface 
hardness increased and hardness variation through inner 
section of matrix become smoother by raising process time. 
 
XRD analysis showed that borided layer was consist of 
mainly Fe2B phase and, some amount of FeB by changing 
boriding duration. 
 
References 
 
[1] O.A .Gómez-Vargas , J. Solis-Romero, U. Figueroa-
López, M. Ortiz-Domínguez, J. Oseguera-Peña, A. Neville, 
Material Letters, 176 (2016) 261-264. 
[2] X. He, H. Xiao, M.F. Ozaydin, K. Balzuweit, H. Liang, 
Surface and Coatings Technology, 263 (2015) 21-26. 
[3] I. E. Campos-Silva, G. A. Rodríguez-Castro, Boriding 
to Improve the Mechanical Properties and Corrosion 
Resistance of Steels, Ed. By Mittemeijer & Sommers, 
Thermochemical Surface Engineering of Steels, Woodhead 
Publishing, 2014, Cambridge, UK. 
[4] V. Sista, O. Kahvecioglu, O.L. Eryilmaz, A. Erdemir,  
S. Timur, Thin Solid Films, 520 (2011) 1582-1588.  

[5] G. Kartal, O.L. Eryilmaz, G. Krumdick,  A. Erdemir, S. 
Timur, Applied surface Science, 257 (2011) 6928-6934.  
[6] F. Xiea, X. Yea, J. Chenga, L. Suna, Physics Procedia, 
50 (2013) 76-81. 
[7] G. Kartal, S. Timur, V. Sista, O.L. Eryilmaz, A. 
Erdemir, Surface & Coatings Technology, 206 (2011) 
2005-2011. 
[8] I. Campos-Silva, E. Hernández-Sánchez , G. Rodríguez-
Castro, H. Cimenoglu ,  J.L. Nava-Sánchez , A. Meneses-
Amador, R. Carrera-Espinoza, Surface&Coatings 
Technology, 232 (2013) 173-181. 
[9] H. Tavakoli, S.M. Mousavi Khoie, F. Rasooli, S.P.H. 
Marashi,  F. Momeni, Surface&Coatings Technology, 276 
(2015) 529-533. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

548 IMMC 2016   |   18th International Metallurgy & Materials Congress

Microstructure and Dry Sliding Wear Resistance of Pulse 
Plasma Modifi ed AISI 5140 Steel

Aysun Ayday, Volkan Ziya Bayhan, Mehmet Durman 

Sakarya University - Türkiye

 

Abstract 

In this work, AISI 5140 steel was pulse plasma 
treated (PPT) using a Molybdenum electrode in a 
gas mixture of C3H8, O2 and air to improve the 
surface hardness and wear resistance. The Pulse 
Plasma Treated surface has been characterized by 
Vickers microhardness measurements, Scanning 
Electron Microscopic (SEM) examination, X-ray 
Diffraction (XRD) and sliding wear assessment. 
After the surface modification microhardness 
measurements showed a significant increase in the 
hardness from 250 HV0,05  to 1000±50 HV0,05 . The 
XRD reveals that PPT layer consists of Fe, Fe3C, 
Fe7C, Mo, MoC phases. The wear tracks have been 
analyzed by SEM and Wear tribometer programs. 
PPT modifications displayed much better wear 
resistance performance than untreated steel. 

1. Introduction 
 
Steel is used in nearly every industry in the world, 
including transportation, home goods, construction, 
energy and agriculture because of its good strength, 
toughness and workability [1,2]. But steel which is 
used to produce sliding parts is required to have 
additional wear resistance. Coatings have become a 
key technology in a wide range of industries for 
engineering purposes like as increasing the wear 
resistance of the components. For example, PVD, 

CVD, electrochemical treatment, plasma spray 
processes currently being used [3-6]. Pulse Plasma 
Treatment is one of them for modified the surface 
to improve mechanical properties such as hardness, 
wear resistance and corrosion resistance [7]. The 
aims of the study was improve the surface 
properties of AISI 5140 steel to use expensive and 
hard find steels rather than low alloy steel groups. 
In the present study AISI 5140 steel modified by 
pulse plasma treatment and the microstructure, 
wear effect on treated layer were studied. 
 
2. Experimental procedures 
 
AISI 5140 steel was investigated. The dimensions 
of the cylindrical specimens were 20 mm diameter 
and 10 mm thickness, with chemical composition of 
0.42 C, 0.28 Si, 0.77 Mn, 0.84 Cr, 0.13 Ni, 0.054 
Mo, 0.064 S, 0.015 Cu, 0.019 P, Fe balance. Pulse 
Plasma treatment system used was made by 
Welding Institute, Ukraine and operated with 
explosive gases (C3H8, O2 and air) formed plasma 
jets. The schematic illustration of the pulse plasma 
technique applied for modification of the surface of 
samples was shown in Fig. 1. Schematic of PPT 
shows reaction chamber 1, consumable electrode 2, 
detonation device 3 and high-voltage power source 
4.  The number of pulse, battery capacity and 
nozzle distance varied as in Table 1.  

 
 
 
 
 
 
 
 
 

 

 

 

 
Figure.1 Schematic representation of the pulse plasma treatment system 
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Table 1. Pulse plasma treatment parameters and samples codes 

 
 
Morphology and microstructure of the coatings 
were carried out by Joel, JSM 6060-LU Scanning 
Electron Microscope (SEM). The Vickers hardness 
of brush plated coatings by electro-brush plating 
was measured through a Future Tech-Corp.FM-700 
with 50 g load for 10s. All wear tests were carried 
out under dry sliding conditions at ambient 
temperature using a reciprocating ball-on-disc 
friction and wear test machine. Tests were 
performed with nominal loads of 1-2-3 N and a 
sliding speed of 0,15 m/s for a total sliding distance 
of 500m. After the wear tests, width of wear scars 
were examined by SEM and calculated the wear 
rate by the program of CSM tribometer to examine 

whether any change in wear behavior occurred as a 
result of the applied surface treatment. 
 
3. Results and Discussion 
 
The cross-sectional microstructures of samples 
modified for 15 pulse at different specimen nozzle 
distances shown in Fig. 2. It can be clearly seen that 
M6 and M9 modified layer is more homogeneous, 
dense and successful coated (Fig 2b- Fig2.c). When 
the distance decrease to 60mm, the surface 
scattering occurred on M3 and the modified layer 
was not homogenous coated (Fig.2c). 

  

 

 

 

 
 
 
 
 
Figure.2. Optical micrographs showing the cross-section of coatings prepared by 15 pulse number             

(a) M3 (b) M6 (c) M9 
 
 
The hardness profiles of the pulse plasma modified 
samples shown in Fig. 3. All samples hardness 
improvement after PPT. The surface hardened 
depth increases as the pulse number of treatment 
increases. The nozzle-distance is an also important 
parameter in this process.  Sample distance to 
nozzle effect the hardness contrary. When the 

distance increase 60 mm than 80 mm hardness 
decrease nearly 200 HV0.05. Because the distance 
effect the diffusion mechanism. The maximum 
surface hardness to M3 samples modified layer was 
four times higher than that of the untreated surface 
(250 HV0.05)

Sample 
Code 

Specimen-nozzle 
distance (H) (mm) 

Nozzle- electrode 
distance (h) (mm) 

Capacity of 
battery (mF) 

Number of 
pulse (n) 

Electrode 

M0 Untreated Sample 

M1 60 10 800 5 Mo 

M2 60 10 800 10 Mo 

M3 60 10 800 15 Mo 

M4 70 10 800 5 Mo 

M5 70 10 800 10 Mo 

M6 70 10 800 15 Mo 

M7 80 10 800 5 Mo 

M8 80 10 800 10 Mo 

M9 80 10 800 15 Mo 

(a) (b) (c) 
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Figure 3. The hardness profiles of the pulse plasma modified samples 

Fig. 4 shows the X-ray patterns of coated layers 
formed on PPT after 15 pulse number. XRD results 
show that the layers are composed of -Fe, Fe3C, 
Fe7C3, MoC and Mo. The intensity of MoC 
diffraction lines was decrease when the nozzle 
distance increase to 80mm. That’s why the hardness 
was decrease for M7, M8, and M9 groups’ samples. 
SEM micrographs of worn surfaces of the uncoated 
and coated by 15 pulse number samples dry sliding 
against the alumina ball at room temperature are 
shown in Fig. 5. For the untreated samples, due to 
its low surface hardness, it can be observed that the 
worn surface is severely deformed and scored under 

the dry sliding wear condition. In Fig. 5(a), a lot of 
grooves, ridges and wear debris appear on the 
surface of the steel surface, which indicates that the 
main wear mechanism of the substrate is abrasive 
wear at room temperature. SEM micrographs of the 
worn surface of the PPT coated samples are shown 
in Fig. 5(b)-(d). A different mode of wear of the 
PPT surfaces under the same wear load conditions 
are observed, compared with the untreated samples. 
According to the figures, smooth worn surface 
without micro-cracks is observe on the samples.

Figure 4. X-ray diffraction patterns of coatings 
prepared by 15 pulse number samples (M3/M6/M9) 

 

 

 

 

 

 

 

 

Fig. 6 shows the wear rate for PPT coated 
specimens. It is clear that the wear resistance of 

modified by 15 pulse number was improved after 
PPT process, due to the higher surface hardness 
which limits plastic deformation of sublayer. 
M1/M2/M3 serious modified layer was not 
homogenous coated that’s why the wear rate is 
maximum on the other hand when the nozzle 
distance increase the modification affect decrease. 
The best wear rates are M4/M5/M6 which are 
coated with medium nozzle and sample distance. 
This result may be due to the high surface hardness 
and roughness (shown in Fig 2 (b)) of the PPT 
modification. 

 

Figure 6. Wear rate of all pulse plasma coated 
specimens 

 
 Figure 5. SEM micrographs of worn surfaces of  
samples (a) M0 (b) M3 (c) M6 (d) M9 
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4. Conclusions 
 
AISI 5140 steel samples were PPT treated by 
different parameters. After surface treatments, 
untreated and surface treated samples were tested in 
dry wear conditions. Results obtained from this 
study can be summarized as follows: 
It was determined that the pulse number increased 
the modified layer thickness and hardness values. 
The maximum hardness is 1025 HV0.05 measured 
for M3 samples. M6 and M9 modified layer is more 
homogeneous, dense and successful coated. M3 
modified layer was not homogenous coated. -Fe, 
Fe3C, Fe7C3, MoC were detected from the PPT 
samples. Modified with high pulse number samples 
showed higher wear resistance than both samples 
tested under the same conditions. M6 show the best 
wear result. 
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Abstract 
 
In this study, the effect of changing sample size on the 
distortion characteristics was investigated. For this purpose, 
MAG welded structural steel plates of various sizes were 
used. The joint geometry was in the fillet form. Mainly the 
deformation in the angular distortion form during welding 
was analysed. The role of phase transformations, expansion 
and shrinkage processes were discussed. The dependency 
of the geometry on the extend of distortion was initially 
evaluated by finite element analysis of the applied welding 
process. Finally some of the results were validated by 
deformation measurements and macro examinations on the 
welded samples. 
 
1. Introduction 
 
Welding is one of the most widely used joining methods in 
the metal using industries. Because of its flexibility and 
wide process varieties, a wide range of metallic materials 
from thin plates to the heavy structures can be joined 
together easily using the welding methods [1]. 
 
Among the various methods, MAG welding method is a 
good representative of the arc welding techniques. Due to 
the applicable high welding speeds, this process usually has 
the ability to use low line energies during welding [2] and 
[3]. 
 
However, due to the local heating and cooling character of 
welding methods, residual stresses and distortion may 
develop in the structures [4], [5] and [6]. The latter one 
weld dependent distortion causes usually additional time 
consuming costly work because of dimensional tolerances 
needed in the subsections or in the overall structures. [6] 
and [7]. 
  
Factors which are important on weld distortion can be 
classified in three groups: First group includes the physical 
and mechanical properties of the material; second group 
covers the dimensions of the structure and used joint size; 
finally the third group contains the welding related 
parameters and the clamping conditions. Each of these 
factors have their own influence on the distortion behavior 
of the structure [8] and [9]. 

 
Distortion control on the welded parts can be performed by 
using experimental techniques. However, these techniques 
do not always provide the best results, especially in the 
complex shaped or multipass welded structures [5] and [7]. 
 
One another method to predict the weld distortion and 
residual stresses is the finite element analysis [10]. In this 
technique numerical models representing the geometry and 
the boundary conditions of the welded structure are used. 
The solution can be obtained for any time period of the 
operation. In order to minimize the calculation time, 
optimization approaches are utilized. Many researchers 
have been used numerical methods to predict the distortion 
in the welded structures [1] and [4] to [12]. The methods 
differ in the assumptions in the formulation and the 
considered changes in the material properties [12] and [13]. 
 
In this study, effect of part length on the distortion 
characteristics of the fillet welded structural steel parts was 
investigated. In addition, effects caused by the differences 
in the material thicknesses were also compared. For this 
purpose initially finite element analysis software for weld 
simulation “SYSWELD 2016 solver together with Visual 
Environment 12” software were used. Using the numerical 
methods, two different thicknesses of the steels plates with 
different sizes were virtually welded.  Finally, the obtained 
results were compared with the welded sections produced 
in the controlled laboratory conditions. 
 
2. Experimental Procedure 
 
In the frame of the defined work, S355J2 (EN 10025-2) 
structural steel samples of 4 mm and 6 mm thicknesses 
were welded in T joint geometry. The size of the plates was 
changed according to a plan as given in Table 1. The 
samples were joined together with a single sided single 
seam weld bead. The joint geometry was represented in 
Figure 1. The parts were welded under two boundary 
conditions: free and clamped. The clamp locations were 
represented in Figure 2. 
 
The study was started with the mesh model preparation of 
the given geometries in Visual Mesh module of the Visual 
Environment software. In the mesh model mainly quadratic 
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3D elements of minimum 1.0 mm size was used. The weld 
bead was modeled as an ideal triangle cross-section. The 
model was also included the weld start and stop points and 
the heat source path as the weld definition. 
 

Table 1. Experiments program: The size of the samples. 

Sample Nr. Sample Size Clamping 
condition 

6-1 6x40x200 mm Free 
6-2 6x40x100 mm Free  
6-3 6x40x50 mm Free  
4-1 4x40x200 mm Free 
4-2 4x40x100 mm Free 
4-3 4x40x50 mm Free 
6-1f 6x40x200 mm Fixed 
6-2f 6x40x100 mm Fixed 
6-3f 6x40x50 mm Fixed 
4-1f 4x40x200 mm Fixed 
4-2f 4x40x100 mm Fixed 
4-3f 4x40x50 mm Fixed 

 

 
Figure 1. Single sided fillet weld geometry.  

 

 
Figure 2. Clamp locations for fixed condition. Clamps 

fixed the longitunal faces of the bottom plate. 
 

The material properties and the welding conditions were 
defined in the Visual Weld module of the Visual 
Environment software. All the materials were defined in 
the nominal S355J2 chemical composition which contains 
0.18%C, 0.55%Si, 1.6%Mn, 0.035%S and 0.035%P. The 
phase changes during heating period of the material were 
defined in reactions tables. In addition, the phase 
formations during cooling periods were defined in the CCT 
diagram (Figure 3) of the given material. The temperature 
dependent physical property changes of each phase that 
could present were defined individually. For that purpose 
mainly the temperature dependent density (given as an 
example in Figure 4), thermal conductivity and specific 
heat changes were defined. In order to define the 

temperature dependency in mechanical properties, changes 
in the density, poisons ratio, yield strength (Figure 5) and 
flow stress were given as the material property. In the 
initial material properties no directional changes and no 
internal stresses were assumed.   
 

 
Figure 3. CCT diagram used for S355J2 material 

 

 
Figure 4. Temperature dependent density change for 

S355J2 material 
 

 
Figure 5. Temperature dependent yield strength change for 

each phase present in S355J2 material 
 

The boundary conditions were defined as clamps 
(mechanically) and free air cooling surfaces (thermally). 
The samples were assumed to be cooled from all open 
surfaces uniformly. 
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The applied arc welding parameters were given in Table 2. 
These parameters were defined with 80% efficiency. The 
filler wire diameter was selected as 1.2 mm. The welding 
parameters were selected as to be applied both for 6 and 4 
mm thick fillet welds under horizontal welding position. 
 

Table 2. Applied welding parameters. 
Parameter Value 

Welding current 160 A 
Welding voltage 23 V 
Travel speed 4.1 mm/s 
Throat thickness 4.5 mm 

 
Samples 4-1, 6-1, 4-2, 4-2f, 4-3 and 4-3f are welded under 
real conditions. The free and clamped conditions of the 
welded samples can be seen in Figure 6.   
 

  
Figure 6. Welded samples under free and clamped 
conditions. (Left: Sample 6-1) (Right: Sample 4-3f) 

 
Each of the samples given in Table 1 was virtually welded 
using the given conditions. The distortion results obtained 
were compared. 
 
The calibration of the data was controlled using the 
penetration depth comparison and angular distortion of the 
real and calculated weld cross-sections.  
 
3. Results and Discussion 
 
The results of the calculated models have shown that the 
weld joint has caused size changes in longitudinal, in short 
transverse and transverse directions. The main deformation 
observed was due to the transverse size change which was 
reflected as angular distortion in the fillet weld. Because of 
this fact, in order to establish the effect of the sample size 
change the results of the distortion angles obtained between 
the horizontal and vertical positioned plates were compared 
(Figure 7). The comparison was mainly focused on the start 
and end zones of the samples. Figures 8 and 9 gives the 
distortion results of the samples welded in free conditions.  
Figures 10 and 11 gives the distortion results of the samples 
welded in fixed condition. In general, the unclamped cases 
show that the amount of distortion is higher at the end of 
the weld seams; that means the angle between the plates is 
getting lower at that location (Figures 8 and 9). In addition, 
as the length of the plates getting shorter, the degree of the 
deformation tends to increase.  
 

 
 

Figure 7. Points of distortion angle measurements (start 
and end of the weld seam). 

 

 
Figure 8. Distortion angles on the 4 mm thick sample. 

 

 
Figure 9. Distortion angles on the 6 mm thick sample. 

 

 
Figure 10. Distortion angles on the 4 mm thick fixed 

sample. 
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Figure 11. Distortion angles on the 6 mm thick fixed 

sample. 
 

The reason of the increase in the angular deformation with 
the decreased length of sample could be related with the 
heat accumulation at the edges during welding due to the 
reflected heat at the ends. The effect is getting clearer as the 
thickness of the sample was increased. In addition, the end 
of the weld seam was affected more as compared with the 
start point. 
 
Fixing of the horizontal plate of the sample has reduced the 
degree of the distortion in all cases. However, still the small 
sized sample lengths caused more distortion (Figures 10 
and 11). 
 
In order to find out the reason of the differences in the 
deformation degree in the different sized samples, the 
cooling rates of the start and end of the weld seams were 
compared. The results have shown that there is a clear 
difference between the sizes of the temperature fields 
obtained between the samples with different lengths. 
 
The reason of the distortion in the steel samples can be 
explained with the local expansion due to local heating and 
local plastic deformation due to the decreased flow stress 
values at higher temperatures. In addition, the non-
equilibrium phase transformations due to the different 
cooling rates and the differences in the strength values of 
the attained phase compositions leads in the variations in 
the deformation profiles in the different sized samples. 
 
The calculated results and the distortion and phase 
transformation observations on the real weld samples show 
a clear tendency similarity. Although the model did not 
consider the directional property differences, initial internal 
stress state, irregularities in the real welding conditions, the 
obtained calculations results show 90 to 80 % similarities 
in the results.  

 
4. Conclusion 
 
The study has aimed to show the effect of changing sample 
size on the distortion characteristics. From the solutions of 

the validated finite element models of the planned samples 
following conclusions could be drawn:  
 
The sample size is effective on the temperature profiles 
obtained on the welded section. The temperature fields at 
the start and at the end of the weld seam directly affects the 
extend of the deformation state on the sample. In addition, 
phase transformations have a role on the obtained 
deformation results. 
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Abstract  
 
The aim of this study is to investigate the effects of 
induction hardening heat treatment on the wear 
properties of GGG60 ductile cast iron for cam shaft 
production. For this purpose, cam shafts have been 
produced by sand mould casting method.  For nodulizing 
process, Fe-Si-Mg alloy has been used and Fe-Si-Ba-Ca-
Al alloy has been for inoculation process. The casting 
has been done between 1410-1420 oC and the pouring 
time was in between 11-13 sec. After that, surface 
hardening process was conducted by induction hardening 
machine with medium frequency.  Microstructure  of 
camshafts have been examined by optical and 
mechanical tests (hardness and wear tests) have been 
performed. Results show that induction hardening heat 
treatment increases the wear resistance of cam shaft as-
cast condition. The weight loss of induction hardened 
cam shaft  has %78 lower than that of the as-cast 
condition. 
 
Özet 
 
Bu çal man n amac , GGG60 analizindeki dökme demir 
kam millerinin, a nma özelliklerine indüksiyon ile 
sertle tirme s l i leminin etkilerini ara t rmakt r. Bu 
amaçla, kum kal ba döküm yöntemi ile kam millerinin 
üretimi gerçekle tirilmi tir. Küreselle tirme i lemi için, 
Fe-Si-Mg ala m  kullan lm t r ve Fe-Si-Ba-Ca-Al 
ala m  ile a lama i lemi yap lm t r. Döküm i lemi 
1410-1420°C aras nda yap lm  ve döküm zaman  11-13 
sn aras nda olmu tur. Daha sonra, orta frekans 
indüksiyon sertle tirme tezgah  ile yüzey sertle tirme 
i lemi gerçekle tirilmi tir. Kam mili numunelerine optik 
mikroskop ile mikroyap  analizi ve mekanik testler 
(sertlik ve a nma) yap lm t r. ndüksiyon ile 
sertle tirme s l i lemi dökülmü  ko ullara göre kam 
milinin a nma direncini art rd n  göstermektedir. 
Dökülmü  ko ullara göre indüksiyon ile sertle tirme 
i lemi sonras  a nma kayb  %78 daha az olmu tur. 
 
1. Giri  
 
Binek araç motorlar nda kullan lan eksantrik millerin 
üretimi, uygun döküm ve tala l  imalat yöntemleri ile 
gerçekle tirilmektedir.  

Günümüzde eksantrik milleri gri dökme demirden, birçok 
avantajlar  nedeniyle küresel grafitli dökme demirlerden 
ve çelik malzemeden i lenerek üretilmektedirler [1-2]. 
 
Küresel grafitli dökme demirlerin (KGDD) üretimleri 
tala l  imalat yöntemlerine göre daha kolay ve üretim 
maliyetleri aç s ndan daha uygundur. Ayr ca çeliklere 
göre %10 daha hafiftir. Bu avantajlar  KGDD’leri 
endüstriyel uygulamalar için cazip hale getirmi tir. Bu 
üstün özelliklerin bir sonucu olarak da pek çok alanda 
kullan lmaya ba lanm  ve pek çok ara t rman n da 
konusu olmu tur [1-2]. ndüksiyon ile sertle tirilmi  
KGDD’ler otomotiv sektöründe motorlarda önemli 
görevi olan kam mili gibi a nma a nma, yorulma ve 
çekme dayan mlar n n iyi olmas  gereken yap sal 
elemanlarda s kça kullan lmaktad r [3-5]. 
 
KGDD’lerde indüksiyon ile yüzey sertle time i lemiyle 
çelik malzemelere göre farkl  yap  olu maktad r. 
Dolays yla, farkl  mekanik özelliklere sahip olmakta ve 
literature incelendi inde bu konu üzerinde halen 
çal malar devam etmektedir [6-9].  
 
Bu çal mada, indüksiyon ile yüzey  sertle tirme 
i leminin, dökülmü  ko ullardaki farkl  boyut ve 
geometrilerdeki küçük kesitli kam millerinin mikroyap  
ve a nma dayan m özellikleri üzerine etkisi 
ara t r lm t r. 
 
2. Deneysel Çal malar 
 
2.1. Malzeme ve Metot 
 
Kam millerinin dökümünde kullan lacak kal p kumu 
Eirich mikserde kum haz rlama talimat na göre 
haz rlanm  ve küresel grafitli dökümde istenilen 
özelliklere (ya  basma mukavemeti, ya  kesme 
mukavemeti, gaz geçirgenli i, kum elek analizi, nem 
oran , kömür tozu oran , aktif bentonit oran ) sahip  
döküm kumu haz rlanm t r.  Kum kal plar n n 
haz rlanmas  ise tam otomatik HWS preste kal plama 
talimat na göre kal planm  ve kal p sertlikleri 
ölçülmü tür. Deneysel çal malarda, kam mili 
üretiminde kullan lan GGG60 kalite küresel grafitli 
dökme demire ait kimyasal bile imi Tablo1’de 
verilmi tir.  
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Tablo 1. Dökümü yap lan kam milinin kimyasal analizi 
C Si Mn P S Mg Cr Ni Mo 

3,45 2,46 0,15 0,038 0,017 0,04 0,075 0,043 0,02 

Cu Al Ti V Nb W Co Sn Fe 

0,85 0,005 0,01 0,005 0,002 0,003 0,001 0,003 Kalan 

 
Ergitme i lemi indüksiyon ocaklar nda yap lm t r. Metal 
analizi, spektrometre ve Atas Termal Analiz cihaz  ile 
beraber yap larak kontrol edilmi  ve analiz 
do rulanm t r. 1550-1570°C aral ndaki metal, 
içerisinde Fe-Si-Mg bulunan küresel grafitli dökme 
demir tretman potas na al narak küreselle tirme i lemi 
yap lm t r. Metal döküm potas na al n rken Fe-Si-Ba-
Ca-Al ala m ile a lama yap larak döküm hatt na 
geçilmi tir. Kam milleri için kal p doldurma h z  11-13 
sn, döküm s cakl  ise 1410-1420 °C aras nda olacak 
ekilde kam mili döküm i lemi yap lm t r. Döküm 

s ras nda potadaki s v  metalin s cakl  lazer tipi 
termokupl ile kontrol edilerek 1410±10oC aral nda 
olmas  sa lanm t r.  
 
Kam milleri kal ptan ç kar ld ktan sonra kumlama 
cihaz nda yüzeyindeki kalan kumlar temizlenmi tir. Kam 
millerinin yolluk ve besleyicileri kesilerek ayr lm  ve 
yüzeyleri CNC tezgâhlarda ta lanm t r. Dökümü 
yap lan kam millerinden kesit al narak kimyasal analiz, 
sertlik ve mikro yap  kontrolü yap lm t r.  
 
2.2. Is l i lem 
 
Dökülmü  ko ullardaki kam milleri numuneleri, orta 
frekansl  indüksiyonla yüzey sertle tirme tezgah nda 
sertle tirme i lemi yap l rken termal kamera ile s cakl k 
kontrolü sa lanm t r.  Sertle tirme i lemi kam mili 
üzerinde farkl  boyut ve geometrilerde bulunan her bir 
kam için 4-6s süre uygulanarak, mikroyap  de i imi 
sa lanm t r. 
 
2.3. Metalografik i lemler 
 
Is l i lem uygulanm  kam mili numuneleri standart 
metalografik yöntemlerle (bakalite alma-z mparalama-
parlatma) mikroyap  incelemeleri için haz r hale 
getirilmi tir. Parlatma yap lm  görüntüleri al nm  ve 
sonras nda numunelere % 2’lik Nital çözeltisi 
kullan larak da lama i lemleri yap lm t r. Bütün 
mikroyap lar n görüntüleri Nikon MA200 optik 
mikroskop ve Clemex Vision Lite görüntü analiz 
program  ile al nm t r. Metalografik inceleme ile; 
%küreselle me, küre say s , küre boyutu, grafit hacim 
oran , ferrit hacim oran  ve perlit hacim oran  analizleri 
15 bölgeden ölçümler al narak yap lm t r.  
 
2.4. Mekanik testler 
 
Sertlik testleri 
 
Dökülmü  ko ullarda ki kam millerinin üzerinde bulunan 
her bir kam n göbek sertlikleri Instron Wolpert marka 

Brinell sertlik ölçüm cihaz  kullan larak 750 kgf yük 
uygulanarak ölçülmü tür. ndüksiyonla yüzey 
sertle tirme i lemi sonras  ise her bir kam n yüzey 
sertlikleri Instron Wolpert marka Rockwell sertlik ölçüm 
cihaz  kullan larak 150 kgf yük uygulanarak 4 yüzeyden 
de ölçülmü tür. 
 
A nma testleri 
 
A nma testleri için dökülmü  ko ullarda ve  s l i lem 
görmü  ko ullardaki kam millerinin üzerinde bulunan her 
bir kam bölgesinden kesitler al narak a nma testi için 
haz r hale getirilmi tir. A nma testi için UTS T10/20 
marka pin-on disk tipi kuru sürtünme test düzene i 
(tribometre) kullan lm t r.  
 
“Pin-on-disk” tipi kuru sürtünme testi ASTM G99-05 
standard na uygun olarak, farkl  yüklerde, sabit mesafede 
ve sabit dönme h z nda gerçekle tirildikten sonra optik 
mikroskop ile a nma yüzeyleri hem numune üzerinde 
hem a nd r c  kar t parça olan bilye üzerinde incelenmi  
ve ölçümler yap lm t r.  ASTM G99-05 standard  a nma 
hacminin ölçülmesini temel ald ndan numune ve bilye 
üzerindeki a nma hacimsel kay plar  do rudan ölçüm ve 
ilgili standartta belirtilen matematiksel ba nt lar 
kullan larak hesaplanm t r. Çal mada kullan lan a nma 
test parametreleri Tablo 2’de görülmektedir. 
 

Tablo 2. A nma test parametreleri 
Test Parametresi Test 1 Test 2 
A nd r c  Bilye 100Cr6 100Cr6 

Bilye Sertli i (HRC) 65 65 
Bilye Çap  (mm) 5 5 
Nominal Yük (N) 10 30 

Disk Dönme H z  (rpm) 300 300 
Kayma H z  (m/s) 0,095 0,095 

Mesafe (m) 500 500 
S cakl k (°C) RT RT 

 
3. Sonuçlar ve Tart ma 
 
3.1. Mikroyap  
 
Clemex Vision Lite görüntü analiz program  ile yap lan 
mikroyap  analiz sonuçlar  Tablo 3’de verilmi tir. 
Tablodan da görülece i gibi; %küreselle me oran , küre 
say s , küre boyutu, grafit, ferrit ve perlit hacim oranlar  
birbirine yak n de erler olup, GGG60 dökme demir 
standartlar nda istenilen de erlere ula ld  
görülmektedir.  Kam mili üretiminde uygulanan 
metodun do ru ve güvenilir oldu unu göstermi tir. 
 

Tablo 3. Mikroyap  analiz sonuçlar  

Numune Küre elle me  
(%) 

Küre 
Say s  
(mm2) 

Küre 
Boyutu 

(m ) 

Grafit 
Hacim 
Oran  
 (%) 

Ferrit 
Hacim 
Oran  
 (%) 

Perlit 
Hacim 
Oran  
 (%) 

1 89 322 26,5 15,33 26,45 58,22 
2 90 343 28,3 16,71 25,32 57,97 

3 88 306 24,7 14,93 27,94 57,13 
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Kam mili mikroyap s  ekil 1’de verilmi  olup perlitik-
ferritik bir mikroyap ya sahiptir. Mikroyap da siyah olan 
bölgeler küre grafitleri, beyaz olan bölgeler ferriti ve gri 
olan bölgeler ise perlit fazlar n  göstermektedir.  
 

 
                           a    

 
                           b 

ekil 1. Döküm kam miline ait mikroyap lar; a) 100X, 
b) 500X 

 
ndüksiyon sertle tirme s l i lemi ile küre grafit 

özelliklerinin de i medi i ve kam mili göbe inde ise 
mikroyap n n yine perlitik-ferritik yap  oldu u tespit 
edilmi tir ( ekil 2). Sadece yüzeyde 2,0-3,5 mm 
kal nl nda genel anlamda martensitik yap n n oldu u 
tespit edilmi tir. Bununla birlikte dönü memi  kal nt  
östenit ve yer yer i nesel ferrit taneleri düzeninde matris 
yap lar  gözlemlenmi tir. 
 

  
a 

                          a 

 
                          b 

ekil 2. ndüksiyon ile sertle tirilmi  kam miline ait 
mikroyap lar; a) 100X, b) 500X 

 
 
 

3.3. Mekanik testler 
 
Sertlik testleri 
 
Kam mili göbe i daha yava  so udu u için daha 
yumu ak oldu undan Brinell sertlik de eri olarak 
ölçülürken yüzey daha h zl  so udu u için Rockwell 
sertlik ile ölçüm al nd . ndüksiyonla sertle tirilmi  kam 
milinin göbek sertli i döküm kam milinin göbek 
sertli inden %33 daha fazla oldu u tespit edilmi tir. 
Bunun nedeni ise indüksiyonla sertle tirme esnas nda s  
transferi sonucu göbe in östenitleme s cakl n n üzerine 
ç k p su verildi i zaman ise kat la ma esnas ndaki kal p 
içindeki so umadan daha h zl  so umas  sonucunda 
olu tu u dü ünülmektedir. Yüzey sertlikleri 
k yasland nda ise; mikroyap  farkl l klar nda 
olu maktad r. ndüksiyonla sertle tirme i lemi ile kam 
mili yüzeyinde martensitik mikroyap  elde edilmi , 
döküm kam milinde ise perlitik-ferritik yap ya sahip 
olmas ndan kaynaklanmaktad r. 
 
 
 
 
 
 
 
 
 
 
 
 
                  a                                                    b 

 
ekil 3. Kam millerine ait sertlik sonuçlar ; a)Döküm,  

b) indüksiyonla sertle tirilmi  
 

A nma testleri 
 
A nma testi her bir yük için üçer adet test yap lm  olup 
ortalamalar  hesaplanm t r. A nma test sonuçlar  ekil 
4’de verilmi tir. Sonuçlardan da görülece i gibi hem 
döküm hem de indüksiyonla sertle tirilmi  kam 
millerinde yük artt kça, sürtünme katsay s , kam milinde 
a nma miktar  ve bilyedeki a nma miktar  artmaktad r. 
Ancak indüksiyonla yüzey sertle tirilmi  kam milinde 
a nma kayb  daha az oldu u görülmektedir. Bununda 
nedeni; yüzeyde martensit faz ndan kaynaklanan yüzey 
sertli inin artm  olmas ndand r. Döküm kam milinin 
sertli i daha dü ük olup a nma kayb  daha fazlad r. En 
dü ük a nma miktar  10 N yük alt nda indüksiyonla 
sertle tirilmi  kam milinde tespit edilmi tir. En yüksek 
a nma miktar  ise 30 N yük alt nda döküm kam milinde 
elde edilmi tir. A nd r c  olarak kullan lan bilyedeki en 
yüksek a nma miktar  30 N yük alt nda, döküm kam 
milinin a nmas nda elde edilmi tir. Çünkü en yüksek 
sürtünme katsay s  bu testte elde edilmi tir. Dolays yla 
sürtünme katsay s  artt kça a nma miktar  da 
artmaktad r. En dü ük sürtünme katsay s  ise 10 N yük 
alt nda indüksiyonla sertle tirilmi  kam mili testinde 
tespit edilmi tir. 

HB 
263±3 
258±2 
267±4 

HRc  
33,7±1  
31,6±1 
32,9±1 

34,6±1 
32,3±1 
32,8±1 

35,3±1 
34,8±1 
36,5±1 

35,8±1 
34,1±1 
35,2±1 

HB 
318±5 
338±3 
344±2 

HRc 
60,8±1 
62,4±1 
62,8±1 

b

61,3±1 
62,7±1 
62,5±1 

61,5±1 
62,6±1 
63,0±1 

62,1±1 
63,3±1 
63,7±1 
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ekil 4. A nma testi sonuçlar  

 

Döküm ko ullar ndaki kam mili numunelerinin a nm  
yüzeylerinin optik mikroskop görüntüleri ( ekil 5.) 
incelendi inde 10N yük alt nda adhezif bir a nma 
mekanizmas  görülürken yükün artmas  ile birlikte 
abrasif a nma görülmektedir.  
 

 
                     a                                            b 

 
                     c                                            d 

ekil 5. Döküm ko ullar nda a nm  yüzeylerin optik 
mikroskop görüntüleri; a) numune yüzeyi, 10 N b) bilye 

yüzeyi, 10 N c) numune yüzeyi, 30 N d) bilye yüzeyi, 
30N 

 

ndüksiyon ile sertle tirilmi  kam mili numunelerinin 
a nm  yüzeylerinin optik mikroskop görüntüleri ( ekil 
6.) incelendi inde abrasif a nma oldu u görülmektedir.  
 

 
                     a                                            b 

 
                    c                                            d 

ekil 6. ndüksiyon ile yüzey sertle tirilmi  
ko ullardaki a nm  yüzeylerin optik mikroskop 

görüntüleri; a) numune yüzeyi, 10 N b) bilye yüzeyi, 10 
N c) numune yüzeyi, 30 N d) bilye yüzeyi, 30N 

4. Sonuçlar 
 
Küresel grafitli kam mili numunelerine indüksiyonla 
yüzey sertle tirme i leminin, mikroyap  ve a nma 
dayan m  özelliklerinin ara t r ld  bu çal mada 
a a daki sonuçlar elde edilmi tir; 
 
1. Dökülmü  ko ullardaki kam mili numunelerin 
mikroyap lar  küresel grafit nodülleri ve ferritik/perlitik 
bir matris yap s  içerirken yüzeyi indüksiyon ile 
sertle tirilmi  numunelerin mikroyap lar  küresel 
grafitleri bar nd rmakla birlikte genel anlamda ince 
martenzitik, yer yer dönü memi  kal nt  östenit ve yer 
yer i nesel ferrit taneleri düzeninde matris yap lar  
gözlemlenmi tir.  
 
2. GGG60 s n f  küresel grafitli dökme demire 
uygulanan indüksiyonla yüzey sertle tirme s l i lemi, 
küresel grafitli dökme demirin göbek sertlik de erini 
258 HB’den 344 HB’ye yüzey sertlik de erini ise 31,6 
HRc’den 63,3 HRc’ye ç kartm t r. 
 
3. GGG60 s n f  küresel grafitli kam mili numunelerine 
uygulanan indüksiyonla yüzey sertle tirme s l i lemi, 
dökülmü  ko ullardaki kam mili numunelerine göre 
a nma dayan m n  %65-80 oran nda art rm t r. 
 
4. A nma numuneleri incelendi inde 10N yük alt nda 
adhezif a nma mekanizmas  görülürken, yükün artmas  
ile birlikte abrasif a nma mekanizmas  görülmektedir. 
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Abstract 
 
In this study, mechanical behavior of iron base (Fe-0.8 C-
2.0 Cu-1,5 Ni-1.8 Mo-0.2 B (%wt)) metal matrix composite 
(MMC) by powder metallurgy was investigated for gear 
production. MMC has produced by warm compaction 
method followed by free sintering in controlled Ar gas 
atmosphere. Green composite has produced under 650 MPa 
pressure at 160 oC temperature. The green products have 
been sintered various temperatures (1050, 1150 and 
1250oC) and time (30, 60 and 90 min). Mechanical tests 
(hardness and wear tests) have been conducted. The 
microstructure and the worn surfaces of the samples have 
been examined under scanning electron microscopy (SEM) 
and analyzed by energy dispersive spectroscopy (EDS) and 
X-ray diffraction method (XRD). The results have showed 
that hardness and wear resistance of the samples increases 
with increasing temperature and time. Effect of sintering 
temperature is greater than sintering time. The highest 
hardness and wear resistance have been obtained at the 
composite sample produced at 1250oC sintering 
temperature and 90 min sintering time.  
 
Özet 
 
Bu çal mada toz metalurjisi yöntemi ile üretilmi  demir 
esasl  (Fe-0.8 C-2.0 Cu-1,5 Ni-1.8 Mo-0.2 B (%A )) metal 
matrisli kompozitin di li üretimi için mekanik davran lar  
incelenmi tir. MMK l k kompaktlama yöntemi ile 
üretilmi  ve kontrollü Ar gaz atmosferinde sinterlenmi tir. 
Tozlar 650 MPa bas nç alt nda 160 oC’de preslenmi tir. 
Ye il numune (green sample) çe itli s cakl klarda (1050, 
1150 ve 1250oC) ve sürelerde(30, 60 ve 90 dk.) 
sinterlenmi tir. Sertlik ve a nma testleri 
gerçekle tirilmi tir. Numunelerin a nma yüzeyleri ve 
mikroyap lar  taramal  elektron mikroskobunda (SEM), 
enerji da l m  spektroskopisinde (EDS) ve X n  
difraksiyon yöntemi ile (XRD) analiz edilmi tir. Sonuçlar 
göstermi tir ki artan sinterleme s cakl  ve zamana göre 
numunelerin sertlik ve a nma direnci artm t r. Sinterleme 
s cakl  etkisi sinterleme süresinden daha yüksek 

ç km t r. En yüksek sertlik ve a nma direnci 1250oC’de 
90 dk sinterlenen kompozit numunelerde elde edilmi tir.  
 
1. Giri  
 
Toz Metalurjisi (T/M) teknolojisi, metal tozlar n n üretimi, 
kar t rma, kal pta ön ekillendirme, sinterleme ve sinter 
sonras  i lemleri içeren parça üretim yöntemidir [1-2]. 
 
Günümüzde ticari anlamda demir esasl  T/M metal 
parçalar, bu malzemelere s l i lem uygulanabilmesi ve 
kullan m ömürlerinin uzun olmas  nedeniyle ön plana 
ç kmaktad r. Fe-Cu ve Fe-Cu-C T/M parçalar endüstriyel 
aç dan önemli olup sertlik, yüksek dayan m ve a nma 
direnci gereken birçok uygulamalarda kullan lmaktad r. 
Otomotiv endüstrisinde özellikle eksantrik mili, ba lant  
çubuklar , zincir di lisi, kasnak, çe itli valfler, kavrama 
ayar halkalar , türbin kol dönü türücüleri, ya  pompas  
di lileri gibi bir çok uygulamalarda toz metalürjisi 
yöntemleri ile üretilen Fe esasl  malzemeler 
kullan lmaktad r [3]. 
 
T/M yöntemlerinde so uk presleme i lemi ile parçaya 
ön ekil (preform) verilip, farkl  sinterleme yöntemleri 
kullan lmaktad r (serbest sinterleme, s cak preste 
sinterleme, s cak isostatik sinterleme, spark plazma 
sinterleme, mikrodalga sinterlemesi gibi). Bu çal mada ise 
l k kompaktlama (warm compaction)  yani s cakl k 

kullan larak ön ekil verme i lemi gerçekle tirilmi tir. Bu 
i lemde metal tozlar  kal p içinde veya d ar da 90-150°C 
aras nda s t lm  kal p içerisinde s k t r l r. Bu yöntemle 
sinterlenmi  numune so uk presleme ile üretilen numuneye 
göre 2 kat daha fazla dayan m göstermektedir [4-9]. Il k 
kompaktlanm  sinterlenen numunelerin yo unluklar nda 
0,1-0,25 g/cm3 art  gözlenmektedir [10-11]. 
 
Bu çal mada l k kompaktlama (warm compaction) 
yöntemi ile üretilmi  Fe esasl  (Fe-0.8 C-2.0 Cu-1,5 Ni-1.8 
Mo-0.2 B (%A )) metal matrisli kompozitin di li üretimi 
için mekanik davran lar  incelenmi tir. 
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2. Deneysel Çal malar 
 
Bu çal ma için %99.9 safl kta 6 adet metal tozu 
kullan lm t r. Parçalar n üretiminde kullan lan tozlardan 
Fe(<68 μm) tozu Baymet Metal Sanayi ve Ticaret A. ’ 
den, Cu (<44μm), Ni (<73 μm) ve Mo (<88 μm) tozu 
ABCR firmas ndan, Amorf B tozu Ying Kou Tan yun 
Chemical Research Institute Co.,Ltd firmas ndan temin 
edilmi tir. Fe tozuna %0,8 C, %2 Cu, %1,5 Ni, %1,8 Mo, 
%0,2 B bor tozu ve %0,6 Zn stearat ya lay c  ilave edilerek 
turbula mikserde 30 dakika kar t r lm t r. Haz rlanan toz 
kompozisyonu 160 °C s cakl a s t lan kal pta 650 MPa 
bas nç alt nda preslenerek 10 mm çap nda 15 mm 
yüksekli inde silindirik numuneler elde edilmi tir. 
Numuneler 1050-1150-1250 oC s cakl klarda 30, 60 ve 90 
dakika sinterleme i lemleri gerçekle tirilmi tir. Deneysel 
çal malarda 30, 60 ve 90 dakika sinterleme i lemi 
gerçekle tirilen numunelerin sertlik ve yo unluk de erleri 
ölçülmü  mikro yap  analizleri yap lm t r. En iyi sertlik 
de erlerini veren 90 dakikada sinterlenmi  numunelerin 
a nma testleri gerçekle tirilmi tir. 90 dakikada sinterlenen 
numunelerin a nma yüzeylerinin ve malzeme yap s n n 
SEM+EDS ve XRD analizleri yap lm t r. Analizler 
sonucunda sinterleme s cakl n n ve süresinin di li 
üretiminde kullan lacak yeni kompozit malzemenin 
özelliklerine etkileri ara t r lm t r. 
 
3. Sonuçlar ve Tart ma 
3.1. Sertlik sonuçlar  
 
Sertlik deneyleri INSTRON-WOLPERT makro sertlik 
ölçme cihaz nda 60 kgf yükle al nan Rockwell A yüzey 
sertlik yöntemi ile 10 kg ön yük kullan larak ölçümler 
yap lm t r. Her bir numune için 5 adet sertlik ölçümü 
yap lm  ve sertlik ortalamalar  tablo.1’de verilmi tir. 
Kompozit malzemenin teorik yo unlu u 7,89 g/cm3 
hesaplanm t r. Deneysel yo unluk ise Archimed’s terazisi 
kullan larak ölçülmü tür. 
 

Tablo 1. Sertlik ve yo unluk ölçüm sonuçlar  
T (°C) Süre deneysel g/cm3) %Porozite HRa 

30 dk 6,8 13,8 35,67 
60 dk 6,85 13,2 36,12 1050  
90 dk 6,88 12,8 38,03 
30 dk 6,9 12,5 35,93 
60 dk 6,95 11,9 41,72 1150  
90 dk 6,97 11,7 43,6 
30 dk 7,05 10,6 46,3 
60 dk 7,1 10 48,6 1250  
90 dk 7,1 10 54,48 

 
Sinterleme s cakl na ve süresine paralel olarak en yüksek 
s cakl k ve sinterleme süresinde en iyi sertlik ve yo unluk 
de erleri elde edilmi tir. En iyi sertlik de eri 1250°C’de 90 
dakika sinterlenen numunede elde edilmi tir. En Yüksek 
porozite miktar  1050°C’de 30 dk sinterlenen  numunede 

rastlanm t r. S cakl k ve zaman artt kça porozite miktar  
azalmakta oldu u görülmektedir. 
 
3.2. Mikro yap  sonuçlar  
 
Deney numunelerinin mikro yap lar n  incelemek için 
bakalite al nan numuneler s ras yla 180, 400, 600, 800 
gridlik z mparalarla z mparalanm  9 ve 3 m’luk elmas 
pasta süspansiyonu ile çuha üzerinde parlat lm t r. 
 
Parlatma sonras  %2 nital da lay c  kullan larak da lama 
yap lm  ve Nikon Eclipse MA200 optik mikroskop 
kullan larak mikroyap lar incelenmi tir. ekil 1’de 100X 
büyütmede çekilmi  mikroyap  foto raflar  verilmi tir. 
 

1050 °C 
30 dk 60 dk 90 dk 

 
1150 °C 

30 dk 60 dk 90 dk 

 
1250 °C 

30 dk 60 dk 90 dk 

 
ekil 1. nceleme yap lan numunelerin (100X) Mikroyap  

foto raflar  
 

Artan sinterleme s cakl na ve sinterleme süresine paralel 
mikroyap  da  Cu’ n matris içinde çözünürlü ünün artt  
ve tane s n r na çökeldi i gözlemlenmektedir. Mo ve C 
ilavesi ferritik ve bölgesel beynitik yap lar n olu umuna 
neden olmu tur. Artan s cakl k ile birlikte ferrit tanelerinin 
ekil ve da l m n n de i ti i görülmü tür. 

 
3.3. A nma sonuçlar  
 
A nma deneyi için en iyi sertlik de erlerini veren 90 dk 
sinterlenmi  deney numunelerine test uygulanm t r. Deney 
numunelerinin a nma testleri Nanovea marka “Ball-on-
disk” tipi kuru sürtünme ortam nda 300 rpm’de 100 m 
mesafede ASTM G99-05 standard na uygun olarak 
yap lm t r. 
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Numuneler ve 100Cr6 bilye test öncesi hassas laboratuvar 
tipi terazi ile tart larak test sonras  a nma kayb  
belirlenmi tir. 
 

 
ekil 2. 1050°C-1150°C-1250°C s cakl klar nda 90 dakika 

sinterlenen numunelerin a nma test de erleri 
 

A nma de erlerinde sürtünme katsay s  en dü ük ç kan 
parça 1250°C’de 90 dakikada sinterlenen numunede 0,23 
ç km t r. Yüzey sertli inin artmas na paralel olarak en az 
numune kayb  da ayn  numunede 6,2 mg olmu tur. 
 
3.4 A nma yüzeyi SEM görüntüleri 
 
A nma testi sonucunda a nma yüzeylerinin 
karakterizasyonu için SEM analizleri yap lm t r.  
 

1050°C’de 90 dk Sinterlenmi  numune 

1150°C’de 90 dk Sinterlenmi  numune 

1250°C’de 90 dk Sinterlenmi  numune 

ekil 3. 1050°C-1150°C-1250°C s cakl klarda 90 dakika 
sinterlenen numunelerin a nma yüzeyi SEM görüntüleri 

 
Tüm numunelerde a rl kl  olarak adhezif ama ayn  
zamanda k smen abrazif a nma göstermektedir.  Bilye 

sertli i tüm numunelere k yasla yüksek kald ndan, 
adhezif a nman n a rl kl  olmas  ola an görülmektedir. 
 

 

 

 

 
ekil 4. 1050°C s cakl kta 90 dakika sinterlenen 

numunelerin SEM+EDX analizi 
 

 

 

 

 
ekil 5. 1150°C s cakl kta 90 dakika sinterlenen 

numunelerin SEM+EDX analizi 
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ekil 6. 1250°C s cakl kta 90 dakika sinterlenen 

numunelerin SEM+EDX analizi 
 

SEM analizleri incelendi inde numuneler iki farkl  gri 
tonlamal  fazdan olu uyor. Koyu gri olan k s m 
muhtemelen demir-karbon içeren taneler bar nd rmaktad r. 
Aç k tonlu matrix taneleri demir nikel ve birazda bak r 
içeren bölgelerdir. 
 
3.5 XRD Analizi 
 

 
ekil 7. a) 1050°C , b)1150°C, c)1250°C s cakl kta 90 

dakika sinterlenen numunelerin XRD analizi 
 
Numunelerde pikler demir (Fe) elementini göstermektedir. 
1250°C s cakl kta 90 dakika sinterlenen numunenin XRD 
analizinde demir içinde çözünen Cu, Mo, C, Ni ve B 
elementlerinin pik olu turdu u tahmin edilmektedir. 
Piklerin artan sinterleme s cakl na paralel olarak sol 

tarafa kayd , elementlerin kristal kafes içerisinden 
çözündü ü tahmin edilmektedi. Demir pikinin sol tar ndaki 
pikte Fe3C olu umu gözlemlenmekte bunun nedeni yüksek 
s cakl klarda sinterlemede %0,8 C demir ile tepkimeye 
girmesidir. %1,5 Ni ilavesi ile %0,2 B ilavesi çok azda olsa 
Ni2B olu umuna neden olmu tur. 
 
4. Sonuç 
 
Il k presleme ile 160 oC s cakl kta 650 MPa bas nçta 
preslenen Fe-0.8C-2.0Cu-1,5Ni-1.8Mo-0.2B toz ala m n n 
di li üretiminde kullan labilmesi için gerçekle tirilen 
deneylerden a a daki sonuçlar elde edilmi tir. 
 

 Sertlik de erleri artan sinterleme s cakl na ve süresi 
ile artmaktad r. 1250°C’de 90 dakikada sinterlenen 
numunelerde en yüksek sertlik de eri elde edilmi tir.  

 En yüksek yo unluk de erleri 1250°C’de 60 ve 90 
dakikada sinterlenen numunelerde elde edilmi tir. 

 A nma de erlerinde sürtünme katsay s  en dü ük ç kan 
parça 1250°C’de 90 dakikada sinterlenen numunede 0,23 
ç km t r. En az a nma kayb  da ayn  numunede 6,2 mg 
olmu tur. 
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Abstract 
 
The present study reports on Copper (Cu) matrix 
composite reinforced with 0.5, 1, 2 and 3wt.% MgO 
particles. Cu- MgO composites were produced by 
powder metallurgy technique. Green compacts 
pressured with a pressure of 220 MPa sintered at 
700°C for 2h by embedding in granite powder. All 
sintered samples were directly repressed with a 
pressure of 590 MPa as soon as taking out the 
furnace. Effect of MgO particles on microstructure, 
relative density, hardness and electrical 
conductivity was investigated. Optical results 
showed that MgO particles dispersed 
homogenously in Cu matrix. Composite 
microstructures were analyzed by Scanning 
Electron Microscope (SEM) and present phases 
which being Cu and MgO were detected by XRD 
and EDS analysis. Relative density and  electrical 
conductivity of Cu decreased from 94.2 to 84.1% 
and from 90.2 to 49.3 %IACS (International 
Annealed Copper Standart) respectively, whereas 
hardness of ductile Cu increased from 89 to 122 
HVN with the addition of MgO particles from 0.5 
to 3wt.%.  
 
Introduction 
 
Metal matrix composites, reinforced with ceramic 
particles are potential candidate materials for a 
variety applications. The importance of these 
composites could be attributed to their high 
stiffness, superior room and elevated temperature 
strengths, improved wear resistance and low 
coefficient of thermal expansion [1]. Recently, 
there has been a great demand for high strength, 
high wear resistance and high conductivity 
connector materials with rapid advancement in the 
electronic industries [2]. Copper as matrix material 
is attractive for its excellent combination of thermal 
and electrical conductivities, plasticity, softness and 
formability. These characteristics make copper 
matrix composites popular for a wide range of 
applications in electronic packaging or 
manufacturing of electrodes and contact terminals. 
However, excessively high softness besides low 
hardness and wear resistance of pure copper limit 

its structural applications [2, 3]. Oxides, carbides, 
and borides are widely incorporated in the soft and 
ductile copper [4]. Adding hard particles into 
copper matrix enhances the mechanical 
performance and wear resistance of copper [5]. 
Several processing techniques could be used for the 
production of metal matrix composites, which 
could be grouped into two main routes depending 
on the state of matrix during the fabrication 
process, either liquid or solid routes. Powder 
metallurgy process (PM) lends itself well for 
economical mass production components [1]. Due 
to low density, high thermal conductivity and a 
small difference in coefficients of thermal 
expansion, as well as the super thermodynamic 
stability, MgO is a desired reinforced phase for 
copper matrix composite [3]. Our work deals with 
microstructural evolution of the Cu- MgO 
composite and the influence of dispersoid particles 
with different wt.% on mechanical and electrical 
properties of Cu- MgO composites.  
 
2. Experimental Procedure 
 
The materials used in this investigation were copper 
powder with 99.9 percent (pct) purity and 40 m 
particle size and MgO powder with 99.5 percent 
(pct) purity and 100 m particle size. The 
respective mixtures of Cu powder and MgO powder 
with weight % of 0.5, 1, 2 and 3 were mixed 
mechanically, then pressed into compacts with a 
diameter of 15 mm at a pressure of 220 MPa. The 
green compacts were sintered at 700°C in an open 
atmospheric furnace for 2h embedded in graphite 
powder. The sintered samples were finally hot 
pressed with a load of 590 MPa, while sintered 
compacts were still hot. The densities of Cu- MgO 
composites were measured by the Archimedes’ 
method. The microstructures of specimens were 
examined by optical microscope (OM) and 
scanning electron microscope (SEM). Present 
phases in composites were detected by X-ray 
diffraction (XRD) and energy dispersive 
spectroscopy (EDS) analyses. Micro-hardness of 
composites were determined using a Leica WMHT-
Mod model Vickers hardness instrument under an 
applied load of 50 g. The electrical conductivity 
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measurements of specimens were performed on a 
GE model electric resistivity measurement 
instrument. 
 
3. Results and Discussions 

 
SEM micrographs of base materials Cu and MgO 
particles materials were given in Fig. 1.  It is seen 
that Cu powders were in irregular and flat shape 
with particle size of 40 m (Fig.1a) and MgO particles 
were irregular and flakey shaped with the particle size 
of 100 m. 
 

  
a) b) 

Figure 1. SEM micrographs of a) Cu and b) MgO 
powders. 
 
Fig.2 shows optical micrographs of Cu-MgO 
composites with different MgO content.  Black and 
irregular shapes show MgO particles and gray 
region represents copper matrix. MgO particles 
were well distributed in copper matrix. 
 

 
a) 

 
b) 

c) d) 
Figure 2. Optical micrographs of Cu- MgO 
composites including a) 0.5, b) 1, c) 2 and d) 3 
wt.%MgO. 
 
SEM micrographs of Cu-MgO composites sintered 
at 700°C for 2 hours were given in Fig. 2. It can be 
said that spongy and irregular shaped MgO 
particles were well integrated with copper matrix 
and there is a good bonding between Cu matrix and 
MgO particles. MgO particles bonded mechanically 
to copper matrix. The relative densities of sintered 
specimens obtained by Archimedes’ principle were 
given in Fig. 3. It was found that the relative 
density values of Cu- MgO composites decreased 
with the increase of MgO weight percentage 
(Fig.4). This is ascribed to the poor compressibility 

of hard MgO particles during the pressing process 
[3] and lower density of MgO particles. In addition, 
MgO addition prevents Cu atoms diffusion and 
increases the porosity content of composites 
resulting in decrease relative density [6-8].  Both 
factors aforementioned would lead to decrease of 
densities of Cu- MgO composites with increase of 
MgO content. 
 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3. SEM micrographs of Cu- MgO 
composites including a) 0.5, b) 1, c) 2 and d) 3 
wt.%MgO. 
 

 
Figure 4. Relative density variation of Cu-MgO 
composites as a function of MgO content. 

XRD analysis showed that no copper-oxide phase 
were detected and the dominant phases consisted of 
copper and MgO (Fig. 5). XRD analysis was 
performed only for Cu-3wt.%MgO. Because of the 
small amount of MgO in the samples, it was 
possible under the detection limits of XRD 
instrument.  
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Figure 5. XRD diffraction pattern of Cu-3wt.% 
MgO composite. 
Figure 6 shows the SEM- EDS analysis result of the 
Cu-1wt.% of Cu- MgO composite. In EDS analysis, 
dark regions reflect MgO particles (e.g. mark 4), 
gray components indicate Cu matrix (e.g. marks 3, 
6). Small gray dots probably results from the 
polishing agent of Al2O3 (e.g. marks 1, 2, 5).  

  
Marks 

Elts. 
1 2 3 4 5 6 

C    8.8 3.75  
O 11.6 4.17  30.5 3.36  

Mg    41.5   
Al 13.5 4.28   2.79  
Cu 74.9 91.5 100 19.2 90.1 100 

Figure 6. SEM- EDS analysis of Cu-1wt.% of Cu- 
MgO composite.  
 
SEM-map analyses of Cu-3wt.% MgO composite 
reveals that O exists together with Mg and there is 
no oxide in the copper matrix. Black and white 
areas indicate MgO particles and gray regions 
belong to Cu matrix (Fig. 7). 
 

 

  

  
Figure 7. 

Hardness values of sintered specimens were given 
in the Figure 8. The hardness values of the sintered 
Cu-MgO composite are higher than that of the 
sintered pure copper. This is because of dispersion 
of the MgO particles as a harder phase in the pure 
copper matrix.  

 
Figure 8. Hardness variation of % of Cu-MgO 
composites as a function of MgO content. 

It is seen that addition of MgO particles into the 
pure copper decreased the electrical conductivity of 
composites. However, the value of 49.27% IACS is 
satisfactory for electrotechnical applications. MgO 
particles distorts the structure and electrical 
conductivity of composites decreases with 
increasing the amount of MgO. Nevertheless, 
electrical conductivity of the samples decreased by 
decreasing the relative density, because lower 
density means higher porosity which acts as 
insulation barrier.  
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Figure 9. Electrical conductivity variation of Cu-
MgO composites as a function of MgO content. 
 
4. Conclusions 

 
Copper- MgO composites were manufactured 
successfully by conventional powder metallurgy 
method, by embedding in graphite powder, without 
using any inert medium (gas or vacuum). The 
presence of Cu and MgO were verified by XRD 
analysis technique and EDS analysis. All of the 
manufactured composites have remarkable high 
relative density. Hardness of the composites has 
increased with the increasing amount of added 
MgO particles. It was observed that the electrical 
conductivity of all Cu- MgO composites is in good 
agreement with literature. MgO composites. 
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Abstract  
 
Si3N4 based ceramics are used in various technological 
applications such as electronic devices due to their low 
density, excellent mechanical properties and high 
thermal conductivity. Thermal conductivity of Si3N4 
has been enhanced as a result of the developments in 
sintering technologies, addition of effective sintering 
additives, starting powder properties and development 
of high temperature sintering. 

In this study, the effect of sintering temperature on the 
thermal conductivity behaviour of Si3N4 with Yb2O3 
addition was investigated. For this purpose, sintering 
additives were mixed with Si3N4 powders and after 
mixing and shaping they were sintered at different 
temperatures. The best conductivity was obtained at 
1900°C. 

1. Introduction 

It is possible to improve the thermal conductivity of the 
materials by controlling the parameters such as 
additives, microstructure and grain boundary phase. 
Sintered Si3N4 structures composed of enhanced  
rod-like grains have high fracture toughness and 
strength and it is estimated that the theoretical thermal 
conductivity of -Si3N4 crystals can be up to  
200 W/m.K or higher [1-3]. 

The development of materials suitable for the industrial 
applications through controlling the parameters such as 
sintering temperature affecting the thermal 
conductivity of Si3N4 ceramics is very important. 
Thermal conductivity was largely effected by the 
formation of secondary or more phases and by their 
quantities. Therefore, it is desirable to reduce the 
number phases as well as the amount of secondary 
phases. This can be achieved by using sintering 
additives that can be volatilised after achieving high 
density since the remaining porosities also negatively 
effect the thermal conductivity.  

The aim of this study is to design a Si3N4 material 
containing easily volatized sintering additives and can 
be an alternative material for the electronic substrates 
made of Al2O3 and AlN as the Si3N4 has a thermal 
conductivity in between these two important ceramic 
material and have a higher strength. The cost of these 
materials are also important for such materials, 
therefore, to reduce the cost silzot powder was selected 
instead of more expensive UBE powders used 
commonly in the production of Si3N4 ceramics. 

2. Experimental Procedure 

The sintering processes at different temperatures were 
performed on samples prepared using oxide additives 
such as Yb2O3 and MgO for the formation of highly 
dense structure with high thermal conductivity with the 
use of Silzot Si3N4 starting powder.  

The selected powders were mixed and milled in 
alcohol for 1.5 h and 300 rpm in a planatery ball mill. 
The slurries were dried using a rotary-evaporater. The 
dried powders were uniaxially pressed firstly at 25 
MPa to form a green compact and then cold 
isostatically pressed at 300 MPa. The sintering 
processes were performed via the gas-pressured 
sintering (GPS) method at different temperatures for 2 
hours under 5 bar nitrogen gas pressure. The bulk 
density measurements of sintered samples were 
conducted in accordance with the Archimedes 
principle. 

In order to have information on phases contained in the 
powders and sintered samples, X-ray diffraction (XRD) 
method was used. The XRD analysis was performed 
via X-ray diffractometer (Rigaku Rint 2000) with  
CuK  (  = 1.54056 Aº) radiation. The microstructures 
of the samples were investigated by using SEM  
(Zeiss-Supra 50 VP). Backscattered SEM images were 
taken in VP mode, without the need for coating the 
sintered samples.  
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Thermal conductivity is not measured directly, but can 
be obtained by measuring both the thermal diffusivity 
and heat capacity. Thermal diffusivity is the 
measurement of heat flow in a material under unstable 
conditions [4]. Thermal diffusivity measurements were 
conducted using the laser-flash device (Netzsch LFA-
457), whereas the heat capacity (Cp) value was used as 
0.7 J/g.K for all samples in accordance with the 
previous studies for the calculation of thermal 
conductivity of Si3N4 ceramics [5].  

3. Results and Discussion 

The density and phase analysis and XRD patterns of 
the samples with the addition of Yb2O3 and MgO 
sintered for 2 hours under 5 bar nitrogen gas pressure 
at 1775 and 1900°C prepared with Silzot powder 
milled for 6 hours were given in Table 3.1 and Figure 
3.1, respectively.  

Table 3.1.  The results of density and phase analysis.  

Specimen
Code 

Sintering 
Conditions 

Density 
(g/cm3) 

O.P. 
 % 

W.L. 
% 

XRD 

SYb77 1775°C-5b-2h 3,48 0,47 5,45 P, M 

SYb77 1900°C-5b-2h 3,51 0,35 10,68 P, M 

 

The melilite and pyroxene phases were observed in the 
XRD analysis (Figure 3.1) at 1775 °C. The amount of 
melilite phase was increased considerably at 1900°C at 
the expense of pyroxene phase. Melilite phase is 
nitrogen rich whereas the pyroxene contains Mg.  

As the temperature increases Mg does not stay in the 
sample because of the low volatility temperature.  

The temperature dependence of the thermal diffusivity 
of the samples are given in Figure 3.2 and the thermal 
diffusivity and the calculated thermal conductivity 
results are in Table 3.2. 
 
Table 3.2. The results of thermal diffusivity and 

thermal conductivity 

Specimen 
Code 

Sintering  
Conditions 

Thermal 
Diffusivitiy 
(mm2/sec) 

Thermal 
Conductivity 

(W/mK) 

SYb77 1775°C-5b-2h 17,76 43,26 

SYb77 1900°C-5b-2h 21,85 53,69 

 

* SYb77 code defines to samples with the supplement 
of Yb2O3 sintered after the preparation with Silzot 
powder milled for 6 hours. 

As seen from the results of the thermal conductivity of 
the samples, the thermal diffusivity values were 
obtained as approximately 18 and 22 mm2/sec at room 
temperature after sintering at 1775 and 1900°C, 
respectively. A significant increase was observed in the 
thermal conductivity values obtained at room 
temperature. The thermal conductivity of the samples 
sintered at 1900°C is almost 20% higher than the 
samples sintered at 1775°C. These values are reduced 
to 4-5 mm2/sec with increasing temperature.  
 

 
Figure 3.1. The XRD patterns of samples (P: Pyroxene (MgYbSi2O5N), M: Melilite (Yb2Si3O3N4)) 
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Figure 3.2. Thermal diffusivity-temperature curvatures 

The increase on the thermal conductivity may be due to 
the several reasons: (i) higher density of samples 
sintered at 1900°C, (ii) higher weight loss at 1900°C, 
(iii) formation of only melilite phase at 1900°C and  
(iv) larger grains due to exaggerated grain growth at 
higher temperatures. Therefore, it is necessary to carry 
out microstructural investigations to sort out this 
problem.  

The backscattered images of samples sintered for 2 
hours under 5 bar nitrogen gas pressure at 1775 and 
1900°C are shown in Figure 3.3. The dark particles are 
the beta Si3N4 grains whereas the white regions are 
either amorphous secondary phases or crystalline 
melilite and/or pyroxene phases containing heavy 
elements such as Yb. 

As seen from the backscattered SEM images in Figure 
3.3., the samples were fully densified at both the 
temperatures. The grain size got coarser at higher 
temperature due to the grain growth and less amount of 
grain boundary secondary phases can be observed at 
higher temperature. Also the size of the triple junction 
phases are much smaller at 1900°C, most probably due 
to the evaporation of the sintering additives.  
 
4. Conclusions 
 
All of the microstructure investigations, the XRD and 
density measurements put together and try to 

understand the sintering temperature effect on the 
thermal behaviour of the sintered samples results, the 
following conclusions can be drawn:  

(i) at a higher temperature, higher density, larger 
grain size and less amount of grain boundary 
phase were obtained, 

(ii) at a higher temperature, the number of phases 
decreased and the lower temperature stable phase 
pyroxene were diminished from the system, 

(iii) at a higher temperature, higher amount of weight 
loss was measured, 

(iv) at a higher temperature, the amount of crystalline 
melilite phase was immensely increased at a cost 
of reducing the pyroxene and amorphous phases 

(v) higher thermal diffusivity was obtained at the 
higher temperature. 

As a result of all the above observations, the higher 
thermal conductivity was achieved at a higher 
temperature [6]. It was also shown that relatively high 
thermal conductivities can be obtained by using 
cheaper starting powders to pose a threat to AlN 
domination as an high thermal conductivity material.  

Acknowledgment 

Authors thanks Anadolu University Scientific Research 
Foundation (BAP Project no: 1004F93) for supporting 
this research and Mrs. Sinem Ba kut for her help on 
SEM investigations. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

57118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 

 

Figure 3.3. The backscattered SEM images of samples sintered for 2 hours under 5 bar nitrogen gas pressure at  
(a) 1775°C and (b) 1900°C 
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Abstract 

 
In this work, we investigate the temperature 
dependence of the elastic modulus of invar and Si-
doped invar alloy. X-ray diffraction measurements 
and Le-Bail pattern fittings are performed for the 
structural characterization of the alloys. The elastic 
modulus and damping coefficients of Fe65Ni35 and 
a Si-doped sample with Fi65Ni33.72Si1.28 composition 
are measured in temperature range 23  T  600 °C 
by the impulse excitation technique. The slope of 
the elastic modulus with respect to temperature for 
the Si-doped invar alloy is compared with the 
known values of invar. The structural parameters of 
the alloys are further evaluated.   
      
1. Introduction 
 
Fe65Ni35 invar is a prominent nickel steel alloy 
exhibiting low coefficient of thermal expansion 
(CTE) around room temperature [1]. It is used in 
applications where dimensional stability under 
changing temperature is required as in motor 
valves, shadow-mask frames and seismic creep 
gauges [2]. Fe65Ni35 has an fcc (face centered cubic) 
structure around room temperature. In the fcc 
structure, Fe-rich Fe-Ni alloys exhibit invar 
anomalies in the measured temperature dependent 
properties. Invar anomalies are observed in a 
temperature range which is very close to the 
martensitic transition occurring from the fcc to the 
bcc (body centered cubic) structure. Fe-Ni and Fe-
Si alloys are of importance in the iron-steel 
industry due to the fact that they are widely used as 
soft magnetic materials with high electrical 
resistivity and high magnetic permeability [3]. 
Furthermore, the Fe-Ni-Si ternary system carries 
also much importance because of its good 
oxidation resistance and high strength [4]. There 
are several studies on Si doped Fe-Ni alloys, 
however, none of them involves compositions 
around the invar composition to deal with invar 
anomalies [5, 6]. In this work, a Si-doped Fe-Ni 
alloy is investigated in relation to crystallographic 
structure and elastic properties. The obtained 
results are compared with those of the well-known 
Fe65Ni35 invar alloy.  

 
2. Experimental Procedure 
 
Fe65Ni35 and Fe65Ni33.72Si1.28 alloys were produced 
using an arc furnace. For homogenization, the 
samples were annealed under Ar at 1073 K in 
sealed quartz tubes for 5 days. X-ray diffraction 
(XRD) measurements were carried out in the 2  
range 20   2   120  using a Cu K  x-ray source. 
The impulse excitation technique (IET) was used 
for elastic modulus (E-mod) measurements [7]. 
Differently from measuring standard stress-strain 
curves, IET uses the internal friction corresponding 
to an impulse excited resonant frequency to 
determine the E-mod. The IET measurements are 
gaining importance in determining the elastic 
modulus, shear modulus and damping parameters 
as a consequence of the method being non-
destructive.  
  
3. Results and Discussion 

 
XRD results of both Fe65Ni35 and Fe65Ni33.72Si1.28 
samples are given in Figure 1. The diffraction 
result of the Fe65Ni35 invar alloy is shown with the 
black line exhibiting that the invar alloy has an fcc 
structure as expected. The red data in figure 1 
corresponds to the crystal structure of the Si-doped 
invar alloy. According to Le-Bail fitting, the Si-
doped alloy has also an fcc structure and 
additionally a small bcc peak appears.  
 

 
 

Figure 1. XRD data of (fcc) Fe65Ni35 and (fcc-bcc) 
Fe65Ni33.72Si1.28 alloys. 
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Temperature dependent E-mod results of Fe65Ni35 
and Fe65Ni33.72Si1.28 alloys are given in Figure 2. 
The black and red data correspond to the results of 
Fe65Ni35 and Fe65Ni33.72Si1.28, respectively. The E-
mod increases with decreasing temperature for the 
Fe65Ni35 alloy down to 550 K, and then decreases 
down to room temperature. In general, E-mod 
exhibits a steady increase with decreasing 
temperature for most materials. Here, the 
decreasing behavior below 550 K of E-mod is due 
to the invar anomaly. The E-mod of the 
Fe65Ni33.72Si1.28 alloy similarly exhibits an invar 
anomaly as seen in figure 2. However, adding small 
amount of Si to the Fe65Ni35 invar alloy leads to a 
narrowing in region of the linear positive 
temperature coefficient of elastic modulus.  
 

 
 
Figure 2. E-modulus as a function temperature for 
Fe65Ni35 and Fe65Ni33.72Si1.28 alloys. 
 
In Figure 3, the damping results of the two alloys 
are given in the same temperature range with E-
mod measurement. The IET measurement in 
general uses same frequency to calculate E-mod 
and damping value. The damping in general gives 
information about how rapidly the frequency 
weakens and ends. From figure 3, it is seen that 
damping as a function of temperature exhibits 
almost similar behavior for the two invar alloys 
other than the shifted temperatures of the peaks 
corresponding to the positive temperature 
coefficient of the E-mod.  
 
4. Conclusion 
 
In this work, the effect of Si-doping on the 
crystallographic and elastic properties of Fe65Ni35 
invar alloy is investigated. The obtained XRD 
results exhibit that the small amount of Si addition 
leads to the appearance of an additional reflection 
related to the bcc structure next to the main fcc 
structure. 
From the E-mod results, we conclude that invar 
anomalies are still observed but in a narrower 
region in the Si-doped invar alloy. It is known that 

the origin the invar property arises from the 
moment-volume instability in the ferromagnetism 
of the Fe-Ni alloy and is observed in the fcc 
structure. We conclude that the Fe-Ni-Si ternary 
alloy with Fe65Ni33.72Si1.28 composition can also be 
useful for invar alloy applications. For further 
studies, we aim to investigate different amount of 
Si-doping to the Fe-Ni invar alloy. Additionally, it 
is aimed to investigate magnetic properties, and the 
relation between magnetic and elastic properties of 
these alloys.  
 

 
 
Figure 3. Temperature dependent damping 
parameter for Fe65Ni35 and Fe65Ni33.72Si1.28 alloys. 
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Abstract 
 
Fe-based hardfacings become more important for      
industrial applications because of low production and       
material costs, combined with high abrasion resistance.       
The aim of this work is to gain a deeper fundamental           
understanding of hardfacing microstructure and its wear       
mechanisms against alumina ball of Fe-based hardfacings       
onto 1.2714 tool steel. The microstructure was       
characterized by EDX, XRD, SEM and hardness. Results        
showed that while the hardfacing was slightly harder than         
substrate, Fe-based hardfacings had higher friction      
coefficient and wear rate. 
 
1. Introduction 
 
Hardfacing is a surface coating method in which an almost          
thick layer of metal with hard intermetallic phases such as          
carbides is deposited on the surface of industrial        
components by means of welding, spraying, cladding,       
casting and other methods [1]. In the hardfacing process,         
an alloy is homogenously deposited onto the surface of a          
soft material (usually low or medium carbon steels) by         
welding techniques [2]. 
It has been the first choice method in repairing wear          
resistant parts in power, steel, agriculture, chemical       
engineering, petroleum, automotive, cement and mining      
[3] due to extending service life of especially die steels          
under heavy service conditions [4]. 
The hardfacing coatings have a strong metallurgical bond        
with the substrate material. They can be used in wear          
environment and a wide range of alloys gain the best          
performance in abrasive medium. There are many       
alternative methods and materials available for welding       
which each of them has certain advantages and limitations         
[5]. The choice of methods and materials depends on the          
service life, process time and simplicity, and economic        
factors. 
In order to improve the wear resistance of components,         
hardfacing of these components using iron, cobalt or        
nickel base alloys is generally employed. Among these        

materials, Fe–Cr–C alloy is well known for its excellent         
resistance to abrasion, oxidation, corrosion and lower price        
and it has been extensively used in aggressive conditions,         
such as mining and mineral processing, forging, cement        
production and pulp and paper manufacturing owing to its         
excellent abrasion resistance [6-8]. Both the carbide phase        
formation in hardfacing and toughness of the matrix are         
responsible for excellence in wear resistance [9]. The        
superior wear resistance of Fe-Cr-C alloy is due to the          
combination of hard carbides and a relatively ductile        
ferrous matrix [8].  
Many investigations have focused on the microstructural       
characteristics, mechanical properties and abrasive wear      
behaviors of Fe–Cr–C alloys [10-13]. Previous researches       
have shown that Fe–Cr–C alloys consist of hypoeutectic,        
near-eutectic and hypereutectic structures with Fe–Cr solid       
solution phase, M23C6 and M7C3 carbides (where “M”        
means metal elements). These alloys can act as composite         
materials with hard carbides as reinforcements in a soft         
Fe–Cr alloy matrix [6]. 
This paper focuses on the welding-based manufacturing       
processes to create hardfacing for improving of wear        
resistance of die materials. Fe-Cr-C hardfacing was coated        
on 1.2714 tool steel samples which is commonly used for          
hot forging die. Microstructural examination, analyses and       
microhardness measurements were performed on the      
cross-sectioned area of the coated surface. In addition,        
wear characteristics are discussed in details. 
 
2. Experimental Procedure 
 
The substrate material used in this study was DIN 1.2714          
tool steel which is widely used for hot forging die          
components. Fe-Cr-C hardfacing alloy was selected for       
improving of wear resistance of substrate. The nominal        
chemical compositions of 1.2714 tool steel and the        
selected coating are shown in Table 1.  
Hardfacing coating procedure was as follows; 
i. Samples were heated in a furnace about 300 C - 450 C,           
ii. Fe-Cr-C alloy was deposited using gas metal arc         
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welding (GMAW). Welding parameters were given in     
Table 2,  
iii. Samples were cooled slowly and then stress relieved       
process was applied in a furnace at 450 C for 6 hrs.
The metallographic specimens were ground with silicon   
carbide emery paper of 100 - 1000 grit size, polished with         
diamond paste by an automatic polishing machine and     
etched with 4% nital solution for substrate and hardfacing.

Table 1. Hardfacing alloy and substrate (1.2714 tool steel)     
chemical composition 

C Fe Si Mn Cr Mo Ni V
Hardfacin
g 

0,15 Bal. 0,4 0,6 6,5 3,5 - 

Substrate 0,50
-0,6
0 

Bal. 0,10
-0,4
0 

0,60
-0,9
0 

0,80
-1,2
0 

0,35-0
,55 

1,50
-1,8
0 

0,05
-
0,15 

Table 2. Welding parameters for hardfacing applications
Parametre Value
Current (A) 180 
Gas pressure
(bar) 

15

Gas
composition 

%75-95 Ar + %4-22 CO2 + %1-3       
O2

The microstructure of hardfacing was observed by a
scanning electron microscope (FEI Quanta250 FEG), the
phases were identified by X-ray diffraction (XRD, Philips
x’pert Pro). Microhardness was measured using a Vickers
FUTURE-TECH micro-hardness tester with 50 gf load for
10 s. The wear resistance of the coating was evaluated on
CSM tribometer where counterface was alumina ball with
the diameter of 6 mm. Wear tests were operated under 10
N load and rotational speed of 543 rpm. Each disc was
tested for 500 m. Wear rate was calculated by using
formula,

W = V
N.L                     (1) 

W is the wear rate (mm3/N m). V is the wear volume           
(mm3). N is the normal load during testing (N). L is the           
wear distance (m). 

3. Results and Discussion 

EDS analyses taken from hardfacing alloy indicated that      
concentrations of Cr, Mo and Mn slightly increased at the       
grain boundaries (Table 3). Although Cr and Mo content        
was higher in hardfacing, C content was lower than        
substrate. There is only small new peak formation at 50°          
position (Fig. 1). Therefore we thought that there was no          
efficient new carbide formation in hardfacing than    
substrate. XRD spectras agreed with EDS analyses.       
Carbides were not distinguishable by SEM because of low        
volume percentage.

 
Table 3. EDS analyses taken from hardfacing alloy

Elemen
t (%) 

1 2 whole
surfac
e

C 0.270 2.12
3 

0.224 

Fe 83.57
3

89.0
0

88.76
1

Cr 6.187 4.05
5 

4.513 

Mn 0.780 0.49
4

0.861 

Mo 8.442 3.55
2 

4.810 

Si 0.748 0.77
6

0.779 

 
The shift of the peaks from their fee positions due to        
excessive foreing atoms lead to a change in lattice        
constant. The interplanar spacing for cubic structures was        
given by 
 
d = a

(h +k +l )2 2 2     (2)

where a is the lattice constant and h, k and l are the Miller
indices [14] . From equation (1), the lattice constants can
be calculated for samples by using crystallographic
parameters and peak list derived from XRD pattern. For
(011) peak, the results were given in Table 4. As it is seen,
alloying elements including carbon, caused expansion
about %2.19 in the lattice constant for hardfacing and
%2.4 for substrate. Although hardfacing had higher
alloying elements, there was no significant difference in
lattice expansion between hardfacing and substrate. This
shows that carbon is the most effective element for solid
solution hardening due to lattice expansion.
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Figure 1. XRD spectra for (a) substrate, (b) hardfacing

Table 4. The lattice constants for untreated and treated
samples
 Substrate 

values 
Hardfacing 
values

Reference
values 

Phase -Fe
(011)  

-Fe
(011) 

-Fe
(011)  

2  43.6092 43.6917 44.680
Rel.Int. (%) 100 100 100
d-spacing 2.07552 2.07179 2.02657 
a-lattice 
parameter

2.935 2.929 2.866

The first phase produced by welding process was the       
primary Fe-rich dendrite which exhibited skeletal ferrite      
microstructure and the remaining liquid eventually      
solidified as rich by alloying element. The dendrites were        
a primary Fe–Cr solid solution and the lamellar         
structures were eutectic and Cr23C6 carbides. The     
hardfacing showed dendrites oriented in the direction      
normal to the interface between the hardfacing and the       
substrate providing a good bonding (Fig.2). The substrate     
had tempered martensite. 
This results agreeded with the hardness profile measured 
along the cross-section of the substrate-hardfacing (Figure 
3). As it is seen, the hardfacing was ‘slightly’ harder than 
substrate. While substrate surface hardness was 436 HV, 
hardfacing hardness was 458 HV.

 
Figure 2. Microstructures from substrate-hardfacing 

interface 

Figure 3. Hardness profile 

Fig. 4 is the line energy spectrum taken from      
substrate-hardfacing interface. The hardfacing consisted 
slightly higher Cr, Mo and Mn and slightly lower C. This        
resulted in a little higher carbide formation in hardfacing.      
Table 5 shows wear rate, mean friction coefficient and         
hardness changes of the substrate and the hardfacing. It is        
seen that while the hardfacing was slightly harder, wear       
rate increased about 50% due to higher friction coefficient        
of the hardfacing. Fig.5 shows that while the hardfacing        
had short wear track width, it was exposed to excessive         
adhesion. The substrate had wide and shallow wear track       
with less adhesion.
 
Table 5. Wear rate, mean friction coefficient and hardness       
changes of substrate and hardfacing 

Hardfacing Substrate
Wear Rate x10-6 1.416 0.956 
 Mean 0.777 0.492
Hardness 458 436 
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Figure 4. EDS line-scan analysis for trend in concentration 

changes of basic elements across the substrate-overlay 
 

As it is seen in Table 6, examination of the worn surface          
of the alumina ball which was counterface for the        
hardfacing exhibited a patchy transfer film (No 1 region).     
Presence of the Fe, Mo, Cr, Si etc. on worn surface of         
alumina ball indicates transfer of the overlay to alumina    
ball. No 2 region was alumina ball surface contaminated      
by substrate elements. In addition, there was no significant      
adhesion and no significant amount of Al on the       
hardfacing surface (Table 7). 
As a result of the ploughing action of hard alumina        
asperities, slider material fragments were first removed   
and then adhered to the highest asperities that made     
earliest contact with the counter-surface. Repeated sliding      
resulted in accumulation of fragments, which then united      
and formed discontinuous layers on the alumina surface     
[15]. Coating or counterface contamination as a     
consequence of the diffusion of elements from the     
operating environment can be detrimental effect on wear      
or friction behavior. A Scheid et al. [16] investigated the        
effect of Al content on Co based alloy. They produced        
Co-alloys each with and without 5% wt. aluminium. Co      
based alloy coatings modified with Al showed poor       
soundness compared with Co. Element transfer to     
hardfacing or alumina ball during friction might be       
responsible for lower wear resistance. 

Fig.5. Wear track examination of overlay by SEM (a) the
hardfacing; (b) substrate 

 
Table 6. SEM image of worn alumina ball surface which       
was counterface for the hardfacing and its EDS analyses
 
Elemen
t (%) 

1 2 Alumin
a 
surface

C 12.066 9.071 -

Fe 74.722 12.495 -

Cr 3.377 0.677 -

Mn 0.432 0.244 -

Mo 4.961 2.312 -

Si 1.153 4.410 -

Al 0.226 66.461 92.729 

O 3.062 4.332 7.271

Table 7. SEM image of worn hardfacing surface and EDS        
analyses

emen
(%) 

Wear 
debris 

Hardfacing 

 

4.197 0.224

e 82.332 88.761

r 4.089 4.513 

n 0.524 0.861

o 5.210 4,810

0.788 0.779 

 0.047 0.051 

2.812 0.000 

 
4. Conclusion
 
The following observations and conclusions were
obtained:
The hardfacing was slightly harder than substrate.
Fe-Cr-C hardfacing-alumina ball pairs showed higher
friction coefficient.
The main wear mechanism was adhesion for hardfacing.
EDS analyses confirmed material transfer from the
hardfacing to alumina ball.
Tribological tests of substrate or hardfacing against
alumina ball can also be used to help us understand the
nature of the interactions of metals with a nonmetal. Hot
forging includes metal to metal interactions at high
temperatures. Therefore high temperature tribological tests
with metal-to metal pairs should be made.
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Abstract 
 
In the present study, the electrochemical 
investigation of gold-silver alloy electrodeposition 
from cyanide free bath including organic compounds 
were carried out. The deposition potentials and the 
additive effect on cathodic polarization were studied 
by cyclic voltammetry analysis. Nucleation and 
growth mechanisms of the alloy electrodeposition 
were determined with chronoamperometric study in 
the absence and presence of organic additive. 
 
1. Introduction 
The electrodeposition of gold and its alloys is a 
notable topic due to its broad application area in 
microelectronic, spacecraft and jewelry industries. 
Due to the cost of the production, low hardness of 
deposit and expected different colors the lower karat 
gold-silver deposition has been investigated 
extensively.  The alloys containing %13-75 Au can 
be electrodeposited from free cyanide baths [1]. 
Unfortunately, the non-cyanide electrolytes are not 
stable in most cases [2] and not preferred in industry 
by reason of poor coating properties. The point is 
that the deposition mechanism of Au-Ag alloy 
electrodeposition from pyrophosphate buffered 
baths containing no free cyanide has not been 
investigated yet in literature. Only in patent literature 
the bath formulations were described. PEI 
(Mw=600-60000), selenium, boric acid [3], PEI-
600, diethylenetriamin [4] were used as additives. 
 
The aim of this study is the research of the use of 
polyethyleneimine Mw=600 (PEI600), 
tetraethylenepentaamine (TEPA) as brightener 
couple for Au-Ag alloy electrodeposition and 
determination of the brightener effect on nucleation 
and growth mechanism. 
 
2. Experimental Procedure  
 
Hull cell studies were conducted to determine the 
operating current density range for bright gold 
deposits.  This test was carried out using a 267 ml 
standard cell at a constant current of 0.2A at 60 0C. 
Electrodeposition time was 5 minutes. 4 g/L 
KAu(CN)2, 3 g/L KAg(CN)2, 80 g/L potassium 
pyrophosphate were used as basic electrolyte and 2.5 
g/L polyethyleneimine Mw=600 (PEI600), 1 g/L 

tetraethylenepentaamine (TEPA) were used as 
organic brighteners. All chemicals were of analytical 
grade. Distilled water was used for the preparation of 
solutions. The copper plates of standard Hull cell 
size were used as the cathode. The surfaces of copper 
plates were mechanically polished, degreased by 
ethyl alcohol and then immersed 1 minute in 5% 
H2SO4 for activation. The copper plate was then 
washed in distilled water and dried with compressed 
air. The platinized titanium mesh electrode was used 
as the anode. Electrolyte was mixed by a magnetic 
stirrer with 350 rpm. 
 
The electrochemical analysis was conducted by 
Gamry PCI4/750TM potentiostat. The compositions 
of electrolytes are presented in table 1. The sweep 
rate was 50 mV s-1 for cyclic voltammetry 
experiments. All experiments were carried out in a 
standart three electrode cell in a volume of 50 cm3. 
The working electrode (0.25 cm2) and counter 
electrode were made of platinum. The reference 
electrode was standard calomel electrode (SCE) and 
all potential values were reported vs SCE. 
 

Table 1. Electrolyte compositions for 
electrochemical analysis. 

Electro
lyte 

(g/L) 

KAu(C
N)2 

KAg(C
N)2 

K4O7

P2 
PEI6

00 
TE
PA 

S1 10 - 80 - - 
S2 - 2 80 - - 
S3 10 2 80 - - 
S4 10 2 80 1 1 

 
 
3. Results and Discussion 
 
3.1 Hull cell test results  
The positive effects of additives on brightness in a 
wide current density range was presented with Hull 
cell experiments. Fig. 1 shows the mirror-effect 
images of Hull cell cathodes electrodeposited from 
phosphate buffered Au-Ag electrolyte in the absence 
and presence of PEI600 and TEPA. It can be 
distinguished easily, the brightener couple have 
improvements on brightness whereas without 
brighteners dull deposit is obtained.  
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Figure 1. Mirror-effect images of Hull cathodes 
electrodeposited from solution (a) without additives 
(PEI600 and TEPA) (b) with additives. 
 
3.2 Cyclic Voltammetry 
  
The electrochemical behavior of Au-Ag 
electrodeposition system from pyrophosphate 
buffered electrolyte was investigated by CV. Only 
cathodic potential region was discussed here. Fig. 2 
shows the curve referring to Au (S1) 
electrodeposition has two irreversible reduction 
peaks. The first one at lower cathodic potential at 
750 mV is seen too small here. At higher cathodic 
potential region at 1250 mV second reduction peak 
can be recognized. S2 shows the silver reduction 
system from solution S2. Two cathodic reduction 
peak is observed at 600 and 900 mV. 
 
Fig. 3 shows the Au-Ag electrodeposition system 
from pyrophosphate buffered electrolyte. Au and Ag 
is deposited simultaneously in a wide range of 
electrochemical conditions [5]. S3, the solution not 
containing additives, has two different reduction 
peaks. At lower negative potentials at 850 mv a 
broad peak occurs. The second reduction potential is 
about 1250 mV. With the addition of brightener 
couple, the reduction scenario is changed. The 
depolarization occurs at lower negative potentials 
and the first reduction peak is shifted to 600 mV. It 
can be followed from curve S4. The second 
reduction peaks occurs at 1250 mv which has sharper 
current density growth according to S3 with the 
effect of brightener addition. 
 

 
Figure 2. Cyclic voltammograms for deposition Au 
from solution S1 and Ag from solution S2 without 
additive. 
 

 
Figure 3. Cyclic voltammograms for deposition 
Au-Ag alloy with and without PEI600 and TEPA 
addition to  the solutions S4 and S3, respectively. 

 
3.3 Chronoamperometry 
 
The chronoamperometry method has been utilized to 
study the nucleation and growth mechanism of Au-
Ag alloy electrodeposition with and without 
brighteners (PEI600 and TEPA) addition. The 
potential was held 10 s at 0.0 V then stepped to 
working potential to initiate nucleation growth on 
electrode. Fig. 4 shows chronoamperometric curves 
for Au-Ag alloy electrodeposition without 
brighteners. At low cathodic potentials (Fig. 4a), a 
double layer formation occurs in first few seconds 
which is observed as a sharp increase of current 
density. At high cathodic potentials double layer 
charging is not observed. Except this, each j-t 
response crosses through a maximum followed by a 
subsequent decline in current. After that deposition 
growth proceeds with a constant current. Fig. 5 
shows j-t transients for Au-Ag alloy 
electrodeposition with brighteners. Generally typical 
j-t responses are observed. 
 
In following j-t transients were fitted to the three-
dimensional (3D) nucleation and diffusion 
controlled growth model of Sharifker and Hills [6]. 
The model also describes for two different 
nucleation precesses. Instantaneous nucleation 
means that nucleation occurs in all active sites at the 
beginning and then growth occurs. Progressive 
nucleation means that sites become active for 
nucleation during electrodeposition. For theoretical 
curves two equations were derived for progressive 
and instantaneous nucleation (Eqs. (1) and (2)) [6]. 

 
 

(1) 

 
(2) 
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As shown in fig. 6, the experimental data of the low 
cathodic potential for solution without brighteners 
fits well to the model for 3D instantaneous 
nucleation with diffusion controlled growth after 
double layer charging region (first few seconds).  On 
the other hand, for high cathodic potential 3D 
progressive nucleation and growth mechanism 
occurs. Figure 7 contains the comparison of the 
theoretical non-dimensional plots with the 
experimental data for solution with brighteners. The 
curve for low cathodic potential (-0.650 V) exhibits 
a somewhat progressive nucleation fit, but with a 
sharper slopped peak. This could be conceived as an 
additional process occurring as well as diffusion 
controlled nucleation. For high cathodic potential 3D 
instantaneous nucleation and growth mechanism 
well fits with the experimental data. 
 

a)  

b)  
Figure 4. Potentiostatic j-t transients for Au-Ag 

reduction in solution S3 (without brightener) (a) at 
low cathodic reduction potential (-0.850 V), (b) at 
high cathodic potential region from -1.000 V to -

1.250 V. 
 
 

 

a)  

b)  
Figure 5. Potentiostatic j-t transients for Au-Ag 
reduction in solution S4 (with brightener couple) 

(a) at low cathodic reduction potential (-0.600 and -
0.650 V), (b) at high cathodic potential region from 

-1.100 V to -1.250 V. 
 

a)  

b)  
Figure 6. Comparison of the theoretical non-
dimensional plots with the experimental data in Fig. 
4 (j-t transients for solution without brighteners) (a) 
for low cathodic potential (-0.850 V), (b) for high 
cathodic potential (-1.100 V). 
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a)  

b)  
Figure 7. Comparison of the theoretical non-
dimensional plots with the experimental data in Fig. 
5 (j-t transients for solution with brighteners) (a) for 
low cathodic potential (-0.650 V), (b) for high 
cathodic potential (-1.100 V). 
 
4.  Conclusion 
 
In the present study of Au-Ag electrodeposition from 
pyrophosphate buffered solutions, the effect of 
brightener couple, PEI600 and TEPA, were 
investigated. The Hull cell experiments show that the 
combined additives improved bright coatings in a 
wide current density range. Cyclic voltammetry 
experiments represent that at high cathodic potential 
region reduction occurred in the form of more 
sharply current density growth with the addition of 
brighteners. At low cathodic potential region 
reduction peak was shifted to more positive 
potentials due to the depolarizing effect of the 
brighteners.  
 
The analysis of j-t transients indicate that, with the 
addition of PEI600 and TEPA, the nucleation and 
growth mechanisms for Au Ag alloy deposition is 
changed totally. In the presence of brighteners, the 
nucleation mechanism is 3D-progressive at 
relatively low negative potentials, while it is 3D-
instantaneous at high overpotentials with diffusion 
controlled growth mechanism. It is obviously 
asserted that with the addition of PEI600 and TEPA, 
brightener couple, an enhancement of Au-Ag alloy 
electrodeposition at high cathodic potentials occurs.  
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Abstract 
 
Niederschlag process is used to produce metallic antimony. 
This process is a metallothermic reduction method which is 
based on the reduction of metallic Sb from Sb2S3 (stibnite) 
by using metallic iron as reductant at high temperatures. 
The low reaction specific heat value makes the use of 
external heating a necessity apart from other 
metallothermic processes. During heating, antimony sulfide 
is decomposed and sulphur combines with iron to form the 
matte phase. Metallic antimony is collected at the bottom of 
the crucible. In this study, the parameters of metallic Sb 
production from Sb2S3 concentrate, which is obtained in 

Emirli mine, were investigated by using 
Niederschlag Process. In the experimental studies, a 
constant amount of flux materials (borax, sodium 
carbonate, silica) were mixed with Sb2S3 concentrate and 
the increasing amount of Fe. AAS (atomic absorption 
spectrometry) and XRD (X-ray diffraction spectrometry) 
techniques were used for the characterization of the 
concentrate, metallic nuggets and matte phases. The 
experiment, with the addition of 100% stoichiometric Fe at 

d the highest Sb recovery rate as 79.25%. 
 
1. Introduction 
 
Antimony is a metalloid with an atomic number of 51. It is 
found in over 100 mineral species and found in nature 
mainly as a sulfide mineral stibnite (Sb2S3). Antimony is a 
lustrous grey metal that has a Mohs Scale Hardness of 3. 
This metalloid exists in two forms; metallic antimony is 
bright, silvery, hard and brittle, nonmetallic form is a grey 
powder. Antimony has poor electric and heat conduction. It 
is not attacked by dilute acid or by alkalis and stable in dry 
air [1-4]. 
 
Several production methods can be used for antimony 
production such as gasification and reduction method, 
electrolyte method and Niederschlag Process [1, 5]. 
 
Stibnite is totally oxidized at 350-400 
furnaces as for gasification and reduction method and it 
takes 10-12 hours approximately with carbon source. 
Gasification method is a two step production method. The 

first step is oxidation and the second step is reduction. The 
main reactions of the process in question are given below 
[1, 5]. 
 
2Sb2S3 + 9O2 2O3 + 6SO2                                       (1) 
 
Sb2O3                                                 (2) 
 
As electrolyte method; antimonite dissolves in hot sodium 
sulfide solution and then obtained sodium thio antimonite is 
electrolyzed with steel anodes and cathodes to produce 
metallik antiomony [1]. 
 
In Niederschlag Process, stibnite can be directly reduced 
with metallic iron and a slight amount of carbon (to soften 
the bonds) in reverbetory type furnaces or blast furnaces. 
Niederschlag Process is candidate to be the most economic 
production method for antimony production if the process 
can be optimized to work with high metallization ratios. In 
this method antimony can reduced in one step. Sulphur is 
decomposed from stibnite and interacts with iron then a 
matte phase, mainly consists of FeS, is obtained over the 
metallic antimony. The main reaction of Niederschlag 
Process is shown with Equation (3) and Equation (4) [5]. 
 
Me1X + Me2 = Me1 + Me2X                                              (3) 
 
Sb2S3                                                (4) 
 
Reduction reaction starts over 1100 
materials can be used for the process, such as silica (SiO2), 
sodium borax decahydrate (Na2B4O7 2O), calcium 
carbonate (CaCO3), glauber salt or NaHCO3 to avoid metal 
losts. System has FeS-Na2S founded liquid matte phase and 
a metallic antimony phase is underneath the matte phase 
[5]. 
 
2. Experimental Procedure 
 
In this study the stibnite concentrate (Table 1, Figure 1), 

-Emirli and concentrated via 
was subjected to 

produce metallic antimony through Niederschlag Process. 
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Table 1. Chemical content of stibnite concentrate (wt.%).
Sb S Fe Pb Sn Al As SiO2 

68.67 27.11 1.08 0.14 0.12 0.08 0.08 0.14 

Dry concentrate was mixed with borax, sodium carbonate 
and SiO2 as flux materials and iron as reductant. Used flux 
ratios were 10.5% for borax, 20.1% for sodium carbonate 
and 10.5% for SiO2 (flux / Sb2S3 concentrate, %). 
Experiments were conducted with various iron reductant 
ratios and refractory acidity ratios. 

 
Figure 1. XRD pattern of stibnite concentrate. 

In the Niederschlag experiments, stibnite concentrate 
having a Sb2S3 content of 68.67% and an average particle 
size of 60.
refractory, two types of crucibles were used. The first 
experimental set was completed with the crucible which 
had 1.4 acidity ratio and the second experimental set 
completed with the crucible which had 3.2 acidity ratio. 

The initial mixtures were prepared from dried powders at 
various stoichiometric Fe ratios from 75% to 200%. The 
powder mixtures were charged into cylindrical fireclay 
pots. At the first experimental set 1.4 acidity ratio crucibles 
were used. These crucibles had 40 mm thickness, 58 mm 
inner diameter and 142 mm height. In the second 
experimental set 3.2 acidity ratio crucibles were used. 
These crucibles had 23 mm thickness, 42 mm inner 
diameter and 52 mm height. 

The all experiments were conducted in an electrical 
process duration of 60 

minutes. Duration and temperature were fixed for all 
experimental sets. The obtained phases were characterized 
by using X-rays diffraction spectrometer (XRD, Rigaku 

-ray tube - 30 kV; 15 mA), X-rays 
fluorescence spectrometer (XRF, ThermoScienthefic, w/ 
He tube), chemical analysis techniques and atomic 
absorption spectrometer (AAS, Perkin Elmer AAS 800). 

3. Results and Discussion 

For the first experimental, the ratio of required 
stoichiometric reductant amount was investigated for 1.4 

crucible acidity ratio. In this study, iron nails were used as 
reductant. Reductant amount was used from 75% 
stoichiometric Fe to 200% stoichiometric Fe. The highest 
metallization ratio was measured as 46.92% for the 
experiment conducted with 150% stoichiometric amount of 
Fe (Figure 2). 
 

 
Figure 2. Sb recovery with increasing Fe stoichiometry for 

1.4 crucible acidity ratio. 
 
The second experimental set was conducted to understand 
the investigation of refractory acidity ratio on the 
metallization ratios of antimony by using differents types of 
the crucibles. For the second experimental set, we used the 
crucibles which had an acidity ratio of 3.2. 
 

 
Figure 3. Sb recovery with increasing Fe stoichiometry for 

3.2 crucible acidity ratio. 
 
As a result of the experiments, it was determined that 
increasing acidity ratio increased the metal recovery. The 
highest metallization ratio was obtained in the experiment 
conducted with 100% Fe stoichiometry as 79.25% 
metallization ratio. It was also the highest metallization 
ratio during the all experiments (Figure 3, Figure 4, Table 
2). 
 
However, it is possible to collect the lost antimony amount 
(apart from the slight amount solved in the matte phase) in 
the form of antimony oxide in a dust collector of such a 
furnace system. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

586 IMMC 2016   |   18th International Metallurgy & Materials Congress

 
Figure 4. XRD patterns of metallic phases obtained with 

increasing Fe stoichiometry for 3.2 crucible 
acidity ratio (wt.%). 

Table 2. Sb recovery ratios and the chemical content of 
metallic phases with the increase in reductant 
stoichiometry for 3.2 crucible acidity ratio 
(wt.%). 

Fe sto., % Sb Rec., % Sb Fe S 

75 N/A 91.38 4.93 1.65 

100 79.25 91.86 5.14 0.81 

125 70.35 58.04 39.57 4.11 

150 58.46 41.00 57.94 6.35 

175 68.54 38.82 59.45 6.59 

200 77.86 56.66 45.54 4,76 

4. Conclusion 

In the present study, parameters to produce metallic Sb 
from Sb2S3 concentrates were investigated by using a one-

 Niederschlag Process is a metallothermic 
reduction method which is based on the reduction of 
metallic Sb from Sb2S3 by using metallic iron as reductant 
at high temperatures. The low reaction specific heat value 
makes the use of external heating a necessity apart from 
other metallothermic processes.   

In the experimental studies, a constant amount of flux 
materials (borax, sodium carbonate, silica) were mixed 
with Sb2S3 concentrate and the increasing amount of Fe. 
The experiments were conducted in two different crucibles 
having an acidity ratio of 1.4 and 3.2 respectively. 

In the experiment which was conducted in the crucible 
having acidity rate of 3.2 and with the addition of 100% 
stoichiometric Fe had the highest metal recovery ratio was 
calculated as 79.25%. It was also determined that the lost 

amount of antimony was collected in the dust collector of 
furnace in the form of Sb2O3 during the experiments. 
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Abstract 
 
The primary objective of this research is to investigate the 
dissolution and precipitation characteristics of platinum and 
palladium in order to determine the best parameters for 
their refining. Pure platinum and palladium plaques were 
used for examining the dissolution parameters. As for their 
precipitation parameters, Dore metals supplied from a 
silver refining slime and resin PGM’s-recovery system of a 
gold refinery were dissolved and these solutions were 
utilized. Dissolution experiments were performed in aqua 
regia. Test parameters were defined as a dissolution time 
and a HCl/Me(Pt-Pd) ratio. After determining the optimum 
HCl amount in aqua regia, additional studies were 
performed to reduce the amount of HNO3 in aqua regia. In 
the precipitation stage, platinum and palladium ammonium 
salts; time, temperature, amount of NH4Cl addition and pH 
values of the solution were examined. As a result of the 
dissolving experiments, the ideal time was determined as 6 
hours with the HCl/HNO3 ratio of 4.25. The optimum 
precipitation parameters were determined as 4 hours, room 
temperature and pH 4. In order to obtain the most efficient 
precipitation, NH4Cl was used 4 times as the stoichiometric 
amount.      
 
1. Introduction 
 
With the improving technology and new environmental 
regulations, the area of use of PGMs are increasing. The 
recycling of precious metals is of capital importance due to 
their distinctive characteristics, their rarity and their high 
price. Being in the 8B group in the periodic table, PGMs 
include platinum, palladium, rhodium, ruthenium, osmium 
and iridium. PGMs, which are very similar in terms of 
physical and chemical properties and exist together in the 
nature, are rarer than other metals and of capital importance 
technologically [1,2].   
 
PGMs are elements generally with high atomic mass, 
density, melting point and boiling point. PGMs also have 
high thermal and electrical conductivity. The EMF values 
of PGMs clearly show that the ions of these metals are 
reduced easily and they tend to be at the metallic state [3].  
 

PGMs resemble to each other in terms of their chemical 
properties. The basic chemical characteristic of them is 
their low electron affinity [4]. These PGMs with low 
electron affinity form some various complex salts [3]. The 
complex salts formed by PGMs are one of the most 
important eigen value of this study. Platinum group metals 
that are malleable with high corrosion resistance have a 
high catalytic capability. Platinum and palladium are 
capable of absorbing very large volumes of hydrogen gas 
and due to this property of them they are widely used in 
automobile catalysts. PGMs with high thermodynamic 
stability show great resistance to corrosion by becoming 
passive due to the thin oxide film which form in anodic or 
oxidizing atmosphere by oxygen absorption. Therefore, in 
the absence of complex ions, PGMs are resistant to alkali, 
salt and acidic solutions [3,5,4].  
  
The most remarkable characteristic of PGMs is their 
nobility when their separation chemistry is considered. This 
represents their resistivity against aqueous solutions which 
dissolve almost all base metals. Chloro-complexes are the 
most significant area of PGM chemistry. The reason for 
that is chloride solution is the only cost-effective option for 
performing enrichment. All PGMs except ruthenium form 
hexa-chloro complexes in chloride solutions by having +4 
state. This hexa-chloro species can be precipitated from 
their aqueous chloride solutions as ammonium salts. 
Forming volatile tetra-oxides is another option that is being 
used in PGM separation. Other than these, oxidation states 
and redox potentials are one of the most distinct 
characteristics of PGMs both for this study and for general 
application [6]. 
 
There are two basic methods for the refining of precious 
metals from wastes and scraps: hydrometallurgy and 
pyrometallurgy. However, pyrometallurgical method is not 
mostly preferred due to high melting points of PGMs that 
result in excessive amounts of energy consumption with 
high cost as well as non-environmental friendly. Within the 
scope of hydrometallurgical method, hydrolysis, 
distillation, organic precipitation, solvent extraction, liquid 
membrane extraction, solid-liquid extraction, ion-
exchanger resins and selective precipitation are the mostly 
used refining methods for PGMs. Hydrometallurgy was 
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preferred in this study too and after dissolving step refining 
of platinum and palladium was implemented by selective 
precipitation. In this regard, refining process is started with 
silver precipitation after the dissolution treatment in aqua 
regia is finished. After silver, in order to remove the gold 
from the solution, gold precipitation is achieved by Fe+ or 
NaHSO3 solutions. Following to this step, in order to 
discard the existence of excess amount of oxidant, the 
evaporation of redundant nitric acid is performed. Once 
precipitation of platinum as (NH4)2PtCl6 salt with NH4Cl 
addition, palladium is oxidized from Pd+2 to Pd+4 state and 
is precipitated as (NH4)2PdCl6 salt with NH4Cl [4,8]. 
 
2. Experimental Procedure 
 
In this study, pure platinum and palladium plaques are used 
for examining dissolution parameters. For precipitation 
parameters, alloys from a silver refining mud and resin 
recovery system of a plant were dissolved and these 
solutions were used. 
 
After dissolution, silver precipitation step started. Once 
silver was precipitated, gold also was precipitated and 
HNO3 evaporation step completed. Afterward, oxidant 
addition was done in order to precipitate platinum and 
palladium as chloro-complex salts. Finally, platinum and 
palladium were precipitated respectively. 
 
2.1. Dissolution 
 
Dissolution experiments were performed in aqua regia. Test 
parameters are dissolution time and HCl/Me(Pt-Pd) rate. 
After determining the optimum HCl amount in aqua regia, 
some studies were performed intended to reduce the 
amount of HNO3 in aqua regia. The related equations are 
shown below. 
 
Pd + 3HCl + HNO3  PdCl2 + 2H2O + NaCl     (1) 
 
Pt + 4HCl + 4HNO3  PtCl4 + 4H2O + 4NO + 2O2     (2) 
 
2.2. Silver (Ag) precipitation 
 
The silver included in the raw material was separated from 
the solution via cementation according to Eq.3 
 
Cl- + Ag+  AgCl        (3) 
 
2.3. Separation of gold (Au) 
 
Fe+2 and NaHSO3 can be used for gold separation. Gold 
was removed from the solution by precipitating as gold 
powders according to Eq. 4. The amount of chemicals used 
in this step was not examined as a parameter. 
 
Au++Fe2+  Au+Fe3+         (4) 
 

2.4. Evaporation of HNO3 
 
Before moving on to platinum and palladium precipitation, 
the excess amount of HNO3 was evaporated in order to 
provide a good oxidation.  
 
2.5. Oxidation of Pt(II) to Pt(IV) 
 
In order to precipitate platinum as (NH4)2PtCl6 salt, 
platinum should be in +4 state. When pH<1, it is already in 
the form of +4 ion state, so there was no need for oxidation 
since precipitation was accomplished in acidic conditions. 
 
2.6. Precipitation of (NH4)2PtCl6 
 
Precipitation of (NH4)2PtCl6 salt was realized with NH4Cl 
addition. In this step, precipitation time, NH4Cl amount and 
temperature were determined as the parameters to be 
optimized. 
 
2.7. Oxidation of Pd(II) to Pd(IV) 
 
Steady state for palladium is +2. However, In order to 
precipitate platinum as (NH4)2PdCl6 salt, palladium should 
be in +4 state. Therefore, a strong oxidant (perchlorate) was 
used.  
 
2.7. pH adjustment 
 
In order to precipitate (NH4)2PdCl6 salt, pH value is very 
significant. For the ideal precipitation, pH value was 
determined as a parameter and precipitation yield was 
calculate for different pH values.  
 
2.8. (NH4)2PdCl6 precipitation 
 
After oxidation and pH adjustment steps, (NH4)2PdCl6 
precipitation was actualized by addition of NH4Cl. Time, 
temperature and amount of NH4Cl were determined as the 
parameters to be optimized. 
 
3. Results and Discussion 
 
In order to determine the acid mix proportion, a series of 
experiments were executed reliant to HCl/HNO3 rate and it 
was observed that the mixing proportion should be 
HCl/HNO3 4 (please see Fig.1). It is significant to have 
this rate higher for avoiding the unnecessary boiling for the 
evaporation of HNO3 in the precipitation step.  
 
Other than this, the necessary amount of HCl in aqua regia 
was defined according to HCl/Pt=12 rate (cannot be 
explained due to commercial reasons) and experiments 
were done also for HCl/Pt=24 and HCl/Pt=36 rates (Figure 
2). HCl/Pt=12 is recognized sufficient for dissolution when 
environmental and economic factors and human health are 
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considered, hence this value was accepted as the optimum 
value. 
 

 
Figure 1. Dissolved Pt variation with respect to HCl/HNO3 

 

 
Figure 2. Variation precipitation yield vs time at different 

HCl/Pt ratios 
 
From the experiments carried out by keeping the other 
parameters same except HCl/Pt, it was seen that dissolution 
was completed in 6 hours and this time is accepted as the 
optimum time for the experiments. However, for the 
industrial applications, 4 hours is recommended by 
considering granule or popcorn shape material are probably 
used instead of plaques as we utilized in our experiments 
and because of the increase in the surface area, materials 
act more reactive which most likely result in a shorter 
dissolution time. 
 
For palladium dissolution tests, the amount of HCl in aqua 
regia is accepted as HCl/Pd=12 (same rate with the 
platinum) but for the experimental integrity HCl/Pd 18 rate 
were also tested and the correction of the HCl/Pd=12 rate 
was practiced. 
 
Within the scope of precipitation of platinum and palladium 
ammonium salts experiments; time, temperature, amount of 
NH4Cl added and pH value of the solution were examined 
as the test parameters. The concentration of the solution can 
be seen in Table 1. 
 

Table 1. Concentration of the solution at the beginning 
Element Concentration[ppm] 
Platinum (Pt) 2046.24 
Palladium (Pd) 1990.66 
Gold (Au) 1411.2 
Silver (Ag) 0 
Iron (Fe) 1538.4 
Copper (Cu) 23685.6 
Nickel (Ni) 52.4 
Zinc (Zn) 838.8 

 
Before starting precipitation experiments, the selective 
precipitation of gold was performed with the addition of 
sodium metabisulphite since it is not possible to precipitate 
platinum and palladium as amine compounds in the 
presence of gold. After the elimination of gold, 
precipitation experiments was started. First, a series of 
experiments (1 min., 3 min., 5 min., 10 min., 15 min., 20 
min., 25 min., 30 min., 1 h., 2 h., 4 h., 24 h.) were executed 
in order to define the optimum time for precipitation. When 
the analysis results were examined, it was observed that 
there is not a remarkable change in the amount of precious 
metal in the solution after 4 hours, Thus 4 hours is accepted 
as the optimum precipitation time (Figure 3). 
 

 
Figure 3. Optimization of the necessary time for 

completion of Pt-precipitation  
 

In order to examine the effect of temperature to 
precipitation, experiments were done at room temperature 
(25 °C), 50 °C and 80 °C by using optimum amount of 
NH4Cl for 4 hours. Maximum yield was achieved at the 
room temperature (see Figure 4) and this is correlated with 
the increasing solubility of platinum complexes with the 
increasing temperature. 
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Figure 4. Effect of temperature on precipitation yield 

 
For the precipitation process, saturated NH4Cl solution was 
added to aqua regia solution containing platinum and 
palladium. Platinum was precipitated as (NH4)2PtCl6 
(ammonium hexa-chloro-platinate) salt and palladium was 
precipitated as (NH4)2PdCl6 (ammonium hexa-chloro-
palladate) salt. In these treatments, amount of NH4Cl was 
examined as a test parameter and in the analysis results, it 
was observed that precipitation yield is increasing 
proportionally with the amount of NH4Cl added. In this 
case the ideal conditions for platinum were determined as 
room temperature, pH<1, CPt=2.7 g/L, t 4 h, and the 
optimum NH4Cl amount was accepted as the 4 times of the 
stoichiometric amount of NH4Cl. 
 

 
Figure 5. Effect of temperature on precipitation yield 

 
Once platinum precipitation was completed, palladium 
precipitation process was started. The defined optimum 
values for time, temperature and NH4Cl amount are valid 
for palladium, too. However, different than the platinum, 
palladium was oxidized from Pd+2 to Pd4+ state and pH 
adjustment was carried out. In order to prevent the 
oxidization of palladium, perchlorate solution was used. As 
a result of the experiments performed for pH 4, pH 8 and 
pH 12 values, the maximum yield was received at pH 12 
(see Figure 6).  However, due to excess formation of metal 
hydroxides and difficulty of achieving a clean precipitate in 
laboratory conditions, the second best result which is pH 4 
was chosen as the optimum value. 

 

 
Figure 6. Effect of pH on precipitation yield 

 
4. Conclusion 
 
Within the scope of the study, the parameters related to 
platinum and palladium refining were optimized and it was 
confirmed that this will be a more promising method. As a 
result of the dissolving experiments, the ideal time was 
determined as 6 hours with the HCl/HNO3 ratio of 4.25. 
The optimum precipitation parameters were determined as 
4 hours, room temperature and pH 4. In order to obtain the 
most efficient precipitation, NH4Cl was used 4 times as the 
stoichiometric amount. 
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Raw materials are crucial to Europe’s economy and essential to maintaining and improving our quality of life. Securing 
reliable and unhindered access to certain raw materials is a growing concern within the EU and across the globe. To 
address this challenge, the European Commission has drawn up a list of 20 Critical Raw Materials (CRMs), which 
were selected based on their economic importance to the EU and supply risk. The listing of these 20 materials not only 
demonstrates the essential role they play in the wider European economy, but also recognises their crucial role in the EU’s 
so-called mega-sectors: automotive, metals, aerospace, IT and electrical engineering.

In response to this growing recognition of the criticality of certain raw materials, the CRM Alliance was formed. The 
CRM Alliance has been created by industry to advocate the importance of CRMs for the European economy and to 
promote a strong European CRM policy. It is the representative body of primary producers, traders and associations of 
CRMs. Currently the CRM Alliance has members representing 15 out of the 20 listed CRMs and we are steadily growing. 
We also oversee an MEP Interest Group on Critical Raw Materials to connect industry with policy-makers through bi-
annual political luncheon events.

ESAN made its investment decision back in 2012, based on the fi rst edition of the EU Commissions CRM list, and is 
now starting up their 15.000 mt facility to serve customers around the globe, but as well contributing to the “criticality” 
in Europe to serve the European magnesium industry with primary magnesium products. 
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Abstract 
 
Technical-grade MoO3 is the major compound for the 
production of ferromolybdenum and it is also the basic 
starting material for all other molybdenum products which 
are used commercially. In this study, it was aimed to 
determine the optimum parameters for the total oxidation 
roasting process of MoS2 (molybdenite) concentrate to 
produce technical-grade MoO3. Present study was 
conducted in two main stages: First, MoS2 was roasted by 
controlling parameters such as reaction temperature and 
duration in a chamber type furnace. The highest MoO3 
concentration rate was obtained as 84.9 wt.% of MoO3 at 
650 °C for the roasting duration of 45 minutes. Then, 
roasted product was leached by H2SO4 to remove copper. 
Leaching conditions were optimized by investigating the 
effects of different H2SO4 concentrations and S/L ratio. 
83.9 wt.% of copper was removed by using 0.4 M H2SO4 at 
0.2 solid/liquid ratio. The raw materials and the products 
were characterized by using AAS (atomic absorption 
spectrometry) and XRD (X-Ray Diffraction) techniques. 
 
1. Introduction 
 
Generally molybdenum metal is produced from its high 
grade sulphide ore through oxidizing roasting of 
molybdenite (MoS2) in order to obtain molybdenum 
trioxide (MoO3), purification of molybdenum trioxide and 
hydrogen reduction of molybdenum trioxide. 
Molybdenum concentrates which contain about 90 wt.% 
MoS2, along with up to 10 wt.% silicious material as well 
as traces of iron, copper and lead minerals, are the main 
mineral of the molybdenum industry for the production of 
technical grade molybdenum trioxide, which is further used 
to produce molybdenum, ferromolybdenum alloys, 
molybdenum dioxide and other pure molybdenum 
compounds such as ammonium dimolybdate, sodium and 
calcium molybdate. 
The usual practice is to roast the concentrates with 
sufficiently low copper and lead levels to produce a calcine 
that is essentially MoO3 containing low sulphur. Such 
calcines can be used directly in steelmaking, because liquid 
iron will reduce MoO3 to metal in high yield. 
Molybdenum is widely used for the production of 
ferromolybdenum, which is required for the production of 
alloyed steel. Almost 80 % of molybdenum, produced from 

molybdenum trioxide, is used for steel making in 
industries. 
Technical-grade MoO3 is produced by roasting 
molybdenite in air atmosphere in a multiple-hearth furnace. 
The roasted MoO3 product usually has <0.1% sulphur 
content. The multiple-hearth furnace is used because the 
hearths can be segmented to accomplish specific and 
different conversion operations within a single unit.  
In the upper hearths of the furnace, flotation oils are burnt 
off and water is evaporated. This part of the process is 
usually augmented by burning fossil fuels to ensure 
consistent temperature control and uniform roasting 
throughout the remainder of the unit. Upper hearth 
temperatures are between 600 and 700 ºC.  
The majority of the sulphur is removed by oxidation in the 
intermediate hearths. Since the sulphur oxidation reactions 
are highly exothermic, additional heating is not needed in 
this part. The hearth temperatures are controlled between 
600 and 650 ºC by the addition of excess air and water 
spray cooling.  
As sulphur burning is about to completed, the composition 
of the roaster hearth is mostly MoO2 with <20 wt.% MoO3 
and MoS2 contents. The reaction of MoO3 with MoS2 
which forms MoO2, is driven by the strong oxidizing power 
of MoO3, so that the production of MoO3 is limited until 
most of the MoS2 is gone. Once the availability of MoS2 is 
less than the availability of MoO3, MoO2 is quickly 
converted to MoO3. Despite this reaction is exothermic, it 
is not sufficient to maintain the temperatures above 525 ºC 
which are required to complete sulphur removal and 
conversion to MoO3. So that additional heating is required 
in these lower hearths.  
The oxide product is discharged from the roaster, cooled, 
and milled to form technical grade MoO3. Technical-grade 
MoO3 typically contains 85–90 wt.% MoO3, the balance 
being silica with some Fe2O3 and Al2O3. 
In some cases, additional hydrometallurgical processing is 
needed to produce technical-grade MoO3. In steel making, 
using molybdenum trioxide with high copper content has 
some harmful effects on the mechanical properties of the 
alloyed steel produced. Therefore, the up-gradation of 
molybdenum trioxide is required in steel industry. The up-
graded molybdenum trioxide must have less than 0.5 wt.% 
Cu content for ferromolybdenum production.                                         
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2. Experimental Procedure 
 
The raw material which was used in total oxidizing roasting 
experiments, is local molybdenite concentrate sent by 
Özdo u n . Tic. Ltd. ti. According to Özdo u n . Tic. 
plant production chief, the ore which has 0.40 wt.% Cu and 
0.05 wt.% Mo content, is subjected to a flotation process in 
order to obtain two different enriched concentrates which 
have 27 wt.% Cu and 52 wt.% Mo contents. The chemical 
analysis of the molybdenite concentrate matches with the 
company’s analysis results with 52 wt.% Mo content. The 
XRD pattern of MoS2 concentrate was obtained by using 
PANalytical PW3040/60 XRD. XRD pattern is given 
in Figure 1. 
 

 
Figure 1. XRD pattern of MoS2 concentrate. 

 
MoS2 concentrate was analyzed by using chemical analysis 
and AAS (Perkin Elmer Analyst 800). Chemical analysis of 
MoS2 concentrate is given in Table 1.  
 

Table 1. Chemical analysis of MoS2 concentrate. 
Mo 52.03 

S 39.19 

C 0.05 

Fe 2.94 

Cu 2.56 

Pb 0.08 

Si 1.30 

Al 0.45 

Ca 0.60 

Mg 0.17 

 
In this study, it was aimed to determine the optimum 
parameters for the total oxidizing roasting process of 
molybdenite concentrate to produce MoO3 and purify the 
MoO3 product by removing the copper content. 
Present study was conducted in two main stages: First, 
MoS2 was roasted by controlling parameters such as 
reaction temperature and duration in a chamber type 

furnace. Before the roasting experiments, 20 grams of 18 
samples were prepared and put in a stove in order to dry the 
samples. To make a homogeneous roasting, alumina boats 
which have large surface area, were used. The samples 
were put in the alumina boats as thin layers.  
Samples were roasted at 600 ºC, 625 ºC, 650 ºC with 15, 
30, 45, 60, 90 and 120 minutes. The six samples which are 
in the same temperature set, were put in the furnace. After 
starting the roasting process, samples were taken 
individually from the furnace after respectively 15, 30, 45, 
60, 90 and 120 minutes. Then the samples were put in the 
desiccators for cooling.  
In the second experimental sets, roasted products were 
leached by H2SO4 to remove copper. Leaching conditions 
were optimized by investigating the effects of different 
H2SO4 concentrations and S/L ratio.  
Leaching experiments were done with Merck quality 95-98 
% H2SO4 with the duration of 15 minutes, at room 
temperature and 400 rpm mixing rate. All the samples were 
10 grams. During the leaching, acidic solution and powder 
samples were mixed with a magnetic mixer. Leaching 
temperature was controlled by a contact thermometer. After 
leaching, solid-liquid separation was done by a blue banded 
filter. The solids were dried in a stove at 105 ºC for 12 
hours.  
In order to investigate the effects of different H2SO4 
concentrations and S/L ratios , 10 grams of samples were 
leached with 0.2 M, 0.4 M, 0.6 M acid concentrations with 
1/5, 1/2 and 1/1 solid-liquid ratios.  
 
3. Results and Discussion 
 
In the first experimental set, effect of roasting temperature 
and duration on molybdenum trioxide recovery were 
investigated. In Figure 2, the sulphur analysis of the roasted 
samples are given.   
 

 
Figure 2. The sulphur analysis of the roasted samples. 
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After the roasting experiments, it can be said that roasting 
at 650 °C with the duration of 45 minutes has given the 
closest results to the standard technical-grade MoO3. As the 
roasting temperature and duration decrease, the sulphur 
amount increases. 
The chemical analysis of the samples which were roasted at 
different temperatures and durations, is given in Table 2. 
 

Table 2. The chemical analysis of the roasted samples 
Duration 

(min.) 

Temperature 

(°C) 

Concentration           

(%) 

  Cu Fe MoO3 

15 2.84 3.60 69.79 

45 3.02 3.65 76.26 

60 

600 

2.89 3.96 72.19 

15 2.81 3.41 75.31 

45 2.96 3.51 73.21 

60 

625 

2.97 3.81 74.06 

15 2.31 3.28 87.18 

45 1.89 3.49 84.90 

60 

650 

2.77 3.72 78.60 

 
The optimum MoO3 concentration rate was obtained as 
84.9 wt.% of MoO3 at 650 °C for the roasting duration of 
45 minutes.  
The XRD patterns of the samples which were roasted at 
650 °C, are given in Figure 3.  
 

 
 
Figure 3. XRD patterns of the samples which were roasted 
at 650 °C. 
 
As it is seen from the Figure 3, XRD patterns of the 
samples which were roasted at different durations, are 
similar and the main phase is MoO3. As the roasting 
temperature increases, the domination of MoO3 phase 
increases.  

In the second experimental sets, roasted product was 
leached by H2SO4 to remove copper. Leaching conditions 
were optimized by investigating the effects of different 
H2SO4 concentrations and S/L ratio. 
The metal concentrations in H2SO4 solutions are given in 
Table 3. 
 
Table 3. The metal concentrations in H2SO4 solutions 

Molarity 
 Metal concentrations in H2SO4 solution 

(ppm) 

 Cu Fe Mo 

 566.75 125.15 2200.00 

0.2 483.25 106.70 1650.00 

 1123.00 231.85 3770.00 

 789.50 171.85 1274.00 

0.4 794.50 198.50 1450.00 

 717.50 140.95 1116.00 

 762.25 190.50 1787.50 

0.6 903.00 224.25 2090.00 

 866.70 212.70 1650.00 

  
The concentration values were put in Formula (1) in order 
to calculate the metal recovery from H2SO4 solutions. 
 

𝑴𝒆𝒕𝒂𝒍 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏𝒑𝒑𝒎 𝒙 𝒔𝒕𝒐𝒄𝒌𝒎𝒍 𝒙 𝒙 𝒎𝒆𝒕𝒂𝒍 𝒎𝒂𝒔𝒔 𝒊𝒏 𝒕𝒉𝒆
𝒔𝒂𝒑𝒎𝒍𝒆𝒔 𝒈 𝒙 𝒎𝒆𝒕𝒂𝒍 𝒓𝒂𝒕𝒊𝒐          (1) 

 
In Figure 4, the effects of different H2SO4 concentrations 
and S/L ratios on Cu recovery are given. 
 

 
Figure 4. The effects of different H2SO4 concentrations and 
S/L ratios on Cu recovery. 
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As it is seen from Figure 4, almost 96 % of Cu was 
recovered from 0.6 M H2SO4 solution at 1/2 solid-liquid 
ratio.  
Figure 5 presents the XRD patterns of leached samples 
with 0.6 M H2SO4 solution. 
 

 
 
Figure 5. XRD patterns of leached samples with 0.6 M 
H2SO4 solution. 
 
According to Figure 5, the main phase of leached samples 
is MoO3. There are not seen any copper compounds rather 
the roasted samples. Because the majority of the copper 
was solution treated. 
 
4. Conclusion 
 
Based on the results of present study of roasting 
molybdenite concentrate at different temperatures and 
durations, leaching of roasted samples with different H2SO4 
concentrations at different solid-liquid ratios, following 
conclusions can be given. 
 
1) Highest MoO3 recovery was determined as                 
84.9 % MoO3 and 1.05 % S with the roasting temperature 
of      650 °C and duration of 45 minutes. 
2) Leaching with 0.6 M H2SO4 solution at 1/2 solid-liquid 
ratio ended up with 95.92 % Cu recovery from the H2SO4 
solution. These parameters gave the best results as          
0.17 % Cu content in the leached residue.  
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Abstract 

Hydrogen reduction of WO3 is the major industrial 
process in tungsten production. A promising cost and 
energy efficient method was recently reported [1-3] for 
direct electrochemical production of tungsten from 
CaWO4 (scheelite) which is estimated as the two third of 
the all tungsten reserves of the world. Following the 
above mentioned patent, several studies verified the 
production of metallic tungsten by electrochemical 
reduction of calcium tungstate in the laboratory. This 
study investigates the application of electrochemical 
reduction technique to produce larger amount of metallic 
tungsten as compared to laboratory experiments. The 
electrolyte was composed of calcium chloride and 
sodium chloride salts at eutectic composition (48 % mol 
NaCl at 873 K). The reduced samples were cleaned with 
dilute hydrochloric acid solutions and characterized by 
XRD and SEM. Examination of the results revealed that 
there are several problems against pilot-scale production, 
the biggest of which was observed as the electronic 
conduction provided by the graphite powders dispersed 
in the molten salt. 
 
1. Introduction 

Besides having the highest melting point (3422+15 C) 
among all metals, tungsten also has very high thermal 
creep resistance, good high-temperature mechanical 
properties, high density, very low thermal expansion 
coefficient, very high moduli of compression and 
elasticity and good conductivity for electricity and heat 
[4]. Having these significant properties makes tungsten 
crucial in many technological applications. Main usage of 
tungsten is revealed in the production of cemented 

carbides that have high hardness and enables shaping of 
diverse kind of materials. The other uses of tungsten are 
mainly in chemical applications such as catalysts, paints 
and lubricants. In addition, superalloys and tungsten 
heavy metal alloys contain tungsten due to its outstanding 
properties [5].  
 
Despite there are more than thirty known tungsten 
minerals, only scheelite (CaWO4) and wolframite ((Fe, 
Mn)WO4) are industrially notable. Among all tungsten 
minerals, scheelite is the most abundant mineral of 
tungsten and its occurrence is approximately two third of 
all known tungsten deposits [6]. Tungsten production is 
carried through the hydrogen reduction of tungsten 
oxides in the temperature range 600 to 1000oC. Tungsten 
oxides are supplied from abovementioned minerals by 
converting via alkaline dissolution processes. There are 
several restrictions and difficulties encountered in 
converting scheelite into tungsten oxides. Therefore, 
scheelite is not the primary selection for the industrial use 
although it has much more deposits than wolframite 
minerals. 
 
There is an alternative tungsten production method 
recently reported [1-3]. This method claims the 
electrochemical reduction of pelletized 2.5 grams of 
CaWO4 to produce tungsten by using a eutectic NaCl–
CaCl2 electrolyte at 873 K. The end product was the 
mixture of metallic tungsten powder and calcium 
compounds [9]. Several studies [7-9] indicated that 
production of tungsten by electrochemical reduction of 
calcium tungstate is feasible and energy efficient in the 
laboratory scale experiments. This study was conducted 
to investigate the successful alternative tungsten powder 
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production route employing electrochemical reduction of 
calcium tungstate to larger scale. 
 
2. Experimental Procedure 
 

A pilot-scale tungsten production line was designed and 
manufactured with the capacity of 300 g tungsten 
production per day. The external dimensions of the 
furnace were 500 mm diameter and 500 mm height. It 
had three rows of resistance wires at the side walls and 
one row at the bottom. By this way, it became possible to 
heat the furnace by the resistances positioned at the side 
walls or at the bottom alone or using both of the 
resistances 
 
A stainless steel (AISI 316 Ti) vessel was placed into the 
furnace to contain the salt bath. It had 360 mm outer 
diameter, 4 mm thickness and 360 mm height. The 
CaWO4 (Noah, 18418) powder was introduced to the 
molten salt within a stainless steel current collector as the 
target temperature of 600oC was reached.  
Two different graphite anodes were used. While one of 
them was 100 mm diameter rod used initially, the other 
was an Al2O3 coated graphite rod of 100 mm diameter 
used in latter experiments. In order to arrange the 
position of the graphite rod vertically, an elevator system 
was placed next to the furnace. An AC electric motor and 
a redactor were used to rotate the screw at low speed to 
modify the anode in the up and down direction. The 
system carrying the arm was insulated with the help of 
castermid to supply electrical current directly to anode.  

The industrial grade CaCl2 (Solvay) and NaCl 
(Uclero lu) salts were mixed to obtain a salt solution of 
eutectic composition as the electrolyte. Melting of the 
salt mixture was completed in 48 hours and most of the 
H2O from hydrated CaCl2 was removed at low 
temperatures. Argon gas flow was provided during 
heating to aid dehydration. In the experiments, about 20 
kg of salt mixture consisting of 12,78 kg CaCl2 and 7,22 
kg NaCl was placed into the bath so as to provide 10 cm 
electrolyte depth. The CaCl2 salt contained 2 moles of 
H2O per mole; therefore, 17 kg of CaCl2.2H2O was used 
at the beginning. The CaCl2 was dehydrated after 4,16 kg 
of H2O was removed during heating. The CaWO4 
powder, weighing 100 to 300 gr, was placed onto the 
stainless steel cathode current collector and dipped into 
the electrolyte, as the temperature reached the target 
temperature of 600oC. 

The graphite rod was also interacted into the electrolyte 
and the process was initiated by application of a potential 
difference of 3 V between the cathode and the anode. 
This potential difference was large enough to reduce 

CaWO4 without continuous electrolysis of the 
components forming the electrolyte as indicated in 
previous studies [1,7-9]. The experiment durations were 
varied from about 8 to18 hours. 

After the experiments, produced powder was washed 
with tap water to separate the solidified salt around it so 
that it could be taken out of the current collector. It was 
subsequently treated with 5 liters of a 0.2 M HCl solution 
for 30 minutes and pulp was formed. The pulp was 
filtered under vacuum and dried at room temperature to 
obtain the reduced powder. 

3. Results and Discussion 

As the stainless steel current collector that contained 
CaWO4 powder interacted with molten salt, formation of 
bubbles was observed on the surface of the electrolyte. 
The EDX analysis of the CaWO4 the powder indicated 
the presence of 1.48 % wt. Na in the raw material as can 
be seen in Table 1. 

Table 1. EDX analysis of the CaWO4 (Noah, 18418) powder. 

Element Wt % At % K-Ratio Z A F 

O K 23,52 68,87 0,0106 1,1432 0,1430 1,0000 

Na K 1,48 2,84 0,0032 1,0730 0,2133 1,0002 

Ca K 14,92 16,67 0,0818 1,1115 0,5113 1,0052 

W L 60,08 14,62 0,5107 0,8434 1,0511 1,0000 

Total 100 100 

 

The presence of Na was most probably considered due to 
residues from soda roasting and leaching steps. Powder 
was cleaned in 0.1 M HCl solution to eliminate the 
formation of bubbles when it was introduced to molten 
salt. The EDX analysis after HCl treatment and drying at 
200oC showed that Na was completely removed as can be 
seen in Table 2. 

Table 2. EDX analysis of the CaWO4 (Noah, 18418) powder 
after HCl washing. 

Element Wt % At % K-Ratio Z A F 

O K 23,24 67,49 0,0352 1,1424 0,1418 1,0000 

Ca K 14,44 16,76 0,0775 1,1108 0,5140 1,0052 

W L 62,28 15,75 0,5160 0,8429 1,0515 1,0000 

Total 100 100 
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The typical XRD result of the reduced powder after one 
of the experiments is given in Figure 1. To remove the 
calcium byproducts; Ca(OH)2 and/or CaCO3, the reduced 
powder was cleaned by a dilute HCl solution as 
explained in the experimental procedure. As can be seen 
in this figure, tungsten could be produced but the 
reduction was not complete. Presence of Ca(OH)2 was 
because of the incomplete leaching by HCl and can be 
eliminated by increasing the treatment duration. 

 

Figure 1. XRD Pattern of the reduced sample, obtained from 
the cell employing graphite anode without alumina cover, 
treated with 0.2 M HCl 

In addition to incomplete reduction of CaWO4, there 
were other problems related to the materials used in the 
construction of the cell.  

The current-time graph of the experiments was recorded 
with a self-developed computer software. The graph 
indicated that the efficiency was very low when 
compared to the laboratory scale experiments. The 
problem was most probably due to the oxidation of 
graphite anode inside the furnace above the electrolyte 
level. By this way, it is considered that graphite powders 
were dispersed in the molten salt and caused electronic 
conduction. The slow rate of electrochemical reduction 
could not produce large volumes of CO2 and or CO to 
provide positive pressure inside the cell which could 
prevent air penetration into the system.  The photograph 
of the graphite rod (Figure 2) after electrolysis 
demonstrated the abrasion present specifically at around 
the contact zone of graphite with the electrolyte.  

 

Figure 2. The graphite anode without alumina cover used in the 
early experiments 

In the light of above findings, the setup was redesigned to 
overcome the problems encountered in the production 
experiments.  

For this purpose, an alumina coated graphite was 
replaced the former one. Coating was applied to the outer 
surfaces of the graphite that is not in contact with molten 
salt. Furthermore, the whole experiment was conducted 
under continuous flow of argon gas to provide a reducing 
atmosphere in the cell and prevent air penetration. 

Figure 3. XRD Pattern of the reduced sample, obtained 
from the cell employing graphite anode employing 
alumina cover, treated with 0.2 M HCl 

This modification provided considerable reduction in the 
oxidation of graphite. XRD Pattern indicated the 
reduction of CaWO4 to tungsten were succeeded. All the 
characteristic peaks of tungsten were detected on XRD 
pattern. The particle size of the electrochemically 
produced W powder is less than 1  as can be seen in 
Figure 4. Particle size analyses of this powder could not 
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be performed due to agglomeration. Because the particle 
size is small, the particles have high surface energies and 
high tendencies to agglomerate. 
 

 

Figure 4. SEM Image of the electrochemically reduced 
sample  

4. Conclusion 

The larger scale electrochemical reduction of CaWO4 in 
eutectic molten salt medium (CaCl2-NaCl) at 600oC was 
investigated. The efficiency of the process was not as 
successful as laboratory scale studies [7-9]. The 
modifications in the graphite anode and furnace design 
eliminated some of the problems encountered. 
Furthermore, the results were promising in terms of 
economic feasibility and energy efficiency to further 
investigation of the present route. 
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Development of High Performance Magnesium Alloys via 
Twin Roll Strip Casting Process

Kwang Seon Shin 

Seoul National University - Republic of Korea

Magnesium is the lightest structure material and its high strength-to-weight ratio makes it attractive for applications 
requiring lightweight materials. There has been an increasing demand for high performance Mg alloy sheets in the 
automotive and transportation industries to reduce vehicle weight and increase fuel effi ciency. However, the development 
of high performance Mg alloy sheets is diffi cult to achieve due to high production costs and limited deformation modes. 
Recently the twin roll casting (TRC) process has been recognized as an effi cient process for producing Mg alloy sheets 
at a lower cost. Although the TRC process has received great attention, only limited Mg alloy sheets have been produced 
due to solute segregation problems and poor mechanical properties. In order to expand the application of Mg alloys, the 
development of high performance Mg alloys with controlled microstructure and good mechanical properties is needed. In 
the present study, TRC Mg alloy sheets with various compositions were produced using the twin roll casting process. The 
microstructure and texture were characterized by optical microscopy, XRD and EBSD. The mechanical properties were 
evaluated by tensile and formability tests. New TRC magnesium alloy sheets were successfully developed with reduced 
segregation and enhanced mechanical properties.
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Abstract 
 
In the present study, the production of magnesium metal 
from Turkish calcined dolomite via Pidgeon process was 
studied under the pressure of 1 mbar. In the experiments, 
Turkish ferrosilicon, calcium carbide, Aluminum was used 
as reducing agent. Effects of FeSi (90-150 % of 
stoichiometric requirement of silicon), “CaC2-Al” addition 
and time (60-240 min.) were investigated on recovering of 
metallic magnesium from calcined dolomite (dolime) at the 
temperature of 1200 °C-1250 °C. Effects of fluxing 
additive (CaF2), calcined magnesite and different 
temperatures on Mg recoveries and concentrations were 
also studied using with 100 % of stoichiometric 
requirement of silicon for 180 min. It was found that 
magnesium recovery increases with increasing FeSi 
addition, temperature, time, CaF2 addition and decreases 
with increasing calcined magnesite additions under the 
pressure of 1 mbar. CaC2 and Al can be alternative 
reductants FeSi for reduction of calcine dolomite. 
 
1. Introduction 
 
Mg is a silver grey metal which has a dense hexagonal 
crystal structure and it has two valance electrons. Melting 
point and boiling point of magnesium are 650 ± 2 ºC and 
1107 ± 10 ºC respectively. It has a very low density as 
1.738 g/cm3 when it is compared to other structural metals 
[1]. 
The consumption of magnesium in many fields, such as 
aircrafts, rockets and automobile industry, was expected to 
increase rapidly for the next decade. Because, magnesium 
has the lowest density in all structural metals and its 
strength/density ratio is high. It was reported by the USGS 
in 2015 that the world's total magnesium production was 
approximately 878,000 t in 2013 and 907,000 t in 2014, 
thus the annual supply change is about 3%. On the other 
hand, the world's demand for magnesium increases nearly 
10% per year [2,3,4,5]. 

Dolomite ore is the most important source to produce 
metallic magnesium. It is a compound of magnesium 
carbonate and calcium carbonate with a chemical formula 
as CaCO3.MgCO3. It theoretically consists of 45.3% 
MgCO3 and 54.7% CaCO3 by weight. Dolomite is used in 
various industries such as metallurgy, glass, chemical and 
paper [6]. 
The major part of magnesium production is conducted via 
the Pidgeon Process which is a metallothermic 
(silicothemic) process [7]. The first gasless metallothermic 
combustion experiments were conducted by Merzhanov et 
al. in the middle of 1960s. Metallothermic reduction 
reactions are highly exothermic. Thus, the propagation of 
reactions and the yield of reaction products continue in a 
self-sustaining mode without requiring additional heat [8]. 
On the other hand, the Pidgeon Process is highly 
endothermic (~ H is about 209 kJ mole of Mg), and heat 
supply is a critical consideration in industrial reactors. 
Magnesium is in gaseous phase at the temperature which is 
reduced, and it is collected in the form of crown at the 
cooling stage of the retort [9]. Pidgeon process is conducted 
through the silicothermic reduction of calcined dolomite 
under vacuum atmosphere. Powdered calcined dolomite 
and ferrosilicon as reductant, with the addition of slight 
amount of fluorspar (CaF2) as the catalyst, are mixed prior 
to the reduction process as raw materials [7, 10]. Morsi et 
al. investigated to produce magnesium metal from dolomite 
ore under inert atmosphere in 2002. The highest recovery 
rate was achieved as 92% when charge is containing 2.5 
wt.% CaF2, CaO/MgO molar ratio was 1.6. Furthermore, 
Si/MgO ratio was 1.45. The experiment was conducted at 
1300 °C for 5 hours. Minic et al. carried out the results of 
the characterization and thermal analysis of the slag from 
the magnesium plant named Bela Stena in Serbia. 
Dicalcium silicate based structure was determined in the 
solidified slag. Magnesium was mostly in the form of 
periclase, merwinite and melilite minerals. In 2015, a one-
step method, involving dolomite decomposition and 
magnesium reduction, was examined by Zhang et al. The 
results showed that the one-step developed technology is 
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effective for both reducing process duration and saving 
energy. 
Although Turkey has 15.887.160.000 t (detected and 
probable) of world dolomite reserves [14], there is not any 
industrial plant for metallic magnesium production yet in 
Turkey. Yucel et al. investigated the parameters affecting 
the silicothermic reduction of calcined dolomite using 
Turkish ores and ferrosilicon sources. In the common 
silicothermic process, the use of ferrosilicon increases the 
cost of production. This work aims to reduce the cost of 
magnesium production by using CaC2 instead of 
ferrosilicon as much as possible. CaC2 is a chemical 
compound and its most important application areas are fruit 
ripening and the production of acetylene gas (C2H2), and it 
costs approximately half of ferrosilicon [15]. In the 
experiments, increasing proportion of CaC2 was used with 
ferrosilicon. Process duration and temperature were carried 
out as variables in order to obtain high recovery efficiency 
ratios. The net reaction between ferrosilicon and dolomite 
is given with Eq. 1. The reaction for the use of CaC2 to 
reduce dolomite gives metallic magnesium of 3 moles as 
shown in Eq. 2. 
2MgO·CaO+FeSi 2Mg+Ca2SiO4+Fe    (1)                                                                     
3MgO·CaO+CaC2 3Mg+4CaO+2CO    (2)                                                                       
 
2. Experimental Procedure 
 
Calcined dolomite was provided by domestic source in 
Turkey. It was milled by using a laboratory scale 
Siebtechnic vibratory cup mill. Particle size of milled 
dolomite was measured by using Malvern Instruments 
Mastersizer 2000 particle size analyzer and it is calculated 
in a large distribution varying from 1.855 m to 74.715 m. 
Particle size distribution of milled calcined dolomite is 
given in Figure 1. Calcined dolomite was analyzed by 
using chemical analysis and AAS (Perkin Elmer Analyst 
800).  
 

 
Figure 1. Particle size distribution of calcined dolomite ore 
after milling. 
 
Chemical analysis of calcined dolomite is given in Table 1. 
 
Table 1. Chemical analysis of calcined dolomite. 
CaO MgO Fe2O3 SiO2 Al2O3 Na2O K2O 
58.57 40.55 0.13 0.45 0.12 0.04 0.03 

 
 ETI Elektrometalurji grade FeSi (75.0% Si, 24.0% Fe, 
0.1% Ca, 0.9% Al by wt.) was used and ETI 
Elektrometalurji grade CaC2 (min. 97.0% CaC2 by wt.) was 
also employed as a reductant aiming to reduce the amount 
of FeSi. 
The XRD pattern of calcined dolomite ore was obtained by 
using PANalytical PW3040/60 XRD. XRD pattern is given 
in Figure 2. The dolomite ore comprises mainly CaO, MgO 
and a slight amount of CaCO3 according to XRD pattern. 
 

 
          Figure 2. XRD pattern of calcined dolomite ore. 
Experiments were carried out in a cylindrical retort which 
is made from 304 stainless steel. The yield magnesium 
vapor condenses and forms the crown in the output region 
of the retort. To obtain vacuum atmosphere in the retort, a 
two stages integrated rotary vane pump ILMVAC - PK8D 
used which can hold a final pressure of 2x10-4 mbar. 
ILMVAC PIA 100 piezoelectric sensor was used in order 
to evaluate the extent of vacuum. The retort was externally 
heated by using a SiC resistance furnace having a 
maximum temperature of 1350 °C. The schematic sketch of 
experimental setup is given in Figure 3.  
 

 
Figure 3. Schematic sketch of experimental setup. (1) 
Furnace, (2) Stainless steel retort, (3) Charge, (4) Mg 
condensation section, (5) Cooling water in and out, (6) 
Vacuum connection, (7) Vacuum pump, (8) Digital 
pressure gauge, (9) PtRh30/PtRh6 thermocouple, (10) Ice 
water box, (11) Temperature data logger [4]. 
 
The details of the system can be found elsewhere [4]. 
Reduction experiments were conducted at two different 
temperatures, 1200 ºC and 1250 °C, under vacuum 
atmosphere. At the end of the reduction, the retort was left 
in the furnace at the same vacuum values and it was cooled 
to room temperature. Then, the cover was opened and the 
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condensed magnesium metal on the cooling section and the 
residue left in the boat were weighted and analyzed. The 
degree of Mg metal recovery was calculated from residue 
and reduced metallic magnesium crown by using two 
different ways given below. 
 
Mg recovery % (from residue) = {[(Mg%0 x W0) – (Mg%1 
x W1)] / (Mg%0 x W0)} x 100   (3) 
Mg recovery % (from crown) = {(Mg%2 x W2) / (Mg%0 x 
W0)} x 100                                  (4) 
 
Where W0 is the weight of dolomite, Mg%0 is the weight 
percentage of magnesium in dolomite, W1 is the weight of 
residue, and Mg% 1 is the weight percentage of magnesium 
in residue, W2 is the weight of crown magnesium, Mg% 2 
is the weight percentage of magnesium in crown. 
In the present study, three experimental sets were 
developed. In the first set, the change of Mg recovery was 
investigated with the increase in charge (reactant) weight. 
The change of Mg recovery with increasing CaC2 addition 
rate was carried out in the second experimental set at 1200 
°C and 1250 °C. In the last experimental set, the 
experiments were conducted with increasing CaC2 addition 
and in different volumes of retorts as 1 l and 10 l. The 
experiments with 50 g charge were done in 1 l retort for 
360 minutes process duration, other experiments with 
different charge amounts such as 2000 g, 3000 g and 5000 
g were conducted in 10 l retort for 480 minutes process 
duration. Average process duration was about 2 mbar.   
  
3. Results and Discussion 
 
In the first experimental set, effect of charge amount was 
investigated on magnesium recovery. 100% stoichiometric 
calcined dolomite - FeSi powder mixtures were prepared 
and experiments were conducted in different charge 
(reactant) amounts varying from 50 g to 5000 g. 50 g and 
3000 g charge amounts respectively presented the highest 
recovery rates which were calculated from residue. The 
highest recovery was detected for the charge amount of 50 
g as 98%. On the other hand, the highest Mg recovery 
calculated from crown was determined as 90% for the 
experiment conducted with 3000 g charge amount. Figure 4 
shows the change of Mg recovery with the increase in 
charge weight. 
 

 
Figure 4. The change of Mg recovery calculated both from 
residue and crown with the increase in charge weight. 
 
In the second experimental set, the effect of CaC2 addition 
and the change of reaction temperature were investigated. 
In these experiments, stoichiometric FeSi - CaC2 ratio 
changed from 100% FeSi - 0% CaC2 to 50% FeSi - 50% 
CaC2. All experiments were conducted under vacuum 
atmosphere at two different reaction temperatures as 1200 
°C and 1250 °C. Figure 5 presents effect of CaC2 and 
reaction temperature on Mg recovery rate. The experiments 
show that CaC2 addition and lower reaction temperatures 
decreases Mg recovery rates from 98.2% to 82.0% for 
CaC2 addition of 50% at 1250 °C. 
 

 
Figure 5. The change of Mg recovery calculated from 
residue with increasing CaC2 addition rate at different 
temperatures. 
Because of the highest Mg recovery in the first 
experimental set, third section of experiments, 3000 g 
charge and 10 l retort was used in order to produce crown 
magnesium with CaC2 addition. Magnesium recovery rates 
were calculated both from residue and crown. At the end of 
the experiments, 1 l retort, 10 l retort crown and residue 
recovery rates were compared in Figure 6. According to 
Figure 6, the highest Mg recovery was determined for 1 l 
retort 100% FeSi added experiment as 98.2%. On the other 
hand, the highest recovery was calculated at 10% CaC2 
added experiment as 95.2% from residue and 94.7% from 
crown for the experiment conducted in 10 l retort. 
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Chemical analysis results of all experiments are given in 
Table 2.  
 
Table 2. Chemical analysis results of residues obtained from the 
experiments 
. 
Experiment/Tmp., ºC Wght., 

g 
Al2O3 CaO MgO SiO2 

100% FeSi/1250 6.6 - - - - 
100% FeSi/1200 11.0 1.4 68.6 1.4 23.3 
90%FeSi10%CaC2/1250 10.5 0.7 61.9 1.7 35.0 
90%FeSi10%CaC2/1200 11.5 0.4 55.4 1.7 38.4 
80%FeSi20%CaC2/1250 13.0 - - - - 
80%FeSi20%CaC2/1200 12.1 0.9 61.7 2.6 33.5 
70%FeSi30%CaC2/1250 12.5 0.6 50.1 2.9 39.0 
70%FeSi30%CaC2/1200 13.2 1.3 67.9 3.0 24.3 
60%FeSi40%CaC2/1250 14.0 - - - - 
60%FeSi40%CaC2/1200 12.9 1.4 65.7 3.79 27.4 
50%FeSi50%CaC2/1250 13.2 0.8 60.1 6.81 27.6 
50%FeSi50%CaC2/1200 14.1 1.5 61.7 7.08 26.9 

 
The highest MgO amount was obtained in the experiment 
conducted with 50% FeSi - 50% CaC2 addition ratio as 
6.81%. According to chemical analysis of residues, CaC2 
addition affected amount of MgO in residue but there is not 
a so much difference between 0%, 10% and 20% CaC2 
addition ratios. These MgO ratios were respectively 0, 1.78 
and 1.73. 
 

 
Figure 6. The change of Mg recovery calculated with 
increasing CaC2 addition rate for different experimental 
volumes conducted with 1 l and 10 l retorts. 
4. Conclusion 
 
Calcined dolomite with FeSi and CaC2, subjected to 
reduction process under an average process pressure of 2 
mbar, at 1200 °C and 1250 °C temperatures for 360 
minutes (in 1 l retort) and 480 minutes (for 10 l retort). 
According to the results of experimental studies, crown Mg 
obtained which includes 0.007% Fe, 0.247% Ca and 
0.004% Si and trace amount of Al. The highest Mg 
recovery from residue obtained at the experiment with 50 g 
charge weight and the use of 100% stoichiometric FeSi as 

98.17% at the experiment conducted in 1 l retort at 1250 
°C. In the experiments, increasing amount of charge and 
increasing CaC2 quantity reduced Mg recovery. For 
example, the use of 40% CaC2, at the experiment 
conducted in 1 l retort, was measured as 89.2%. Thus, 
when the costs of FeSi and CaC2 (nearly half of FeSi) are 
compared, it is clear to understand the use of CaC2 makes 
the process economically feasible. 
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Abstract 

Magnesium, as a light weight alloy basis, has long 
been subjected to alloy development efforts 
throughout the world. Yet so far, the number of alloys 
that have found industrial use and therefore been 
commercialized is limited. This study, with the aim of 
increasing the otherwise low deformation capacity of 
Magnesium, has focused on several novel ternary 
alloy systems of magnesium, among which Mg-Zn-
Ce was found to be most successful. Free inflation 
tests were performed at various temperatures ranging 
from 250 to 450 C, using varying levels of pressures 
and time scales. The resulting microstructures have 
been characterized via conventional metallography as 
well as SEM techniques. The results have been 
interpreted on the basis of deformation mechanisms 
and texture development. 

1. Introduction 

Alloy development to introduce new magnesium 
alloy systems have been a major scientific endeavor 
over the past nearly 20 years. Although, given the 
initial state of knowledge, those efforts were 
inevitable, and have yielded a much better 
understanding in terms of mechanical behaviour of 
magnesium as well as the effects of individual 
alloying elements, the number of commercialized 
magnesium alloys little changed. However, we now 
have a wide spectrum of knowledge in terms of 
binary and ternary systems based on magnesium. 
Some very interesting features in some systems have 
been revealed along the way. Presence of 
quasicrystalline precipitates [1-3], the possibility of 
systems having great levels of strength and ductility 
combinations due to densely populated with stacking 
faults [4], elimination of protective gases and 
potential for grain refinement during melting thanks 
to calcium addition [5,6], and effects of alloying  

 
additions in dilute quantities as well as the most 
recent finding of oxygen doping [7] can all be 
mentioned as the highlights of the alloy development 
efforts of nearly the past two decades. 
 

Many of the problematic issues, most notably the low 
strength and deformation capacity, development of 
almost formidable texture after deformation, seem to 
have been found their solutions, if not in terms of a 
number of commercialized alloy compositions, at 
least in terms of the directions in which the answers 
lie. Alloy development based on stacking fault energy 
(SFE) concept in relation to all of the problematic 
features of magnesium, and the need for useful 
precipitates that can help eliminate the persistence of 
the texture following deformation by acting as 
nucleation sites during recrystallization have now 
been identified as paths to follow. The difficulty, 
however, remains at least for establishing the 
directions in SFE changes depending on the 
individual element additions and their quantities, i.e. 
dilute or relatively rich additions, as well as in 
multiple element additions again as a function of their 
quantities. Unfortunately, this direction indicated 
heralds the need for a colossal scientific effort that 
calls for the use of ab initio techniques as SFE 
changes need be known for specific crystal planes in 
each case the composition altered. 

This study, presents the results of several ternary and 
multiple alloy systems in terms of their 
microstructures, and the results of high deformations 
for a few selected alloy system, out of which one, 
namely Mg-Zn-Ce system seemed promising even in 
as-cast condition. 

2. Experimental Procedure 

Alloys were prepared via melting under protective 
argon atmosphere in steel crucibles and an electrical 
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furnace. All alloying additions were made by using 
the relevant master alloys. Samples for 
metallographic inspection were mechanically cut, 
grinded and polished by employing the conventional 
metallographic preparation techniques. Use of water 
was avoided in the last stage of polishing. Etchings 
were done by treating the polished surfaces with 
dilute picric acid and ethanol solutions for 2 seconds. 
Samples were then washed with unhydrous ethanol 
and immediately dried by blowing air. 

Elasticity modulus were measured using RFDA 
(Resonance Frequency Damping Analysis) system. 
This system displays the damping of a mechanically 
introduced resonance by hitting the sample (a ping), 
and calculates the E-modulus for a given material 
dimensions or weight. 

The mechanical tests were conducted using an Instron 
(4485) machine equipped with Aramis (an optic 
detection system) to determine deformation ratios. 
Free-inflation tests were conducted using the 
equipment presented in Fig.1. Blow forming chamber 
has the diameter of 45mm with an entry radius 
diameter of 3mm. Test pieces of 80mm diameter and 
2mm thickness were cut out of as-cast blocks using 
water jet.  
 
3. Results and Discussion 
 
Nominal alloy compositions, their hardness values, 
and E-modulus are given in Table 1. For the purpose 
of comparison it should be known that among the 
commercial magnesium alloys the lowest hardness 
values can be given as AM20 alloy with HB:45 and 
AZ31 alloy with HB:48. Other than Mg-2Zn-2Ce 
alloys, all compositions gave a somewhat higher E-
modulus value compared to the 45GPa of pure 
magnesium. 
 

 
 
Figure 1. Free inflation test equipment. (a) Schematic 
diagram of the equipment; (1) Position transducer to 
measure the dome height; (2) Steel rod of the position 

transducer; (3) Push rod heads; (4) Load cell; (5) 
Electric fan; (6) Cylindrical furnace; (7) Mold; (8) 
Sample plate; (9) Sample holder; (10) Gas inlet; (b) 
Schematic representation of blow chamber; (c) 
Sample blow-formed condition. 
 
Table 1. Nominal compositions, hardness values and 
E-modulus of the alloys. 

Nominal 
Alloy 

Compositions 

Young 
Modulus 

(GPa) 

HV 
(500g-
10s) 

HB 
1/5 ; 3 sn 

Mg-2Y-2Sn 47.5 41 40.5 
Mg-2Zn-2Y 46.3 56 60.7 
Mg-2Zn-2Ce 44.7 59 45.2 
Mg-2Y-1Pb 46.2 52 39.6 

 
Light micrographs showing the as-cast 
microstructures of the alloys studied are given in 
Fig.2. It can be seen that the finest grain size was 
observed in Mg-2Zn-2Ce alloy. All alloys except Mg-
2Zn-2Y showed extensive annealing twins in the as-
cast condition. 
 
Free inflation tests were performed at two different 

Mg-2Y-2Sn was excluded from free-inflation tests 
due to excessive oxide inclusions it contained. 
Samples from other three alloys were subjected to 
free-inflation tests using several samples before they 
were excluded. Finally, the alloy Mg-2Zn-2Ce was 
found to be the most successful one in all tests 
conditions employed. General evaluation of the alloys 
and test conditions are given in Table. 2. A 
comparison of the results in free inflations tests of the 
alloys are given in Fig. 3. 
 
Table 2. General evaluation of the results of the 

different experimental 
conditions.

 
 
 
 
 
 
 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

60718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 
Figure 3. Comparison of the alloys Mg-2Zn-2Y 
(blue), Mg-2Zn-2Ce (red), and Mg-2Y-1Pb (green) at 
different conditions for free-inflation tests. 
 

given in the Figures through 4 to 6. The two alloys 
that showed better forming characteristics were 
subjected to additional tests that were conducted at 
450 C. The images of the test samples for those tests 
are given through the Figures. 7 to 10. All of these 
figures also contain the test conditions, i.e. sample 
thickness before the test, dome height achieved, test 
temperature and the pressure employed. Note that in 
these figures, failure points due to oxide inclusions 
are marked with red circle in red. These inclusions, 
although being related also to the oxidation tendency 
of the reactive alloying elements used in the alloy 
compositions, are also due to the melting practice and 
the low quantities of molten baths employed in this 
study. Thus, it is reasonable to assume that even the 
alloys that seemingly not so successful in the free 
inflations tests may have showed better shaping 
characteristics otherwise. Likewise, the already 
successful alloys would also show improved results, 
had they contained lesser number or smaller size of 
inclusions. The other frequent problem observed at 
the end of the free-  

common phenomenon in hot shaping of even 
aluminum alloys, and known to occur due to grain 
growth. 
 
After the first two rounds of free-inflations tests, 
additional tests were conducted only on the most 
successful alloy, Mg-2Zn-2Ce, to understand the 
limits of industrially applicable process parameters 
envelope. As shown in Fig.10 greater dome height 
was obtained albeit the seizure of test was still being 
due to inclusion holes. 
 
 
 
 
 
 

 

 

 

 
Figure 2. Light micrographs showing the as-cast 
structure of the alloy studied: (a) Mg-2Y-2Sn; (b) 
Mg-2Zn-2Y; (3) Mg-2Zn-2Ce; (d) Mg-2Y-1Pb. 

a 

b 

c 

d 
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Figure 4.The  test conditions and the image of 
samples for two cases of failure during free-inflation 
tests for the alloy Mg-2Zn-2Y. Note that in the first 
test two steps with different test conditions were 
employed. 
 

 

 
Figure 5. The test conditions and the image of 
samples for two cases during free-inflation tests for 
the alloy Mg-2Zn-2Ce: The first one is a failure, and 

the second one successful. Note that the failure was 
due to the inclusions marked with red circles. 
 

 
Figure 6. The test conditions and the image of 
Mg-2Y-1Pb alloy sample failed during free-inflation 
tests. Note the circumferential tearing at the dome 
edge. 
 

 
Figure 7. Mg-
2Zn-2Y and the image of a sample failed during free-
inflation tests. 
 

 
Figure 8. -
2Zn-2Ce and the image of a free-inflation test sample 
that gave better dome height before the test was 
stopped due to the inclusion holes marked with 
yellow and red circles. 
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Figure 9.  test conditions for the alloy Mg-
2Y-1Pb and the image of a free-inflation test sample 
that failed due to the inclusion holes marked with red 
circles. 
 

 

 
Figure 10. The test conditions and the image of the 
Mg-2Zn-2Ce alloy sample after the final free inflation 

the greatest dome height and the test was stopped 
once again due to hole formation where inclusions are 
located. 
 
A series of micrographs given in Fig. 11 and 12 
shows the grain and grain boundary precipitate 
structures in the maximum deformation regions, i.e. 
the dome apexes, of Mg-2Zn-2Ce alloy samples after 
free- C. 
For comparison purposes, micrographs from regions 
that ideally not deformed, i.e. the flanges of the 
samples, are also given in Fig. 13. An assessment of 

microstructures for both temperatures based on the 
available metallographic data can only be made 
qualitatively. While the test conditions do create 
conventional deformation, they also correspond to 
several creep conditions as well. Therefore the 
following comments should be taken within this 
perspective. 
 
The first conclusive observation on these micrographs 
is that no twinning is observed. Although at such 
temperatures prismatic and pyramidal slip systems are 
known to be active in addition to the always-active 
basal slip systems, the absence of twins need not be 
that twinning did not take place. On the contrary, 
since magnesium does not meet the requirements of 
Von Misses criteria due to lack of five independent 
slip system, twinning at both temperatures employed 
must have, though not exclusively, occurred in order 
to achieve the observed deformation level. There exist 
literature reporting the occurrence of twinning in 
magnesium at such high temperatures.  
 
Then, the question arises as to why no twinning at all 
has been observed. The only plausible answer to this 
question is that the twins that had contributed to the 
deformation must have been annealed out. Yet, other 
possible deformation mechanisms should also be 
considered. 
 
Given the level of deformation temperatures, being 
0.59Tm and 0.66Tm for 400 C and 450 C 
respectively, may be taken to indicate that viscous 
flow mode of creep is excluded as a dominant 
contributor to the total deformation. This mechanism 
is known to be effective at higher levels. If examined 
with a trained eye, the otherwise continuous grain 
boundary phase, possibly Mg2Ce, now appear to be 
much more discontinuous especially at the regions 
corresponding to the maximum deformation zones. It 
should be noted that this morphological change is 
taking place in a gradual manner from the reagions of 
lesser deformation to the region undergone maximum 
deformation. Such a change in morphology, being 
most certainly due to the deformation, indicates yet 
another important deformation mechanism, that is 
grain boundary sliding. However, this mechanism, if 
solely active, would have led to formation of some 
grain boundary pores. In the absence of such 
phenomenon while grain boundary integrity is 
maintained, one may conclude that the mechanism is 
indeed a contributing to the observed deformation. It 
should also be pointed out that not all of the smaller 
precipitates decorating the grain boundaries may have 
born out of fragmentation of the former continuous 
ones.
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Figure 11. Microstructures corresponding to the 
maximum deformation zone in Mg-2Zn-2Ce alloy 
after free-inflations tests conducted at 400 C at 
various pressures: (a) p=0.5MPa; (b) p=0.65MPa; (c) 
p=0.75MPa. 
 
Fast diffusion at the temperatures employed may have 
caused additional nucleations of the same type of 
precipitates, albeit with smaller sizes. 
 

 
Figure 12. Microstructures corresponding to the 
maximum deformation zone in Mg-2Zn-2Ce alloy 
after free-inflations tests conducted at 450 C at 
various pressures: (a) p=0.20MPa; (b) p=0.35MPa; (c) 
p=0.50MPa; (d)p=0.65MPa 

a 

b 

c 

d 

c 

a 

b 
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Figure 13. Microstructure of non-deformed region 
after free-inflation test conducted on Mg-2Zn-2Ce 
alloy at (a) . 
 
Even though it is said not to have been the dominant 
creep mechanism, during fragmentation of the 
continuous grain boundary phase preservation of 
grain boundary integrity may have been assisted with 
some contribution of viscous flow. 

Some qualitative comparison between the two test 
conditions may also be made. The discontinuous 
nature of the grain boundary phase in the maximum 
deformation zone of the sample tested at 450 C seems 
somewhat more pronounced. The higher temperature 
in this case may have led to dissolution of smaller 
precipitated during the course of test. 
 
4. Conclusions 
 
It has been shown that despite the presence of oxide 
inclusions as a result of melting practice the Mg-2Zn-
2Ce system offers good deformation characteristics at 
the temperature  
 
When the relatively much smaller grain size observed 
in the as-cast condition and greater deformation 

capacities obtained in Mg-2Zn-2Ce alloy considered 
together it is reasonable to suggest that this alloy 
system provides the greatest resistance to grain 
coarsening at elevated temperatures compared to the 
other systems studied. 
 
It has been shown that creep mechanism may also 
play a part in industrial deformation processes of 
magnesium due mainly to the high diffusion rates in 
its hexagonal crystal structure. 
  
This also study emphasizes the importance of 
metallurgical cleanliness when shaping magnesium 
alloys. It seems imperative to consider the reactivity 
of the alloying elements in alloy development efforts 
and their possible consequences towards forming 
harmful inclusions. 
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Abstract 

Light weight magnesium alloys are also known to be 
advantageous due to their good damping 
characteristics. Although modulus of elasticity is a 
good indicator of sound/vibration absorption 
properties, direct measurements are better to 
characterize this property. Measurement of Young's 
modulus via measurements of sound velocity or 
damping in solid materials are known to give more 
accurate results. Resonance frequency damping 
analysis (RFDA) therefore is a highly reliable method 
to determine elasticity modulus as well as damping 
characteristics of solids. This study focused on room 
and high temperature (up to 350 C) measurements of 
Young's modulus and damping properties of a 
number of novel magnesium alloys. The same alloys 
have also been characterized in terms of 
microstructures and evaluated together with RFDA 
measurements. 

1. Introduction 
 
Among other promising engineering features of 
magnesium, such as good strength-to-weight ratio, 
low-cost machinability, good heat dissipation 
characteristic, damping is considered to be the best 
among structural metals [1-10]. This property, being 
one of the relatively less focused-on concepts in 
literature [11], is also a difficult one to observe or 
accurately measure via conventional mechanical test 
techniques. Since it is difficult to discern through the 
modulus of elasticity from a simple stress-strain curve, 
a more careful evaluation requires measurement 
techniques using sound waves at a range of 

frequencies and determination of the specific 
frequency(ies) at which the material shows 
noteworthy damping characteristics. 
 
Attenuation of wave propagation in a material occurs 
through independent and mostly concomitant 
atomistic mechanisms by which the wave looses 
energy. In effect, this is the dissipation of elastic 
strain energy and its conversion into heat. The better 
heat dissipation property of magnesium thus may be 
said to play an important role in imparting also good 
damping characteristic. By nature, this is a time 
dependant, i.e. anelastic, response of the material. 
Such an energy loss is also temperature and 
frequency-dependant and reaches a maximum at a 
critical frequency. This type of response of materials 
are related to a number of physical metallurgy 
processes such as precipitation, ordering, and defect 
generation / movement, that also collectively 
comprises all sorts of solute atom/defect interactions 
as well [12-13]. 
 
There also exist the hysteretic response which is 
independent of the frequency. This portion of the 
energy loss in damping process is also related to the 
movement of crystal defects, most notably 
dislocations [13]. In this case, much like the 
Bauschinger effect, energy loss is not equal during the 
movement of the traveling wave in the opposite 
directions (back and forth). This process, however, 
can eventually lead to fatigue failure.  
 
Stacking fault energy (SFE) concept can also be 
incorporated into the discussion of damping with a 
careful analysis by also taking into account the crystal 
system of the material. As a hypothetical example in 
case of magnesium, it may be said that lowering the 
SFE of specifically the prismatic and/or pyramidal 
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planes may lead to higher damping via facilitation of 
birth of dislocations as an anelastic response 
mechanism. Whereas increasing the specific SFE 
value of the basal crystal planes should lead to better 
damping through facilitating the movement of 
dislocations both in terms of anelastic and hysteretic 
responses. Albeit an earlier fatigue failure may also 
be inevitable in the latter case. In order to tailor the 
damping properties based on SFE, a detailed 
knowledge regarding the selection of alloying 
element(s) or their necessary quantities is obviously 
needed. However, such knowledge unfortunately 
resides at an infant stage today. 
 
Damping for a particular alloy composition, on the 
other hand, can be discussed in terms of 
microstructural parameters such as defect density 
and/or grain size. When existing literature is reviewed 

-

considered. In this respect, lower dislocation density 
and/or larger grain size that corresponds to relatively 

-
damping characteristics [11]. In general, 
microstructural parameters that give better strength 
seem not to favour improved damping capacity [14] 
[15]. However, as strengthening secondary phase 
particles LPSO (Long Period Stacking Order) phases 
have been reported to present an exception, 
improving both the strength and damping capacity 
[16-20] based on insufficient experimental evidence, 
some of these studies [16] are attributing the 
improved damping to the precipitate matrix interface 
structure, some [17] relates the phenomenon to the 
mobility of partial dislocations in the LPSO phases. 
 
In a study by Somekawa et. al. [21], although their 
interpretation was not validated, the importance of 
solute atoms as weak pinning points for dislocations 
was demonstrated. Their results indeed showed that 
mean-free path for dislocations, if longer the 
attenuation is greater and vice versa, explained the 
damping behavior of the magnesium alloys as 
compared to pure magnesium as well as its 
temperature dependency.  
  
In this study, a number of novel magnesium alloys 
were prepared and compared with each other in terms 
of resonance damping and modulus of elasticity in 
their as cast state. 
 
2. Experimental Procedure 
 
Alloys were prepared via melting under protective 
argon atmosphere in steel crucibles and an electrical 
furnace. All alloying additions were made by using 

the relevant master alloys. Alloys were homogenized 
via very slow cooling in the furnace following 
solidification. Samples for metallographic inspection 
were mechanically cut, grinded and polished by 
employing the conventional metallographic 
preparation techniques. Use of water was avoided in 
the last stage of polishing. Etchings were done by 
treating the polished surfaces with dilute picric acid 
and ethanol solutions for 2 seconds. Samples were 
then washed with unhydrous ethanol and immediately 
dried by blowing air. Hardness measurements were 
made using standard HV and Brinell testers. 
 
Modulus of elasticity and damping characteristics 
were measured using RFDA (Resonance Frequency 
Damping Analysis) system. This system displays the 
damping of a mechanically introduced resonance by 
hitting the sample (a ping), and calculates the E-

dimensions or weight. The system can take 

certain intervals as the temperature is increased. The 
loss angle,  , is the phase angle between stress and 
strain. The damping may be expressed either by this 
parameter, or the quality factor Q which represents 
how sharp and intense a resonance peak is. If the 
damping is not too large, the relationship is [22]:  
tan = Q-1. The damping of the material in this study 
is measured as the internal friction parameter, Q-1, 
that can be expresses as: 
                            Q-1= k fr) 
where k is the exponential decay parameter of the 
vibration component of the mechanical resonant 
frequency fr. Q 1

high damping standard. The precision of Q-1 depends 
on the suspension of the specimen and on its size. As 
the external energy losses are relatively smaller for 
larger specimens, the lower limit of measurable Q-1 
starts from 10-3 for small specimens (e.g., <1g) down 
to 10-5 as the sample size increases. The precision of fr 
depends on the size and stiffness of the specimen, 
varying between 10-3 to 10-5 (i.e. 1Hz at 1kHz and 

0.1Hz at 10kHz) [23]. 
 
3. Results and Discussion 
 
The nominal compositions of the alloys investigated 
and their mean hardness values are given in Table 1. 
As-cast microstructures of all the alloys are given in 
Fig.1. It was observed that almost all grain boundaries 
were decorated by a second phase particles in Mg-Zn-
Ce system (Fig. 1b) as compared to the other two 
alloys that contained noticeably much less such 
precipitates along their grain boundaries. On the other 
hand, the Sn and Pb containing systems (Fig. 1a and b) 
showed much greater grain sizes and greater densities 
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in the annealing twins. These annealing twins are seen 
in all three alloys in all favorably oriented grains as 
shown in Fig.1. Although it is not discernible in this 
work Sn containing alloy is very likely to contain 
densely populated intragranular small sized 
intermetallic precipitates [24, 25].  
 

 

 

 
Figure 1. As-cast microstructures of alloys: a) Mg-
2Sn-2Y, b) Mg-2Zn-2Ce, c) Mg-1Pb-2Y. 
 
 
 
 

Table 1. The nominal compositions of the alloys and 
their Vickers and Brinell hardness values. 

ALLOYS HV 
(500g-10s) 

HB 1/5 
3 sn 

Mg-2Y-2Sn 41 40.5 
Mg-2Zn-2Ce 59 45.2 
Mg-2Y-1Pb 52 39.6 

 
It should be noted for comparison of the mechanical 
properties of the alloys studied, the yield strength of 
as-cast pure magnesium is about 20 MPa with UTS 
value of 80 MPa, elongation of 6%, E-modulus of 
45GPa, and Brinell hardness of 30. Thus, it can be 
seen that all the alloying element additions led to 
considerable increase in hardness with the minimum 
contribution being in the Sn or Pb containing systems 
despite their tendency to increase E-modulus. 
 
Table. 2 gives the E-modulus values, damping and 
damping related properties of the alloys for the room 
temperature. The Sn or Pb containing alloys showed 
an increase in E-modulus as compared to as-cast pure 
Mg. It is interesting to note that Mg-Zn-Ce alloy, 
while having the highest hardness, almost maintained 
the modulus value of pure Mg. All three alloys 
displayed the expected trend, i.e. decrease, in terms of 
E-modulus with temperature as seen in Fig. 2. 
 
Table 2. Frequency, loss rate, damping and E-
Modulus values at room temperature of the alloys. 

Alloy 
E-

Modulus 
(GPa) 

Freq. 
(Hz) 

Loss 
rate 
(1/s) 

Damping 
(x10-6) 

Mg-2Y-2Sn 47.5 7291.95 13.30 581 
Mg-2Zn-2Ce 44.7 6921.19 13.30 612 
Mg-2Y-1Pb 46.2 6040.99 20.00 1052 
 
The damping value of pure magnesium has been 
reported as 0.074 (Q-1). As a rule of thumb none of its 
alloys has better damping property than pure 
magnesium [26]. The changes in damping with 
temperature and E-modulus in the alloys studied are 
given in Figs. 3 and 4. These changes showed 
corresponding trends to each other. The Mg-Zn-Ce 
system mainly followed the trend of the Mg-Sn-Y 
system. The relatively small deviations seen in the 
general trend of Mg-Zn-Ce system in the 100-25  
temperature range was attributed to measurement 
errors and therefore neglected. The changes in 
damping with temperature and E-modulus were 
observed to be different for Mg-Pb-Y system than 
those in the other alloys. While a continuous decrease 
with temperature was observed in the damping 
behavior of Mg-Pb-Y system, the other two alloys 
showed, first, a mild decrease and then a steep 

a 

b 

c 
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. Changes in damping 
versus E-modulus showed a corresponding trend for 
all three alloys as compared to damping versus 
temperature changes as seen in Fig. 3. Note that the 
temperature decreases in the same manner to the 
abscissa of the damping versus E-modulus graph.  
 
 

  
Figure 2. Change in E-modulus with temperature. 

 

 

 
Figure 3. Changes in damping: a) with temperature 
and, b) E-modulus. 
 
The yielding in magnesium starts with slip in the 
basal planes and, almost immediately after, followed 
by twinning. Additional slip systems become active 

7]. Since hexagonal crystal 
system of magnesium possesses a low symmetry and 
very characteristic sequential behavior in terms of 
activation of its slip systems and twinning, a detailed 
discussion on the observed changes in properties with 

reference to specific crystal planes may be given as 
follows: 
Among the alloying elements used only Zn has some 
known solubility in Mg. The solubilities of the other 
alloying elements may be given in decreasing order as 
Pb, Sn, Y and reaching possibly to zero in the case of 
Ce. Yytrium addition to magnesium has been known 
to increase both strength and ductility, while Ce 
addition seem to have contradicting effects depending 
on its amount in the alloy while increasing the SFE 
[28]. There also exist reports showing that combined 
addition of Zn-Ce to magnesium resulted in mainly 
strengthening effect [29,30]. Thus, in the alloys 
studied here Zn and Pb are the most likely elements to 
create dilute solutions. While Zn is likely to provide 
only weak pinning points in solution, with its strong 
effect on SFE,  Pb is likely to be influencial on 
damping due to an additional effect. Although Sn is 
stronger than Pb in decreasing the SFE, it is more 
likely to provide strong pinning points by the 
intermetalic precipitates it forms. 
 
Higher hardness of Mg-Zn-Ce system can be 
explained due to its smaller grain size, greater solute 
solutioning by Zn, and precipitation due mostly to Ce. 
The lower hardness of the other two alloys can also 
be attributed to the lowering of SFE by the alloying 
elements Pb and Sn [31]. Lower SFE facilitates 
deformation by facilitating formation of dislocations 
as well as twinning as an extra deformation 
mechanism in Mg. Microstructures of Sn and Pb 
containing systems attest to this phenomenon with the 
presence of ample amount of annealing twins in the 
microstructures. 
 
Modulus of elasticity, being dependant on the 
interatomic bonding showed an expected decrease 
with temperature for all alloy systems. It should be 
noted that the changes in damping are not reflected by 
the smooth change in modulus of elasticity with 
temperature for any of the alloys studied. The 
variation in damping with E-modulus found not to be 
smooth and simple.  
 
The initial slight decrease in damping up to about 
250 C in Mg-2Y-2Sn and Mg-2Zn-2Ce systems may 
be attributed to interaction of dislocations with weak 
pinning points, becoming easier with increasing 
temperature, scavenging the wave energy by local 
movement of dislocations. The phonon movement in 
this temperature range also consumes the energy of 
the vibration wave by convertion into heat, but with a 
lower energy cost as the modulus drops. On the other 
hand, the following steep increase in damping after 
the temperature corresponding to a minima may be 
explained by activation of non-basal dislocations. 

a 

b 
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Such dislocations are known to be activated after 
-alloys 

[27]. Thus, the passing waves can be evisaged to 
cause movements on some segments of those 
dislocations which were, until about those 
temperatures, completely inactive due to their high 
critical resolved shear stress (CRSS) values. The 
difference in the temperature of inflection between 
the Mg-2Y-2Sn and Mg-2Zn-2Ce systems has been 
interpreted to be a result of the strong effect of Sn in 
lowering the SFE. Lower SFE leads to difficulty in 
dislocation movement as their core size together with 
their strain field increases. Due to this effect, 
movement of the dislocations on prismatic and 
pyramidal hexagonal planes is somewhat delayed in 
Sn-containing alloy due to larger core size of the 
dislocations compared to that in Mg-Zn-Ce system. 
  
The damping characteristics of the Mg-2Y-1Pb alloy 
need be explained for its much higher room 
temperature damping value, and for the continuous 
decrease in damping with temperature. The room 
temperature damping has to be explained in relation 
to the relative ease of dislocation movement 
compared to the other alloys. Such an explanation 
would also account for the much higher loss rate 
observed with this alloy system. It is known that both 
Sn and Pb, Sn being more effective, have a strong 
reduction effect on SFE [31]. However, SFE should 
be more critically considered with regard to specific 
planes. With such a consideration Sn and Pb requires 
detailed evaluations. Even if some Sn is still in 
solution after it forms precipitates, the different 
effects observed in Sn- and Pb-containing alloys 
indicated that their preferential positions in dilute 
solid solutions may not be the same, leading to 
different influences on the SFE values of different 
slip planes they preferentially reside. It may thus be 
envisaged that Pb possibly facilitated creation of 
dislocations more effectively on the basal planes, thus 
led to much higher damping values starting right from 
the room temperature. The absence of an inflection 
point in the damping graph for Pb containing system 
may only be due to the selected temperature range of 
measurement, i.e. at a higher temperature an 
inflection may yet to be encountered. Our study will 
continue in search of such a temperature threshold. 
 
4. Conclusions 
 
A direct correlation between the elastic modulus of an 
alloy with its damping characteristics does not seem 
to be possible. Damping must be evaluated in terms 
of atomistic mechanism by taking into account SFE, 
presence of weak pinning points such as solute atoms, 
and the strong pinning points such as precipitates. 

 It has been observed that Sn as an alloying element, 
despite its known common, and in fact more effective 
influence in decreasing SFE does not impart the same 
damping level to the alloy as Pb does. 
 
Both Sn and Pb appear to be effective in increasing 
the modulus of elasticity.  
 
Acknowledgements 
 
The authors acknowledge and thank for the financial 
support provided for this work towards the payment 
of scholarships to the students involved, for 
purchasing the necessary materials and equipment, 
and the travelling of researchers to the following 
sources:  

i) i) TUBITAK under the project number 213M535, 
within the framework of bilateral agreement with 
CNR of Italy;  

ii) ii) CNR of Italy; and  
iii) iii) Turkish Ministry Science, Industry and 

Technology for supporting the Project No: 
0286.STZ.2013-2. 
 
References 
 
[1] M.M. Avedesian, H. Baker (Eds.), ASM Specialty 
Handbook, Magnesium and Magnesium Alloys, ASM 
Int., The Materials Information Society, 1999, Ohio. 
[2] A.S.M.F. Chowdhury, D. Mari, R. Schaller, Acta 
Mater. 58 (2010) 2555-2563. 
[3] D.Q. Wan, J.C. Wang, G.C. Yang, Mater. Sci. 
Eng. A 517 (2009) 114-117. 
[4] L.H. Wen, Z.S. Ji, M.L. Hu, H.Y. Ning, J. 
Magnesium Alloys 2 (2014) 85-91. 
[5] K. Nishiyama, R. Matsui, Y. Ikeda, S. Niwa, T. 
Sakaguchi, J.Alloys Compd., 355 (2003) 22 25. 
[6] T. Li, Y. He, H. Zhang, X. Wang, J. Magnesium 
Alloys 2 (2014) 181-189. 
[7] G. Liu, W.C. Ren, Y.L. Sun, J. Hu, Mater. Sci. 
Eng. A 527 (2010) 5136 5142. 
[8] J. Hu, X.F. Wang, G.Y. Liu, Mater. Sci. Eng. A 
527 (2010) 657 662. 
[9] S.H. Chang, S.K. Wu, W.L. Tsai, J.Y. Wang,J. 
Alloy.Compd. 487 (2009) 142 145. 
[10] R. Schaller, J.Alloy. Compd.355 (2003) 131 135. 
[11] J. Wang, Z. Wu, S. Gao, R. Lu, D. Qin, W. Yang, 
F. Pan, J. of Magnesium and Alloys xx (2015) 1e7. 
[12] Phys. 27(1956) 
583. 
[13] B. Mordike and P. Lukac, 
in Magnesium Technology: Metallurgy, Design Data, 
Applications, Eds: Horst E., F.B.L. Mordike, Springer 
Pbl., 2006. ISBN-10 3-540-20599-2; ISBN-13 978-3-
540-20599-9. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

61718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

[14] M.H. Tsai, M.S. Chen, L.H. Lin, M.H. Lin, C.Z. 
Wu, K.L. Ou, C.H. Yu, J. Alloys Comp. 509(2011) 
813 819. 
[15] R. Schaller, J. Alloys Comp. 355(2003)131 135. 
[16] R. Lu, J. Wang, Y. Chen, D. Qin, et.al, J. of 
Alloys and Compounds 639 (2015) 541 546. 
[17] Y. Tang, B. Li, H. Tang, Y. Xu, Y. Gao, L. 
Wang, J. Guan, MSE-A 640 (2015) 287 294. 
[18] X.F. Huang, W.Z. Zhang, J.F. Wang, W.W. Wei, 
J. Alloys Comp. 516 (2012) 186 191. 
 [19] J.F. Wang, S. Gao, P.F. Song, X.F. Huang, Z.Z. 
Shi, F.S. Pan, J. Alloys Comp. 509 (2011) 8567 8572. 
[20] J.F. Wang, R.P. Lu, W.W. Wei, X.F. Huang, F.S. 
Pan, J. Alloys Comp. 537 (2012) 1 5. 
[21] H. Somekawa, H. Watanabe, T. Mukai, Materials 
Letters 65 (2011) 3251 3253. 
[22] Y.C. Wang, M. Ludwigson, R.S. Lakes, MSE-A 
370 (2004) 41 49. 
[23] G. Roebben, B. Bollen, A. Rebels, J.V. 
Humbeeck and O.V. Biest, American Institute of 
Physics, Rev.Sci.Instrum. 68 (12) Dec. 1997. 
[24] F.R. Elsayed, T.T.Sasaki, C.L.Mendis, 
T.Ohkubo, K.Hono, MSE-A 566 (2013) 22 29. 
[25] T.T. Sasaki, F.R. Elsayed, T. Nakata, T. Ohkubo, 
S. Kamado, K. Hono, Acta Materialia 99 (2015) 176
186. 
[26] R. Ichikawa and T. Tanikawa, J. of Japan 
Institute of Light Metals, v.12 (1962) No.2, 135-140. 
[27] A. Arslan KAYA, Physical Metallurgy of 

eds.: M. O. Pekguleryuz, K. 
Kainer, A. Arslan Kaya, pp.33-84, Woodhead 
Publishing, Cambridge, England, 2013. ISBN: 978-0-
85709-088-1 
[28] S. Tekumalla, S. Seetharaman, A. Almajid and 
M. Gupta, Metals 2015, 5, 1-39; 
doi:10.3390/met5010001, Open Access. 
[29] A.A. Luo, R.K. Mishra, A.K. Sachdev, Proc. of 
the 2010 TMS Annual Meeting & Exhibition, Seattle, 
WA, USA, 14 18 February 2010; pp. 313 318.  
[30] Q.-C. Le, Z.-Q. Zhang, Z.-W. Shao, J.-Z. Cui, Y. 
Xie, Trans. Nonferrous Metals Soc. China 2010, 20, 
352 356. 
[31] H.Y. Zhang, H.Y. Wang, C. Wang, G.J. Liu, Q.C. 
Jiang, MSE-A 584 (2013) 82 87.  
 
 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

618 IMMC 2016   |   18th International Metallurgy & Materials Congress

Eff ect of SiC Grain Refi ning on Wear Resistance of Mg-Al 
Alloys

Erdem Karakulak¹, Norbert Hort², Yusuf Burak Küçüker1 

¹Kocaeli University,
²Helmholtz-Zentrum Geesthacht - Türkiye,Germany

Abstract:  

Different amounts of SiC particles were added to Mg-Al 
alloys to refine grain size of the samples cast with 
permanent mold direct chill casting technique. 
Microstructures of the cast materials investigated and 
grain size measurements were conducted. Vickers 
hardness tests and dry sliding wear tests were realized on 
the specimens with different grain size. Addition of SiC 
and increasing aluminum content in the alloy caused a 
decrease in the grain size of the specimens. Refinement 
of microstructure increased hardness and wear resistance 
of the cast samples. Worn surfaces of the specimens were 
investigated by scanning electron microscope to 
understand wear mechanisms.    

1. Introduction 

Magnesium is the lightest structural metal with a density 
of 1,738 g/cm3 [1,2]. Low density and good castability of 
magnesium and its alloys make them candidate materials 
for numerous applications especially in automotive 
industry to lower fuel consumption and CO2 emissions 
[3,4]. However limited mechanical properties of 
magnesium alloys are the main problems to overcome to 
widen the usage of these materials in different 
applications [5]. Wear damage is one of the main 
problems for moving parts in automotive production. In 
general magnesium and its alloys show poor wear 
resistance [6]. There are different ways to increase wear 
resistance of Mg alloys like plasma electrolytic oxidation 
(PEO) [7], surface mechanical attrition treatment [8], 
ceramic coatings with physical vapour deposition (PVD) 
[9]. Grain refining is a process where hardness and wear 
properties of material can be improved without any 
alloying addition or coating. In this study wear tests were 
conducted on different binary Mg-Al alloys with 

different average grain sizes. Grain refinement of Mg-Al 
alloys were obtained with SiC inoculation. SiC addition 
is an effective way of refining grain size of magnesium 
alloys, especially alloys containing aluminium as 
alloying element or impurity. Effect of grain refinement 
with SiC on microstructure, hardness, wear resistance 
was investigated in detail.    

2. Experimental 

Melting of different Mg alloys were realized using an 
electric resistance furnace under protective atmosphere of 
0,3 % SF6 +Ar. Chemical compositions of the used alloys 
are given in Table 1. When the magnesium is molten 
alloying elements and SiC (average particle size 2 μm) 
was added to the melt. Then liquid metal is transferred to 
a cylindrical steel mold (100 mm in diameter and 230 
mm in height). This mold is then placed into the 
permanent mold direct chill casting machine. In this 
device the melt is kept at 680 °C for 30 minutes for all 
alloys. After waiting for 30 miutes two TP1 samples 
were taken and solidified according to the standard for 
grain size measurements. After that the mold with 
remaining melt inside slowly lowered in to water to be 
solidified. Grain size measurements were conducted 
using line intercept method. Hardness tests were realized 
using a Vickers hardness tester, using 5 kg load and 30 s 
of loading duration. All given hardness values are an 
average of 10 measurements. Wear tests were conducted 
on a Nanovea ball-on-disc type tribometer at room 
temperature, using 25 N normal load and AISI 52100 
steel ball with 5 mm diameter as counter surface. Sliding 
distance was kept constant at 500 m for all tests. 
Specimens were cleaned with alcohol and weighed 
before and after wear tests to obtain weight loss data. 
Obtained weight loss data is used to calculate wear rate 
of the specimens. The fallowing equation was used to 
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calculate wear rate of specimens: W = M/ D, where W is 
the wear rate (mm3/m) M denotes mass loss (g), and  
(g/mm3) and D (m) are the density and sliding distance 
respectively [10]. Worn surfaces of the specimens after 
wear tests were investigated under SEM to understand 
wear mechanism operated during wear tests. 

Table 1. Results of chemical analyses of the cast samples 

Element Al Fe Mn Zr Mg 
Pure Mg 0,11 0,02 0,03 0,004 Bal. 
Mg-1Al 0,92 0,03 0,03 0,004 Bal. 
Mg-3Al 2,83 0,03 0,03 0,003 Bal. 

 

3. Results 

3.1. Grain Size Measurements 

Addition of SiC to pure Mg and Mg-Al alloys refined the 
grain size of the material. Representative microstructures 
and measured grain size values are given in Fig. 1 and 
Fig. 2 respectively. Increasing SiC in the alloy decreases 
the grain size of the cast materials. But the grain refining 
effect is almost faded after % 0,4 SiC addition. Addition 
of higher amount of SiC has little effect on grain size. 
Also increasing aluminium content of the alloy decreases 
grain size of the material, which is a result of growth 
restriction effect of aluminium in magnesium alloys [11].  

 

(a) 

 

(b) 

 

(c) 

Figure 1. Microstructures of (a) Pure Mg, (b) Mg-1Al 
and (c) Mg-3Al without SiC addition 

 

Figure 2. Effect of SiC addition on grain size of pure Mg 
and Mg-Al alloys 
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3.2. Hardness Tests 

To understand the effect of aluminium addition and SiC 
grain refining on the hardness of the materials hardness 
tests were conducted on all specimens. Results of 
hardness tests can be seen on Fig. 3. With increasing SiC 
and Al content hardness of magnesium increases as 
expected. Addition of SiC dramatically decreases grain 
size of the material especially for pure magnesium. 
Decrease of grain size causes an increase in the hardness 
of material. Addition of aluminium to pure magnesium 
also increases hardness both with grain refining and 
alloying effects. 

 

Figure 3. Effect of SiC and Al content on hardness 

3.3. Wear Tests 

Weight loss data of the specimens were obtained by 
weighing cleaned specimens before and after wear tests. 
Weight loss data is used to calculate wear rate values of 
the specimens. Variation of wear rate values of alloys 
with different SiC addition is given in Fig. 4. As can be 
seen on the image wear tests results are in good harmony 
with hardness test results. With increasing hardness wear 
rate of alloys decreases resulting with a lower wear rate.  

 

Figure 4. Change of wear rate of alloys with SiC 
addition 

3.4. Worn Surface Investigations 

Worn surfaces of the specimens were investigated under 
SEM to understand the wear mechanism. Representative 
images of worn surfaces can be seen on Fig. 5. Wear 
mechanism operated during the wear tests of specimens 
were mainly abrasion. Small amount of plastic 
deformation was also reported especially on the edges of 
the wear track. Another important finding was the cracks 
formed on the worn surface during wear tests. The reason 
of these cracks is the low deformation ability of 
magnesium because of its hexagonal lattice structure. 
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Figure 5. SEM images of worn surface of Mg-3Al alloy 
with 0,6 SiC addition in different magnification 

4. Conclusions 

Effect of SiC on grain size, hardness and wear properties 
of three different magnesium alloys were investigated in 
this study. Fallowing conclusions were drawn according 
to the results of the experimental work. 

• Addition of SiC to pure Mg and Mg-Al alloys 
decreases grain size. After 0,4 % addition grain 
refining effect becomes less effective. 

• Grain refining of pure Mg and Mg-Al alloys 
results with an increase in the hardness of 
material. The increment of hardness is much 
higher in pure Mg, because of higher grain 
refining effect. 

• Increasing hardness with grain refining also 
increases wear resistance of alloys. Wear rate of 
all alloys were decreased with SiC addition. 

• Main wear mechanism was abrasion but crack 
formation and propagation was also reported on 
the worn surfaces of the specimens. 
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Abstract 
 
Aluminium became a material which is widely used 
and preferable from industries and consumers. The 
key reason of being widely preferable is very 
important characteristic abilities of aluminium like 
low density, formability and corrosion resistance. 
Aluminium can be produced in different ways such as 
direct chill casting, high and low pressure die casting, 
twin roll casting. In twin roll casting, production 
continues with rolling operations, annealing and 
finishing operations.  In this work, different finishing 
line operations like tension levelling and degreasing, 
slitting, cut to length line and their principles will be 
discussed. Every operation contains different 
parameters and aims to finalize the product 
dimensions and surface properties which is requested 
by customer. Another important situation is increasing 
the quality of product, productivity and machine 
usability. All equipment in finishing operations until 
the end of the packing which is in contact with 
aluminium product will be examined.  
 

1. Introduction  
 
Aluminium is used in various areas of industry such as 
transportation, packaging, architectural etc. Therefore, 
there are many important material properties for 
different end users. Finishing operations can be 
changed with desired dimensions and material 
properties of end-users requests. Some undesirable 
effect is occurring in inherent by casting and rolling 
operations. The associated surface specifications, 
shape tolerances and flatness specifications become 
replaced in the marketplace.  Contamination of the 
surface after all process in twin roll casting products is 
containing some lubricants, rolling oils, surface oxides 
and microcracks. Surface oiliness and dirtiness has to 
be removed in degreasing line before the end use. At 
the same time sheet flatness problems should be 
eliminated in stretching and tension levelling 
operations. Flatness values to avoid any problems in 
the ability to take final shape, determines the end-use 
conditions e.g. (weldability, painting ability, 
formability).   
 
In sheet metal production twisted strip, center buckles 
and wavy edges can occur with changes in casting and 
rolling parameters. Coil sets and cross bows occur due 
to the nature of coil structure.  These shape defects 
have to be removed for achieving desired flatness 
values with stretching and levelling operations. 

Transverse and longitudinal directional plastic 
deformation effect on outer and inner “fibres” of the 
sheet with same  
 
 
elongation. It is possible to achieve dead flat strip with 
this effect. 
Slitting operations are very important factor for 
determining the quality of the product in last 
operations. An unsuitable slitting operations can create 
edge burr. Even flatness problem can be occurred with 
wrong slitting operations. If it is desired to produce a 
high quality end product, knowledge of applicable 
parameters and effect in finishing operations is 
considerable.  
 
2. Theoretical Basics  
 
Fundamental issues of finishing lines in twin roll 
casting industries are degreasing, flatness and slitting 
qualities. Thus operational steps and changes should 
be followed in order to obtain the desired values. In 
this part some theoretic basics will be discussed about 
degreasing, flatness and slitting qualities.     
 
2.1. Stretching and Tension Levelling Principles 
 
 

 
 

Figure 1. Center buckle while stretching operations 
[1] 
 
Aluminium sheet strips are simultaneously stretched 
by bridle rolls with different angular velocity. The 
velocity changes between bridle rolls provide the 
desired elongation on process.  
The I-Unit is a powerful description of the fibre length 
distribution in the strip width direction. I Unit 
equation can be seen in below (1). 
 

𝐼 𝑈𝑛𝑖𝑡𝑠 𝜋𝐻 𝐿 𝑥          (1) 
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H: Wave Height  
L: Wave Length 
 

 
Figure 2. General flatness problems in production 

which observed after cold rolling operations [2] 
 

 
 
Figure 3.  Fiber elongation of the region in which the 

flatness problems [2] 
 
Fibre length changes and this effects can be seen in 
Figure 3. If amount of elongation increases on the 
fibre region, surface area per unit volume will 
increase. In this case fibres will tend to create waves. 
Different wave types can be seen after this effect in 
Figure 2. These failures are occurring after 
uncontrolled trend in differences in casting thickness 
and rolling parameters.  
 

 
Figure 4. Internal and external changes after 
stretching and tension levelling process [3] 

This is well known that, in over yield strength 
operations, two regions where deformations occur 
such as homogenous and heterogeneous plastic zones. 
Stretching and tension levelling operations are 
generally applied in homogenous plastic deformation 
zones in order to achieve the best flatness values.  
 
Stretching with bridle rolls and tension levelling 
operates with two different principles and two 
different mechanical properties of the material. The 
same amount of fibre elongation is the main objective. 
Material can be elongated in homogeneous plastic 
deformation zone. The principle of stretching 
operation is basically due to the speed difference 
between bridle rolls. This speed differences between 
the bridle rolls are provided with differential engine. 
Given the amount of strain is actually equivalent to the 
size of expansion of the material.  
 
Coil set, crossbow edge waves can be eliminated with 
the speed difference is generated in the bridle rolls. If 
deviations from flatness increases, amount of 
elongation created by bridle roll is not enough.  In this 
case equipment is preferred which is providing a 
narrower range of plastic deformation. 

 
Figure 4. Schematic illustration of tension levelling 

operation. [3] 
 
A standard leveller group consists of four main 
sections which are frame, work rolls, back up rolls, 
spindle drives, transmission gears. Back up rolls are 
required for work rolls bending [3]. Amount of plastic 
deformation increases with penetration of leveller 
work rolls. If contact angle increases, bending on outer 
fibre will more elongate than inner fibre. The shorter 
fibres have to elongate with pressure of work rolls. In 
this time longer and shorter fibres will come up to 
same length at the center and cross section of metal.  



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

624 IMMC 2016   |   18th International Metallurgy & Materials Congress

 
Contact angle between work rolls and material 
increases with the penetration. Internal and external 
elongation changes can be seen in Figure 4. 
 

 
Figure 4.  Elongation differences after stretching 

operation. [4] 
 
Firstly, top surface of material will bend. After first 
roll, second roll continue to bend the other surface of 
the material. Number of driven rolls and diameters 
varies by material properties. Reduction of coil set is 
possible with the large diameter rolls whereas 
buckling can be removed with lesser diameter rolls. 
Roll number and diameters should be increased where 
flatness issues seen in soft materials such as 
aluminium. The deviation of flatness regions can be 
rectified with low pressures.  
 

Table 1. Leveller applications in flatness issues [3] 
 

 
Natural setting (in cross bows, coil sets, 
crowned strips and chatter marks cases 

 
To stretch the edges (in center buckle cases)  

 
To stretch the center ( in wavy edges, quarter 

buckles cases ) 
 
In all applications entry work rolls penetration  must 
give more pressure than exit work rolls. Quarter  
buckles and wavy edges can be flattened with 
stretching center  of the material, also center buckles 
can be flattened with stretching edges. Both 
applications provides all the fibre to elongate the same 
length [5]. This operational differences can be seen in 
Table 1.  
 
2.2. Principles of Slitting Operation 
 

Slitting is a very important operation due to providing 
desired dimensions of the customer request.  
Operational steps and contact equipments affect the 
quality of final product. Slitting quality is determined 
by the size of edge burrs. Burr height occuring at the 
edges may disturb the flatness of the final product by 
performing edge swelling during the winding 
operation. Directly welding and joining operations can 
lead to issues in the end use. 

 
Figure 5.  Standard equipment in slitting lines [4] 

 
Slitting blades are positioned on the slitting shaft. The 
positon of the knife during the slitting operation can 
be fitted to the desired final dimensions. In this 
situation shape defects of the material can be 
eliminated while slitting operations. For this reason, 
two types of rubber on slitting are used. Male and 
female rubbers are placed between the cutter blades. 
Schematic representation of the slitting operation can 
be seen in Figure 6. 

 

 
Figure 6. Position of blades and material while slitting 

operation [6] 
 

 
 

Figure 7. Equivalent stress and strain distribution 
during the cracking phase [8]. 

 
Blades and material position and mechanical changes 
of material  while slitting operation can be seen in 
Figure 7. Position of blades (gap and penetration) is 
very important while cutting due to changes of 
material thickness and mechanical properties. Gap of 
the thick and brittle materials increases whereas thin 
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and ductile materials decreases. Cutting and fracture 
zones changes depending on the gap position and 
penetration of  the blades. Therefore material 
properties has to be analyzed carrefuly before the 
slitting operation. Roll over, burnish and fractured 
zones can be changed along the blade diameter, 
backlash of slitting shaft and blades. Space rings can 
be used for decreasing the backlash. Schematic 
formation of standart slitting edge can be seen  in 
Figure 8.  
 

 
Figure 8. Equivalent stress and strain distribution 

during the cracking phase [6]. 
 
Flatness problems can occur through the width. Wavy 
zones has longer fiber according to the other zones. 
For instance if a coil has center buckles, materials 
length of the centerline will be longer than  edges. In 
this situation center and edges cannot be wound with 
same tension and center of the coil windings will be 
looser than edge coils. Therefore loophole can be used 
for the swinging of long fiber zones. Loophole is 
necessary for the good winding operations.  
 
2.3. Cut to length line components 
 
Surface films and papering operations can be applied 
in the cut-to-length line. Aluminium sheets need to be 
electrostatically chargeable in order to be papered. 
One surface of film is adhesive. Intermediate rolls 
have to be use for properly film bonding. Cut to length 
lines generally contains the decoiler, leveller, film and 
paper covering roll, electrostatic charge machine, 
hydraulic rotary shear, convey table and stacker. 
 

 
 

Figure 9.  A simple cut to length line [9] 
 
2.4. Degreasing operations  
 
Degreasing process is applied to clear surface 
contaminatons and oils which is coming from cold 
rolling and casting operation. Degreasing operations 
are separated as pressure  water applications, solvent 
wiping, vapor degreasing, emulsion cleaning, acid 
cleaning, mechanical cleaning and alkaline degreasing 
operations in  aluminium production. Line speed, line 
length and the amount of pressure are important for 
aluminium and surfactant contact time in degreasing 
operation. Solvent tanks should be sealed because of 
the toxic gas-free. The number of spray nozzles and 
nozzles angel is very important for effective 
degreasing operation. Nozzle angle has to be reverse 

direction in reference to line direction. Cleaners are 
many in number and vary in type and formulation. 
Cleaner types are separated in alcaline applications 
such as alkaline salts, wettig agents, sequestering 
agents. Synttetic detergents allow oil to be removed by 
displacing the oil from the surface and creating an 
emulsion in which the oil droplets are dispersed in 
water [10].  

 
 

Figure 10. Simple degreasing process [10]. 
 

The level of degreasing (oiliness)  operation can be 
determined by ink test. 
 
 
 
 
3.  Conclusion 
 
In this article finishing lines and operational basics of 
the aluminium sheet production are discussed.  There 
are many finishing operations which is unspecified. It 
is possible to produce with high added value half 
finished products for each end users with different 
finishing operations.  Problematic cases which is 
coming from previous process can be repairable with 
true finishing operations.  
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Abstract 
 

AlSi7Mg0.3 alloy which is used in the manufacture of cast 
aluminium wheels contains a substantial volume fraction of 
eutectic silicon phase owing to its chemical composition. It 
is a common practice in aluminium foundries world wide 
to add to Al-Si foundry alloys as much as 200-300 ppm of 
strontium in order to counteract the detrimental effects of 
the inherently brittle eutectic silicon. This study focuses on 
the modification practice of AlSi7Mg0.3 alloy in the 
manufacture of aluminium wheels.  Strontium additions 
were made in a wide range from 100 ppm to 2000 ppm 
under industrial conditions. The microstructural features 
and the mechanical properties of the aluminium wheels 
thus produced were investigated  and compared at various 
Sr addition levels. The experimental results were analyzed 
to idetify the level of strontium addition for optimum 
microstructural features and mechanical properties. 
 

1.  Introduction 
 

AlSi7Mg0.3 is the most popular aluminium foundry alloy 
for cast wheels as they offer low density, light weight and 
excellent castability [1]. The inherently brittle eutectic 
silicon phase has a great impact on the mechanical 
properties of aluminium wheels [2]. Therefore, it is very 
important to control the microstructure. Modification 
practice plays a vital role in Al-Si alloys. Refinement of the 
eutectic silicon phase improves mechanical properties [3]. 
Strontium is well known as a most commonly used 
modifier element which transforms the morphology of the 
eutectic silicon from coarse platelike to fibrous [4]. 
 

In addition to the refinement of the eutectic silicon, Sr 
addition also reduces the harmful effects of iron 
intermetallics [5,6,7,8]. For Al-Si alloys, the presence of 

high iron contents promotes formation of platelike iron-rich 
intermetallic compounds, such as -Al5FeSi intermetallics 
which can constitute high stress concentrations and thereby 
cause adverse effects on the mechanical properties [5]. 
Strontium can transform most of ß-Al5FeSi intermetallics 
from platelike to chinese script morphology [8,9]. 
 

Strontium modification is also accompanied by some 
unexpected changes such as porosity development [10,11]. 
Several studies have reported that strontium modification 
leads to an increase in the level of porosity [12,13]. Grain 
refinement and modification practices are applied together 
into Al-Si alloys and enhance the mechanical properties 
exceedingly [2]. Regrettably, there is an interaction 
between boron and strontium in Al-Si melts that form SrB6 
compounds [14] that can result in a decrease in the 
performance of strontium and resulted in a loss of 
modification [15]. 
 

The present work was undertaken to identify the effect of 
strontium contents from 100 to 2000 ppm on the 
microstructural features and mechanical properties of the 
AlSi7Mg0.3 alloy. Experiments were carried out to probe 
the changes in the morphology of eutectic silicon, iron-rich 
intermetallic compounds, the amount of porosity and the 
eutectic grain size.  
 

2.  Experimental Procedure 
 

The primary AlSi7Mg0.3 ingots were melted in SiC 
crucibles of 4 kg capacity, using an electric resistance 
furnace.  The chemical analysis of the alloy was obtained 
with a commercial optical emission spectrometer (Table 1). 
Five sets of castings were produced by adding to molten 
AlSi7Mg0.3 alloy different levels of strontium ranging 
between 100 ppm to 2000 ppm using commercial AlSr15 
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master alloy rods. The melting and casting practices were 
exactly the same as those employed in serial production 
with routine melt treatment processes such as fluxing, grain 
refinement and modification. Following solidification, the 
five groups of castings were subsequently solution heat 
treated at 540oC for 4 hours and quenched in water, 
artificially aged at 155oC for 3 hours and paint-baked at 
200oC for 3 hours.  
 

Table 1. Chemical analysis of AlSi7Mg0.3 alloy used in 
present work/wt-% 

Si Mg Fe Cu Mn Ti Al 

6,91 0,30 0,08 0,001 0,002 0,11 Bal. 
 

Microstructural observations of eutectic silicon and iron 
intermetallic characteristics were carried out after etching 
with a 0.5% HF solution using optical microscopy. 
Macrostructures were examined using stereo microscope 
for porosity. The grain structures were checked after 
etching in a solution of % 32 HCl, % 32 HNO3, %32 H2O 
and % 4 HF.   
 

Five tensile test samples were tested in tension (applied 
force is 100kN) on a Zwick Z100 model tensile testing 
machine at ambient temperature with a strain rate of 5 
mm.min-1. Impact test specimens for Charpy test were 
prepared in accordance with ASTM E23. Charpy impact 
tests were carried out on specimens by using the Pendulum 
model impact test device at room temperature. 
 

3.  Results and Discussion 
 

The microstructures of the modified alloys are illustrated  
in Figure 1. Modified alloys all exhibit the fine fibrous 
eutectic silicon morphology. Modification of eutectic 
silicon is completely achieved at all Sr addition rates. There 
is hardly any difference in the Si morphologies at different 
Sr levels. It is thus fair to conclude that Sr addition of 100 
ppm suffices to modify the morphology of eutectic Si from 
needle shaped to fibrous. 
 

Fig. 2 shows the porosity distribution on sections of 
modified alloys. A marked increase in porosity level is 
noted with increasing Sr.  
 

 

 

 

Fig 1. Microstructures of the alloys modified with           
(a) 100, (b) 200, (c) 500, (d) 1000 and (e) 2000 ppm Sr. 

 

 

Fig 2. Porosity distribution in alloys modified with          
(a) 100, (b) 200, (c) 500, (d) 1000 and (e) 2000 ppm Sr. 
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Fe-rich intermetallic phases in modified alloys are shown 
in Figure 3. The majority of the Fe-rich intermetallic 
particles were identified to be ß-Al5FeSi needles. ß-Al5FeSi 
needles were gradually replaced with Chinese script a-
AlFeSi particles with increasing Sr, suggesting that Sr 
additions above 1000 ppm encourages the transformation 
of needle-like ß-Al5FeSi phases to Chinese script -AlFeSi 
phase. Furthermore, Sr-additions above 1000 ppm results 
in the fragmentation of ß-Al5FeSi needles and thus reduces 
their length. 
 

 

Fig 3. Microstructures consisting of the Fe-rich 
intermetallic phase of the alloy modified with                   

(a) 100, (b) 200, (c) 500, (d) 1000 and (e) 2000 ppm Sr. 
 

Figure 4 shows the grain structures of the modified alloys. 
The smallest grain sizes are achieved in the alloy modified 
with 100 ppm Sr and the grain size increases with 
increasing Sr. 
 

Typical values of yield and tensile strength and elongation 
for the investigated alloys are illustrated in Figure 5. While 
the yield and tensile strength values appear to be rather 
insensitive to the Sr addition rate, a marked increase in 
elongation is noted with increasing Sr. Nevertheless, the 
Charpy impact energy values at 25oC imply lower impact 
properties with increasing Sr content (Fig. 5.(b)). 

 

 

Fig. 4. Grain structures of the alloy modified with            
(a) 100, (b) 200, (c) 500, (d) 1000 and (e) 2000 ppm Sr. 

 

 

Fig. 5. (a) Yield strength and UTS, (b) elongation and 
Chapy impact energy values of the modified alloys 
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4.  Conclusions 

The following conclusions may be drawn: 

(1) Modification of eutectic silicon can be achieved with as 
much as 100 ppm Sr.  

(2) Sr increases the porosity content  starting at 500 ppm 
Sr.  

(3) Sr helps to transform ß-Al5FeSi needles to Chinese 
Script -AlFeSi. 

(4) Sr interferes with the grain refinement process and 
leads to some grain coarsening owing to its affinity to 
Boron. 

(5) Sr provides a marginal increase on yield strength and 
ultimate tensile strength while improves the elongation 
values. 

(6) In spite of the increase of elongation values, the fracture 
energy falls increasing Sr.  
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Abstract 
 
Residual stress, which can be defined as cramped stress 
within a metal object, is actually a thermomechanical 
behaviour related to uneven cooling of castings, 
independent from external forces or thermal effects. The 
undesired regional or boundary dependancy to rapid 
solidification phenomena constraints the inner non-
solidified adjacent regions. Also, both tensile and 
compressive residual stresses cause non-uniform 
distributed plastic deformation. In fact, this encourages 
the crack growth and failures. The problems, calculations 
and numerical approaches to residual stress formation of 
Al 5083 alloy Slab during casting is investigated in this 
article. Finite volume method is used for computational 
accuracy, swift calculation and flexible parameter 
investigation. In order to validate the residual stress 
formation of the slabs, thermomechanical parameters 
including elastic-plastic deformation, thermal stresses, 
temperature zones, reduction parameters and 
displacement during solidification difference along the 
slab are computed. The results show that rapid cooling 
leads to hardened surface layer which compresses the 
interior of the slab, while outer surface is under tension. 
Volumetric change during phase transformation 
accelerates the residual stress and causes slab to be 
warped and deformed. In conclusion, residual stress 
formation during Al 5083 alloy slab continuous casting is 
modeled and observations are investigated in this article. 
Finite volume method is a powerful tool for the study of 
thermomechanical behaviours and continuous casting 
processes.  
 
1. Introduction 
 
Continuous casting is a process that most frequently used 
to cast semifinished products i.e. slab, bloom, billet, 
applied mostly in steel, aluminium and copper metallurgy 
industries. In theoretically, it is considered as a 
thermomechanical process that involves large 

temperature gradients and solidification of metal. During 
the solidification process, the temperature difference 
between mould and casting involves differential phase 
transformation zones [1-3]. Rapid cooled outer shell 
solidifies faster than the inner section. Solid outer region 
implements compressive loads and turns into tensile 
loads when solid and liquid phases contact. These 
undesired regional and boundary dependent loads still 
exist after complete solidification, known as residual 
stress. This strange phenomena deforms cast shapes, 
forms non-uniform distributed plastic deformation 
patterns known as butt curls and requires external 
operation to avoid quality problems [4]. For instance, 
concave shaped deformation zones are cut out of slab 
before final net shaping, but, same shapes that cut out 
from the different zones of cast slab show inconsistent 
strength values. Furthermore, all of the manufacturing 
processes induce more residual stresses that affects 
machining, fatigue life prediction and structural form of 
the component which requires more consideration [5]. 
While process dependent approximations are used to 
optimize process parameters for finer results, it is hard to 
visualise stress profiles of casting shapes in practically. 
For more than half decade, finite numerical methods are 
developed in the fields of solid and fluid dynamics, like 
finite element method (FEM), finite difference method 
(FDM) and finite volume method [6]. Thanks to 
numerical methods, modeling and simulation tools can 
show any factor of this important, dynamic process.  
In this paper, in order to visualise the thermomechanical 
aspects of an Aluminium 5083 alloy slab continous 
casting process, finite volume method is developed. 
Casting solidification, displacement, temperature 
gradient, outdoor cooling and stress profiles are 
simulated with transient approximations. The results are 
compared with process parameters.  
The numerical method is based on the OpenFOAM 
(Open Field Operation and Manupilation) C++ library 
pack that utilizes broad range of fluid dynamics, 
mechanical, particle based and coupled applications. It is 
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an open source toolbox with high-quality solvers and 
attractive features, but on the other side, lack of user 
interface, default settings and high learning curve is the 
problem compared to commercial codes. Actually 
OpenFOAM is  becoming more popular both in industry 
and as well as academic researches because of huge 
amount of state-of-art numerical schemes and solvers are 
provided.  
 
2. Experimental 
 
Previously mentioned in introduction, continuous casting 
and ambient temperature cooling of slab is studied for 
simulation purposes. Modeling studies are seperated in 
two sub categories, continuous casting just after leaving 
mould and ambient temperature cooling of the slab. 
 
2.1. Model definition, initial values and parameters 
 
First of all, a 3-D geometry with 1100x4000x500 mm 
(width, depth, height) size and rectangular shape is taken 
as a component of interest.  

 

Figure 1. Slab geometry with mesh 

Solid and liquid thermomechanical material properties of 
Al 5083 alloy is given in the Table 1. All material 
properties are assumed to be constants.  
 

Table 1. Al 5083 material properties 
Al 5083 Alloy Parameters 

parameter value description 

Cp_solid 899 J/(kg.K) heat cap. Of solid 

Cp_liquid 1326.1 
J/(kg.K) 

heat cap. Of liquid 

dH 390 kJ/kg latent heat of fusion 

dT 60 K solidus-liquidus 
range 

eps 0.8 emissivity 

k_solid 230 W/(m.K) ther. Cond. Of solid 

k_liquid 120 W/(m.K) ther. Cond. Of liquid 

rho0 2660 kg/m^3 density 

T_m 913.15 K melting temperature 

mu 1.3e-3 Pa.s dynamic viscosity of 
liq. 

E 70 Gpa young's modulus 

nu 0.34 poisson's ratio 

 
The slab model is within a domain that, it remains after 
passing the die section and at the mould. The two domain 
parts, one at mould and other at open air which is cooled 
by ambient atmosphere and radiative heat transfer. In tial 
values and related parameters can be seen in table 2 [7]. 
 

Table 1. Modeling Parameters and Initial Values 
Initial Values and Related Parameters 

parameter value description 

H_air 11 
W/(m^2.K) 

air th. Conv. Coef. 

h_mould 780 
W/(m^2.K) 

mould th. Conv. Coef. 

T_inlet 1000 K inlet temperature 

T0 300 K ambient temperature 

u_cast 0.0025 m/s casting speed 

A_mush 1.0E+05 damping factor 
constant 

 1.00E-03 damping factor 
constant 

 
2.2. Numerical Simulation 
 
Thermomechanical approach is applied by solving a two 
stage problem. First, temperature gradient by cooling 
along geometry is calculated to numerically represent 
temperature fields and related phase fields. Second, 
temperature profiles are used to calculate the solid and 
liquid regions. Then, inlet velocity, temperature and 
solidification parameters are represented in one equation. 
The heat transport used in this study is described by the 
given equation : 
 
𝜌𝐶𝑝𝑢𝜕𝑇𝜕𝑡 𝑘 𝑇 𝑄       [8] 

 
Where 𝜌, 𝐶𝑝, 𝑢, 𝑘, 𝑇 and 𝑄 denote density, heat capacity 
at constant pressure, velocity, thermal conductivity, 
temperature and heating power per unit volume. 
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The flow of the liquid phase is described by laminar flow 
with a damping source term included. Damping force is 
acting at the phase transformation interface, so the 
solidified phase affects liquid momentum by the formulas 
given below :  
 
𝜌𝜕𝑢𝜕𝑡 𝜌𝑢 𝑢 𝑃𝐼 𝜇 𝑢 𝑢𝑇 𝜇  

 
𝐹 𝛼 𝛼 𝜀 𝐴𝑚𝑢𝑠 𝑢 𝑢𝑐𝑎𝑠𝑡       

[9] 
 
Where  is the fraction of the liquid phase, 𝐴𝑚𝑢𝑠 and  

are the casting constant that were previously given in 
table 2.  
 
3. Result and Discussion 
 
3.1. Phase distributions 
 
The plots in figure 2, 3 and 4 display the phase fraction 
of the liquid phase after cooling down 1 hour prior to 
casting. It is clearly seen that, liquid cools down and 
solidifies in the mold region. Transition zone is wider on 
boundaries. Figure 3 shows that melt is still cooling 
down and mostly in liquid phase in mid sections of the 
slab geometry. 

 

Figure 2.  Bottom plane liquid fraction after cooling 1 
hour 

 

Figure 3. Mid plane liquid fraction after cooling 1 hour 

 

Figure 4. Top plane liquid fraction after cooling 1 hour 

3.2. Displacements and Stresses 
 
The plot in figure 5 shows that displacements after 10 
hour cooling, reaching ambient temperature along the 
slab geometry. Foremost section has multi axial curl 
displacement while back and mid sections have one 
directional linear displacement. 
 

 

Figure 5.  Displacement along the slab 

Curl of displacement is a result of uneven stress 
distribution along the inner section of the slab, given in 
the figure 6. It can be seen that stress loaded zones are 
widely deforming slab at the foremost sections. 
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Figure 6. Stress distribution after cooling 

4. Conclusion 
 
Residual stresses that occur during continuous casting of 
Al 5083 slabs are modeled. Cooling prior to casting in 
atmospheric conditions are taken considered for 
thermomechanical calculations. Phase distributions, 
displacement and stress distributions are represented. 
Liquid fraction due to un uneven cooling of slab sections 
results as a curl of displacement at foremost section of 
slab. Curl of displacement is related to uneven stress 
distribution in the inner sections of slab.  
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Abstract 
 
Heat treatable AA6082 alloys are widely used in 
several industrial applications for their light weight and 
attractive mechanical properties achieved by thermal 
treatments. The precipitates formed within aged -Al 
matrix interact with the dislocations and improve the 
mechanical properties. Also, the grain size reduction 
has a beneficial effect on obtaining the superior 
mechanical properties of alloys. In this study, it was 
aimed to enhance mechanical properties of AA6082 
throughout equal channel angular pressing and aging 
treatments. In order to follow the variation of 
mechanical properties, two processing routes were 
planned: (i) a conventional thermal treatment 
consisting of solid solution annealing, quenching and 
aging (ii) equal channel angular pressing (ECAP) 
followed by solid solution annealing and then aging. 
The results showed that superior mechanical properties 
were achieved in equal channel angular pressed and 
aged AA6082 alloy having fine grain size and well 
distributed intermetallics within -Al matrix. 
 
1. Introduction 
 
Among the lightweight materials, Al-Mg-Si alloys are 
commonly used in automotive and aviation industries 
due to its adequate physical and mechanical properties. 
Its mechanical properties can be developed by several 
strengthening mechanisms consisting of solid solution, 
deformation and also precipitation hardening [1-6]. 
Among the family of Al-Mg-Si alloys, AA6082 alloys 
has the highest strength due to containing Mg, Si, Mn, 
Zr, Ti, V, Sc, Fe and Cr elements which are responsible 
for solid solution hardening and also precipitation 
hardening. In heat treatable AA6082 alloys, dissolution 
of both Mg and Si atoms during solid solution 
annealing is provided and then quenched in water to 
form a supersaturated -Al matrix, and then the matrix 
is hardened by the interactions between dislocations 
and fine dispersed precipitates (Mg2Si) due to aging 
procedure [7-10].  
 
In order to enhance the mechanical properties of 
AA6082, a thermo-mechanical process route consisting 
of solid solution annealing, quenching, cold 
deformation and aging can be established. Several 

studies concluded that aluminum alloys have higher 
mechanical properties as a function of annealing/aging 
temperature/time and cold deformation ratio [11-15]. 
 
New trend on enhancing the mechanical properties of 
aluminum alloys is to apply ECAP process. Severe 
plastic deformation (SPD) by the ECAP process 
increases the density of lattice defects (i.e. dislocations) 
in the solid solution of -Al matrix and the 
precipitation can be accelerated during the post ECAP 
aging treatments. Due to ECAP process, the alloy has 
an ultrafine grain structure with well distributed 
intermetallics within -Al matrix [16-20].  
  
In this study, it is aimed to evaluate the effect of 
process routes on the variation of mechanical 
properties of AA6082 alloy. Two processing routes 
were established: (i) a conventional thermal treatment 
consisting of solid solution annealing, quenching and 
aging (ii) equal channel angular pressing (ECAP) 
followed by solid solution annealing and then aging. 
The results were discussed by the physical 
metallurgical approaches. 
 
2. Experimental Procedure 
 
The experiments were carried out on the extruded 
AA6082 alloy and its chemical composition includes 
Al-0.68Mg-1Si-0.45Mn-0.15Fe-0.01Cu-0.07Zn-0.02Ti 
wt.-%. In the first stage of the study, the samples were 
solid solution annealed at 520 °C for 90 min., then 
quenched in water and finally aged at 190 °C for 15-
270 min. In the second stage, AA6082 alloy was 
shaped by using ECAP process. In ECAP studies, (i) a 
special designed mold system was used [21], (ii) 
extruded and solution annealed AA6082 alloys were 
machined as test samples having a diameter of 20 mm 
and a length of 55 mm, (iii) die temperature was 
recorded as 215 °C, (iv) the stroke speed was 1.5 mm/s 
for one pass using axial route C at 90°, (vi) the pressure 
was selected as 11 MPa and (vii) MoS2 was used as 
lubricant which was stable at processing temperature. 
A post-ECAP aging was performed at 190 °C for 15-
210 min. 
 
For microstructural characterization, all surfaces of 
alloys were prepared by grinding with SiC papers, 
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polished with 3 μm and 1 μm diamond pastes and then 
etched. The microstructural characterization was 
investigated using Zeiss Axiotech 100 model and 
Olympus BX41M-LED model light microscopies 
(LM). The hardness values of studied alloys were 
measured by micro Vickers (Metkon MH-6 model). 
 
In order to evaluate the crystallite size, XRD 
measurements were conducted by using the 
diffractometer (RigakuSA-HF3) having Cu-K  target. 
Scanning was performed in the 2  range of 0° and 100° 
with a speed of 2°/min. Full width at half maximum 
(FWHM) values was calculated to obtain the crystallite 
size of the studied alloys.  
 
3. Results and Discussion 
 
3.1. Microstructural features of studied alloys 
 
Figure 1a shows the extruded structure of AA6082 
alloy having well distributed intermetallics (visible in 
dark contrast) within Al-rich matrix. Many studies on 
the microstructure of AA6XXX alloys indicated that 
the structure included several intermetallics ( -
Al15(FeMn)3Si, -Al9Fe2Si2, Al9Mn3Si, Mg2Si, Al6Mn, 
AlFeSi etc.) embedded in -Al matrix  and ´-Mg2Si 
had an important role on precipitation hardening 
mechanism [3, 4]. On the other hand, any process 
leading to grain refinement enhances the mechanical 
properties throughout the Hall-Petch relation. The 
micrograph given in Figure 1b introduces the coarser 
grains (  54.6 μm) of the extruded matrix and the 
ECAPed structure has a finer grain size as  45.9 μm 
(Figure 1c). Table 1 summarizes the FWHM values 
reflecting the crystallite size and ECAPed alloy has a 
finer structure (subgrains) compared to extruded alloy, 
therefore, it is possible that ECAPed alloy reflects 
encouraging properties will be discussed in section 3.2. 
 

Table 1. Crystallite sizes of the both extruded and 
ECAPed alloy. 

Alloy Angle 
(°)  

Plane Crystallite size (nm) 

38.640 (111) 0.329 
44.900 (200) 0.353 Extruded 
82.520 (222) 0.588 
38.640 (111) 0.306 
44.900 (200) 0.329 ECAPed 
82.520 (222) 0.306 

 
3.2. Variation of hardness 
 
The extruded alloy has a hardness value of 52 HV0.5 
and its hardness could be increased by a conventional 
heat treatment route consisting of solution annealing, 
quenching and aging. The diagram given Figure 2 
clearly shows the variation of hardness of the extruded 
alloy due to precipitation hardening mechanism and a 
peak value was obtained as 112.6 HV0.5 for the alloy 
aged at 190 °C for 4 h. Severe plastic deformation by 

the ECAP process provides a finer structure and 
increases the density of dislocations in the solid 
solution of -Al matrix, therefore, the initial hardness 
value of ECAPed alloy was measured as 97 HV0.5. The 
precipitation can be accelerated during the post ECAP 
aging treatments and the diagram given in Figure 2 
shows this acceleration. The ECAPed alloy aged at 190 
°C for 15 min. has the highest hardness value of 120.1 
HV0.5. This can be achieved due to a significant 
increase in alloy strength by refinement of the solid 
solution grains with high dislocation density in 
combination with strengthening precipitation of         

´-Mg2Si phase particles during a post-ECAP aging 
treatment. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 1. LM micrographs showing the studied 
structures of AA6082 alloy; (a and b) extruded alloy, 
(c) ECAPed alloy. The alloys were chemically etched 
by Kroll solution (a) and electrochemically etched by 

HBF4 solution (b and c). 
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Figure 2. Variation of the hardness values as a 

function of aging time for studied alloys.  
 

4. Conclusion 
 
In this study, ECAP was successfully applied to form a 
ultrafine-grained microstructure in AA6082 alloy. The 
ECAPed alloy had a higher hardness value than that of 
extruded alloy due to decreasing the crystallite size and 
increasing the dislocation density after severe plastic 
deformation. Post-ECAP aging procedure enhanced the 
mechanical properties more. In further studies, 
precipitation kinetics and its effect on hardening 
mechanism will be investigated microscopical 
examinations and thermal analysis.  
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Abstract 

Diffusion bonding (DB) is an important solid state 
joining process used to produce high quality joints 
between similar or dissimilar metals. This joining 
method is preferable to conventional welding, since it 
does not involve formation of unexpected phases 
deteriorating the mechanical properties of the joint. DB 
is also useful to produce complex shaped sheet parts, 
as it eliminates the problems caused by the presence of 
liquid metal in brazing. In this study, 6063 aluminum 
alloy was diffusion bonded, and diffusion bonding 
parameters were optimized. Microstructural 
characterization of the joints was conducted via optical 
microscopy and scanning electron microscopy. 
Distribution of the phases at the joint interface were 
determined via XRD and mechanical characterization 
was done via microhardness measurements.  

1. Introduction 

Diffusion bonding is a solid state joining process, 
which is conducted at elevated temperatures under 
pressure [1]. Both similar and dissimilar materials can 
be joined via diffusion bonding. Bonding temperature 
should be 0.5- 0.8 Tm and pressure should be below the 
yield strength of the bonded material during the 
bonding [2-4]. 

Diffusion bonding is a promising technique to produce 
complex shaped parts, since it requires no post bonded 
machining and no gross deformation occurs during 
bonding [5,6]. Unlike welding there is no heat affected 
zone, no unexpected phases during the solidification 
and no solidification defects formed in diffusion 
bonding [7]. 

Aluminum alloys are widely used in automobile and 
aerospace industries due to their superior specific 
properties [8]. Among these, Al 6063 alloy has high 
ductility, high creep and corrosion resistance as well as 
good potential of precipitation hardening. This alloy  

gains its strength from thermal processing rather than 
mechanical deformation [9-10]. 

The solid-state diffusion bonding of aluminum alloys 
has been carried out, yet the stable oxide film on the 
aluminum surface inhibits metal to metal contact [11]. 
Gallium flux has been used to remove and prevent the 
reformation of the oxide film, and this has been 
successful in achieving aluminum to aluminum bonds 
[12]. However, the bonding process must be 
undertaken rapidly because the gallium can attack the 
aluminum base metal [13]. Methods like solid state 
bonding of uncoated surfaces, use of interlayers and 
protective coatings as well as use of transient liquid 
interlayers have been studied [14].  

Nevertheless, to the best of our knowledge, optimum 
diffusion bonding parameters for Al 6063 alloys have 
not been studied yet. In the present study, the argon 
atmosphere controlled diffusion bonding 
characteristics of AA 6063 aluminum alloy at different 
temperature and pressure combinations have been 
investigated in detail. The effect of diffusion bonding 
parameters on the microstructure of the interface and 
the mechanical properties of the joint were analyzed. 

2. Experimental Procedure 

6063 aluminum alloy (AA 6063) was used in this 
study. The composition of this alloy is given in Table 
1.  15*15*10 mm3 samples were cut from a machined 
part by using a precision cutting machine. Before the 
bonding the surfaces of the samples were grinded with 
a 600 grit SiC paper to rupture the oxide film. After 
that samples were immersed firstly into 6% NaOH 
solution and then 40% HNO3 solution followed by 
water flushing and drying. 

Table 1: Chemical composition of the AA 6063 

Si Fe Mg Cr Ti Cu Al 
0.489 0.1 0.553 0.0053 0.0264 0.0038 Balance 
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Pressure was applied using a stainless steel die 
tightened by 4 bolts and nuts. Applied pressure was 
measured via strain gauges before heating. Strain 
generated by the screws was measured as a function of 
the torque applied on the screws and corresponding 
stress values were calculated as seen in Figure 1.  

Figure 1: Change in stress value generated in the die 
as function of the applied torque. 

The experiments were conducted under argon 
atmosphere to prevent the oxidation of the surfaces. 
For this purpose, an atmosphere controlled furnace was 
designed and built. Schematic representation of the 
home-built furnace is given in the Figure 2.  Prior to 
heating, furnace was vacuumed and flushed with argon 
to remove the air inside the bonding chamber. 

Figure 2: Schemactic representation of the home-built 
furnace. 

was employed during 
heating. At the end of bonding, the samples were 
cooled to room temperature in the furnace under 
protected atmosphere. Two samples were processed 

for each bonding parameter. The process parameters of 
the diffusion bonding are listed in Table 2. 

Table 2: Bonding process parameters used. 

Specimen Bonding 
Temperature (oC) 

Pressure 
(MPa) 

Time 
(min) 

1 450 5 180 
2 450 10 180 
3 450 13 180 
4 500 13 180 
5 520 13 180 

 

After bonding transverse sections were revealed for 
each specimen by appropriate cutting, and those 
sections were used for metallographic examinations. 
Each sample surface was prepared using standard 
metallographic techniques, and as polished 
observations were conducted through the interface via 
optical microscope as well as SEM. To understand the 
effect of the applied heating cycle on the 
microstructure bonded specimens were etched using 

, and microstructures were observed 
under polarized light. 

To determine the mechanical properties microhardness 
measurements were carried out across the interface and 
on the base metal of the bonded samples. 
Microhardness measurements were done by using 
Shimadzu HMV-2T unit, and 100 g load was applied 
for 10 seconds. One of the microhardness 
measurements was taken in the center of the interface 
and the others on both sides of the bonded samples. 
Five measurements were carried out at each point, and 
the results were averaged. To determine the phases 
transformed during the bonding process XRD 
measurements were conducted. 

3. Results and Discussion 

Effect of bonding temperature and pressure on the 
bonding characteristics were examined on the scanning 
electron microscope images of the bonded cross-
sections. Figure 3 shows SEM micrographs of sections 
taken through bonds processed at varying temperatures 
and pressures for 180 min. Micrographs show a 
decrease in the thickness of the interface with 
increasing temperature and pressure, which indicates 
an increase in the bonded area.
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Figure 3: SEM micrographs of AA 6063 alloy joints 
bonded a) at 450oC under 5 MPa pressure b) at 450oC 
under 10 MPa pressure c) at  450oC under 13 MPa 
pressure d) at 500oC  under 13 MPa pressure and e) at 
520oC under 13 MPa pressure. 

To understand the phases formed during the heating 
and cooling cycles XRD measurements were 
conducted. The XRD results (Figure 5) show an 
increase in the intensity of the Mg2Si peaks due to 
coarsening of precipitates, and -AlFeSi peaks almost 
diminish as this phase transforms -AlFeSi during 
heating. As polished micrographs taken by the optical 
microscope (Figure 4) clearly shows that the finely 
dispersed Mg2Si precipitates are dissolved and larger 
Mg2Si are coarsened during the bonding process. 

Figure 4: As polished optical micrographs of a) as 
recieved and b) held at 520oC for 3 h and furnace 
cooled specimens. 

Figure 5: XRD data taken from as recieved and 
furnace cooled specimen after holding at 520oC for 3 
h.  

The optical microscope images taken under polarized 
light shown in Figure 6 indicate that grain growth 
occurred during the heating and cooling cycles. 

Figure 6: Etched polarized light micrographs of a) as 
recieved and b) held at 520oC for 3 h and furnace 
cooled specimens. 

Hardness measurements were conducted to understand 
the mechanical properties of the bond and the parent 
material. Hardness profiles constructed for different 
temperatures (Figure 7) show an increase at the 
interface. The reason for the hardness increase is the 
diffusion of the intermetallic phases through the 
interface during formation of a continuous metallic 
bond. 

Figure 7: Hardness profiles of the samples bonded at 
450, 500 and 520 oC.
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Hardness values were also compared with that of the 
as received alloy, and Figure 8 indicates a decrease in 
the hardness values due to dissolution of the 
precipitates and grain growth. To prevent this 
softening air cooling the samples after the bonding can 
be considered to have natural aging.  

Figure 8: Change in hardness value with respect to 
bonding temperature. 

4. Conclusions 

Optimization of the diffusion bonding parameters for 
6063 aluminum alloy has been studied. The effect of 
bonding parameters on the interfacial microstructure 
and the hardness of the joints were discussed. 

The results showed that the interface thickness is 
decreased with increasing bonding temperature and 
pressure which can be attributed to the diffusion of the 
atoms and continuous metallic bond formation at the 
joint interface during the bonding process. However, 
further mechanical testing should be carried out to 
understand the effect of these parameters on the bond 
strength. 

Hardness profiles showed an increase at the bond line 
which is caused by the diffusion of the intermetallic 
phases through the interface.  

XRD results and optical microscopy images showed 
that the Mg2Si precipitates are dissolved in the matrix 
and polarized light microscopy images proved that 
grain growth has occurred during the bonding. Those 
can be attributed to the decrease in hardness value 
compared to as received alloy with increasing bonding 
temperature.  
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Abstract 
 
Among the age hardenable, non-toxic and lead free 
copper alloys, Cu-Ni-Si alloys are widely used in 
electrical industry because of their high strength and 
moderate conductivity. In order to enhance their 
mechanical properties, the alloy matrix is strengthened 
by addition of elements and their microstructures are 
designed to have very fine -Ni2Si particles within -
Cu matrix depending on the applied conventional 
thermal routes. In this study, Cu-2.55Ni-0.55Si alloy 
was modified by the addition of 0.25 Zr and 0.25 Cr  
(wt-%) and the variation of microstructure and 
properties (hardness and electrical conductivity) was 
investigated depending on thermo-mechanical routes. 
The alloy was subjected to solid solution annealing at 
950°C for 1h, quenching and aging at 450°C for 2-10h. 
In order to reveal out the effect of cold deformation 
ratio on the properties, quenched alloys were rolled by 
a ratio of 20 and 40% before aging. The results showed 
that (i) conventionally heat treated alloy had highest 
hardness value (156 HV) and electrical conductivity 
(22.5 MS/m) by aging at 450°C for 10h, (ii) thermo-
mechanical treated (40% deformed and aged at 450°C 
for 8h) alloys exhibited 30% higher hardness (200 HV) 
without a significant loss in conductivity (23.8 MS/m) 
compared to the conventionally heat treated alloy. 
 
1. Introduction 
 
Precipitation hardenable copper alloys are commonly 
used in several electrical and electronic applications 
due to their high strength and electrical conductivity. 
The physical metallurgical approaches play an 
important role in designing a matrix to enhance 
simultaneously these contradicting properties. 
Therefore, it is desired to form a solid solution having 
nano-meter sized precipitates by alloying and heat 
treatment routes. Precipitation can be accelerated by 
introducing defects (i.e dislocations) using new 
processing techniques like thermo-mechanical routes 
and severe plastic deformation methods [1-5]. 
 
Among the precipitation hardenable copper alloys, 
there is great interest to study the microstructure of Cu-
Ni-Si alloy since, its microstructure provides super 
high strength and high conductivity. Its superior 

properties come from finely dispersed precipitates     
( -Ni2Si) in -Cu matrix due to applied thermal routes 
[6-10]. Recently, several researches focused on the 
alloying elements and new processing techniques to 
observe their effects on the properties of Cu-Ni-Si 
alloys. Their results revealed enhancement of both 
strength and electrical conductivity compared to earlier 
findings [11-20].  
 
In this study, it is aimed (i) to modify the Cu-2.55Ni-
0.55Si alloy by the addition of 0.25 Zr and 0.25 Cr  
(wt-%), (ii) to examine the microstructural features 
affecting the properties during thermo-mechanical 
treatments, (iii) to evaluate the effect of deformation 
ratio on the aging kinetics calculated according to 
suggested reports [9, 21, 22]. 
 
2. Experimental Procedure 
 
The studied alloy is a member of the Corson alloy 
family and it contains 2.55 Ni, 0.55 Si, 0.25 Zr, 0.25 Cr 
(wt-%). The alloy was produced as billet material, hot 
forged at 880 °C and then cooled in air. Its several 
properties (hardness, yield and tensile strength, fatigue 
limit etc.) were studied earlier [23]. In this study, the 
variation of both hardness and electrical conductivity 
was studied after conventional heat treatment (solid 
solution annealing, quenching and aging) and cold 
deformation before aging. In the first stage, the alloy 
was solution annealed at 950°C for 1h, quenched and 
then aged at 450°C for 2-12h. In the second stage, the 
alloy was cold deformed by rolling with a ratio of 20 
and 40% before aging. 
 
In microstructural characterization, alloy surfaces were 
prepared by grinding with SiC papers, polished with 3 
μm diamond paste and etched by a chemical solution  
including 50 ml HCl + 10 ml HNO3 + 10 g FeCl3 + 100 
ml H2O. The etched samples were investigated using 
Olympus BX41M-LED model light microscope (LM) 
and Jeol JSM 6060 model scanning electron 
microscope (SEM). 
 
In order to determine the mechanical and physical 
properties, the hardness values were measured using a 
macro Vickers hardness tester (Future Tech FV-700) 
and the electrical conductivity of the samples was 
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measured using an eddy current apparatus (GE Auto 
Sigma 3000) with a frequency of 60 kHz. 
 
3. Results and Discussion 

3.1. Initial microstructure 

Figure 1a shows the initial structure (non-heat treated) 
of studied alloy having rough faceted crystals and 
globular/elongated precipitates within the twinned -
Cu matrix. SEM micrograph given in Figure 1b shows 
one of the metal silicide phases (Zr58Ni28Si14 wt-%) 
having a faceted morphology and the elemental Cr 
phase (visible in light grey contrast) and Cr-rich 
silicides (Cr73Si27 wt-%, visible in dark grey contrast). 
SEM examinations revealed out a very fine Ni2Si metal 
silicide phase in the copper matrix (shown by arrow in 
Figure 1c). Its fine and homogenous distribution in 
aged -Cu matrix causes precipitation hardening. Thus, 
the enhancement of both mechanical and electrical 
properties in CuNiSi alloys is attributed to this phase 
[8].   
 

 
(a) 

 
(b) 

 
(c) 

Figure 1. LM and SEM micrographs showing the 
microstructural features of non heat treated alloy. 

 

3.2. Variation of the properties 

Figure 2 shows the variation of electrical conductivity 
of studied alloy as a function of aging time. A 
supersaturated solid solution forms due to rapid 
quenching and it has the lowest electrical conductivity 
due to distorted lattice and high content of impurities. 
During aging, the distortion of lattice disappears and 
the impurities have a tendency to leave the lattice 
causing precipitation and an increase in electrical 
conductivity. As seen in Figure 2, (i) the electrical 
conductivity reached a steady state in which there is no 
significant change with further aging (ii) as the 
deformation rate increased the electrical conductivity 
values increased and reached the highest value. Results 
show that cold deformation makes the matrix more 
conductive than that of conventional for the same aging 
times. On the other hand, the recovery and 
recrystallization phenomena are strictly dependent on 
the stored energy which is a result of cold deformation 
and it varies as a function of deformation type and 
ratio. Continuous increase in electrical conductivity 
values of deformed alloys for all aging times indicated 
that the matrix did not undergo recovery and 
recrystallization. 
 

 
Figure 2. Variation of the electrical conductivity of 

studied alloy as a function of aging time. 
 
The variation of hardness values of studied alloys are 
given in Figure 3. The diagram clearly indicates that (i) 
all aged alloys exhibited higher hardness values 
compared to supersaturated states, (ii) although no 
peak value was obtained for conventional alloy, its 
hardness continuously increased, (iii) as the 
deformation rate increased the hardness values 
significantly increased and the peak values were 
obtained at 450°C for 8h. It is well known that a pre-
deformation treatment such as cold-rolling of the Cu-
based alloy before aging shortens the peak-aging time 
for maximum strength. This is believed to be due to 
deformation-induced defects like dislocations. An 
increase in the dislocation density leads to new 
nucleation zones for the precipitates hence the physical 
properties of Cu-based alloys improve [24].  Solute 
segregation to dislocations gives rise to the 
predominant hardening mechanism. The hardening is 
ascribed to different mechanisms such as hardening by 
Cottrell and Suzuki locking, solute clusters, ordered 
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clusters and precipitation hardening [25]. The 
examination of the microstructures of aged alloys in 
this study indicates that deformed copper alloys  has 
the superior physical properties due to the increased 
precipitation of finely dispersed Ni2Si silicides within 

-Cu matrix, compared to the conventional alloy 
(Figure 4). 

 
Figure 3. Variation of the hardness of studied alloys as 

a function of aging time. 

 
(a) 

 
(b) 

Figure 4. Aged microstructures of (a) conventional and 
(b) 40 % - deformed alloys. 

3.3. Effect of cold deformation on aging kinetics 
 
Several studies reported that aging kinetics can be 
calculated according to Martition’s law and Avrami 
equations using electrical conductivity values for a 
given aged copper alloy [9, 21, 22]. Kinetic curves are 
calculated according to this approach and they clearly 

show the accelaration effect of deformation on the 
kinetics of modified Cu-2.55Ni-0.55Si alloy (Figure 5).  

 
Figure 5. Kinetic curves of the studied alloys. 

 
4. Conclusion 
 
In this study, a Cu-2.55Ni-0.55Si alloy was modified 
by the addition of 0.25 Zr and 0.25 Cr  (wt-%) and the 
microstructural features affecting the properties during 
thermo-mechanical treatments were investigated. The 
results showed that (i) conventionally heat treated alloy 
had highest hardness value (156 HV) and electrical 
conductivity (22.5 MS/m) by aging at 450°C for 10h, 
(ii) thermo-mechanical treated (40% deformed and 
aged at 450°C for 8h) alloys exhibited 30% higher 
hardness (200 HV) without a significant loss in 
conductivity (23.8 MS/m) compared to the 
conventionally heat treated alloy, (iii) kinetic curves 
were calculated according to Martition’s law and 
Avrami equations using electrical conductivity values 
and they clearly showed the accelaration effect of 
deformation on the kinetics. 
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Abstract 
 
In this study, the effect of Mo additions on the 
microstructural characteristics of selected W-rich W-Ni-
Co alloys was investigated. The alloys studied were 
prepared with conventional powder metallurgy methods 
by replacing W with up to 5 wt% Mo and keeping the 
Ni/Co ratio constant at 4/1. The total (W+Mo) content of 
the alloys studied was kept constant at 95 wt%. The alloy 
samples prepared were sintered under pure hydrogen 
atmosphere at 1500°C. All investigated alloys were 
found to reach nearly full density at the sintering 
temperature applied. The microstructures of the 
investigated alloys were observed to consist of rounded 
W-rich grains embedded in a binder matrix phase, which 
is typical of liquid phase sintered tungsten heavy alloys. 
As expected, Mo was found to partition both in the 
binder phase and the W grains, with slightly above-
average partitioning in the binder matrix. Noticeably, Mo 
partitioning in the W grains was seen to vary with the 
grain size, with larger grains containing higher amounts 
of Mo when compared to smaller ones. Within the 
composition ranges studied, the Mo additions have 
resulted in an unsystematic variation in the average grain 
size. When compared to the W-Ni-Co alloy with no Mo 
addition, the average grain size was found to increase 
first with 0.5 wt% Mo addition, and to decrease with 
increasing Mo additions. On the other hand, the total 
amount of the binder matrix phase was found to decrease 
almost monotonically with increasing Mo content. Mo 
additions applied in the study did not seem to have a 
significant effect on the hardness of the alloys. 
 
1. Introduction 

Tungsten heavy alloys (WHAs) are typically metal 
matrix composite materials, which contain W grains and 
a ductile binder matrix phase in their microstructures. 
Generally, conventional powder metallurgical methods 
are used to obtain WHAs. Especially liquid phase 
sintering (LPS) method is preferred in the preparation of 
these alloys, in which the W powder is mixed and 
sintered with relatively low melting point elemental 
powders such as Ni, Cu, Fe, and Co. WHAs with 90-95 
wt% W can exhibit superior properties such as high 
tensile strength, high density and good wear and 
corrosion resistance. Owing to these beneficial 

properties, such WHAs are used in both civil and military 
applications such as radiation shields, counter-weight 
balances, kinetic energy penetrators, electrical contacts 
and damping devices [1-3]. 
 
W-Ni-Cu and W-Ni-Fe alloys are among the most widely 
used WHAs in common technological applications. On 
the other hand, being a relatively newcomer in the WHA 
family, W-Ni-Co alloys are especially used in certain 
military applications. In the literature, the general aim in 
replacing Fe and/or Cu with Co is to enhance the 
mechanical properties. Replacement of Fe and Cu with 
Co was found to lead to an increase in tungsten solubility 
in the binder matrix phase up to 42 wt% [4], a decrease in 
the grain size of W and an improvement in the 
mechanical properties. In the literature, it is cited that W-
Ni-Co alloys with Ni/Co ratio ranging from 2 to 9 can 
exhibit superior mechanical properties when compared to 
W-Ni-Fe WHAs [6, 6].  
 
Detailed microstructural characterization studies of W–
Ni–Co alloys are relatively scarce in the literature, when 
compared to mechanical characterization of this alloy 
system. However, microstructural characterization 
studies are important for understanding the relationship 
between the microstructural characteristics and material 
properties and may provide a way for the development of 
W-Ni-Co alloys with enhanced properties. In WHAs, the 
physical and mechanical properties are affected by a 
number of microstructural characteristics such as alloy 
composition, average W grain size, relative volume 
fractions of the binder phase and W grains, and W 
solubility in the binder phase. These microstructural 
characteristics can be tailored through clever adjustments 
in the alloy composition and/or processing conditions of 
WHAs. This is also true for the W-Ni-Co alloy system.  
 
One of the most efficient ways to modify or control the 
properties of WHAs is playing with the alloy chemistry. 
In this respect, the microstructural characteristics, and 
hence, the mechanical properties of these alloys can be 
improved through certain alloying additions. A number 
of studies carried out in the W-Ni-Fe alloy system have 
shown that the alloy microstructure can be refined and 
mechanical strength be improved with refractory metal 
additions such as Mo, Ta, Nb, Re. Among these, the 
effects of Mo additions have been studied much more 
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extensively [7-15]. It is known that Mo has a total 
solubility in tungsten and a high solubility in the binder 
matrix. The solubility of the additive in tungsten offers a 
means to increase the strength by solid solution 
hardening. In addition, the solubility of tungsten in the 
matrix is the key to the grain growth and decreased 
solubility of W in the matrix due to the presence of Mo 
offers for possible strengthening by a reduction in the 
grain size [9, 10, 15, 16]. 
 
Alloying additions of the kind discussed above might 
also have a beneficial effect in enhancing the properties 
of W-Ni-Co alloys. However, as far as known, the effects 
of such alloying additions on the properties of these 
alloys have not been studied in detail yet in the literature. 
In view of the above discussion, the main objective of 
this study is to investigate and reveal the effects of Mo 
addition on the microstructural properties of selected W-
rich W-Ni-Co alloys. The base alloy selected for the 
investigation was 95W-4Ni-1Co alloy (in wt%). The 
effect of Mo additions was studied by keeping the Ni/Co 
ratio constant at 4/1 and replacing W by up to 5 wt% Mo. 
 
2. Experimental Procedure 
 
General properties of the elemental W, Ni, Co and Mo 
powders used in this study are given in Table 1. The 
elemental powders were of 99.9 % and above purity as 
specified by the suppliers. The average particle size of 
the powders was measured by a laser particle size 
analyzer (Mastersizer 2000, Malvern, USA). The shape 
and morphology of the powder particles were 
investigated with scanning electron microscopy (SEM) 
(6400 JSM, Jeol, Japan). A precision balance that has ± 
0.001 g accuracy (CP3202S, Sartorius, Germany) was 
used to weigh appropriate amounts of W, Ni, Co and Mo 
powders to obtain the alloy compositions. In the alloy 
systems studied, the composition of the base alloy was 
chosen as 95W-4Ni-1Co (wt%) and Mo was added as 
0.5, 1, 2 and 5 wt% replacing W in the given alloy. The 
nominal compositions of the alloys investigated in this 
study are given in Table 2. Mixing of the powders was 
performed in a turbula mixer (T2F, Glenn Mills, 
Switzerland) at a speed of 80 rpm for 40 minutes. From 
the mixed powders, cylindrical green samples with  10-
11 g weight were prepared by cold isostatic pressing (CIP 
42260, Flow Autoclave Engineers, USA) at 310 MPa for 
15 seconds. The general shape and dimensions of the 
prepared samples can be seen in Figure 1. The compacted 
samples were then sintered at 1500ºC for 1 hour. 
Sintering process was conducted in an atmosphere 
controlled furnace (HT1800VM, Linn Furnaces, 
Germany) in accordance with the temperature-time cycle 
given in Figure 2. During heating steps of sintering, pure 
hydrogen gas was used and pure argon gas was applied in 
the cooling step. 

Table 1. General Properties of the Elemental Powders 
Used in the Study 

Elemental 
Powder 

Average Particle Size 
( m) Shape Purity 

(wt%) 
W 4-6 Polygonal 99.9+ 

Ni 4-5 Polygonal 99.9 

Co 6.0 Polygonal 99.9+ 

Mo 2.5-3.5 Polygonal 99.9+ 

 

Figure 1. The general shape and dimensions of the alloy 
samples 
 

 
Figure 2. Temperature-time sintering cycle applied for 
the investigated alloys 
 
Table 2. Nominal Compositions of the Alloys 
Investigated in the Study 

Alloy Code W (wt%) Ni (wt%) Co (wt%) Mo (wt%) 

W0 95 5.0 1.0 - 

W05 94.5 4.0 1.0 0.5 
W1 94.0 4.0 1.0 1.0 
W2 93.0 4.0 1.0 2.0 
W5 90.0 4.0 1.0 5.0 

 
Sintered alloys were characterized by determining their 
microstructural properties. Densities of the alloys were 
measured by Archimedes immersion technique by using 
xylene having a density of 0.86 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 by using the rule of mixtures 
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method. For microstructural characterization, specimens 
were prepared with proper metallographic techniques and 
etched by Murakami’s etchant. The microstructure 
analysis of the alloys was performed by an optical 
microscope (Axioskop 2, Zeiss, Germany) and a 
scanning electron microscope (6400 JSM, Jeol, Japan). 
Average grain size and binder phase area analysis were 
done by AxioVision software. Hardness tests were 
applied to the sintered specimens with Vickers diamond 
indenter in HV10 scale (Duramin 500 Universal 
Hardness Tester, Struers, Denmark). 
 
3. Results and Discussion 
 
Archimedes immersion method was used to measure the 
densities of the alloy specimens. The theoretical, 
measured and percent relative densities (%RD) of the 
alloys formed in this investigation are given in Table 3. 
As can be seen in Table 3, all investigated alloys were 
found to reach nearly full density after sintering at 
1500ºC. Microstructural examination has shown that all 
alloy compositions were sintered with liquid phase 
sintering (LPS). That is, all of the investigated alloys 
have exhibited a microstructure consisting of rounded W-
rich grains embedded in a binder matrix phase, which is 
the typical microstructure of liquid phase sintered 
WHAs. Microstructures of the investigated alloys are 
given in Figure 3. 
 
The compositions of the alloys were determined by 
energy dispersive spectroscopy (EDS) analysis in SEM. 
EDS analysis were applied both to determine the general 
composition of the alloys and the compositions of the 
constituent phases. The EDS analysis results are 
compiled and given in Table 4. As can be seen in Table 
4, except for alloy W05 which shows a slightly higher 
departure from the intended Mo concentration, the 
intended general compositions have essentially been 
attained for the investigated alloys.  
 
The EDS analysis have shown that Ni and Co have 
almost completely partitioned into the binder matrix 
phase, whereas Mo was found to partition both into the 
 
Table 3. Theoretical, Measured and Percent Relative 
Densities of Investigated alloys 

Alloy 
Code 

Theoretical 
Density 
(g/cm3) 

Measured 
Density 
(g/cm3) 

Relative 
Density 

(%) 
W0 18.28 18.11 99.1 

W05 18.20 18.05 99.2 
W1 18.12 17.95 99.0 
W2 17.97 17.82 99.2 
W5 17.53 17.50 99.8 

W grains and the binder matrix. As a general trend, the 
partitioning of Mo into the binder phase was observed to 
be slightly higher than the average Mo concentration for 
the investigated alloys. A noticeable fact observed in the 
EDS analysis is that the Mo content within the W grains 
has an apparent dependency on the grain size. That is, the 
Mo content within the smaller W grains was lower than 
the Mo content in the larger grains. Stated alternatively, 
larger W grains were seen to contain larger amounts of 
Mo when compared to smaller ones. This phenomenon 
has also been observed in W-Ni-Fe alloys alloyed with 
Mo [9, 14, 16]. Although several explanations have been 
suggested, the reasons for the occurrence of this 
phenomenon are still not well understood. In W-Ni-Fe 
alloys alloyed with Mo, sinter-bonding of W grains 
around Mo grains and nucleation and growth of Mo-rich 
grains from the first liquid phase were two suggestions 
proposed to explain this somewhat strange behavior [14]. 
However, these suggestions still await direct 
experimental evidence. For understanding the reasons of 
this behavior, it seems that detailed studies must be 
conducted which also take into consideration solution 
thermodynamics approaches and diffusion kinetics of Mo 
both in the binder matrix phase and the W grains. 
 
EDS results further shows that a significant reduction in 
the W solubility in the binder matrix phase could be 
acquired only for the W5 alloy. That is, Mo additions 
below about 5 wt% did not result in a considerable 
decrease in the W solubility in the binder phase. 
 
The results of the percent binder phase area and average 
W grain size (AGS) determinations are given in Table 5, 
Table 6, Figure 4 and Figure 5. As can be seen in Table 5 
and Figure 4, the percent binder phase area was found to 
decrease almost monotonically with increasing Mo 
additions. AGS, on the other hand, did not show a 
systematic variation with Mo content. As can be seen in 
Table 6, Figure 3 and Figure 5, AGS was found to 
increase significantly first with 0.5 wt% Mo addition and 
to decrease afterwards with further Mo additions. 
Although decreasing beyond 0.5 wt% Mo addition, the 
AGS value did not fall significantly below that of 
unalloyed 95W-4Ni-1Co alloy (alloy W0), up to  2 wt% 
Mo. However, a definite grain size refinement effect has 
been observed for 5 wt% Mo addition. As far as the W-
Ni-Co alloy compositions examined in the study are 
concerned, this result suggests that a Mo addition of  5 
wt% or above must be made so as to obtain a finer 
grained microstructure. 
 
The increase in AGS with as little as 0.5 wt% Mo 
addition deserves special attention. When compared to 
the unalloyed W0 alloy, the increase in AGS suggests 
that such amounts of Mo addition in W-Ni-Co alloys  
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Figure 3. Microstructures of (a) W0, (b) W05, (c) W1, (d) W2 and (e) W5 alloys sintered at 1500°C, optical microscope 
images, (x200) 
 

Table 4. EDS Analysis Results of the Investigated Alloys

Alloys 
Composition (wt%) 

General Binder Matrix W Grains (smaller) W Grains (larger) 
W Ni Co Mo W Ni Co Mo W Mo W Mo 

W0 93.2 5.5 1.3 - 35.2 52.3 12.5 0.0 100 - 100 - 

W05 92.0 5.6 1.6 0.8 36.6 50.0 12.7 0.7 99.5 0.5 98.9 1.1

W1 92.5 5.0 1.5 1.0 34.0 52.0 12.4 1.6 99.4 0.6 98.8 1.2 

W2 91.3 5.1 1.4 2.2 34.9 50.2 12.1 2.8 97.8 2.2 97.3 2.7 

W5 88.7 4.9 1.4 5.0 29.6 51.4 12.5 6.5 95.6 4.4 93.6 6.4 

 
 
Table 5. Percent Binder Phase Area of the Investigated 
Alloys 

Alloys Binder Phase Area (%) 
W0 17.01 

W05 16.93 
W1 15.06 
W2 14.86 
W5 13.00

 
Table 6. Average Grain Size of the Investigated Alloys 

Alloys Average Grain Size (μm) 
W0 28.6 

W05 38.3 
W1 27.5 
W2 30.2 
W5 23.6 

Table 7. Hardness of the Investigated Alloys 
Alloys Hardness (HV10) 

W0 344 
W05 349 
W1 348 
W2 331 
W5 344 

 
 
 

 

Figure 4. The variation of percent binder phase area with 
Mo content 
 

Figure 5. The variation of average grain size with Mo 
content 
 
somehow causes an enhancement in either solid-state 
sintering rate or grain coarsening rate, or both. Detailed 
sintering studies with dilatometric measurements and 
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isothermal grain-coarsening experiments might help in 
elucidating the exact cause of this observed behavior. 
 
The average hardness of the investigated alloys is given 
in Table 7. As can be seen, Mo alloying additions did not 
seem to have a significant effect on the hardness of the 
alloys. This suggests that Mo additions above about 5 
wt% might be necessary to obtain a notable hardening 
effect in the investigated W-Ni-Co alloys. 
 
4. Conclusions 
 
The effect of Mo additions on the microstructural 
characteristics of selected W-rich W-Ni-Co alloys was 
examined in this study. The results of the study can be 
concluded as follows: 
 
1. All of the investigated alloys were found to reach 

nearly full density when sintered at 1500ºC.  
2. The microstructures of the investigated alloys were 

observed to be typical of liquid phase sintered 
tungsten heavy alloys.  

3. Mo was found to partition both in the binder phase 
and the W grains. The partitioning of Mo within the 
binder phase was observed to be slightly above the 
average alloy Mo concentration. 

4. Mo partitioning within the W grains was observed to 
have a dependency on the grain size; larger W grains 
were seen to contain larger amounts of Mo when 
compared to smaller ones. This is an effect also 
observed in W-Ni-Fe alloys alloyed with Mo. The 
reason of this phenomenon is still not well understood 
and waits for a plausible explanation. 

5. Within the composition ranges studied, AGS was 
found to exhibit a somewhat unsystematic variation 
with Mo content. The percent binder phase area, on 
the other hand, was observed to decrease almost 
monotonically with increasing Mo content.  

6. Hardness results have suggested that Mo additions 
must be above about 5 wt% in order to attain a 
significant hardening effect in the studied W-Ni-Co 
alloys. 
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Abstract 
 
 In this paper, a brief overview of the effect of 
temperature on the electrowinning of copper was 
provided. Furthermore experimental data for the 
influence of temperature on current efficiency, energy 
consumption, rate and morphology of Cu deposition in 
the electrowinning of copper from a synthetic copper 
sulfate solution were also presented. Temperature is an 
important parameter for copper electrowinning process. 
In general, earlier experimental studies emphasized that 
an increase in temperature may increase current density, 
rate of copper deposition. Albeit, the type of deposition 
reaction and composition of electrolyte (i.e. Cu2+ 
concentration in electrolyte) are temperature independent. 
The resistance of electrolyte solution and cell is reduced 
with the rise in temperature leading to an increased rate 
of electrodeposition of copper. In addition, the 
temperature of the electrolyte positively affects the 
quality of cathode copper. In the experiments conducted 
under constant concentration and current density (30 g /L 
Cu, 250 A/m2), increasing temperature was shown to 
improve the kinetics of the process and reduce the cell 
potential by approximately 0.09 V with a concomitant  
~10% reduction in energy consumption. The reduction of 
energy consumption was identified to be the most 
important effect of increasing temperature. 
 
1. Introduction 
 
Electrowinning is extensively used for recovery of 
copper from pregnant leach solutions (PLS). In the 
electrowinning of copper the pure copper metal at the 
cathode, oxygen gas at the anode and regenerated sulfuric 
acid in the electrolyte solution are produced.  In the 
electrowinning of copper the cathode (1), anode (2) and 
overall reactions (3) are as follows [1] [3]: 
 
Cu2+ + 2e- 0= + 0.34 V)   (1) 
 
H2 2 + 2H+ + 2e-(E0 = -1.23 V)  (2) 
 

Cu2+ + H2
0 + 1/2O2 + 2H+   (3) 

 
In general, copper electrowinning is performed under a 
wide temperature range between 25-
Thus, there is no ideal temperature for this process and 
the optimum temperature is determined by other 
operating parameters specific to each plant. Temperature 
as one of the most influential parameters for copper 
electrowinning can be used to control the production and 
quality of copper cathode [1], [4], [5]. 
 
Temperature affects notably the psycho-chemical 
properties of the electrolyte solution and the mass 
transfer parameters in copper electrowinning and 
ultimately, the efficiency of electrochemical process. 
According to Casas et al. [6], temperature affects the 
electrolyte speciation with the concentration of H+ and 
Fe3+ decreasing with increasing temperature due to the 
formation of complex species. Moreover, increasing 
temperature reduces viscosity of electrolyte, which 
facilitates mass transfer and improves current efficiency 
(i.e. the ratio between the actual amount of metal 
deposited or dissolved, Ma, to that calculated 
theoretically  (Equation 4), Mt, 
(Equation 5)) [7], [8]. 
 

    (4) 
 

    (5) 
 
Where, M (Cu) is the molecular weight of Cu, I (A) is 
current passed in amperes, t is the time in sec, n is 
number of transferred electrons (in this case =2) and F 

 
 
In another study Anderson et al [9] shows that an 
increase in temperature contributes significantly to an 
increase in limiting current density. In addition, the 
diffusion coefficient of ions in the solution increases by 
increasing temperature [8]. Thus, the current efficiency 
can be improved by increasing the temperature of the 
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electrolyte with high Cu concentration and low 
concentration of impurity ions, especially Fe3+. However, 
in an electrolyte containing high Fe3+ concentration, 
increasing temperature cause to increase in the Fe3+ 
diffusion coefficient and as a result of this phenomenon it 
decreases the current efficiency. In this case, with rising 
the 
decreased [7], [8]. 
 
In another study, Alfantazi and Valic [10] demonstrated 
the occurrence of interactions between temperature, Cu 
concentration and current density with no Fe+3 impurity 
in the electrolyte. They have found that, in the absence of 
Fe3+, at high Cu concentration (i.e. 65 g/L), increasing 

 has a negative effect on 
current efficiency. However, at low Cu concentrations 
(i.e. 25 g/L) increasing temperature results in an increase 
in current efficiency. In accordance with their model 
developed in their study, they concluded that high 
temperatures in addition to high Cu concentration in 
electrolyte and high current densities tend to improve 
current efficiency. 
 
Mishra and Cooper [11] reported that changing the 
electrolyte temperature under the same operating 
parameters (Cu 10-20 g/L; Fe3+ 1 g/L; H2SO4 20 g/L) 
influences the quality of Cu cathode deposit and its 
structure. Pradhan et al. [12] also reported the effect of 
temperature on the nature of deposit. With increasing 

-

, the surface roughness of cathode became more 
pronounced. A [13] lacy 

 
 
In the present work, the effects of temperature on current 
efficiency, energy consumption, the rate and morphology 
of Cu deposition in the electrowinning of copper from a 
synthetic copper sulfate solution were also examined.  
 
2. Experimental Procedure 
 
Details of experimental apparatus and procedures can be 
found in our previous studies [3], [14]. The electrolytic 
cell used in this study was a 400-ml pyrex beaker in 
which Ti (mixed metal oxide coated) anode and copper 
sheets as the cathode were used. Anode and cathode were 
connected to a DC source (model: Hyelec HY3005F) and 
PHYWE Cobra 3 basic unit device to monitor the 
average voltage and hence energy consumption. The 
interelectrode space was  
 
The electrolyte solution was prepared from sulphuric acid 
(98% H2SO4, Merck), reagent grade copper sulphate 
(CuSO4.5H2O, Merck), 4 mg/L gelatine, 3 mg/L thiourea, 
and deionized-distilled water. 
 

All the electrowinning experiments were carried out 
using synthetic electrolytes (Cu2+ 30 g/L; H2SO4 1.2 M; 4 
mg/L gelatine; 3 mg/L thiourea) for 20 hours. The current 
density was held constant at 250 A/m2. The effect of 
temperature was studied in the range from 20 to 50 . 
These levels of temperature were selected based on 
previous studies and industrial applications. In order to 
control the temperature all the experiments conducted in 
water bath. During the electrolysis, the cell was sampled 
at predetermined intervals (0-2-4-6-8-20. hours) to 
monitor the electrodeposition of Cu. 
 
The concentration of copper was determined by the 
iodometric titration due to the high concentration of 
copper (i.e. 30 g/L Cu2+) in the electrolyte [15]. An 
atomic absorption spectrophotometer (AAS, Perkin 
Elmer AAnalyst 400) was also used to analyse low levels 
of Cu at the end of the experiment. 
 
The rate of copper deposition was determined using 
Equation (6) based on the slope of linear trend-line for 

f electrowinning experiments due to the 
apparent deviation of trend in the reaction rate, 
accompanying with the depletion of copper (Figure 1) 
[14]. 
 

  (6) 
 

 
Figure 1. A typical kinetic trend-line for Cu 

electrowinning of copper from sulphate solutions [14]. 
 

The macroscopic surface analyses of the cathodes were 
carried out using a Leica microscope equipped with high 
resolution camera. Surface roughness of cathodes was 
also determined by Mahr surf PS1 device, which 
measures Ra (arithmetic mean surface roughness) and Rz 
(mean peak-to-valley height, Japanese Industrial 

lowest valleys over the entire sampling length, in 
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3. Results and Discussion 
 
3.1. Effect of temperature on copper electrowinning 
 
Figure 2 illustrates effect of temperature (20-50 C) on 
the rate of Cu deposition (g/h). With increasing the 
temperature the rate of copper deposition increased. The 
beneficial effect of temperature could be attributed to the 
improved diffusion of Cu ions at cathode [5], [8]. 

 
Figure 2. Effect of Temperature on the rate of copper 

deposition. 
 
Energy consumption is one of the main issues in all fields 
of industry, especially mineral and metallurgy. Compared 
with electrorefining, electrowinning of copper is an 
energy intensive process. The electrical potential needed 
for electrowinning is ~2.0 V, as compared to ~0.3 V for 

. In practice, the energy requirement for 
electrowinning is ~2-2.2 kWh/t. The required energy for 
electrowinning of copper is calculated by Equation (7) 
[1], [2], [16]. 
 

    (7) 
 
Where, V is calculated average voltage in volts, I is 
constant current (0.31 A), and t is time in seconds. 
 
It was observed that with increasing temperature (from 

C), energy consumption was reduced by 
about 10% (from 1.94 to 1.69 kWh/kg Cu) (Figure 3). 
These findings were concomitant with the decrease (by 
approximately 0.09 V) observed in cell potential. This 
was consistent with the earlier reports in literature [10]. 
 
Figure 4 also show the effect of temperature on current 
efficiency, which is regarded as an important parameter 
in electrowinning processes. It significantly affects the 
energy consumption and efficiency of the electrowinning 
processes [1], [4]. The current efficiency of the copper 
electrowinning process was determined to increase with 
rising the temperature in the rage tested. A ~2% increase 
in the current efficiency was recorded with increasing the 
temperature from 20 to 50 C. 
 

 
Figure 3. Effect of temperature on energy Consumption 

 

 
Figure 4. Effect of temperature on current efficiency (%) 
 
Effect of temperature on the morphology of copper 
deposits was also examined through the determination of 
surface roughness. As illustrated in Figure 5 and 
presented in Table 1, the surface roughness of the 
cathode tended to increase with increasing the 
temperature as also reported by Pradhan et al. [12].  
 
The surface roughness of cathodes as represented by Ra 
(arithmetic mean roughness) and Rz (mean peak-to-
valley height) values. The increasing of temperature from 
20 to 50 C increased the Ra and Rz values of the deposit 
from 2.30 and  
respectively. 
 
One consistent explanation is that the electrochemical 
reaction and diffusion rate of ions are accelerated with 
increasing the temperature. Thus, there is not enough 
time to develop the crystal structure. In other words, the 
rough cathode surface (along with dendritic structure) is 
often associated with high rate of nucleation and crystal 
growth accompanying with increasing of the temperature 
[17], [18]. 
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a)  

 
b)  

 
c) 50 C 

 
Figure 5. Effect of the temperature on morphology of 

cathode. 
 

Table1. Effect of Temperature on surface roughness of 
the cathode 

Temperature ( C) Surface Roughness (morphology) 
Ra ( m) Rz ( m) 

20 2,30 15,92 
30 10,55 40,92 
50 12,31 49,76 

 
4. Conclusion 
 
This study has experimentally demonstrated that 
increasing temperature has beneficial effects on 
deposition rate, current efficiency and energy 
consumption of electrowinning process. Approximately a 
10% reduction in energy consumption was observed with 

This 
beneficial effect could be attributed to the 
disproportionately large increase in the number of high 
energy collisions with increasing temperature. However, 
it was observed that the surface roughness of copper 
deposits tends to deteriorate with increasing the 
temperature. An effective control and optimization of 
temperature appears to be required to establish a balance 
between deposit quality and improvement in the 
electrowinning of copper with regards to deposition rate, 
current efficiency and energy consumption. 
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Abstract 
 
Thixoforging combined with low superheat casting 
is a kind of semi-solid technique which is especially 
used for shaping of aluminium casting alloys. In this 
work first, ingots were cast in low superheat 
conditions then they were heat up to semi-solid state 
and subjected to compression deformation. A380 

cylindrical steel die to produce an ingot in 
dimensions 40 mm diameter and 310 mm height. 
Four pieces in 40 mm height were cut out from the 
ingot, placed into a furnace and rai
Specimens were hold at this semi-solid temperature 
in 20, 40, 60 and 80 minutes respectively then placed 
into preheated open die and uniaxial compression 
pressure were applied parallel to main axis direction 
by using a hydraulic press. All specimens were 
compressed with 50 % deformation ratio. 
Microscope observations on the as-cast specimen 
show that, almost non-dendritic structure was 
formed with low superheat ingot casting.  
Deformation texture can be recognised in 20 minutes 
holding specimen and formation of spherical grains 
can be seen as obvious in micrographs of 40 and 60 
minutes holding specimens and 80 minutes holding 
causes grain growth as well. Moreover Brinell 
hardness tests were applied for mechanical 
evaluation of specimens and process.  
 
1. Introduction 
 
The semi-solid metal processing has developed as an 
alternative to the conventional casting and forging 
processes. It is a kind of net shape fabrication 
technology in which the shaping alloy takes place at 
a temperature range that the solid and the liquid 
phases coexist [1]. The semi-solid metal processing 
includes two routes; rheo and thixo. Thixoforging 
belongs to the thixo route. It defines the technique 
where right material is heated into the two phase 
region (liquid and solid) and placed into a die then 
shaped the material in semi-solid state. For 
successful thixoforging process, microstructure of 
the alloy must have appreciable melting range and 
the microstructure of the alloy must consist of solid 
spheroid grains in a molten matrix. In this state, the 

material shows thixotropic behaviour [2, 3, 4]. 
Thixoforging is a significant producing technique for 
aluminium based components with high mechanical 
properties. Especially thixoforged parts have higher 
densities and mechanical properties than traditional 
cast parts.  In thixoforging process, a semi-solid 
alloy billet with non-dendritic microstructure is 
transferred into a preheated die cavity and forged 
into near-net shaped parts [5, 6, 7]. The low 
superheat casting is a very suitable technique for 
preparing semi-solid billet for thixoforging process. 
It is extremely simple process, low cost and no need 
for complex equipment. The low superheat pouring 
leads formation of equiaxed grains and regarded as 
the simplest alternative to produce thixo billets in 
non-dendritic spherodized microstructure [5, 8, 9]. 
 
In this study, thixoforging process combined with 
low superheat casting is applied to A380 alloy, 
which is well known and commonly used in 
aluminium casting industry.   
 
2. Experimental Procedure 
 
1000 g A380 aluminium alloy was charged into a 

resistance furnace. Chemical composition of the 
alloy is given in Table 1. After dross removal, low 
superheat casting was carried out by pouring the 
molten metal into steel cylindrical billet (ingot) 
mould in 40 mm diameter.  The steel billed mould 
and as cast billet in 310 mm length is shown in Fig 
1. 
 
Table 1. Chemical composition of A380 aluminium 

casting alloy (wt%) 
Si Fe Cu Mn Mg Zn Al 
8.620 0.824 3.091 0.224 0.280 0.9 Bal. 

 
Upper section approximately in 80 mm length, 
which includes central shrinkage cavity, was cut out 
form the billet and five specimens in 40 mm length 
were sliced from remaining part.  One of them was 
hold to examine as cast microstructure. Other four 
round billet specimens were placed into a heat 
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at this temperature for 20, 40, 60 and 80 min. 
respectively before thixoforging.  
 

 
Figure 1. Steel billet mould and as cast A380 alloy 

billet 
 

Forging is applied to specimens, which were heated 
to semi-solid zone, by using a simple unidirectional 
hydraulic press machine. Compaction was carried 
out in an open die, which was preheated by oxy-
propane torch flame, on main billet axis direction 
with 50 % deformation ratio.  As a result, 40 mm 
heights became 20 mm. A photography of 
thixoforging process is seen Fig. 2. 
 

 
Figure 2. A moment of thixoforging process 

 
For microstructural evaluation, as cast and forged 
specimens were sectioned and cold mounted then 

grinded, polished and etched with 0.5 % HF solution. 
Observations were carried out by using image 
analyser assisted light metal microscope (Leica ICM 
1000). Additionally Brinell hardness values of 
specimen sections were measured. 
 
3. Results and Discussion 

Thixoforging in the open die is a helpful process to 
observe deformation behaviour of the semi-solid 
material and differences of this behaviour according 
to liquid phase ratio. In Fig.3 as cast and thixoforged 

and hold 20, 40, 60 and 80 min. respectively, are 
seen side by side. 
 

 
Figure 3. As cast and thixoforged round billet 

specimens 
 

It is evident that, fragmentation occurrence during 
open die thixoforging is proportionally related with 
liquid phase volume, which increases with holding 
time. Naturally this flow caused fragmentation 
behaviour converts into shaping ability in closed die 
forging process.  
 
In Fig. 4 as cast micrograph of low superheat casting 
is given. Low casting temperature combined with 
cold steel die showed modification effect on 

-Al 
grains and dark zones are fine eutectic structure.  
 

 
Figure 4. As cast microstructure of round billet 

specimen  
 

It is obvious that, low superheat casting and 
subsequent rapid solidification suppress dendrite 
growth. In some places secondary dendrite arms 
were separated and in some other places primary       
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-Al grains were formed in shape near-spherical. 
Solidus-liquidus range of A380 aluminium alloy is 

 -solid 

it is expected that, for sufficient holding time whole 
eutectic phase is going to be melt.  
 
Micrographs of thixoforged round billets are given 
together in Fig. 5. Microstructure in Fig. 5a belongs 
to 20 min. heated specimen. It is understood that, 
there was not any prominent liquefaction occurs in 
this holding period and because of rapid cooling after 
forging, recrystallization was not completed so, 
deformation texture retained in microstructure.    
 

 
Figure 5. Micrographs (100X) of thixoforged 
specimens; a) 20 min., b) 40 min., c) 60min.  

 
 
Examination of 40 min heated specimen 
microstructure (Fig. 5b) is showed that, spherodizing 

-Al was started however eutectic phase 
did not melt completely and as cast eutectic zones 
still existing. Mean spherical grain diameter 
measured form this microstructure is approximately 

ng to micrograph given in Fig. 5c, 60 
min heated was matured the spherodizing and 
provides sufficient time for complete eutectic 
melting. Sphere shaped grain diameter of this 

growth can be seen in microstructure of 80 min 

 
 
Brinell hardness values of as cast and thixoforged 
specimens are given in Table 2. In these values 
hardness of 20 min heated specimen is not 
unexpected. After heating and forging final hardness 
is a bit higher than hardness of low superheat casting 
state.  
 
Dramatic decrease in hardness of 80 min. heated 
billet is directly related with grain growth and 
precipitation growth which are the results of 
excessive heating. When compared the hardness 
values of 40 min. and 60 min. heated specimens, it 

seems to be contradicted by the grain sizes. In Fig. 6 
microstructure of 40 min. and 60 min. heated 
specimens are given again in lower magnification.  
 

Table 2. Brinell hardness values of as cast and 
thixoforged specimens  

Specimen Brinell Hardness 
(HB) 

As cast 111 
20 min heated 112 
40 min heated 93 
60 min heated 109 
80 min heated 82 

 

 
Figure 6. Micrographs (50X) of 40 min. (left) and 

60 min. (right) heated specimens 
 

Liquid phase proportion occurred in 40 min heating 
is low thus; some of the coarse eutectic zones of as 
cast structure were survived. However spherodizing 
was advanced and grains became larger in 60 min. 
heating time, eutectic phase completely melt down 
and flow around the sphere grains as the effect of 
forging. Then solidify in finely dispersed form 
through the whole structure. Consequently hardness 
is increased rather than decreased and become nearly 
equal to hardness of as cast structure.   
 
4. Conclusion 
 
Thixoforging combined with low superheat casting 
gives successful results for A380 aluminium casting 
alloy. 
 

selected for semi-solid holding temperature. Round 
billet specimens were hold at semi-solid state for 20, 
40, 60 and 80 min. Thixoforging was carried out in 
50 % deformation ratio. 
 
Low heating times is not sufficient for liquid phase 
formation and excessive periods cause grain 
coarsening. 
 

thixoforging gives optimal results. Whole structure 
transforms into spherical form with avoiding 
hardness decrease from as cast structure.  
 
 
 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

662 IMMC 2016   |   18th International Metallurgy & Materials Congress

Acknowledgment 
 
The work has been supported by the Yildiz 
Technical University Scientific Research Projects 
Coordination Department. Project Number 2015-07-
02-GEP03. 
 
References 
 
[1] G. Chung, A. Bolouri and C. Kang, International 
Journal of Manufacturing Technology, 58 (2012) 
237-245. 
[2] Z. Zhao, Q. Chen, C. Hu, S. Huang and Y. Wang, 
Journal of Alloys and Compounds, 485 (2009) 627
636. 
[3] S. Chayong, H. V. Atkinson and P. Kapranos, 
Materials Science and Engineering A, 390 (2005) 3
12. 
[4] S. Chayong, H. V. Atkinson and P. Kapranos, 
Materials Science and Technology, 20 (2004) 490-
496. 
[5] S. C. Wang, N. Zhou, W. J. Qi and K. H. Zheng, 
Transactions of Nonferrous Metal Society of China, 
24 (2014) 2214-2219. 
[6] Q. Zhu and S. P. Midson, Transactions of 
Nonferrous Metal Society of China, 20 (2010) 1042-
1047. 
[7] S. Tahamtan and A. Fadavi Boostani, 
Transactions of Nonferrous Metal Society of China, 
20 (2010) 781-787. 
[8] M. A. Easton, H. Kaufmann and W. Fragner, 
Materials Science and Engineering A, 420 (2006) 
135-143. 
[9] O. Lashkari, S. Nafisi and R. Ghomashchi, 
Materials Science and Engineering A, 441 (2006) 
49-59. 
  
 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

66318. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

Comparative Leaching of Chalcopyrite With Non-Milled 
and Advanced Milled Flotation Concentrate

Z. Abidin Sarı, Aslıhan Demiraslan, M. Deniz Turan 

Fırat University - Türkiye

Abstract

        Hydrometallurgical treatment of chalcopyrite 
has some problems such as low metal extraction 
yields, high iron passing to leaching solution, long 
leaching time etc. In this study, leaching of 
chalcopyrite concentrate in presence of 
hydrochloride acid and potassium dichromate 
solution was investigated comparing with non-
milled and advanced milled of concentrate. 
Advanced milled process was performed in a high-
energy desktop ball mill which with 80 ml volume 

vessel. Studied parameters are: HCl concentration 
(0-2 M); K2Cr2O7 concentration (0-0.5 M); milling 
time (1-40 min); leaching time (1-120 min); liquid-
solid ratio (0,005-0,1 m3/kg); stirring speed (200-
800 rpm).  According to experimental results, 
copper dissolution is increasing with increased of 
leaching temperature and it is completed under 
conditions of 338 °K of leaching temperature. Also, 
iron remains in the leach residue as oxide form, so 
that this result may be evaluated as selective 
leaching. 

1. Introduction  

 Copper is present as copper–iron–sulphide and 
copper sulphide minerals, e.g. chalcopyrite 
(CuFeS2), bornite (Cu5FeS4) and chalcocite (Cu2S) 
as well as copper oxide minerals, e.g. cuprite 
(Cu2O), malachite [CuCO3.Cu(OH)2], tenorite 
(CuO). Typical copper ores contain from 0.5% Cu 
(open pit mines) to 1–2% Cu (underground mines). 
In comparison to other copper minerals, 
chalcopyrite contains the least copper; however, it 
is the most abundant in the sulphide copper bearing 
deposits [1, 2]. About 80% of the world’s copper 
comes from copper sulphide ores and the remaining 
20% of primary of copper production comes from 
hydrometallurgical processing of Cu oxide ores. 

Hydrometallurgical processes contain a few 
principal steps, including leaching of the material 
using a suitable lixiviant, purification of the 
leaching solution, and production of a metal 
product from solution. However, 
hydrometallurgical treatment of chalcopyrite has 
some problems such as low metal extraction yields, 
high iron passing to leaching solution, long 
leaching time etc.  In this study, leaching of 
chalcopyrite concentrate in presence of 
hydrochloride acid and potassium dichromate 
solution was investigated comparing with non-
milled and advanced milled of concentrate. 

2. Material and Methods 

Chalcopyrite concentrate was obtained from Copper 
Flotation Plant, Elazig, Turkey. This concentrate 
was sieved trough 200 mesh. The portion that 
passed through this sieve was used in all 
experiments. This portion was dried at 323 °K for 
12 h, and the sample was stored in a closed vessel 
for later use (Table 1). All solutions used in 
experiments were prepared freshly by dissolving 

the appropriate amount of potassium dichromate 
and diluted of HCl.  

Table 1. Chemical composition of chalcopyrite 
concentrate sample 

Element Cu Fe S LOI 

Wt,% 28.31 28.52 29.36 13.36 
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3. Results 

 In this study, advanced milled and non-milled 

flotation concentrated was leached in presence of 

hydrochloride acid and potassium dichromate 

solution. It is known that hydrochloride acid supply 

soluble chloride compounds while dichromate 

generates oxidizing leaching environment. Studied 

parameters are: HCl concentration (0-2 M); 

K2Cr2O7 concentration (0-0.5 M); milling time (1-

40 min); leaching time (1-120 min); liquid-solid 

ratio (0,005-0,1 m3/kg); stirring speed (200-800 

rpm). Effect of hydrochloride acid concentrate and 

potassium dichromate concentrate on the results 

was shown in Fig 1a, Fig 1b and Fig 2a, and Fig 2b 

respectively. 

 

 

 

 

 

 

 

Fig 1a. Effect of HCl concentration on the metal 
extraction non-milled (0.2MK2Cr2O7;Leachingtime: 
30 min; Liquid-solid ration:0.025 m3/kg; Stirring 
speed:400 rpm; Leaching temperature:318 0K) 

 

 

 

 

 

 

 

Fig  1b. Effect of HCI concentration on the metal 
extraction milled(0.2 M K2Cr2O7;Leaching  time : 
60 min; Milling time: 25 min; Liquid-solid ration: 
0.025 m3/kg; Stirring speed:400 rpm; Leaching 
temperature318 0K)  

Fig 2a. Effect of K2Cr2O7 concentration on the 
metal        extraction non-milled, (0,5 M HCI; 
Leaching time: 30 min; Liquid-solid ration:0.025 
m3/kg; Stir   ring   speed:400 rpm; Leaching 
temperature:318 0K 

 

 

 

 

 

 

 

 

 

 Fig 2b. Effect of K2Cr2O7 concentration on the 
metal extraction milled, (1 M HCI; Leaching time: 
60 min; milling time; 25 min; Liquid-solid 
ration:0.025 m3/kg; Stirring speed:400 rpm; 
Leaching temperature:318 0K) 

       Fig 3a, Fig3b indicate that although copper 
extraction is increasing by increased of leaching 
time until 60 min, copper dissolution is limited with 
31%Cu under these leaching conditions. On the 
other hand, copper dissolution is reached to 75% 
accompanied by faster leaching time after milled 
under similar leaching conditions. Also Fig 4a and 
Fig 4b show that copper dissolution is increasing 
with increased of temperature and it is completed 
under conditions of 338 °K of leaching temperature. 
Another advantage of the advanced milling is 
providing the selective leaching. Obviously, while 
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copper extraction is increasing by increased 
leaching temperature and leaching temperature, iron 
extraction is decreasing by increased values of these 
parameters unlike the leaching results of non-milled 
concentrate. According to experimental results, the 
use of these reactants in the leaching study indicates 
that iron remains in the leach residue as oxide form, 
so that this result may be evaluated as selective 
leaching. 

 

 

 

 

 

 

 

 

 

Fig 3a. Effect of leaching time on the metal 
extraction non-milled,(0,5 M HCI; 0.2 M K2Cr2O7; 
Liquid-solid ration:0.025 m3/kg; Stirring speed:400 
rpm; Leaching temperature 318 0K) 

 

 

 

 

 

 

 

 

Fig 3b. Effect of leaching time on the metal 
extraction milled, (1 M HCI; 0.3 M K2Cr2O7; 
Milling time: 25 min; Liquid-solid ration:0.025 
m3/kg; Stirring speed:400 rpm; Leaching 
temperature 318 0K) 

 

 

Fig 4a. Effect of leaching time on the metal  
extraction non-milled,(0.5 M HCI 0.2 M 
K2Cr2O7;Leaching time: 60 min; Liquid-solid 
ration:0.025 m3/kg; Stirring speed:400 rpm) 

 

 

 

 

 

 

 

 

Fig 4b. Effect of leaching time on the metal 
extraction milled, (1 M HCI; 0.3 M K2Cr2O7; 
Leaching time: 90 min Milling time: 25 min; 
Liquid-solid ration: 0.025 m3/kg; Stirring speed: 
400 rpm) 

 

4. Conclusion   

Comparative leaching of chalcopyrite with non-
milled and advanced milled flotation concentrate 
was performed. According to experimental results, 
it was shown to be significant parameters are HCl 
concentration, K2Cr2O7 concentration, leaching 
time, and leaching temperature. All experiments 
indicate that advanced milling to following leaching 
of chalcopyrite concentrate is provided higher 
copper extraction and selective leaching. It is 
though the iron remains in the leaching residue as 
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oxide form because of high oxidative leaching 
conditions are available.
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Leaching of Copper from Chalcopyrite Concentrate under 
Conditions Eff ective Oxidizing by Using Response Surface 
Methodology

M. Deniz Turan, Ertuğrul Terzi, Z. Abidin Sarı 

Fırat University - Türkiye

Abstract 

Some effective parameters on the copper 
extraction from chalcopyrite concentrate were 
optimized by using response surface methodology 
(RSM). Experiments were designed by RSM and 
carried out in the presence of H2O2, CH3COOH 
leaching reactants. Moreover, effects of different 
parameters were studied such as leaching time, 
peroxide concentration, leaching temperature, 
liquid-solid ratio, and stirring speed. Experiments 
showed that 100%Cu extraction may be obtained 
under optimum leaching conditions. 

1. Introduction 

The most widespread method of producing 
copper is smelting of copper sulfide concentrates 
that have been obtained from the flotation plant. 
This pyrometallurgical route causes some 
environmental and economical problems. So, 
during the pyrometallurgical operation of sulfide 
concentrates SOx, emission toward the atmosphere 
causes acid rains. Pyrometallurgical processes also 
include expensive initial investment cost. 
Therefore, the alternative hydrometallurgical routes 
of direct leaching of chalcopyrite have many 
advantages. 

Nevertheless, direct leaching of chalcopyrite 
concentrates has some problems due to the low 
solubility of chalcopyrite without the presence of an 
oxidant, the formation of precipitation, and the 
disposal of the large amount of iron that dissolves 
along with the copper [1-3]. In this study, some 
effective parameters on the copper extraction from 
Elaz  chalcopyrite concentrate were optimized by 
using response surface methodology (RSM). 
Experiments designed by RSM were carried out in 

the presence of H2O2, CH3COOH leaching 
reactants. 

2. Material and Method 

   Chalcopyrite concentrate was supplied by Copper 
Flotation Plant, Elaz , Turkey. The concentrate 
was classified by sieving through a 200-mesh sieve 
(90% of the total mass passed through), and this 
fraction was used in all experiments. Chemical 
analysis of the concentrate was performed using 
microwave dissolution techniques followed by 
determination of the metal content in the clear 
supernatant using atomic absorbsiyon spectroscopy 
(AAS-A400). Table 1 is listing the results of the 
chemical . 

Table 1. Chemical composition of chalcopyrite 
concentrate sample 

Element Cu Fe S LOI 

Wt,% 28.31 28.52 29.36 13.36 

 

     Response surface methodology (RSM) was used 
as an experimental design tool, and optimization 
was performed using the Design Expert 6.0 
software (trial version). RSM, which helps optimize 
the leaching process, is influenced by a number of 
operating parameters with a minimum number of 
experiments, and it analyzes the interaction between 
the parameters. The experiments were designed 
using a Box-Behnken design and carried out batch-
wise. Table 2 shows the range of experimental 
range and levels of the independent variables. 
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Table 2. Experimental range and levels of the 
independent variables. 

Factor-Name Unit Low High 

A-Leaching time Min 5.00 115.00 

B-Leaching temperature °K 298 338 

C-H2O2 conc. M 0.10 3.90 

D-Liquid/solid  mL/g 5.00 100.00 

E-Stirring speed rpm 100.00 700.00 

 

3. Results 

The oxidative action of hydrogen peroxide in acidic 
solution is based on its reduction, which may be 
represented by the Eq. [1]: 

H2O2 + 2H++ 2e- = 2H2O                 (1) 
Furthermore, hydrogen peroxide can also behave as 
a reducing agent Eq. [2]: 

H2O2 =O2 + 2H++ 2e-                             (2) 

It is indicated that hydrogen peroxide is an unstable 
compound, the decomposition of which can be 
catalyzed by some factors such as the presence of 
acid, base, mineral surface, and soluble ions. 
Because of these reasons acetic acid was used in all 
experiments for the purpose of stabilizer with 4 ml 
constant amount. Experimental data were analyzed 
using the software. The experimental results were 
evaluated, and the approximating function 
describing the copper extraction was obtained and 
is shown as Eq.[3] (B is Celsius degree). 
Final equation of actual factors: 
%Cu=40.69+0.09*A+0.75*B+15.41*C+0.12*D+0.
03*E-4.38*A2-0.01*B2-5.48*C2-6.70*D2-
5.46*E2+9.45*A*B+0.08*A*C+3.90*A*D-
8.18*A*E+0.10*B*C+7.26*B.D+1.33*B*E+0.23*
C*D+4.95*C*E+3.29*D*E                        (3) 
Statistical evaluation showed that parameters of A, 

B, C, D, A2, C2, D2, CD are significant; R2=0.94, 
and standart deviation is 11.33. Experimental 
results are shown in Table 3. 

 

 

 

 

Table 3. Experimental design results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphs of effective parameters has been placed in 
this section. Fig 1 shows that copper extraction is 
based on mostly increasing of the leaching 
temperature and leaching time. While non copper 
extraction is supposed under condition of low 
values of temperature and time, more than 90%Cu 
is obtained in 115 min and 338 °K. Similar results 
can be seen in Fig 2 and Fig 3, so that almost all 
copper extraction is obtained by high values of 
hydrogen peroxide concentration, liquid-solid ratio 
and leaching time. Metal extraction increasing 
based on increasing parameters value is indicated 
that this parameters are vitally important for copper 
leaching under these conditions. 
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Fig 1. Effect of leaching temperature and leaching 
time on the copper extraction (2 M H2O2; 4ml 
CH3COOH;Liquid-solid ration:52.5 ml/gr; Stirring   
speed:400 rpm) 

 

 

 

 

 

 

 

Fig 2. Effect of H2O2 concentration and leaching 
time on the copper extraction (Leaching 
temperature:321 0K; 4ml CH3COOH;Liquid-solid 
ration:52.5 ml/gr; Stirring   speed:400 rpm) 

 

Fig 3. Effect of liquid-solid ratio and leaching time 
on the copper extraction (2 M H2O2; Leaching 
temperature: 321 0K; 4ml CH3COOH; Stirring   
speed:400 rpm) 

    Parameters interaction of liquid-solid ratio and 

H2O2 concentration is intense as shown in Fig 4. As 

can be seen in this figure, copper extraction is 

increasing linear with increasing of liquid-solid 

ratio and H2O2 concentration, apparently.  

   

 

 

 

 

 

 

 

Fig 4. Effect of liquid-solid ratio and H2O2 
concentration on the copper extraction (Leaching 
temperature 3210K; Leaching time: 40 min; 4ml 
CH3COOH; Stirring   speed: 400 rpm) 

 

4. Conclusion 

        Leaching of chalcopyrite concentrate was 
investigated in presence of hydrogen peroxide and 
acetic acid by using response surface methodology. 
Total forty-six experiments were performed by 
Box-Behnken design. According to experimental 
results of significant parameters, it can be said that 
interaction between parameters is vitally important 
to obtain high copper extraction. Also, experiments 
showed that 100%Cu extraction is probable under 
optimum leaching conditions.  
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Hydrometallurgical Copper Extraction from Advanced 
Milled Flotation Concentrate
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Abstract 

Copper extractions from advanced milled 
chalcopyrite concentrate with hydrometallurgical 
techniques by using four factorial (A-milling time, 
B-leaching time, C-leaching temperature, and D-
H2O2 concentration) Box-Behnken design. The 
results obtained indicate that model is compatible 
with quadratic design; standard deviation is 17.25; 
R2=0.81; according to ANOVA data, effective 
parameters on result are D, and D2 (it means 
Prob>F value is lower than 0.05); adequation 
precession is 7.45 so that if this is higher than 4, it 
means the adequacy of the model is good.

 Introduction

         The most widespread method of producing 
copper is the smelting of copper sulfide 
concentrates that have been obtained from the 
flotation plant. Nevertheless, high grade copper ore 
reserves have decreased dramatically; this situation 
is pushing the researchers to copper recovering 
using hydrometallurgy techniques which it is 
known as more economical and more 
environmentally friendly. Hydrometallurgical 
processes offer great potential for treating sulphide 
concentrates such as chalcopyrite concentrate. On 
the other hand, leaching of chalcopyrite is difficult 
and strong oxidant or pressure conditions must be 
used. These effective conditions are usually 
provided by using oxygen gas in the autoclave 
system [1 6], but feeding gas into a pressure 
autoclave system may be difficult and costly. 

 

 

 

 

1. Material and Methods 

      Chalcopyrite concentrate, supplied from Copper 
Flotation Plant (Elaz -Turkey), was used for 
leaching experiments. The concentrate was 
classified by sieving through a 200 mesh (90 pct 
passed of total mass), and this fraction was used in 
all experiments. This sample was dried in a furnace 
at 323 °K for 12 hours and was stored in a closed 
vessel for later use. High-energy desktop-type ball 
mill was used in the experiments to perform the 
advanced milling conditions.  Hydrogen peroxide 
(35 pct, Merck 1.08600) constant amount of 4 ml 
acetic acid was used in the experiments. All these 
chemicals were used without any further 
purification. Also, double distilled water was used 
in all experiments. To optimize effective 
parameters, Box-Behnken design method was 
employed. This design provides several advantages 
such as determining the effect of each parameter in 
response as well as process optimization with the 
least number of experimental runs. A Stat-Ease 
software package (version 6.0.10 trial) was used for 
data analysis. Among the parameters affecting the 
results, A-milling time, B-leaching time, C-leaching 
temperature, and D-H2O2 concentration was 
screened as the four independent variables. Then 
the parameter intervals were determined and a total 
of twenty nine experiments including 5 replications 
for the central point were considered. The 
experimental variables and their corresponding 
levels are listed in Table 1. 

Table 1. The experimental variables and their 
corresponding levels 
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3.  Results 

       

 In this study, hydrogen peroxide was used as 
oxidative leaching agent for flotation concentrate. 
However, decomposition of hydrogen peroxide is 
rapidly under condition in presence of copper, iron 
and temperature. Nevertheless, rapid decomposition 
of hydrogen peroxide causes the oxygen    escaping 

 

 

 from leaching vessel without oxidation of 
concentrate. Because of these reasons, all 
experiments were used constant amount of acetic 
acid as hydrogen peroxide decomposition retardant. 
The results of the experiments for each 
experimental condition are shown in Table 2.

                                   

Table2.Experimental results of Box-Behnkendesig

Run order A B C D Cu  %  

1 1.00 5.00 318 2.00 35.5  
2 39.00 5.00 318 2.00 68.5  
3 1.00 115.00 318 2.00 59.8  
4 39.00 115.00 318 2.00 91  
5 20.00 60.00 298 0.10 10.56  
6 20.00 60.00          338 0.10 8.5  
7 20.00 60.00 298 3.90 21.48  
8 20.00 60.00 338 3.90 28.58  
9 1.00 60.00 318 0.10 5.38  

10 39.00 60.00 318 0.10 9.60  
11 1.00 60.00 318 3.90 80.93  
12 39.00 60.00 318 3.90 40.57  
13 20.00 5.00 298 2.00 54.88  
14 20.00 115.00 298 2.00 62.25  
15 20.00 5.00 338 2.00 67.50  
16 20.00 115.00 338 2.00 100  
17 1.00 60.00 298 2.00 40.86  
18 39.00 60.00 298 2.00 68.43  
19 1.00 60.00 338 2.00 56.25  
20 39.00 60.00 338 2.00 91.7  
21 20.00 5.00 318 0.10 9.65  
22 20.00 115.00 318 0.10 10.40  
23 20.00 5.00 318 3.90 62.76  
24 20.00 115.00 318 3.90 32.65  
25 20.00 60.00 318 2.00 64.59  
26 20.00 60.00 318 2.00 67.33  
27 20.00 60.00 318 2.00 65.76  
28 20.00 60.00 318 2.00 61.30  
29 20.00 60.00 318 2.00         61.63  
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The results obtained indicate that model is 
compatible with quadratic design; standard 
deviation is 17.25; R2=0.81; according to ANOVA 
data, effective parameters on result are D, and D2 (it 
means Prob>F value is lower than 0.05); 
adequation precession is 7.45 so that if this is 
higher than 4, it means the adequacy of the model is 
good. These data are shown Table 3 and Table 4, 
respectively.

Table 3. ANOVA results of experimental study

Table 4. Summary of Statistical Results

Statistical Data

Metal R2 
Standard 

Deviation 

Adequate 

Precision 

Effective 

Factors (p 

value<0.05) 

Cu 0.81 17.25 7.45 D, D2

 

      

      The residual plots were examined for the model 

adequacy for each metal extraction values. In Fig. 1 

the normal % probability and studentized residual 

plot is shown for metal extraction percentages. All 

of the normal probability plots show how well the 

model satisfies the assumptions of the ANOVA 

where the studentized residuals measure the number 

of standard deviations separating the actual and 

predicted values.

 

Fig 1. The studentized residuals and normal % 

probability plot for copper.  

Source Sum  of  
Squares

DF Prob 
>F

Model 17430.04 14 0.0057

A 694.5 1 0.1487

B 322.40 1 0.3155

C 664.09 1 0.1573

D 3778.27 1 0.0031

A2 19.73 1 0.8005

B2 47.60 1 0.6952

C2 50.94 1 0.6853

D2 9947.02 1 <0.0001

AB 0.81 1 0.9591

AC 16.08 1 0.8195

AD 496.40 1 0.2173

      BC  141.73 1 0.5013

BD 238.86 1 0.3853

CD 21.07 1 0.7940

Residual 4164.34 14 -

Lackoffit  4162.37 10 <0.0001

PureError 1.96 4 -

Cor Total 21594.38 28 -



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

67318. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 

 

     The experimental results were evaluated 

according to Box-Behnken and approximating 

function of extraction percent of metal obtained as 

shown in Eqs 1 (C symbol is Celsius degree). 

ECu(%)=33.08+0.61A0.10B+0.45C+60.62D+4.83x

10-3A2+8.96x10-4B2-7.01x10-3C2-10.85D2-4.31x10-

4AB+5.28x103AC-

0.31AD+5.41x103BC0.07BD+0.06CD.

      Also, experimental results indicate that 

predicted and actual values are in compatible as 

shown in Fig 2. 

 

Fig 2. Predicted and actual values of experimental 

results.

4. Conclusion

       Flotation concentrate of advanced milled was 

leached in presence of hydrogen peroxide and 

different parameters such as hydrogen peroxide 

concentrate, milling time, leaching time, and 

leaching temperature were optimized by using Box-

Behnken design of response surface methodology. 

As obtained results, it is seen that experimental data 

are mostly compatible with statistical data so that 

R2=0.81, normal plot of studentized results show 

non-S shape trend throughout experimental results. 

Other hand, it was determined that the advanced 

grinding has positive influence on the results. 
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Abstract:  

7050 aluminum alloys with different Zn/Mg ratios 
were cast into metal molds using and induction 
furnace. Solution heat treatment at 470 °C for 8 hours 
and aging treatment at 150 °C for different durations 
between 6 and 48 hours were applied to cast samples. 
Microstructural investigations, hardness tests and dry 
sliding wear tests were conducted on as cast and heat 
treated samples. Hardness values of the specimens with 
higher Mg contents was higher in all conditions. For all 
samples over aging was reported after 24 hours of 
aging. Wear resistance of all alloys was consistent with 
hardness values. Specimens with higher hardness 
showed higher wear resistance. Wear mechanisms were 
identified by investigation of worn surfaces of the 
specimens after wear tests. 

1. Introduction 

7xxx (Al-Zn-Mg-Cu) series aluminum alloys show the 
higher strength among all aluminium alloys. Because 
of their high strength and low density these alloys are 
widely used in aerospace and automotive industries 
[1,2]. These alloys are age hardenable and heat 
treatments can affect mechanical properties of these 
alloys dramatically [3-5]. Usually T6 heat treatment is 
applied to 7xxx alloys to achieve maximum hardness 
and strength. Also some other heat treatments (T7451, 
T76 etc.) can be applied to increase corrosion 
resistance of 7xxx aluminum alloys. Chemical 
composition of the alloys also has an enormous effect 
on the properties of the material [6,7]. Amount of 
alloying elements can change number, size and type of 
precipitates that formed after aging treatment. 7050 
aluminum alloy has a combination of high strength and 
fracture toughness, low density and good corrosion 
resistance [8-10]. These properties makes 7050 alloy as 
a candidate material for numerous applications. Some 
of these applications may require high wear resistance. 
In this study two different 7050 alloy is produced with 
different magnesium contents. Microstructure, 

hardness and wear properties of these alloys 
investigated after different heat treatments.  

2. Experimental Study 

Pure metals were used to produce 7050 alloys with two 
different chemical compositions. The results of 
chemical analyses of the specimens are given in Table 
1. The main difference between two samples is the 
magnesium amount in the alloy. An induction furnace 
with graphite crucible was used for melting process. 
After pure aluminum is melted different alloying 
additions were made for different castings. For all 
castings a metal mold was used and casting 
temperature was kept stable at 700 °C. Solution 
treatment was applied to the samples at 470 °C for 8 
hours and specimens were water quench immediately. 
Specimens then aged at 150 °C for different durations 
between 6 to 48 hours. Microstructures of cast, solution 
treated and aged samples were investigated using an 
optical microscope. Hardness tests were conducted 
using a Future-tech Vickers hardness testes. All 
reported hardness value is an average of 10 
measurements. To understand the effect of heat 
treatments on wear properties of the materials dry 
sliding wear tests were realizied. A ball-on-disc type 
wear aparatus was used during the tests. The load was 
selected as 25 N for wear tests, and sliding distance 
was kept constant for all tests as 500 m. Specimens 
were cleaned with alcohol and weighed before and 
after wear tests to obtain weight loss data. Obtained 
weight loss data is used to calculate wear rate of the 
specimens. To understand the wear mechanisms 
operated during wear tests worn surfaces of the 
specimens were investigated under scanning electron 
microscope. 
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Table 1. Results of chemical analyses of the cast 
samples 

Element Zn Mg Cu Fe Al 

6.7Zn-2Mg-2Cu 6,06 2,15 2,07 0,12  
Bal. 

6.7Zn-2.5Mg-2Cu 6,12 2,67 1,96 0,11  
Bal. 

7050 Standard 5,7-
6,7 

1,9-
2,6 2-2,6 <0,15 Bal. 

 

3. Results 

3.1. Microstructural Investigations 

Micrographs of 7050 alloy taken with optical 
microscope in as-cast and aged condition are given in 
Fig. 1. In the as cast condition microstructure is 
consisting of -Al dentrides and intermetallics in grain 
boundaries.  

 
(a)                                                                                       

  
(b) 

Figure 1. Microstructures of 6.7Zn-2Mg-2Cu alloy in 
(a) as-cast and (b) 24 hours aged conditions 

 

During solution treatment intermetallic phases are 
dissolved in aluminum matrix and in aged situation 
very small amount of intermetallics in grain boundaries 
remains. The dissolved atoms forms fine precipitates 
inside grains of -Al. 

3.2. Hardness Tests 

Hardness tests results are given in Fig. 2. As can be 
seen on graph hardness of the sample with higher 
magnesium is higher as expected. For all specimens 
peak hardening was reported at 24 hours of aging. 
Longer aging times causes a decrease in the hardness 
of the material because of overaging. 

 

Figure 2. Change of hardness of 7050 alloys with 
aging time 

3.3. Wear Tests 

Results of wear test are given in Fig. 3. As seen on the 
figure wear tests results are in good harmony with 
hardness tests reults. Increasing hardness of the 
specimen causes an increase in the wear resistance of 
the specimen which results with a lower wear rate 
value. As in the hardness tests specimens with higher 
Mg always have superior wear results compared to the 
ones with lower Mg addition. The drop in the hardness 
caused by overaging also causes an increase in the 
wear rate of the over aged samples. Wear rate of the as 
cast samples was calculated as 16,7 and 15,3 mm3/m 
for materials with 2 and 2,5 %  Mg additions 
respectively. High wear rate values obtained in the as 
cast state is a results of high amount of intermetallics in 
the grain boundaries. These hard intermetallics tend to 
crack and break during wear tests and increase wear 
rate of material. 
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Figure 3. Wear rate values of 7050 alloys with 
different aging treatments 

 

3.4. Worn Surface Investigations 

Representetive SEM images of worn surfaces of 7050 
alloys different with chemical compositions are given 
in Fig. 4. For both materials dominant wear 
mechanisms are abrassive wear and deformation. High 
difference in the hardness of aluminum and counterface 
causes formation of grooves and deformation on the 
worn surface of the specimen. This deformation results 
with trasnfer of material from center of the wear track 
to the edges. Also in some areas inside the wear track 
oxidation of aluminum was reported. The oxidation is 
mainly a result of the heat formed during sliding wear 
test as a result of friction between sample and 
counterface.  

  

(a) 

 

(b) 

Figure 4. SEM images of worn surfaces of 24 hours 
aged (a) 6.7Zn-2Mg-2Cu and (b) 6.7Zn-2.5Mg-2Cu 

alloys 

Repeated plastic deformation causes work hardening  
in the deformed areas inside the wear track. Increased 
hardness of these local areas limits their ability to be 
deformed again. When counterface try to deform these 
areas during wear test because of limited toughness 
these local areas start to crack and break. In Fig. 5 an 
example of these areas is given. As can be seen on the 
image de edges of deformed layer is cracked. 

 

Figure 5. SEM image of cracks formed on the worn 
surface of 24 hours aged 6.7Zn-2Mg-2Cu sample 

4. Conclusion 

In this study effect of heat treatment and Mg amount 
on the properties of 7050 alloy was investigated. The 
fallowing conclusions were drawn: 

• Increasing Mg content increases hardness and 
wear resistance. 
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• Peak hardness was achieved at 24 hours of 
aging at 150 °C for both alloys. 

• Maximum wear resistance was also obtained 
at 24 hours of aging. 

• Main wear mechanisms were abrassion and 
deformation of aluminium matrix. Change of 
hardness with aging time also effects wear 
mechanisms that operates during wear tests. 

• Some cracks caused by repeated deformation 
was also reported in the worn surface of 
specimens. 
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Abstract 
 
In this present study production of strontium metal from its 
oxide was studied under the pressure of 1-5 mbar by 
metallothermic process. In the experiments SrO which has 
99 % purity was used. Effects of Al powder addition (100, 
200, 300 % of stoichiometric ratio) and time were 
investigated on recovering of metallic strontium. Effects of 
BaO addition (100 %, 200 %, 300 %) was also investigated. 
The final residues were examined for their chemical 
composition. XRD, AAS and Flame Photometer devices 
were used for chemical analysis. 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 

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  

G0-T diagram for oxide formation indicates that SrO 
reduction with  aluminum  is only possible beyond 2000 0C. 
In order to obtain strontium metal at lower temperatures for 
Eq. 1, partial pressure of the strontium 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.  

 
3 SrO + 2Al + BaO = 3Sr + BaO.Al2O3                (Eq. 1) 

 
By using the FactSage 5.2 thermodynamic program the 
Figure 1 was simulated for aluminothermic reduction of SrO 
by Al powder at different temperatures under 1 bar and 1 
mbar of vacuum atmosphere [9]. As can be seen in the figure 
reduction of strontium oxide starts at around 1050 0C and it 
totally reduced to metallic Sr under pressure of 1 mbar.  
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    T diagram of Al2O3 and SrO under pressure 

of 1 bar and 1 mbar. 
                                                                 
 
 
2. Experimental Procedure 
 
Raw materials: In the experiments, synthetic SrO is used as 
strontium source. Al powder was used as reducing agent and 
BaO was used for slag formation.  
 
Reduction technique: The schematic diagram of the 
experimental set up was illustrated in  Fig. 2. 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 and BaO were together 
selected 100 %, 200 %  and 300 %.   The desired weight 
ratios of SrO, BaO 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 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 
 
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. 3. 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. 
 
 
 
3. Results and Discussion 
 
The effects of time and the stoichiometric ratio of reducing 
a
observed that with increasing stoichiometric 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. 
 

for 60, 120, 180 and 240 minutes were shown in Fig. 4 and 
Fig 5. It is observed that with increasing time the recovery 
of strontium metal also increased. For example, recoveries 
of strontium were determined to be 40,1 % after 60 min. and 
96,89 % after 240 minutes reduction time. Sr concentration 
in the residue decreased with increasing time. For example 
strontium concentration in residue were determined to be 69 
% after 60 min. and 2,25 % after 240 minutes reduction time.  
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Fig. 4:  Effect of time on strontium recovery 

 
 

Fig. 5:  Effect of time on concentration of Sr in residue 
 
 
 
 
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., 
2) 96,87 % with addition of 300 % stoichiometric Al and 
BaO for 180  min., 3) 86,45 % and  85,28 % with addition 
of  200 % stoichiometric Al and BaO for 240 min and 180 
min respectively .  
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Abstract  
  
Easily recyclable, lightweight, relatively soft, durable, 
highly workable, high electrical conductivity, ductile 
aluminium is considered as a material with a bright 
future. Some of the many uses for aluminium metal has a 
wide range of applications as in transportation, packaging, 
construction, electronics, aerospace, engineering areas. 
Aluminium alloy through a heat treatment can increase 
these properties still further. For reasons of strength, 
however, heat treatment will almost always be inevitable 
to bring such mechanical properties as yield point, tensile 
strength and elongation at the desired optimum level for 
different application areas.  
 
The general types of heat treatments applied to aluminum 
and its alloys are: Preheating or homogenizing, annealing, 
solution heat treatments, precipitation heat treatments.  
This work relates to the understanding of the temper 
designation system for both wrought and cast aluminium 
alloys. System of aluminium alloys and temper is stated at 
different standard around the world.  
 
The temper identification of an aluminum alloy provides 
that create a common language between consumers and 
producers and the temper has been produced in order to 
obtain specific and desired properties and characteristics. 
  
1. Introduction  
 
Aluminium, due to its special combination of properties, 
occupies a unique position among metals.  
 
There are two principal classifications, namely casting 
alloys and wrought alloys, both of them are further 
subdivided into the categories heat-treatable and non – 
heat  
treatable alloys.  

Thus as has been described above, the alloys from 1xxx to 
8xxx series could be classified as non heat treatable or 
heat treatable. 
 

 
Table 1. Heat Treatable and Non- Heat Treatable Alloys 

Classification  Alloys  
Non – Heat Treatable  1xxx, 3xxx, 4xxx, 5xxxx,     

8xxx series alloys  
Heat Treatable  2xxx, 6xxx, 7xxx series alloys 
 
Aluminium alloys are classified as heat treatable or non - 
heat treatable, depending on whether or not they respond 
to precipitation hardening. Heat treatable alloys are also 
produced by the addition of alloying elements to the pure 
aluminium. These elements include copper (2xxx series), 
magnesium and silicon, which is able to form the 
compound magnesium silicide (6xxx series), and zinc 
(7xxx series). [1] 
 
The heat treatable alloys contain elements that decrease in 
dissolubility with decreasing temperature and in 
concentrations that exceed their balance solid dissolubility 
at room and fractionally higher temperatures.  
 
A normal heat treatment cycle includes a solutionizing 
soak at high temperature to maximize dissolubility, 
followed by quick cooling or quenching to a low 
temperature to obtain a solid solution supersaturated with 
both solute elements and vacancies.  
 
1xxx – 3xxx and 5xxx series alloys are designated to the 
major non–heat – treatable aluminium. These alloys 
consist of the pure aluminum alloys (1xxx series), 
manganese alloys (3xxx series), silicon alloys (4xxx 
series) and magnesium alloys (5xxx series). [1] 
Differently from the heat treatable alloys, which welded 
strength from precipitation  hardening, the non-heat-
treatable alloys are strengthened by elements in solid 
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solution and dislocation structures introduced by cold 
rolling.  
 
2.Tempers 
 
2.1. Temper  Designations  
 
Having understood the alloy designations, it is important 
to have knowledge of the various tempers and temper 
codes through which a product in any spesific alloy is 
defined for its physical properties. [2] Temper consist of a 
letter that may or may not be followed by one or more 
numbers that indicate operations that have taken place at 
the mill. There are five basic temper designations: 
 

Table 2. Basic temper designation 
 

Temper 
 

Designations 

 
F 

 
As Fabricated  No controlled strain hardening or thermal 

treatment operations have taken place. There are no 
specified mechanical properties and strength levels may 

vary greatly. 
 

 
0 
 

 
Such wrought products, which are annealed fully to reduce 

hardness and strength, highest ductility temper. 
 

 
H 
 

 
Strain hardened wrought –products only. Applies where the 

strength is increased by strain hardening, with or without 
supplementary  thermal treatments to produce some 

reduction in strength.  (The H is always followed by two or 
more digits.) 

 
 

W 
 

 
Solution heat treated. An unstable temper applicable only to 
alloys which spontaneously age at room temperature, after 

solution heat treatment this designation is specific only 
when the period of natural aging is indicated. 

 
 

T 
 

 
Thermally treated to produce stable tempers other than F, O, 

or H. The T is always followed by one or more digits 
 

 
2.2. Further Details of Tempers 
 
Having discussed the basic approach to designate the 
product – temper, the topic shall be dealt in a little more 
details.  
“ H “ temper can have four further groups and tempers as 
defined here in below: 

 Strain hardened only-designated by H1. 
 Strain hardened and partially annealed-

designated by H2. 
 Strain hardened and stabilized – designated by 

H3. 

 Strain hardened and lacquered or painted- 
designated by H4. [2] 

The second numerical digit is based on scale of hardness.  
 
 

Table 3. Temper designation system for strain hardened wrought 
aluminium and aluminium alloys [3] 

 
Temper 

 
Designations 

H12 Strain-hardened - 1/4 hard. 
H14 Strain-hardened - 1/2 hard. 
H16 Strain-hardened - 3/4 hard. 
H18 Strain-hardened - 4/4 hard (fully hardened). 
H19 Strain-hardened - extra hard. 

Hxx4 Applies to embossed or patterned sheet or strip, fabricated 
from the corresponding Hxx temper. 

Hxx5 Strain-hardened - applies to welded tubes. 
H111 Annealed and slightly strain-hardened (less than H11) 

during subsequent operations such as stretching or levelling. 
H112 Slightly strain-hardened from working at an elevated 

temperature from a limited amount of cold work 
(mechanical property limits specified). 

H116 Applies to aluminium-magnesium alloys with a magnesium 
content of 4% or more and for which mechanical property 
limits and exfoliation corrosion resistance are specified. 

H22 Strain-hardened and partially annealed - 1/4 hard. 
H24 Strain-hardened and partially annealed - 1/2 hard. 
H26 Strain-hardened and partially annealed - 3/4 hard. 
H28 Strain-hardened and partially annealed - 4/4 hard (fully 

hardened). 
H32 Strain-hardened and stabilized - 1/4 hard. 
H34 Strain-hardened and stabilized - 1/2 hard. 
H36 Strain-hardened and stabilized - 3/4 hard. 
H38 Strain-hardened and stabilized - 4/4 hard (fully hardened). 
H42 Strain-hardened and painted or lacquered - 1/4 hard. 
H44 Strain-hardened and painted or lacquered - 1/2 hard. 
H46 Strain-hardened and painted or lacquered - 3/4 hard. 
H48 Strain-hardened and painted or lacquered - 4/4 hard (fully 

hardened) 
 
“ T “ tempers can be subdivided in T1 through T10 and a 
few more and a brief out line of these designations are 
given here in below:  
 
Table 4. Subchapter of T temper – thermally treated [4] 

 
Temper 

 
Designations 

T1 Cooled from an elevated temperature shaping process 
and naturally aged to a significantly stable condition. 
 

T2 Cold worked after cooling from an elevated temperature 
shaping process and then naturally aged. 
 

T3 Solution heat treated, cold worked and naturally aged. 
Applies to products which are cold worked to improve 
strength or in which the effect of cold work in flattening 
or straightening is recognized in mechanical property 
limits.  
 

T4 Solution heat treated and naturally aged to substantially 
stable condition. Applies to products which are not cold 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

68318. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

worked after solution heat treatment, or in which the 
effect of cold work in flattening or straightening may not 
be recognized in mechanical property limits.  
 

 
Temper 

 
Designations 
 

T5 Artificially aged after cooling from an elevated 
temperature shaping process. 
 

T6 Solution heat treated and artificially aged. 
 

T7 Solution heat treated and stabilized. Applies to products 
which are stabilized to carry them beyond the point of 
maximum strength to provide control of growth and 
residual stress. 
 

T8 Solution heat treated, cold worked and artificially aged 
 

T9 Solution heat treated, artificially aged and cold worked. 
 

T10 Cold worked after cooling from an elevated temperature 
shaping process and then artificially aged.  
 

 
 
3. Heat Treatment Process:  
 
The application of the term heat treatable to aluminium 
alloys, both wrought and cast, is limited to the specific 
operations employed to increase strength and hardness by 
precipitation hardening thus the term heat treatable serves 
to select the heat treatable alloys from those alloys in 
which no significant strength improvement can be 
achieved by heating and cooling. 
 
3.1. Annealing: 
 
Annealing, a process that reduces strength and hardness 
while increasing ductility, can also be used for both the 
non-heat-treatable and heat treatable grades of wrought 
and cast alloys. 
 
If cold-worked aluminum alloys are heated to a 
sufficiently high temperature for a sufficiently long time. 
Annealing process can be divided in 3 distinct parts: 
recovery, recrystallization, and grain growth. During 
recovery, the internal stresses due to cold work are 
reduced, with some loss of strength and a recovery of 
some ductility. During recrystallization, new undeformed 
nuclei form and grow until they impinge on each other to 
form a new recrystallized grain structure. [5] 
  
Annealing methods may be divided openly into two 
general approaches: batch annealing and continuous 
annealing.  
 
3.2. Solution Heat Treatment: 
 

3.2.1. Quenching: 
 
Quenching is an operation of cooling carried out at a rate 
higher than the critical cooling rate that is to say above the 
minimum rate of cooling, which ensures the elements to 
remain in solid solutions.  
 

 
Figure 1. Temperature uniformity profiles [8] 
 
Quenching is usually accomplished by plunging heat-
soaked metal into cold water or flushing water over it at 
high flow rates. 
 
3.2.2. Aging:  
 
Aging is the step where the supersaturated, is heated 
below the solidus temperature to produce a finely 
dispersed precipitate. Atoms diffuse only short distances 
at this aging temperature. 
 
The aging process is also available in different techniques: 
Natural aging and artifical aging.  
 
Natural aging has been considered to occur in heat 
treatable aluminum alloys together with GP-zone 
formation and artificial aging in occurrence with 
inconsistent precipitation. 
 
Artificial aging is the treatment of a metal alloy at 
elevated temperatures so as to accelerate the changes in 
the properties of an alloy as a result of the casting and 
forging process. Natural aging is that occurs at room 
temperature. [6] 
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Figure 2. Degreasing solubility and heat treatment cycle. [7] 
 
4.Annealing Furnace Equipment and Techonology: 
 
An integrated furnace models, incorporating heat transfer 
and phase transformation during industrial coil annealing  
of aluminium has been developed and used to analyze 
macro performance parameters such as furnace 
productivity. The model predictions have been 
extensively validated with industrial data. [8] 
 
It has been shown that when the coil material is changed 
from other materials to aluminium, the dominant 
mechanism of radial conduction substantially changes 
from conduction through entrapped gases to heat transfer 
through contact points. 
 
Whatever the technology, an annealing furnace basically 
consists of the following: 
 
-Outer casing 
- Inner casing 
- Heating and heat flowing system  
- Heat transfer system fan and ventilation pattern 
- Atmosphere arrangement  
- Controlled cooling system 
- Insulation 
- Door mechanicsm and door sealing  
- Charge Transport Systems 
- Exhaust systems 
- Control and visualization system. 
-Management information and process control 
mechanism.[2] 
 
Especially for heat transfer system fan and ventilation 
pattern issue, there is a big effort to obtain higher 
efficiency in one time. For instance changing the nozzle 
orientation, you can obtain a different flow and heat 
pattern.  

 
Figure 3. Straight nozzles plate [9] 
 

 
Figure 4. High convection rotating flow straight plate system [9] 
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Abstract 
 
Marine environment (i.e., Seas and Oceans) comprises 

excessive reservoir of numerous mineral deposits such as 
massive sulfides, manganese nodules and cobalt rich 
ferromanganese crusts. These mineral deposits could be 
an alternative to meet the rising demand for raw materials 
and ores in metal industry. For more than five decades a 
variety of metallurgical processes 
(pyro/hydrometallurgical) have been developed to cope 
with marine ore deposits and extract different metals such 
as Au, Cu, Ni, Co etc. Pyrometallurgical methods as 
proven technological treatments could be applied to 
extraction of metals from concentrates (after pre-
treatments like crushing, grinding, physical separation, 
flotation, etc.) or directly from marine ores. In this paper, 
we briefly review developments of pyrometallurgical 
treatments (smelting, chlorination, etc.) of marine ores. 
 
1. Introduction 
 
Seas and oceans cover  
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 metal industry. On this 
subject, more research and development appear to be 
required to ensure maximum benefit from mineral 
resources of 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 [4], [5]. 
 
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 [5], [6]. In 
this paper, the types of marine ores will be first 
discussed. Then, the pre-treatment (i.e. mineral 
processing) techniques of marine ores which mentioned 
in the literature will be discussed briefly. Finally, 
extraction techniques of marine minerals focusing on 
pyrometallurgical treatments will be discussed. 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 
and reducing reagents. However, in this paper we focused 
on conventional pyrometallurgical processes as proven 
technology for extraction of metals from marine ores. 
These processes mainly include smelting, chlorination 
and segregation processes. 
 
2. Marine Ores and Their Properties 
 
Aforementioned, marine ores constitute of two main 
deposits in terms of deposit structure; i.e., unconsolidated 
deposits (e.g., placer deposits), semi-
consolidated/consolidated (massive sulfide, manganese 
nodules, gold veins and cobalt-rich crusts) deposits. 
 
2.1. Unconsolidated deposits 
 
Unconsolidated deposits include Au, Pt, cassiterite 
(SnO2), titanium oxides (ilmenite, rutile), zircon 
(ZrSiO4), monazite ((Ce, La)PO4), diamonds, and a few 
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others. These occur in the nature as mineral grains in 
placers and are often found mixed with clay, sand, and/or 
gravel particles of various sizes. 
 
2.2. Semi-consolidated/consolidated deposits 
 
Mineral deposits in this category include nodules, crusts, 
veins, and massive deposits, as of polymetallic sulfides. 
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. To define 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 [5], [6]. 
 
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 

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 [6]. 
 
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], [6], 
[7]. 
 

An important project (i.e. Solwara project) which has 
been running on seafloor massive sulfide deposits in 
Bismarck Sea (at total 19 regions in Papua New Ginea). 
The minerology of the deposit mainly consist 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]. 
 
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 [3], [9], [10]. 
 
Manganese nodules are comprised mainly of oxides of 
manganese and iron together with various metals which 
was mentioned before. Goethite (FeO-OH) has been 
determined to be the most common iron-rich phase. 
 
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 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).  
 
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 large surface 
area (up to 287 m2/g).Because of the considerable 
porosity, they are 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 [3], [11], [12]. 
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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 
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. Often, an important 
need is to eliminate the bulk of the waste minerals from 
an ore to produce a concentrate (i.e., beneficiation)[1], 
[5], [13]. 
 
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, to reduce 
the volume of ore and/or to 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., jigging, shaking table, heavy media 
separation) and modern gravity and centrifugal devices 
(e.g., Multi-Gravity Seperator (MGS), Knelson  and 
Falcon  concentrator) 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. 
 
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 some cases (i.e. gold 
veins) fine grinding may liberate minerals which then 
may be recovered using gravity separation alone. On the 
other hand, in most cases flotation and/or other chemical 
processing (i.e., hydro/pyrometallurgy) are required to 
beneficiate the minerals. 
 
4. Pyrometallurgical Treatments 
 
Pyrometallurgical treatment refers to high temperature 
smelting, chlorination and segregation processes. In 
processing of marine minerals, regarding Mn, Ni and Cu 
as the principal products, smelting might be considered 
first for the recovery of these metals. As we mentioned 

before, often, pyrometallurgical processes are undesirable 
because of the cost of removing the water content of 
nodules and crusts (up to 45%). In addition, these types 
of ores are not amenable to physical beneficiation 
because of water content and liberation size of the 
minerals. The entire ore must, therefore, be dried and 
raised to smelting temperature to recover less than 3-5% 
of its weight as metal values [11]. 
 
4.1. Smelting processes 
 
Smelting of the nodules with coke (as reducing agent) in 
an electric furnace was tested up to pilot scale. Samples 
dried at 1000 C prior to the smelting processes. These 
smelting experiments aimed at selectively reducing and 
recovering primary metals in an alloy product whereas 
rejecting the majority of Mn and Fe in the slag phase. 
The smelting tests were carried out with -1.97 mm (-10 
mesh) nodule samples with 5% by wt. of SiO2, 5% coke 
and, 5% of FeS2 for 1 hour at a temperature of 1400-
1450 C. The alloy product contained 25% Ni, 13% Cu, 
1% Mo, 3% Co, 56% Fe and only 1% Mn. Recoveries of 
Ni, Co and Mo exceeded 90%, Cu ~80% and, Fe 85%. 
The recovery of Mn was only 3.5% and most of Mn was 
in slag phase. 
 
The main advantage of the smelting processes is the 
production of ferro-alloy (metal) product which was 
about 5% of the original nodule weight. However, the 
main disadvantage of pyrometallurgical procedure lies 
with the high energy consumption for drying and melting 
the entire nodule [3], [11]. 
 
4.2. Chlorination processes 
 
In chlorination process nodules are chlorinated with 
excess hydrochloric acid (HCl) gas to convert the oxides 
of Mn, Ni, Cu, and Co to their corresponding chlorides. 
One of the major advantages of this process is that 
chlorine can be recovered as a by-product and reused, 
reducing the overall cost. 
 
Also, chlorination process takes advantage of the metallic 
chlorides, namely, low melting point and, high volatility 
and solubility in aqueous solution. Therefore, these 
compounds can be separated easily from the other 
materials by volatilization or leaching in water. However, 
hydrochloric acid is highly corrosive; therefore measures 
should be taken to protect the reaction vessels, pipelines, 
etc. [3], [14]. 
 
4.3. Segregation processes 
 
In segregation process polymetallic nodules are treated in 
the presence of a reducing agent (coke) and a 
chlorinating agent (generally chloride salt) at 
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 The addition of salts 
results in mitigation and the reduction of oxide to metal 
on the surface of the coke. The metal reacts with chloride 
to form metal chloride, subsequently recovered by 
screening, leaching, and flotation techniques [3], [14], 
[15]. 
 
5. Conclusion 
 
Marine environment (i.e., Seas and Oceans) comprises 

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 
metal industry. Conventional pyrometallurgical methods 
as proven technological treatments could be applied to 
extraction of metals from concentrates (after pre-
treatments like crushing, grinding, physical separation, 
flotation, etc.) or directly from marine ores. 
Pyrometallurgical treatments, i.e., smelting, chlorination 
and segregation, 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 
 
Nickel-based superalloys are used in turbine blades, 
nuclear reactors and power plants due to their excellent 
mechanical properties and oxidation-corrosion resistance 
at high temperatures. The superior properties of Nickel-
based superalloys are further improved by alloying 
element additions which lead to formation of coherently 

3

matrix. Enhancement of mechanical properties has been 
attributed to Al-sublattice site occupancy of tertiary 

3Al). In this study, 
site occupancy preference of tertiary Cr element in 
Ni0.80Al0.15Cr0.05 system has been studied by combining 
the statistico-thermodynamical theory of ordering and 
electronic theory of alloys in the pseudopotential 
approximation. Temperature dependence of the site 
occupancy characteristics of Cr atoms was predicted by 
calculating partial ordering energies and pairwise short 
range order parameters. According to the results of the 
present simulations Cr has been found to occupy Al-
sublattice sites of Ni3Al regardless of temperature. The 
results of the current theoretical and simulation study are 
consistent with the results of other theoretical and 
experimental investigations. 
 
1. Introduction 
 
Nickel-based superalloys are exceptional metallic 
materials by means of high-temperature creep strength, 
oxidation-corrosion resistance and toughness. Because of 
advanced properties, these materials are substantially 
used in jet engines, turbine blades, nuclear power and 
chemical processing plants [1, 2]. The superior properties 
of Nickel-based superalloys are originated from 
coherently distributed  precipitates (Ni3Al) 
matrix (Ni solid solution) [3]. As indicated in Figure 
phase has a disordered face centered cubic (FCC) crystal 
structure whereas   precipitates have L12-type ordered 
crystal structure in which Al and Ni atoms occupy corner 
and face-centered sites, respectively [1,4]. For non-
stoichiometric compositions of Ni3Al, point  defects  
such  as  vacancies,  anti-sites,  addition  of tertiary 
substitutional  alloying  elements  and  thermal defects 

may be the reason of  deviation from ideal stoichiometry 
[4]. Apart from precipitation hardening, enhanced 
mechanical properties of Ni-based superalloys are arised 
from solid solution strengthening of phase and 

[3, 5] which 
can be determined by the value of lattice misfit. Lattice 

[1, 2]: 
    

                                                               (1)                     

 
where and  are the 
phases, respectively. J. S. Van Sluytman et al. [6] have 
concluded that optimum mechanical properties can be 

magnitude. Therefore, Ni-based superalloy compositions 
should be designed in such a way that constituent 

s 
matrix phases in proper proportions and thus lattice 

of 0.4%. In 
 are randomly 

distributed in FCC lattice sites. Hence, determination of 
any tertiary alloying element occupancy characteristics in 

phase is pointless. On the other hand, thanks 
to ordered structure precipitates occupancy 
tendencies of tertiary alloying elements in Ni and/or  Al 
sublattice sites of Ni3Al are in special interest.  
 

 
              a)                                           b) 
 
Figure 1. Occupancy of Ni and Al atoms in a) the 
disordered , b) the ordered  phase [1]. 
 
In the current work, site occupancy preference of tertiary 
Cr element in Ni0.80Al0.15Cr0.05 system has been studied 
by combining the statistico-thermodynamical theory of 
ordering and electronic theory of alloys in the 
pseudopotential approximation.  
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2. Theory and Computational Details 
 
The electronic theory of atomic short-range order (SRO) 
in the pseudopotential approximation for ternary alloys 
has been developed in [7-10] and for the calculation of 
partial SRO parameters at first coordination sphere (R1) 
following equations have been proposed [10]: 
 

 

  

 

 

  

 

 

                            (2) 

 
where KB is the Boltzmann constant; T is absolute 
temperature; CA, CB and CC are the concentrations of A, 
B and C atoms in ternary A-B-C systems, respectively. In 
above expressions , and  are the pairwise 
ordering energy values and ,  and are the 
partial SRO parameters of A-B, A-C and B-C atomic 
pairs at first coordination sphere (R1). The pairwise 
ordering energies W '(R) on the base of electronic 
theory of multicomponent alloys in the pseudopotential 
approximation can be calculated by using following 
equations [7-10]: 
 

                     (3) 

 
where 
 

 +  

                                                             (4) 

 
In the Eqns. (3)-(4),  is the average atomic volume of 
the ternary alloy; (q) is the dielectric constant in the 
Hartree approximation; *(q) is the modified dielectric 
constant which takes into account the correlation and 
exchange effects;  and  are the form factors 
of an unscreened pseudopotentials of  and ' 
component ions ( , '=A, B and C), respectively; 

 is the effective valency of the ( ') component 
atoms;  is the Ewald parameter. Eqns. (3)-(4) enable one 
to calculate partial ordering energies as a function of 
interatomic distance, R, for any ternary alloy provided 

that the form factor of unscreened pseudopotentials and 
effective valences are known for the ions involved. 
However, unlike simple metal alloys, some difficulties 
still exist in the utilization of pseudopotential theory for 
the calculation of characteristics of transition metal 
systems, which strongly depends on the full internal 
energy. The problem is attributed to the fact that the 
form-factor of the pseudopotential for transition metals 
must contain terms responsible for the d-resonance 
effect. The use of pseudopotential method for the 
calculation of the ordering energies and/or interatomic 
interaction potentials in transition metal alloy systems 
have already been discussed in detail elsewhere [8-13]. 
The non-local bare pseudopotential form factors, 
proposed by Animalu [14] in which the d-resonance 
effect has been partly taken into account, are used in 
quasi-on the Fermi sphere approximations and have been 
screened using a modified dielectric constant. In the 
present study which deals with the calculation of partial 
ordering energies, only non-diagonal matrix elements 
were involved as it is seen from Eqns. (3)-(4), in which 
the contribution of the d-resonance effect is relatively 
small [14]. Therefore, the Animalu's model 
pseudopotential has been successfully applied previously 
for the evaluation of various characteristics of Ni- and 
Fe- based binary and multicomponent transition metal 
systems [8-13, 15].  
 
Short range order parameter  introduced by Cowley 
[16] can be defined as: 
 

                                                                  (5) 

 

where is the probability of finding an A atom at the 
lattice site i after having found a B atom at the lattice site 
j.  
 
3. Results and Discussion 
 
In the current study, the partial ordering energies and 
SRO parameters for the atomic pairs of the ternary 
Ni0.80Al0.15Cr0.05 alloy system have been calculated at first 
coordination sphere (R1). The non-local bare 
pseudopotential form factors, proposed in [14], were used 
in quasi-on the Fermi sphere approximations and have 
been screened using a modified dielectric constant [17, 
18]. Moreover, the function proposed by Sham [19] that 
is responsible for the exchange and correlation effects in 
the interacting electron gas was also used in these 
calculations. The value of Ewald parameter in Eqn. (4) 
was taken as =0.7. 
 
The partial ordering energies of Ni-Cr and Al-Cr atomic 
pairs  and  as a function of interatomic 
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distance (R) are given in Figure 2. The position of first 
coordination sphere (Rl= 4.766 a. u.) [20] as indicated in 
the figure is the same as that given for the binary alloys 
(the effect of impurity elements in lattice parameter 
change is assumed to be negligible). It is evident from 
Figure 2 that the variation of partial ordering energies 
with interatomic distance has quasi-oscillatory and sign 
changing character, a well-known feature for metallic 
interactions. This suggests that the values of partial 
ordering energies differ for different pairs of atoms and 
various tertiary additions, not only in terms of quantity 
but also in terms of sign (Table 1). The ordering energy 
of Ni-Al atomic pair at first coordination sphere (R1) was 
adapted from the work of Stocks et. al. [21] as 

=7.1 x 10-3 a. u. 
 

 
Figure 2. The partial ordering energy variation of Ni-Cr 
and Al-Cr atomic pairs  and  as a 
function of interatomic distance (R) in Ni0.80Al0.15Cr0.05.  
 
The values of partial ordering energies given in Table 1 
have been used for the calculation of partial SRO 
parameters of Ni-Al, Ni-Cr and Al-Cr atomic pairs. 
Partial SRO parameters were calculated by solving 
simultaneous non-linear equations of (2) for A= Ni, B= 
Al and C= Cr in pseudo-
method, initial values of ,  and  were put 
randomly (-0.1,-0.1,-0.1) and Jacobian matrix was solved 
by a program written in Matlab. Temperature 
dependences of SRO parameters have been calculated 
from 1000 K to 1400 K in 50 K increments. As iteration 
number increased the final values of partial SRO 
parameters have approached by their exact values. 
Iterations were finished when the numerical error of the 

-7. 
 
Table 1. Partial ordering energies of Ni-Cr and Al-Cr 
atomic pairs at first coordination sphere (R1) in 
Ni0.80Al0.15Cr0.05 system. 
 

Alloy Atomic 
pairs 

 
(x 10-3 )[a.u.] 

Atomic 
pairs 

 
(x 10-3 )[a.u.] 

Ni0.80Al0.15Cr0.05 Ni-Cr -0.309 Al-Cr -2.114 

Partial SRO parameters of Ni-Al, Ni-Cr and Al-Cr 
atomic pairs in ternary Ni0.80Al0.15Cr0.05 alloy system have 
been calculated by using the values of partial ordering 
energies given in Table 1. The results of  the calculations 
are presented in Table 2. In binary Ni3Al system, 
according to Eqn. (5), i and j refer to Ni and Al-sublattice 
sites, respectively and  is the atom fraction of B=Al 
atoms in the binary A-B (Ni-Al) system. When there is a 

preference for unlike neighbours, and is 
negative and in case of a preference for like neighbours, 

and is positive. For completely 

randomness, and . So, negative value of 
short range order parameter of A-B atomic pairs means 
that B atoms will occupy the nearest neighbour lattice 
sites of A atoms. 
 
Table 2. Partial SRO parameters of Ni-Al, Ni-Cr and Al-
Cr atomic pairs of Ni0.80Al0.15Cr0.05 alloy at elevated 
temperatures. 
 

T (K) 
Ni0.80Al0.15Cr0.05 

Ni-Al(R1) Ni-Cr(R1) Al-Cr(R1) 

1000 -0.198 -0.099 0.658 

1050 -0.194 -0.096 0.637 

1100 -0.189 -0.093 0.617 

1150 -0.185 -0.090 0.598 

1200 -0.181 -0.088 0.581 

1250 -0.177 -0.085 0.564 

1273 -0.175 -0.084 0.556 

1300 -0.173 -0.083 0.547 

1350 -0.169 -0.081 0.532 

1400 -0.166 -0.079 0.517 

 
For the ternary Ni-Al-X alloy systems, one expects that 

 values should be negative since the closest 
neighbours of Ni atoms are Al atoms in the ordered L12 
crystal structure of Ni3Al as indicated in Figure 1b. 
Secondly, when  values are negative, X atoms 
will become the closest neighbours of Ni atoms, namely 
X atoms will occupy Al-sublattice sites of L12-type 
ordered Ni3Al intermetallic. When  values are 
positive, there will be a preference of like neighbours and 
X atoms will move away from Ni atoms and occupy Al-
sublattice sites. Thirdly, when  values are positive 

and  values are negative, X atoms will occupy Ni-

sublattice sites instead of Al. Next, when both  

and  values are negative, X atoms will occupy 
both Ni and Al sublattice sites. Lastly, in case of both 

 and  values are positive, X atoms will not 
occupy any sublattice sites of Ni3Al which is not 
expected at all. Short range order parameter  values 
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for Ni-Al atomic pairs can change in the interval of (-
0.33, 0) but it never reaches zero since unlike atoms 
always tend to be the closest neighbours at any 
temperature. Moreover, the magnitude of SRO 
parameters of related atomic pairs could address how 
much tertiary alloying elements occupy Ni and/or Al 
sublattice sites of Ni3Al. The higher SRO parameters in 
magnitude, the stronger tertiary alloying element 
occupancy tendencies in Ni and/or Al sublattice sites. 
Furthermore, as temperature increases  values are 
expected to reduce in magnitude since ordering is getting 
disappeared. 
 
Table 3. Site occupancy preference of tertiary Cr atoms 
in Ni0.80Al0.15Cr0.05 and comparison of the results of 
current work with other theoretical and experimental 
studies. 
 

Sublattice site preference of Cr atoms 
 
 

Current 
work 

First-principles 
calculations 

Atom-probe 
tomography (APT) 

Cr Al Al22-24 Al23-24 

 
It is evident from Table 2 that for all temperature values 
the partial SRO parameters of Ni-Cr and Al-Cr 

) atomic pairs have negative and positive signs, 
respectively. These results imply that  Cr atoms in 5 at. % 
occupy Al-sublattice sites of ordered Ni3Al regardless of 
temperature. As given in Table 3, similar results have 
been found in other theoretical studies, first-principles 
calculations [22-24], and experimental atom-probe 
tomography investigations [23-24].  
 
4. Conclusions 

 
The partial SRO parameters of Ni-Al, Ni-Cr and Al-Cr 
atomic pairs have been calculated after determining 
partial ordering energy values of these atomic pairs. By 
considering the sign of the partial SRO parameters, 
sublattice occupancy characteristics of tertiary Cr atoms 
in Ni3Al intermetallics has been determined as Al sub- 
lattice sites. The results of the current study show that the 
electronic theory of atomic SRO characteristics of ternary 
Ni0.80Al0.15Cr0.05 system in pseudopotential approximation 
coincides with other theoretical studies (first-principles 
calculations) and experimental investigations (atom-
probe tomography) in terms of sublattice site occupancy 
tendency of tertiary alloying element of Cr in Ni3Al 
intermetallics.  
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Abstract 
 
Having high thermal conductivity and high strength 
copper alloys can be used as structural material in various 
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 precipitation and dispersion strengthening 
mechanism can be applied. In this paper some selected 
high strength copper alloys used under extreme 
temperature environments were discussed in terms of 
their both room and elevated temperature mechanical and 
physical properties. 
 
1. Motivation 
 
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 existing need for materials 
which possess high thermal conductivity coupled with 
high strength and also provide resistance to softening and 
degradation, different copper alloys have been developed. 
In order to increase strength of copper at high 
temperatures, precipitation hardening and oxide 
dispersion strengthening or both of these mechanisms can 
be used. These types of copper alloys were used in liquid 
fueled rocket engine combustion chamber, nozzle liner, 
rail guns, first wall in nuclear fusion reactors and a 
number of other critical structural applications. The 
objective of this paper is to discuss strengthening 
mechanisms, production methods and recent 
technological developments about high strength copper 
alloys for extreme temperature conditions. 
 
2. Materials and Applications 
 
High heat flux applications, for instance thrust chamber 
of liquid rocket engine schematically illustrated in Figure 
1, demand materials which can endure high temperature 
and pressure conditions encountered during operation. In 
addition to being thermally conductive materials for inner 

wall of thrust chamber should be compatible with 
propellants like liquid hydrogen, liquid oxygen, and 
kerosene and should have enough strength to operate at 
elevated temperatures [1]. First wall and diverter of 
thermonuclear fusion reactors are exposed to an intense 
flux of fusion as well as subjected to higher thermo-
mechanical stresses. For inner wall of a double-walled 
and re-generatively cooled combustion chamber of the 
cryogenic rocket engines and for fusion reactors, Cu-
based alloys are ideal choice because of their high 
thermal conductivity coupled with high strength. High 
thermal conductivity not only supports heat transfer but 
also allows higher heat fluxes to be accommodated [6,8]. 
GRCop-84 (Cu-8 at%Cr-4at%Nb), AMZIRC (Cu-
0.15wt%Zr), GlidCop (Cu-0.15 to 0.60wt%Al2O3), 
NARloy-Z (Cu-3wt%Ag-0.5wt%Zr) Cu alloys can be 
candidate materials for thrust chamber of liquid rocket 
engine and first wall and diverter of thermonuclear 
reactor.  

 
Figure 1. Schematic drawing of liquid propellant rocket 
engine (Reproduced from Loewenthal et.al [15]). 

GRCop-84 is dispersion and precipitation hardened alloy 
fabricated by rapid solidification or powder metallurgical 
(PM) techniques. Hot isostatic pressing or direct 
extrusion methods can be applicable to consolidate this 
alloy. The solubilities of Cr and Nb are very high in 
liquid Cu, yet very low in solid Cu. Cr and Nb have 
tendency to form hardening intermetallic phase, Cr2Nb, 
in pure Cu matrix. By the aid of Cr2Nb intermetallic 
phase seen in its microstructure in Figure 2, GRCop-84 
has 72-82% thermal conductivity that of pure Cu 
[15,17]. 
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Figure 2. Microstructure of GRCop-84 [16]. 

AMZIRC (Cu-0.15 wt%Zr) is precipitation hardened Cu 
alloy which can be produced by casting or PM methods. 
The microstructure of AMZIRC Cu alloy is shown in 
Figure 3. AMZIRC reveals high strength combining 
precipitation hardening with cold working. High 
temperature brazing operation is mostly used for 
production of thrust chamber of liquid rocket engines and 
aged AMZIRC alloy starts to lose its strength above 500 
C. The reason for that is dissolution of the precipitates 

and grain growth of copper. On the other hand, AMZIRC 
has fairly high softening temperature and is to be 
preferred on the basis of its creep and fatigue strengths 
[6,14,16,17]. 

 
Figure 3. AMZIRC longitudinal microstructure. Dark 
spots are likely Cu5Zr [16]. 

GlidCop Al (15 to 60) Cu alloy is dispersion 
strengthened with addition of 0.3 to 1.1 wt% very fine 
Al2O3 particles where its microstructure is given in 
Figure 4(a). By the second phase particle dispersion it is 
possible to use this alloy at operation temperatures higher 
than 650 C with desired strength. Standard melting and 
casting techniques are unable to give a good uniformity 
of dispersoids. Internal oxidation method is used to 
produce metal-oxide composite Cu [7,14,16]. In this 
method atomized Cu-Al powder is mixed with Cu2O 
powder used as oxidant. Following shaping powder 
mixture is internally oxidized at elevated temperature. 
This process converts Al into very fine and 
homogeneously dispersed Al2O3 particles in Cu matrix 
[2,4,7,9,10,11,16,18]. Main drawback of internal 
oxidation is the non-homogeneous distribution of oxide 
particles which negatively influences mechanical and 
electrical characteristics of copper alloys [7]. 

Cu-3wt%Ag-0.5wt%Zr alloy is known also as NARloy-
Z, its trade mark name. Strength of this alloy originates 
from a combination of solid solution and precipitation 
strengthening. In NARloy-Z alloy solid solution 
strengthening derives from Ag and precipitation 
hardening results from Cu4Zr or Cu5Zr intermetallics. Ag 
is added as a strengthening element, and Zr is used as a 
grain refiner as well as oxygen fixer in addition to 
promotion of continuous precipitation. 

In Figure 4(b) typical microstructure of NARloy-Z alloy 
can be seen. Cold work deformation is applied to 
NARloy-Z alloy to increase strength similar to AMZIRC 
alloy. Intermetallic precipitates have significance in 
raising the temperature at which the alloy loses the 
benefits of work hardening [3,5]. 

 
Figure 4. (a) Microstructure of GlidCop Al-15 [16], (b) 
Transmission electron microscope micrograph of Cu-
3wt%Ag-0.5wt%Zr [1]. 

An electromagnetic launch (EML) system is comprised 
of two parallel metal conductors known as rails and a 
movable conducting metal armature. By the aid of 
electric current, magnetic fields are generated through 
conductive rail. Interaction of the magnetic field and 
electric current creates a force along rail path. This force 
makes the projectile speed up to the target as 
schematically illustrated in Figure 5 [13]. EML systems 
can be used in defense industry especially by naval 
forces. One of the challenging phenomena limiting the 
service life is the durability of contact materials. Due to 
extreme current densities coupled with local sliding, 
electrical contact surfaces can degrade due to adhesive 
and thermally-assisted wear associated with existing local 
heating [13]. Cu-W, Cu-Mo, Cu-Be and GlidCop alloys 
can be candidate materials for EML systems.  

 
Figure 5. Basic configuration of simple railgun and 
projectile (Reproduced from B.G. Watkins [13]). 

Cu-W composites generally contain 25-65wt% Cu. This 
composite structure is fabricated by infiltrating a sintered 

(a) (b) 
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W skeleton with liquid copper. Cu-W composite 
materials have good wear resistance in addition to 
reliable thermal conductivity and strength. These 
materials can be operated up to melting temperature of 
Cu [10,13]. Similarly, Cu-Mo composite materials are 
also used in EML systems and in electronic thermal 
management applications due to their high tribological 
properties and thermal conductivity. Cu-Mo materials 
contain between 15 and 40wt% Cu in their structure. Cu-
Mo can be produced by either compaction-sintering or 
sintering-infiltration methods [10,19]. The typical 
microstructures of Cu-W and Cu-Mo composites are 
shown in Figure 6. In addition to these composites, Cu-
Be is a precipitation hardenable alloy which has not only 
high strength but also high creep and fatigue resistance. 
Its reasonable thermal conductivity makes Cu-Be alloy 
suitable material for harsh conditions [10]. 

  
Figure 6. Microstructures of a) Cu-W and b) Cu-Mo 
composites, x500 (Courtesy of TÜB TAK SAGE). 

3. Material Properties 
 
Selected properties of copper alloys which are used in 
extreme temperature condition applications such as thrust 
chamber of liquid propellant rocket engine, first wall of 
nuclear reactor and EML system are given in Table 1. 
According to this table and Figure 7, GlidCop Al-15, 
GlidCop Al-60 and GRCop-84, dispersion strengthened 
alloys, are less influenced by increasing temperature 
compared to heat treatable alloys in terms of strength 
[12,16]. It is known that AMZIRC, GRCop-84, Cu-Mo, 
Cu-Be and NARoy-Z has good ductility. On the other 
hand, GlidCop Al-15, GlidCop Al-60 and Cu-W have 
relatively low elongation values. Thermal conductivity of 
oxygen free Cu is about 390 W/m.K. Addition of any 
alloying elements has adverse effect on thermal 
conductivity. Thus, the thermal conductivity of all 
selected copper alloys are lower than that of pure Cu. 
However, AMZIRC, GlidCop Al-15, GlidCop Al-60, 
GRCop-84 alloys have thermal conductivities higher than 
300 W/m.K. Cu-W, Cu-Be and Cu-Mo has relatively low 
thermal conductivities with respect to other discussed 
alloys. Copper alloys are specially treated during 
manufacturing of thrust chamber of liquid propellant 
rocket engines, first wall of nuclear reactor and EML 
systems. These manufacturing steps consists of 
machining, forging, heat treating and brazing. Brazing 
operation affects the properties of these alloys. AMZIRC, 

and NARloy-Z lose their strength due to high 
temperature brazing operation. On the other hand, 
dispersion strengthened GRCop-84, GlidCop Al-15 and 
GlidCop Al-60 are not affected by brazing significantly 
[16]. 

 
Figure 7. Yield strength vs. temperature of some Cu 
alloys (Reproduced from Loewenthal et.al [15]). 
 
 4. Summary 
 
High strength copper alloys are widely used in 
microelectronics, aerospace and defense industries as 
functional and structural materials. However, 
strengthening mechanisms directly affect the thermal and 
electrical conductivity of copper. For extreme 
temperature condition applications, high thermal 
conductivity and strength are critical requirements. Some 
dispersion strengthened and precipitation hardened Cu 
alloys are candidate material for some parts of liquid 
propellant rocket engines, nuclear reactors and EML 
systems, where high heat flux conditions prevail in use. 
Casting and powder metallurgical methods can be used 
for the production of these high strength and high 
thermally conductive Cu alloys. The focus of this study is 
to arouse awareness towards the importance of high 
strength copper alloys for extreme temperature 
conditions. 
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Table 1. Selected Properties of Some Copper Alloys 

Alloy Composition Hardening  
mechanism Condition y,RT  

(MPa) 
y,ET 

(MPa)  
k 
(W/m.K) Notes Ref 

Oxygen Free 
Copper Cu - Soft 

Hard 
45-55 
180-340 

- 
- 

390 
390 

- 
- 

[10] 
[10] 

Glidcop-Al-15 Cu-0.3% Al2O3 ODS Extruded 310-358 240 365 About 
400 C [2,21] 

Glidcop-Al-60 Cu-1.1% Al2O3 ODS Extruded 393-441 - 322 About 
400 C [2,7,21] 

GRCop-84 Cu-8at%Cr-
4at%Nb DS and PH Extruded 200 140 300 About 

400 C [16] 

AMZIRC  Cu-0.15Zr PH 50%CW 
90%CW 

317 
518 

284 
401 

367 
367 

- 
- 

[6] 
[6] 

NARloy-Z Cu-3wt%Ag-
0.5wt%Zr SS and PH Hot rolled and 

annealed 230 - - Aged at 
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(Co+Ni+Fe) 
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Cu-W Cu-35-75wt%W - -  - 250-180 Sintered and 
infiltration [19] 

Cu-Mo Cu-50-85 
wt%Mo - -  - 270-170 Sintered [19] 
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Abstract 
 
According to the World Energy Council, total primary 
energy supply will increase more than 60% until 2050. 
Between 4  11 % of total primary energy supply will be 
achieved from nuclear energy. Uranium is the main sources 
of the nuclear power industry, and there are some researches 
about development of usability of Thorium as a source of 
nuclear energy. Turkey has had plans for establishing 
nuclear power generation since 1970 to decrease the amount 
of energy imports. This article presents a review of current 
status of U and Th mining, processing and projects in 
Turkey. 
 
1. Introduction 
 
World energy demand and total primary energy supply 
values have been increased during last 25 years, and these 
increases will be continued to year 2050. According to the 
World Energy Council, total global primary energy 
consumption had risen by 45 % within 20 years, from 1990 
to 2010. For the year 2050, world total primary energy 
consumption is predicted as 696  879 EJ (193  244 PWh) 
which is 25-60% higher than 2016 consumption. This 
prediction depends on the increasing in the population and 
mobility (car ownership) [1]. Because of the increasing in 
energy consumption, there should be also an increase in the 
amount of electricity generated based on the non-fossil based 
materials. 
One of the common energy resources is the nuclear 
resources. The electricity production from nuclear resources 
was started in 1951 in Idaho USA, and first nuclear reactor 
was established in 1954. For the last 20-year-time, total 
electricity production from nuclear sources has been 
increased and 13% of the total global electricity production 
was supplied by nuclear industry. Over 2500 TWh annual 
output have been realized by nuclear reactor that used 
Uranium as the primary sources [2]. 
The disadvantages of the nuclear industry are having high 
CAPEX and rising compliance costs; public concerns about 
accidents and waste disposal. The main advantages are 
having high energy efficiency, zero CO2 emission during 
production cycle and relatively lower OPEX than other 
processes [2]. 
 

2. World Review 
 
Uranium 
There are 20 countries that produce uranium compounds 
from mines and half of the total world production supplied 
by Australia, Canada, Kazakhstan, Namibia, Niger and 
Russia. Total world reserve is over 6.4 million ton uranium 
contained. Nearly half of the -situ 
leaching (ISL) technique. In ISL process, an alkali solution 
or groundwater injected through uranium containing bodies 
with oxidizing agents. Uranium dissolves in the solution 
than separated by ion exchange method [2, 3].  
Kaz
Due to the increased in Kazakhstan production rate, world 
uranium production has increased by over 25 % during last 
few years. With increasing in mining production, enrichment 
capacity markets are also increased. China has reached 1.3 
million SWUs (separative work units) and additional 0.5 
million SWUs production was agreed with Russia. Limited 
enrichment facilities for their domestic needs exist in 
Argentina, Brazil, India and Pakistan [2]. 
Annual global fuel capacity is 13000 tons of enriched 
uranium for light water reactor and 4000 tons of natural 
uranium for pressurized heavy-water reactor. Uranium 
demand is expected to rise for near future. In spite of the 
Fukushima Daiichi accident in Japan has affected nuclear 
power projects in some countries, 13 % of the global 
electricity production supplied by nuclear power [2]. 
 
Thorium 
The studies about the usage of thorium as an energy source 
in a nuclear reactor has begun and expanded throughout 
several countries such as China, France, India, Japan, 
Norway, Russia, and the United States. One of the important 
research is carried out by the Chinese Academy of Sciences 
is about the development of a molten-salt reactor technology 
uses thorium as a primary source. They are planning to build 
demo-reactors before 2020 and commercial ones before 
2030. India also has some researches about to develop a 
thorium-
has announced that they are planning to build an advanced 
heavy-water reactor that uses thorium in its fuel core. An 
international consortium originated by different industrial 
and research organizations was planning to establish a 
commercial reactor in Norway that could operate safely by 
using thorium-mixed oxide fuels [4].    
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Thorium resources are found throughout the world, most 

of Atomic Energy estimated 12 million tons of monazite 
were contained in heavy-mi
was reported to have an average thorium oxide content of 
9% to 10%. Geoscience Australia estimated its inferred 
resources of thorium at about 0.6 million tons of thorium. 
Most of the identified thorium resources in Australia are 
within heavy-
thorium resources were classified as economically 

stimated to be 
0.6 million tons [5]. 
 
3. Turkey Review 
 
According to the tenth five-year development plan, primary 
energy demand of Turkey will increase by 25 %, while the 
total electricity demand will increase by 34 % during this 
period. Due to the protection of energy supply there is a 
promotion system improved for the companies for electricity 
production from renewable sources and nuclear sources. 
There is an agreement to build the Akkuyu Nuclear Power 
Plant (NPP) with the capacity of 4800 MW was signed by 
Turkey Republic and Russian Federation. Also, a second 
agreement for building a 4480 MW capacity NPP in Sinop 
was signed with a consortium by Japanese and France 
corporations. These two nuclear power plants will increase 
the mining studies about uranium and thorium in Turkey. 
Radioactive raw material researches in Turkey was started 

From 1953 to 1956, the first research had been 
carried out by General Directorate of Mineral Research and 
Exploration (MTA), and different studies have been still 
continued [6].  
 
Uranium 
In 1987, the scanning studies of possible uranium deposits 

time, over 300.000 km2 area were mapped by aerial 
prospecting. Samples from selected areas have been 
obtained and studied since then. According to the MTA 
studies, over 9100 tone uranium containing uranium 
reserves are located in Turkey. One of the largest uranium 
reserves is located in Yozgat-Sorgun region with averagely 
0.10 wt.% U3O8 containing 2850 ton reserve. Other ores are 
located in Manisa-

-

-Küçükçavdar region 0.04 wt.% U3O8 
-Demirtepe with 0.08 

wt.% U3O8 containing 1730 ton reserve, respectively [7-9].  

produce uranium containing products. But, between 1974-
1982, a semi-pilot research laboratory was established in 
MTA and laboratory scale studies were conducted by using 

these studies, over 1200 kg of U3O8 containing yellowcake 
were produced. U3O8 content in the yellowcake can reach 

up to 85 wt.% by heap leach and solvent extraction 
processes. In 2015, the agitation leaching of Sorgun region 
uranium ores was studied. Uranium containing composite 
bodies has 600 mg U / kg ore average. Both acidic and 
alkaline solutions were utilized. Over 92 % of uranium 
recovery values was obtained in alkaline leaching studies for 
12 days, while over 98 % uranium recovery values was 
obtained by acidic leaching for 54 hours leaching time [3, 7].  
 
Thorium 
World second largest thorium containing reserve is located 

- -
direction. Other  thorium reserves are located in Malatya-
Darende-Kuluncak, Kayseri-
According to the studies carried out by MTA, domestic 
thorium reserves was found as 380000 ton ThO2 containing 
ores with approximately 0.21 wt.% ThO2. The earliest 
studies about thorium was realized in 1974, and different 
studies have been realized in 1977 and 1985 by MTA. 
Within these studies, 20 kg thorium containing products 
were obtained and handled in TAEK (Turkish Atomic 
Energy Authority). Also, several university and public 
corporations (ODTÜ, Hacettepe University, Eti Mine) was 
studied about thorium mining in 1983, 1984, 1994 and 1998. 
In 2004, a memorandum was signed by Eti Mine, TAEK and 
MTA for development of commercial production route by 
using of thorium oxide and rare earth oxide containing ores. 
In that study, 3 ton of complex oxide containing ores were 
utilized and processed in semi-pilot scale laboratory in 
MTA. The chemical analysis of the ore showed that, 
complex ore contained 0,10 wt.% Th. As a result, 85.2 wt.% 
rare earth oxide (with 2.0 wt.% Th) was obtained with 92 % 
leaching efficiency. And, ThO2 product was obtained with 
96% purity [10].  
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Abstract 
 
This paper is a contribution to the theory and quantitative 
understanding of the processes for the production of 
magnesium metal by metallothermic process. In the present 
study, effect of reductant type was investigated. 
Thermodynamic simulation of system were made by Fact 

CaC2
Magnesium metal from Calcined Magnesite and Calcined 
Dolomite Minimum reduction temperatures and probable 
products were determined via Fact Sage. Products 
predictions calculated for different atmospheric conditions. 
 
1. Introduction 
 
FactSage is the fusion of two well-known software packages 
in the field of computational thermochemistry: FACT-Win 
(formerly F*A*C*T) and ChemSage (formerly 
SOLGASMIX). F*A*C*T - Facility for the Analysis of 
Chemical Thermodynamics - started in 1976 as a joint 
research project between two universities, McGill 

e initial 
programs [77Pel] were written in FORTRAN on punched 
cards and performed chemical thermodynamic calculations 
involving pure substances and ideal gases. In 1979 
F*A*C*T On-Line was offered as an interactive program 
through the McGill University MUSIC system (accessed via 
Datapac and Telenet telephone links) where it was mainly 
used as a teaching tool [79Tho, 80Tho]. Solution programs 
and databases were added together with the POTCOMP and 
TERNFIG algorithms for optimizing, calculating and 
plotting binary and ternary phase diagrams [80Lin], [82Bal]. 

-based program 
FACT-DOS [96Bal] that offered unlimited access to the 
softwareand databases. FACT-Web (1996) provided interactive 
demonstration modules through the Internet at the CRCT 

-Win was released 
in 1999 and offered a fully integrated thermochemical 
database system that coupled proven software with self-
consistent critically assessed thermodynamic data. By this 

time F*A*C*T had expanded well beyond chemical 
metallurgy and was being employed in other fields of 
chemical thermodynamics by pyrometallurgists, 
hydrometallurgists, chemical engineers, corrosion 
engineers, inorganic chemists, geochemists, ceramists, 
electrochemists, environmentalists, etc. Since 1979 
F*A*C*T has incorporated the Gibbs Energy minimizer, 
SOLGASMIX. SOLGASMIX was developed by G. 
Eriksson. In the early versions [75Eri] it was possible to 
calculate equilibria in multi-component non-ideal solution 
phase systems. At that time the user had to be both a 
thermochemist and a programmer since the first code only 
provided the necessary subroutines for the inclusion of non-
ideal Gibbs energy models. Co-operation between G. 
Eriksson and K. Hack that started in the eighties saw the first 
editions of an interactive program (SOLGASALLOY, 1984) 
with integrated non-ideal Gibbs energy models (polynomials 
for substitutional metallic solutions). In time more models 
were added, for example the Gaye-Kapoor-Frohberg cell 
formalism for non-ideal liquid oxides and the models 
developed by the F*A*C*T group. Further enhancements 
included the addition of modules for the calculation of 
thermodynamic properties of phases and a reactor module 
that permits the calculation of co- and counterflow reactors 
(SAGE, 1988). The combination of these calculational 
capabilities and access to the full databases of SGTE (in co-
operation with the MTDS group of NPL, Teddington) led to 
ChemSage [90Eri], an Integrated Thermodynamic Databank 
System, initially running under DOS. The programs were 
continually improved, e.g. by the development of a 
thermodynamic assessment module by the addition of an 
optimization routine [95Eri] and a graphical post-processor, 
and finally by the development of a module for two-
dimensional phase mapping, i.e. the calculation of 
generalized phase diagrams (1999). ChemSage has found 
worldwide use in several hundred installations in 
universities, governmental and non-governmental research 
laboratories and in industry, where it has been successfully 
employed to analyze, understand and improve metallurgical 
processes, materials problems, environmental conditions, 
etc. In April 2001, F*A*C*T and ChemSage were merged 
into one unified package. FactSage 5.0 (followed by the 
FactSage 5.1 update in 2002) offers more features than those 
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available in the FACT-Win 3.05 and ChemSage 4.0 
packages. Currently it is installed in well over 100 
universities around the world where it is used as a research 
tool and educational aid. Also approximately 100 industrial 
users of its predecessors have already upgraded to FactSage 
because of its ease of use, its flexible access to different 
databases and its powerful calculational modules. While an 
understanding of chemical thermodynamics is, of course, 
necessary in order to run the programs, it is not essential to 
be an expert in the field. FactSage is a powerful self-teaching 
aid. With regular program usage one can rapidly acquire a 
practical understanding of the principles of thermochemistry 
especially as these relate to complex phase equilibria. This 
article summarizes the programs and databases offered 
through FactSage with special emphasis placed on the 
calculation and manipulation of phase diagrams.[1] 
 
2. Experimental Procedure 
 
Thermodynamical investigations were conducted by using 
FactSage 6.4 database.  
 
 
3. Results and Discussion 
 
Figure 1 was plotted to understand the change of the 
reduction conditions of Mg from MgO by Si, Al and CaC2 
under 1 bar and 1 mbar pressures respectively.  
 

 
 
Figure 1. The change of Gibbs Free Energies for the 
reactions between MgO and Si-CaC2-Al under 1 mbar and 1 
bar reaction pressures.[2] 
 
According to the thermodynamical investigations, the 
formation temperatures of the reactions are very high under 
1 bar atmosphere pressure. In the condition which Al is used 

2. On 
the other hand, in accordance with the nature of Pidgeon 
Process, reactions occur at lower temperatures around 1 
mbar process pressure than that of 1 bar. The reaction 

2 
pressure. Reaction beginning temperatures are slightly low 
for the reduction of Mg from calcined dolomite under the 

1191 for CaC2 and 1318 for Si). 
The change of reaction products with increasing reaction 
temperature is given in Figure 2 for the reduction of Mg from 
calcined dolomite by using FeSi, Si, CaC2 and Al as 
reductant. 

 
 

Figure 2. The change of reaction products with increasing 
process temperature for different reductant types: (a) FeSi, (b) 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

70118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

CaC2 and (c) Al (Diagrams was plotted for the 100% of the 
stoichiometrically required reductant addition).[2] 

 
Table 1. Minimum reduction temperatures of MgO and calcine 

dolomite for different reductants at 1 bar and 1 mbar. 
 

Reductant 
Type 

Minimum Reduction Temperature,  
MgO Calcined Dolomite 

1 bar 1 mbar 1 bar 1 mbar 
Si 2143 1325 2489 1318 
Al 1475 850 1427 842 

FeSi 1789 1155 2170 1098 
CaC2 1847 1200 1828 1191 

  
 
 The diagrams were plotted for the 100% stoichiometry of 
the reductants under 1 mbar. Predominance phases in the 
reaction products are Ca2SiO4, Mg and a slight amount of 

Mg and CO with a slight amount of Ca2SiO4 are determined 
as the products for CaC2 as a reductant. Ca3Al2O6 and Mg 
phases exist in the reaction products of in the case of use Al 
as a reductant. Moreover in this case, a very low 
concentration of Ca2SiO4 d, 
the phase in question converted to Ca3SiO5 at the 

CO(g) exists with Mg(g) in the products. The amount of 
collected Mg in the form of crown decreases in the presence 
of CO in the retort. It is predicted that the occurrence of CO 
in the retort increases the process pressure. Thus, Mg 
recovery ratio drops via reduction in vapor phase and 
condensation. 
In the study which was conducted by Ramachandran and 
Reddy in 2015, the predominance diagram for Mg-O-C 
system was calculated and plotted at a constant pO2 of 10-20 
as shown in Figure 3. [3] 
 

 
Figure 3. Predominance diagram for Mg-O-C system 
The diagram shows MgO is stable at lower temperatures and 
lower CO pressure values. But at the temperatures above 

2 is the stable 
phase under the conditions which the reaction temperature is 

In the experimental studies of this study, an average process 
pressure of 2 mbar was used and the process temperature was 

MgC2 phase is not possible under the condition of CaC2 used 
as a reductant. In this study metallothermic Mg production 
simulated via FactSage program.  
 
 
 
 
4. Conclusion 
 
In this work, Mg reduction from calcined dolomite ores was 
investigated by using different reductants (FeSi, Si, Al and 
CaC2) for process pressure of 1 bar-mbar at various 
temperatures. Minimum reduction temperatures are defined 
Table 1 for all reductant types and all probable phases is 
showed at Figure 2 for this process. 
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Abstract 

SrCO3 produced from SrSO4, which is the main 
compound in celestite concentrate, is used for the 
production of strontium metal or its compounds. SrCO3 
can be produced from celestite ore by Direct Carbon 
Reduction Method or by Conversion Method using 
alkaline Na2CO3 solution. For the industrial use of 
SrCO3 produced according to the methods mentioned 
above, it is necessary to eliminate alkaline 
contaminations.It is possible to obtain alkaline free 
product by conversion SrSO4 to SrCO3 by 
hydrometallurgical method using (NH4)2CO3 solution.  

In this work, the effects of CO3
2- ion concentration, 

particle size and temperature on the conversion 
reaction rate were investigated using (NH4)2CO3 
containing solutions.  

The commercially available product (NH4)2CO3 is an 
equimolar mixture of ammonium carbamate and 
ammonium bicarbonate. This mixture is 
dissolved/hydrolyzed in water to obtain CO3

2- ion 
containing solution. SrSO4 is converted to porous 
SrCO3 by reacting with CO3

2- ions in the solution 
pseudomorphically and the produced SO4

2- ions pass to 
the solution. The conversion reaction proceeds by 
equimolar counter diffusion of SO4

2- and CO3
2- ions 

through the pores of SrCO3 layer. It was determined 
that the rate determining step is the ion – exchange 
reaction. XRD, SEM and simultaneous DTA-TG 
analytical techniques were usedfor the phase 
characterization of the celestite concentrate and the 
solid reaction products. 

1. Introduction 

Strontium occurs commonly in nature as two minerals 
which are celestite (SrSO4) and strontianite (SrCO3) 
and celestite is more common in economic deposits. 
The strontium sulfate is converted to strontium 
carbonate and other strontium compounds (strontium 
chloride, chromate, nitrate, oxalate, oxide and peroxide 
etc.). [1] 

The black ash method and the double decomposition 
method are used to produce SrCO3. In the first method 
SrS is produced by calcination of SrSO4 with coke at 
1273-1473 K and the SrS is dissolved in hot water.  

The solution treated with solutions containing CO3
2- 

ions [2]. In the second method, SrSO4 is reacted 
directly with CO3

2- ions containing solutions to 
produce SrCO3 [3-7]. 

In the recent years, mechanochemical processes [8-12] 
and hydrothermal methods [13-15] have been used to 
convert SrSO4 to SrCO3. 

2. Experimental Procedure 

Crushed, ground and enriched SrSO4 concentrate was 
obtained from Barit Maden Turk A.S..The SrSO4 
concentrate was wet sieved and the fraction of – 315 + 
250, – 180 + 150 and – 125 + 90 m particle sizes were 
collected. The concentrate mineral consist of 95.74% (wt.) 
SrSO4. 

The commercially available product (NH4)2CO3 (AC) 
(Merck) is an equimolar mixture of ammonium 
carbamate and ammonium bicarbonate. HCO3

-, CO3
2-, 

NH4
+ and NH3 containing solution with a pH value of 

8.9 was obtained by solving chemically pure AC in 
distilled water. Reactant solutions were prepared by 
dissolving 0.1, 0.2, 0.3 and 0.5 moles of AC in 1 L 
solution. The experiments were performed in water 
heated jacketed hydrometallurgical reactor and the 
details of experimental set up were given by Kalpakli 
et al. [16]. 2 g of SrSO4 concentrate was added to the 
reactor. The conversion reaction was carried out under 
isothermal conditions for 3 h.The quantitative analyses 
of SO4

2- ions passed in the solution taken during certain 
time intervals were performed by ICP-OES. XRD and 
DTA-TG techniques were used for characterization of 
solid reactant and products. 

3. Results and Discussion 

Reaction 1 and 2 are valid in the solution. 

 +  +                (1) 

+ +                (2) 

Conversion of SrSO4 to SrCO3 in the presence of CO3
2-

ions is given by Reaction 3: 

+  +                (3) 
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CO3
2- ions in the solution reacts with SrSO4 and it is 

consumed. The consumption of CO3
2- forces the 

Reaction 2 to proceed towards the left side. For the 
formation of CO3

2-, HCO3
- must react with NH3 that 

needs to be present stoichiometrically in the solution. 
Thus, the quantity of CO3

2- that can be formed depends 
on the limit of the stoichiometrically available 
reactants. 

The fractional conversion of SrSO4 (X) at any reaction 
time (t) was calculated according to Eq. 4, where Wo is 
the initial weight of SrSO4 fed to the solution, Wt is the 
weight of unreacted SrSO4 at any reaction time. 

                 (4) 

For the determination of particle size effect on the 
reaction rate 1 L solution obtained by 
dissolving/hydrolyzing of 0.3 mole AC, 323 K, 500 
rpm and 2 g of – 315 + 250, – 180 + 150 and – 125 + 90 

m particle size fractions of concentrated celestite were 
used. The fractional conversion (X) vs time (t) 
diagrams were shown in Figure1. 

 
Figure 1. X vs t diagrams for different particle sizes 

(AC: 0.3 mole , solution: 1 L, stirring speed: 500 rpm,          
T: 323 K) 

According to the Figure 1, decrease in the particle size 
of the concentrated SrSO4 particles increases the 
reaction rate. 

The conversion experiments were carried out to 
investigate the effects of temperature and mole 
amounts of AC on the reaction rate using 2 g of 
concentrated celestite, 1 L solution obtained by 
dissolving/hydrolyzing of 0.1, 0.2, 0.3 and 0.5 mole 
AC and 303, 313, 323 K.The effects of temperature on 
the conversion rate at constant AC amount were shown 
in Figure 2. 

The diagrams given in Figure 2 were re-plotted at 
constant temperature for various AC amounts in order 
to assist in observing the effect of CO3

2- concentration 
on the conversion reaction rate (Fig. 3) 

 

 
Figure 2. X vs t diagrams obtained for different temperatures 

and constant AC amounts dissolved in 1 L solution 
(a) 0.1 (b) 0.2 (c) 0.3 (d) 0.5 mole AC 

(Particle size: – 125 + 90 m, stirring speed: 500 rpm). 
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Figure 3. X vs t diagrams obtained for different AC amount 

dissolved in 1 L solution and constant temperatures 
(Particle size: – 125 + 90 m, stirring speed: 500 rpm). 

According to the Figures 2 and 3, the conversion 
reaction rate increases with increasing temperature 
(chemical reaction control) and the concentration of  
CO3

2- has  no  effect  on  the  conversion  reaction  rate 
in solution obtained by dissolving/hydrolyzing of 0.1, 
0.2 and 0.3 mole AC (zero  order  reaction) and 
decreases for 0.5 mole AC (negative order). 

Simultaneous DTA-TG diagrams and SEM images of 
the solid reaction products are shown in Figure 4 and 5, 
respectively. 

 
Figure 4. DTA-TG diagrams of the solid products. 

 

 
(a) 

 

 
(b) 

Figure 5.SEM images of solid reaction products  
(a) 323 K, (b) 303 K 

(AC: 0.3 mole, solution: 1 L, particle size: – 125 + 90 m, 
stirring speed: 500 rpm). 

 
It was determined that only SrCO3 in the solid mixture 
was decomposed to SrO and CO2 during thermal 
analysis.  TG diagram of the solid mixture obtained by 
uncompletedreaction showed less weight loss with 
respect to the completed reaction solid product. DTA 
diagrams showed the endothermic effect of the 
decomposition of SrCO3 as a broad peak with a 
minimum at 1278 K. The reversible allotropic change 
of rhombohedral to hexagonal  SrCO3  can  be  seen  as  
an  endothermic  peak  at  1204  K.  It was observed 
from the DTA diagram that SrSO4 has a reversible 
allotropic change at 1426 K. The SEM images showed 
that the porous SrCO3 formed upwards over the 
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surfaces of the SrSO4 particles. The grain morphology 
of SrCO3 is not affected by temperature. 
 
XRD diagram of the solid product is shown in Figure 
6. 
 

 
Figure 6.XRD diagram of solid reaction product 

(AC: 0.3 mole, solution: 1 L, particle size: – 125 + 90 m, 
stirring speed: 500 rpm, T: 323 K). 

 
The solid product consists only of SrCO3 and this result 
is in good accordance with the conversion given in 
Figure 2. 
 
4. Conclusion 

During the hydrolysis and dissolving of AC in water 
CO3

2-, HCO3
-, NH4

+ and NH3 are formed.The 
conversion reaction rate of SrSO4 to SrCO3 increases 
with increased temperature. The reaction rate is zero 
order with respect to the CO3

2- ion concentration in 
solutions obtained by dissolving/hydrolyzing 0.1, 0.2, 
and 0.3 mole of AC in 1 L solution. The order is 
changed to negative if 0.5 mole of AC was used. In 
addition, the decrease of the particle size of the 
concentrated celestite increases the reaction rate. 
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Abstract 
 
Copper-tin (Cu-Sn) composite films were coated on Cu foil 
by electroplating. The electroplating bath contained 25 g/L 
SnCl2, 4 g/L CuSO4 and 180 g/L K2P2O7. The composite 
film was deposited with 1 A/dm2 current density at 25 °C. 
A new kind of porous Cu film was produced by dealloying 
this Cu-Sn composite film in 1 mol/L acetic acid solution 
with 0.5 A/dm2 at 25 °C. The regularity in the porous Cu 
film morphology was optimized by changing electroplating 
and dealloying durations. Herein, the electroplating 
durations were chosen as 30 seconds, 1, 5 minutes and 
dealloying durations were selected as 1, 2, 10 minutes. The 
composition and the morphology of Cu-Sn composite films 
before and after the dealloying procedure were 
characterized by energy dispersive spectrometer (EDS) and 
scanning electron microscopy (SEM). EDS results showed 
that the Sn content in the Cu-Sn films after electrochemical 
dealloying process was reduced significantly, generating 
porous morphology in the remained Cu rich film. The 
morphological analyses revealed that the composition and 
the pore size distribution in the remained Cu rich film could 
be controlled by changing the electroplating and dealloying 
durations. 
 
1. Introduction 
 
Porous materials are increasingly being used as catalysis, 
sensor, actuators and electrodes for fuel cells because of 
their unique structural and morphological properties [1-4]. 
The tunable dimensions of their pores at atomic, molecular 
and nanometer scales improve their abilities to absorb and 
interact with atoms, ions, and molecules on their large 
interior surfaces. During the past few decades, porous 
materials have been usually fabricated by metal organic 
deposition [5] and template directed electrochemical 
techniques [6]. However, these processes are generally 
difficult to control and time consuming. In addition to 
them, sol-gel [7, 8], plasma hydrogenation [9] and pulsed 
laser ablation methods have been used to fabricate porous 
materials [10]. However, the fact that these methods are 
mostly difficult to handle, involve many steps and require 
long time they have not commercialized yet. On the other 
hand, it is unique recently that dealloying process is used to 
produce porous materials pioneered by the work in Refs. 
11, 12 and 13. 

During the latest decade, A.J. Forty et al. have suggested 
that dealloying process, which is a well-known etching 
technique, can be used to produce a wide range of 
porosities in the materials. A.J. Forty et al. first studied the 
morphology of the microstructures in detail after 
immersing the Ag-Au alloy in nitric acid [11]. Herein, 
dealloying refers to a selective dissolution of one or more 
components out of an alloy leaving a residual noble metal 
with porous structure [12]. Therefore, as in the galvanic 
corrosion, the more electropositive element remains in the 
film whereas the more electronegative element is corroded 
and dissolved in the electrolyte, leading a ‘sponge’ like 
morphology. Erlebacher et al, have discussed the 
mechanism of dealloying process [13]. They have proved 
that how the nano porosity evolves during the alloy 
dissolution, much attention has been devoted to the 
fabrication of porous materials by dealloying. During 
dealloying process, the resulting porous material is the 
product of interfacial phase separation of materials [14]. 
Starting from Ag-Au alloy, most of the report mention the 
porous metals formation as a result of the dealloying from 
single-phase solid solution systems. Other than that, A.J. 
Forty et al. and Erlebacher et al.have produced simple and 
homogeneous porous microstructure through Au-Ag-Pt, 
Cu-Pt, Cu-Au, Cu-Sn systems [15-18]. Therefore, a number 
of porous metals, including gold, silver, platinum, nickel 
and copper, have been synthesized using dealloying 
approach. The focus of this work is on synthesizing porous 
structure of copper by changing the electroplating and 
dealloying durations using dealloying technique from Cu-
Sn alloy and studying the fundamental structural properties 
of the remaining porous film. SEM study is to examine 
surface morphology. EDS analysis is used to determine the 
amount of Sn in the film before and after dealloying 
process. 
 

 
2. Experimental Procedure 

 
  Cleaning                    Electroplating      Dealloying 
 

Figure 1. Process flow of fabrication of porous Cu Film 
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Fig. 1 shows the schematic diagram of the process flow. 
Firstly, Cu film cleaned with ethanol and followed by 
activating in mixture of sulfuric acid (H2SO4) and 
hydrochloric acid (HCl) and then cleaned in deionized 
water for 40 seconds each, respectively. After cleaning and 
activating part, Cu-Sn composite films were coated on Cu 
foil by electroplating. The electroplating bath contained 25 
g/L SnCl2, 4 g/L CuSO4 and 180 g/L K2P2O7. The 
composite film was deposited with 1 A/dm2 current density 
at 25 °C. In electroplating, durations were chosen 30 
seconds, 1 and 5 minutes. After plating, the sample was 
rinsed by deionized water to remove the residual plating 
solution, then composite films dried 12 hours in vacuum 
oven at 80°C. At last, the samples were immersed 1 mol/L 
in acetic acid solution to fabricate porous Cu films. A new 
kind of porous Cu film was produced by dealloying this 
Cu-Sn composite film with 0.5 A/dm2 at 25 °C. 
Morphologies and microstructures of the before and after 
the dealloying procedure were characterized by SEM and 
EDS. The detailed process parameters are listed in Table 1. 
 
Table 1. Process parameters for fabrication porous Cu 
films 

Sample No Electroplating 
time (min) 

Dealloying 
time (min) 

A 0.5 1 

B 1 2 

C 5 10 
 
3. Results and Discussion 
EDS results showed that the Sn content in the Cu-Sn films 
after electrochemical dealloying process was reduced 

significantly. The detailed before and after electrochemical 
dealloying A, B and C samples weight content of Cu and 
Sn are listed in Table 2. 
 
Table 2. EDS results of Sn-Cu alloys 
The SEM images of the as-deposited Cu-Sn alloys before 
and after electrochemical dealloying are shown in Fig. 2.  
 
SEM views of A and B samples show that the structures of 
the as-deposited Sn-Cu alloys is firm with rough surface. 
After electrochemical dealloying, the residual Sn-Cu alloy 
become slightly porous and its surface become relatively 
smoother. However, the particles of B composite film have 
more homogeneous geometry than that of A film after 
dealloying. It can be explained that there is insufficient Sn 
particle in A sample to dissolve during dealloying time, so 

that Cu particles proceed to remove instead of Sn particles 
from structure and dissolution intentionally occurs in some 
places, reaching up to substrate.  
 
For C sample, the agglomeration forms in the structure due 
to long electroplating time. After dealloying, Sn dendrites 
present and only large voids formed in C2 matrix. The 
excessive large voids are not as good as we expected 
because of constructing the non-continuous porous 
structure. On the other hand, the dendrite morphology 
known as “whisker” is not suitable for causing 
heterogeneous structure and loss of electrical conductivity 
due to short circuit.  
Whisker growth is still phenomenon, but it is known that 
whisker formation is encouraged by fundamentally 
compressive stresses. These stresses is essentially caused 
by stresses induced by the diffusion of different metals and 
residual stresses originated by electroplating. In detail, the 
main reasons are irregular growth of copper-tin particles 
compound at ambient conditions [19]. 
In C sample, the non-uniform agglomerates form and 
diffusion between copper and tin particle can not properly 
proceed as a result of excessive long plating time. 
Therefore, overstress is generated in composite film. 
Correspondingly, irregular dissolution from these 
agglomerates occurs during dealloying process and then 
whiskers form.  
 

 
 

 
 

 
Figure 2. SEM images of the Sn-Cu alloys before (1) and 
after (2) electrochemical dealloying 

 Before Dealloying After Dealloying 

Samples Cu  
(wt %) 

Sn  
(wt %) 

Cu  
(wt %) 

Sn 
 (wt %) 

A 56.26 43.74 67.89 32.11 
B 34.25 65.75 47.61 52.39 
C 16.45 83.55 29.50 70.50 
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4. Conclusion 
 
In this study, Cu-Sn composite films are produced in 
different electrochemical plating and dealloying conditions. 
The SEM results suggest that the porous structure can be 
fabricated by dealloying process. We obtained optimal 
porous morphology with 1 min plating and 2 min 
dealloying time among other composite films.   
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Abstract  
  
Aluminium is most widely used non-ferrous metal and 
one of the most abundant of all elements in the Earth’s 
crust. Due to its properties such like low density, 
formability, corrosion resistance; it has a wide range of 
application areas like automotive, construction, aerospace 
and aviation, marine, medical and food. Aluminium 
products are classified into three categories according to 
their production technique: extrusion, rolling and cast 
aluminium products. Like aluminium itself, rolling it also 
has a very short history, whereas the last decades are the 
times that rolling technology is matured. Since demands 
and aluminium industry is growing continuously, need for 
producing fast and efficiently pushes the rolling lines to 
increase the productivity. Together with productivity, 
good quality; specifically, consistency in thickness, good 
flatness and surface appearance are expected to be 
superior in the competitive environment. This work aims 
to give the principles of rolling aluminium based on 
theoretical and practical knowledge; specifically, in terms 
of flatness control mechanisms, thermal effects and their 
management. 
  
1. Introduction  
  
Aluminium sheet production starts with Direct Chill 
Casting (DC) of ingots or with Twin Roll Casting (TRC) 
method. The ingots which are cast by the conventional 
DC method are then mainly subjected to preheating and 
hot rolling operations. With TRC method, aluminium cast 
coils are directly produced from liquid aluminium alloys 
by eliminating a few steps compared to DC. TRC coils 
are then processed by cold rolling operation in order to 
achieve desired thickness. Hot rolling is used for 
producing plate and strip, where cold rolling is used for 
strip, sheet and foil.  
Plate is the form of aluminium which its cross section is a 
rectangular and its thickness is 6,3 mm or more. The 
aluminium products which its thickness is between 0,20 
and 6,3 mm are named as sheet. Below 0,20 mm 
thickness, the flat product is called as foil [1]. 

Rolling, as a metallurgical process is reducing the 
thickness of material by passing it between two counter  
 
 
rotating cylinders. During the process, the materials are 
elongated but it does not show a significant amount of 
spreading transversally. Rolling is a widely used process 
because of its high productivity.  
Technical meaning of hot rolling is rolling the metal 
material at a temperature higher than its recrystallization 
temperature, so that the material is avoided from strain 
hardening during the process. Cold rolling is a rolling 
process which is occurred at room temperature where the 
material shows strain hardening. Although it is named as 
“cold” rolling, the material is heated up by deformation to 
approximately 100°C and a high amount of coolant is 
used during the process in order to have a thermal 
equilibrium [2]. Cold rolling, as its expected to be, 
requires more energy where it provides a very good 
surface quality and physical tolerances. Finish rolling 
operations of materials are completed by cold rolling.  
 

 
Figure 1. Grain structure change during cold rolling [2] 

 
Rolling process breaks and offsets the lattice planes of the 
material and increases the dislocation number, which 
results in material to resist the deformation and making it 
harder and stronger. Rolled material shows an elongated 
grain structure (Figure 1).  

 
2. Types of Cold Rolling Mill  
 
Strip rolling can be done with different type of mills 
(Figure 2). Reversing rolling mills are used for coil 
weights up to 5 tons, there non-reversing mills are used 
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for normal coil weights between 10-15 tons. For higher 
coil weights and higher production volumes, multi-stand 
tandem mills are used. 
 

 
Figure 2. Types of cold mill: a) Reversing, b) Non-

reversing c) Tandem strip rolling mill [3] 
 
Choosing the correct type of cold mill depends on the 
exact range of products that is desired to be produced. 
Cold mills are classified into few categories according to 
their thickness ranges and speeds. To determine the 
optimum type of roll stack configuration, some specific 
requirements of the down gauging process like material 
hardness, gauge range, rolling speed and strip width 
should be known.  
The simplest design, two high mills are no longer used 
because of their inability to control the roll gap geometry 
and minimum thickness it can produce is 0,20 mm (Figure 
3). 
 Four high mills are most widely used mills with their 
hydraulic negative and positive bending cylinders. Many 
rolling mills are today still designed in the traditional four 
high configurations. These are able to produce high-
quality products, especially if the materials are not wide 
range. Nevertheless, 4-high mills are inherently limited by 
the range of actuator effects and by their capabilities for 
fine control across the strip width, for both profile control 
and flatness control. These controls near the strip edge 
become more problematic when there is a need to deal 
with frequent product changes, while running at 
maximum reduction and speed to achieve good plant 
productivity. This is known both through plant experience 
and through process models, which take into account the 
mechanical effects of roll bending and flattening under 
load, the material properties of the strip being rolled, and 
the thermal transients occurring as the heat balance alters 
in the roll gap. For this problem, 6 high mills are accepted 
to be as a solution [2].  
 

 

Figure 3. Roll stack configuration[3]. 
 
Six high rolling mills have the most effective system to 
control the roll gap with their work roll or roll drives with 
axially shift or tiltable intermediate rolls, with positive 
and negative roll bending capacity. Because of this 
capabilities, these mills are mainly used as universal strip 
rolling mills.  
 
3. Flatness Control 
 
The rolled materials final flatness is depended on the 
characteristics of the starting material (cast coil, hot rolled 
material, etc.) and features of the mill. If the materials 
flatness is not good, some parts of the strip are longer and 
results in buckling. Buckling may occur on centre or 
edges. This defect can be eliminated by tension levelling 
where the strip is stretched sufficiently so that short parts 
are extended to the point where they have the same length 
of the long parts and the out of shape disappears (Figure 
4). Paying attention to the ingoing products flatness is 
significantly important for the final shape.  
 

 
Figure 4. flatness problem on strip [4]. 

 
Mills are supported by automations in order to measure 
the outgoing shape of the strip and then instructed the mill 
controls. High performing flatness measurement and 
control is a critical success factor for flat rolling mills. 
Outgoing shape is measured by a shapemeter roll (Figure 
5). This deflector roll stands between work roll and 
winder roll at exit side. It measures the tension of the strip 
and sends the signal to the actuators in order to control the 
work roll bends and lubricant sprays.  
 

 
Figure 5. Shapemeter roll [4]. 
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Flatness is need to be controlled for different reasons. One 
of them is to maintain total gauge performance and to 
attain the thickness control anywhere on the strip. The 
reason to have a good flatness is to enable high recovery 
on multi slit products and to ease downstream processing.   
Lubrication systems provide lubrication to the rolling 
process, correct rolling friction, prevent sticking and 
surface quality. On the other hand, coolant systems 
control roll temperature, vary roll thermal chamber to 
control the strip profile and strip flatness by removing 
heat from the energetic rolling process. The purposes of 
both two systems are different but the type of fluid used 
may be the same for simplicity. The both system helps to 
wash away the debris [5].  
 
4. Lubrication and Cooling 
 
For cold rolling oil based kerosene lubricant and coolant 
with additives can be used. A typical cold mill cooling 
arrangement with only entry side sprays are shown in 
Figure 6. Top backup roll has a wiper roll to prevent 
coolant carryover onto the exit side. Coolant system takes 
the signals from the shapemeter and long parts of the strip 
are adjusted by alteration of the distribution of the rolling 
lubricant. So these hot parts of the roll are cooled to 
prevent nonhomogeneous long rolling. 
 

 
Figure 6. 4 high mill coolant arrangement [5]. 

 
In the cold rolling process, the surface of the rolled strip is 
contaminated by cooling oil or emulsion and other 
pollutants that could considerably influence the final 
quality of the strip. Unfortunately, this will usually 

become visible after subsequent operations. Rolled strip is 
coiled at the exit side with containing all these gathered 
impurities and cooling emulsion. Because of this, there is 
always a loss of valuable rolling emulsion which could 
probably be used again. For a high quality of rolled 
material it is necessary to have a clean and high quality 
surface besides of the final geometrical shape and 
thickness tolerance of the strip. Removal of cooling 
emulsions or oils from the rolled strip in rolling mills are 
presently done with different techniques but the widest 
one of them is blowing off oil by high air pressure which 
is blowing directly onto the strip. To have an efficient 
result, positions and blowing angles of the nozzles are 
very important.  
Lubricants are applied to keep the surfaces of work roll 
and the strip separated by a film layer for mainly two 
reasons. One of them is the lubricant that has a lower 
shear stress comparing with the strip. This results into the 
generated friction forces by shearing of the lubricant 
lower than the shearing of the strip. Thus less load power 
is needed for deforming the strip. The second reason is 
damaging the surface is reduced so that a good surface 
quality can be achieved. Requirements of low friction and 
good surface finish dictates the rolling operation to be 
performed in mixed lubrication regime.  Mixed 
lubrication is the intermediate regime between boundary 
lubrication and hydrodynamic friction where there is some 
asperity contact but also some hydrodynamic actions [6]. 
For cold rolling process, boundary additives are required.  
 

 
Figure 7. Lubrication efficiency diagram [7]. 

 
Additives must be non-staining during annealing. 
Effectiveness of additives decreases with concentration 
and above concentration upper limit, almost no 
performance improvement can be achieved. Depletion by 
filtration is proportional to additive concentration. If the 
lubricant breaks, herringbone effect seen on strip (Figure 
7). 
 
5. New Technological Possibilities 
 
5.1. Flatness and Profile Prediction Systems 
 
The most important weak side of currently used profile 
control systems is latent reaction because of the shapemeter 
position which it stands after work rolls. The signals that 
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command the actuators of work roll bending and tilting 
systems arrive after the related region of the strip is passed. 
If there is an inconsistent flatness profile on in-going 
material, it is hard to get a proper profile on the out-going 
strip. For this reason, there has been efforts to predict the 
materials flatness behaviour depending on in-going material 
and cold rolling mill’s capabilities. In Figure 8, the graph 
drawn by a prediction software shows the strip profile with 
different bending forces. Also there are improvements on 
fine edge profile control by adapting hot oiling on edges or 
partially inductive heating applications.  
 
 
 
5.2. Automatic Setup Operation Controls 
 
To produce high quality strip, it is very important to control 
the process properly which directly affects visual quality of 
the strip, mechanical properties and flatness. On the other 
side, competitive market requires always more efficient 
production. For this reason, process and set up 
automatization is a necessity. Automatic roll change system 
is a good example for this aim. In many plants, the work rolls 
are still changed by operators manually which is time 
consuming. Using automatic roll change system eliminates 
the safety risks of manual operation and decreases operation 
time. Also there are some improvements in coil feeding 
system which eliminates human effort and possible edge 
damages. 
 

 
Figure 8. Profile change according to bending forces [8] 

 
5.3. Improvements for Cooling Systems 
 
During rolling process of aluminium, attention to work roll 
spray cooling has significant effect on flatness and profile 
controlling performance. Good dimensional and profile 
quality of strip depends on the spray actuator besides on the 
control system. This is why the cooling system is accepted to 
be a critical part of the process. To optimize the coolant flow 
and its pattern, a modelling software can be used [9]. With 
this model, the nozzle configuration and flow must be 
calculated from the heat input to the roll (Figure 9). 
 

 
Figure 9. Innoval Spray Impact Model (ISIM) results screen 
 
5.4. Clean/Green Systems Adaptation to Rolling   

Process 
 
Rolling mills that use oil as a coolant and lubricant emit large 
amounts of oil in their exhaust. Due to environmental 
concerns and regulations, it is important to purify the exhaust 
air of aluminium cold rolling mills. In cold rolling operation 
high amounts of oil is used to ensure that the foils do not 
adhere to the rollers, to provide a good surface quality and to 
dissipate the heat. About 1% of the employed rolling oil 
evaporates thereby and is absorbed in the exhaust air [10]. 
The recovery system separates and recovers the 
hydrocarbons from the exhaust. Besides environmental 
benefits, the system also provides economic advantages by 
preventing the loss of rolling oil with exhaust.  
 
6. Conclusion  
 
The object of this paper was to give a brief information of 
basic concepts of aluminium cold rolling. Aluminium, 
which is a widely used metal, can be produced by several 
ways but rolling is a very important production process 
and rolled products constitute almost half of all aluminium 
products. Due to the growing market, quality expectations 
are increased. Besides ingoing material, type of the cold 
mill used and its properties and capabilities is significantly 
important for the final strip quality. Also it is intended to 
summarize the new technological possibilities for cold 
rolling process.  
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Abstract 
 
In this study, conditions of copper extraction from oxide 

investigated. Optimal conditions for leaching of malachite 
ore was determined to be the copper dissolution efficiency 
of 93,5% by using 0.3 M of H2SO4 with solid / liquid ratio 
of 1/10 for 60 min at room temperature. After leaching, 
solvent extraction of copper was performed by using LIX84I 
diluted in kerosene. Increase of initial pH of the pregnant 
leach liquor increased the extraction of copper. Both the 
extraction and stripping efficiencies for the copper were 
about 98% and 99%, respectively. 
 
1. Introduction 
 
The increasing demand for copper and the lack of its high-
grade ores have made the hydrometallurgical copper 
production methods more significant for the last two 
decades. Mostly, processes including leaching, solvent 
extraction and electro-winning are applied in the industry. 
For leaching method, generally sulphuric acid and ammonia 
are used as leaching agents. After leaching process, the 
concentration of the solution which includes copper ions is 
obtained usually between 3 and 6 g/l. These values are not 
enough for processing metallic copper by electro-winning. It 
should be at least 35 g/l and not include any impurities which 
can affect the electro-winning adversely. There are different 
types of extractants used for the solvent extraction process 
in copper recovery such as LIX 64N, SME 529, P 17, P 50, 
P 5300 and KELEX 100 [1-10]. 
 
2. Experimental Studies 
 

were leached by 
0.3 M of H2SO4 solution with solid / liquid ratio of 1/10 for 
60 min at room temperature. The chemical composition of 
obtained pregnant solution after the leaching used in SX 
experiments was given in Table 1. All other chemicals were 
analytical grade. The extractant, LIX84I, was used by 
diluting it with kerosene. An atomic absorption 
spectrophotometer Perkin Elmer Analyst 800 was used for 
the analysis of metal ions in solution and solvent extraction 
experiments were carried out by using Jankle&Kunkel 

HS500a shaker. Initial pH of the solution was adjusted by 
the addition of ammonia to the solution and by using digital 
pH meter. 
 
Table 1. Chemical composition of pregnant leach solution. 

Element Amount (ppm) 
Cu 3116 
Fe 370.7 
Ag 0.13 
Zn 1 
Pb 1.4 
Ca 4.1 
Mg 72 

 
Different volume ratios of aqueous solution and LIX84I was 
used in SX. Solvent extraction experiments were carried out 
in separation funnels with the stirring rate of 100 rpm for 10 
min at room temperature. The concentration of metal ion in 
the organic phase was calculated from the difference 
between the metal ion concentration in the pregnant leach 
liquor before and after extraction. 
 
3. Results 
 
Solvent extraction reaction of copper ions with LIX84I was 
given according to the following reaction [11], 
 
2RH(org) + Cu2+

(aq)  R2Cu(org) + 2H+
(aq)      (1) 

 
where RH represents the extractant, R2Cu stands for the 
complex in the organic phase. 
 
Extraction of copper was investigated from an aqueous 
pregnant solution and LIX 84I (1/1 in vol.) for the pH values 
of 1.17, 2.00, and 2.25. Extraction of copper increased with 
increased initial pH and highest extraction was obtained as 
93.3% when the initial pH was 2.00 as seen from Figure 1. 
 
Different solution / organic phase (S/O) ratios were 
investigated to be able to optimize the extraction stage of the 
SX process and S/O ranging from 1/1 to 4/1 was 
experimented for 2 different initial pH values, 1.17 and 2.00, 
respectively. It was determined from the Figure 2 that better 
copper extraction was obtained when the initial pH of the 
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solution was adjusted to 2.00. Extraction of copper was 
83.8% for S/O of 1/1, while only 42.5% of copper was 
extracted when the S/O was 4/1 for the initial pH value of 
1.17. On the other hand, 93.3% of copper extraction was 
obtained for S/O of 1/1 at the initial pH value of 2.00. 
 

Figure 1. Effect of initial pH on copper extraction (S/O: 
1/1, 100 rpm, 10 min) 

 

Figure 2. Effect of solution and organic ratio on copper 
extraction for different initial pH values of solution. 

 
McCabe Thiele isotherms were obtained both for extraction 
and stripping stages. Experimental studies were carried out 
to determine the number of stages required for the extraction. 
The isotherm was obtained by reacting an aqueous solution 
with LIX84I at varying S/O ranging from 1/5 to 5/1. As 
given in Figure 3, copper extraction was obtained about 98% 
within two counter-current stages at the S/O ratio of 1/1. 
 
1 M H2SO4 solution and different amount of organic phase 
between 5/1 and 1/5 was used to determine the stripping 
isotherm. The results in Figure 4 reflected that about 99% of 
copper stripping ratio was achieved from the loaded organic 
in three counter-current stages at the S/O ratio of 2/1. 

 
Figure 3. McCabe Thiele equilibrium isotherm for copper 

extraction. 
 

 
Figure 4. McCabe Thiele equilibrium isotherm for copper 

stripping. 
 
4. Conclusion 
 
LIX84I was used for the extraction of copper from leach 

malachite ores. Increase in initial pH of pregnant leach liquor 
increased extraction rate of copper. Copper extraction and 
stripping efficiencies were obtained as more than 98% and 
99%, respectively. It was concluded that LIX84I was one of 
the candidate for the extraction of low grade oxide copper 
ores. 
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Abstract 
This study targets the investigation on adhesion 
between coextruded Aluminum and EPDM for an 
automotive sealing profile. EPDM in sealing 
applications has a versatile use in automotive 
applications because of its resistance to severe weather 
environments. The low surface energy of EPDM makes 
the surface poorly wettable, preferable for sealing, 
whereas this property worsens its adhesion to 
aluminum surface.  The desired adhesion can be 
obtained by introducing an adhesion promoter or 
coupling agent. Requirement for such processes is 
designing a specific surface composition or applying a 
well adhered primer coating (chemosil). However, 
form extrusion process point of view, the high die 
temperatures and following curing temperatures induce 
degradation of primers. Conversely creating an 
opposite effect on adhesion. In this study, surface and 
adhesion characteristics of primer coating at different 
extrusion die temperatures are detailed evaluated. 

1. Introduction 
Sealing systems, as the name applies, assembled to 
various flanges and channels of body in white through 
its cross sectional gripping design, rivets, and buttons 
and grift geometries. Main purpose of sealing systems 
is to create a closing between sheet metals of the 
vehicle (e.g. door to BIW) and functionally prevents 
water leakage, dust, air, exterior noises, body and 
window vibration, Last but not least absorbing body 
relative vibrations and shock is also a property.  
 
Sealing profiles is mainly a co-extrusion of EPDM 
over a roll-formed carrier mainly made up of aluminum 
and steel. The cross-sectional form of the profile is 
tailor made according to the needs of the original 
equipment manufacturer. Complexity of the cross 
section mainly depends on the space designed in 
between door to body or door to windows. Extrusion is 
realized through a special design extrusion die and 
extruded on an extrusion line [1, 2].  Ethylene 

propylene diene monomer (EPDM) is used in the 
compound formulation as the main raw material.  
EPDM is selected in the sealing industry due to its 
notable resistance against high and low temperatures, 
solar ageing, and high elasticity under compression, 
high insulating, wide hardness range and low density 
[3, 4]. Water infiltration property of EPDM is an 
advantage mainly due to its poor adhesion to many 
substrates due to its low surface energy and high 
surface contact angle [5]. However, regarding the co-
extrusion process those properties has and adverse 
effect for straight, plane aluminum strips. In the sealing 
system profiles, mainly AA5754 series of aluminum is 
utilized. Aluminum alloys are widely used as a 
structural material in aircraft and automotive industry 
due to their excellent mechanical properties, 
lightweight and relatively low cost [6, 7]. The 
continuous bond between EPDM and AI is essential 
due to EPDM‘s integration onto the metal. This 
bonding is vital during functioning of the profile; 
flexible and responsive to dynamics of the body parts 
due to EPDM, stable in its position due to rollformed 
aluminum strip embedded inside the EPDM. 
Consequently, good adhesion in-between minimizes 
stress and acts as a buffer to absorb impact (door 
closure for ex.) [8]. On the contrary, the adhesion 
phenomena at interface of the EPDM and aluminum 
and its alloys is usually weak due to poor compatibility 
of polymers with aluminum [6]. The adhesion at the 
interface can be improved by the increase of specific 
surface properties, wettability and chemically 
functional groups [9]. Most often, if the metal strip is 
not lanced or notched an aluminum strip is basically 
coated with an interface chemical or namely a primer 
(commercially known as chemosil). Primer acts as a 
bonding agent in-between EPDM and aluminum strip. 
 
The interface adhesion depends on the energy of the 
surface, since the surface energy of the substrates 
determines the wettability characteristics. If the surface 
energy of the substrate is high, low-energy materials 
such as oils and water tend to be absorbed by high-
energy surfaces and this is known as the wettability 
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[10]. Therefore, surface pre-treatment of the aluminum 
vitally influences the adhesion with EPDM. In this 
study, the fundamental aim is to investigate the 
interface and adhesion characteristics of the primer at 
the interface. Mainly research focuses on two main 
parameters of an EPDM extrusion process; different 
extrusion die temperatures and time and interaction if 
exists.  The changes in the chemosil surface 
morphology, energy, composition at different 
temperatures and time combinations were evaluated by 
microscope analysis, contact angle determination and 
Fourier transform infra-red spectroscopy (FT-IR) 
respectively. Additionally, T-peel strength test has 
been performed to research the effect of the surface 
characteristics on the interface adhesion. To the best of 
our knowledge, this is the first study that analyzing the 
surface characteristic of the chemosil coating.  
 
2. Experimental Procedure 
2.1. Design of Experiment 
Aluminum plates coated with chemosil were exposed 
to thermal ageing in a preselected temperature and time 
combinations as shown in Table 1. The selection was 
intentionally made to simulate extrusion-processing 
condition of the pre- chemosil coated aluminum 
surface.  
 

Table1. Surface thermal treatment conditions 
 
                                              Treatment time (min)  
 
Treatment at 100 �C   2  4  8  16  64  
 
Treatment at 165 �C   2  4 8  16  64 
 
2.2. Materials and Sample Preperation 
The aluminum alloy strip grade is 5754 H26 coated 
with chemosil. Experiment strip sample size is 113 x 
32 x 0.57 mm and EPDM sheet sample size is 113 x 36 
x 6.3 mm. EPDM rubber compound is selected among 
a serial production recipe, for simulating industrial 
performance.  
 
2.3. Analysis and Measurements Methods 
Different measurements are carried out in order to 
characterize the ageing of the materials used. The 
diversity is basically depends on the lack of the 
literature to define the current case and a quantifiable 
measurement is sought.  The wettability of the 
thermally aged chemosil coated aluminum surfaces 
were analyzed via surface energy measurements by 
using KRUS contact angle-measuring system. Test 
liquids of 3 ml high purity water and diiodomethane 
drops are selected respectively. Surface energy 
measurements are conducted by Krüss analysis 
software using the Laplace-Young method. Average of 
three measurements are taken. FTIR-ATR spectra was 
performed to determine the changes of the chemical 
composition of the thermally aged chemosil coated 
aluminum surfaces. A Perkin Elmer Spectrum 

spectrophotometer was used to carry out infrared (IR) 
spectra of the surfaces.  Interface adhesion of the AI 
and EPDM has been measured by T-peel strength test 
at a peel rate of 50 mm/min using Zwick Roell 
Dynamometer. The test was carried out under ASTM 
1876. Interface adhesion is performed between EPDM 
sheet (113 x 36 x 6.3 mm) and Al sheet (113 x 32 x 
0.57 mm) by hot pressing at 210 �C for 3 min under 
400 kN.  Morphological changes of surface of the 
thermally aged (at 100-165oC) samples were observed 
under Eclipse E200 light microscope at 1000X 
magnification.  Measurements were analyzed by 
several techniques in Minitab to observe the effect of 
the factors on the responses. The results are discussed 
under section 3. 
 
3. Results and Discussion 
3.1. Wettability (Surface Energy) 
The effect of the thermal ageing on the wettability 
characteristics of the chemosil coated aluminum 
surface was evaluated in terms of surface energy 
change. Fig. 1 shows that the time and temperature 
change at the surface treatment process is a crucial 
parameter for surface energy. An increase at the 
surface energy was observed as temperature increases 
from 100 �C to 165 �C. Furthermore, surface energy 
value exhibited significantly an increase for 2 min. 
ageing time with increasing process temperature from 
100�C to 165�C when compared the rest of the 
ageing times. Samples thermally treated for 4, 8, 16 
and 64 min. presents a dramatic reduction of the 
surface energy at the temperatures both 100 �C and 
165 �C. Hence the surface energies are low enough to 
not affect the optimum interphase adhesion 
performance despite increasing temperature from 100� 
C to 165� C. Correspondingly, it can be concluded 
that thermal ageing occurred at 165 oC for 2min. is 
sufficient to reach high surface energy to obtain 
appropriate interphase characteristics. 
 

 
Figure 1. Change in surface energy of the thermally 
treated surfaces at 100 �C and 165 �C for 2, 4, 8, 16, 
64 min. ageing conditions respectively.  
 
3.2. Weight Change  
Thermal degradation of the chemosil coating material 
on the AI surface in different time and temperature 
combinations was investigated in terms of mass loss. 
Fig. 2 illustrates that weight loss change rate increases 
obviously as increasing time and temperature and 
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exhibits a sharp increase at 165 �C for 64 min. Weight 
loss change after 2 min. thermal ageing is almost 
negligible at temperatures both 100 �C and 165 �C. 
Consequently, thermal treatment of the surfaces 
provokes, for all studied conditions, an increase in the 
mass loss.  Furthermore, FT-IR analysis was carried 
out to conclude whether weight loss with increasing 
time and temperatures is arising due to degradation of 
chemical composition of the surface or removal of the 
volatile components from the surface.  
 

 
Figure 2. Change in weight loss of the thermally 
treated surfaces at 100 �C and 165 �C for 2, 4, 8, 16, 
64 min. ageing conditions respectively.  
 
3.3. Surface Morphology  
The morphology and roughness are well known 
impacts in controlling of surface energy and 
correspondingly interphase adhesion characteristics [1].  
The surface morphology changes after thermal ageing 
in different time and temperature combinations were 
evaluated under microscope. Fig. 3 shows the surface 
morphology changes at 100�C and 165�C 
temperatures after 2, 16 and 64 min. thermal ageing. 
Pore size decrease and pore abundance increase were 
observed with increasing thermal ageing time. 
Furthermore, pore depth exhibits slightly increase with 
the rising time excluding 16 min. thermal ageing. 
Expansion in the smooth surface area after 16min. 
thermal ageing could be consistent with the low surface 
energy. 
 

 
Figure 3. Microscope images of the thermally aged 
samples at 100 �C for 2, 16, 64 min. and at 165 �C 
for 2, 16, 64 min. respectively. 
 
3.4. Surface Chemical Analysis (FT-IR) 
The changes in surface composition of chemosil coated 
aluminum substrate before and after the thermal 
treatment were investigated by FT-IR. The FT-IR 
spectra’s of untreated and thermally treated chemosil 

coated aluminum surface for eight and 64 min. are 
shown in Fig. 4 (a) and Fig. 4 (b).  As illustrated in Fig. 
4(a), the strong peak observed at 1255cm-1 on untreated 
surface exhibits gradually decline in intensity on treated 
surfaces at 100�C and 165 �C for 8 min. respectively. 
On the other hand, the same peak lying at 1255 cm-1 
presented decrease in intensity at 100 �C and shifted 
to 1242 cm-1 at 165 �C for 64 min. compared to 
untreated surface as shown in Fig. 4 (b). This peak is 
attributed to C-O stretching. The absorption peaks at 
856 cm-1 and 773 cm-1 observed on untreated surface 
shown gradually decline in the intensity on the 
thermally treated surfaces as temperature increasing 
from 100� C to 165�C. Same situation is valid for the 
peaks observed at 1304 cm-1, 1416 cm-1 and 1483 cm-
1 after 8 min at 100�C and 165�C thermal ageing 
conditions. This absorption area could be correspond to 
C-H bending. On the contrary, the absorption peak 
appeared at 1416 cm-1 on untreated surface and treated 
surface at 100 �C for 64 min. shifted to 1422 cm-1 on 
the treated surface at 165 �C 64 min. This can be 
attributed that chemical structure of the component is 
deteriorated at this thermal treatment condition. 
Furthermore, the absorption peaks observed at 3107 
cm-1, 2919 cm-1 and 2849 cm-1 are also shown 
decline in intensity on the treated surfaces at 165 �C 
for 8 min. and 64min. This absorption region 
corresponds to C-H symmetric/asymmetric stretching 
vibration. 
 

Fig. 4 (a). Infrared spectra of untreated and thermally 
treated chemosil coted aluminium surfaces under the 
following conditions: at 100 �C and 165 �C for 8 
min. 

  
Fig. 4 (b). Infrared spectra of untreated and thermally 
treated chemosil coted aluminium surfaces under the 
following conditions: at 100 �C and 165 �C for 64 
min. 
 
3.5. Adhesion Test 
The effect of thermally ageing conditions of chemosil 
coated aluminum surface at different temperature and 
time combinations were evaluated in terms of 
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interphase adhesion performance to EPDM via T-peel 
strength test. Fig. 5 shows the T-peel strength of 
interphase adhesion between EPDM and chemosil 
coated AI surfaces. It can be distinctly observed that 
samples treated at 165 �C for 16 and 64 min. 
presented a sharp decrease at the adhesion performance 
to EPDM. On the contrary, samples treated at 100 �C 
did not exhibit significant change at the the intrpahse 
adhesion to EPDM for all ageing times. When carrying 
out the test, it was observed that EPDM cohesion 
failure occurred in the case of T-peel strength is above 
350 N. Therefore, deviation of the results above 350 N 
should be ignored due to reason of deviation is arising 
from EPDM internal elongation characteristics. In 
addition, it is observed that interphase separation 
failure was occurred in the extraction step of the 
samples from the mold.  
 

 
Figure 5. T-Peel strength forces between EPDM and 
thermally aged AI samples at 100 �C and 165 �C for 
2, 4, 8, 16 and 64 min. 
 
The images of the EPDM cohesion and interface 
adhesion failures are illustrated in Fig. 6. As indicated 
above, 100% cohesion failures were observed at 100 
�C for all ageing times and at 165 �C for 2 and 4 min. 
Contrary to this, adhesion failures were occurred at 165 
�C for 16 and 64 min. It should be taken into 
consideration that partially interphase adhesion 
characteristic was observed at 165 �C for 8 min. 
Correspondingly this shows that 165 �C for 8 min. 
ageing condition is the degradation milestone of the 
chemosil coating material in terms of adhesion 
performance.  
 

 
Figure 6. Images of the interface adhesion failures 
between chemosil coated aluminum and EPDM 

surfaces after T-peel strength test. (a) Cohesion failure 
of EPDM at 100 �C for 2, 4, 8, 16 and 64 min. and 
165 �C for 2 and 4 min., (b) Partially adhesion and 
cohesion failure at 165 �C for 8 min.,  (c) Adhesion 
failure at 165 �C for 16 and 64 min. 
 
 
4. Conclusion 
Adhesion properties of chemosil coating on AI /EPDM 
interface was evaluated for the aim of investigating the 
effect of the thermal ageing conditions. The higher 
surface energy was obtained with lowest ageing time at 
165 �C. Weight loss change maintained the stability at 
both 100 �C and 165 �C for 2 min. and exhibited a 
sharp increase with increasing time and temperatures 
excluding 2 min. ageing time. Correspondingly, pore 
size decrease and pore abundance increase were 
observed with increasing thermal ageing time and 
temperature. In the FT-IR analysis, the adsorption 
peaks observed on untreated surface at 3107 cm-1, 1483 
cm-1, 1416 cm-1, 1304 cm-1, 1255 cm-1, 856 cm-1, 773 
cm-1  exhibited decrease in the intensity. Furthermore 
the peaks at 1416 and 1255 cm-1 shifted to 1422 cm-1  
and 1242 cm-1  respectively at 165 �C for 64 min. 
compared to untreated surface. Interestingly, the peel 
strength is not sufficiently influenced by increasing 
thermal ageing conditions. As the result, 165 �C for 8 
min. ageing condition is thermal degredation point of 
the chemosil coating affecting inversely interface 
adhesion performance between EPDM and aluminum 
surfaces.  
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Abstract 

In industrial applications, hot forging of aluminum 
alloy AA 6082 is applied after heating of the billets 
at 480 °C degree by induction heater in a couple of 
minutes. The forged part is cooled down to room 
temperature and then conventional solution 
treatment and aging process are applied. 

In this study, the aim was to analyze the change in 
mechanical features of samples quenched from 
forging temperature and followed by aging.  

Experiments were performed on AA 6082 alloys at 
three different temperatures (480-510-540 C) along 
15 minutes heating time period where some of 
which are upset forged then quenchedand aged. 

At the end of every experiment, samples 
mechanical characterization was made by hardness 
inspection and tensile tests. All of the samples were 
investigated under optical microscopy (OM) 
besides scanning electron microscopy (SEM-EDS). 

Required hardness value of min 90 HB, measured 
after quenching and aging process, could only be 
achieved on the samples with the heating 
temperature of 540 °C. 

1. Introduction 

AA 6082 aluminum alloy are commonly used for 
machine, aviation and automotive industry because 
of its high corrosion resistance, good formability 
trough forging and extrusion, good machinability 
and high strength subsequent to heat treatment [1]. 
T6 temper is the most commonly applied treatment 
to increase the strength of alloy AA 6082. During 
this heat treatment, solution treatment and forging 
are applied at different temperatures respectively 
for different alloys. Forging temperature for AA 
6082 is defined as 450-500 °C [2]. Before forging, 
aluminum parts heated in induction heaters and 
then forged at this temperature. 

Several studies are reviewed during the literature 
surveys about forging of AA 6082 [2-7]. Some of 
these studies have examined the effects of different 
aging heat treatment to the microstructure and 
mechanical properties. Some of other studies have 
examined the availability of replacing rolled or 
extruded parts with castings. These studies are 
focused on the usefulness of this material as cast or 
after homogenization heat treatment. 

In this study, it is aimed to quench directly after 
forging of the AA 6082 alloy parts at the high 
temperature and then aged for 8 hours at 180 °C. In 
fact, this method is similar to the T5 tempering 
applied for aluminum alloys. From this point of 
view, it is observed that there is very little 
information in the literature about the production of 
aluminum alloy AA 6082 by T5 treatment. The 
existing studies examined the properties of these 
alloys with small number of variables, so they 
consist very limited information. In this context, a 
study at a predefined heating time of 15 minutes, is 
examined by Zvinys and friends. In addition, most 
important point, proper forging temperatures to 
obtain the right solution temperature is investigated 
[3]. There was not given any information about the 
conditions of forging and heat treatment presented 
in TALAT aluminum heat treatment programs [2].  

In the literature, there are not many details about 
the microstructure and mechanical properties of the 
AA 6082 aluminum alloy with or without 
deformation after short-term heating by induction. 

2.Experimental 

During the studies, AA 6082 alloy bars rolled to 
diameter of 36 mm and length of 85 mm are 
supplied from company ASA . Quality certificates 
stating its hardness as of 47-52 HB also declares 
nominal requested range and measured value of 
chemical composition of this alloy as shown in 
Table 1. Figure 1a shows schematically 
conventional T6 heat treatment applied to 
aluminum alloys. Temperature-time graph used in 
this study is shown in Figure 1b. In this study, the 
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parts are forged after 15 minutes induction heating, 
then quenching in a water bath and aged 8 hours at 
180 ° C. In figure 2, the work flowchart followed 
for the experimental work is given. Figure 2 shows, 
two different groups of samples investigated in this 
study, flow chart with or without 10% deformation 
after the solution treatment of the AA 6082 
aluminum alloy.  

Table1. Chemical composition of alloy AA 6082. 

 

Processing route in this study is compared with 
conventional thermal processing path as shown in 
Figure 1. 

 

(a) 

 
(b) 

Figure 1. Thermal process applied to aluminum 
alloys; (a) conventional T6 and (b) experimental 
heat treatment cycle performed in this study. 

 
Figure 2. Experimental process flow chart; (a) with 
10% deformation (b) without deformation. 

The first group of samples of AA 6082 alloy 
prepared by cutting a cylindrical bar, heated to 480, 
510, 540 °C for 15 minutes by the induction 
heating, then deformed at a ratio of 10% on a 
forging machine prior to quenching into water baht. 
Second group materials are heated to desired 
temperature and directly quenched to water bath 
without any deformation. All of the samples are 
aged at 180 °C along 8 hours. 

All the sample groups are characterized before 
aging and after aging. Brinell hardness tests are 
done by using Emcotest hardness tester and tensile 
tests are done on Zwick tensile testing instrument. 
Microstructure analyses are done by using optical 
microscopy (OM), scanning electron microscopy 
(SEM) and energy dispersive X-ray spectral 
analysis (EDS). 

3. Results and Discussion 

Mechanical test results are given in detail in Table 
2. According to these results, hardness of the 
samples was found among 50-88 HB before aging, 
and 50-106 HB after aging. After aging tensile 
strength and elongation values were respectively 
within the range of 160-345 N/mm2 and 18-25%. 
The reason for such a wide range of variation in 
elongation and strength values may be considered 
as non-homogeneous distribution of precipitation 
phases within the microstructure due to low 
induction heating temperature as solution treatment 
process and short heating time of 15 minutes 
resulting with the insufficient quantity of coherent 
and semi coherent structure of precipitation phase 
formation within alloy microstructure [8]. In this 
case, hardness and tensile strength of AA 6082 
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alloy decreases after aging. According to the 
standards of AA 6082 aluminum alloy (from 
industrial point of view) the hardness value must be 
over 90 HB in order that any part made of this alloy 
can be used as a machine component. Looking at 
the results given in Table 2; samples with solution 
treatment temperature of  540 °C for 15 minutes 
and then subjected to aging at 180 °C for 8 hours 
have the hardness values above this limit. 

Table 2. Mechanical test results. 

 

Quenched and aged samples are tested by brinell 
hardness. Figure 3 shows hardness variation 
depending on the heating temperature and time, 
aging status and deformation condition. Hardness 
values were taken into account as the average of at 
least 5 measurements on a sample. 

Tensile strength tests results also showed similar 
tendency to the hardness values as shown in Figure 
4. It can be concluded that 10% deformation does 
not have any influence on the strength value.  

 
Figure 3. Samples hardness results as deformed or 
not deformed as well as aged or not aged. 

 

Figure4.Sample tensile strength results as 
deformed or not deformed as well as aged or not 
aged. 

Figure 5 shows microstructural changes before and 
after aging of samples subjected to different 
solution heat treatment temperatures for 15 
minutes. Precipitation phases of aged samples are 
observed to be finer and distributed more 
homogeneously within the structure compared to 
non-aged samples. In addition, it is observed that 
precipitation phase of the samples after aging 
distributes from coarser to finer structure with the 
increasing solution treatment temperature.In 
another word, coarse precipitates at low solution 
treatment temperatures are dissolved and spread 
over the matrix with finer precipitation as the 
process temperature increase. 

Figure 5. Optical microstructures of samples 
heated with induction at different temperatures 
for15 min,  deformed and quenched;  before aging 
at (a) 480 °C, (b) 510 °C, (c) 540 °C, and after 
aging at 180 °C8 hours; (d) 480 °C, (e) 510 °C, (f) 
540 °C.  

 
Figure 6. SEM pictures and EDS analysis of parts 
heated at 540°C 15 minutes, quenched and aged at 
180°C 8 hours. 

SEM-EDS results of the samples heated at 540°C 
for 15 minutes and aged along 8 hours at 180°C 
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after the water bath quenching are given in Figure 
6. 

Figure 6 shows the microstructure of very rough 
precipitate which does not have any particular 
geometry. It is also observed the presence of very 
thin and light gray colored spherical precipitates. 
SEM-EDS analysis results of this precipitate phase 
shows that Mg, Al ve Si elements are concentrated 
more on the analysis points with number 1, 2 and 
the same elements with the addition of Mn on point 
3. Areas numbered as 4 and 5 are the matrix 
structure. Considering the elements consisted by 
precipitate phase and earlier studies on alloy AA 
6082, these intermetallic compounds are thought to 
be two or three components such as hard Mg2Si, 
Al10SiMn3 and Al15Si2Mn3 [8].  

4. Conclusion 

The results obtained in this study are: 

1. Variation of microstructure, tensile strength and 
hardness values of deformed and the non-deformed 
samples are lower than expected.   

2. Hardness and tensile strength values of the 
samples increase with increasing holding 
temperature. Sample heated at 540 °C for 15 
minutes and aged at 180 ° C for 8 hours, gave 
satisfactory hardness results above 90 HB 
considered as a limit value for commercial 
applications. 

3. Finest and most homogeneous precipitation 
structure after aging of the samples is observed to 
be the oneshold at highest heating temperature 
among the experiments performed at 480, 510, 540 
°C along 15 minutes. 

4. Al, Si, Mg and Mn elements were observed 
within the chemical composition of the precipitate 
in the matrix phase. 
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Abstract 
 
The electrodeposition of gold and its alloys is a 
noteworthy issue due to its broad application area in 
electronic industry, spacecraft, jewellery and 
decorative applications. In this research, the effect of 
imidazolidin-2-thione (organic brightener) on gold 
alloy electrodepositions from cyanide baths were 
investigated using electrochemical and microscopic 
techniques. Hull cell experiments were used to test 
different gold electrolyte compositions using the 
additive. Further analysis by linear sweep 
voltammetry method showed the polarization effect 
of the additive. The macro and microphotographs of 
coating were presented. 
 
1. Introduction 
 
Gold electrodeposits have a wide applications in 
electronic and jewelry industries. Generally gold 
electrodeposits classified into two groups: soft and 
hard gold. Hard gold depositions are of great 
importance for electrical contact regions and these 
deposits can be plated from citrate buffered gold 
cyanide baths containing cobalt or nickel [1-3]. The 
pH of the electrolyte must be under 5.5 for not to 
eliminate cobalt from the deposit [4]. Acidic pH also 
allows the use of photoresists in electronic industry. 
However, the current efficiency for acidic cyanide 
baths is low because of the hydrogen gas production 
at the same time with gold reduction. Accordingly, 
porous deposits having low corrosion resistance and 
electrical conductivity can be formed. In order to 
minimize the amount of porosity, low current density 
and high mass transfer condition must be used [5]. 
 
In electroplating industry it is well established that 
the addition of small amounts of organic and/or 
inorganic agents to electrolytes enhances the 

 Although many 
studies on the kinetics of the electrodeposition of 
metals, to classify the actions of additives is very 
difficult. Mainly, additives are mentioned as 
levelling and/or brightening agents. Levelling is the 
ability of producing the coated metal in the same 
thickness in micro and macro level. Brightening is 
defined as the ability of an electrolyte to produce fine 
deposits which consist of grains smaller than the  

 
wavelengths of the visible light (0.4 m) [6]. In order 
to develop sufficient electrolyte formulation it is 
important to combine the levelling and brightening 
effects of additives. 
 
The polarization curves inform about the action of 
additive. If the reduction of metal occurs in more 
cathodic potentials it means additive is a polarizer 
and in most cases it is an organic adsorbed on the 
active side of the cathode. This also causes a 
decrease in the nucleation rate. On the other hand, 
some additives depolarize the cathodic potential. It 
is suggested that through the depolarizing action of 
Tl+, it decreases the cathode inhibition caused by 
adsorbed cyanide species and increases the 
deposition rate of gold [7]. 
 
In this study, the effect of an organic brightener, 
imidazolidin-2-thion (ImzT), investigated for two 
different gold electrolytes. Electrochemical 
reduction potentials were examined with and without 
ImzT by linear sweep voltammetry technique. 
Finally, the deposit obtained in low current density 
were examined with SEM. 
 
2. Experimental Procedure  
 
The compositions of standard electrolytes are 
presented in table 1. 3 g/L ImzT is used in 
electrolytes containing additive. All chemicals were 
of analytical grade. Distilled water was used for the 
preparation of solutions. Hull cell studies were 
conducted to determine the operating current density 
range for bright gold deposits.  This test was carried 
out using a 267 ml standard cell at a constant current 
of 0.2A at 60 0C. Electrodeposition time was 5 
minutes. The copper plates of standard Hull cell size 
were used as the cathode. The surfaces of copper 
plates were mechanically polished, degreased by 
ethyl alcohol and then immersed 1 minute in 5% 
H2SO4 for activation. The copper plate was then 
washed in distilled water and dried with compressed 
air. The platinized titanium mesh electrode was used 
as the anode. 
 
Galvanostatic electrodeposition of samples were 
studied in a different electroplating cell for 
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characterization. Electrolyte was mixed by a 
magnetic stirrer with 350 rpm. 
 
The electrochemical analysis was conducted by 
Gamry PCI4/750TM potentiostat. For linear sweep 
voltammetry (LSV) experiments the basic 
electrolyte includes 10 g/L KAu(CN)2, 2 g/L CoSO4, 
60 g/L potassium citrate and 30 g/L citric acid. The 
sweep rate was 5 mV s-1. LSV was carried out in a 
standart three electrode cell in a volume of 50 cm3. 
The working electrode (0.25 cm2) and counter 
electrode were made of platinum. The reference 
electrode was standard calomel electrode (SCE) and 
all potential values were reported vs SCE. 
 
Morphology of the electrodeposits coated in the 
presence and absence of the additive was analyzed 
by field emission scanning electron microscope 
(SEM) (Jeol JSM 7000F).  
 

Table 1. Electrolyte compositions for Hull cell 
studies. 

1-Citrate 
buffered 
electrolyte 
pH=4 

4 g/L KAu(CN)2 
90 g/L potassium citrate 
60 g/L citric acid 
1 g/L CoSO4 

2-Phosphate 
buffered 
electrolyte  
pH=8 

4 g/L KAu(CN)2 
80 g/L potassium pyrophosphate 
3 g/L KAg(CN)2 

 
3. Results and Discussion 
 
3.1 Hull cell test results  
 
In order to show the correct brightness difference 
between coatings, the mirror-effect image of a pen 
across the coatings were used. The setup of photo 
taking is presented in fig. 1. 
 
Fig. 2 shows the Hull cell cathodes electrodeposited 
from citrate buffered Au-Co electrolyte in the 
absence and presence of ImzT. Whereas without 
ImzT burnt and dull deposit is obtained, the addition 
of ImzT to the electrolyte builds up a brighter coating 
in the 0-5 mA/cm2 current density range. 
 
Fig. 3 shows the Hull cell cathodes electrodeposited 
from phosphate buffered Au-Ag electrolyte in the 
absence and presence of ImzT. Comparison of fig 3a 
and 3b shows that the ImzT improved the brightness 
of Au-Ag electrodeposits, too. 
 

 
Figure 1. The setup of photo taking. 

 
3.2 Galvonostatic electrodeposition 
 
It can be seen from the fig. 4, with the addition of the 
ImzT bright gold coatings were obtained at 2 
mA/cm2. However, if a brighter coating is desired 
another additive working combined with ImzT must 
be further investigated. 
 

2a. Citrate buffered Au-Co electrolyte without ImzT 

 
2b. Citrate buffered Au-Co electrolyte with ImzT 

 
Figure 2. Mirror-effect images of Hull cathodes 

coated with electrolyte 1. 
 

3a. Phosphate buffered Au-Ag electrolyte with no 
ImzT 

 
3b. Phosphate buffered Au-Ag electrolyte with ImzT 

 
Figure 3. Mirror-effect images of Hull cathodes 

coated with electrolyte 2. 
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Figure 4. Au-Co coating electrodeposited at 2 

mA/cm2. 
 

3.3 Linear sweep voltammetry 
 
Linear sweep voltammetry technique were 
employed to study reduction potential region of Au-
Co electrolyte and the effect of ImzT to the 
reduction. As seen in fig. 5 first Au-Co codeposition 
peak is about -0.8 V. At high cathodic potentials after 
-1 V gold deposition occurs as Tafel type current 
density growth due to the hydrogen evolution 
reaction occurring simultaneously along with the 
gold deposition. With the addition of ImzT to the 
electrolyte first Au-Co codeposition peak is shifted 
toward the negative potentials (-0.91 V). This 
polarization effect of ImzT can be attributed to the 
adsorption of ImzT to the active sides of electrode. 
Therefore, ImzT slightly inhibited the nucleation. 
 

 
 

Figure 5. Linear sweep voltamogram of Au-Co 
electrolyte with or without ImzT. 

 
3.4 SEM results 
 
Fig. 6a and b shows SEM images for Au-Co 
electrodeposits coated with electrolytes without 
ImzT and with ImzT, respectively. Au-Co 
electrodeposits have fine grains due to the entrance 
of cobalt to the gold deposit. Additionally, ImzT 
contributes to the grain refinement effect. There is no 
porosity formation at low c.d., 2mA/cm2. The cross 
section SEM image of the electrodeposit 
demonstrates that the thickness of coating was 403 
nm for 5 min deposition. 
 

 
Figure 6. SEM images of Au-Co electrodeposits: 
(a) Au-Co in solution without ImzT, (b) Au-Co in 

solution with ImzT, (c) cross-section of b. 
 
4.  Conclusion 
 
The electroplating experiments show that the 
additive, ImzT, is a proper brightener for gold 
electrodeposition. It acts as a polarizer that makes the 
reduction potential of Au-Co more negative. It is due 
to adsorption of Imzt to active sides of cathode. SEM 
images show the grain refinement effect of ImzT. 
However, for a fully bright coating, another additive 
working combined with ImzT must be further 
investigated. 
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Abstract 

A variety of copper foams with highly open porous 
walls have been successfully sculptured using the gas 
evolved in an electrochemical deposition process. The 
pore sizes and wall structures of the foams are tunable 
by adjusting the deposition conditions. Copper was 
electrodeposited and grew within the interstitial spaces 
between the hydrogen bubbles to form a macroporous 
film of copper nanoparticles on the substrate, showing 
a typical integration of micro-nanostructure. The pore 
diameters and wall thickness of the porous copper 
films were successfully tailored by adjusting the 
concentration of the electrodeposition electrolyte, the 
applied current density (CD) and deposition time. 

1. Introduction 

Three-dimensional (3D) nano-structured architectures 
have been explored for a new generation of advanced 
devices such as sensors [1,2], supercapacitors [3], 
batteries [4], and fuel cells [5] because of their great 
potential for rapid electrochemical reactions arising 
from the extremely large specific surface areas for 
charge and mass (gas) transport. The most popular 
approach for the preparation of the porous materials 
with controlled characteristics is the template-directed 
synthesis method, in which a disposable hard template 
is used to deposit other new materials in its interstitial 
spaces. The template can then be removed by 
combustion or etching. Finally, the new materials with 
the replica structure of the template are obtained. To 
date, several kinds of templates have been proposed for 
the formation of films, membranes, or powders of 
porous metals with tunable pore sizes and structures, 
such as porous polycarbonate membranes, anodic 
alumina membranes, colloidal crystals, and echinoid 
skeletal structures [6]. Gas bubble dynamic template, 
was proposed, by which self-supported 3D porous 
metals (Ni, Cu, Sn) and alloys (Cu6Sn5) with highly 
porous dendritic walls and numerous nanoparticles 
have been successfully prepared from electrochemical 
deposition processes. 

As shown in Figure 1, hydrogen bubbles arising from 
the electrochemical reduction of H+ functioned as the 
dynamic template for metal electrodeposition. The 
hydrogen bubbles, originating from the cathodic 
reaction on copper substrate to the electrolyte air 
interface during the deposition process. Where there is 
a bubble, there will be no deposition of metals simply 
because there are no metal ions available. Thus, 
numerous hydrogen bubbles evolved different location 
on the substrate generate the pores deposition.  

 
Figure 1. Schematic illustration of the experimental 

procedure that generates porous copper film with 
open interconnected macroporous walls [6] 

2. Experimental 

High-purity copper (99.8%) plate with 4 cm surface 
area was used as substrate for electrodeposition of the 
metals. Before the electrodeposition experiments, 
copper substrates were carefully prepared by 
mechanical wet-polishing using 1200 grinding paper. 
After that, they were ultrasonically cleaned in 
consequent baths of acetone, ethanol, and pure water. 
Before the electrodeposition copper plates were 
immersed into 20% HCl solution for about 1 min and 
finally rinsed with pure water again. 

The large areas platinize titanium mesh was used as the 
counter electrodes. The distance between the anode 
and cathode was kept at 1 cm. Deposition was 
performed in a stationary electrolyte solution. All the 
measurements were carried out at room temperature 
(23±1 °C). The bath was a solution of 0.4 M CuSO4 
and 0.5 M H2SO4. To investigate the effect of the 
current density on the morphology and microstructures 
of the deposits, different CD were employed 

Scanning electron microscopy (SEM) measurements 
were performed on a JEOL JSM-5600 scanning 
electron microscope. 

3. Results and Discussion 

Figure 2, 3 and 4 displays some typical SEM images 
of the porous copper films electrochemically deposited 
at a 1, 2 and 3 A cm-2 cathodic current density 
respectively in a 0.4 M CuSO4 and 0.5 M H2SO4 
solution for 20 s.  

Obtained the SEM images it can be say that, current 
density of 1 A cm-2 is not enough values for porous 
copper films (Fig 2a). Magnified SEM images show 
that the surface consisted of branched dendrites formed 
where globular elements constitute the branches (Fig. 
2b). It is important to note that the size of the individual 
copper grains was considerably small. 

Through the hydrogen bubble evolved deposition 
process, the copper films were obtained. SEM was 
performed to observe the detailed microstructure. Fig. 
3 includes the typical SEM images with different 
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magnifications of 3D porous copper film 
electrochemically deposited for 20 s a plating solution 
of 0.4 M CuSO4 and 0.5 M H2SO4 at 2 A/cm2 cathodic 
current density. 

 
Figure 2. SEM micrographs of copper 

electrodeposited for 20 s in the electrolyte of 0.4 M 
CuSO4+0.5 M H2SO4 at an applied cell current 

density of 1 A/cm2 

It is clear that the copper films are of 3D 
interconnected porous structures. Fig. 3a displays a 
honeycomb-like structure with the pore diameter 
varying from 30 to 50 m. Magnified SEM images 
(Figs 3b and c) show that the porous structure 
consisted of numerous dendrites in all directions, 
which construct the pore walls, forming a 
mechanically self-supported film. 

 
Figure 3. SEM micrographs of copper 

electrodeposited for 20 s in the electrolyte of 0.4 M 
CuSO4+0.5 M H2SO4 at an applied cell current 

density of 2 A/cm2 

Similar microstructure of porous films are shown in 
the Fig 4 and 5 for current density of 3 A/cm2 and 4 
A/cm2 respectively. 

 
Figure 4. SEM micrographs of copper 

electrodeposited for 20 s in the electrolyte of 0.4 M 
CuSO4+0.5 M H2SO4 at an applied cell current 

density of 3 A/cm2 

 
Figure 5. SEM micrographs of copper 

electrodeposited for 20 s in the electrolyte of 0.4 M 
CuSO4+0.5 M H2SO4 at an applied cell current 

density of 4 A/cm2 

It can be say that, the cathodic current of 
electrodeposition considerably influence the pore size 
and the wall thickness of the resulted porous copper 
films (Fig 3b, 4b and 5b). 

It is similar to the microstructure revealed in increasing 
current density (Fig. 3, 4 and 5). The porous copper 
films consist of three levels, namely the honeycomb-
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like major structure, dendritic substructure and nano 
particles, which construct the 3D porous micro-nano 
hierarchical structure together. 

4. Conclusions 

In this paper, 3D macroporous copper films were 
successfully prepared by using the hydrogen bubble 
dynamic template in the electrochemical deposition. 
By this approach, hydrogen bubbles arising from the 
reduction of H+ functioned as the dynamic template for 
copper electrodeposition. Copper was electrodeposited 
and grew within the interstitial spaces between the 
hydrogen bubbles, forming macroporous films on 
copper substrate. 
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Abstract 

In this study, pure nickel and nickel composite 
coatings (Ni/Al2O3, Ni/Al) were deposited from Watts 
bath using direct current (DC) electrodeposition 
conditions. The surface microstructure, 
crystallographic micro-texture, corrosion behavior and 
microhardness of pure nickel and nickel composite 
coatings are presented. Characterization experiments 
showed that the particle incorporation promoted 
changes in the texture of the nickel matrix. The 
composite coatings deposited also exhibited 
significant improvement in microhardness and 
corrosion resistance due to enhanced reinforcement of 
inert particles in the coatings. 

1. Introduction 

Ceramic reinforced metal matrix composites (MMCs) 
exhibit enhanced wear resistance, thermal stability and 
corrosion resistance compared with pure metallic 
materials, and are widely studied as protective coatings 
for applications in engine cylinders, high-pressure 
valves, drill fittings, car accessories, marine, aerospace 
and nuclear fields, etc. [1 3]. Electrodeposition is an 
important way to prepare MMCs coatings with the 
merits of low cost, capability of achieving well 
controlled coatings at room temperature and coating 
complex components [4,5]. 

For nickel matrix electrodeposits in particular, a great 
variety of particles have been used such as hard oxides 
(like SiO2, Al2O3, TiO2), carbides like WC[6] and SiC 
[7], metal (like Al, Cr) [8-9], liquid containing 
polymeric microcapsules [10], carbon nanotubes [11], 
etc. 

2. Experimental 

In this investigation, pure nickel and nickel composite 
coatings were prepared by electrodeposition from Watt 
baths with platinized mesh Ti plate as an anode and 
high purity copper substrate (4 cm2) as a cathode. The 
Watts bath consisted of NiSO4.6H2O (250 g/L), 
NiCl2.6H2O (40 g/L), and H3BO3 (40 g/L). For 
depositing composite coatings (Ni/Al2O3, Ni/Al), the 
electrolyte bath was suspended with 20 g/L of 
constituent particles supplied by Sulzer Metco-Al2O3 
(2 m), and by Alfa Easer-Al (-325 Mesh). All the 
coatings were fabricated using DC electrodeposition 
methods with deposition time of 60 mins. 

The electrochemical properties of composite coatings 
have been investigated by electrochemical techniques. 
Electrochemical analyses were conducted using 

computer controlled Gamry Reference 600. 
Electrochemical analyses were carried out in an open 
to air conventional three electrode cell, containing 250 
mL of electrolyte. Measurements were performed in 
0.5 M NaCl solution at the room temperature. 

Coated specimens were used as working electrode and 
platinum electrode and saturated Ag/AgCl electrode 
were used as counter electrode and the reference 
electrode. The specimens embedded into epoxy resin 
with an exposure area of 1 cm2 were immersed in the 
solution for 1 h before each test to establish the open-
circuit potential (OCP). OCP was measured after 
immersion and when OCP reached to stable condition, 
the electrochemical measurements were completed.  

Tafel curves were recorded by sweeping the electrode 
(1.0 mV/s) potential from EOCP to 200 mV in both 
cathodic and anodic directions. PHE 200 Physical 
Electrochemistry software was used for evaluating the 
experimental 

The Vickers microhardness measurements were 
carried out with loads of 50 g and indentation time of 
30 s by using Fischer H100 XYPROG. The 
corresponding final values were determined as the 
average of 10 measurements. 

The microstructure of the deposits was investigated by 
means of X-ray diffraction (A Rigaku MiniFlex) using 
Cu-  surface morphology of coatings 
was characterized with scanning electron microscopy 
(SEM, Jeol JSM 5600), 

3. Results and Discussion 

The X-ray diffraction (XRD) patterns for pure nickel 
and nickel composite (Ni/Al2O3, Ni/Al) coatings 
deposited by DC plating conditions are presented in 
Fig. 1. The pure Ni coating exhibited strong (200) 
preferred orientation which was also observed in 
references [11-13]. However Ni/Al2O3 deposits (Fig. 
1b) exhibit a reinforcement of 111 and 220 lines 
accompanied with an attenuation of the 200 line. As 
the Al2O3 particle loading in Ni matrix, the 200 
preferred orientation was suppressed and random 
orientation occurred. Comparing Ni (Fig 1a) and Ni/Al 
(Fig. 1c) coatings prepared under DC conditions, it is 
proved that the presence of Al particles in the bath 
promoted the relative enhancement of the 111 line. 

The relative texture coefficient (RTC(hkl)) was used to 
determine the preferred crystalline orientations of the 
deposits and to evaluate their qualities. RTC(hkl) for 
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pre-dominant (hkl) peaks in XRD patterns were 
calculated according to the following formula: 

  (1) 

The absolute value of the RTC111 and RTC200 was 
significantly affected by the working conditions. For 
the determination of the deposits preferred crystalline 
orientation and the evaluation of the orientation, the 
term Relative Texture Coefficient was calculated 
according to (Eq 1), which is given in Table 1. 

 
Figure 1. XRD diagram of the Ni (a), Ni/Al2O3 (b) 
and Ni/Al (c) prepared under DC (5 A/dm2) conditions 

Table 1. Relative Texture coefficients (RTCs) of 
various (hkl) planes for pure nickel, and nickel 

composite coatings 
Coatings RTChkl, % 

(111) (200) (220) 
pure Ni 3 97 - 

Ni/Al2O3 56 40 4 
Ni/Al 37 61 2 

The electro-codeposition mechanism of the particles 
has been studied in the past several decades and several 

model [14  [15] and the trajectory 
model [16]. The codeposition behavior was closely 
related with the surface characteristic of the co-
deposited particles. Previous researches [17,18] 
pointed out that a thin oxide layer was formed around 
the Al particles, which changed the surface 
characteristic of the Al particles. The co-deposition 
behavior of the Al particles was similar to the Al2O3 

model containing successive adsorption steps. In the 
first step, the Al or Al2O3 particles with adsorbed ions 
were physically and loosely adsorbed on the cathode 
surface. In the second step, the metal ions adsorbed on 
the inert particles were reduced, making the particles 
strongly absorb on the growing surface and to be 
embedded in the coating. 

SEM micrographs showing surface morphologies of 
pure nickel (Ni) and nickel composites are presented 
in Fig. 2. Figure 2a presents nickel crystals oriented 
through [100] axis composing long fibers with twins 
that end up to the shape of tetragonal pyramids. On the 
other hand, the Ni/Al2O3 composite coating shows 
smoother, more uniform and compact surface (Fig. 
2b). As seen in Fig. 2c the coating deposited at 20 g/L 
Al showed regular pyramidal crystal structure typical 
for the pure Ni electrodeposited coating and some 
colonized structure. 

 

 

 
Figure 2. SEM images of Ni films (a), Ni/Al2O3 (b) 

and Ni/Al coatings (c) 

Hardness values of the pure Ni and composite deposits 
are shown in Fig. 3. It can be seen that Ni/Al2O3 and 
Ni/Al deposits have higher hardness values than pure 
nickel deposits produced under similar conditions. It is 
known that the hardness and other mechanical 
properties of metal matrix composites depend not only 
on the mechanical characteristics of the matrix, 
particles and interfaces, but also on the amount and 
size of the dispersed phase. There is an increasing trend 
in the microhardness of composite coatings with a 
rising content of embedded particles in the coatings. 
The improved hardness of the composite coatings was 
actually linked to two different effects: firstly to the 
reduction of the grain size, and secondly to the 
structural modification of Ni crystallites expressed 
through the alteration of the preferred orientation. 
Hall Petch relation can express the relation between 
the crystallite size and microhardness. This is based on 
the concept that grain boundaries act as barriers to the 
motion of dislocations by forming dislocation pile-ups 
at grain boundaries, resulting in hard deposits. 
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Figure 3. Microhardness of pure nickel and nickel 

composite coatings 

The potentiodynamic polarization curves of pure Ni 
and composite coatings in 0.5 M NaCl solution in Fig. 
4. The corrosion current density (icor) and the corrosion 
potential (Ecor) were calculated by using Tafel 
extrapolation from the polarization curves (Fig. 4). The 
calculated results were listed in Table 2. Additionally, 
the polarization resistance (Rp) and corrosion rate (rcor) 
were calculated from these data by using [13,14]. 

 
Figure 4. Tafel polarization curves for pure nickel 

and nickel composite coatings in 0.5 M NaCl solution  

It can be clearly seen that the corrosion resistances of 
all these composite coatings are higher than that of 
pure nickel coating (Fig. 1 and Table 2). 

Table 2. Corrosion characteristic obtained from 
potentiodynamic polarization measurement in Fig. 4 
 -Ecor 

(mV) 
icor 

( A/cm2
) 

Rp 

(  
rcor 

(mmpy) 
pure Ni 255 1.02 16 0.01 
Ni/Al2O3 219 0.51 76 0.006 
Ni/Al 233 0.42 83 0.005 

It is obvious that the corrosion potential shifted to more 
positive potentials and the corrosion current density of 
the coatings decreased with particle content in coating. 
On the other hand, codeposition of inert particle like 
Al2O3 or Al in Ni matrix lowered the annual corrosion 
rate and increased the polarization resistance (Rp) of 
the coatings (Table 2). 

 

 

4. Conclusions 

In this work, pure Ni and Ni reinforced by Al2O3 and 
by Al particle was successfully codeposited by DC 
methods.  

The presence of inert particles influences the 
evaluation of the Ni texture. With regard to the XRD 
patterns, Ni exhibits [100], while [100]+[111] mixed 
orientation is dominant in Ni/Al2O3. On the other hand 
with the presence of Al particles in Ni matrix exhibit a 
reinforcement of 111 according to pure Ni. The 
changes in the texture and crystal size of nickel and 
composite coatings may be attributed to the existence 
or formation of different interfacial inhibitors such as 
H2, Hads, or Ni(OH)2, in the electrode/electrolyte 
interface during the electrodeposition process which 
occurred as results of the varying electrolysis 
conditions. 

The hardness value of the pure Ni film was 3 GPa. The 
Ni/Al2O3 an Ni/Al nanocomposite coated samples 
produced under the same conditions showed hardness 
values as high as 6 and 5 GPa respectively due to the 
dispersion effect.  

As the content of Al2O3 or Al in the Ni matrix, the 
corrosion potentials shifted to more noble behavior. It 
is important to note that icor value was ca 2.5 times 
lower, and Rp value was ca 5 times higher in Ni/Al than 
pure Ni coating. 
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Abstract 

The aim of this study was to extract and recover scandium 
from a lateritic Ni-Co ore by means of hydrometallurgical 
techniques. Nickel laterites are very important type of 
nickel ore deposits and they also contain considerable 
amount of scandium in addition to nickel and cobalt. 
Scandium is the most important and strategic metal that 
can be obtained as a by-product from lateritic ores. In this 
research, as a result of two-step pH controlled purification 
processes, a scandium enriched concentrate was obtained 
during mixed nickel-cobalt hydroxide precipitate (MHP) 
production process. After these precipitation processes, 
the obtained precipitate was leached by sulfuric acid and 
the experiments showed that considerable amount of 
scandium could be taken into the leach solution.  

1. Introduction 

Scandium, which is classified as a rare earth element, is 

crust. It is mainly substitutes for major elements in the 
minerals such as; iron, aluminum. Thus, due to low 
concentration and complex structure of the mineral, 
scandium can generally be recovered as a by-product from 
effluents, wastes, slags and so on. The main valuable 
scandium resources are effluents or slags which form 
during processing of uranium, iron, tungsten, nickel, tin, 
titanium, zirconium, tantalum, aluminum and other rare 
earth elements.[1] The annual production of scandium is 
around 5-12 tons and the price of 99.9% Sc2O3 ranges 
between 2000-3000$ per kg[2] The production rate cannot 
reach to high levels due to the main supply of scandium as 
a by-product of other metals.  

In spite of the low availability, various uses of scandium 
have been identified up to the present. However, scandium 
cannot be produced with high production rate and as a 
result of this in the literature; the application of scandium 
is classified in mainly three different areas. The first and 
widespread consumption area of scandium is in aluminum 

alloys.  It is stated that the addition of small amount of 
scandium (0.1-0.8%) into aluminum improves corrosion, 
mechanical and welding properties [3]. Al-Sc alloys are 
generally used in fighter jets, aerospace industry and high 
technical sporting equipment. Since scandium has low 
availability at the present, Al-Sc alloys are generally used 
in the area where the performance is much more important 
than the cost. If the price of scandium can be reduced by 
developing new and easier methods of production of 
scandium, the industrial uses of Al-Sc alloy will increase 
due to high potential for the use of this alloy in many areas 
such as, sporting goods, aerospace and automotive 
industries. The other consumption area of scandium is in 
solid oxide fuel cells as solid electrolytes. The addition of 
scandium oxide into stabilized zirconium oxide in the fuel 
cells improves the long term stability of the electrolyte, 
enhances the conductivity, allows low operating 
temperatures and extends operating life. Finally, since 
scandium can provide replication of sunlight effectively, 
its compounds can be used in lighting applications such as 
high intensity vapor lamps which are used in stadium 
lights and in studios for the film and television industry.  

Scandium can be also recovered as a by-product from the 
hydrometallurgical extraction process of lateritic nickel 
cobalt ores. The high pressure sulphuric acid leaching 
(HPAL) behavior of typical lateritic ore was studied 
previously [4]. The studied lateritic ore contained 106 g/t 
scandium and 80.6% scandium in the ore could be 
extracted into leach solution together with nickel, cobalt 
and other impurities. The analysis of the obtained leach 
solution (PLS) is given in Table 1.   

During MSP (Mixed Sulphide Precipitate) method or 
MHP (Mixed Hydroxide Precipitate) method, this type of 
solutions (pregnant leach solutions) can be processed for 
the recovery of nickel and cobalt as intermediate product. 
In MSP method, hydrogen sulphide gas is directly used in 
treatment of solution in order to precipitate mixed sulphide 
product of nickel and cobalt.  On the other hand, in MHP 
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method, the control pH and temperature of the solution are 
important to remove the impurities from the solution 
before the precipitation of nickel and cobalt by MgO. 

Table1. Conc. of PLS and the prepared synthetic solution  

Element PLS Comp. (mg/L) Synt. Soln. (mg/L) 

Nickel 5502 5827 
Cobalt 321 371 
Scandium 34 30 
Iron 1688 1814 
Aluminum 3985 4317 
Chromium 342 150 
Manganese  2110 2056 
Magnesium 1285 1369 
Copper 28 29 
Zinc 73 74 

 

According to Figure 1, which is based on the solubility 
product data of ions at 25 C, the precipitated cations with 
increasing pH can predicted. As a result of hydrolysis 
reactions in the solution, precipitation occurs in the 
following order: Fe(III) > Al(III) > Sc(III) > Cr(III) > Cu(II) > 
Fe(II) > Zn(II) > Ni(II) > Co(II) > Mn(II) > Mg(II) > Ca(II).  The 
conventional MHP process generally consists of two 
impurity removal steps. The aim of the first step is to 
eliminate some of the Al (III), Cr (III) and most of the Fe 
(III). This step is carried out between 80-95 C. In the 
second impurity removal step, the remaining Fe(III), 
Al(III) and Cr(III) are removed by increasing pH to 4.5 -
5.0 at around 60 C. After these two steps, nickel and 
cobalt are precipitated from the purified solution at a 
higher pH in order to obtain mixed hydroxide product.  

 

Figure 1. The solubility product data of ions at 25  
according to molar concentration of ions [5] 

According to Figure 1. scandium is predicted to be 
precipitated in the second impurity removal step. Thus, the 
aim of the study is the recovery of Sc from an MHP Circuit 
without affecting conventional production route given in 

Figure 2. For this aim, a synthetic leach solution was 
prepared according to the data given in Table 1.   

 

Figure 2. Conventional MHP Circuit 

2. Experimental Procedure 

Synthetic solution as given in Table 1 was prepared by 
reagent grade salts of existing ions in order to investigate 
the behavior of metal ion with changing pH. Precipitation 
experiments were performed in two steps by using a hot 
plate with magnetic stirrer and a four-necked glass 
balloon, for condenser, temperature, pH measurement and 
reagent addition.  

In the first step of the precipitation, in order to stabilize the 
pH and temperature at desired value, small amounts of 
CaCO3 slurry (25g/100cc water) was added by 
micropipette to avoid excessive pH increase at a local 
point. At the end, the slurry was filtrated by a Buchner 
funnel and a vacuum pump. After filtration, the solid 
remaining in the Buchner funnel was washed with de-
ionized water at suitable pH to avoid precipitation. Then, 
in order to make mass balance, the solid and liquid 
samples were analyzed with ICP-OES. According to 
experiment results of the 1st impurity removal step, the 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

738 IMMC 2016   |   18th International Metallurgy & Materials Congress

  

suitable pH was determined and the stock solution was 
prepared at this pH in order to use it for the second 
impurity removal stage. In the second step of the 
precipitation, small amounts of CaCO3 slurry 
(12.5g/100cc water) was added into previously prepared 
stock solution using the same procedure.  

The aim of the study was to obtain maximum scandium 
precipitation and recovery with minimum nickel and 
cobalt co-precipitation. In accordance with the aim of the 
study, the optimum pH was determined for each 
precipitation step and then the scandium enriched 
precipitate was tried to be re-leached under the determined 
optimum conditions.  

3. Results and Discussion 

1st Impurity Removal  

The aim of the 1st impurity removal part of the study was 
to obtain maximum amount of iron and limited amounts of 
aluminum and chromium precipitations with minimum 
nickel, cobalt and scandium losses.  

 

Figure 3. Precipitation behavior of metal ions with 
changing pH at 90oC for 120 minutes 

According to Figure 3, in which precipitation behavior of 
the metal ions is given with respect to pH, the significant 
Ni and Co precipitation occurred after pH 4.00 and the 
removal of impurities increased with increasing pH. 
However, the aim of the study was to provide also 
minimum scandium loss and scandium precipitation 
started to increase after pH 2.75. For example, at pH 2.75 
about 8% scandium precipitated, but it increased to about 
26% at pH 3.00. As a result, it can be said that pH should 
be controlled very carefully for avoiding scandium loss. 
Thus, pH of the 1st impurity removal stage was chosen to 
be as 2.75. In order to use for the other parts of the study, 

a stock solution was prepared as a result of series of 
experiments which were performed at pH 2.75 and the 
analysis of this solution is given in Table 2.  

Table 2. Chemical composition of stock solution obtained 
after 1st impurity removal step 

 

2nd Impurity Removal  

The main aim of the second precipitation stage in 
conventional MHP process is to remove impurities still 
remaining after the first impurity removal step with the 
minimum nickel and cobalt precipitations. However, since 
the aim of the study was to provide maximum scandium 
precipitation with minimum nickel and cobalt losses, the 
pH of this step should be chosen with respect to 
precipitation behavior of scandium.  

 

Figure 4. Precipitation behavior of the metal ions with 
increasing pH at constant temperature (60 C) for 180 
minutes 

According to Figure 4, scandium can be precipitated and 
separated from MHP circuit up to pH 4.25. On the other 
hand, the nickel and cobalt precipitations start to increase 
at pH values higher than 4.75. Because of this reason, the 
selection of pH as 4.75 will be the best choice for the 
precipitation and separation of scandium from MHP 
circuit. After this determination, a series of experiments 
were performed at 60 C, pH 4.75 for 180 minutes.  
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Table 3. Composition of precipitate and the solution 
obtained after 2nd impurity removal step 

 

According to Table 3, at which the composition of the 
obtained precipitate and the solution remaining after 
precipitation are given, the initial concentration of 
scandium in the ore could be increased to 703 g/ton in the 
precipitate and the removal of impurities such as; iron, 
aluminum and chromium was achieved.  

Scandium Re-leaching  

For the extraction of scandium, Sc enriched precipitate, 
which was obtained in the previous part of the study, 
should be re-leached in sulphuric acid. The aim of this part 
of the study was to achieve maximum scandium extraction 
with minimum impurity dissolution. In order to investigate 
these conditions for re-leaching, in which the maximum 
amount of scandium with limited impurities can be re-
leached, a series of agitation leach experiments were 
conducted with 0.2 solid to acid- water mixture ratio at 
60 C for 60 minutes. The metal concentrations of re-leach 
solution and the leaching parameters are given in Table 4.   

Table 4.The analysis of re-leach solution and re-leaching 
parameters 

 

According to Table 4, it can be said that the concentration 
of all of the elements in the re-leach solution increased 
with increasing acid concentration. High amount of 
scandium could be extracted with minor impurity 
dissolution with the addition of 100 g/L H2SO4 acid. Thus, 
although scandium extraction might increase with further 
increase in acid addition, 100 g/L acid seems to be suitable 

in order not to increase acid consumption and amount of 
impurity elements in the solution.   

4. Conclusion 

Thus, according to the experimental findings, if 1st 
impurity removal step is conducted at 90 C, pH 2.75 for 
120 minutes and 2nd impurity removal is done at 60 C, pH 
4.75 for 180 minutes, scandium can be precipitated and 
separated efficiently from MHP circuit with minimum 
nickel-cobalt losses after two-step pH controlled 
precipitation process. After the precipitation and 
concentration, scandium can be re-leached efficiently, if 
the re-leach process is conducted at 60 C for 60 minutes 
with 100 g/L of H2SO4 acid with 0.2 solid to acid-water 
mixture ratio. In the future, scandium is being planned be 
recovered from the purified re-leach solution by ion 
exchange and/or solvent extraction methods.  
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Abstract 

Nickel-Cobalt alloys are among the most prominent 
materials due to their magnetic properties, wear 
resistance, thermal conductivity and electrocatalytic 
activities. Although nickel and/or nickel-cobalt alloys 
have been plated from 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 
and high deposition rate. The properties of nickel-
cobalt alloy platings are directly related to the pH and 
the cobalt amount of the solution. In the literature, the 
optimum pH range was determined as 3.0-5.0, but the 
effects of the changes within this range on the 
properties of the coatings have not been investigated 
deeply. Three different solutions were prepared to 
perform coatings from solutions containing different 
pH and amounts of cobalt in this study. The coatings 
were characterized in terms of grain size and shape, 
composition, and hardness properties. 

1. Introduction 

Nickel-cobalt alloys are important coating materials 
due to their magnetic properties [1-2], excellent wear 
resistance [3-4] and electrocatalytic properties [5]. 
Their deposition from sulfamate electrolytes has many 
advantages including low internal stress even 
deposition at high current densities, high current 
efficiencies and higher hardness as compared to the  
conventional Watts electrolyte [6].  

The properties of the coating strongly depends on both 
the plating characteristics and bath conditions. The 
former subject was studied by many authors 
[referanslar]. For instance, Chung et.al [7] studied the 
effects of current density and temperature on the  
anomalous behavior of nickel-cobalt plating and 
concluded that both of them decreased the impact of 
anamolous codeposition. The increase in the current  

 

density and temperature lead to the reduction in the 
amount of cobalt in the coating. Wang et al. [4] studied 
the tribological properties of Ni-Co alloy platings. 
They revealed that as the Co content of the coating 
increased, the wear resistance of the plating also 
increased due to the improved hardness values. Also, 
the friction coefficient of the coating layer exhibited a 
sudden drop around 70% Co, which was attributed to 
the fcc to hcp transition within the matrix phase.  

Although many studies focussed on the deposition 
parameters existed in the literature, the effects of bath 
constituents and pH have not been thoroughly 
investigated yet. The chemicals like cobalt sulfamate 
and cobalt chloride in Ni-Co alloy deposition have 
been studied deeply in the literature, however, the use 
of cobalt sulfate has not been examined in detail. The 
effects of solution pH and cobalt ion concentration in 
the electrolyte on the properties of Ni-Co deposits were 
investigated in this study.  

2. Experimental Studies 

Ni-Co alloys were electrodeposited in typical sulfamate 
baths containing nickel sulfamate (350g/l), nickel 
chloride (15g/l) and boric acid (30g/l) under 
galvanostatic conditions by DC current  at 50 C. 
Additives were not used throughout the experiments to 
follow the effects of each parameter independently. 
The pH of the baths was adjusted by the addition of 
sulfamic acid. Nickel source was high purity nickel 
anodes, whereas the cobalt source was only the Co+2 
ions from the cobalt sulfate added to the electrolyte. 
Stirring was kept constant at 600 rpm in all 
depositions. The cathode materials were polished to a 
roughness of . Cu plates, whose plating area 
were about 5 cm2,  were cleaned by hot water and soap 
to remove the dirt from the surface dipped into 1M 
NaOH solution at 40 C to remove oil and activated by 
20 % HNO3-balance water solution.  Table 1 showed 
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the design of experiments followed in this study. Bath 
1 and 2  were used to study the effects of Co amount in 
the electrolyte, whereas Bath 1 and 3 were used to see 
the effect of pH of the solution. Four different 
galvanostatic depositions were applied in each bath at 
the given current densities. 

 

Table 1. The properties of the electrolytes 

 Bath 1 Bath 2 Bath 3 

pH 3.5 3.5 4 

[Co+2]/[Ni+2] 0.05 0.10 0.05 

i(A/dm2) 1,2,4,8 1,2,4,8 1,2,4,8 

3. Results and Discussions 
 

3.1. The Effects of Co Content 

To see the effects of Co amount in the bath, bath 1 and 
2 were prepared with the same composition except 
their Co content. Figure 2 showed the microstructures 
of the coatings. Figure 2 (a) and (b) were deposited at 
current densities of 1 and 8 A/dm2, respectively, from  
bath 1.  Figure (c) and (d) were also deposited at the 
same current densities, but they were from bath 2. At 
low current densities like 1A/dm2, the addition of 
cobalt yielded larger grain sized coatings. However, at 
higher current densities, the addition of Co did not 
change the grain size of the coatings.  

Figure 2 shows the variation of cobalt amount in 
different baths. It was predictable that Bath 2, which 
contained more Co ions, yielded Co-enriched deposits. 
Secondly, it was observed that as the current density 
increased, the deposited Co got reduced, despite 2 and 
4 A/dm2 yielded similar Co contents in bath 2,. This 
behavior was also verified by many studies [2,3,6]. 

Figure 1. Microstructures of Ni-Co alloys deposited at 
(a) 1 A/dm2 and (b) 8 A/dm2 from bath 1 and (c) 1 

A/dm2 and (d) 8 A/dm2 from bath 2. 

Figure 2. The dependence of Co (at.%) in the coating 
on current density and bath composition. 

The amount of Co in the deposit played a key role for 
the mechanical properties of the deposits. Figure 3 
shows the dependence of hardness on the current 
density. When they were compared with  Figure 2, it 
can be inferred that in bath 1, hardness and Co amount 
had a positive correlation, whereas in bath 2, they 
changed just in an opposite manner. The reason for this 
behavior can be seen in Figure 4 where the relationship 
between the Co content in the deposit and the hardness 
is shown. According to the figure, the hardness reached 
a maximum near 40 % Co, then started to decreased as 
the Co content increased. This could be explained by 
the physical metallurgical phenomenon called solid-
solution strengthening. In this model, as the density of 
solute atoms increased, hardness and strength also 
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increased until a certain level. After that level, the 
solute atoms acts as matrix material and the efficiency 
of strengthening diminishes and the properties start to 
decrease.  

 

Figure 3. Effects of (a) applied current density and (b) 
Co content of the deposit on hardness. 

Figure 4. The change of deposit hardness with cobalt 
concentration of the deposit 

3.2. The Effects of pH 

Close control of solution pH is very crucial for the 
quality of the  deposits. Very low pH values can cause 
excessive hydrogen evolution reaction, which leads to 
the pitting problem. On the other hand, if the pH of the 
solution is too high, formation of nickel hydroxide 
layer can take place, which deterioarate both the optical 
quality and mechanical properties of the deposit [7]. 

Figure 5 shows the effect of electrolyte pH on the 
microstructure of the deposits. The samples deposited 
at the same current density are compared in this figure. 
It was observed that there was a reduction and better 

homogenity in the grain size of the coatings from bath 
3 as compared to the microstructures from bath 1.   

Figure 5. Microstructures of coatings deposited at (a) 1 
A/dm2 and (b) 8 A/dm2 from bath 1 and (c) 1 A/dm2 

and (d) 8 A/dm2 from bath 3. 

The pH of solution also changed the amount of Co  in 
the coatings. Figure 2 showed that the amount of Co in 
the deposit increased when pH of the solution 
increased from 3.5 to 4.0. This behavior was probably 
due to the decrease in the rate of hydrogen evolution 
reaction when the pH was increased to  4.0. The 
reduction of hydrogen and cobalt ions occur 
simultaneously just at the surface of the cathode; 
therefore, the less hydrogen evolution reaction means 
more reduction of cobalt from the solution to the 
cathode. Figure 6 revealed that both bath 1 and 3 
gained less Co as the current density increased.  

Figure 3 showed the results of hardness measurements 
changing with current density. Bath 3 did not show a 
proper relationship between the hardness and current 
density as the previous case. However, it can be stated 
that the increase in the Co content and the reduction in 
the grain size yielded deposits with higher mechanical 
properties at all current densities. Also, it should be 
noted that the effect of increase in hardness was more 
dominant when the difference between the grain sizes 
was large between deposits at the same current density. 
For example, at 8 A/dm2, the compositions of deposits 
were very close to each other. Yet, their grain sizes 
were so different that the small grain sized deposit 
exhibited higher hardness. 
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4. Conclusion 

The effects of Co ion concentration and solution pH 
were studied with a proper design of experiment. It was 
revealed that the enrichment of baths with Co+2 ions 
yielded deposits of higher Co. The amount of Co in the 
deposit enhanced hardness up to a certain point, then 
decreased again, obeying the solid-solution 
strengthening phenomenon.  The increase in the pH of 
the solution caused a reduction in the grain size and 
slightly increased Co content. Both effects helped the 
increase in hardness as compared to deposits from bath 
1 at lower pH. 
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Abstract 

 
Half-metallic ferromagnets represent a new class of 
materials that have  attracted a lot of attention due to their 
possible applications in spintronics (also known as 
magnetoelectronics. In this study  we perform band 
structure calculations   of RbBaB and  RbBaC half-Heusler 
alloys. For this purpose, density of states (DOS), energy 
bands for spin up and spin down cases, will be studied 
along with the calculations of magnetic moments. The 
theoretical value of lattice constant is determined by using 
the volume optimization method. Density functional theory 
based electronic structure calculations will be performed by 
using the full-potential linear augmented plane wave (FP-
LAPW). We will use the general gradient approximation 
method (GGA) along the mBJ and local density 
approximation method called LDA+U, where the total 
Coulomb and orbital potentials will be taken into 
consideration. 
 

1. Introduction 
 
The field of spintronics has grown rapidly since the 
discovery of the giant magnetoresistive effect in 1988 [1
3], and the inclusion of spin information into classical 
electronics promises great potential in terms of expanding 
and surpassing present-day computing capabilities [4]. 
Adding the spin degree of freedom to the conventional 
electronic devices has several advantages like non-
volatility, increased data processing speed, decreased 
electric power consumption and increased integration 
densities [5]. The current advances in new materials and 
especially in the half-metals are promising for engineering 
new spintronic devices in the near future [5], opening ways 
to engineer new half-metallic alloys with the desired 
magnetic properties. Since the majority spin band (referred 
also as spin-up band) shows the typical semiconducting 
behavior with a gap at the Fermi level, the minority spin 
band (spin-down band) exhibits a metallic behavior. 
Therefore such half-metals are ferromagnets and can be 
considered as hybrids between metals and semiconductors. 
The half-metallic band gap sensitively changes 
depending on the degree of chemical disorder [6]. In 
half-metals, the creation of a fully spin-polarized current 
should be possible that should maximize the efficiency 
of magnetoelectronics devices [7]. However, the 
availability of magnetic semiconductors, which are capable 
of exploiting spin information within the context of 

transistor technology, is crucial for the practical realization 
of this potential. 
 

2. Method of calculation : 

In this work the calculations were using the WIEN2k code 
[8] which is an implementation of the method of  full-
potential linearized augmented plane wave plus local orbital 
(FP-LAPW+Lo) as part of density functional theory (DFT) 
[9,10]. To determine the potential for exchange and 
correlation, we have used the following approximations. The 
generalized gradient approximation (GGA) parameterized by 
Perdew, Berke and Erenzehof [11], Functional of  Blaha and 
Tran noted (mBJ) [12]. Relativistic effects are taken into 
account in the scalar style except for the spin-orbital 
coupling. The partial waves used inside the atomic spheres 
are expanded up to Imax = 8. The Brillouin zone (BZ) 
integration, the tetrahedron method [8] with a 72 special  k-
points in the irreducible wedge (2000 k-points in the full 
BZ). 
 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1. Crystal structure of the three arrangements within the 
half-heusler compounds RbBaZ noted type (1), type (2) and 
type (3). 
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3. Results and Discussion 
 
The   ternary compounds RbBaB and RbBaC are indirect 
band gap semiconductors, the minimum of the conduction 
band and the maximum of the valence band are not found 
at the same k point, but lie precisely at the X point to the 
maximum and at the  X point to the minimum of the first 
Brillouin zone (X-X). To the purpose of improving   the 
quality of results the functional TB-mBJ was used as 
proposed by tran and blaha [12]. This improved has 
improved results and has shown its effectiveness compared 
to commonly used calculation methods. Its effectiveness is 
proven by the fact that the minimum of the conduction 
band and the maximum of the valence band have moved 
away and the gap   has increased.  
 
 
 

 
 
 
 

 
 
Fig. 2. Volume optimization for RbBaX (X = B, C) with 
half-Heusler structure. 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
As for the band structures of the alloy under consideration,  
they  show  a negligible indirect (  X) band gap as well as 
a direct (X X) gap of 0.51 and 0.32 eV for the two spin 
channels RbBaB and RbBaC, respectively. While   the 
majority spin band structure is strongly semiconducting like  
showing a semiconducting gap around the Fermi level EF, 
while the minority spin bands shows   metallic like behavior 
.  On the other hand, half metallicity is marked in RbBaB 
and RbBaC: the GGA mBJ calculated indirect  X  band 
gaps for majority carriers are Egap(RbBaB) = 1.06 eV and 
Egap(RbBaC) = 0.52 eV,  respectively, while the Fermi level 
lies at 0.33 eV and 0.03 eV respectively above the majority 
spin VBM, respectively. Due to the gap for one spin 
direction, electrons at the Fermi level show a 100% spin 
polarization. 
 

 
 
 
 
 
 
 

 
 
 
 

 
 
Fig. 3. Volume optimization for RbBaX (X = B, C) with 
half-Heusler structure for magnetic, antiferromagnetic and 
nonmagnetic state. 
 
 

 
 
 
 
 
 
 
 
 

 Rbposition Baposition Zposition Magnetic ground state  

Type 1 4c(1/4,1/4,1/4) 4d(3/4,3/4,3/4) 4a (0,0,0) NM 

Type 2 4a (0,0,0) 4d (3/4,3/4,3/4) 4c(1/4,1/4,1/4) NM 

Type 3 4b (1/2,1/2,1/2) 4d (3/4,3/4,3/4) 4a (0,0,0) NM 

 VXC a B EAFM-EFM Eg EHM Band transition mtot MRb MBa mZ mI 

RbBaB GGA 
mBJ-GGA 
Other work [13] 

7.6851 
- 
7.449 

15.0146 
- 
18 

94.301 
- 
/ 

0.6475 
1.4195 
/ 

0.0018 
0.5180 
0.15 

X  
X  
X  

1.9989 
2.0003 
1.973 

0.0488 
0.0379 
0.165 

0.1065 
0.0855 
0.373 

1.0428 
1.1826 
1.462 

0.8008 
0.6941 
-0.028 

RbBaC GGA 
mBJ-GGA 

7.2122 
- 

21.5895 
- 

87.232 
- 

0.6863 
2.3697 

0.3203 
1.0586 

X  
X  

0.9947 
1.0000 

0.01417 
0.00214 

0.0159 
-0.021 

0.8760 
1.1123 

0.0886 
-0.0926 

Table.1. Inequivalent site occupancies within the C1b-type structure for RbBaX (X= B and C) 

Table.2. Calculated equilibrium lattice constant a0 A), the Bulk Modulus B (GPa), half-
metallic gap Eg (eV), total magnetic moment (mtot), magnetic moment per atom (Rb, Ba, X 
= B and C), and magnetic moment in the interstitial region mI (mB) in half Heusler 
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Fig. 4. Spin polarized band structure of half-Heusler 
RbBaB at their predicted equilibrium lattice constant (blue 
(red) GGA, (GGA mBJ)) 
 
 

 
 

. 

 
 
Fig. 7. Contour plot of the majority-spin electron charge 
density of the RbBaB compounds at the equilibrium lattice 
constant in the type (A) structure in the (110) plane. 

 
Fig. 5. Spin polarized band structure of half-Heusler RbBaC 
at their predicted equilibrium lattice constant (blue (red) 
GGA, (GGA mBJ)) 
 
 

 
 

 

 
Fig. 8. Contour plot of the majority-spin electron charge 
density of the RbBaC compounds at the equilibrium lattice 
constant in the type (A) structure in the (110) plane. 
 

Fig. 6. Spin-polarized 
total densities of states 
(DOS) of RbBaB and 
RbBaC 
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4. Conclusion : 
 
The present work has demonstrated the ability of state-of 
the art plane-wave  DFT methods to provide valuable 
insights into the behavior of the study of half Heusler 
alloys.The magnetic proprieties, electronic structures and 
half-metallicity of Half-Heusler RbBaX (X=B ,C) 
compounds have been studied by using (FP-LAPW+Lo) 
method within the generalized gradient approximation 
(GGA). The systems under study are shown to be HM 
ferromagnets with a half metallic gap of 0.51and 1.05ev, 
for  RbBaB and RbBaC respectively. In the present system, 
the magnetic moments appear in the anion p-band and have 
magnetic moment equal to 1 B  and 2 B .The insight and 
results are to be a   valuable information  and give  
motivation for further theoretical research.  
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Abstract 

Limited resources of lithium paves a way to 
extensive research of room temperature sodium-
sulfur batteries with the reason of being earth-
abundant nature and cheapness of sodium element. 
However, as seen in lithium-
sulfur batteries. To suppress this effect, an ion 
selective membrane was inserted between the 
separators located among cathode and anode. It is 
expected that this design would entrap soluble 
polysulfides on the cathode side and suppress the 
shuttle effect.  

1. Introduction 

Lithium-Sulfur (Li-S) batteries are one of the most 
promising type among lithium-based batteries with 
high theoretical capacity (1672 mAh/g) and energy 
density (2600 Wh/kg). However limited resource of 
lithium makes researchers find alternative anodic 
materials. Sodium is one of the most suitable anode 
materials among them. By combining sulfur with 
sodium at room temperature provides all advantages 
of lithium-sulfur batteries besides decreasing battery 
cost. 

Na-S batteries have similar charge-discharge process 
and same limitations with Li-S batteries which are i) 
insulating nature of sulfur, (ii) dissolution of 
polysulfides in electrolyte which results in loss of 
active material and capacity fading, (iii) shuttle 
effect of dissolved polysulfides, (iv) dendrite 
formation on lithium metal anode which causes 
safety problems. 1-12 

Herein, in order to eliminate the poisoning of the 
sodium anode from polysulfide attacks, an ion 
selective membrane was used between anode and 

cathode as barrier, Na2S5 dissolved into electrolyte 
(so-called catholyte) was used as cathode while 
sodium is as anode side. With this configuration, we 
aim to keep dissolved polysulfides on the cathode 
side and thereafter their electrochemical 
performance was investigated. Firstly, different 
solvent-salt combinations were tried to determine the 
best performing combination for Na-S batteries 
followed by determination of solvent-salt complex. 
Additionally, different cut-off voltages were tried to 
observe their effect on the cell performance. 

2. Experimental Procedure 

2.1. Synthesis of Na2S5 Powder and Preparation 
of Catholyte 

Stochiometric amounts of sulfur powder and sodium 
particles were dissolved into ethylene glycol diethyl 

procedure, catholyte was prepared as including 0.1 
M Na2S5 powder in electrolytes. Catholyte was used 
directly as active material. 

2.2. Preparation of C/S Composite 

Mesoporous Carbon/Sulfur (MCS) composite which 
gave the one of the best result in Li-S batteries was 
used for comparison.13 For the synthesis of 
mesoporous carbon, a sacrificial SBA-15 template 
was synthesized according to the method described 
by Stucky et al.15. After the synthesis, the pores of 
the SBA-15 template were completely filled with an 
aqueous solution of sucrose/H2SO4. The resulting 
wet sucrose/SBA-
an inert atmosphere. The silica was thereafter 
removed from the composites using a 4 M aqueous 
solution of ammonium hydrogen difluoride yielding 
carbon replicas. Then mesoporous carbon and sulfur 
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(50/55 wt%) were placed in a crucible and mixed. 

washing procedure was applied afterward. The 
carbon/sulfur composite (MCS) after impregnation 

sulfur, as proven by 
thermogravimetric analysis (TGA) (data not shown). 
Prior to testing, the composite was hand-milled with 
20 wt% Ketjen Black carbon. Final composite 
contains 40% S. For the battery in which MCS was 
used as cathode, 0.2 mL bare electrolyte (1 M 
NaOTF in TEGDME) is used. 

2.3. Cell Assembly and Electrochemical 
Measurements 

Classical two-electrode Swagelok-typeTM cells were 
assembled in an Argon filled glove box. At first, 
different solvent-salt combinations were tried. These 
are 1 M NaClO4 (Sodium perchlorate) in TEGDME 
(Tetra ethylene glycol dimethyl ether), 1 M 
NaCF3SO3 (Sodium trifluoromethanesulfonate- 
NaOTF) in TEGDME, 1 M NaOTF in TMS (Tetra 
methylene sulfone), 1 M NaOTF in DOL:DME (1,3-
Dioxolane: 1,2-Dimethoxyethane). Each 
Na/dissolved polysulfide cell includes 0.1 mL of 
Na2S5 containing 1 M salt in solvent and 0.1 mL bare 
electrolyte. After seeing that "1 M NaOTF in 
TEDGME" gave the best result, the other cells were 
made with this electrolyte.  

Galvanostatic cycling measurements were 
performed using with the C/10 current density using 
a galvanostat/potentiostat VMP3. The voltage range 
is between 1.2-2.8 V vs Na. The amount of catholyte 
was fixed to 0.1 mL for all batteries. Nafion NR-212 
membranes were used directly during battery 
assembly. 

And additionally, different cut-off voltages were 
used to see their effect on battery performance. 

3. Results and Discussion 

Electrolytes are very important component in Li-S 
battery systems, because they effect the charge-
discharge mechanism substantially. Thus, herein the 
performance of electrolytes were investigated at 
first. Figure 1 shows the effect of electrolyte on 
Na/polysulfide batteries. To do so, four different 
combinations of electrolytes were prepared, these 
are 1 M NaOTF salt in TEGDME, 1 M NaOTF in 
TMS, 1 M NaOTF in DOL:DME, 1 M NaClO4 in 
TEGDME. All of these batteries had Nafion between 
the separators which were both located between 
anode and cathode. While bare electrolytes were 
present at the anode side, 0.1 M Na2S5 contained 

electrolytes (catholyte) were at cathode side. Since 
Nafion has SO3- groups, the polysulfides Sn

2- formed 
during discharge are pushed from the membrane. 
Thus, they are not able to migrate from anode side 
and are kept at cathode side. According to Fig. 1, 1 
M NaOTF in TEGDME gave the best 

Fig. 1 Na-S cells with different electrolytes. (a) 
galvanostatic charge/discharge curves (C/10), (b) 
Discharge capacities as a function of the cycle 
number.  
 
result, because TEGDME which is a glyme-based 
solvent can dissolve polysulfides to a large extent, 
since it has high donor number and low dielectric 
constant. Although DOL:DME is commonly used in 
Li-S batteries, by means of showing good 
performances, which did not perform well in Na-S 
batteries. Moreover, polarization is lower than the 

NaOTF 
 

Conventional C/S cathode and Na/polysulfide 
batteries with and without Nafion were compared. 
These cells were operated between 1.2-2.8 V at C/10 
current density. The capacity of the battery with 
Nafion has higher capacity than conventional C/S 
cathode and battery without Nafion. The reason of 
the low capacity of the battery with Nafion at first 
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cycle can be because of non-wettability of Nafion. 
After several cycles, capacity started to increase and 
even at 40th cycle, ~300 mAh/g discharge capacity 
was obtained. Thus, Nafion barrier enhances the 
sulfur utilization of Na-S batteries. In addition to 
these, the reduction of polarization can be clearly 
seen in the case of battery with Nafion. 

The end-of discharge product Na2S is the main 
reason of capacity fading. Eliminating of this 
product may enhance the capacity and stability of 
cells. Na2S formation can be prevented by varying 
the cut-off voltages. It is known that Na2S is formed 
approximately 1.5 V, so if battery operates above 
this voltage, i.e. 1.7 V, it is thought that Na2S 
formation can be hindered. In this regard, different 
cut-off voltages which are 1.2-2.2 V, 1.7-2.8 V and 
1.2-2.8 V were applied to the cells. Expectedly, 1.7-
2.8 V results the best performance. 

CONCLUSION 

In this work, using Nafion barrier in room-
temperature Na-S batteries was investigated. It is 
obvious that confinement of sulfur into carbon pores 
is not a permanent solution, so different ideas are 
needed. Adding barrier to battery system is a good 
option for this reason. In this article, NR-212 type 
Nafion was used to prevent polysulfide shuttle and 
results show that this configuration is very effective 
to increase discharge capacity. In addition to this, it 
was thought that tuning the cut-off voltage may 
prevent the Na2S formation which is one of the 
biggest problems seen in Na-S batteries.  
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Abstract 
 
Aqueous eletrolyte LiFePO4  batteries shows poor cycling 
performance due to Fe (II) dissolution. Exposure to water 
and dissolved oxygen significantly effects the 
electrochemical performance and results in capacity  fading 
upon cycling. By eleminating the direct contact of the 
material with Nafion coating, cathode material exhibited  
higher stability and decreased Fe dissolution confirmed by 
ICP. 
 
1. Introduction 
 
Olivine-type LiMPO4 (M = Fe, Mn, Co, Ni) has become of 
great interest as cathode for next-generation high-power 
lithium-ion batteries due to their high capacity, excellent 
cycle life, thermal stability, environmental benignity and 
low cost. LiFePO4 is an attractive candidate among them 
with its relatively high voltage (3.5V vs Li/Li+) and 
theoretical gravimetric capacity (170 mAh/g). The main 
disadvantages of Li-ion batteries are the use of flammable 
organic electrolytes [1]. For large scale systems safer and 
less expensive materials are required. In 1994, Dahn 
reported first aqueous rechargeable  battery system [2]. 
LiFePO4 is suitable material  for aqueous electrolyte 
batteries. Exposure to water some adverse effects such as 
side reactions  and Fe (II) dissolution [3]. Here we have 
coated the material with an ionic conducting polymer 
namely Nafion 212 and investigated the effect of nafion 
coating on electrochemical performance of LiFePO4 
 
 
2. Experimental Procedure 
 
LiFePO4 cathode material was prepared by solvothermal 
method. All the chemicals (ACS grade) were purchased 
from Sigma Aldrich. Ethylene glycol was used as solvent.  
FeSO47.H2O, H3PO4 (85 wt. %)  and  LiOH was dissolved 
separately in Ethylene glycol. Firstly  FeSO4.7H2O  and 
H3PO4 solutions were mixed then LiOH  solution is slowly 
introduced into the above mixture. With the addition of 
LiOH solution, sticky dark green mixture was formed. This 

suspension was transferred into a Teflon autoclave and 
heated at 180oC for 12h. Precipitate was collected by 
centrifuge  and washed with acetone and  deionized water. 
LiFePO4  nanoparticles were mixed with 20 wt % of 
sucrose  and then carbonized at 650 °C for 3 h in (5% H2+ 
95% Ar)  atmosphere.  
 
 
2.1. Electrochemical Measurement 
 
The LiFePO4 electrode was prepared by casting slurry. The  
active material (80%) was mixed  with  active material, 
Ketjen-black 10%,  Polyvinylidene Fluoride (PVDF) 10% 
binder, and N-methyl-2-pyrrolidinon anhydrous (NMP, 
Sigma-Aldrich) solvent. Then this viscous paste was coated 
on graphite sheet by print screen and and vacuum dried at 
90°C for 3h. Nafion dispersion (10 % wt)  (DuPont™) was 
coated on this graphite sheet. Galvanostatical charging–
discharging tests were carried out with a VMP 3 Bio-logic 
potentiostat. A three-electrode electrochemical cell was 
employed for cyclic voltammetry and galvanostatic charge-
discharge tests. Saturated calomel electrode (SCE) and 
graphite sheet were used for reference and counter 
electrodes, respectively. 1M LiNO3 was used as an 
electrolyte. 
 
  
3. Results and Discussion 
 
 
Electrochemical measurements at 1C rate show that the 
Nafion coating on LiFePO4 significantly improves the 
charge and discharge capacity. Coated sample shows lower 
capacity  until the 30th cycle since Nafion coating can 
prevent the access of the electolytes at first. Then Li 
insertion starts when the pores sizes are large enough for 
inserion of  all the lithium. As the cycle progress, 
noncoated sample interacts more with water and oxygen 
eventually shows higher capacity fading. 
 
. 
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Figure 1. Discharge curves of coated and noncoated 
LiFePO4 in 1M LiNO3 at 1 C rate  
 
 
4. Conclusion 
 
In conclusion effect of Nafion coating on electrochemical 
performance of aqueous electrolyte LiFePO4/C cathode 
material was investigated. Nafion coating prevented the 
direct exposure of the cathode material with water and 
dissolved oxygen. Dissolution of Fe (II) was confirmed by 
ICP analysis. Side reactions are minimized and Fe 
dissolution reduced. Hence capacity fading is decreased.  
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Geleceğin Li-İyon Pil Negatif Elektrotları İçin Yeni 
Malzeme ve Elektrot Mimari Yapıları • New Materials 
for the Future Li-ion Battery Negative Electrodes and the 
Electrodes Architectural Structures

Hatem Akbulut 

Sakarya University - Türkiye

Taşınabilir elektronik cihazlar, elektrikli araçlar ve şebeke ölçekli enerji depolama uygulamaları için yüksek enerji ve 
güç yoğunluğuna sahip yüksek performanslı lityum iyon pillere olan ihtiyaç gelişen teknolojinin doğal gereksinimi 
olarak giderek artmaktadır. Hali hazırda geleneksel grafi t esaslı anotlar ile elde edilen kapasite 372 mAh/g civarındadır. 
Alternatif negatif elektrotlar olarak önerilen ve bu güne değin binlerce çalışmada uygulanabilirliğiaraştırılan silisyum, 
kalay, germanyum gibi metaller ve metal oksitler çok daha yüksek kapasite sağlarken, pratik uygulamalarınınönünde 
önemli engeller bulunmaktadır. Bu engeller; şarj/deşarj esnasında çok yüksek hacim değişiklikleri, nano boyutlu yapıların 
agregaysan benzeri nedenlerden dolayı boyut ve şekillerini koruyamamaları ve pil hücresinde iletkenliklerinin düşük 
olması olarak raporlanmıştır. Bu problemleriçözmek için çok değişikstratejilerkurularaknano yapılı, hibrit elektrotlar 
üretilmeye çalışılırken özel mimariyapıların ortaya çıkarılmasının da hedefl endiği görülmektedir.

Bu çalışma son yıllılardaözelliklegrafi tiknegatifelektrotlar dışında silisyum, kalay, germanyum, çinko gibi 
metallerin yanında değişik metal oksitlerin tek başlarına ve birlikte kullanıldıklarıkompozitlerininLi-iyon pillerde 
elektrokimyasalperformansa etkileri incelenmiştir. Bunun yanında özellikle hacim değişiminden dolayı ortaya çıkan 
gerilmelere ve yol açtıkları elektrot pulverizasyonunu engellemek için önerilen üç boyutlu (3D) anot mimari yapıları 
ve pil çevrim ömrü açısından getirdikleri üstünlükler tartışılmıştır. Negatif elektrotlardakullanılan yeni malzemeler ve 
mimarı yapılarile; i) elektrolitin elektrot yüzeyine ulaşımı ve penetrasyonu, ii) hacim değişimindenilerigelen gerilmenin 
sönümlenmesi, iii)  şarj transfer direncinin arayüzeylerde düşürülmesi, iv) iletkenliğin arttırılarak elektrot yapısında 
yüksek elektronyollarının sağlanması metotları ele alınmıştır.

Yukarıda sayılan üstün elektrokimyasal özellikler elde etmek ve uzun çevrim ömürlerine ulaşarakkapasite korunumunu 
sağlamak için üretilmesi planlanan ve düşük maliyette büyük ölçekliüretimlere müsait olabilecek nanokompozit negatif 
elektrot mimarileri teorik ve deneysel verilerintartışılmasıylaaçıklanmaya çalışılmıştır. Bu bağlamada, karbon fi ber, 
karbon nanotüp, grafen, yüksek poroziteli karbon jel takviyeleri ile yüksek kapasiteye sahip metal ve metal oksitlerin 
çekirdek-kabul, eş-eksenel, yumurta kabuğu, kapsülleme gibi özel mimarilerin uygulama geleceği bakımından etkileri ve 
sağaldıklarıavantajlar etrafl ıca verilmeye çalışılmıştır.
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Advanced Batteries for Micro-Hybrid Applications Hatice Doğanay, Muhsin Mazman, Cem Açıksarı, 
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Abstract 

One of the fundamental components of notably 
increasing the penetration of renewable energy 
generation is energy storage, which is now the focus of 
significant government and private disciplines [1]. 
Among energy storage approaches, the trend is still along 
electrochemical energy storage in batteries. The 
competition between the fuel economy and international 
regulations on CO2 emission prompted the car 
manufacturers to develop new generation low-emission 
vehicles such as micro-hybrid and electrical vehicles. 
Associated with new technology larger electricity supply 
is required, which demands new generation of batteries. 
Lead Acid Battery (LAB) is an established technology, 
which is still eminent by the automotive industry as safe 
and cost-effective. The new generation LABs such as 
Absorbed Glass Mat (AGM) and Enhanced Flooded 
Battery (EFB) are in progress, which are used in micro-
hybrid systems.  
Mutlu Akü considers these new generation batteries as 
one of the main alternatives in 48 V micro-hybrid 
systems.    
This contribution will be including the results of 12V 
EFB and AGM battery development studies which is 
implemented by Mutlu Akü. We will evaluate the 
chances of success of the new generation lead acid 
battery in 48 V systems.  We will present our recent 
studies, such as dynamic charge acceptance, durability 
and cycle life enhancement on 12V EFB and AGM 
batteries. 
 
 
 
 
 

 
1. Introduction 
 
There are different aspects on which types of battery is 
favored. One of them is reduced CO2 emission to the 
environment. Batteries can be listed from Micro Hybrid 
to Full hybrid.  Micro-hybrid batteries are comfortable in 
cranking, however their regenerative braking 
performance is limited which is also one of the reasons 
why they offer a CO2 emission reduction of only 3 to 5%. 
Changing from micro to full-hybrid systems CO2 
emission also reduces. Additionally, in case of a full-
hybrid system battery can assist full power larger than 
200 V and it makes electrical drive possible. Along with 
that it offers a %70 reduction in CO2.  
LV 148 standard defined by the big five German car-
makers shows an apparent trend out of Europe to push 
48V technology towards production. It defines a 48V 
power supply system including its functions and 
interfaces describing all important electrical requirements 
and test procedures for the new 48V components. The 
definitions of the static voltage ranges are presented in 
Fig. 1. 
 

 
Figure 1: Definitions of static voltage ranges (adapted 
from VDA 320, last updated July 2014). 
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As presented in Table 1, 48 V (24 cells in 2 V) Lead-acid 
battery working ranges lay between 40,8 V (min) and 
57,6 V (max). This range corresponds to over-voltage 
range for 48 V system, thus, a different concept to use 
Lead-acid batteries in 48 V systems is needed. 44 V (22 
cells in 2 V) Lead-acid battery design is preferable, 
which has a working range between 52.8 V (max.) and 
37.4 V (min.). Besides, we should consider improving 
the discharge properties in the new design. 
The number of cells to produce 48V battery amounts to 
24 cells. These huge numbers of lead-acid cells make the 
battery heavy and the battery covers huge volume in the 
car. In addition, the maximum charge current (57.6 V) is 
out of 48V system working range. 

In contrast to conventional lead acid batteries, lithium 
iron phosphate (LiFePO4) battery (LFP) is composed of 
14 cells to make a battery. LFPs are lighter than lead-acid 
batteries, and they have a better performance in terms of 
capacity. Additionally, they possess limitation in charge 
and discharge cycle in range of 48V system. As a result, 
Li ion batteries such as LFP, NMC (LiNiMnCoO2) meet 
requirements for 48V micro-hybrid applications. 

Table 1: Comparison of Battery technologies for 48 V System. 

 
Dynamic charge acceptance is a key requirement for 
batteries in micro-hybrid vehicles [2].  
The prerequisite for batteries in micro-hybrid vehicles is 
dynamic charge acceptance (DCA) [2]. DCA is 
calculated as average charge current for each driving 
cycle, normalized with nominal capacity CN [2]. DCA of 
LAB in partial state of charge operation degrades within 
weeks or months of simulated real-world operation to a 
stable level, which can be as low as 0.1 A/Ah. The low 
level is reached fastest in applications that lack regular 
micro-cycling with higher rates (e.g. stop/start). 

Another well-known VDA test (aka AK3.4 test) 
published for the first time in a European standard is 
17.5% DoD (Depth of Discharge) test. It investigates if a 
battery can deliver energy under high cyclic conditions in 
a partly discharged state of charge. 
 
2. Experimental Procedure 

 
EFB and AGM Batteries are manufactured at MUTLU 
Battery factory. Both batteries are fully charged using a 
constant voltage of 14.4 V and a limiting current of 5In A 
for 24 hours. Batteries are allowed to cool for some hours 
prior to use.  For the charge acceptance tests, fully 
charged batteries are discharged at a constant current of 
4In A for 2,5 hours, until they reach 50% state of charge 
(SOC). Batteries are then cooled to 0°C in 18 hours. 
 
3. Results and Discussion 
 
A real-life scenario was developed and implemented to 
our experiments to examine the behavior of a “MUTLU 
T6 60 Ah 590 A EFB” Battery. Tests were performed by 
Dr. E. Karden at Ford Research and Advanced 
Engineering Europe, Aachen, Germany.  DCA test 
results on MUTLU T6 60 Ah 590 A EFB “Plus” Battery 
is presented on Figure 1.  
 

 
 
Figure 2: DCA test performance of MUTLU T6 60 Ah 590 A 
EFB “Plus” Battery [Performed by Dr. E. Karden, Ford 
Research and Advanced Engineering Europe]. 
 
Figure 1 shows that after a period of time (approx. 30 
days) the performance of the battery decreases to 40 %. 
We conclude that for 48 V battery systems EFB lead acid 
battery alone is insufficient. It has to be aided by another 
battery system and in the long run should be replaced by 
Li-ion batteries. 

Techno-
logy 

OC
V 

[V] 

Number 
of cells for  

48 V 

Max. Charge 
Current [V] 

  

Min. Charge 
Current [V] 

 

   Cell Battery Cell Battery 

Lead Acid 2 24 2.4 57.6 1.7 40.8 

LFP 3.3 14 3.65 51.1 2.6 36.4 

NMC 3.7 13 4.15 53.95 2.9 37.7 

LFP/LTO 2.4 20 2.7 54 1.5 30 
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Additionally, we have performed 17.5% DoD tests on 
EFB plus and on an AGM battery, for comparison. The 
test results will be given during the presentation of the 
contribution.  
 
4. Conclusion 
 
EFB results of MUTLU are sufficient for micro-hybrid 
and promising for future works on 48 V. Along with 44 
V - 46 V AGM and EFB design studies, comparative 
studies for Pb-Acid and Li-ion options should be made. 
With this in mind, demonstration project for 48 V 
concept cars is started with MUTLU and a car 
manufacturer. 
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Abstract 
 
LiMn2O4, LiCo0.2Mn1.8O4, LiMn1.9Ni0.1O4 gels were 
produced via Sol-Gel method. 100 ml sol-gel solutions 
were prepared and gel structure obtained after 4 hours with 
250 rpm stirring speed, pH value of 7, 80 °C solution 
temperature. Gel structures were dried at 100 °C for 24 
hours. Dried gel structures were calcined and crystallized at 
800-850°C with 1 °C/min heating rate. Obtained powders 
were mixed with carbon black and PVDF binder with 
80/10/10 ratio. Powder mixtures were laminated on 19 μm 
aluminum foil via Doctor Blade method. 2032 half cells 
were prepared for Galvonastatic test. Charge/Discharge 
performances of cathode materials were studied with 25, 
50, 100 mA/g current density respectively for 50 cycles. 
Cyclic voltammetry (CV) technique was used to understand 
charge/discharge behavior in detail. X-ray diffraction 
(XRD) characterization method was used to observe 
crystallization level of the powders. Dopant elements do 
not form different compounds instead they decrease lattice 
parameter. Scanning electron microscopy (SEM) was used 
to identify powder morphology and size. Powder particles 
are not spherical or sharp edged instead have soft edges 
with facet structure and powder size varies between 250-
1000 nm. Energy dispersive spectrometer (EDS) method 
was used to get compositional information. Powders exhibit 
desired composition with small deviations. SEM technique 
was also used to characterize electrochemically cycled 
cathodes. Cracks formation with Jahn-Teller distortion 
mechanism diminish with doping. 
 
1. Introduction 
 
Mainly cathode materials consist of spinel and layered 
structure materials. Commercially, LiCoO2, LiMn2O and 
LiFePO4 cathodes are used in lithium ion batteries. 
LiMn2O4 cubic spinel cathode material has been studied 
due to its low cost, environmental friendliness and easy 
preparation route [1]. Main disadvantage of this material is 
known as Jahn-Teller effect. During lithiation/delithiation 
process of Li ions cathode structures expand. As a result, 
cracks occur on cathodes and active material loses 
electrical contact which ends up with capacity loss. Mn3+ 
ions are main reason of Jahn-Teller transformation. Mn3+ 
disproportion into Mn4+ and Mn2+ ions and Mn2+ dissolves 

in electrolyte which causes permanent Mn ion loss. That 
ion loss also leads to cubic-tetragonal transformation (5.6 
%volume change) indirectly [2, 3]. The most common to 
overcome this negative effect is to dope cathode structure 
with another elements like Ni, Co, Al, Fe. Doped elements 
reduces amount of Mn+3 ions and Jahn-Teller effect directly 
[4]. In doped systems, accurate stoichiometry is desired to 
control Mn valance state. Sol-gel method is the most 
relevant route to obtain that requirement. This method has 
some important advantages such as good stoichiometric 
control, production of sub-micron particle size, narrow 
particle size distribution and short process time [5]. 
Especially stoichiometry and particle size properties are 
very critical to obtain high specific capacity values. In this 
study, LiMn2O4, LiCo0.2Mn1.8O4, LiMn1.9Ni0.1O4 powders 
were synthesized by sol-gel method using citric acid as 
chelating agent. The main focus of this study to investigate 
doping effect of Ni and Co elements inside the LiMn2O4 
structure. 
 
2. Experimental Procedure 
 
LiMn2O4, LiCo0.2Mn1.8O4, LiMn1.9Ni0.1O4 gels were 
synthesized separately by using lithium acetate 
(LiOOCCH3.2H2O, Alfa Aesar), manganese acetate 
(Mn(OOCCH3)2, Alfa Aesar), nickel nitrate (N2NiO6.6H2O, 
Alfa Aesar), cobalt nitrate (Co(NO3)2.6H2O, Alfa Aesar) 
precursors. Citric acid (C6H8O7, Alfa Aesar) was used as 
chelating agent with the mol ratio of 1/3 (Li/Acid). 32% 
ammonium solution (WMR) was used to adjust sol-gel 
solution pH to 7. 100 ml volume was used during gelation 
process. 250 rpm stirring speed and 80 °C solution 
temperature were kept constant during the synthesis. 
Complete gel structures were obtained after 4 hours of 
process. Obtained gels were dried at 120 °C for 12 hours. 
Dried materials were calcined at 300 °C for 6 hours. 800, 
850, 800 °C temperature and 6, 8, 12 hours of duration 
were used as crystallization parameter for three different 
compositions. In every heat treatment process, 1 °C/min 
heating rate was used. Obtained powders were mixed with 
carbon black (Alfa Aesar) and PVDF binder -CH2CF2, Alfa 
Aesar) with 80/10/10 ratio respectively. NMP (Alfa Aesar) 
was added into the powder mixture to form a slurry before 
lamination process. The powder mixtures were laminated 
on a 19 μm aluminum foil substrate via Doctor Blade. Each 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

75918. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

coating thickness was adjusted as 500 μm. Laminating 
speed was set to 20 mm/s. The laminates were dried at 100 
°C for 1 hour before rolling operation. Double rolling 
process was applied on the coatings to get smooth and flat 
surface. CR2032 lithium ion cells were assembled. 1 M 
LiPF6 in EC-DMC (Alfa Aesar) was used as electrolyte. 
Charge/Discharge tests (MTI BST8-WA) were made using 
25, 50, 100 mA/g current densities for 50 cycles between 3-
4.3 V. Cyclic voltammetry (Gamry Insturements Interface 
1000) tests were carried out with 25 °C temperature, 0.02 
mV/s scanning rate between 3-4.3 V operating voltage for 
first 3 cycles. The crystallinity of the powders were 
examined by X-ray diffraction method (Rigaku Miniflex, 
Cu K  radiation) with 2°/min scanning rate, between 2  = 
15°-70° diffraction angle. Scanning electron microscopy 
(JEOL-JSM-5410LV, 15 kV) was used before and after 
charge/discharge test to identify powder morphology and 
size. Energy dispersive spectrometer (JEOL-JSM-5410LV, 15 
kV) method was used before charge/discharge test to get 
compositional information.  
 
3. Results and Discussion 
 
Fig. 1. shows XRD graphs of LiMn2O4, LiCo0.2Mn1.8O4, 
LiMn1.9Ni0.1O4 powders. 
 

 

 

 
Figure 1. XRD graphs of powders a) LiMn2O4 b) 

LiCo0.2Mn1.8O4 c) LiMn1.9Ni0.1O4 
 
XRD graphs show that cubic spinel structure was obtained 
successfully for all three powders. The impurities such as 
Li2CO3 and Mn2O3 that affect charge/discharge 
performance were not observed [6]. XRD graphs of doped 
powders are identical with un-doped material. Dopant 
element (Co, Ni) does not form different compounds 
instead they decrease the lattice parameters. Inducing 
another element into the structure increases Mn valence 
from 3+ to 4+. Decrease in ionic radius favors the 
formation of a structure having smaller lattice parameters 

(Mn3+ = 0.645 Å, Mn4+ = 0.530 Å). The transformation of 
Mn3+ to Mn4+ diminishes Jahn-Teller effect and improves 
charge/discharge performance of cathode material [7]. Fig. 
2. shows the SEM images of LiMn2O4, LiCo0.2Mn1.8O4, and 
LiMn1.9Ni0.1O4 powders.  
 

 

 

 
Figure 2. SEM images of powders a) LiMn2O4 general 

view b) LiMn2O4 at high magnification c) LiCo0.2Mn1.8O4 
general view d) LiCo0.2Mn1.8O4 at high magnification e) 
LiMn1.9Ni0.1O4 general view f) LiMn1.9Ni0.1O4  at high 

magnification 
 

SEM images show that all powder particles are not 
spherical or sharp edged instead they have soft edges with 
facet structure. The size of the powders varies between 
250-1000 nm. Charge/discharge performance highly 
depends on the powder size and morphology. Spherical 
shape and smaller size favors electrochemical reactions on 
the cathode surface thus improves cycling performance. 
The doped powders keep similar powder size and 
morphology compared to the un-doped powders. In that 
point of view, it is likely to mentioned that all three powder 
will exhibit the same level of reaction on the surface. Table 
1. shows the EDS results of LiMn2O4, LiCo0.2Mn1.8O4, 
LiMn1.9Ni0.1O4 powders. 
 

Table 1. The EDS results of powders 
Composition MnO CoO NiO Total 
LiMn2O4 100.00   100.00 
LiCo0.2Mn1.8O4 91.10 8.90  100.00 
LiMn1.9Ni0.1O4 95.53  4.47 100.00 
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The EDS results show that theoretically calculated 
stoichiometric values were obtained after sol-gel process. 
Mn, Co and Ni elements tend to make bonds with oxygen 
atoms in the structure. In this consideration, the percentage 
of possible oxides were calculated in Table 1. This result 
proves that sol-gel is fast and precise method to obtain 
specific composition in short durations. Fig. 3. shows 
specific capacity-cycle graphs of LiMn2O4, LiCo0.2Mn1.8O4, 
LiMn1.9Ni0.1O4 cathodes at 25 mA/g current density. 
 

 
 

Figure 3. Specific capacity-cycle graph of LiMn2O4, 
LiCo0.2Mn1.8O4, LiMn1.9Ni0.1O4 

 
LiMn2O4, LiCo0.2Mn1.8O4, LiMn1.9Ni0.1O4 cathode materials 
showed 108, 103, 126 mAh/g specific charge capacity and 
76%, 80%, 85% capacity retention rate after 30 cycles 
respectively. Doping LiMn2O4 powder dramatically 
increases capacity retention especially with Ni content. 
Decreasing Mn3+ quantity eliminates volumetric expansion 
which called Jahn-Teller distortion. In addition to this, 
Mn3+ disproportion reaction can not take place and Mn2+ 
dissolution in electrolyte (permanent loss of Mn3+ ion) is 
hindered [7, 8]. Ni doped powder also shows higher 
specific capacity values due to an increase in ionic 
conductivity. Increase in ionic conductivity decreases Li-Li 
repulsive forces thus Li ions delithiate faster in the same 
duration and exhibits higher specific capacity values [9]. 
Fig. 4. shows specific capacity-cycle of LiMn1.9Ni0.1O4 
cathodes at 25, 50, 100 mA/g current densities and 
Coulombic efficiency of all cathodes. 
 

 

 
Figure 4. Electrochemical test results a) Specific capacity-
cycle graph of LiMn1.9Ni0.1O4 b) Coulombic efficiency of 

all cathodes 

 
LiMn1.9Ni0.1O4 cathode materials showed 128, 118, 68 
mAh/g specific charge capacity and 85%, 89%, 99% 
capacity retention rate after 50 cycles at 25, 50, 100 mA/g 
current densities, respectively. High current density means 
Li ions have less time to travel between cathode and anode 
material. In lesser duration, some Li ions become unable to 
complete that travel so that the capacity value decreases 
[10]. Fortunately, that mechanism hinders Mn3+ 
disproportion and Jahn-Teller formation thus capacity 
retention increases. Li ion diffusion rate is still sufficient 
enough at 2x current density and there is 10 mAh/g drop in 
charge capacity value. On the other hand, when system 
works with 4x current density Li ion diffusion becomes 
insufficient. Coulombic efficiency values increase with 
increase in cycle number for all cathode materials. This 
behavior is explained by stable SEI (Solid Electrolyte 
Interface) formation after the first few cycles [11]. Fig 5. 
shows SEM images of LiMn2O4, LiCo0.2Mn1.8O4, 
LiMn1.9Ni0.1O4 cathodes after the electrochemical tests. 
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Figure 5. SEM images of the cathodes after 

electrochemical tests a) LiMn2O4 general view b) LiMn2O4 
at high magnification c) LiCo0.2Mn1.8O4 general view d) 
LiCo0.2Mn1.8O4 at high magnification e) LiMn1.9Ni0.1O4 
general view f) LiMn1.9Ni0.1O4 at high magnification g) 

LiMn1.9Ni0.1O4 at 50 mA/g h) LiMn1.9Ni0.1O4 at 100 mA/g 
 

The SEM images show that the coatings were able to stay 
attached on the aluminum substrate surface even at high 
current densities. However, LiMn2O4 cathode exhibits 
several cracks on the surface. This result is well expected 
and points Jahn-Teller transformation. In the presence of 
Mn3+ ions Mn2+ dissolve in electrolyte after disproportion 
reaction. During discharge, Li ions are unable to find host 
material to lithiate due to permanent loss of Mn3+ ions. As a 
result, the same amount of Li ions generate structure with 
less Mn3+ ions and form Li2Mn2O4 which has tetragonal 
structure. This cubic-tetragonal transformation leads crack 
and affect charge/discharge performance negatively. Fig. 6. 
shows CV graphs of LiMn2O4, LiCo0.2Mn1.8O4, 
LiMn1.9Ni0.1O4 cathodes. 
 

  

 
Figure 6. CV graphs of cathodes a) LiMn2O4 b) 

LiCo0.2Mn1.8O4 c) LiMn1.9Ni0.1O4 

 
CV graphs show that delithiation and lithiation processes 
are driven by two step reversible oxidation and reduction 
reactions. In first reaction half of the Li ions delithiate from 
the structure and in second reaction the rest of Li ions are 
extracted. Reaction voltages are ((4.09 V – 3.94 V);(4.20 V 
– 4.05 V)), ((4.03 V – 3.96 V);(4.16 V – 4.11 V)), ((4.09 V 
– 3.92 V);(4.21 V – 4.09 V) respectively. Anodic and 
cathodic peak voltage difference decreases with the 
existence of doping elements. Less peak difference points 
that less volume expansion occurs inside the structure 

during cycling [12, 13]. In Fig. 6. a. electrical conductivity 
decreases with an increase in cycle number. This result is 
obtained due to the loss of contact (crack formation) 
between active material and aluminum substrate (Jahn-
Teller mechanism) thus capacity value decreases with an 
increase in the cycle number. In Fig. 6. c. reactions peaks 
are softer than other CV graphs. Softer reaction peaks 
indicate high ionic conductivity in the system. As a proof, 
Ni doped cathode performed high capacity values at high 
current densities [14]. 

 
4. Conclusion 
 
In this study, Co and Ni doped LiMn2O4 cathodes are 
produced via sol-gel route. The specific capacity-cycle and 
CV results suggest that Ni doping is the best choice to 
increase both capacity value and capacity retention rate 
even at high current densities. 
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Abstract 

In the present study, the effect of ball-milling time on the 
structure and the overall electrochemical properties of the 
Mg2Ni type hydrogen storage alloy was investigated. The 
phase composition and microstructure of Mg-Ni alloy were 
detected by X-ray diffraction (XRD) and scanning electron 
microscope (SEM). Electrochemical hydrogen storage 
properties were characterized by cyclic charge discharge 
experiment. It is found that, from the results of X-ray 
diffraction (XRD) 20h milling was enough to obtain 
amorphous/nanocrystalline Mg2Ni alloy structure. The 
electrochemical studies show that although the initial 
discharge capacity of the Mg67Ni33 alloy electrode improved 
with increasing the ball-milling time, especially for the 
samples ball-milled for 20h and 40h, the cyclic life of these 
electrodes are unacceptable low. The increase in the milling 
time did not significantly change the cycle life of the 
Mg67Ni33 alloy. Although the 20h milled Mg67Ni33 alloy 
electrode has very promising initial discharge capacity (381 
mAhg-1), it has unacceptable capacity retaining rate (about 
13%). 

1. Introduction 

Mg-Ni based hydrogen storage alloys are very promising 
materials for the negative material of Ni-MH batteries due to 
their high theoretical capacity, low cost and light weight, and 
they are recognized as environmental friendly. However, 
their poor electrochemical hydriding/dehydriding kinetics 
and rapid capacity degradation in alkaline solution prevents 
them from practical applications [1-7]. The Extensive 
research has been focused on the Mg2Ni-type alloy 
electrodes due to its relatively high capacity (up to 3.8 wt%), 
for use in Ni MH secondary batteries [2,5]. Many methods, 
such as the optimization of alloy composition [8-13], bulk 

that is partial substitution of constituent 
elements with foreign metals and  have 
been adopted to improve the electrochemical performance of 
the Mg2Ni type hydrogen storage alloys [14-19]. 

In the last time mechanical alloying (MA) was found to be a 
promising method for synthesizing hydrogen storage 
materials. This method is an e1ective technique to modify 
the structure and surface properties, and thus improve the 
electrochemical properties [1,2,6,7,20]. 

In the present work Mg67Ni33 alloy was prepared by 
mechanical alloying under the different milling times. The 

Mg67Ni33 alloy composition is the stoichiometric 
composition of the intermetallic compound Mg2Ni. The 
effect of ball-milling time on the structure and the 
electrochemical properties was also investigated. The 
electrode performance in 6M KOH solution was 
characterized by charge/discharge cycle tests. The 
electrochemical properties were discussed based on the 
experimental results obtained by X-ray diffraction (XRD) 
and scanning electron microscopy (SEM).  

2. Experimental Procedure 

The Mg67Ni33 alloy samples were synthesized by MA with 
pure elemental Mg and Ni powders (-325 mesh powders 
with at least 99.9% purity were obtained from Alfa Aesar). 
To prevent the alloys from being oxidized during milling, 
the powder mixtures charged into the stainless steel vials 
under the high purity Ar atmosphere (in the glove box). The 
mechanical alloying was performed with a planetary ball 
mill (Retsch PM 100) and the milling speed was 500 rpm. 
The duration of the milling was varied from 10h to 60h. X-
ray diffraction (XRD) analyses were performed using a 
Rigaku
Scanning electron microscopy (SEM) observations were 
made using a JEOL JSM 5600 microscope operating at 20 
kV. Working electrodes were prepared by mixing 0.15 g MA 
alloy powder with 0.45 g nickel powder in a weight ratio of 
1:3 and then cold pressing into pellets of 10 mm in diameter, 
under a pressure of 5 ton cm-2. NiOOH/Ni(OH)2 counter 
electrode and a Hg/HgO reference electrode were used to set 
up a three-electrode cell in 6 M KOH solution. 

Electrochemical tests were performed on an Gamry 
Instrument Model 600 potentiostat/galvanostat/ZRA at room 
temperature. Charge discharge cyclic tests were performed 
using Gammry potentiostat/galvanostat (equipped with 
PWR800 Electrochemical Energy Software package) 
operating in a galvanostatic mode. The working electrodes 
were charged at a current density of 100 mAg-1 and the 
charging was carried out down to the severe gassing 
potential. The discharge current density was 25 mAg  and 
the discharge cut-off potential was -0.6 VHg/HgO. After every 
charging, the circuit was opened for 5 min. When calculating 
the discharge capacity, only the weight of hydrogen storage 
alloys was considered as active materials. 
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3. Results and Discussion 

X-ray diffraction (XRD) patterns of the ball-milled Mg67Ni33 
alloy for 10, 20, 40 and 60h ball-milling times are shown in 
Fig. 1. It can be seen that when milled for 10h the 
intermetallic compound Mg2Ni and Ni phases appeared in 
XRD pattern. With increasing milling time from 10h to 20h, 
The intensity of the peaks for Mg2Ni and Ni decreases 
rapidly. A broad and 
appear at 20 h milling which can be assigned to amorphous 
structure. This show that after 20h of ball-milling the 
amorphous phase co-existing with Mg2Ni phase. Moreover, 
from Fig it can be seen that, the diffraction peaks of Mg2Ni 
disappeared completely at 40h and 60h and only a broaden 
peak is observed. So we can conclude that the amorphous 
phase grew at the expense of intermetallic compound Mg2Ni 
[9,10]. During mechanical alloying the originally sharp 
diffraction peaks of Mg2Ni and Ni gradually become broader 
and their intensity decreases with increasing milling time. 

 
Figure 1. X-ray diffraction patterns of Mg67Ni33 alloy for 

different ball-milling times 

Scanning electron micrographs (SEM) of Mg67Ni33 alloys 
synthesized by different milling are given in Fig. 2. The 
SEM examination reveals that the 10h milled Mg67Ni33 alloy 
powder has a coarse particle and inhomogeneous particle 
size distribution. With increasing milling time, the large 
particles are broken down, the particle shape becomes 
rounded, and the particle size is reduced. The fragmentation 
of the coarse, cold-welded part
figs. 2b, c and d, show the typical morphology of the 
amorphous-like alloys [1,2,11,20]. Fig. 2c and d also clearly 
indicate that after 40 h and 60 h milling time, the Mg67Ni33 
alloy particles have agglomerated by cold welding and 
mechanical interlocking of spongy or rough surface. 

For different milling times, the charge and discharge 
potential curves of Mg67Ni33 alloys are provided in Fig. 3 

and discharge curves are given in Figures for the clear 
presentation. The charge capacity of 10h milled Mg67Ni33 
alloy electrode is much higher than the discharge capacity at 
first cycle. This observation shows that most of the charged 
hydrogen remains in the alloy structure and only the fraction 
of the charged hydrogen can be discharged. In other words, 

charge/discharge reversibility in 10h milled Mg67Ni33 alloy 
is quite poor. Obviously the 20h milled Mg67Ni33 alloy 
shows the best performance. 

  

Figure 2. Powder morphologies of Mg67Ni33 alloys 
synthesized by MA at a) 10h, b) 20h, c) 40h and d) 60h 

milling times. 

Both the initial discharge capacity and the charge/discharge 
reversibility are improved with increasing milling. On the 
other hand, the charging/discharging capacities are 
unacceptably low after the 5 cycles. The discharge potential 
characteristic is an important performance of the electrode 
alloy, which was characterized by the potential plateau of the 
discharge curve of the alloy. The longer and the more 
horizontal the discharge potential plateau, the better the 
discharge potential characteristics of the alloy [6, 15]. It is 
found that each electrode, except 10h milled Mg67Ni33, 

plateau at the initial cycles. 

The initial discharge capacity of Mg67Ni33 alloy increase 
with the increase of milling time from 10h to 20h. However, 
for longer ball-milling times (40h and 60h) the initial 
discharge capacities slightly decrease again. There is an 
optimum milling time, 20 h, which leads to the maximum 
discharge capacity.  

It is suggested that the refined particles and the presence of 
abundant defects and grains produced by milling extremely 
improves the hydrogen diffusion in the alloy matrix. Also, 
the discharge capacities increase in parallel to the 
development of the nanocrystalline/amorphous alloy 
structure with the milling time [1,2,9,16]. The decrease in 
the discharge capacity with the prolonged milling time in 
contrast to the expected increase in capacity may be 
explained by an agglomeration of extremely small particles, 
and consequently, results in decrease of active surface area 
[2].  
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Figure 3. Charge-discharge curves of Mg67Ni33 alloys ball 

milled for different times: a) 10h, b) 20h, c) 40h and d) 
60h. 

The discharge capacities measured at all the 
charge/discharge cycles are shown in Fig. 4a. The cyclic 
stabilities of the alloys are also evaluated by observing the 
capacity retaining rates as in Fig. 4b. The capacity retaining 

n/Cmax max
is the initial discharge capacity and Cn is the discharge 
capacity at nth charge/discharge cycle step. The 
electrochemical properties of the Mg67Ni33 alloy electrodes 
are summarized in Table 1.  

 

 
Figure 4. a) Discharge capacity and b) Cyclic stability as a 

function of cycle number for Mg67Ni33.alloy electrodes 
ball-milled for different times. 

Table 1. The electrochemical properties of Mg67Ni33 alloy 
electrodes ball-milled for different times. 

Milling time 
(hour) 

Cmax 
(mAhg-1) 

C20 
(mAhg-1) 

C20/Cmax 
(%) 

10 128 25 20 
20 381 51 13 
40 319 63 20 
60 279 39 14 

It can be clearly seen that, the cyclic stabilities of Mg67Ni33 
alloy are relatively poor at all the ball milling times. 
Although the 20h milled Mg67Ni33 alloy has very promising 
initial discharge capacity (381 mAhg-1), it has unacceptable 
capacity retaining rate (about 13%). Apparently, for each 
ball-milling duration, the discharge capacity of the Mg67Ni33 
electrodes decreased with increasing cycle number. The 
discharge capacity decay of these electrodes proceeds very 
fast with cycling and is more pronounced with the high Mg 
content. The rapid degradation in the discharge capacity 
could have been caused by the severe corrosion of Mg in the 
alkaline KOH solution. This is related to the formation and 
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thickening of Mg(OH)2 layer on the alloy surface, which 
prevents the hydrogen diffusion, during the charge/discharge 
cycling. Especially, during the discharging process, the high 
Mg content of the Mg67Ni33 alloy is anodically polarized so 
that corrosion would be faster [1,13,21]. 

4. Conclusion 

XRD analysis shows that 20h milling was enough to obtain 
the amorphous/nano-crystalline Mg67Ni33 alloy structure. 
The results of XRD and SEM indicate that the homogenous 
composite is formed after ball-milling treatment. 

The discharge capacities of the alloys increased sharply up 
to 20 h milling time. The maximum discharge capacity of 
Mg67Ni33 alloy electrode was observable after at 20h ball 
milling. Moreover, further increase in the milling time up to 
60h leads to a slight decrease of the discharge capacities. The 
cyclic stabilities of Mg67Ni33 alloy are relatively poor at all 
the ball milling times. Although the 20h milled Mg67Ni33 
alloy has very promising initial discharge capacity (381 
mAhg-1), it has unacceptable capacity retaining rate (about 
13%). Apparently, for each ball-milling duration, the 
discharge capacity of the Mg67Ni33 electrodes decreased with 
increasing cycle number. 
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Abstract 
 
The solid oxide fuel cells have been studied extensively in 
last few decades due to their efficient energy conversion 
abilities. The modification and development of new cathode 
materials is crucial to increase the performance and life time 
of SOFCs. Oxygen reduction reaction and the diffusion of 
oxygen ions through the cathode are two consecutive   
processes taking place in the cathode. The cathode thickness   
as well as the operating temperature determine which one of 
those two mechanisms is the dominant in the overall 
kinetics. For thinner structures the rate limiting step is 
dissociation of oxygen molecules at the surface while bulk 
diffusion becomes the rate limiting step with thicker 
cathodes. Switchover thickness in the rate limiting process 
is normally refered to as critical thickness.  In this study, a 
thorough search was carried out for a number of cathode 
systems so as to determine their critical thicknesses.   
.  
1. Introduction 
 
The mixed conductive (ionic and electronic) perovskite 
structure materials have attracted significant interest in last 
few decades as cathode materials for solid oxide fuel cells 
(SOFC) at intermediate temperatures [1]. Their promising 
oxygen reduction and transport abilities can enlarge the 
application areas and the importance of these materials. The 
fundamental principles of the processes involved during the 
oxygen reduction and transport steps should be considered 
to determine the rate limiting step and to improve the 
performance of these devices. It is well  known that for 
relatively thick membranes and films the diffusion of oxygen 
ions through the bulk path is the rate limiting step [2]. To 
produce  acceptable the oxygen flux it is necessary to reduce   
the cathode to thicknesses  in micrometer range [3]. As the 
thickness is reduced the surface exchange step becomes 
relatively more improtant   and after some point it becomes 
the rate limiting step for the overall process. The critical 
thickness (Lc) at which the surface exhange step and the bulk 
diffusion step are equally important is the switchover point.  
 
According to De Souza et al. [4] there is a strong correlation 
between the surface kinetics and bulk ion transport. In the 
literature, there are a number of  studies that suggest this 
correaltion between  surface ki,netics- is 

related to the oxygen nonstoichiometry and the oxygen 
vacancy concentration of the cathode.  
 
There are several techniques to  identify the critical thickness 
values. These are isotope exchange depth profiling (IEDP), 
impedance spectroscopy and electric conductivity relaxation 
experiments.  
 
The critical length for the perovskite structure oxides can be 
approximated as follows; 
 

Lc = ( D  / k )   (1) 
 

where D  is the self diffusion coefficient and k is the surface 
exhange coefficient [4]. The value of the k determines the 
oxygen flux through the surface which should be equal to the 
oxygen flux in the bulk.  This dependence  enables  to relate 
the D and k as follows; 
 

k*( Cg  Cs ) = -D*(dC(x) / dx) (at x=0)  (2) 
 
where Cg  and Cs are the oxygen concentrations in the gas 
phase and in the surface (x=0) of the electrode respectively 
[3]. The values of k and D can be obtained in as ingle 
experiement  by IEDP technique  
 
It is generally observed  that the value of k is less sensitive 
to the operating temperature than that of D.  A quensequence 
of this is that  critical length increases with increasing 
temperature. However there are some contradictory findings 
in the literature; In most of the perovskite materials, for 
instance,  the B type cations starts to segregate towards the 
surfaces at elevated temperatures. As a result of this 
segregation the surface structure differentiates from the bulk 
structure and the surface and bulk kinetics may be affected 
differently. 
 
Another important parameter for Lc is the oxygen partial 
pressure difference in the cathode. The relation that is given 
in equation (1) is valid only for small gradients of oxygen 
partial pressures. As the driving force for the oxygen 
transport increases, the importance of surface exchange 
decreases and therefore the critical thickness may be affected 
differently 
 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

76718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

The final important parameter is the doping level of the 
perovskite structure material. Since the doping level 
determines the concentration of the oxygen vacancies in the 
structure it has an important effect on both the surface and 
bulk kinetics. The surface vacancies can be assumed as the 
suitable sites for oxygen reduction reaction and as the doping 
level is increased the surface vacancy concentration 
increases and this facilitates the surface kinetics. However 
after a certain value, the further increase in the doping level 
of B type cation can increase the segregation and may have 
negative effects. 
 
There are a large number of  studies in the literature about 
the determination of the critical thickness for different 
perovskite materials. However, there is a lack of connection 
between the theory and the experiments.   In this study, a 
different perovskites cathode materials  were comapered in 
terms of their  critical thickness values.  The dependence of 
the critical thickness on the operating temperature, doping 
level, oxygen partial pressure and the composition of the 
composite like cathode materials are summarized.  
 
2. The Critical Length in Different Cathode Systems 
 
2.1. PrBaCo2O  (PBCO) Double Perovskite 
 
The double perovskites especially the family of LnBaCo2O5+ 
 show high and anisotropic bulk oxygen transport [7]. 

PrBaCo2O  (PBCO) is an important example for the double 
perovskite structure and it is one of the most common 
studied structures for intermediate solid oxide fuel cells. 
PBCO has an orthorhombic crystal structure and since it has 
anisotropic oxygen diffusivities, the rate determining step 
can change according to the positioning of the crystal 
structure. Burriel et al. [5] have measured the oxygen tracer 
diffusion and the surface exchange coefficients at 300 C 
along different directions and the results are given as 
follows; 
 

-    D = 3.6*10-12 cm2/s and  
k = 6.3*10  cm/s 

- -11 cm2/s and  
k = 3.1*10  cm/s 

 
According to these results Lc can be approximated as; 
 

-  Lc = 60 m and 
a-  Lc = 480 m. 

 
For randomly oriented grains the average Lc is around 150 

m at 300 C. 
 
 
 
2.2. SrCo ScxO  Perovskites 
 

The doping of inactive cation (having a fixed valence such 
as Nb5+, Ta5+, Ti4+, and Sc3+) for the B-site cations is a known 
technique to increase the structural and chemical stability of 
the perovskites [6]. Chen et al.[ ] have investigated the effect 
of B-site doping concentration with redox-inactive cation 
(Sc) on the properties and performance of the perovskite 
oxides. According to the diffusion and surface exchange 
coefficients that are found in this study the critical length 
values are    tabulated, Table 1. 
 

Table 1. The critical lengths for different doping levels of 
SrCo ScxO3  

  Temperature 
Doping 
Level 1073 K 1023 K 973 K 923 K 873 K 

Sc = 0 80 m 90 m 150 m 120 m 170 m 

Sc = 0.05 1000 m 1000 m 1050 m 1000 m 1000 m 

Sc = 0.1 430 m 400 m 450 m 430 m 400 m 

Sc = 0.2 310 m 290 m 310 m 300 m 250 m 
 
 
From the table it can be concluded that for the undoped 
sample the critical length increases with decreasing 
temperature. This indicates, that, unlike what was stated 
above, the surface exchange coefficient is more temperature 
dependent than the diffusion coefficient. This is probably 
related with the vacancy concentration variations between 
the surface and the bulk regions in different temperatures. 
However, for Sc doped samples it can be seen that the critical 
length values are almost independent from the temperature 
which means that the temperature dependency of the k and 
D are very similar. Therefore, the structural stability is 
justified by the addition of Sc into the perovskite structure.  
 
2.3. Ba0.5Sr0.5Co0.8Fe0.2O  (BSCF) Perovskites 
 
BSCF is one of the important candidates to reduce the 
operating temperatures of the SOFCs. Therefore, it is one of 
the most popular system for recent studies. Berenov et al. 
have investigated the oxygen diffusion kinetics of this 
material and they have measured the D and k values at 
different temperatures [9]. The critical lengths values 
extracted from this study are tabulated in table 2.  
 

Table 2. The critical lengths for Ba0.5Sr0.5Co0.8Fe0.2O   
at different temperatures(x) 

  

Temperature 

550 C 480 C 450 C 400 C 

Lc 170 m 400 m 500 m 670 m 
 
From the results given in table 2 it can be concluded that the 
temperature sensitivity of diffusion coefficient is lower than 
that of surface exchange rate coefficient.  This results in an 
increase in the critical length with increasing temperature. 
Berenov et al [9] have also studied the effect of oxygen 
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partial pressure on D and k values.   The effect of oxygen 
partial pressure on the critical length are extracted from their 
study and are tabulated in table 3. 
 

Table 3. The critical lengths for Ba0.5Sr0.5Co0.8Fe0.2O  for 
different oxygen partial pressures 

  

Oxygen Partial Pressure (*10-3 bar) at 700 C 

13.6 10.7 8.0 5.3 
 

2.7 

Lc 2700 m 3800 m 5200 m 8400 m 
 

14800 m  
 
From the values it can be stated that the diffusion coefficient 
is almost independent from the oxygen partial pressure, but 
the surface exchange rate coefficient increases significantly 
with increasing the partial pressure. This results in a decrease 
in the critical length of the material with increasing oxygen 
partial pressure. 
 
2.4. La1-xSrxMn1-yCoyO  Perovskites 
 
Lanthanum Strontium based cathodes are extensively 
studied cathode materials due to their promising oxygen 
conductivities and high oxygen vacancy contents.  De Souza 
and   Kilner have investigated the oxygen surface exchange 
kinetics of La1-xSrxMn1-yCoyO  perovskite materials with 
the help of Isotope Exchange Depth Profile (IEDP) 
technique [8]. The experiments were carried out with 2 
different x values (0.2 and 0.5) for A-doping and 5 different 
y values (0, 0.2, 0.3, 0.5 and 1) for B-doping at different 
temperatures.  The critical lengths   calculated from this 
study are tabulated in table 4 and 5. 
 

Table 4. The critical lengths for different doping levels of   
La0.8Sr0.2Mn1-yCoyO  

X = 0.2 Temperature 
Doping 
Level 1273 K 1173 K 1073 K 973 K 873 K 

Y = 1 160 m 60 m 20 m 40 m 10 m 

Y = 0.5  0.3 m 0.3 m 0.05 m 0.05 m 

Y = 0 0.06 m 0.3 m 0.006 m 0.02 m  
 

Table 5. The critical lengths for different doping levels of   
La0.5Sr0.5Mn1-yCoyO  

X = 0.5 Temperature 
Doping 
Level 1273 K 1173 K 1073 K 973 K 873 K 

Y = 1  130 m 100 m 50 m 20 m 

Y = 0.2  3 m 0.3 m 0.02 m 0.005 m 

Y = 0 0.2 m 0.2 m 0.03 m 0.01 m  
As seen from the tables, the critical length depends on 
temperature and composition. The B-site doping has 
decreased the D and k values substantially which means   a 
decrease in the kinetics of the processes. Doping of Mn 
instead of Co   decreases the diffusion coefficient more than 

the exchange rate and as a result cuases a decrease in the 
critical length. The A-type doping, on the other hand has 
increased the critical length of almost all of the 
compositions. This is due to the increase in the oxygen 
vacancy concentration by the addition of Sr. 
 
Another important point is the temperature dependency of 
the critical length. As the temperature decreases the critical 
length decreases which means that the diffusion coefficient, 
D, is more sensitive to the temperature than the surface 
exchange coefficient, k for this type of perovskites. 
 
2.5. La1-xSrxCoO  Perovskites 
 
LSC 113 is one of the most common cathode materials in the 
last decade due to its high ionic conductivity at low 
temperatures. The investigation of surface exchange kinetics 
and the diffusion kinetics are carried out to find the critical 
length and to understand the mechanisms involved. 
However the studies in the literature have shown 
c t to critical length values. 
The critical length calculated from a study   by   van Doorn 
et al. [10] in the temperature range of 700  1000 C are 
given in    Table 6. 
 
 
Table 6. The critical length of La0.7Sr0.3CoO  for different 

temperatures and oxygen partial pressures 

    
 
The values show that    the critical length tends to increase 
with increasing temperature in the intermediate solid oxide 
fuel cell   range. At the temperatures higher than 900 C it 
starts to decrease. In another study of the same material, 
Chen et al. [11] have shown that the critical length increases 
with increasing temperature after 1000 C. The length values 
were   68, 73 and 87 micrometers at 1000, 1050 and 1100 C 
temperatures respectively. This values should be compared 
to 830 micrometer reported for 1000 C by van Doorn et al. 
[10]. Thus a large discrepancy exist between the absolute 
values of the critical length and the relation between the 
temperature and critical length.  
 
3. Conclusion 
 
The current study evaluate the critical length and refer to    
different families of perovskite materials. From the data 
collected for different systems it is seen that the critical 
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length depends on many parameters; oxygen vacancy 
concentration, oxygen partial pressure and temperature. In 
the literature research it is seen that the critical length values 
are different in the order of magnitude even for the same 
material under the same conditions. For example for the LSC 
113 perovskite the critical length at 700 C is found 700 m 
according to the study done by van Doorn et al. [10] while it 
is estimated around 20 m for the study done by Chen et al. 
[11]. Although discrepancies are quite common, the main 
tendency is that the critical length increases with increase in 
temperature. This implies that the diffusion which follows 
Arrhenius relation has a stronger temperature dependence 
than    surface exchange step.  
 
As for oxygen partial pressure the position of k and D is 
reversed. Here surface exchange step seems to show a 
stronger dependence on oxygen partial pressure.    
 
As it can be seen from the given examples there is a lack of 
connection between the theory and the calculated results and 
there are different behaviors between different materials and 
temperature or the oxygen partial pressure. In order to 
understand the mechanism of the oxygen reduction and 
transport an effective literature summary and further tests are 
required. 
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Abstract 
In this study, activation behavior of AB2 type 
(Ti0.36Zr0.64)(V0.15Ni0.58Mn0.20Cr0.07)2 alloy, is 
investigated. Effects of particle size, ball milling and 
surface modification via NAFION coating were 
considered. Galvanostatic cycling in open cells showed 
that bare alloy initially had almost no capacity, but 
reached a value of 220 mAh/g after 14 cycles. 
Experiments showed that coarse particles activate 
faster yielding an improved capacity 245 mAh/g. The 
surface modification via NAFION coating yielded 
improved performance with regard to high rate 
dischargeability. 
 
1. Introduction 

Several alternatives are available as negative electrode 
material in NiMH batteries. Among them, AB2 type 
Laves phase alloys are promising negative electrode 
materials [2]. It is possible to attain high 
electrochemical discharge capacity and good cyclic 
performance in these electrodes, even higher compared 
to rare earth alloys if proper treatments were applied 
[3]. Nevertheless, activation requirement is the key 
issue that limits the application of these alloys in 
practice. 

There are several methods proposed for activation of 
AB2 alloys. Liu et al. [4] and Matsuoka et al. [5] used 
ball milling for activating the alloy which creates fresh 
new surfaces. McCormack et al. [6] have claimed that 
the application of voltage pulses in cycling helps 
breaking the oxide layers in the particles, and also 
reveals fresh surfaces as in the case of milling. An 
alternative approach that may be adopted for activation 
would be to aim for surface modification. Thus Sun et 
al. [7] achieved to obtain activated C15 Laves phase 
alloy by milling it with Ni powder. It was claimed that 
Ni rich particle formed on the surface of the particles 
could be activated easily due to the catalytic effect of 
Ni. 

This study focuses on the activation behavior of an 
AB2 alloy, namely (Ti0.36Zr0.64)(V0.15Ni0.58Mn0.20Cr0.07)2 
which has a Laves phase structure. A number of 
methods; particle size refinement, ball milling, and 
surface modification via NAFION coating were used 

so as to activate the alloy. The aim of the study is to 
determine suitable methods and parameters for 
activating the alloy faster and attaining a high capacity 
especially at high discharge rates.  

 

2. Experimental Procedure 

The AB2 alloy used in this study had a composition of 
(Ti0.36Zr0.64)(V0.15Ni0.58Mn0.20Cr0.07)2. Rietveld refined 
X-ray spectrum of this alloy is given in Fig. 1. It is 
seen that the alloy has a C14 Laves phase crystal 
structure. Calculated lattice parameters are a=0.4958 
and c=0.8091 nanometers. A second phase is also 
present in this alloy as there are additional peaks. The 
second phase present measured by EDS had a 
composition of (Ti0.50Zr0.50)Ni [8]. The phase is 
however quite small not more than 5%. 

Electrochemical charge-discharge capacity of the 
alloys was measured with a three electrode cell 
exposed to open atmosphere. For negative electrode, 
the active powder was mixed with copper powder (1:3) 
and pressed under a pressure of 400 MPa into pellets 
10 mm in diameter. A nickel mesh was used to wrap 
the pellet and the electrode was connected to the 
galvanostat with a nickel wire spot welded to it. The 
counter electrode was a nickel mesh spot welded to a 
Ni wire. Nickel mesh had a larger surface area than that 
of the negative electrode. 

 

 
Fig.1 Rietveld refined X-ray diffraction pattern of AB2 
alloy. Note that the alloy has a C14 Laves Phase crystal 
structure. Also note presence of additional peaks 
arising from the second phase. 
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Fig.2 SEM Micrograph of AB2 alloy powder taken 
from a sample mounted on epoxy polished and etched 
to reveal the phase distributions. 
 
 
 The reference electrode used is a zinc rod (99.995 %) 
of 4 mm in diameter, although the use of Zinc electrode 
has its problems, it was not critical for the purpose of 
this study. The measurements were carried out in 6 M 
KOH electrolyte with a battery tester Land CT 2001A. 
Charging was done at 50 mA/g. For comparison two 
discharge rate regimes were experimented: one was 50 
mA/g and the other was significantly higher 320 mA/g. 
Following charging for a duration of 8 h, the alloys 
were discharged down to a cut-off voltage of -0.75 V 
vs. Zn. 
 

3. Results and Discussion 

Electrochemical performance of the powders in the as–
received condition is given in Fig. 3. The initial 
capacity was found to be very low, but increased with 
cycling and reached a value of 220 mAh/g at 14th cycle.  

PCT curve of the current alloy yields a reversible 
hydrogen storage capacity of 1.18 wt. % hydrogen at a 
hydrogen pressure of 1 atm. This corresponds to an 
electrochemical discharge capacity of 316 mAh/g. It 
was surprising that this capacity was not reached in the 
as-received powders even after 20th cycle. In order to 
activate the alloy to obtain maximum attainable 
capacity, three activation methods were used; particle 
size refinement, ball milling and surface modification 
via NAFION coating  

Particle Size Refinement: As received alloy powders 
were sieved to and separate groups were collected. 
Collected powders divided into three batches having 
average particle size, d(0.5), of 82.5, 62.7 and 37.3 
microns.  

Discharge capacity of each batch were measured with 
respect to the cycle number, and plotted as seen in the 
Fig. 3. There was no capacity measured in the first few 
cycles as in the case of as-received powder. However, 

coarse powders, having average particle size larger 
than 37.3 microns, reached the maximum discharge 
capacity of 245 mAh/g only after 7th cycle. Although 
there is a decrease in the discharge capacity with 
further cycling, this was thought to be due to particle 
drop-out and was not considered to be the real 
behavior. 

Fine powders on the other hand, behaved quite similar 
to the as-received powders. The maximum capacity 
reached was less. This was thought to be due to the 
presence of isolated powders, i.e. not in contact with 
the electrode. Following an initial 20 cycle, the 
electrode was tested with a high discharge rate. 
However, there was a drastic reduction in discharge 
capacity for all samples.  

Ball Milling: As-received powders were ball milled to 
investigate the effects of particle size reduction on 
activation. 10 mm stainless steel balls were used in 
milling with a ball-to-powder ratio of 20:1 in a 250 cc 
vial. Milling was carried out using RETSCH PM 400 
planetary ball mill with 250 rpm rotation speed. 
Powders were milled for durations of 1h, 3h and 5h. 
 
SEM micrographs of milled powders are given in Fig. 
4. Fragmentation of the coarse powder particles were 
clearly seen after 1h of milling. With further milling 
particles agglomerate yielding larger particle sizes. 
Discharge capacities of the milled powders are shown 
plotted in Fig.5 against cycle number. It is clearly seen 
that milling had a positive effect on activation and that 
all milled powders seem to have reached nearly their 
respective capacity after 6th cycle. The maximum 
capacity attained in the milled powders varied with the 
milling time. For 1h, the discharge capacity was 330 
mAh/g, which is slightly above the expected capacity 
of 316 mAh/g, while 3h and 5h yielded capacities of 
260 mAh/g and 210 mAh/g respectively.  
 
 

 
 
Fig. 3 Effect of particle size on discharge capacity. 
First 20 cycles refer to moderate discharge rate 50 
mA/g, and the last 20 cycles refer to fast discharge rate, 
320 mA/g.  
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Fig. 4. SEM images of pristine powder, the powder milled for 1h and 5h. 
 

 
Fig. 5. Discharge capacity vs. cycle number for 
powders milled for 1h, 3h and 5h. First 20 cycles refer 
to moderate discharge rate 50 mA/g, and the last 20 
cycles refer to fast discharge rate, 320 mA/g. 

 

As can be seen from Fig. 5, there was some positive 
effect on rate dischargeability Especially after 1h 
milling the capacity at high rate discharge rate was not 
too far off that of moderate charging.  
 
NAFION coating: For NAFION coating a pellet was 
prepared in the usual way. Thus AB2 powder were 
pressed with copper powder. A drop of NAFION 
solution (5% in isopropyl alcohol) was applied and the 
pellet was dried. This was repeated 4 times 2 for each 
surface. Coated pellets were dried in the furnace at 
80°C for 12 hours.  
The discharge capacity versus cycle number data were 
plotted in Fig. 6. It can be seen that the activation 
behavior was not improved with NAFION coating. 
Capacity reached after 20 cycles, though the profile 
was different, were similar to the pristine alloy.  
The capacity with high discharge rate in AB2 modified 
by nafion coating was exceptionally good and reaches 
349 mAh/g. In addition, the capacity does not seem to 
have saturated at the end of the 40th cycle.  

 
Fig. 6. Discharge capacity vs. cycle number for 
powders coated with NAFION. Note that the high rate 
discharge behavior is better than that of the pristine 
powder. 
 
 
4. Conclusions 
The effects of particle size, ball milling and surface 
modification by NAFION coating on activation 
behavior and high rate performance of the 
(Ti0.36Zr0.64)(V0.15Ni0.58Mn0.20Cr0.07)2 Laves phase AB2 
alloy were examined. From the current study the 
following remarks can be made: 
i) Large particle size provides faster activation. This is 
due to fragmentation of large particles exposing fresh 
new surfaces. The capacities with fine particle were 
less. But they show better discharge capacity at higher 
discharge rates  
ii) The milled powders also provide better activation 
yielding a capacity of (349 mAh/g) after 1 h of milling. 
However prolonged milling decreases the saturation 
capacity. This decrease was attributed to the presence 
of isolated fine particles not in contact with the 
electrode.  
iii) NAFION coating did not lead to any improvement 
in the activation behavior. However, the alloy 
performance was improved significantly at high 
discharge rate.  
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This work is in progress and improved performance 
reported with nafion coating is being re-examined if it 
is real or due to some artifacts. 
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Abstract 

Magnetic refrigeration is a cooling technology based on 
the magnetocaloric effect (MCE). It has attracted 
increasing interest because of its  higher cooling 
efficiency and enviromently friendliness. Recently, Ni-
based Heusler alloys have received considerable attention 
due to their unique properties like stronger 
magnetocaloric effect. In order to characterize the order-
order (L21 B2) and order-disorder (B2 A2) transitions 
in A2BC type full Heusler alloys, statistico-
thermodynamical theory of ordering by means of Bragg-
Williams-Gorsky (BWG) method combined with 
electronic theory in the pseudopotential approximation 
have been employed. The partial ordering energies, 
calculated according to the electronic theory of alloys in 
pseudopotential approximation for the first two 
coordination spheres were utilized as input data for the 
theoretical superlattice formation models based on BWG 
approximation. The L21 B2 and B2 A2 critical phase 
transformation temperatures have been determined in 
Ni50Mn50-xSbx alloy. 

1. Introduction 

Recently, Ni-Mn-X (X=Ga, In, Sb) based Heusler alloys 
have received considerable attention due to their unique 
properties like giant magnetocaloric (GMCE) and 
ferromagnetic shape memory effects (FSME). The full 
Heusler alloys are magnetic ternary intermetallic 
compounds with L21 type ordered crystal structure 
represented by the formula A2BX, in which  A and B are 
3d elements and X is a group IIIA – VA element. These 
alloys show magnetism which is due to the A and/or B 
elements [1]. Also, these alloys undergo high temperature 
atomic ordering (order  order and order  disorder) 
transformations, a magnetic transformation 
(ferromagnetic  paramagnetic) as well as a low 
temperature martensitic transformation (austenite  
martensite).  

The aim of this study is to investigate the B2 A2 order-
disorder and L21 B2 order-order high temperature 
phase transformations in Ni50Mn50-xSbx full Heusler 
alloy. For this purpose, statisco-thermodynamical 
treatments based on BWG approximations have been 
utilized. 

2. Calculation of the B2 A2 (Tc1) and L21 B2 (Tc2) 
critical transformation temperatures   

Y. Murakami et al. [2] constructed the thermodynamical 
model, involving the B2 A2 and L21 B2 
transformations by including both the interactions 
between nearest and next-nearest neighbour atoms in 
A2BC full Heusler alloys. Moreover, the free energy of 
A2BC alloy system is given by [2]: 

F = E1 + E2 - T                                          (1)                            

Where E1 and E2 are the potential energies of the system 
taking into account interactions of atoms at the first and 
second coordination spheres, respectively, T is the 
temperature and  is the configurational entropy.  

By minimizing free energy of system with respect to 1 
and 2 LRO parameters, the B2 A2 (Tc1) and L21 B2 
(Tc2) phase transformation temperatures have been 
obtained [2], 

 

                                                                                       (3) 

(2) 
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Here k is the Boltzmann’s constant; WAB(R1), WAC(R1) 
and WBC(R1) represent the partial ordering energies at the 
1-st coordination sphere for A-B, A-C, B-C atomic pairs, 
respectively, while WBC(R2) is the partial ordering energy 
at the 2-nd coordination sphere for B-C atomic pair in 
A2BC type alloy system. 

The partial ordering energies between the atomic pairs at 
the first coordination sphere are given by 

                                     
( ) ( ) ( ) 2 ( )AB AA BB AB

l l l lW R V R V R V R( )AA BB AB( ) ( ) 2( ) ( ) 2l l l( ) ( ) 2 () ( ) 2 (( ) ( ) 2 (( ) ( ) 2 (( ) ( ) 2( ) ( ) 2( ) ( ) 2( ) ( ) 2 () (( ) ( ) 2 (    (4) 

( ) ( ) ( ) 2 ( )AC AA CC AC
l l l lW R V R V R V R( )AA CC AC( ) ( ) 2( ) ( ) 2l l l( ) ( ) 2 () ( ) 2 (( ) ( ) 2 (( ) ( ) 2( ) ( ) 2( ) ( ) 2( ) ( ) 2 (     (5) 

( ) ( ) ( ) 2 ( )BC BB CC BC
l l l lW R V R V R V R( )BB CC BC( ) ( ) 2( ) ( ) 2l l l( ) ( ) 2 () ( ) 2 (( ) ( ) 2 (( ) ( ) 2 (( ) ( ) 2( ) ( ) 2 () (( ) ( ) 2 (    (6) 

Where VAB(Rl), VBC(Rl), VAC(Rl), VAA(Rl), VBB(Rl) and 
VCC(Rl) represent  the pairwise interaction energies 
between the atoms of suffixed letters at the first  
coordination sphere. 

The L21 B2  transformation temperature of Tc2 can be 
rewritten as 

                                                                                       (7) 

Also, R. Kainuma et al. [3] proposed the following 
equation for the calculation of L21 B2 critical 
transformation temperature, Tc2, for ternary alloys: 

   2 2
24 ( ) (1/ 2 )BC

C CTc W R x x
k 2
24 ( ) (1/ 2 )2

BC
C C(1/ 2(1/ 2W24 ( ) (1/ 2) (1/ 22

BC (1/ 2                        (8)  

The partial ordering energies, Wij(Rl), of substitutional 
A-B-C alloys as a function of interatomic distance, R, 
can be calculated based on the electronic theory of 
multicomponent alloys in the pseudopotential 
approximation by using the following equations [4- 12],   

_
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0 is the is the average atomic volume of the ternary alloy, 
(q) is the dielectric constant in Hartree approximation; *(q) 

is the modified dielectric constant which takes into account 
the correlation and exchange effects [13]; 0 ( )i q0 ( )i q and 

0 ( )j q0 ( )j q  are the formfactors of an unscreened pseudopotential 
of i and j component ions (i, j  A, B or X)  respectively; 

* *( )i jZ Z is the effective valency of the i(j) component atoms 
and  is the Ewald parameter.  

3.  Results and Discussion 

This study covers the theoretical modelling of atomic 
ordering processes in full Heusler alloys. Equations (9)-
(10) enable one to calculate partial ordering energies as a 
function of interatomic distance, R, for any ternary alloy 
provided that the form factor of unscreened 
pseudopotentials, 0(q), and effective valences, Z*, are 
known for the ions involved. Unlike simple metal alloys, 
the form factor of the pseudopotential for transition 
metals must contain terms responsible for the d-
resonance effect. The model pseudopotential, employed 
in present calculations in which the d-resonance effect is 
partly taken into account for transition metals was 
developed by Animalu and parameters of the model 
pseudopotential have been tabulated for a large number 
of transition-metal element ions from periodic table [14].  
It is worth to note also that, the model pseudopotential 
proposed by Animalu has been successfully applied 
previously for evolution and/or prediction of various 
atomistic characteristics of the Ni- and Fe-based binary 
and ternary metallic systems [4-12].  

Calculated partial ordering energies (POE) variation with 
interatomic dictance, R, for A-B, A-C and B-C atomic 
pairs in the stoichiometric Ni2MnSb alloy, are given in 
Figure 1. 

For Ni2MnSb alloy, the radius of first and second 
coordination spheres (R1 and R2) are equal to 4.913 at.u. 
and 5.673 at.u., respectively, which’s were calculated 
from experimental lattice parameters [15]. 
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Figure 1:  Variation of  POE for Ni-Mn (dotted line), Mn-Sb 
(solid line) and Ni-Sb  (dashed  line) atomic pairs with 
interatomic distance R for the stoichiometric Ni2MnSb alloy.  
(1at.u.(energy)= 2Ry = 27.2 eV; 1 a. u.(length) = 0.529177 Å) 

 
It is obvious from Figure 1 that the variations of partial 
ordering energies with interatomic distance have quasi-
oscillatory and sign changing character. Therefore, for 
different pairs (A-B, A-C and B-C), the magnitudes of 
partial ordering energies may differ in terms of quantity 
and sign.  

Calculated partial ordering energies for B-C atomic pairs 
at the second coordination sphere in Ni50Mn50-xSbx alloys 
(15<x<35) are given in Table 1. 

 
Table 1: Calculated partial ordering energies for B-C 
atomic pairs at the second coordination sphere for 
Ni50Mn50-xSbx alloy in the composition range of 10<x<35 
 
Ni50Mn50-xSbx x (at. %) 

 
 

Partial Ordering Energies (x10-3) 
 

WBC(R2) (at.u.) 

15 1.901 

20 1.954 

25 2.002 

30 2.046 

35 2.087 
 

It is seen from Table 1 that magnitude of WBC(R2)  partial 
ordering energy increases when Mn is substituted by Sb 
in Ni50Mn50-xSbx alloy. The L21 B2 transformation 
temperatures calculated by using Equations (7) and (8)  

for Ni50Mn50-xSbx alloy in the composition range of 15<x 
<35 are shown in Figure 2.  

 

 

 

 

 
 
 
According to the Figure 2, the model proposed by 
Kainuma et al. [3], (Equation 8), yields to higher  
L21 B2 transformation temperature than that of model 
proposed by Murakami et al. [2], (Equation 7). 
 
The determination of B2 A2 order-disorder 
transformation temperatures requires calculation of 
magnitudes of the partial ordering energies for A-B, A-C 
and B-C atomic pairs at the first coordination sphere 
only. For Ni50Mn50-xSbx x alloy, calculated values of the 
partial ordering energies at the first coordination sphere 
are given in Table 2. 
 
 Table 2: Calculated WAB(R1), WAC(R1) and WBC(R1) 
values for the Ni50Mn50-xSbx alloy 
 
at. % C WAB(R1) WAC(R1) WBC(R1) 

15 0.443×10-3 15.603×10-3 9.799×10-3 
20 0.442×10-3 16.182×10-3 9.948×10-3 
25 0.441×10-3 16.334×10-3 10.084×10-3 
30 0.441×10-3 16.402×10-3 10.208×10-3 
35 0.441×10-3 16.495×10-3 10.512×10-3 

 
Calculated based on Equation (2), the B2 A2 order-
disorder transformation temperatures indicate that 
B2 A2 phase transformation would occur at very high 
temperatures even above the melting point of the 
Ni50Mn50-xSbx alloys. 
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Figure 2: L21 B2 transformation temperatures calculated 
by using Equation 7 (solid line) and Equation 8 (dashed line) 
for Ni50Mn50-xSbx alloy in the composition range of 15<x 
<35.   
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4.  Conclusions 

In this present study partial ordering energies calculated 
by means of the electronic theory of alloys in 
pseudopotential approximation were used as input data in 
order to model the order-order and order-disorder phase 
transformations in full Heusler alloys for the first time. 
Although, the results of our theoretical calculations are 
just qualitative in character, present study indicates that 
the statisco-thermodynamical theory of ordering by 
means of BWG method combined with electronic theory 
in the pseudopotential approximation can be successfully 
applied to the qualitative and/or semi-quantitative 
analysis of the complex L21 B2 and B2 A2 phase 
transformations for A2BC-type ordered Ni50Mn50-xSbx 
full Heusler alloys.  
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Abstract 

Abstract Doped-ceria fluorites have been considered as one 
of the most promising electrolytes for intermediate 
temperature solid oxide fuel cells (IT-SOFC) due to their 
high oxygen ion conductivity below 800 °C. In this study, 
high purity cerium, neodymium and gadolinium salts were 
used to form ceria-based solid solution (Ce0.8Gd0.2-

xNdxO1.90,0 x 0.15) through the pechini method. Crystal 
structure and microstructure were characterized by means 
of X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). XRD measurements indicate that all 
the obtained materials crystallized in cubic fluorite-type 
structure. The obtained powders have good sinterability and 
the relative density could reach above 94% after being 
sintered at 1400 °C for 6h. Furthermore, the co-dopant 
effects on the ionic conductivity of the ceria based 
electrolytes were investigated. 

1. Introduction 

Recently, environmental pollution and lack of energy 
resources are pretty important issues in the world. 
Therefore solid oxide fuel cells (SOFCs) become essential 
materials because SOFCs have several advantages such as 
low emission of pollutants and being higly efficient. 
Generally yttria-stabilized zirconia (YSZ) is used as the 
electrolyte material in conventional SOFCs systems due to 
its high mobility of oxygen vacanies and stable chemical 
properties at high temperature [1-2]. However a high 
processing temperature (1000 ° C) is required to work with 
YSZ in SOFCs. Such a high processing temperature may 
cause problems like high cost, thermal expansion, materials 
anharmonicity, etc [3-4]. Ceria-based solid electrolytes 
have been regarded as one of the most promising candidate 
electrolyte materials for intermediate temperature SOFCs 
due to their ionic conductivity at lower temperatures which 
is much higher than YSZ. The ionic conductivity of ceria 
enhances substantially with the oxygen vacancies generated 
by doping rare earth cations into the ceria lattice [5-6]. 
Several researchers have shown that double element doped 
ceria possesses higher electrical conductivity than that of  

 
the single doped ceria. Among different dopants used, 
Sm+3, Nd+3, Y+3 and Gd+3 are suitable for increasing the 
ionic conductivity of ceria [7- 9]. To synthesize the ceria 
based electrolyte materials, various processes have been 
used such as sol-gel, combustion, homogeneous 
precipitation and mechanochemical [10-13]. In this study, 
high purity cerium, gadolinium and neodymium salts were 
used to prepare ceria-based solid solution through the 
Pechini method. Crystal structure and microstructure were 
characterized by means of X-ray diffraction (XRD) and 
scanning electron microscopy (SEM). To further 
understand the electrical properties of Nd3+ -doped 
Ce0.8Gd0.2O1.90 (GDC) system in this work, we 
systematically investigated the effects of Nd3+ dopant on 
densification and ionic conductivity of this system. 
 
2. Experimental Procedure 
 
A serie of samples with the general formula Ce0.8Gd0.2O1.90, 
Ce0.8Gd0.05Nd0,15O1.90 and Ce0.8Gd0.15Nd0,5O1.90 were  
prepared by the Pechini method using  Ce(NO3)3.6H2O 
(Sigma-Aldrich, 99.999%),Gd(NO3)3.6H2O (Sigma-
Aldrich, 99.999%)  and Nd(NO3)3.6H2O (Sigma-Aldrich, 
99.999%)  salts as the starting materials and ethyleneglycol 
(R.P. Normopur), citric acid (BoehringerIngelheim) were 
selected for the polymerization treatment. Further detail 
about the Pechini method can be obtained from our earlier 
work [14]. 
 
XRD was used to determine the crystal structure of the 
crystalline phases. X-ray spectra of samarium-doped ceria 
powders were achieved over the 2  range of 10°-90° by 
using a Rigaku D/Max-2200 PC x-ray diffractometer with 
CuK  radiation. The morphological characteristics of the 
calcined powders were investigated using the scanning 
electron microscopy (SEM) (FEI-QUANTA FEG 450). 
Impedance measurements (electrochemical impedance 
spectroscopy (EIS)) were performed by using 
SOLARTRON 1260 FRA and 1296 interface at the 
temperature range between 300 and 800°C in air 
atmosphere. 
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3. Results and Discussion 
 
3.1. Structure analysis 
 
Figure 1 shows XRD patterns of the Ce0.8Gd0.2-xNdxO1.90 
system calcined at 600°C. It is clear that the calcined 
powders shows only the cubic fluorite structure with the 
space group (JCPDS powder diffraction File No. 34- 0394). 
Introduction of Gd3+ and Nd3+ into Ce4+ can cause a small 
shift in the ceria peaks.     
The crystallite size (DXRD) is calculated using the Scherrer 
equation, 
 
   DXRD =K / cos                                                            (1)           
                                                                                                
where K is a constant taken to be 0.9, DXRD is the crystallite 
size (nm),  is the wavelength of the radiation (1.5418 Å), 

 is the corrected peak at full width at half maximum 
(FWHM) intensity, and   is the scattering angle of the 
main reflection (111). Crystallite sizes of the Ce0.8Gd0.2O1.90 
, Ce0.8Gd0.15Nd0,05O1.90 , Ce0.8Gd0.05Nd0,15O1.90   powders 
were found as 29.7, 29.5 and 25.4 nm , respectively. 
 
Figure 2 shows the cross sectional SEM image of the 
fractured pellet of Ce0.8Gd0.05Nd0,15O1.90 sample. It is can be 
seen that few closed pores exist. It is very clear from the 
SEM image that the sample is highly dense. This is in good 
agreement with the relative density of the test samples. The 
calculated relative densities of the sintered pellets formed 
from the Ce0.8Gd0.2-xNdxO1.90 systems are above 94% of the 
theoretical value. 
 

 
Figure 1. XRD patterns of Ce0.8Gd0.2-xNdxO1.90 system 

 

 
 

Figure 2. SEM image of Ce0.8Gd0.5Nd0,15O1.90  sample. 

3.2.  Electrical conductivity 
 
Impedance spectroscopy is a powerful tool to study the 
electrical properties of solid electrolytes. Activation energy 
for conduction was calculated using the equation 
 

                                                                (2)                     
 
where  is conductivity, Ea is the activation energy for 
ionic migration, k is the Boltzman’s constant, T is the 
absolute temperature and A is the pre-exponential factor 
being a constant in a certain temperature range.  Figure 3 
shows the Arrhenius plots of the total ionic conductivity for 
Ce0.8Gd0.2-xNdxO1.90 ceramics. It can be seen from Figure 3 
that Gd and Nd co-doped ceria samples have higher 
conductivities for the Ce0.8Gd0.2-xNdxO1.90 system than the 
single doped ceria (Ce0.8Gd0.2O1.90). The activation energy 
has the lowest value of 0.73 eV for the composition 
Ce0.8Gd0.15Nd0,05O1.90. This decrease in activation energy is 
due to the presence of attractive interactions between 
dopant cations and oxygen vacancies [15]. 

 

 
Figure 3. Total conductivities of Ce0.8Gd0.2-xNdxO1.90 

systems sintered at 1400 °C for 6 h. 
 

4. Conclusion 
 
Gadolinium and neodimyum  co-doped ceria samples 
Ce0.8Gd0.2-xNdxO1.90 (0 x 0.15) were successfully prepared 
through Pechini method. All compositions showed cubic 
structure. The sample pellets were sintered at 1400°C for 
6h to obtain dense ceramics and the calculated relative 
densities were over 94% of the theoretical densities. 
Among all the samples, Ce0.8Gd0.15Nd0,05O1.90 exhibited the 
maximum conductivity and it was a promising candidate as 
an electrolyte material for intermediate temperature 
SOFCs.  
 
Acknowledgment 
 
The authors gratefully acknowledge the financial support of 
the TUBITAK (Project number:114M238). 
 
 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

780 IMMC 2016   |   18th International Metallurgy & Materials Congress

References 
 
[1] C. Milliken, S. Guruswamy, and A. Khandkar, Journal 
of the American Ceramic Society, 85 (2002) 2479–2486. 
[2] J.P.P. Huijsmans, F.P.F. van Berkel, G.M. Christie, 
Journal of Power Sources, 71 (1998) 107-110.  
[3] J. F. W. Fergus, Journal of Power Sources, 162 (2006) 
30-40. 
[4] M. Hung, H.W. Peng, S.L. Zheng, C.P. Lin and  J.S. 
Wu, Journal of Power Sources, 193 (2009) 155-159  
[5] S. Kuharuangrong, Journal of Power Sources, 171 
(2007) 506-510. 
[6] B.C.H. Steele, Solid State Ionics, 129 (2000) 95-110. 
[7] H. Inaba and H. Tagawa, Solid State Ionics, 83 (1996) 
1–16.  
[8] P. Shuk and M. Greenblatt, Solid State 
Ionics, 116 (1999) 217–223.   
[9] F.Y. Wang, B.Z. Wan and S. Cheng,  Journal of Solid 
State Electrochemistry, 9 (2005) 168–173. 
[10] G.S. Wu, T. Xie, X.Y. Yuan, B.C. Cheng and L.D. 
Zhang, Materials Research Bulletin, 39 (2004) 1023-1028.  
[11] M.M.A. Sekar, S.S. Manoharan and K.C. Patil, Journal 
of Materials Science Letters, 9 (1990) 1205-1206 
[12] Y.X. Li, W.F. Chen, X.Z. Zhou, Z.Y. Gu and C.M. 
Chen, Materials Letters, 59 (2005) 48-52. 
[13] H.I. Chen and  H.Y. Chang, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 242 (2004) 61 
[14] A. Arabaci and  M.F. Öksüzömer, Ceramics 
International, 38 (2012) 6509 . 
[15] J.A. Kilner, Solid State Ionics, 129 (2000) 13-23.  
 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

78118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

Capacitive Behavior of Azide Functionalized Graphene 
Oxide as Electrode Materials

Utkan Şahintürk, Ahmet Ekerim 

Yıldız Technical University - Türkiye

Abstract 

Graphene based electrode materials for 
supercapacitors have been reported with the 
specific capacitance. Here GO was prepared by a 
modified Hummer’s method. We introduce a 
synthetic path to functionalize GO in a controlled 
manner through selectively functionalizing the 
basal plane of GO with azide in freeze-dried solids. 
This product azide-functionalized grapheneoxide 
(GO-N3) provides a versatile reactive motif for 
further chemical reactions such as electrochemical 
reactions on this electroactive sites. Based on this 
consideration, nickel foam (NF) coated as working 
electrode with GO and GO-N3 ultrasonically. 
Prepared GO-N3 electrode was reduced 
electrochemically after 200 cycles. Capacitive 
behaviour of GO-N3 and RGO-N3 have been 
investigated. 

The microstructure and surface functionalities of 
GO-N3 were determined by scanning electron 
microscopy (SEM), energy dispersive (EDX) and 
Fourier Transform Infrared (FT-IR) spectroscopies. 
The electrochemical properties of the GO and GO-
N3 materials compared by cyclic voltammetry (CV) 
through modification of NF.  

1. Introduction 

Graphene is a single layer of carbon atoms with a 
hexagonal arrangement in a twodimensional lattice. 
Its high thermal conductivity, high specific surface 
area, excellent electronic conductivity, and huge 
theoretical surface area (2630 m2 g 1) make it 
promising for potential applications in 
supercapacitor electrodes.Graphene sheets derived 
from exfoliation of the graphite oxide formed by 
chemical oxidization of graphite are intrinsically 
decorated by abundant active sites, such as 
functional groups (mainly –OH, –COOH, –C=O, 
C–O–C–) and lattice defects (atom vacancy, 
distortion, dangling bonds) on the lateral surface 
and at their edges. The presence of functional 
groups on graphene is essential with respect to 
many active species such as metal oxide have been 
introduced to improve the pseudocapacitance (PC) 
as well as the whole performance of graphene-
based supercapacitor electrodes. However, such 
hybrids usually deliver poor rate capability owing 
to the large volumetric change or degradation 

during charge/discharge process. Therefore, it is 
still a big challenge to explore the basic building 
blocks of graphene with large double-layer 
capacitance (EDLC) and PC due to fast and 
reversible surface redox processes between the 
electrolyte and various electroactive species on 
graphene electrode surface. Generally, heteroatom 
modification has been proven to be the most 
promising method for enhancing the capacity, 
surface wettability of materials, and electronic 
conductivity, while maintaining a good cycling 
performance for instance, superior supercapacitor 
performance was available on heteroatom-modified 
nanocarbon. Modification of graphene structure 
with hetero atoms can tremendously change the 
electronic properties with can enhance its 
performance in the diversity fields of applications 
Commonly used heteroatom namely S, N, P and B-
doped graphene. Among them, recently N-doped 
graphene has attracted attentions due to is various 
applications.The doping of nitrogen (N) atom in 
graphene structure can enhance the electron 
mobility which leads to a larger capacitance 
because of its strong valance bond and atomic 
size[1-6]. 

2. Experimental Procedure 

2.1. Chemicals and equipment 

The experimental studies were carried on with high 
puritychemicals. Ultra-pure water ( 18 M , Milli-Q, 
Millipore) were used as solvents. Electrochemical 
grade potassium hydroxide (KOH) were purchased 
from Aldrich and used without further purification. 
Graphite powder was purchased from Alfa Aesar 
(Graphite flake, natural, 325 mesh, 99.8%metal 
basis), potassium permanganate (KMnO4), sodium 
nitrate (NaNO3), sulfuric acid (H2SO4) were 
obtained from Merck andhydrogen peroxide 
(H2O2), sodium azide (NaN3) was from Sigma-
Aldrich, and used as received. Freeze-drying was 
accomplished on a Christ Alpha 1-2 LD from 
Martin Christ, Germany. For centrifugation a Nuve 
NF800 centrifuge was used. The FT-IR spectra 
were recorded in the 4000–400 cm 1 range on 
Perkin Elmer Spectrum One (ATR sampling 
accessory) spectrophotometers. The electronic 
spectra and absorbance measurements were 
recorded on Agile 8453 UV–visspectrophotometer. 
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2.2 Synthesis of graphene oxide (GO) and azido 
graphene oxide (GO-N3) 

GO in Fig.1 were prepared according to previously 
reported procedures with minor changes and 
characterized by comparing their spectraldata to 
those reported earlier [7,8].  

 
Fig.1 Oxidation of graphite. 
 
Graphite powder (0.5g) and sodium nitrate (0.5 g) 
were placed in concentrated H2SO4 (95–98 %, 23 
mL). The ingredients were mixed in an ice-bath that 
had beencooled to 0 °C. KMnO4 (3.0 g) was added 
gradually with stirring and cooling and the mixture 
was stirred at 35 °C for 60 min. Then, water(40 
mL) was added slowly to an increase in temperature 
to go upand was held with stirring at 90 °C for 30 
min. Again, H2O2 solution (30%, 3 mL) on ice-
water (100 mL) were added until gas evolutionwas 
completed. Upon this treatment the suspension 
turned in colorbrown to yellow. The suspension 
was filtered while it was still warm. After washing 
with water (200 mL). The residue solid 
wasdispersed in water and then centrifuged at 8000 
rpm for 15 min two times. Finally, the resultant 
pure GO was obtained after it wasdried at 40 °C for 
24 in vacuum. GO was functionalized with sodium 
azide to product azide-functionalized 
grapheneoxide (GO-N3) in Fig.2-3-4 and 
characterized by comparing their spectral data to 
those reported earlier [9]. 

 

 
Fig.2 Azide functionalization of grapheneoxide. 

 
 
Fig.3 Different forms of N and O functionalities in 
carbon materials.

 
Fig.4 Electrochemically reduced graphene oxide. 

2.3 Electrode preparation 

4.0 mg GO and GO-N3 and were dissolved in 4.0 
mL ultra-pure DMF under ultrasonic bath for 30 
min. Then 50 μL the solutions was casted on NF 
ultrasonically and was dried in vacuum at 50 °C for 
120 min (Fig.5).  

 
Fig.5 Prepared working electrodes on NF. 
 
Finally the electrodes rinsed several times with 
water and KOH. A platin (Pt) wire, and saturated 
calomel electrode (SCE) (E=+0.241 V) separated 
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from the bulk of the solution by a double bridge 
were used as counter and reference electrodes 
respectively. KOH in ultra-pure water was the 
supporting electrolyte at a concentration of 6 mol 
dm 3. Repeating 10 CV cycles between 1.00 V 
and + 0.00 V in KOH/H2O electrolyte system were 
employed to reduce GO-N3 and to form NF/RGO-
N3 at 50 mVs-1 scan rate. Then NF/RGO-N3 
electrode was dried in vacuumat 50 °C for 120 min. 
NF/RGO-N3 rinsed several times with water and 
KOH used as the working electrode (Fig.6). 

 

 
Fig.6 Electrochemical Cell 
 
2.4 Electrochemical measurements 

The electrochemical applications and measurements 
wereperformed with a potentiostat (GAMRY 
Instruments, Reference 1000 Potentiostat/ 
Galvanostat/ ZRA) utilizing a three-electrode cell 
configuration at 25°C. For cyclic voltammetry (CV) 
the working electrodes were a bare and  modified 
nickel foams with GO-N3 and RGO-N3 same 
surface area of 1 cm2. High purity N2 was used to 
remove dissolved O2 for at least 15 min prior to 
each run and to maintain a nitrogen atmosphere 
over the solution during the measurements. 

2.5 Capacitance Calculation 

The specific capacitance of the electrode (C in Fg 1) 
was calculated from CV curves by the following 
equation: 

𝑉 𝑉 𝑖𝑉𝑑𝑉 𝑉 𝑉 𝑚𝑣  

where 𝑣 in V s 1 is the scan rate, m in g is the mass 
of active materials in the electrode, V in V is the 
potential window, V0 in V is the initial value of 

potential window, and i(V) in A is the real time 
current during scanning. 

3. Results and Discussion 

GO-N3 was hydrolytically stable at room 
temperature and further proved the azide 
functionalization with the FTIR absorption at 2049 
and 2113 cm 1. GO and GO-N3 FTIR spectra are 
compared as shown in Fig. 7.  

 
Fig.7 FTIR spectra of GO and GO-N3 
 

To give further evidence ofthe controlled mild 
functionalization of GO with azide, we used the 
EDX spectroscopy experiment. The composition of 
this azide modified structure is confirmed by the 
SEM-EDX spectroscopy whichreveals the presence 
of peak for N along with carbon and oxygen peaks 
(Fig. 8-a-b). 

 
Fig.8.a EDS Spectra of GO 
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Fig.8.b EDS Spectra of GO-N3 

 
The morphology of these two materials (GO and 
GO-N3) was observed by SEM. From the SEM 
images (Fig.9), it can be seen that the GO sheets 
was found more stacking of sheets, but the GO-N3 
sheets were more separated flake like a good 
lamellar structure, and rich wrinkles structures on 
the surface for the usual N-doped graphene[31]. 

 
Fig.9 SEM images  of GO and GO-N3 respectively. 

Fig.10 Cyclic voltammogram of NF and NF/GO-N3. 

 

 
Fig.11 Electrochemical reduction of NF/GO-N3 

 
Table 1. Specific capacitance of Ni foam at 50 
mVs-1 scan rates in 6 M KOH. 

Working 
Electrode 

Specific capacitance 
from CV (F/g) 

Bare NF 1,48 
NF/GO-N3 115,35 

NF/RGO-N3 209,6 
4.Conclusion 

In this work, hierarchically azidated grapheneoxide 
have been successfully prepared graphite oxide and 
subsequent azide-functionalization by chemical 
modification of the 2D basic building block 
graphene.  Ion diffusion improvement through 
structural optimization of 3D honeycomb 
nanostructure, the functional 3D assembly of RGO-
N3 shows  high specific capacitance by cylic 
voltammetry measurements. In prospect, this 
indicates a promising way for hierarchical graphene 
honeycombs with tunable surface chemistry and 
mediated porous structure. The integration of 
graphene into hierarchical structures provides a 
maximum utilization of the excellent properties of 
graphene and could lead to promising 3D 
macrostructures. Such porous hierarchical 
architectures will benefit applications especially 
energy storage devices, such as supercapacitors, 
which require fast mass transfer through 
mesoporous, reactant reservoirs, and tunable 
surface chemistry. 
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Abstract 

Lithium-sulfur batteries attract huge attention among 
scientists, because of its high capacity, energy density, cost-
effectiveness and environmental benignancy. However, its 
application is hampered due to some internal problems one 
of which is safety issues caused by lithium polysulfides on 
lithium anode. To prevent this, using fully lithiated state Li2S 
instead of elemental Li was suggested. In this work, Li2S 
particles were synthesized, influence of carbon coating on 
the lithium storage performance was discussed. 

 

1. Introduction 

Due to the depletion of fossil fuels, the idea of using electric 
vehicle became important. However, conventional lithium-
ion batteries that we use in our daily life cannot meet the 
energy density needed for EVs. Thus, batteries having more 
energy density are needed. Lithium-Sulfur batteries are 
promising candidates for EVs, but their practical 
applications are hampered by several issues, some of which 
are high volume expansion during discharge and safety 
issues about using Li-metal anode. Li2S is promising cathode 
candidate with high theoretical capacity, 1166 mAh/g which 
is five times higher than conventional Li-ion batteries. 
Changing sulfur cathode with its lithiated state Li2S 
improves safety issues about metallic lithium, when it is 
coupled with lithium-free anodic materials such as silicon, 
tin and carbonaceous materials. On the other hand, Li2S has 
some hindrance such as large activation barrier, low ionic 
and electronic conductivity and polysulfide dissolution 
which results i -  

In this work, we have synthesized Li2S and then coated with 
carbon. To decrease particle size, as-prepared C-coated Li2S 
was ball milled. Thereafter its electrochemical performance 
was investigated vs Li-metal anode with different 
electrolytes. 

 
2. Experimental Procedure 

2.1. Synthesis of Li2S and Carbon Coating 

As Li2S is highly sensitive to moisture, all the synthesis work 
was carried out in an argon filled glove box. We synthesized 
Li2 reported 
earlier [1]. 

To obtain the Li2S@C, firstly polyaniline (PANI) was used 
as carbon precursor. PANI was dissolved in N-
methylpyrrolidone (NMP) solvent and then synthesized Li2S 
powder was slowly introduced into the suspension under 
magnetic stirring and the solution became viscous. The 
composite was carbonized in an inert atmosphere for 6 h, 

C at a rate of  %20 Carbon 
Ketjen Black (CKB) was added to composite as conductive 
additive and final composite was ball milled with the aim of 
reducing particle size. In addition to this, Li2S-Carbon 
Ketjen Black (CKB) composite was prepared for 
comparison. Equal amounts of Li2S and CKB was put into 
the jar and they were ball milled for 15 minutes. 

2.2. Cell Assembly and Electrochemical Measurements 

Galvanostatic cycling measurements were performed with a 
classical two-electrode Swagelok-typeTM cell using a 1 M 
LiTFSI in TEGDME-DOL (1:1) (Tetra ethylene glycol 
dimethyl ether:1,3-Dioxolane) at a C/10 current density 
voltage range between 1.0 and 3.0  V vs. Li at galvanostat/ 
potentiostat VMP3. To overcome the activation barrier of 
Li2S, all the cells were charged to 4.0 V for the first cycle. 
 
3. Results and Discussion 

Li2S is highly insulating material which necessities to couple 
it with a conductive additive. Thus, in order to increase its 
conductivity, Li2S was coated with carbon (Li2S@C) and 
Li2S with Carbon Ketjen Black (CKB) was prepared by ball 
mill for comparison. Cycling performances of Li2S and C-
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Coated Li2S (Li2S@C) is shown in Figure 1. Figure 1a 
demonstrates the discharge charge voltage profiles at third 
cycle. One main plateau at 2.5 V related to the transition 
from Li2S to higher order polysulfides/sulfur is identified in 
charge cycle. During discharge, typical two-plateau are 
identified; the higher voltage plateau at 2.4 V represents 
transitions from higher order polysulfides/sulfur to Li2S4, 
and the lower voltage plateau at 2.0 V corresponds to 
transition from Li2S4 to Li2S/Li2S2 [2, 3]. 

 

Figure 1. Cycling performance of Li2S-CKB composite and 
Li2S@C composite upon cycling a) galvanostatic charge/discharge 
profiles at third cycle, b) discharge capacities. 

Figure 1b demonstrates discharge capacity comparison of 
Li2S-CKB and Li2S@C composites. Discharge capacity of 
~750 mAh/g for the Li2S@C cathode can be achieved after 
activation. However, Li2S-CKB cathode exhibits ~520 
mAh/g discharge capacity after activation. Moreover, the 
discharge capacity of Li2S@C remains ~250 mAh/g after 25 
cycles. On the contrary, the Li2S-CKB composite cathode 
only maintains a capacity of 100 mAh /g after 25 cycles. 

4. Conclusion 

In summary, we have demonstrated the effectiveness of 
carbon coating on Li2S particles. The results show that 
carbon coating is very effective to increase conductivity and 
discharge capacity. 
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Abstract 
 
Sodium-ion batteries have a great interest for large scale 
energy storage systems because of low-cost and natural 
abundance of sodium. Herein, we report SnSb@C 
composite structure as an anode electrode material for Na-
ion batteries. It was synthesized by a facile and effective 
method by high energy ball-milling process. And the role 
of time and binder into the cycling performances of 
SnSb@C composite were investigated. 
 
1. Introduction 
 
Recently, Na-ion batteries have been attracted great 
attention as an alternative to Li-ion batteries due to its 
widespread abundance and low cost. To date, limited 
numbers of studies have been carried out to develop new 
anode materials for sodium-ion batteries [1, 2].  
 
Intermetallic alloy systems are attractive for use as 
potential anode materials in sodium-ion battery because of 
their high capacities. However, they suffer from huge 
volume change during charge and discharge, resulting in 
electrode degradation and fast capacity fading [3-5].  
 
In this work, tin-antimony alloy (Sn-Sb) material and its 
SnSb/C composites were prepared by high energy ball 
milling. After single-phase SnSb alloy and its composite 
with the carbon were obtained, respectively, the anode 
materials were prepared using different type of binders 
such as CMC (carboxymethyl cellulose) and Na-alginate, 
aiming to investigate the effect of binders which result 
different capacity retentions upon cycling.   
 
2. Experimental Procedure 
 
2.1. Material synthesis 
 
Tin powders (Alfa-Aesar, 99.8% purity, ~325 mesh) and 
antimony powders (Alfa-Aesar 99.5% purity, ~100 mesh) 
were ball milled in a weight ratio (1:1) using high energy 
ball miller (MM 400 Restch Miller) under Ar atmosphere 
to synthesis of SnSb microparticles. Ball to powder weight 
ratio was kept at 32:1. Sn and Sb powders were 

homogeneously mixed with ball-milling at different 
frequency (10, 15, 20 and 30 Hz) for 1 hour. 
 
After pure SnSb alloys were obtained, SnSb@C composites 
were prepared using carbon Super P (SnSb alloy: carbon, 
70:18, weight ratio) by ball-milling. Furthermore, the effect 
of ball milling time (1h, 5h and 10h) for the synthesis of 
SnSb@C composites were investigated. 
 
2.3. Material Characterization  
 
Powder X-ray diffraction (XRD) was measured on Bruker 
D8 Advance diffractometer (Cu K  radiation,  = 1.5406 
Å) to determine the phases. Scanning electron microscopy 
(SEM) measurements were carried out to analysis 
microstructure of materials.  
 
2.3. Electrochemical Characterization  
 
Electrode materials were prepared with SnSb@C as an 
active material (88 wt. %) and two types of binder 
including CMC (carboxymethyl cellulose) and Na-alginate 
(12 wt. %). The resulting slurries were coated onto Cu foil 
and dried 80 oC for 12 h in a vacuum oven. Half-cell 
batteries were assembled in an Ar-filled glove box using 
2032 coin-type cell. 1 M NaClO4 in PC (propylene 
carbonate) with wt. 5% FEC (fluoroethylene carbonate) 
additive was used as an electrolyte. Galvanostatic cycling 
tests were carried out on Neware 8-channel work-station. 
The batteries were cycled in the potential range of 0.001-
1.5 V at a 0.2 C rate. 
 
3. Results and Discussion 
 
As clearly seen in XRD measurements, there were Sn and 
Sb peaks besides pure SnSb alloy peaks in 10 Hz and Sb 
peaks in 15 Hz ball-milling rate. On the other hand, when 
the frequency rises to 20 Hz rate of ball-milling, crystalline 
pure SnSb alloy without any traces of Sn and Sb was 
obtained (Figure 1). 
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Figure 1.  XRD patterns of SnSb alloys with different ball-
milling rate 

 
The discharge capacity of the SnSb vs. Na and 
galvanostatic charge and discharge profiles for SnSb alloys 
with CMC and Na-alginate binder are shown in Figure 2. 
Different types of binder give different capacity retentions 
upon cycling. The discharge capacity  of 1500 mAh g-1 and 
1200 mAh g-1 in the first cycle of SnSb-5h alloy with CMC 
and Na-alginate binder, respectively.  

 
Figure 2.  Na-ion battery performances of SnSb@C-5h ball 
milling composites in the presences of Na-alginate binder 

and CMC binder at C/5 rate and in the voltage range of 
0.01-1.5 V (vs. Na/Na+). 

 
The role of binder effects into the electrochemical 
performances of the SnSb alloys will be discussed using X-
ray photoelectron spectroscopy (XPS) technique. 
 
4. Conclusion 
 
In summary, we report that SnSb@C composite have been 
produced as an anode materials for Na-ion batteries using 
facile and effective ball-milling process. The effect of time 
and binder into the Na-ion storage performances of 
SnSb@C composite were investigated. The first results 

indicate that both time and binder significantly improve the 
cycling performances of SnSb@C composites. 
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Abstract 
 
SnO2/pyrolyzed bacterial cellulose (SnO2/PBC) composite 
is synthesized by an attractive process with as-prepared 
SnO2 nanoparticles and bacterial celluloses as a carbon 
matrix. The obtained structure ensures good electrical 
contact and prevents large volume deformation of SnO2 
nanoparticles which result good electrochemical Li-ion 
battery performances. 
 
1. Introduction 
 
Li-ion batteries (LIBs) are commonly used energy storage 
system in hybrid electric vehicles (HEV) and portable 
devices [1]. The commercial used graphite anode in LIBs 
has a limited specific capacity of 372 mAh/g [2].  For this 
reason, exploring alternatives anode materials to graphite 
has been focused. SnO2 is considered one of the most 
promising anode materials, which has more than twice 
lithium storage capability (782 mAh/g) from 
commercialized graphite [3]. However, the major drawback 
using in LIBs is the poor cycling performance because of 
the large volume changes [4, 5].  
 
Herein, we report an easy, low cost and environmentally 
benign SnO2/pyrolyzed bacterial cellulose (PBC) 
composite. Firstly, pure SnO2 nanoparticles (NPs) with app. 
5 nm have been synthesized by hydrothermal method 
without using surfactants. Then those synthesized SnO2 
NPs were added into the bacterial cellulose growth medium 
together with G. xylinus leading to BC coated SnO2 
composites. After pyrolysis under inert atmosphere, SnO2 
NPs coated with PBCs (SnO2/PBC) are obtained to tackle 
with the dramatic volume changes during the lithiation and 
delithiation. 
 
2. Experimental Procedure 
 
2.1. Synthesis of SnO2 nanoparticles 
 
SnCl4.5H2O (Sigma-Aldrich, 98%) as a raw material was 
dissolved in 20 mL deionized water. After complete 
dissolution was obtained by magnetic stirring, it was heated 

to 180 ºC in a Teflon-lined autoclave with 50 mL in 
capacity for 20 h. The precipitate was collected and washed 
with distilled water and ethanol several times. Then it was 
dried at 80 ºC in a vacuum oven overnight. 
 
2.2. Synthesis of SnO2/ PBCs composite 
 
SnO2@PBC was produced using G. xylinus bacteria in a 
growth medium along with as-synthesized SnO2 
nanoparticles. After incubation, the produced SnO2/BC 
composite were washed with distilled water and dried at 60 
ºC for 4 hours. Then the resulting composite were 
pyrolyzed at 500 oC for 6h. Also, bacterial cellulose 
without SnO2 NPs was incubated and pyrolyzed at the same 
condition of composite (500 oC for 6h) to compare the 
electrochemical performances in the Li-ion battery. 
 
2.3. Material Characterization  
 
Powder X-ray diffraction (XRD) was measured on Bruker 
D8 Advance diffractometer (Cu K  radiation,  = 1.5406 
Å) to determine the phases. Scanning electron microscopy 
(SEM) and Transmission electron microscopy (TEM) 
measurements were carried out to analysis microstructure 
of materials. The weight ratio of SnO2 was determined by 
thermogravimetric analyzer (TGA, PerkinElmer, TGA 
4000) at a heating rate of 10 °C min 1 in oxygen 
atmosphere. 
 
2.3. Electrochemical Characterization  
 
Electrode materials were prepared with active material, 
binder (CMC, carboxymethyl cellulose) and Super P 
(80:10:10 wt. %) in an aqueous solution. The resulting 
slurries were coated onto Cu foil and dried 80 oC for 12 h 
in a vacuum oven. Half-cell batteries were assembled in an 
Ar-filled glove box using 2032 coin-type cell. 1 M LiPF6 in 
EC:DMC (1:1, ethylene carbonate and dimethyl carbonate) 
with wt. 5% FEC (fluoroethylene carbonate) additive was 
used as an electrolyte. Galvanostatic cycling tests were 
carried out on Neware 8-channel work-station. The 
batteries were cycled in the potential range of 0.005-2 V at 
a 0.2 C rate. 
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3. Results and Discussion 
 
Figure 1. (a) shows the discharge capacities of PBC and 
SnO2/PBC composite. It is found that SnO2@PBC 
nanocomposite as anode material for lithium-ion batteries 
deliver a capacity of 900 mAh/g and 2100 mAh/g in the 
first cycle at C/5 rate, PBC and SnO2/PBC, respectively. 
SnO2/PBC exhibited three times better electrochemical 
performances than that of PBC. The first three discharge-
charge profile of the SnO2/PBC at 0.2 C. The initial 
coulombic efficiency of composite is 61.3 % 
(charge/discharge capacity is 1265/2065 mAh/g). This 
irreversible capacity can be attributed to the formation of 
an SEI layer over the electrode surface. During the 
following cycles, the coulombic efficiency rises to ~ 98%.    

 
Figure 1. (a) Electrochemical performances of PBC and 

SnO2/PBC composite, (b) Galvanostatic charge and 
discharge curves for SnO2/PBC composite in Li-ion. 

 
4. Conclusion 
 
In summary, we report an easy, low cost and 
environmentally friendly synthesis of SnO2/PBC composite 
using G. xylinus bacteria in a growth medium and SnO2 
NPs. Successfully covered SnO2 NPs by bacterial 
celluloses was enabled better Li-ion storage capacity by 
tolerating large volume change of SnO2 during cycling.  
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Abstract 
Helical shaped SiCu thin films (with 10%at. Cu 
content) are produced by glancing angle electron 
beam deposition process to be used as anodes in 
lithium ion batteries. We believe that helices would 
behave like “stress-reliever” to release the stress 
generated upon lithiation/delithiation of Si in 
cycling. Moreover, the helices create free spaces in 
the film enabling the structure a freedom of 
movement over short distances. The main problem 
of this electrode is the delamination and loss of 
electrical contact leading a quick failure of the 
electrode. 
In this work to overcome this problem ion assisted 
deposition (IAD) is adapted to glancing angle 
deposition process to form highly adherent SiCu 
helices. Two samples made of composite helices 
have been deposited on Cu foils with and without 
ion assisted deposition. The results show that the 
IAD improves the cycle properties of the electrode 
by increasing the density and the adhesion strength   
of the film at the electrode/current collector 
interface. 
 
Introduction 
Silicon is the most attractive element due to its high 
theoretical capacity (at room temperature 3580 
mAh/g), low atomic weight, low alloying potential 
with Li and high abundance on Earth’s crust [1-3]. 
However, Si has not been commercialized because 
of its unstable performance. The reason for that 
might be summarized as follows: solid electrolyte 
interphase formation on the electrode during 
discharge as a result of the electrolyte reduction on 
the electrode, high volume changes upon cycling, 
low electrical conductivity and low Li diffusion 
coefficient of Si [4-5].  
To overcome such problems, direct deposition of 
Si-M thin films where M stands for 
electrochemically inactive, electrical conductive 
metal such as Cu has been proposed previously [6]. 
Being ductile, Cu buffers the stress that occurs 
upon cycling [7], plus it forms intermetallics with 
Si (such as Cu3Si) which enhances the reversibility 
of the lithiation during galvanostatic testing [8]. 
Moreover, Cu increases the adhesion of the anode 

to the current collector (Cu), resulting a longer 
cycle life with good capacity retention.  
Even though the electrochemical performance can 
be improved by using Cu with Si, the use of 1D-3D 
nanostructured materials [9-10] has been required 
to expand their cycle life performance. The high 
aspect ratio of the nanostructure is believed to 
improve the accommodation of Li+ in the electrode, 
enables the electrolyte to access more on the 
electrode and provides more spaces to eliminate 
electrode fracturing. However, the delamination of 
these structured composite films from the current 
collector following the volumetric changes in 
cycling hinders their wide applications.  
In this work, to benefit from both Cu atoms’ and 
structured electrodes’ advantages we have designed 
and fabricated SiCu (with 10% at. Cu) helices 
containing thin films as anode material by glancing 
angle electron beam deposition (GLAD). Helices, 
being like “micro-springs,” are believed to be more 
resistant to normally oriented stress, which is 
expected to improve the cyclability. To improve the 
adhesion of the coating and prevent the 
delamination, ion assisted deposition is applied in 
the first 5 minutes of the electron beam deposition 
process. To understand the effect of IAD on the 
electrochemical performance of the electrode 
another SiCu helices containing film has been 
produced by GLAD without using ion assistance.  
The morphological and galvanostatic test results 
show that the IAD affects the film density and the 
adhesion of the film at the electrode/current 
collector interface, which will improve the cycle 
performance, eventually.   
 
Experimental Studies 
The experimental setup used in this study was given 
in our previous work [15]. During the GLAD 
evaporation stage, two quartz-crystal microbalances 
(QCMs) were used independently to monitor the 
deposition rates and thicknesses of Cu and Si, 
separately.  
Four kinds of substrates were used: a Cu foil 
( 99.99% purity, 1.5-mm thickness) for 
electrochemical analysis, as Cu is too ductile a Si 
wafer for cross-sectional SEM, a stainless steel disk 
(15.5-mm diameter and 1.5-mm thickness) for 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

79318. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

compositional and a glass disk with amorphous 
structure (Tedpella) for structural analyses.  
During the deposition, Sample 1 was initially 
sputtered for 5 min using 900 eV Ar+ from a 
Kaufman ion source at a gas feeding rate of 8 sccm. 
The incident angle of Ar+ to substrate normal was 
about 35°, and the pressure in the chamber was 0.01 
Pa. Once the substrates surfaces were cleaned, the 
shutters were opened, and the deposition was 
started. At the start of deposition, the ion energy 
was reduced to 250 eV, and IA-GLAD was initiated 
(at 250 V and 23 mA) for 5 minute to produce 
adherent films. Next, the Ar flow and ion gun were 
turned off, but evaporation still continued for 31 
minutes. The deposition current was 30 mA (beam). 
The discharge voltage and accelerator voltages 
were 40 V and 100 V, respectively. The oxygen 
pressure was fixed around 8 x 10-5 Pa. For Sample 
2, the substrates were initially sputtered for 8 min 
with 900 eV Ar+ at a gas feeding rate of 8 sccm. 
The pressure in the chamber was 0.01 Pa. Then, 
once the substrates surfaces were cleaned, the ion 
gun were turned off, the shutters were opened, and 
the deposition was done for 36 minutes. The 
deposition current was 30 mA (beam). The 
discharge voltage and accelerator voltages were 40 
V and 100 V, as for sample 1. The oxygen pressure 
was around 6.7 x 10-5 Pa throughout the deposition. 
To form helices, we fixed the substrate position so 
that the incident flux angle ( ) was 800 with respect 
to the substrate normal. A stepper motor with an 
azimuthal rotational speed of 0.2 rpm rotated the 
substrate. 
The surface morphologies and the thicknesses of 
the “pristine” samples (i.e., no charging or 
discharging) were determined with field-emission 
SEM (JEOL JSM 7000F and JEOL 5410). The 
phases present in the pristine samples were 
determined by XRD (Philips PW3710 System) with 
a 2  range of 10–900 in steps of 0.050 (with CuK  
at 40 kV and 30 mA). The compositions were 
determined by EDS (Oxford) analysis. The film 
weight was determined with a microbalance (My 
Weigh iBalance 101) before and after the 
deposition. The active material amount was 
determined by multiplying the total coating weight 
by the active material weight percentages 
determined in the EDS analyses. 
For electrochemical testing, half cells were 
assembled as 2032 coin cells in an Ar-filled glove 
box (Mbraun, Labmaster). The procedure of the cell 
assembling was described in our previous work 
[16]. The cells were tested at room temperature 
with 100 mA g-1 rate, and operated at voltages of 
0.2 V–1.2 V versus Li/Li+.  
 
Results and Discussion 
Figures 1a-b show cross-sectional SEM views of 
the Si-Cu films. Images reveal that samples have a 
thickness around 1.3 m. Both are made of well-

aligned and ordered helices. The nano-sized 
interspaces among these helices form 
homogeneously distributed porosities in the film. A 
closer view shows that although the diameters of 
the helices in Samples 1 and 2 are smaller than the 
critical diameter of Si nanocolumns (300 nm) to 
deliver maximum resistance against the stress 
formed during cycling [17]; a remarkable difference 
is noted in their geometry. This shows that the IAD 
affects nucleation and growth mechanisms of thin 
film. Indeed, for Sample 1 the morphology of 
helices changes along the thickness: the use of low-
energy Ar+ bombardment (ion-assisted deposition) 
in the first 5 minutes of deposition of sample 1 
increases the slope of the helices and decreases 
their diameters at the electrode/current collector 
interface. According to Sorge et al. [18] this effect 
is due to re-sputtering of deposited particles under 
ion bombardment, which makes the film denser and 
the structures more adherent. For Sample 2, no 
preferential orientation in the helices is noted and a 
broadening effect becomes remarkable along the 
helices. 
EDS analysis proves that both electrodes have 
around 9% at. Cu.  

   
Figure 1. SEM cross sectional views of a) Sample 

1, b) Sample 2 
 
Figure 2 shows the XRD patterns for the crystal 
structure of the both samples (deposited on glass 
discs). Given that glass discs are amorphous, all 
peaks are related to the coatings. The sharp slope 
seen at low diffraction angles demonstrates that all 
samples are mostly made of amorphous/nano-sized 
crystallites. Moreover, it shows that -Si phase is 
formed in sample 1, whereas peak related to Cu3Si 
is detected on sample 2. The positive effect of 
Cu3Si particles on the electrochemical performance 
of the electrode and its lithiation reaction have been 
given in our previous work [19]. XRD results show 
that ion assistance in the first 5 minutes of the 
deposition is believed to promote the crystallization 
of Si particles in the film. Herein it is worth to note 
that the lack of peaks for any Cu and Cu-Si 
intermetallics does not prove their absences on 
sample 1, instead they might be present as 
nanosized particles in the film.  

 
Figure 2. XRD results of a) Sample 1, b) Sample 2 
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The existence of nanocrystalline ( -Si) and 
amorphous (a-Si) Si particles is critical for the 
electrochemical performance of the electrodes since 
their reactions with Li+ differ depending on the cell 
potential. Previous studies have suggested that 
using amorphous Si particles as active material 
improves the electrochemical performance since 
they eliminate the formation of two phases in 
cycling. They have also claimed that at lower 
potentials the formation of more stable lithiated 
compounds results in irreversible capacity of the 
electrode. Therefore, in this work we decide to fix 
the lower cut-off voltage at 0.2 V to prevent the 
formation of Li-deficient LixSi particles during 
cycling, and thereby improve the cycle performance 
of the electrodes [20-22]. 
Figures 3a-b display the insertion and extraction 
capacities of the CuSi anodes over 30 cycles. 
Figures 3a-b show that all CuSi anodes, which have 
approximately 1300 nm thicknesses, operated for 
30 cycles with success, while the bulk Si anode or 
thicker Si film did not (results not shown here). 
Although both samples have produced under the 
same experimental conditions apart from the ion 
assistance, sample 1 delivers more stable 
performance than sample 2. The reason for this 
success is the synergy between the morphology and 
the structure of the films prepared by IA-GLAD.  
When the values on the capacity-cycle graph is 
investigated sample 1 reveals higher coulombic 
efficiency than that of Sample 2. In the first 
discharge reaction Sample 1 delivers an initial 
capacity of 1400 mAh/g with 80% coulombic 
efficiency, whereas Sample 2 exhibits 480 mAh/g 
capacity with 60% coulombic efficiency.  

 
Figure 3. Capacity-cycle performances of a) Sample 
1, b) Sample 2 
 
Conclusion 
Using GLAD, we have fabricated SiCu helical 
structured films (1400-nm thick). To improve the 
adhesion of the coating and minimizes the 
delamination problem, ion assistance has been 
adapted to GLAD in the first 5 minutes of the 
deposition. The outcomes of our study are 
summarized below: 
- The finding that all samples achieve 30 cycles 
with good efficiencies could be related to the 
presence of amorphous/nanosized particles 
homogeneously distributed interspaces among the 
helices and high surface area of the electrodes. 
- In this work Cu plays a crucial role in holding the 
electrode together and minimizing overall capacity 
loss in cycling. We believe that even though Cu 

atoms are electrochemically inactive versus Li+, 
their use is advantageous since they enable faster 
electron transfer and improve mechanical 
resistance, leading to higher electrochemical 
performance.  
-The ion assistant deposition is believed to prevent 
the delamination problem of Sample 1 resulting 
more stable performance.  
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Abstract 
 
Na0.44MnO2 (NMO) was firstly synthesized by a solid state 
method using Na2CO3 and MnCO3 as starting materials. 
Thereafter, NMO was electrochemically characterized 
through cyclic voltammetry and galvanostatic 
measurements, wherein the duration of the ball milling and 
the electrolyte concentration was based to evaluate the 
electrochemical performance of NMO in aqueous 
electrolytes. There are several parameters which effect the 
electrochemical performance of a battery. From these 
parameters, we examined the effect of electrolyte salt 
concentration and the surface area of electrode material on 
the electrochemical performance of aqueous sodium ion 
batteries. Electrochemical capacity of the cathode materials 
were observed to be approximately doubled when the raw 
powder material was ball milled for 3 hours or the 
electrolyte concentration was chosen to be 5M. Cyclic data 
and galvanostatic test results show promising performance 
for NMO in aqueous electrolyte media. 
 
1. Introduction 
 
The efforts on the development of energy storage and 
conversion systems with high power and energy density 
have been increased due to the fact that fossil fuels will be 
exhausted in the near future as well as the increasing 
environmental problems[1]. Rechargeable batteries are one 
of the most efficient stationary or portable renewable 
storage systems and are used as power supply of electronic 
devices such as laptop, computer and mobile phone in the 
daily life[2]. Especially, lithium ion batteries have great 
commercial achievement in grid energy storage systems 
because of their large power capability and energy density. 
Sodium-ion batteries are currently under consideration as 
an option due to the limited resource availability of lithium 
and future high cost. Moreover, Sodium ion have the same 
insertion chemistry with lithium as well as the abundant 
availability of sodium source and its low price[3].  
In this study, Na0.44MnO2 (NMO) was firstly synthesized 
by a solid state method using Na2CO3 and MnCO3 as 
starting materials. Thereafter, NMO was electrochemically 
characterized through cyclic voltammetry and galvanostatic 
measurements, wherein the duration of the ball milling and 
the electrolyte concentration were used to evaluate the 

electrochemical performance of NMO in aqueous 
electrolytes. 
 
2. Experimental Procedure 
 
2.1. Synthesis 
 
Na0,44MnO2 was prepared by a solid state method[4] using 
Na2CO3 and MnCO3 as starting materials. Firstly, Na2CO3 
and MnCO3 were mixed in a mortar for 30 min to obtain a 
homogenous mixture. This mixture was compressed for 10 
min. The mixture was heated at 300 oC for 8 h to 
decompose the carbonates. Obtained tablet was ground 
again for 30 minutes and was compressed for 10 min. Solid 
material compressed was treated at 800 oC for 12 h under 
air to obtain crystalline material. Finally, synthesized 
material was ground in a morter for 30 min. The raw 
powders were ball milled in RETZSCH MM400 
MIXER/MILL.  
 
4Na2CO3 + 18MnCO3 + 7O2  2Na4Mn9O18 + 22CO2     (1)                  
 
2.2. Materials and preparation of electrode material  
 
Polivinildiene floride (PVDF) and N-metil pirolidon 
(NMP) was purchased from Sigma Aldrich and used as 
received. The slurry for cathode electrode was prepared by 
mixing powder NMO with Ketjen-black carbon and an 
organic binder (PVDF), in a weight ratio of 80: 10: 10 in 
NMP. 
 
2.3. Electrochemical tests 
 
Cyclic voltammetry and constant current charge/discharge 
test were performed with a multi-channel potential of Bio 
Logic VMP3 / Electrochemical impedance spectroscopy. 
All cyclic voltammetry and galvanostatic tests were carried 
out in a beaker cell, and all potential values were reported 
against reference electrode (Ag/AgCl) in the range -0.1V to 
0.95V.  
 
3. Results and Discussion 
 
CV and galvanostatic tests were performed to understand 
the insertion/de-insertion mechanism of Na-ion in NMO. 
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Fig. 1(a) shows cyclic voltammogram of NMO into 1M 
NaNO3 at scan rate of 1 mV/s. CV graph with 3 pairs of 
symmetrical redox peak means that the insertion-extraction 
process of Na ion consists of multiple transportation 
mechanisms.  The plateaus observed in cyclic voltammetry 
tests also agree with those of galvanostatic test shown in 
figure 1(b). 
 
 
   (a) (b) 

  
Figure 1. (a) Cyclic voltammetry result of Na0.44MnO2 in 

1M NaNO3 at scan rate 1 mV/s. (b)  
 
 
Fig. 2 indicates the galvanostatic test results of NMO ball 
milled for different times. The main aim of this approach is 
to investigate the effect of specific surface area on the 
battery performance. As it is seen in the Fig.2, the capacity 
of NMO increased with increasing the ball mill 
duration.due to the extended surface area of the cathode 
material. 
 

 
Figure 2. the electrochemical performance of NMO milled 

for different times 
 

As a function of cycle number, the capacity values obtained 
from NMO in NaNO3 electrolyte with different 
concentrations is presented in Fig. 3. As can be seen from 
Fig. 3, the cell capacity values rise with increasing the 
electrolyte concentration. This is because of increasing the 
electrical conductivity of the electrolyte solution used. On 
the other hand, the capacity fading at high electrolyte 
concentrations is bigger than that of low electrolyte 

concentrations if we focus on this charge/discharge process 
for a long cycle time. The reason for the improved 
performances is based on the increasing of the frictional 
force among ions in electrolyte solution used. 
 

 
Figure 3. The discharge profile of NMO in NaNO3 

electrolyte with different concentrations at 1C current 
density 

 
4. Conclusion 
 
The effect of electrolyte salt concentration and the ball mill 
duration on the electrochemical performance of NMO in 
aqueous environment. These results revealed that both 
types of effects could considerably influence the 
electrochemical performance of NMO with aqueous 
electrolyte. 
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Abstract 

Nitrogen doped carbon derived from chitosan and 
prawn shell under moderate temperatures (180  and 
250  respectively) were obtained by hydrothermal 
carbonization (HTC) which is most effective method. 
The electrochemical Na-ion storage performances of 
prawn shell and chitosan derived N-doped carbons 
were tested by galvanostatic cycling and morphology 
and structure of N-doped carbon were characterized 
by SEM. 

1. Introduction 

Recently, sodium ion batteries (SIBs) gained 
increasing attention, because of their abundant 
reserves [1]. Since the commercially used graphite 
anode for Li-ion batteries (LIBs) is not suitable host 
material for Na-ion batteries due to kinetic issues and 
the larger Na+ ion radius, much research attempts are 
focused on developing alternative anode materials [2]. 
Among the carbonaceous materials, nitrogen doped 
carbon has been offered because of better electrical 
conductivity and as a result of higher capacity [3].  

Biomass and derivatives can be considered 
sustainable and environmental friendly carbon 
sources. Prawn shell and chitosan, which are naturally 
nitrogen containing materials, are both relevant to this 
idea [4, 5]. Hydrothermal carbonization is not only 
simple, scalable and cost-effective method but also 
capable of carbonaceous materials with controlled 
morphologies and structures [5, 6]. 

Furthermore, electrochemical performance of a 
battery can be influenced by electrolyte, binder and 
amount of active material. Hence, many researchers 
focus on different types of binders (such as; poly 
(vinylidene difluoride) (PVDF), carboxymethyl 
cellulose (CMC), styrene butadiene (SBR), 
polyacrylic acid (PAA) etc.) in order to improve 
electrochemical performance of a battery [7-9]. 

In this study, alternative anode materials for SIBs are 
synthesized from prawn shell and chitosan via 

hydrothermal carbonization method. Afterwards, 
electrochemical tests, which are performed by a half 
cell battery, are investigated and compared. 

2. Experimental 
 

Nitrogen doped carbon from prawn shells (PR-C) and 
chitosan (CHT-C) were synthesized via hydrothermal 

and 180 C for 20h, respectively. 0.5-2 g nitrogen-
containing carbon source were mixed with 18 ml pure 
water in a glass tube inside a Teflon inlets autoclave. 
After carbonization, the precipitates were washed 
with pure water, ethanol. Furthermore, calcination 
process was performed to both carbonized samples in 
order to improve the structural order under N2 flow in 
a  Then, the calcined 
prawn shell powders were stirred with acetic acid for 
24h at room temperature. To examine the graphitic 
structure of the N-doped carbons, XRD measurements 
were used. The morphology and structures of 
materials were demonstrated by SEM images. The 
electrochemical tests were performed by using 
swagelock-type half-cell, 1M NaClO4 in ethylene 
carbonate/ propylene carbonate (EC/PC) as 
electrolyte and metallic sodium as a counter and 
working electrode in Ar-filled glove box.  

 
3. Result and Discussion 

 
Cycling performance and discharge/charge profile of 
the chitosan derived N-doped carbon (CHT-C) are 
shown in Figure 1. A discharge capacity of 360 mAh 
g-1 was obtained at the first cycle then dropped to then 
220 mAh g-1 over the 10th cycles. 
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Figure 1. SEM images of chitosan -derived carbon 
and electrochemical performances of chitosan at C/10 
rate and in the voltage range of 0.005-2V (vs Na/Na+) 

In Figure 2, SEM images show that, more uniform 
and porous structures were obtained when they were 
washed with acetic acid. It might be caused by 
removal of the some impurities (such as CaCO3) by 
washing. 

 

Figure 2. SEM images of prawn shell -derived carbon 
(PR-C) with/without acetic acid washing and 

electrochemical performances of PR at C/10 rate and 
in the voltage range of 0.005-2V (vs Na/Na+). 

Also, Figure 2 shows the cycling performances and 
discharge/charge profiles of prawn shell derived N-
doped carbon (PR-C). Although the discharge 

capacities of 850 mAh g-1 and 100 mAh g-1 at the first 
cycles in with and without acid washing, respectively, 
in subsequent cycles, the capacities of both them 
dramatically decreased.  

4. Conclusion 

In summary, we have demonstrated the synthesis of a 
new type of functional N-doped carbon material via 
simple hydrothermal carbonization of prawn shell and 
chitosan. The chitosan based carbons promoting 
performances as anode material in sodium-ion 
batteries. 
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Abstract 

Driven by policy of the governments and technological 
progress in automotive industry on green energy, the 
search for new fuels and sources of power has been 
increased in recent years. Currently, automotive industry 
is focused on electric vehicles (EV) and hybrid electric 
vehicles (HEV) of the future. Nevertheless, HEVs and 
EVs are expensive and the usage of them is limited due 
to safety issues. Thus the automotive industry is 
concentrated more deeply on 12V and 48V (micro-mild 
hybrid) applications using the latest battery technology, 
i.e. lithium-ion (Li-ion). Mutlu Akü is the leader 
manufacturer of lead acid battery in Turkey and one of 
the main market players in Europe. Thanks to the market 
trends in automotive industry, Mutlu Akü has focused 
also on 12V Li-ion application. 13.2V-32Ah Li-ion 
battery was assembled and tested in-operand on a 
commercial car. Our first results showed that 12V Li-ion 
batteries can supply most of starting, lighting and ignition 
(SLI) requirements of the car in micro-hybrid application, 
although cranking tests revealed that a further 
development is needed.  
 
1. Introduction 
 
According to the European Union (EU) reports on energy 
strategy, first, the reduction of CO2 emission in transport 
sector is aimed as 60% compared to the values in 1990s 
and second, the use of fossil fuels in cars by 2050 should 
be lessened [1], These are responsible for approximately 
30% of the final energy consumption in all over the 
world. Therefore, further improvements is needed to 
concentrate on battery technologies used in hybride 

(micro-mild) and electrical vehicles. The classification, 
functionalities and types of hybrid vehicles are 
summarized in Table 1. The battery technologies used for 
different kinds of hybrid applications are shown in Table 
2. In recent vehicles (SLI (starting, lighting and ignition), 
Micro I-II etc.), the voltage range of alternator in 
standard internal combustion engine is between 13.5-14.4 
V. Lead acid batteries such as EFB (Enhanced Flooded) 
and AGM (Absorptive Glass Mat.) are used for this 
automotive systems.  
 
Table 1. Hybrid types and functionalities [2] 

Hybrid 
Main 
Function 
 
Hybrid 
System 
Type 

S&S Reg. 
Brakin
g 

Motor 
Assist 

Elect
ric 
Drive 

CO2 
Reduc
tion 
(%) 

Conventional 
(SLI, Micro 
I-II) 

Possi
ble 

Min NO NO - 

Micro-HEV 
(14V) 

YES Min Min NO 3-5 

Mild-HEV 
(42V) 

YES Modest Modest NO 10 

Medium-
HEV (144V) 

YES YES YES Mode
st 

15-20 

Full-HEV 
(200V) 

YES YES YES YES Up to 
70 

  
However, there are some disadvantages of lead acid 
batteries over the Li-ion systems. For example, LABs are 
heavier than Li-ion batteries. The specific power (W/kg) 
and specific energy (Wh/kg) of a LAB is low compared 
to Li-ion batteries. Li ion battery systems such as LFP 
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(Lithium Iron Phosphate) meet SLI requirements of a car 
in Micro-Hybrid applications with better performance 
properties. The research objective of the study is to 
utilize Li ion battery (LFP etc.) in Micro Hybrid 
application. 
 
Table 2. Battery technologies [3] 
Batteries 14V 48V 100-

200V 
>200V 

 S
L
I 

Mi
cI 

Mi
cII 

   

SLI-Lead 
Acid 

      

EFB-Lead 
Acid 

      

VRLA-Lead 
Acid 

      

Lead 
Acid+SuperC
apacitor 

      

Lead Acid+Li 
ion 

      

Li ion       
NiMH       
 
  
*Green: Dominant; Blue: Prospects; Red: Contender 
 
2. Experimental Procedure 
 
Commercial LiFePO4 Li-ion cells (LFP) were purchased; 
and they were assembled at Mutlu Akü as shown in 
Figure 1. PP boxes employed in lead acid manufacturing 
were used. LFP cells were brought into 13.2 V - 32 Ah 
Battery form. Cranking, cold cranking, and 17.5% Depth 
of discharge (DoD) (VDA 2011-12, Section 9.9.3) test 
were performed. DoD test at 25 C was performed at 
Mutlu Akü laboratory. Assembled Li-ion battery was 
installed in to a commercial car. The battery was run 
under different conditions such as full load (45A) and 
charge current (5A). Cranking values were measured on a 
running car and compared with the LAB values.      
 
 

 

 

Figure 1. Assembled Li ion cells 

3. Results and Discussion 

The operating conditions of different types of Li-ion cell 
and battery options for micro-hybrid applications were 
presented in Table 3. LFP and lead acid battery can only 
be used in Micro hybrid application because of working 
under internal combustion engines alternator range (13.5-
14.4V). Another type of Li ion systems like NMC 
(Lithium-Nickel-Manganese-Cobalt Oxide) and 
NMC/LTO (Lithium-Nickel-Manganese-Cobalt Oxide-
Lithium Titanate) needs further development to work 
standard automotive engines (Table 3). Assembled LFP 
was attached to commercial car and three cranking tests 
were run in series. First result shows that although the 
cranking value was lower than lead acid battery, LFP 
started the engine and drove out under full loading 
(lighting, audio, and air conditioned). The low cranking 
values can be attributed to the energy LFP cells, which 
can be improved by using power cells instead of energy 
LFP. 

Table 3. Battery options for micro-hybrid  
Tech OCV 

cell  
# of 
cell 

OCV 
bat (V) 

Max. 
Charge 
Voltage 
(V) 

Min. 
Charge 
Voltage 
(V) 

Cell   Bat Cell      Bat 
Lead 
Acid 

2V 6 12 2.4 14.4 1.75  10.5 

LFP 3.2V 4 12.8 3.65 14.6 2.6  10.4  

NMC 3.7V 4 14.8 4.15  16.6 2.9  11.6  

NMC
/LTO 

2.3V 6 13.8 2.7 16.2 1.5  9.0 

 

Table 4. Comparison of lead acid and LFP loaded on car  

Field Test 
Results 

Pb-Acid Li- ion (LFP) 

1st Cranking 260A 220A 

2nd Cranking 250A 185A 

3rd Cranking 200A 180A 
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4. Conclusion 

In this study, the implementation of 12V LFP (Lithium 
Iron Phosphate) based on Li-ion battery for micro-hybrid 
application was investigated. Based upon the results, 
strengths and weaknesses of LFP over the lead acid were 
determined. LFPs meets standard performance 
requirements in capacity, cycle life and cranking at 
higher temperatures (T>20 C) unsurprisingly. The most 
important advantages of li ion systems is to be lighter, 
environmentally friendly, require to the access of 
electrification in automotive industry. Even though there 
are some improvement issues on li ion batteries including 
higher investment and processing cost, safety problem 
and recycling, LFPs is the most promosing candidate 
automotive battery in the future hybrid applications.  
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Abstract 

Recycled lead and lithium usage is very important in 
terms of environmental issue and reprocessing of these 
metals. Here we will present the advantages and 
disadvantages between the recycle methods of both 
batteries. Due to small lead remains in earth crust and 
excess utilization of lithium for batteries, importance of 
recycling of lead and lithium is remarkably increasing. 
Lead-acid batteries include %75 of lead metal, %15 of 
electrolyte, %8 of plastic materials and %2 of other 
component about batteries. At this point recycling of 
metal lead, plastic component and distillation of 
electrolyte take place a significant role. Australia, USA, 
Kazakhistan, Canada and China are the countries that 
have the largest lead reserves six milion tonnes of lead 
metal is produced by lead ore and its scrap in the world. 
80% of lead-acid batteries are produced from recyled 
materials. Lithium ion batteries are reprocessed in order 
to recover iron, cobalt and other metals. There are 
number of challenges that are likely to impact lithium 
supply in the future. Although there is sufficient amount 
of lithium resources available globally to meet the 
demand, almost 70% of the global lithium deposits are 
concentrated in South America's ABC (Argentina, 
Bolivia and Chile) region. This poses an inherent risk 
due to the accessibility of the raw material that is 
available only in a specific geography. This objective of 
study is understanding recycling of lead-acid batteries 
and lithium-ion cells and comparing them.  

 

1.Introduction 

Establisment of the right recycling process is difficult 
issue. For recycling of some materials, the utilities are 
uncertain and depend on factors like transportation 
distance. There has been some debate about the 
benefits from recycling primary alkaline batteries over 
simple disposal because the materials are abundant and 
non-toxic, now that the batteries no longer contain 
mercury [1]. Also, there is economic advantages at 
recycling procesess of usable materials. If this type of 
materials can be recovered battery manufacturers need 
less materials from the limited supplies in the ground 

and it causes improving the balance of payments. 
Significant negative environmental impacts can occur 
from mining and processing ores (e.g. SOx emissions 
from smelting of sulfide ores, such as those that yiels 
copper, nickel and cobalt), and these are avoided if the 
materials can be recycled [2]. Recycling process has its 
own environmental effects, but these are generally 
smaller than those from primary production. There are, 
of course, exceptions, such as recovering lithium from 
pyromettalurgical process slag [1]. Batteries ended 
their useful life are called as unsafe wastes, high cost of 
transportation, treatment and also they need high effort 
to achieve regulatory compliance. There is regulations 
called ‘Regulation of Waste Cell and Battery Control’ 
about waste batteries. Although there is Lead-Acid 
batteries as a specially definition at Turkish 
Regulations there is no special named  Lithium-ion 
battery definition.  

There is expection to lithium-ion batteries would be 
life of vehicle because they will not be ending their 
useful lives in large numbers for about 10 years. 
Subsequently they can be used for secondary energy 
storage, but ultimately their useful live will end. At this 
point main problem is which process should be used 
for recycling of spent Li-ion batteries. Methods are 
needed for the safe environment-friendly and cost-
effective as environmentally sound recycling [1]. After 
recycling process product should be high quality to 
find a market for original purpose or it should be sold 
to alternative markets.  

 

Fig. 1. Recycling rate of most common used 
materials (2013) [3] 
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Fig. 2. Amount of waste battery collecting and 
recovering [4] 
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Lead-acid batteries have their own recycle process 
known for very long time. This type of batteries are 
recycled more than other all capital product (see Fig.1). 
Collection, transportaion, storage, recycle process of 
spent lead-acid batteries are the most important points 
for regulations.  

PE=polyethylene, PVC=polyvinyl chloride, PP=polupropylene 

 

‘Waste Cell and Battery Control’ (APAK) regulation of 
Turkey pins down to collect %90 of waste battery from 
the manufacturer for deposit liabilities. Fig.2 shows 
that amount of waste battery collecting and recovered 
lead at Turkey year by year (see Fig.2). 

  

 

 

 

 

 

 

 

 

 

 

2. Comparison of Lithium-ion and Lead-Acid 
Batteries For Automotive Battery Types 

Although many types of batteries are used for 
automotive industry like nickel-cadmium, nickel metal 
hydride, nickel-zinc etc. , two main batteries are lead-
acid and lithium-ion because lead-acid has long been 
used for automotive and lithium-ion has adventages 
about its high charge density for especially electric, 
hybride and plug-in cars.   

Lead-acid batteries are used for starting-lighting-
ignition (SLI) and generally positioned under the hood 
of cars. Li-ion batteries are used for electric, hybride 
and plug-in cars and positioned underbody of cars. The 
main tasks of these two battery types are starting-
lighting-ignition (SLI) and heating, vantilation and air 
conditions (HVAC).  

3.Comparison of Lithium-Ion and Lead-Acid 
Battery Recycling 

Electrode (anode and cathode) consists active materials 
on grids or foils task to current collectors. There is 
electrolyte for carrying charge between anode and 
cathode. Although lead-acid batteries consist lead and 
lead oxide as cathode and anode known for very long 
time, li-ion batteries consist so many different cathode 
materials (see Table 1). Recycling process becomes 
more complex while battery include diverse 
component. Manufacturers face difficulties with the 
determinate of the right cathode material for best 
performance at li-ion battery. Hence, recycling of li-ion 
is complex process temporarily.  

3.1. Recycling of Lead-Acid Battery 

Lead-acid battery recycling process is straightforward. 
Batteries are fed to a machine for case breaking 
process. Sulfuric acid electrolyte is drained out and 
collected at this machine. Connectors and plates are 
removed by trommel. Plates are collected to different 
area. Components without plates and lid fed to hammer 
mill. Small parts are removed from the water mix. At 
this water parts are seperated by sink-float process as 
terminals are bottom of the water and plastic parts are 
top of the water. After this process, water is used at 
seperation by sink-float method and acid from battery 
are neutralized or processed to sulfate salts for diffirent 
purposes. Plates, terminals, anode slime and leadoxide 
from air filtres are fed to melting furnace.[5] The 
plastic case (plypropylene) is melted and molded for 
new case production.  

All of the manufacturers use the same materials for 
production of lead-acid battery; lead, leadoxide, 
sulfuric acid and polypropylene. Because of that, lead-
acid battery recycling is success and recycled lead and 
other materials have high quality.  

3.2. Recycling of Lithium-Ion Battery 

Lithium-ion battery recycling is more complicated than 
lead-acid battery. There are so diffirent aspects: First 
factor, lithium-ion batteries have wider variety of 
materials in each cell [1]. The cathode materials in a 
Li-ion battery vary depending on manufacturer or 
battery function. Most common cathode active 
materials are LiFePO4 and LiCoO2 with the 

Table 1. Materials using for batteries [1] 

Cell Component/Battery 
Type 

Pb-Acid Li-ion 

Cathode PbO2 LiMO2 
Cathode plate/foil Pb Al 
Anode Pb Graphite 
Anode plate/foil Pb Cu 
Electrolyte H2SO4 Organiz Solvent + 

LiPF6 
Seperator PE or PVC 

w/Silica 
PE/PP 

Cell case PP Varies (metal or 
laminate) 

0 
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combinations of Ni, Mn and Al to replace Cobalt in 
order to increase the performance. LiFePO4 is good 
choice for cost reduction of battery. Generally graphite 
or silicon is used seperately in the anode, but some 
manufacturers use these materials mixed together for 
anode too.   

Lithium-ion batteries are larger and more complex then 
lead-acid batteries in terms of packs shape and 
location. It causes difficulties to remove from vehicle. 
Collection is another problem. Lithium-ion batteries 
are used since almost 7 years commercially. They are 
usable for very long life time until the life of the car. 
Thus, recyclers do not have enough batteries to support 
large-scale recycling plants.  

There are three types of recycling proceses for lithium-
ion recycling; pyrometallurgical recycling (smelting), 
intermediate recycling process and direct recycling 
process. Altought pyrometallurgical reycling is 
economical for li-ion batteries include cobalt and 
nickel, for battery with manganese spinel and LiFePO4 

cathodes is not cost-efficient. Besides, this process 
needs to gas cleanup steps to avoid release of potential 
toxic by product. Intermediate recycling process is 
economical for batteries including only cobalt and 
nickel. Direct recycling is cheap and applicable to all 
types of cathode excluding seperators. However, there 
is problem about product after direct recycling will 
perform as well as virgin material. So manufacturers 
may be unwilling to buy recycled compounds. 
Production quality depends on the recycled compound 
uniformity.      

4. Conclusion 

There are advantages and disadvantages of lithium-ion 
and lead-acid battery recycling. Because all of the 
manufacturers use the same materials for production of 
lead-acid battery; lead, leadoxide, sulfuric acid and 
polypropylene, because lead-acid battery recycling is 
successfull. Lead-acid recycling works regular because 
their profitable process. Lithium-ion battery 
manufacturers use different cathode materials which 
makes complicate lithium-ion recycling. It’s simple to 
disassembly of lead-acid batteries, due to their standard 
design and relatively small number of lead plates in a 
single plastic case.In contrast to lead-acid, lithium-ion 
batteries have different type of design and several 
individual cells (100 cells or more, Tesla electric 
vehicle has approximetly 5000 cells). Although there 
are specific regulations for lead-acid battery recycling 
which specify process and limits of lead-acid recycling, 
there is not specific regulations about lithium-ion 
battery recycling which is a good news for recyclers 
who want to establish lithium-ion battery recycle 
process. Lithium-ion batteries are larger and more 

complex packs shape and location then lead-acid 
batteries. It cause to difficulties for remove from 
vehicle.  

An important issue with the recycling process is 
unclear seperation between the lead-acid and lithium-
ion batteries. Waste batteries are transported to recycle 
plants in very huge and mixed loads. This mix waste 
include all type of batteries. When lithium-ion batteries 
mix to lead-acid recycle process, lithium-ion batteries 
explodes. There is conjecture that vaporization of the 
volatile organic electrolytes might be causing the 
lithium-ion cells to explode. So recycle plants need 
visual screening control or another control parameter 
which can seperate lithium-ion battery from lead-acid 
battery. The solution might be for exploding distinct 
label on different batteries.  
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Abstract

In this study, Silicon/Graphene composite electrodes were 
produced for increase capacity retention and reversibility of 
the composite anode. For this aim, Si nanoparticles were 
dispersed in GO solution with the amount of 50wt.% Si and 
50wt.% GO followed by a hybrid assembly and graphene 
oxide reduction to investigate effect of Graphene on the 
electrochemical performance of the composite electrodes.

1. Introduction

Carbon materials such as graphite are widely used as 
anodes in lithium ion battery applications. However, the 
limiting factor for using portable devices is the theoretical 
specific capacity of negative electrode material of graphite 
(372 mAh/g). Silicon is promising alternative material due 
to its higher capacity of 4200 mAh/g. However, silicon 
cannot be used singly, because of its lower conductivity 
and poor cycling stability during the electrochemical
process [1]. Graphene has large theoretical surface area and 
high electrical conductivity and discharge capacity. Aim of 
this study, synthesis of Si/Graphene composite anode and 
take both advantages of Si and graphene [2]. This study 
proved that dispersing Graphene remarkably increase the 
discharge capacity of the Si/Graphene composite anodes.

2. Experimental Procedure

Graphene oxide (GO) was prepared from graphite 
according to the modified Hummers' method [3]. In order 
to prepare the composite anode, a certain amount of GO 
was exfoliated in deionized water to obtain a homogeneous 
GO suspension by ultrasonic treatment for 1 hour. Then the 
positive charged silicon nanoparticles were added into the 
negative charged GO aqueous suspension in argon filled 
glove box then mixture was sonicated another 1h. After 
filtering, washing and drying, composite was immersed to 
hydrazine for reduce graphene oxide to graphene.
The surface morphology of the produced electrodes was 
characterized using Field-emission scanning electron 
microscopy FESEM (FEI, system). The structures of the 
composites were characterized using X-ray diffraction 
(XRD) patterns. The electrochemical performance of the 
produced Si/Graphene electrodes was investigated by 
charge/discharge tests from 0.05V to 1.5V in CR2016 test 
cells.

3. Results and Discussion

XRD analysis were performed to evaluate GO and structure 
of GR-Si composites, and the results are shown in Figure 1. 
GO
10.42°. After the reduction process, this peak disappeared 
and replaced by new broad peak between 18.12° and 
27.35°. This means that, GO was successfully reduced to 
graphene. The peaks at 28.53°, 47.39°, 56.21°, 69.22°, 
76.45° and 88.1° correspond to the (111), (220), (311), 
(400), (331) and (422) planes of silicon for the composite 
electrode. 

Figure 1. XRD patterns of Graphene Oxide and Graphene-
Silicon composite.
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Figure 2. FESEM images of (a) Silicon nanoparticles, (b) 
Graphene/Silicon composite (c) backscattered electron 

images of Graphene/Silicon composite.

Silicon nanoparticles were stocked in an argon filled 
glovebox. In order to surface of GO is charged negative, Si 
nanoparticles were activated and charged positive and seen 
in Figure 2a. After the preparation of GO solution, Si 
nanoparticles were added and stirred for homogenous 
distribution. When the negative charged GO and positive 
charged Si nanoparticles were mixed, a large amount of Si 
nanoparticles embedded in the wrinkled graphene sheets 
can be seen in Figure 2b and c. The volume expansion of Si 

is about 300% during the process of lithiation/delithiation, 
which causes crumbling and cracking of the electrode, 
inducing a poor electrochemical performance.
It is clearly seen that the Si nanoparticles were well-
encapsulated by the graphene sheets. These behavior of the 
graphene provides the space to release the volume change 
of Silicon and contributes the electrochemical performance.

Figure 3. Cycle performance of electrodes.

The cyclic performances of the electrodes are shown in 
Figure 3. The electrochemical properties of negative 
electrodes were evaluated using galvanostatic 
charge/discharge tests at a constant current density of 0.2 

Li/Li+).
The discharge capacity of Si anode rapidly fades from 3512 
mAh/g to 210 mAh/g after the few cycles. The rapid 
decrease is probably due to the exfoliation of Si during the 
discharge process. On the contrary, the discharge capacity 
of Si-G composite anode exhibits a better cycling stability 
for 30 cycles. The capacity retention for 30 cycle of 
composite electrode is about 75%.

4. Conclusion

Silicon graphene composite was produced successfully. 
XRD analysis and FESEM images demonstrate that all the 
silicon nanoparticles were wrapped with graphene layers. 
Charge/discharge results indicate that graphene 
encapsulated silicon greatly improve the electrochemical 
performance of lithium ion battery.
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Abstract 

Thermal barrier coatings (TBCs) are susceptible to 
degradation by molten CMAS (calcium-magnesium 
alumino silicate) deposits and hot corrosion , when 
employed in gas turbine engines operating in a 
dust-laden environment and low quality fuels . In 
this study, CMAS and hot corrosion degradation of 
TBCs are investigated. Yttria stabilized zirconia 
(YSZ) and Ceria-yttria stabilized zirconia coatings 
in contact with a CMAS dust and hot corrosion 
salts deposit were subjected to heat treatment in air 
at temperature 1200°C for 12h. Phase 
transformations and microstructural avolution were 
examined by using x-ray diffraction and scanning 
electron microscopy.  

1. Introduction 

Thermal Barrier Coatings (TBCs) is a technique 
which is largely applied as a protection shield 
against high temperatures for the structural 
components in stationary and aerospace gas 
turbines. The Thermal Barrier Coatings (TBCs) 
concept involves placing a MCrAlY bond coat (M 
= Ni,Co) as an oxidation resistance layer and top 
coat thermally insulating ceramic layer between a 
cooled metallic component and the hot working gas 
to reduce heat transfer to the component [1-3].  

Hot corrosion is one of the most considerable 
damage mechanisms for the TBCs. Low quality 
fuels contain some corrosive contamination such as 
Na and V. These contaminations cumulate on the 
TBCs  surface as a Na2SO4 and V2O5 salts. These 
salts react with the yttria and cause phase 
transformation in the YSZ, which is tetragonal or 
cubic zirconia to monoclinic phase. This phase 
transformation lead to volume expansion 
approximately 3-5% and cause damages in the 
TBCs such as cracks or spallation on TBCs surface 
[4]. 

Since the eruption of Eyjafjallajokull volcano in 
Iceland on April 14th, 2010 and caused interruption 
of flights due to concern about the possible damage 

from volcanic ash during aeroplane flying, the 
interaction between volcanic ash and thermal 
barrier coatings has been paid attention by materials 
scientists. Unlike traditional failure mechanisms, 
with the increase of the operating temperature of 
engine turbine, there is a degradation mechanism of 
hot section turbine materials, known as the calcium-
magnesium-alumino-silicates (CMAS) degradation. 
Molten CMAS attacks on the YSZ top coat layer is 
becoming more apparent and requires the attention 
of materials scientists. When the engine is in 
operation, airborne ashes, dusts and debris are 
ingested into the engine, they melt, and form 
CMAS before being deposited on the surface of hot 
area of turbine. Molten CMAS also penetrates into 
the YSZ top coat, and shortens the lifetime of TBCs 
[5,6]. 

In studies up to the present day, the simutlaions of 
hot corrosion and CMAS effets on TBCs were 
examined separately. In this study, corrosive salts 
and CMAS dust applied on TBCs together and 
damage mechanisms on the TBC have been 
investigated. 

2. Experimental Details 

2.1. Materials and coatings 

316L stainless steel disk-shaped samples with the 
diameter of 25.4 mm and with the thicknesses of 2 
mm have been used as substrate. Prior to bond coat 
production, the substrate was grit-blasted by using 
50-80 grain mesh alumina particles in order to 
remove surface oxides and improve adhesion of 
bond coat. A commercial Sulzer Metco Amdry 997 
(Ni-23Co-20Cr-8.5Al-4Ta-0.6Y) powder was 
selected to manufacture the bond coats. The spray 
torches (APS and HVOF gun) was fastened on a 
three-axis CNC table and gun speed was selected as 
600 mm/min. Grit-blasted samples  were clamped 
on the turntable and turntable speed has been 
selected as 100 rpm and a number of passes was 
selected to be 12. Amdry 997 bond coat powder 
was coated by using DJ2700 HVOF gun. 
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Commercial Sulzer Metco 204NS (ZrO2–8 wt.% 
Y2O3) and Sulzer Metco 205NS (25 % CeO2 -  2.5 
% Y2O3 - ZrO2) powders were selected for top coat 
materials. XRD patterns of YSZ and CYSZpowders 
are given in Figure 1 a).  

 

Figure 1. XRD patterns of YSZ and CYSZ 
powders (a) and coatings (b). 

YSZ powder has mostly tetragonal Zr0,9Y0,1O1,96 
(JCPDS card no:010-082-1241) phase and a few 
monoclinic ZrO2 (JCPDS card no:010-086-1450) 
phase. CYSZ powder has mostly tetragonal 
Zr0,86Y0,14O1,93 (JCPDS card no:010-082-1243) 
phase, monoclinic ZrO2 (JCPDS card no:010-072-
1669), and cubic CeO2 phase.  

Table 1. Process parameters of plasma spray 

Paramaters 
Current (A) 500 
Primary gas,Ar (scfh) 90 
Secondary gas, H2 (scfh) 15 
Carrier gas flow rate, Ar (scfh) 13.5 
Number of passes 6 
Spray distance (mm) 75 
Gun speed (mm/min) 200 
Turntable speed (rpm) 100 
 

Three types of coatings have been produced by air 
plasma spray (APS) method by using Sulzer Metco 
9MB plasma spray gun. Gun nozzle was a 
commercial Sulzer Metco 730C and powder 

injection angle was perpendicular to plasma flame. 
Process parameters of plasma spraying are listed in 
Table 1.  

Figure 1 b) shows XRD pattern of as sprayed YSZ 
and CYSZ TBCs. As it is seen in Figure 1 b), as-
sprayed YSZ coating has tetragonal Zr0,9Y0,1O1,96 
(JCPDS card no:010-082-1241) and monoclinic 
ZrO2 (JCPDS card no:010-086-1450) phases. As 
understood from the Figure 1 a)  and b), some of 
the monoclinic phase of zirconia in the YSZ 
powder, transform into the tetragonal phase after 
sprayed with APS method because of rapid 
solidification of YSZ powders during the APS 
process [7-9]. 

As-sprayed CYSZ coating has only tetragonal 
Zr0,84Ce0,16O2 (JCPDS card no:01-038-1437). 
Monoclinc and cubic phases in the CYSZ powder 
disappear because of some of CeO2 evaporate and 
some of CeO2 disperse in the coating during the 
APS process [9-12]. 

2.2 Hot Corrosion+CMAS Tests 

V2O5 and Na2SO4 powders were selected as 
corrosive salts. 50 wt.% V2O5 and 50 wt.% Na2SO4 
salts were mixed in turbula for 2 hours. The 
corrosive salt with a concentration of 30 mg/cm2 
was spread over the surface coatings leaving 3mm 
distance from the edge to avoid edge effect. After 
that, corrosive salts and CMAS dust applied on as-
sprayed substrates respectively. The samples were 
heated up to 1200 C and held for 60 h in an electric 
furnace with air atmosphere, then allowed to cool 
down inside the furnace. Sample surface images of 
before and after Hot Corrosion + CMAS tests are 
given in Figure 2. 

 

Figure 2. Macro photo of YSZ and CYSZ TBCs 
before and after CMAS+Hot corrosion tests. 

2.3 Microstructure and chemical analysis 

Microstructure, morphology and chemical 
composition of the surface and the cross-section of 
the coatings have been examined by field emission 
electron microscopy (JEOL JSM 7000F) equipped 
with EDS. X-ray diffraction (Rigaku Miniflex) has 
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been used to determine the crystalline structure of 
the coatings and hot corrosion products. 

3. Results and Discussion 

The cross-sections of the YSZ and CYSZ TBCs 
including bond coats and top coats were given in 
Figure 3. As the characteristic feature of the TBCs, 
porosity and cracks in the top coat were observed 
clearly [19]. Thickness of bond coats was measured 
approximately to be 100 μm and top coats of the 
three sample groups measured approximately to be 
275 μm, 240 μm, 200 μm, respectively. After 
HVOF and APS process, uniform adhesive 
structure was obtained all around the coatings.  

 

Figure 3. Cross section SEM image of YSZ(a) and 
CYSZ(b) coating. 

Figure 4 shows cross sectional SEM images of YSZ 
and CYSZ TBCs after hot corrosion+CMAS tests.  
after hot corrosion salts and CMAS dust penetrate 
into the TBCs microstructure and fill porosity and 
intersplats crack. In addition, a CMAS reaction 
region is observed between bond coat and top coat 
for both YSZ and CSZ coated specimens[17,18]. 

 

Figure 4. Cross sectional SEM image of TBCs 
after hot corrosion+CMAS tests, a,b)YSZ, c,d) 

CYSZ 

Surface SEM images of YSZ TBCs shown in 
Figure 5. Microstructure of coating surface and 
microstructure of CMAS penetrated zone are seen 
in Figure 5a. Dispersed CMAS throughout the 
coating cause loss of porosity.  

Previous studies reported that, after hot corrosion 
test, YVO4 corrosion product is formed on YSZ 
coating surface[13-15]. 

 

Figure 5. Surface SEM images of YSZ TBCs after 
hot corrosion+CMAS tests. 

In this study, YVO4 corrosion product has not been 
demonstrated. It is assumed that, some compounds 
within CMAS react with hot corrosion salts and 
different compounds are formed. SEM images of 
different CMAS deposits are given in Figure 6. 

Figure 6 shows surface SEM images of CYSZ after 
CMAS+hot corrosion test. 

 

Figure 6. Surface SEM images of CYSZ TBCs 
after hot corrosion+CMAS tests. 

As it seen in Figure 6, an unusual CMAS deposits 
are observed on coating surface. Unlike previous 
studies about CYSZ TBCs, YVO4 or CeVO4  
corrosion product has not been demonstrated in this 
study[13-16]. 

XRD patterns of YSZ and CYSZ TBCs after 
CMAS+hot corrosion tests shown in Figure 7. As it 
seen in Figure 7, the amount of monoclinic phase is 
increased after CMAS+hot corrosion tests. 
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In CSZ coatings, a phase transformation has not 
occured after CMAS+hot corrosion tests but 
because of adhesion and deposition of CMAS+hot 
corrosion products on the surface, some undefined 
peaks are observed on XRD analysis. 

 

Figure 7. XRD patterns of YSZ and CYSZ TBCs 
after CMAS+hot corrosion tests. 

It is assumed that, these peaks belong to 
compounds which are reaction product of CMAS + 
hot corrosion[16,17]. 

4. Conclusion 

In this study, corrosive salts and CMAS dust 
applied on TBCs together and structure changes of 
TBCs have been investigated. Melted CMAS dust 
and hot corrosion salts penetrate throughout 
porosities and intersplats crack. YVO4 corrosion 
product has not been demonstrated because of a 
reaciton between CMAS and hot corrosion salts. 
Absence of YVO4 corrosion product provides a 
phase stability on coatings. 
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Determination of Hot Corrosion and CMAS Infi ltration 
Behavior of Th ermal Barrier Coatings using a CO2 Laser 
Beam
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Harsh environments at high temperature, such as Calcium-Magnesium-Aluminosilicate 

(CMAS) infiltration and hot corrosion attacks are big issue for thermal barrier coatings 

(TBCs). In the present work, as different from previous studies, CMAS infiltration and hot 

corrosion resistance of Yttria stabilized zirconia (YSZ), ceria-yttria stabilized zirconia 

(CYSZ) and gadolinium zirconate (GZ) based TBCs were tested by using a defocused laser 

beam as a heat source at 1250°C for 1h. Furthermore, the back surface of the substrate was 

cooled during the tests to generate a thermal gradient on the TBC system. The results 

indicated that YSZ based coating was unable to prevent molten CMAS infiltration and there 

were much more hot corrosion products (YVO4) on the YSZ surface. On the other hand, GZ 

based TBCs had highest hot corrosion and CMAS infiltration resistance due to a dense 

reaction layer forming on the top surface showing homogeneous character with an 

approximate thickness of 6 μm thickness and a continuous characteristic. 
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Abstract 
 
The aim of the study was to compare corrosion 
behavior of 316L stainless steel (SS) and galvanized 
steel (GS) in the presence of Desulfovibrio sp. by 
gravimetric and potentiodynamic polarization methods. 
The growth curves were obtained by the enumeration 
of Desulfovibrio sp.. Biofilm formation and corrosion 
products on the metal surfaces were investigated by 
scanning electron microscopy (SEM) and energy 
dispersive X-ray spectrometry (EDS) analyses. SEM 
images showed that Desulfovibrio sp. in the biofilm 
clustered into patches on the SS surface in contrast to 
that on the GS surfaces. It was determined that 
Desulfovibrio sp. leads to corrosion both of SS and GS. 
However, Desulfovibrio sp. showed more corrosive 
effect on the GS than SS. 
 
1. Introduction 
 
Cooling tower is a heat exchanger which provides a 
water stream at lower temperatures to industrial 
systems through the release of waste heat to 
atmosphere [1]. The bacteria, fungi and algae that entry 
into the cooling systems by the water and the air in 
contact with water, led to the biofilm formation on the 
internal surfaces of cooling towers. The biofilm 
formation causes corrosion of various metal structures 
seriously in cooling towers such as circulation pipes, 
water basin and heat exchangers [2]. In order to prevent 
the damage of microorganisms to the coling tower 
material, corrosion-resistant metals are preferred. 
Especially, 316L stainless steel (SS) and galvanized 
steel (GS) are popular construction materials for 
cooling tower systems. SS is generally prefered in 
areas where water accumulates, such as the cold-water 
basin, owing to their higher corrosion resistances. The 
improved level of corrosion resistance in SS relates to 
the formation of a chromium oxide film layer 
(passivation layer) on the surface of the metal due to 
the chromium and nickel content, and the presence of 
molybdenum [3]. Galvanized steel is frequently used in 
the construction of cooling towers and tanks because of 
its resistance to corrosion and biofouling. The 
corrosion resistance of this metal has been attributed to 
the formation of a protective layer of Zn(OH)2 [4]. 
However, cooling water conditions and the microbial 
activity of sulfate reducing bacteria (SRB) frequently 
isolated from the cooling water may cause severe 
corrosion resulting in structural failures of the SS and 
GS systems [5]. 

 
The type of metals can affect activities of 
microorganisms and hence corrosion behavior. To 
investigate this aspect of microbiologically induced 
corrosion (MIC), corrosion behaviors of SS and GS in 
the presence of Desulfovibrio sp. were investigated by 
gravimetric and potentiodynamic polarization methods. 
The growth curves were obtained by the enumeration 
of Desulfovibrio sp. using Postgate B medium over 720 
h. Biofilm formation and corrosion products on the 
metal surfaces were investigated by scanning electron 
microscopy (SEM) and energy dispersive X-ray 
spectrometry (EDS) analysis.  
 
2. Experimental Procedure 
 
2.1. Microorganism 
This study was performed using pure cultures of the 
strain Desulfovibrio sp. isolated from cooling tower 
water by Ilhan-Sungur and Cotuk [6]. Pure cultures of 
Desulfovibrio sp. was grown in Postgate’s medium B 
(PB medium) at 30°C [7]. 

 
2.2. Preparation of the SS and GS Coupons 
The nominal elemental composition (wt%) of the SS 
coupons used for the experiment was C 0.022, Cr 
16.02, Ni 11.44, Mo 1.95, Mn 0.984, Si 0.382, P 0.035 
and S 0.010. The coupons with dimensions of 25 x 25 x 
1 mm were abraded through 240, 320, 400, 600 and 
800-grit silicon carbide paper, polished with aluminum 
oxide, washed with sterile distilled water, degreased 
using acetone, and dried in a Pasteur oven at 70°C. The 
coupons were weighed, and the total surface area of 
each coupon was measured and then kept in a 
desiccator until use. 
 
The thickness of the zinc coating was 5 μm in the GS 
coupons used for the experiment. The dimensions of 
the coupons were 25 x 25 x 1 mm. The total surface 
area of each coupon was determined. The cut areas of 
all the coupons were coated with epoxy zinc phosphate 
primer (Moravia, Turkey) (grey) and then covered with 
epoxy finish coating (Moravia, Turkey) (black) to 
avoid the initiation of corrosion at these disturbed 
areas. The coupons were weighed and then kept in a 
desiccator until use. 
 
2.3. Experimental conditions of lab-scaled test and 
control systems 
The experiments were carried out in two different 
systems such as lab-scaled test and control systems. 
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Postgate’s medium C (PC medium) was used in both 
systems [7]. SS and GS coupons were exposed to 
Desulfovibrio sp. cultures in separately during 8, 24, 
72, 96, 168, 360 and 720 h in the lab-scaled test 
systems. Control systems containing sterile medium 
were set to work simultaneously with the test systems. 
The lab-scaled test systems were set up PC medium 
(1440 ml) was inoculated by appropriate volume (10%) 
of 1-day-old Desulfovibrio sp. culture resulting in an 
initial concentration of 25x106 per ml in the presence 
of SS and GS coupons. The culture in test systems 
were mixed with magnetic stirrer (150 rpm) and the 
experiments were carried out under anaerobic 
conditions in the glove box system at 30°C.  
 
The test coupons were removed at each sampling time 
for the enumeration of Desulfovibrio sp. and the 
determination of corrosion rate by the weight loss 
measurement method. In the control systems, weight 
loss measurement was carried out simultaneously with 
test systems. Biofilm formation and corrosion products 
on the metal surfaces were investigated by scanning 
electron microscopy (SEM) and energy dispersive X-
ray spectrometry (EDS) analysis.  
 
2.4. Enumeration of Desulfovibrio sp. 
Enumerations of the number of sessile and planktonic 
Desulfovibrio sp. were performed at each sampling 
time. Sessile and planktonic Desulfovibrio sp. counts 
were determined by the most-probable-number (MPN) 
technique using PB medium. MPN tubes were 
incubated in the dark at 30°C. In each inoculated tube, 
the growth of sulphate reducers was indicated by the 
formation of a black FeS precipitate and turbidity [7]. 
 
2.5. Weight loss measurement 
The weight loss measurement was carried out with 
three coupons removed at each sampling time with SS 
and GS separately. Biofilm on the SS coupons were 
removed with sterile cotton swabs. Then corrosion 
products were wiped out completely by immersing the 
coupons 67% HNO3 and 0.6% HNO3 in an ultrasonic 
bath for 2-5 min and 10 s for SS and GS coupons, 
respectively. The surfaces of the exposed coupons were 
finally rinsed with distilled water, cleaned in 100% 
ethanol and dried in Pasteur oven at 70°C [8]. The 
difference between the initial and final weight was 
reported as weight loss both type of metals. The values 
of the corrosion rate were determined according to the 
ASTM standard G1-81 [9]. 
 
2.6. Electrochemical measurements 
 The electrochemical corrosion tests were performed 
with a computer-controlled testing device (Gamry-
Interface1000, USA) by measuring the 
potentiodynamic polarization method. All 
electrochemical tests were carried out in a conventional 
electrochemical cell, with a carbon rod as the counter 
electrode, a saturated calomel electrode (SCE) as a 
reference electrode, and the prepared samples as the 

working electrode. The working solutions were mixed 
with a magnetic stirrer (150 rpm) and all of the 
measurements were performed at 30°C. Square-shaped 
SS and GS coupons with a top surface area of 1 cm2 
were exposed to the Desulfovibrio sp. culture and 
sterile PC medium. While the potentiodynamic 
polarization curves of SS were obtained at a scanning 
rate of 1 mV/s between -800 mV and +1700 mV, the 
potentiodynamic polarization curves of GS were 
obtained at a scan rate of 1mV/s within ±500 mV 
compared to the corrosion potential (Ecorr). 
Electrochemical measurements were carried out at 
certain time intervals (8, 48, 96 and 168 h) during 168 
h of exposure. 
 
2.7. Surface analyses 
The biofilm formations and corrosion products on the 
coupons were analyzed by SEM and EDS at the end of 
the each sampling time. Coupons were fixed with 2.5% 
glutaraldehyde, followed by dehydration in a graded 
series of ethanol and air drying [10]. The dried samples 
were coated with a gold layer (30 nm) and imaged with 
an electron microscope (ZEISS (LS-10)). 
 
3. Results and Discussion 
 
SS and GS coupons were exposed to Desulfovibrio sp. 
culture over 720 h in the lab-scaled test systems. 
Heterogenous, gelatinous and easily removable biofilm 
layers on the surfaces of the coupons were observed 
(Figure 1). However SEM images showed that 
Desulfovibrio sp. in the biofilm clustered into patches 
on the SS surface.  

 
Figure 1. SEM micrographs of the biofilm formed on the SS (a) and 
GS (b) surfaces after 720 h of exposure in the Desulfovibrio sp. 
culture. 
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The growth curves of Desulfovibrio sp. in the biofilm 
and culture are shown in Figure 2. The Desulfovibrio 
sp. counts in the cultures were significantly higher than 
in the biofilms on the SS and GS (p< 0.01). 
Desulfovibrio sp. in the biofilm on SS and GS coupons 
completed the logarithmic phase after 72 h and then 
stayed in the stationary phase, and finally entered to the 
death phase after 168 h. The results showed that the 
durations of the growth phases of Desulfovibrio sp. 
were similar to each other.  

 
 

Figure 2. The growth curves of planktonic and sessile Desulfovibrio 
sp. in the presence of SS (a) and GS (b). The error bars represent the 
standard deviation of the mean.  
 
The weight loss values of SS and GS coupons showed 
that Desulfovibrio sp. caused an increase in weight 
losses compared to the control (p<0.01 and p<0.001, 
respectively) (Figure 3). The maximum weight loss 
value of SS coupons was detected as being 0.0485 ± 
0.0039 mg/cm2 after 168 h of exposure, while it was 
detected as 0.677 ± 0.0101 mg/cm² after 360 h 
exposure in GS coupons.  The corrosion rates of SS 
and GS coupons were detected as 0.12 mdd and 1.80 
mdd after 720 h of exposure, respectively. These 
results indicate that GS is suffered corosion by 
Desulfovibrio sp. more than SS.   
 
It was detected that there was not a statistically 
meaningful relationship between the bacterial count of 
Desulfovibrio sp. and corrosion rates of SS and GS. 
The real factors affecting corrosion are metabolic 
activities of SRB and the numbers of different 
corrosion mechanisms formed [11]. Since H2S, that is 
the most important factor in the corrosive action of 
SRB, is metabolic product, its production depends on 
the SRB activity.  

 
Figure 3. The weight losses of SS (a) and GS (b) coupons in the 
sterile PC medium and Desulfovibrio sp. culture. The error bars 
represent the standard deviation of the mean.  

In order to investigate the electrochemical behavior of 
SS and GS, metal coupons were exposed to the sterile 
PC medium and Desulfovibrio sp. culture over 168 h. 
Potentiodynamic polarization curves of the specimens 
for 8, 48, 96 and 168 h of exposure are shown in Figure 
4. It was observed that the corrosion behavior of SS 
and GS changed after the addition of Desulfovibrio sp. 
to the medium. While the Ecorr values of SS and GS in 
the sterile PC medium were as -0.567 V and -1.337 V 
vs. SCE after 8 h respectively, they shifted to noble 
values in the presence of Desulfovibrio sp. after 8 h of 
exposure and were detected as being as -0.333 V and    
1.083 V vs. SCE, respectively (Figure 4). The shift in 
Ecorr to more positive values could be related to the 
growth of Desulfovibrio sp. and biofilm formation on 
the SS and GS specimens, as reported by Alabbas et al. 
[12]. While the Ecorr values of SS remained steady at     
-0.613 V vs. SCE as similar to steril conditions after 8 
h, the values of GS shifted to the more noble values 
with time. 
 
EDS analysis of SS and GS coupons exposed to the 
sterile PC medium and Desulfovibrio sp. culture are 
illustrated in Figure 5. The corrosion products on the 
SS surface were mainly composed of Fe, Cr, P, Ni, S, 
and O (Figure 5a). The appearance of the S peak is due 
to the presence of FeS formed as a result of 
Desulfovibrio sp. metabolic activities [13]. Peaks for 
Zn, S, Na, O and P were observed on the corroded GS 
surfaces (Figure 5b). This evidence suggests that the 
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surface was very likely composed of a ZnS deposit. It 
is possible that H2S enhances anodic dissolution of the 
zinc, resulting in insoluble ZnS corrosion products and 
cathodic hydrogen evolution [14].   
 

 
 

Figure 4. Polarization curves of the SS (a) and GS (b) coupons 
exposed to the sterile PC medium and Desulfovibrio sp. culture. 
 

Figure 5. SEM micrographs and EDS analysis of the corrosion 
products formed on the SS (a) and GS (b) coupons exposed to 
Desulfovibrio sp. after 720 h.  

4. Conclusions  
 
The experimental results are summarized as follows: 

 
1. The biofilm formed by Desulfovibrio sp. showed 

different morphology and polarization resistance 
according to the metals’ type. 

2. The durations of the growth phases of sessile 
Desulfovibrio sp. were similar on the SS and GS 
surfaces. 

3. Desulfovibrio sp. accelerated corrosion both of 
the SS and GS. However, the results indicate that 
GS is suffered corrosion by Desulfovibrio sp. 
more than SS.   

4. The corrosion rates both of SS and GS were not 
related with the Desulfovibrio sp. count. 
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Abstract 

Corrosion is a material deterioration process due to 
chemical interactions with surrounding environment. 
Metallic components of amphibious vehicles are exposed 
to aggressive species such as chlorine in marine 
environment. These components must be coated or well 
protected to inhibit corrosion. Peeling and cracked paint 
on the surfaces of the vehicle hulls may result in undesired 
chemical interactions on damaged areas. Cathodic 
protection application with sacrificial anodes is an 
effective solution to corrosion of steel components in 
direct contact with seawater. The scope of this study 
covers investigation of corrosion kinetics for selected steel 
types and determination of appropriate cathodic protection 
system for steel components of amphibious vehicles. Steel 
samples were subjected to accelerated corrosion tests in 
artificial seawater. Electrochemical data were obtained by 
potentiostatic test techniques. The data were then 
introduced to COMSOL Multiphysics modeling software 
as input parameters for cathodic protection simulation. 
Potential and current density distributions in seawater 
were evaluated to design the cathodic protection system. 
In order to enhance homogenous protection performance, 

dimension, quantity and positions were 
optimized. 

1. Introduction 

Corrosion has always been a problem to metallic structures 
such as ship hulls, pipelines and off-shore platforms as 
well as amphibious vehicles in marine environments. With 
the advance in modern warfare, there was a demand for 
amphibious vehicles to land from the open seas and deliver 
infantry personnel to enemy shore [1,2]. Accordingly, 
seeking for a solution to prevent corrosion on materials of 
construction in armoured amphibious military vehicles 
have attracted more attention than ever before. Metallic 
components of these military vehicles are exposed to 

aggressive corrosive ions during service in seawater which 
contains 300 times more dissolved salts than an average 
river water [3]. Despite having coated with organic 
substances for complete isolation from seawater, the 
protective layer on the metallic structures may fail due to 
impact, chalking, peeling and/or delamination (Figure 1). 
Predicting corrosion on the freshly exposed surface of the 
metallic components is inevitable and essential to take 
precautions for undesirable degradation [4].  

 

Figure 1: Corroded surfaces on metallic components 

Cathodic protection has been widely used for protecting 
metallic materials from corrosion in marine environments. 
Conventional corrosion prevention methods can be 
adapted to military amphibious armoured vehicles. There 
are two cathodic protection methods by supplying direct 
current: impressed current systems and installing 
sacrificial anodes [5-12]. The latter method was regarded 
as more convenient for economical and practical 
considerations for this study. 
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2. Experimental Procedure 

Electrochemical parameters of corrosion reactions on 
surface of selected steel sample were obtained via 
potentiostatic polarization techniques. Steel type of a hull 
structure which was immersed in seawater during 
operation was selected. The steel sample used in this study 
was cut from a rod of St 37. Sample was polished with a 
grit paper, washed with distilled water, rinsed in acetone 
to degrease and then air-dried prior to the test. 
Potentiostatic laboratory tests were conducted in artificial 
seawater at ambient temperature with Gamry Reference 
600 and 3000. Substitute ocean water was prepared as 
electrolyte solution according to ASTM D1141-98 [13]. A 
three electrode standard corrosion cell assembly which 
was filled with approximately 230 ml of seawater was 
placed in a three necked glass vessel. A metal sample 
working electrode, graphite counter electrode and 
saturated calomel (SCE) as reference electrode were 
placed through three necks of the cell as shown in Figure 
2. The corrosion cell was operational when the 
connections to the potentiostat by designated cables were 
completed. 

 

Figure 2: Experimental setup 

The polarization behavior of the steel sample was 
collected and displayed by a computer. The open circuit 
potential measurement relative to SCE was done until 
recording a stable potential value. The potential range of 
0,5 V, starting from 0,25 V below the measured open 
circuit potential relative to SCE, was scanned at a rate of 
1 mV/s. Current responses at different potential values 
were recorded to plot potential versus logarithm of current. 

 

 

2.1 FEM Simulation 

The numerical finite element analysis enables to get 
valuable information about potential and current 
distributions on metal/seawater boundaries so that design 
of the cathodic protection system can be enhanced by 
regulating modeling results. Cathodic protection system 
effectiveness in protecting metallic structures were 
investigated with numerical modeling before installing the 
anodes to the vehicle. Necessary input data for the 
modeling were seawater conductivity, ambient 
temperature and electrode kinetics parameters. 
Computations were performed through COMSOL 
Multiphysics 5.2. 3D solid model of the selected steel 
component from the hull structure of the vehicle for 
cathodic protection modeling was imported into the 
software (Figure 3). Al-In alloy was selected as sacrificial 
anode, due to relatively higher current capacity and better 
performance in seawater than zinc or magnesium anodes 
[14]. Properties of seawater, steel and sacrificial anode 
material were also introduced to the software.  

Several assumptions were made to ease model 
computations: 1) Only uniform corrosion occurred on the 
surface of the steel component. 2) Each component was 
well coated and isolated from adjacent neighbor to avoid 
galvanic coupling. 3) Seawater concentration was 
homogeneous. 4) There were no external electrical sources 
interfering the cathodic protection system. 5) Fasteners 
were excluded from the model geometry. 

 

 

Figure 3: 3D solid model of selected component a) 
Isometric view b) Top view 
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The electrochemical reactions other than iron dissolution 
and reduction of dissolved O2 on the steel surface were 
ignored. Related anodic (1) and cathodic reactions (2): 

    (1) 

     (2) 

Potential and current density on the surfaces of the steel 
component surrounded by seawater were calculated 
according to constructed boundary conditions with 
Butler-Volmer equation. 

3. Results and Discussion 

Potential versus logarithm of current curves of each trial 
were plotted as shown in Figure 4. The graphical data were 
interpreted with Tafel extrapolation method to obtain 
anodic and cathodic Tafel constants, corrosion current 
density and corrosion potential data. 

 

Figure 4: Polarization curves for St 37 

It was seen that the corrosion potential of St 37 was around 
-721 mV. Average Tafel slopes of anodic and cathodic 
reactions, were calculated as 86 mV/decade and 331 
mV/decade from experimentally measured data 
respectively as shown in Table 2.  

Table 2. Results of electrochemical tests on St 37. 

# A, mV/decade C mV/decade icorr, A/m2 Ecorr, mV 

1 86,2 321,8 0,25 -722 

2 88,3 343,4 0,22 -714 

3 83,1 327,2 0,19 -728 

 

Cathodic protection modeling was computed using the 
measured average electrochemical parameters. Potential 
distribution on bare surfaces of the component illustrated 
in Figure 5 was obtained when Al-In anodes were placed 
at proper locations on 3D solid model of the vehicle hull. 
The potential values were in the range of -782 mV and -
785 mV. Unprotected steel component exhibited a 
potential of about -717 mV on the surface in seawater. 
However, average potential was shifted to around -784 
mV with sacrificial anode application. 

In practice, protective potentials below -770 mV (SCE) 
would be enough to prevent steel from corrosion in 
seawater [15]. Therefore, anode size, number and 
locations should be optimised to provide enough current 
to polarize bare surfaces of the components to the 
protection potential. 

 

Figure 5: Potential distribution on bare surfaces 

Two different cases were created on the model geometry. 
In first case, steel component was the only uncoated 
structure, having 2922 cm2 bare surface area, in the vehicle 
hull. The calculated total anode surface area was 381 cm2. 
The second case was generated by introducing paint 
deficient areas, 40,3 cm2 total, on the surface of the 
component randomly shown in Figure 6. The rest of 
surface was considered to be perfectly coated in this case. 
It was seen that the resulting potential on the surface was 
greater than protection potential if the same anodes of case 
1 were used. Hence, anode dimensions were adjusted 
without changing any kinetic parameters. Eventually, 
Total anode surface area was decreased to 4,52 cm2 for 
maintaining nearly same protection potential on defected 
areas. Figure 7 shows distributions of potential over the 
paint-deficient surface. 

 

Figure 6: Paint-deficient areas on the surface 
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Figure 7: Distribution of potential over the paint-
deficient surface a) with same anode surface area as 

case1b) with decreased anode surface area 

4. Conclusion 

Cathodic protection is a vital necessity for corrosion 
protection of steel components in marine environments. It 
was seen that the current demand increased with 
increasing bare steel surface area. Total anode surface area 
was adjusted to maintain protection potential on the 
surface of the component. The surface potentials deviated 
from the protection potential when identical anodes were 
used for both paint-deficient and bare components. Anode 
geometry was modified by taking into consideration to 
avoid overprotection which may lead to coating failures or 
even hydrogen embrittlement of steel due to cathodic 
protection. 

Numerical approach to cathodic protection system for 
amphibious vehicle components provides significant 
information related to local potentials and current densities 
on complex geometries. This kind of preliminary studies 
avail the vehicles of opportunity to be analysed for 
protection effectiveness before applying cathodic 
protection. However, random forecast in determining 
paint deficient areas on the metallic components greatly 
affect the accuracy simulation results. Thus, statistical 
analysis on location and size of coating defects on the 
components of amphibious vehicles is strongly 
recommended to enhance the reliability of the cathodic 
protection simulation.   
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Abstract 

Electroless Ni-P-W, Ni-P-W / Al2O3 composite 
coatings were applied on the hot-rolled, strip casted 
AZ91(%9 Al, %1 Zn) magnesium plates and the 
effect of applied coating on the corrosion resistance 
was observed in wt. %3,5 NaCl chloride solution 
using potentiodynamic and EIS (Electrochemical 
Impedance Spectroscopy) techniques. Ni-P-W 
coatings with different tungsten content were 
obtained by adding the various amounts of NaWO4 to 
the coating bath. Composite coatings were also 
obtained by adding 2 gr/lt of Al2O3 to selected 
NaWO4 containing baths. The corrosion 
characteristics of Ni-P-W electroless and Ni-P-W / 
Al2O3 composite coatings on AZ91 magnesium alloy 
is  discussed in this article. 
 
1.Introduction 

Magnesium alloys draw attention by their specific 
strength and density. But the usage of magnesium 
and its alloys are limited due to their high chemical 
activities and vulnerability towards certain 
environments. [1] 

Among several surface modification techniques 
Nickel  Phosphorus electroless coatings come 
forward as their high hardness and corrosion 
resistance. This highly sufficient surface modification 
technique can be homogenically applied to any 
geometric surface without post operation. [2] 

In this study, corrosion characteristics of twin roll 
casted and Ni-P-W (Nickel - Phosphorus - Tungsten) 
electroless, Ni-P-W/Al2O3 composite coated AZ91 
magnesium alloys were investigated. Corrosion 
experiments were carried out using Electrochemical 
Impedance Spectroscopy (EIS) and Potentiodynamic 
analysis technique in K2HPO4 buffered K2SO4 
solution at pH7 with wt. %3,5 NaCl addition. 
Changes in corrosion behavior of Ni-P-W electroless 
coatings by the addition of Al2O3 were investigated. 

2. Experimental Procedure 

Twin roll strip casted AZ91 magnesium alloy sheets 
were supplied from VIG Metal   were used 
as substrate. 30mmx15mmx 2mm sized sample 
preparation and pre-treatments procedures were 
explained elsewhere. [3] 

Electrochemical experiments solutions were prepared 
from doubly distilled water. Solutions were purged 
with nitrogen before and during the experiments. 
Surface area of the sample was 0,785 cm2. 
 
Standard three electrode corrosion cell containing 
working electrode, a reference electrode (SCE: 
saturated calomel electrode) and platinum as a 
counter electrode. Unless stated otherwise, all 
measured potential values were versus SCE. [4] 
 
Electrochemical Impedance Spectroscopy (EIS) 
experiments were practiced by using Gamry 
PC4/300mA Potentiostat/Galvanostat in 100 kHz  
0.01 Hz frequency range and  potential with 
the respect of corrosion potential (Ecorr). 
Potentiodynamics polarization experiments were 

open circuit potential (Eoc). Experiment rate was 1 
mv/sn. All corrosion measurements were analyzed in 
wt %3,5 chloride solution. 
 
Ni2+ + 2H2PO2

-  + 2OH-   Ni + 2 H2PO3
- + H2        (1) 

WO4
2-+6H2PO2

-+4H2O W+6H2PO3
-+3H2+2OH-  (2) 

2H2PO2
-    2 + H2PO3

- + OH-           (3) 
H2PO2

- + H2O    H2 + H2PO3
-             (4) 

 
The basic mechanism of electroless Ni-P-W 
deposition was explained through reactions (1) to (4). 
[5] Three different NaWO4  amount (0,5  2,5  20 
gr/lt) was selected to demonstrate the effect of W in 
electroless nickel solutions. For investigating the 
Al2O3 effect 2 gr/lt 10 micron particle was added to 
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the solution. 100 mg/lt Chemguard S-550-100 non-
ionic fluorosurfactant was used to increase deposition 
rate of particles. [6] Experimental codes of samples 
were listed in Table 1. 

 
Table 1. Experimental codes of applied coatings 

Sample  Coating 
NiPW - 1 NaWO4  0,5 gr/lt 
NiPW - 2 NaWO4  2,5 gr/lt 
NiPW - 3 NaWO4  20 gr/lt 

NiPW - Al - 1 
NaWO4  0,5 gr/lt +  

Al2O3  2gr/lt 

NiPW - Al - 2 
NaWO4  0,5 gr/lt +  

Al2O3  2gr/lt 

NiPW - Al- 3 
NaWO4  0,5 gr/lt +  

Al2O3  2gr/lt 
 
In electroless coating bath, basic nickel carbonate 
was used as nickel ion source, sodium hypophosphate 
as a reducing agent. Citric acid was used as a 
complexing agent to prevent nickel salts to 
precipitate, decrease the concentration of unattached 
nickel ions and buffer the bath to avoid sudden pH 
change. Besides, thiourea were used as a stabilizer  to 
avoid rapid decomposition. pH was set to 9 by using 
ammonia. [3]  

 
3.Results and Discussion 
 
SEM images of NiPW  2 electroless coating and 
NiPW-Al-2 composite coating were  can be seen in 
Figure 1 and Figure 2. Compositions of  electroless 
and composite coating was compared in Table 2. 
 

Table 2. EDX data of coatings 

Sample Wt.%
Ni 

Wt.%
P 

Wt.%
W 

Wt.%A
l 

NiPW - 1 87,5 9,1 3,4 - 
NiPW - 2 84,3 9,6 6,1 - 
NiPW - 3 86,0 4,5 9,5 - 
NiPW   
Al  2 

89,2 5,0 3,2 0,67 

 
P element is the key parameter for defining the 
character of electroless Ni-P based coatings. 
Increasing the Wt.%P level above 7 resulted with an 
amorphous coating characterization. This amorphous 
behavior can be directly linked to the corrosion 
resistance of Ni-P amorphous coatings.  [7] 
 
Wt. %. W is the one other thing to consider to define 
the corrosion characterization of electroless coatings. 
Tungsten is highly corrosion resistant material. [8]  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. SEM image of NiPW  2 coating 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2. SEM image of NiPW - Al - 2 coating  
 
Co-deposition of W up to a certain amount (Wt. %5) 
does not have a negative effect on amorphous 
characteristic of electroless coatings. Above this level 
corrosion resistance is starting to decrease due to 
crystalline structure and possible galvanic interaction 
on newly emerged grain boundaries.  
 
Results obtained by potentiodynamic polarization and 
EIS also corrected this theory. Results of 
potentiodynamic experiment are shown in Figure  3. 
Numerical values of this experiment exhibited in 
Table 3. 
 
 

 
Figure 3. Potentiodynamic polarization results of 

electroless and composite coatings 
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Table 3. Numerical values of Potentiodynamic 
Polarization Analyze 

 
Although potentiodynamic polarization resistance 
seems to be close. Corrosion resistance differences 
revealed themselves in EIS technique. Nyquist results 
can be found in Figure 4.  
Numerical values of corrosion resistance calculated 
from nyquist data can expose this big difference in 
Table 4. 

 
Table 4. Numerical Values of Nyquist Data 

 
 
 
 
 
 
 
 
 

 
Figure 4. EIS - Nyquist curves of coatings 

 
Refining these datas which obtained from 
potentiodynamic and EIS techniques lead us that 
adding Al2O3 as a particle has negative effect on 
corrosion properties of coatings. Although SEM 
images does not exhibit reasonable difference; EDS 
results shows its clear effect of P and W co-
deposition mechanism. By lowering both their 
content, adding Al2O3 particles to bath solution 
resulted with a significant decrease in corrosion 
resistance of electroless coatings. 
 
 

4.Conclusion 
 
As a result, a correlation between W and P can be 
stated to define corrosion resistance of Ni-P based 
electroless coatings. Wt.%7 phosphorous  content is 
critical for the amorphous structure.  
 
Co-depositon of W shows a positive effect up to 
certain level. (~wt.%6) Exceeding this value resulted 
with a decrease in corrosion resistance due to the 
decrease in % amorphous structure. 
 
Al2O3 composite coatings were also shown relatively 
poor corrosion resistance. Coused by galvanic 
interactions and larger surface area in crystalline 
structure. 
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Sample ECor (VSCE)  Icor 
(A/cm2) 

NiPW - 1 -0,705 8,56x10-6 
NiPW - 2 -0,648 9,94x10-7 
NiPW - 3 -0,654 1,84x10-5 

NiPW - Al - 1 -0,692 7,03x10-6 
NiPW - Al - 2 -0,715 5,22x10-6 
NiPW - Al- 3 -0,675 7,70x10-5 

Sample R (ohm) 
NiPW - 1 6523 
NiPW - 2 15032 
NiPW - 3 5739 
NiPW - Al - 1 5511 
NiPW - Al - 2 7842 
NiPW - Al- 3 2869 
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Abstract 
 
The Amphibious Assault Bridge vehicle was designed and 
produced by FNSS Defense Systems Inc. Purpose of this 
vehicle is bridging over the rivers and letting pass the other 
vehicles easily. However, some of the vehicles are being 
used in seawater instead of fresh water. This leads to 
corrosion of the vehicles at higher rate than expected. It was 
not possible to adopt modifications of design of the vehicle, 
improving coating quality, changing the environment and 
etc. because the vehicles were already produced and they 
were in service. Thus, FNSS has decided to use cathodic 
protection method. To this end, the vehicle hull produced by 
welding of various 5000 series aluminum used on the 
vehicle was characterized and cathodic protection 
simulation was applied to optimize the corrosion protection. 
 
1. Introduction 
 
Due to better corrosion resistance, low density and fare 
mechanical properties aluminum alloys are commonly used 
in marine applications. A protective oxide film forms on the 
surface of an aluminum alloys that provides corrosion 
resistance under atmospheric conditions. However, Cl- 
containing environments, i.e. sea water, may break this 
passive oxide layer and cause pits on the surface of an alloy 
[1]. This type of corrosion is called as pitting corrosion, 
sketched in Figure 1 [2]. Formation and propagation of pits 
are as follows: 
 
Al=Al3++3e-                                                  (1) 
Al3++3H2O=Al(OH)3+3H+    (2) 
Al+2H2O=Al3++2OH-     (3) 
 
Hydrogen evolution and oxygen reduction at the 
intermetallic cathode surfaces as follows: 
 
2H++2e-=H2     (4) 
O2+2H2O+4e-=4OH-    (5) 
 

 
Figure 1. Pitting corrosion on aluminum surface 
 
As pit forms and deepens, pH inside the pits decreases 
according to reaction 2. Chloride ions migrate to pits and 
forms HCL to supress the positive charge increase which 
accelerates the pit formation rate[3]. 
 
Reduction reactions near intermetallic cathodic sites cause 
local alkalinisation. Since Aluminum oxide layer is not 
resistant to such environments pits may form around these 
particles [4]. 
 
To prevent aluminum from corrosion in sea water, cathodic 
protection may apply. Cathodic protection is one of the 
corrosion prevention methods. In this method, the main 
structure, in this case the vehicle itself is being protected 
from the corrosion by making the vehicle cathode instead of 
anode with the use of more active sacrificial anodes or 
applying impressed current with the help of external power 
source. Thus, instead of main structure, the sacrificial 
anodes were corroded, and after completing their working 
life, all anodes are being changed with the new ones. 
 
For cathodic protection to be applied four conditions must 
be present in the system, namely, anode, cathode, electrolyte 
and electrical conductivity. In the absence of any one of 
them, there will no longer any protection. 
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The objective of the work reported here is to determine 
electrochemical datas from selected aluminum alloys used in 
the vehicle and to simulate the cathodic protection of the 
vehicle. 
 
2. Experimental Procedure 
 
Commercial grade of 5000 and 7000 series of aluminum 
alloys are being tested. Compositions of the materials are 
given in Table 1. Also commercial grade of Al-In sacrificial 
anodes are being used for the cathodic protection system. 
Composition of the anode is given in Table 2. 
 
Table 1. Composition of test specimens 
 Si Fe Cu Mn Mg Cr Zn Ti 
5xxx 0.40 0.40 0.10 0.40- 

1.0 
4.0- 
4.9 

0.05- 
0.25 

0.25 0.15 

7xxx 0.35 0.40 0.20 0.05- 
0.5 

1.0- 
1.4 

0.10- 
0.35 

4.0-
5.0 

- 

 
Table 2. Composition of galvanic anode test specimen 
 Al In Zn Cd Si Fe 
Al-In 
Alloy 

Balance 0.17-
0.024 

2.1-
2.7 

0.008-
0.032 

0.01-
0.15 

0.25 

 
Initially some field tests were conducted to get natural 
potential of the vehicle, current demand and potential 
difference required for the cathodic protection. These tests 
were conducted with both sacrificial and impressed current 
anodes. 
 
After completing the field tests, salt spray test were applied 
to painted test panels according to ASTM B117 to 
characterize the paint used on the vehicle [5]. 
 
In the meantime laboratory tests were applied on the test 
samples for making an electrochemical characterization of 
the aluminum alloys. Polarization curves were drawn with 
the help of Gamry Reference 3000. Graphite and test 
samples were used as an anodes and calomel reference 
electrode were used as reference.  
 
Finally, the results taken from the polarization tests were 
used for the cathodic protection simulations conducted by 
COMSOL - Corrosion module. 
 
3. Results and Discussion 
 
3.1 Field Tests 
 
For evaluating the working environment of the vehicle some 
series of tests were conducted. The results of this phase were 
used for gathering the potential difference values needed to 
protect the vehicle. For this purpose one of the corroded 
AAB vehicle were tested in seawater. Environmental 
conditions were measured as follows; temperature of the 

seawater was 19oC, pH was 7,34 and resistivity of the 
seawater was 20 .cm. Following the environmental 
measurements the natural potential of the vehicle was 
measured with respect to the Ag/AgCl reference electrode. 
Natural potential of the vehicle was recorded as -689mV.  
 
With the completion of the natural potential measurements 
some tests were conducted with the galvanic anodes. Three 
different anodes were used, namely, high potential 
magnesium anode (Hi-Pot), AZ-63 magnesium anode and 
aluminum anode (Al-Zn-In) and they were produced 
according to the TS 9234 standard [6]. However, these 
measurements were not giving information about the total 
protection current or voltage since tests were conducted with 
only one anode attached to one point of the vehicle. Given 
results in Table 3 are local values only. 
 
Table 3. Galvanic anode test results  
Sacrificial 
Anode 
Type 

Cathode 
Natural 
Potential 
(mV) 

Anode 
Potential 
(mV) 

System 
Protection 
Potential 
(mV) 

Hi-Pot. 
Mg. 

-689 -1620 -956 

AZ63 Mg. -689 -1513 -978 
Al-Zn-In -689 -1037 -761 
 
For measuring the protection potential of the whole vehicle 
impressed current cathodic protection (ICCP) system was 
attached to the vehicle after the sacrificial anode tests. For 
this purpose 50A/50V capacity TR unit was used. Also 4 ea 
mixed metal oxide anodes (MMO titanium anodes) were 
attached to 4 sides of the vehicle. Those anodes could 
provide 15A current. After setting the anodes and the TR 
unit, system was operated for 16 hours. Results of the 
impressed current system are given in Table 4. 
 
Table 4. ICCP test results 
 Initial values 

before the test 
Test results 
after 16 hrs 

Protection 
Current 

4500mA 4000mA 

Cathode 
Protection 

-917mV -991mV 

 
It was observed that the resultant system potential, which is 
-991 mV, was large enough to protect the vehicle. And also 
it was observed that 4500mA needed for the protection of 
the vehicle. 
 
3.2 Coupon Tests 
 
In this phase of the experiments, qualitative evaluation of 
the coatings/paints of aluminum was directed. For this 
purpose 3 tests coupons were used for each three different 
aluminum alloys. 9 test coupons were painted as follows. 
First of all panels were cleaned with chemical methods, then 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

828 IMMC 2016   |   18th International Metallurgy & Materials Congress

chemical conversion coating was applied according to MIL-
DTL-5541, after that special type of epoxy military primer 
applied and finally polyurethane military top coating was 
applied [7]. 336 hours of protection was expected from the 
paint system according to the related military standard. For 
this purpose after waiting 7 days for curing all panels were 
scribed according to the ASTM B117-Salt Spray Test and 
put into a test cabin. 
 
ASTM B177 – salt spray test is an accelerated corrosion test 
that produces a corrosive attack to coated samples in order 
to evaluate (mostly comparatively) the suitability of the 
coating for use as a protective finish. 
 
With the completion of tests there was not observed 
anything related with corrosion as given in Figure 2. All test 
panels were evaluated according to ASTM D1654 and it is 
observed that they are in good condition, although there was 
a scribe on the panels during the test [8]. 
 

 
Figure 2. Neutral salt spray test 
 
3.3 Laboratory Tests 
 
Parallel to the coupons tests, laboratory tests were also 
conducted. In these experiments synthetic seawater was 
used as an electrolyte, which was prepared according to 
ASTM D1141-98 [9]. 
 
Polarization tests were applied to the samples to get the 
Tafel constants, Icorr, and Ecorr values which were used as an 
input for COMSOL software for modeling cathodic 
protection. Test results are given in Table 5 and 
representative polarization curves of 5000 series aluminum 
specimen is given in Figure 3. 
 
Table 5. Polarization test results of the specimens 
 A 

(mV/decade) 
C 

(mV/decade) 
Icorr 
(nA/cm2) 

Ecorr 
(mV) 

5xxx 122 110 1182 -850 
7xxx 179 253 1524 -860 
 

 
Figure 3. Polarization test results for one of the selected 
5000 series aluminum alloy 
 
3.4 Simulations 
 
Cathodic protection simulations were conducted with the 
results obtained from polarization tests. Some assumptions 
need to be made before the simulating. It is assumed that 
there is only uniform corrosion on the vehicle surface and 
each part is isolated, there is no galvanic coupling, 
electrolyte conductivity is constant and lastly -1000 mV 
potential difference is enough to protect aluminum surfaces 
from the corrosion. Only a small part of the vehicle was 
simulated in the first trials. Simulated part of the vehicle is 
given in the Figure 4. It can be observed from the Figure 5. 
with the 4 anodes applied on the selected part of the vehicle 
one can protect the vehicle from the corrosion since the 
potential difference is around 1000mV and this value is 
enough for protection of the aluminum from the corrosion in 
seawater. 
 

 
Figure 4. Simulated part of the vehicle 
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Figure 5. Cathodically protected aluminum hull 

 
4. Conclusion 
 
In conclusion, potential needed to protect the vehicle and 
natural potential of the vehicle were recorded while the 
vehicle is in the seawater. What is more, performance of the 
coating was investigated and observed that the paint is good 
enough to protect the vehicle unless it was removed from 
the surface totally. Also potentiometric tests were applied to 
the samples to get the constants needed for simulations. 
Finally, simulation is conducted with the small part of the 
vehicle and was observed that vehicle can be protected with 
4 anodes placed near to the vehicle. 
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Abstract 
 
Aluminum alloys have always been defined as low density, 
high strength and high corrosion resistance materials. 
Therefore, the application areas are found to be in 
automotive and aerospace industries. In literature, there are 
no specific record of how corrosion resistant the alloys are. 
Microstructure plays a significant role in determining the 
several properties of aluminium alloys. Therefore, the aim 
of this work was to produce A380 (Al-8Si-3Cu) alloy with 
various microstructures and investigate their corrosion 
behaviour by means of potentiodynamic polarization 
curves. 
 
1. Introduction 
 
Al-Si alloy are attractive materials and widely used in 
automotive and aerospace manufacturing due to their good 
mechanical properties, corrosion resistance and especially a 
high strength to weight ratio [1,2]. Influence of Cu 
modification to Al-Si alloy has been investigated on the 
microstructure and mechanical properties [3,4,5]. 
 
In this paper, electrochemical potentiodynamic test was 
carried out to investigate the effect of microstructure on the 
polarization behaviours of A380 alloy. In order to do so, 
sand and die moulds were used to produce samples. 
 
2. Experimental Procedure 
 
The composition of A380 alloy used in the tests is given in 
Table 1. Resistance furnace was used to melt the charges at 
750oC. After degassing, the samples were cast into sand 
and die moulds. Cylindrical samples were produced with 
dimension: 11 mm diameter and 120 mm height. 
 

Table 1.Chemical analysis of A380 alloy (wt%) 
Fe Si Cu Mn Mg Sr Al 

0,13 7,75 2,65 0,01 0,27 0,0013 Rem. 
 
Electrochemical behaviour of A380 specimes were tested 
in 3.5 wt.% NaCl solution at room temperature (23±10C) 
by means of potentiodynamic polarization using Gamry 
Instrument Model 600 Electrochemical Workstation. 
 
 

3. Results and Discussion 
 
The comparison of the Tafel curves of A380 cast into sand 
and die mould is given in Figure 1. The corrosion current  
density (icor) of samples cast in sand mould was more 
negative than the corrosion current density (icor) of die cast 
samples. These values are average of 4 different tests taken 
from various locations in samples. 
 
 

 
Figure 1.Potentiodynamic polarization curves of A380  
                cast into sand and die mould 

 
The optical microscope images of A380 cast into sand and 
die mould are given in Figure 2 and 3.Due to rapid removal 
of heat in die mould, the microstructure is finer in die 
casted samples compare to sand moulds. Secondary 
dendrite arm spacings are larger in sand moulds. It is 
important to note that die cast microstructures are more 
homogeneous with evenly distributed eutectic phases in 
between the dendrites. The coarser dendrites in sand 
castings lead to the larger areas of eutectic phases compare 
to die cast microstructure. 
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(a) 

 
(b) 

Figure 2. Microstructure of A380 cast in die mould            
(a) 5x (b) 10 x 

 

 
(a) 

 

 
(b) 

Figure 3. Microstructure of A380 cast in sand mould            
(a) 5x (b) 10 x 

 
 
4. Conclusion 
 
Coarse dendritic structure in sand moulds resulted in lower 
icor leading into the conclusion that finer dendritic structure 
in die cast samples had lower corrosion resistance. This is 
attributed to the fact that there were higher number of grain 
boundary in the structure which was negatively affected 
by3.5 wt.% NaCl. 
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Özet 
Galvanik korozyon iki farkl  elektrik potansiyeline 
sahip metalin temas ederken ya da iletken bir 
ortamda elektriksel olarak ba lant  halindeyken 
ortaya ç kan korozyon tipidir. Galvanik korozyonu 
etkileyen faktörlerden en önemlileri: birle en 
metallerin aras ndaki elektrik potansiyel fark , 
yüzey alanlar  ve sistem geometrisidir. Ço u 
zaman, bir sistem tasarlarken malzeme tasar m  
a amas nda al nacak önlemler ile galvanik 
korozyonun önüne geçilebilir. Bu a amada en 
önemli husus iki farkl  metal aras ndaki elektriksel 
iletimi kesmektir. 
Bu çal mada sistemlerimizde s kl kla kullan lan 
ba lant  yöntemi olan alüminyum parçaya 
paslanmaz çelik ba lant  elemanlar n n kullan m  
irdelenmi tir. De i ik metotlar kullan larak monte 
edilip olu turulan sistemler ASTM B117 ve MIL-
STD-810G Metot 509.5’ye göre olu turulan Tuz 
Sisi alt nda test edilmi tir. 
Kullan lan metotlar öyledir: mevcut iletken 
helicoilleri çinko primer ile yal tkan hale getirerek 
montaj ve polisülfit kullanarak slak montajd r. 
Mevcut uygulanan, hiçbir yöntem kullan lmadan 
uygulanan birle tirme ile bu çal mada kullan lan 
birle tirme yöntemleri aras ndaki fark galvanik 
korozyon olu umu bak m ndan incelenmi tir. 
En iyi performans veren metot, birle im 
bölgelerinin incelenerek korozyon miktar n n 
saptanmas yla tayin edilecektir. Saptanan metodun 
bundan sonraki tasar mlarda uygulanmas yla, 
olu abilecek galvanik korozyonun önüne geçilmesi 
planlanmaktad r. 
 
1. Giri  
Karma k tasar m ko ullar , ayn  parça içerisinde 
farkl  metalik malzemelerin birle tirilmesini 
gerektirebilir. Bu tür karma k malzeme tasar mlar , 
baz  ko ullar alt nda partner malzemelerden bir 
tanesinde korozyona sebep olabilir. Korozyon, kat  
bir materyal ile bulundu u kimyasal ortam 
aras ndaki etkile im sonucu, malzeme yüzeyinde 
madde kayb n , yap sal karakterindeki de i iklikleri 
ve yap sal bütünlü ünün bozulmas n  ifade eden 
olayd r. Metallerin hemen hepsi do ada bile ik 
halinde bulunur. Üretilen metal ve ala mlar n ise 

tekrar kararl  durumlar  olan bile ik haline dönme 
e ilimleri yüksektir. Bu nedenle metaller içinde 
bulunduklar  ortam n elemanlar  ile reaksiyona 
girerek önce iyonik duruma, sonra da ortamdaki 
ba ka elementlerle birle erek bile ik haline 
dönmeye çal rlar. Böylece kimyasal de i ime 
veya bozunuma u rarlar [1]. 
 
Kimyasal ve elektrokimyasal etkilerinden dolay  
metalik malzemelerde meydana gelen etkiye 
korozyon denir. Reaksiyon türlerine göre iki tür 
korozyon mevcuttur; kimyasal ve elektrokimyasal 
korozyon. Kimyasal korozyon metal ve 
ala mlar n n gaz ortamlar içindeki oksitlenmesidir. 
Metal ve ala mlar n n s v  ortamlar içinde 
bozunmalar  ise elektrokimyasal korozyondur. 
Elektrokimyasal korozyonda elektrolite ek olarak 
anot ve katot ad  verilen iki elektrot rol oynar. Katot 
kimyasal anlamda daha kararl  (soy) metaldir ve 
daha az kararl  olan anodun bozulmas na neden 
olarak kendini korur. Bu korozyon türüne “galvanik 
korozyon” ad  verilir. 
 
1.1. Deniz Tuzunun Korozyona Etkisi 
Deniz suyunda tuz konsantrasyonu yakla k olarak 
32-36 g/L kadar olup yüksek oranda NaCl içerir. 
Tropikal bölgelerde ve daha derin sularda bu oran 
daha da artar. Deniz suyunun ba l ca bile enleri; 
klorür, kalsiyum, sodyum ve sülfatt r. Deniz 
suyunda çok çe itli organik ve anorganik 
moleküller de bulunur. Bu kompleksler korozyon 
mekanizmas n  önemli ölçüde etkileyebilir. 
Deniz suyunda iki veya daha fazla metal elektriksel 
olarak birbirine ba lanm sa elektriksel potansiyel 
önemli bir etkendir. Örne in; magnezyumun 
potansiyeli 1,5, alüminyumun 0,79 iken pasif 
paslanmaz çeli in potansiyeli 0,08’dir. 
Deniz suyunda pH de eri 8,1 ile 8,3 aras nda 
de i ti i için korozyon reaksiyonlar  oksijenin 
indirgenmesi ile gerçekle ir. Deniz içi çeliklerde 
korozyon h z  0,1-0,125 mm/y l aral nda de i ir. 
Bu korozyon de erleri malzemenin sabit olu u veya 
yüzmesi, hareketli veya ta y c  olmas  gibi 
faktörlere ba l  olarak de i ir. Denize çak l  bir 
çelik kaz k için 5 ayr  bölge incelemesi yap lacak 
olursa; 
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• Deniz suyu ile slanmayan ama deniz 
yak n nda olan bölgede atmosferik korozyon 
görülür. 
• Deniz yüzeyinin hemen üzerinde olup 
dalgalar n etkisiyle slanan bölgede olu an 
korozyon ürünleri kabuk olu turamad  için 
yüksek h zl  korozyon görülür. 
• Gel-git olaylar n n etkisiyle periyodik 
olarak slan p kuruyan bölgede korozyon ürünleri 
için koruyucu kabuk olu ur; bu yüzden korozyon 
h z  dü üktür. 
• Sürekli su alt nda kalan bölgede üst tarafta 
oksijen konsantrasyonu yüksek oldu u için 
korozyon h zl d r. 
• Denizin derinliklerinde oksijen difüzyonu 
dü ük oldu u için korozyon h z  da dü üktür. 
 
1.2. Tuz Sisi Testi 
Tuz sis testi on y llard r birçok endüstri için 
korozyon kar la t rma testi olmu tur. Örneklerin 
korozyon dayan m nda beklenenin kar lan p 
kar lanmad n  kontrol etmek için bu konuda 
birçok standart yaz lm  ve prosesin h zl  olmas  
nedeniyle çok popüler hale gelmi tir. Bu testin 
temel kullan m , üretim sürecinin etkinli inin 
denetimidir. Bu testler, malzemelerin ve 
bile enlerin ortam artlar nda kullan m ömrünü 
tahmin etmekte yararl d r.  
Bu test; 
• Malzeme yüzeylerinin ve koruyucu 
kaplamalar n n etkinli i ve kalitesinin tayininde  
• Potansiyel problem bölgelerinin, kalite 
kontrol zaaflar n n, tasar m hatalar n n yerini 
belirlemede 
• Do al ortam  tam olarak yans tmasa da tuz 
sisinin neden oldu u potansiyel problem bölgeleri 
hakk nda ipucu elde etmede 
• Sadece yüksek miktarda tuz içeren 
atmosfere maruz kalacak malzemeler için kullan l r. 
Tuz sisi testi gerçek bir durumu simüle etmemekle 
birlikte kimyasal kompozisyon ve içerik 
farklar ndan dolay  deniz ortam  etkilerinin 
e leni idir. Bu testten geçmi  bir birimin di er 
korozyon ortamlar na dayan kl  olmas  beklenemez. 
Tuz sisi testi birimin veya kaplaman n ömrünü 
hesaplamak için yeterli de ildir. 
Tuz sisi testi tuzlu ortamda bulunacak tüm cihazlar 
için uygulan r; kara, hava, deniz için farkl  
yöntemler yoktur. 
 
2.1. Galvanik Korozyon 
Galvanik korozyonun meydana gelebilmesi için 
a a daki ko ullar mevcut olmal d r ( ekil 1): 
• Verilen bir sistem içerisinde farkl  
elektrokimyasal potansiyele sahip metaller olmas  
• ki metal aras nda elektriksel bir ba lant  
olmas  
• Her iki metali birbirine ba layan bir 
elektrolit olmas  

 

 
ekil 1. Galvanik korozyonun meydana gelebilmesi 

için gereken ko ullar ve mekanizmas . 
 
Galvanik e le meler ço unlukla bir tasar m veya 
imalat gereksinimi olarak ortaya ç kar. Galvanik 
korozyon meydana geldi inde, anot olan malzeme 
sald r ya u rarken, katot olan malzeme korozyona 
kar  korunmaktad r. 
Farkl  potansiyele sahip iki metalin elektrolit bir 
çözelti içerisinde birbirine temas etmesi, anottan 
katoda do ru bir elektron ak na neden olmaktad r. 
Anot üzerindeki korozif sald r  oldukça h zl d r. 
 
Galvanik korozyonu önlemenin en aç k yolu 
tasar m safhas nda birbirine uyumlu malzemelerin 
seçilmesidir. Kullan lmas  zorunlu malzemeler 
birbirini galvanik korozyona sebep olabilecekse, 
koruyucu önlemler al n r. 
Bu önlemler: 
• Parçalar n elektriksel yal t m   
• Ba lant  yerlerini neme maruz kalmayacak 
bir alanda konumland rmak 
• Bir katodu veya anotla beraber katodu 
kaplamak (geni  yüzey alanlar nda veya birle me 
yeri yak n nda) 
 
3. Deney 
1. Helicoillerin (çinko kromat primer, TT-P-645 
[3]) ile tak lmas  
2. Islak montaj (polisülfit) ile vida tak lmas  / farkl  
malzemelerin slak montaj ile birbirine ba lanmas  
( ekil 2) 

  
ekil 2. Polisülfit slak montaj. 

 
3. Vidalar n kapat lmas  (polisülfit) ( ekil 3). 
4. Primer Free helicoil kullan m .  
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ekil 3. Polisülfit vida kapama. 

 
4. Sonuç ve De erlendirme 
 

ekil 4’deki gibi haz rlanan plakalar ASTM B117 
[4] ve MIL-STD-810G [5] Method 509.4 Salt Fog‘a 
göre 10 döngü tuz sisi testine tabi tutulmu tur. Test 
s ras nda %5 tuz, %95 su oran na sahip tuzlu su 
çözeltisi kullan lm t r. Testte numunelerin; 
35°C’de 2 saat s cakl k dengesine gelmesi için 
beklenmi . Ard ndan 35°C s cakl k de erinde 24 
saat tuzlu su çözeltisine maruz b rak lm  ve 24 saat 
oda ko ullar nda kurutulmu tur. Bu döngü iki kez 
uygulanm  ve test 98 saat sürmü tür. 
 

 

   
ekil 4. Galvanik çift konfigürasyonu. 

 
Test sonucunda uygulanan yal t m çözümlerinin 
etkinli i de erlendirilmi tir: 
 
4.1. Herhangi bir önlem al nmayan ba lant  
elemanlar  
Bu durumda 10 tuz sisi testi döngüsünden sonra 
vida ve pullar söküldü ünde vida di lerinde beyaz 
tozlar gözlenmi tir. Bu tozlar n vida ile alüminyum 
kasa aras nda meydana gelen galvanik korozyondan 
alüminyum korozyon ç kt lar n n vida di lerine 
kaplanmas  sonucu meydana geldi i 
dü ünülmektedir.  
 
Beklenildi i gibi tuz sisi testinden kaynaklanan 
elektrolit, ba lant  elemanlar  ve alüminyum kasa 
aras nda metalleri birbirine ba lad , böylece 

elektronlar n iletilip oksidasyon olu mas na neden 
oldu u gözlenmi tir. 
 

     
ekil 5. Önlem al nmayan vida ve ba lant  

elemanlar  
 
4.2. Ba lant  elemanlar n n (çinko kromat 
primer) ile tak lmas  
Bu durumda bir önceki senaryoda görüldü ü gibi 
vida di lerinde herhangi bir beyaz toza 
rastlanmam t r. Bu da çinko kromat primer 
uygulaman n vida di leri ve alüminyumun aras nda 
bariyer olu turarak alüminyum kasaya aç lan 
di lerin herhangi bir korozyona u ramamas n  
sa lad  gözlenmi tir. 
 

      
ekil 6. Çinko kromat primer ile monte edilen 

helicoile ba lanm  vida 
 
4.3. Islak montaj (polisülfit) ile vida 
tak lmas  / farkl  malzemelerin slak montaj ile 
birbirine ba lanmas  
Islak montaj (polisülfit) ile ba lant  elemanlar  
monte edildi i durumda, polisülfitin ba lant  
elemanlar  ve alüminyum kasa aras nda yal t m 
sa lad , ayr ca arayüzlere elektrolit girmesini 
önleyerek korumay  artt rd  gözlenmi tir. ekil 
12’de görülebildi i gibi vida di lerinde ve di er 
ba lant  elemanlar nda korozyon belirtisi olabilecek 
herhangi beyaz bir toza rastlanmam t r.  
 

    
  

ekil 7. Islak montaj yap lan vida 
 
4.4. Primer Free Helicoil kullan lmas  
 
Primer Free Helicoil kullan l p montaj yap ld  
durumda vidada ve di er ba lant  elemanlar nda 
korozyon belirtisi olabilecek herhangi beyaz bir 
toza rastlanmam t r. 
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ekil 8. Primer Free helicoil kullan larak monte 
edilmi  ba lant  sistemi 
 
Sonuç olarak sistemlerde ba lant  eleman  montaj  
yap l rken slak montaj, primer free helicoil ve/veya 
çinko primer kullan larak yap lan helicoil 
montaj n n galvanik korozyonu engelleme 
konusunda ba ar l  oldu u gözlenmi  olup bu tür 
özel montaj ad mlar n n tan mlanmas n n 
sistemlerin güvenilirli ini artt rmada önem te kil 
etti i görülmü tür.  
 
5. Kaynakça 
[1] AMMTIAC Corrosion Hdbk Spiral2 Corrosion 
Prevention and Control: A Program Management 
Guide for Selecting Materials 
[2] SC-K-001 ASELSAN Galvanik Korozyon 
Standard  
[3] TT-P-645 Paint Alkyd Type 
[4] ASTM B117 Standard Practice for Operating 
Salt Spray (Fog) Apparatus 
[5] MIL-STD-810G Environmental Engineering 
Condiderations and Laboratory Tests 
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Abstract 

Duplex stainless steels which consist of ferrite and 
austenite phases at almost the same ratio, have high 
mechanical strength, general corrosion resistance 
and pitting corrosion resistance owing to existing of 
ferrite and austenite phases in the microstructure. 
Duplex stainless steels are widely used in storage 
tanks, petrochemical industry and marine 
applications due to these higher mechanical and 
corrosion properties. Moreover, intermetallic phases 
are comprising into the ferrite-ferrite and ferrite-
austenite grain boundaries at high temperature 
processes. These phases decrease the mechanical 
and corrosion properties of duplex stainless steels.  

In this study, effect of bacteria colonies on the 
properties of duplex stainless steels was investigated 
and EN 1.4462 alloy was used. Subsequent to 

isothermal aging processes were performed for 5, 20 
and 60 minutes, respectively. After the heat 
treatment processes, each specimen was placed into 
water system for providing the specimen-bacteria 
interaction. Also, the effects of intermetallic phases 
on properties of duplex stainless steels were 
characterized by image analysis and microbiological 
examinations. 

1. Introduction 

mechanical properties and excellent resistance to 
stress corrosion cracking, DSS have been used in 
pulp and paper industry, cargo tanks for ships and 
trucks, food processing equipment and biofuels 
plants [1-7]. Also, DSS are widely used in offshore 
applications due to having high PREN (pitting 
resistance equivalent number) [8].  

DSS, grade 2205, have been used in seawater 
applications. DSS show pitting resistance in 
seawater. However, DSS can be vulnerable to 
chloride media and MIC (microbiologically 
influenced corrosion). Especially, formation of 
intermetallic phases and depletion of Cr in the ferrite 

phase enhance the corrosion of DSS in seawater [9-
12].  

In this study, effect of bacteria colonies on the 
properties of duplex stainless steels was investigated 
and EN 1.4462 alloy was used. After the heat 
treatment processes, each specimen was placed into 
water system for providing the specimen-bacteria 
interaction. Also, the effects of intermetallic phases 
on corrosion of duplex stainless steels were 
examined. 

2. Experimental 

Experiments were performed on DIN 1.4462 duplex 
stainless steel with a dimension 15x10x10 mm. Fig. 
1 shows the initial microstructure of DIN 1.4462 
alloy. Chemical composition of DIN 1.4462 alloy 
was given in Table 1. 

 

Figure 1. Initial microstructure of DIN 1.4462 
alloy. 

Table 1. Chemical composition of DIN 1.4462 
alloy (wt %). 

Cr Ni Mo Mn Si C N 
22.56 5.42 2.95 1.29 0.46 0.02 0.17 

 

Ferrite phases ere seen as dark and austenite 

treatment was applied to DIN 1.4462 alloys for 1h.       
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Figure 2. Variations of ferrite-austenite phase ratio 
during aging and isothermal aging processes. 

 

Figure 3. Variations of intermetallic phase ratio 
and phase size. 

 

Figure 4. Microstructures of aged and isothermal 
aged specimens 
14 days a) aged for 5 min b) isothermal aged for 5 
min c) aged for 60 min d) isothermal aged for 60 

min. 
 

After solution treatment, specimens were quenched 

min, 30 min and 60 min.  

After heat treatment, specimens were ground against 
a water-cooled silicon carbide paper with grit size 
180, 240, 320, 400, 600, 800, 1000, 1200 and 2000, 

The solution for electrolytic etching contained 40% 
KOH. Polished specimens were kept in a seawater 
for 14 days. Microstructures of the specimens were 
identified with image analysis. 

Luria Bertani agar medium (10 g tripton, 5 g yeast 
ekstrat, 5 g NaCl and 15 g agar) was prepared and 

specimens were cleaned with 70% ethanol and 
packed individually for dry heat sterilization at 
170 C for an hour. 30 ml of natural seawater was 
added on each sample so as to cover entire surface 
and allowed to stand at room temperature for 15 days 
under sterilized conditions. After 15 days, specimens 
were taken from the sterile petri dish and cleaned 
with sterile cotton swabs followed by inoculating 
with luria bertani agar surface. In addition, control 
sample was taken from natural seawater and samples 
from material surfaces were fixed with methanol 
before dyeing.  

3. Results and Discussion 

Fig. 2 shows the variations of ferrite-austenite phase 
ratio during aging and isothermal aging processes. 
Ferrite phase decomposes to the austenite phase by 
eutectoid reaction during the thermal processes of 
specimens bet  
range. Thus, austenite ratio was increasing with time 
during the aging and isothermal aging processes as 
seen in Fig. 2. Meanwhile, ferrite phase was 
decreasing with aging and isothermal aging time. 

Variations of intermetallic phase ratio and phase size 
can be seen in Fig. 3. As mentioned before, ferrite 
phase decomposes to the austenite phase during the 

 

intermetallic phases comprise together with 
austenite phase. Therefore, intermetallic phase ratio 
was increasing with time in aging and isothermal 
aging processes. Also, intermetallic phase size was 
increasing with process time.  

Fig. 4 shows the microstructures of specimens aged 
at 8
and isothermal aging processes, intermetallic phases 
comprised along the ferrite-austenite grain 
boundary. Also, intermetallic phases are rich in Cr, 
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these phases were growing into ferrite phase and 
thus, depletion of Cr into ferrite phase was occurred. 
Moreover, corrosion resistance of ferrite phase was 
decreased with depletion of Cr and pits were seen at 
ferrite-austenite grain boundaries and into ferrite 
phase with increasing process time as seen in Fig. 4c 
and Fig. 4d, respectively.  

Macrographs of cultivated samples that incubated at 
37 C for 72 hours are seen in Fig. 5. Vast amount of 
bacteria colonies were seen for aged and isothermal 
aged specimens for 5 min process time. Also, any 
bacteria colonies were identified for aged and 
isothermal aged specimens for 60 min. In Fig. 4, pits 
were seen dominantly for 60 min aged and 
isothermal aged specimens. Moreover, bacteria 
colonies were not identified for 60 min aged and 
isothermal aged specimens. Thus, it can be assumed 
that bacteria colonies may formed biofilms and 
delayed the corrosion mechanism.  

 

Figure 5. Macrographs of cultivated samples that 
incubated at 37 C for 72 hours a) control sample, b) 

and c) aged specimens, d) and e) isothermal aged 
specimens. 

In 1883, Hans Christian Gram invented an important 
differential staining method that is extensively used 
today. This staining procedure differentiates bacteria 
into two basic groups: Gram positive and Gram 
negative. Differential stains render one type of 
bacteria to mono color and other types of bacteria 
renders to another color. In the Gram stain, Gram 
positive organisms retain the primary dye complex 
(crystal violet-iodine) and appear purple whereas 
Gram negative cells loose the primary dye complex 
during the challenge rinse (acetone or alcohol) and 
are stained by the counter-stain, safranin which 
makes them pink. Also, Fig. 6 shows the dyeing test 
results and bacteria colonies examined 
microscopically were Gram-positive. 

 

Figure 6. Dyeing test results a) control sample, b) 
aging for 5 min b) aging for 30 min, d) isothermal 
aging for 5 min, e) isothermal aging for 20 min, f) 

isothermal aging for 30 min. 

4. Conclusion 

In this study, properties of aged and isothermal aged 
specimens of EN 1.4462 alloy were investigated. 
Specimens annealed at 1100 
aging/isothermal aging processes were implemented 
for 5 min, 20 min, 30 min and 60 min. Specimens 
were kept in a seawater for 14 days. 

Austenite ratio was increasing with time during the 
aging and isothermal aging processes. Meanwhile, 
ferrite phase was decreasing with aging and 
isothermal aging time. 

Intermetallic phase ratio and phase size were 
increasing with aging and isothermal aging 
processes times.  

Corrosion resistance of ferrite phase was decreased 
with depletion of Cr and pits were seen at ferrite-
austenite grain boundaries. 

Bacteria colonies were not identified for 60 min aged 
and isothermal aged specimens. Thus, it can be said 
that bacteria colonies may formed biofilms and 
delayed the corrosion mechanism.  

Bacteria colonies examined microscopically were 
Gram-positive and means that all of the bacteria 
colonies were similar.  
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Abstract 
 
A nickel plating bath containing WC particles was used to 
obtain hard and wear-resistant particle reinforced Ni/WC 
MMCs on steel surfaces for anti-wear applications. Copper 
substrates were used for electro co-deposition of Ni 
matrix/WC with the particle size of <1 m tungsten carbide 
reinforcements. The nickel films were characterized by 
scanning electron microscopy (SEM) and X-ray diffraction 
(XRD). 
 
1. Introduction 
 
To enhance the mechanical and functional properties such 
as the magnetic, electrical, and chemical properties of 
metallic materials, metal-matrix composites reinforced with 
ceramic particles have been produced and excessively 
studied [1]. In accordance with the aspect of composite 
materials, the properties of metal matrix composite (MMC) 
can be modified with addition of a second phase in a 
metallic host material. In this regard, hard like oxides 
carbides, diamond and solid lubricants are preferred to use 
as reinforcements in metal matrix [2,3]. Electrodeposition 
is a method for reinforcing micron- or submicron-sized 
particles of metallic, nonmetallic compounds or polymers 
in a metal or alloy matrix. Exact controllable almost at the 
room temperature, high-energy efficiencies, capability to 
plate components with irregular shapes, cost effective and 
simple to scale-up for larger components make 
electrodeposition technique advantageous 
 
Electrodeposition process and hence the structure of the co-
deposited layer, the morphology and the properties of the 
composite coatings are affected by the electrodepostion 
parameters such as composition, additives, temperature, 
pH, peak current density, and the reinforcement properties 
[4-6]. It is possible to carry out greater control over the 
properties of electrodeposits and to improve by modifying 
their microstructures in the pulse electrodeposition of 
metals and alloys. In the conventional direct current 
electrodeposition, current density is the only variable. 
However, in pulse methods, three variables, i.e., peak 
current density (pcd, Ip), current ‘on’ time (Ton) and current 
‘off’ time (Toff) are of primary importance. Several studies 
have demonstrated that electroplating of nickel by using 
pulse current (PC) technique results to the production of 
composite layer with improved mechanical properties, 

higher precipitated and uniform distributed particles in 
metal matrix than those obtained by direct current (DC) 
technique [7,8-10]. 
 
Equations used in pulse electrodeposition are as follows: 
 
Frequency= 1 / (Ton+Toff)        (1) 
Duty cycle= [Ton / (Ton+Toff)]x100                                   (2)             
Average peak current density (Ia)=Ip x duty cycle     (3) 
 
In the present study, electrodeposition of Ni/WC composite 
coatings were carried out by using pulse electrodeposition 
technique in Watt's type bath. Morphology, microhardness 
features of the coatings were investigated. 
 
2. Experimental Procedure 
 
Watt's-type bath was used as the plating electrolyte for the 
electrodeposition of the sub-micron particle reinforced 
MMCs. The composition of the electrolyte and the plating 
conditions are demonstrated in Table 1. WC particles under 
1 m in size supplied by Alfa Aesar and were added into a 
plating cell containing 250 ml of the solution which its pH 
was fixed at 5 and kept at a constant temperature (45 °C) 
which was thermostatically controlled by heater mixer. 
 
Table 1. Bath compositions and conditions for WC 
reinforced Ni matrix composite coating production. 
Nickel sulphate (Ni2SO4·6H2O) (gL-1) 300 
Nickel chloride (NiCl2·6H2O) (gL-1) 40 
Boric acid (H3BO3) (gL-1) 40 
Sodium dodecyl sulphate (SDS) (gL-1) 0.1 
Tungsten carbide (WC) (gL-1)  10 
pH 5 
Temperature (°C) 45 
Current density (A/cm2) 9 
Plating time (min) 90 
Pulse On-Off time (ms) 5-5 
 
Before deposition substrates were polished with 600 mesh 
emery paper and further acidic treatment of the substrates 
were applied in a sulphuric acid solution for chemical 
activation. WC particles were dispersed into the plating 
bath electrolyte and magnetically stirred for 24 hours and 
then treated in a high frequency ultrasonic mixer for 1 h.  
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The duty cycle is described as Ton / (Ton + Toff), where Ton 
is the working period and Toff is the relaxation period. The 
conditions of the pulse method were as follows: a bath at 
room temperature, a peak current density of 9 A dm 2, a 
frequency of 100 Hz, a pulse of the duty ratio of 0.50, and a 
deposition time of 90 min.  
 
Microstructural investigations were performed by JEOL-
JSM 6060LV instrument. Rigaku D/MAX/2200/PC model 
device was used for X-ray analysis at speed of 1°/min and 
range between 20° and 90°. From the XRD pattern results, 
lattice distortion, and the grain size of the matrix material 
were calculated. The hardness of the coatings was 
measured by using a Vicker's micro hardness indenter 
(Leica VMHT) with a load of 50 g for 15 sec. 
 
3. Results and Discussion 
 
Fig. 1 shows the surface SEM images of pure Ni and 
Ni/WC composite coatings. It can be seen from Fig. 1a that 
surface morphology of pure Ni coating consisted of 
pyramidal polyhedrons. Same results in surface 
morphology were also reported in the literature that in 
certain current density conditions Ni has a regular 
pyramidal structure in the deposited layer [11]. Fig. 1b 
reveals the surface structure of the Ni/WC composite 
coating. The applied peak current density, WC 
concentration in the plating bath and frequency were 9 A 
dm 2, 20 g L 1 100 Hz, respectively. Co-deposited particles 
are clearly observed on the surface of Ni/WC composite 
coating due to the high atomic number of WC. It is 
observed that sub-micron particles of WC in nickel 
structure resulted in grain morphology modification and the 
pyramidal grain morphology shifted to equiaxed grains. 
This can be explained that nickel grain growth obstructed 
by WC particles located in grain boundaries and an inter-
crystalline mechanism occured. Therefore, the structure of 
nickel deposits converted from well-known pyramidal 
structure to quasi-sphere structure called Cauliflower 
Structures [2,12]. 
 

 
Figure 1. SEM microstructures of a) pure Ni and b) Ni/WC 
coatings. 
 
Fig. 2 demonstrates the cross-sectional SEM images of the 
pulse electrodeposited Ni/WC composite film with a 
concentration of 0.10 g L 1 SDS in the plating bath. As can 
be seen from the figure, a thick deposition layer of 

approximately 120 m in thickness with homogenously 
distributed WC particles is observed. It is noteworthy, that 
WC particles are provided to move through the cathode and 
adhered to the surface of the substrate and subsequently 
nickel deposited on the surfaces of the WC particles by 
filling the interspaces between grains and thus a dense 
Ni/WC composite coating was obtained. In our previous 
study, we revealed that surfactant concentration is a critical 
parameter to produce this type of composite coatings [13]. 
Some other researchers also studied the type of surfactant, 
current density, particle concentration [14-16]. Optimum 
parameters were chosen to produce Ni/WC composite 
coating and thus, a dense layer with homogenously 
distributed WC particles in nickel matrix was obtained.  
 

 
Figure 2. Cross-section of Ni/WC composite coating 
produced by pulse electrodeposition with a)100x, b)500x, 
c)10.000x magnifications. 
 
The XRD patterns for Ni/WC composite coatings obtained 
from various amounts of SDS content in the plating bath 
are shown in Fig. 3. Typical peaks corresponding to pure 
nickel deposition with crystallographic planes of (1 1 1), (2 
0 0) and (2 2 0) appeared in the figure. Because of owing 
high atomic number, peaks of WC particles are clearly 
observed.  
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Figure 3. XRD patterns for pure Ni and Ni/WC coatings. 

 
The crystallite size of the composite coating can be 
calculated by using well-known Scherer's formula (4). 
 
D = 0.9 x  / (B x cos )        (4) 
 
where D is the main grain size of the produced films,  is 
the wavelength of Cu K  radiation (0.154 nm),  is the 
Bragg diffraction angle and B is the full width at half 
maximum (FWHM) of the fabricated films in radian. 
 
Addition of a convenient grain refining agents or a 
reinforcing second phase to the plating bath and/or 
applying pulse in the deposition current lead to continuous 
nucleation of new crystals. In other words, it is expected to 
form finer nano-sized matrix crystals in composite coatings 
[17]. Previous studies have shown that the embedding of 
WC particles in the Ni matrix changes the shape of Ni 
crystallites from pyramidal to quasi-spherical and reduces 
their average crystallite size [2,18,19]. Similar results were 
obtained in our study and the crystallite size of the 
composite coating decreased from 42.3 to 26.2 nm as 
compared to that of pure nickel coating. 
 
The microhardness of unreinforced Ni and Ni/WC 
composite coatings were also investigated. The average 
hardness was increased over twofold, from 280 HV to 590 
HV when WC particles were deposited with nickel. There 
are two mechanisms in acquiring higher hardness of Ni/WC 
composite coating in comparison with pure Ni coating. 
These are Hall–Petch related grain refinement 
strengthening and dispersion strengthening by Orowan 
mechanism. WC particles decrease the crystallite size due 
to the generation of nucleation sites. This behavior 
increases the grain boundary density and hinders motion of 
dislocations; consequently, hardness increases [1,2]. 

 
4. Conclusion 
 

Ni/WC composite coating was successfully fabricated. 
Crystallite size of pure nickel coating was decreased from 
42.3 nm to 26.2 nm when WC particles were used as the 
reinforcement agent in nickel matrix. Hardness of pure 
nickel deposition was significantly improved from 280 HV 
to 590 HV. The resultant composite coating is assessed as 
promising candidate for the applications of anti-wear and 
anti-corrosion coatings. 
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Abstract 
 
Nickel/multi-wall carbon nanotube (MWCNT) metal 
matrix composite coating was deposited by pulse electro 
co-deposition method from a Watt's type electrolyte. 
Copper plates were used as substrates for electro co-
deposition. MWCNTs with the diameter of 50–60 nm and 
length of 10 μm used as reinforcements. The 
electrodeposited Ni matrix coatings were characterized by 
scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) analysis. 
 
1. Introduction 
 
After invented by Ijima[1], CNTs are widely used as 
reinforcement in metallic, ceramic and polymeric matrices 
[2-4]. Particularly, because of their unique mechanical, 
thermal, electrical, optical and structural properties make 
CNTs promising in anti-wear/corrosion and high strength 
applications. Theoretical and experimental studies 
demonstrated that CNTs have fairly high strength with 
Young’s modulus as high as 1.8 TPA and tensile strength 
of 60 GPa [3]. Researches on CNT composites so far have 
studied polymer-based, ceramic-based and metal-based 
matrix materials with enhanced mechanical and physical 
properties. Several nano-particles such as Al2O3, SiO2, WC, 
SiC have been used to reinforce metal-based composites 
[4]. However, CNT reinforced composites with a nano-
crystalline metal matrix have not been widely achieved [5]. 
In recent years, reinforcing CNTs into an appropriate 
matrix has attracted many interests. Ni/Multi-wall carbon 
nanotube (MWCNT) composite coatings have superior 
properties such as wear resistance, ductility and 
ferromagnetism, which make them promising materials for 
wear-resistant coatings, micro electrochemical systems and 
corrosion-resistant applications [6-9]. 
 
The CNT reinforcement in metallic materials is particularly 
attractive for structural applications where high specific 
strength/wear resistance is desired and for functional 
applications where excellent thermal/electrical properties 
are important [2]. To fabricate CNT reinforced metal 
matrix composites (MMCs), hot pressing [10], hot 
extrusion [11,12], rapid solidification [13], sintering [14] 
and plasma spray forming technique [15] have been 

extensively employed. However, the fabrication of CNT 
reinforced MMCs by these processes is often associated 
with appearance of porosity in the composite and complex 
interfacial reactions between CNTs and matrix material [2, 
16]. Some progress has been made in the fabrication of 
bulk CNT reinforced MMCs using conventional forming 
and powder metallurgical methods, yet very few reports are 
published on synthesis of CNT reinforced MMC coatings 
[17,18]. For many structural and functional applications 
where surface properties are more important than the bulk 
properties, the fabrication of CNT reinforced MMC coating 
is expected to provide a combination of desired surface 
properties, such as hardness, toughness and wear resistance. 
 
Electrodeposition, one of the various process technologies 
for composite coatings, has several advantages such as 
being low-cost processes compared to spray and sputtering 
processes [6]. Pulse electrodeposition (PC) is a promising 
technique in the electrodeposition of metals, alloys, and 
metal matrix composites including co-deposition of nano- 
and micro-sized particulate phases in the nanostructured 
metallic matrix. PC electrodeposition comes with some 
privileges as compared to the conventional direct current 
(DC) electrodeposition such as much more flexibility in 
terms of varying basic electrodeposition parameters (peak 
current density Ip, pulse current working time Ton and pulse 
current relaxation time Toff) resulting in a great 
combination of composition and microstructure in 
deposited coatings. PC electrodeposition allows synthesis 
of coatings with controlled coating thicknesses as well as 
compositions and microstructures in the coatings by 
regulating pulse parameters. 
 
Very few studies have focused on the pulse current in 
electrodeposition of Ni/MWCNT composite coatings while 
numerous studies on the DC electrodeposition of 
Ni/MWCNT have been performed. In this study, 
Ni/MWCNT nanocomposite coatings were deposited on 
copper plates using pulse electro co-deposition technique, 
which is an effective process for improving the adhesion 
strength between the active material and the substrate. The 
surface morphology, microstructure, microhardness have 
been investigated. 
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2. Experimental Procedure 
 
Watt's-type bath was used as the plating electrolyte for the 
electrodeposition of the MWCNTs reinforced MMCs. The 
composition of the electrolyte and the plating conditions 
are demonstrated in Table 1. The MWCNTs supplied by 
Arry Nano with the diameter of 50–60 nano meters and 
length up to 10 micrometers were added into a plating cell 
containing 250 ml of the solution with pH fixed at 5 and 
kept at a constant temperature (50 oC), thermostatically 
controlled by heater mixer. 
 
Table 1. Bath compositions and conditions for MWCNT 
reinforced Ni matrixed composite coating production. 
Nickel sulphate (Ni2SO4·6H2O) (gL-1) 300 
Nickel chloride (NiCl2·6H2O) (gL-1) 40 
Boric acid (H3BO3) (gL-1) 40 
Sodium dodecyl sulphate (SDS) (gL-1) 0.1 
Multi-wall carbon nanotube (MWCNT) (gL-1)  4 
pH 5 
Temperature (°C) 50 
Current density (A/cm2) 3 
Plating time (min) 90 
Pulse On-Off time (ms) 5-5 
 
The MWCNTs are quasi-one-dimensional nanomaterials 
mostly available in bundled form because of strong Van 
Der Waals interactions between the tube walls [19]. In the 
production of nanocomposite coatings by co-
electrodeposition process, MWCNTs should be dispersed 
uniformly in the plating solution in order to obtain 
uniformly dispersed MWCNTs in the metallic matrix. This 
is because the MWCNTs are easily coalesced in aqueous 
solution due to their high surface energy. One of the major 
issues with the fabrication of MWCNT reinforced 
composite coatings is related to the non-uniform dispersion 
of MWCNTs in the composite matrices. In order to 
improve the dispersion of the MWCNTs in deposited layer, 
surface treatment of MWCNTs was performed by using a 
nitric acid/sulphuric acid solution. Removal of the catalyst 
metal and formation of functional groups on the MWCNT 
surface were provided by acidic surface treatment. The 
acidic surface treatment also helps in uniformly dispersion 
of MWCNTs without any dispersing additives [20]. In the 
present investigation, MWCNTs were added into sulfuric 
acid/nitric acid (2:1) solution and it was mixed 
subsequently with a magnetic stirrer at 100 oC for 1 h. 
Later, MWCNTs were collected on 0.2 m filter, rinsed 
with distilled water, then dried at 100 °C for 4 h. 
Thereafter, the obtained MWCNTs were dispersed in the 
electrolyte without addition of any dispersing agent and 
surfactant since the surface additives can result in 
deleterious effect in terms of interface bonding between 
matrix and reinforcing phases [21]. 
 

The duty cycle is described as Ton / (Ton + Toff), where Ton 
is the working period and Toff is the relaxation period. The 
conditions of the pulse method were as follows: a bath at 
room temperature, a peak current density of 3 A dm 2, a 
frequency of 100 Hz, a pulse of the duty ratio of 0.50, and a 
deposition time of 90 min.  
  
Equations used in pulse electrodeposition are as follows: 
 
Frequency= 1 / (Ton+Toff)          (1) 
Duty cycle= [Ton / (Ton+Toff)]x100        (2)             
Average peak current density (Ia)=Ip x duty cycle     (3) 
 
Microstructural investigations were performed by JEOL-
JSM 6060LV instrument. Rigaku D/MAX/2200/PC model 
device was used for X-ray analysis at a speed of 1°/min and 
2 theta range between 20° and 90°. From the XRD pattern, 
lattice distortion, and the grain size of the matrix material 
were calculated. The hardness of the coatings was 
measured by using a Vicker's micro hardness indenter 
(Leica VMHT) with a load of 50 g. 
 
3. Results and Discussion 
 
Fig. 1 shows the surface SEM images of pure Ni and 
Ni/MWCNT composite coatings. Surface morphology of 
pure Ni coating consisted of pyramidal polyhedrons as can 
be seen from Fig. 1a. In Fig. 1b, the surface structure of the 
Ni/MWCNT composite coating was observed as spherical 
Ni grains. Co-deposited MWCNTs are clearly observed on 
the surface of Ni/MWCNT composite coating as a necklace 
like network. It is observed that MWCNTs in nickel 
structure resulted in grain morphology modification and the 
pyramidal grain morphology shifted to spherical grains. 
Spherical Ni grain growth can be attributed to reduction of 
nickel ions onto defect zones created by functionalization 
of MWCNTs. Several authors also detected similar 
structures. [22-24]. 
 

 
Figure 1. SEM microstructures of a) pure Ni and b) 
Ni/MWCNT coatings. 
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The XRD patterns for Ni/WC composite coatings obtained 
from various amounts of SDS content in the plating bath 
are shown in Fig. 2. Typical peaks corresponding to pure 
nickel deposition with crystallographic planes of (1 1 1), (2 
0 0) and (2 2 0) appeared in the figure. Because of owing 
light atomic number, peaks of MWCNTs are not observed.  
 

 
Figure 2. XRD patterns for pure Ni and Ni/MWCNT 
coatings. 
 
The Ni crystallite size was calculated for pure nickel and 
Ni/MWCNT nanocomposite coating by using Scherrer’s 
equation [22]: 
 
D = 0.9 x  / (B x cos )        (4) 
 
where D is the main grain size of the produced films,  is 
the wavelength of Cu K  radiation (0.154 nm),  is the 
Bragg diffraction angle and B is the full width at half 
maximum (FWHM) of the fabricated films in radian. 
 
Addition of a convenient grain refining agents or a 
reinforcing second phase to the plating bath and/or 
applying pulse in the deposition current lead to continuous 
nucleation of new crystals. In other words, it is expected to 
form finer nano-sized matrix crystals in composite coatings 
[16]. Previous studies have shown that the embedding of 
MWCNTs in the Ni matrix changes the shape of Ni 
crystallites from pyramidal to spherical and reduces their 
average crystallite size [2,17,18]. Similar results were 
obtained in our study and the crystallite size of the 
composite coating decreased from 42.3 to 30.6 nm as 
compared to that of pure nickel coating. 
 
The microhardness of unreinforced Ni coating and 
Ni/MWCNTs nanocomposite coating were also 
investigated. The average hardness was increased from 280 
HV to 490 HV when MWCNTs were deposited with 
nickel. There are two mechanisms in acquiring higher 

hardness of Ni/MWCNT nanocomposite coating in 
comparison with pure Ni coating. These are Hall–Petch 
related grain refinement strengthening and dispersion 
strengthening by Orowan mechanism. MWCNTs decrease 
the crystallite size due to the generation of nucleation sites. 
In this case, the presence of finer grains, which indicate to 
an enlargement of the grain boundaries, hinders the 
dislocation motion resulting in an improvement in hardness 
[25]. 
 
4. Conclusion 
 
Ni/MWCNT nanocomposite coating was successfully 
fabricated. Crystallite size of pure nickel coating was 
decreased from 42.3 nm to 30.6 nm when MWCNTs were 
reinforced in nickel matrix. Hardness of pure nickel 
deposition was significantly improved from 280 HV to 490 
HV. The resultant composite coating is assessed as 
promising candidate for the applications of wear resistant 
soft magnetic coatings. 
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Abstract 

Pure nickel and nickel matrix composite coatings 
containing nano-TiO2 particles were produced under 
both direct and pulse current conditions from an 
additive-free nicke  The surface 
morphology, crystal size, crystallographic orientation 
and microhardness of nickel matrix and the amount of 
embedded nano-TiO2 particles in the composite 
coatings were investigated. The corrosion performance 
of the coatings was investigated by potentiodynamic 
polarization and electrochemical impedance 
spectroscopy methods. The TiO2 particles embedded 
in the nickel matrix exerted strong influence on the 
texture of the growing nickel layer, changing its 
texture under both direct and pulse current conditions.  

1. Introduction 

The development of modern technology requires 
metallic materials with better surface properties [1]. 
The surface is the most important part of any 
engineering component. It is well known that most 
components fail from surface initiated defects such as 
wear, corrosion, fatigue or fracture. Applying a coating 
on the surface is a method to improve the surface 
properties. A variety of preparation techniques, such as 
plasma thermal spraying, combination of chemical and 
physical vapor deposition, powder metallurgy and 
electroplating have been applied to produce protective 
coatings [2, 3]. Among those, the process of 
electroplating has the advantages of uniform 
depositions on complexly shaped substrates, low cost, 
good reproducibility, low processing temperature, and 
the reduction of waste [4]. 

Electroplating composite coatings is an effective 
method to prepare composite coatings through the co-
deposition of metallic particles, or non-metallic 
particles. Even polymer particles with metal, and the 
properties such as wear-resistance, lubrication, or 
corrosion resistance can be improved remarkably [5-
7].  

The composition, structure and properties of the 
composite coatings are affected by electroplating 
parameters, such as composition and particle 
concentration of the plating bath, particle 
characteristics, temperature, pH, agitation, type of 
applied current and current density [8-10]. Recently, 
researches focused on the preparation processes 
developed from direct current (DC) electrodeposition 
to pulse current (PC) electrodeposition. Compared 
with DC composite electrodeposition, the application 

of PC results with the production of composite 
coatings with higher percentages of particle 
incorporation, reduced grain sizes and a more uniform 
distribution of particles in the Ni matrix. 
Consequently, more wear-resistant and more 
corrosion-resistance composites can be obtained [10-
12]. 

In the present work, the electrodeposition technique 
has been applied using nanometer size TiO2 particles 
for the production of the composite coatings. The goal 
of this study is to produce Ni TiO2 composite with 
high corrosion resistance. 

2. Experimental 

Ni/TiO2 composites were electrodeposited from an 

nano-sized TiO2 particles. The composition of the 
plating solution, as well as the plating parameters, is 
given in Table 1. 

Table 1 Overview of the composition and 
electrodeposition parameters used for the preparation 

of pure Ni and composite Ni/TiO2 coatings 

Bath composition                     g/L 
NiSO4.6H2O 250 
NiCl2.6H2O 40 
H3BO3 40 
TiO2 (dm=21 nm) 50 
 
Electrodeposition conditions 
pH 4.0 ±0.1 
Temperature (°C) 55 ±1 
CD (DC) (Adm 2) 6 
PCD (PC) (Adm 2) 12 
Pulse frequency (Hz) 10 
Duty cycle (%) 50  
Stirring speed (rpm) 240 
Time (min.) 60 

TiO2 particles were maintained as suspension in an 
electrolytic bath by continuous magnetic stirring at 
rotating speed of 250 rpm for at least 24 h before 
deposition. A polished pure copper sheet and 
platinized Ti plate were used as cathode and anode, 
respectively. Ag/AgCl electrode was used as the 
reference electrode. 

The electrochemical properties of composite coatings 
have been investigated by electrochemical techniques. 
Potentiodynamic polarization measurements were 
carried out in an open to air conventional three 
electrode cell, containing 250 mL of electrolyte. 
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Measurements were performed in 0.5 M NaCl solution 
at the room temperature. Coated specimens were used 
as working electrode and platinum electrode and 
saturated Ag/AgCl electrode were used as counter 
electrode and the reference electrode. Polarization 
studies were conducted using computer controlled 
Gamry Reference 600 DC 105-DC Corrosion at a scan 
rate of 1 mVs-1.  

Electrochemical impedance spectroscopy (EIS) 
measurements were performed between 0,01 Hz and 
100000 Hz frequency range using computer controlled 
Gamry Reference 600 EIS 300. Electrochemical 
Impedance at the room temperature. The EIS was 
measured after 1 hour of holding of the open circuit. 

3. Results and Discussion 

The XRD diagrams of all coatings prepared at different 
current regime are illustrated in Fig. 1. 

 
Figure 1. XRD diagram of the Ni and Ni/TiO2 

composite coatings prepared under DC (6 A/dm2) and 
PC (12 A/dm2, 50% dc, 10 Hz) conditions 

The codeposition of the inert particles in matrix is 
based on two consecutive adsorption steps. In the first 
step, the dispersed particles in the bath are transported 

mechanical action and adsorbed weakly at the cathode 
due to Van der Waals forces. In the second step, these 
physically adsorbed particles dehydrate because of the 
strong electric field of Helmholtz layer of the 
electrode, and a strong irreversible chemical 
adsorption of particles on the electrode takes place. 
Thus, the particles are then buried with depositing 
metal [1,5-8].  

The variation of weight percentage of reinforced 
nanoparticles in the nickel composite coating as a 
function of co-deposition conditions. The 
reinforcement content is lower in the coatings 
deposited using DC co-deposition. The periodic 
alternation of current (between positive and zero 
values for PC) discharges the electric double layer 
formed around the cathode, and thereby allowing 
better penetration of nanoparticles (with adsorbed ions 
on the surface) towards cathode [5]. The adsorbed ions 
on the surface of the nanoparticles subsequently get 
reduced at the cathode causing entrapment 

(reinforcement) of the nanoparticles in the growing 
coating. 

When pure nickel was deposited under DC conditions, 
intense (200) and quite weak (111) and (311) 
diffraction lines were observed. The nickel crystallites 
grew predominantly in the direction of the [100] plane, 
detected by the intensive reflection at (200). On the 
other hand, Ni crystallites produced at 50% duty cycle 
under PC condition were characterized by an intense 
(200) diffraction line corresponding to a [100] texture. 
As a result, the crystallographic orientation study of 
the Ni (PC) crystallites in deposits prepared at duty 
cycle of 50% and prepared under DC conditions, 
preferred oriented was obtained (Fig. 1).  

Comparing Ni and Ni/TiO2 coatings prepared under 
DC conditions, it is proved that the presence of TiO2 
nanoparticles in the bath promoted a loss of [100] 
texture, reflected by the reduction of the line (200) and 
the relative enhancement of the (111) and (311) lines. 
This changing of diffraction lines at (200), (111) and 
(311) intensities was attributed to the dispersed [211] 
orientation. It was revealed that the embedding of the 
TiO2 particles in the Ni matrix presented a tendency to 
modify the [100] texture to a mixed orientation of 
nickel crystallites through [100] and [211] axes under 
PC conditions. 

SEM micrographs showing surface morphologies of 
DC, and PC electrodeposited pure nickel (Ni) and 
nickel composite (Ni/TiO2) are presented in Fig. 2. 
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Figure 2. SEM images of Ni films (a-b) and Ni/TiO2 

coatings (c-d), prepared by DC and PC conditions 

Figure 2a presents nickel crystals oriented through 
[100] axis composing long fibers with twins that end 
up to the shape of tetragonal pyramids. Ni films 
electrodeposited by PC (Fig. 3b) methods have a 
uniform surface morphology with defined repetitive 
patterns across the surface. Pulse-plated Ni deposits 
exhibited reduced grain size compared to DC deposits. 
When PC is applied, the current distribution and mass 
transfer are improved. Based on the Tafel equation, 
one can conclude that the larger the current density, the 
higher the overpotential. The high cathodic 
overpotential decreases the activation energy of 
nucleation and leads to an increased nucleation rate. 
The TiO2 particles codeposited with nickel radically 
changed the structure of the deposit from regular [211] 
to disordered crystal structure, and the structure of the 
nickel matrix became fine (Fig. 3c and d) 

The potentiodynamic polarization curves of pure Ni 
and Ni/TiO2 nanocomposite coatings in 0.5 M NaCl 
solution in Fig. 3. It can be clearly seen that the 
corrosion resistances of all these composite coatings 
are higher than that of pure nickel coating. With 
increasing of TiO2 nanoparticle content in the 
composite coating the corrosion current decreases and 
the corrosion potential shifts towards more positive 
values. The Tafel curve for Ni/TiO2 (PC) in coating has 
the lowest corrosion current density (0.72 A/cm2) and 
the highest corrosion potential (-232 mV) amongst 
others.  

Figure 3. Tafel polarization curves for pure Ni and 
Ni/TiO2 composite coating in 0.5 M NaCl solution 

The measured impedance spectra of this coatings in 0.5 
M NaCl solution are shown as Nyguist plot in Fig. 4. 

 
Figure 4. Nyguist impedance diagrams for pure Ni 

and Ni/TiO2 composite coating in 0.5 M NaCl 
solution 

The shape of Nyquist plots of the pure Ni and Ni/TiO2 
composite coatings (DC and PC) was similar with 
respect to their shape, but they differ considerably in 
their sizes. This indicates that the same fundamental 
processes must be occurring on the coatings but over a 
different effective area in each case. It can be said that 
the Ni/TiO2 composite coatings exhibits better 
corrosion resistance. It can be observed that by 
changing the current type, the diameters of the 
capacitance loops also change. Ni/TiO2 composite 
electrodeposited by PC method has the maximum 
diameter, whereas this value decreases for Ni/ TiO2 
composite electrodeposited by the methods of DC. 
This means that the corrosion resistances of Ni/TiO2 
films are reduced by changing the deposition 
conditions from PC to DC. 

It is clear that the TiO2 nanoparticles played a major 
role for improving the corrosion protection in two 
mechanisms. Firstly, these TiO2 nanoparticles act as 
inert physical barriers to the initiation and 
development of defect corrosion, modifying the 
microstructure of the nickel layer and hence improving 
the corrosion resistance of the coating. Secondly, the 
codeposition of the TiO2 particles in composite coating 
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can help to prevent the corrosive pits from growing up, 
and the incorporation of nano-particles contributes to 
accelerate the passivation process of the metal matrix 
as well [1,3-5]. 

4. Conclusions 

In this work, Ni reinforced by nano-sized (21 nm) TiO2 
particle was successfully codeposited by DC and PC 
methods. The presence of TiO2 influences the 
evaluation of the texture for both DC and PC. With 
regard to the XRD patterns, Ni exhibits [100], while 
[211] is dominant in Ni/TiO2 in DC. For PC, in Ni, at 
50% duty cycles and 10 Hz (111) is loss, and (100) 
became apparent. For Ni/TiO2 in PC, the intensity of 
(111) and (311) increases. However, the general 
orientation lies in the mixed [100]+[211]. The changes 
in the texture and crystal size of nickel and composite 
coatings may be attributed to the existence or 
formation of different interfacial inhibitors such as H2, 
Hads, or Ni(OH)2, in the electrode/electrolyte interface 
during the electrodeposition process which occurred as 
results of the varying electrolysis conditions. 
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Abstract 

Aluminium-silicon eutectic alloys have high fluidity, 
high strength and improved wear properties due to the 
silicon phase characteristics. Therefore, most 
commonly, casting methods are used to produce parts 
from this alloy. Since silicon morphology determines 
the properties of A413 (Al-12Si), several modification 
methods are used to alter the shape, size and 
distribution of Si phase. Strontium is one of the ways to 
change acicular to fibrous finely distributed phases. 
There are several works in the literature that 
characterises the mechanical properties. However, the 
corrosion rate of A413 with regard to the morphology 
of Si has not been investigated in detail. Therefore, in 
this work, two different casting methods were used to 
produce cylindrical bars. In addition, the alloy was cast 
with and without Sr modification. Overall, the 
corrosion behaviour of A413 was evaluated. 

1. Introduction 

Al-Si alloys are the most widely used aluminium 
casting alloys owing to their superior castability (high 
fluidity), light weight, low thermal expansion 
coefficient, excellent thermal conductivity, high wear 
resistance and good corrosion resistance [1-3]. Al-Si 
binary alloy is a simple eutectic system. The eutectic 
reaction occurs for the system with a composition of 
12.5% Si and at 577 C [4]. The eutectic Si phase in 
unmodified alloys exists in the form of flake or plate-
like morphology. Addition of trace levels of Sr to these 
alloy (termed ‘modification treatment’) results in the 
transformation of plate-like eutectic silicon to a fibrous 
morphology, thereby improving the mechanical 
properties and castability [5-7]. The microstructures of 
irregular Al-Si eutectics consist of coarse Si plates 
embedded in soft - Al matrix.  Such a morphological 
change-induced by chemical modification is of 
industrial importance, because it improves the 

mechanical properties (e.g. strength and ductility) of 
Al-Si alloys [8]. 

Corrosion is defined as the deterioration of a material, 
usually a metal, because of its reaction with 
environment. Aluminium has a natural corrosion 
protection from its oxide layer, but if exposed to 
aggressive environments, it may corrode. Especially in 
the presence of chloride ions (Cl-), such as in seawater, 
the oxide is broken down. Corrosion inhibitors are 
widely used in the industry to reduce the corrosion rate 
of metals and alloy that the present in contact with 
aggressive environments. The protective film occurs on 
the metal surface with a mechanism of adsorption of 
inhibitors to avoid metals from corrosion, so the 
surface of the metal and the inhibitor interact with each 
other. 

2. Experimental Procedure 

In this present study, Al-12Si alloys where the 
chemical composition is given in Table 1. 

  Table 1. Chemical composition of the Al-12Si base 
commercial alloy. 

E
le

m
en

t Si Fe Cu Mn Mg Ni 

C
on

te
nt

   
 

(%
w

t)
 

12.90 0.82 0.04 0.20 0.01 0.006 

 

Cast process was carried out at two different 
temperatures; 690 ºC, 740 ºC and two different cast 
methods were used to produce cylindrical samples: die 
casting and lost foam. Another parameter investigated 
was the addition of Sr modifier.  
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3. Results and Discussion 

Metallographic examination was carried out in samples 
(Figure 1) and image analysis was used to measure Si 
content and eutectic phase ratio. 

 

Figure 1. Microstructure classification (10X)   

Figure 1 shows the microstructural images of all the 
cast samples obtained in this work. As can be seen, 
Lost foam cast sample have coarser dendritic structure 
than die cast samples. The microstructure was finer 
when the pouring temperature was increased from 690 
to 740oC. 

The change in eutectic phase ratio of cast samples is 
summarised in Figure 2-3. As seen in Figure 2, there is 
no change in eutectic phase ratio when samples were 
cast at 740oC at different moulds. On the other hand, in 
sand casting at 690oC, it was measured that eutectic 
phase ratio was decreased.    

 

         Figure 2. As-received A413 (unmodified) 

In Figure 3, the change in eutectic phase ratio of Sr-
modified 413 alloy is given as a function of casting 

temperature and mould type. It can be seen that in both 
of the castings, eutectic phase ratio was decreased in 
slow cooled mould (i.e. sand casting). The phase ratio 
is 65% for die cast and 50% for sand cast samples. 

 

       Figure 3. Sr-modified A413 alloy 

For clear observation of the effect of casting 
temperature on eutectic phase ratio of 413 alloy is 
given in Fig 4-5.  

 

      Figure 4.  Effect of temperature and mould type: 
as-received 

 

      Figure 5. Effect of temperature and mould type: 
Sr-modified 
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The corrosion characterisation of all the samples tests 
in this work is summarised in Figures 6-9. 

 

    Figure 6. Tafel plots for aluminium alloy (die 
casting, 690 ºC) 

 

   Figure 7. Tafel plots for aluminium alloy (die 
casting,740 ºC) 

 

 

 Figure 8. Tafel plots for aluminium alloy (lost foam 
690 ºC ) 

 

 

Figure 9. Tafel plots for aluminium alloy (lost foam 
740 ºC ) 

The basic microstructure of eutectic Al-Si alloy 
consists of coarse Si plates immersed in soft -Al 
matrix. Before casting, addition of %0.3 ppm Sr to the 
liquid alloy does not have an important consequence on 

-Al dendrites but turns the shapes of eutectic Si 
particles from thinner plate to a structure like thin 
fibrous. By changing Si particles to thinner and more 
spherical, Sr has a positive impact on strength and 
ductility. This impacts can be observed more clearly 
for foam casting.  

When Tafel curves (Fig 6-9) are examined in detail, it 
can be seen that Sr added 413 castings are given in blue 
lines and for each of the parameters tested, those are 
the ones with the better corrosion resistance. It can be 
seen that nor casting temperature or mould type had 
any effect on corrosion.  

On a relative comparison of the corrosion behaviour: 
higher the casting temperature lowered the icorr values 
which indicated that corrosion resistance was decreased 

 

Conclusion 

When 413 (Al-12Si) eutectic alloy is subjected to 
corrosion test, the eutectic phase ratio is the 
determining characteristic for corrosion behaviour. 
There are important findings in this work: modification 
by Sr and lower casting temperature which improves 
corrosion resistance.  
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Abstract 
 
Al-Si alloys are preferred choice of material for high 
pressure die casting applications. This is due to the physical 
properties of silicon. Silicon increases fluidity, decreases 
solidification shrinkage and improves mechanical 
properties. In addition, corrosion resistance is increased 
with increased Si content. Microstructure plays a 
significant role in determining the several properties of 
aluminium alloys. Therefore, in this work, the effect of 
addition of V on the corrosion behaviour of A360 alloy was 
investigated. Tafel curves were carried out on the cast 
samples with various V additions. It was found that up to 
0.02 wt% V, corrosion resistance was improved however 
higher additions had decreased corrosion behaviour. 
 
1. Introduction 
 
McCartney [1] claimed that vanadium was a more effective 
grain refiner than titanium in his study. Increased V content 
in aluminum alloy containing high Cu and Mg was 
provided to form Al-V and Al-Cr intermetallics which were 
improved the hardness of the alloy [2]. As a result of V 
addition to Al-Si alloys, has been achieved to increasing 
45% in yield and 20% in tensile strength [3]. According to 
another claim of Casari, Al-7Si alloy had become more 
brittle by V addition [4]. In Di Giovani doctoral thesis has 
been characterized mechanical properties of V added Al-Si 
alloys [5]. 
 
In this paper, electrochemical potentiodynamic test was 
conducted to understand the effect of V addition on the 
polarization behaviours of A360 alloy. 
 
2. Experimental Procedure 
 
The composition of A360 alloy used in the tests is given in 
Table 1. Resistance furnace was used to melt the charges at 
710oC. After degassing, the samples were cast into a mould 
design where cylindrical and rectangular test bars were 
produced by 160 ton HPDC machine. 
 

Table 1.Chemical analysis of A360 alloy (wt%) 
Fe Si Cu Mn Mg Sr 

0,48 9,42 0,06 0,44 0,39 0,02 
 
 

 
 
Initially, Al-10% Sr master alloy was added in order to 
obtain 200 ppm Sr in the alloy. Then, Al-10%V master 
alloy was used to produce samples with 0.01, 0.02, 0.04 
and 0.08 wt % V in the alloy. 
 
Electrochemical behaviour of A360 specimens were tested 
in 3.5 wt.% NaCl solution at room temperature (23±10C) 
by means of potentiodynamic polarization using Gamry 
Instrument Model 600 Electrochemical Workstation.  
 
3. Results and Discussion 
 
The Tafel curves of A360, A360 alloy with Sr and V 
modification were given in Figure 1. While the corrosion 
current density (icor) of A360 alloy with Sr modification 
was increased, the corrosion current density (icor) of A360 
alloy with Sr+V was decreased. 
 

 
Figure 1. Potentiodynamic polarization curves of A360,  

    A360 alloy with Sr and V modification 
 
When V addition ratios on the corrosion behaviour of A360 
alloy were to be investigated, it can be seen from Figure 2 
that increase from 0.01 to 0.02 wt% V addition 
significantly improved corrosion resistance. However, 
further increase in V addition (0.04 and 0.08 wt%) 
decreased the corrosion properties (Figure 3).  
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Figure 2. Potentiodynamic polarization curves of Sr  
                 modified A360 alloy with 0.01 and 0.02  
                 wt% Vaddition 

 

 
Figure 3. Potentiodynamic polarization curves of Sr  
                  modified A360 alloy with 0.04 and 0.08 wt% V 
                addition 

 
The optical microscope images of A360 alloy,A360 alloy 
with Sr and V modification were given in Figure 4,5 and 6.  
 

 
Figure 4. Microstructure of A360 

 

 
Figure 5. Microstructure of Sr modified A360 

 

 
Figure 6. Microstructure of Sr+V modified A360 

 
 

When Figure 4-6 is compared, it can be seen that eutectic 
phase ratio is high in A360; it increased when Sr is added 
to alloy and decreases again when V is added.  

 
4. Conclusion 
 

• When Sr is added to A360, corrosion resistance 
decreased. 

• When V is added together with Sr to A360, 
corrosion resistance was improved when 0.01 and 
0.02 wt% V was added but it was decreased with 
increased V additions. 

• Optimum corrosion resistance was found when 
200 ppm Sr and 0.02wt% V was added to A360. 

• Corrosion resistance was in good agreement with 
the eutectic phase ratio. When volumetric ratio of 
dendrites were increased, corrosion resistance was 
decreased. 
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Infl uence of Holding Time on the Modifi cation Effi  ciency 
of Sr in A360 Alloy

İnan Kaan Duygun, Eray Erzi, Derya Dışpınar 

İstanbul University - Türkiye

ABSTRACT 

Improved mechanical properties in Al-Si alloys can be 
achieved by Sr modification. The addition of Sr is carried 
out by Al-15wt%Sr master alloy where the total quantity 
of Sr in the alloy is preferred to be around 300 ppm. 
Since melt quality is majorly effected by bifilms which 
are folded oxide skins, the influence of Sr modification in 
A360 alloy over holding time of the melt on the melt 
quality has been evaluated. Reduced pressure test was 
used to assess melt quality. Microstructural analysis was 
carried out. Sample collection was made at 4th  and 17th 

hours of holding time and it was found that both Sr 
modification and Bifilm index was decreased over  time 

1. Introduction 

Aluminium-silicon based alloys are widely used due to 
their good mechanical properties, castability, and 
corrosion resistance 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 strongly 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].  Microstructure evolution of 
hypoeutectic Al-Si alloys during solidification is in two 
stages: primary dendrite Al phase formation, and the 
subsequent eutectic transformation [5]. In a hypo-eutectic 
Al-Si alloy, primary aluminium exists as dendrites in the 
structure. 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. The stress concentration 
on sharp corners of this structure can cause fracture 
during the use. Proper modification can minimize stress 
concentration in these regions and improve the 
mechanical properties of the alloy [6-8].  

Even the low additions of Sr results in positive changes 
in the quality of casting by affecting the nucelation and 
crystallisation mechanisms. It was proved that Sr levels 
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in tha range between 100 ppm and 400 ppm is enough for 
coarse, flaky eutectic phase to be transformed finer 
fiberous morphology [1].  However it is proposed that 
even 50 ppm of Sr can change the morphology efficiently 
[8] Besides that the fading effect which is because of the 
long 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 affects the melt quality is the oxide-flms 
which can remain 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 was also used to assess 
changing metal quality by measuring the Bifilm indices 
of samples. 

2. Experimental 

The A360 alloy (ET AL-171) ingot was cut into smaller 
pieces and charged in 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 holding 
time 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 composition of the alloy is summarized as in 
Table 1. 

Table 1 : The chemical composition of ET AL-171 alloy 

Fe Si Cu Mn Mg Zn Ni Ti 

0,50 9,3 0,10 0,45 0,45 0,10 0,10 0,15 

 

For the investigation of eutectic-Si morphology 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 samples that were cast and applied reduced pressure 
were investigated for their bifilm indices. 

3. Results and Discussion 

The microstructures of slowly and rapidly cooled, 
modified and unmodified alloys are compared in Fig 1. 
and Fig 2. respectively The effect of Sr modification can 

be clearly seen in finer eutectic microstructure. When the 
holding time is increased to 17 hours at furnace, the 
eutectic silicon area decreases. The eutectic 
microstructure of samples which was rapidly cooled in 
metal-molds are even finer at the same conditions. 

   

                     (a)                                      (b) 

   

                        (c)                                     (d)                  

Figure 1: The microstructures of samples, which was 
cast with lost-foam method at 700 C ; a) 4 hours, 
unmodified, b) 4 hours Sr modified (300 ppm), c) 17 
hours, unmodified, d) 17 hours, Sr modified (300 ppm) 

    

(a)                                         (b) 

    

                 (c)                                              (d) 

Figure 2: The microstructures of samples which was 
poured into permanent (metal) mold at 700 C; a) 4 hours, 
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unmodified, b) 4 hours, Sr modified (300 ppm), c) 17 
hours, unmodified, d)17 hours, Sr modified (300 ppm) 

The average Bifilm index measurements of samples, 
collected from different casting temperatures and holding 
times are given in Fig 3. To observe the effect of Sr 
modification samples were prepared as Sr modified (300 
ppm) and unmodified at 700 C and 750 C. In both 
temperatures it can be clearly seen that the modified 4. 
sample which was held at 17 hours at furnace has the 
least bifilm index  

 

Figure 2: The average bifilm index measurements of 
samples, melted at 700 C 

 

Figure 3: The average bifilm index measurements of 
samples, melted at 750 C 

 

 

 

 

4. Conclusion 

The following conclusions can be drawn from the 
experimental work: 

1. The faster cooling rates result in finer eutectic 
silicon in alloys. As the holding time increases 
from 4 hours to 17 hours the eutectic silicon 
takes a coarser shape at same Sr concentrations. 
In each case the eutectic microstructure becomes 
finer and globular by Sr modification. 

 

2. The increasing holding time of melts, modified 
with 300 ppm Sr has lower bifilm index, 
compared to unmodified alloys and the samples 
which have lower holding times. 
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Abstract 

 
In this study SiO2 thin films were deposited on 
glass and silicon substrates by sol-gel dip coating 
technique. The effect of the different dipping-rising 
cycles on the microstructural and optical properties 
of SiO2 thin films was investigated. Microstructural 
properties of the films were characterized by cross-
sectional SEM observations and EDS was used to 
determine the film composition. Spectrophotometer 
has been used to measure the optical properties of 
the films. The results demonstrated that 
homogenous and well-adherent SiO2 thin films 
with high transmittance properties were 
successfully deposited. 
      
1. Introduction 
 
SiO2 has many interesting properties that make it 
suitable for thin film applications [1]. Various 
techniques were used to synthesize SiO2 thin films 
such as, sputtering, chemical vapor deposition, 
chemical etching and sol-gel process. [2]. Recently, 
sol-gel has become a new alternative method 
because of its several advantages such as low 
equipment costs, large area deposition at room 
temperature, good homogeneity, ease of 
composition control and possibility of deposition 
on curved substrates [3,4]. Sol-gel-derived silica 
films have many unusual properties such as 
adjustable refractive index, controllable 
microstructure, high laser damage threshold and 
good transmittance in the visible region [4]. 
Besides, SiO2 sol-gel coatings can be deposited in 
relatively high thicknesses and the chemical 
composition can be controlled precisely [5]. SiO2 
thin films are getting common for use in optical, 
magnetic and thermal applications such as anti-
reflective coatings, high reflection and thermal 
insulations [4,5]. In addition, their dielectric 
properties make SiO2 films interesting for different 
microelectronic structures [6]. In this study, the 
effect of the different dipping-rising cycles on the 
microstructural and optical properties of SiO2 thin 
films was investigated. 
 
 

2. Experimental Procedure 
 
SiO2 thin films were synthesized on glass and 
silicon substrates. Before each deposition the 
substrates were cleaned in ultrasonic bath, in 
acetone, ethanol and distilled water respectively. 
The solution used for the synthesis of SiO2 films 
consists of tetra ethyl ortho silicate (TEOS), 
ethanol, water and concentrate HCl. Molar ratios of 
1:10:2 were used for TEOS:Ethanol:Water. The 
solution was stirred during 30 min with a magnetic 
stirrer, and then a few drops of HCl were added to 
adjust the pH between 2 and 3. The final solution 
was stirred during 3 hours and aged for 2 days at 
ambient atmosphere. Dip coating technique was 
used to obtain SiO2 thin films with 60 mm/min 
dipping-rising speed. Glass and Si substrates were 
used in each deposition. 5 and 10 dipping-rising 
cycles were realized. Samples were dried during 10 
min between each cycle at ambient atmosphere. All 
the depositions were realized at room temperature. 
Microstructural examinations of the films were 
realized by scanning electron microscopy (SEM) 
and EDS was used for chemical analyses. 
Spectrophotometer has been used to measure the 
optical properties of SiO2 thin films over the 
spectral range from 300 to 1100 nm. 
 
3. Results and Discussion 

 
Microstructural analyses of SiO2 films deposited on 
Si substrates were realized on their cross-sections 
by SEM observations and results are presented in 
Figure 1. As can be seen from the figure, well-
adherent, homogenous and featureless SiO2 films of 
about (a) 800 nm and (b) 2 μm were successfully 
deposited. The thickness increased with the 
dipping-rising cycles and according to SEM 
observations one cycle results about 160-200 nm 
coating thickness. EDS area scan analyses were 
realized on the cross-sections of the coatings to 
prevent any substrate effect and the results are 
demonstrated in Table 1. 
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Figure 1. Microstructures of (a) SiO2 thin film 
deposited with 5 cycles and (b) 10 cycles  
 
Table 1. Elemental analyses of SiO2 thin films 

Elements Si wt% O wt% 
SiO2 (5 cycles) 44.2 55.8 
SiO2 (10 cycles) 42.3 57.7 

 
According to Table 1, films near stoichiometric 
SiO2 were obtained and the dipping-rising cycles 
do not have any effect on the chemical composition 
of the coatings.  
 
The optical properties of SiO2 films deposited on 
glass substrates were measured by 
spectrophotometer analyses over the spectral range 
of 300-1100 nm and compared with uncoated glass 
sample. Results are shown in Figure 2. As can be 
seen from the figure, SiO2 coatings have high 
transmittance values that can be compared to the 
uncoated glass given in the figure as base, 
demonstrating that they are highly transparent 
especially in the visible light range (390-700 nm).  
 

 
Figure 2. Transmittance values of SiO2 thin films 

 
4. Conclusion 
 
In this study, SiO2 thin films were successfully 
deposited on glass and Si substrates by sol-gel dip 
coating technique. Following conclusions were 
drawn from our study; 
 
1. According to SEM analyses, homogenous, well-

adherent and featureless SiO2 thin films with 
thicknesses between 800 nm and 2 μm were 
deposited. 

2. Near stoichiometric SiO2 films were obtained 
according to elemental analyses realized by 
EDS. 

3. According to optical analyses, SiO2 thin films 
have high transmittance values that can be 
compared to the uncoated glass especially in the 
visible light range, demonstrating that they are 
highly transparent.  
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Abstract 

 
In this study nanocompoite ZnO-SiO2 thin films 
were deposited on glass and silicon substrates by 
sol-gel dip coating technique. The effect of ZnO 
nanopowder addition into the starting SiO2 sol and 
different dipping-rising cycles on the properties of 
ZnO-SiO2 thin films were investigated. 
Microstructural properties of the films were 
characterized by cross-sectional SEM observations 
and EDS was used to determine the film 
composition. Spectrophotometer has been used to 
measure the optical properties of the films. The 
results demonstrated that homogenous and well-
adherent nanocomposite ZnO-SiO2 thin films with 
very high transmittance properties were 
successfully deposited. 
      
1. Introduction 
 
ZnO is one of the most widely used semiconductors 
for many different applications such as solar cells, 
gas sensors, and photocatalytics [1]. On the other 
hand silica based nanocomposites are very 
important materials for microeletronic, optical and 
optoelectronical applications [2]. ZnO–SiO2 
nanocomposite thin films have been found to 
present many interesting photoluminescence 
properties, such as great enhancement of UV 
emission, white-light emission, and adjustable 
visible emission [3]. Therefore they found usage in 
very different applications such as, photonic 
crystals, photocatalysts, gas sensors, vacuum 
fluorescent display and varistors [4,5]. ZnO–SiO2 
films have been prepared using various techniques 
such as sputtering, chemical vapor deposition, 
chemical etching and sol gel process [4]. Among 
them, the sol-gel is considered to be one of the 
most efficient techniques for the synthesis of silica 
based nanocomposite thin films and represent a 
simple and low-cost processing alternative to the 
vacuum deposition techniques [5]. In this study, the 

effect of ZnO nanopowder addition into the starting 
SiO2 sol and different dipping-rising cycles on the 
properties of ZnO-SiO2 thin films were 
investigated.   
 
2. Experimental Procedure 
 
ZnO-SiO2 thin films were synthesized on glass and 
silicon substrates. Before each deposition the 
substrates were cleaned in an ultrasonic bath, in 
acetone, ethanol and distilled water respectively. 
The solution used for the synthesis of SiO2 films 
consists of tetra ethyl ortho silicate (TEOS), 
ethanol, water and concentrate HCl. Molar ratios of 
1:10:2 were used for TEOS:Ethanol:Water. The 
solution was stirred during 30 min with a magnetic 
stirrer, and then a few drops of HCl were added to 
adjust the pH between 2 and 3. The final solution 
was stirred during 3 hours and aged for 2 days at 
ambient atmosphere. Then, 1 g of ZnO nanopowder 
was added to the solution and stirred for 3 hours. 
Dip coating technique was used to obtain ZnO-SiO2 
thin films with 60 mm/min dipping-rising speed. 
Glass and Si substrates were used in each 
deposition. 5 and 10 dipping-rising cycles were 
realized. Samples were dried during 10 min 
between each cycle at ambient atmosphere. All the 
depositions were realized at room temperature. 
Microstructural examinations of the films were 
realized by scanning electron microscopy (SEM) 
and EDS was used for chemical analyses. 
Spectrophotometer has been used to measure the 
optical properties of thin films over the spectral 
range from 300 to 1100 nm. 
 
 
 
 
 
 
 
 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

866 IMMC 2016   |   18th International Metallurgy & Materials Congress

3. Results and Discussion 
 

3.1. ZnO nanopowder characterization 
 

Microstructural analyses of ZnO nanopowder were 
realized by SEM observations and results are 
presented in Figure 1.  
 

 
Figure 1. SEM image of ZnO nanopowder 

 
From the figure, ZnO nanopowder with size 
distribution of about 45 nm can be seen. EDS 
analyses were realized on the powder and the 
results are demonstrated in Table 1. 
 

Table 1. Elemental analyses of ZnO nanopowder 
Elements Zn wt% O wt% 
ZnO nanopowder 74.4 25.6 

 
3.2. ZnO-SiO2 thin film characterization  
 
Microstructural analyses of ZnO-SiO2 films 
deposited on Si substrates were realized on their 
cross-sections by SEM observations and results are 
presented in Figure 2. As can be seen from the 
figure, well-adherent, homogenous and featureless 
ZnO-SiO2 films of about (a) 900 nm and (b) 2 μm 
were successfully deposited. The thickness 
increased with the dipping-rising cycles and 
according to SEM observations one cycle results 
about 180-200 nm coating thickness.  
 
EDS area scan analyses were realized on the cross-
sections of the coatings to prevent any substrate 
effect and the results are demonstrated in Table 2. 
 

Table 2. Elemental analyses of ZnO-SiO2 films 
Elements Si wt% O wt% Zn wt% 
ZnO-SiO2 
(5 cycles) 40.3 58.4 1.3 

ZnO-SiO2 
(10 cycles) 37.5 60.3 2.2 

 
From Table 2, it can be seen that the addition of 1 g 
ZnO nanopowder into the solution resulted with the 
incorporation of 1.3 wt% Zn in the coating 
structure. As a result of the further increase in the 

dipping-rising cycles to 10, about 2.2 wt% Zn 
incorporated in the coating structure. Accordingly a 
decrease in Si concentration and an increase in O 
concentration were observed. It is believed that 
these results confirm the incorporation of ZnO 
nanoparticles dispersed in the solution into the 
coating structure and the formation of 
nanocomposite ZnO-SiO2 thin films. 
 

 
Figure 2. Microstructures of (a) ZnO-SiO2 thin film 
deposited with 5 cycles and (b) 10 cycles 
 
The optical properties of ZnO-SiO2 films deposited 
on glass substrates were measured by 
spectrophotometer analyses over the spectral range 
of 300-1100 nm and compared with uncoated glass 
sample. Results are shown in Figure 3. As can be 
seen from the figure, nanocomposite ZnO-SiO2 
coatings have very high transmittance values, even 
higher than uncoated glass given in the figure as 
base.  
 

 
Figure 3. Transmittance values of nanocomposite 
ZnO-SiO2 thin films 
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It can thus be concluded that the incorporation of 
ZnO nanoparticles in the coating structure and the 
formation of nanocomposite ZnO-SiO2 coatings 
increased the transmittance values especially in the 
visible light range (390-700 nm). 
 
4. Conclusion 
 
In this study, nanocomposite ZnO-SiO2 thin films 
were successfully deposited on glass and Si 
substrates by sol-gel dip coating technique. 
Following conclusions were drawn from our study; 
 
1. According to SEM analyses homogenous, well-

adherent and featureless ZnO-SiO2 thin films 
with thicknesses between 900 nm and 2 μm 
were deposited. 

2. EDS analyses detected up to 2.2 wt% Zn in the 
coating structure with a decrease in Si and 
increase in O concentrations as a result of the 
increase in the dipping-rising cycles, 
demonstrating the incorporation of ZnO 
nanoparticles in SiO2 coating structure. 

3. According to optical analyses, nanocomposite 
ZnO-SiO2 thin films have very high 
transmittance values, even higher than uncoated 
glass especially in the visible light range, 
demonstrating that they are fully transparent.  
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Surface treatments to steel have been applied to modify a variety of surface properties such a 
wear, corrosion, sulphidation. Numerous investigations have been conducted using various 
coating techniques; such as plasma aluminizing, hot dip aluminizing, CVD, mechanical 
milling, laser cladding etc. Through our method, it is possible to apply coating and heating 
processes simultaneously for steel aluminizing thus by controlling current magnitude of the 
base material temperature can be kept constant at the desired value. The aluminizing process 
used in cathodic arc PVD is faster than currently methods and controlling the diffusion 
process of the Fe-Al couple is also possible. These experimental were conducted to 
investigate the effect of different aluminizing temperatures on the growth and morphology of 
the Fe-Al intermetallics.  In the present study commercial pure Al was used for aluminizing as 
cathode. The specimens were aluminized for 30 minutewith the pure Al cathode at high 
temperatures; 1000, 1100 and 1200 °C. The phase structures of the coatings were analyzed by 
SEM, EDS, XRD and hardness measurement. 
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Abstract     
                         

been understood that the factor effecting the internal 
defects found in final products is not only inclusions but 
also hydrogen content. In the light of this finding, a 
study on investigating the source of hydrogen pick up 
during steelmaking was 
steelmaking practice was investigated by making 
hydrogen pick up measurements at different stages of 
steelmaking. Various modifications on steelmaking 
practice were done in order to prevent hydrogen pick up 
and effects of these modifications were also analyzed. 
The results have shown that amount of hydrogen pick up 
and thereby production losses that arise from internal 
defects are significantly reduced by these modifications.
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Problem in ULC Steel Grades at Continuous Casting 
Process
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Oğuz Gündüz 
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Abstract 

Ladle nozzle clogging is a crucial problem effecting 
process efficiency and steel quality. Main factors causing 
nozzle clogging are steel temperature, chemical 
composition, process parameters and steel cleanliness. In 
this work, focused on steel cleanliness and studied to 
determine the cause of ladle nozzle clogging problem at 
Ti-stabilized Al-killed ultra-low carbon steel grades. In 
this scope, characteristic of inclusions in the ladle nozzle 
deposit and corresponding liquid steel samples from RH 
degasser were investigated by Optical Microcopy and 
SEM-EDS analyses. During laboratory examinations 
mainly, Al2O3, MgO.Al2O3 and TiOx-Al2O3 type of 
inclusions have been detected in nozzle deposits.  
Consequently, the effect of Ti/Al ratio on nozzle 
clogging problem was examined and the critical Ti/Al 
ratio was determined to prevent nozzle clogging. 
Accordingly, Ti/Al ratio was modified to prevent the 
formation of TiOx-Al2O3 inclusions and ladle nozzle 
clogging ratio has been reduced significantly. 

Özet 

Sürekli döküm prosesinde pota nozul t kanmas  kaynakl  
ak  kesilmesi, proses verimini ve çelik kalitesini 
etkileyen önemli bir problemdir. Pota nozulu t kanmas na 
neden olan ba l ca faktörler, çelik s cakl , dizayn 
parametreleri (tesis, pota, nozul vb.) ve çelik temizli idir. 
Bu çal mada, alüminyum ile deokside edilmi  titanyum 
içeren çok dü ük karbonlu çeliklerde (C < 80ppm)  çelik 
temizli i kaynakl  pota nozulu t kanmas  probleminin 
belirlenmesi ve önlenmesine yönelik olarak Optik 
Mikroskop ve SEM-EDS incelemeleri yap larak elde 
edilen veriler nda çelik üretim prosesinde deneysel 
uygulamalar yap lm t r. Nozul birikintileri üzerinde 
yap lan laboratuvar incelemelerinde yap larda yo un 
miktarda TiOx-Al2O3 inklüzyonlar  tespit edilmi tir. 
Ayr ca yap lan veri analizlerinde Ti/Al oran  ile pota 
nozulu t kanma oranlar  aras nda ili ki tespit edilmi tir. 
Ti/Al oran n  dü ürmeye yönelik yap lan analiz 
de i iklikleri ile birlikte çelik üretim prosesinde yap lan 
deneysel çal malar sonucunda nozul t kanma 
probleminde %60 oran nda iyile me sa lanm t r. 

1. Giri  

Alüminyum ile deokside edilmi  dü ük karbonlu 
çeliklerin sürekli dökümünde kar la lan nozul t kanmas  
problemi uzun y llard r üzerinde çal lan bir konudur [1]. 
Sürekli döküm prosesinde gözlenen nozul t kanma 
problemine etki eden parametreler genel olarak çelik 
s cakl , çelik temizli i ve kullan lan ekipmanlar n 
tasar m  ile ilgili konulard r [2]. 

Çelik temizli i kaynakl  nozul t kanmalar n n çelikte 
bulunan ergime derecesi çok yüksek alümina 
inklüzyonlar n n nozul çeperinde birikmesi sonucu 
olu tu u yap lan birçok çal ma ile kan tlanm t r. Bunun 
yan nda, büyük boyutlu alümina inklüzyonlar  ikincil 
metalürji prosesinde pota i lemleri esnas nda ve tandi te 
kolayl kla yüzerek uzakla abilirken, 10 m’den küçük 
inklüzyonlar n yüzme h zlar n n daha dü ük ve çelikten 
uzakla ma kabiliyetlerinin daha zor oldu u bilinmektedir 
[3,4]. 

Lehman ve Gaye yapm  olduklar  çal malar sonucunda, 
titanyum içeren alüminyum ile deokside edilmi  çok 
dü ük karbonlu çeliklerde nozulda biriken inklüzyonlar n 
TiOx-Al2O3 faz nda oldu unu belirtmi lerdir [5]. 
FactSage 6.4 hesaplamal  termodinamik yaz l m  ile Ti 
ve Al oksitlerinin ikili faz diyagram  ekil 1’de 
verilmi tir. Diyagramda görülece i üzere, Al2O3 
inklüzyonlar n n olu umu öncelikli olarak 
gerçekle mektedir. Ancak yüksek Ti oranlar nda Ti-oksit 
inklüzyonlar  olu abilmektedir. Fakat reoksidasyon 
kaynakl  olarak Al2O3 inklüzyonlar  TiOx-Al2O3 ikili 
inklüzyonlar na da dönü ebilmektedir. 

Yap lan ara t rmalar, slatma aç lar na ba l  olarak TiOx-
Al2O3 inklüzyonlar n n Al2O3 inklüzyonlar na k yasla 
çelikten yüzdürülerek uzakla t r lmalar n n daha zor 
oldu unu göstermektedir [6].  

Burty M. ve arkada lar  yapm  oldu u çal mada Ti/Al 
oran n n nozul t kanma problemi üzerindeki etkilerini 
incelemi lerdir [7]. ekil 2’de farkl  çelik üreticilerine ait 
Ti/Al oranlar n n nozul t kanmas  üzerindeki etkileri 
gösterilmi tir. ekilde görüldü ü üzere her tesis için 
artan Ti/Al oranlar nda nozul t kanma riski artmaktad r. 
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ekil 1. Ti-Al oksitlerinin ikili faz diyagram  

 

ekil 2. Farkl  tesislere ait Ti/Al oran  ile nozul t kanmas  
aras ndaki ili ki [7] 

Bu çal mada çok dü ük karbonlu çeliklerde nozul 
t kanma probleminin kayna n  belirlemeye ve önlemeye 
yönelik olarak çal malar yap lm  ve Ti/Al oran n  
azaltmaya yönelik olarak yap lan analiz de i iklikleri ile 
nozul t kanma oranlar nda yüksek oranda iyile me 
sa lanm t r 

2. Deneysel Çal malar 

Nozul t kanma probleminin kök sebebini belirlemeye 
yönelik olarak, t kanm  nozul üzerinde optik mikroskop 
ve SEM-EDS analizleri gerçekle tirilmi tir. Ayr ca çok 
dü ük karbonlu çelik kalitelerine ait geçmi  veriler analiz 
edilerek Ti/Al oranlar  ile nozul t kanma oranlar  
aras ndaki ili ki analiz edilmi tir. 
 

 

ekil 3. X200 Büyütmede nozul kenar ve merkez 
bölgelerine ait optik mikroskop görüntüleri 

nceleme yap lan numuneler, nozul çeperine yak n ve 
nozul merkezinden olmak üzere 2 bölgeden al nm t r. 
Optik mikroskop incelemelerine ait görüntüler ekil 3’te 
verilmi tir. 

Nozul duvar na yak n bölgelerde yo unla an birikintileri 
karakterize etmek amac yla SEM-EDS analizleri 
yap lm t r. SEM-EDS analizlerine ait görüntüler ekil 
4’te verilmi tir. 

 

 

 

 

 

ekil 4. Nozul birikintilerine ait SEM görüntüleri ve EDS 
analizleri 

a b

ba

c d
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Nozul t kanma problemi üzerinde Ti/Al oran n etkisini 
belirlemek amac yla çok dü ük karbonlu çelik 
kategorisinde geçmi  döneme ait proses verileri analiz 
edilmi tir. Veri analizlerinde nozul t kanmas  olan ve 
olmayan dökümlere ait Ti/Al oranlar  belirlenmi tir 
( ekil 5). 

 

ekil 5. Nozul t kanma olan ve olmayan durumlarda 
Ti/Al oranlar  

Laboratuvar incelemeleri ve veri analizlerine ait sonuçlar 
do rultusunda Ti/Al oran n  azaltmaya yönelik olarak 
analiz de i iklikleri yap larak çelik üretim prosesinde 1 
ay süren deneysel çal malar yap lm t r. Yap lan 
çal malara ait analizler ve Ti/Al oranlar  Tablo 1’de 
verilmi tir. 

Tablo 1.  Kimyasal analizler ve Ti/Al oranlar  

ANAL Z %Ti %Al Ti/Al 

A 0,065-0,075 0,020-0,040 2,33 

B 0,065-0,075 0,070-0,090 0,88 

 

Kimyasal analizlerde yap lan de i ikler sonras  çelik 
üretim prosesinde yap lan deneysel çal malarda nozul 
t kanma oranlar ndaki de i im ekil 6’da verilmi tir. 

 

ekil 6. Analiz de i ikli i sonras  nozul t kanma 
oranlar ndaki de i im 

3. De erlendirme ve Sonuçlar 

Çok dü ük karbonlu çeliklerin sürekli döküm prosesinde 
s v  çeli in potadan tandi e ak  esnas nda pota iç 
nozulunda meydana gelen nozul t kanmas  probleminin 
nedenlerini belirlemek amac yla t kanm  nozul 
numuneleri üzerinde optik mikroskop ve SEM-EDS 
analizleri yap lm t r. 

Yap lan inceleme sonuçlar na göre; 

- Optik mikroskop incelemelerinde, nozul duvar na yak n 
bölgelerde yo un miktarda inklüzyon tespit edilirken, 
nozul merkezinde kat la an çeli in daha temiz oldu u 
görülmü tür. 

- Yap lan SEM-EDS analizlerinde, nozul duvar na yak n 
bölgelerde yo un miktarda TiOx.Al2O3 ve s ras yla 
azalan miktarlarda Al2O3 ve spinel (MgO. Al2O3) tipinde 
inklüzyonlar tespit edilmi tir. 

- Geçmi  döneme ait veriler analiz edildi inde, Ti/Al 
oran n n TiOx.Al2O3 inklüzyonlar n n olu umu ve nozul 
t kanmas  üzerinde etkili oldu u, Ti/Al oran n n 
azalt lmas  ile nozul t kanma riskinin azald  tespit 
edilmi tir. 

-  Analizlere ait sonuçlar do rultusunda çelik üretim 
prosesinde yap lan denemelerde normal uygulamadan 
farkl  olarak Ti/Al oran n  dü ürmek amac yla Al miktar  
%0,070 - 0,090 aral nda uygulanm t r. 

- Yap lan analiz de i iklikleri ile çelik üretim prosesinde 
yap lan denemeler sonucunda nozul t kanma oranlar nda 
%60’a varan iyile me tespit edilmi tir. 

Sonuç olarak, çok dü ük karbonlu çeliklerde nozul 
t kanmas  üzerinde etkin faktörün TiOx.Al2O3 ve Al2O3 
tipinde inklüzyonlar oldu u tespit edilmi , bu kalitelerde 
Ti/Al oranlar n n azalt lmas  ile problemin 
azalt labilece i dü ünülmektedir. 
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Abstract 
 
In this study, zirconium and calcium added to cast steel for 
evolving the inclusion morphology. Effect of the 
morphology changes found out by tensile test and charpy 
notch impact test. Significant improvements were 
determined on especially toughness value via inclusion 
modification. 
 
Microstructure characterization carried out by light 
microscope to identify the microstructure evolution and by 
scanning electron microscope and EDS to find out and 
characterize the inclusion morphology and possible 
composition. 
 
1. Introduction 
 
In general, inclusion generation can be classified into two 
sources, indigenous and exogenous. Oxide particles are 
formed as a result of deoxidizer additions made to the steel 
ladle as a means to reduce the level of dissolved oxygen in 
the liquid steel. If these deoxidation products are not 
removed from the steel prior to casting, they will be present 
as oxide inclusions in the steel product. The inclusions 
generated via this process are inherent to the steelmaking 
process, and therefore are indigenous in nature. Exogenous 
source of inclusions may arise from uncontrolled oxidation 
of liquid steel (reoxidation) as well as excessive melt 
stirring resulting in slag entrainment and refractory erosion. 
Indigenous inclusions usually have modest influence on 
material properties due to smaller particle size. They can 
only be minimized through process control but cannot be 
eliminated completely. On the other hand, macro-inclusions 
with exogenous origin are detrimental to various material 
properties [1-6]. 
 
In general, oxide inclusions can be classified into:  

• Single oxides; some common examples: FeO, 
Fe2O3, MnO, SiO2, Al2O3, Cr2O3, TiO2  

• Complex oxides, often takes the general form of 
AO•B2O3, where metal A has +2 oxidation 
number and metal B has +3 oxidation number. 
Some common examples are FeO.Al2O3, 
MnO.Al2O3, MgO.Al2O3, FeO.Cr2O3 

 

Complex oxide inclusions are sometimes known as spinel 
type (MgO.Al2O3) inclusions for their similarity in 
structures. Spinel type inclusions are characterized by 
faceted structure and high melting temperature, usually 
higher than steelmaking temperature of 1873 ºK. Spinel 
inclusions are especially harmful during steel processing as 
they do not deform during hot rolling and often cause poor 
surface finish [1-6]. 
 
The presence of non-metallic oxide inclusions is a major 
cause of incompatibility between the attainable and 
desirable level of cleanliness in many grades of steel. 
Generally, inclusions degrade the mechanical properties of 
the steel and thereby reduce the ductility and toughness of 
the cast metal and increase the risk for mechanical failure 
of the final product. Alumina inclusions occur as 
deoxidation products in the aluminum-based deoxidation of 
steel. Pure alumina has a melting point above 2000°C, 
these alumina inclusions are present in a solid state in 
liquid steel. The addition of calcium to steel which contains 
such inclusions changes the composition of these inclusions 
from pure alumina to CaO-containing calcium aluminates 
[3]. 
 
Sulphide inclusions are important to consider since it is 
common to have steel with oxygen content less than 0.02% 
while having sulphur content at around 0.03%. Liquid steel 
has a high solubility of sulphur where solid steel usually 
has significantly lower sulphur solubility. As liquid steel 
cools, sulphur segregates and forms FeS with melting point 
of 1460 ºK. FeS often causes embrittlement of steel. 
Therefore it has become a common practice to add 
sufficient amount of Mn, due to manganese’s stronger 
affinity for sulphur, to form MnS (Tm = 1870 ºK). Types of 
sulphide inclusions will also depend on manganese to 
sulphur ratio. Examples of common sulphide inclusions 
include MnS, FeS, (Mn,Fe)S and CaS [1-8]. 
 
In the as cast condition, MnS inclusions can be classified 
into three main morphologies [9-11]  
 
Type I: globular, when the oxygen solubility is high and the 
sulfur solubility is relatively low. Such inclusions are 
formed by a monotectic reaction in rimmed and semi-killed 
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steels (when aluminum in the steel is less than 0.001 wt. 
%). 
Type II: formed in the interdendritic spaces of austenite 
with a fan-like morphology. In addition, most commonly 
formed at grain boundaries of steel. These are formed in 
aluminum killed steels with the first trace of aluminum 
above 0,005 wt %. 
Type III: angular inclusions are formed as isolated particles 
in the interdendritic spaces, when excess aluminum is used 
for deoxidation resulting in about 0.040 wt.% aluminum in 
the steel [14-15].  
 
Type I sulfide inclusions contain usually an oxide core and 
are therefore harder than Type II sulfides. Type I oxy-
sulfides are usually present in steel as individual particles 
while Type II MnS inclusions are formed by an eutectic 
reaction in the interdendritic spaces. In addition, Type II 
sulfides can deform to a larger extent than the inclusions of 
Type I during hot working of the steel. Therefore, they may 
be more harmful to the materials mechanical properties. 
Thus, MnS inclusions of Type II and III become elongated 
during rolling or other deformations of steel. These 
elongated inclusions introduce an anisotropy of the 
mechanical properties of steel which leads to an inferior 
strength, ductility and toughness in the short transverse 
direction [9-15]. 
 
The deformation of MnS inclusions in steels increases the 
interphase surface between inclusion and the steel matrix. 
This can lead to significantly decreased performance 
properties of steel e.g., plasticity and toughness. [16–18]. 
The harmful effect of MnS inclusions on the final 
mechanical properties can be reduced if the sulfur content 
can be decreased in cast steel (with a followed decrease of 
the steel machinability) or by a modification of MnS 
inclusions by an addition of Ca, REM (Rare-Earth-Metals) 
or Zr in the melt [9]. 
 
The main purposes of the modification process of MnS 
inclusions are usually to: 
- change the composition and properties (physical and 
chemical) of sulfides; 
- change the sulfide morphology (globalization); 
- decrease the size of the modified sulfides; 
- obtain a homogeneous distribution of precipitated sulfides 
in the solidified steel [9].  
 
2. Experimental Procedure 
 
Studies were carried out with sand casted test coupons (TC) 
that sized 80 mm X 120 mm X 250 mm. Zirconium (200 
gram/ton) and calcium (500 gram/ton) additions were made 
in the ladle via box dipping method after deoxidation with 
aluminum.  Chemical composition of steel specimens are 
given in Table 1-2.  
 

Table 1. Chemical composition of steels for TC 1 and 
TC1-Zr (wt %) 

C Si Mn P S 
0.28 0.47 0.73 0.013 0.011 
Cr Mo Ni Al  

0.78 0.24 1.78 0.035  
 

Table 2. Chemical composition of steels for TC 2 and 
TC2-Ca (wt %) 

C Si Mn P S 
0.23 0.59 1.02 0.014 0.010 
Cr Mo Ni Al  

0.75 0.58 1.80 0.038  
 
2.1. Heat treatment processes  
 
Test coupons were heated to normalizing temperature at 
100°C/h heating rate. When the temperature is stable 
samples were soaked for 3 hours to carry out normalizing, 
followed by cooled in still air to ambient temperature. After 
normalizing samples were again heated for quenching and 
soaked in the furnace for 3 hours. All specimens were 
finally tempered for 3 hours to achieve a high level of 
tensile strength and toughness. All parts were cooled in 
water medium after tempering process to avoid temper 
embrittlement. Heat treatment conditions are given in Table 
3. 
 

Table 3. Heat treatment processes of test coupons 
Specimen Normalizing Quenching Tempering 

TC 1 870 °C – 3 h 840 °C – 3 h 600 °C – 3 h 
TC 1-Zr 870 °C – 3 h 840 °C – 3 h 600 °C – 3 h 

TC 2 920 °C – 3 h 890 °C – 3 h 550 °C – 3 h 
TC 2-Ca 920 °C – 3 h 880 °C – 3 h 550 °C – 3 h 

 
2.2. Test methods 
 
The mechanical properties including tensile strength, 
elongation and Charpy notch impact energy were measured 
using the average of three experimental results for each test 
coupons. Tensile tests were carried out according to ASTM 
E8 standards in order to determine yield strength and 
tensile strength of samples using Instron universal tensile 
testing machine. Charpy V-notch (CVN) impact testing was 
also carried out according to ASTM E23 standard. The 
fracture surfaces of tensile tested specimens were examined 
under field emission scanning electron microscope at an 
accelerating voltage of 15 kV for fractographic 
characterization. Analysis of chemical composition for the 
nonmetallic inclusions was carried out with energy-
dispersive X-ray spectroscopy (EDS).  
 
3. Results and Discussion 
 
The variation in yield strength, tensile strength, ductility 
(elongation) and toughness values of the Zr added and Ca 
added test coupons are presented in Table 4. According to 
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the results of impact tests on specimens, Zr addition shows 
68% and Ca addition 38% improvement in toughness 
compared to conventional casting method. Also yield and 
tensile strengths of the Zr added test coupon (TC 1-Zr) are 
slightly lower than conventional test coupon (TC 1). Figure 
1 shows example of typical martensitic-bainitic micro 
structure of low alloyed cast steel.  

 
Table 4. Mechanical results of specimens 

Specimen 
Yield 

strength 
(Mpa) 

Tensile 
strength. 
(Mpa) 

Elongation 
(%) 

Toughness  
(Joule) at   
- 40° C 

TC 1 797 941 10,71 48 
TC 1-Zr 754 868 11,95 81 

TC 2 1065 1171 10,16 36 
TC 2-Ca 1053 1164 10,81 50 

 

 
Figure 1. Martensitic-beynitic microstructure of TC1 

specimen (500X – 20 μm scale length) 
 

Because of high manganese and sulfur segregations to the 
interdendritic spaces during solidification, large amount of 
Type III-angular MnS inclusions can clearly be seen on the 
dendritic arms of TC1 specimen in Figure 2 and 3. It is 
evident that less harmfull type III MnS inclusions can be 
preferably formed instead of type II MnS inclusions with 
aluminum deoxidation. 

 

 
Figure 2. MnS inclusions on dendrite arms of fracture 

surface of tensile tested TC1 specimen 
 

Type I globular oxy-sulfide inclusions can be seen on the 
fracture surface of TC1-Zr specimen in Figure 4 and 5. Zr 
addition evolved MnS inclusions from type III to type I that 
the most harmless inclusion type in steel. Due to the 

inclusion modification, toughness value increased 68% in 
TC1-Zr specimen. 
 

 
Figure 3. Type III MnS inclusions   

 

 
Figure 4. Type I oxy-sulfides at TC1-Zr specimen  

 

 
Figure 5. Type I oxy-sulfide inclusion 

 

 
Figure 6: EDS analysis of oxy-sulfide inclusion 
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Figure 7 shows the SEM image of calcium aluminate. 
Aluminum oxide inclusions were observed at the center of 
inclusion is surrounded by (Ca,Mn)S as shown in Figure 8. 
Due to the modification of alumina to calcium aluminates 
provided 38% improvement in toughness value of TC 2-Ca 
specimen without reducing the yield and tensile strength. 
 

 
Figure 7. Calcium aluminate inclusion 

 

 
Figure 8. EDS mapping image of calcium aluminate 

 
4. Conclusion 
 
(1) Less harmfull type III inclusions can be formed 
preferably, instead of type II due to aluminum deoxidation. 
(2) MnS inclusions evolved from type III to type I via 
zirconium addition. 
(3) Zr addition in cast steel results in a significant 
improvement of 68% in impact toughness and slight 
decreasing in yield and tensile strength.  
(4) Ca addition in cast steel results in significant 
improvement of 38% in impact toughness without reducing 
the yield and tensile strength via forming of calcium 
aluminate inclusions. 
(5) Experimental study results shows that calcium and 
zirconium addition can be obtainable with box dipping 
method to the ladle after deoxidation without using any 
vacuum and wire feeder technology in foundry. 
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Abstract 

Dual phase steel is an advanced high strength steel that 
has a ferrite and martensitic microstructure which are 
used in various industrial applications, mostly in 
automotive industry, due to their excellent mechanical 
properties (high tensile strength, high formability, etc.). 
These properties depend on their microstructure which is 
obtained with production conditions and especially 
chemical composition. Annealing stage is very important 
section in order to compose final microstructure of dual 
phase steels. In addition to that chemical composition is 
an important consideration since alloying content usually 
designate limits of heat treatment. In this work, annealing 
treatment was simulated by GLEEBLE 3500 thermal-
mechanical simulator to determine effect of continuous 
annealing line and continuous galvanizing line (CAL & 
CGL) heat cycle characteristics on microstructure and 
mechanical properties of dual phase steels. Heat treated 
samples were characterized by using light optical 
microscope (LOM) and scanning electron microscope 
(SEM/EBSD). Tensile strength and hardness values were 
obtained. The experimental data showed that different 
production lines have different metallurgical 
characteristics and to obtain same properties at each line, 
alloying design and soaking parameters should be 
controlled. 

1. Introduction 

Dual phase (DP) steels are low carbon-low alloy steels 
which have ferrite and martensite phases in 
microstructure. Martensite islands are distributed in 
ferritic-matrix grain boundaries. DP steel ensures 
favorable combination of high strength and high 
ductility/formability properties. These favorable 
behaviors of DP steels come from the combined 
properties of the hard martensite phase with high strength 
and the soft ferrite matrix with good ductility [1, 2]. 

Owing to those properties, DP steels are widely used in 
automotive industry. Automotive manufacturers prefer 
DP steels to use in light-weight projects because of better 
mechanical properties. These steel grades have various 
tensile strengths according to martensite content in the 
microstructure [3]. Continuous annealing processes 
(CAL and CGL) of DP steels contain; heating to 
intercritical region, holding at intercritical region to 
enable nucleation and growth of austenite grains, slow 
cooling to quench temperature, quenching for 
transformation of austenite to martensite, over-aging and 
air cooling, respectively [4-5].   

Ghaheri ve Shafyei [6]; reported, by increasing soaking 
temperature martensite content increases in final 
microstructure. Because, increased intercritical annealing 
temperature causes higher austenite content in 
intercritical region which will transform to martensite 
after cooling stage.  

However, volume fraction, grain size, distribution and 
morphology of martensite as well as ferrite may 
significantly depend on details of the processing routes 
and are expected to be different in intercritical annealing 
processes. Furthermore, volume fraction, grain size, and 
morphology of martensite with ferrite may affect the final 
mechanical properties of the steel sheets. Fine grain size, 
high strength, and high volume fraction of the martensite 
phase generally increase the tensile strength of DP steels 
[2]. 

Besides mechanical testing, material characterization is 
very important stage to learn about microstructure of 
materials and correct usage behavior. Within this scope 
there are lots of technical study about material 
characterization like phase distribution, morphology, 
grain size and determination crystallographic properties 
[7, 8].  
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In the current work the effect of Continuous Annealing 
and Continuous Galvanizing Line designs on the final 
properties of DP steels were studied. Annealing 
treatments were simulated by GLEEBLE 3500 thermo-
mechanical simulator and final properties were 
determined by several testing and microstructural 
characterization methods. 

2. Experimental Procedure 

The chemical composition (in wt%) of the as-received 
cold-rolled steel used in this work 0.1C-1.75Mn-0.3Si-
0.65Cr and Fe balanced. Specimens with dimensions of 
50mm x 260 mm x 1.5 mm were cut from cold rolled 
strip along the longitudinal direction for simulation 
studies.  

JMatPro 7.0 simulation software was used to drawing of 
Continuous Cooling Transformation (CCT) Diagram of 
the given chemical composition. Figure 1 shows the 
phase transformation curves as a functions of temperature 
and cooling rate. 

 

Figure 1: CCT diagram of given chemical composition. 

In order to simulate annealing cycles for both CAL and 
CGL, simulation tests were carried out on GLEEBLE 
3500 thermal-mechanical simulator. To obtain the dual 
phase microstructure, the specimens were subjected to 
CAL and CGL real time heat treatment schedules. Table 
1 shows the details of heat treatment processes. CGLm 
heat cycle is modified cycle with better cooling rate after 
galvanizing bath. 

Tensile test specimens were cut from the annealing 
samples along the longitudinal direction. Tensile tests 
were carried out with Zwick 250 kN universal tension 
test machine for the samples that were in compliance 
with TS EN ISO 6892-1 Standard, Type-2. 
Metallographic examinations were done with LePera 
etching with Nikon Epiphot Light Microscope after 

conventional sample preparation that follows; hot 
mounting from transverse direction, grinding and 
polishing. 

Table 1: Table of annealing processes. 
 CAL CGL CGLm 

Heating Rate (°C/sec) 5 5 5 
Soaking Temp (°C) 785 805 805 
Soaking Time (sec) 130 90 90 
Cooling Rate (°C/sec) 5 3 3 
Temperature (°C) 630 650 650 
Rapid Cooling (°C/sec) 6 9 9 
Temperature (°C) 515 450 450 
Cooling Rate (°C/sec) 0,2 1 4 
Temperature (°C) 425 250 250 
Cooling Rate (°C/sec) 3 0,1 0,1 
Temperature (°C) 150 50 50 
Cooling Rate (°C/sec) 0,1   
Temperature (°C) 50   
 

3. Results and Discussion 

After simulation works which were detailed in Table 1, 
tensile test specimens were prepared according to given 
standard and tests were achieved. Test results are given in 
Table 2. 

Table 2: Tensile test results of heat treated samples. 

Cycle 
Yield 

Strength 
(MPa) 

U. Tensile 
Strength 

(MPa) 

Elongation 
(%) YS/TS 

Martensite 
Volume 
Fraction   

CAL 308 705 22 0.43 29.4 
CGL 322 708 22 0.46 28.2 
CGLm 345 762 19 0.45 32.0 
 
As seen on tensile test results CAL and CGL heat cycle 
results show similar ultimate tensile strength and 
elongation even soaking temperatures are different from 
each other. Also these two cycles have different soaking 
time but cooling regime after rapid cooling stage, CAL 
cooling performance is better than CGL cycle. It means 
that better cooling performance after soaking at 
intercritical region, increases hard phase (martensite) 
content in microstructure even annealing temperature is 
lower at intercritical region. Because, slow cooling has 
detrimental effect on the austenite transformation to 
martensite as it is understood from Figure 1. Also 
microstructure investigations support these results. 
Increasing annealing temperature promotes more 
austenite content in intercritical region but if cooling rate 
is lower, austenite content which transforms to martensite 
is going to be lower. 
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On the other hand, tensile test results of CGL process 
cycle have a higher yield strength than CAL process 
cycles with similar elongation. In point of fact lower 
yield point, whereof YS/TS is lower, is more preferable, 
because combination of high strength and formability. 
Even CAL cycle has lower annealing temperature, yield 
point is lower than specimens of CGL cycle because of 
long soaking time. In this stage, recrystallization of 
ferrite grains has been finished and grain growth has 
started with long period of soaking time. Effected by 
martensite transformation, mobile dislocations are 
generated in ferrite grains resulted decreasing of yield 
strength.  

Modified CGL heat cycle named as CGLm is detailed in 
Table 1. In this cycle, cooling rate has been increased 
after galvanizing bath. This variation has impressed 
tensile test results and microstructure directly. Table 2 
shows this strong effect. Ultimate tensile strength, yield 
strength and martensite volume fraction increased and 
naturally total elongation decreased. These results can be 
interpreted with investigation of CCT diagram of given 
composition which is mentioned above. As seen on 
Figure 1, martensite start (Ms) temperature of given 
composition is below 410°C. For this reason, through the 
hot dip galvanizing and also for a while after galvanizing, 
there is not any martensitic transformation. All 
transformation occur after galvanizing process. The rapid 
cooling stage at the start of the process gains time to 
transformation which is takes place after coating bath. 

 
CAL 

 
CGL 

 
CGLm 

Figure 2: Microstructure of the heat treated specimens 
which are etched by LePera (Blue: ferrite, White: 
Martensite). 

In Figure 2, the microstructure images of heat treated all 
samples which include ferrite and martensite phases are 
represented. In this figure the effect of soaking 
temperature, soaking time and martensite volume fraction 
is depicted. The images show that the even annealing 
temperature of CAL cycle lower than CGL heat cycle, 
because of long soaking time, ferrite and martensite 
grains are coarser than the CGL annealing cycles. 
Because of that yield point of specimens that treated by 
CAL heat cycle lower than specimens that treated by 
CGL cycle.  

The microstructure of CGL in comparison to CGLm, 
different martensite volume fractions can be seen. 
Because of pure cooling rate of CGL lower martensite 
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content has been observed. Thus these results have 
affected mechanical properties directly. 

4. Conclusion 

In the current work, the effect of CAL&CGL heat cycle 
characteristics on microstructure and mechanical 
properties of DP steels were studied. It was concluded 
that: 

 Even annealing temperature is lower, effective 
soaking time helps to obtain significant content 
of martensite transformation with lower yield 
point and remarkable total elongation. 

 Most of the chemical composition of DP steels 
has Ms lower than 450°C. So rapid cooling stage 
at the start of the CGL process should have 
better performance to obtain higher martensite 
content.  

 After hot dip galvanizing process may cooling 
regime can be increased but this modification 
should not damage coating surface.  

 Center line speed of CGL can be decreased. By 
this way soaking time can be increased but 
attention should be paid on rapid cooling 
section.  

Future works are being planned about increasing cooling 
rate of after hot dip galvanizing process without any 
disadvantage about coating quality. This process 
improvement is going to help development new 
generation AHSS. 
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Abstract 
 
In this present study, recent changes and developments 
in the steel production were evaluated. The effect of 
steel production on climate change was investigated. 

The steel industry is the second biggest industry in the 
world after oil and gas with an estimated global 
turnover of 900 billion USD. Steel is used in every 
important industry: the machinery, automobile, 
construction, infrastructure, shipbuilding and 
electronics. 

According to World Steel Association (WSA) in 2015, 
world crude steel production reached 1.6 billion tonnes 
showed a decrease of 4% over 2014. China remained 
the world’s largest steel producer (804 mt), followed by 
Japan (105mt), India (90 mt) the USA (79 mt), and 
South Korea (70 mt). Turkey produced 31.5 million 
tonnes. Per capita finished steel comsumption is 
estimated at 217 kg for world and 510 kg for china by 
WSA.  

Human influence on the climate system is clear. This is 
evident in most regions of the globe. 
 
As one of the major energy-consuming industries in the 
world the steel industry has a great influence on global 
warming. It is committed to making a positive 
contribution to the climate change issue. In the various 
countries, new projects and researches have started to 
decrease (CO2) emissions. 
 

Özet 
 
Bu çalı mada, yakın zamanda çelik üretimindeki 
de i im ve geli meler de erlendirildi.  Çelik üretiminin 
iklim de i imi üzerine etkisi incelendi.  

Petrol ve gaz sanayinden sonra tahmini 900 milyar abd 
doları küresel cirosuyla çelik sanayi  dünyada ikinci 
büyük sanayidir. Çelik makine üretimi, otomotiv, 
in aat, altyapı, gemi ve elektronik gibi her önemli 
sanayi dalında  kullanılmaktadır. 

Dünya çelik derne inin (DÇD) verilerine göre, 2015 
yılında dünya ham çelik üretimi 1 milyar 600 milyon 
ton (mt) oldu.  2015 yılı üretimi önceki yıla göre yüzde 
4 dü tü.  Ba ta gelen çelik üretecisi Çin’i (804 mt), 
Japonya (105 mt), Hindistan (90 mt), ABD ( 79 mt), 
Güney Kore (70 mt) izledi,  

Türkiye’nin ham çelik üretimi, 2015 yılında 31,5 
milyon ton oldu. 2015 yılında DÇD’ye göre ki i ba ına 
çelik üretimi dünyada 217 kilogram, Çin’de 510 oldu.  
 
nsano lunun iklim sistemine etkisi barizdir. Bu 

yerkürenin birçok bölgesinde açıkça bellidir.   
 
Dünyada en çok enerji tüketen sanayilerden biri olan 
demir çelik sanayinin küresel ısınmaya etkisi büyüktür. 
klim de i imi konusuna olumlu bir katkı yapmayı 

önemsemek gerekir.  Birçok ülkede karbondioksit 
(CO2)  çıkı ını azaltmak için yeni proje ve ara tırmalar 
ba latılmı tır. 

1. Giri  

 

 

Demir çelik sanayi  dünyada ikinci büyük sanayidir. 
Çelik, dü ük karbon dünyası için gereklidir.  klim 
de i ikli inin ekosistemlere olan etkisi nedeniyle her 
canlı ya amı olumsuz etkilenme riski ta ımaktadır.  
nsanlık varolu unu tehdit eden ve dünya tarihinin en 

önemli sorununa çözüm bulmalıdır. 

 
2. Dünyada Demir Çelik  

 
20. yüzyılın ba ında 28 milyon ton olan dünya demir 
çelik tüketimi yüzyılın sonunda 780 milyon ton 
olmu tu.  2000 yılından sonra özellikle Çin’de yapılan 
yatırımlarla, 2014 yılında dünya ham çelik üretim 

kapasitesi  tahminen 2,2 milyar tona ula tı. Bu kapasite 
artı ının yüzde 77’sini tek ba ına gerçekle tiren  Çin, 
demir çelik arzında belirleyici ülke oldu. 

 
ekil-1: Dünya Çelik Üretim ve Tüketimi  
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Küresel ham çelik üretiminin % 72’si entegre 
tesislerde, % 28’i yarı entegre tesislerde (EAO) 
üretilirken   ABD, Hindistan ve Türkiye’de üretilen 
çeli in ço u yarı entegre  tesislerde yapılmaktadır.   

 

ekil-2: Çelik Üretiminin Co rafi Da ılımı -2014[1] 

2015 yılında dünyada 1 milyar 600 milyon ton ham 
çelik üretildi, dünya çelik sektörünün ortalama kapasite 
kullanım oranı yüzde 73 oldu.  Dünyada ilk 10 demir 
çelik üreticisi ülkeler; Çin (804 mt), Japonya (105 mt), 
Hindistan (90 mt), ABD (79 mt), Rusya (71 mt), 
Güney Kore (70 mt), Almanya (43 mt), Brezilya (33 
mt), Türkiye (31,5 mt)  ve Ukrayna (27 mt)’dur.  [2]  
 
2015 yılında dünya ham çelik üretimi ve tüketiminin 
yarısı Çin’de gerçekle ti.  Çin’in artan çelik üretimi ve 
tüketimiyle, dünya üretimi co rafya de i tirdi.   

Tablo-1: Net ihracatçı ve thalatçı Ülkeler -2014 

 
 
Dünyada 2014 yılında net çelik  ihracat ve ithalatı  
yapan ülkeler  Tablo-1’de görülmektedir. hracat yapan 
ülkeler arasında Çin (78 mt) birinci sırada, Japonya (35 
mt) ikinci sırada ve Türkiye de 2,8 milyon tonluk çelik 
ihracatıyla 10 sırada yer almaktadır. thalat yapan 
ülkeler arasında ABD,  birinci sırada, Tayland, 
Vietnam, Suudi Arabistan, Cezayir, BAE, Mısır ve ran 
yer almaktadır.   
Geli mi  ülkelerde çelik tüketiminin yüzde 35’i in aat, 
yüzde 22’si otomotiv, yüzde 20’si metal ürünler, yüzde 
11’i makine sektörü tarafından tüketilmektedir. [3]  

                                                 
1 Dünya Çelik Derne i 2014  
2 Dünya Çelik Derne i,  2014 ve 2015 
3 Dünya Çelik Derne i-2012  

 

ekil-3: Geli mi  ülkelerin çelik tüketimi -2014 

3. Dünya ve Türkiye Döküm Sanayi 

2015 yılında Modern Casting dergisi tarafından yapılan 
Dünya Döküm Sanayi 49. Sayım sonuçlarına göre; 
2014 yılında dünyada bir önceki yıla göre yüzde 2,3 
artı la 103,6 milyon ton döküm üretimi 
gerçekle tirilmi tir.  Dünyada mevcut 34.090 
dökümhanede üretilen dökümün parasal kar ılı ı 
yakla ık 200 milyar dolar, döküm sektöründe çalı an 
ki i sayısı yakla ık 2 milyon civarındadır.[4] 

Dünya döküm üretiminde ilk on sıradaki ülkeler; Çin 
(46,2 mt), ABD (10,47 mt), Hindistan (10 mt), Japonya 
(5,5 mt), Almanya (5,2 mt), Rusya (4,2 mt), Brezilya 
(2,74  mt), G. Kore (2,63 mt), talya (2 mt) ve Türkiye 
(1,75 mt)’dur. 2014 yılında Çin ve ABD, dünya  
döküm üretiminin yüzde 55’ini, ilk 10 döküm üreticisi 
ülke de yüzde 88’ini gerçekle tirmi tir.  Dünya döküm 
üretiminin yüzde 46’sı pik döküm, yakla ık dörtte biri 
sfero döküm, yüzde 11’i çelik döküm, yüzde 16’sı 
demir dı ı dökümlerden olu maktadır.  

Türkiye, 2014 yılında 888 dökümhanesi ve 1 milyon 
750 bin tonluk döküm üretimiyle Avrupa’da 3. ve 
dünyada 10. sırada yer almı tır.  Döküm sektöründe 4 
milyar dolarlık katma de er yaratan.  Türkiye’nin 
döküm üretiminin yüzde 37’si pik döküm, yüzde 34’ü 
sfero döküm, yüzde 8’i çelik döküm, yüzde 17’si 
alüminyum döküm yüzde 2,9‘u da di er demir dı ı 
dökümlerden olu mu tur.  Bu sektörümüzde 20.000 
ki i çalı maktadır. 

4. Dünyada Paslanmaz Çelik  

Uluslararası Paslanmaz Çelik Forumu’nun verilerine 
göre 1950’li yılların ba ında 1 milyon ton civarında 
olan dünya paslanmaz çelik üretimi, 20. yüzyılın 
sonunda 20 milyon ton oldu.  2015 yılında dünya 
paslanmaz ham çelik üretimi önceki yıla göre yüzde 2 
oranında artarak 41 milyon 548 bin ton oldu. Dünya 
paslanmaz ve ısıya dayanıklı ham çelik üretiminin 
yüzde 52’si Çin de üretildi. [5] 

                                                 
4 Modern Casting /Aralık 2014, Dünya Döküm Sanayi 49. Sayımı  
5 ISSF, Uluslararası Paslanmaz Çelik Forumu haber bülteni, 
www.wordstainless.org 
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5. Türkiye’de Demir Çelik  

Bugün, Türkiye'de birisi Orta Karadeniz; Karabük ve 
Ere li'nin bulundu u yer, ikincisi Akdeniz; skenderun 
ve Ekinciler’in bulundu u yer, üçüncüsü Marmara 
Çolako lu'nun ve ark ocaklarının bulundu u yer; 
dördüncüsü Alia a zmir; orası da ark ocaklarının 
bulundu u yer olmak üzere dört tane demir-çelik a ır 
sanayi merkezi vardır. Demir çelik üretimi ülkemiz için 
stratejik sektördür.[6]  
 
Ham çelik üretim kapasitesi 2000 yılında 20 milyon 
tondan 2013 yılında 50 milyon tona ula an Türkiye, 
2015 yılında 31,5 milyon ton ham çelik üretti, ortalama 
kapasite kullanım oranı yüzde 63 oldu. 2015 yılında 
Türkiye Avrupa’nın 2. ve dünyanın 9. büyük demir 
çelik üreticisi olmu tur. [7]   
 
Türkiye’de ham çelik üretim kapasitesinin yüzde 24’ü 
entegre tesislere, yüzde 76’sı yarı entegre tesislere 
aittir.  Sektörde kütük ve slab olarak iki ana yarı mamul 
grubu üretilmektedir.  Türkiye’nin ki i ba ına çelik 
kullanımı 2014 yılında 405 kg.’dır.   
 

 
Türkiye demir ve çelik sektöründe üretilen çeli in 
yüzde 80’i in aat ve otomotiv sektörü tarafından 
tüketilmektedir.  Geli mi  ülkelerde in aat ve otomotiv 
sektörü üretilen çeli in yüzde 57’sini kullanılmaktadır. 
( ekil-3)  
 
DÇD’nin verilerine göre Türkiye’nin 2014 yılında 
çelik ihracatı 16,2 mt, çelik ithalatı 13,4 mt, net çelik 
ihracatı 2.8 mt ‘dur.  Dünyanın 9. Çelik üreticisi 2014 
yılında ithal hurda miktarı 19,1 mt olmu tur.    

Demir Çelik Dı  Ticaret Dengesi Hesabı 
______________________________________ 
Netçelik ihracatı=2,8 mt x 750 $/ton=2,10 milyar $ 
Hurda thalatı=19,1 mt x 200 $/ton =- 3,82 milyar $ 
-------------------------------------------------------------- 
                          Toplam Dı  Açık = -1,72 milyar $ 
Çelik ihrac fiyatı yakla ık ortalama 750 dolardan 
toplam çelik ihracatı 2,10 milyar dolar, hurda ithal ton 
fiyatı yakla ık 200 dolardan  toplam ithalat 3,82 milyar 
dolar olup dı  ticaret açı ı 1 milyar 720 milyon dolar 
olarak  hesaplanmı tır. Bu hesaplamada ithal edilen ve 

                                                 
6 Paydossuz Bir Ya am, Selahaddin ANBA O LU, Türk Demir Çelik Sektörünün Dünü ve 
Bugünü, TMMOB Metalurji Müh. Odası, 1998, s.93. 
7 Türkiye Çelik Üreticileri Derne i, www.dcud.org.tr 

üretimde kullanılan ferro ala ım elementleri ve di er 
girdiler ihmal edilmi tir.  Türkiye, hammadde 
bakımından ithalata ba ımlıdır. Sektör hemen hemen 
tüm girdilerde net ithalatçı konumdadır.   2014 yılında 
dünyada üretilen hurdanın yüzde 20’sini ithal den 
Türkiye, dünyanın en çok hurda ithal eden ülkesidir. 
Son yıllarda çelik sektöründe ya anan sıkıntılar 
nedeniyle ülkelerin kendi üreticilerini korumak için 
özellikle hurdada ihracatı engelleyici tedbirler aldı ı 
görülmektedir.  En fazla hurda ithalatını 
gerçekle tirdi imiz AB’de Avrupa Komisyonunun 
hurda ihracatını sınırlamaya dönük kararı da bu 
kapsamdadır. Ukrayna ve Rusya arasında ya anan 
gerginlik hurda ithalatında fiyatların artmasına neden 
olmu tur. Dünyada çelik üretim kapasitesi fazlası 
nedeniyle rekabetin arttı ı, bu nedenle ihracatta kar 
marjı dü mektedir.  Çelik ürünleri ithalatı ve hurda 
fiyatları bu dönemde artmı tır. 

Demir cevheri fiyatlarında önemli dü ü  ya anmasına 
ra men hurda fiyatlarında benzer bir e ilim 
görülmemektedir. Bu durum entegre tesislerin 
maliyetlerine olumlu yansırken yarı entegre tesislerin 
maliyetlerinin artmasına neden olmaktadır.  Demir 
cevheri tüketiminin yarısı Brezilya, sveç ve Rusya’dan 
ithal edilmektedir.   
Dünyanın 9. Çelik üreticisi Türkiye, hammadde 
bakımından ithalata ba ımlıdır.  
 

TÜS AD- Sabancı Üniversitesi Rekabet Forumu (REF) 
ve Sektörel Dernekler Federasyonu (SEDEFED) 
tarafından Kasım 2011’de yayımlanan Demir Çelik 
Sektörü Rekabet Gücü Raporu’nda, yapılan Bayes 
analizi sonuçlanın destekledi i gibi Türkiye’nin demir 
çelik sektöründe hedeflenen ihracat düzeylerine 
ula abilmek, gerekse de iç pazar büyüklü ünü istenilen 
düzeylere ula tırabilmek için ürün farklıla tırmasına 
gidilmesi, katma de eri yüksek, üstün kalitede yeni 
ürünler üretilmesi ve tedarikçi kalitesinin artırılması 
gerekmektedir.   [8] 

Türkiye, dünyada krom cevheri üretiminde ilk 8 ülke  
içindedir. Krom cevherimiz yüksek kalitelidir. 
Yalnızca krom üreten Türkiye ve Arnavutluk’un 
paslanmaz çelik tesisi yoktur.  Küba’da ihracat 
yapabilen 150.000 ton kapasiteli bir paslanmaz çelik 
tesisi bulunmaktadır. Ülkemiz demir ve çelik 
üretiminde birikim ve deneyim sahibidir. Türkiye için 
paslanmaz çelik üretimi kritik bir teknolojidir. 

6. klim De i ikli i 

Dünyada en çok enerji tüketen sanayilerden biri olan 
demir çelik sanayinin küresel ısınmaya etkisi büyüktür.   

Kesin olarak biliyoruz ki iklim de i ikli i dünyayı 
etkiliyor ve bunun temel nedeni de atmosfere 

                                                 
8 TÜS AD Sabancı Üniversitesi Rekabet Forumu (REF)  Demir 
Çelik Sektörü Rekabet Gücü Raporu (2011) 
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saldı ımız sera gazlarıdır. Karbondioksit (CO2), metan 
(CH4), ve diazotmonoksit (N2O) gazlarının atmosferik 
birikimleri en az 650.000 yıllık dönemde hiç olmadı ı 
kadar yüksek bir düzeye ula tı.  CO2 birikimleri, temel 
olarak fosil yakıt yanması ve ikincil olarak net arazi 
kullanımı de i ikli inden kaynaklanan salımlar 
nedeniyle, sanayi öncesi döneme göre arttı. Okyanuslar   
atmosfere salınan insan kaynaklı Karbondioksitin 
yakla ık yüzde 30’unu emerek asitlendi. 

IPCC, Sanayi Devrimi sonrası küresel sıcaklık 
artı larının 4 dereceyi bulmasının kabul edilemeyecek 
boyutta riskler ve tehlikeler ta ıdı ını belirtirken, 
artı ları 2 derecede tutmak için ne yapılması 
gerekti ine dikkat çekiyor.  Bugün hala dünya enerji 
ihtiyacının yüzde 80’den fazlasını sa layan fosil yakıt 
rezervlerinin, kömür, petrol ve do algazın, 
önümüzdeki on yıllardan itibaren yeraltında kalmaları 
gerekti ine i aret ederken, 2050 yılına kadar 
yenilenebilir enerji kaynaklarından enerji tedari inin 3 
hatta 4 kat artması gerekti ini vurgulanıyor.   

7. Sonuçlar 

Prof. Dr. Sayın Do an KUBAN anlatıyor: “…Ülke 
nüfusunun yüzde 70’i kentlere göçmek zorunda kalmı .  
Tek egemen sanayi in aat alanında.   Bu durumun 
arkasında üç bilinen neden var: Birincisi kentlere dolan 
insanlara konut sa lamak, ikincisi niteliksiz i çiye i  
sa lamak, üçüncüsü politikacılara sınırsız toprak ve 
yapı rantı gelirinden pay almak olana ı vermek.  
Bunların ikisi olumlu, üçüncüsü çe itli parametrelerle 
olumsuz. Bu üçüncü faktör ülkenin geri kalması ve 
uluslararası ekonomide sömürülmesi yolunu açan temel 
ekonomik handikaptır.  Bunun göstergelerinin ba ında 
büyük kentler geliyor.  Megapolisler geri kalmı  ülke 
göstergeleridir.  Bugün  Avrupa’nın hiçbir ülkesinde 
stanbul’daki gibi freni patlamı  yapıla ma furyası 

yoktur.”[9] 

n aat sektöründe geli mi  ülkelerde çelik tüketimi 
yüzde 35 iken Türkiye’de yüzde 67’dir. Yüzde 32’lik 
fark,  in aat sektörünün Türkiye’deki a ırlı ı 
göstermektedir. 

Bugün dünya hurda ithalatında birinci ve geri 
dönü ümcü olan; ço u ithal girdilerle, dünyada üretilen 
çeli in yüzde 2’sini üreten Türkiye,  enerji fiyatlarında 
ya anacak artı lar ve dünyada önde gelen çelik üreticisi 
ülkelerin sahip oldukları  ölçek ekonomisi avantajları 
nedeniyle demir çelik sektöründe rekabet gücünü 
sürdürmekte zorlanacaktır.  Türkiye’nin demir çelik 
sektöründe ürün farklıla tırmasına gitmesi, paslanmaz 
gibi katma de eri yüksek, üstün kalitede yeni ürünler 
üretilmesi gerekmektedir.    

                                                 
9 Do an KUBAN-Bugüne nasıl geldi imizi unutursak! 
HBT Sayı 5, sayfa 5, 29 Nisan 2016 

Dünyada demir çelik üreten ilk 7 ülke, dünyada en çok 
motorlu araç üreten ve döküm yapan ülkelerdir. Çelik, 
dü ük karbon dünyası için gerekli olmakla birlikte; bu 
7 ülke üretimlerinde en çok enerji kullanan ayni 
zamanda  en çok karbondioksit çıkı ına neden olan;  
di er bir de i le iklim de i ikli ine en fazla katkısı 
olan ülkelerdir.  klim de i iminin sonuçlarından ilk 
etkilenen ülkelerse, bu 7 ülkeden farklı ülkelerdir.   

Hükümetlerarası klim De i ikli i Paneli (IPCC)’nin 
ard arda çıkan son raporları, iklim de i ikli inin bugün 
gerçekle mekte oldu unu, ba ta tarımsal üretimin 
gerilemesi olmak üzere insani ve ekonomik yıkımın u 
anda ya anmakta oldu unu kontrol altına alınamadı ı  
takdirde olacaklara ve sonuçlara i aret ediyor. [10]  

Sera gazlarının sürmekte olan salımları, daha fazla 
ısınmaya ve iklim sisteminin tüm bile enlerinde 
de i ikliklere neden olacaktır.  klim de i ikli inin 
sınırlandırılması, sera gazı salımlarının önemli 
miktarda ve sürekli azaltılmasını gerektirecektir. 
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3.Yüksek Fırın Hazne Tamiratı 
• Blast Furnace #3 Hearth Repair

Gökhan Baki, Ahmet Serter Karabıyık, Fatih Şatır, 
Memduh Kırcan 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

 
Abstract 

In this study Blast Furnace #3 hearth repair that was 

performed in January 2015 at Iskenderun Iron and 

Steel Co. (ISDEMIR) is examined. 

Campaign life of blast furnaces are strongly related 

with the condition of the hearth which is lined with 

different types of carbon blocks. To achieve up to 

12-15 years of projected BF campaign life is relevant 

with resistance of these carbon blocks lined at hearth 

that is expose to hot metal and slag penetration. 

After the necessity of a hearth repair emerged at 

Blast Furnace #3 that has been taken into operation 

in 2007, for selecting a suitable repair method 

meetings were organised with expert refractory 

suppliers and companies that made hearth repair 

before. The decision of hearth repair had been taken 

after the feasibility studies for calculation of the 

production loss during hearth repair, necessary repair 

budget and life expectancy of repair has done. First 

time in Turkey it is planned to do such a hearth 

repair. 

During the hearth repair not all of the carbon blocks 

were demolished. Towards the problems that was 

faced at the working period of blast furnace, only the 

carbon blocks around 120 degree area of iron 

notches were demolished and changed completely as 

predicted. For increasing the existing refractory 

thickness of repair, moulding was done inside hearth 

of blast furnace and a highly conductive refractory 

concrete was casted between the new carbon blocks 

and moulds. 

In parallel to this job a total 59 of damaged cooling 

staves both at hearth and shaft were replaced.  

Özet 

Bu çal mada; skenderun Demir ve Çelik A.  

( SDEM R) 3.Yüksek F r n’da 2015 y l nda yap lm  

olan “Hazne Tamiri” incelenmi tir. 

Yüksek F r nlar n kampanya ömürleri çe itli 

kalitelerde karbon bloklar ile örülü haznenin ömrü ile 

do rudan ilgilidir. Yüksek f r nlar n 12-15 y ll k 

kampanya dizayn  ömürlerine ula abilmesi haznede 

yeralan karbon bloklar n s v  metal ve curuf 

penatrasyonuna olan direncine ba l d r. 

2007 y l nda devreye al nm  olan SDEM R 

3.Yüksek F r n’da bir hazne tamiri gereksinimi 

ortaya ç kmas  ile birlikte ilgili tamir metodunun 

belirlenebilmesi amac yla konusunda uzman 

refrakter üreticileri ve daha önce hazne tamiri yapm  

firmalar ile toplant lar düzenlenmi tir. Tamirat 

esnas ndaki duru tan kaynaklanacak üretim kayb , 

tamirata ayr lacak bütçe ve tamirat sonras  beklenen 

f r n ömrü hususlar n fizibilitesi sonras  bu tamirat n 

yap lmas na karar verilmi tir. Al nan karar sonras  

Türkiye’de ilk defa hazne tamirat  yap lmas  

planlanm t r. 

F r n n çal ma sürecinde ya anan s k nt lar 

do rultusunda öngörüldü ü gibi döküm delikleri 

bölgesinde (yakla k 120 derecelik alan ) karbon 

bloklar tamamen sökülerek yeni karbon tu lalar ile 

örümü gerçekle tirilmi tir. Mevcut refrakter 

kal nl n  art rmak amac yla hazne içerisine 

kal plama yap larak, iletkenli i yüksek refrakter 

beton kal p ile örümü yap lan bloklar aras na 

dökülmü tür. 

Yap lan tamirata paralel olarak yüksek f r n hazne ve 

gövdesinde hasarlanm , so utma fonksiyonunu 
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yerine getiremez duruma gelmi  toplam 59 adet stave 

de i tirilmi tir. 

1.Giri  

3. Yüksek F r nda Tamirat Öncesi Ya anan 

Sorunlar 

Dünyada yüksek f r n literatüründe de belirtildi i 

gibi yüksek f r nlar n ömrü f r n n hazne 

refrakterlerinin performans na ba l d r. 3.Yüksek 

f r nda tamamlanan hazne tamiri i i, 2008 y l ndan 

2013 y l na kadar ya anan vakalar sonucunda 

hayata geçirilmi  bir projedir.  

3.Yüksek F r n Temmuz 2006- ubat 2007 tarihleri 

aras nda gerçekle tirilen reline’ n ard ndan ubat 

2007 tarihinde devreye al nm t r. 3. Yüksek 

F r n’da kampanya süreci içerisinde döküm deli i 

ve hazne bölgelerinde z rh delinmesi olaylar  

ya anm t r. Meydana gelen bu olaylar sonras  

çe itli tamiratlar yap lm , bu esnada döküm deli i 

so utucular n n baz lar  de i tirilmi  ve f r n bo  

durdurulmadan, mevcut hasarl  z rh kesilerek 

karbon tu lalar kontrol edilmi tir. Orijinal kal nl  

azalm  olan karbon tu lalar d ar dan müdahale ile 

tamir edilmi tir. 

F r n z rh nda ya anan en son problemin ard ndan 

hazne tamirine kadarki süreçte f r n çal ma 

parametreleri de i tirilerek daha dü ük tempoda 

sadece 1 no’lu döküm deli i kullan larak toplam 

20/24 tüyer ile çal lmas na karar verilmi tir. 

Günlük üretim hedefi 5.000 ton s v  ham demirden 

3.800 tona çekilmi tir. 

Yap lan tamiratlar sonras  2019 y l nda yap lmas  

öngörülen re-line’a kadar 3. Yüksek F r n n bu 

durumda çal amayaca  tespit edilmi tir. Bu 

nedenle f r n n hazne refrakter durumu ve olas  

yar m re-line ihtiyac n n (hazne tamiri) 

de erlendirilmesi amac yla konusunda uzman 

firmalar n i letmemize davet edilmesi karar 

verilmi tir. letmemize davet edilen uzmanlar ile 

yap lan görü meler neticesinde son yap lan 

tamirat n 6-12 ay gidebilece i belirtilmi tir. ubat 

2014’de al nan karar ile;  

a) Gövdedeki yan k so utucular n de i tirilmesi ve 

tüyer üstü k sma shot-crete yap lmas , döküm 

deli ini kapsayacak karbon bloklar n de i imi, 

haznenin geri kalan k sm nda ise karbon bloklar n 

önüne tu la örülüp refrakter beton dökülmesi  

b) Hazne yan duvarlar  ve taban ilk s ras n  

kapsayacak ekilde karbon tu lalar n de i tirilmesi 

alternatifleri görü ülmü  ve tamir yap lmas na karar 

verilmi tir. 

Tamir karar n n al nmas n n ard ndan hazne tamiri 

için gerekli tüm haz rl klar 10 Ekim 2014 tarihinde 

bitirilmi tir. sdemir bünyesinde olu turulan 

ekiplerin haz rlad  projeler ile birlikte hizmet 

al mlar  da yap larak proje 53 günde sonuca 

ula m t r. 

2. Hazne Tamiri Kapsam  ve Haz rl klar 

Hazne tamir projesi daha önce dünyada benzer 

çal malar  ile referanslar  bulunan Magneco-Metrel 

firmas ndan refrakter malzeme ve hizmet al m  

yap larak gerçekle tirilmi tir. Çal malar Refrakter 

Müdürlü ü koordinatörlü ünde yürütülmü tür. 

Proje kapsam olarak; tüyer band na kadar iki 

döküm deli ini kapsayacak ekilde +6700 - +12307 

kotlar  aras nda yakla k 5,6m yüksekli indeki 

120o’lik alana küçük karbon bloklar n örülmesi, 

örülen karbon bloklar  kapsayacak ve f r n içi 

çal ma astar  kal nl n  art rarak ekilde 5,44m 

yüksekli inde ve 360o’lik alana kademeli olarak 

refrakter beton dökümü ile tüyer band  ve üstü dahil 

olacak ekilde gövde shot-crete i lemini 

içermektedir.   

Tamir kapsam  çal an thermocouplerdan al nan 

s cakl k verilerden f r n içerisinde hangi bölgelerin 

a nd  ve a nma profili tahmin edilerek 

belirlenmi tir. Tamirat projesi kapsam nda f r n 
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içerisinde döküm deli i etraf nda kullan lmas  

planlanan küçük karbon bloklar n dizayn  sdemir 

taraf ndan yap larak, Avrupa ürettirilmi tir. Gerek 

Avrupa’da ürettirilen karbon bloklar n, gerekse de 

Çin’de üretilen bütün refrakter beton, shot-crete ve 

proje kapsam ndaki malzemelerin Yüksek F r nlar 

Müdürlü ü ve Refrakter Müdürlü ünce yerinde 

ilgili kontrol ve incelemeleri üretici tesisinde 

yerinde yap lm t r. 

Kullan lacak malzemelerin üretiminin tamamlan p, 

yerinde kontrol edilerek sdemir’e gelmesinin 

ard ndan bütün haz rl klar tamamlanm  ve 3. 

Yüksek F r n bo  durdurma operasyonu ile 

16.01.2015 tarihinde saat 18.00’da durdurulmu tur. 

Salamanderin al nmas  için, gerekli kanal ve 

ta y c  aya  duru  öncesi f r n alt na monte 

edilmi tir.  

Salamander alma i leminin tamamlanmas n n 

ard ndan planland  ekilde ikinci döküm 

deli inden pencere aç lma çal mas  ba lat lm t r. 

kinci döküm deli inden aç lan pencere ölçüleri i  

makinelerinin rahatça f r n içerisine girebilmeleri 

amac  ile 4x4.4 metre olarak belirlenmi tir.  

 

Resim 1. Temizlik öncesi f r n haznesi 

 Resim 2. Hazne içi yap lan temizlik çal mas  

  Resim 3. Hazne içi yan duvar refrakterlerinde 

dökülecek beton için uygun temas yüzeyi 

olu turulmas  amac yla yap lan t ra lama 

 

 D  haz rl klar n tamamlanmas n n ard ndan, f r n 

içinde gerekli temizlik çal malar  yap lm t r. 2 

döküm deli i etraf nda örülecek refrakter karbon 

bloklar n montaj na haz rl k için mevcut karbon 

refrakterde uygun derz yüzeyi ve yüksekli i 

bulunarak temizlik yap lm t r. Karbon bloklar 

arkas  360o’lik alanda uygulanacak refrakter 

betonun eski refraktere olan tutunmas n  art rmak 

için mevcut refrakter yüzeyi t ra lanm t r. Ayr ca 

beton dökümü öncesi tutunmay  art r c , ara yüzey 

aktifle tirici Metbond-A uygulamas  yap lm t r. 
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Resim 4. Temizlik sonras  f r n haznesi 2. döküm 

deli inden aç lan kap y  kapsayacak ekilde 

görünüm 

 

Resim 5. Temizlik ve t ra lama sonras  f r n 

haznesi genel görünüm 

 

3. Hazne Karbon Tu la Örümü,  Beton Dökümü 

ve Tüyer Band  Shot-Crete 

Hazne içi temizli i ve karbon tu la örümünün 

yap laca  +6700 kotunda uygun derz yüzeyinin 

bulunarak örüme haz r hale getirilmesinin ard ndan, 

iki döküm deli ini de kapsayacak 120°‘lik alanda, 

5,6m yüksekli inde ve dikeyde 28 s ra olacak 

ekilde SGL firmas ndan temin edilen toplam 1030 

adet 400mm kal nl nda RDN-7 kalite küçük 

refrakter bloklar n montaj  yap lm t r. Refrakter 

tu la montaj n n tamamlanmas n n ard ndan karbon 

tu lalar ile so utucular aras na yüksek s  

iletkenli ine sahip Metpump XSR malzeme ile 

dolgu yap lm t r. 

 

Resim 6. Döküm deli i çevresi refrakter tu la 

örümü 

 

Resim 7. Yeni örülen küçük karbon bloklar ile 

mevcut karbon bloklar n birle imi 

Karbon tu la montaj  ve arka dolgunun 

yap lmas n n ard ndan, 1,8m, 1,6m ve 2,04m 

yüksekli inde 3 boy kal p ile toplamda 5,04m 

yüksekli inde ve 360°’lik alanda olacak ekilde 

yüksek iletkenli e sahip Metpump 10 kalite refrakter 

beton ile dökülmü tür. 

1,8m’lik 1. kal p ile karbon tu la aras  600-700mm 

kal nl nda olacak ekilde 119,5 ton, 1,6m’lik 2. 

kal p arkas  81,5 ton ve 2,04m’lik 3. kal p arkas  86 

ton, toplamda 3 boy kal p arkas  287 ton Metpump 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

89718. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

 

 

10 kalite refrakter beton ile 5 gün sürede 

dökülmü tür. 

Refrakter beton  tek bir seferde dökülmeyerek, her 

bir döküm sonu donma için 6-12 saat aras  

beklenilip, kademeli olarak dökülmü tür. 

 

Resim 8. 1,8m’lik 1. kal b n beton dökümü 

 

Resim 9. 1,6m’lik 2. kal b n beton dökümü 

 

Resim 10. 2,04m’lik 3. kal b n beton dökümü 

Hazne yan duvarlar ndaki beton dökme i lemi özet 

bilgileri a a daki tablodaki gibidir.  

 

Tablo 1. Hazne beton dökümü özet bilgileri 

Beton döküm i leminin bitirilmesinin ard ndan 

tüyer alt  seviyesinden bosh bölgesi B1 stave 

so utucu alt hizas na kadar beton dökümünde 

kullan lan Metpump 10 ile 14 saat sürede tüyer 

band   Shot-Crete i lemi 111 ton malzeme 
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kullan larak tamamlanm t r. 

 

Resim 11. Tüyer band  shot-crete öncesi haz rl klar 

Tüyer band na yap lan shot-crete i leminin 

tamamlanmas n n ard ndan 1 no’lu kal p ile 2 no’lu 

kal p ke i im bölgesinde kö eli geçi e (yataydaki 

kal nl k fark na) 10 ton Metpump 10 ile shot-crete 

yap lm t r. 

 

 

 

Resim 12. Shot-crete sonras  tüyer band  

 

Resim 13. Kal p al m  sonras  hazne yeni montaj  

yap lan karbon bloklar arkas na dökülen  refrakter 

betona ait görüntü 

 

ekil 1. Hazne ve tüyer band  refrakter tamiri  

(mavi: betonlu bölge, turuncu: shot-crete’li bölge) 

 

4. Hazne ve Gövde Stave (So utucu) De i imi 

3.Yüksek F r n’ n yol verildi i ubat 2007’den 

Ocak 2015’e geçen sürede hasarlanan bak r ve 

dökme demir stave (so utucu) hazne tamiri 

projesine paralel olarak de i tirilmi tir. 

So utucu de i imi hazne ve gövde olmak üzere iki 

k s mda yap lm t r. Hazne k sm nda döküm deli i 

etraf nda bulunan toplam 15 adet ve f r n üst 

k sm nda bulunan toplam 44 adet so utucu 

de i tirilmi tir. Hazne tamirat  projesi kapsam nda 

genel toplamda 59 adet so utucu de i tirilmi tir. 
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Resim 13. Stave de i imi sonras  f r n içi görüntü 

Stave ile z rh arkas na 60,5 ton Magneco SF-S 

malzemesi ile enjeksiyon yap lm t r. 

  

 

 

Hazne tamirat  ve so utucu de i imine paralel 

olarak toplam 477 adet thermocuple dan çal mayan 

287 adeti de i tirilmi tir. 

So utucu de i imine s ras nda +38500 kotuna 

montaj ve demontaj çal malar n n yap labilmesi ve 

i  güvenli i aç s ndan sabit platform kurulmu tur. 

Ayr ca +17010 kotuna haznede gerçekle tirilecek 

olan çal malar ve f r n üstü stave de i imi i lerinin 

paralel olarak yürütülebilmesi için tüyer üstü 

seviyesine gelecek ekilde sabit emniyet platformu 

kurulmu tur. 

 

5. Gövde Shot-Crete 

Gövde so utucular n n de i tirilmesinin ard ndan 

shot-crete i lemi B1 s ra stave so utucundan 

ba lat larak, +24.972 kotuna kadar 177,5 ton 

Metpump 10 malzemesi kullan larak, kal nl k tamir 

projesine uygun olarak 150-200mm kal nl nda 

olacak ekilde 13,5 saat sürede tamamlanm t r. 

+24.972 ile +35.696 kotlar  aras  121 ton Metpump 

SX SC kalite malzeme kullan larak (proje göre R2 

s ras nda 100mm’ye incelecek ekilde), kal nl k 

150mm olacak ekilde 17 saate tamamlanm t r. 

Shot-crete i lemi f r n içine kurulan hareketli 

platformun yükseltilmesi ile durmaks z n devam 

etmi tir. 

Biten gövde shot-crete’i sonras  f r n içi 

platformunun sökülmesinin ard ndan tüyer üstü B1 

stave ile sabit platformun kapatt  alana 58 ton 

Metpump 10 ve 33,5 ton Metpump 10 SC ile shot-

crete yap larak f r n içi shot-crete çal malar  

tamamlanm t r. 

 

Resim 14. Devam eden shot-crete i lemi 

 

Resim 15. Gövde bölgesi shot-crete i lemi 

F r n gövdesi shot-crete ile tamirinde 346,5 ton 

Metpump 10 ile 164,5 ton Metpump SX-SC 

kullan larak, toplamda 511 shot-crete malzemesi ile 

tamirat tamamlanm t r. 
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6. F r n Kurutma lemi ve Devreye Alma 

Hazne tamiri ve gövde shot-crete i lerinin 

tamamlanmas n n ard ndan f r n kurutma i lemine 

geçilmi tir. F r n kurutmas nda izlenilen s cakl k 

a a da verilmektedir. 

 

Tablo 2. Hazne kurutma tablosu  

09.03.2015 tarihinde 3. Yüksek F r n devreye 

al nm t r. 

 

5. Sonuç: 

3. Yüksek F r nda 2007 y l ndaki reline ndan 2014 

y l na kadar geçen süreçte ya anan s k nt lar 

neticesinde 2014 y l  ubat ay nda hazne tamiri 

karar  al narak çal malar ba lat lm t r.  

Planlanan hazne tamirat  kapsam nda 16.01.2015 

tarihinde f r n  bo  olarak durdurularak, 

tamamlanan hazne tamirat sonras  09.03.2015 

tarihinde devreye al nm t r. Proje toplamda 53 

günde tamamlanm t r. 

Hazne tamirat n n tamamlanmas n n ard ndan 

09.03.2015 tarihinden 16.04.2015 tarihine kadar 3. 

Yüksek F r n’da ~ 2 milyon ton s v  maden üretimi 

gerçekle mi  olup, 3. Yüksek f r n üretimine 

sorunsuz olarak devam etmektedir. 

 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

90118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

Demir Çelik Sektöründe Meslek Hastalığı Riskinin 
Yönetilmesi ve Sektöre Özgü Etkin Sağlık Gözetimi 
Kurulması • Management of the Occupational Disease 
Risks in the Iron and Steel Industry and the Establishment 
of an Eff ective Sector Specifi c Health Surveaillance

Ali Rıza Tiryaki 

Artı OSGB - Türkiye

AB uyum süreci kapsamında ülkemizde iş sağlığı ve güvenliğini ilgilendiren  mevzuatta (İş Kanunu, Ceza Kanunu, 
Borçlar Kanunu, SGKK ..vb.) dramatik değişiklikler meydana gelmiş, 6331 sayılı –müstakil-İş Sağlığı ve Güvenliği 
Kanunu yürürlüğe girmiş, işverenler için ciddi yükümlülük ve yaptırımlar getirilmiştir.

Ülkemizde her yıl yaklaşık yeni 400.000 meslek hastalığı vakası beklenirken tesbiti yapılabilen meslek hastalığı sayısının 
400’ü aşmaması gerçeğinden hareketle, Ulusal İş Sağlığı ve Güvenliği Politika belgelerinde konu hassasiyetle ele alınmış, 
zorlayıcı hedefl er konulmuştur.

Sağlık Bakanlığı ve Çalışma Sosyal Güvenlik Bakanlığı  tarafından “Türkiye’de Meslek Hastalıkları Konusunda Tespit, 
Tanı ve İSG Profesyonellerinin Duyarlılığının Artırılması” çalışmaları “tam bir seferberlik halinde” başlatılmış, bir dizi, 
bir birini izleyen, tamamlayan sistemli bir faaliyet yürütmüştür.

Yenilenen iş sağlığı ve güvenliği mevzuatı ve izlediğimiz gelişmeler riskin büyüdüğünü, konunun stratejik önemine uygun 
düzeyde proaktif olarak iyi yönetilmesi, kamu otoritesi tarafından alınan kararlar ve yürürlüğe konulan uygulamaların 
dikkatle izlenmesi, olası sonuçlar ve etkilerin ivedi olarak değerlendirilmesi gerekliliği doğmuştur.

Bu sunumda, meslek hastalığı riski büyük ve muhtemelen yıllar içinde adı konmayan vaka yükü bakımından duyarlı, 
demir-çelik sektöründe yasal uyum düzeyinin artırılması, sektörün özgül koşul ve ihtiyaçlarının tanımlanması, mesleki 
sağlık gözetimi standartlarının ve etkinliğinin, iyileştirilmesi, önleme ve yönetme kapasitesinin geliştirilmesi konuları ele 
alınacak, somut sektörel durum göstergeleri ve çözüm önerileri tartışmaya açılacaktır. 
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Production of Ferromanganese, Zinc and Potassium 
Hydroxide From Spent Alkaline Batteries

Selçuk Yeşiltepe, M. Kelami Şeşen 

İstanbul Technical University - Türkiye

Abstract 
 
Battery waste is hazardous for environment therefore 
disposal of waste batteries should be done carefully. In 
European Union and Turkey, battery disposal is under 
control by law. Recycling technologies are encouraged by 
state in order to reduce waste battery amount, and for 
environmental concerns. In this study, alkaline battery 
waste used to produce ferromanganese, zinc and potassium 
hydroxide. Thermodynamic conditions are determined and 
a process is offered for recycling of waste alkaline 
batteries. Potassium hydroxide is recovered from spent 
alkaline batteries by washing with water. Zinc is in oxide 
form in spent alkaline batteries and recovered by 
carbothermic reduction then solving in sulphuric acid. To 
produce ferromanganese steel cover of batteries and 
leftover battery powder is smelted in graphite crucible, 
under slag and even not commercial grade a 
ferromanganese alloy is produced. The limitations of 
process and promising features for developing it explained 
briefly. 
 
1. Introduction 
 
Batteries are classified in two categories as primary and 
secondary batteries. Primary batteries are single-use 
batteries so once exhausted chemical reactions that create 
electrical potential cannot be reversed by an out force. In 
case of secondary batteries, exhausted batteries can be re-
charged by electrical energy and chemical reactions of 
batteries are reversible. [1] 
Primary batteries are; zinc – carbon, zinc – air and alkaline 
batteries. Primary batteries are mostly used in simple 
electronic devices; remote controller, digital camera, 
hearing aid devices etc.  Secondary batteries are; nickel – 
cadmium, nickel – metal hydride, lead – acid, lithium ion, 
lithium polymer batteries. Secondary batteries are used as 
automotive battery, laptop and mobile phone battery and 
industrial batteries. Market share of battery types are given 
in Table 1. [1] 
As seen in Table 1 primary batteries are the most used 
batteries. Used primary batteries are waste batteries due to 
irreversible chemical reactions. Since the batteries contain 
metals, acidic or basic substances waste batteries must be 
taken care of carefully. 
 

 
Table 1. Market Share of Battery Types.[2] 

 Battery Type Market Share 

Primary Batteries 37% 

Secondary Batteries 63% 

                 - Automotive Batteries 47% 

              - Industrial Batteries 27% 

        - Other Batteries 26% 

 
Waste batteries should not be mixed with household wastes 
otherwise dangerous substances of batteries can 
contaminate soil, water or underground water reserves. 
European Union declared 2006/66/EC directive about 
waste batteries. The directive contains restricted materials 
in batteries, targets for waste battery collection and 
recycling technologies and targets. Market share of primary 
type batteries are given in Table 2. [3] 

 
Table 2. Market Share of Primary Batteries (2003).[4] 

Battery Type Market Share 
Alkaline 75% 
Zn – C 23,5% 

Other (Zn – Air, AgO, etc.) 1,5% 
 
As seen in table 2 primary battery market is dominated by 
alkaline batteries. Alkaline batteries are more preferred due 
to their discharge depth and performance in use. The 
component makes alkaline batteries perform better than 
other batteries is alkaline basic electrolyte which is KOH. 
Anode and cathode materials are same in Zn – C and 
alkaline batteries as, zinc anode and MnO2 cathode. 
Chemistry of batteries differ in electrolyte which is ZnCl in 
Zn – C batteries and KOH in alkaline batteries. This study 
aimed to produce ferromanganese from spent alkaline 
batteries while eliminating other components to reach 
impurity free ferromanganese. [5] 
 
2. Experimental Procedure 
 
Spent alkaline batteries are collected and crushed then 
dried. Dried batteries are sieved to separate steel cover and 
battery paste. Battery paste is pyrolysed then analysed with 
atomic absorption spectroscopy to determinate chemical 
composition of batteries. XRD analysis is conducted to 
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determine phases and oxide states of elements detected by 
AAS. Results for AAS analysis is given in table 3 with 
comparison to other studies. XRD pattern of battery 
powder is given in figure 1. 
 

Table 3. Chemical Composition of Alkaline Batteries 
Studies 

Weight% Element 
[6] [7] [8] [9] Our 

Study 
Zn 17,0  19,6  21,0  20,6 27,1 
Mn  36,5  31,1  45,0  44,0 38,12 
K  4,53  7,25  4,70  4,90 6,47 
Fe  0,07  0,17  0,36  0,49 1,35 
Pb - 0,005  0,03  0,06 0,0018 

Cd - -  
0,00006 

 
0,000006 

- 

Hg <0,002 0,015  0,001  0,006 - 
 

Figure 1. XRD Analysis of Battery Powder 
 
XRD analysis showed that alkaline batteries contain Mn as 
MnO2 and Mn3O4, Zn as ZnO, C as graphite, and K as 
KOH. Chemical composition and XRD analysis are 
considered with thermodynamical data for these 
substances. Pyrometallurgical process is planned to 
produce ferromanganese from alkaline batteries.  
As first step battery powder is washed to eliminate KOH. 
All battery powder is washed and filtered with water for 72 
hours with a solid/liquid ratio 1,5:10. Filtrated powder is 
dried and pyrolised in electric resistance furnace under Ar 
atmosphere with coke addition to reduce ZnO to Zn and 
collect it via re-oxidation out of atmosphere controlled 
reaction vessel. Final step is mixing manganese rich battery 
powder with steel cover which is separated sieving step. 
Manganese rich battery powder mixed with steel covers is 
mixed with fluxing agents, calcium oxide, calcium fluoride 
and silicon oxide, and coke as reduction agent and smelted 
at 1600 oC temperature under ambient conditions. 
 
 

3. Results and Discussion 
 
Solution is filtered and pH, K, Zn and Mn values of 
solution is determined and given in table 4. Results showed 
that 64% of K is refined from battery powder. Solution 
composition shows while KOH is solved in water Mn and 
Zn oxides are insoluble. 
 

Table 4. KOH Solution Chemical Composition 
Element mg/L 

K 6400 

Zn 0,0147 

Mn 0,00075 

pH 11 

 
ZnO reduction is conducted in a reaction vessel under Ar 
atmosphere. Time and temperature parameters are changed 
to determine optimum reduction conditions. Double 
amount of necessary coke is used for ZnO reduction. Time 
and temperature effect on ZnO reduction rate is showed in 
table 5 and table 6.  
 

Table 5. ZnO Reduction Experiments (Step 1) 
Temperature Time Zn% Mn% K% Fe% 

950 °C 1 Hour 14,24 52,32 2,22 0,52 

1000 °C 1 Hour 13,1 54,98 1,93 0,84 

1050 °C 1 Hour 2,88 67,1 1,74 0,66 

1100 °C 1 Hour 1,86 63,51 2,30 0,78 

1150 °C 1 Hour 1,32 60,28 1,68 2,21 

 
Table 6. ZnO Reduction Experiments (Step 2) 

Temperature Time Zn% Mn% K% Fe% 

1050 °C 1 Hour 2,88 67,1 1,74 0,66 

1050 °C 2 Hour 2,80 68,41 1,38 0,85 

1100 °C ½ Hour 2,67 59,72 2,58 0,89 

1100 °C 1 Hour 1,86 63,51 2,30 0,78 

1100 °C 2 Hour 1,91 69,32 1,23 1,09 

 
Ferromanganese smelting is done with industrial 
ferromanganese smelting conditions. Slag basicity 
(CaO/SiO2) is made 1 and smelting temperature set to 1600 
oC. After smelting graphite crucible is taken out of electric 
resistance high temperature furnace and air cooled. 
Crucible is broken and metals chemical composition 
determined with EDS analysis. Optical microscope and 
micro hardness tests are done. Chemical composition of 
ferromanganese is given at table 7. Chemical composition 
showed that use of only batteries for ferromanganese 
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production is not sufficient to produce industrial grade 
ferromanganese. Microstructure and micro hardness tests 
showed that produced ferromanganese consists of iron and 
manganese carbides mixed.  

Table 7. Ferromanganese Chemical Composition 
Element Weight% 

Fe 54,02 

Mn 28,35 

Si 10,07 

C 4,93 

Cu 2,48 

Al 0,15 

 
4. Conclusion 
 
KOH is successfully washed out of battery powder to some 
extent. Filtered KOH solution is a possible raw material to 
use in alkaline batteries since it is only contaminated by 
low levels of Mn and Zn. Zn is reduced and evaporated and 
it is possible to recover zinc by oxidation or condensation. 
Study showed that optimum Zn reduction parameters are 
1100 oC and 1 hour. Increasing temperature did not effect 
on zinc reduction rate radically. Decreasing reduction time 
affected negatively on reduction rate on the other hand 
increasing time did not show any promising results. 
Kinetically 1100 oC and 1 hour is sufficient to complete the 
reaction. 
Study revealed that ferromanganese production with spent 
alkaline batteries is possible but grade of ferromanganese is 
insufficient to be industrial grade ferromanganese. 
Manganese rate of alloy is too low to be called as 
ferroalloy. Increasing manganese content of alloy is next 
research area to be explored. Two method for increasing 
manganese rate is suggested. First method is suggested 
sieved steel cover should be added to smelting process at 
desired composition of ferroalloy. Other method which can 
be applied is adding manganese source before smelting, 
such as manganese oxide ores. This two methods can 
increase manganese content of ferroalloy otherwise 
producing industrial grade ferromanganese with only 
batteries, is not possible. Produced alloy can be a starting 
material to ferromanganese production. 
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Abstract  
 
The reaction between Al in the liquid steel and SiO2 in lime-
silica-based mould fluxes during the continuous casting 
process of high Al steel causes chemical compositional 
changes in the mould flux, subsequently affecting the surface 
quality of slabs. In order to solve the aforementioned problem, 
lime-alumina-based mould powders have been developed 
which can lead to an increase in the surface quality of cast 
slabs by inhibiting molten steel/mould powder interaction. 
However, the mould slag tends to crystallize easily, which 
results in mould lubrication deterioration. In this study, the 
crystallinity, viscosity and melting of lime-alumina-based 
mould powder changes with the addition of B2O3 and the 
effects of increasing the CaO/Al2O3 ratio have been observed 
through  STA (Simultaneous Thermal Analysis), HSM (Hot 
Stage Microscopy), XRD (X-ray Diffraction and by using 
models for estimating physical properties of mould powders. 
The results show that crystallinity and melting temperature of 
lime-alumina-based mould fluxes are decreased while the 
viscosity is increased by B2O3 additions and a lower 
CaO/Al2O3 ratio. 
 
1. Introduction  
 
Throughout the past decades, high-Al steels have been 
manufactured by the continuous casting process. It has been 
stated that, during continuous casting, high dissolved 
aluminium in the steels is apt to react with less stable oxides, 
such as SiO2, MnO and FeOx in the SiO2-based mould powder. 
These reactions decrease the mould powder performance and 
cause operational problems, such as the sticking of mould 
powder to the water-cooled copper mould and the increase in 
cracking owing to lubrication problems. Research has been 
conducted to find a solution by optimising the chemistry of 
SiO2-based mould powders. However, it is difficult to 
optimise lime-silica based mould powder for high-Al steels 
because of the reactions between the liquid slag and steel [1, 
2] 
In recent times, CaO-Al2O3 based mould powders have been 
developed for high-Al steels. In these newly developed mould 
powder, SiO2 is partly replaced by Al2O3 in order to prevent 
the reactions at the slag/steel interface. As a result, it has been 

these reaction have been prevented and operational problems 
have been significantly decreased. However, the mould slag 
tends to crystallise easily and this leads to variation in mould 
slag lubrication and heat transfer, which in turn leads to 
problems in the casting process and decreases the slab surface 
quality [3, 4, 5]. 
In order to improve the crystallisation behaviour of CaO-
Al2O3 based mould powders, intensive effort has been made 
[6]. Fu et al. [5]studied the effect of lime/alumina ratio on 
crystallisation -- the results show that the thickness of the slag 
film varies according to the lime/alumina ratio. Blazek et al.  
[7] found that an increase in the CaO/Al2O3 ratio from 0.6 to 
3.6 decreased melting temperature and viscosity. Boxunet al. 
[8] pointed out that Li2O and Na2O in lime-alumina mould 
powder prevented the crystallisation of mould powder by 
decreasing the initial crystallisation temperature and 
increasing incubation time. Cheng et al. [3] stated that the 
crystallisation temperature of CaO-Al2O3 based mould 
powder decreased with the addition of B2O3. However, Huang 
et al. [1]reported that the viscosity and break temperature of 
mould powder decreases with an increase in B2O3 content. 
Despite these previous studies, the crystallisation and melting 
behaviour of CaO-Al2O3 based mould powders, over a range 
of ratios, have not been systematically investigated. The CaO-
Al2O3 ratio has been classified as one of the most significant 
factors on CaO-Al2O3 based mould powders properties. Some 
researchers such as Fu et al. [1] and Blazek et al.  [1]  have 
reported the effects of CaO-Al2O3 ratio variations which 
ranged from 0.1 to 3.6 on the crystallization behaviour of 
CaO-Al2O3 based mould powders. Therefore, it is important 
to study a higher CaO/Al2O3 ratio of 5.5 which can have the 
potential to improve CaO-Al2O3 properties of these powders. 
In this article, STA (Simultaneous Thermal Analysis), HSM 
(Hot Stage Microscopy) and XRD (X-ray Diffraction) were 
employed to study the effect of B2O3 addition and CaO/Al2O3 
ratio on crystallization and melting behaviour of lime-alumina 
based mould powders. The result of this study may provide 
some strategy for the design of lime alumina based mould 
powder for the continuous casting of high-aluminium steels. 
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2. Materials 
 
Six different types of mould powder were produced in order 
to analyse the effect of CaO/Al2O3 ratio (C/A ratio) and B2O3 
addition, on crystallisation behaviour, viscosity and melting 
trajectory. Their chemical compositions are given in Table 1. 
These lime-alumina based mould powders can be classified in 
two groups. The first three powders have a C/A ratio of 3.3 
and the others have a C/A ratio of 5.5 with zero to fifteen B2O3 
content. All powders contain constant amounts of Li2O and 
Na2O to provide a multicomponent effect. 
 
Table 1. Chemical composition of mould powders used in this 
study (in weight percent) 

 
 2.1. Sample preparation 
 
The following  method was applied as detailed below: 

 Mould powders were decarburized for 16 hours in air 
at 650 oC. 

 20 gr of the decarburised sample was melted in a Pt 
crucible at 1500 oC for 20 min 

 The molten powder was then poured into a water 
bath 

 The solidified samples were granulated and sifted 
 The samples were then observed with XRD 

3. Experimental Apparatus and Methodology 
 
3.1. Method used for calculating crystallinity 
 
Several methods have been reported to measure the 
crystallinity of mould powder [9]. In this study, crystallinity 
variation with each sample was analysed using X-Ray 
Diffraction.  
The percentage crystallinity of mould powder samples was 
calculated from its XRD scan. XRD patterns of a glassy 

of amorphous phase can be calculated with the help of the area 
under this bump and the area under the peaks [10]. The 
formula used to calculate the % amorphous and %crystallinity 
is as follows, and is illustrated schematically in Figure 1 [11]: 
 

 
 

 
 

 
Figure 1. Global and Reduced area [11] 

 
3.2. Used Methods for Measuring Melting Temperatures 
 
Hot Stage Microscopy (HSM) 
 
Hot stage microscopy was employed in order to determine the 
melting range of the mould powder. The powder was poured 
into a cylinder and placed in a furnace. First the sample was 
heated at a rate of 50 oC/min to 600 oC and then heated at a 
rate of 10 oC/min to 1600 oC. The rate of heating and the 
changes in the sample shape were recorded. The melting 
temperature of each powder sample was thus obtained.  
 
Simultaneous Thermal Analysis (STA) 
 
Simultaneous thermal analysis was used to determine the 
melting and glass transition temperatures of the mould 
powders. Samples of 5mg were analysed in a SDT Q600 
V20.9 simultaneous thermal analyser.  These analyses were 
performed in an argon atmosphere at a heating rate of 10 
oC/min.  The mould powders were heated up to 1300 oC. 
 
3.3. Models for Estimating Viscosity of Mould Powders 
 
Among the different properties of a mould powder, viscosity 
is one of the most important parameters and plays a crucial 
role in the continuous casting process. There has been 
extensive research to determine, estimate or model the factors 
that can affect the viscosity of the mould powder. In order to 
estimate the viscosity, several experimental, thermodynamic 
and numerical models have been created. These models relate 
the viscosity to either or both the temperatures and chemical 
composition of the powder. In this study, the Urbain model 
has been used to predict viscosity [12, 13]. 
 
Urbain Model 
 
The Urbain model is one of the most well-known slag 
viscosity models. This model is based upon CaO-SiO2-Al2O3 
system and this model classifies the various powder 
components into the following categories: 
 

 
 

 
 

 
 
XG, XM and XA need to be normalized by dividing them by 
(1+0.5XFeO1.5+XTiO2 +XZrO2 +XCaF2) to obtain X*

G , X*
M and 

Powder Ca0/Al203 SiO2 CaO Al2O3 Li2O Na2O B2O3 

P1 3,3 4 66 20 5 5 0 

P2 3,3 0 65 20 5 5 5 

P3 3,3 10 50 15 5 5 15 

P4 5,5 5 71 13 5 5 0 

P5 5,5 7 66 12 5 5 5 
P6 5,5 4 60 11 5 5 15 
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X*
A.  Because the Urbain models works predominantly on 

basis of MxO this creates extra ions. 
This model is related to the Weymann equation and A and B 
has been expressed by Urbain using the following equation: 
 

 

 
 

 
To calculate the values of B, the following equations must be 
used where I values can be 0, 1, 2 or 3 and a, b and c are given 
constants [12] [14] [15]. 
 

   
 

 
 

   
 

 

 
4. Results and Discussion  
 
4.1. Effect of CaO/Al2O3 ratio and B2O3 content on the 
crystallinity of mould mowder 
 
Figure 2 shows the %crystallinity of lime-alumina based 
mould powder with varying B2O3 contents. The crystallinity 
for all samples decreased with an increase in the B2O3 content 
at the both the C/A ratio of 3.3 and 5.5. It also shows that the 
powders with a lower C/A ratio have lower crystallinity. This 
is consistent with the reported results since it is well known 
that  Boron Oxide is a very strong glass former and can restrain 
the crystallinity of mould powder [7] [16].The powders in this 
study also contain alkaline metal oxides such as Li2O and 
Na2O. These can inhibit the crystallisation of lime-alumina 
based mould powder by increasing the incubation time for 
crystalline growth [4] [17]. 
 

 
Figure 2. Changes in %Crystallinity of mould powders with 

different B2O3 content 

4.2. Effect of CaO/Al2O3 ratio and B2O3 content on the 
melting temperature of mould powder 
 

The melting temperatures were determined for each of the 
mould powders through HSM and STA. Approximately the 
same values of melting temperatures were observed using both 
techniques and the average values are given in Figure 3. As it 
can be observed in Figure 3, powders with a 5.5 C/A ratio have 
higher melting temperatures compared to powders with a 3.3 
C/A ratio. Blazek et al. [4] pointed out that melting 
temperature decreased with the increase of C/A ratio (ranging 
from 0.6 to 3.6) in CaO-Al2O3 based mould powders. On the 
other hand Cheng et al. [3] systematically studied the effect of 
C/A ratio ranging from 1.2 to 12.9 and suggested that the CaO-
Al2O3 based mould powder with a CaO/Al2O3 ratio of 3.3 
present the most improved performance. 
The effect of B2O3 addition on melting temperature is shown 
in Figure 3, where it can be seen that the melting temperature 
decreased with increasing B2O3 content for powders with a 
CaO/Al2O3 of 5.5. There is a small increase in melting 
temperature with an increase of B2O3 content from 0 to 5 %wt. 
and there is significant decrease with an increase of B2O3 
content from 5 to 15 %wt. for powders with a CaO/Al2O3 ratio 
of 3.3. The CaO-Al2O3 based mould powder with higher B2O3 
content and a C/A ratio of 3.3 has the lowest melting 
temperature. This phenomenon is consistent with other data 
[1] [5] [7].  
 

 
Figure 3. Effect of the B2O3 addition on the melting 
temperature of lime-alumina based mould powders 

4.3. Effect of CaO/Al2O3 ratio and B2O3 content on the 
viscosity of mould powder 
 
In this part of the study, the effects of C/A ratio and B2O3 
content on the viscosity of lime-alumina based mould powders 
were investigated using Urbain viscosity models. Figure 4 
represents the changes in the viscosity of lime-alumina based 
mould powders with B2O3 addition at 1773K using the Urbain 
models where the B2O3 content was 0, 5 and 15 wt.% at each 
C/A ratio of 3.3 and 5.5. As it can be seen, the viscosity of 
these mould powders increases with increasing B2O3 content 
at both C/A ratios of 3.3 and 5.5. 
However at the C/A ratio of 3.3, the viscosity increased 
slightly between 0 and 5 wt.% while it increased substantially 
between 5 and 15 wt.%. 
This is not consistent with the reported results. Huang et al. 
[1] investigated the effect of B2O3 additions on viscosity of 
mould slags containing low silica content. They found that the 
viscosity decreased slightly at high temperatures with 
increasing B2O3 content.  The reason for this result can be 
chemical composition difference and low C/A ratio. Fox et al. 
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[18] also investigated the effect of B2O3 on the viscosity of 
lime-silica based mould powders and they found that the 
viscosity decreased with increasing B2O3 content. The 
explanation given in their work is that the melting temperature 
of the mould powder decreased with B2O3 addition while the 
superheat degree of the melt increased and the viscosity of 
mould powder decreased. 
 

 
Figure 4. Viscosities of mould powders at 1773 K calculated 

using the Urbain model 

 
4. Conclusion  
 
 In this study, six different types of mould powder have been 
designed in order to investigate the effect of CaO/Al2O3 ratio 
and B2O3 addition on physical properties of lime-alumina 
based mould powders. The % crystallinity of mould powder 
was determined by X-ray Diffraction and melting 
temperatures of the mould powders was determined by hot 
stage microscopy and simultaneous thermal analysis. The 
Urbain model was used to estimate the viscosity of the mould 
powders. 
The conclusions are summarised as follows: 
 
1-) The crystallinity of lime-alumina based mould powder 
decreased with an increase in the B2O3 content at both C/A 
ratio of 3.3 and 5.5. The results also indicate that the powders 
with a lower C/A ratio have lower crystallinity 
   
2- ) HSM and STA tests show that the CaO-Al2O3 based mould 
powder with higher B2O3 content and a C/A ratio of 3.3 has 
the lowest melting temperature. 
 
3- ) Urbain viscosity models indicate that the viscosity of lime-
alumina base mould powders increase with increasing B2O3 
content at both C/A ratios of 3.3 and 5.5 
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Abstract 
 
Sintering process is indispensable for steelmaking 
companies due to the main reasons which are recycling 
steel making wastes and producing partially-reduced iron 
containing material for blast furnace.  

 
During sintering process a series of chemical reactions 
are taking place at high temperatures and iron ores and 
fluxes are combined together to form a sinter cake 
composed of iron oxides, silico-ferrites of calcium and 
aluminum (SFCA), dicalcium silicate and a glassy phase. 
In this study a number of chemical and mineralogical 
analyses have been done in order to review relationships 
between chemistry, structure and quality of sinter. 
 
1. Introduction 
 
In ironmaking industry most commonly used economical 
agglomeration process to prepare iron ore fines for blast 
furnace utilization is sintering. In today’s steelmaking 
technology iron ore sinter typically constitutes more than 
65% of the blast furnace ferrous feed. According to 
managing extreme operating conditions, maintaining the 
productivity and energy efficiency of blast furnaces, high 
quality sinter and efficient production is known as 
fundamental requirement [1]. 
 
Erdemir Iron and Steel Group Corporation have 3 
sintering machines and 6 blast furnaces in Erdemir 
Group, which have produced 8 million tons of hot metal 
and 6.1 million tons of sinter in 2015. Due to the several 
reasons which effect operating conditions, productivity 
and energy efficiency of blast furnace it is quite essential 
to produce high quality sinter. 
 
Sintering reactions transform raw materials into a porous, 
partially reduced but physically strong cake which is 
generally composed of four main phases (mass percent) : 
iron oxides (40 % - 70 % ) , ferrites ( 20% - 50 %) , 
glasses (up to l0 % ) , and dicalcium silicate (up to 10%). 

 
SFCA is the main ferrite phase in iron ore sinter and has 
been commonly studied in recent years. It has the 
capability of enhancing sinter quality with regard to 
mechanical strength, reducibility, reduction degradation, 
good intensity and low formation temperature which is 
suitable for developing low-temperature sintering and 
reducing energy consumption. [2-3]. 
 
The chemical and structural compositions are also very 
important for sinter as well as mineralogical structure. 
These concepts are expected to be stable so that primary 
and final slags have liquid adequate characteristics in 
terms of softening and melting temperatures, liquid 
temperature and viscosity for stable operations of the 
blast furnace. 
 
Optimum basicity, low gangue and high iron content are 
desired specifications for sinter. In general, reducibility 
and quality of sinter improve with a higher level of 
hematite than magnetite, and structure of sinter improves 
with a higher level of primary or residual hematite and 
ferrites than secondary or precipitated hematite [4]. 
 
In this study a number of chemical and mineralogical 
analyses, micro-structure investigations and statistical 
data analyses have been done in order to review 
relationship between sinter chemistry, structure and 
quality.
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2. Experimental Procedure 
 

2.1. Raw Material 
 

The samples used for the study are mainly obtained from 
the Erdemir Group Sintering Plant No:1 and No:2. 
Chemical composition of sinter is given in “Table 1”. 

 
 Table 1. Chemical composition (%) and property 

of sinter  
Sinter TFe FeO CaO SiO Al2O3 MgO 
Plant 1 58,66 8.10 14,17 6,36 1,51 0,53 
Plant 2 56.00 8,60 10,65 5,78 1,59 1,23 
 

3. Results and Discussion 
 

3.1. Analysis of Metallurgical Properties 
 

A comparison of the Plant 1 and Plant 2 sinter’s 
metallurgical properties are given in “Table 2”. 
According to the results both Plant 1 and 2 RDI values 
are less than the limit value of %30, also TI value is good 
enough for desired cold strength. These specifications 
meet the requirement of blast furnace. 
 

Table 2. Metallurgical properties of sinter 
Sinter RDI -3.15 RDI -0.5 TI +6,30 TI -0,5 
Plant 1 27,58 5,61 75,02 4,49 
Plant 2 29,26 6,01 79,00 3,81 

Results represent mean values of specimens. 

 
 
3.2. Mineralogical Structure  

 
Sinter specimens were analyzed by using Rigaku X-ray 
diffraction. Experiments were carried out with Co radiation 
and 10°-80° scanning angle. Sinter minerals were mainly 
formed of hematite, magnetite, SFCA, SFCA-1, larnite and 
wüstite. Mineralogical phases of Plant 1 and 2 sinters are 
given in “Table 3”.  
 
 
Table 3. Mineralogical phase distribution of sinter 
Sinter C2S Fe2O3 Fe3O4 SFCA SFCA-1 TSFCA 
Plant 1 5,26 21,85 24,39 27,27  20,10  47,36 
Plant 2 3,66 26,95 38,22 22,36  8,17  30,54 

Results represent mean values of specimens. 

 
3.3. Statistical Analysis 
The relationships between sinter chemistry, structure and 
quality were investigated by statistical data analysis  
program “Minitab 17”.

The primary tools of that program which has been used for 
analyze are descriptive statistics, boxplot, regression and 
correlation. Monthly average SFCA values are 
demonstrated in “Figure 1” below. As seen in the figure, 
the average total SFCA level of Plant 1 is 48 while Plant 2 
is 30. 
 

Figure.1 Plant 1 and Plant 2 Total SFCA Ratio vs Date 
 

 
Relations Between SFCA and Raw Materials 
 

  BOF Slag 
 
Firstly BOF slag was analyzed for relation between SFCA 
phases. According to Umadevi’s research, the utilization of 
BOF slag should be limited. Non availability of free CaO 
in BOF slag reduces the formation of calcium ferrite 
phases and more Fe2O3 remains as free phase due to less 
reaction with CaO. The weakening and degradation of 
sinter is associated with volume increase due to the phase 
transformation of hematite to magnetite present in sinter 
[5]. This result strengthens the idea of negative effect of 
BOF slag for final sinter strength. The “Figure 2” shows 
the results of both plants. SFCA mineralogical phase 
results were divided into two parts as high and low for both 
sinter plants. Thus it can be seen that SFCA ratio rises 
when BOF slag amount is low. 

 Figure.2 Total SFCA vs BOF Slag Ratio 
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Coke Breeze 
 
Coke breeze consumption is a critical parameter for 
evaluating the raw material and thermal conditions.  It also 
affects sinter machine productivity, mechanical strength 
and reducibility. As far as Umadevi is concerned that an 
increase in FeO (coke breeze rate) decreases the amount of 
acicular SFCA and hematite with a concomitant increase in 
magnetite content [6]. Correspondingly “Figure 3” shows 
the high and low SFCA amounts against coke breeze ratio. 
 

Figure.3 Total SFCA Ratio vs Coke Breeze 
 
Relation Between SFCA and Sinter Characteristics 
 
Basicity 
 

    Basicity is one of the most important and essential notion 
for sintering from the point of forming compounds like 
calcium ferrites, slags and agglomeration. Also both Ca 
and Si take part in the SFCA structure with vital roles. An 
increasing in basicity level of sinter was found to increase 
the amount of SFCA-I, formation of more bonding phases 
and better pore structure with thick necks and a more 
regular shape [1, 7]. In parallel with, “Figure 4” shows 
that SFCA amounts also rose. 

Figure.4 Total SFCA Ratio vs Basicity 
 

Reduction Degradation Index (RDI) 
 
RDI (determination of low-temperature reduction-
disintegration indices by static method) is used as a quality 
parameter to simulate the upper part of the blast furnace at 
500°C-600°C under the influence of reducing gases. 
Correlation between RDI -3,15mm and SFCA values of 
Erdemir and Isdemir can be seen in “Figure 5”.

     Figure.5 Total SFCA Ratio vs RDI (-3.15 mm) 
 
Tumbler Index (TI) 

 
The cold strength of sinter is determined by the tumbler 
test and depends on the strength of each individual ore 
component, the strength of the bonding matrix components 
and the ore composition. This test determines the size 
reduction of sinters due to impact and abrasion during their 
handling, transportation, and in the blast furnace process. 
Interaction between TI +6,35mm and SFCA values of both 
plants is given below “Figure 6”.   

Figure.6 Total SFCA Ratio vs TI (+6.30 mm) 
 

3.4. Microstructural Observations 
Sinter specimens were mounted in epoxy resin and left 
under vacuum. The specimens were examined using a 
Nikon Epiphot 200 optical microscope, Clemex Vision 
Lite software, Jeol JSM 7100F Field Emission 
Scanning Electron Microscope and Oxford software. 
 

  
Figure.7 Scanning electron (x3300) (a) and optical 
(x200) (b) photomicrographs of Plant 2 sinter: Hematite 
(H), Magnetite (Mt) and Columnar SFCA. 

             (a)                                             (b) 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

912 IMMC 2016   |   18th International Metallurgy & Materials Congress

 
 
Figure 8. Scanning electron (x3300) (a) and optical 
(x200) (b) photomicrographs of Plant 1 sinter: Hematite 
(H), Magnetite (Mt), Larnite (L), Acicular SFCA, Platy 
SFCA and Columnar SFCA  
 
The mineral structures of sintering samples are shown in 
“Fig. 7-8” and Table 3. Columnar and platy SFCA forms 
can be seen obviously in Plant 2 sinter’s scanning 
electron photomicrograph in Figure 8. The interwoven 
texture is formed with the columnar SFCA among with 
hematite, magnetite and larnite.  
 
Similarly same phases also can be seen in Plant 1 sinter’s 
optical microscope photomicrograph associated with 
acicular SFCA in Fig. 8 [8]. 
  
The microstructure and phase distribution of sinter mainly 
depends on its composition (basicity, Al2O3, MgO, SiO2), 
sintering process, sintering time, temperature, raw 
materials origin and quality. Consequently it is natural 
and expected to differ Plant 1 results from Plant 2. 
 

4.  Conclusion 
 

1. In number 1 and 2 plants total SFCA amounts 
decrease with the increase of BOF slag usage. In Plant 
1 the utilization of BOF slag is 3 times more than 
Plant 2. 

2. A high proportion of total SFCA is obtained with 
lower amount of coke both Plant 1 and 2. 

3. High amounts of total SFCA is obtained with higher 
basicity for both plants. 

4. RDI and TI which are indicators of sinter’s 
mechanical strength were improved with higher total 
SFCA rates. 

5. RDI and Tumbler Index level of Plant 2 is higher than 
Plant 1, SFCA level of Plant 1 is higher than Plant 2. 

6. According to the data analyses the two significant 
factors affecting the SFCA parameter in sinter blend 
are BOF slag and coke breeze. The relationship of 
sinter blend composition, machine parameters and 
sinter characteristics and the optimum SFCA level of 
the plants will be clarified with plant trials. 
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Abstract 

At Iskenderun Iron and Steel Co. (ISDEMIR) Blast 

Furnace #4 investigations for raising the Sinter ratio 

have been performed.  

The iron bearing burden of the blast furnaces consists 

mostly of Pellets, Sinter and iron ore lumps. Among 

these materials Pellet have the highest iron content, 

but they are also the most expensive of these 

materials. On the contrary the Sinter produced in 

ISDEMIR’s Sinter plant has a lower iron content but 

is in the economically point of view cheaper than the 

pellet. Moreover some amount of the waste produced 

during ISDEMIR’s production process can be 

recycled within the Sinter plant. In this study process 

and raw material improvements were investigated 

and raising the Sinter ratio of Blast Furnace #4 was 

accomplished.   

1. Introduction 

Most of the Blast Furnaces are using Sinter, pellets 

or lump ore. Iron ore fines are used to produce the 

Sinter in the Sinter Plant. Moreover waste material 

that is generated during other production processes 

in the Steel Plant can be recycled in Sinter Plant by 

adding it to the Sinter Feed. Therefore Sinter is 

cheaper than Pellets and Blast Furnaces try to 

increase the Sinter ratio to decrease Hot Metal 

costs.    On the other hand Sinter has a lower Fe 

content than Pellet and the productivity of the Blast 

Furnace drops the more the Pellet is replaced by 

Sinter. In ISDEMIR the Sinter ratio was increased 

by enhancing sinter quality and by raising BF slag 

basicity after September 2015. 

2. Increasing the Sinter Ratio 

2.1 Increasing the Quality of the Iron Ore used in 

the Sinter Feed  

The sinter feed of ISDEMIR consists of a mixture 

of domestic iron ore and imported iron ore. Most of 

the domestic iron ore mines have quality problems 

like low Fe, high alkaline, SiO2, Al2O3, etc. 

Therefore the sinter feed has not been able to 

consist of 100% of domestic iron ore and had to be 

mixed with imported high Fe and low impurity 

containing iron ore. High SiO2 and CaO in the 

Sinter cause high slag volume in the Blast Furnace 

and should therefore be limited in the Sinter Feed.  

Table 1: Sinter Analysis 

 

Moreover domestic iron ores show stronger 

fluctuations in Fe, SiO2 and CaO content than 

imported iron ores. Therefore providing a 

constancy in the Sinter feed is more difficult with 
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increasing domestic iron ore percentage. In 2016 

the imported iron ore usage percentage rose from 

62% to %74. Moreover arrangements were made to 

stabilize the SiO2 content of the Sinter on a long 

term basis, so that on the blast furnace side the 

sinter percentage was kept on a certain level and 

was not dropped due to fluctuations in the Sinter 

composition.   

 

Figure 1: Slag Volume – Sinter Ratio 

In Figure 1 it can be seen that the Sinter Ratio has 

risen after the second half of 2015 whereas the slag 

volume stayed on the same level.    

2.2 Raising Blast Furnace Slag Basicity 

Blast Furnace Slag plays an important role for 

removing the alkaline elements from the Blast 

Furnace and also effects the sulphur content of the 

hot metal. The more the slag becomes acidic the 

more it removes the alkaline elements. Therefore 

Blast Furnaces with high alkaline input work with 

acidic slag. But this causes a disadvantage for the 

sulphur content in the hot metal. The more the slag 

becomes acidic the more the sulphur rises in the hot 

metal. This on the other hand causes the 

desulphurisation costs to rise. In the past ISDEMIR 

worked with alkaline input of 3,8 – 4,3 kg/thm but 

nowadays alkaline input dropped to 2,7-3,0 kg/thm. 

Therefore it was possible to raise the basicity of the 

blast furnace slag. By raising the basicity it is 

possible to increase the Sinter ratio since the Sinter 

has a basicity of 1,7-1,9. Otherwise when working 

with low basicity slag, quartzite is added to reach 

the target basicity value and this increases your slag 

ratio. In order to maintain a constant slag volume 

while increasing the sinter ratio, the slag basicity 

has also to increase. While increasing the basicity 

of the slag the total input and output of the alkaline 

elements has been tracked and managed by fine 

tuning basicity and slag volume. So Sinter ratio was 

increased by nearly the same slag volume.  

Due to the increase in slag basicity sulphur content 

of the hot metal was dropped from %0,140 to the 

levels of %0,090-0,100. This caused a drop in 

desulphurisation costs and also decrease the slag 

amount caused by desulphurisation. Hence waste 

material production is lowered. 

 

Figure 2: Slag Basicity vs. Sulphur content in Hot 

Metal 

Quartzite has been used to regulate the slag basicity 

during normal operations. Quartzite has a high 

liquidus temperature (about 1.700 °C). Therefore 

reaction speed and interactions of Quartzite with 

other materials are slow and limited in the lower 

temperature regions. Moreover Quartzite increases 

the slag volume, fuel rate and total costs.  

With increasing the slag basicity Quartzite 

consumption has been lowered. Before the 

consumption was around 30 kg/thm. At the current 

state consumption has dropped to 3-5 kg/thm. With 

raising slag basicity, Dunite has substituted 

Quartzite to regulate the fluctuations in basicity. By 
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using Dunite also the MgO ratio of the slag has 

been increased.   

 

Figure 3: Quartzite and Dunite Consumption 

(kg/thm) 

By decreasing the SiO2 and increasing the MgO 

content of the slag the viscosity of the slag dropped, 

which enhanced slag removal together with airflow.   

 

Figure 4: Phase diagram of slag liquidus 

temperature at 10% Al2O3 level [1] 

Productivity increased from 2,45 to 2,60 thm/m3/d 

with the same amount of O2 enrichment.   

 

Figure 5: BF Productivity vs. O2 Enrichment 

The slag that is produced as a by-product in the 

Blast Furnace process is sold to the cement 

industry. The cement industry prefers a slag that 

has (CaO+MgO)/SiO2 ratio higher than 1. When 

working in the high acidic range the 

(CaO+MgO)/SiO2 was around 0.88. With raising 

basicity and MgO ratio the target value of 1 was 

reached.   

 

3. Conclusion 

The major production route for steel production still 

is going through the blast furnace and BOF process. 

With world-wide increasing steel production 

market competition increased causing steel 

companies to enhance their processes to increase 

productivity, recycle waste and lower costs.  

With stabilizing the SiO2 content of the Sinter, 

increasing imported iron ore percentage and raising 

the basicity of the slag following improvements 

were reached in ISDEMIR      

 Pelet ratio was decreased and Sinter ratio 

was increased while keeping the slag ratio 

at the same level 

 Due to increased Sinter ratio recycled 

waste material used in the Sinter was 

increased  
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 Sulphur content of the hot metal was 

decreased 

 Lime usage and desulphurization costs 

were decreased,  

 Slag produced during desulphurization 

decreased 

 Blast Furnace productivity increased 

 Quartzite consumption decreased 

 (CaO+MgO)/SiO2 index of the Slag was 

improved to meet customers request     

 

 

References: 
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Abstract
The present study aims to investigate reduction behavior of 

-Fe2O3) in a flowing pure methane (CH4)
atmosphere. Prior to the experiments, equilibrium 
thermodynamic analysis in the Fe2O3–CH4 system was 
carried out by the method of minimization of Gibbs’ free 
energy. The analysis indicates that Fe2O3 can be reduced to 
metallic Fe by CH4. The experiments were carried out at 
800–1200 K for 60 min. In addition, effect of time on the 

-Fe2O3 was studied at 1200 K. Mass 
measurements and X-ray diffraction technique were used to 
characterize the products at various stages of reactions. It 
was found that the extent of the reduction of Fe2O3 increased 
with temperature and time. XRD analysis revealed that 
single phase Fe products were obtained at 1100 K for 60 min 
and at 1200 K within 10 min. Free C was observed to co-
exist with Fe at 1200 K beyond the reaction period of 10 min.
SEM analyses on the samples prepared at 1200 K up to 15 
min revealed spongy iron particles. Possible reaction 
mechanisms for the formation of Fe in the Fe2O3–CH4
system were elucidated.

1. Introduction
Sponge iron, also called direct reduced iron (DRI), is used as 
an alternative charge material to scrap for high quality steel 
production. It is produced by direct reduction of its oxides 
below the melting point of iron using reducing gases 
produced from coal or natural gas. The natural gas based 
process called MIDREX NGTM process is the most widely 
used technology for the production of sponge iron. In this 
process, natural gas is initially reformed to obtain reducing 
gases, a mixture of H2 and CO. This gaseous mixture is then 
allowed to flow into a shaft furnace where solid iron oxide 
is reduced to sponge iron [1].

Methane (a main component of natural gas) has been 
recently used as an alternative reducing agent to 
conventional ones (i.e. H2, CO, solid carbon) to obtain 
metallic products from their oxides because it is relatively 
cheap and abundant [2,3]. The present study aims to 
investigate reduction behavior of Fe2O3 in a flowing pure 
methane (CH4) atmosphere. In this study, it is demonstrated 
that sponge iron can be produced by direct reaction of pure 
CH4 with Fe2O3. Furthermore, effects of reaction 
temperature (800-1200 K) and time on the reaction by this 
pyrometallurgical process were investigated. Equilibrium 

thermodynamic analysis was also carried out in the Fe-O-C-
H system in order to better understand the process.

2. Thermodynamic Analysis
Thermodynamic analysis has been carried out by the method 
of minimization of the Gibbs’ free energy of a system [4]. In 
the present study, Fe2O3 and CH4 were used as reactants for 
Fe synthesis. Hence, equilibrium calculations were carried 
out in the Fe-O-C-H system. In this system, 40 species were 
considered to be as the constituents of the gas phase 
including CH4, CH3, C2H4, CH2O, CO, CO2, H2, H2O and 
Fe(OH)2. Solid equilibrium phases were assumed to be 
Fe2O3, Fe3O4, FeO, Fe, Fe(OH)2, Fe(OH)3, Fe3C and C. 
Input thermodynamic data in the form of Gibbs’ free energy 
of the formation of the constituents were obtained from the 
thermochemical tables [5,6]. Thermodynamic calculations 
of the complex equilibria were performed using a modified 
version of Eriksson’s computer program SOLGASMIX [7]. 
Fig. 1 depicts the diagrams constructed from the calculated 
results. An equilibrium stability diagram for solid phases is 
shown in Fig. 1a as a function of temperature (1000-1200 K) 
and XCH4 at 1 atm for 0.001 mole Fe2O3. XCH4 is defined as 
no

CH4/(no
CH4+no

Fe2O3) where no represents the initial number 
of moles of CH4 and Fe2O3. The boundaries in the diagram 
divide different phase fields in which the indicated phases 
are expected to form from methane and the solid reactant. 
The information obtained from this figure can be 
summarized as follows. Fe2O3+Fe3O4, Fe3O4, Fe3O4+FeO, 
FeO, FeO+Fe, FeO+Fe3C, FeO+Fe+Fe3C, Fe, Fe+Fe3C, 
Fe3C and Fe3C+C phase fields are seen from the diagram. 
The figure also reveals that single Fe phase forms at 
temperatures above ~1005 K and Fe phase field widens with 
increasing temperature. For example, CH4 mole fractions 
predicted for single phase Fe formation are limited to 0.675 
at 1005 K, 0.661-0.720 at 1100 K and 0.653-0.740 at 1200 
K. Fe3C and free C phases appear successively as XCH4
increases above the upper limits. Equilibrium analysis 
indicates that Fe2O3 can be reduced to metallic Fe by CH4
at temperatures above ~1005 K. Fig. 1b shows variations of 
the concentrations of the gaseous products with XCH4 at 1200 
K. H2O, CO2, H2 and CO are predicted to be the major 
components of the gas phase. Minor gaseous species such as 
Fe(OH)2, CH2O, C2H4, H and CH3 are also present in the 
system. It is noted that unreacted CH4 content appears to 
below the input CH4, indicating that CH4 significantly reacts 
with Fe2O3 at 1200 K.
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Figure 1. (a) Equilibrium stability diagram showing solid
phase fields as a function of temperature and input CH4 mole 
fraction (XCH4) in the Fe2O3-CH4 system at 1 atm. (b) 
Variation of gas composition with XCH4 at 1200 K.

3. Experimental Procedures
The experimental setup employed for the present study 
consists of a hot-wall furnace with SiC heating elements, a 
quartz tube (20 mm in diameter, 500 mm in length) and gas 
flow meters for high purity argon (99.999 %) and methane 

-Fe2O3
as a raw material. -Fe2O3 powder (not 
shown here) revealed round particles with particle sizes 
ranging from 20 to 80 nm.

An alumina boat was loaded with ~160 mg (~10-3 mole -
Fe2O3 powder. Prior to the experiments, moisture in the 
oxide powder was removed at 373 K in an oven. The oxide 
powder was then heated in the furnace at a rate of ~25 K/min 
in Ar atmosphere (85 standard cm3 /min, sccm) to the 
reaction temperatures. The experiments were carried in two 
series. In the first serie, the reaction behavior of the oxide 
powder was studied at a temperature range 800-1200 K for 
isothermal holding time of 60 min. In the second serie, the 
isothermal reaction time was varied at 1200 K. The reaction 
products were cooled to room temperature in Ar (85 sccm).

Mass measurements before and after the experiments were 
carried out by an electronic balance with a sensitivity of ±
10-4 g to determine the extent of the reaction. Mass change 
was calculated using the formula of ((mf -mo) / mo) x 100 
where mf and mo are the final mass of the products and 
original mass of the oxide powder (Fe2O3), respectively.

Powder morphologies were examined by JEOL 5600
Scanning Electron Microscope (SEM). Phase analysis was 
carried out by a Rigaku D/Max-2200 X-ray diffractometer 

= 0.15418 nm).

4. Results and Discussion
4.1. Effect of temperature
Fig. 2 shows change in the sample mass as a function of 
reaction temperature. As can be seen from the figure, mass 
change decreases from -3.35 % at 800 K to -22.43 % at 1100 
K with increasing temperature, but at 1200 K it gains mass 
significantly (9.27 %). The mass loss is attributable to 
oxygen loss from Fe2O3, while the mass gain is due to C 
uptake as revealed by the XRD patterns of the products (Fig. 
3). The pattern of the product obtained at 800 K consists of 
only diffraction peaks from Fe3O4. This result is found to be 
in agreement with the mass change data at 800 K at which -
3.35 % mass change was observed, which is close to the 
theoretical value (-3.34 %) for the complete transformation 
of Fe2O3 to Fe3O4. At 900 K, comparative peak intensities 
indicate that a minor FeO phase co-exists with a major 
Fe3O4 phase. When temperature is increased to 1000 K, 
Fe3O4 peak intensities decrease while those of FeO increase. 
This product also exhibits intense peaks from the (110), 
(200), (211) and (220) crystallographic planes of Fe at 44.5°, 
64.9°, 82.2° and 98.8°, respectively. At 1100 K, only Fe 
peaks are observed in the relevant XRD pattern. At a higher 
temperature of 1200 K, a peak at 26.4° from the (0002) 
crystallographic plane of graphite appears along with Fe 
peaks as a result of significant CH4 pyrolysis at 1200 K. 
These results correlate with mass change data in Fig. 2.

Figure 2. Change in mass of the starting Fe2O3 powder after 
isothermal holding for 60 min at various temperatures in 
CH4 atmosphere.

4.2. Effect of reaction time
In order to study reduction behavior of Fe2O3 as a function 
of reaction time, the temperature of 1200 K was chosen, 
because appreciable CH4 decomposition was observed at 
this temperature. Hence, higher amount reducing agents 
such as H2 is expected at 1200 K leading to shorter reduction 
times compared to 800-1100 K.
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Figure 3. XRD patterns of the products obtained from the 
reaction of Fe2O3 with pure CH4 at various temperatures for 
isothermal reaction time of 60 min.

Fig. 4 illustrates effect of the reaction time on mass change 
at 1200 K. As seen from the figure, mass loss is followed by 
mass gain. Mass loss rapidly increases with the reaction time 
up to 10 min owing to the oxide reduction. After this, the 
mass change gradually increases from -26.40 % to 9.27 % as 
the reaction time increases from 10 min to 60 min as a result 
of C deposition from CH4.

Figure 4. Change in mass of the starting Fe2O3 powder after 
isothermal holding at 1200 K for various times in CH4
atmosphere.

Fig. 5 displays the XRD patterns of the products obtained at 
1200 K for various holding times. The XRD pattern for 5 
min exhibits no Fe2O3 peaks indicating that significant 
reduction already took place. As revealed by the 
comparative peak intensities in the pattern, the product 
contains minor Fe3O4 phase, major Fe and FeO phases.
When the reaction time is increased to 10 min, the oxide 
phases disappear and single Fe phase is formed. Further 
increase in the reaction time results in the appearance of free 
C (graphite) phase along with Fe as evidenced by the (0002) 
peak at 26.4°. The intensity of the C(0002) peak increases as 
the reaction time is increased to 60 min, indicating that more 
C is formed. The effect of the reaction time on the reaction 
behavior of Fe2O3 in pure CH4 atmosphere at 1200 K is 
observed to be similar to that of temperature (Figs. 2 and 3).

Figure 5. XRD patterns of the products obtained from the 
reaction of Fe2O3 with pure CH4 at 1200 K for various 
isothermal holding times.

4.3. Reaction pathways to Fe formation from Fe2O3
The variations of the contents of solid (Fig. 1a) and gas 
phases (Fig. 1b) with XCH4 were analyzed in order to suggest 
possible chemical reaction mechanisms for Fe formation.
Fig. 1a reveals that Fe formation from Fe2O3 in pure CH4
atmosphere at 1200 K follows the path of Fe2O3 3O4

4 content increases. This path 
was verified by the experimental results. The reactions 
leading to Fe in the Fe2O3-CH4 system can be given as 
follows.
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Reduction of Fe2O3 to Fe3O4 may occur by the reactions of

3Fe2O3 (s) + CH4 (g) 3O4 (s) + 2H2 (g) + CO (g)             (1)
12Fe2O3 (s) + CH4 (g) 3O4 (s) + 2H2O (g) + CO2 (g)       (2)

In the Fe3O4 phase field, H2 and CO contents increase 
sharply while those of H2O and CO2 decrease with rising 
XCH4. These variations suggest the following reactions: 

H2O (g) + CH4 (g) 2 (g) + CO (g)                                     (3)
CO2 (g) + CH4 (g) 2 (g) + 2CO (g)                                  (4)

Reduction of Fe3O4 to FeO may occur via the reactions of

Fe3O4 (s) + CH4 (g) (s) + 2H2 (g) + CO (g)                 (5)
4Fe3O4 (s) + CH4 (g) (s) + 2H2O (g) + CO2 (g)          (6)

In the FeO phase field, reactions (3) and (4) are suggested as 
similar variations in the gas phase with rising XCH4 are seen.

Reduction of FeO to Fe may take place via the reactions of

FeO (s) + CH4 (g) (s) + 2H2 (g) + CO (g)                         (7)
4FeO (s) + CH4 (g) (s) + 2H2O (g) + CO2 (g)                  (8)

Based on the intermediate reactions given above, the 
following overall reactions between Fe2O3 and CH4 leading 
to Fe formation are suggested:

Fe2O3 (s) + 3CH4 (g) (s) + 6H2 (g) + 3CO (g)                 (9)
4Fe2O3 (s) + 3CH4 (g) (s) + 6H2O (g) + 3CO2 (g) (10)

4.4. Morphological analysis
Fig. 6 shows the SEM images of the products obtained by 
the reaction of Fe2O3 with pure CH4 at 1200 K for 5, 10 and 
15 min and at 1100 K for 60 min. The images obtained at 
lower magnifications (not shown here) were used to measure 
coarse particle sizes. The products obtained at 1200 K for 5, 
10 and 15 min contained coarse particles with sizes up to 20, 

The powders produced were 
observed to flow freely owing to increased particle size. The 
powder synthesized at 1200 K for 5 min exhibits submicron 
particles along with spongy coarse ones (Fig. 6a). Coarse 
particles are elemental Fe which can be sintered more easily 
compared to the oxides. The product obtained for 10 min is
more homogeneous in size and exhibits only spongy coarser 
particles as revealed by Fig. 6b. Further increase in reaction 
time to 15 min yields similar morphology to that obtained 
for 10 min (Fig. 6c). Pore size in the spongy particles is 
observed to be It is noted that at 1100 K 
for 60 min reaction time, the powder morphology (Fig. 6d)
appears to be different from the others; it consists of 

spongy appearance. This is partly attributed to increased 
sintering and partly to more C uptake owing to prolonged 
reaction time. C deposition leads to the formation of 
pyrolytic carbon skin on external particle surfaces as 

evidenced by halo formations (dark areas) around Fe-
containing cores (light areas) as seen in Fig. 6d. C deposition 
may also take place in pore surfaces. Hence, disappearance 
of spongy character is attributable to pore enclosure by C 
deposition on the external particle surfaces. 

(a) (b)

(c) (d)
Figure 6. SEM images of the products obtained by the 
reaction of Fe2O3 with pure CH4 at 1200 K for (a) 5 min; 
(b) 10 min; (c) 15 min and at 1100 K for (d) 60 min. 

5. Conclusion
Mass change decreases with temperature up to 1100 K 
owing to the oxide reduction, but at 1200 K it gains mass 
significantly owing to C uptake. The effect of the reaction 
time is observed to be similar to that of temperature. Single 
Fe phase is obtained within 60 and 10 min at 1100 K and 
1200 K, respectively. Above these limits, free C is observed 
to coexist with Fe. Fe formation from Fe2O3 in pure CH4
atmosphere follows the path of Fe2O3 3O4
Fe. The present study demonstrates that spongy Fe could be 
produced from Fe2O3 in a flowing pure CH4 atmosphere.
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Abstract 
 
There is a common implementation called 
“Overlapping Heat Application” for many iron and 
steel making plants that uses “continues casting” in 
the world. In this application, different quality slab 
heats are planned and produced in the same tundish 
in case of the tonnage, quality, dimension (slab 
width) unsuitableness to optimize the steel plant’s 
production conditions. At the end of present 
application, two different qualities are mixed, 
overlapped in the same tundish and the borders of 
this overlapped slab mixing becomes unknown. 
Since there is a requirement to know the borders 
and the new chemical composition of mixing steel, 
a study on slab quality and tonnage determination 
for overlapping heats in a continuous casting 
tundish study was done. Accordingly, mass balance 
was taken as a base of this modelling programme. 
Also, Microsoft excel formulas were used in any 
step of the study. Furthermore, this study permits to 
decide the cast id name (quality name) according to 
Çolako lu Metalurji A. . quality and chemical 
compositions standards and slab lengths according 
to Çolako lu Metalurji A. . slab dimension 
standards. In practical case, people in Çolako lu 
Metalurji A. . separate overlapped slabs from 
original heats with their experience without any 
measurement, calculation and chemical tests. In 
order to control the chemical results of present 
modelling study, some experimental studies were 
applied to the real overlapped slabs. The results 
were compared with each other in tables, graphs. 
Eventually, results of modelling study that was 
already compared with experimental results are 
found quite successful except negligible deviations. 
 
1. Introduction 
 
Steel is an alloy of iron and carbon that is widely 
used in construction and other applications because 
of its high tensile strength and low cost. In the 
present day, two common ways are followed to 
produce and refine the steel as mentioned “Blast  
 
 

 
 
 
furnace-converter method” and “Electric arc 
furnace method”. 
 
After the electric arc furnace process, secondary 
metallurgy processes begin (ladle furnace, vacuum 
degasser etc.) for molten steel. The molten steel that 
was processed in secondary metallurgy is casted 
through the tundish to the molds with considering 
sales order requirements for shape, dimension and 
weight. In a process of continues casting, tundish is 
the last metallurgical channel to cover and 
accommodate the melted steel before pouring to the 
molds and permitting to begin the solidification. 
Hot metal level in tundish is set to the same level 
during casting in order to provide regular casting to 
the molds. Because, if tundish level fluctuations 
occurs and hot metal pouring becomes irregular, 
micro inclusion problems may be observed on the 
surface or inside of the slabs [1]. Çolako lu 
Metalurji owns a slab casting facility with two 
strands and tundish mechanism [2,3]. 
 
As a common application for many companies in 
the world and Çolako lu Metalurji A. ., slab or 
billet heats which has different quality names so 
different chemical compositions are produced in the 
same tundish during continues casting process in 
case of the tonnage, quality, dimensions (slab 
width) unsuitableness to optimize the steel plant’s  
production conditions. At the end of relevant 
application, two different qualities are mixed in the 
same tundish and the borders of this overlapped 
slab mixing are unknown. There is a requirement to 
know the borders and the new chemical 
composition of mixed steel, "Study of slab quality 
and tonnage determination for overlapping heats in 
a continuous casting tundish" work was done in this 
study. The main purpose of this study is to clarify 
the quality borders of overlapped slabs so that to 
calculate the overlapped slab’s tonnage and most 
suitable slab lengths according to the tonnage 
though. In addition, the study helps to name the 
overlapped slab quality.  
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2. Overlapping Heat Application in a Continues 
Casting Tundish 

 

 
Figure . Overlapping Heat Application. 

 
As it shown in Figure , while  quality hot metal is 
pouring to the molds from tundish, another  quality 
hot metal starts to pour into the tundish from ladle 
because of some mandatory reasons. As a result of this 
overlapping heat application, a mixed quality  hot 
metal generates in the tundish. Mixed quality hot metal 
that was gained in tundish continues to be poured into 
the molds following to pure  quality hot metals. After 
mixed quality hot metal ends (the borders are 
unknown) pure  quality hot metal starts to pour into 
the molds as well. 
 
3. A Modelling Program for Overlapped Heats 
 
Quality name and number of slab pieces decision for 
overlapped slabs is based on forecast and experiments 
in Çolako lu Metalurji A. . Because start, finish 
borders and chemical composition between the borders 
cannot be known without any analysis. These forecasts 
may be sometimes right but sometimes may cause pure 
slabs to be named as overlapped, to wait in the 
stockyard, customer complains because of 
inconvenient quality names. In order to eliminate these 
problems, "Study of slab quality and tonnage 
determination for overlapping heats in a continuous 
casting tundish" work was done. Details of the 
modelling programme are listed below: 
o The modelling program was prepared in “Microsoft 

Excel” office program and some formulas based on 
Microsoft Excel are used in any step of it. 

o There is a need to fill in the some information of 
“Input Table”. For instance, remaining and 
incoming cast ID names (  and  quality names), 
requested slab width, thickness and casting speed. 
Furthermore, remaining hot metal amount in the 
tundish is accepted as  tonnes in order to stay the 
safety limit for tundish refractory. At last, steel 
density is always 𝑔 𝑐𝑚 . 

o Quality parameters table in the program is filled in 
automatically by excel formula according to input 
information. Remaining  quality and incoming  
quality chemical compositions,  quality’s 
minimum and maximum values of chemical 
composition for each element are seen in this table 

which is taken from quality system source of 
Çolako lu Metalurji A. .. Also, target chemical 
composition is decided according to incoming  
quality because the mixed hot metal in the tundish 
turns into  quality from  systematically. 

o Details of the calculations are explained below;  
The m symbols which are seen in Figure  are created 
by changing from casting speed 𝑚 𝑚𝑖𝑛  to mass flow 
rate 𝑘𝑔 𝑚𝑖𝑛 . 

 
Figure 2.  Tundish simulation. 

 
m: Remaining hot metal amount in the tundish 
𝑡𝑜𝑛𝑛𝑒𝑠  
𝑚 : Mass flow rate of hot metal, which is poured from 
ladle to 𝑘𝑔 𝑚𝑖𝑛  
𝑚 𝑚 : Mass flow rate of hot metal, which is poured 
from first and second holes (strands) to molds 
𝑘𝑔 𝑚𝑖𝑛  
𝑥 𝑥 : Incoming quality chemical composition’s  
values that is coming from ladle to tundish and 
outgoing quality chemical composition’s  values that 
is from tundish’s two strands to molds respectively. 
Mass Balance formula shown with a following 
equation ( ) [ ]; 

𝑚 𝑚 𝑚 𝑑𝑚𝑑𝑡 ( ) 
Addition of chemical compositions (𝑥 𝑥 ) to the 
formula ( ) helps to create following mass balance 
equation; 

𝑚 𝑥 𝑚 𝑚 𝑥 𝑑𝑚𝑥 𝑑𝑡 𝑚𝑑𝑥 𝑑𝑡 𝑥 𝑑 𝑑𝑡
 (𝟐) 

It is accepted that level alteration in the tundish is not 
existing. So that, 𝑑𝑚 𝑑𝑡  equation appears and 
formula ( ) comes out. 

𝑚 𝑥 𝑚 𝑚 𝑥 𝑚𝑑𝑥 𝑑𝑡 (𝟑) 
Dividing both sides by  𝑚, 

𝑚 𝑥 𝑚 𝑚 𝑚 𝑥 𝑚 𝑑𝑥 𝑑𝑡    (𝟒) 
is obtained. By replacing 𝑚 𝑥 𝑚 by  𝐴 and  
𝑚 𝑚 𝑚 by 𝐵, 

𝐴 𝐵𝑥 𝑑𝑥 𝑑𝑡  (𝟓) 
is obtained

𝑑𝑡 𝑑𝑥 𝐴 𝐵𝑥   (𝟔) 
the following solution is obtained. 

𝑡 𝐴 𝐵𝑥 𝐵 𝑐  (𝟕) 
At the moment of 𝑡 , 𝑥  is equal to remaining 𝑋 
quality chemical composition. Through this, 𝑐 integral 
constant could be found with formula (𝟖). 

Tundish 
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𝑐 𝐴 𝐵𝑥 𝐵  (𝟖) 
𝑥  is outgoing quality chemical composition’s value 
for each element and it has to be equal to last target 
value. The time period to reach the last target value 
should be found and it is possible with the combination 
of ( ) and ( ) formulas. 
Formula ( ) helps to find the time period 𝑡 to reach the 
last target 𝑥  chemical composition. 

𝑡 𝐴 𝐵𝑥 𝐵 𝑐 (𝟕) 
o In order to find an amount of mixed quality steel 

that should be separated from pure 𝑋 or 𝑌 quality 
steel, recently calculated 𝑚  ve 𝑚  should be used. 
𝑚 , 𝑚  are described with 𝑘𝑔 𝑚𝑖𝑛 and t is 
described with minute so that, if they are multiplied 
with each other, the amount of mixed quality steel 
that should be separated can be found as kg. 
Afterwards 𝑘𝑔 is turned into tonnes.  

o Slab weight for one meter is found by the help of 
some input information (slab width, thickness, 
density). Afterwards, separated total slab length (m) 
can be calculated through separated amount of 
mixed steel. 

o Average chemical composition of separated 
overlapped slabs is calculated in the following 
steps; 

1. First of all, a time period to produce  slab 
𝑚𝑖𝑛  is found. It is calculated through decision of 

separated slab length to be divided by casting speed. 
2.The time period that is found previous step, is 
divided into  equal pieces. Afterwards,  different 
chemical compositions could be found for each slab by 
using formula ( ) with integral limits. 
 
𝑡 𝑑𝑡 𝛼𝛽𝑑𝑥 𝐴 𝐵𝑥      

𝑡 𝑡 𝐴 𝐵𝑥 𝐵 𝛽𝛼  (𝟗) 
where 𝛽 denotes the analyses of the quality which is at 
the basis of tundish and 𝛼 denotes chemical 
composition of the element in a choosen 𝑡 instant.  
o An average chemical composition is found from  

different chemical compositions for each separated 
slabs. 

o In the last step of program, all casting qualities 
of Çolako lu Metalurji A. . are listed and separated 
slab(s)’s average chemical composition for each 
element that is calculated in the previous step is 
checked to find weather it is between the requested 
minimum and maximum limits or not. Microsoft excel 
formulas are used again to apply calculation. If the 
element’s  value is between limits it is written “1”, 
but it is not between the limits this time it is written “ ” 
to the “Quality Control” table. Thus, if one casting 
quality’s all the important elements % value supplies 
the request and gets number “1” in quality control table 
separated slab’s cast ID name could be found. But, if 
any of important element % value gets number “0” in 

the table, separated slab cannot be take any ID from 
casting quality source. Because the numbers of 
important elements are multiplied with each other and 
the last decision becomes “0” means negative result. 

 
4. Comparison of Experimental and Calculated 

Results 
 
In order to compare the experimental and calculated 
results,  samples from head, middle, end of the 
overlapped slabs, which were separated from pure steel 
qualities by quality control department workers 
experiment and forecasts were taken and analyzed 
through mass spectrometer machine.  different 
chemical compositions were gained and called as 
“experimental results”. Thus, the chemical 
compositions alteration could be monitored and 
compared with the “calculated results”, which are 
acquired from modelling program.  
 
5. Conclusion 
 
As a result of “Overlapping Heat Application” in 
Çolako lu Metalurji A. ., two different qualities are 
mixed, overlapped in the same tundish and the borders 
of this overlapped slab mixing are unknown. It is 
aimed to end up confusing and unknown situation with 
modelling program. Accordingly, mass balance was 
taken as a base of this program. Also, Microsoft excel 
formulas were used in any step of the work. 
Experimental and calculated results are compared with 
each other. Eventually, the comparison results have 
been found quite successful except small and negligible 
deviations. "Study of slab quality and tonnage 
determination for overlapping heats in a continuous 
casting tundish" work gave a chance to know the 
borders and the new chemical composition of mixed 
quality steel. In addition, this study permits to decide 
the cast id name (quality name) according to Çolako lu 
Metalurji A. . quality and chemical compositions 
standards and slab lengths according to Çolako lu 
Metalurji A. . slab dimension standards. Basically, this 
study provides opportunity to work with more reliable 
result instead of the results based on forecast and 
experiments about overlapping heats in Çolako lu 
Metalurji A. . plant. 
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C66D Kalite Malzemelerde Mukavemet Değerlerinin 
Düşürülmesi ve Müşterideki Çekilebilirlik Hızının 
Arttırılması • Increase Tensile Strength and Decrease 
Drawibility on Customer of C66D Quality

Serdar Günbay, Koray Aray, Erdi Gönülalan 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

ÖZET 

sdemir’de yıııllık yakla ık 550 bin ton kangal üretimi gerçekle tirilmi tir. Kangal haddehanesinde ticari, tellik, 
yüksek karbonlu, cıvatalık ve kaynak teli üretimine uygun 5,5 mm den 16 mm’ye kadar çaplarda üretim yapılmaktadır. 
Yapılan kangal üretiminin yakla ık %20’lik bölümünü C66D kalitesi olu turmaktadır. Bu çalı mada C66D kalitede 
kangal üretimi sırasında standardın üst sınırlarında gelen mukavemet de erlerinin dü ürülmesi, mü teride orta 
seviyelerde gerçekle en malzeme çekilebilirlik performansının arttırılması amaçlanmı tır. Bu amaçla mevcut i letme 
pratiklerinde 15 0C/sn olan so utma hızı fan de erleri de i tirilerek 11 0C/sn’ye hıza dü ürülmü tür. So utma hızının 
15 0C/sn’den 11 0C/sn dü mesi sonucunda ortaya çıkan mikro yapı ve mukavemet sonuçları incelenmi , yapılan 
inceleme sonrasında standardın istedi i mekanik de erlerin sa landı ı tespit edilmi tir. Ek olarak yapılan metalografik 
incelemelerde mikro yapıda herhangi bir metalurjik kusur tespit edilmemi tir.  Sonuç olarak, C66D kalitesinde 
mukavemet de erleri dü ürülerek malzemelerin mü terilerde çekilebilirlik performansı yakla ık %35 oranında artı  
göstermesi sa lanmı tır. Bu çalı ma ile birlikte konveyör hattında so utma amaçlı kullanılan fan de erleri dü ürülerek 
maliyet avantajı sa lanmı tır. 

 

 

 

 

 

550.000 tons wire rod are produced in SDEM R annually. In wire rod mill production are divided according to 
application of wire rod that are wire, high carbon, pin bolt, bolt and welding wire in the range of 5,5 and 16 mm 
diameter. 20 % of total production is C66D quality. In this work, lowering the tensile strength of the wire rod and 
increase in drawability of customer application are aimed. For these purpose, cooling rate is decreased form 15 C/s to 
11C/s in wire rod mil operation. After the decreasing cooling rate, tensile strength and micro structure results are 
examined and tensile strength is proper according to C66D mechanical standard. In addition to these, there are no defect 
in micro structure by the metallographic examination. In conclusion, tensile strength of C66D quality decreases while 
drawability performance of this quality in customer process increases in 35 %. With this work, fan working capacity 
that used to cooling material in conveyor decreases so it provides lowering operation cost. 

ABSTRACT
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1. Giri

C66D kalitesinin en yayg n kullan m alanlar ndan 
birisi yatak yay  imalat  olup, 5,5 mm çap ndaki 
filma inler 1,20mm ile 5.0 mm aras nda kuru veya 
ya  tel çekme prosesiyle imal edilirler. 5,5 mm 
filma inden imal edilen teller için filma inde 940-
1040 MPa aral nda mukavemet talep 
edilmektedir. 5,5 mm filma inden üretilen yatak 
yay  telleri çekilecek olan nihai ebata göre kuru tel 
çekme prosesiyle 4-12 kafa aras nda çekilerek 
üretilmektedir. Tufal giderme i lemi, kimyasal tufal 
giderme olup,  üretim proses a amalar  s ras yla 
yüzey asitleme, borax, durulama ve fosfatlama 
metoduyla yap l r. 

Kangal haddehanesinde tavlanan kütük, kaba grupta 
9 tezgah sonras  40-45 mm çapa, 1.ara grup 4 
tezgah sonras  25 mm çapa, 2.ara grup 2 tezgah 
sonras  18 mm çapa indirilir. Finish grubunda dikey 
ve yatay 15 tezgahtan 5,5 mm çapa indirgenen 
filma in 4 bölgeli so utma zoneleri so utularak 880 
0C serme kafa s cakl  ile konveyörlere dü ürülür. 
Konveyörlerde her biri 154.000 m3/h kapasiteye 
sahip 9 adet fan ile so utularak 300-400 0C s cakl k 
ile ekillendirmeye dü ürülür.   

 sdemir’de C66D üretiminde kullan lan kimyasal 
analiz tablosu Tablo-1 de verilmi tir.  

 

Kangal haddehanesinde 880 0C hedef serme kafa 
s cakl  9 fan % 85 kapasiteyle üretim yap ld nda 
15 0C /sn so uma h z yla üretilmektedir. 600 0C 
sonras  so uma h z  ise 1-20C/sn so uma h z  
kullan lmaktad r. Mevcut so utma h z  ile üretilen 
kangallar n mekanik test sonuçlar n n mukavemet 
da l m  a a daki grafikte verilmi tir. 

 

 

Mevcut üretim pratiklerinde serme kafa s cakl n n 
600 0C’ ye so utma h z  15 0C /sn kullan larak 
üretim yap ld nda ortalama çekme mukavemetleri 
990-1020 MPa aral nda, % uzamalar ise 15-18 
aras nda de i kenlik göstermektedir. Mevcut üretim 
pratikleri ile mü teriye giden filma inler nihai ebata 
çekilme h z  14 m/sn tel çekme üretim h z yla 
üretilmektedir.  

2. Deneysel Çal malar 

Mevcut üretim pratikleri ve elde edilen yüksek 
çekme mukavemeti sonuçlar  ile üretilen sdemir 
filma inlerinin, mü teri tel çekme proseslerindeki 
rakip firma filma inlerine göre daha dü ük üretim 
h zlar na sahip olmas  nedeni ile, çekme 
mukavemeti dü ürme deneme çal malar  
ba lat lm t r. Yap lan deneme çal malar nda 
öncelikle serme kafa s cakl  de erleri 
de i tirilmi  ancak olumlu sonuç al namam t r. 

Serme kafa sonras , so utma h zlar  fan de erleri 
de i tirilerek dü ürülmesi hedeflenmi tir. 9 fan 
%85 olan proses de erleri, 9 fan %75, 9 fan %60, 9 
fan %55 ve 9 fan %45 proses de erleri denenmi  
ancak optimum de erler 9 fan % 55 proses de eri 
ile elde edilmi tir.  

Yap lan denemelerde 9 fan %55 alt ndaki 
de erlerde, mukavemetler talep edilen limitlerin 
alt nda kalm t r. 9 fan %60 de erlerin üzerindeki 
de erlerde, çekme mukavemetlerinde bir miktar 
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dü me görülmü , ancak oransal olarak hedeflenen 
iyile tirme de erleri yakalanamam t r. 

9 fan % 85 prose de erlerinde 880 0C ‘den 600 
0C’ye so uma h z  15 C/sn iken, 9 fan % 55 proses 
de erlerinde 880 0C ‘den 600 0C’ye so uma h z  11 
-12 0C olarak ölçülmü tür.  Mukavemetlerdeki 
azal  ise mü teri prosesinde filma ini daha h zl  
çekmesine sebebiyet vermi tir. 

900 0C’den 600 0C’ye so uma h z n n 4 0C/sn (15 
C/sn’den 11 C/sn’ye dü ürülmesi ile) azalt lmas  ile 
ortalama çekme mukavemeti de eri 997 MPa dan, 
973 MPa’a dü ürülmü tür. 9 fan % 55 üretilen 
prosesin mukavemet da l m grafi i Tablo 2’de 
gösterilmektedir. Grafikler kar la t r ld nda ilk 
grafikte 1000 Mpa üstü oranlar toplam  47,56 iken, 
ikinci grafikte ayn  k s m toplam oran  sadece 7,88 
ç km t r. 

 

 

JMAC Pro yaz l m  kullan larak olu turulan CCT 
diyagram  ekil 3’te verilmi tir.  

 

So utma h z n n dü ürülmesiyle elde edilen dü ük 
mukavemetli filma inlerin mikroyap lar  incelenmi  
yüksek so uma h z na sahip filma inin 
mikroyap s yla kar la t r lm t r. Perlitik yap ya 
sahip mikroyap larda lameller aras  mesafenin 
so uma h z n n dü ürülmesiyle artt  görülmü tür. 
15 C/sn so utma h z yla mikroyap larda lameller 
aras  mesafe 0,37-0,58 μm aras nda de i irken, 11 
C/sn so utma h z yla lameller aras  mesafe art  
göstermi  olup 0,50-0,79 μm aras ndad r. Lameller 
aras  mesafenin artmas yla çekme mukavemeti 
de erlerinde ortalama 26 MPa dü ü  sa lanm t r.  

Denemeye esas filma inler yatak yay  imalatç s  
firmalarda üretilerek mevcut proses ile üretilen 
filma inlerle kar la t r lm t r. Yatak yay  
imalat nda 5,5 mm çap ndaki filma inler 9-10 kafa 
ile redüksiyona u rat larak 2,0 mm- 2,38 mm 
çaplara kuru tel çekme prosesi ile indirgenmektedir. 
% 85 fan de erleri ile üretilen filma inler tel çekme 
prosesinde 14-15 m/sn üretim h z  ile üretilirken % 
55 fan de erleriyle üretilen filma inler 19-20 m/sn 
h zlara ç kar lm t r. Dü ük mukavemet 
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de erleriyle filma inin çekilebilirli i artt r lm  ve 
proses üretim de erlerinde yakla k % 35 oran nda 
üretim art  sa lanm t r.  

sdemir kangal haddehanesinde fan de erlerinin 
dü ürülmesiyle ayl k ortalama elektrik kullan m  
472.356 kwh/ay de erinden 259.795 kwh/ay 
de erine dü ürülerek büyük bir enerji tasarrufu 
sa lanm t r.  

3. Sonuç 

sdemir C66D kalite üretiminde so utma h z  
optimizasyonu ile birlikte; 

• So utma h z n n mevcut üretime göre 4 
0C/sn daha dü ük çal larak ortalama 
mukavemetler 26 MPa dü ürülmü tür. 

• So utma h z n n dü ürülmesiyle 
mikroyap larda lameller aras  mesafe 
yakla k 0,16 μm artm  ve bu art  
mukavemetlerin dü mesini sa lam t r. 

• Mikroyap  ve mukavemetlerdeki 
de i iklikler ile mü teri prosesinde tel 
çekme h zlar nda art  sa lanm  olup 
üretim oran  yakla k % 35 artt r lm t r. 

• sdemir kangal haddehanesinde kullan lan 
fan de erlerinin 9 fan % 85’ten 9 fan % 
55’e dü ürülmesi ile ayl k ortalama 
212.561 kwh/ay elektrik enerjisi tasarrufu 
sa lanm t r. 

 

4.  Referanslar: 

[1] George E. Dieter, Mechanical Metallurgy, 
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[2] ASM Handbook Properties and Selection: 
Iron Steels and High Performance Alloys, 1993 
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Eff ect of Microstructure on Fracture Toughness of 
Coarse-Grain Heat Aff ected Zone in As-Welded X70M 
Steel
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Abstract
Fracture toughness behavior of coarse-grain heat 
affected zone (CGHAZ) of the welds in API5LX70M
pipes has been investigated by Charpy impact and 
crack tip opening displacement (CTOD) tests at -10°C. 
The present work also includes comprehensive pre- and 
post-test metallography and analyses. A correlation 
between local brittle and soft spots in intercritically 
reheated coarse-grain heat affected zone (ICCGHAZ) 
and toughness of the as-welded material has been 
observed. The degree of dilution and the microstructure 
of ICCGHAZ varied dramatically with heat input while 
there is no considerable change in the prior austenite 
grain size. It has been concluded that orientation and 
distribution of the secondary phases are the governing 
factors on toughness behavior of the as-welded steel.

1. Introduction

Even though toughness is their primary property, it has 
been observed that welding downgrades toughness of 
HSLA steels in HAZ [1] and hence lowers the overall 
efficiency of these steels. Especially it has been 
emphasized that multi-pass welding causes formation 
of various complex regions in the HAZ with their own 
characteristic properties [2-5]. Among these regions, 
ICCGHAZ acts like local brittle zones (LBZ) and 
yields the lowest values of the toughness [6-8].
Martensitic-Austenite (MA) constituents that are 
formed due to secondary heating caused by subsequent 
weld passes in coarse grained region are the main 
factor for significant reduction of toughness and the 
local brittleness [9-11]. Formation of MA was even
reported to dominate the effect of primary austenite 
size [1,12,13]. 

This study aims to distinctly reveal the effects of 
secondary heating on toughness by making a 
comparison of single and multi-pass weldments in 
X70M steel. For this purpose, due to its high 
penetration capabilities and being fast and economical, 
Hybrid Plasma Arc Welding (HPAW) method [14,15]

was selected to compare with the conventional metal 
active gas (GMAW) welding. With the application of 
HPAW it is aimed to prevent the formation of brittle-
MA constituents in ICCGHAZ, and at the same time to 
reduce distortion and residual stresses by completing 
the weldment in single pass [15,16].

2. Experimental Procedure

12mm thick X70M plates were butt welded using 
GMAW (five passes) and HPAW (single pass)
methods. The weld parameters are shown in Table 1.

Table 1. Weld parameters
Weld Method I

(A)
U

(V)
WFS

(mm/min)
LWS

mm/min

HPAW PAW 160 15 - 500GMAW 400 31 16
GMAW 270 29 8.5 400

Hardness distributions of weld metal and HAZ in face, 
mid-thickness and root regions were determined in 
HV1 scale. Beginning from the fusion line, 0.2mm 
interspaced indentations were inserted through base 
metal and hardness distributions of HAZ in 3mm 
distance were specified.

The Charpy impact and CTOD tests at -10°C were 
performed. The notches for CTODs were inserted on 
fusion lines at mid-thickness and weld centerline,
perpendicular to weld cross-section and in weld 
direction. For the Charpy specimens only fusion line 
notched specimens were prepared. 10x10x55mm3 and 
10x20mm2 cross-sectioned specimens were used for 
the Charpy and CTOD tests, respectively. Fusion line
notch locations are shown in Figure 1 with white 
dashed lines.

Micro examinations of HAZ and fracture surfaces were 
carried out using optical microscopes. For general 
structure 2% Nital was used for etching and 
additionally LaPera reagent was used to reveal 
martensitic constituents in the structure.
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3. Results and Discussion

The macro photographs of the two methods are given 
in Figure 1. The main differences between the two 
methods are clearly seen. HPAW is capable to fill all 
thickness with single pass, causing just a single heating 
cycle and it builds a weld pool that is narrow and deep.

Figure 1. Macro cross-sections of GMAW and HPAW.
CTOD and impact toughness fusion line notch 

locations are marked

Hardness results of the weld joints are presented in 
Figure 2. GMAW shows a low peak close to the fusion 
line and then values gets slightly lower through base 
metal. HPAW shows a distribution in a band of 
40Vickers without any detectable fashion. The small 
hardness peak of GMAW near the fusion line can be 
associated with the MA constituents, but it is in 
comparable ranges with HPAW. It was also observed 
that with the higher secondary cooling temperatures 
that is close to the Ac3 temperature, the hardenability 
and hence overall hardness decreases [17]. The high 
amount of MA with slightly higher hardness values can 
be associated with this phenomenon. 

Figure 2. Hardness in the vicinity of fusion line 

The general ICCGHAZ microstructure of the two 
weldments is shown in Figure 3. In GMAW, MA 
constituents are distinctly observable as darker phases 
among the grain boundaries in the samples etched by 
nital. Whereas HPAW’s single heating cycle does not 
cause formation of MA in the grain boundaries. The 
samples etched by LaPera etched reveal martensite 
quite clearly. Multi-pass GMAW caused formation of 
the bulky MA in a great proportion while martensite in 
the sample welded by HPAW was formed with finer 
and stringer type morphologies inside the grains which
is not disadvantageous for toughness [16,17]. 
Additionally, the stringer type of MA in the grains 
suggests that the HAZ of HPAW reached to 
supercritical temperatures [18]. 

The impact toughness test results are given in Table 2,
which also uncovers a similar behavior parallel to the 
hardness tests. HPAW yields higher scatter for fusion 
line impact toughness characteristics, but overall again 
the results are comparable. 

Table 2. Charpy impact test results (-10°C)
Method Results Average
GMAW 110 120 112 114
HPAW 109 100 170 126

CTOD characteristics of the weld metal and the fusion 
line were determined by two specimens. For the weld 
metal, single specimen for each method was tested. For 
fusion lines; due to complex structure which can show 
slight or great variations through weld length, the
number of specimens was increased. 

The results are given in Table 3. Generally, a material 
having CTOD values greater than 0.20-0.25mm is
considered as tough.

M-type fracture indicates a stable fracture growth when 
compared with and U-type. In U-type fracture,
popping-in occurs which is the sign of rapid crack 
growth in a relatively brittle phase. Hence, the M-type 
fracture is always preferred to the U-type fracture.

When weld metals are compared, both methods yield 
the similar results with an M-type fracture. It can be 
said that HPAW method with its narrow and deep weld 
pool does not cause any degeneration of toughness, 
which is uncommon for the conventional methods.
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Figure 3. ICCGHAZ microstructures: etched by nital a) GMAW, b) HPAW; etched by LaPera c) GMAW, d) HPAW

Table 3. CTOD test results
Weld 

Method
Specimen 

code
Notch 

Location
Fracture 

type CTOD (mm)

HPAW

HW Weld M 0.394 
HF1 FL M 0.514 
HF2 FL U 0.209 
HF3 FL U 0.535 
HF4 FL M 0.627 

GMAW

GW Weld M 0.424 
GF1 FL U 0.502 
GF2 FL U 0.055 
GF3 FL U 0.462 
GF4 FL U 0.376 

The main difference in CTOD testing is witnessed in 
fusion line specimens.  As Table 3 shows, all of the 
GMAW specimens show U-type fractures whereas 
only two of the HPAW specimens fractures as U-type. 
Thus, it is decided that HPAW yields a more stable 
CGHAZ. As Table 3 shows, the crack stability is not 
always related to the overall toughness of the 
specimen. Except one, all the specimens with U-type 

fracture yield sufficient toughness. Here increased 
number of fusion line specimens reveals a specimen 
with significantly low CTOD value. 

Figure 4 shows the microstructures adjacent to fusion 
line for GF2 and HF2 specimens respectively with 
0.055 and 0.209mm CTOD values. Two specimens 
from each method having the worst CTOD results were 
selected. The figure shows very coarse grains 
neighboring the fusion line. But additionally, GMAW 
method results in grains about 80-100 microns larger 
than HPAW method results. It can be said that 
continuous heating due to multi-pass welding causes 
significantly larger grains in the CGHAZ.

In addition to the large grains, MA constituents are 
distinctly visible in the grain boundaries of the 
ICCGHAZ of the sample welded by the GMAW 
method. Multiple heating causes grain coarsening and 
formation of MA constituents at the grain boundaries. 
Combination of these factors seems to be the main 
reason of the U-type fracture of the specimens welded 
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by the GMAW method. Besides, even in the same 
weldment, the toughness might reduce remarkably 
locally.

Figure 4. Post-test fracture photographs of GMAW
(GF2) and HPAW (HF2) CTOD specimens. White 

arrows mark the location of fusion line

4. Conclusions

The following conclusions were drawn from this 
particular study:

Multi-pass gas metal arc welding causes formation 
of martensite-austenite constituents and excessive 
grain coarsening;
Combination of these effects results in unstable 
crack growth and significantly low toughness;
With its single pass welding capability, HPAW 
method prevents above mentioned risks;
Since HPAW method provides mechanical 
properties that are comparable to those of the 
samples welded by GMAW method, it is a strong
alternative to the conventional methods.
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Abstract 
 
In the last decades several computational methods 
have been implemented successfully to optimize many 
heat treatment processes in terms of distortion. 
However, due to the complexity of the underlying 
thermo - mechanical - metallurgical interactions, the 
optimization of carburized quenching process still 
remains an open field. Here, design of experiments 
(DoE) can help to perform the needed simulations in a 
well-structured manner. The main aim of this study is 
to detect the influencing factors of carburizing 
processes on the distortion of a steel shaft. For that 
purpose, a 4-factor 2-level full factorial DoE was set 
up and analyzed for a cylindrical steel shaft made of 
DIN 16MnCr5 steel. Investigated factors included 
carbon activity in the furnace (0.9%,1.1%), 
carburization temperature (900°C, 950°C), time (8 h, 
24 h) and oil temperature (50°C  70°C). The results 
indicated carburizing time as the most significant 
factor for both length and diameter changes, which is 
succeeded by carburization temperature, oil 
temperature and carbon activity. Oil temperature and 
the case-depth are found to have an effect only on the 
diameter change. 
 
1.Introduction 
 
Shafts are heavy-duty components that are 
indispensable in power transmission systems. The 
demands of primary industries for higher load-bearing 
capacities, operating speeds, and longer service life 
constitute a big challenge for shaft manufacturers. 
Dimensional precision, high strength, fatigue and wear 
resistance are essential for a high-performance shaft. 
In order to fulfill these demands, the vast majority of 
steel shafts are heat treated and used either in case- or 
through-hardened condition. Heat treatment has a 
decisive role in determining the final properties and 
performance of the shaft. Distortion (undesired 
dimension and shape changes) is the most common 
problem in the heat treatment of shafts.  

The carburizing process is one of the most important 
heat treatment processes of shafts. The increase of 
computer capabilities and the development of Finite-
Element-software allow the simulation of case-
hardening processes leading to a better understanding 
of the process, which enables new opportunities for the 
design, optimization and planning. In particular, 
computer simulations attract special interest to predict 
the effect of process parameters and part geometry on 
the distortion.  
 
While the heat treatment literature includes numerous 
experimental and simulation studies [1-6] concerning 
the prediction of distortion and residual stresses in 
carburized parts, comprehensive analyses on 
influencing parameters on the distortion behavior of 
carburized components are still needed. In that sense, 
a DoE is especially helpful to identify the significant 
factors in a well-structured way, since the physics of 
the carburized quenching process is complex.  
 
In general, DoE studies were conceived for physical 
experiments. On the other hand, nowadays, most of the 
DoE studies can also be conducted using computer 
simulations in a time and cost effective way. By this 
way, DoE`s with larger number of parameters, which 
are practically almost impossible in the industry, can 
be conducted. Then, experimental DoE`s can only be 
limited to several factors and their interactions which 
are filtered in the computational DoE. Moreover, 
computational DoE`s also enables the opportunity to 
investigate the effects of parameters other than 
practically controllable parameters. For example, the 
influence of any material property can be investigated 
without affecting the other material properties, which 
is usually practically impossible.  
 
Most of the experimental DoE analysis methods 
normally depend on the variance of the response.  On 
the other hand, computer simulations do not inherently 
provide scattered results under the same set of input 
parameters. Thus, in order to use those methods, one 
has to introduce an artificial variability in the 
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simulations results. The most common technique for 
this is to run multiple simulations considering the 
variability in the input parameters.   
 
This study focuses on the investigation of the 
influence of gas carburization and quenching 
parameters on the distortion of cylindrical shafts by 
using computer simulations. Simulations are 
performed in an organized way using a full factorial 
DoE. The effect of variability in the DoE is neglected 
and the evaluation was performed accordingly. The 
results indicate the potential of computer simulation 
based DoE`s as an alternative to experimental DoE`s. 
 
2. Method 
 
2.1 Simulation Procedure 
 
The simulated component is a simple cylindrical shaft 
having a dimeter of 47.5 mm and a length of 224 mm. 
The shaft material is DIN EN 16MnCr5 which is a 
widely used carburizing steel. The simulated process 
is multiple step gas carburizing process succeeded by 
oil quenching (Isorapid® 277HM). The temperature 
and the carbon activity history of the investigated 
carburized quenching process is illustrated in Fig. 1. 
All simulations were conducted using commercial 
heat treatment software SYSWELD® (v10.0).  The 
simulation of the carburizing process is divided into 
three steps. In the first step the diffusion process of 
carbon was simulated. The second step contains the 
thermal calculation with phase transformations. 
Finally, the mechanical calculation has to be done 
leading to the stress-strain-distribution and the 
distortion. 
 

 
Figure 1: Process chart for gas carburization process 

 
Using the symmetries of the geometry, only 1/4 of the 
cylinder was modeled as shown in Figure 2 in order to 

this also implies that the heat transfer conditions are 
also assumed to be symmetric and the material 
behavior is isotropic.  

 
Figure 2: FE model used in DoE studies 

 
The geometry is meshed according to following 
procedure: First, a fine layer-mesh is created on the 
surfaces to capture the carbon and temperature 
gradients. Then, the core of the shaft is meshed with 
larger elements for computational efficiency. Both the 
layers and core mesh consisted of 4-noded linear 
axisymmetric elements. 
 
A convergence analysis for the mesh and time step size 
is conducted in order to eliminate the noise in the 
results due to inadequate meshing and time stepping. 
A convergence analysis is also beneficial to find the 
optimal parameters which provides the accuracy 
required with minimum computation costs such as 
time and memory required. Based on the convergence 
analysis, the rest of the study is conducted using a FE 
mesh consisting of 6847 elements. The surface layers 
consisted of elements with a thickness of 2 mm while 
the core is made 0.7 mm square elements.  
 
A surface temperature dependent heat transfer 
coefficient (Figure 3) is invoked for all the free 
surfaces of the shaft. Material data for 16MnCr5 steel 
is taken from the database of Visual Heat Treatment® 
v10 software. 
 

 
Figure 3: Surface temperature dependent heat 

transfer coefficient 
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2.2. Design of Experiments 
 
In this study, a factorial design of experiments is used 
to find out significant effects on distortion. A full 
factorial design is used as it enables the investigation 
of both the factors and all possible interactions 
between the factors. Carburization temperature, 
carburization time, carbon activity and the oil 
temperature are considered as the main factors. The 
factors vary on two ranges, a low range getting the sign 
-

-level 4-factor full-factorial design with 
a center point is used. Parameters and their levels are 
tabulated in Table 1. Corresponding DoE and its 
results are presented in Table 2. 
 
After studying through the design of experiments step 
by step, all relative changes in the shaft dimensions 
were investigated, especially; relative change of length 
and relative change of diameter. Then the results are 
evaluated using a probability plot according to the 
procedures given in [7].  

 
Table 1. Selected parameters and their levels 

Factor Unit -  0 + 
A Carb. Temperature °C 900 925 950 
B Carb. Time h 8 16 24 
C Carbon Activity (C) wt% 0.9 1.0 1.1 
D Oil Temp.(D) °C 50 60 70 

 
Table 2. Design of experiments and results 

Run A B C D   ] 

1 + - - - -0.00458 0.10813 
2 - + - - -0.00273 0.10443 
3 - - + - -0.00569 0.11025 
4 - - - + -0.00585 0.11532 
5 + + - - 0.00249 0.09872 
6 - + + - -0.00001 0.10013 
7 + - + - -0.00233 0.10564 
8 + + + + 0.00589 0.09594 
9 - + + + 0.00094 0.09955 

10 + - + + -0.00144 0.10569 
11 + + - + 0.00359 0.09674 
12 + + + - 0.00505 0.09574 
13 - - + + -0.00468 0.11192 
14 + - - + -0.00269 0.10703 
15 - + - + -0.00134 0.10782 
16 - - - - -0.00671 0.11509 
17 0 0 0 0 -0.00100 0.10531 

 
3. Results and Discussion 
 
The results of statistical analysis are presented as 
Pareto charts in Fig.4 and Fig.5, where the full line 
indicated 95% confidence level.  From the figures, it 
can be seen that carburization time is found as the most 

significant factor for both length and diameter 
changes, which is followed by carburization 
temperature and the carbon activity.  
 

 
Figure 4: Pareto-chart for effect of Length change  

 

 
Figure 5: Pareto-chart for effect of Diameter change 

 
In particular, to diameter changes, the oil temperature 
and the interaction between carburization temperature 
(A) and time (B) are also found as a significant factor, 
while they have negligible effect on the length change. 
These results can be interpreted as follows: The 
interaction AB is related with the case-depth and the 
result is probably due to large side-surface. The effect 
of oil temperature is mainly on the stresses developed 
during quenching and in a long cylinder 
circumferential stresses are larger than axial stresses, 
which lead larger plastic strains in that direction. This 
might be the reason for this occurrence. 
 
4. Conclusion & Outlook 
 
The goal of this paper was to determine the factors 
influencing the distortion of gas carburized steel shafts 
and to demonstrate the application of a DOE with heat 
treatment simulations. 2-level 4-factor full factorial 
design was used to reveal the effect of process 
parameters to the dimensional changes in the shaft. In 
the design, carburization temperature, carburization 
time, carbon activity and oil temperature were 
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considered as the control parameters, while the length 
and diameter changes were considered as responses.  
The analysis of DoE was conducted using probability 
plots. The results revealed carburization time as the 
most significant factor for both the length and 
diameter changes, which is followed by carburization 
temperature and the carbon activity. On the other 
hand, oil temperature and the case-depth is found to 
have an effect only on the diameter changes. 
 
As mentioned in the introduction part, conventional 
DoE with experiments are usually performed 
considering the scatter in the response. In the outlook 
of this study, repetition of the same study using 
Analysis of Variance (ANOVA) is considered.  
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Abstract 

Continuous casting is the one of most common 
method in the steel production. Although, there 
are many advantages of continuous casting in 
steel making process, it has some difficulties 
according to operational practice. One of these 
difficulties that adverts semi-finished products 
quality is the difference of quality of heats 
follow each other. These heats which has 
different chemical composition mix in the 
tundish and some amount of semi-finished 
products are produced form this mix steel.  The 
end of mix steel in the tundish depends on 2 
main parameters. These parameters are casting 
speed and casting slab width. In this work, 
while casting S235 JR steel grade, St 22 grade 
steel follows this heat. According to order of 
this sequence mix slabs are produced. In this 
work, these mix slabs are analized chemically 
by the mobile spectrometry throughout slab 
length. After the investigation, behavior of 
silicon and manganese element is observed in 
mix slabs. In conclusion, the end of mix 
chemical composition at mix slab is 
determined.    

Özet 

Sürekli döküm çelik üretiminde kullan lan en 
yayg n yöntemlerden biridir. Çelik üretiminde 
Sürekli dökümün sa lad  pek çok fayda 
olmas na ra men i letme artlar na ba l  olarak 
kar la lan baz  zorluklar  vard r. Yar  mamul 
kalitesini etkileyen bu zorluklardan biri de 
birbiri üzerine gelen dökümlerin farkl  
kalitelerde olmas d r. Farkl  kalitedeki bu 
dökümler tandi te kar r ve kar m çeli inden 

bir miktar yar  mamul üretilir. Tandi deki 
kar m çeli inin bitmesi ana olarak 2 
parametreye ba l d r. Bu parametreler döküm 
h z  ve slab döküm geni li idir. Yap lan 
çal mada, S 235 JR kalite dökümün üzerine St 
22 kalite bindirilmi tir. Yap lan bindirme 
sonras nda kar m slablar  üretilmi tir. 
Yap lan çal mada kar m slablar n n 
uzunlu u boyunda Oxford Ins. PMI-MASTER 
Pro seyyar spektrometre cihaz  ile kimyasal 
analizi yap lm t r. Yap lan analizler 
sonras nda silis ve mangan elementinin kar m 
slablar ndaki davran  izlenmi tir. Çal man n 
sonunda kar m döküm komposizyonunun 
slab n hangi metresinde bitti i tespit edilmi tir.   

Anahtar Kelimeler: Sürekli Döküm, Bindirme 
Döküm, Kimyasal Komposizyon, Bindirme 
Ara Slablar , Seyyar Spektrometre 

1. Giri  

skenderun Demir Çelik Fabrikas nda y ll k 
toplam 4 milyon yass  üretim kapasitesine 
sahip iki adet sürekli döküm makinas  
bulunmaktad r. Sürekli kat la ma mant yla 
istenilen ebatlarda kat la t rma yap labilen 
makinalar 2 kanall d r. Sürekli döküm 
makinalar nda kal nl k sabit ve 225 mm olup, 
üretilen yass  mamül olan bir di er ad yla 
slablar n geni likleri 890-2050 mm 
geni li inde, 6000-12000 mm boylar nda 
mü teri isteklerine göre üretilmektedir. Sürekli 
dökümün ana ekipmanlar ndan biri olan tandi , 
üretimin süreklili ini sa lamaktad r. Sürekli 
döküm makinas nda belirli bir s v  çelik 
kapasitesi ile dolu olan tandi te, dökülen 
potadaki çelik bitse dahi döküm kesilmemekte, 
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bir sonraki gelen pota tarete konmakta ve dolu 
olan pota aç larak tandi teki s v  çelik seviyesi 
belirli bir seviyede tutularak dökümün 
yap lmas na olanak sa lamaktad r. Tandi te 
birbirine kar an iki farkl  döküm ayn  
kaliteden olabilece i gibi, birbirinden farkl  
kaliteler de olabilir. letme maliyetlerini 
azaltma, bir tandi te daha fazla döküm alma 
ad na ayn  tandi te fakl  kaliteler dökülebilir. 
Farkl  kalitelerin ayn  tandi te dökülmesi 
sonucu farkl  kimyasal komposizyondan 
olu an tandi te kar m çelik havuzu olu ur. 
Yap lan çal mada S235 JR kalitesi ve St 22 
çelik kaliteleri ayn  tandi te kar m t r. 
Kaliteler aras nda temel olarak %Mn ve %Si 
farklar  bulunmaktad r. 

2. Deneysel Çal malar 

SCP1 makinas nda dökülen S 235 JR kalite 
döküme St 22 kalite döküm bindirilmi tir. 
Tandi  kapasitesi 75 ton olup, normal çal ma 
tonaj  ortalama 65 tondur. Bindirme esnas nda 
tandi te 52 ton S235 JR kalitesine ait s v  çelik 
bulunmaktad r. Yap lan bindirme dökümler 
yüksek silisli kaliteye dü ük silisli bindirme 
olup bindirme dökümün kimyasal analizleri 
a a daki tabloda verilmi tir. 

Tablo 1. Bindirme Döküm Analizleri ve 
Ebatlar  

 

 

Dökümler tabloda gösterildi i gibi s ral  
dökülmü  olup, tandi in 32. ve 33. 
Dökümleridir. Yap lan çal mada her iki 
dökümün kar m slablardan her metrede 
seyyar spektrometre ile analiz al nm  ve 
sonucunda; yap lan bindirmenin kat  mamül 
kimyasal analizine etkisinin incelenmesi 
hedeflenmi tir. Seçilen slablar n hepsi 1. 
kanaldan olup, bindirilen dökümün son 2 slab  
(son 24 metresi), binen dökümün ise ilk 3 slab  
(ilk 35,5 metresi) çal ma kapsam nda 
incelenmi tir. Dökümler aras nda % 0,20 
mangan fark   ve % 0,18 silis fark  
bulunmaktad r. St 22 kalite mü teri iste i 
kapsam nda %Si de eri maksimum 0,03, S235 

JR ise yine mü teri iste i kapsam ndan %Si 
0,15-0,25 aral nda çal lmaktad r. Bu 
çal mada yar mamulden yap lan analiz 
sonras nda kar m çelik tonaj n n tespit 
edilmesi hedeflenmi tir.  Her iki dökümde 
ortalama döküm h z  1,20 m/dak olarak 
gerçekle mi tir.  

3. Sonuçlar ve Tart ma 

Yap lan kimyasal analiz sonuçlar  a a daki 2 
grafikte özetlenmi tir. Her bir metreden al nan 
ölçüm sonuçlar nda temel fark yaratan 2 
elementin davran lar  önem arz etmektedir. 

Tablo 2. Silis de i im grafi i 

 

Tablo 3. Mangan de i im grafi i 

 

Yap lan çal ma sonucunda bindirmeden 
etkilenen slablar tespit edilmi tir. Tablo 2 ve 3 
de belirtilen k rm z  alanlar silis ve mangan 
gerçekle melerinin döküm kalite aral klar  
içerisinde olmayan metreleri göstermektedir. 
Buna göre yüksek silisli dökümün son slab n n 
5. Metresinde kar m etkisini göstermeye 
ba lam t r. Dü ük silisli olan dökümde ise ilk 
2 slab  bindirmeden ciddi bir ekilde 
etkilenmi tir. Dökümün kendi analizini 
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yakalamas  3. slab nda ancak ba layabilmi tir. 
Bindirmenin etkiledi i tonaj hesaplanacak 
olursa, 1 kanaldan 3 slab, çift kanaldan 6 slab 
ve her bir slab n 25 ton oldu u dü ünülürse; 
toplam 150 ton s v  çelik bindirmeden 
etkilenmi tir.  

St 22 kalite dökümden toplam 8 adet slab 
üretilmi  olup kar m n yo un oldu u ilk 2 
boy (toplam 4 slab) sipari inden sapt r larak 
bindirme nedenli ayr lm t r.  

Mangan elementinin davran  incelendi inde 
binen ve bindirilen dökümlerin son slablar  
kar mdan olumsuz etkilenmi tir. Sadece 
mangan elementi incelendi inde bindirme 
tonaj n 100 tonu etkiledi i gözlemlenmi tir. 

 

letme artlar nda zaman zaman kar la lan 
yüksek silisli döküme dü ük silisli kalitenin 
bindirilmesi durumu kalite aç s ndan ciddi 
olarak de erlendirilmesi gereken bir durumdur. 
Yap lan çal ma sonras nda yüksek silisli bir 
çelik kalitesine dü ük silisli bir kalitenin 
bindirilmesi durumunda toplam 150 tonluk bir 
kar m n yar  mamülleri etkiledi i göze 
çarpmaktad r. Tandi in çal ma tonaj  75 ton 
olaca  dü ünüldü ünde, 2 tandi  çal ma 
tonaj  kadar çelik kar m n n bindirme slablar  
olarak ayr lmas  gerekti i yap lan çal ma 
sonras nda ortaya ç km t r. Bu çal maya ilave 
olarak benzer bindirme dökümlerde döküm 
h zlar , döküm s cakl klar , tandi  çal ma 
tonajlar  ve döküm ebatlar  göz önüne al narak 
kar m tonaj n n modellenmesi 
hedeflenmektedir.  
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Cüruf Potalarında Skal Düşmemesine Bağlı Problemlerin 
Çözümü

Mehmet Gökoğlu, Kamil Eken, Halim Serkan Çağırdar 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

Abstract 
At Iskenderun Iron and Steel Co.(ISDEMIR) Slag 
Granulation Plant, a study about reducing problems, which 
effect pig iron production process and derive from 
hammering the slag pot due to residual scales, like; 
deformation on slag pots and loosing too much time at 
hammering and maintenance processes are reviewed.  

As known, blast furnaces are producing slag beside pig 
iron. At ISDEMIR, slag of the blast furnaces are 
transferred via ladles to the slag granulation plant and 
granulated by pressurized water. Before transferring the 
slag, lime milk  is sprayed into ladles in order to remove 
residual scales easily and protect the ladle from high 
temperature levels. However, some inside application of 
adherent residual scale removing treatment get harder even 
though limemilk process is performed. Because of this 
extra hammering tratment, applied to slag ladles to remove 
adherent scales that leads to deformation of the ladles and 
increase at the maintenance duration, inconvenient effects 
are occuring at blast furnace processes.  

Therefore, 75% seawater is used at preparation phase of 
the lime milk  process to solve these problems. For 
experimental purposes, 3 slag ladles were sprayed 
limemilk which was prepared with seawater. As a result of 
this trial, hammering treatment was not necessary for the 
ladles that were not deformed during removement of 
residual scales.  

 

 

 

To sum up, via this method, deformation and time-loss 
problems which derive from hammering, are hindered, the 
slag ladles are delivered to blast furnaces on time and a 
positive contribution is provided to pig iron production. 

 
1. Giri  
Bu çal mada; skenderun Demir ve Çelik A.  ( SDEM R) 
Cüruf Granüle Tesisinde cüruf potas nda kalan skal n 
dü memesine ba l  sonucu; cüruf potas n n fazla 
tokmaklanmas na ba l  cüruf potas nda deformasyon, 
tokmaklama i leminin uzun sürmesine ba l  olarak cüruf 
potas n n tekrar servise geç verilmesinden dolay  Yüksek 
F r n pik demir üretim sürecinin olumsuz etkilenmesi, vb. 
problemlerin azalt lmas na yönelik iyile tirme çal mas  
ara t r lm t r.  

 Yüksek F r nlarda pik demir üretimi s ras nda cüruf da 
üretilmektedir.  SDEM R A. . Yüksek F r nlarda üretilen 
cüruf potalarla Granüle Cüruf Tesisine ta narak burada 
bas nçl  su ile granüle cürufa dönü türülmektedir. Cüruf 
potalar  ile cüruf ta nmadan önce potalar n yüksek s dan 
etkilenmemesi ve potada kalan skal n kolay ekilde 
dü ürülmesi için cüruf potas na kireç sütü 
püskürtülmektedir.  Ancak baz  cüruf potalar na kireç sütü 
ile püskürtülme yap lmas na ra men cüruf potas  içerinse 
yap an cüruf skallar  zor ekilde dü ülmektedir. Bu 
durumda; skal  dü ürmek için potalara a r  tokmaklama 
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yap larak potalar n deforme olmas na ve cüruf potalar n n 
tekrar servise verilmek için Yüksek F r n alt na geç 
gitmesine neden olarak Yüksek F r n üretim sürecini 
olumsuz etkilemektedir. 

Tüm bu problemlerin çözümü için, kireç sütü haz rlama 
a amas nda kullanma suyunda %75 oran nda deniz suyu 
kullan lm t r. 

Deneme amaçl  olarak üç adet cüruf potas na deniz suyu 
kullan larak haz rlanan kireç sütü püskürtülmü tür. 
Yap lan gözlem sonucunda; cüruf potalar ndan skal n 
dü ürülmesi s ras nda; cüruf potas nda deforme 
olmayanlarda tokmaklama i lemine gerek kalmam t r. 
Böylece; cüruf potalar n n a r  tokmaklanmas na ba l  
deformasyonlar n n önüne geçilmi  ve tokmaklama ile 
zaman kayb n n önüne geçilerek potalar n n zaman nda 
servise haz r hale gelerek Yüksek F r n üretimi sürecini 
olumlu yönde etkilemi tir.  

 

 

Tablo 1: Cüruf Potas n n Döngüsü 
 

2. Problem Tespiti 
 

2.1. Cüruf Potalar nda A r  Deformasyon 
Yüksek F r nlarda SHD üretimi s ras nda at k olarak 
olu an s v  cürufun pota ile ta nmas  s ras nda s v  cürufun 
bir miktar n n so umaya ba l  olarak kat la mas  sonucu 
pota taban nda ve kenar nda skal olu maktad r. Cüruf 
granüle tesisinde potadan s v  cüruf bo alt ld ktan sonra 
kalan bu skal n dü ürülmesi bazen kaba cüruf bölgesinde 

bulunan bir araç üzerindeki tokmak mekanizmas  ile 
defalarca potaya vurulmas  ile dü ürülmektedir.  

Bu ekilde a r  tokmaklama sonucu cüruf potalar ndan 
deformasyonu neden olarak cüruf potas  kaynak yöntemi 
ile tamir edilmekte, kaynak yöntemi ile tamir 
edilemeyecek durumda ise hurdaya ayr lmaktad r. 
 

2.2. Yüksek F r n Üretim Prosesindeki Olumsuzluk: 
Serviste çal an cüruf pota say s  belli bir miktarda oldu u 
için cüruf potas n n içinde kalan skal n tokmaklama ile 
dü ürülmesinin uzun sürmesine ba l  olarak cüruf potas  
tekrar servise geç verilmesine neden olabilmektedir. Bu 
durum Yüksek F r n üretim prosesini olumsuz yönde 
etkilemektedir. 

3. Problem Çözümü 
 

3.1. Çözüm Ara t rmas   
 

Cüruf potalar n n içinde kalan skal n kolay ekilde 
dü ürülmesi için ara t rmalar yap lm t r. Yap lan 
ara t rma sonucu pota içine potan n Yüksek s dan 
etkilenmemesi ve s v  cürufun pota cidar na yap mamas  
için püskürtülen kireç sütünün istenilen etkiyi 
göstermedi i tespit edilmi tir.  

Yap lan ara t rma sonucu kireç sütünün etkili ekilde 
olabilmesi için kireç sütü haz rlama s ras nda tuz ilavesi 
gerekti i tespit edilmi tir.  

Ancak her kireç sütü haz rlama s ras nda tuz ilavesinin 
yap lmas n n maliyeti art raca  öngörülmü tür. Bunun 
yerine tesiste kaba cürufu so utma için kullan lan deniz 
suyu hatt ndan kireç sütü tank na su hatt  çekilmesinin 
daha avantajl  oldu una karar verilmi tir.  

3.2. Uygulama 
Kireç sütü yap m  s ras nda kullan lmak üzere Deniz suyu 
hatt ndan kireç sütü tank na ½”  su hatt  çekilmi tir. Hat 
montaj  tamamland ktan sonra kireç sütü yap m  s ras nda 
deniz suyu kullan lm t r. Ancak kullanma suyunun 
tamam  deniz suyu kullan ld  zaman a r  köpürme 
yapt  görülmü tür. Yap lan deneme sonucunda %75 
deniz suyu+%25 kullanma suyunun ideal oldu u 
görülmü tür. 
 
3.3. Kireç Sütü Haz rlama S ras nda Deniz Suyu 
Kullanman n Sa lad  Faydalar 
Deniz suyu kullanarak yap lan kireç sütünün cüruf 
potalar na püskürtülmesi soncu u faydalar sa lanm t r: 

3.3.1. Tokmaklama leminin Azalmas  
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Deniz suyu kullan larak yap lan kireç sütü potalara 
püskürtülmesi sonucu pota içinde kalan skallar kolay bir 
ekilde kaba cürufa dü mü , hafif hasarl  potalarda ise 1 

defa tokmaklama i lemi yap lm t r. Bunun sonuncu;  

• Tokmaklama s ras nda tokmak arabas n n enerji 
sarfiyat  azalm t r. 
• Tokmak arabas n n az kullan m na ba l  tokmak 
arabas  ar za ve bak malr  azalm  
• Tokmaklama süresi azald  cüruf potalr  tekrar 
zaman nda serivse verilerek Yüksek F r nalr n zaman nda 
aç lmas  sa lanm t r. 

 

3.3.2. Cüruf Potalar n n Bak m Maliyetinin 
Azalmas  
 

Deniz suyu kullan larak yap lan kireç sütü potalara 
püskürtülmesi sonucu pota cidar na daha etkin oldu u ve 
skal n yap ma probleminin önüne geçilmi tir. Böylece; 

• Pota içine s v  cüruf ile s zan s v  pik cüruf potas n n 
taban nda yap mas  engellenerek pota/potalar n hurdaya 
at lmas n n önüne geçildi. 
• Potan n özellikle üst k s mlar na etkili ekilde kireç 
püskürtme i lemi yap larak bu k s mlardaki 
deformasyonlar önlendi. 

• Pota içinde kalan skallar n kolay ekilde dü mesi 
sa lanarak potalar n n deformasyonalr n n önlenrek 
kaynakla dolgu maliyeti yok denecek kadar azald . 

 
 

 

 

 

 
 
 

4. Sonuç 
Yüksek F r nlar Müdürlü ü Granüle Cüruf Tesisi Kireç 
Binas nda kireç sütü haz rlama s ras nda kullanma suyu 
olarak deniz suyu kullan lm t r. Bu ekilde haz rlanan 
kireç sütü deneme olarak 3 adet cüruf potas nda deneme 
olarak uygulanm t r. Deneme sonucuna cüruf potas n n 
içinde kalan skallar n kolay ekilde dü tü ü ve skal 
dü memesine ba l  problemlerin giderildi i görülmü tür. 

Resim 2: Cüruf Potalar n n taban nda kalan 
skallar n dü ürlmesinde kullan lan tokmak arabas  

Resim 1: Kireç Sütü Tank n n giri ine deniz suyu 
hat ndan   ½ “ hat al nm t r. 
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Çift Fazlı Çeliklerde Mikroyapının Mekanik 
Özelliklere Etkisi

Yüksel Bilir 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

ABSTRACT 

Today, there are variety of steel grades developed for 
different uses and they are widely used in many different 
applications. Considering tough competition in sector, it 
is very crucial to choose the right material for the right 
application. Therefore, advanced high quality steels with 
ligth weight, formability and higher strength are in focus 
of new researches. Metallurgical heat treatments nad 
mechanical works increase strength while reducing 
ductility and formability. To resolve this problem, 
researchers have developed a new steel grade, Dual 
Phase(DP), that contains martensite and a soft ferrite 
matrix.  DP steel has a better toughness due to ferrite 
phase and has higher strength due to martensite islands. 
DP steels nowadays are must-have and are widely used in 
numerous industrial applications. 

ÖZET 

Günümüzde çok fazla çelik çe idi olup çok de i ik 
amaçlarda ve farkl  kullan m alanlar nda yayg n olarak 
kullan lmaktad rlar. Özellikle rekabetin hat safhada 
oldu u dünya ve ülkemiz endüstrisi ve ekonomisinde 
do ru malzemeyi, do ru yerde kullanmak çok önemlidir. 
Bundan dolay  endüstrinin bütün alanlar nda üretici ve 
tasar mc lar üstün özelliklere sahip, hafif, dayan kl , 
ekillendirme kabiliyeti yüksek olan malzemeler 

kullanmak isterler. Metalurjinin do as  gere i klasik s l 
i lem yöntemleri veya mekanik yollarla mukavemet 
art r l rken süneklik ve ekillendirilebilirlik azalmaktad r. 
Bu durumu bir problem olarak gören baz  bilim adamlar  
bir tak m ara t rmalar yaparak, yumu ak ferrit matrisi 
içerisine belirli bir oranda martenziti da tarak üstün 
özellikli çift fazl  çeli i bulmu lard r. Böylelikle ferrit faz  
toklu u sa larken, martenzit faz  ise gerekli dayan m  
sa lamaktad r. Bugün otomotiv, lojistik, beyaz e ya gibi 
birçok endüstride çift (dual) fazl  çelikler vazgeçilmez bir 
mühendislik malzemesi olarak yo un ekilde 
kullan lmaktad r. 

1. Giri  

Dual fazl  çelikler; dü ük akma mukavemeti, yüksek 
çekme mukavemeti, plastik deformasyon ile pekle me 
göstermesi, yüksek uzama özellikleri, sürekli akma 
göstermesi ve kolay ekil alabilmeleri ile özellikle 
otomotiv sektörü ba ta olmak üzere birçok sektörde en 
çok tercih edilen çelik grubudur. 

Çift fazl  çelikler, bile im bak m ndan sade karbonlu 
çeliklere benzerler. Çift fazl  mikroyap  uygulanan s l 
i lemlerle elde edilir. Çift fazl  çelikler sünek bir ferrit ( ) 
yap s  içerisinde odac klar biçiminde da lm  %10-30 
dolay nda martenzit (m) faz  içeren çeliklerdir. Çift fazl  
çelikler üstün özelliklerini; martenzitin yüksek 
mukavemete, ferritin iyi bir sünekli e sahip olmas ndan 
almaktad r. [1] 

2. Çift Fazl  Çeliklerin Üretimi 

Dual fazl  çelik üretimi s l i lemi; ötektoid alt  çeliklere 
uygulanmaktad r. Dual faz mikroyap s  esas olarak Fe-
Fe3C denge diyagram ndaki A1-A3 s cakl k aral ndaki 
(ferrit+ostenit bölgesinde) herhangi bir s cakl ktan k smi 
östenit yap s n n martenzite dönü ebilece i h zda 
so utulmas yla üretilir. ekil-2.1’de Fe-Fe3C denge 
diyagram  görülmektedir. 

 

ekil-2.1: Demir Karbon Denge Diyagram  
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Çift fazl  çeliklerin mikroyap lar  dönü üm yoluna ba l  
oldu undan, de i ik s l i lemlerle elde edilen 
mikroyap lar aras nda önemli farklar mevcuttur. Çift faz 
elde etmek için uygulanan s l i lemler unlard r; 

• Ara su verme, (Intermediate Quenching) 

• Kritik s cakl klar aras  bölgede tavlama, 
(Intercritical Anneling) 

• Kademeli su verme (Step Queching) 

Bu s l i lemlerin ematik gösterimleri ekil-2.2’de 
verilmi tir. ekil-2.2.a’da görülen ara su verme i leminde 
östenit bölgesinden su verilmi  malzemenin tekrar iki 
fazl  bölgeye s t lmas , primer martenzit dilim s n rlar  
boyunca östenitin çekirdeklenmesine neden olur. Bu 
i lem sonucu fiberli (lifli) martenzit, ferrit matrisi 
içerisinde da lmaktad r. ( ekil-2.3.a) [3,4]  

 

ekil-2.2.: Çift Faz Is l lemlerinin ematik Gösterimi 

a) Ara su verme b) Kritik s cakl klar aras  bölgede 
tavlama c) Kademeli su verme 

ekil-2.2.b’de “ferrit ( ) + ostenit ( )” bölgesinde tavlama 
i leminde (kritik s cakl klar aras  tavlama) malzemenin 
ba lang ç mikroyap s  ötektoidalt  ferrit ve perlitten 
olu maktad r. kili bölgede tavlama ile olu an ostenit, 
ferrit-sementit ara yüzeyinde çekirdeklenir ve büyür. Su 
verildikten sonra mikroyap , ferrit s n rlar  boyunca ince 
küresel martenzitten olu maktad r. ( ekil-2.3.b) [3,4]  

ekil-2.2.c’de görülen kademeli su verme i leminden 
önce ostenitleme yap l r, sonra malzeme “ferrit ( ) + 
ostenit ( )”bölgesine so utulur. S cakl k iki fazl  bölgeye 
dü ünce ferrit, primer östenit tane s n rlar  boyunca 
çekirdeklenir ve büyür. Ferrit ( ) ve ostenitten ( ) olu an 
yap  h zla so utuldu unda ferrit yap  taraf ndan 
çevrelenmi  martezit adac klar  olu maktad r.  ( ekil-
2.3.c) [3,4] 

Kademeli su verme i leminde malzeme çift faz s cakl k 
aral na yava  so udu undan dolay  kaba bir ferrit ve 
martenzittin da l m  olu ur. [5] 

 

ekil-2-3: Farkl  Is l lem Yöntemlerinin Olu turdu u 
Mikro Yap lar 

a) Ara Su Verme b) Kritik S cakl klar Aras  Tavlama c) 
Kademeli Su Verme 

Her üç s l i lem sonucunda da çift faz elde edilebilinir. 
Üç s l i leminde prosedürleri farkl  oldu undan elde 
edilen mikroyap  morfolojisi de farkl  olmaktad r. 
Mikroyap  morfolojisi direkt olarak malzemenin mekanik 
özelliklerini etkilemektedir. 

3. Dual Fazda Görülen Mikroyap  Bile enleri 

3.1. Martenzit 

Çeliklerde metastabil geçi  faz  olup, hacim merkezli 
kübik kristal yap da difüzyonsuz olarak, östenitin Ms ve 
Mf s cakl klar na so utulmas  ile olu an bir fazd r. 
Malzeme östenit alan ndan dü ük bir s cakl a (ortam ya 
da oda) h zl  so utuldu unda veya su verildi inde denge 
d  martenzit faz  olu ur. Martenzit faz  difüzsyonsuz 
(kaymal ) bir dönü ümdür, ayn  zamanda dengesiz bir faz 
yap s d r. Su verme h z  karbon difüzyonuna f rsat 
vermeyecek kadar h zl  ( yakla k 104-5 cm/nsn) 
oldu unda, ferrit ve sementit fazlar  olu amaz. [4] 

Martenzit faz  lata, kelebek, merceksi ve ince plaka gibi 
birçok farkl  morfolojiye sahip olabilir. yi tokluk ve 
yüksek mukavemet özelli i vard r. Martenzitin içerdi i 
karbon miktar , östenitin içerdi i karbon miktar  ve 
dönü üm h z na ba l d r. Kritik tavlama s cakl n n 
artmas , ferrit+östenit ( + ) çift faz alan nda östenitin 
karbon içeri ini azalt r. Karbon miktar  artt kça yap  lata 
martenzitten plaka martenzite dönü ür ve sertli i artar. [5] 

Martenzitin, ferrit matrisi içinde da l m da önemlidir. 
Ayn  martenzit miktar na sahip iki mikroyap  aras nda, 
ince da lm  olan kaba martenzite göre daha iyi 
mukavemet süneklik ili kisi sa lar. [5] 

3.2. Ferrit 

Dual fazl  çeliklerin özelliklerine göre, ferrit morfolojisi 
ve ferrit tane boyutu gibi faktörler çok önemlidir. 
Mukavemetin optimum olmas  aç s ndan ferrit tanelerinin 
e  eksenli olmas  istenir. Kritik s cakl klar aras ndan su 
verme s ras nda, ferrit epitaksiyel olarak östenitten 
büyüyebilir. Ferrit içindeki karbon miktar n n kritik 
s cakl klar aras  tavlama s ras nda azald  görülür. 
Yap da i nesel olarak bulunan ferrit, mukavemeti artt r r 
fakat sünekli i azalt r.[5] 

Ferrit faz n n dayan m na so utma sonunda olu an 
martenzit taneleri de etki etmektedir. So utma sonunda 
martenzit tanelerinde meydana gelen %2-4’lük hacim 
geni lemesi, ferrit tanelerinde kal nt  gerilmelerin 
olu mas na neden olmaktad r. Bu nedenle ferrit 
tanelerinin dayan m  artmaktad r. ekil-3.2.1’de ala ms z 
az karbonlu bir çelikte de i ik ferrit hacim oranlar nda 
yüzde uzaman n tane boyutuna göre de i imi 
verilmektedir. [3]  
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ekil-3.2.1: De i ik ferrit oranlar nda tane boyutu ve 

yüzde uzama aras ndaki ili ki 
ekilden görüldü ü üzere mikroyap daki ferrit oran n n 

artmas yla yüzde uzama de eri artmaktad r. Ferrit tane 
boyutunun artmas  ise uzama de erine olumsuz etki 
yaparak dü ürmektedir. 

3.3. Kal nt  Östenit 

Baz  durumlarda östenitin tamam  martenzite dönü mez 
ve böylece dual fazl  çelik yap s nda %2 ile %9 aras nda 
dönü memi  östenit kalmas na neden olur. Buna kal nt  
östenit denir. Östeniti kararl  yapan ala m elementi 
artt kça, kal nt  östenit miktar da artar. Kal nt  östenit 
sünekli i artt r r, mukavemeti dü ürür, ancak kal nt  
östenit deformasyon ile martenzite dönü türülerek 
pekle me artt r labilinir. Kal nt  östenit morfolojisi, 
so utma h z , tavlama s cakl  tavlama süresi ve 
kompozisyona ba l d r. Karbon miktar  artt kça kal nt  
östenit olu umu artar. [5] 

4. Çift Fazl  Çeliklerin Mekanik Özellikleri 

4.1. Süneklik 

Çift fazl  çeliklerde toplam birim ekil de i imi, artan 
martenzit hacim yüzdesiyle azalmaktad r.  Dü ük 
karbonlu martenzit faz , sünekli in yüksek olmas na 
neden olur. Sabit martenzit hacim oran nda yap da 
homojen olarak da lm  küçük martenzit partikülleri, 
sünekli i artt r rlar. Ferrit, çift fazl  çeliklerin sünekli ini 
etkileyen di er bir fazd r. Ferrit faz ndaki, karbon ve azot 
miktar n n artmas  sünekli i azalmas na neden olur. Çift 
fazl  çeliklerin yap s nda bulunan büyük miktarlardaki 
kal nt  östenitin deformasyon s ras nda martenzite 
dönü ümü, homojen uzaman n artmas na neden olur. [4] 

 

ekil-4.1.1: Kal nt  ostenit hacim oran na, yüzde (%) 
birim ekil de i iminin etkisi 

ekilde-4.1.1.’de görüldü ü üzere ilk %5 ekil 
de i iminde %50 civar nda kal nt  ostenit martensite 
dönü mü tür. Birim ekil de i imi ba na, kal nt  östenitin 
dönü ümü, artan ekil de i imi ile azalmaktad r.  

4.2. Akma Mukameveti Ve Deformasyon Sertle mesi 

Akma mukavemeti malzemenin elastik ekil 
de i iminden plastik de i imine geçti i noktadaki 
gerilmedir. Malzemenin akma mukavemetinin dü ük 
olmas , plastik ekil de i tirmesinin kolay olmas  
anlam na gelmektedir. Dual faz mikroyap s na sahip 
çeliklerin akma mukavemetleri temperlenmi  martenzit 
halinden daha dü üktür. Ayn  zamanda belirgin bir akma 
noktas  göstermeyip sürekli akma özelli ine sahiptir. 
Sürekli akman n nedeni, martenzit adalar n n çevresinde 
hareketli dislokasyon yo unlu unun artmas na ve kal nt  
iç gerilmelere ba lanmaktad r. Bunun nedeni,  östenitin 
martenzite dönü ümü s ras nda kimyasal kompozisyona 
ba l  olarak yüzde (%) 2-4 oran nda hacimce 
büyümesinden dolay  ferrit matrisin deformasyona maruz 
kalmas d r.[5] 

Dual fazl  çeliklerde yüksek pekle me (deformasyon 
sertle mesi) görülür. Pekle me uygulanan gerilme 
büyüklü üne göre üç bölüme ayr labilir. lk bölümde (% 
0,1-0,5 gerinme) pekle me h z  çok yüksektir. Çünkü 
kal nt  gerilmeler ve iki faz n plastik uyumsuzlu u 
nedeniyle olu an kar  gerilmeler giderilir. kinci bölümde 
(% 0,5-4 gerinme) kal nt  östenitin dönü ümü meydana 
gelir. Son olarak üçüncü (%4-18 gerinme) dislokasyon 
hücre yap lar  olu ur ve feritte meydana gelecek ileriki 
deformasyonlar dinamik toparlanma ve çapraz kayma ile 
olu ur. Nihai akma ise martenzitte gerçekle ir. Bir ba ka 
ifade ile ilk bölümde ferrit matris ve martenzit adalar  
elastik deforme olur, ikinci bölümde ferrit plastik olarak, 
martenzit ise elastik olarak ekil de i imini sürdürür ve 
üçüncü bölümde hem ferrit hem de martenzit plastik 
deforme olur. [5] 

Çift fazl  çeliklerin pekle me oranlar n n yüksek olmas  
ekillendirme sonras  mukavemetlerinin artmas n  

sa lamaktad r. Böylelikle benzer çeliklere oranla parça 
a rl n  %15-20 miktar nda azaltarak ta t a rl n n 
dü ürülmesini sa lamaktad r. [5] 

4.3. Çekme Mukavemeti 

Dual fazl  çeliklerin çekme mukavemeti, martenzit 
miktar  veya martenzit sertli inin artmas  ile artar. Matris 
faz n yani ferrit faz n n sertli inin artmas  da çekme 
mukavemetini artt r r. Martenzitin sertli i sahip oldu u 
karbon miktar  ve çeli in karbon oran  ile kontrol edilir. 
Bunun d nda tane boyutunun küçültülmesi de 
martenzitin sertli ini artt r r. Ferrit faz n n sertli i ise, 
tane boyutu ve ala m elementlerine ba l d r. ekil-
4.3.1’de görüldü ü üzere martenzit hacim oran n n art  
belirli bir noktaya kadar dual fazl  çeli inde çekme 
mukavemetini artt r rken kritrik bir orandan sonra 
dü ürür. Genellikle %55 martenzit hacim oran na kadar 
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arttırdı ı söylenebilir. Bu olay martenzit hacim oranının 
artı ının martenzitin içerdi i karbon miktarının 
azalmasına ba lanmaktadır.[5] 

 

ekil-4.3.1: Martenzit Hacim Oranının Çekme 
Mukavemetine Etkisi 

5. Mikroyapının Mekanik Özelliklere Etkisi 

Dual fazlı çeliklerde mikroyapı bile enlerinin hacim 
oranları, morfolojileri, çift faz bölgesinden so utuldukları 
sıcaklıklar direkt olarak mukavemete etki etmektedir.  

Bir ara tırmacı a a ıdaki çizelge-5.1’de kimyasal analizi 
verilen DP600 çeli inin farklı çift faz sıcaklıklarından sıvı 
azot ortamında so utuldu unda olu an mikroyapı ve buna 
ba lı olarak de i en mekanik özelliklerini incelenmi tir.  

Çizelge-5.1: DP600 Malzemenin Kimyasal Analizi 

Element  (%) Malzeme 
Kodu 

Malzeme 
Men ei C Mn P S 

0,08 1,35 0,045 0,005 

Si Al Cu Ce  DP600 Erdemir 

0,35 0,02 0,7 0,66 

 

Çizelge-5.2.’de çift fazlı bölgesinde, farklı sıcaklıklarda 
(750-785-820)  sıvı azot ile yapılan so utma artlarında 
elde edilen martenzit hacim oranları, ekil-5.1’de ise bu 
sıcaklıklardan yapılan so utmalar sonucu olu an 
mikroyapı foto rafları verilmi tir. Sıvı azotta su verilen 
numunelerde olu an ikinci fazın genellikle martenzit 
oldu u görülmü tür. [4] 

Çizelge-5.2.: Farklı Sıcaklıklarda Olu an Martenzit Fazı 
Hacim Oranları (DP600) 

 

 

 

Çizelge-5.2’den görülece i üzere artan sıcaklık ile 
martenzit hacim oranı artmı tır. Martenzit hacim oranının 
artı ı önstenit hacim oranının artı ına ba lanabilir. 
Martentzit hacim oranın artmasıyla birlikte, bir ba ka 
deyi le; çift faz bölgesindeki sıcaklıklı ın artmasıyla 
süneklik de eri dü erken akma ve çekme mukavemeti 
yükselmi tir. 

ekil-5.1: Isıl lem Sıcaklı ına Göre Olu an 
MikroYapılar (DP600) [4] 

ekil-5.1’de koyu renkli kısımlar martenziti açık renkli 
kısımlar ise ferrit fazını göstermektedir. Artan sıcaklıkla 
birlikte martenzit hacim oranı artmakta ve ferrit tanelerini 
a  eklinde sarmaktadır. Mukavemet artı ının 
nedenlerinden biride bu morfolojide saklıdır. Martenzit 
adaları düzgün bir hal alarak ve ferrit fazını çevreleyip 
mukavemet de erlerini arttırmaktadır. 

Çizelge-5.3’de DP600 (Erdemir) çeli inin çift 
bölgesinden farklı sıcaklıklarda sıvı azotta su verilmesi 
sonucu elde edilen mekanik de erler görülmektedir. 
Çizelgeyi inceledi imizde çift faz bölgesinden yapılan 
bütün su verme i lemleri sonucunda sürekli akma elde 
edilmi tir. Bilindi i gibi sürekli akma, çelik sacların 
mekanik i lemler (e me, bükme, derin çekme v.b.) 
sırasında yüzey düzgünlü ünü sa lama ve ekillendirme 
kabiliyetini geli tirme açısından büyük önem 
ta ımaktadır.  

Çizelge-5.3: DP600 Çeli inin Isıl lem Sıcaklıklarına 
Göre Sıvı Azotta So utma Sonucu Elde Edilen 
Mukavemet De erleri [4] 

Sıcaklık 

(oC) 

Sertlik 

(Hv) 

Çekme 

(Mpa) 

Akma 

(Mpa) 

Uzama 

(eT) 

Çentik 
Darbe 

(J/cm3) 

Elastik 

Plastik 
Geçi i 

Orjinal 330 951 926 1,58 1503 Süreksiz 

750 151 520 359 30,31 15600 Sürekli 

785 213 744 367 22,07 16368 Sürekli 

820 212 764 390 21,78 16639 Sürekli 

 

Çizelge-5.3’de dikkat çeken bir di er nokta ise artan çift 
faz sıcaklı ıyla süneklik göreceli olarak dü erken çentik 
darbe direncinde ola an üstü bir yükselme olmu tur. 
Ayrıca çift fazlı çeliklerin en büyük özelli i olan dü ük 

Sıcaklık (Co) Sıvı Azot (%Vm) 

750 9 

785 18 

820 27 
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akma de eri ve yüksek çekme de eri yine s cakl n 
artmas yla artm t r.  

DP600 çeli ine uygulanan bütün parametreler gözden 
geçirildi inde 820 oC’de %27 martenzit hacim oran  elde 
edilmi  ve yine di er mukavemet de erleri di er 
s cakl klarda olu an mukavemet de erlerinden daha iyi 
ç km t r. Ayr ca mikroyap  foto raflar  incelendi inde en 
ideal faz da l m n n (martenzit+ferrit) 820 oC’de yap lan 
so utma sonucu elde edilmi tir. 

Çift fazl  çeliklerde mikroyap n n mekanik özelliklere 
etkisini anlamak amac yla Salamc  ve Kabakç  yapt klar  
ara t rmada a a da kimyasal kompozisyonu verilen 
malzemeyi üç farkl  s cakl kta ve üç farkl  ortamda 
so utmu lard r. Daha sonra elde ettikleri çift faz n 
morfolojisini ve mekanik özelliklerini incelemi lerdir. [6] 

Çizelge-5.4: Malzemenin Kimyasal Bile im De erleri 

Element  (%) Malzem
e Men ei C Mn P S Si Cu Cr Ni 

0,09
8 

1,6
5 

0,01
5 

0,01
2 

0,5
4 

0,0
2 

0,0
6 

0,6
9 

Mo Sn Al Nb V W Co Ti Tübitak 
MAM (*) 

0,03 0,0
2 0,05 0,02 0,0

1 
0,0
4 

0,0
8 

0,0
7 

 

* Malzeme Tübitak MAM’da indüksiyon oca nda 
döküm ve daha sonra s cak haddeleme yoluyla 
edilmi tir.[6] 

Kritik bölgedeki üç farkl  s cakl k ve üç farkl  ortamda 
yap lan so utma artlar nda s cakl n artmas yla 
martenzit hacim oran nda artma olmu tur. Ayr ca suda 
so utulan numunlerin martenzit hacim oranlar  ya da 
so utulan numunelerden daha yüksektir. Çizelge-5.5’de 
uygulanan s l i lem artlar na göre elde edilen martenzit 
hacim oranlar  görülmektedir. [6] 

Çizelge-5.5: Numunelere Uygulanan lem Prosedürü 
ve Martenzit Hacim Oranlar  

Numune 
Kodu 

S cakl k 

(oC) 

So utma 

Ortam  

Martenzit 
Hacim Oran  

(%) 

SS715 715 Su 25 

SS725 725 Su 35 

SS752 752 Su 52 

YS715 715 Ya  24 

YS725 725 Ya  33 

YS752 752 Ya  48 

FS715 715 F r n 20 

FS725 725 F r n 25 

FS752 752 F r n 37 

 

F r nda yap lan yava  so utma artlar nda dahi ostenitin 
büyük bir k sm  martenzite dönü mü tür. Bunda da en 
etkili olan yüksek mangan ve nikel oran d r. Özellikle 
mangal sertli i artt rd ndan martenzit hacim oran n  
etkilemi tir.[6] 

ekil-5.2’de s l i lem uygulanm  SS725 ve FS752 kodlu 
numunelerin TEM (geçirimli elektron mikroskobu) 
incelemeleri sonucu elde edilmi  mikroyap  görüntüleri 
verilmi tir. H zl  so utulan SS725 kodlu numunede 
olu an martenzitin yak n ndaki bölgelerde yüksek 
dislokasyon yo unlu u, bunun aksine daha yava  
so utulan FS752’de dü ük dislokasyon yo unlu u 
gözlemlenmektedir.  

ekil-5.2: SS725 ve FS752 Kodlu Numunelerde 
Dislokasyon Yo unlu u 

Is l i lem uygulanm  numunelerin çekme deneyinden 
elde edilen de erler çizelge-5.6’de gösterilmi tir. Çekme 
deneylerinin tamam nda belirgin bir akma noktas  
göstermedikleri ve sürekli akma oldu u görülmü tür. 
Bundan dolay  akma de erleri %0,2 katsay s  (% uzama) 
baz al narak hesaplanm t r. [6] 

Çizelge-5.6: Farkl  artlarda So utulan Numunelerin 
Mukavemet De erleri 

Numune 
Kodu 

Martenzit 
Hacim 
Oran   

(%) 

Akma 
(%0,2) 

(Mpa) 

Çekme 

(Mpa) 

Toplam 
Uzama 

(%) 

Üniform 
Uzama 

(%) 

SS715 25 560 830 23 18 

SS725 35 600 840 23 18 

SS752 52 735 975 21 16,5 
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YS715 24 548 820 23 18,5 

YS725 33 587 835 23 18 

YS752 48 673 925 22 17 

FS715 20 442 708 26 20 

FS725 25 458 780 25 19,5 

FS752 37 567 848 25 19 

 

Çizelge-5.6’y  incelendi inde en yüksek martenzit 
yo unlu unun oldu u SS752 kodlu numunenin yine 
mukavemet de erleri en yüksek de erde elde edilmi tir. 
Bunun nedeni h zl  so uma sonucu ostenitin martenzite 
dönü ümünün fazla olmas d r. Çekme mukavemetinin 
yüksek olmas n n nedeni ise yukar da bahsedildi i üzere 
yüksek dislokasyon yo unlu undan kaynaklanmaktad r. 

6. De erlendirmeler 

a) Çift faz mikroyap s na sahip çeliklerin mukavemeti 
martenzit hacim oran na ba l d r,  

b) Çift faz mikroyap s ndaki çeliklerde artan martenzit 
hacim oran yla çekme ve akma mukavemeti artarken 
süneklik dü mektedir, 

c) Mikroyap da bulunan dislokasyonlar çekme 
mukavemeti artt rken sünekli i bir miktar dü ürmektedir, 

d) Çift fazl  çelikler sürekli akma gösterirler. Böylelikle 
kolay ekil alabilirken, yüksek çekme mukavemetinede 
sahiptir, 

e) Çift faz bölgesinde artan s cakl kla martenzit hacim 
oran  artar, 

f) Martenzit faz n n ferrit içerisinde da l m  
mukavemete etki eder. Düzgün bir ekilde da lm  
martenzit faz n mukavemeti artt r r, 
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3.Yüksek Fırın 4.Soba Yanma Kamarası Tamiri Fatih Şatır, Özhan Uzun, Sabri Kılıç 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

 
Abstract 

In this study “Hot Stove #4 Combustion Chamber 

Repair” of Blast Furnace #3 that was performed at 

January 2015 in Iskenderun Iron and Steel Co. 

(ISDEMIR) is examined. 

Campaign life of internal combustion hot stoves are 

strongly related with the condition of the combustion 

chamber refractories. To achieve up to 30 years of 

projected hot stove life is relevant with performance 

of alumina, silica and insulating refractories that are 

found in ceramic burner (only alumina), dividing and 

wall refractory of combustion chamber. 

After monitoring of fallen refractory bricks at gas 

inlet, refractory damage at dividing and combustion 

chamber wall was detected in consequence 

inspections.  Subsequent to examination of possible 

reasons of detected damage in terms of refractory 

design and operating conditions of blast furnace, the 

design and at the same time refractory supplier 

company was invited to sdemir. As a result of 

meetings after site visit of designer and supplier 

company, for the first time in Turkey it is planned to 

do such scale combustion chamber repair at an 

internal combustion stove. 

In line with locating the damaged refractory of hot 

stove #4, the fallen bricks at combustion chamber 

discharged from the stove and the old damaged 

combustion chamber refractories that was planned to 

be changed demolished completely. The top cover of 

ceramic burner which was damaged because of 

fallen bricks, andalusite, silica bricks of dividing wall 

and combustion chamber wall andalusite, silica and 

insulating bricks were changed with same design 

new refractories. In addition, within the scope of hot 

stove #4 repair project damaged baffle wall precasts 

was repaired, ignition hole and hot blast outlet 

special shape bricks was renewed completely. 

Özet 

Bu çal mada; skenderun Demir ve Çelik A.  

( SDEM R) 3.Yüksek F r n’a ait 4. Soba’da 2015 

y l nda yap lm  olan “Yanma Kamaras  Tamirat ” 

incelenmi tir. 

çten yanmal  yüksek f r n sobalar n n kampanya 

ömürleri yanma kamaras  refrakterlerinin ömürleri 

ile do rudan ilgilidir. Yüksek f r n sobalar n n 30 

y la ula an kampanya dizayn ömürleri yanma 

kamaras nda bulunan seramik brülör (sadece 

alümina), ay rma duvar , soba duvar  alümina, 

silika ve izole refrakterlerin performans na ba l d r. 

2007 y l nda devreye al nan 3. Yüksek F r n 4. 

Soba’da gaz hatt  giri inde gözlenen tu la dü mesi 

ve neticesinde yap lan incelenmelerde ay rma 

duvar  ve yanma kamaras  taraf  soba duvar nda 

refrakter hasarlanmalar  tespit edilmi tir. Refrakter 

hasarlanmas n n muhtemel nedenlerinin soba 

dizayn  ve f r n i letme artlar  yönünden 

incelenmesinin ard ndan, soba dizayn  ve ayn  

zamanda malzeme tedari i yap lan firma yerinde 

inceleme yapmak üzere i letmemize davet 

edilmi tir. Firma yerinde incelemesi sonucu 

gerçekle tirilen toplant lar neticesinde Türkiye’de 

ilk defa bir yüksek f r n sobas nda bu ölçekte 

yanma kamaras  tamirat  yap lmas  planlanm t r. 

4. Sobada tespit edilen hasarlanmalar 

do rultusunda, yanma kamaras  içine dökülen 

refrakterler tahliye edilerek, de i tirilmesi 

dü ünülen yanma kamaras  hasarl  bölge 

refrakterleri sökülmü tür. Tu la dü mesi nedeniyle 

hasarlanan seramik brülör üst k sm , ay rma duvar  

andaluzit, silika tu lalar  ile yanma kamaras  duvar  
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andaluzit, silika ve izole tu lalar  ayn  dizayn yeni 

refrakterler ile tamamen de i tirilmi tir. Tamir 

kapsam nda hasarl  ay rma duvar  precastlar  

onar lm  ayr ca yakma menholü ve s cak hava 

ç k  refrakterleri tamamen yenilenmi tir. 

1.Giri  

Yüksek f r nlarda kullan lan pahal  metalurjik kok 

tüketimini azaltmak ve daha ucuz alternatif yak t 

olan pulverize kömür (pci) kullan m n  art rabilmek 

için yüksek üfleme s cakl klar  gerekmekte olup, 

günümüz pazar ekonomisindeki rekabet ortam  

dü ünüldü ünde maliyeti dü ürmek aç s ndan 

yüksek üfleme s cakl klar  büyük önem arz 

etmektedir.  

Yüksek f r n içerisine üflenen s cak hava, yüksek 

f r n sobalar n n yanma kamaras nda yüksek f r n ve 

kok gaz  yard m yla s t lan havan n checker 

kamaras ndaki delikli checker refrakter tu lalar  

içinde muhafaza edilmesi ( s tma modu) ve 

akabinde ters üfleme ile checker tu lalar  aras ndan 

geçirilerek s nan havan n üflenmesi (üfleme modu) 

ile elde edilir. 

 

ekil 1. Temel yüksek f r n sobas  çal ma prensibi 

Refrakter dizayn , teknolojik geli meler ve soba 

dizayn ndaki genel iyile tirmelere paralel olarak 

modern tasar m yüksek f r n sobalar  30 y l 

kesintisiz çal ma sürelerine ula m t r. Kok gaz  ve 

yüksek f r n gaz n n seramik brülör yard m yla 

kar t r larak yak ld  yanma kamaras  bölgesinin 

dizayn yerine ba l  olarak yüksek f r n sobalar n n, 

içten yanmal , d tan yanmal  ve üstten yanmal  

olmak üzere üç farkl  tasar m  bulunmaktad r. 

 

ekil 2. Tipik içten yanmal  yüksek f r n sobas  

sdemir 3. Yüksek F r n’da dört adet içten yanmal  

tasar mda yüksek f r n sobas  bulunmaktad r. 

Yüksek f r n sobalar n n kampanya ömrü soba 

içinde yer alan farkl  kalitelerdeki refrakterlerin 

performans na ba l d r. 

3. Yüksek F r n 4 no’lu soban n montaj  3. Yüksek 

F r n’ n modernizasyonuna paralel olarak 2007 y l  

Temmuz ay nda tamamlanm t r. 

3. Yüksek F r n n modernizasyon sonras  devreye 

al nmas n n ard ndan, f r nda ya anan hazne 

so umas , s cak hava ç k  valfinden soba içine su 

kaça  ya anmas  ve valf ar zalar  sonucu de i im 

sürecindeki duru lar, döküm deli i problemleri ve 

2013 y l nda sdemir’de ya anan genel grevin 

olumsuz etkilerine ba l  olarak soba iç s cakl nda 

silika tu lalar için kritik önem arz eden dü ü ler 

ya anmas  neticesinde, su so utmal  yüksek 

s cakl k kameras  ile  soba içi incelemelerde 

bulunulmu  ve 3. Yüksek F r n 4 no’lu sobada bir 

tamirat gereksinimi oldu u tespit edilmi tir. 
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Resim 1. S cak hava ç k  valfinde ya anan su 
kaça  sonras  mevcut refraktere ait foto raf 

Ekim 2013 tarihinde ilk olarak soba içine refrakter 

tu lalar n dü tü ü fark edilerek, bu tarihten itibaren 

belli aral klarla gaz hatt  giri i temizlenmi tir. 

 

Resim 2. Gaz giri i bölgesinin dü en refrakter 
tu lalar sonucu kapanmas  

 

Resim 3. Ay rma duvar  çöken kö e çal ma astar  
refrakterlerinin görüntüsü 

Refrakter tu lalar n dökülmesinin olas  sebeplerinin 

refrakter dizayn  ve f r n i letme artlar  yönünden 

detayl  olarak incelemesinin ard ndan dizayn ve 

malzeme tedariki yap lan firma görü leri al nmak 

üzere i letmemize davet edilmi lerdir. 

19.03.2014 tarihinde firma yetkilileri ile soba içine 

su so utmal  kamera sokularak yerinde inceleme ve 

hasar tespiti çal malar  yap lm t r. Yap lan 

incelemenin ard ndan soban n kontrollü ekilde 

(saatte 2oC) so utularak duru a al nmas na karar 

verilmi tir. Soba so utulmas  sonras , soba d  z rh  

27.000 kotunda iç durumunu foto raflamak üzere 

pencere aç lm  ve ay rma duvar n n yanma 

kamaras  refrakterlerinin tamam yla çökerek, 

seramik brülör üzerine y ld  tespit edilmi tir.  

 

Resim 4. Çöken yanma kamaras  taraf  ay rma 
duvar refraktelerinin görüntüsü 

 

Resim 5. Ay rma duvar  precast önü çöken çal ma 
astar  refrakteri 
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2. Yanma Kamaras  Tamiri Kapsam  ve Teklif 

Süreci 

Ay rma duvar  yanma kamaras  taraf  çal ma 

astar , dü en refrakterlerin seramik brülör üst 

k sm na çarpmas  sonucu seramik brülör son s ralar  

ve s cak hava ç k nda hasar tespit edilmesinin 

ard ndan soba kubbesinin yüksek çözünürlüklü 

kamera ile detayl  foto raflar  çekilmi tir. Soba 

kubbesi silika tu lalar nda hasarlanma tespit 

edilmemesi üzerine, yeniden örüm yap lmayarak 

yanma kamaras n n yeni refrakterler ile tamir 

edilmesine karar verilmi tir. 

 

Resim 6. Hasar tespit edilmeyen kubbe silika 
refrakterlerinin görüntüsü 

3.Yüksek F r n 4 no’lu soban n yanma kamaras  

tamirat  kapsam nda hangi bölgelerin tamir 

edilece inin belirlenmesi, tamir yöntemi, i  plan  ve 

tamir için gerekli tu la adeti ve miktar n n 

belirlenmesi gibi tüm teknik çal malar sdemir 

Refrakter grubu taraf ndan gerçekle tirilmi tir. 

Bu kapsam nda seramik brülör +9979 ile +11391 

k sm nda yer alan üst s ralar, ay rma duvar  yanma 

kamaras  taraf  +9979 ile +21503 kotlar  aras nda 

yer alan andaluzit ve +21503 ile +42216 kotlar  

aras nda yer alan silika tu lalar, yanma kamaras  

taraf  soba z rh  +9979 ile +42216 kotlar  aras nda 

kalan bütün andaluzit, silika ve izole refrakterler, 

s cak hava ç k , yakma menholü, thermocouple 

özel ekilli refrakterleri, gerekli örgü harçlar  ile 

z rhta genle me olan bölgede kullan lacak arka 

dolgu malzemesi bulunmaktad r. Ayr ca mevcut 

dizaynda ayr ma duvar  checker taraf  çal ma astar  

ile yanma kamaras  çal ma astar  aras nda seramik 

brülör üst k sm nda yer alan alan hasar tespit edilen 

precastlar n tamirat  planlanm t r. 

Tamirat kapsam n n belirlenmesinin ard ndan, 

Refrakter Müdürlü ü taraf ndan haz rlanan 

artname do rultusunda önde gelen soba 

firmalar ndan teklifler al nm t r. 

 

Resim 7. Hasarlanan seramik brülör üst k sm  

 

 

3. Yanma Kamaras  Örümü Öncesi Haz rl klar, 

Mevcut Refrakterlerin Sökümü ve Tahliyesi 

Yanma kamaras  örümünde en zorlay c  konu yeni 

refrakterlerin hedeflenen kotlar aras ndaki örümü 

öncesinde yap lacak mevcut refrakter sökümü 

çal malar nda eski refrakterlerin çökme olas l na 

kar l k al nacak i  güvenli i tedbirleri olmu tur. 

Bu kapsamda ilk olarak yeni refrakterler ile 

de i tirilmesi planlan, mevcut dökülmeyen (ay rma 

duvar  yanma kamaras  taraf  üst kotlar nda yer alan 

silika) refrakterler f r n d  z rh nda kubbe alt nda 

aç lan pencereye yap lan platform üzerinden 

uzaktan mesafeye uygun olarak haz rlanan bir 

m zrak yard m yla dü ürülmü tür. 
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Resim 8. Uzaktan refrakter sökümünde kullan lan 
d  z rhta aç lan pencereye yap lan platform 

Söküm çal malar  s ras nda kubbe ve üst kotlardan 

herhangi bir refrakter parça dü me riskine kar l k 

mevcut ay rma duvar  precastlar n n üst kotuna 

denk gelecek ekilde yanma kamaras  üzeri 

tamamen metal platform ile kapat lm t r. 

 

Resim 9. Yanma kamaras  üzerini kapatmakta 
kullan lan platform 

Ay rma duvar n n yanma kamaras  çal ma astar  ile 

birle en kö e tu lalar n n tamamen hasarlanmas , 

ay rma duvar nda +7027 kotunda ba layan ve 

seramik brülör üzeri +21503 kotuna kadar montaj  

yap lm  precastlar n bir k sm nda hasar olmas  ve 

örüm s ras nda devrilme riski bulunmas  sebebiyle 

i  güvenli i risklerini minimize etmek amac yla 

ay rma duvar  kö eleri boyunca metal destekler 

kaynat larak precastlar n devrilme riskine kar  

önlem al nm t r. 

 

Resim 10. Ay rma duvar nda yer alan hasarl  
precastlar n devrilmesini önleyici destekler 

Örüm öncesinde temizlenen refrakter ile birlikte 

mevcut temizlenecek refrakterlerin toplam tonaj n n 

600 tonu bulmas  üzerine h zl  tahliye amac yla 3. 

Yüksek F r n önünde güvenli bir bölge belirlenerek, 

temizlenen tu lalar n kamyonlara ta m n  

kolayla t rmak için metal borular n kaynak ile 

birle tirilmesi ile olu an ve sobalar bölgesine zemin 

kat na kadar aç l  inen bir oluk yap lm t r. 

 

Resim 11. Sökülen refrakterlerin tahliyesinde 
kullan lan metal oluk 

Yanma kamaras  içi temizli i kapsam nda seramik 

brülör +9979 kotuna kadar brülör üst k sm  

sökülerek uygun derz yüzeyi bulunmu  ve brülör içi 

tamamen temizlenmi tir. 

Al nan bütün tedbirlerin ard ndan, 08.08.2015 

tarihinde ba layan söküm çal malar  01.09.2015 

tarihinde toplam 24 günde tamamlanm t r. 
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4. Yanma Kamaras  Yeni Refrakter Montaj  

01.09.2015 tarihinde tamamlanan temizlik ve 

haz rl k çal malar n n ard ndan, 3. Yüksek F r n 4 

no’lu soban n refrakter montaj na ba lan lm t r.  

Tamirat kapsam nda +9979 kotu ile seramik brülör 

üst kotu olan +11391 kotu aras  AHK-135 kalite 

andaluzit tu lalar ile de i tirilmi tir. 

 

Resim 12. Tamamlanan seramik brülör tamirat  

Tamamlanan seramik brülör örümü sonras  seramik 

brülör üzeri metal bir platform ile tamamen 

kapat lm t r. Kapat lan metal platform üzerine 

iskele kurularak, kurulan iskelenin örüm seviyesine 

göre kademeli olarak yükseltilmesi ile tamirat 

tamamlanm t r. 

Ay rma duvar nda hasar tespit edilen precastlar Al-

60 castable ile tamir ile edilerek, +9979 ile +42216 

kotlar  aras  ay rma duvar  yanma kamaras  taraf  

çal ma astar  ile yanma kamaras  z rh taraf  

refrakterleri tamamen yenilenmi tir.  

+9979 ile +21503 kotlar  aras nda yer alan 

andaluzit tu lalar AH-145 kalite muadili yerli 

tedarikçi bir firmadan temin edilen andaluzit 

tu lalar ile tamir edilmi , +21503 ile +42216 kotlar  

aras nda ise AG-155 kalite silika tu lalar 

kullan lm t r. Yanma kamaras  d  z rh taraf  izole 

tu lalar ise NG-1.0, JM23 ve JM26 kalite izole 

tu lalar ile de i mi tir. 

Ayr ca +30281 kotunda bulunan thermocouple 

yuvas , +12276 kotunda bulunan yakma holü ve 

+16000 kotunda bulunan s cak hava ç k  özel 

ekilli tu lalar  (soba bran  ba lant s  dahil olmak 

üzere) AH-145 kalite andaluzit tu lalar tamamen 

yenilenmi tir. 

 

Resim 13. Tamamlanan yanma kamaras  tamirat  
sonras  s cak hava ç k  ve yanma kamaras   

Refrakter montaj n n +42216 seviyesine ula p 

tamamlanmas n n ard ndan, kubbe silika tu lalar  

ve silika checkerlar kontrol edilmi tir. Yap lan 

kontrol sonucu kubbede açma çatlak tespit edilen 

noktalara izole blanket s k t r larak, üst 

yüzeylerinde dökülmeler tespit edilen üst s ra silika 

checker tu lalar daha önceki reline projesinden 

artan silika checkler ile de i tirilmi tir. 

 

Resim 14. Tamamlanan yanma kamaras  tamirat  
sonras  de i en checker silika tu lalar  
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Resim 15. Tamamlanan yanma kamaras  tamirat   

01.09.2015 tarihinde ba layan yanma kamaras  

refrakter montaj çal malar , 07.10.2015 tarihinde 

toplam 37 günde planland  ekilde 

tamamlanm t r. 

 

5. Is tma ve Devreye Alma 

3. Yüksek F r n 4 No’lu soban n 07.10.2015 

tarihinde biten refrakter montaj n n ard ndan, soba 

içi kurulan iskelenin sökümü ve s tma öncesi 

haz rl k çal malar n n tamamlanmas na müteakip 

15.10.2015 saat 14:00 itibariyle soban n 

s t lmas na ba lan lm t r. 

 

ekil 3. 15.10.2015 – 09.11.2015 tarihleri aras nda 
26 günde tamamlanan 4 no’lu soba s tma grafi i 

09.11.2015 tarihinde 26 gün süren 3.Yüksek F r n 4 

No’lu soban n s tmas  planlanan ekilde 

gerçekle tirilerek, 4 No’lu soba devreye al nm t r. 

6. Sonuç ve De erlendirmeler: 

3. Yüksek F r n 4 No’lu soban n yanma kamaras  

tamirat  08.08.2015-01.09.2015 tarihleri aras  24 

gün boyunca söküm ve 01.09.2015-10.11.2015 

tarihleri aras  37 gün boyunca örüm olmak üzere 

07.10.2015  tarihinde planland  ekilde 

problemsiz olarak tamamlanm t r. 

Tamirat projesi söküm, tahliye ve örüm çal malar  

esnas nda mevcut refrakterde hasarlar olmas  

nedeniyle çökme ihtimali ve ba lang ç kotu olan 

+9979 kotundan refrakterleri yenilecek 32 metrelik 

yanma kamaras  duvar  boyunca yüksekten cisim 

dü me tehlikesi olmas , ayr ca tamirat i inin 

sökümden ba layarak mevcut yap ya hasar 

vermeden hassas yap lmas  gereklili i sebibiyle 

riskli ve zor bir proje olmas na ra men al nan 

tedbirler neticesinde kazas z ve orijinal projeye 

uygun olarak tamamlanm t r. 

Refrakter montaj çal malar n n tamamlanmas n n 

ard ndan, soba d  z rh nda (mushroom tipi kubbe 

yap s nda olan sobalar n d  z rh nda oldu u üzere) 

geni leyen z rhta arka dolgu malzemesi olarak 

kullan lan ATD kalite malzemede yüksek s cakl kta 

öngörülen büzülmeye kar kl k kubbe yata  alt  

soba z rh  delinerek belirtilen bölgeye enjeksiyon 

yöntemiyle refrakter malzeme uygulanm t r.  

4 No’lu soba yanma kamaras  taraf  kubbe yata  

alt  soba z rh na toplam 1800kg enjekte edilebilir 

izolasyon malzemesi ile enjeksiyon yap larak, 

büzülme sonras  soba z rh nda bo  kalan bölge 

doldurulmu tur 
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ekil 3.  Dikey çember içerisine al nm  alan soba 
z rh nda genle me olan bölgeyi göstermektedir. 

 

 

Resim 16. Kubbe yata  alt  soba z rh nda büzülme 
öngörülen ATD malzemesi için yap lan enjeksiyona 
ili kin foto raf 

Yanma kamaras  boyunca iç duvarlar n hasarl  

olu u, seramik brülör üst k s m, yakma menholü, 

s cak hava ç k  özel ekilli tu lalar ndaki 

hasarlar n büyük olu u nedeniyle 4 no’lu soban n 

tamamen yenilenmesi bir alternatifken, yanma 

kamaras  tamir edilmesi üzerinde teknik çal malar 

yap lm  ve planland  ekilde uygulanm t r. Bu 

sayede  toplam 3500 ton’luk reline da kullan lacak 

refrakter tonaj  yerine, yakla k 600 ton refrakter 

kullan larak maliyet ve örüm süresine ba l  olarak 

devreye alma k sal  yönünden avantaj 

sa lanm t r. 

 

4 No’lu soban n devreye al nmas n n ard ndan, 3. 

Yüksek F r n’da yakla k 100oC’ daha yüksek 

üfleme s cakl  elde edilmi  ve ton pik ba na 

ortalama 10kg metalürjik kok tasarrufu sa lanarak 

mevcut maliyetler dü ürülmü tür. 

 

ekil 4. 4 no’lu soban n devreye al nmas n n 
ard ndan 3. Yüksek F r n’ n 19.0.2016 tarihine 
kadarki üfleme s cakl klar  

3. Yüksek F r nda mevcut 4 adet yüksek f r n 

sobas n n devrede olu u ile olas  bir soban n bak m  

ve ilerleyen y llardaki soba reline lar  dü üldü ünde 

yüksek f r n 3 adet soba ile sorunsuz 

çal abildi inden, üretim kayb  olmadan 

gerçekle tirilebilecektir. 

18.04.2016 tarihinde 4 no’lu soban n devreye 

al nmas n n ard ndan yakla k 5 ay sonra yakma 

menholü aç larak su so utmal  yüksek s cakl k 

kameras  ile soban n çal r haldeki kamera 

görüntüleri al nm t r. Al nan kamera 

görüntülerinde olumsuz bir durum tespit 

edilmemi tir. 
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Resim 17. 18.04.2016 tarihinde soba içinden su 
so utmal  kamera ile yakma menholünden (ignition 
hole) al nan seramik brülör üst k sm n n görüntüsü  

 

Resim 18. 18.04.2016 tarihinde soba içinden su 
so utmal  kamera ile yakma menholünden (ignition 
hole) al nan tamir edilmi  yanma kamaras  çal ma 
astar  kö e birle im  refrakterlerine ait görüntü 

 

Resim 19. 18.04.2016 tarihinde soba içinden su 
so utmal  kamera ile yakma menholünden (ignition 
hole) al nan tamir edilmi  yanma kamaras  çal ma 
astar  refrakterlerine ait genel görüntü 

3. Yüksek F r n 4 No’lu soba tamamlanan yanma 

kamaras  tamirat  sonras  sorunsuz olarak 

çal maktad r. Bu ölçekte bir soba tamirat  

Türkiye’de bir ilk olarak gerçekle mi  olup, dünya 

ölçe inde de nadir olarak yap lmaktad r. 
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Şarj Pota Taban Refrakter Çalışma Astar Ömrünün 
Arttırılması

Memduh Kırcan, Fatih Şatır, Özhan Uzun 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

Abstract 

In this study “Campaign Life Extension of Bottom 

Refractory Working Lining at Transfer Ladles’’ that 

was performed at January 2015 in Iskenderun Iron 

and Steel Co. (ISDEMIR) is examined. 

Transfer ladle is used transferring from Blast 

Furnace via torpedo ladle liquid pig iron to 

desulphurization treatment and then charging BOF 

for producing liquid steel. It is lined with high 

alumina quality brick at bottom and side walls last 

arrays, ASC (Alumina SiC-C) quality brick at side 

walls. Transfer ladle is done hot repair or changing 

bottom refractory working lining depending on 

wearing at bottom working lining throughout 

campaign life. 

Instead of high alumina brick using ASC brick at 

bottom working lining is started trials for the purpose 

of increasing number heats of transfer ladle and 

bottom working lining campaign life extension at 

2014. 

16 sets of ASC brick trials was used throughout 2015 

and 2016. As a result of trials, it has been increased 

number heats of transfer ladle, hasn’t been changed 

bottom working lining and correspondingly has been 

decreased using Al-95 castable and labor cost. 

Özet 

Bu çal mada; skenderun Demir ve Çelik A.  

( SDEM R) 2015 y l nda denemesi ba lat lm  olan 

‘‘ arj Pota Taban Refrakter Çal ma Astar 

Ömrünün Art r lmas ’’ incelenmi tir. 

Çelikhane arj potalar  Yüksek f r nlardan 

torpidolar ile ta nmakta olan SHD (s v  ham 

demir) Çelikhanede kükürt giderme i lemi 

sonras nda konverterlere arj edebilmek amac yla 

kullan lmaktad r. arj potalarda refrakter çal ma 

astar  olarak taban ve yan duvar son s ralarda 

yüksek alümina ve yan duvarlarda ASC (Alumina 

SiC-C) kalite tu lalar kullan lmaktad r. arj potalar  

refrakter kampanyas  boyunca tabandaki a nmalara 

ba l  olarak s cak tamir veya taban çal ma astar  

de i imi yap larak kampanya süresince 

çal t r lmaktad r. 

arj pota döküm say s n  ve taban refrakteri ömrünü 

art rarak refrakter sarfiyatlar n  azaltmak amac yla 

arj potas  tabanlar nda yüksek alüminal  kalite 

tu la yerine ASC kalite tu lalar n kullan lmas  

taban refrakter çal ma astar performanslar n  

art rd  görülmü tür. 

2015 ve 2016 y l nda denemesi yap lan arj pota 

setlerin 16 seti devre d  kalm t r. Denemeler 

sonucunda kampanya süresi boyunca arj pota 

döküm say lar  artm , taban refrakter çal ma astar 

de i imi yap lmam  ve buna ba l  olarak s cak 

tamir malzeme sarfiyatlar  ve i çilik maliyetleri 

azalm t r. 

1.Giri  

Yüksek f r nlardan üretilen SHD (s v  ham demir) 

torpido ile çelikhaneye ta nmas , kükürt giderme 

i lemi tabi tutulmas  ve sonras nda konvertere 

transfer etmek amac yla arj potalar 

kullan lmaktad r. Bu amaçla sdemir’ de 8 adet 200 

ton SHD ta yabilen ekil 1’deki gibi arj potas  
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bulunmaktad r. arj potalarda refrakter örümleri 

çelik z rhtan ba layarak s ras yla izolasyon astar , 

emniyet astar  ve çal ma astar  olarak 

uygulanmaktad r. Kullan lan arj potalarda refrakter 

çal ma astar  olarak taban ve yan duvar son 

s ralarda yüksek alümina ve yan duvarlar ASC 

kalite tu la kullan lmaktad r. arj potalarda 

toplamda 32 ton çal ma astar seti kullan lmaktad r. 

arj potalar döküm ald  süre boyunca (kampanya) 

tabandaki a nmalara ba l  olarak s cak tamir 

(sistemde çal an potay  so utmadan a nan 

bölgenin tamir edilmesi) veya k smi tamir (taban 

refrakter çal ma astar  de i imi) yap lmaktad r. 

Kükürt giderme i leminde tane boyutu 0,2-1 mm 

olan saf Mg ile tane boyutu -65 μm olan metalürjik 

kirecin arj potaya lans vas tas yla azot gaz  

üfleyerek verilmektedir. sdemir’ de genel olarak 

1,28 kg/TSHD Mg, 5,5 kg/TSHD kireç ve 0,28 

kg/TSHD florit ilave edilmektedir. arj potalarda 1 

döküm; torpidodan s v  ham demir alma, kükürt 

giderme, cüruf çekme ve konvertere arj 

ad mlar ndan olu ur. Bu süre ortalama 70 dk. d r. 

 
ekil 1. arj pota genel görünü  

2. Taban Refrakter Çal ma Astar De i im 

Denemesi  

ekil 2’ deki gibi arj pota tabanda yüksek alümina 

kalite refrakter tu la kullan mda ortalama 350-400 

dökümde ilk çarpma bölgesinde meydana gelen 

mekanik erozyon, kabuk atma ve derz aç lmalar n n 

neden oldu u refrakter a nmalar ndan dolay  taban 

refrakter de i imi yap lmaktayd . Taban refrakter 

çal ma astar performans  art rmak amac yla 

yap lan bir dizi ara t rma, teknik görü me ve 

de erlendirmeler neticesinde ASC kalite tu la 

kullan m na geçilmesi ile ilgili denemeler 

yap lmas na karar verildi. Yüksek a nma direnci, 

kabuk atma (kavlama) direnci ve oksitleyici ortama 

dayan kl  olmas  özelliklerinden dolay  taban 

bölgesinde ASC tu la ile deneme yap lmas na karar 

verilmi tir. 

 

ekil 2: arj pota taban a nma 

 
ekil 3: arj pota teknik resim 

ekil 3’de teknik resmi verilen deneme öncesi eski 

tasar mda refrakter örümünde yan duvar ASC kalite 

tu la, taban ve yan duvar son s ralarda yüksek 
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alümina kalite tu la ile örülmekteydi. ekil 4’ deki 

yeni tasar mda yan duvar ASC kalite tu la, taban 

ASC kalite tu la ile yan duvar son s ralar yüksek 

alümina kalite tu la ile örülmektedir. 

 

ekil 4. arj pota örümü 

Tablo 1’de çal ma astar  setinde bölgelere göre 

kullan lan refrakter tu lalar n eski ve yeni fiziksel, 

kimyasal özellikleri verilmi tir. 

Tablo 1: arj pota taban çal ma astar  refrakter 
tu lalar n n spesifikasyon kar la t rma tablosu 

 

 

3. Sonuç ve De erlendirmeler 

2014 y l nda örümü yap lm  ve devreden ç km  

taban çal ma astar  olarak alümina kalite tu la 

örüm yap lm  31 adet setin 14 seti taban refrakter 

çal ma astar  de i tirilmi  olup ortalama döküm 

say s  898 ve toplam refrakter sarfiyat de eri 0,31 

kg/TSHD olarak gerçekle mi tir.  

2015 y l  geçi  y l  oldu u için ömürlerde art  ve 

buna ba l  set say s nda azalma olmu tur. Örüm 

yap lan 24 potadan 10 adetinde taban refrakter 

çal ma astar  de i tirilmi , 9 adetinde ise taban 

çal ma astar  kalitesi olarak ASC tu la 

kullan lm t r. Taban refrakter çal ma astar  

de i imi yap lan 10 potada dahil olmak üzere 

ortalama döküm say s  1021 döküm ve toplam 

refrakter sarfiyat de eri 0,21 kg/TSHD olarak 

gerçekle mi tir. 

2016 y l nda örümü yap lan arj potalarda ise ASC 

kalite tu la kullan lm  ve kullan lmakta olup 

devreden ç kan 7 adet arj potada ortalama döküm 

say s  1248 döküm ve toplam refrakter sarfiyat 

de eri 0,16 kg/TSHD olarak gerçekle mi tir. 

Tablo 2: 2014-2016 y l  maliyet kar la t rmas  

 

Buna göre 2014 y l  ile 2016 ilk 3 ay 

k yasland nda refrakter sarfiyat nda azalma, 

döküm say s nda belirgin ekilde art  

gözlenmektedir. Ayr ca taban refrakter 

a nmalar na ba l  olarak s cak tamir ve taban 

de i imlerinde kullan lan Al-95 refrakter beton 

miktar nda azalma, taban çal ma astar  de i im 

tasarrufu ve taban de i imindeki tamir i çilik 

tasarrufu sa lanm t r. 
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İsdemir’de API-5L PSL2 X70 Kalite Bobin Üretimi, 
Uygulanan Testler ve Mekanik Özelliklerinin İyileştirilmesi

Muhammet Bilen 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

 
Abstract 
 
Pipes used in oil or gas transport 97% of the base material are hot rolled coil. Nowadays most of the used oil & gas 
pipelines are produced according to API-5L or EN ISO 3183 (DIN EN 10208-2) standards. Mostly spiral submerged arc 
welded and longitudinal submerged arc welded tubes are utilized for oil&gas pipelines. Hot rolled coils are used for 
spiral welded tubes manufactured by submerged arc welding method, however longitudinal submerged arc welded 
(LSAW) tubes are manufactured by heavy plates and coil. 
Although API-5L X42, X52 and X60 quality steels are considered for these kinds of pipe production, X70 and X80 
quality steels are preferred for higher strength requirements. Nickel, titanium, vanadium additions are taken advantage 
of in order to achieve reduced carbon levels and thermomechanical rolling effect, while molybdenum chrome nickel 
levels are increased to reach the high strength necessities. 
In this study, ISDEMIR’s X70 quality steel production parameters and its relation with international standards are 
provided. Additionally, thermomechanical rolling process which enables desired level of high strength, low ductile 
brittle transition temperature, good weldability, high toughness properties requested in these steel qualities, and 
improvements made by microalloy additions and mechanical tests have been also defined. Moreover, chemical analysis, 
tensile test, charpy V-notch impact test, surface control, macro-micro structural analysis ( grain size, inclusion rate), 
DWTT (Drop Weight Tear Test), bending, hardness test results and customer expectations are exhibited and can be 
found in this study. 

 
Özet 
 
Petrol veya do algaz ta mac l nda kullan lan borular n ana malzemesi % 97 oran nda s cak haddelenmi  bobinlerdir. 
Günümüzde kullan lan hat borular n n ço u API-5L veya EN ISO 3183 (DIN EN 10208-2) standartlar na göre 
üretilmektedir. Gaz ve petrol iletim hatlar nda ço unlukla tozalt  kaynak yöntemi ile üretilen spiral veya düz diki li 
borular kullan lmaktad r. Spiral boru imalat  s cak haddelenmi  rulodan, düz diki li boru ise levhadan veya bobinden 
imal edilmektedir. 
Bu borular için API-5L X42, X52 ve X60 çelikleri kullan l rken, daha sonraki yüksek mukavemet gereksinmeleri için 
X70 ve X80 çelikleri tercih edilmeye ba lanm t r. Karbon içeri i dü ürülmü , termomekanik haddeleme etkisi için 
niyobyum, titanyum, vanadyum ve istenilen mukavemet de erlerine ula mak için de molibden, krom ve nikel ile 
takviye edilmi tir. 
Bu çal mada,  SDEM R’de X70 kalite çeli in üretim parametreleri ortaya konmu  ve di er standartlar ile ili kisi 
belirtilmi tir. Bu tip malzemelerde istenilen yüksek mukavemet, dü ük darbe geçi  s cakl , iyi kaynaklanabilme ve 
tokluk özellikleri için uygun termomekanik haddeleme prosesi ve mikro ala m elementlerin kullan m  ve mekanik 
testler ile yap lan iyile tirmeler belirtilmi tir. Kimyasal analiz, çekme testi, darbe testi, yüzey kontrolü, makroyap - 
mikroyap  analizi (tane boyutu, inküzyon miktar ) DWTT (Drop Weight Tear Test), katlama ve sertlik testi gibi 
çal malar ile ula lan nokta ve mü teri beklentileri ortaya konmu tur. 
 
1. Giri  

 
Do al gaz ve petrol boru hatlar  ülkemizde ve dünyada 
stratejik öneme sahip enerji kaynaklar n n iletiminde 
kullan lmaktad r. Dünyada enerji iletim hatlar n n 
yakla k %70’i boru hatlar yla ta nmaktad r. Boru 
hatlar yla ayn  zamanda LPG, ham petrol, gazolin ve 
di er rafine edilmi  petrol ürünleri gibi çok çe itli 
tehlikeli s v lar da ta nmaktad r. Boru hatlar nda 
meydana gelen hasarlar hava, göl ve nehir kirlili inden, 
insanlar n yaralanmas na ve hayat kay plar na kadar 

birçok ciddi hasarlara sebep olmaktad r. Bundan dolay  
boru hatt  hasarlar  çok kritik ve tehlikelidir ve bu 
borular n imal edildi i çelik bobinlerin üretimi önem 
arz etmektedir. [1] 
Söz konusu petrol ve dogalgaz üretim alanlar  ile 
bunlar n tüketim yerleri aras ndaki mesafelerin 
gittikçe artmas , petrol ve do algaz n co rafik olarak 
daha zor bölgelerden ve daha yüksek i letme 
bas nçlar nda daha uzun mesafelere ta nmas  
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gere ini ortaya ç karm t r.  
API çelikleri, Amerikan Petrol Enstitüsü'nün 
belirledi i standartlara göre üretilen çelikler olup, 
petrol ve dogalgaz boru hatlar  ile okyanus ve 
denizlerde yap lan iletimlerde kullan lmaktad r. Son 
zamanlarda yürütülmekte olan boru hatt  projeleri 
sebebiyle API çeliklerine olan talepler de artm t r.  
Bu çeliklerin özelli i, yüksek mukavemetli ve dü ük 
ala ml  olmalar  dolay s yla kaynak yapmaya, ekil 
vermeye ve darbelere kar  dayan kl  olmalar  olarak 
ifade edilebilir. Bu çelikler literatürde HSLA (High 
Strenght Low Alloy) olarak adland r lmaktad r. S cak 
haddelenmi  petrol boru çelikleri; yüksek 
mukavemet, mükemmel tokluk, yeterli korozyon 
direnci ve iyi kaynaklanabilirlik özellikleri ile 
içerisinden petrol nakline oldukça uygun borulard r. 
Spiral boru imalat  s cak haddelenmi  rulodan, düz 
diki li boru ise levhadan ve bobinden imal 
edilmektedir. Bu tip çeliklerden özellikle API X52, 
X60, X65 ve X70 gibi kaliteler boru üreticilerin 
ihtiyaçlar na uygun mikro ala ml  çeliklerdir. 
Ülkemizin de bu pazarda pay sahibi olabilmesi 
amac yla, sdemir'de bu tür çeliklerin üretilmesine 
ba lanm  ve sorunsuz bir ekilde boru imalatlar nda 
kullan lmaya devam edilmektedir.  Bu çeliklerden 
özellikle X70 /X70M (L485ME) çelik kalitesi 
üzerinde yap lan çal malar özetlenmeye çal lm t r. 
 
2. sdemir’de X70 Kalite Çelik Üretimi 

 
sdemir’de genel üretim ak  k saca u ekilde 

özetlenebilir: Yüksek f r nda üretilen pik, çelikhane 
(konverter) a amas nda s v  çelik olarak üretilip, 2.cil 
metalürji istasyonlar ndan ala mland rma ve di er 
faaliyetler ile beraber, sürekli döküm makinelerinde 
225 mm geni li inde ve 800 mm’den 2050 mm 
geni lik aral nda slab olarak dökülür. Gerekli 
görüldü ünde skarf ve test i lemlerinden sonra slab 
f r n na programlanan yar  mamuller, s cak haddehane 
nihai mü teri beklentileri ve standartlara göre bobin 
olarak üretilmekte ve gerekli görüldü ü takdirde bobin, 
sarma-dilme-makas hatlar na iletilmekte ve 
paketlenmektedir. 
API X70 çeli i yüksek bas nçl  artlar alt nda uzak 
mesafelerden gaz, su, petrol veya do algaz 
ta mac l nda kullan lan çe itli çaplarda düz veya 
spiral olarak üretilen borular n imalat nda kullan lan 
çeliklerdir. Bu çeliklerde yüksek mukavemet ve tokluk 
özellikleri yan nda iyi kaynaklanabilme özelli i 
aranmaktad r. Bu amaçla dü ük karbonlu, dü ük kükürt 
- fosfor oranlar nda ve dü ük empüriteli (safs zl k) 
üretim yap lma zorunlulu u vard r. Yüksek mukavemet 
ve mikro ala mland rma (Nb, Ti, V, Mo, Cr) ile 
termomekanik haddeleme yöntemleri birlikte 
kullan larak üretilebilirler. 
X70 kalitesine ( sdemir kalite kodu 9070 ve 9071) ait 
çeliklerin üretiminde sdemir proses ad mlar nda 
a a daki hususlar önem arz etmektedir. 
 
 

 
2.1.  Konverter 
 

• Dü ük kükürtlü s v  çelik üretimi için yüksek 
f r ndan % C = 4,50 min., % Mn = 0,40 – 0,70, % 
S = 1200 ppm max. olacak ekilde s v  ham demir 
üretimi yap lmaktad r. 

• Konverterde hurdadan kükürt girdisini 
engellemek için temiz hurda kullan lmaktad r. 

• Kükürt giderme prosesinde % S de eri 80 ppm 
alt nda olacak ekilde pik haz rlanmaktad r. 

• % 100 argon ile alttan kar t rma yap lmaktad r. 
• lave üfleme yap lmay p, üretim ve potaya cüruf 

kaç r lmayacak ekilde konverter döküm süresi 
kontrol alt ndan tutulmaktad r. 

• “Ti” inklüzyonlar  çelik için çok önemli 
oldu undan hurda kalitesi önem arz etmektedir. 
 

2.2. kincil Metalurji stasyonu 
 

• nklüzyon yüzdürmek için min. 3 – 5 dakika aras  
soft – bubbling yap lmaktad r. 

• Curuftan inklüzyon geri dönü ünü engellemek 
için ideal i lem süresi alt nda i lem yap lmaktad r. 

• Azot pick-up’lar  min. seviyede tutulmaktad r. 
 

2.3. Sürekli Döküm Makineleri 
 

• Slablar n içyap s nda segregasyonu engellemek 
için soft–reduction (yumu ak ezme) yap lmaktad r. 

• Slablar n yüzey kalitesini kontrol etmek için 
yap lacak olan kontrol skarf  s kl  önemlidir. 

• API çelik kalitelerinin birço unda, Nb, V veya Cr 
gibi elementlerin birden fazlas  bulundu undan, 
üretilen slablar en az 3–4 gün havada 
so utulduktan sonra manipülasyonu uygundur. 

• Azot pick-up’lar  min. seviyede tutulmaktad r. 
 

2.4.  Bu kalitede Standard n Talep etti i Testler 
 

• Kimyasal Analiz 
• Çekme Testi (Akma Mukavemeti, Çekme 

Mukavemeti, % Uzama, Akma/Çekme Oran ) 
• Darbe Testi (tek - ortalama de er, shear area ) 
• DWTT Testi (tek- ortalama de er, shear area ) 

 
2.5. Yüzey Kalitesi Beklentileri 

 
• EN 10163-2 Class B, Subclass 3 garanti edilmeli, 
• Skarf (gerekiyorsa) yap lmal , 
• Laminasyon, kenar çatla , tufal, pitting (oyuk), 

çizik, gaz bo lu u, inklüzyon ve kabuk olmamal , 
• Yüzey Muayene Cihaz  ile kontrol sa lanmal , 
• Ultrasonik Test yap lmal d r. 

 
3. Deneysel Çal malar 
3.1. Mü teri Beklentileri ve Literatür Bilgileri 
 
sdemir taraf ndan üretilen X70 kalite petrol boru 

çeliklerinde elde edilmesi beklenen özellikler 
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sonucunda a a daki mü teri beklentilerinin 
kar lanmas  hedeflenmi tir.  
 
Mü teri Beklentileri: (Testler) 

• Kimyasal analiz 
• Çekme  testi 
• Darbe testi 
• DWTT testi 
• Katlama testi 
• Sertlik testi 
• UT testi 
• nklüzyon testi 
• Tane Büyüklü ü testi 
• Segregasyon testi 

 
Bu hedeflenen parametrelerden en önemlilerinde birisi, 
ürünün Serbest Dü me Darbe Testi (DWTT-Drop 
Weight Tear Test) sonucunda k r lan bölgesinde en az 
%85 sünek k r lma elde edilmesidir. Sünek k r lma ile 
birlikte malzemede yüksek dayan ma gereksinim 
duyulmaktad r. 
Yüksek Dayan ml  Dü ük Ala ml  çeli in (HSLA – 
High Strenght Low Alloy) üretimi s ras nda kimyasal 
bile im ve termomekanik haddeleme; çeli in son 
yap s n  belirleyen temel faktörler olarak belirlenmi tir. 
Malzemenin kimyasal bile iminde yer alan 
elementlerin malzeme yap s  üzerindeki etkileri 
a a daki gibi özetlenebilir. [2] 
 
• C: Karbon oran  artt kça sertle ebilirlik artar.  
• Si: Silisyum malzemenin i lenmesini zorla t r p, 

yüzey kalitesini bozdu undan özellikle ilave 
edilmez. Ancak sertle ebilirli i, a nma 
dayan m n  ve elastikiyeti yükseltir. 

• Mn: Mangan dönü üm h z n  dü ürmesinden 
dolay  sertle ebilirli i büyük oranda artt r r 

• P: Fosfor çeli in mukavemetini ve 
sertle ebilirli ini artt r r. Fakat sünekli i ve 
toklu u azalt r. 

• S: Kükürt genel olarak kaynak kabiliyeti ve 
sertle ebilirli i olumsuz etkiler. 

• Cr: Krom dayan m  ve sertle ebilme özelli ini 
artt r r. 

• Ni: Krom ile birlikte kullan lan nikel sertli in 
derinli e inmesini sa lar. 

• Mo: Krom ve nikel ile beraber kullan lan 
molibden az miktarda kat lmas na ra men sertlik 
ve dayan m  artt r r.  

• V : %0.05’e kadar vanadyum ilavesi çeli in 
sertle ebilirli ini artt r r. Daha büyük 
miktarlardaki ilavesinde sertle ebilirli i azaltt  
görülür. Çünkü muhtemelen östenit’te zorlukla 
çözülebilen karbürler olu turmaktad r. 

•  N: Azot çeli in mukavemetini ve 
sertle ebilirli ini artt r r. Fakat süneklik ve 
toklu unu azalt r. 

 
HSLA çeliklerin üretiminde en önemli etkenlerden 
birisi olan termomekanik haddeleme i leminin 
endüstriyel uygulamalar  yakla k 40 y ll k geçmi e 

sahip olup ilk uygulay c lar  boru üreticileridir. 
Termomekanik haddeleme i leminin (h zl  so utma 
i lemi ile birlikte veya de il) en uygun olarak 
kullan labilece i ürün s cak haddelenmi  bobindir. 
Termomekanik haddeleme i lemi temel olarak 3 ba l k 
alt nda incelenebilmektedir: 

1- Yeniden s tma(tavlama) 
2- Haddeleme(kaba ve erit) 
3- So utma(ve sar m) 

Her bir proses a amas n n çeli in son yap s  üzerinde 
belirleyici bir etkisi olup, bu etki Çizelge 1’deki 
tabloda özetlenmi tir [3]: 
 
Çizelge 1. S cak haddehane parametrelerinin mikroyap  
üzerinde etkisi 

Proses Parametresi Mikroyap  De i imi 

Slab f r n s cakl  • Çökeltilerin çözünmesi 
• Östenit taneciklerinin irile mesi 

Kaba hadde 
s cakl  

• Yeniden kristalle me 
• Tanecik büyüklü ü 
• Doku olu umu 

kmal s cakl  
• Çökelme 
• Yeniden Kristalle me seviyesi 
• Ferrit dönü ümü 

Sar lma S cakl  

• Ferrit parçac k irile mesi 
• Çökelme 
• Ferrit dönü ümü sonras  ürün 

olu umu 
 
Slab n yeniden s t lmas ndaki ana hedef homojen bir 
slab s cakl  ve buna ba l  olarak homojen östenit 
tanecik büyüklü ü elde etmektir. Yeniden s tma 
s cakl  (slab f r n s cakl ), mikro yap s  bilinen bir 
çelik için ba lang ç tane büyüklü ünü ve östenitin 
mikro ala m içeri ini belirleyicidir.  
Kaba haddelemenin ana amac  yeniden kristalle en 
östenitte en iyi tanecik büyüklü ünü elde etmek olup, 
10000C üzerindeki s cakl klarda istenilen sonuç elde 
edilir.[4] 
 
3.2. Kimyasal Analiz Bilgileri 
Üretilen bobinlere ait kimyasal kompozisyon bilgileri 
a a daki tabloda gösterilmi tir. [3] 
 
Çizelge 2. Bobinlere ait % kimyasal kompozisyon 

C  Mn  S  P  SI  AL  V  CU  NI  CR  MO  NB  TI  

0,06 1,63 0,002 0,013 0,16 0,024 0,008 0,03 0,03 0,25 0,19 0,09 0,01 

0,07 1,61 0,005 0,010 0,16 0,018 0,002 0,03 0,16 0,02 0,20 0,10 0,02 

0,05 1,64 0,003 0,019 0,10 0,029 0,004 0,03 0,14 0,06 0,22 0,10 0,01 

 
3.3. Mekanik Sonuçlar 
Üretilen bobinlerin mekanik test sonuçlar  Çizelge 3’de 
detayland r lm t r. [3] 
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Çizelge 3. Üretilen bobinlere ait mekanik özellikler 
Kal nl k Min 

.Akma(49,5) 
Max. Akma 
(64,7) Akma / Çekme 

Akma Mukavemeti (kg/mm2) 
16,5 50,1 58,7 0,83 

16,7 49,8 57,4 0,82 

19,5 49,9 56,6 0,8 

20 50,3 57,2 0,79 

Çekme Mukavemeti (kg/mm2) 
Kal nl k ÇEKME 

M N(58,2) 
ÇEKME 
MAX(77,5) ORTALAMA 

16,5 63 69,3 65,7 

16,7 62,2 67,6 64,5 

19,5 64,5 69,2 66,1 

20 63,9 68,6 66 

% Uzama De eri 
Kal nl k UZAMA M N UZAMA MAX ORTALAMA 

16,5 35 42 39 

16,7 39 47 43 

19,5 35 45 41 

20 40 46 44 

Çentik Darbe 
Kal nl k JOULE M N JOULE MAX ORTALAMA S cakl k 

16,5 164 228 193 -10 

16,5 152 225 180 -20 

16,7 192 278 235 -10 

16,7 181 253 218 -20 

19,5 190 234 219 -10 

19,5 180 240 208 -20 

20 165 203 211 -10 

20 158 197 199 -20 

DWTT 
Kal nl k %SA M N(85) %SA MAX %SAORTALAMA S cakl k 

16,5 — — — -10 

16,5 100 100 100 -20 

16,7 — — — -10 

16,7 90 97 93,4 -20 

19,5 — — — -10 

19,5 95 98 96 -20 

20 — — — -10 

20 96 98 96,66 -20 

 
DWT testine ait yüzey alan görüntüsü a a daki ekil 
1’de ve katlama test sonuçlar na ait görseller ekil 2’de 
belirtilmi tir.[3] API X70 kalite boru çeliklerinde, 
a rl k dü ürme y rtma testi (DWTT-Drop Weight Tear 
Test) sonucunda k r lan bölgede en az %85 sünek 
k r lma elde edilmesi hedeflenmektedir.  
 

 
ekil 1. DWT testi k r lma yüzeyi (%Shear area). 

 

 
ekil 2. Katlama (bükme) test sonucu. 

3.4. Mikroyap  ncelemeleri 
 
Üretilen bobinlere ait inküzyon bilgileri ile tane 
büyüklü ü de eri ekil 3’de gösterilmi tir. nklüzyon 
görüntüleri ve bobinin çe itli bölgelerinden al nan 
mikroyap  örnekleri ise ekil 4’de belirtilmi tir. [3] 
 

 
ekil 3. nklüzyon (kal nt ) ölçümü ve tane büyüklü ü. 

 

 
 

 
ekil 4. Mikroyap  örnekleri ve inküzyon foto raflar . 

 
4. Sonuçlar ve Tart ma 

 
Yap lan denemeler sonucu 16,5 mm ile 20 mm aras  
X70 kalite API 5L PSL2 seviyesinde bobinler 
sdemir’de üretilmi  ve boru üreticilerinde yap lan 

testlerde ba ar  sa lanarak ticari üretimi geçilmi tir. 
Çal malarda anlat lan testler d nda boru imalat  
sonras  kaynak makro incelemesi de yap lm  ve 
herhangi bir sorun ile kar la lmam t r. Sadece 
standard n talep etti i s n r de erler de il, bunun 
yan nda ba ta Tanap projesi olmak üzere birçok 
projenin gerektirdi i daha yüksek beklenti ve mekanik 
mukavemet de erlerine ula lm t r.  
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Tungsten Karbür Parçaların AISI 5140 Çeliğine Gümüş 
ve / veya Bronz Kaynağı ile Birleştirilerek Yüksek Fırında 
Döküm Açmak için Kullanılması ve Avantajları

Ümit Gebenli, Emir Azazoğlu, İbrahim Çakmak 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

 
Abstract 
 
In this paper, Tungsten Carbide drill bits improvement 
work is examined at BF No. 4, Iskenderun Iron & Steel 
Works Corp. (ISDEMIR) which was commissioned in 
August 2011. Steel bits, which is used for tap hole drilling 
operation, is replaced with Tungsten Carbide-tipped AISI 
5140 steel with project changes. The advantages of using 
Tungsten Carbide-tipped AISI 5140 steel is examined. 
 
During the process, pig iron and slag, which are obtained 
from SDEM R blast furnaces, are taken out of the furnace 
from the hearth area called as tap hole. On the hearth there 
are variable numbers of tap holes which are changing with 
the dimensions of the furnace. Special drills are used to 
drill those tap holes and with the inside pressure of the blast 
furnace pig iron and slag are taken out to the main runners. 
The drill bits, which is used for drilling operation, are 
resistant to heat and abrasion. Through this drill bits, tap 
hole can be drilled intended time and shape. With changing 
the steel body quality and adding tungsten carbide pieces to 
the drill bits, the resistant of heat and abrasion is increased. 
 
With a total working volume of 2500 m³, Turkey’s newest 
and biggest Blast Furnace ISDEMIR Blast Furnace #4 
(Dilek) was using the quality of AISI 1030(body) and 
X40Cr13 drill bits for drilling operation (until 2012). With 
these design and qualitied drill bits can be used for 
maximum of 1 tapping. Works in 2012 and after is resulted 
with using the quality of AISI 5140 steel body and 
Tungsten Carbide (WC) drill bits. After the trials, new 
design of drill bits can be used for 3 consecutive tapping 
successfully. The main advantages of using the new design 
are as follows; decreased the yearly consumption and 
reduced the final costs of drill bits, resolved tap hole 
drilling problems such as shorter drill time, eliminated 
negative effects for the furnace process through the 
improvement on drilling operation practices, contributed 
production continuity. 

 
Özet 
 
Bu çal mada, skenderun Demir ve Çelik A. ’de 
( SDEM R) 2011 y l  A ustos ay nda devreye al nan 4 
Nolu Yüksek F r nda kullan lan tungsten karbür matkap 
uçlar n n iyile tirme çal mas  incelenmektedir. Demir 
üretimi sürecinde kullan lan yüksek f r nlarda döküm 
deli inin aç lmas  i leminde kullan lan çelik uçlar n proje 
de i ikli i yap larak tungsten karbür uçlu AISI 5140 
çeli inin kullan lmas n n avantajlar  irdelenmektedir.  
 
 SDEM R Yüksek F r nlar nda, proses sonras  elde edilen 
s v  ham demir ve cüruf, f r n hazne bölgesinde bulunan, 
döküm deli i olarak adland r lan bölgelerden f r n d na 
al n r. Haznede f r n ölçülerine göre de i en say da döküm 
deli i bulunur. S v  ham demir ve cüruf bu deliklerin özel 
bir matkap ile aç lmas  ile f r n içerisindeki bas nç 
kullan larak f r n d ndaki ana kanallara al n r. Döküm 
deliklerinin aç lmas nda kullan lan matkap çubu unun 
ucunda s ya ve abrazyona dayan kl  uç kullan lmaktad r. 
Bu uçlar sayesinde döküm deli i istenilen sürede ve 
istenilen ekilde aç larak s v  ham demir-cürufun f r n 
d na al nmas  sa lan r. Bu ucun çelik kalitesi 
de i tirilerek ve uca tungsten karbür parçalar eklenerek 
s ya ve a nmaya dayan m  artt r lm t r. 

 
2500 m³’lük çal ma hacmiyle Türkiye’nin en büyük 
yüksek f r n  olan SDEM R 4. Yüksek F r n (Dilek) da, 
döküm deliklerini açmakta kullan lan uç AISI 1030 kalite 
gövde ve X40Cr13 kalitedir(2012 y l na kadar). Bu dizayn 
ve kalitedeki uç ile maksimum 1 döküm aç labilmektedir. 
2012 y l nda ve sonras nda yap lan çal malar sonucunda 
matkap ucunun gövdesi AISI 5140 kalite çelikten ve ucu 
Tungsten Karbür (WC)  malzemesinden yap lm t r. 
Yap lan deneme çal malar  sonucunda yeni dizayn tek bir 
uç art arda 3 dökümü açabilmektedir. Yeni dizayn matkap 
uçlar n n kullan m ; y ll k matkap ucu tüketimini azaltm , 
y l sonu maliyetlerini dü ürmü , dökümün geç aç lmas  ve 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

96518. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

ya iyi aç lamamas  problemini gidermi , döküm açma 
pratikleri nedeniyle f r n prosesindeki olumsuz etkiler 
ortadan kald r lm  ve üretim süreklili ine katk  
sa lanm t r. 
 
1. Giri  
 
Türkiye’nin en büyük ve en yeni yüksek f r n  SDEM R 
A. . de 17 A ustos 2011 tarihinde devreye al nan 2500 m3 
lük çal ma hacmi ile 4. Yüksek F r nd r. 4. Yüksek f r nda 
günlük s v  ham demir üretim miktar  ortalama 
6500ton/gün dür. 
  
SDEM R Yüksek F r nlar nda, proses sonras  elde edilen 

s v  ham demir ve cüruf, f r n hazne bölgesinde bulunan, 
döküm deli i olarak adland r lan bölgelerden f r n d na 
al n r. Haznede f r n ölçülerine göre de i en say da döküm 
deli i bulunur. S v  ham demir ve cüruf bu deliklerin özel 
bir matkap ile aç lmas  ile f r n içerisindeki bas nç 
kullan larak f r n d ndaki ana kanallara al n r. Döküm 
deliklerinin aç lmas nda kullan lan matkap çubu unun 
ucunda s ya ve abrazyona dayan kl  uç kullan lmaktad r.. 
 
Bu çal mada matkap ucu kalitesi ve ekli ile ilgili bilgiler 
ve kazan lan avantajlar  irdelenmektedir. 
 
2. Yüksek F r n Döküm Deli i ve Matkap le Aç lma 
Sistemi 
 
4. Yüksek F r nda 3 adet döküm deli i bulunmaktad r. 
Döküm delikleri f r n n hazne ad  verilen alt bölgesinde yer 
almaktad r. Döküm delikleri; f r n z rh  ile haznede yer alan 
s v  demir ve cürufun oldu u bölge aras nda ortalama 3 
metre uzunlu undad r. 

 
ekil 1. Temsili döküm deli i çizimi. 

 
Döküm deli i çevresi karbon tu lalardan olu maktad r. 
F r nlar ilk in a edili inde bu delik bo  b rak l r ve devreye 
al nd ktan sonra döküm deli i çamuru ad  verilen özel bir 
çamur ile doldurulur. 

 
Döküm Deli ini Kapatmada Kullan lan Refrakter 
Malzemesi Kimyasal Yap s  ve Birle im Yüzde Oran : 
 
Al2O3         : % 50-60  SiC+C       : % 21-35 
SiO2           : % 15-25 Yo unluk   : 2-3 gr/m3 
Uçuculuk   : % 12-15 
 
Döküm deli ini açmak, s v  ham demir ve cürufu f r n 
haznesinden d ar  almak için matkap ad  verilen hidrolik 
tahrikli bir donan m kullan lmaktad r. 
 

 
ekil 2. Döküm deli i matkab . 

 
Matkapta üzerinde bulunan; matkap çubu u ve matkap ucu 
ile dökümler aç lmaktad r. 
 
Matkap çubu u özellikleri: 
Uzunluk     : 5000mm - 5100mm Çap  : 40mm - 50mm 
Malzemesi : C45 çeli i 
 
Matkap ucu özellikleri: 
Gövde Malzemesi : AISI 5140 A nma Ucu   : WC 
 

 
ekil 3. Yüksek f r nlarda döküm deli ini açmak için 

kullan lan matkap ucu çe itleri. 
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ekil 4. Matkap çubu unun f r n haznesine ula m bölgesi 

(4.yf’de 3 adet döküm deli i mevcuttur.) 
 
2.1. Matkap uçlar   
 
Yüksek F r nlarda haznede bulunan ergimi  olan s v  ham 
demir ve cürufu tahliye etmek için döküm deli inin 
aç lmas nda matkap ve delici uçlar kullan lmaktad r. Bu 
uçlar n yüksek s ya ve sürtünmeye kar  dayan mlar  çok 
yüksektir. Her döküm aç lmas nda uçlar 1000–1200 derece 
s cakl a maruz kalmakta ve bu artlarda 3 döküme kadar 
sorunsuz çal abilmektedir. 
 

 
ekil 5. Matkap ucu projesinin AA kesiti. 

 
2.2. AISI 5140 çeli inin slah i lemi ve tungsten karbür 
(WC) a nma ucun elde edilmesi. 
 
ndüksiyonla sertle tirme i lemi, h zl  de i en manyetik bir 

alana yerle tirilen bir metal parças  içerisinde elektrik 
ak m  olu turma esas na dayan r. Bobinlerin içerisinden 
yüksek frekansl  alternatif ak m geçirilerek, yüksek 
frekansl  bir manyetik alan elde edilir. Bu manyetik alan, 
metal parças  içinde eddy veya girdap ak mlar  ile histerisiz 
ak mlar  olu turur. Olu an yüksek frekansl  ak mlar, 
metalin yüzeyinde hareket ederler. Buna kabuk etkisi denir. 
Metalin bu ak mlara kar  gösterdi i direnç nedeniyle 
s nma sa lan r ve böylece bir metal parçan n iç k sm  
s t lmadan yüzeyi s t labilir. Is tmadan sonra parçaya su 

verilir. Sertle me derinli i, frekansla ters orant l d r. 

Herhangi bir frekansta, s tma süresi art r larak sertle me 
derinli i art r labilir. 
 
Islah i lemi sonras  malzeme kopmaya ve uzamaya kar  
dayan kl  hale gelir. Uygun slah i lemi yapabilmek için 
sertle tirme s cakl n n do ru seçilmesi gerekti inden, 
çeli in karbon miktar  ve ala m durumu tam olarak 
bilinmelidir. Islah çelikleri TS 2525 ve EN 10083’de 
standartla t r lm t r. 
 

 
ekil 6. Gövde AISI 5140 çeli inde, s l i lem uygulanarak 

slah çeli i yap s n n elde edilmesi. 
 
WC ucun elde edilmesinde toz metalürjisi yöntemi 
kullan lmaktad r. Toz metalürjisi parçalar n metal 
tozlar ndan imal edildi i metal i leme teknolojisidir. 
Geleneksel T/M imalat s ras  olarak, tozlar istenen ekle 
preslenir ve daha sonra, sert, rijit bir kütle halinde 
ba lanmak üzere sinterlenir. 
 
Presleme imal edilecek parça için özel olarak tasarlanm  
z mba ve kal p kullanarak pres tipi bir makinede 
gerçekle tirilir.  Daha sonra malzeme sinterleme a amas na 
al n r. Sinterleme metalin erime s cakl n n alt ndaki bir 
s cakl kta yap l r. 
 

 
ekil 7. Toz metalürjisi ile elde edilen WC uçlar. 

 
AISI 5140 çeli inin kimyasal yap s n n slah edilme 
yatk nl n n fiziksel dayan ma etkisi. 
 
Kimyasal bile imleri karbon miktar  bak m ndan 
sertle tirilmeye elveri li olan ve slah i lemi sonunda belirli 
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yükler alt nda yüksek tokluk özelli i gösteren ala ml  yap  
çelikleridir.  
 
Islah etme i lemi, i  parçalar na ve yap  elemanlar na 
büyük dayan m, yüksek bir akma s n r , yüksek süneklik ve 
ayr ca plastiklik kazand ran bir i lemdir. Önce bir 
sertle tirme ve arkas ndan menevi  (genellikle yüksek 
s cakl ktaki menevi ) olaylar , birbiri pe i s ra 
uyguland nda Islah i lemi olarak adland r l r. Islahta 
seçilen menevi  s cakl klar , sertle tirilmi  duruma nazaran 
sertlikte önemli ölçüde dü me yapar. Menevi  sonras  yap  
temperlenmi  martenzit olur.  
 
Menevi  (Temperleme) sertle tirilmi  parçalarda 
martenzitik yap dan dolay  büyük gerilmeler mevcuttur ve 
k r lgan bir yap ya sahiptir. Sertle tirilmi  parçalar 100-650 
ºC aras nda s t larak bu gerilmeler giderilir. Ancak bu 
s rada sertlikte de dü me olur. Sertle tirilmi  çelikler 
menevi lendi inde çekme dayan m  ve akma s n r , dü ük 
menevi  s cakl klar nda bir miktar artma gösterebilir. 
Ancak artan menevi  s cakl klar nda devaml  dü me 
gösterirler. Buna kar n malzemenin ekil de i tirebilirlik 
karakteristikleri olan kopma uzamas , kesit daralmas  ve 
çentik darbe dayan m  menevi  s cakl  artt kça artar. 
 

Çizelge 1. 5140 çeli inin s l i lem özellikleri. 
Sertle tirme S cak 

sekil 
verme 

s cakl
 ºC 

Yumu ak 
Tavlama 

S cakl  º
C    

Yumu ak 
tavlamad
a sertlik > 
BSD 30 

Normal 
tavlama 

s cakl   
°C 

  Su Ya  
Mene

vi  
s cakl

 °C 

S ca
kl k 

820-
850 

830-
860 

1050-
850 680-720 241 840-880 Sertl

ik 
(HR
C) 

54-
56 

54-
56 

540-
680 

 
Bu fiziksel özelliklerinden dolay  döküm açma i lemi 
esnas nda yüksek darbe dayan m , yüksek tokluk ve s cak 
ortamda sürtünme ve a nmaya kar  mukavemet 
göstermektedir.   
 
Tungsten karbür (WC) ucun yüksek sertlik özelli i ve 
yüksek erime derecesinin döküm açma s ras nda sa lad  
fiziksel özellikler. 
 
Toz metalürjisi tekni iyle istenilen ekilde elde edilen 
malzeme, a nma dayan m  ve sertli i sayesinde, yüksek 
s cakl k, korozyon gibi zor ko ullar alt nda çal r. Bu gibi 
mekanik dayan m özellikleri sayesinde yüksek f r n döküm 
açma esnas nda döküm deli ine enjeksiyon edilmi  ve 
s nma sonucu yüksek sertli e ula m  refrakter 

malzemenin gösterdi i direnci k rarak döküm aç lmaktad r. 
 
3. Tungsten karbür uçlu matkap ucu kullan m n n 
faydalar  
Yüksek F r nlarda elmas matkap ucu ile döküm aç lmas n n 
temel avantajlar  u ekilde s ralanabilir; 

• Tek matkap ucu ile birden fazla döküm aç lmas  
mümkündür. 
• F r n n düzenli bir ekilde aç lmas  f r n prosesini olumlu 
etkileyece inden üretim art n  sa lar. 
• Matkap ucu ile döküm aç lmaz ise oksijen ile dökümü 
açmak gerekir. Oksijenle döküm açma ise f r n prosesi 
aç s ndan istenmeyen bir durumdur. Yüksek f r nda 
oksijenle döküm açman n olumsuz etkileri; döküm 
süresinin k sa olmas , döküm deli inin anl k geni leyerek 
f r n n kapat lamamas  ve döküm kapatma için hava 
dü ülmesi ve ya anan hava kayb  birlikte üretimin dü mesi, 
döküm deli ini olu turan refrakter yap ya zarar vererek 
f r n n kullan m ömrünün k salmas  gibi etmenler 
olu turarak f r n prosesesin i lem ak na olumsuz etki eder. 

 güvenli i aç s ndan da oksijen vuran personelimizin 
s cak alana daha yak n olmas  ve çal ma ergonomisi 
aç s ndan olumsuz durum olu maktad r. 
 

Tablo 1. Mevcut durumda kullan lan uçla döküm açma 
esnas nda oksijen vurma oran  ile Gövde AISI 5140 

çeli ine WC ucun birle tirilmesi sonucu elde edilen matkap 
ucu ile olu an yeni durum. 

 
 

4. Sonuç 
 
2500 m³’lük çal ma hacmiyle Türkiye’nin en büyük ve en 
yeni yüksek f r n  olan SDEM R 4. Yüksek F r n nda 
kullan lan 5140 çeli inden olu an gövde üzerinde Tungsten 
Karbür ucun birle tirilmesi ile olu an yeni matkap uçlar  
döküm açma maliyetlerinin dü mesini, oksijenle aç lan 
döküm say s n n dü mesini sa lam t r. Say sal veri olarak 
döküm açma maliyetleri % 45 oran nda azalm , oksijenle 
döküm açma oran  % 28,5 ‘den, % 5,5 ‘e dü mü tür. 
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S235 JR Kalite Çeliklerin Deney Tasarımı Yaklaşımı ile 
Mekanik Özelliklerinin Modellenmesi ve Maliyet Avantajı 
ile Üretimi

İlker Ayçiçek 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

Abstract 

S235 JR grade steel is commercially named as 3237 
quality produced in sdemir. According to the 
process parameters, 3237 grade steel is met depend 
on the coil thickness by 3 different casting steel 
grade. For 0-8 mm thickness 2.5234_50, 8-16 mm 
thickness 3.5237_50 and 16-25 mm thickness 
4.5701_50 grades are used. In this study, the 
statistical modeling of the mechanical properties 
and production cost advantages are aimed for 
2.5234_50 steel grade. For this purpose, factors are 
determined to use in experiments. These factors are 
set as %C, %Mn, %Si, coiling temperature, 
finishing temperature and the thickness of coil. 
Yield strength, tensile strength, % elongation are 
examined as outputs of the experiment. In 
conclusion, mechanical properties can be 
statistically modeled with selected factors. Minitab 
was used for statistical modeling of experiment 
results. With the statistically modeled, manganese 
used as alloying element that can be used at lower 
level therefore this work is resulted with production 
cost advantages. 

Özet 

sdemir de üretilen S235 JR kalite çelikleri, ticari 
ismi ile 3237 kalite olarak isimlendirilmektedir. 

letme çal ma pratiklerine göre 3237 sipari  çelik 
kaliteleri, bobin sipari  kal nl klar na göre 3 farkl  
döküm çelik kalitesinden kar lanmaktad r. 0-8 mm 
için 2.5234_50, 8-16 mm kal nl klar  için 
3.5237_50 ve 16-25 mm kal nl klar  için 4.5701_50 
kaliteleri kullan lmaktad r. Yap lan çal mada 
2.5234_50 kalitesi için mekanik özelliklerin 
istatistiki olarak modellenmesi ve maliyet avantaj  
ile üretimi hedeflenmi tir. Bu amaçla yap lacak 
deneyler için faktörler belirlenmi tir. Deneyde test 
edilen faktörler %Mn, %Si, sar lma s cakl , ikmal 
s cakl  ve bobin kal nl  olarak belirlenmi tir. 
Deneyin ç kt lar nda akma mukavemeti, çekme 

mukavemeti ve %uzama incelenmi tir. Sonuç 
olarak deney sonuçlar  incelendi inde belirtilen 
mekanik özelliklerin seçilen faktörlerle istatistiki 
olarak aç klanabildi i tespit edilmi tir. Deney 
sonuçlar n n istatistiki olarak modelleme 
çal malar  Minitab arac l yla yap lm t r. 
Aç klanabilen deney sonuçlar  ala mlama için 
kullan lan mangan elementinin daha dü ük 
seviyelerde kullan labilece ini göstermi , böylece 
çal ma maliyet avantaj  ile sonuçlanm t r. 

1. Giri  

sdemir’de üretilen S235JR çelik kalitesi ticari 
olarak 3237 sipari  çelik kalitesi olarak 
isimlendirilmektedir. Bu kalite 3 farkl  döküm çelik 
kalitesinden üretilmektedir. Döküm çelik 
kalitelerinin ayr mas ndaki faktör nihai bobin 
kal nl d r. S235 JR kalite çelik için standard n 
istedi i akma mukavemeti 24 kg/mm2, çekme 
mukavemeti ise 36,7-52 kg/mm2’dir. Malzemenin 
mekanik özelliklerinin etkileyen parametreler 
bulunmaktad r. Bu parametreleri 2 ana ba l kta 
toplamak mümkündür. Bunlardan ilki çeli in 
kimyasal komposizyonunu olu turan %C, %Mn, 
%Si ve ba l ca ala m elementleridir. Di er ana 
parametreler  s cak haddehane proses 
parametreleridir. Ticari kaliteler için bunlar ba l ca 
sar lma s cakl  ve ikmal s cakl d r. Ayr ca 
malzemenin fiziksel özelliklerinden olan ve mü teri 
istedi ine göre belirlenen bobin kal nl  da 
malzemenin mekanik özelliklerini belirleyen bir 
parametredir. Bu çal mada %Mn, %Si, sar lma 
s cakl , ikmal s cakl  ve numune kal nl klar n  
çe itli düzeylerini deney tasar m  mant  ile farkl  
bobinlerde test ederek ç kt lar olan akma 
mukavemeti, çekme mukavemeti ve % uzama 
üzerindeki etkileri modellenmi tir. Deney 
tasar m nda birbirinden ba ms z olarak de i en 
faktörlerin ç kt  üzerine istatistiki olarak etkisi 
incelenmektedir.  
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2. Deneysel Çal ma 

Yap lacak istatistiksel modelleme çal mas n n 
s n rlar n  belirlemek amac yla çal maya konu olan 
3237 sipari  çelik kalitesinin kar land  3 döküm 
çelik kalitesinin son 2 y lda sdemir’de üretim 
tonajlar  incelenmi tir. Yap lan inceleme sonras nda 
ilgili sipari  çelik kalitesinin yakla k %75’inin 
verildi i 2.5234_50 kalite üzerine, yani 0-8 mm 
aras  nihai bobin kal nl klar  için modelleme 
yap lmas na karar verilmi tir. Bunun üzerine S235 
JR kalitesinin standartlar n  da sa layacak yeni bir 
kalite tasar m  yap lmak üzere 5 faktörlü tam 
faktöriyel bir deney tasarlanm t r. Tasarlanan 
deneyin faktörleri ve bu faktör seviyeleri 
belirlenmi tir Tasarlanan kimyasal analiz de erleri 
daha dü ük ala m ve s cak haddehane 
parametrelerinin optimizasyonu hedeflenerek 
belirlenmi tir. Belirlenen faktörler ve faktör 
seviyeleri a a daki tabloda özetlenmi tir.  

Tablo 1. Faktörler ve Seviyeleri 

 

Belirlenen faktörlerin her biri dü ük ve yüksek 
düzeylerinde bir biri ile kombine olacak ekilde 
Minitab kullan larak bir deney düzene i 
olu turulmu tur. Bu deney düzene inde toplam 32 
farkl  senaryo ortaya ç km t r. Bu deneyleri 
gerçekle tirmek için 4 farkl  döküm yap lm t r. 
Yap lan dökümlerde %Mn ve %Si de eri Tablo 1 
de verilen de erler hedef al narak çal lm t r. Ek 
olarak yap lan 4 dökümde de %C de eri döküm 
kart aral  olan %0,04 de eri hedeflenerek 
çal lm t r. Gerçekle tirilecek bütün deneylerin 
listesi a a daki tabloda verilmi tir.  

Tablo 2. Deneylerde Hedeflenen Parametreler

 

Tablo 2 de bulunan her bir sat r haddelenecek bir 
slab n özelliklerini göstermektedir. Kal nl k olarak 
yaz lan sutun nihai hedef bobin kal nl d r. 

3. Sonuçlar ve Tart ma 

Deneyler kapsam nda yap lan 4 dökümün analiz 
sonuçlar  a a daki tabloda gösterilmi tir.  

Tablo 3. Deneyler kapsam nda yap lan 4 dökümün 
kimyasal analizi 

Yukar daki tabloda görüldü ü gibi hedeflenen 
analizlere yak n de erlerde çal lm t r. Bu da 
hedeflenen modellemenin yap lmas nda kimyasal 
komposizyon aç s ndan herhangi bir problem 
olmad n  göstermektedir. Yap lan dökümler 
sonras nda dökümlerin gerçekle en kimyasal 
özelliklerine göre dökümlerden slablar seçilmi  ve 
Tablo 2 de belirtilen ikmal s cakl nda, sar lma 
s cakl nda ve kal nl a haddelenmi tir. 
Haddeleme i lemi sonras nda bobinlerden mekanik 
test amac yla numune al nm t r. Al nan numuneler 
sonras nda gerçekle en akma mukavemeti, çekme 
mukavemeti ve % uzama  de erleri a a daki 
grafiklerde verilmi tir.  
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Grafik 1. Akma Mukavemeti Sonuçlar  

 

 

Grafik 2. Çekme Mukavemeti Sonuçlar  

 

 

Gerçekle en akma mukavemeti ve çekme 
mukavemeti de erleri önceden olu turulan deney 
tasar m  ablonuna eklenmi tir. Eklendikten sonra 
Minitab üzerinden akma mukavemeti ve çekme 
mukavemeti regresyon yap larak modellenmi tir. 
Gerçekle tirilen modeller sonucunda akma 
mukavemeti ve çekme mukavemetinin istatistiksel 
olarak modellendi i görülmü tür. Yap lan 
modellemeler sonras nda ç kan denklemler 
a a daki gibidir.  

Akma Mukavemeti = 880 + 399 %Mn + 474 %Si -
 1,788 Sar lma_C - 1,005 kmal_C + 6,19 Kal nl k -
0,203 %Mn*Sar lma_C - 0,321 %Mn* kmal_C 
+ 1,181 %Mn*Kal nl k - 0,531 %Si* kmal_C 
+ 0,00210 Sar lma_C* kmal_C -
 0,00802 kmal_C*Kal nl k 

 

Çekme Mukevemeti = 633 + 191,2 %Mn -
 14,92 %Si - 1,175 Sar lma_C - 0,669 kmal_C 
+ 5,76 Kal nl k + 53,3 %Mn*%Si -
 0,2250 %Mn* kmal_C + 0,389 %Mn*Kal nl k 
+ 0,001333 Sar lma_C* kmal_C -
 0,00208 Sar lma_C*Kal nl k -
0,00562 kmal_C*Kal nl k 

 

4. Sonuç 

Yap lan çal mada belirlenen faktörlerin akma 
mukavemeti ve çekme mukavemeti üzerine etkileri 
modellenmi tir. Yap lan çal ma sonras nda %Mn, 
%Si de eriyle akma ve çekme mukavemetinin 
do ru orant l  olarak de i ti i görülürken, ikmal 
s cakl  ve sar lma s cakl  ile ters orant l  olarak 
de i ti i göze çarpmaktad r. Modelleme ile birlikte 
kalite tasar mlar  öncesinde i letmelerde denemeler 
yap larak ilgili faktörlerin etkilerinin görülmesi ve 
sonras nda kalite tasar m  yap lmas n n uygun 
oldu u sonucu ortaya ç km t r. Ayr ca çal ma 
sonras nda daha dü ük Mn seviyelerinde kalitenin 
mekanik mukavemet gereksinimlerini kar lad  
görülmü tür. Böylece ilgili kalitenin üretiminde 
maliyet avantaj  sa lanm t r. 

 

 

 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

97118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

Numune Alma ve Hazırlama Süreçlerinin Çelikteki Toplam 
Oksijen Tayinine Olan Etkisinin İncelenmesi

Sadık Polat, Erhan Selvi 

İskenderun Demir Çelik Fabrikaları A.Ş. - Türkiye

 
Abstract 
 
2 million tons of liquid steel was produced in 2015, in 
ISDEMIR. Samples taken from main production processes 
of integrated steel production from raw materials, like 
sintering, blast furnace, desulphurization, BOF, ladle 
furnaces, and continuous casting, are analyzed in Spectral 
Analysis Laboratory. The companys steel production 
laboratory analyzed annual 287.000 pieces of steel and 
1080 samples of Oxygen.The composition of oxygen in 
steel is an important indicator for the deoxidation 
applications, reoxidation and clean steel production. The 
method of oxygen measurement in steel, differs from the 
ways to analyze other elements. These differences can be 
grouped into 3 main categories as differences in sampling, 
sample prepation, and analysis process. Sampling is 
representative analysis of oxygen in the steel; cold cutting, 
sample shrinkage, surface coating and sample preparation 
applications such as anti-oxidation protection Combustion 
System with devices running the furnace, gas and cooling 
control parameters are given. 
 
Özet 
 
sdemir’de 2015 y l nda y ll k 5,2 milyon ton s v  çelik 

üretimi gerçekle tirilmi tir. Hammaddeden yap lan s v  
çelik üretiminin sinter, yüksek f r n,  kükürt giderme, 
konvertör, pota f r n  ve sürekli döküm gibi ana üretim 
süreçlerinden al nan numunelerin kimyasal analizleri 
spektral analiz laboratuvarlar nda yap l r. Çelik 
analizlerinin yap ld  laboratuvarlarda y ll k 287.000 adet 
çelik analizi, 1080 adet oksijen analizi yap lmaktad r. Kat  
çelikteki oksijen mertebesi, çeli in deoksidasyon prati i, 
reoksidasyon ve temiz çelik üretimi aç s ndan önemli bir 
göstergedir. Ayn  zamanda kat  çelikteki oksijen ölçümü 
di er elementlere göre farkl l k göstermektedir. Bu 
farkl l klar numune alma, numune haz rlama ve analiz 
methodu olarak 3 ana ba l k alt nda toplanabilir. Çelikte 
oksijen analizi için temsili numune alma;  so uk kesme, 
numune küçültme, yüzey partlatma ve oksidasyon önleyici 
koruma gibi numune haz rlama uygulamalar  verilmi tir. 
 

1. Numune Alma ve Haz rlama Etkileri 
 
Çelikte toplam oksijen tayinin numune alma,  haz rlama ve 
analiz süreçlerinin etkisi deneysel çal malarla belirlenmi , 
standart ve mevcut uygulamalar n temelinde çelikte do ru 
toplam oksijen analiz için pratik laboratuvar uygulama 
yöntemleri belirlenmi tir. Bu yöntemlere ba lang ç noktas  
olarak s v  ve kat  çelikte numune alma ve haz rlama 
ba l  alt nda incelenmi tir. 
 
2. Numune Alma 
 
S v  çelikte gerek çelikhane (BOF, kincil Metalurji) ve 
gerekse sürekli dökümler (slab, kütük döküm) süreçlerinde 
toplam oksijen tayini kimyasal analiz al nan numunelerde 
yap lmaktad r. Manuel ve otomatik al nan bu numuneler 
lolipop,  kalem, disk gibi farkl  ekilde al nmaktad r. 
Numune al n rken öncelikle numuneyi cüruf korumak için 
yüzeyden en az 25cm derinden al nmas ,  numune kartu  ve 
kal b n tamam yla dolmas  ve a a da detay üzerinde 
durulan ve toplam oksijen tayinine büyük etkisi olan 
numune al n rken reoksidasyondan korumakt r.  
 
Numune al n rken ferro statik etkiyle numune 
kartu a/kal ba dolan numune bu dolum s ras nda kartu taki 
atmosferden reokside olmakta ve numune içine cüruflu, 
inklüzyonlu yap  girmektedir. Klasik numune  
kartu u/kal b  bu reoksidasyon i leminin gerçekle mesi 
kaç n lmazd r. Numune kartu unda veya kal b nda 
atmosferik ortam yerine argon ortam  olu turan ve dolum 
bas nç tersi yönünde argon bas nc  olu turan provac 
sistemleri kullan lmal d r. 
 

 
Resim1 : Argonlu Provac Numune Alma 

Bu sistem numunenin argon ortam nda dolmas n  
sa layarak atmosferik ortamda reoksidasyonu önleyen ve 
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dolum bas nç tersi bas nçla argon flash yap larak numune 
içerine oksitli yap daki inklüzyonun ve cürufun kaçmas n  
önlemektedir. Klasik yöntem olan konvasyonel numune 
kartu u ve praovac sistem ile al nan numunelerin toplam 
oksijen analizine olan etkisi göstermek amac yla a a daki 
kar la t rmal  analizleri yap lm t r. 
 
 Çizelge-1. ki sistemin kar la t rma analizleri 

  
Provac Sistemi ile 

al nan numune 
Klasik yöntem ile 

al nan numune 

Num. Toplam 
Oksijen(ppm) 

Std. 
Sapma 

Toplam 
Oksijen(ppm) 

Std. 
Sapma 

48 41 1.Num 48 0 59 12,7 

59 43 2.Num 51 5,7 49 4,2 

37 77 
3.Num 

59 
15,6 

108 
21,9 

 
Provac sistemi ile klasik numune al nan yöntemle ayn  anda 
al nan numunelerin kar la t rma analizler combustion 
analizle yap lm t r. Provac sistemi al nan numune 
reoksidasyona u ramad ndan klasik yönteme k yasla 
toplam oksijen de erleri daha az ve standart sapmas  daha 
dü ük ç km t r. 
 
2.Numune Haz rlama 
 
Çelikteki Toplam Oksijen Tayini numune haz rlama 
i lemleri parlatma, küçültme ve koruma i lemlerinden 
olu maktad r. 
 

                          

 
Resin-2: SiC ta la                                Resin-3: Freeze ile 
yap lan Parlatma                                  yap lan Partlatma 
 

Toplam Oksjen tayininde partlat lm  numunenin 
partlat lmam  numuneye etkisini gösteren kar la t rmal  
analiz sonuçlar  a a dad r. 
 
 
 
 
 
 
 
 
 
 Çizelge2: Oksijen analizleri 

 Parlat lm  
Numune 

Parlat lmam  
Numune 

Num 
Toplam 
Oksijen 
(ppm) 

Std. 
Sapma 

Toplam 
Oksijen 
(ppm) 

Std. 
Sapma 

138 203 1.Num. 149 7,8 247 31,1 

143 444 2.Num. 166 16,3 300 101 

173 294 3.Num. 160 9,2 183 78,5 

. 
Numune haz rlama kapsam nda 0,5 gr-1 gr aras nda 
küçültme i lemi iki yöntemle yap lmaktad r. Bu yöntemde 
küçültme esnas nda numunenin yanmas n  önlemek 
amac yla direk hidrolik sistemle çal an punch makinas  
veya so uk kesme yapabilme donan ma sahip kesme 
makinas  kullan lmaktad r. 
 
Numune haz rlama kapsam nda küçülme i leminden sonra 
numuneyi ortam n fiziksel kirlili inden korumak ve 
reoksidasyonu önlemek amac yla küçülme i leminden 
analiz i lemine kadar asetonda bekletilmelidir.  
 
3. Sonuç 
 
Numune Alma ve Haz rlama Süreçlerinin toplam oksijen 
tayininde a a daki sonuçlar elde edilmi tir. 
 

1. Klasik numune alma yöntemlerinin toplam oksijen 
üzerinde çizelge-1 gösterildi i gibi büyük etkisi 
oldu u görülmektedir. Bu etkinin minimuma 
indirilmesi için numune al m nda argon flash 
sistemi olan provac donam n n olmas  
gerekmektedir. 
 

2. Numune haz rlamada parlatma i leminin 
uygulamas  yap lmas  ve bu parlatma i leminde 
SiC ta  veya freze kullan lmal d r. 
 

3. Haz rlama sonras  analize kadar numunelerin 
fiziksel kirlenmeden ve reoksidasyondan 
korunmal d r. 
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Abstract 
 
Steel cleanliness is one of the major assignments for steel 
producers. However, no steel can be totally free from 
inclusions. The demand for cleaner steel requires lowering 
the occurrence of non-metallic inclusions and/or modifying 
them in order to eliminate their harmful effects. Depending 
on their quantity, morphology and size distribution, non-
metallic inclusions give rise to nozzle clogging in continuous 
casting process, surface defects in rolling process and 
adverse effects on mechanical properties in final product. In 
this study, by using FactSage 6.4 thermodynamic calculation 
software, inclusion diagrams of Ultra-Low Carbon (ULC) 
steel grades are estimated. The results of thermodynamic 
software are compared with SEM-EDX results of steel 
samples taken from steelmaking process. 
 
1. Introduction 
 
Non-metallic inclusions (NMIs) are chemical compounds 
that are formed in steel manufacturing process such as 
oxides, sulfides, nitrides, etc. The term of clean steel  
should mean a steel free of inclusions, however no steel can 
be free from all inclusions [1]. From this point, in order to 
produce cleaner steel , steelmakers try to reduce inclusion 
amounts and/or modifying them to eliminate their harmful 

effects. Inclusions are categorized by their origin as either 
endogenous or exogenous [2]. Endogenous inclusions are 
formed by precipitation, in reaction of liquid steel with 
dissolved oxygen, sulfur and nitrogen. The exogenous 
inclusions are products of reactions taking place at between 
metal-refractory materials, impurities in ferro alloys, flux 
materials or slag entrapment. According to their size, shape, 
chemical or physical characteristics and distributions, NMIs 
may cause nozzle blockage in continuous casting, surface 
defects in final product and deterioration in mechanical 
properties of steel like strength, ductility, fatigue, toughness 
and formability [3-5].  
 
The Ultra-Low Carbon Steels usually have carbon content 
below 50 ppm (0,005%) [6]. ULC steels are generally used 
for applications like automobile, white goods where good 
formability and surface quality are required. The steel 
cleanliness is one of a major assessments in ULC steel 
grades. 
 
2. Materials and Methodology 
 
2.1 Computational Thermodynamic Investigations 
 
The thermodynamic study was performed by using FactSage 
6.4 Thermochemical Software and Databases. 
one of the largest fully integrated database computing 
systems in chemical thermodynamics in the world, was 
introduced in 2001 and is the fusion of the FACT-Win / 
F*A*C*T and ChemSage / SOLGASMIX thermochemical 
packages. FactSage is the result of over 20 years of 
collaborative efforts between Thermfact / CRCT (Montreal, 
Canada) and GTT-Technologies (Aachen, Germany). 
FactSage Thermochemical Software and Databases are 
widely used in various fields in both academically and 
industrial applications like material science, pyro-
metallurgical, hydrometallurgical, electrometallurgical, 
corrosion calculations, etc. [7] 
 

Table 1. Chemical composition of ULC steel [ppm]. 

C Mn N S Al Ti Mg 
25-40 900-

1200 25-40 60-90 250-
550 

550-
750 1-5 
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The chemical composition of ULC grade steel that was used 
for thermodynamic calculations is shown in Table 1. 
Steelmaking process of steel was followed Basic Oxygen 
Converter (BOF)  Vacuum Degassing (VD)  Continuous 
Casting (CCM) route. After BOF process, decarburization 
(DeC) was carried out in RH-KTB station. After DeC 
process, liquid steel was deoxidized with proper amount of 
aluminum addition. Then, the liquid steel was stabilized  
by proper addition of ferro titanium. After alloying and 
temperature adjustment, the ladle was forwarded to 
Continuous Casting Machine (CCM) for slab casting 
process.  
 
In computational thermodynamic studies performed with 
FactSage 6.4, FToxid, FTmisc and FSstel databases were 
used. The FACT oxide solution database, FToxid, contains 
consistently assessed and critically evaluated 
thermodynamic data for the molten slag phase, numerous 
extensive ceramic solid solution phases and all available 
stoichiometric compounds containing SiO2 CaO MgO
Al2O3 FeO Fe2O3 MnO TiO2 Ti2O3 CrO Cr2O3 ZrO2
NiO CoO Na2O K2O B2O3 Cu2O As2O3 GeO2 PbO
SnO ZnO. The dilute solubilities of gaseous species such as 
F, S, SO4, PO4, H2O, OH, C, CO3, CN, Cl, and I are also 
modeled in FToxid database. FTmisc database contains 
various solution thermodynamic databases for 
pyrometallurugical applications covering matte solution, 
dilute metallic liquid solutions such as FeLq, CuLq, PbLq, 
SnLq, and AlMgLq, aqueous solution, etc. FTmisc database 
is useful for calculating metal/liquid/gas equilibria related to 
steelmaking process. The liquid Fe solution (FeLq) database 
covers 30 dilute elements. FSstel database is intended to 
provide a basis for calculations covering a wide range of 
steelmaking processes for instance reduction of oxygen and 
sulphur concentration levels through deoxidation and 
desulphurization of the melt, constitution of a wide range of 
steels, calculation of conditions for heat treatment operations 
to produce a desired constitution, etc [8]. 
 
2.2 Scanning Electron Microscopy (SEM) Investigations 
 
Struers-Citopress automatic mounting press was used for 
sample preparation. The prepared steel specimen was 
grinded and polished with Struers-TegraPol metallurgical 
polisher. SEM investigations were made by using Field 
Emission Gun (FEG) type JEOL JSM 7100F model electron 
microscope. 
 
3. Results 
 
By using Equilib  module in FactSage 6.4 software, non-
metallic solid precipitates and oxide inclusions were 
calculated from steelmaking temperatures to room 
temperature according to ULC steel chemical composition 
was given in Table 1. Generated Solidification Diagram  
are presented in Fig. 1.  

 

 
Fig. 1. Solidification Diagram that shows precipitates and 

oxide formed solid inclusions during steelmaking 
temperatures to room temperature. 

 
According to Solidification Diagram, alumina (Al2O3), 
magnesium aluminate (MgAl2O4), titanium nitride (TiN) 
and titanium carbo-sulfide (Ti4C2S2) solids were estimated 
in ULC steel grade at room temperature.  
 
Depending on different oxygen [O] and sulfur [S] ratios with 
fixed chemical composition of ULC steel was given Table 1, 
Inclusion Diagram  was plotted by using Phase Diagram  

module in FactSage 6.4 software. In Fig. 2, Inclusion 
Diagram shows estimated inclusions via [O] and [S] contents 
in liquid steel.  
 

 
 
Fig. 2. Inclusion Diagram of ULC steel for estimating 

inclusions via [O] and [S] contents in liquid steel. 
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Inclusion Diagram shows that Spinel, Ti4C2S2 and 
 solid phases from FactSage 6.4 Databases were 

founded in steel with regard to [O] and [S] levels. Fe-Liq     
refers liquid steel and locates in all [O] and [S] ratios. 
M2O3  represents Metal+3 oxide phases of Al, Ti and Fe 

elements (Al2O3, Ti2O3 and Fe2O3) in FToxid database. 
Spinel  from FToxid database indicates (Mg, Fe, Mn)[Mg, 

Fe, Mn, Ti(III), Ti(IV), Al]2O4 spinel phases. Ti4C2S2  
and TiN  correspond to titanium carbo-sulfide and titanium 
nitride, respectively. 
 
Fig. 3 represents images and energy dispersive spectrums of 
determined inclusions in ULC steel specimen. Inclusion 
types were listed in Table 2, according to elemental atomic 
ratios of SEM-EDS analysis results. SEM investigations 
showed that oxide inclusions originated from deoxidation 
and/or reoxidation were found in steel. Spinel magnesium 
aluminate inclusions presumably were constituted from 
reaction between MgO-C based ladle refractory with liquid 
steel in steelmaking conditions. Ti-based inclusions formed 
during solidification of liquid steel depending on [C], [S] and 
[N] content. 
 
4. Conclusions 
 
In this study, by using FactSage 6.4 thermodynamic 
calculation software, inclusion diagrams of Ultra-Low 
Carbon (ULC) steel grades were estimated. The results of 
thermodynamic software were compared with SEM-EDX 
results belonging to prepared specimen of steel samples 
taken from steelmaking process.  
 
According to Inclusion Diagram, 
and  phases from FactSage 6.4 Databases were 
estimated to be found in ULC steel grade that has chemical 
composition given in Table 1.  
 
SEM-EDX investigations showed that Al2O3, Ti4C2S2, TiN 
ve MgAl2O4 inclusions occurred in specimen belongs to 
ULC steel grade.  
 
As a general conclusion, a very good correlation was found 
between FactSage 6.4 computational thermodynamic 
estimation carried out in this study and the results obtained 
from SEM investigations of steel sample taken from 
steelmaking process.  
 
Table 2.  Determined inclusion types after SEM analysis.  

Inclusion 
a Al2O3 
b MgAl2O4, TiN, Ti4C2S2 
c MgAl2O4 
d TiN, Ti4C2S2 

 
 
 

   
 

   
 

 
 

 
 

 
 

 
 
Figure 3.  Images and energy dispersive spectrums of  

determined inclusions in ULC steel specimen. 
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Abstract 
 
With going up the use of railway in the world, rail 
steels which are used in railway network are exposed 
to accelerating severe operating conditions such as 
higher train speeds, higher axle loads, greater traffic 
density and higher traction power at the wheel-rail 
interface. And the common problems for rails in use 
are wear and rolling contact fatigue issues. 
 
In the present study, diode laser surface treatment was 
applied to R260 grade rail steels and surface and case 
depth hardness results obtained in the light of different 
diode laser powers, processing temperatures and 
processing speeds and results were discussed in detail. 
 
1- Introduction 
 
In parallel with the increase of use of railway networks, 
steels used in railroads are subjected to increasingly 
severe operating conditions with accompanying 
demand for higher train speeds, higher axle loads, 
greater traffic density, and higher traction power. [1]. 
 
Surface hardening by laser is an up and coming technic 
which has been implemented in different industrial 
sectors ranging from power generation to automotive, 
yet there are insufficient works for railway industry [2-
3].  
From the perspective of railway engineers who are 
involved in maintenance of rails, one of the problem is 
to deal with the wear on rails. This problem is crucial 
for changing shape and condition of rails, causing 
different defects such as, wear, RCF (rolling contact 
fatigue), corrugation, etc. 
wear resistance has a direct impact to extend its 
lifetime [4]. 
 
Recent researches carried out on extension of rail life 
advices some possible progresses by using laser 
treatment methods; laser hardening, laser cladding, and 
laser melting/glazing for instance [5-6].  
 
General working process of laser hardening system for 
steel materials; the material surface is scanned by a 
laser beam with a spot size and surface temperature is 
raised to the austenetisation region and subsequent 
self-quenching causes martensitic formation because 

of high cooling rates. This process is carried out in air 
atmosphere in general and a protective gas is used to 
prevent the oxide generation decreasing hardening 
effect [7] 

  
Figure 2  Schematically view of laser hardening 

process [8] 
 
Compared to the conventional heat treatment 
techniques, laser hardening method has some distinct 
advantages, such as availability of precise and local 
hardening, high productivity, no requirement of post-
processing, negligible distortion in the material, 
precisely hardening of complex areas, elimination of 
auxiliary quenching due to subsequent self-quenching 
[1]. 
 
There are various type of laser methods are in use, such 
as CO2 lasers, Nd: YAG lasers and diode lasers. Above 
them, diode lasers come to the forefront due to their 
some superiorities. Compared to the others, the 
wavelength is shorter in this system and the substrate 
has more energy absorption capacity. Also the 
efficiency in this source is about 35% [9] 

 
In this study, we aimed to improve the mechanical 
properties of railway rails by applying laser surface 
treatment to the rail head. Laser surface treatment with 
different parameters were applied to the rails including 
fully pearlite microstructure and hardness tests of 
treated layers were carried out in detail. 
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2- Experimental Procedure 
 
2.1- Railway Steel  
 
In this study, UIC 60E1 R260 grade steel which is used 
in both high speed and conventional lines in Turkish 
railway network. Chemical composition and 
mechanical properties of rail steel which was used for 
this study are shown in Table 1 and Table 2 and all 
results are within the values specified in EN 13674-1 
standard for R260 grade rail steel. This rail steel was 
acquired from KARDEMIR being only rail steel 
manufacturer in Turkey.  
 

Table 1  Mechanical properties of rail steel 
Tensile Strength 

(Min.) MPa. 
Minimum 

Elongation % 
Hardness (Brinell) 

970 12 281 
 

Table 2  Chemical composition of rail steel (%) 
 

C Mn Si S P 
0,71 1,05 0,37 0,010 0,017 

N(ppm) Cr Ni Cu Mo 
58 0,028 0,054 0,071 0,038 
V Ti Sn Sb Al 

0,0028 0,0020 0,003 0,0034 0,001
5 

 Nb Cu+10Sn Cr+Mo+Ni+Cu
+V 

 

0,0068 0,101 0,160 
 
The microstructure of rail steel is fully pearlite and 
metallographic laboratory inspection is shown in the 
following Figure 4. 
 

Figure 4  Metallographic view of microstructure  
 

Samples used in this study were taken from the place 
where is shown in the below figure according to the 
EN 13674-1 railway standard. 

 
Figure 4  Location of test pieces 

 
Milling and wire erosion methods were used to prepare 
flat plates of 15 mm thickness and 20 mm width and 

prior to laser hardening to enable near identical surface 
finish over all samples and to ensure confidential 
surface temperature measurement throughout laser 
treatment. 
 
 2.1- Laser Treatment by Diode Laser 
 
Surface treatment by diode laser was carried out 
employing high power diode laser (ALOtec Dresden 
GmbH, Germany) with a 1020 
beam which is tailored to rectangular beam of size 10 
mm x 5 mm with suitable optics, under an argon 
shroud. A rectangular nozzle was used for delivering 
argon gas over processing for shielding to avoid 
contamination of atmospheric. The diode laser used in 
this study is capable of delivering a maximum of 3.3 
kW power. This system is mounted on the 8th axis of 
a robot (Reis GmbH & Co Maschinenbau-Fabric 
GmbH, Germany) integrated to an optical head and an 
in situ Lampocpro EMaqs camera system (IWS 
Fraunhofer, Germany). 
 
In this study, firstly variable processing speeds and 
start powers were used at the fixed processing 
temperature of 1250 oC were applied to see the effects 
of these parameters. According to the first 
experimental results, processing parameters were 
chosen for the second phase of the study to investigate 
the effect of various processing temperatures on 
hardness. All parameters applied and features of high 
power diode laser system are shown in the following 
Table 3. 
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Table 3  Processing conditions 
Laser Diode laser 
Workstation 8 Axis robotic system 
Laser wavelength 1020  
Surface temperature 
measurement 
system 

Lampocpro EMaqs camera 

Laser beam spot 10 mm x 5 mm 
Working distance 135 mm 
Shroud Argon at 7 bar 
Scanning speed 6 mm/s 
Duration of test 20 s 
Laser power 1750 watt 
Temperature 1100 - 1300 oC 
Sample condition  

 
3- Results and Discussion 
 
First experiment conditions carried out to identify ideal 
process parameters in terms of scan speed and start 
power are given in the Table 4. 
 

Table 4  First experiment conditions 
Samples Temperature 

oC 
Processing 

Speed mm/s 
Start Powers 

(watt)   
1 
2 
3 
4 

1250 2 

1750 
2000 
2250 
2500 

1 
2 
3 
4 

1250 4 

1750 
2000 
2250 
2500 

1 
2 
3 
4 

1250 6 

1750 
2000 
2250 
2500 

1 
2 
3 
4 

1250 8 

1750 
2000 
2250 
2500 

 
In the view of first experiment results, it was seen that 
there were no big differences between the speeds of 6 
mm/s and 8 mm/s, and also seen that start power plays 
just a small role for increasing the hardness. This result 
can be attributed to the temperature controlled diode 
laser system. In this system start power various from 
one point to another during the process in order to keep 
the material at the desired temperature, namely start 
power is not stable throughout the processing. 
 
From the experiments carried out, 6 mm/s of 
processing speed was chosen as scan speed and 1750 
watt were chosen as the start power from the 
perspective of energy efficiency and second phase of 
this study was carried out to see the effect of various 
processing temperatures of 1100, 1200 and 1300 oC at 
the fixed start power and speed. 

For these experiments, milling and wire erosion 
methods were used to prepare flat plates of 15 mm 
thickness and 20 mm width and these samples were 

to enable near identical surface finish over all samples 
and to ensure confidential surface temperature 
measurement throughout laser treatment.  
 

 
Figure 5  Prepared samples at the various processing 

temperature 
Zwick ZHR hardness tester with the load of 150 kg was 
utilised in order to determine the hardness of treated 
surfaces. Hardness distribution experiments of both 
laser treated surfaces and cross sectional areas were 
carried out. 
 
Figure 7, 8 and 9 give the hardness results obtained 
from both laser treated surface and cross sectional 
area of the specimen.   
 

 
Figure 6 Cross sectional hardness results 
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Figure 7  Laser treated surface hardness results 

 
Figure 8  Cross sectional hardness results 

 
4- Conclusions 
 
The present study is related to surface hardening of 
UIC 60E1 R260 grade rail steel, which is used in both 
high speed and conventional lines in Turkish railway 
network, by high power diode laser and this study leads 
to following conclusions: 
 
1  It is clearly shown that, hardness results of treated 
surfaces were increased about threefold compared to 
untreated surfaces by this process. 
2  From the experiments carried out, 6 mm/s of 
processing speed and 1300oC was chosen as scan speed 
and processing temperature and 1750 watt were chosen 
as the start power from the perspective of energy 
efficiency. 
3  Hardness decrease on the surface is clearly seen in 
the heat affected zone by the result of the inadequate 

temperatures that were reached. By the reason of 
tempering effect in this zone, this transition zone has 
the lowest hardness values compared to the other parts.  
4  Due to improving mechanical properties of rail 
steel, this hardening process might be applied to 
improve wear resistance of rail. 
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Abstract                                                                                                             
                                                                           
Demands of automotive industry for cleaner steel with 

d homogeneously distributed 
In order to 

investigate factors affecting the cleanliness of the steels 

was thoroughly investigated and the possible origins of 
inclusions in the final product was tried to be found. By 
this way, optimum parameters of electric arc furnace, 
deoxidation, ladle furnace and vacuum processes are 
specified to minimize non-metallic inclusions. As a 
resul ing 
practice in accordance with the outcomes of these 
studies, total oxygen amount found in the final product 
is decreased by 50%. In addition to that production 
losses which arise from scrapping of defected regions 
are also remarkably reduced.   
                  
Özet                                                                                    
                                   

ok ölçüm ve 

on, pota 
 Elde edilen 

 
 ile beraber son üründeki toplam oksijen 

                                                            
                                 
1.                                                                                        
                    
Günümüzde çelik endüstrisinde , üretim 

in maliyetlerin 
ni gerektirmektedir. Çelik tüketicileri de 

ve kalitesinde  

 Hem üretim 

 
çelik üretimi için Dünya genelinde üretim 

   

Genellikle otomotiv endüstrisine 
kesitlerde kaliteli ham malzeme tedarik eden 

 Malzemenin içinde, yüzeyinde veya 
lmesi 

ultrasonik yöntem ile test edilmektedirler.  

 

 

üretim 
 sebeplerinin ortaya 

 ve a  için 

  makro ve 
mikro    
                      

                                             
           

numunelerin kimyasal analizleri ARL 4460 optik 
  

süreçlerinde kontrol edilmesi gereken en önemli 
[1,2] 

Numunelerdeki top n belirlenmesi 
için her bir numuneden arçada 

 . Lolipop 
numuneleri  3 parçada 
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Cr/Cr2O3 içeren Celox sensörü . 
 çözü  

bulunan h eraeus Electro-
r. 

Kütüklerin haddelenmesi ile üretilen yuvarlak ürünler 

 belirlenen bölgelerden 
 

                                
                                                                          
3. Sonuçlar ve                      
             

30CrNiMo8 kalitesinden üretilen çubuklarda tah
 

numunelere 

                                                       

 1.     
        

 daire 
  sürekli 

uygulanan 
 

   

 2. 
                

koyu alanlar ise çelik matrisidir. Çelikteki oksijen 

[3]  

görülen oksitlerin reoksidasyon veya deoksidasyon 
,  yüzdürülerek 

 tahmin edilmektedir. 

genelde nedenle 
sadece bir kümeye ait SEM/EDX analiz sonucu Çizelge 

     
             
Çizelge 1. Oksit kümelerine ait SEM/EDX analizi 

Element 
 

 
% 

Atomik 
% 

 
% 

Formül 
 

O 45.32 59.05 0.00  

Mg 2.02 1.73 3.35 MgO 

Al 46.84 36.19 88.50 Al2O3 

Ca 5.83 3.03 8.15 CaO 

                                                                                     
-90% Al2O3, 10-15% 

CaO ve 3-
 

 
  kalsiyum eklemesi enjeksiyon ya da tel 

besleme yolu 

  

. 
Bu indirgenme çelikte spinel (MgO.Al2O3

[5,6] 
analiz ile tespit edilen magnezyum oksitlerin MgO-C 

 

Bu sonuçlar  göz önüne alarak, 
sürecinde olabilecek üretim 
parametreleri  ksit 

elik üretimin 

toplam oksijen ölçümleriyle deva  
                   

               

dört 
ri 

 
Dört 

ölç    
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oksijen gidericilerin eklenmesinden 2-3 dakika sonra 

ici olarak 
 

görülmü lüminyum 

.
  

 

 3. 
a  
             
Yüksek miktar

 

üzerine od   
                   

  
                   

ptimum alüminyum 
 

 devirmede lüminyum eklenen 

belirli  

 4
 noktalar ise 

göster  
ini istenilen seviyeye indirebilemek için 

  

alüminyu
 alüminyumun 

  
at .   
  

 

 4. 
           

giderici olarak eklenen 
   

Çel çelik 

deoksidasyon ürünlerinin 
 . Bu nedenle elektrik ark 

. 

                            
                                                  
3.3. Elektri  
             

sine özgü termodinamik ve 

 

 

O (ppm) x [C (%)] 1.102 = 25.808           (1) 

 
 kolayca görülebilmektedir.                       

                
3.4. Vakum  

                                                                    
EDX analizlerinde (Çizelge 1.) 

 
malzemenin indirgenmesinden kaynaklanan 
reo .  

Optimum vakum süresini belirleyerek reoksidasyonu en 

toplam 

 birbirinden 
esi toplam oksijen 

ak  5 te                                            

LF 1 LF 2 BV AV T 1
4761 32.65 2.99 4.15 2.89 3.54
4762 64.78 3.54 3.50 2.86 3.57
4777 62.51 3.65 4.09 3.92 4.29
4778 51.30 2.49 3.41 2.22 3.42
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 5. Vakum süresine göre toplam oksijende 
    

                 
 10-15 dakika 

 tabi tutulan dökümlerde toplam 

dökümler için O(t=15) / 
Bu veriler 15 d  leminde 

  Bu sonuçlara 
 üretim sürecinde ideal vakum 

süresinin 10-  ve 15 dakika 
üzerinde vakum 
veri   

 yandan, temiz çelik üretimi için çelik içerisindeki 
h  
azalt [7] 
vakum süresince hidrojen ölçümler
sonucunda 10 dakika ve üzerindeki vakum sürelerinin 

 engellenmesinde yeterli 
       

                                                                                                                                                                                              
4. Sonuç     
                

odaklan

 

 

yüzdürülmesi zor deoksidasyon ürünlerinin fazla 
miktarlardaki . Elektrik 

 iyelerde 
 . 

 

  yü
 

yetersizliklerden   

 

ne ve alüminyumun 
  eklenmesine karar 

 
 

 T 10- ki 
 15 dakika 

9-15 dakika 
 

azaltmada  
 

nda optimum üretim 

ama ve 
 

r. Buna ek olarak son üründe 
   

 

B  3100455) 
.     
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Abstract 
 
Today's modern automotive industry recognize the vehicle 
paint appearance quality more and more as an important fact 
which makes contribution to the customer satisfaction and 
its sustainability. Attractive appearance has become one of 
the important criterias and considerable dominant factor for 
customers in making a decision to purchase a car. Objective 
measurement of car body paint appearance quality and 
having optimum surface parameters range in a continuous 
scale, repeatable manner and reproducible are an important 
requirement for improving the paint appearance. It can 
provide a standard reference to evaluate the quality of the 
paint appearance for car manufacturers. Understanding the 
correlation between surface parameters - Waviness (Wa), 
Roughness (Ra), Wave surface arithmetic value (Wsa), Peak 
count (RPc) - and determining the interaction between them 
which are effecting directly, are important key criteria for 
both improving the surface quality of steel and paint 
appearance quality. To determine and understand direct 
correlation between these surface parameters and which 
parameters can have 100% correlation to determine the 
scalability of measured surfaces and suitability of IF and BH 
sheet steels regarding to paint appearance quality. A 
mathematical optimization method is created to find the 
realistic and reachable surface parameters to have the perfect 
paint appearance quality, and also a scale model is developed 
to determine which chosen materials in different IF  and BH 
steel grades will give the best result regarding to paint 
appearance quality.  This work will provide more accurate 
measurable informations regarding to correlation of pre-
painting and post-painting applications on steel. 
 
1. Introduction 
 
The paint appearance quality of steel sheet surface is 
important factor as a first expression regarding to quality of 
the final product which is being used as outer panels in 
automotive industry. IF and BH steel sheets are being used 
widely in manufacturing of outer panels in automotive 
industry. 
 
Optimization of the physical and chemical properties of the 
coated surfaces to protect the surface against environmental 

influences to gain optimum corrosion resistance has been 
important criteria. Over the years, the steel sheet surface 
parameters also gained very high attention due to paint 
appearance quality of steel sheet surfaces to determine and 
prevent appearance irregularities such as orange peel, 
mottling and image clarity [1].  
 
It has been shown that surface parameters have direct effect 
on pre-painting and post-painting operations to gain 
optimum performance for car body painting process. 
  
Today’s OEM car manufacturers and suppliers accept 
importance of the surface parameters to determine the best 
coated steel sheet products to use in manufacturing of outer 
panels. 
 
Most important and accepted surface parameters among car 
manufacturer and suppliers are Wa (Waviness - The 
arithmetic average of the absolute values of the waviness 
profile measured by using low pass cut-off filter in 
wavelength  = 0.8 mm), Wsa (Wave Surface Arithmetic 
Value – It is measured by using an adjusted filter  = 1 -5 
mm), Ra (Roughness - The average depth of the measured 
surface profile measured by using high pass cut-off filter in 
wavelength  = 2.5 mm) and RPc (Peak Count - The peak 
count is the number of local roughness peaks which project 
through a selectable band centered about the mean line. The 
count is determined over the evaluation length and is 
reported in peaks per cm or inch) [2, 3]. Worldwide accepted 
criteria for surface parameters are [4]: 
 

 Wa 0.8  0,40 m 
 0.9  Ra  1.6 
 RPc  75 cm-1 

 
Wsa 1-5 value doesn’t have a certain range because it 
changes for every car manufacturers depending on their own 
standards.  
 
Understanding the correlation and relationship between 
surface parameters are important to determine the correct 
chosen material classification among IF and BH steel grades 
and optimize the pre-painting and post-painting outer panel 
manufacturing processes regarding to operation time, 
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optimization of car body painting process, cost and 
environmental aspect. Besides these all, by optimization of 
surface parameters, controlling and choosing the most 
suitable IF and BH steel grades have remarkable impact on 
final paint appearance quality. 
 
In this work, correlation of IF and BH steel sheet surface 
parameters and accuracy rate have been studied to scale 
among correlation between Wa 0.8 mm, Wsa 1-5 mm, Ra 
and RPc parameters and also a newly developed scale model 
are introduced which would help car manufacturers to 
choose the most suitable products for their pre-painting and 
post-painting operations to obtain the perfect paint 
appearance quality depending on their own quality 
standards. 
 
2. Experimental Procedure 
 
The steel sheets used for experimental procedure are: 

 DX54, DX56 and S250 (IF Steel Sheets)  
 BH 220 (BH Steel Sheet) 

 
Chosen metal sheet samples are prepared 300-400 mm in 
width and 300-500 mm in length and taken from based on 
rolling direction for Optical 3D Surface Measurement and 
Analysis. All the samples are prepared from different steel 
grades. Sample steel sheet materials should be prepared 
avoiding any scratches and damage to obtain accurate 
results. 
 
Determination of surface parameters on prepared IF and BH 
metal sheets are made by using NanoFocus Profilometer to 
obtain single value of surface parameters Wa 0.8 mm, Wsa 
1-5 mm, Ra and RPc in principle based on optical three 
dimensional surface topography measurement and back-end 
algorithmic analysis.  
 
Surface measurement and analysis are made according to 
ISO 4287: Amendment 1 and SEP 1941 standards. 
 
It is very important to avoid any vibration and residue on 
sheet metal, and having room temperature during entire 
measurement cycle.  
 
Measurements have been realized for every sample from two 
side parts (taken from left and right sides in rolling direction 
of coil) and middle part (taken from middle part in rolling 
direction from coil) for same steel sheet in one operation by 
placing a sample on measurement table horizontally to be in 
rolling direction . Measurements are taken for each sample 
as being perpendicular to the rolling direction on Y axis. One 
measurement on chosen sheet is occurred by taking 
approximately 75 measurements during 15-20 minutes 
period. Average value of 75 measurements gives related data 
of surface parameters which are Wa 0.8 mm, Wsa 1-5 mm, 
Ra and RPc values. To be sure about reliability of the 
measurements; measurements and analyses are repeated 2 

times for every sample. In total, 6 measurements (2 from left 
side part, 2 from right side part and 2 from middle part) per 
each sample are taken in same point to compare the results 
and see the accuracy for every steel sheet. For one sample, 
total measurement time was 90-120 minutes. 42 
measurements in total were taken for 5 different steel sheet 
qualities. 
 
After completion of all the measurement process, taken data 
for every sample are run in software of NanoFocus 
Profilometer and reported as readable analysis report. 
Afterwards, all the data per each sample are used to create a 
surface parameters are shown in Table 1, for further data 
processing regarding to find correlation of the surface 
parameters based on regression equations, after elimination 
of 14 residue measurement data out of 42 measurement data 
for reaching the optimum regression percentage. 28 
measurement data in total were used. 
 

Table 1. Surface parameters measurement table. 
Measurement 

Number Quality Measurement 
Zone 

Wsa (1-5) 
m 

Wa 0.8 
m Ra RPc 

cm-1 

2 

S250 

Middle_1 0.212 0.352 1.07 119 

4 Left_2 0.207 0.337 1.13 123 

5 Middle_2 0.19 0.318 1.01 116 

6 Right_2 0.205 0.334 1.09 121 

7 

DX56 

Left_1 0.36 0.499 1.48 84 

9 Right_1 0.376 0.499 1.61 87 

10 Left_2 0.355 0.479 1.53 87 

11 Middle_2 0.338 0.447 1.47 86 

12 Right_2 0.353 0.462 1.55 85 

13 

DX54 

Left_1 0.218 0.316 1.13 101 

14 Middle_1 0.222 0.319 1.11 98 

15 Right_1 0.209 0.305 1.06 95 

17 Middle_2 0.212 0.338 0.98 94 

20 Middle_1 0.334 0.457 1.39 83 

21 Right_1 0.323 0.448 1.30 80 

25 

BH220 

Left_1 0.198 0.279 1.20 117 

26 Middle_1 0.197 0.305 1.15 121 

27 Right_1 0.193 0.29 1.17 120 

28 Left_2 0.211 0.318 1.30 128 

30 Right_2 0.21 0.324 1.26 127 

32 

DX54 

Middle_1 0.179 0.303 1.04 122 

33 Right_1 0.19 0.319 1.08 121 

34 Left_2 0.185 0.308 1.07 122 

37 

BH220 

Left_1 0.212 0.296 1.28 122 

39 Right_1 0.209 0.296 1.26 123 

40 Left_2 0.203 0.302 1.15 110 

41 Middle_2 0.194 0.296 1.11 116 

42 Right_2 0.199 0.296 1.15 111 

 
Minitab 17 engineering statistical and probability software 
was used to find correlations between surface parameters 
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which are taken from Table 1. Correlations between surface 
parameters based on regression equations to obtain one 
wanted surface parameters from three other surface 
parameters and their regression percentages (R-sq) are 
shown below in Figure 1.  
 

 
Figure 1. Regression equations and regression percentages 

of Wa 0.8, Wsa 1-5, Ra and RPc. 
 
These results show that all the surface parameters are 
compatible with each other regarding to correlation between 
them which allows us to determine any desired value for 
each parameter and make cross-checking to control and 
validate accuracy and reliability.  
 
Correlation equations between “Wa 0.8 vs. Wsa 1-5 (Eq.5)”; 
“Ra vs. Wsa 1-5 (Eq. 6)” and “Ra vs. Wa 0.8 (Eq. 7)”; and, 
“RPc vs. Wsa 1-5 (Eq. 8)”, “RPc vs. Wa 0.8 (Eq. 9)” and 
“RPc vs. Ra (Eq. 10)” are calculated and represented via 
Regression Analysis in Minitab 17 which can be seen in 
Figure 2. 
 

 
Figure 2. Correlation equations of surface parameters 

based on dependency of one on other(s). 
 

 
Figure 3. Dependency relationship. 

 
Results of Figure 2 give us the dependency relationship of 
surface parameters which is shown in Figure 3. 

A new approximation and developed model based on cubic 
polynomial regression equations (see Figure 2) and 
dependency relationship (see Figure 3) are introduced as 
“DS Factor Scale Model”.  The model works in principle of 
cubic polynomial equation calculations based on Wsa 1-5 
surface parameter as common input with highest regression 
percentage based on “Wa 0.8 vs. Wsa 1-5”, “Ra vs. Wsa 1-
5” and “RPc vs. Wsa 1-5” correlations (see Figure 2) via 
triple derivation to reach regression percentage as 100% 
determining the optimum needed surface parameters of each 
steel sheet quality. 
 
In “DS Factor Scale Model”, the “DS Factor” is calculated 
in Microsoft Excel by using third degree integrals of cubic 
polynomial regression equations for Wsa 1-5 surface 
parameter separately depending on the coefficients of “Wa 
0.8 vs. Wsa 1-5 (Eq. 5)”, “Ra vs. Wsa 1-5 (Eq. 6)” and “RPc 
vs. Wsa 1-5 (Eq. 8)” correlations (see Figure 2.) for each 
steel sheet quality and then determined by the average value 
of “DS Factor” based on the equation below: 
 
DS Factor Average Wsa 1-5 = DS Factor Wsa 1-5 (Wa 0.8 vs. Wsa 1-5) + 
DS Factor Wsa 1-5 (Ra vs. Wsa 1-5) + DS Factor Wsa 1-5 (RPc vs. Wsa 1-5) 
/ 3                                                                                     (11) 
  
“DS Factor Average Wsa 1-5” helps to choose the best steel sheet 
materials to be used as outer panel regarding to paintability 
and paint appearance quality for automotive pre-painting 
and post-painting applications. 
 

Table 2. DS Factor Average Wsa 1-5 of sample steel sheets. 
Steel Sheet Quality DS Factor Average Wsa 1-5 

BH220 8.63 
S250 8.65 
DX54 9.64 
DX56 13.48 

 
Calculated “DS Factor Average Wsa 1-5” for each steel quality is 
shown in Table 2. Further, these all data compared with real 
life applications and experimental procedure was completed. 
 
3. Results and Discussion 
 
Regression equations and regression percentages of Wa 0.8, 
Wsa 1-5, Ra and RPc (see Figure 1.) shows that all the 
surface parameters are dependent on each other in principle. 
R-sq changes for the all parameters between 98-100%. The 
accuracy rate is the highest in Wsa 1-5 calculation depended 
on Wa 0.8, RPc and Ra surface parameters and R-sq = 
99.85%. This situation is related directly with cold rolled 
products texturing. During the texturing of coated steel 
sheet, cold roll mills of skin pass process works in principle 
of Ra and RPc surface parameters but  first Wa 0.8 and then 
Wsa 1-5 surface parameters forms distinctively in later stage 

RPc = 39.36 - 944.2 Wsa(1-5) + 402.0 Wa 0.8 + 125.44 Ra

R-sq 97.75%

Wa 0.8 = -0.0525 + 2.1753 Wsa(1-5) - 0.2774 Ra + 0.002059 RPc

(1)

(2)

(3)

(4)

R-sq 99.41%     

R-sq 98.87%

Ra = -0.2157 + 7.347 Wsa(1-5) - 3.163 Wa 0.8 + 0.007328 RPc

Wsa(1-5) = 0.02973 + 0.4428 Wa 0.8 + 0.13116 Ra - 0.000985 RPc

R-sq  99.85%

(10)

(5)

(6)

(7)

(8)

(9)RPc = - 565.4 + 5742 Wa 0.8 - 15588 Wa 0.8^2 + 13420 Wa 0.8^3

RPc = - 1978 + 4852 Ra - 3676 Ra^2 + 906.0 Ra^3

R-Sq = 69.4%

R-Sq = 52.3%

Ra = - 1.475 + 29.03 Wsa(1-5) - 108.3 Wsa(1-5)^2 + 141.2 Wsa(1-5)^3

Ra = 10.19 - 68.83 Wa 0.8 + 167.6 Wa 0.8^2 - 129.0 Wa 0.8^3

 R-Sq = 81.9%

R-Sq = 79.3%

RPc = 95.6 + 911 Wsa(1-5) - 5809 Wsa(1-5)^2 + 8881 Wsa(1-5)^3  R-Sq = 75.2%

Wa 0.8 = 0.5974 - 4.255 Wsa(1-5) + 18.00 Wsa(1-5)^2 - 19.61 Wsa(1-5)^3  R-Sq = 95.6%

Wa 0.8 Wsa 1-5
Ra Wa 0.8 Wsa 1-5
RPc Ra Wa 0.8 Wsa 1-5
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following completion of texturing process depending on 
cold roll mills process parameters [5]. 
   
Wa 0.8, Wsa 1-5, Ra and RPc surface parameters are 
convertible from each other (see Figure 1). 
 
Wsa 1-5 is the only dominant parameter which has 
dependency on the conversion and direct data relation with 
Wa 0.8, Ra and RPc surface parameters (see Figure 3). When 
Wsa 1-5 surface parameter value increases, Wa 0.8 and Ra 
increase, and RPc decreases. 
 
High RPc, and, low Wsa 1-5, Wa 0.8 and Ra are very 
important for pre-painting and post-painting applications to 
obtain perfect painted outer panels in automotive industry. 
By staying in the today’s globally accepted ranges, the range 
of these parameters may change according to the standards 
of car manufacturers itself.  
 
Wsa 1-5 and RPc is related and important for post-painting 
with respect to paint appearance quality, while Wa 0.8 and 
Ra are mostly related and important for pre-painting 
regarding to metal forming. 
 
In “DS Factor Scale Model”, “DS Factor Average Wsa 1-5” can 
have either positive or negative value. In both situation, 
depending on how many data are calculated, in ranking of 
scalability, the minimum calculated value of the sample steel 
quality would give the best paintability and paint appearance 
quality.   
 
According to results in Table 2, DS Factor Average Wsa 1-5 is 
minimum for BH220 (8.63), while is maximum for DX56 
(13.48). This means BH220 gives the best paint appearance 
quality and paintability as comparison with S250, DX54 and 
DX56 steel sheet samples. S250 is also shows very close 
performance compared to BH220. DX54 can be accepted as 
medium range paint appearance quality steel sheet samples. 

 
Under same paint operation process parameters, due to 
surface parameters and DS Factor Average Wsa 1-5, BH220 would 
be more advantageous choice as outer panel regarding to 
operation time, optimization of car body painting process, 
cost and environmental aspect between all the steel sheet 
samples are used in this work. 
 
The real life examinations based on surface parameters of all 
samples were seen compatible completely with “DS Factor 
Average Wsa 1-5” values. 
 
4. Conclusion 
 
Correlations of IF and BH steel surface parameters are found 
and regression analysis proved that there is a direct 
correlation between Wsa 1-5, Wa 0.8, Ra and RPc around 
97-100% (Figure 1.). 
 

Optimization of surface parameters is possible by using 
mathematical equations model. Furthermore, these 
mathematical equations can be combined with cold rolling 
process parameters to obtain customer demanded range of IF 
and BH steels with perfect surface parameters. 
 
Established correlations of surface parameters and “DS 
Factor Scale Model” can be used to improve automotive 
paint process in paint shops among OEM car manufacturers 
and suppliers. The model also proves the concept to be used 
as comparison tool to scale and classify different grade of 
steel sheets in a ranking mechanism by using “DS Factor 
Average Wsa 1-5” calculation against paintability and paint 
appearance quality in IF and BH steel sheets. 
 
To obtain better performance from steel sheets regarding to 
paintability and paint appearance quality rather than today’s 
current accepted surface parameters range, new range of 
surface parameters is suggested like below: 
 

  Wa 0.8  0,385 m 
 1.0  Ra  1.5 
 RPc  85 cm-1  

 
Wsa 1-5 value changes depending on car manufacturers’ 
specifications, pre-painting and post-painting processing. 
 
Next step will be combination of mathematical optimization 
of surface parameters and “DS Factor Scale Model” with 
cold rolling process parameters and roll texturing 
mechanism. 
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Abstract  
 
A study was performed on solid-state reduction of 
manganese ore concentrate, which contained 
50.23% manganese and 0.32% iron, by using coke 
dust and blast furnace flue dust towards 
ferromanganese production. The obtained results 
revealed that blast furnace flue dust was more 
convenient for the process than mill scale dust. As 
an initial solid-state reduction treatment, 
manganese ore concentrate, mill scale dust and 
coke dust having a carbon content of 83.49% were 
heated in a tube-type furnace in argon atmosphere 
in order to evaluate the optimum reduction 
conditions such as experiment temperature, 
experiment duration and stoichiometric carbon 
ratio. A reduction degree of 60.97% was achieved 
as a result of a 2-hour-long experiment carried out 
at 1200 °C by using 200% of the theoretical carbon 
content. A second stage of solid-state reduction 
treatments was done in the same experimental 
conditions by substitution of mill scale with blast 
furnace flue dust, which contained 23.23% carbon 
and 34.64% hematite, as a source of carbon and 
iron. The achieved reduction degree of 68.35% was 
about 12% more than that related to the previous 
experiments that had been carried out by using mill 
scale dust. The current study reveals that recycling 
of iron in the composition of blast furnace flue dust 
can be achieved and carbon can be used as a 
reductant. It was understood that blast furnace flue 
dust could be utilised in ferromanganese production 
in certain experimental conditions.  
 
1. Introduction  
 
The amount of raw materials and products used in 
the world increase as the population rises. Again, 
because of the increasing population, the 
requirements for raw material abundance and 
storage or disposal of waste (or residue) materials 
are increasing. Iron-steel industry has a serious 
degree of responsibility regarding this raw 
materials requirement and disposal of these waste 
(or residue) materials because steel is being used in 
many aspects of human life.  
 

Two systems are currently being used in iron-steel 
production. One of these is steel production derived 
from iron ore in integrated plants while the other is 
production in electric arc furnaces by using steel 
scrap. About 70% of the world’s steel production is 
carried out in integrated plants[1]. Because of this 
vast production, the input and output items of 
integrated plants are very important during 
production. A serious amount of waste (or residue) 
materials are formed in steel production during the 
processing of raw materials such as ore, pellet, 
scrap, coal and limestone in integrated plants. The 
control of these waste (or residue) materials is 
essential in the aspects of both energy efficiency 
and environment. The individual units in an 
integrated steel making plant are connected both in 
terms of product flows and internal flows of 
residues (mill scale, fly dusts and sludges, furnace 
gas, etc.). These interdependencies have been 
installed in order to both minimise emissions and to 
optimise productivity and reduce costs[2].  
 
Blast furnace process is the most important 
production stage in integrated plants. During the 
production of iron about 2 tons of waste is 
generated per ton of material obtained. The primary 
by-products generated during the production of 
molten iron include blast furnace gas, slag, dust and 
sludge from top gas cleaning. Gases that are 
formed as a result of the reactions and the 
transformations that occur in the blast furnace take 
the dust outside the furnace with them while they 
are leaving the furnace. Generally, cleaning the flue 
gases involves the removal of large particulates by 
a dry dust collector followed by a wet gas cleaning 
system for fine particulate removal. These residues 
are primarily composed of iron, silicon, calcium, 
magnesium, aluminium as well as carbon in the 
form of coke breeze. Besides these, wastes may 
contain significant quantities of heavy metals, 
which cause serious environmental problems as a 
result of storage by landfill or spreading on soil. 
The recovery and reuse of these solid wastes within 
the same production unit or by different industrial 
installation are essential for protecting the 
environment and for conserving metals and mineral 
resources.
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Dust and sludge typically constitute 4 to 7% of the 
produced hot metal with an iron content of 15-40%, 
carbon content of 25-40% and 7-10% SiO2. These 
dusts, which contain significant amounts of iron 
and carbon, must be used properly in order to 
increase the productivity and prevent their harmful 
effects to the product quality and the environment. 
Among these wastes, which are defined as coarse 
flue dust and sludge related to integrated plants, 
mixing of coarse flue dust in sintering and 
pelletizing blends and disposal of sludge are 
current applications[3-5].  
 
While recycling of blast furnace flue dust which is 
formed as a result of production of liquid pig iron is 
important, manganese is another important material 
for steel production. Manganese is one of the 
elements that are extensively abundant in earth’s 
crust. The average concentration of manganese 
reaches 0.1% of the earth’s crust. 90-95% of the 
produced manganese ore is used in iron-steel 
production for several aims. Manganese is added to 
steel as an alloying element in order to increase its 
strength, toughness and hardness. It also forms 
sulphides with sulphur in the steel and controls 
sulphur compounds by this way. The generated 
manganese sulphide compound prevents the 
formation of iron sulphide microstructure, which 
causes hot tearing. Another reason for manganese 
usage is related to the deoxidation duty of 
manganese in steel. Manganese is the important 
deoxidizer that is used in deoxidizing operation 
after aluminium and silicon. Manganese plays an 
important role in clean steel production because of 
these reasons[6, 7]. Largely, manganese is used as 
a ferroalloy. In this work, which was carried out 
because of these reasons, studies and investigations 
were performed towards the usage of blast furnace 
flue dust in ferromanganese production.  
 
In this study, recyclability of iron and reductiveness 
of carbon in the composition of blast furnace flue 
dust, which is formed during production of liquid 
pig iron in blast furnaces, were investigated on the 
basis of using blast furnace flue dust in 
ferromanganese production. Before the 
experimental work, thermodynamic conditions of 
the process were revealed by performing 
calculations about chemical reactions that are 
supposed to occur and studying related phase 
diagrams. The theoretical carbon content which is 
required for the solid-state reaction to occur was 
determined by this way. The experimental study 
was composed of two stages which are explained in 
detail below. Sieve analyses, chemical composition 
analyses and x rays diffraction analyses were 
applied to the raw materials before reduction 
treatments whereas chemical composition analyses 
and x rays diffraction analyses were applied to the 
treated samples.  

 
2. Experimental Details  
 
2.1. Raw materials  
 
Manganese ore concentrate, coke, mill scale and 
blast furnace flue dust were used as raw materials 
during experimental work. It was understood that 
the size of as-received manganese ore concentrate, 
which was obtained from Güney Group Metals and 
Mining Co. and extracted in Musabeyli-Kilis-
Turkey, was between 0.71 and 6.25 mm. The 
chemical composition of the as-received 
manganese ore concentrate was given in Table 1 
and its x rays diffraction analysis pattern is given in 
Figure 1. Coke, which was obtained from Karabük 
Iron and Steel Works Co., was used as a reductant. 
The chemical composition of the coke was given in 
Table 2 and the chemical composition of the ash 
that is a constituent of the coke is given in Table 3. 
Mill scale, which was obtained from Ere li Iron 
and Steel Works Co., was used as the iron source. 
The chemical composition of the mill scale is given 
in Table 4. The chemical composition of the blast 
furnace flue dust, which was obtained from 
Karabük Iron and Steel Works Co., is given in 
Table 5.  
 

Table 1: The chemical composition of the as-
received manganese ore concentrate. 

Component Mn SiO2 Al2O3 CaO Fe 
wt. % 50.230 16.560 1.070 0.410 0.320 
Component Na2O K2O C MgO S 
wt. % 0.260 0.240 0.110 0.081 0.023 

 
Figure 1: X rays diffraction analysis pattern of the 

as-received manganese ore concentrate. 
 

Table 2: The chemical composition of the coke. 
Component Fixed carbon Ash Volatile matter 
wt. % 83.49 14.83 1.68 
 

Table 3: The chemical composition of the coke 
ash. 

Component SiO2 Al2O3 SO3 P2O5 CaO 
wt. % 46.53 23.49 2.71 0.98 4.66 
Component MgO K2O Fe2O3 TiO2 Na2O 
wt. % 1.92 2.64 14.88 1.15 0.39 
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Table 4: The chemical composition of the mill 

scale. 
Component Iron oxide MnO SiO2 
wt. % ~98.33 0.58 0.21 
Component Cu2O Cr2O3 balance 
wt. % 0.24 0.29 ~0.15 
 

Table 5: The chemical composition of the blast 
furnace flue dust. 

Component Fe2O3 C SiO2 Al2O3 CaO 
wt. % 34.64 23.23 9.13 2.06 9.99 
Component MgO K2O MnO ZnO S 
wt. % 1.29 0.27 0.51 0.30 0.34 
 
2.2 Experimental study and characterisation  
 
Manganese ore concentrate, coke dust and mill 
scale dust were mixed in stoichiometric carbon 
contents of 100, 150 and 200%. Batches of 25 g 
were taken from the blends for each reduction 
experiment. The batches were charged into a tube-
type furnace and hold in this furnace at 1100, 1200, 
1250 and 1300 C for 1, 2, 3 and 4 hours and then 
they were left to cool down in the furnace. The 
batches were weighted after the reduction treatment 
in order to calculate the theoretical reduction 
degree for each reduction experiment. X rays 
diffraction analyses and chemical composition 
analyses were also applied to the samples for the 
aim of learning about the remaining and generated 
phases. As a result of these initial stage reduction 
treatments, optimum experimental parameters of 
temperature, duration and stoichiometric carbon 
content were determined. After that, the reduction 
treatments were repeated by applying these 
experimental conditions. Two of these second stage 
reduction treatments were performed by 
substituting mill scale with blast furnace flue dust 
as a source of iron and carbon. The treated samples 
were characterised by using the methods mentioned 
above. X rays diffraction analyses were performed 
by using a Philips PW 1827/91 type diffractometer 
with a tube supplying Cu K  radiation by applying 
a current of 40 mA and a power of 40 kW. The 
scanning was carried out between 10  and 90  
angles at a rate of 2.42  per min.  
 
3. Experimental Results  
 
The calculated reduction degree values that were 
achieved after each initial stage reduction 
experiment were given in Table 6. As a result of 
the reduction treatments that were carried out at 
1300 °C for 1 hour and at 1250 °C for 2 hours, 
partial melting of the batch, which is an undesired 
phenomenon, was observed. Thus, the optimum 
parameters were determined as 1200 °C 
temperature, duration of 2 hours and a 
stoichiometric carbon content of 200%. The x rays 
diffraction analysis pattern of the batch which 

contained a stoichiometric carbon content of 200% 
and was reduced at 1200 °C for 2 hours is given in 
Figure 2.  
 

Table 6: The parameters applied for the initial 
stage reduction experiments and the related 

calculated theoretical reduction degrees. 
Experiment 

number 
Temperature 

(°C) 
Duration 
(hours) 

Theoretical 
carbon 

content (%) 

Reduction 
degree (%) 

1 1100 1 150 45.46 
2 1200 1 150 56.08 
3 1250 1 150 64.58 
4 1300 1 150 81.57 
5 1250 2 150 70.08 
6 1200 2 150 57.14 
7 1200 3 150 58.20 
8 1200 4 150 62.45 
9 1200 2 100 52.04 

10 1200 2 200 60.97 
 
 

 
Figure 2: The x rays diffraction analysis pattern of 

the batch which contained a theoretical carbon 
content of 200% and was reduced at 1200 °C for 2 
hours (determined as the optimum parameters in 

the study). 
 
Mill scale was substituted with blast furnace flue 
dust in the second stage reduction experiments. 
These experiments were performed at only 
optimum parameters that had been determined 
during the initial stage (1200 °C temperature, 2 
hours duration and 200% theoretical carbon 
content). The experiment was repeated once in 
order to maintain reliability. The achieved 
reduction degrees of 68.35% and 67.10% are 
considerably higher than 60.97%, which was 
reached at the same parameters by using mill scale 
as the iron source. The comparison of the x rays 
diffraction analysis pattern of the reduced batch 
containing mill scale with that of the reduced batch 
containing blast furnace flue dust is given in Figure 
3. It can be understood from the figure that if blast 
furnace flue dust is used in the blend instead of mill 
scale, the peaks that resemble iron oxide and 
manganese oxide become shorter while some peaks 
that resemble elemental manganese appear as a 
result of the reduction treatment. This result is in 
coordination with the result of chemical 
composition analysis.  
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Figure 3: The x rays diffraction analysis pattern of 

reduced batch containing manganese ore 
concentrate, mill scale and coke and the x rays 

diffraction analysis pattern of reduced batch 
containing manganese ore concentrate, blast 

furnace flue dust and coke. The parameters are 
1200 °C temperature, 2 hours duration and 200% 

theoretical carbon content in both reduction 
experiments. 

 
4. Conclusion  
 
The current study reveals that the recycling of iron 
in blast furnace flue dust can be achieved. The 
reduction degree reached in case of using blast 
furnace flue dust is considerably ( 12%) higher 
than that reached in case of using mill scale. The 
primary result of this situation must be the 
significant carbon content of blast furnace flue 
dust. It was understood that blast furnace flue dust 
could be utilised in ferromanganese production in 
certain experimental conditions.  
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Abstract 
 
Parts that are produced from AISI 4140 steel using 
hot-forging process are widely used in industrial 
applications. Nevertheless, there are few studies 
reported in literature related to hot-forging of AISI 
4140 steel. 
 
In this study, following the hot-forging process, 
mechanical and micro-structural changes at different 
austenitizing and tempering temperatures have been 
analysed experimentally. Samples that are obtained 
from industrially produced parts have been 
austenitized at 900°C, 880°C and 860°C followed by 
quenching with oil then tempering at 640°C, 570°C 
and 480°C. Austenitization and tempering time has 
been selected as 140 and 200 minutes respectively for 
all samples. Hardness and tensile tests of the samples 
carried out along with metallographic microstructure 
analysis. 
 
Following the Heat-Treatment process samples have 
been subjected to tensile test in acc. with TS EN ISO 
6892-1 and hardness test acc. with TS EN ISO 6506 -
1 standards respectively. After the heat treatment of 
hot forged AISI 4140 steel, keeping the 
austenitization and tempering temperatures constant, 
the effect of these temperature on mechanical and 
microstructural properties has been investigated. 
 
1. Introduction 
 
Forging can be considered as a plastic forming method 
in order to give the metal a desired shape, reduce 
grainsize and improve mechanical properties while 
maintaining a controlled plastic deformation under 
impact or pressure [1]. The main reason behind the 
forging materials are stronger than the castings 
materials is due to the fiber-structure that emerges 
during the forging operations. Emergence of the fiber-
structure improves the mechanical properties of the 
parts. Forgings constitute the safety critical parts that 
are durable against impacts and strains which are used 
in vehicles (planes, cars, trains) agricultural machines 
and tools, construction machines, missiles and rockets, 
weapons industry, turbine motors and various 
machines. Forging process is classified according to 
different criterias [2]. 

 

 
Figure 1. Fiber-Structure after forging 

 
Forging can be executed as hot-forging, warm-forging 
or cold-forging. Let Tm denotes the melting 
temperature of the material and T is the temperature 
that deformation is applied, forging can be classified as 
follows. 
  
If T/Tm< 0.3, then cold forming; 
If T/Tm = 0.3 - 0.5 then semi-hot forming; 
If T/Tm > 0.6 then hot forming is performed. [3] 
 
AISI 4140 steels have the widest range of use among 
the Cr-Mo containing quenched & tempered steels and 
are known as Chrome - Molybdenum Steel. They are 
utilized in manufacturing cars and planes, crankshafts, 
axle shafts, hubs, various shafts, gears, machine parts 
and elements with high strength and ductility [4]. 
Chemical analysis of AISI 4140 steel is shown in table 
1 below [5].  
 

Tablo 1. Chemical analysis of AISI 4140 steel [5]. 

Elements C Mn P S Si Cr Mo 

% 
Weights 

0.38
-

0.45 

0.75
-

1.00 

0.035 
max 

0.04 
max 

0.15
-

0.30 

0.80-
1.10 

0.15-
0.25 
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2. Experimental Procedure 
 
2.1. Method 
 
In this study, AISI 4140 steel is annealed at 1250°C 
until its deformation temperature and forged with drop-
hammer. Following this process, samples austenitized 
and tempered at different temperatures, then the 
characteristic results of this procedure is examined. 
 
2.2. Material 
 
This study investigates the chemical analysis of Ø80 
AISI steel obtained from Asil Çelik I.C. Chemical 
analysis has been performed at quality lab of Omta  
I.C.with ARL 3460 spectrometer on the AISI 4140 
steel obtained from Asil Çelik I.C. Chemical analysis 
results have been shown in Table 2.  
 

Table 2. Chemical composition of AISI 4140 steel 
Material 

 
% 
C 

% 
Si 

% 
Mn 

% 
S 

% 
P 

% Cr % 
Mo 

% 
Ni 

AISI 
4140 

0,450 0,340 0,790 0,020 0,023 0,860 0,155 0,090 

 
2.3.Production 
 
2.3.3. Forging 
 
AISI Steel has been cut by EXACTCUT TAC 155 
circular saw with %1 sensitivity in order to obtain 12 
samples, 240 mm in length. After tempering at 1250°C 
in induction furnace, samples have been forged with 
MPM6300 drop-hammer up to 60 mm in thickness. 
 
2.3.2. Heat treatment 
 
Samples have been austenitezed continuously for 140 
mins at 860°C, 880°C and 900°C temperatures in 
Sistem Teknik Furnace. Then they have been quenched 
in oil at 60-80°C for 14 mins. After washing the 
samples to remove oil on the surface for 6 mins, they 
have been put into tempering furnace at 480°C, 570°C 
and 640°C for 200 mins. Heat treatment process 
applied to the samples is summarized in Fig. 2 below. 
 

 

Figure 2. Process flow chart 
2.3.3. Preparation of test specimens 
 
24 and 12 pieces of test specimens have been prepared 
at Omta  I.C. for tensile strength and microstructural 
analysis examinations respectively.  
 
3. Result and Discussion 
 
AISI 4140 steel has been annealed at 1250 C and 
formed in the axis perpendicular to the deformation 
direction with hot-forging process. Heat-treatments at 
different temperatures have been performed after 
forging. In order to define the mechanical properties of 
the samples, hardness, tensile tests along with optical 
& SEM analysis carried out and the results given in 
subsequent sections. 
 
3.3. Hardness test results 
 
Hardness values of AISI 4140 steel samples  which 
have been austenitized at 900 C, 880 C and 860 C 
followed by oil quenching, forging and tempering at 
640 C, 570 C and 480 C are shown in Fig. 3. 
 
As shown on Fig. 3 AISI 4140 steel which has been 
austenitized at 900 C for 140 mins, has the average 
hardness value of 401 HB. The hardness value 
descends to 358 HB after tempering at 480 C for 200 
mins. As the tempering time remains constant and the 
temperature increases to 570 C, hardness value 
becomes 321 HB. When the tempering temperature 
ascends to 640 C average hardness value has been 
measured as 274 HB. 
 
As shown on Fig 3 AISI 4140 steel which has been 
austenitized at 880 C for 140 mins, has the average 
hardness value of 418 HB. The hardness value 
descends to 362 HB after tempering at 480 C for 200 
mins. As the tempering time remains constant and the 
temperature ascends to 570 C, hardness value becomes 
323 HB. When the tempering temperature ascends to 
640 C average hardness value has been measured as 
286 HB. 
 
As shown on Fig 3. AISI 4140 steel which has been 
austenitized at 860 C for 140 mins has the average 
hardness value of 458 HB. The hardness value 
descends to 395 HB after tempering at 480 C for 200 
mins as the tempering time remains constant and the 
temperature ascends to 570 C, hardness value becomes 
337 HB. When the tempering temperature ascends to 
640 C average hardness value has been measured as 
289 HB. 
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Figure 3. Hardness results 

 
In case the duration of austenitizing and tempering 
along with the tempering temperatures kept constant 
for each specimen, the average hardness value 
decreases while austenitization temperature increases 
as shown on Fig.3 
 
3.3. Tensile test results 
 
Tensile strength values of AISI 4140 steel samples, 
austenitized at 900°C, 880°C and 860°C,quenched in 
oil  and tempered at 640°C, 570°C and 480°C are 
shown in Fig 4. As shown on Fig 4. AISI 4140 steel 
which has been austenitized at 900°C for 140 mins 
after having been quenched in oil, has the average 
tensile strength value of 1386 MPa. The tensile 
strength value descends to 1201 MPa after tempering at 
480 C for 200 mins. In the case of  tempering time kept 
constant and the temperature ascends to 570 C, tensile 
strength value becomes 1066 MPa. When the 
tempering temperature ascends to 640°C average 
tensile strength value has been measured as 921 MPa. 
 
As shown on Fig 4. AISI 4140 steel which has been 
austenitized at 880 C for 140 mins followed by 
quenching in oil, has the average tensile strength value 
of 1432 MPa. The tensile strength value descends to 
1260 MPa after tempering at 480 C for 200 mins. In 
the case of tempering time remains the same and the 
temperature ascends to 570 C, tensile strength value 
becomes 1082 MPa. When the tempering temperature 
ascends to 640 C average tensile strength value has 
been measured as 929 MPa. 
 
As shown on Fig. 4.  AISI 4140 steel which has been 
austenitized at 860 C for 140 mins after having been 
quenched in oil, has the average tensile strength value 
of 1543 MPa. The tensile strength value descends to 
1358 MPa after tempering at 480 C for 200 mins. In 
the case of tempering time remains the same and the 
temperature ascends to 570 C, tensile strength value 
becomes 1119 MPa. When the tempering temperature 

ascends to 640 C average tensile strength value has 
been measured as 946 MPa. 
 

 
Figure 4. Tensile Strength results 

 
In the case of austenitizing and tempering time kept 
constant along with the tempering temperatures for 
each specimen, the average tensile strength value 
decreases while austenitizing temperature increases as 
shown on Fig. 4. 
 
3.3. Optical & SEM microstructures 
 
As shown on Fig. 5, 6 and 7; following the 
austenitizing at 860  and quenching in oil of the 
sample, acicular martensitic structure can be observed 
when the microstructures are examined in optical 
microscope and SEM. 
 

 
Figure 5. Microstructure of the sample magnified 
500X in optical microscope (austenitized at 860 C and 
quenched in oil) 
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Figure 6. Microstructure of the sample magnified 
1000X in SEM with SEI Method. (Austenitized at 
860°C and quenched in oil) 
 

 
Figure 7. Microstructure of the sample magnified 
1000X in SEM with BES Method. (Austenitized at 
860°C and quenched in oil) 
 
As shown on Fig. 8, 9 and 10; following the 
austenitizing at 860, quenching in oil then tempering at 
480°C of the sample, tempered martensitic 
microstructure is observed instead of acicular 
martensitic structure when the microstructures are 
examined in optical microscope and SEM. 
 

 
Figure 8. Microstructure of the sample magnified 
500X in optical microscope (austenitized at 860°C, 
quenched in oil then tempered at 480°C) 
 

 
Figure 9. Microstructure of the sample magnified 
1000X in SEM with SEI Method. (Austenitized at 
860°C, quenched in oil then tempered at 480°C) 
 

 
Figure 10. Microstructure of the sample magnified 
5000X in SEM with BES Method. (Austenitized at 
860°C, quenched in oil then tempered at 480°C) 
 
4. Conclusion 
 
Although hot forged AISI 4140 steel sample which has 
been austenitized at 860°C, quenched in oil then 
tempered at 480°C has slightly low tensile strength and 
hardness values compared to other samples, it has 
better microstructure. The sample which has been 
austenitized 860°C, quenched in oil then tempered at 
480°C possesses the optimal microstructure and 
mechanical values. 
 
Referances 
 
[1] Kayal , E.S.; Ensari, C.: “Metallere Plastik ekil 
Verme ilke ve Uygulamalar ”, TÜ, stanbul, (1986)86-
1 
[2] Çi dem,  M., (1996) mal Usulleri,Ders kitab , 
s.120-130. 
[3] Çapan, L., (1999) Metallere Plastik ekil Verme, 
Ders kitab , s.144-189. 
[4] ASM  Metals Handbook, 1997. Volume 1, 
Properties and Selection, Iron, Steel and High 
Performance Alloys, Tenth Edition, Fifth Printing, 
Materials Park, Ohio, USA, 1063 s. 
[5] Stahlschlüssel, 2004, Key to Steel, Verlag 
Stahlschlüssel Wegst GmbH, Almanya. 



UCTEA Chamber of Metallurgical & Materials Engineers Proceedings Book

1002 IMMC 2016   |   18th International Metallurgy & Materials Congress

Machinability With Diff erent Cutting Parameters of 
Sintered Steels

Nuray Beköz Üllen 

İstanbul University - Türkiye

 
 
Abstract 
 
Powder metallurgy (PM) is known for producing of 
complex parts with near-net shape. However, many PM 
components require surface finish machining to reach 
final tolerance or shapes not possible to achieve in the 
compaction step. This study deals with the quantitative 
evaluation of the machinability of sintered steels during 
turning operation. Sintered parts were prepared with 
(MnS and MnX) and without additives for machinability 
evaluations. All parts were machined in a CNC lathe 
using a face turning operation which performed using two 
different cutting inserts. These were uncoated WC-Co 
cermet and solid carbide. The cutting speeds and feed 
rates used were with different values while the depth of 
cut was kept constant. The results showed that the effect 
on the machinability of MnS addition remarkably positive 
and enables extended tool life for all inserts. The 
performance of MnX was found less effective. The tool 
life of uncoated WC-Co insert is better than the solid 
carbide at identical cutting condition. Also, the feed rate 
has a significant effect on the machined surface. 
 
1. Introduction 
 
As a metal-working technology, powder metallurgy (PM) 
has the advantage compared to other processes, that it can 
produce complex parts of high quality with close 
tolerances, in an economical way [1]. However, many 
parts require machining afterwards because of intricate 
design. Thus, there is a renewed interest in machinability 
characteristics of PM parts. Turning and drilling are the 
most widely used cutting methods in machining of PM 
parts [2]. The machinability of a PM component is 
dependent on the workpiece and tool material properties, 
cutting conditions, and machine and cutting tool 
parameters [3]. Chemical composition, porosity, free 
machining additives, and production process parameters 
such as compaction and sintering methods, also 
collectively influence machinability [1]. Guidelines for 
insert choice and effect from additives are needed to 
improve the performance in the machining operation [4]. 
PM parts are often considered to be difficult to machine, 
especially compared to conventional standard steels. 
However, by choosing a proper combination of tool 
material and insert geometry together with optimized 

cutting data, and additives if necessary, it is in many cases 
possible to achieve a productivity level of machining PM 
parts equal to that of machining standard steels [5-6]. The 
details of the machining properties should be further 
examined in order to use PM steel parts in a large scale. 
However, there are not enough studies on the 
machinability of PM parts in the literature. It is clear that 
wear data and tool life relationships in wrought can not be 
expected to be valid for PM material because of the 
porous structure mostly of the different composition [7]. It 
was therefore necessary to study the effect of many 
machining parameters on the machinability of PM parts.  
 
Machining of Cu-Ni-Mo pre-alloyed Distaloy AB steels 
has been studied by a few researchers, and they 
emphasized the importance of these steels in the PM 
industry [2, 8]. In order to widen the use of these steels a 
better understanding of the different factors influencing 
the machinability of these steels are required. This study 
describes the machinability of Cu-Ni-Mo based Distaloy 
AB workpieces. The influence of tool grades, additives 
and cutting dates, when machining this type of PM parts, 
has been discussed in this study. 
 
2. Experimental Procedure 
 
In this study, water atomized low alloyed steel powder 
commercially known as Distaloy AB obtained from 
Höganäs Company were used for workpiece material 
production. The chemical composition of the steel powder 
was Fe-1.5 Cu-1.75 Ni-0.5 Mo. The powder premix 
consisted of 0.8% Zn-stearate as lubricant and 0.5% 
carbon added as fine graphite. The machibability of parts 
was evaluated with and without additives, where MnS and 
MnX were added in the premixes. The powder mixes use 
in this study is shown in Table 1. 
 

Table 1. Powder mixes. 

 
The workpiece for the turning tests were produced by 
convection with cylindrical geometry: inner diameter 30 

PM 
workpiece Powder composition 

Workpiece 1 Distaloy AB + 0.5 C + 0.8 Zn-stearate 

Workpiece 2 Distaloy AB + 0.5 C + 0.8 Zn-stearate + 0.5 MnS 

Workpiece 3 Distaloy AB + 0.5 C + 0.8 Zn-stearate + 0.4 MnX 
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mm, outer diameter 60 mm and height of about 60 mm, 
reaching a green density of 7.0 g/cm3. All the specimens 
were sintered at 1120 ºC for 30 minutes in an industrial 
continuous pusher furnace under 25% N2-75% H2 
atmosphere, and cooled with a cooling rate of 0.5 °C/sec 
for convectional sintering. Turning tests were carried out 
by conventional CNC lathe using a face turning operation 
in a dry condition without any coolant. The turning 
operation was performed using two different types of 
inserts. These were grades CT5015 (uncoated WC-Co 
cermet) and GC3215 (solid carbide, coated with TiCN, 
Al2O3 ad TiN) according to Sandvic Coromant guide 
lines [9]. The inserts, from Sandvik Inc., were clamped on 
the same tool holder used for the tool life tests. The 
cutting speeds (Vc) and feed rates (f) used were with 
different values while the depth of cut (ap) was kept 
constant in order to relevant setting and to meet tool life. 
The cutting conditions used in the experiments are listed 
in Table 2, and each treatment is replicated three times. 
 

Table 2. The cutting conditions. 

 
The hardness of the workpiece was measured, and optical 
microscopy studies were carried out. Three different 
locations were selected on the as-sintered and as-
machined surface of the specimens and the average of 
those values was used as the hardness measure of 
samples. The surface roughness value on each of the 
workpieces was measured with a Mitutoyo SJ-210 surface 
roughness tester. The measurements were taken on the 
same day of the experiment in order to prevent oxide 
films from depositing on the machined surface. 
 
3. Results and Discussion 
 
The machinability of a PM component is dependent on 
the microstructural characteristic of the workpieces [1]. 
The microstructures of sintered specimens with and 
without additives were examined. All the specimens 
consist of ferrite, pearlite, bainite, austenite and less 
bainite phases. Since the cooling step of sintering cycle 
was slowly done in a controlled way, less bainite and 
martensite phases were formed in the microstructure. 
There is no effect on the microstructure when the MnS 
and MnX additives are added.  
 
The as-sintered and as-machined surface hardness values 
of the workpieces with or without additives are given in 
Table 3, and significant work hardening of the as-
machined surface compared to the as-sintered was 
determined. The cutting speed and feed rate of grades 
CT5015 were 300 m/min and 0.15 min/rev, respectively. 
The microhardness is less influenced with additives. The 
as-machined surface hardness values are bigger compared 
with the as-sintered for all workpieces. According to 
Šalak et al., [2] the cutting process caused significant 

work hardening of the machined surface linked to the 
deformation of the subsurface area. It means that for the 
hardness of as-machined surfaces the effect of porosity 
was significantly lower compared to as-sintered. 
 

Table 3. The microhardness of the specimens. 

 
The tool life of inserts when turning workpieces with or 
without additives is shown in Figure 1. The cutting speed 
and feed rate of grades CT5015 were 150 m/min and 0.15 
min/rev, respectively. Machinability is strongly improved 
with MnS additive, but less influenced with MnX 
additive, shown by dramatically increased tool life of the 
grade CT5015. In many studies were reported to improve 
the machinability of PM parts with additives such as MnS 
and MnX [10]. The additives influence can be observed in 
terms of a minor reduction in hardness of the parts. 
Engström [11] explained that MnS improved the 
machinability of sintered parts 5-10 times without 
influencing dimensional change and mechanical 
properties. One of the reasons for improved machinability 
was attributed to the lubricating effect of the additives, 
which formed a uniform coating on the tool surface. This 
coating reduced the friction between the material and the 
tool, thereby decreasing the interface temperature and 
wear [12]. Tool life is the same for the workpieces with 
MnX and without when the GC3215 grade is used. The 
overall best performance was obtained by the grade 
CT5015 for all workpieces. CT5015 uncoated cermet 
carbide grade provides hardness for high wear resistance. 
It also prevents a built-up edge, resulting in a higher 
quality surface finish and longer too life than provided by 
other grades. Also, WC-Co cermet grade results in a less 
friction between and chip, improved chemical inertness 
and less sensitivity to the cutting speed [9].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The tool life of inserts for all workpieces. 
 
In an attempt to increase tool life, the cutting speed was 
reduced from 150 m/min to 300 m/min for grades CT5015 
and GC3215. The tool life of insert grades at different 
cutting speed of groups with MnX additive is shown in 

Inserts Vc (m/mim) f ( mim/rev) ap (mm) 

CT5015 150 - 300 0.1 - 0.3 0.5 

GC3215 150 - 300 0.1 - 0.3 0.5 

Microhardness (HV10) 
PM workpiece As-sintered 

surface 
As-machined 

surface 
Workpiece 1 215 332 
Workpiece 2 211 328 
Workpiece 3 209 324 
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Figure 2. The feed rate of grades was 0.15 min/rev. The 
tool life of grade CT5015 was increased by 35% and of 
grade GC3215 by 14% with decreasing the cutting speed. 
Tool life of cemented carbides can be increased by 
reducing cutting speed [5]. The cause of this is lower the 
cutting heat at low cutting speed, and decrease tool wear. 
All obtained tool wear was formed by normal abrasion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The tool life of inserts at different cutting 
speeds. 

 
Figure 3 shows the surface roughness at different feed 
rates of groups without additive. The cutting speed of 
grades was 300 m/min. The results indicated that the 
investigated insert type used in this study has no a 
significant effect on the machined surface. Surface 
roughness increases with increased feed rate for both 
cutting inserts. The machined surface in higher feed rate 
was smoother than lower feed rate, which is thought to be 
a consequence of less smearing during machining. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Surface roughness at different feed rates. 
 
Cutting interval is large for PM material [1]. This study 
clearly shows that machinability is strongly dependent on 
tool material, cutting condition and machining additives. 
 
4. Conclusion 
 
Turning tests were performed to find how machinability 
of Cu-Ni-Mo based PM workpieces was influenced by 
choice of cutting conditions, insert type and additives. 
The following conclusions can be drawn: 

 There are no significant differences in hardness and 
dimensional changes between the workpieces with and 
without additives. 
 The increase in hardness of as-machined surface in all 

the specimens was achieved with work hardening caused 
by the cutting process.  
 Effect on the machinability of MnS addition remarkably 

positive and enables extended tool life for all inserts. The 
performance of MnX was found less effective when the 
GC3250 grade is used. 
 Tool life with grade CT5015 is bigger compared with 

grade GC3215 for all workpieces. In order to better 
understand the status of tool wear should be examined. 
 The best machining performance is achieved when the 

cutting speed is reduced. 
 The feed rate has a significant effect on the machined 

surface, but the surface quality can be obtained 
independent from the investigated insert. 
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Abstract 
 
This paper presents results of a study of the processing of 
water atomized M3/2 high speed steel powder by die-
pressing and vacuum sintering.  Density, hardness and 
transverse rupture strength of the sintered compacts were 
investigated as a function compaction pressure (98-392 
MPa), sintering temperature (1230-1260 °C) and time (15-
60 min).  XRD and SEM were used for structural analyses 
of the selected samples. It was found that sintered density 
and hardness increased with increasing temperature (up to 
1255 °C), compaction pressure and time.  Transverse rupture 
strength of the samples compacted at 392 MPa and sintered 
for 60 min increased with temperature up to 1250 °C above 
which it decreased. At 1255 °C, strength decreased slightly 
with sintering time.  It was observed that increased 
densification improves the mechanical properties, while MC 
and M6C carbide coarsening deteriorates them. Better 
mechanical properties (HRC ~65, transverse rupture 
strength ~2000 MPa) were obtained after heat-treatment of 
the samples compacted at 392 MPa and sintered at 1255 °C 
for 60 min.  
 
1. Introduction 
 
High speed steels are used as cutting tools, tool bits in 
manufacturing industries because they retain high hardness 
and good abrasion resistance at elevated temperatures.  
These materials are produced by casting or powder 
metallurgy. The main disadvantage of casting is 
inhomogeneous microstructure induced by segregations 
during solidification which leads to poor mechanical 
properties.  Powder metallurgy allows manufacturing of 
parts with relatively fine homogeneous microstructures [1, 
2]. In this technique, metal powders are initially consolidated 
into desired shape by cold pressing. This is followed by 
sintering of compacts at high temperatures.   
 
In the present study, density and mechanical properties 
(hardness and transverse rupture strength) of M3/2 high 
speed steel powder were investigated as a function 
compaction pressure, sintering temperature and time.  Based 
on these studies, optimal processing conditions were 
determined.  
 
 

2. Experimental Procedures 
 
The powder (Powdrex, England) used in this study was 
produced by water atomization.  It was received in annealed 
and reduced condition. Its chemical composition is Fe-
0.99C-6.13W-4.72Mo-3.18V-3.84Cr-0.48Co-0.14Cu-
0.2Ni-0.3Si-0.24Mn (wt. %). O and N contents are 926 and 
130 ppm.  Apparent density, flow rate, compressibility and 
green strength of the powder are 2.26 gr/cm3, 39.3 s/50 gr, 
6.39 gr/cm3 (at 600 MPa) and 32.8 MPa (compacted at 600 
MPa), respectively. Sieve analysis of the powder revealed 
the particle size distribution shown in Fig.1.  Its mean 
particle size (D50) was deduced to be 64 m.   
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Figure 1. Particle size distribution of the M3/2 powder used. 
 
Powders weighing 8 g were pressed into a mold of 8x41 mm2 
at the pressure range 98-392 MPa using hydraulic press.   
Green parts were sintered in a vacuum furnace with a base 
pressure of 30 mTorr at the temperature range 1230-1260 °C 
for 15-60 min.  Sintering cycle consisted of the following 
successive steps: (a) heating to 1000 °C at a ramp rate of 15 
°C/min; (b) holding at 1000 °C  for 30 min; (c) heating to the 
sintering temperatures (1230-1260 °C) at a rate of 5 °C/min; 
(d) holding at the temperatures for 15-60 min; (e) furnace 
cooling. It should be noted that average density and 
mechanical properties were calculated based on the values 
obtained from three samples prepared under the same 
conditions. Dimensions of the compacts were measured by a 
caliper to calculate green densities.  Sintered density was 
determined by Archimedes’ principle.  Rockwell hardness 
tester was used for hardness measurements.   Instron testing 
machine was employed for three point transverse rupture 
strength using the equation of 
  

 = 3PL/(2WD2)   (1) 
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where P is the load at failure, and L, W, and D are the span 
length (30 mm), width, and height of test piece, respectively. 
 
The samples prepared at optimal conditions were heat-
treated in a box containing steel chips under argon 
atmosphere.  Heat-treatment cycle consisted of (a) heating at 
a rate of 9 °C/min to 850 °C, (b) holding at this temperature 
for 30 min,  (c) heating to austenization temperature 1180°C 
at a rate of 6 °C/min, (d) holding 150 sec at this temperature 
and (e) oil-quenching.  Samples were then tempered at 525 
°C 3x1/2 hours in argon.   
 
Phase analysis was carried out using Schimadzu X-ray 
diffractometer equipped with a copper radiation tube 
( =0.15418 nm) and a monochrometer. Samples were 
prepared by standard metallographic techniques for 
microstructural analysis under optical microscope. An image 
analyzer with a CCD camera attached to the microscope was 
used for quantitative metallographic analysis.  Mean carbide 
grain sizes larger than 4 m were determined from the areas 
of at least 40 grains using an image analysis program. 
Equivalent circular diameters of the measured areas were 
calculated to describe the carbide sizes. 
 
3. Results  
 
Fig. 2 shows X-ray diffraction pattern of the powder used.  
The powder consists of M6C, MC and -Fe phases, where M 
stands for carbide forming metals (W, Mo, V, Cr). Retained 
austenite peaks were not seen in the pattern owing to 
annealing after water atomization. 
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Figure 2. XRD pattern of the M3/2 powder used. 
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Figure 3. Variation in green density with compaction 
pressure. 
 

Fig. 3 shows the effect of compaction pressure on the green 
density of compacts.  As can be seen from the figure, it 
increases monotonically with the pressure owing to mostly 
particle rearrangement. These samples were sintered at 1250 
ºC for 60 min. Fig. 4a displays sintered density as a function 
of compaction pressure. It is clearly seen from the figure that 
it increases with compaction pressure.  Effect of sintering 
temperature on density of the compacts is shown in Fig. 4b.  
As revealed by the figure, the density rises slightly from 7.02 
g/cm3 at 1230 °C to 7.11 g/cm3 at 1240 °C. This was 
followed by a drastic increase to 8.02 g/cm3 as the 
temperature is raised to 1255 °C. At 1260 °C, the density 
(7.97 g/cm3) is found to be slightly less than that at 1255 °C. 
Fig. 3c reveals that sintered density slightly increases as the 
holding time increases from 15 min to 30 min.  
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Figure 4. Effect of compaction pressure, sintering 
temperature and time on density and hardness. 
 

Variations in hardness of the compacts with compaction 
pressure, sintering temperature and time are found to be 
similar to those observed for the density as can be seen from 
Fig. 4. Hardness slightly increases from 39 HRA at 1230 ºC 
to 40 HRA at 1240 ºC.  Considerable increase in hardness is 
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seen at the temperature range 1240-1255 ºC.  It, however, 
decreases from 62 HRA at 1255 ºC to 55 HRA at 1260 ºC.  
Figure 5a-c displays effect of the process parameters on the 
transverse rupture strength.  As can be seen from the figure, 
sintering temperature has the greatest effect on the strength. 
It increases with sintering temperature from 706 MPa at 
1230 ºC to 1647 MPa at 1250 ºC as seen from Fig. 5a.  It, 
however, decreases to 1213 MPa as the temperature is raised 
to 1260 ºC. Fig. 5b and c shows that the transverse rupture 
strength increases with compaction pressure, but it slightly 
decreases with sintering time. 
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Figure 5. Effects of (a) sintering temperature, (b) 
compaction pressure and (c) sintering time on transverse 
rupture strength. 
 

4. Discussion  
 
The samples with densities 7.90 g/cm3 exhibited pores. 
But, porosity decreases with increasing temperature, time 
and compaction pressure. For example, the sample sintered 
at 1230 C for 60 min yielded 6.8 vol. % porosity, while the 
sample sintered 1250 C had a few closed round pores. The 
improvement in the properties is attributed to enhanced 
diffusion of the elements constituting the powder and 
reaction between particles, resulting in less porosity. The 
diffusion is more effective when the compaction pressure is 

increased because the contact areas between the particles 
increase.  This results in faster neck formation and pore 
enclosure. 

The phases present in the samples sintered at 1255 ºC and 
1260 ºC are revealed by the XRD patterns displayed in Fig.6 
a and b, respectively. As can be seen from the pattern for 
1255 ºC, the intensities of the major diffraction peaks from 
MC and M6C phases are higher than that of -Fe.  At 1260 
ºC, the intensities of MC peaks are found to be much higher 
compared to those of M6C and -Fe.  These results suggest 
that the MC carbide content increases with sintering 
temperature. 
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Figure 6. XRD patterns of the samples sintered at (a) 1255 
ºC and (b) 1260 ºC. 
 

The microstructures of the sintered samples contain MC and 
M6C carbide grains of various morphologies and sizes 
dispersed in a ferrite ( -Fe) matrix.  Relatively fine carbide 
grains with sizes less than ~4 m were observed in the 
microstructures of the samples sintered at 1230 ºC and 1240 
ºC. However, large blocky carbide grains appear at the grain 
boundaries along with fine round ones as the sintering 
temperature increases as seen from the microstructures 
displayed in Fig. 7 a-c for 1250 °C, 1255 °C and 1260 °C, 
respectively.  Fig. 8 shows the mean carbide size for grains 
larger than ~4 m which appears to be the lower limit of the 
optical microscope used.  As can be seen from the figure, the 
mean size and its standard deviation increase with 
temperature from 4.92 ± 1.2 m at 1245 ºC to 7.33 ± 4.19 

m at 1260 ºC. The increase in densification with 
temperature is accompanied by an increase in the carbide 
grain size and by gradual closing of pores. The improvement 
in mechanical properties with sintering temperature is 
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obviously attributed to increased density (more effective 
cross sectional area) and pore rounding (less notch effect).  
However, the carbide grain growth observed at higher 
temperatures tends to deteriorate the mechanical properties. 
More weakening action of the carbide grains is especially 
significant at 1260 ºC owing to the presence of coarse blocky 
carbide grains.  It should be noted that the slightly less 
density observed at 1260 ºC may be attributed to higher 
carbide content which can decrease the density of the M3/2 
steel. 

 

 

 
Figure 7. Microstructures of the compacts sintered at (a) 
1250 ºC, (b) 1255 ºC and (c) 1260 ºC. 
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Figure 8. Variation in massive carbide size with sintering 
temperature. 
 
The sample sintered at 1255 °C was selected for heat 
treatment because it had no porosity and the carbide grains 

appeared to be not too coarse for heat- treatment.  After the 
heat treatment, hardness and transverse rupture strength 
were measured to be 65 ±1.5 HRC and 1920±25 MPa which 
are much higher than those of as-sintered compacts. The 
XRD pattern of the heat-treated sample is shown in Fig.9.  
As can be seen from the pattern, the intensities of the major 
carbide peaks are less than those in as sintered condition.  
This indicates that a significant amount of the carbide phases 
was dissolved during the heat-treatment, leading to higher 
strength and hardness. 
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Figure 9. XRD pattern of the heat-treated sample sintered at 
1255 ºC.  
 
5. Conclusions 
 
a) Sintered density and hardness increase with increasing 

temperature (up to 1255 °C), compaction pressure and 
time. 

b) Transverse rupture strength increases with temperature 
up to 1250 °C above which it decreases.  

c) The strength decreases slightly with sintering time.  
d) Increased densification improves the mechanical 

properties. 
e) MC and M6C carbide coarsening deteriorates them.  
f) Better mechanical properties (HRC ~65 and transverse 

rupture strength ~2000 MPa) were obtained after heat-
treatment of M3/2 high speed steel compacted at 392 
MPa and sintered at 1255 °C for 60 min.  
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Özet 
 
Sodyum-silikat (cam suyu) ba lay c l  kum sistemleri 
çevreci ve ekonomik olmalar na ra men, zay f kal p bozma 
ve dü ük nem dayan mlar  nedeniyle, teknolojik 
uygulamalar  s n rl  olmaktad r. Cam suyu esasl  kum 
sistemlerinin dezavantajlar n  ortadan kald rmak amac yla 
son y llarda say s z ara t rma-geli tirme çal malar  
yap lmaktad r. Bu çal mada Ala-Merset kodlu cam-suyu 
esasl  ba lay c  ve serter sertle tiricisinin döküm endüstrisi 
aç s ndan teknolojik de erleri, kal p/maça sistemlerinde 
kullan labilirli i incelenmi tir. ncelenen Ala-Merset 
ba lay c s n n kullan m  sonucunda, 10 sn. gibi k sa bir 
süre CO2 gaz uygulamas n n yeterli oldu u, sa lam ve 
bo luksuz kal p yüzeyi elde edildi i, yüksek gaz 
geçirgenli i, yüksek nem ortamlar nda (%90 nem, 23oC, 24 
saat) uzun raf ömrü ve geleneksel % 4 sodyum silikat 
ba lay c l  maça sistemlerindekinden üstün da lma 
özelli ine sahip silis kumu kal p/maça sistemlerinin 
olu turulabildi i belirlenmi tir. 
 
Anahtar kelimeler: Na-silikat ba lay c , Dökümhane, Maça 
 
Abstract 
 
Although sand systems containing Na-silicate (water glass) 
binder present several environmental and economic 
advantages, technological applications are restricted due to 
their poor knock-out properties and low moisture 
resistance.  Thus, many investigations have been performed 
recently to eliminate these undesirable handicaps of water 
glass binder.  In this study, technological importance of a 
recently developed water glass binder (coded as Ala-
Merset) with a hardener, and its applicability in mold/core 
systems have been investigated. It has been determined that 
using Ala-Merset binder results in more important 
advantages and benefits such as shorter period (10 s) for 
CO2 application, sound mold surface without cavity, high 
gas permeability, long shelf-life (in 90 % moisture at 23oC 
for 24 h) at high moisture environment, silica sand based 
mold/core systems having better shake-out property than 
that of the conventional ones with 4 % water glass binder. 
 
Keywords: Na-silicate binder, Foundry, Core 
 

1. Giri  
 
Döküm endüstrisinde kal p ve maça sistemlerinde 60 y l  
a k n bir süredir sodyum silikat ba lay c lar  
uygulanmaktad r. Kolay uygulama prosesi, nispeten ucuz 
olmalar  ve dehidratla ma sertle mesi gibi birçok 
avantajlarla karakterize edilmektedirler [1, 2]. Sodyum 
silikat ba lay c l  kal p ve maça sistemlerinde kullan lan 
kumlar n reklamasyon zorlu u ve zay f kal p bozma 
özellikleri, dü ük raf ömrü gibi tart mas z eksiklikler [3, 4] 
için son y llarda artan miktarlarda sodyum silikat esasl  
ba lay c lar geli tirilmekte olup, yap lan ArGe çal malar  
büyük önem ta maktad r. Bu çal mada, Alazan Döküm 
Kimyasallar  ve Endüstrisi Metal Sanayi Ticaret A.  
taraf ndan geli tirilmi  olan Ala-Merset kodlu cam-suyu 
esasl  ba lay c  ve serter sertle tiricisinin döküm endüstrisi 
aç s ndan teknolojik de erleri, kal p/maça sistemlerinde 
kullan labilirli i incelenmi tir. 
 
2. Deneysel Çal ma 
 
Bu çal mada bütün deneylerde elek analiz sonucu ekil 
1’de verilen AFS tane incelik numaras  32.59 olan silis 
kumu kullan lm t r. Ba lay c  olarak Alazan Döküm 
Kimyasallar  ve Endüstrisi Metal San. Tic. A. . taraf ndan 
geli tirilen ALA-MERSET kodlu sodyum silikat ve 
sertle tiricisi kullan lm t r ( ekil 2). ncelemeler boyunca 
temin edildi i ambalaj nda muhafaza edilen ALA-
MERSET kodlu solüsyondan günlük deney miktarlar na 
yak n miktarlarda al narak, aç k havadan ve güne  ndan 
uzak halde saklanm t r. Deneylerde Linde R744 marka 
s v la t r lm  karbondioksit gaz  (> %99,9 safl k, < 10 ppm 
nem içeri i ve 50-60 bar bas nçta) kullan lm t r. Gaz 
debisinin ayarlanmas nda tüp üzerine monte edilen 
Y ld zlar marka manometreli regülatör kullan lm t r. 
Sodyum silikat - kum -su kar mlar n n haz rlanmas nda, 
kar t r c  olarak Ridsdale marka AFS standartlar nda, 35 
rpm devirle dönen döner çelik koni üzerine sabitlenmi  iki 
S b çakl  laboratuvar tipi kar t r c  kullan lm t r. 
Standarda [5, 6] uygun ekilde dövülerek haz rlanan 
numuneler bekletilmeden CO2 ile sertle tirme i lemine 
al n r. ekillendirilmi  numunelere CO2 gaz  uygulayarak 
sertle tirmek için, CO2 tüpüne ba l  Ridsdale marka gaz 
verme aparat  kullan lm t r. CO2 debisi 10 lt/dk olacak 
ekilde ayarland ktan sonra tüpün yan nda bulunan 

kronometre çal t r larak aparata oturtulan tüp içinden 10 sn 
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boyunca CO2 geçi i sa lanm t r. Alazan Döküm 
Kimyasallar  ve Endüstrisi Metal San. Tic. A. . taraf ndan 
geli tirilen taraf ndan Ala-Merset kodlu ba lay c  ile 
birlikte kullan m için geli tirilmi  Serter (Katalizör) 
kullan larak haz rlanm  olan Silis kum kar mlar n n da 
incelemesi yap lm t r 

 
ekil 1. Kullan lan silis kumuna ait tane boyut da l m . 

 
 

 
ekil 2. Ala-Merset kodlu solüsyon ve sertle tiricisi. 

 
Numunelerin kuru mukavemetlerinin tespitinde 110oC’de 2 
saat Heraeus marka laboratuvar tipi etüvde tutulmu lard r. 
AFS silindirik numunelerin yüksek s cakl ktaki mukavemet 
davran lar n n belirlenmesi amac yla Heraeus marka 
f r nda 800, 1000 ve 1200oC’de 30 dakika tutulmu lard r. 
Haz rlanan AFS standart silindirik numunelerin mukavamet 
testleri (ya  basma, kuru basma, kuru kesme) George Fisher 
marka AFS standart mukavemet test cihaz  ve Instron 1195 
marka, 1mm/dk hassasiyet ile hareket kabiliyetine sahip 
test cihaz  kullan larak hassas olarak gerçekle tirilmi tir. 
AFS standart silindirik numunelerin nemli ortama maruz 
kalmalar  sonras  mukavemet de i imlerinin tespit edilmesi 
amac yla haz rlanmalar n n ard ndan, ESPEC PR-2K 
Model klimlendirme kabininde (Temperature&Humidity 

Chamber - Platinous K Series) 23oC ve % 90 nem 
artlar nda 24 saat bekletilmi lerdir. 24 saat sonras  

iklimlendirme kabininden al nan AFS standart silindirik 
numunelerin mukavemet de erleri tespit edilmi tir. Ayr ca 
24 saat % 90 nem artlar nda iklimlendirme kabininde 
tutulan numunelerin, nem absorblama miktarlar  da, 
iklimleme kabinine konmadan ve konduktan sonraki 
a rl klar  üç-desimal hassasiyetli hassas terazi kullan larak 
tespit edilmi tir.  
 
3. Sonuçlar ve rdeleme 
 
A rl kça % 2.5 Ala-Merset kodlu sodyum silikat ba lay c  
- 32.59 AFS Silis kum kar m n n CO2 sertle tiricili ve 
serter sertle tiricili olarak haz rlanmas  sonucu 
gerçekle tirilen test sonuçlar  Tablo 1.’de verilmi tir.  
 
Tablo 1. % 2.5 Ala-Merset kodlu ba lay c  - 32.59 AFS 
Silis kum kar mlar na ait sonuçlar. 
Özellik / Yöntem CO2 gaz 

sertle tiricili 
Serter sertle tiricili 

Basma Muk. (psi) 238.50±10.60* 241.33 ± 8.34 
Kuru Basma Muk. 
(110oC) (psi) 

245.25±30.75 145.50 ± 12.72 

Basma Muk. 
(800oC) (psi) 

121.96 ± 6.75 88.43 ± 11.10 

Basma Muk. 
(1000oC) (psi) 

38.18 ± 0.72 80.32 ± 7.39 

Basma Muk. 
(1200oC) (psi) 

29.12 ± 6.12 43.79 ± 13.08 

Basma Muk. (psi) 
(Haz rlanmalar  ard ndan 
23oC ve %90 nem 
ortam nda 24 saat) 

 
50.11 ± 2.89 

 
169.16  ± 29.32 

Absorblanan Nem (%) 
(Haz rlanmalar  ard ndan 
23oC ve %90 nem 
ortam nda 24 saat) 

 
0.625 ± 0.034 

 
1.083 ± 0.031 

*: Gaz verme sonras  
 
Ala-Merset kodlu ba lay c  (% 2.5) ile haz rlanan ve CO2 
ile ve Serterli olarak sertle tirilen AFS standart silindirik 
numunelerin nemli ortama maruz kalmalar  sonras  
mukavemet de erleri tespit edilmi tir. Ayr ca 24 saat %90 
nem artlar nda iklimlendirme kabininde tutulan 
numunelerin, nem absorblama miktarlar  da, iklimleme 
kabinine konmadan ve konduktan sonraki a rl klar  üç-
desimal hassasiyetli hassas terazi kullan larak tespit 
edilmi tir. Haz rlanmalar n n hemen ard ndan 23oC ve % 
90 nem artlar nda 24 saat iklimlendirme kabininde tutulan 
CO2 ile ve Serterli olarak sertle tirilen numuneler ile elde 
edilen basma mukavemet de erleri s ras yla 50.11 ± 2.89 
psi ve 169.16 ± 29.32 psi olarak tespit edilmi tir. CO2 ile 
sertle tirilen numunelerin mukavemetinin, iklimleme 
kabini uygulamas  sonras nda 238.50 ± 10.60 psi’dan 
yakla k % 80 oran nda azalarak 50.11 ± 2.89 psi’a dü tü ü 
görülmü tür. Serterli olarak sertle tirilen numunelerin 
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mukavemetinin iklimleme kabini uygulamas  sonras nda 
241.33 ± 8.34 psi’dan yakla k % 30 oran nda azalarak 
169.16 ± 29.32 psi’a dü tü ü görülmü tür. Literatürde [7], 
2.3 modüle sahip % 2 sodyum silikat - CO2 sertle tiricili ve 
% 98 nem ortam nda 24 saat tutulan numunelerin, basma 
mukavemetlerinin yakla k 0 oldu u rapor edilmi tir. Ala-
Merset kodlu ba lay c  ile % 2.5 oranda katk l  olarak 
haz rlan p, 23oC‘de iklimleme kabininde 24 saat tutulan 
numunelerin mukavemetleri silis kumu esasl  kar mlarda 
CO2 ile ve Serterli olarak sertle tirilen numunelerin 0 
mukavemet göstermeyip, s ras yla 50.11 ± 2.89 psi ve 
169.16 ± 29.32 psi olarak mukavemet göstermi  olmas  da, 
geli tirilen Ala-Merset kodlu ba lay c n n neme dayan kl  
modifiye edilmi  yeni bir sodyum-silikat tipi ba lay c  
oldu unu göstermi tir.  
 
Kal p bozma ve da labilme özelli i; gaz verildikten 
sonraki mukavemetin pi mi  (yüksek s cakl ktaki) 
mukavemete oran  olarak ifade edilebilmektedir.  1:2.7’den 
daha dü ük bir oran, iyi bir da labilme özelli ini, oran n 
1:1.15 veya tercihli olarak 1:1’den daha az oldu u 
durumlar da üstün bir da labilme özelli i olarak dikkate 
al nabilmektedir [8]. Tablo 2.’de Ala-Merset kodlu 
ba lay c  (% 2.5) ile haz rlanan ve CO2 ile ve Serterli 
olarak sertle tirilen AFS standart silindirik numunelerin 
sertle tirilmeleri sonras  mukavemetleri ve yüksek 
s cakl ktaki mukavemet de erleri ile elde edilen oransal 
de i im verilmektedir. Ayr ca Tablo 2.’de literatürde % 4 
sodyum silikat ba lay c l  maçalardan (260oC’de pi irilme 
sonras ) elde edilen oran [8] k yaslama amac yla 
verilmektedir. 
 
Tablo 2. Ala-Merset kodlu ba lay c  (% 2.5) ile haz rlanan 
ve CO2 ile ve Serterli olarak sertle tirilen AFS standart 
silindirik numunelerde da labilme özelli inin s cakl kla 
de i imi ve geleneksel % 4 sodyum silikat ba lay c l  
maçalarda elde edilen sonuç [8] ile k yaslanmas .  
 
Numune /  
S cakl k 

Muk.Oran  (CO2 
verme sonras  /  
Pi irilme sonras ) 
 

Muk. Oran  (Serter ile 
sertle tirme 
sonras  / Pi irilme 
sonras ) 

Ala-Merset kodlu 
ba lay c  (% 2.5) 
 
110oC – 2 saat 

 
 
 

1 : 1.02 

 
 
 

1 : 0.60 
800oC – 30 dk. 1 : 0.51 1 : 0.36 
1000oC – 30 dk. 1 : 0.16 1 : 0.33 
1200oC – 30 dk 1 : 0.12 1 : 0.18 
Geleneksel % 4 
sodyum silikat 
ba lay c l  maça 
[8] 
260oC 

 
 

1 : 2.7 

 
 
- 

 
Tablo 2.’de Ala-Merset kodlu ba lay c  (% 2.5) ile 
haz rlanan ve CO2 ile ve Serterli olarak sertle tirilen AFS 
standart silindirik numunelerin mukavemet oranlar  
110oC’de s ras yla 1 : 1.02 ve 1 : 0.60 olarak tespit 

edilmi tir. CO2 ile sertle tirilen AFS standart silindirik 
numunelerde artan pi irme s cakl na ba l  olarak da 
800oC’den (1 : 0.51) 1200oC’ye (1 : 0.12) oran da do rusal 
de i im gözlenmi tir. Benzer ekilde Serterli olarak 
sertle tirilen AFS standart silindirik numunelerde de artan 
pi irme s cakl na ba l  olarak da 800oC’den (1 : 0.36), 
1200oC’ye (1 : 0.18) oran da do rusal de i im mevcuttur. 
Literatürde [8], 1:1.15 veya tercihli olarak 1:1’den daha az 
olan oransal durumlar, üstün bir da labilme özelli i olarak 
tan mland  dikkate al nd nda Tablo 2.’de Ala-Merset 
kodlu ba lay c  (% 2.5) ile haz rlanan ve CO2 ile ve Serterli 
olarak sertle tirilen numunelerin incelenen s cakl k artlar  
için üstün bir da lma özelli ine sahip olduklar  ifade 
edilebilir.  Literatürde % 4 sodyum silikat ba lay c l  maça 
sisteminde 260oC’de pi irilme art  sonunda elde edilen 
oran 1 : 2.7 ‘dir. Ala-Merset kodlu ba lay c  (% 2.5) ile 
haz rlanan ve CO2 ile ve Serterli olarak sertle tirilen 
numunelerden elde edilen mukavemet oranlar n n belirgin 
ekilde üstün olduklar , geleneksel % 4 sodyum silikat 

ba lay c l  maça sistemlerindekinden üstün bir da lma 
özelli ine sahip silis kumu kal p/maça sistemlerinin elde 
edilebildi i görülmektedir. 
 
4. Sonuçlar 
 
Ala-Merset (% 2.5) kodlu ba lay c n n CO2 ve serter ile 
sertle tirilen silis kumunda uygulanmas  sonucunda yüksek 
nem ortamlar nda (%90 nem, 23oC, 24 saat) maruziyet 
sonras  yeterli mukavemeti koruyabilmesi dolay s yla uzun 
raf ömrü, ve geleneksel % 4 sodyum silikat ba lay c l  
maça sistemlerindekinden üstün da lma özelli ine sahip 
sistemlerin elde edilebilirli i tespit edilmi tir.  
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 Abstract 

Microstructure of cast austenitic stainless steels 
(CASS) consists of an austenitic matrix and skeletal or 
lathy type -ferrite depending on the cooling rate. The 
mechanical properties and corrosion resistance of 
CASSs are determined by their microstructural features 
i.e secondary dendrite arms spacing, the ratio of /  and 
type of -ferrite. In this study, the tribological 
characterization of CF3 (304L) and CF3M (316L) cast 
steels which are members of CASS family was carried 
out under dry sliding conditions. In friction tests, the 
tribological pairs were selected as steel/ceramic 
materials and the pairs were interacted under 10 N load 
with 0.1 m/s sliding speed during 150 m. Worn 
surfaces of tested alloys were characterized using light 
microscope and optical profilometer. Results were 
discussed according to the type and amount of 
microstructural features.  

1. Introduction 

Cast austenitic stainless steels (CASS) are widely used 
in water reactors as joints, primary circuit pipes, 
elbows, internals and valves due to their good 
corrosion resistance, strength and good formability [1-
6]. Combination of these properties is provided by 
duplex structure of austenite and ferrite [3, 4]. 
Microstructural features such as the ratio of / , type of 
-ferrite, spacing between secondary dendrite arms 

determine the mechanical properties and corrosion 
resistance of CASS. Alloy composition and cooling 
rate have significant effect on these microstructural 
features. While -ferrite forms as skeletal, lathy and 
cellular type depending on the cooling rate, the ratio of 
/  changes according to Cr and Ni equivalent [2]. 

In this study, the tribological characterization of CF3 
(304L) and CF3M (316L) austenitic cast stainless 
steels which have different phase ratios was carried out 
under dry sliding conditions. 

 

2. Experimental Study 

2.1. Material 

In the experimental study, CF3 and CF3M austenitic 
cast stainless steels, provided from a local casting 
company, were investigated. The chemical 
compositions of the steels are given in Table 1.   

Table 1. The chemical composition of experimental 
steels (wt. %). 

Material C Si Mn Ni Cr Mo 
CF3 0.06 0.29 0.87 8.90 18.10 0.35 
CF3M 0.03 0.37 0.64 10.40 17.90 2.00 

2.2. Metallographic sample preparation and 
microscopic examinations 

The surfaces of cast experimental steels were ground 
using grinding papers of 120, 320, 600, 1000, 2500 
mesh, respectively, and polished with 3 m diamond 
paste for metallographic examinations. The polished 
surfaces were then etched electrochemically with 10 % 
NaOH solution to obtain phase contrast. The etched 
specimens were investigated using both Olympus 
BX41RF-LED model light microscope (LM) and for 
Lieca QWin image analyzer for phase analysis. After 
the wear tests, worn surfaces of tested steels were 
characterized using LM and Nanovea PS50 model 
optical profilometer.  

2.3. Wear tests 

Wear tests were performed at room temperature using a 
“ball-on-disc” type tribometer and ZrO2 balls were 
selected as counterpart material. In these tests, wear 
parameters like rotational speed, normal load and total 
sliding distance were adjusted as 0.1 m/s, 10 N and 150 
m, respectively. 
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3. Results and Discussion 

3.1. Evaluation of solidified structure  

Cast structure of stainless steels can be evaluated 
according to their Ni and Cr equivalents. In equilibrium 
conditions, -ferrite precipitates from liquid. After -
ferrite nucleates from the melts, Cr is absorbed and Ni 
is rejected to the liquid, resulting in Cr depletion and 
Ni enrichment at the interface and austenite nucleates 
at the -ferrite interface. Following the austenite 
formation, Cr becomes enriched and Ni becomes 
depleted at the austenite interface, which favors for the 
formation of  -ferrite. Thus, the alternating formation 
of -ferrite and austenite at the interface repeats [2, 7].  
 
The microstructures of cast CF3 and CF3M steels 
given in Fig. 1 exhibit the solidification sequence 
described above. The solidified structures of the 
studied alloys have skeletal -ferrite, austenite and -
ferrite phases shown in both Fig 1.a and b. As 
mentioned earlier, the ratio of /  determines the 
properties of such steels. The volume fractions of the 
phases are given in Table 2. Due to higher Ni and Mo, 
CF3M has higher austenite and lower -ferrite fraction 
which lead to higher hardness value than that of CF3.  

 
(a) 

 
(b) 

Figure1. LM micrographs showing the microstructures 
of cast (a) CF3, (b) CF3M steels. 

Table 2. The volume (%) of the phases and hardness 
(HV5) values for experimental steels. 

Material Austenite  -
Ferrite 

Skeletal  
-ferrite 

Hardness 

CF3 44.6 53.2 2.2 142.5 
CF3M 77.4 20.6 2.0 135.1 

3.2. Evaluation of wear tests 

Wear test results were investigated with combination of 
the friction coefficient values and the volume loss data. 
Friction coefficient values obtained by room 
temperature wear tests are given in Fig. 2. Although the 
curves do not display clearly both run-in and steady 
state regions due to inadequate sliding distance, the 
variation of friction coefficient values can still be 
interpreted. An increase in surface hardness and -
ferrite ratio shifted the friction coefficient values of 
CF3 steel (0.18-0.25) to higher levels than CF3M steel 
(0.10-0.18).  As it is known, friction force is directly 
proportional to shear strength and contact area. Fig. 2 
suggests that; (i) shear strength is the dominant factor 
for determining the value of friction coefficient since 
harder steel has higher friction coefficient, (ii) higher 
work hardening capability of CF3M results in lower 
friction coefficient values [8]. As will be discussed in 
Section 3.3, dominant wear mechanism is adhesive 
wear for CF3M. Thus, for this steel, as sliding distance 
increases, due to the spallation of the adhesive layers, 
friction coefficient increases (Fig. 2).  

 

Figure 2. Friction coefficient values as a function of 
distance obtained by “ball-on-disc” type tribometer at 
room temperature. 

In comparison with hardness values, specific wear rates 
calculated from the volume loss data using wear tracks 
are given in Fig. 3. It is clearly seen that in CF3 
specific wear rate is lower than CF3M, making it more 
wear resistant under the studied dry sliding conditions. 
This should be expected since the -ferrite and 
hardness are higher in this steel.  
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Figure 3. Variation of specific wear rates of the 
studied steels under dry sliding conditions. 

3.3. Worn surfaces investigations 

Optical profilometric images showing the worn 
surfaces of specimens are given in Fig. 4. Worn surface 
images show that although width of the wear track is 
similar for both steels, CF3M has deeper track as a 
result of which higher specific wear rate occurs (Fig. 
3). 

(a) 

 
(b)  

Figure 4. Optical profilometric images showing the 
worn surfaces of (a) CF3 and (b) CF3M. 

LM micrographs showing the worn surfaces of 
specimens are given in Fig. 5. In both steels, abrasive 
and adhesive wear occurred although dominant wear 
mechanism changed from abrasive to adhesive as 
hardness decreased. The adhesive layer formed due to 
higher plastic deformation ability of austenite phase.  
Thus, in CF3M where austenite phase has higher 
volume, adhesive layers increased and their spallation 
caused deeper wear track (Fig. 4b) and higher specific 
wear rate (Fig. 3).  

 
(a) 

 
(b)  

Figure 5. LM micrographs showing the worn surfaces 
of (a) CF3 and (b) CF3M. 

4. Conclusions 

In this study, microstructural features and tribological 
behaviors of CF3 and CF3M cast austenitic stainless 
steels were investigated and it was concluded that; (i) 
CF3 steel had higher -ferrite phase and higher 
hardness than CF3M steel, (ii) CF3M steel had lower 
friction coefficient value due to lower shear strength, 
(iii) CF3M steel had higher specific wear rate and 
deeper wear track, (iv) dominant mechanism was 
adhesive wear in CF3M whereas abrasive wear in CF3.  
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Abstract 

Low-pressure die casting (LPDC) process is a near net 
shape casting method. Due to the high precision and 
high efficiency requirements as well as its capacity for 
high quality wheels at low cost LPDC is considered as 
the dominant process for the production of aluminum 
alloy wheels. The molten aluminum flows through the 
running system into the die cavity and then fills the die.  
During the cavity filling interactive heat transfer occurs 
between molten metal and die surface. Combination of 
die temperature, fluidity of the molten metal, 
geometrical complexity of the parts, and cooling rate 
during die casting affect the integrity of a cast 
component. Casting of relatively hot molten metal into 
the mould without sufficient surface isolation by a 
suitable lubricating medium causes great straining of 
the surface layers of the casting die material. Various 
refractory based die coatings are used to improve 
thermal stability of the die and their thermal barrier 
effect determine the die casting performance and 
process efficiency. In this study, ZrO2-MgO/NiCr 
based thermal barrier coated (TBC) die examined 
under service conditions with MAGMASOFT 
software. Thermal distribution and thermal 
conductivity differences are compared with traditional 
die coatings. 
 
Keywords: LPDC, Aluminum wheel, thermal control, 
Thermal spray die coating 

1. Introduction 
Low-pressure die casting (LPDC) process is a near 

net shape casting method. Due to the high precision 
and high efficiency requirements as well as its capacity 
for high quality wheels at low cost, LPDC is 
considered as the dominant process for the production 
of aluminum alloy wheels. The molten aluminum flows 
through the running system into the die cavity and then 
fills the die. During the cavity filling interactive heat 
transfer occurs between molten metal and die surface. 
Combination of die temperature, fluidity of the molten 
metal, geometrical complexity of the parts, and cooling 
rate during die casting affect the integrity of a cast 
component. Casting of hot molten metal into the mould 
without surface isolation by a suitable lubricating 
medium causes great straining of the surface layers of 
the casting die material. Various refractory based die 

coatings are used to improve thermal stability of the die 
and their thermal barrier effect determine the die 
casting performance and process efficiency.  

 
Thermal barrier coatings (TBCs) usually are used to 

reduce the operating temperature of the surface and to 
extend the durability. Zirconia (ZrO2) stabilized with 
magnesia (MgO) or yttria (Y2O3) coatings have been 
used in gas turbine parts as thermal barriers for several 
years. The TBC system applied to hot part surface 
usually consist of a ceramic (stabilized zirconia) top 
coat (TC: 250-1000μm) that reduces the temperature; a 
metallic (NiCr/ NiAl) bond coat (BC:50-150μm)  to 
enhance the bonding between the top coat and the 
underlying substrate. ZrO2 8wt% Y2O3 is extensively 
used as the TBC material because of its low thermal 
conductivity and excellent mechanical properties. 
When the relatively porous thermal barrier coating 
(with 10 vol% porosity) tested at 1316 °C for 20hr, the 
heat transfer coefficient value has been measured as 1.0 
W/mK [7]. Plasma or flame sprayed magnesia (%20-
24MgO) stabilized with zirconia coatings consist of 
different range (%10-50) porous top coating. MgO-
ZrO2 top coatings are economically cheaper and have a 
higher thermal expansion characteristics. They are 
good candidate for die casting die protection 
applications. With the higher porous nature and  
thickness of the coating greatly can be reduced the 
thermal conductivity. The porosity ratio and thickness 
of top coating could be controlled with thermal spray 
process parameters and feedstock material properties 
[6-10]. Numerical models are considerably useful in 
analyzing the effect of microstructure on thermal 
conductivity and for supporting microstructure designs 
that can decrease thermal conductivity and exist in 
theory. The investigation of the effects of pore 
geometry on conductive within the TBCs over a range 
of temperatures has shown that the main factor in 
controlling the conductivity was the inter-splat bridges 
and porosity morophology. The temperature of the 
coating decreased as the porosity increased in the 
microstructure. It was observed that the pores 
decreased the heat transfer along the heat flow 
direction. The shape and orientation direction of the 
pores in the TBC affected the thermal conductivity [10] 

 
Since it is difficult to make estimation for the 

casting process details in advance, casting process 
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simulation software is widely used in industrial 
applications to determine the process parameters and to 
predict possible complications in process. Therefore, in 
this study the effect and performance of thermal spray 
ZrO2-MgO/ NiCr based thermal barrier coating is 
investigated on the LPDC wheel casting process 
comparatively with traditional die coating and 
uncoated wheel die using MAGMASOFT casting 
simulation software. 
 

2. Materials and Method 
Al alloy passenger car wheels are generally 

manufactured by Low Pressure Die Casting method. In 
the method, molten Al alloy held in air tight holding 
furnace under the LPDC device is transferred to the 
metallic mold. The thermal isolation of die material is 
quite important due to the thermal cycle during the 
casting process. In the industry generally ceramic 
based conventional water suspension coatings are used. 
On the other hand, the thermal and mechanical 
advantages of ceramic based thermal barrier coatings 
are obvious over conventional coatings. Therefore this 
study investigates the effect of coating and 
consequently heat transfer between the cast and parts 
of mold. In the study, MAGMASOFT V5.2 casting 
simulation software was used to model the LPDC 
process of an Al alloy wheel. The alloy wheel was 
made of A356 alloy and filling and solidification and 
thermomechanical material parameters are already 
defined in the library of MAGMASOFT. The particular 
model consisted of a wheel, a bottom core, an upper 
core, and four side cores, plates where cores attached to 
LPDC system, riser tube, and filter.  

Governing equations of MAGMASOFT casting 
software are continuity equation, Navier–Stoke’s 
equation, energy equation and volume of fluid (VoF) 
method for the movement during the filling of die. 
MAGMASOFT uses the finite volume method to 
convert differential equations into algebraic ones and 
solve them. The whole assembly was discretized with 
total 8.000.000 cubic volume elements. 

In the study, four different simulation setups were 
prepared considering coating on die material. The 
corresponding heat transfer coefficients were given in 
Table 1 for different temperature regimes. Non-coated 
and conventional die coating heat transfer coefficients 
were obtained from MAGMASOFT database, and the 
heat transfer coefficients of thermal spray coated dies 
were determined considering coating thickness and 
porosity according to literature survey. The effective 
thermal conductivities of coatings with various 
porosities for 800 oC determined by means of a CFD 
method, the Maxwell-Eucken and Effective Medium 
Theory (EMT) model. [8-10]. 

 
 
 
 
 

A number of 5 cycles were taken after the start-up 
of casting process to ensure a steady state temperature 
profile in the die and to demonstrate the real process 
conditions better. 

 
 

Table 1. Heat transfer coefficients for different 
simulations for coated and uncoated die.  

Sim-1 
Non-

Coated 

Sim-2 
Convent. 

Die 
Coating 

Sim-3 
TBC 

t:450 μm  
P:25% 

Sim-4 
TBC 

t:850 μm  
P: 40% Temp. (°C) 

HTC W/mK 

0-542 1000 400 800 500 

542-613 2700 620 1000 750 
TBC: Top coat (TC): MSZ; ZrO2-MgO + Bond Coat (BC): 
NiCr/ TC+BC=TBC (Total Thickness; t, P:Porosity 

  
 
3. Results and Discussion 

In Figure 1, temperature distribution of simulations 
can be seen comparatively at 300 seconds of filling 
simulation. As can be seen, the highest temperature in 
non-coated mold was obtained in hub region where the 
molten metal enters into the mold cavity and gradually 
decreases radially through the spoke-rim intersection of 
the mold. Comparatively for Sim-2, conventional 
coatings can provide a good thermal isolation due to 
their ceramic base and temperature levels were dropped 
to some lower values through the mold section. Due to 
relatively higher heat transfer coefficients of thermal 
barriers modeled in Sim-3 and Sim-4, temperature 
values across the section is a bit higher than 
conventional coating but again lower than non-coated 
mold material modeled in Sim-1.  

 
 
 
 
 
 
 
 
 
 
 

P:%25 P:%40 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Comparison of temperature distribution of 
simulation results (a) Sim-1, (b) Sim-2, (c) Sim-3, (d) 
Sim-4. 

In Figure 2, temperature histories for different 
simulations and different virtual thermocouple regions 
can be seen comparatively.  As can be seen for all 
regions, temperature values were between non-coated 
and conventional coating for thermal spray coated Sim-
3.  
 

 
(a) 

 
(b) 

 
(c) 

Figure 2. Temperature histories of (a) Hub, (b) Spoke, 
and (c) Spoke-Rim intersection regions for Sim – 1, 

Sim – 2, and Sim – 3. 
 

In Figure 3, temperature histories of Sim – 2 and 
Sim – 4 can be seen comparatively to obtain the 
performance of second thermal spray coating. 
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(a) 

 
(b) 

 
(c) 

Figure 3. Temperature histories of (a) Hub, (b) Spoke, 
and (c) Spoke-Rim intersection regions for Sim – 2 and 

Sim – 3. 
 
4. Conclusion 

 
The effect of thermal isolation on LPDC wheel 

process was investigated numerically. In the study 
performance of two different thermal barriers was 
compared with non-coated mold material and a 
conventional ceramic based coating material. Results 
showed that, TBC using in both of the bottom and the 
top mold can reduce the hot spots at rim/spoke 
junctions. This led to the decrease of the temperature to 
a certain extent and satisfies the practical requirement 
in production. Uniform temperatures gradients are 
existed in both metal and mold, the junction between 
the two surfaces creates a temperature drop. 
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Process Simulation to Support Casting of Co-Cr-Mo 
Superalloy Dental Blocks Using Vacuum Centrifugal 
Investment Casting Method

T. Gürel Poyraz, F. Duygu Garip 

Nev Vakumlu Hassas Döküm - Türkiye

 

Abstract 
 
CAD/CAM usage is a field of dentistry using 
CAD/CAM (computer-aided design and computer-aided 
manufacturing) to improve the design and creation of 
dental restorations. Metal blocks are used in these dental 
prostheses, such as crowns, bridges & dental implants. 
CAD/CAM complements earlier technologies by not 
only increasing the speed & convenience of design and 
creation, but also the insertion processes, making 
possible restorations that otherwise would have been 
infeasible. Other advantages include creation of 
accurately measured prostheses, and reduce time & cost 
for the patients undergoing dental restorations. The use 
of metal alloys must have high strength and high 
ductility to have a longer life in the human jaws. 
ASTM F-75, a standard Co-Cr- Mo alloy is a commonly 
used for surgical implants, as its bio-compatible and has 
a long life. A common way of manufacturing is to make 
a forging / heat treatment followed by the casting 
process. However in this project, the required standard is 
achieved completely through casting process. Co-Cr-Mo 
alloy is casted in vacuum using centrifugal-investment 
casting process. 
For getting perfect quality of castings, it is essential to 
select appropriate casting process and technological 
parameters. Considering the efficiency and cost, the 
traditional trial and error method is no longer suitable for 
the need of modern industrial development because of 
not only huge cost but also long experimental period. 
The numerical simulation technology shows great 
advantages over the conventional trial and error method 
on forecasting defects such as shrinkage and crack. 
Simulation is employed upfront for a better 
understanding of the process and thereby have a good 
control of the process and ensure improvements at the 
right time. Several process improvements were involved 
during the course of simulation. Starting from the 
modification in the orientation of the casting positioning 
wrt to the centrifugal axis, to the modification of the 
centrifugal axis itself. The castings were also tested at 
different atmospheric pressures (air and vacuum 
environment), varying centrifugal speeds to finally 
develop a dental block showing compatibility of 
simulation results and shop floor trials. Shrinkage 
porosity and microstructure results were among the main 

comparisons. 
The paper would describe the different simulation studies 
performed to develop a dental block with experimental 
validations. The achievements of the project is to deliver a 
value added high-tech product in ASTM F-75 standard, 
protection of human health and the environment, energy 
efficiency, import substitution, reduction of costs, usage 
of recyclable materials and also provide new employment 
opportunities. 
 

1. Introduction 
 
Cobalt–chromium–molybdenum (Co–Cr–Mo) alloys have 
been widely used for dentistry and orthopedic implants 
because of their excellent strength, corrosion resistance, 
and castability [1]. Recently, computer-aided design and 
computer-aided manufacturing (CAD / CAM) 
technologies have been applied as novel methods for 
designing and fabricating dental restorations such as 
crowns, bridges, and inlays. This strategy provides a 
rapid, low-cost, and precise means of fabricating custom-
made dental restorations for patients [2]. High ductility 
and high strength are required for the medical products 
when occlusal and body forces are applied [2, 3, 4]. The 
mechanical properties can be improved during casting 
operation. Therefore, casting the Co–Cr–Mo alloys shall 
are controlled as multifaced for improving of process. 
This can be obtained with casting simulation programme 
[5, 6]. 
The actual casting experiments were carried out to 
validate the simulation results and to analyze the defects 
appeared in casting parts. In this study, ductile Co–Cr–Mo 
alloys was developed by using a vacuum centrifugal 
induction melting system for dental applications. Their 
microstructure and mechanical properties were evaluated 
and compared with those of different centrifugal speeds 
and atmospheric/vacuum environment. The effects on the 
phase constitution and tensile behavior as well as the 
possibility of using these alloys in dental applications are 
discussed. 
 

2. Experimental Procedures 
 
2.1. Alloy composition 

 
The alloy being investigated is a typical biomedical grade 
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cobalt alloy (ASTM F-75) with composition as outlined 
in Table 1. [7] 

Table 1. Chemical Compositions of ASTM F-75 and 
used in the present study 

 
2.2. Model establishment and parameters setting of 

simulation 
 

Specimens were prepared using the method of 
investment casting. The actual part of dental CAD/CAM 
metal block is shown in Fig. 1a. Actual and virtual three-
dimensional models of CAD/CAM metal block are 
shown Fig.1b and c. Virtual three-dimensional models 
and casting system were designed by SOLIDWORKS 
software. Finite element software, ProCAST was used to 
simulate filling and solidification process of investment 
casting.  

 
Figure 1. Models of  dental CAD CAM metal block 

(a) actual part; b) actual 3D model; (c) virtual 3D 
model 

 
Table 2 summarizes the range of variation of the process 
parameters registered during the experimental phase. 
 

Table 2. Experiments process conditions. 

 
2.3. The actual casting experiments 

 
Cylindrical wax patterns of diameter 98 mm and length 
10 mm were attached to a runner system. Shell mould 
was made mainly of zirconia and aluminum silicate and 
its thickness about 9 mm. The moulds were preheated to 
1000 °C in a electric-fired furnace. Vacuum centrifugal 
induction furnace was used during pouring. Before 
centrifugal casting, preheated mold shown in Fig. 2a was 
fixed on the centrifugal rotary plate on the bottom of 

furnace chamber and Fig 2b shows simulation model of 
Fig2a. On Fig. 2b, different ceramic structures are 
defined; zirconia crucible, shell mould. Prepared ingot 
was induction heated to melt in the zirconia crucible, 
pouring axis collinear wrt ceramic mould. In order to 
ensure the uniformity and pouring temperature of molten 
alloy, magnetic mix melting was keep on 3 minute after 
complete melting. Start up the rotating system, molten 
metal poured into ceramic mold by effect of centrifugal 
force. After cooling the ceramic shell was knocked off 
and specimens were sand blasted. 
 

Figure 2. Rotary plate on the bottom of furnace 
chamber (a); actual (b); virtual 

 

3. Results and Discussion 
 

3.1. Processing simulation and real casts 

Fig. 3 shows centrifugal casting simulation process and 
dental CAD/CAM metal block casting for 225 rpm 
centrifugal speed. Simulation results show (Fig. 3a-d). 
Firstly, the molten metal hits to the side wall of the runner 
(Fig. 3.a). Then it flows through center of the dental 
CAD/CAM metal block mould (Fig. 3.b). The filling is 
finalized from the bottom to the up words wrt centrifugal 
and force effect. Mold cavity was filled by molten metal 
at 2.2 second after starting effect of centrifugal force. 
When centrifugal speed was increased, filling time 
decreased. 
Shrinkage defects was observed in part, studying on low 
centrifugal speeds. On the contrary, when centrifugal 
speed was increased, shrinkage porosity moved to runner 
side and became smaller. Relating to shrinkage defects, 
Fig. 4-5 shows the comparison between experimental 
(Fig. 4) and simulated values (Fig. 5). 
 

3.2. Microstructures 
 

Fig. 6 (a –d) displays microstructures of increasing 
centrifugal speeds respectively. There is no significant 

    Alloy Co            Cr  Mo  C Si          Mn 
ASTM F-75 Bal. 27-30 5-7 <0,35 <1 <1 

Typical Bal. 28,92 6,00 0,27 0,75 0,38 

Parameters Min. Max. 

Mould pre-heating temperature (ºC) 300 1000 

Centrifugal speed (rpm) 90 225 
Vacuum pressure (mbar) 80 1000 
Gas pressure- Ar- (mbar) 300 400 
Pouring temperature (ºC) 1550 1600 

Transfer time (s) 10 60 
Time until pouring (s) 360 600 
Pouring time (s) 2.2 10 
Centrifugal time (s) 180 180 
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difference between them, i.e. nearly secondary dendrite 
arm space (SDAS) microstructures, which consist of 
SDAS (in sizes of about 40 mm). But vacuum 
atmosphere has an effect on the microstructure A new 
carbide was observed on vacuum condition in addition to 
the carbide in atmosphere condition observed. While 
M23C6 and M7C3 were observed on atmosphere 
condition, M23C6, M7C3 and M3C were observed on 
vacuum condition Fig.7 (a-b). 
 

 
Figure 3. (a-d) Centrifugal processing simulation for 

225 rpm 
 

 
Figure 4. Actual view of casting block a) Sectional view 
of 135 rpm b) Sectional view of 225 rpm  
 

 
Figure 5. Virtual view of simulating block a) Sectional 
view of 135 rpm b) Sectional view of 225 rpm  

  

  

  

a

b

c

d
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Figure 6. Microstructure images of blocks a) 90 rpm, b) 
135 rpm, c) 180 rpm, d) 22 

4. Conclusion 
 

Centrifugal investment casting processes were simulated 
and cast with a high Co-Cr-Mo alloy for dental 
CAD/CAM metal block. Microstructures and casting 
defects, including porosities, mechanic properties were 
analyzed. The simulated and actual results show good 
consistency and get the following conclusions: 
 

(1) When centrifugal speed was increased, filling 
time decreased. 

(2) When centrifugal speed was increased, 
shrinkage porosity moved to runner side. 

(3) The volume of shrinkage porosity  is effected 
respectively to the centrifugal speed 

(4) Experimental and simulated values are nearly 
same if all the experimental conditions and 
input datas were correctly entered  

(5) When centrifugal speed was changed, 
microstructure didn’t effect.  

(6) ProCAST simulation programme shows that 
more than one ceramic structures (crucible and 
shell mold) can be defined. 
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Endüstri 4.0 Döküm Sektörü İçin Bir Fırsat mı, 
Yoksa Tehdit mi? • Industry 4.0, Is It an Oppurtunity or a 
Th reat to the Foundry Industry?

Yaylalı Günay 

Günay Danışmanlık - Türkiye

ÖZET: 

Dünya kayn n n azalma  enerji üretim yap n n de mi 
ve ürünlerden beklentilerin artma üretim sistemlerinde 
dünyada farkl  yakla mlara yol açmaktad . Maliyet rekabeti  
sürekli yenilik beklentileri ay sal bir yap n n getirdi i 
avantajlar klasik üretim sistemlerinde radikal de kliklere 
neden olmaktad r. Sadece robotla n çal  üretim tesislerinde 
ya an n birçok problem nedeni ile “makina ve insan n yeni 
üretim anlay nda berab n n verim d
gözlenilmektedir. 

Say al dünyan n olanak  ile makinalar insanlarla ve 
makinalar kendi aral nda haberle ek ürünlerin kavramsal 
olarak y lma dan son kul n eline u ma üreci 
21.yüzy l sanayi evrimi veya sanayide rönesans veya k aca 
Endüstri 4.0 olarak adland mak  

Döküm sektörü  otomotiv ve enerji üretimi gibi ana 
pazarlar nda yap sal de i iklikler nedeni ile kapasite 
kaybederken gerek yeni pazarlar kazanma ve rekabetcili ini 
artt ma yönünden yeniden yap lanmal  

Klasik üretim tar n n ve k yetene inin ön planda oldu  
döküm sektöründe sadece dökümcülerin ak llanma k 
rekabet için yetmemek er say sal dünyada fabrikala a 
ak gerekmektedir. 

Tebli de ak ll retim esasla na göre döküm tesislerinde 
Endüstri 4.0 anlay n n hangi alanlarda ve na
uygulanabil  ne gibi yap  d ikliklerden geçilmesi 
gerekti i  dünya döküm tesislerinde uygulama örnekleri ve 
Türkiye’dek malar an mak  

Anahtar sözcükler: Endüstri 4.0 ak döküm fabrikala
makina ve insan ara yüzü  döküm sektörü 

ABSTRACT: 

Diminishing world resources  change in the structure of energy 
production and increased expectations from products are 
forcing a transformation in the world manufacturing systems. 
Aided with the advantages provided by the digital world  
competition in costs and continuous novelity expectation  are 
all causing radical changes in the classical manufacturing 
systems. Due to the many misfailures experienced with the 
intensive use of plain robotic system  it has now being 
considered that co-operation of “Man” and “Machines” will be 
more productive in the new manufacturing systems. 

The new reality of creation of products from concept to the end 
product with information exchange of machines among 
themselves and also machines with humans via the support of 
digital world capabilitie  is now named as the 21st Century 
Industry Revolution or “Renaissance of the Industry” or simply 
Industry 4.0. 

Foundry industry  losing capacity and markets with the 
structural changes in the best customers as automotive and 
energy requires to be restructured to gain access to the new 
markets and retain their competitiveness. 

In an industrial sector as the foundry business where classical 
production systems dominate and depend mostly on human 
capab  production facilities have to be smartly designed 
and operated as well as the foundrymen being smarter. 

In the presentation  application possibilities of Industry 4.0 in 
foundries  structural changes that will be required  examples 
from world foundries adopting Industry 4.0 and applications in 
Turkey are being detailed. 

Key Words: Industry 4.0  smart foundries  man-machine 
interface  foundry sector 

G  

DÜNYADAK YAPISAL GEL MELER: 

Önümüzdeki on y lda global dünyay  3 temel trendin 
ekillendirece i beklenilmektedir: 

a) a vadeli etkileri neredeyse günlük  olan  toplam talebin 
zay flamas  ve dönü en enerji piyasa  b) Yap  sorunlar n 
en güçlü ve de mez trendleri olan ken me ve nüfusun 
ya anma c) -Belirsiz ve de kenlik gösteren teknolojik 
innovasyonlar ve global ba l k.  

Yeni teknolo  üretim tekniklerini en ndan prototip 
olarak bir alanda deneyip  seri üretim ve pazar sistemlerinin 
at l m  yeniliklerle takviye edilmes  gelecek pazarlarda yer 

nma o n t mak  Küçük ler büyümekte  
at l m yapamayan büyük irketler ise gerilemektedir. (1) 

nin yeni malzemeler ve üretim metod n n 
kullan ma h nm  yeni fiyat-maliyet dengelerinin
yeni rekabet ko ulla n n  yeni i -insan kilerinin  yeni ürün-
mü ba l n n kurulmas n  gerektirecektir. Birbiriyle 

m kuran makin nsuz ba mkan k ve 
ba ürün dört boyutlu bask kniklerinin üretimde 
girdi alan ve girdi veren sektör ba n  de me
süreçlerini h zla de irecektir. kil 1) Bütün bunlar n 
sonunda  20.YY son ndan itibaren önem kaybeden “üretim” 
dünyada tekrar gözde hale gelmektedir. kil 2) (31) 

 

Üretim  rendler: 
1) A ll  üretim esa na uyan fabrikalar 

2) Ürün üretim süresinin k klemeye tahammül yok) 

3) Ya nan nufus (Çin vs genç ve ucuz üretim eleman n 
art k çözüm olmaktan ç yor) 
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 herkesden 
 

fonksiyonu olan) 

6) Ekolojik sürdürülebilirlik

 

 yönleri (16) 

 

 Üretim güç ve hevesinin kaybedilmesi (34) 

 

=  

 
 

Ürün konsepti,  üretimi, ürüne göre tesis 

 bulut, internet ve 
eri 

 

. Binlerce 

 ve 
 dir. (2, 3) 

 

 

m
edilmektedir. Her türlü tesiste ve süreçte sonsuz s

 
Bu d ek dünyalar birbirine 

makinalar 
 (6) 

 
  (16) 

-
ilip, üretim 

Endüstri erine 
. (29) 

k uygulamalar
küçük de 

  

ENDÜSTRI 4.0 NEDEN ÖNEMLI? 
-

z  
-Endüstri 4.0 tüm üretim süreçlerine daha fazla esneklik ve 
özgürlük getirebilecek s .  
-

inal maliyeti oldukça 
  

-
. Bu çerçevede 

ana hedef, imalat süreçlerinin bütünsel olarak, yani üretkenlik, 
da optimizasyonunu 

  

-Endüstri 

dir. (26) 

 
-Esneklik 

-  

-  

-  

-
nalar 
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-  

- n fabrikalar 

- ler  

-  

-  

-  

-  

-  

-  

ulanmakta olup, 

 (7, 18) 

 
 

1) Esnek  

 

 

 

5) Bilginin  

 

7) Önleme, önceden hissetme ve optimizasyonun 
 

 

 
 

2)  

3) Tüm  

 zeka, 

5) Güçlü ve etkin internet-  

 

data sist  

düzenleyen makinalar 

9) Süreçlerden ve sonuçlardan sapma halinde, operator ile 
direkt veya uzaktan kumanda ile temas 

 ve müdahele 
 

 

kavramlarla üretim ve ürünün yönetilmesi hususu iyi bir 

nabilmektedir. 

 

Genelde, bu müdahelede 

iyetler gereksiz 
 

 

süreleri en aza indirilmektedir. 

-Tüm makina ve robotlar tek bir merkezden yönetilmekte ve 
 Koruyucu ve önleyici 

hareket edilmektedir. 

sapmalar gibi bir çok husus kayda geçirilip, ürün etkilenmeden 
ilmektedir. 

 

Endüstri 4.0 tüm üretim, planlama, sevkiyat, kalite ve sonunda 
 

 bu beklentinin 
 

 
 

optimum düzeye inilmesi
-  
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operatörlerden yararlanma, 

 

edeni ile para ve kalifiye eleman 
 

-

  

planetimize daha az zarar verecektir. 

-
etkin olmakta  

Ana felsefe:  

. 

 

 
1) Kalite: -üst kalite 
parametrelerinden SPC
alt-

dir (i-
üst limitlerin geçilmesi halinde, üretim durdurulmakta, ilgili 

nceki makina veya 

geçerek gereksiz ara 

gönd  

2) Üretim planlama:  Planlanan üretim haricinde ek bir 

kalamayaca
iletmektedirler.  

  (25) 

 Tesis ve 

sa sürede ve üretimi 
 

4) Üretim:  Üretim için gerekli olacak 

girilmektedir. Her türlü ham 

sto . 

edilmesi ile gereksiz m r. 

 
-Endüstri 4.0 için  daha fazla . Hata 

 
li 

. 
ihtiyaç olacak . 

. 
(10)  

dir.(13) Yeni üretim tesislerinde insan 

olacak . 

 
1) kalifiye 

 

2) 

ektedir. 

3) inde 

 
ye  (12) 
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4) 

 

ride 
Endüstri 

 

-Endüstri 4.0 sadece 
toplama sistemi ile makina yükleri, makina yönlendirme, hava 

 verimleri 
 

 
 Sanayinin ana sürükleyicisi otomotiv sanayinde 

 (19) 

olacak
sistemlerin a  

 

 

 
Döküm tesisleri ve üretim me

 

beklenilmelidir. 

hala tam ola

Döküm 4.0 denilmekte. 
urulup, 

  

 

 (31) 

A) Üretim yönetiminde döküm sektörü için 
mevcut durum- 

-Hammadde ve : 
elle veya basit bilgisayar p
etkisinde. 

-  Sisteme el ile girilmekte 

-  veya bir   
 

-Ocak eritme: El ile 

-  El ile 

-  El ile (Aralarda önemli 
 

-  El ile 

- : El ile 

- : El ile 

-Maça üretimi: El ile  

-Temizleme: .  

-Sevkiyat:  
 

sürelerinde 

  

girmektedir.(4) 
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B) Üretim yönetiminde  
 

  Stok seviyesine göre 
 

Maliyet, stokla
olarak hesaplanmakta, yükleme otomatik o
reçeteye göre  

Ocak eritme:  
ve/veya 
otomatik ölçülüp, eritme tamamlanmakta. 

 

 bilgilerin  sistem tüm 
. 

 

p 
 

 
 

sistemin ikaz e  

 

edilebilecektir. 

n bir konudur 

-
makina-

 

yönetilen mevcut teknolojide bir 
YB döküm makina grubu, ortalama 35-

.fakat bilgi merkezi 

 Yeni sistemde bunlar tek merkezde 
 

 

 
sistemin yönetimesi (4) 

içinde uygulanabilecek olan, parça 

bilgiler parça içine gömülü bir çipde bulunacak . Bu data tesis 

 

bilgisayara akta dir. 

, Endüstri 

 

bölümleri ile ve üretim yönetim merkezi (MRP) ile sürekli 

  (30) 

 
bekleme, bir sonraki sürece ürünün geç veya eksik 
gelmesi gibi hususlar:  

a) önlenilmekte  

 
 

azalmakta  
e) gec

n bilgi 
verilmektedir. 
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 ve merkezi olmayan malzeme 
 

 
 Bir YB üretim grubunun tüm çevre birimleri ile 

 (30) 

uygun kum üretimi, 

 

Benzer makina-süreç-

 

g  

 

 

KURTZ-ERSA/ Hasloch-Almanya (Frankfurt am 
 nde 

 
 

-
benzeri program ile 
-  

-
 

-
konveyörlerle, 
-Hiç ara stok ve bekleme yok 
-  
-  
-Ürünlerin her safhada otomati

 
-  
-
merkez datadan takibi 
-  
-  
-  

 

 10: 
Kurtz-Ersa sfero döküm tesisi (22) 

KURTZ-ERSA Döküm tesisinde Industry 4.0 ile elde 
edilenler (21) 

1)  
2)  

 
3)
izlenilmesi 
4)SAP ile entegre ticari ve teknik süreçler 
5)
b

 
6)  
7)  
8)Opera

r. 
 

 
1)

planda olup, tercih edilmektedir 

2) enler Endüstri 
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3)  

 

4)
 operasyonlar, makina ile 

 

5)

 

6)

haberl

ve pompalar) 

7)

 

8) Özellikle Türki
-

döküm tesislerinde Endüstri 
 sistem incelenerek, kademeli 

olarak uygulamaya geçilmeli ve yenilenecek her makina için 
-Makina-  

9)
Endüstri 4.0 

 

10)Döküm tesislerinde Endüstri 
eme tesisleri b) Maça tesisi c) 

 

11)  
ilmesi ile ilk etaptan son etaba kadar 

 evresinin ana felsefesidir. 

 
s Endüstri 4.0 döküm tesisi 

 

12)

Son
   

 
-  

-Mevcut sistemde ne kadar uyum var? 

-  

-  

- süresi ve bedeli 

-  

-  

 
olmakla birlikte, 

 ve ileri teknoloji içeren ürün 
 

Endüstri 4.0 gibi gereksiz verimsizlikleri önleyecek 

görünmektedir. 

bilmesi için 
 

girenlerin ise, sistemin tüm getirisinden yararlanamama
konusu.  

Türkiye, Sanayi D  
 

Endüstri 4.0 ve 
Robot-Makina-

 

 

avantajlar ve özellikle ürünlerinin gelecekte rekabet gücünün 
 

uygulamalar sonunda elde edilebilecek tasarruflar için rapor 
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 firmalardan yeni tesisleri için Endüstri 4.0 

 

B) 3-  bu sistemi uygulamak için 
ile temasa geçilmeli. Bu tesisler kademe kademe yeni sisteme 
uydurulabilmektedir.Daha eski makinalar elektro-mekanik 

 

C) Sistemi anlayacak ve 
 aksamadan 

sistemi kurulu ol  

D) Tüm tesisi bu hizmeti veren 
firmalardan veya enstitülerden  

 
-Endüstri 4.0 manuel 

 

-
ürün performans beklentileri sürekli artan bir sektör olan 

 

-
beklenilmemeli. 5-

 

-  ve bunun 
 Türk döküm sektöründe, 

otomasyon ile 
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Abstract 
 
This is a kobetsu-kaizen example about cost reduction 
studies on heavy vehicle carrier casting that is molded on 
vertical molding line. 
 
The basic parameters of the casting cost was inspected. It 
was targeted to 10% cost reduction by studying labourship, 
scrap rate and metal yield. After performed the why-why 
analysis, chosen actions were done on the model step by 
step. At the end of the study, 12,6% cost reduction was 
realized. 
 
1. Introduction 
 
The heavy vehicle brackets are new product family in 
Demisa . For reaching the sustainable success and being 
competitive in this sector, it was targeted the lower 
production cost. So, it was started a kobetsu-kaizen study at 
below steps. 
 

1. Determining the theme 
2. Current cost analysis and targets 
3. Team building 
4. Initial condition of the model 
5. Time planning of the project steps 
6. Why-why analysis 
7. Improvements 
8. Verification 
9. Standardization 
10. Replication 

 
 
2. Performed Kobetsu-Kaizen Steps 
 
Step 1. For reaching the sustainable success and being 
competitive in this sector, it was targeted the lower 
production cost.  
 
Step 2. In the second step, analyzing the current production 
cost, determined the targets that reducing the cost of 
process steps. Then performing the casting simulations, 
current situation was evaluated in the production. 
 

 
Figure 1. Cost analysis and targets 
 
Step 3. Project team was consisted of engineers, manager 
and workers.  
 
Step 4. Current situation of the model was investigated. 

 
Figure 2. Initial condition of the model 
 
Step 5. Project plan was determined and traced the 
realization. 

 
Figure 3. Project plan 
 
Step 6. Performed the why-why analysis and determined 
the actions to be taken. After the why-why analysis, the 
team decided to take four actions for reducing the cost.  
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Step 7. Improvements. In all the actions, studies were 
supported with Magma Simulation software.  
 
Action 1:  Step 1: 

• Common feeder was divided by using a shell core 
• In this way, completion laborship reduced with 

just one time trimming operation  
 

 
Figure 4. Action 1 Step 1 
 
Action 1:  Step 2: The shell core removed from the casting 
system 
 

 
 
Figure 5. Action 1 Step 2 
 
Action 2: Changed the gating position in order to reduce 
scrap rate 

 
Figure 6. Action 2 
 
Action 3: To reduce the sand defects, a filter placed to 
runner system  

 
 
Figure 7. Action 3 
 
Action 4: The feder and runner optimized for increasing the 
metal yield 
 

 
Figure 8. Action 4 
 
Step 8. After all the taken actions, performed a casting trial 
and evaluated the results. 
 
Step 9. After the verification of the model, the production 
instruction was updated. 
 
Step 10. The taken actions on this model were 
implemented on the similar models. 
 
3. Results and Discussion 
As a result of taken actions, the effects of the studied 
parameters on the total cost were decreased as follows. 
 

 
 

 
4. Conclusion 
 
In the result of this kaizen study, the total cost was reduced by 
12,6%. 
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Abstract 
 

Direct chill casting is main casting method for mass 
production of hot rolling ingots and extrusion billets. 
Producing flat products for various industries is being done 
with hot rolling. Due to high surface quality requirements 
of most of flat products, quality casting is important. One of 
main surface defects are blisters on surface. These blisters 
are caused by aluminum oxide inclusions in form of folded 
oxide films, also called biofilms. In this study in a direct 
chill casting and hot rolling facility, effects of various melt 
treatment options are evaluated with usage of bifilm index 
method as quality measurement. It is found that gas purging 
with porous plugs instead of lance type degassers are more 
effective and reduces surface defects. 

 
1. Introduction 

 
Economically aluminum is second most important metal 
and almost half of annual aluminum casting uses direct chill 
casting for flat products via hot rolling or billets for 
extrusion for various applications. While  both primary and 
secondary aluminum is used is cast houses around the 
globe, secondary aluminum consumes significantly less 
energy and has less impact on environment. [1].  Therefore 
proper melt treatment is a requirement with usage of 
secondary aluminum. 
End product quality has several aspects affecting it. Melt 
quality is the most important one and must be kept high. Both 
metal treatment and good casting practices effect total melt 
quality.  Studies have shown [2] good transfer designs 
enabling laminar flow and quiescent casting conditions effect 
cast quality in a good way. 
Gas porosity is one of main defects in both performance 
critical products like engine parts, and surface critical 
products like sheets. It is widely believed that hydrogen 
concentration is the only reason behind porosity defects but 
it’s impossible for hydrogen to nucleate into porosity without 
any defects [3] 
Instead Campbell suggested entrained aluminum oxide films, 
called bifilms are source of gas porosity in aluminum casts 
[4].  
Dispinar and Campbell [5] suggested a new way to determine 
melt quality called bifilm index. Method is basically getting 
samples from the melt at any given time and solidifying it in 
a reduced pressure machine. Vacuum pressure causes bifilms 
to swell and appear as cavities when samples are cross 
sectioned. Then a bifilm index is calculated as total bifilm 
length across the cross section surface using an image 
analysis software. Lower bifilm index means cleaner melt. 

Along with total bifilm length, number and average size of 
pores gives information about cleanliness as well. 
 

 
In this study a direct chill casting system is examined. 
Different degassing methods, effects of ceramic foam filter 
on melt cleanliness were evaluated using reduced pressure 
test and bifilm index method. Porous plugs are considered 
second most effective degasser systems after rotary degasser 
systems. Because of economic reasons and furnace 
geometry, porous plugs were viewed as an adequate option 
for this study. 
 

 2. Experimental Procedure  
  
  Aluminum Alloy 1050 used in this study is given in Table 1. 
  

Si  Fe  Cu  Mn  Mg  Zn  Ti  Al  
0,3-
0,4 

0,40  0,02  0,02  0,02  0,02  0,08-
0,14  

Rem  

 
  Table 1. Chemical composition of 1050 

 
A natural gas fueled tilting furnace with 3.5 tons capacity was 
used for melting. Furnace charges contained approximately 
%40 secondary ingots, %40 scrap metal and %20 in-house 
scraps. Nitrogen was used for degassing. Three different cast 
conditions were examined. Ten casts were done for each 
condition. First batch of casts were done with 10 minutes of 
fluxing with lance type degasser followed with 20 minutes of 
degassing. Second batch with a porous plug installed to the 
middle of the furnace base. Third batch with 2 more installed. 
Degassing with porous plugs started after final charge in the 
furnace melted down, for 1 hour before casting process started 
and no flux with porous plug trials. Casts started at 740o C. 
 
Figure 1 shows layout of the casting system. Circle numbered 
1 is the first porous plug location, 2 and 3 are second and third 
porous plugs. 
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Figure 1. Casting system and porous plug placement. 
 
During casting AlTiB grain refiner was added right after 
furnace spout. A 30 cm X 30 cm X 12 cm 30 ppi ceramic 
foam filter was used on all casting processes before casting 
table. For  Four 15 cm X 45 cm X 520 cm slabs were casted. 
After a 3 mm scalping on both wide faces slabs were heated 
to 400 C and hot rolled 9 passes times to an average of 1,3 
cm. After elongated and being cut into different sized sheets, 
a cold rolling of 6 passes were done and after cutting discs 
they were batch heat treated at 380 C for recrystallization. 
 
Bifilm index was measured using a reduced pressure test  
machine (figure 2). Samples were solidified at 95mbar for 2 
minutes. Metal moulds used in conventional hydrogen 
measuring RPT tests are considered inappropriate. For 
slower solidifying, ceramic moulds, kept at 150 C were 
used. Samples were taken from inside the furnace, before 
and after ceramic foam filter for comparison. Discs were 
examined for blisters to measure scrap rate after heat 
treatment. 
 

  
 

Figure 2. Reduced Pressure Test Machine 
 
 3. Results and 
Discussion 
 
Average after filter cross sectioned samples are shown in 
Figure 3. 

 
Figure 3: Samples taken from launder after filter box for 

different molten metal treatment setups 
a) pipe type degasser, b) single porous plug c) three porous 

plugs. 
 
 
Bifilm indexes and average porosity sizes were calculated 
with image analysis and data tables can be seen below in 
Figures 4-10. 
 

 
 
  Figure 4: Bifilm index measurements for pipe type 
degassing.  
 

 
 

Figure 5. Average bifilm size after pipe type degassing. 
 
As seen in figure 4, the melt quality of the initial charge quite 
low where the bifilm index is 140 mm. After degassing with 
a pipe, the bifilm index did not decrease significantly. It only 
reached a value of around 130 mm which indicates that pipe 
degassing is not functioning as expected. However, after 
filtration, bifilm index drops down to 35 mm. This means that 
the filtration is working in a positive way to eliminate the 
defects; i.e. entrapping the bifilms. Figure 5 shows the 
average bifilm size change through the process steps. It can 
be seen that before degassing, the average bifilm length is 9 
mm, after pipe degassing it decreases to 8 mm and after 
filtration it is around 4 mm. This may be an indication that 
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ceramic foam filter is filtering some inclusions but incapable 
of filtering all of them. 
 

 
Figure 6. Bifilm index measurements for degassing with 
single porous plug. 
  

 
 
Figure 7. Average pore size for degassing with single porous 

plug. 
More efficient degassing was achieved when a porous plug 
was placed at the bottom of the furnace. As can be seen in 
Figure 6, after degassing, the bifilm index is decreased from 
100 mm to 20 mm. After filtration, there is no significant 
change in bifilm index. Figure 7 shows the average bifilm 
size. It can be seen that after degassing average bifilm is 
reduced to a size even smaller than 2.5 mm; and after 
filtration, 1.3 mm is obtained. This may be explained via 
increased filtration performance as average particle size 
decrease.  
 
 

 
Figure 8. Bifilm index measurements for degassing with 
three porous plugs. 
 

 
 
Figure 9. Average bifilm sizes for degassing with three 
porous plugs. 
 
 

 
 
Figure 10. Scrap rate for each melt treatment setup. 
 
 
 
 
Best degassing performance was achieved with addition of 
two more porous plugs to base of the furnace. As can be seen 
from figures 8 and 9 Average bifilm sizes and bifilm index 
values are lower than single porous plug setup. Scrap rate can 
be seen at figure 10. While 5 percent is a big improvement, for 
mass production of flat products, it might not be still good 
enough. 
 
Degassing and fluxing are widely used in casthouses around 
the world. Figure 4 and 5 shows that while probably reducing 
bifilm content, uncontrolled stirring also increases bifilm 
content thus reducing melt quality or not changing it at all. 
Results from porous plugs have shown that its possible to 
reduce bifilm content with increased effectiveness. Error bar 
width also reduced in porous plug trials which means 
variability also reduced towards a more controllable metal 
treatment. 
 
3. Conclusions 
 
Melt quality is the most important parameter for quality of the 
end product. 
A very simple, quick way to measure melt quality at any stage 
of casting process is bifilm index method. 
Bifilms are detrimental defects and they can be easily reduced 
by using porous plugs instead of pipe degassing for more 
controllable melt treatment. 
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While melt treatment is important and effective, quality and 
purity of charge material is important for final melt quality as 
well. 
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Abstract 

High strength 7075 aluminum alloy is mostly used in 
automotive, defense and aerospace industries due to 
their superior and promising physical and mechanical 
features. In this study, the effects of high pressure die 
casting method in thin sections were investigated for 
as-cast and heat treated 7075 aluminum alloy. The aim 
of this study is mainly research microstructures of thin 
sections in order to be able to see the effects of high 
pressure die casting (HPDC) method in terms of grain 
size and hardness. Moreover, porosity percentage was 
also determined with the help of special software. 
Thus, work specimens were prepared and 
characterized. After that, obtained information was 
evaluated for different heat treatment conditions for 
thin sections.  

1. Introduction 

According to the literature, high pressure die casting 
can be seen as fast casting method in which liquid 
metal is injected to the mold cavity [1]. This means that 
high kinetic energy of liquid metal is used during this 
casting process. HPDC can be also seen as a kind of 
permanent mold casting [2]. During this process, high 
pressure is applied with high speed thanks to some 
special casting machines. Moreover, pressure is also 
applied during solidification processes. This method is 
used to create large surface areas with good surface 
properties for intricate casting parts [2]. Nevertheless, 
there are some disadvantage of HPDC. The first one is 
that both of high pressure die casting machine and its 
dies are pretty expensive. That is why, they are 
generally preferred for mass production. The other 
disadvantage is that this process brings about turbulent 
filling in the mold [2]. Therefore, turbulent flow causes 
gas inclusions and porosity in the casting parts. This 
situation can be also problematic during heat treatment 
processes since gas inclusions and porosities turn to 
blisters when different heat treatments are applied. In 
order to prevent this problem, some vacuum equipment 
are used together with this machine. This means that if 

there is no vacuum process, it is expected to see 
porosity problem. 

Aluminum alloys are generally preferred for high 
pressure die casting method. In this study, aluminum 
7075 alloy was used. This allow is a good candidate for 
defense and aerospace applications due to its high 
mechanical properties. There are some different heat 
treatments for this alloy in order to improve its 
mechanical properties. During this study, T6 heat 
treatment was applied to aluminum alloy after HPDC 
process. T6 heat treatment includes solutionizing, 
quenching and aging stages respectively.  

2. Experimental Studies 

In this study, horizontal high pressure die casting 
machine was used in the Department of Metallurgical 
and Materials Engineering of Middle East Technical 
University without vacuum unit as it can be seen in 
Figure 1. This machine can apply 15 tons injection 
whereas, it can also work with 200 tons capacity of 
mold closure. 

  

Figure 1. High Pressure Die Casting Machine 

During this process, a special metal mold was used in 
order to produce casting parts with thin sections. 
During casting, metal mold was preheated up to 250oC. 
6 different specimens were produced like in Figure 2. 
One of them are used to determine microstructure of 
as-cast part. For other 5 specimens, T6 heat treatment 
was applied with different solutionizing temperatures. 



TMMOB Metalurj i ve Malzeme Mühendisleri Odas ıBildir i ler Kitab ı

104118. Uluslararas ı Metalurj i ve Malzeme Kongresi   |   IMMC 2016

465, 470, 475, 480 and 485oC temperatures were 
chosen as solutionizing temperatures and it applied 
during 90 minutes respectively. After that, these 
specimens were quenched in the water and all of these 
5 specimens were aged in the the furnace. Aging step 
was applied at 120oC during 24 hours. By this way, T6 
heat treatment was completed. 

 

Figure 2. Produced Specimens 

 

Figure 3. Specimen Preparation  

After all of production and heat treatment processes, 
each specimens were cut as in Figure 3 in order to be 
able to obtain the thinnest sections. The thickness of 
these sections is approximately 3.5mm for each of 
specimens. These specimens were prepared for 
metallographic examination and their microstructures 
were determined by the help of optic microscope. 
Grain size determination were done with a special 
software according to ASTM standard. With the same 
program, porosity percentage was also measured. After 
that, micro hardness values were measured. Even if 
determination of micro hardness values is not so 
suitable for this casting parts, it was also used to get 
some information about heat treated aluminum alloys.  

3. Results and Discussion 

After T6 heat treatment with different solutionizing 
temperatures, these microstructures were obtained as 
Figures 4, 5, 6, 7, 8 and 9. As it can be seen in these 
figures, cellular microstructures exist as it was 
expected because of low thermal gradient of HPDC 

method. After those microstructures was taken, their 
grain sizes were measured. For each microstructures, 
20 different grain size values were taken with software 
in order to get better results statistically.  

 

Figure 4. Microstructure of As Cast 7075 Aluminum 

 

Figure 5. Microstructure of T6 Heat Treated 7075 
Aluminum Alloy with 465oC Solutionizing Temperature 

 

Figure 6. Microstructure of T6 Heat Treated 7075 
Aluminum Alloy with 470oC Solutionizing Temperature 
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Figure 7. Microstructure of T6 Heat Treated 7075 
Aluminum Alloy with 475oC Solutionizing Temperature 

 

Figure 8. Microstructure of T6 Heat Treated 7075 
Aluminum Alloy with 480oC Solutionizing Temperature 

 

Figure 9. Microstructure of T6 Heat Treated 7075 
Aluminum Alloy with 485oC Solutionizing Temperature 

 

 

Table 1. Results of Grain Size Measurement for T6 
Heat Treatment with Different Solutionizing 
Temperatures 

 

 

Figure 10. Average Grain Size according to T6 Heat 
Treatment Solutionizing Temperatures 

When the results of grain size measurement were 
evaluated, it was seen that the lowest grain size values 
were determined in T6 heat treatment with 475oC 
solutionizing temperature. Therefore, if it is taken into 
consideration that lowest grain size gives better 
mechanical properties, it can be said that 475oC is the 
better T6 heat treatment condition for 7075 aluminum 
alloy.  

More importantly, the average grain size values for all 
specimens are really low in thin section due to the 
effects of HPDC method. In the literature, while the 
average grain size of heat treated 7075 aluminum alloy 
is determined in between 120 to 150 micron; these 
values were determined in between 30 to 50 micron in 
this study. Therefore, it is able to be stated that HPDC 
decrease grain size in thin sections drastically. 

 

1 26.85 73.65 43.80 36.8 36.8 52.10
2 30.95 52.10 30.95 26.85 43.8 52.10
3 26.85 73.65 43.80 43.8 36.8 36.80
4 30.95 43.80 30.95 36.8 43.8 52.10
5 36.80 36.80 52.10 30.95 30.95 43.80
6 26.85 36.80 43.80 36.8 36.8 43.80
7 30.95 43.80 30.95 30.95 52.1 52.10
8 30.95 43.80 36.80 30.95 30.95 61.95
9 30.95 21.90 36.80 26.85 52.1 52.10

10 21.90 43.80 43.80 30.95 36.8 52.10
11 30.95 30.95 26.85 26.85 52.1 43.80
12 26.85 43.80 30.95 30.95 30.95 43.80
13 21.90 43.80 36.80 30.95 30.95 30.95
14 26.85 43.80 36.80 36.8 30.95 61.95
15 30.95 36.80 30.95 36.8 43.8 52.10
16 26.85 36.80 43.80 36.8 36.8 36.80
17 26.85 30.95 36.80 36.8 36.8 52.10
18 26.85 36.80 43.80 30.95 30.95 52.10
19 30.95 36.80 43.80 30.95 30.95 30.95
20 26.85 30.95 36.80 30.95 43.8 30.95

Aveg.* 28.49 42.08 38.06 33.03 38.45 46.72
*All values were measured as "micron", HT (Heat Treatment)

As Cast T6 HT with 
465°C Soln T.

T6 HT with 
470°C Soln T.

T6 HT with 
475°C Soln T.

T6 HT with 
480°C Soln T.

T6 HT with 
485°C Soln T.
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After grain size measurement, micro hardness values 
were also determined. Even if it was thought that micro 
hardness values are not going to be so accurate for this 
alloy because of high precipitation concentration in the 
microstructure, all of micro hardness values were also 
checked. According to this results, hardness values 
were consistent. Although it was expected to see the 
highest average hardness value for T6 heat treatment 
with 475oC solutionizing temperature due to the lowest 
grain size, average hardness values of T6 heat 
treatment for 465 and 480oC solutionizing temperatures 
were high as well. The reason of this situation can be 
related to the regions in which hardness values were 
taken because, precipitates can be delusive if hardness 
values were taken from their surface.  

Table 2. Results of Hardness Measurement for T6 Heat 
Treatmen with Different Solutionizing Temperatures 

 

 

Figure 11. Average Hardness Values according to T6 
Heat Treatment Solutionizing Temperatures 

After all of these examinations, porosity percentage 
was also determined by phase analysis ability of a 
software. As it is known, porosity and gas inclusions 
were expected in HPDC method. During this 
examinations, porosities were received as a different 
phase. By this way, their percentages were determined. 
There Phase analysis can be seen in figures 12, 13, 14, 
15, 16 and 17. Moreover, their porosity percentages 
were measured as Table 3. There images were taken 
from polished surfaces without etching.  

 

Figure 12. Phase Analysis of As Cast 7075 Aluminum 
Alloy 

 

Figure 13. Phase Analysis of T6 Heat Treated 7075 
Aluminum Alloy with 465oC Solutionizing Temperature 

 

Figure 14. Phase Analysis of T6 Heat Treated 7075 
Aluminum Alloy with 470oC Solutionizing Temperature 

 

Figure 15. Phase Analysis of T6 Heat Treated 7075 
Aluminum Alloy with 475oC Solutionizing Temperature 

 

Figure 16. Phase Analysis of T6 Heat Treated 7075 
Aluminum Alloy with 480oC Solutionizing Temperature 

1 73 167 138 167 171 149
2 72 161 141 165 169 156
3 89 159 149 171 166 157
4 74 176 141 165 167 161
5 83 174 146 169 169 165

Aveg.* 78.2 167.4 143 167.4 168.4 157.6
*All values were determined in Brinell scale, HT (Heat Treatment)

As Cast T6 HT with 
465°C Soln T.

T6 HT with 
470°C Soln T.

T6 HT with 
475°C Soln T.

T6 HT with 
480°C Soln T.

T6 HT with 
485°C Soln T.
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Figure 17. Phase Analysis of T6 Heat Treated 7075 
Aluminum Alloy with 485oC Solutionizing Temperature 

Table 3. Phase Percentages for T6 Heat Treated 
Specimens with Different Solutionizing Temperatures 

 

When these values are investigated, percentage of 
porosity was determined about 4% for each specimens. 
This value can be considered as normal for high 
pressure die casting method because of turbulent flow 
in the mold.  

4. Conclusion 

In this study, the effects of high pressure die casting in 
thin sections of heat treated 7075 aluminum alloy was 
investigated. During this researches, not only the 
effects of HPDC in microstructures was determined, 
but also the effects of heat treatment in hardness values 
were also investigated. At the end of this study, the 
results were evaluated. According to these results: 

 HPDC causes low grain size in thin sections 
due to low thermal gradient and high 
undercooling value. When thermal gradient is 
low and undercooling becomes high, cellular 
structures are expected to see in the 
microstructures. As it was seen in the all 
microstructures, average grain sizes were 
measured between approximately 30 and 50 
micron. It can be considered very low grain 
size for aluminum alloys.  
 

 Due to the turbulent flow in the mold during 
the movement of molten metal, it is seen some 
gas inclusions and porosities. Even if there 
was no blister problem in this study, this 
situation can also cause blisters in big cast 
parts during heat treatments.  
 

 For T6 heat treatment of 7075 aluminum 
alloy, 475oC was determined as the most 
suitable solutionizing temperature in order to 
obtain the lowest grain size. Even if it cannot 

be said the same about hardness values for this 
study, it was seen that this solutionizing 
temperature is also good condition for 
hardness values as well.  
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T6 HT with 
485°C Soln T.

*These values were determined as %Area, HT (Heat Treatment)

As Cast T6 HT with 
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T6 HT with 
470°C Soln T.

T6 HT with 
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T6 HT with 
480°C Soln T.
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Abstract 
 
The use of aluminium is increasing in many 
applications. Due to energy and environmental 
issues, recycling of aluminium have been an 
attractive field of research. Recycled aluminium is 
also known as secondary aluminium. 
Unfortunately, there is a belief that secondary 
aluminium quality is low and bad. In this work, 
recycling efficiency and quality change of A356 
alloy with various Ti additions have been 
investigated. Reduced pressure test was used to 
quantify the melt quality by means of measuring 
bifilm index. It was found that excess addition of 
Ti improved melt quality. 
 
 
1.Introduction 
 
Primary aluminium production starts by extraction 
of boxite and Hall-Heraoult process is applied to 
obtain aluminium. Secondary aluminium is 
produced by recycling. In terms of energy, the 
consumption is 95% less in secondary compare to 
primary production [1]. Thus, secondary 
aluminium is an attractive choice of method. This 
ever-lasting recyclability of aluminium is one of 
the major advantages of aluminium together with 
economic and environmental reductions. Today, 
one third of aluminium is produced by recycling. 
However, the quality of the secondary aluminium 
has always been a great problem. One of the 
difficulties in the recycling have been the intrusion 
of surface oxide film and creation of dross. The 
loss due to these defects can be as high as 25%. 
However, what has been disregarded has been the 
quality of the melt. One of the most detrimental 
defects that may exists in aluminium alloys is the 
presence of bifilms [2]. Bifilms can be quantified 
by Reduced Pressure Test where 100 g of sample 
is solidified under 100 mbar vacuum and the cross 

section of the sample is subjected to image analysis 
to measure maximum length of pores. The index 
gives a numerical value in millimetres [3]. It has 
been proposed by Dispinar [4] that the quality can 
be classified as: 
 
0-10 mm: best quality 
10-50 mm: good quality 
50-100 mm: bad quality 
 
Another important parameter besides melt quality 
is the mechanical properties. Particularly, the 
elongation at fracture is required to be high. In 
order to accommodate this property, grain refiners 
are added to aluminium alloys. The most preferred 
grain refiners are Al-Ti, Al-B, Al-Ti-B or Al-Ti-C. 
These alloys have peritectic reactions that aid the 
heterogeneous nucleation which results in finder 
dendritic structure. There are several mechanisms 
found in the literature that define the mechanism of 
grain refinement [5]. The most common 
conclusion is the sedimentation of Ti in the liquid 
state [6]. It has been proposed by Gursoy [7] that 
Ti can actually sedimate bifilms as well and thus 
may have the possibility to improve melt quality.  
 
Therefore, in this work, the effect of excess Ti 
addition on the melt quality change and recycling 
efficiency have been investigated in A356 alloy. 
 
2.Experimental Procedure 
 
Secondary A356 alloy was used in this work where 
the chemical composition is given in Table 1. The 
charge was melted in a resistance furnace at 750oC. 
Every 5th minute an RPT sample was taken and led 
to solidify under 100 mbar. Al-5Ti-1B master alloy 
was added to the melt in two different ratios: 0.1 
and 1 wt%. The tests were repeated three times and 
bifilm index was measured in every test.  
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Table 1. Chemical analysis of secondary          
A356 alloy 

Si Fe Cu Mn Mg Zn Ti Al 
6,60 0,35 0,02 0,03 0,28 0,04 0,14 rem 
 
3. Results and Discussion 
 
The change in the bifilm index and number of 
bifilms after 3 consecutive remelting tests of A356 
with 0.1 wt% Ti added charge is given in Fig 1 and 
2. 
 
 

 
Figure 1. Bifilm index of 0.1 wt% Ti added A356 

 

 
Figure 2. Number of bifilm change of A356 with 

0.1 wt% Ti  
 
The general trend in Fig 1-2 where 0.1 wt% Ti was 
added to A356 gives the impression that after the 
third casting for each test, the bifilm index and 
number of bifilm decreases. This suggests that 
there is a significant difference between the top 
and the bottom of the crucible. When the casting 
sequence is considered, it can be seen that melt 
quality slight increase after each recycling. This 
change can be seen from Fig 1-2 by the change 
from blue to red to orange data. It can be 
concluded that 0.1 wt% Ti addition has no 
dominant effect over the sedimentation of bifilms 
nor itself. 
 
 
 

In Figures 3-4, the change in number of bifilms 
and bifilm index of 1 wt% Ti added A356 are 
given. In contrast to the castings where 0.1 wt% Ti 
was used, these castings show opposite behaviour. 
There is a significant decrease in melt quality after 
each sample. In addition, after each recycling, melt 
quality appears to be increasing.  
 
 

 
Figure 3. Bifilm index of 1 wt% Ti added A356 

 
Figure 4. Number of bifilm change of A356 with  

1 wt% Ti  
 

This reveals that as Ti content was increased, the 
hypothesis where excess Ti would nucleate on 
bifilms to sedimate has been approved.  This can 
be clearly seen in Figure 5 where recycling number 
vs bifilm index for various Ti contents are given. 
 
 

 
Figure 5. Bifilm index change with Ti level 
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The bifilm index was decreased from 200 mm to 
around 100 mm in the melts that contained 1 wt % 
Ti. This approximately corresponds to %50 
increase in melt quality after 3 consecutive 
recycling.  
 
Similarly, the change in number of bifilms is 
decreased from 150 to 50 for 1 wt% Ti (Figure 6). 
On the other hand, When Ti content was 0.1 wt%, 
both the melt quality and number of bifilms 
appears to increase. 
 

 
Figure 6. Change in number of bifilms at different 

Ti levels 
 
4. Conclusion 
 
In a regular casting procedure of Al-Si alloys, in 
order to improve mechanical properties, 
approximately 0.1 wt% Ti is added as a grain 
refiner. In this work, recycling of 0.1 wt% Ti 
added A356 alloy exhibited that melt quality was 
decreased after each recycling operation. On the 
other hand, when Ti content of the melt was 
increased to 1 wt%, the quality was increased due 
to the fact that Ti intermetalics had 
heterogeneously nucleated on bifilms to sedimate 
them. 
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Abstract 
 
There is long going discussion in casting industry on 
hot tearing which is known to be one of top three 
casting defects. In ferrous alloys, the phenomenon is 
mostly defined. However, in light alloys, the tendency 
to hot tearing has become a complex issue simply 
because there is a huge scatter in results. In this work, 
the effect of melt quality and melt treatment has been 
studied in a way to add another perfective to the field. 
Three Al-Si alloys with various solidification ranges 
were selected.  
 
 
1. Introduction 
 
Hot tearing is one of the most important defects in 
aluminium alloys [1]. There are pretty much studies [2-
6] about this defect in literature but the main reason for 
hot tearing still undisclosed point. It is known that hot 
tear occurs in mushy zone when the alloy solidifies 
because of strength, constrained shrinkage and lack of 
feeding [1, 2]. This defect is usually linked with the 
degree of segregation that result in a microscopic scale 
[7]. The liquid film perfectly wets the solid grains and 
acts as a lubricant to aid hydrostatic pressure to 
decrease [4]. Verö [8] studied on effect of chemical 
composition of alloys on hot tearing by using U shape 
permanent mold and claimed that hot tear sensitivity 
gets better with silicon content until 1.9% but it gets 
worse above this silicon content. Length of crack can 
be decreased by microstructure converting from 
columnar to equiaxed [9]. Spittle and Cushway [5] 
studied on effect of Cu content on hot tearing until 
15% Cu content. They found that hot tearing sensitivity 
was increased when Cu contents was less than 7% but 
above 7% Cu contents, hot tearing can get better. Lin et 
al [10] 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                      (1) 

Where;  Li  Number of arms for CRC mold (from 
bottom to above) and Ci  Severity of hot tearing. 

In present study, three different alloys that are A356, 
A413 and A380.1 were used to examine hot tearing 
tendency for both no degassing and degassed castings 
by using two different molds that are T shape hot tear 
test mold and Constrained Rod Casting mold (CRC). 
 
2. Experimental Procedure 
 
Chemical composition of A356, A413 and A380.1 
alloys that were used in this study are given in Table 1.  
 
Table 1. Chemical composition (in wt. %) of the alloys 

used in the study. 
Alloy Si Fe Cu Mn Mg Zn Ti Al 

A356 6.80 0.19 0.003 0.001 0.30 0.011 0.108 Rem. 

A413 13.00 0.19 0.018 0.001 0.02 0.012 0.006 Rem. 

A380.1 8.14 0.64 3.115 0.44 0.22 0.49 0.02 Rem. 

 
Alloy was melted in a crucible that has 22 kg capacity 
using an electrical furnace. CRC and T shape 
permanent molds were used to examine hot tearing in 
this study. Images of the cast parts with dimensions are 
given in Figure 1.  
 

 
a  

 
b  
 

Figure 1. Image of cast parts with dimensions 
a) CRC mold, b) T shape mold 
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Castings were done before and after degassing that was 
done 20 minutes with Ar. Pouring temperature were 
740 C ± 15 C for A356 and A380.1 and 700 C ± 15 
C for A413 alloy. Three trials were applied for each 

parameters. Microstructure was examined on every 
alloys. Scanning Electron Microscopy (SEM) was 
examined on A380.1 alloy that was tore only.  
 
3. Result and Discussion:  
 
Microstructural images for three alloys as a 
representative are given in Figure 2. As seen from 
images, A356 has dendritic+eutectic microstructure 
with low eutectic and high dendritic distribution 
whereas A380 has high eutectic and low dendritic 
structure. On the other hand, A413 is a typical 100% 
eutectic. 
 

  
A356 A413 

 
A380.1 

Figure 2. Microstructure images for alloys 
 
In Figure 3, T junctions of cast samples images are 
given in accordance with their melt treatment sequence. 
Hot tearing was only observed in A380 alloy. 
Similarly, in CRC moulds (Figure 4), hot tearing 
tendency was high in A380 and almost no cracks were 
observed in A356 and A413. 
 

 
Figure 3. Hot tearing areas in T shape mold 

 
 

 
Figure 4. Casting parts from CRC mold 

 
CRC mould can numerically give an indication of Hot 
Tearing Susceptibility (HTS) as given in Equation 1. 
The results are given in Figure 5. It can be seen that 
A380 hot tearing tendency was high when no 
degassing was carried out in the melt. After degassing, 
HTC was decreased from 7 to 3. SEM images (Figure 
6) revealed dendritic structure on the fracture surface of 
hot tear sample of the non-degassed melts. However, 
the degassed melt fracture surface was observed to be 
more brittle-like which indicated a defect originated 
fracture mechanism.  
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Figure 5. Hot tearing sensitivities for all parameters. 
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Figure 6. Macro and SEM images from hot torn areas. 
 
 
4. Conclusion 
 
Increased Cu content in Al-Si alloys increased hot 
tearing tendency.  
Melt quality has a significant effect on hot tearing. 
There is also a good correlation between solidification 
range ad hot tearing. Eutectic alloy has zero freezing 
range thus no tear was observed in any of the castings.  
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Abstract 

Copper alloys are extensively used in the engineering 
applications because of its superior features. These 
properties are high thermal conductivity, high electrical 
conductivity, excellent ductility and toughness, 
excellent corrosion resistance. In this study corson type 
of Cu alloys has been investigated. The main purpose 
of this study is to examine and improve mechanical 
properties of CuNiSi alloy. For achieving this aim, 
predetermined CuNiSi compositions were prepared, 
melt and cast into permanent molds, solutionized for 
appropriate temperatures, cold worked and heat treated 
at different temperatures. Furthermore, microstructural 
analyses such as grain size determination, hardness 
measurement were carried out through the study.  
Thus, it was aimed to reach the best mechanical 
properties with optimum heat treatment and other 
thermomechanical methods. 

1. Introduction 

With the improvement of the technology electrical 
conduction has become one of the utmost important 
research areas. It is mostly because latest technological 
devices and equipments especially the ones developed 
in the last quarter of the 19th century and so on are 
basically depends on the electrical energy. As 
mentioned above this reason has led the researchers on 
this area of science. Specifically, as will be dealed in 
this work copper and its alloys are being constantly 
researched. Not just for their higher conductivity value 
but also for their mechanical properties, these Cu and 
its alloys are becoming one step ahead. Moreover, 
Copper-base alloys are extensively involved in 
electronic fields, to exemplify these field are 
framework of IC and connectors for their high 
electrical conductivity. High portion of these alloys are 
usually consists of precipitation-strengthened types and 
are dilutely alloyed with elements of very low 
solubility to sustain high conductivities. Cu–Ni–Si type 
alloys are included in these precipitation-hardenable 
copper-base alloys group. The precipitates responsible 
for the strengthening effect have been identified as -
Ni2Si[1].  

Besides these, in this study grain size determination 
and grain growth control was given priority to. By 
grain size control, producing smaller grain size 
microstructure, mechanical properties can be altered 
significantly. Research results show that the strength 
values of Cu–Ni–Si alloys can reach higher numbers 
with only a modest decline of electrical conductivity 
after appropriate aging, so Cu–Ni–Si alloys are mostly 
preferred for such usages. These alloys are quenched 
from high temperature and then exposed to different 
heat treatments, which induces the precipitation of a 
second phase ( -Ni2Si) in the copper matrix and this 
improves the strength [2]. 

2. Experimental Procedure 

In this study, suitable composition of CuNiSi alloys 
was determined which is Cu-(1.9)%Ni-(0,6)%Si. First 
of all, these alloys were obtained in bar form. Then 
they were melt and cast as 9 mm thickness slabs into 
permanent molds as can be seen in figure 1 and 2. 
Before casting, mold was preheated to prevent any 
shrinkages and surface deteriorations. 

 

Figure 1: 7 mm thickness permanent mold and 
preheating operation. 

 

Figure 2: Melting and casting of CuNiSi alloy. 
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After obtaining desired thickness cast slabs, they were 
solutionized at different temperatures at around 900-
950oC for different durations. After solutionizing 
treatment the specimens were water quenched for 
improving the strength of the alloy. As the next step 
these water quenched specimens has been cold rolled 
and 9 mm to 3mm section reduction (%67 
deformation) was obtained. Then they were aged at 
temperatures around 700-800oC for recrystallization. 

Following the recrystallization step specimens were 
prepared for microstructural analysis. They were 
grinded, polished and etched with suitable etchant for 
observing grains in the microstructure. Afterwards, 
Their optical microscope pictures were taken and grain 
size measurements were done with software.  

3. Results and Discussion 

After abovementioned experimental procedures were 
carried out, following microstructures were obtained. 
As can be seen from the microstructures and the grain 
sizes different heat treatments leads to different results.  

 

Figure 3: Solutionized at 920oC for 90min, water 
quenched & aged at 750oC for 60min. Average grain 
size:35.96 

 

 

 

Figure 4: Solutionized at 920oC for 90min, water 
quenched & aged at 750oC for 90min. Average grain 
size: 23.91 

 

Figure 5: Solutionized at 920oC for 90min, water 
quenched & aged at 750oC for 150min. Average grain 
size: 36.86 

 

Figure 6: Solutionized at 950oC for 100min, water 
quenched & aged at 750oC for 120min. Average grain 
size: 32.59 
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Figure 7: Solutionized at 920oC for 120min, water 
quenched & aged at 730oC for 5min. Average grain 
size: 65.25 

 

Figure 8: Solutionized at 920oC for 120min, water 
quenched & aged at 730oC for 60min. Average grain 
size: 32.65 

 

Figure 9: Solutionized at 920oC for 120min, water 
quenched & aged at 730oC for  90min. Average grain 
size: 28.75 

 

 

Figure 10: Solutionized at 920oC for 120min, water 
quenched & aged at 730oC for 120min. Average grain 
size: 26.75 

Table 1: Average grain size versus experiments table 
for specimens annealed at 750oC. 

 

Table 2: Average grain size versus experiments table 
for specimens annealed at 730oC. 
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Table 3: Hardness data for different heat treatment 
procedures. 

 

In the first 4 microstructures it can be seen that grain 
size were determined as smallest 23.91microns  at 
920oC 90’ solutionized 750oC 90’ annealed sample, 
largest 36.96microns at 920oC 90’ solutionized 750oC 
90’annealed sample. In the second 4 microstructure 
grain sizes can be examined as smallest 26.75microns 
at 920oC 120’ solutionized 730oC 120’ annealed 
sample, largest 65.25microns at 920oC 120’ 
solutionized 730oC 5’annealed sample. These results 
show that optimum heat treatment time and 
temperature lies at solutionizing 920oC for 90’ and 
annealing  730oC for 90 to 120’.  

If tables 1 and 2 are examined carefully, it is observed 
for the first procedure when the annealing time gets 
higher, grain size start to increase after sometime i.e 
90’. However, this is not the case for the table 2 
procedure completely. In the second table after 90’ of 
annealing grain size still decreases, nonetheless this 
behavior is not generalized since it is unknown how 
grain size will change after 120’. In the first table it is 
obvious after 90’ grain size increases, this is the result 
of continuous recrystallization effect. 

Table 3 gives the hardness results of different heat 
treated alloys. These data were obtained by micro-
hardness method. Hardness values are 65.56HB for 
920oC 90’ solutionized 750oC 150’annealed sample, 
77.08HB for 950oC 100’ solutionized 750oC 
120’annealed sample, 69.66HB for 920oC 90’ 
solutionized 750oC 90’annealed sample, 62.38HB for 
920oC 90’ solutionized 750oC 60’annealed sample. 
When these hardness values are examined it can be 
deducted that the hardness values are relatively low. 
This may be due to excessive recrystallization effect or 
high heat treatment temperatures. Since it is known that 
from the literature as aging temperature increase 
hardness value decreases proportionally. 

On the other hand, the hardness values are consistent 
with each other in terms of grain sizes. While grain size 
decreases hardness value increases proportionally as 
would be expected. Also, hardness and other 
mechanical properties strength etc. are directly related 

with structural features of the alloy. By structural 
features, precipitates as -Ni2Si and crystallographic 
orientations were implied. In these alloys main 
strengthening effect come from precipitates that are 
forming during production processes. However, it may 
be deducted that these  precipitates were not formed 
as intended to give desired high strength values in these 
heat treatment. To reach higher hardness values 
subsequent 300-500oC relatively long time aging is 
needed to induce this -Ni2Si second phase. 

4. Conclusion 

Thermomechanical treatment of Cu-(1.9)%Ni-(0,6)%Si 
corson alloy were carried out. The alloy has been cast 
into desired shape and several heat treatments applied. 
Basically these heat treatments were solutionizing at 
920-950oC, after quenching annealing at 730-750oC. 
By these thermomechanical procedures optimum heat 
treatment time and temperatures were tried to 
determine. Thus this time and temperature was 
determined as optimum heat treatment time and 
temperature lies at solutionizing 920oC for 90’ and 
annealing  730oC for 90 to 120’. The aim was to 
decrease the grain size as much as possible for better 
mechanical properties. Also, hardness variations of the 
specimens after different heat treatments were 
investigated. All in all, it was observed that by 
decreasing grain sizes, hardness values increases and 
this give an opinion about improved mechanical 
properties. 
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Abstract 
 
Lean thinking is considered as a successful business 
strategy which is minimization of process variability and 
scrap material. Nowadays the competitions between 
companies have reached the highest level. Therefore 
companies have difficulties in terms of both production and 
management. Because it is now customer-oriented 
production companies are working to pass a flexible 
production system. The objective in this study is out 
coming the decreasing tool life that used in manufacturing 
of sand casted valves. Thanks to the improvements by 
kaizen techniques, error rates and the cost of scraps were 
significantly reduced and standardization is provided. 
 
 
Özet 
 
Yal n dü ünce de i ken süreçlerin ve hurda malzemelerin 
minimasyonunu sa layan ba ar l  bir i  stratejisi olarak 
kabul edilir. Günümüzde firmalar aras  rekabet en üst 
seviyeye ula m t r. Bu nedenle firmalar hem üretim hem 
de yönetim anlam nda zorluklar ya amaktad r. Üretimin 
mü teri odakl  hale gelmesi sebebiyle firmalar esnek üretim 
sistemine geçmeye çal maktad r.  Bu çal mada döküm 
prosesinin do ru ve uygun seçilmesi amaçlanm .  Bu 
çal mada; kum döküm prosesinde üretilen döküm 
vanalar n tala l  imalat  s ras nda kesici tak mlarda azalan 
ömür sürelerinin iyile tirilmesi amaçlanm t r. Kaizen 
teknikleri kullan larak yap lan iyile meler sayesinde hata 
oranlar  ve hurda oranlar  önemli ölçüde dü ürülmü tür 
ayn  zamanda standardizasyon tamamlanm t r. 
 
1. Giri  
 
Endüstriyel uygulamalarda ak kanlar boru sistemlerinde 
akarken vanalar ve dirseklerden geçerler. 
 
Vanalar genel olarak ak kanlar n; geçi ini veya 
durdurulmas n  sa layan, debisini ayarlamada, geri 

dönü ünü engellemede, ak  yönünü de i tirmede, ak  
bas nc n  s n rlamada ve ak  emniyetini sa lamak amaçl  
kullan l rlar. 
 
 Vanalar da kullan lan parçalar de i iklik gösterse de 
vanalar n temel parçalar  a a daki bile enlerden 
olu maktad r; 
Gövde: Kapatman n gerçekle ti i ak kan geçi  kesitini ve 
fonksiyonel elemanlar  bünyesinde bulundurur, ak kan  
çevreler ve yönlendirir, boru ile birle meyi sa lar, bas nca 
mukavemet gösterir. 
Kapak: Gövdeyi tamamlar, açma kapama miline yatakl k 
yapar gerekti inde aktüatörü ta r, fonksiyonel parçalar n 
montaj ve demontaj n  kolayla t r r. 
Açma- Kapama mili: Vanaya d ar dan uygulanan açma 
kapama kuvveti ve hareketini, kapama organ na iletir. 
Açma Kapama mili salmastras : Hareketsiz ve hareketli 
parçalar aras nda s zd rmaz ba lant  sa lar. 
Kapama organ : Ald  göreve göre ak  etkiler. 
Aktüatör, Kol, Di li Kutusu: Uygulanan kuvvetleri mil 
yard m  ile kapama organ na hareket olarak ileterek açma- 
kapama veya ayar yapar. 
 
Vanalar kullan m yeri, ak kan n s cakl  vb. kriterlere 
göre s n fland r labilir. Yayg n kullan lan vana çe idinden 
olan sürgülü vana tipleri incelendi inde sürgülü vanalar; 
ak kan geçi ini, iki s zd rmazl k halkas  aras nda, geçi  
yönüne dik olarak kayan bir diskle (sürgü ile) kapat p, 
açarak görevlerini yerine getirirler. Sürgü; tek parça 
olabilece i gibi, çok parçal  da olabilir. Tam aç k veya tam 
kapal  olarak çal malar  tercih edilir. Hassas ak  kontrolü 
için uygun de illerdir. 
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ekil 1. Sürgülü vana çal ma ekli. 

 
Sürgülü vanalar n di er vanalar göre avantajlar ;  

• Tam aç k vana, ak  için direnci oldukça dü ük, 
düzgünce bir geçi  sa lar. 

• Her iki taraftan ak  için de kullan labilirler.  
• Vana herhangi bir konumda monte edilebilir. 

Ancak, milin yere dik ve volan n üstte olmas  
tercih edilir. 

• Büyük anma ölçülerinde bile k sa vana boyu söz 
konusudur. 

 
Sürgülü vanalar n di er vanalar göre dezavantajlar ; 

• Hassas ak  kontrolü için uygun de illerdir, 
çünkü; ak n k s lmas  ile milin hareketi aras nda 
belirli bir orant  yoktur. Vana, yakla k %75 
kapanana kadar, ancak çok dü ük oranda bir ak  
k s lmas  sa lanabilir. Tam aç k veya tam kapal  
olarak çal malar  tercih edilir. Kontrol için yar m 
aç k tutuldu unda, sürgü titre erek gürültü ç kar p, 
sitlere çarpabilir. 

• Tam s zd rmazl k istenen tesisatlar için uygun 
de ildir. 

• Vana yüksekli i, di er tip vanalar içinde en 
yüksek olan d r. Yükseklikte çok yer tutar. 

• Uzun strok yüzünden açma kapama süreleri uzar. 
• Ölü hacim içermektedirler. Vana içinde kal nt lar 

birikebilir. Bu kal nt  birikimi, vanan n çal mas n  
engelleyecek boyutta olabilir. 

 
Vana parçalar n n ana bile enleri genellikle döküm yoluyla 
Gri ve Küresel Dökme demir malzemelerden 
üretilmektedir.  
 
Döküm vb. yöntemlerle üretilen metal parçalar n neredeyse   
%  90’n  son biçim ve boyutlar na yani nihai hallerine 
tala l  üretim yöntemleriyle getirilirler. Tala l  üretim 
s ras nda uygun seçilmeyen i leme parametreleri,  kesici 
tak mlar n k r lmas ,  h zl  a nmas  ve deformasyonu gibi 
sebeplerden k sa sürede ömrünü tamamlamaktad r. Bu 
durum;  i leme istasyonlar nda verimsizli e,  i  parças nda 
bozulmalara veya parça yüzey kalitesinin ikinci bir i lem 
gerektirecek derecede yetersizli ine sebep olmaktad r. 
Ayr ca, malzemenin i lenebilirlik özellikleri de parçan n 
döküm s ras nda belli bölgelerinin h zl  kat la mas ndan 
dolay  artan sertlikle olumsuz etkilenir.  
 
Kitle üretim yöntemleri yerini “Yal n”, “Çevik” ve 
“Sürdürülebilir” üretim gibi firmalar n artan küresel rekabet 
ko ullar nda ba ar l  olmas n  sa layan sistemlere 
b rakmaktad r.  letme aç s ndan üretim, yeni bir fiziksel 

varl k veya hizmet ile sonuçlanan bir fayda yaratmak amac  
ile giri ilen faaliyet eklinde tan mlanabilir [1]. 
 
Kitle üretiminde, her üretim faktörü ya da unsuru 
olabildi ince çok say da kullan ld ndan, üretimde pek çok 
gereksizlik ya da israf (Japoncada “muda”) söz konusu 
olmaktad r. 1900’lerin ortalar nda kitle üretim gerileme 
gösterirken, üretim uygulamalar ndaki ikinci devrim olarak 
nitelendirilen ve emek yo un üretim ile kitle üretimin 
avantajlar n  birle tiren yal n üretim sistemi, Japonya’da 
Toyoto’da ortaya ç km t r. Yal n üretim sistemi ile emek 
yo un üretimin yüksek maliyetinden ve kitle üretimin 
kat l ndan sak n lm  olunmaktad r (Koh vd,2004: 116, 
Spithoven, 2001: 730). [2] Ayr ca “Yal n” pek çok eyin 
daha az  demektir; daha az israf, daha k sa çevrim süreleri, 
daha az tedarikçiler, daha az bürokrasi.  Yal n, ayn  
zamanda kurumsal anlamda daha çevik olmay , verimlilik 
art n , daha memnun mü teriyi ve ba ar n n uzun süreli 
olmas n  sa lar (Sayer ve Williams, 2007:12).[1] letme 
aç s ndan optimumluk sa layan Yal n üretim; en az 
kaynakla, en k sa zamanda, en ucuz ve hatas z üretimi, 
mü teri talebine birebir uyabilecek ekilde en az israfla ve 
tüm üretim faktörlerini en esnek ekilde kullan p, 
potansiyellerinin tümünden yararlanarak nas l 
gerçekle tiririz aray n n bir sonucudur. 
 
Firmalar için as l maliyet olu turan kalemler, görülemeyen 
alanlarda ve katma de er olu turmayan zaman kay plar nda 
gizlidir. Bu sistemin temel hedefi bu gizli maliyetlerin 
ortaya ç kar lmas  ve azalt lmas d r. Yal n üretimde stok 
israf olarak görülmektedir ve azalt lmas  gerekmektedir. 
Yal n üretim i  ve imalat sürecinde de er katmayan yedi 
çe it israf-at ktan bahsetmektedir. Bunlar; Fazla üretim, 
Bekleme, Ula m, lem(ekstra), Stok, Hareket(insan) ve 
Kusurlard r.[1] 
 
1.2 Yal n Üretim 10 Ad m Kaizen Metodolojisi 
 
Sürekli iyile tirme prosesinin kayna  Kaizen felsefesidir. 
Sürekli iyile tirme prosesi; dü ünce ve davran  olarak 
çal an herkesin, her durumu tart maya açmas  ve sonra 
bunu iyile tirmenin  yollar n  aramas d r. Her geçen günün 
bir önceki günden  daha iyi olmas  için evde, i yerinde ve 
sosyal ya amda sürekli çaba sarf etmektir. Kaizen 
felsefesini bir emsiye gibi dü ünürsek ekil-2 deki bu 
emsiyenin alt ndaki birimleri görmemiz mümkündür. 
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ekil 2.Kaizen emsiyesi [3] 

Kaizen Felsefesinin Temel  (7) prensibi bulunmaktad r.  
 
1. Problemi kabul edin. 
2. Çok para gerektirmeyen projeleri seçin. 
3. Önce “bizim” problemlerimize bak n,  ”onlar nkine” 
de il. 
4. Tek ölçü ekonomik ç kar olmamal d r. 
5. Önceli i saptay n. Projeyi kalite, maliyet, da t m vs. 
ilkelerine dayal  olarak yürütün. 
6. Planla, uygula, kontrol et, önlem al (PUKÖ) çevrimini 
izleyin. 
7. Do ru çözüm araçlar n  kullan n. 
 

 
ekil 3. PUKÖ Çevrimi ve Kaizen – Odaklanm  

yile tirmelerin 10 ad m  [3] 

Kaizen çok say da küçük ad mlarla h zl  bir geli me 
hedefleyen felsefedir. Yani geli meler ve 
iyile tirmeler  ufak ama sürekli  olmal d r. Kaizen kavram  
süreçlere yöneliktir. Sonuçlar iyile tirilmek isteniyorsa o 
sonucu sa layan süreçleri (prosesleri) iyile tirmek gerekir. 
Bir di er özelli i de herkesin kat l m n  gerektirmesidir. 
Geli me kolektif olarak topluca ekipler vas tas yla 
sa lanacakt r. Kaizenin  yedi tane prensibinden biri olan 
PUKÖ Çevrimi ve Kaizen – Odaklanm  yile tirmelerin 
10 ad m  olaraktan geçmektedir. Özünde israflar n 

kald r lmas  ilkesine dayanan bu metot, çe itli teknikleri 
kullan larak yürüme, maliyet, sarf malzemesi vs. bunun 
gibi israflar n görülmesi ve kay plar n ortadan kald r lmas  
veya minimize edilmesine dayanmaktad r. 
 
2. Kaizen Proje Çal mas  Örne i 
 
Duyar Vana; vana sektörünün önde gelen firmalar ndand r. 
Ürün gam ndaki ürün s n f ndan biri olan sürgülü vanalar n 
döküm parças nda meydan gelen farkl  sertlik de erleri, 
tala l  imalatta kesici uçlar n k sa sürede ömrünün 
azalmas na neden olmaktad r.  
 
Bu çal mada, sürgülü vana döküm parça imalat nda 
kullan lan kesici tak mlar n ömrü için belirlenen süre, parça 
üzerindeki de i ken yüksek sertlik de erlerinden dolay  
tamlamadan kullan lamaz hale gelmesinin nedenleri ve 10 
ad m kazien yöntemi ile yap lan iyile tirmelerin kesici 
tak mlara etkisi incelenecektir.  
 
 
 
10 ad m Kaizen Çal mas  a a daki ad mlar  içermektedir. 
1-Konu Seçimi 
2-Hedef Belirleme 
3-Proje Ekibi Belirlenmesi 
4- Mevcut Durum Tespiti 
5-Proje Plan  
6-Mevcut Durum Analizi 
7-Çözüm Plan  
8-Çözüm Uygulamalar  
9-Hedef Sonuç Kontrolü 
10-Standartla t rma 
 
2.1. Konu Seçimi 
 
2014 y l  içinde firmam zda ya anan döküm kaynakl  
hatalar analiz edilmi tir. ( ekil-4).   Analiz sonucunda 2014 
y l nda meydana gelen 1.080 adet parçada döküm 
sertli inin üretim bölümümüzde ya ataca  verimsizlikler 
listelenerek (i leme sürelerinin artmas , kesici uçlar n h zl  
bir ekilde deforme olmas , yüzey sertlik de erlerinin 
standart olmamas ) proje konusu belirlenmi tir.   
 

 
ekil 4.2014 y l nda Tala l  malat Sürecindeki Verimsizlik 

grafi i. 
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2.2.  Hedef Belirleme 
 
Proje konusu seçildikten sonra 2014 y l  içerisinde döküm 
sertli i yüksek 1080 adet olan parçada, ula lmas  gereken 
hedef 216 adet olarak kararla t r ld  ( ekil-5).   Kaizen 
projesinde i lemlerin uygulanmas  ve kontrolü için Çizelge-
1 deki adetler test edilecektir.  
 

 
 

ekil 5.Hedef Tablosu.    
Çizelge 1. Yap lacak çal malar. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3.  Proje Ekibi 
 
Proje ekibi seçilirken özellikle tüm çal malara 

nezaret edecek gerekli yetkinli e sahip mavi ve beyaz yaka 
ile birlikte Kalite ve Tala  malat birimlerimizden ekip 
üyeleri seçilmi tir. 

 
2.4.  Mevcut Durum Tespiti 
 
Bu a amada ürünlerin mevcut durumdaki tespiti yap larak 
elde edilen veriler de erlendirme için haz rlanm t r. 
Mevcut durum tespiti için toplam adet içerisinde %85 i 
kapsayan DN250 ve DN300 Elastomerli Sürgülü Vana 
Gövde, DN65 ve DN80 Sürgülü Vana Gövde mekanik ve 
mikroyap  testleri sonucunda, mikroyap da Sementit (Fe3C) 
tespit edilmi tir [4]. 
 

 

 
 

ekil 6. DN250-300 ESV Gövde spektral analiz - Brinell 
sertlik de eri ve mikro yap . 

 

 
ekil 7.  DN250-300 ESV Gövde üzerinde ölçülen sertlik 

de eri (HB). 

HEDEF BEL RLEME 
S ra 
No 

Stok Ad  Dökü
lecek 
 Adet 

zlenecek  
Parti 
Adedi 

Topla
m 

Adet 

1 
DN65 3216 

Gövde 100 2 200 

2 
DN80 3216 

Gövde 100 2 200 

3 
DN250 

ESV Gövde 5 3 15 

4 
DN300 

ESV Gövde 5 3 15 

223-246 HB 
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ekil 8. DN65-80 Sürgülü Vana Gövde spektral analiz- 
Brinell sertlik de eri ve mikro yap . 

 

 

 
ekil 9.  DN65-80 ESV Gövde üzerinde ölçülen sertlik 

de eri (HB). 

2.5.  Proje Plan  
 

Mevcut Durum Tespitinde kar la lan problemleri ve 
kay plar  minimize edecek haftal k çal ma takvimi 
olu turulmu tur.(Çizelge2) 

 
2.6.  Mevcut Durum Analizi 
 
Bu a amada mevcut durum tespitinde elde edilen verilere 
göre probleme neden olan ve kay plar n kök nedenlerine 
ula arak azalt labilmesi için yol haritam z  belirleyecek 
bal k k lç  diyagram  olu turuldu ( ekil-10). 
 
Bal k k lç  diyagram , 1943 y l nda Dr. Kaoru 
Ishikawa taraf ndan geli tirilmi  olan ve ekliyle bal k 
k lç n  and ran bir neden-sonuç diyagram d r. Bal k 
k lç  diyagram  ayn  zamanda yarat c s n n ismi sebebiyle 
“Ishikawa Diyagram ” olarak da bilinmektedir. 
 
Bal k K lç  diyagram , kar la lan problemlerin 
muhtemel sebeplerini derinlemesine dü ünme imkan  
sa lar. Bu teknik kullan ld nda yap lan hatada, en belirgin 
sebebe yo unla arak di er olas  sebeplerin göz ard  
edilmesini önler.  
 
Bal k k lç  diyagram , bir problemin olas  tüm sebeplerini 
ve aralar ndaki ili kiyi net bir ekilde belirlemek için 
kullan l r. Problem belirlendikten sonra olu turulan ve 
kullan c lar n problem için genel bir bak  aç s  
geli tirmesini sa layan önemli bir tekniktir.[5] 

 
 

Çizelge 2. Proje ad mlar n n da l m . 

 
 

196-246 HB 
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ekil 10. Bal k K lç  

 
 
 

2.7.  Çözüm Plan  
Mevcut Durum analizinde bal k k lç  sonras  problemin, 
hatal  yolluk tasar m  ve s v  metal analizinin dengelenmesi 
probleminden kaynakland  fark edilerek, süreç sonras  
problemler ile ilgili sorumlular belirlenerek takvim 
olu turulmu tur. 

 
Çizelge 3. Faaliyetlerin Sorumlular n n Atanmas . 

 
 
 

 
2.8.  Çözüm Uygulamalar  
Yolluk tasar m  ve s v  metal analizlerinde süreç 
standartla t r larak grafit yap  olu umu sa lanm t r ve 
Sementit in ortadan kalkt  gözlemlenmi tir. Yolluk 
besleyici hesaplar nda ekil-16 daki formülden 
yararlan lm t r. [6] Ayr ca yolluklar model birle im 
yüzeyinden kald r larak ürün üzerinde uygun yerlere 
konularak hem ergiyik metalin daha rahat yay lmas  
sa lanm  ve h zl  so umadan kaynaklanan Fe3C olu umu 
engellenmi tir. Küçük çaplarda 315Gr/Derece büyük 
çaplarda ise 9 kg kadar yolluk tasarrufu sa lanarak,  19.043 
TL y ll k kazanç sa lam t r.  

 

 

 
 

138-141 HB 
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ekil 11. yile tirme sonras  DN250-300 ESV Gövde 
mekanik ve mikro yap . 

  
 

ekil 12.  DN250-300 ESV Gövde üzerinde ölçülen sertlik 
de eri (HB). 

 

 

 
ekil 13. yile tirme sonras  DN65-80 Sürgülü Vana Gövde 

mekanik ve mikro yap . 

 
ekil 14.  DN650-80 ESV Gövde üzerinde ölçülen sertlik 

de eri (HB). 
 
 

2.9.  Hedef Sonuç Kontrolü 
 
Bu a ama ile birlikte iyile tirme yap lan yar  
mamullerimize ait çal ma sonras  maliyet ve problemin 
giderilmesine yönelik hedefin gerçekle me safhas  kontrol 
edilmi tir. 
 
Çal ma sonras  ayl k bazda ya an lan problem adet bilgisi 
a a daki grafikte belirtilmi tir. 

 
Potadan dökülen ergiyik s v  metal, yolluk sistemini 
meydana getiren dü ey ve yatay kanallardan geçerek kal p 
bo lu unu doldurmaktad r. Do ru olarak hesaplanan yolluk 
sistemi; 

• Kal b n tam ve kusursuz olarak doldurulmas n  
sa lar. 

• Ergiyik maddenin ak nda, çarpma ve çalkant lar 
meydana gelmesini önler. 

• Ergiyik maddenin ak  h z n  ayarlarlar. 
• So uma ve kat la man n dengelenmesini sa lamak 

vb. gibi avantajlar sa lar. 
 
Yap lan çal mam z n sonuç kontrolünden de yolluk 
hesab n n istenen artlara göre döküm sertlik de erlerini 
istenen seviyeye çekerek i leme sürelerini azaltacak ve 
kesici tak m ömürlerini artt racakt r. 

163-172 HB 
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ekil 15.  Yolluk hesap formülü. [6] 
 
 
 

 

 
ekil 16.Çal ma sonras  ayl k problem adet grafi i. 

 
2.9.  Standartla ma 
 
Yap lan çal malar n kontrol sonras  istenilen hedefe 
ula t rd n  gözlemledik. Gözlemlerimiz sonras  süreç ile 
ilgili standart tablo olu turularak yayg nla t r lmas  
sa lanm t r. 

 

 

 

 
ekil 18.Dökümhanede kullan lacak standart arj talimat  

tablosu [10] 
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4. Sonuç 
 
10 ad m Kaizen uygulamas  ile a a daki sonuçlar elde 
edilmi tir. 
 
DN 65 & DN 80 - 3216 ve  DN 250 & DN 300 - 
Elastomerli  Sürgülü Vanalarda yolluk a rl  
iyile tirmelerinden dolay  y ll k 19.043 TL kazanç 
sa lanm t r. 
 
 DN 65 & DN 80 - 3216 Sürgülü Vana da Kaizen çal mas  
ile i leme süresi, elmas maliyeti azalt larak y ll k  65.485 
TL kazanç sa lanm t r. 
 
 DN 250 & DN 300 - Elastomerli Sürgülü Vana da Kaizen 
çal mas  ile i leme süresi, elmas maliyeti azalt larak y ll k  
3.594 TL kazanç sa lanm t r.   
 
Kaizen çal mas  ile toplam i leme süresi, maliyet 
azaltmas  ile toplam 88.122 TL kazanç sa lanm t r. 
 
Referanslar 
 
[1] Yal n Üretim Sisteminin Tekstil Sanayinde 
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[3] <http://www.lean.org.tr/yalin-uretim-felsefesi/>, 
[4] Malzeme Bilimi ve Mühendisli i (William F.Smith), 
[5] https://selinyetimoglu.com/, 
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Abstract 
 
Though the intense water explosion following an ejection 
of the metal has been reported rarely in sand-mold casting 
process, the water explosion is one of the several causes for 
the well-known casting defects, such as rough casting 
surface, blow holes, sand/gas inclusions, and mold wall 
movement. Pouring temperature, pouring speed, mold 
compaction, moisture and clay content of the molding sand 
mixture, are important factors which may affect the casting 
defects caused by water explosion. In this study, the 
explosion mechanism is discussed in detail to control the 
formation of related casting defects. 
 
Keywords: Water explosion, Explosion penetration, 
Casting defect 
 
1. Introduction 
 
Previous investigations [1] have been reported that clashing 
the molten metal with the sand-mold wall produces an 
explosive evaporation of the water derived from the sand 
mixture. Thus, this evaporation of water causes steam 
formation and its penetration into the metal. The obtained 
steam pressure may direct the liquid metal into the sand 
pores, and consequently results in a rough casting surface 
(Figure 1). Also, the steam formation creates sand 
inclusions by blowing sand grains into the molten metal. 
 

 
Figure 1. Gray iron casting presenting a rough casting 
surface formation (crust) due to explosion penetration [1].  
 
 
 

Occasionally, steam bubbles are encapsulated by the 
solidifying metal, thus, blowholes occur in the casting 
(Figure 2) [2]. 
 

 
Figure 2. Blowhole formation [2]. 

 
Another casting defect due to water explosion is the 
displacement of the mold wall (the mold wall movement) 
by a higher steam pressure [1]. Sometime the pressure of 
the explosion results in separating the cope and drag halves 
of the mold, thus, a flash formation at the parting line 
(Figure 3). 

 
Figure 3. Flash formation [2]. 

 
Mostly in thin-walled castings due to the generated steam 
forces, the returning metal caanot fuse again, and this 
causes the filling- fails (cold shut and laps) (Figure 4) [3].  
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Figure 4. Cold-shut formation [3]. 

 
Many researches [1,4] have been focused on understanding 
the mechanisms of steam development even though 
complex and difficult nature of the reproducibility of water 
explosion effect during the casting tests.  
 
2. Causes for Water Explosion 
 
Important factiors effecting the cast-defects by water 
explosion are metal temperature, compacting intensity, 
moisture and clay content of the molding-sand mixture [1].  
 
2.1. Metal Temperature 
Levelink et al [1] performed a series of immersion tests to 
obtain more information about the steam development 
phenomenon. A cylindirical test piece of molding sand 
(50mm long and 50 mm in diameter) was immersed in a 
lead (Pb) bath. Immersion time and range of bath 
temperature were applied as 2 sec, and 375oC to 475oC, 
respectively. As seen Figure 5, decreasing metal bath 
temperature presents higher amount of metal penetration, 
consequently, increasing the explosion tendency [1]. 
 
2.2. Compacting Intensity 
Experimental studies [1] indicated that increasing the 
compacting intensity resulted in growing the explosion 
tendency (Figure 6). As seen in Fig. 20, up to 5 rams, the 
weight of penetrated Pb increases, since penetration 
increases significantly. After applying higher number (6 
and so on) of rams, the weight of penetrated Pb decreases 
slightly. In addition, increasing the compacting intensity, 
increasing the compacting intensity leads to decreasing gas 
permeability (Figure 6) [1]. 
 
2.3. Amount of Binder (Clay) 
Effect of binder (Wyoming bentonite, 6, 8, and 10 wt%), on 
penetration tendency by explosion has been studied for 
synthetic sand mixture containing silica sand (AFS grain 
no. 78) [1]. Figure 7 shows the tendency of explosion 
penetration as a function of clay content [1]. While 
increasing the clay content from 6 wt% through 10 wt%, 
the amount of penetrated metal (Pb) by explosion is creased 
considerably. 

 

 
Figure 5. Changing the penetration of metal depending on 
the metal bath temperature [1]. 
 
 
 

 
Figure 6. The compacting intensity of the molding sand 
versus the weight of penetrated Pb [1].  
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Figure 7. The tendency of explosion penetration as a 
function of clay content (V: immersion speed) [1]. 
 
3. Explosion Process 
 
Some conditions for starting a water explosion must be 
fullfilled, i.e., the impingement of the liquid metal on the 
mold wall, a certain level of the impingement intensity, and 
a surrounded space in which the impingement occurs [1, 4]. 
Figure 8 shows the mechanism of explosion penetration 
[1]. First, under normal contact pressure of the liquid metal, 
when the wet mold wall contact with the liquid metal, a 
heat-insulator steam layer in interface is developed (Figure 
8a). The liquid metal makes the sand grains enclosed 
slightly and covered the sand pores moderately (Figure 
8b). The sand pores having partly penetrated liquid metal 
sart to solidify due to the high contact pressure and 
increased heat transfer (Figure 8c). By the time, the 
formation of more steam bubbles on the particular sand 
grains occurs, and then creates the combined bubbles 
(Figure 8d). Finally, the resultant cavities are filled again 
by the metal flowing (Figure 8e). According to the 
explosion process, it has been noted that the penetration of 
the steam into the liquid metal is necessity for the 
formation of explosion penetration and other related casting 
defects [1].  
 

 
Figure 8. Explosion penetration mechanism, 
(a).Normal contact pressure, a heat- insulator steam layer 
formation in interface, (b). High contact pressure and 
increased heat transfer, (c). Solidification of metal in sand 
pores, explosive steaam formation on sand grains, (d). 
Formation of combined bubbles, (e).Filling the resultant 
cavities again by metal flowing [1]. 
 
4. Conclusions 
 
Contacting the liquid metal to the mold wall provides the 
increased heat transfer. This results in solidification of the 
liquid metal, and closing the sand pores. Additionally, the 
moisture already exist vaporizes explosively and causes the 
penetration of the steam into the metal. This progress may 
create casting defects such as sand inclusion formation, 
mold wall movement, blowhol, flash, laps and cold-shut. 
To control the water explosion tendency, some important 
factors should be considered greatly. A filling speed of the 
liquid metal should be kept as low as possible, thus, 
providing the lower speed of hitting the liquid metal to the 
mold wall. Higher amount of compaction and higher 
amount of binder contetn, thus, as a resuly, a higher amount 
of heat conductivity of the mold sand increases the 
explosion trend. Entire pouring system should not have any 
dead ends which hinder flowing of the liquid metal. Also, 
sharp corners should be avoided, and the drop-height of the 
liquid metal into the sprue must be kept as small as 
possible. Besides, it should be stick in mind that 
decomposition products from seacoal gathered in the sand 
and high amount of moisture content have significant effect 
on the explosion tendency.   
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Abstract 
 
In this study, the effect of Ti addition on microstructure of 
Zamak-3 alloy investigated. For modifying the alloy with 
Ti, in amount of 10 and 20 g Al5TiB (Ti equivalent) were 
added to 1 kg alloy for adjusting Ti amount within the alloy 
to be 0,05 and 0,1 wt.%, respectively. The microstructural 
evaluation of the samples were observed by using optical 
and SEM-EDS analyses. As casting materials were 
subjected to mechanical characterizations such as Brinell 
and micro hardness, Chapry toughness experiment in order 
to investigate the changing of the  mechanical properies by 
adding of  Ti. According to optical and SEM observations, 
the amount of autecthic phase in the microstructure was 
increased and interlamellar distance  in the autecthic was 
decreased, whereas the Al-rich, black coloured phase 
became bigger, localization of that phases were changed 
towards grain boundaries and distribution of it was 
resricted  by raising of Ti amount. As Ti amount increased, 
the lower hardness and the higher toughness were observed 
in the samples. 
 
1. Introduction 
 
Zinc in its unalloyed form is relatively soft and brittle at 
low and ambient temperatures [1]. At the begining of 20th 
century, zinc alloys have been developed to meet the 
demand for press casting alloys that are durable and stable. 
As developed hypoeutectic Zn-Al alloys are called Zamak 
family and have two groups, the first one containing from 
0.01% to 3% (Zamak alloys # 3, 5, 7, 2) and the second one 
containing from 5.2% to 6% (ACuZinc5 alloy) [2, 3, 4]. 
Zamak is basicly general name pure zinc having aluminum 
and copper additions. Zamak alloys distinguished from 
other zinc-aluminum alloys by having 4% Al [5]. Upon 
solidifcation these alloys form eutectic structure of dentritic 
primer  and +  phases. Among these  phase having 
hexagonal closed packed (HCP) crystal structure and rich 
in zinc whereas  phase having face centered cubic (FCC) 
structure and rich in Al [2,6]. Toughness, hardness, 
abrasion resistance and corrosion resistance of the alloy is 
increased upon the addition of copper,magnesium and 
silicon. HCP  phase is formed with addition of copper 
exceeding 1%. Small amount of Cu and Mg addition is 
beneficial for the optimum mechanical and casting 
properties of the alloy. Besides high amount of copper 

increases dimensional unstability limits the use of these 
alloys [1,2,4,6]. These alloys are used mostly in automotive 
industry for decorative and structural purposes [3, 7]. Also 
these alloys have limited castability in low temperatures 
and at high temperatures mechanical properties 
deteriorates. In order to compensate the disadvantages these 
alloys are combined with Ti, Mn, Zr and rare earth 
elements [7]. 
 
The aim of this study to investigate the effect of Ti addition 
on microstructure of Zamak-3 alloy. 
 
2. Experimental Procedure 
 
Two series of Zamak-3 alloys modified by Ti having 
morphology of 1kg ingots used in the experiments. 
Chemical composition of the Zamak-3 alloy used in this 
study  is given in table-1 below. 
 

Tablo 2. Chemical composition of Zamak-3 alloy 
                       Chemical Composition (wt.% ) 

Al Cu Mg Pb Si Zn 
(residual) 

3,8-4,2 <0,03 0,035 <0,003 <0,02 95,945 
 
Zamak-3 alloys were casted by weight of 1 kg ingots and 
during casting 10, 20 g Al5TiB (as Ti equivalent) were 
added to adjust Ti amounts within the alloys as %wt. 0,05 
and 0,1, respectively.  
 
In order to investigate the effect of Ti and Sr addition on 
microstructure, samples taken from cast alloys grinded and 
polished followed by etching with 50% HCl and 50% 
distilled water. Samples etched are analysed via optical and 
SEM-EDS instruments. Other as-polished cast samples’ 
hardness measurements carried out by Brinell and Vickers 
microhardness to reveal the mechanical properties. Charpy 
impact thoughness experiement is carried out to define the 
impact thoughness of the alloys 
 
3. Results and Discussion 
 
3.1. Optical microstructure 
 
Figure 1-2 a-b showed the microstructure of the samples 
modified by different amount of Ti. 
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Figure 1. Optical micrographs of as casted Zamak-3 alloy 
modified by different amount of Ti  a) % 0,05 Ti added, 

magnification: 100X  b) % 0,1 Ti added, 
magnification:500X 

 
Figure 1 shows the microstructure of the alloy cast with the 
addition of the small amount of Ti. Coarse grained and 
dentritic black coloured phases along with lamellar 
eutectoid phases observed. As the amount of Ti increases, 
amount of eutectoid phase, distance between lamels slightly 
decreases, and size of Al rich black coloured phase 
decreases. Besides eutectoid phases directed towards grain 
boundaries, limited the dispersion in microstructure. Also 
size of the eutectoid phase is observed to be increased 
(Figure 1a-b). 
 
3.2. SEM-EDS analysis 
 
SEM-EDS analysis carried out on the eutectoid lamellars 
showed that Ti addition do not have any substantial effect 
on the phase composition of the Zamak-3 alloys. It can be 
said that lamellar shaped black colored rods consist of Al 
and represent  phase whereas regions left between the 
lamellars with lighter colored consist of Zn and represent  
phase. Besides it is observed that Ti addition makes the 
lamellar thinner and small spherical shaped(Figure 2- b). 
 
 

 
(a) 

 
 
 
 
 
 
 

(b) 
Figure 3. Ti modified  Zamak-3 alloy (a) SEM image  (b) 

EDS analysis 
 
3.3. Hardness (Brinell) results 
 
Hardness of the samples modified by Sr and Ti and 
measured by Brinell hardness test given in Figure 4. 
 

 
Figure 4. Hardness variation of Zamak-3 alloy with 

different amounts of Ti added.  
 

Hardness measurements showed that alloys modified with 
0.05% and 0.1% Ti having 83.55 and 74.13 HB hardness, 
respectively. This measurements revealed that with the 
increase Ti addition, hardness decreases remarkably. The 
reason behind this observation is thought to be the decrease 
in the amount of black colored dentritic phase. 
 
3.4. Results of thoughness test 
 
Change in the thoughneses of Zamak-3 alloys upon the Ti 
addition is characterized by Charpy impact experiments 
and results give in Table 2. 
 
Results given in Table 2 revealed that impact thoughness of 
the alloys increases as the amount Ti increases. Depending 
on the increase in the amount of alloying element, decrease 
in the rate of hard dentritic phase, partially spheroidization 

Elements Mark 1 Mark 2 Mark 3 

Zn %94,950 %91,387 %100,00 

O %1,773 %1,038 - 
Al %3,270 %7,575 - 

Brinell Hardness Values 
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of lamellars belong to eutectoid phase and refinement of 
lamellars yields increase in thoughness. Besides notched 
thoughness of the alloy having 0.1% Ti is found to having 
same thoughness compared to the unnotched thoughness of 
the reference Zamak-3 [8] (58j) alloys. 
 
Table 2. Thoughness strength of as casted alloys according 

to Ti amount. 
Amount of alloying 

element (wt.%) 0,05 Ti 0,1 Ti 

Thoughness 
Strength (joule) 54 58 

 
4. Conclusion 
 
The following results have been obtained from this study; 
 
Optical micrographs showed that as the amount of Ti 
increases, amount of eutectoid phase, distance between 
lamels slightly decreases, and size of Al rich black coloured 
phase decreases. Besides eutectoid phases directed towards 
grain boundaries, limited the dispersion in microstructure. 
Also size of the eutectoid phase is observed to be increased. 
 
It can be said from SEM-EDS that Ti addition makes the 
lamellar thinner and small spherical shaped. 
 
Hardness measurements showed that alloys modified with 
0.05% and 0.1% Ti having 83.55 and 74.13 HB hardness, 
respectively. 
 
Thoughness tests revealed that impact thoughness of the 
alloys increases as the amount Ti increases. Also, notched 
thoughness of the alloy having 0.1% Ti is found to having 
same thoughness compared to the unnotched thoughness of 
the reference Zamak-3 (58j) alloys. 
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Abstract 
 
There are many studies focussed on changing graphite 
morphology in grey cast iron process in order to improve 
mechanical properties. Rare earth element addition is one 
of the most important approach to achieve this goal. The 
role of rare earth elements is to enhance perlite formation 
and increase tensile strength. In the present study, the effect 
of niobium (Nb) addition to the composition of grey cast 
iron was investigated. Results showed that Nb addition 
between 0.1% and 0.4% as a charging element to furnace 
improved microstructural features and mechanical 
properties.  
 
 
1. Introduction 
 
Grey cast iron’s (GCI) worldwide production is far higher 
than other casting alloys that’s why it is no doubt GCI is 
most important casting materials [1]. GCI has broad usage 
area on automotive industry such as cylinder sleeve, brake 
disc, flywheel etc. As a result of high compression strength, 
high thermal conductivity, better machinability comparing 
to other cast irons and relatively low cost [2]. 
Graphite morphology and volume fraction are determined 
the properties of grey cast iron densely. Thermal 
conductivity is one of the most important properties for 
grey cast iron which has flake-like graphite and it is 
correlated with carbon equivalent. Based on brake discs, 
carbon equivalent generally ranges from 3.8 to 4.6%. 
Excess graphite which provides high thermal conductivity 
also causes a decrease of the mechanical properties. For 
effective solution, alloying with some trace elements such 
as molybdenum, vanadium, nickel, chromium etc. could be 
used. Niobium has a long past as an alloying element on 
steel. There are some works about the effect of niobium on 
the phase transformation temperature, micro-hardness, NbC 
particles sedimentation etc. [3-4].  
 
2. Experimental Procedure 
 
Low silicon pig iron and steel scrap were used as charge 
materials. For fully dissolve, FeNb (65% Niobium content) 
was added to the furnace charge. Composition was 
analyzed by spectral and chemical methods. The 

composition of samples was: C 3.20, Si 2.1, Mn 0.80 and 
Cu 0.25 (wt.%). The niobium content was 0.00, 0.23, 0.45 
(wt.%) properly. The alloy materials were melted at 1480 
°C in a 100 kg capacity medium-frequency induction 
furnace and then poured into green sand mould. Inoculation 
materials were added during melted samples transferring to 
the ladle. The samples removed from sand mould at room 
temperature. 
Macro-hardness of the samples was measured using 
Stiefelmayer OBPC 3000D Brinell hardness tester. The 
static load was 3000 kgf and the dwell time of load was 15 
seconds. The tensile strength of the samples was 
determined by Shimadzu AG 250 kN. 
 
3. Results and Discussion 
 

• Chemical analyses of samples are shown in Table 1.  
•  

Table 1. Chemical analyses of the samples. 
 

 C Si Nb Cu Mn 
1 3.21 2.12 - 0.26 0.82 
2 3.23 2.14 0.23 0.25 0.79 
3 3.22 2.13 0.45 0.24 0.80 

 
• Hardness values of the 0, 0.23, 0.45 wt.% Nb containing 

samples are shown in Figure 1. Based on the obtained 
results, when the niobium content increased, the hardness 
values also improved and the samples which contains % 
0.45 niobium has reached the highest hardness. Niobium 
forms primary MC-type carbides [3].  

•  
                     [Nb] + [C] = NbC(s)                           (1) 

•  
• As a result of this reaction, hardness values had improved 

by niobium addition. In addition the aggregation of 
niobium rich phase may cause higher hardness values. 
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Figure 1. Change in hardness with niobium content. 
 

Effect of niobium addition on tensile strength is shown in 
Figure 2. After the tensile test, the results show that 
addition of niobium improved tensile strength of 
specimens. Niobium addition reduced cell size and properly 
blunt graphite flake size. Additionally, mechanical 
properties improved by increasing niobium content. 
Moreover, niobium carbide phase possibly play role in 
improved tensile strength.  
 
    

 
 

Figure 2. Change in tensile strength with Nb content. 
 
 

4. Conclusion 
 
Mechanical effect of niobium addition on grey cast iron 
materials was investigated. Experimental results established 
that increasing niobium addition (0.23% and 0.45%), both 
hardness and tensile strength improved on grey cast iron. 
Niobium carbide phase may improve mechanical 
properties. As in more niobium addition improve 
mechanical properties by reducing cell size and leads to 
shorter and finer graphite flakes. Interlamellar spacing of 
the pearlite became more refined.   
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Abstract 

In this study, the effect of Ag on fluidity of 
Al-4.5Cu alloy has been investigated. Spiral 
mould was used in the tests. Boron-nitrite was 
used as coating material on die moulds. The 
castings were carried out at 770oC and 
Weibull statistics were used to compare the 
findings. It was found that the use of coating 
had effect on 201 alloy and Ag had no 
significant effect on fluidity. The fluidity 
results show that 201 had 317 mm and 206 
had 261 mm. 

 

1. Introduction 

Aluminium casting alloys have wide range 
applications in industry, especially in 
automotive and aerospace. These industrial 
applications require high mechanical 
properties, corrosion resistance and 
castability. In this sense, 3XX series Al-Si-
Mg casting alloys are often chosen due to the 
their great castability. On the other hand, 2XX 
have greater mechanical properties 
particularly this alloy group exhibit high 
thermal durability but low fluidity, i.e. 
castability.  

The fluidity of Aluminium alloys play a key 
role when thin walled materials are produced 
in automotive or aerospace industries. The 
properties of molten metal depends on several 
parameters. The chemistry of alloy also has 
an important role. These two alloys have 
close compositions but A201 alloy had 
additional Ag. Addition of Ag causes solution 
hardening and increases durability. Ag in 
A201 alloys, not only effects durability 
positively but also effects fluidity. Thus, 
fluidity of A201 and A206 alloys was 
investigated in this work. 

2. Experimental 

In these experiments A201 (Al-4.5Cu-Ag) 
and A206 (Al-4.5Cu) alloys were used. The 
chemical analyses of A201 and A206 alloys 
are given in table 1. 

Table 1: The chemical composition of the 
aluminum alloys A201 and A206 

Alloy Si Fe Cu Mn 
A201 0,223 0,0801 4,5 0,251 
A206 0,328 0,107 4,75 0,394 

     
Mg Ti Ag Al 

0,204 0.1 0,8-1 93,9 
0,161 0,245 - 93,96 
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Spiral die mould was used and the dimension 
is given in Figure 1. The mould temperature 
was set to 230oC by the heating unit and 
mould temperature was measured constantly 
prior to each casting.  

Alloys were melted in 1000 gram capacity A3 
size silicon carbide crucible in a resistance 
furnace. Five samples were cast in order to 
check the reproducibility of the test results.  
The results were analysed by Weibull 
statistical approach. In addition, the effect of 
boron nitrate coating on fluidity was also 
investigated. 

 

(a) 

               

(b) 

                 

(c) 

Figure 1: Technical drawing of the mould (a) 
bottom, (b) top mould, (c) actual mould used 
in tests   

 

3. Results and Discussion 

After each test, spiral samples were taken off 
the mould and the fluidity lengths were 
measured. The effects of mould coating on 
fluidity is given in Figure 2 and the 
comparison of fluidity of 201 and 206 is 
given in Figure 3.  

 

(a) 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your 
computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.
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(b) 

Figure 2: Effect of boron nitrate coating on 
the fluidity of (a) 201 and (b) 206 alloy 

 

 

(a) 

 

(b) 

Figure 3: Comparison of fluidity of A201 and 
A206 a) HBN coated mould, b) uncoated 
mould 
 
 
In the Figure 2a, the effect of HBN coating 
can be seen for A201 alloy. HBN coated 
mould  has better fluidity and reproducibility 
results. But on the other hand the effect of 
coating can not be seen for A206 alloy. Both 
coated and and uncoated moulds fluidity 
results are almost same for this alloy.  
 
It can be seen from the Figure 3a that A201 
alloy has better fluidity and better 
reproducibility than the A206 alloy and it can 
be seen from the Figure 3b that in the 
uncoated moulds, alloys perform almost 
similar values and Ag addition did not change 
the fluidity values significantly. 
 
From Weibull statistics analyses, 
characteristic values can be calculated and 
these are summarised in Table 2. 
 
 
 
 
 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. 
Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.
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Table 2. Characteristic fluidity results 
measured from Weibull analysis 
 
Alloy Condition Fluidity 

(mm) 
201 BN 381,3 
 No BN 254,1 
206 BN 240,4 
 No BN 283,3 
 
From Table 2, it can be seen that 201 alloy 
shows the highest fluidity when the mould 
was BN coated. The value is 381,3 mm. The 
lowest fluidity value was found for 206 alloy 
as 240,4 mm.  
 

4. Conclusion 
 
On average, regarding the spiral tests, the 
fluidity of 201 alloy is 317,7 mm and this 
value is 261,9 for 206 alloy. It can be seen 
that there is approximately 60 mm difference 
in the fluidity length of 201 and 206 which 
indicates that Ag has additional positive effect 
on Al-Cu alloys.  
 
Application of BN coating on die mould has 
significant effect on fluidity of 201 alloy. The 
difference is around 130 mm. On the other 
hand, statistically, 206 has not seen to be 
affected by coating of the mould. 
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Abstract 

Since the beginning of 19th century, 
aluminium has been used in aeronautics, 
automotive and many other applications in our 
lives. Several research has been conducted to 
improve the properties of Al-Si alloys. One of 
these methods is the modification with Sr. The 
addition of Sr alters the coarse Si particles to 
fibrous finer size which increases mechanical 
properties. In this work, excess amount of Sr 
was added to investigate the porosity in A356 
alloy.  
 
 
1. Introduction 
  
One of the most prominent features of 
aluminium is its light weight and variability in 
its mechanical properties by addition of 
alloying elements. A356 alloy generally has 
high elongation values, good machinability 
with high stress values. Its ductility can be 
improved by Ti addition as grain refiner and Sr 
addition as Si modifier [1].  However, one of 
the defects that deteriorate the properties of 
cast Al alloys is porosity. Porosity is formed 
by the presence of bifilms [2]. Turbulence is 
the major source of bifilm formation.  
 
There is a long going discussion in the 
literature as to whether Sr modification 
increases pore formation or not [3-5]. Some 
researcher claimed that Sr addition alters 
surface tension of the melt and thus enhances 
pore formation. Some conclude that feedability 
increases with Sr modification and thus 
porosity is decreased.  
 
In this work, excess amount of Sr was added to 
A356 and pore formation was investigated by 

means of duration and holding time of the 
liquid metal. Reduced pressure test method 
was used and bifilm index was measured in 
order to quantify the porosity.  
 
 
2. Experimental Work 
  

Excess Sr addition and its effect on A356 is 
examined in this study. 1 wt% Sr was targeted 
by using Al-10Sr master alloy. The charge was 
melted in a graphite crucible in a resistance 
furnace at 775oC. 
 
3 consecutive tests were carried out and 3 RPT 
samples were collected each time. Sample 
collection was carried out after 10 minutes and 
1 hour of holding time.  
 
 
3. Results 
 
Bifilm index change of the melts cast after 10 
minute and 1 hour holding of 1 wt% Sr added 
A356 alloy is given in Figure 1. 
 

 
Fig 1. Bifilm index graph of samples collected 
from the melts with 1% Sr after 1 hour and 10 
minutes 
 
As can be seen in Figure 1, there is a 
significant difference between the bifilm index 
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of two melts: 10 minute and 1 hour. The 
average bifilm index is around 250 mm for 10 
minute held melt and it is around 50 mm for 1 
hour held melt. This five times difference 
between the quality indicates that in the 
presence of excess Sr, holding time of the melt 
can significantly increase the melt quality.  
 
Another interesting observation is the decrease 
in bifilm index of 10 minute held melt as the 
consecutive castings were followed. This gives 
another indication that melt quality was 
improving as the holding time was increased.  
 
The scatter diagram given in Figure 2 clearly 
show the difference between 10 minute and 1 
hour holding. 
 

 

Fig 2. 1 hour and 10 minutes holding time and 
its effect on bifilm index  
 
Bifilm index is measured by the pore length 
from the cross section of RPT samples. In 
addition, number of bifilm can also be 
calculated. These results are given in Fig 3. 
 

 

Fig 3. Number of bifilm change in samples 1 
hour and 10 minutes with 1% strontium  
 
As seen from Figure 3, the change in number 
of bifilms after 1 hour of holding time reveals 

that actually the number of bifilms were 
decreased which caused the increase in the 
melt quality. The reason for the decreased 
number of bifilms can be explained by the 
formation of SrO.Al2O3 spinel oxide which 
sedimates to the bottom of the crucible. 
 
4. Conclusion 
 
Melt quality of A356 can be increased by 
increased holding time when excess amount of 
Sr is added to the melt. 
 
Sr modification leads to spinel oxide formation 
and number of bifilms together with bifilm 
index is decreased which leads to the improved 
melt quality. 
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Abstract 

Strain Induced Melt Activated (SIMA) is one of the 
methods to produce semisolid castings. The process 
involves heating of extruded material to solid-liquid 
region and then forging to obtain the part. One of 
the most challenging issues is the determination of 
the temperature, holding time and the force selected 
to fill the mould cavity. Particularly, the mechanical 
properties can vary depending on these parameters. 
Therefore, in this work, an optimization study was 
carried out where highest density (i.e. lowest 
porosity), fill ability and mechanical properties 
were obtained. It was found that the heating of the 
extruded part had to be carried out on ceramics 
instead of steel material in the conveyor band 
furnaces. Alternatively, highest integrity was 
obtained when induction heating was used. 
 

1. Introduction 

For the production of high performance aluminum 
components, various techniques have been 
developed, such as gravity die-casting, pressure die 
casting, squeeze casting and liquid metal forming. 
One of the major drawbacks of these processes is the 
dendritic evolution of the microstructure which leads 
to defects and cracking. Many other difficulties of 
the chilled casting processes are porosity, turbulent 
filling of mould and shrinkage. Investigations for 
overcoming these difficulties gave rise to a new 
forming process, namely the semisolid 
manufacturing (SSM) [1], for production of 
commercial components of extremely high casting 
integrity and excellent properties. In contrast with 
the conventional casting processes, SSM relies on the 
production of slurry which has the physical state 
between solidus and liquids temperature (mushy 
state). 

 

Figure.1 Classification of semisolid processes 

 
The thixo casting technology consists of two basic 
processes [2]: 
 
1) Production of non-dendritic microstructure 
billets; 
 
2) Processing of non-dendritic billets to make 
 

Two basic routes of semi-solid metal (SSM) 
processing – called “rheo casting” and “thixo 
casting” have been developed. The rheo-route 
involves the preparation of SSM slurry from liquid 
alloy safter which the semi-solid slurry forming 
process takes place. The thixo-route is basic all two-
step process which consists in the preparation offered 
stock material via the liquid state or the solid state   
feed stock material to a semi-solid temperature and 
shaping semi- solid slurry into components [3]. The 
method of obtaining the globular structure in SSM 
slurry is one of the important technological 
parameters. Depending on the method employed, 
different grain size and a different fraction of the 
liquid phase are obtained [3]. 

The grain size and shape factoring all these methods 
significantly depend on the temperature and time of 
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soaking in the semi-solid state [4,5]. components. 
Among different kinds of production technologies, 
the strain induced melt activation (SIMA) process is 
an ideal alternative for industrial application with 
commercial potentiality [6–10]. This process 
includes two important steps of deformation and 
partial melting. Deformation in the SIMA process is 
a crucial factor, for which a lot of attention has been 
paid to investigate the microstructural evolution. 
Thixo forming process is a semi-solid metal 
processing route (SSM), which involves forming of 
alloys in the semi-solid state to near net shaped 
products [1 11]. For this to be possible, the 
microstructure of the semi-solid must be globular 
solid grains surrounded by a liquid matrix. It will 
then have thixo tropically: if it is sheared, the 
viscosity falls and it flows like a liquid, but if 
allowed to stand it thickens again [12]. Thixo forging 
is a thixo forming process at high solid fraction. 
With such a process, parts are shaped in one step and 
their mechanical properties are near those from 
forging process with complex geometry possibilities 
[13]. 

The hardness value of the samples shown in 
Hardness Chart (Figure 2).The hardness value of the 
sample which is heated on the ceramic plate is higher 
when it compares with the sample which is heated on 
the metal plate [14]. 

 

Figure2. Hardness Chart with regard to heating 
conditions (C: Ceramic , M: Metal ) [14] 

One of the most important characteristics of SIMA 
process is the preheating of the cold deformed 
starting material. Therefore the selection of the 
temperature and the holding time determines the 
final microstructure. When temperature is too high, 
partial melting begins. As holding time is increased, 
the coarsening of the grain size becomes rapid. In 
this work, it was found that the mould filling ability 
was the lowest when 6063 was heated at 700oC and 
held for 5 minutes. On the other hand, 25 minutes of 
holding would led to the partial melting. However, 
this situation was more significant when the material 
was heated on a steel plate. Due to the high heat 
transfer of the steel, the samples holding time had 
become very sensitive and lowest hardness and 

highest grain sizes were observed. When samples 
were placed on a ceramic material, mould filling 
ability of 6063 by SIMA method had become more 
controlled and highest properties were found for 25 
minutes of holding [14]. 

2. Experimental Procedure 

The chemical composition of AA6082 alloy which is 
used in this work shown in Table.1 

Table.1 Chemical composition of alloy used in work

 

Alloys were melted in the melting furnace at 700oC 
for 75 minutes. Molten alloys were casted on the 
steel mould. Dimensions of the used steel mould 
shown in figure.3 

 

Figure 3. Dimensions of the mould and the piece 
which was subjected to deformation that would be 

used as the raw material for SIMA process 

The obtained samples on 30-ton press were 
pressurized for a total of 6 times after each press cut 
in half and half. Hardness test was studied and 
%deformation was measured after press for each 
part. DTA (Differential Thermal Analysis) was 
studied for detect to time and temperature of phase 
transformations. 

3. Results and Discussion 

 

Figure 4. Cooling curve derivate which shows phase 
transformation in 6082 
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635oC was selected as semisolid region to be used in 
the samples.  

 

Figure 5. Cumulative deformation Chart after press 

 

Figure 6. Hardness Chart after press 

According to Figure 6, after 4th deformation, the 
hardness was not changed in the samples. Therefore, 
these samples were selected to be the raw material 
for SIMA process. These samples were then heated 
to 635oC and every 5th minute a sample was taken 
from the furnace. Metallographic examination was 
carried to determine which parameter had the 
optimum spherical geometry. 

Table.2  Microstructures of the different parameters.  

Metal plate Ceramic plate Time 
(min) 

  

10 

  

15 

  

20 

  

25 

 

Figure7. Grain size with regard to heating conditions 

Conclusion 

For semisolid production of 6082 alloy, 120% 
deformation is good enough to produce globular 
structure after partial remelting at 635oC for 20 
minutes.  

The type of material on which deformed 6082 will be 
heated plays a significant role. When steel plate is 
chosen, the heat transfer is higher and establishment 
of spherical grains takes longer duration and the 
average grain size remains around 65 m. When 
ceramic plate is selected as the base material, more 
homogenous and spherical grains can be obtained 
after 15 minutes of holding time.  
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Abstract 
 
In this study, the effects of various normalization 
temperature on hardness and microstructure of AISI 4140 
steel are investigated. The steel samples was heated to three 
different austenitic region temperature (850, 875 and 900 
oC) with 10 oC/min heating rate then held at 1 h. The 
samples cooled down to room temperature using three 
quenching environment such as air, oil and water. The 
microstructures of annealed samples were characterized by 
optical microscopy. The hardness of samples was measured 
by using Vickers hardness test. The greatest increase in 
hardness was observed for experimental condition of 
sample at normalized 875 oC and water quenched. 
 
1. Introduction 
 
Tempered steel is suitable in terms of chemical 
composition especially the amount of carbon for hardening 
steel production and gains a high toughness in a certain 
tensile strength after tempering process. It has a wide range 
of uses such as various machine and engine parts, forged 
parts, bolts, nuts, crankshafts, axles, drive control 
components, piston rods and gears due to superior 
mechanical properties [1]. Heat treatment of 4140 steel is a 
significant determinant factor as machinability 
characteristics for manufacturing [2]. Uzkut and Ozdemir 
[3] are investigated the effects of various heating rates on 
the mechanical properties of the AISI 1020, AISI 1040 and 
AISI 4140. The greatest increase in hardness in relation to 
the increasing heating temperature was obtained for AISI 
4140 steel. The main objective of this study was to 
investigate some morphological and mechanical properties 
of AISI 4140 steel with different normalization temperature 
for air, oil and water quenching environment.  
 
2. Experimental Procedure 
 
AISI 4140 steel was used in the form of cylindrical billet 
that have dimensions of 22 mm diameter and 125 mm 
length. The steel billet was cut to small pieces for having 
20 mm length. The chemical analysis of AISI 4140 steel 
was achieved using optical emission spectrometry (ARL 
4460 model). The steel samples was heated to 850 oC,  875 

oC and 900 oC austenitic region temperature with 10 oC/min 

heating rate then held at 1 h. The samples cooled down to 
room temperature using air, oil and water quenching 
environment. The microstructures of annealed samples 
were characterized by optical microscopy (Olympus). The 
hardness of samples was measured by using Vickers 
hardness test at HV10 scale.  
 
3. Results and Discussion 
 
The chemical analysis result of AISI steel used in the tests 
is given in Table 1.  The analysis has showed that chemical 
composition of sample is compatible with standard AISI 
4140 steel. 

Table 1.Chemical analysis of AISI steel  (wt%) 
C Mn Mo Cr Si Ni 

0,3803 0,8235 0,1561 1,0791 0,2458 0,0543 
 

The optical microscope images of unheated (initial) and air 
quenched samples were given in Figure 1 (a-d). As seen 
from the Figure 1, the microstructures of samples consist of 
ferrite + bainite phase morphology. The average grain size 
of initial sample is 49 m. 
 

 

(a) 

(b) 
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Figure 1. Microstructure of  untreated (a), heated               
at 850 oC (b), 875 oC (c) and 900 oC (d) for 1 h. 

 
The optical microscope images of oil quenched samples 
were given in Figure 2 (a-c). The presences of ferrite and 
martensite morphologies are seen in the images of sample 
microstructure. The martensite phase is located at the grain 
boundaries of ferrite phase (Figure 2c). 
 

 

 

 
Figure 2. Microstructure of oil quenched samples            

heated at 850 oC (a), 875 oC (b) and 900 oC (c) for 1h. 
 
The optical microscope images of water quenched samples 
were given in Figure 3 (a-c). The microstructure of sample 
heated at low austenitic temperature (850 oC) displays 
martensite and ferrite morphology. The martensite 
morphology has become dominant phase with increasing 
normalization temperature. In addition dimension of grain 
size (11 m) of martensite phase is lowest for sample of 
heated 875 oC.  
 

 

 

 
Figure 3. Microstructure of water quenched samples            
heated at 850 oC (a), 875 oC (b) and 900 oC (c) for 1h. 

 

(c) 

(d) 

(c) 

(a) 

(b) 

(a) 

(b) 

(c) 
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Hardness plays an important role in terms of the properties 
of the material. Hardness test result of water quenched 
samples was given in Figure 4. The hardness of the initial 
sample (197 HV10) increased with normalization heat 
treatment due to the presence of the martensite phase. 
However there was no significant increase at value of 
hardness of 850 oC and 900 oC as seen form the graph. But 
it has a peak of sample hardness value for experimental 
condition of sample at normalized 875 oC because of 
lowest grain size. 
 

 
Figure 4. The effect of austenitic temperature                         

on hardness of water quenched samples.             
 

4. Conclusion 
 
When AISI 4140 steel cooled down at air atmosphere, the 
morphology consists of ferrite and bainite phase for all 
normalization temperature. The ferrite and martensite 
morphologies are seen microstructure of oil quenched 
samples. Furthermore the martensite phase is located at the 
grain boundaries of ferrite phase. The martensite 
morphology has become dominant phase for water 
quenched samples with increasing normalization 
temperature. The greatest increase in hardness was 
observed for experimental condition of water quenched 
sample at normalized 875 oC because of lowest grain size 
of martensite phase. Consequently, the effective austenitic 
temperature is 875oC. 
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Abstract 

Takin
engineering education and also technological and 
industrial progresses, the embedment and deployment 
of the team work and problem-based design projects in 
the undergraduate education of the Metallurgical and 
Materials Engineering become leading prerequisite for 
keeping up the future. This situation has a vital 
importance and meaning in adaptation to the current 
trends. Material-process selection via the problem 
solving approach, final product design and innovation 
concept come into prominence at the core of the 
changing education perception. On the other hand, for 
achieving integration between the contents of the 
whole lectures, there are specific case studies which 
give an opportunity to the students to work as a team 
both for seeking solutions and effective parameters and 
also for learning material/proses selection and design 
stages. This provides opportunity for improving 
project-based interdisciplinary working skills of the 
students. It is also possible to exemplify how to convey 
the scientific knowledge to the application and to 
provide an interrelation with industry. In this study, it 
is asserted that education should be structured with 
problem-based approach and design projects. Also the 
factors affecting the learning and teaching techniques 
are examined from the point of students and 
academicians.

1. Introduction 

Taking into consideration technological and industrial 
progresses and also the developments occurring in 

s engineering education, the embedment and 
deployment of the team work and problem-based 
design projects in engineering undergraduate 
education become prominent prerequisite for keeping 
up the future. As engineering graduates are working in 
various types of team-based projects, strong teamwork 
abilities are in great demand not only by employers but 
also in higher education by students and accreditation 
bodies [1,2]. 

In parallel with above mentioned situation, set of 
standards namely, the Engineering Criteria 2000 
(EC2000), which is adopted by ABET (Accreditation 
Board for Engineering and Technology), altered the 
keynote of engineering accreditation. As outcome-
based assessment provides convenience in the process 
of continuous improvement, outputs (what is learnt) 
become much more prominent than inputs (what is 
taught). Thereupon, in the content of EC2000, 11 
program outcomes (a-k) are identified that should be 
acquired by graduate students [3]: 

(a) an ability to apply knowledge of 
mathematics, science, and engineering  

(b) an ability to design and conduct experiments, 
as well as to analyze and interpret data 

(c) an ability to design a system, component, or 
process to meet desired needs 

(d) an ability to function on multi-disciplinary 
teams 

(e) an ability to identify, formulate, and solve 
engineering problems 

(f) an understanding of professional and ethical 
responsibility 

(g) an ability to communicate effectively 
(h) the broad education necessary to understand 

the impact of engineering solutions in a global 
and societal context 

(i) a recognition of the need for, and an ability to 
engage in life-long learning 

(j) a knowledge of contemporary issues 
(k) an ability to use the techniques, skills, and 

modern engineering tools necessary for 
engineering practice. 

Our aim is to lay an emphasis on on 
on multi- ia by means of 
ABET-related process skills. A case study in 
Metallurgical and Materials Engineering Department 
is evaluated with rubric which is an assessment tool 
and methodology in the measurement of student 
development.  
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2. Rubric Design 

With priority, clarifying the definition of rubric; 
uncomplicatedly indicating the expectations from 
student in terms of their performance. The distinctness 
of rubric from grading process is being much more 
unique, extensive and reviewable in sections. Rubrics 
characterizes the levels of performance that students 
are responsible for [4]. 

In this study, a team-work rubric is developed to assess 
the team-work abilities of students systematically, 
ensuring them to prepare themselves sufficiently for 
project-based studies and also providing positive 
contribution on their progress by receiving feedback. 

In the development phase of rubric, different rubric 
types and also rubric guidance given by ABET are 
investigated in a detailed way [1,4-10] In this regard, a 
team-work rubric is generated specific to Metallurgical 
and Materials Engineering Department of Istanbul 
Technical University (ITU) and is given in Table 1.  

To clarify the structure of rubric, it contains scales 
(performance levels) on the top of the table (Beginner, 
Developing, Accomplished and Exemplary), and 
dimensions (performance indicators) on the first 
vertical column which describes the required 
performances to achieve the outcomes. Scales can also 
be identified with different ratings as numerical scores 
(1, 2, 3, 4) enabling scoring tool advantage for both 
educators and students d Also, for each 
of dimension, there is a detailed explanation for 
different levels of scale. 

This rubric is examined the 2 main topics under totally 
5 different sub-headings: 

- Team Management 
 Team Leadership 
 Shared Understanding of Goals and Objectives 
 Time Management 

-  Interpersonal Communication 
 Empathy for Diverse Perspectives 
 Personal Characteristics in Social Relationships 

 
3. Assessment of the Rubric and Results 

This study is conducted in the Department of 
Metallurgical and Materials Engineering (MME) at 
ITU in a third-year course named as “Design 
Principles & Material Selection for Engineering 
Application” in 2014-2015 Fall Semester to 8 groups 
consisting of 4-6 members each. At the curriculum of 
MME, students are expected to participate 3 project 
and team based lectures before taking their design 
graduation project. This mentioned course has a 
feature of being firstly taken-project based lecture in  

 

 

 

Table 1 : Team work Rubric of MME 
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the curriculum and also giving the students a chance of 
working in teamwork projects for case studies related 
to design and materials/process selection for required 
set of parameters. Within this context, in the first week 
of the term, students were introduced below stated 
team dynamics which provide them a well-structured, 
cooperative and effective learning environment in their 
team: 

- Positive interdependence 
- Face to face interaction 
- Individual accountability 
- Team work skills 
- Group processing  

2 weeks after both team working skills explanation and 
team establishment phase, team- work capabilities of 
the students at the beginning are evaluated by the 
rubric self-assessment survey. At the end of the course, 
with the completion of totally 3-project studies, 
students are asked for repeating the evaluation of 
rubric survey again. 

Rubric self-assessment average results of pre- and 
post-surveys of each section are given in Figure.  For 
each of the dimension, threshold value is identified as 

for 
measuring and evaluating the percentage value that 
meets target performance.  

As it can be clearly seen from the diagram, all the team 
groups are having scores above the levels of threshold 

however, except 3 groups, they are having problems in 

the threshold does not mean that they are unsuccessful. 
It just indicates that some of the circumstances are not 
going well, they are not efficiently solving their 
problems as a team and team integrity seems 
beleaguered. 

Even in the groups exceeds threshold level, time 
management problems exist. Despite the submission of 
the reports and assignments on time, from the point of 
above mentioned problems, they are showing negative 
tendency in their attitude at the end of semester: 

-  
- Inequality in the assignment of tasks 
- Ineffective team leadership 
- Absence of team commitment 
- Not acting in line with the team objective 
- Absence of cooperation between teammates 
- Establishing unclear procedures 
- Fail to comply with time schedule 
- Discontinuity in group organization/meetings 

 

Conseque

each other. Either one of these is problematic, due to 
its effect on team spirit, influences the others directly. 

 

4. Conclusions 

Rubrics are assessment tools which uncomplicatedly 
indicates the expectations from student in terms of 
their performance. In this study, a team-work rubric is 
developed for MME of ITU to assess the team-work 
abilities of students systematically independently from 
grading system, ensuring them to prepare themselves 
sufficiently for project-based studies and also 
providing positive contribution on their progress by 
receiving feedback. 
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