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Foreword by Dr. T. Ram Prabhu 

The last decade has witnessed remarkable research and development of novel 
lightweight alloys for automotive, aviation, and structural components. The editors 
Dr. R. Vaira Vignesh, Dr. R. Padmanaban, and Dr. M. Govindaraju have made a 
timely book on Advances in Processing of Lightweight Metal Alloys and Compos-
ites. The book has touched upon the essentials of lightweight metal alloys processing, 
post-processing, joining methodologies, and the industry’s future trends. 

The salient features of the book are as follows: 

. Detailed documentation of promising and novel research trends in the solid-state 
welding and processing of lightweight metallic materials. 

. Overview of recent additive manufacturing trends in the industry for aluminum, 
magnesium, and titanium alloys. 

. Comprehensive analysis of the microstructural evolution and properties of 
aluminum and magnesium alloys subjected to solid-state welding/processing. 

A significant effort has been made to elucidate the future trends of materials research. 
The book will benefit researchers, academicians, scientists, and engineers who want 
to delve deeper into the subject. 

I wish all the best to the editors in all their endeavors. 

Dr. T. Ram Prabhu 
Joint Director, Defence Research 

Development Organization, 
Ministry of Defence 
Government of India 

Bengaluru, Karnataka, India
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Foreword by Dr. Shantanu Bhowmik 

The rapid progress of and the numerous research conducted under the aegis of mate-
rials science and manufacturing make it challenging to interpret the facts accumulated 
over a decade. 

This book on Advances in Processing of Lightweight Metal Alloys and Compos-
ites, edited by Dr. R. Vaira Vignesh, Dr. R. Padmanaban, and Dr. M. Govindaraju, 
provides a number of chapters that are excellent examples of research work applied 
to relevant metallurgical problems. This book covers the critical areas in lightweight 
metallic materials, including the recent advancements in additive manufacturing 
processes. 

I believe the book would extract the technical fundamentals of processing 
lightweight metal alloys and composites. The authors have presented the modern 
engineering problems associated with the processing and characterizing of advanced 
materials. 

This book forms a valuable addition to the existing body of knowledge. It 
is primarily intended for the students, scholars, and researchers devoting them-
selves to researching lightweight materials, composites, and solid-state welding and 
processing. 

The authors and editors of the book deserve appreciation for shaping a sensible 
and applied book. 

Dr. Shantanu Bhowmik 
Professor, Department of Aerospace 

Engineering 
Amrita Vishwa Vidyapeetham 

Coimbatore, India 

Adjunct Professor, Center for Future 
Materials 

University of Southern Queensland 
Toowoomba, Australia
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Foreword by Dr. A. Srinivasan 

I am happy to extend my good wishes to Dr. R. Vaira Vignesh, Dr. R. Padmanaban, 
and Dr. M. Govindaraju for their book Advances in Processing of Lightweight Metal 
Alloys and Composites. 

The compiled chapters cover a range of areas, including an overview, liquid and 
solid-state processing, and machinability characteristics of lightweight alloys and 
composites. The thematic information in the book provides a comprehensive base 
on innovative ideas and technologies developed by eminent researchers working on 
lightweight metal alloys and composites. 

The curated book chapters will serve the research community with current trends 
in friction stir welding and processing aluminum and magnesium alloys. An inclusive 
analysis of the resulting microstructure, properties, and mechanisms is presented. 
An overview of the recent trends in solid-state joining, processing, and additive 
manufacturing in the industry is presented. 

I hope this book will enhance the conceptual understanding of young scientists 
and the research community. The book editors deserve my huge appreciation for 
their effort in bringing out the valuable and useful book. 

Dr. A. Srinivasan 
Principal Scientist, CSIR—National 

Institute for Interdisciplinary 
Science and Technology (NIIST), 

Council of Scientific and Industrial 
Research (CSIR), Ministry of Science 

and Technology 
Government of India 

Thiruvananthapuram, Kerala, India
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Preface 

This book is a compilation of the collective knowledge of students, instructors, and 
researchers on the subject of lightweight materials (alloys and composites) and their 
uses, in both academic and professional contexts. Several industries currently use 
lightweight materials extensively as a critical component in creating cutting-edge 
products. As a result, the need for understanding and using lightweight materials has 
multiplied, as has the number of users in this field. 

In order to introduce both new and established users to this field, there was a 
need for organized learning material. Several renowned, widely acknowledged, and 
excellent texts in lightweight materials exist. However, almost all of these texts 
are advanced and go into great detail about fabrication techniques. As a result, a 
substantial unmet demand for high-quality educational materials that emphasize the 
characterization of lightweight material remains open. This book aims to satisfy that 
need. We hope this book would offer the reader a clear, comprehensive, and useful 
introduction to the processing and characterization of lightweight materials. 

The first five chapters (Chaps. 1–5) of this book introduce the essentials of 
lightweight materials to a novice reader. The following six chapters (Chaps. 6–11) 
deal with the essence of existing knowledge on liquid state processing and solid-state 
welding of lightweight alloys. The subsequent seven chapters (Chaps. 12–18) are  
dedicated to some relatively recent topics in the solid-state processing of lightweight 
alloys and composites. The next three chapters (Chaps. 19–21) deal with the machin-
ability characteristics of lightweight alloys and composites. The last four chapters 
(Chaps. 22–25) provide a brief account of current trends in additive manufacturing 
of lightweight materials. 

Researchers working in various disciplines, including metallurgy, materials 
science and engineering, manufacturing engineering, and production engineering, 
will find this book as a handy reference. Using the content wisely, this book can also 
be used as a text for one-semester undergraduate and graduate courses in lightweight 
materials. The contributions of many people fruition a book of this caliber. Without 
the teamwork of members from our respective research groups, this book would
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have not been possible. We appreciate each person’s contribution to this manuscript, 
individually and collectively. 

Coimbatore, India R. Vaira Vignesh 
R. Padmanaban 
M. Govindaraju



Acknowledgements 

We acknowledge our beloved AMMA Mata Amritanandamayi Devi, World-
Renowned Spiritual Leader and Chancellor of Amrita Vishwa Vidyapeetham for 
all her blessings and her guidance. She has been the source of light for our inspira-
tion toward compassion-driven research. We are indebted to Swami Amritaswaru-
pananda Puri (President—Amrita Vishwa Vidyapeetham), Swami Abhayamri-
tananda Puri (Pro-Chancellor—Amrita Vishwa Vidyapeetham), and Dr. P. Venkat 
Rangan (Vice Chancellor—Amrita Vishwa Vidyapeetham) for providing the best 
environment to develop the skillset and knowledge. We respect and thank Dr. 
Sasangan Ramanathan, Dean, Amrita School of Engineering, Coimbatore, for 
his guidance, kind cooperation, and encouragement. We feel deeply honored in 
expressing our sincere thanks to Dr. K. Ramesh Kumar, Professor and Chairman, 
Department of Mechanical Engineering, for his technical inputs. 

We also thank our professional colleagues Dr. G. Suganya Priyadharshini 
(Department of Mechanical Engineering, Coimbatore Institute of Technology), 
Dr. V. Satheeshkumar (Department of Production Engineering, National Insti-
tute of Technology Tiruchirappalli), Dr. Jayaprakash Murugesan (Metallurgy 
Engineering and Materials Science, Indian Institute of Technology Indore), Dr. 
B. Arivazhagan (Materials Joining Section, Indira Gandhi Centre for Atomic 
Research, Kalpakkam), Dr. M. Arivarasu (Center for Innovative Manufacturing 
and Research, Vellore Institute of Technology), Dr. M. Manikandan (Center for 
Innovative Manufacturing and Research, Vellore Institute of Technology), Dr. L. 
A. Kumaraswamidhas (Department of Mechanical Engineering, Indian Institute of 
Technology, Dhanbad), and Dr. Hari Kumar Voruganti (Department of Mechan-
ical Engineering, National Institute of Technology Warangal) for their suggestions 
after reading early versions of the manuscript. 

We have also benefited from professional interactions with our esteemed 
colleagues Dr. M. V. Reddy (Institute of Research Hydro-Québec, Centre of Excel-
lence in Transportation, Electrification and Energy Storage, Hydro-Québec, Canada), 
Dr.H.Khalid  Rafi  (Digital Manufacturing Technologies—Additive Manufacturing, 
Underwriters Laboratories, Singapore), Dr. Moslem Paidar (Islamic Azad Univer-
sity, South Tehran Branch, Iran), Dr. Shabbir Memom (Wichita State University,

xv



xvi Acknowledgements

Kansas, USA), and Dr. Olatunji Oladimeji Ojo (Federal University of Technology, 
Akure). 

Last but not least, we acknowledge the support of our families for their patience 
and cooperation while preparing this book. We bestow all of our achievements, 
successes, and victories to the lotus feet of the Almighty.



Contents 

Part I Overview of Lightweight Materials 

1 Design of Light-Metal Alloys Using Machine Learning 
Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
P. G. Kubendran Amos 

2 Environmental Assessment of Recycling Carbon 
Fibre-Reinforced Composites: Current Challenges 
and Future Opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 
Arshyn Meiirbekov, Akniyet Amantayeva, Serik Tokbolat, 
Aidar Suleimen, Shoaib Sarfraz, and Essam Shehab 

3 Synthesis of Lightweight Metallic Foam and Their 
Applications in Various Engineering Sectors . . . . . . . . . . . . . . . . . . . . . 51 
Pradeep Singh, J. P. Shakya, Pankaj Agarwal, Sanjay Jain, 
D. P. Mondal, and Karan Singh Verma 

4 Overview of Lightweight Metallic Materials . . . . . . . . . . . . . . . . . . . . . 75 
P. S. Samuel Ratna Kumar, P. M. Mashinini, and R. Vaira Vignesh 

5 Surface Engineered Titanium Alloys for Biomedical, 
Automotive, and Aerospace Applications . . . . . . . . . . . . . . . . . . . . . . . . 89 
G. Suresh, M. R. Ramesh, and M. S. Srinath 

Part II Liquid State Processing and Solid State Welding of 
Lightweight Alloys 

6 Solid-State Welding of Aluminium Alloys . . . . . . . . . . . . . . . . . . . . . . . . 105 
Kirubanidhi Jebabalan and Milon Selvam Dennison 

7 Solid-State Welding of Magnesium Alloys . . . . . . . . . . . . . . . . . . . . . . . 123 
Arpan Tewary, Chandan Upadhyay, and Rahul Kumar Yadav

xvii



xviii Contents

8 Solid-State Friction Welding Technology for Joining 
of Lightweight Metal and Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 
Ravindra Nath Yadav 

9 Fractographic Analysis of Friction Stir Welded Aluminium 
Alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167 
A. Kumar, P. J. Saikia, M. Kumar, S. Bag, N. Muthu, 
and R. G. Narayanan 

10 Production of Al–TiB2 Composites with Grain Modification 
by Strontium and Magnesium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 
C. Bhagyanathan, P. Karuppuswamy, and S. Sathish 

11 Stir Casting Process Parameters and Their Influence 
on the Production of AA6061/B4C Metal Matrix Composites . . . . . . 193 
R. Chitra, T. M. Chenthil Jegan, A. M. Anusha Bamini, 
Godwin Glivin, and V. Alfred Frankin 

Part III Solid State Processing of Lightweight Alloys and 
Composites 

12 Microstructure and Mechanical Properties of Severely 
Deformed Aluminum Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 
Shrishty Sahu, Abhishek Ghosh, Uttam Kumar Murmu, 
Kalyan Das, and Manojit Ghosh 

13 A Comprehensive Survey on Friction-Based Processing of AZ 
Series Magnesium Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231 
S. Dharani Kumar, B. Arulmurugan, N. Muthukumaran, 
and S. Ramesh Babu 

14 An Investigation on Friction Stir Processing of Aluminum 
Alloy-Boron Carbide Surface Composite . . . . . . . . . . . . . . . . . . . . . . . . 249 
Sampath Boopathi 

15 Performance Studies of Process Parameters on Friction Stir 
Processed AA5052 by Grey Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259 
S. V. Alagarsamy, C. Chanakyan, P. Prabhakaran, 
Adarsh Abi Mathew, and K. Senthamarai 

16 Analysis into Mechanical Properties and Microstructural 
Behavior of Friction Stir Welded Al 6061-T6 Alloy Joints . . . . . . . . . 281 
Saurabh Dewangan, Ramneek Yadav, Anirudh Sharma, 
and Siddharth Vohra



Contents xix

17 Microstructure, Tribology, and Corrosion Characteristics 
of Hot-Rolled AZ31 Magnesium Alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . 299 
R. Lokesh Kumar, B. G. Yashwanth Kumar, R. Vaira Vignesh, 
J. Kaasi Viswanath, M. Muralimanokar, Shabbir Memon, 
and M. Govindaraju 

18 Investigations on the Texture, Formability, and Corrosion 
Characteristics of AA3003-Y2O3 Surface Composite 
Fabricated by Friction Stir Processing . . . . . . . . . . . . . . . . . . . . . . . . . . 327 
S. Kamaleshwar, S. Jagadeesh Kumar, K. Naveen Kumar, 
S. Keerthana, R. Vaira Vignesh, and R. Padmanaban 

Part IV Machinability Characteristics of Lightweight Alloys and 
Composites 

19 Machinability Study of Amorphous Bulk Metallic Glass 
in Micro Milling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351 
Debajyoti Ray and Asit Baran Puri 

20 Machinability Studies on Al–Fe–Si Alloy-Based Composites . . . . . . . 365 
C. Chanakyan, S. V. Alagarsamy, C. Sivakandhan, 
and K. Senthamarai 

21 Optimization of Machining Parameters in EDM Using GRA 
Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383 
S. Balaji, P. Maniarasan, C. Sivakandhan, and S. V. Alagarsamy 

22 Parametric Optimization of Dry Turning 
on Zirconia-Reinforced Magnesium Matrix Composites Using 
Taguchi-GRA Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399 
D. Sreekanth and R. Radha 

Part V Current Trends in Additive Manufacturing of Materials 

23 Light Metals and Composites in Additive Manufacturing . . . . . . . . . 417 
A. T. Erturk 

24 Additive Manufacturing of Titanium Alloys for Aerospace 
and Biomedical Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 
Salwa El Baakili, Abd Baghad, Meriame Bricha, 
and Khalil El Mabrouk 

25 Process Modeling of Laser-Based Metal Additive 
Manufacturing of Metal Alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443 
Ananya Nath



Editors and Contributors 

About the Editors 

Dr. R. Vaira Vignesh obtained his bachelor’s degree in Mechanical Engi-
neering (First Class with Distinction) from Karpagam College of Engineering, 
an autonomous institution affiliated with Anna University, India. He obtained his 
Ph.D. under the Faculty of Engineering from Amrita Vishwa Vidyapeetham for 
his research on Magnesium Alloy Surface Composites for Biodegradable Implants. 
He was involved in the indigenization of laser surface texturing technology for 
reducing the frictional losses in automotive components and the development of 
wind turbine brake pads with gradient composition, and functionality that were 
funded by the Department of Science and Technology, Government of India. Subse-
quently, he joined as Assistant Professor at Amrita Vishwa Vidyapeetham. In the field 
of advanced materials and processing, his research and development span solid-
state processing, solid-state welding, surface engineering, and powder metallurgy 
processing. He has one patent, 10+ book chapters, 35+ conference publications, and 
50+ research publications in peer-reviewed international journals to his credit. He 
received the Amrita Vishwa Vidyapeetham—Chancellor’s Publication Award for his 
eminent contribution to the field of solid-state welding and processing of lightweight 
materials. He is the recipient of the prestigious Amrita Innovation and Research 
Awards (Publication Merit Award) for his distinction in research publications. Appre-
ciating his excellence in the curricular and technical field, he received Henry Ford 
Award and Best Academic Performer award from Karpagam College of Engineering, 
and the Best Student Award from the Indian Society for Technical Education, New 
Delhi (Tamil Nadu and Puducherry). He currently serves as an Assistant Professor in 
the Department of Mechanical Engineering, Amrita School of Engineering, Amrita 
Vishwa Vidyapeetham, India. 

Dr. R. Padmanaban is a mechanical engineer with specialization in engineering 
design. He completed his doctoral research in the area of friction stir welding. 
He is currently working as Associate Professor in the Department of Mechanical

xxi



xxii Editors and Contributors

engineering, Amrita School of Engineering, India. He has two decades of teaching 
experience and is teaching undergraduate and postgraduate students and supervising 
doctoral students. He has successfully guided more than fifty bachelor’s and master’s 
students’ projects, and one Ph.D. candidate. He has published several articles in 
reputed international journal and conferences. His areas of interest include welding 
and joining, fatigue and fracture behavior of materials, application of finite element 
method to analyze manufacturing processes, simulating microstructural evolution 
and resultant properties. He also specializes in the application of artificial intelli-
gence and statistical techniques to build regression models and analyze manufac-
turing processes to optimize process parameters, maximize output and process effi-
ciency. He has conducted seminars, organized workshops and presented talks on 
finite element methods and applications, welding, and friction stir welding. He is an 
active reviewer for several national and international journals, and a life member in 
the Indian Society for Technical Education (ISTE) and Indian Welding Society. 

Dr. M. Govindaraju completed B.E. in Metallurgical Engineering from Government 
College of Engineering, Salem, in 2001 and joined as Engineer at Nonferrous Mate-
rials Technology Development Center (NFTDC), Hyderabad. He served there for 15 
years up to 2016 in various capacities including as Principal Scientist, before moving 
to Amrita Vishwa Vidyapeetham in July 2016 as Assistant Professor at Depart-
ment of Mechanical Engineering. After joining in NFTDC, he completed M.Tech. 
(Welding) and Ph.D. from Indian Institute of Technology Madras subsequently. His 
Ph.D. thesis is on friction stir processing of magnesium alloys. He has industry and 
research exposure of over ~20 years in various capacities, in the field of advanced 
welding and brazing technology, design, and fabrication of furnaces, leak testing, 
non-destructive testing, new and advanced materials (super alloys, ultra-pure metals, 
magnesium alloy, aluminum alloy, and ceramic to metal joins). He has developed 
technologies for sheet brazing of automotive components and diffusion brazing of 
honeycomb structures which are transferred to industries. In addition, he is involved 
in building and indigenization of various process equipment, mainly high technology 
furnaces for processing of materials for Indian Space Research Organization, Bhabha 
Atomic Research Center, Defence Research and Development Organization and 
other national programs. He has completed 12 projects and 2 projects are ongoing; 
published more than 40 articles in international journals and conferences. He has 
indigenized more than 15 techniques/equipment for various applications in India. 
He has delivered 100 guest lectures in various colleges and universities across India. 
He currently serves as an Associate Professor in the Department of Mechanical Engi-
neering, Amrita School of Engineering, Amrita Vishwa Vidyapeetham (Coimbatore 
Campus), India.



Editors and Contributors xxiii

Contributors 

Agarwal Pankaj Department of Mechanical Engineering, Samrat Ashok Techno-
logical Institute, Vidisha, India 

Alagarsamy S. V. Department of Mechanical Engineering, Mahath Amma Institute 
of Engineering and Technology, Pudukkottai, Tamil Nadu, India 

Amantayeva Akniyet Department of Mechanical and Aerospace Engineering, 
School of Engineering and Digital Sciences, Nazarbayev University, Astana, 
Kazakhstan 

Amos P. G. Kubendran Theoretical Metallurgy Group, Department of Metallur-
gical and Materials Engineering, National Institute of Technology Tiruchirappalli, 
Tiruchirappalli, Tamil Nadu, India 

Arulmurugan B. Department of Mechanical Engineering, KPR Institute of Engi-
neering and Technology, Coimbatore, Tamil Nadu, India 

Babu S. Ramesh Department of Mechanical Engineering, KPR Institute of Engi-
neering and Technology, Coimbatore, Tamil Nadu, India 

Bag S. Indian Institute of Technology Guwahati, Guwahati, Assam, India 

Baghad Abd Euromed Research Center, Euromed Polytechnic School, Euromed 
University of Fes, Route de Meknes, Rond-point de Bensouda, BP 51, Fes, Morocco 

Balaji S. Department of Aeronautical Engineering, Nehru Institute of Engineering 
and Technology, Coimbatore, India 

Bamini A. M. Anusha Department of Computer Science and Engineering, 
Karunya Institute of Technology and Sciences, Coimbatore, India 

Bhagyanathan C. Department of Mechanical Engineering, Sri Ramakrishna Engi-
neering College, Coimbatore, India 

Boopathi Sampath Department of Mechanical Engineering, Muthayammal Engi-
neering College (Autonomous), Rasipuram, Namakkal (District), India 

Bricha Meriame Euromed Research Center, Euromed Polytechnic School, 
Euromed University of Fes, Fes, Morocco 

Chanakyan C. Department of Mechanical Engineering, R.V.S. College of Engi-
neering and Technology, Kumaran Kottam Campus, Coimbatore, Tamil Nadu, 
India 

Chitra R. Department of Computer Science and Engineering, Karunya Institute of 
Technology and Sciences, Coimbatore, India 

Das Kalyan Department of Metallurgy and Materials Engineering, Indian Institute 
of Engineering Science and Technology, Shibpur, Howrah, India



xxiv Editors and Contributors

Dennison Milon Selvam Department of Mechanical Engineering, Kampala Inter-
national University, Kampala, Uganda 

Dewangan Saurabh Department of Mechanical Engineering, Manipal University 
Jaipur, Dehmi Kalan, Jaipur, Rajasthan, India 

El Baakili Salwa Euromed Research Center, Euromed Polytechnic School, 
Euromed University of Fes, Fes, Morocco 

El Mabrouk Khalil Euromed Research Center, Euromed Polytechnic School, 
Euromed University of Fes, Fes, Morocco 

Erturk A. T. Department of Mechanical Engineering, Kocaeli University, Izmit, 
Turkey 

Frankin V. Alfred Mechanical and Industrial Engineering Section, University of 
Technology and Applied Sciences-Ibri, Ibri, Oman 

Ghosh Abhishek Department of Metallurgy and Materials Engineering, Indian 
Institute of Engineering Science and Technology, Shibpur, Howrah, India 

Ghosh Manojit Department of Metallurgy and Materials Engineering, Indian 
Institute of Engineering Science and Technology, Shibpur, Howrah, India 

Glivin Godwin Department of Energy and Environment, National Institute of 
Technology, Trichy, India 

Govindaraju M. Department of Mechanical Engineering, Amrita School of Engi-
neering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Jagadeesh Kumar S. Department of Mechanical Engineering, Amrita School of 
Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Jain Sanjay Department of Mechanical Engineering, Samrat Ashok Technological 
Institute, Vidisha, India 

Jebabalan Kirubanidhi Department of Mechanical Engineering, Division of 
Materials Technology, Technical University of Liberec, Liberec, Czech Republic 

Jegan T. M. Chenthil Department of Mechanical Engineering, St. Xaviers 
Catholic College of Engineering, Chunkankadai, India 

Kaasi Viswanath J. Department of Mechanical Engineering, Amrita School of 
Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Kamaleshwar S. Department of Mechanical Engineering, Amrita School of Engi-
neering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Karuppuswamy P. Department of Mechanical Engineering, Sri Ramakrishna 
Engineering College, Coimbatore, India 

Keerthana S. Department of Mechanical Engineering, Amrita School of Engi-
neering, Amrita Vishwa Vidyapeetham, Coimbatore, India



Editors and Contributors xxv

Kumar A. Indian Institute of Technology Guwahati, Guwahati, Assam, India 

Kumar M. Indian Institute of Technology Guwahati, Guwahati, Assam, India 

Kumar S. Dharani Department of Mechanical Engineering, KPR Institute of 
Engineering and Technology, Coimbatore, Tamil Nadu, India 

Lokesh Kumar R. Department of Mechanical Engineering, Amrita School of 
Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Maniarasan P. Department of Aeronautical Engineering, Nehru Institute of Engi-
neering and Technology, Coimbatore, India 

Mashinini P. M. Department of Mechanical and Industrial Engineering, University 
of Johannesburg, Johannesburg, South Africa 

Mathew Adarsh Abi Pimpri Chinchwad College of Engineering, Pune, Maha-
rashtra, India 

Meiirbekov Arshyn Department of Mechanical and Aerospace Engineering, 
School of Engineering and Digital Sciences, Nazarbayev University, Astana, 
Kazakhstan 

Memon Shabbir Department of Mechanical Engineering, Wichita State University, 
Wichita, KS, USA 

Mondal D. P. CSIR—Advanced Materials and Processes Research Institute, 
Bhopal, India 

Muralimanokar M. Department of Mechanical Engineering, Amrita School of 
Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Murmu Uttam Kumar Department of Metallurgy and Materials Engineering, 
Indian Institute of Engineering Science and Technology, Shibpur, Howrah, India 

Muthu N. Indian Institute of Technology Guwahati, Guwahati, Assam, India 

Muthukumaran N. Department of Mechanical Engineering, KPR Institute of 
Engineering and Technology, Coimbatore, Tamil Nadu, India 

Narayanan R. G. Indian Institute of Technology Guwahati, Guwahati, Assam, 
India 

Nath Ananya Department of Mechanical Engineering, National Institute of Tech-
nology, Durgapur, India 

Naveen Kumar K. Department of Mechanical Engineering, Amrita School of 
Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Padmanaban R. Department of Mechanical Engineering, Amrita School of Engi-
neering, Amrita Vishwa Vidyapeetham, Coimbatore, India 

Prabhakaran P. Department of Mechanical Engineering, J. J. College of Engi-
neering and Technology, Trichy, Tamil Nadu, India



xxvi Editors and Contributors

Puri Asit Baran National Institute of Technology Durgapur, Durgapur, India 

Radha R. School of Mechanical Engineering, Vellore Institute of Technology, 
Chennai, India 

Ramesh M. R. Department of Mechanical Engineering, National Institute of Tech-
nology Karnataka, Mangalore, India 

Ray Debajyoti Sanaka Educational Trust’s Group of Institutions, Durgapur, India 

Sahu Shrishty Department of Metallurgy and Materials Engineering, Indian Insti-
tute of Engineering Science and Technology, Shibpur, Howrah, India 

Saikia P. J. Indian Institute of Technology Guwahati, Guwahati, Assam, India 

Samuel Ratna Kumar P. S. Department of Mechanical and Industrial Engi-
neering, University of Johannesburg, Johannesburg, South Africa 

Sarfraz Shoaib Department of Manufacturing, School of Aerospace, Transport and 
Manufacturing, Cranfield University, Cranfield, Bedford, UK 

Sathish S. Department of Mechanical Engineering, Sri Ramakrishna Engineering 
College, Coimbatore, India 

Senthamarai K. Department of Mechanical Engineering, Sri Raaja Raajan College 
of Engineering and Technology, Karaikudi, Tamil Nadu, India 

Shakya J. P. Department of Mechanical Engineering, Samrat Ashok Technological 
Institute, Vidisha, India 

Sharma Anirudh Automotive Systems Engineering, University of Michigan, 
Dearborn, USA 

Shehab Essam Department of Mechanical and Aerospace Engineering, School of 
Engineering and Digital Sciences, Nazarbayev University, Astana, Kazakhstan 

Singh Pradeep Department of Mechanical Engineering, Samrat Ashok Technolog-
ical Institute, Vidisha, India 

Sivakandhan C. Department of Mechanical Engineering, Nadar Saraswathi 
College of Engineering and Technology, Theni, India 

Sreekanth D. School of Mechanical Engineering, Vellore Institute of Technology, 
Chennai, India 

Srinath M. S. Department of Industrial and Production Engineering, Malnad 
College of Engineering, Hassan, India 

Suleimen Aidar Department of Mechanical and Aerospace Engineering, School of 
Engineering and Digital Sciences, Nazarbayev University, Astana, Kazakhstan 

Suresh G. Department of Mechanical Engineering, Vignan’s Institute of Informa-
tion Technology, Visakhapatnam, India



Editors and Contributors xxvii

Tewary Arpan Central University of Jharkhand, Ranchi, Jharkhand, India 

Tokbolat Serik School of Architecture, Design and the Built Environment, 
Nottingham Trent University, Nottingham, UK 

Upadhyay Chandan Dr. R. M. L. Avadh University Ayodhya, Uttar Pradesh, 
Ayodhya, India 

Vaira Vignesh R. Department of Mechanical Engineering, Amrita School of Engi-
neering, Amrita Vishwa Vidyapeetham, Coimbatore, Tamil Nadu, India 

Verma Karan Singh Mechanical Engineering Department, Oriental College of 
Technology, Bhopal, India 

Vohra Siddharth NewSpace Research and Technologies, Bengaluru, India 

Yadav Rahul Kumar Indian Institute of Technology Indore, Indore, Madhya 
Pradesh, India 

Yadav Ramneek Delhi Technological University (East Campus), Delhi, India 

Yadav Ravindra Nath Department of Mechanical Engineering, BBD National 
Institute of Technology and Management, Lucknow, India 

Yashwanth Kumar B. G. Department of Mechanical Engineering, Amrita School 
of Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, India



List of Abbreviations 

3D Three dimensional 
AA Aluminum alloy 
AFM Atomic force microscope 
AI Artificial intelligence 
AM Additive manufacturing 
AMMCs Aluminum metal matrix composites 
ANFIS Adaptive neuro-fuzzy inference system 
ANN Artificial neural network 
ANOVA Analysis of variance 
ARB Accumulative roll bonding 
AS Advancing side 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing and Materials 
BJ Binder jetting 
BM Base metal 
BMG Bulk metallic glass 
BPNN Back propagation neural network 
CAD Computer-aided design 
CDFW Continuous drive friction welding 
CF Carbon fiber 
CFD Computational fluid dynamics 
CFRP Carbon fiber-reinforced polymers 
CLIP Continuous liquid interface production 
CT Compact tension 
DDFW Direct drive friction welding 
DED Direct energy deposition 
DED Directed energy deposition 
DM Direct manufacturing 
DMD Direct metal deposition 
DMLS Direct metal laser sintering 
DOD Drop on demand

xxix



xxx List of Abbreviations

DOE Design of experiment 
EBM Electron beam melting 
EBSD Electron backscatter diffraction 
EBW Electron beam melting 
ECAP Equal channel angular pressing 
EDM Electro-discharge machine 
EDS Energy-dispersive X-ray spectroscopy 
EWR Electrode wear ratio 
F Fabricated 
FBP Fluidized bed process 
FDM Fused deposition modeling 
FEA Finite element analysis 
FFF Fused filament fabrication 
Fig. Figure 
FS Friction stir 
FSP Friction stir processing 
FSW Friction stir welding 
FSWed Friction stir welded 
FW Friction welding 
GA Genetic algorithm 
GHG Greenhouse gas 
GRA Gray relational analysis 
GRG Gray relational grade 
GWP Global warming potential 
H Strain hardened 
HAZ Heat affected zone 
HCP Hexagonal closed pack structure 
HIP Hot isostatic pressing 
HPT High-pressure torsion 
HRC Rockwell hardness 
IFW Inertia friction welding 
LCA Life cycle assessment 
LCI Life cycle inventory 
LENS Laser-engineered net shaping 
LFW Linear friction welding 
LOM Laminated object manufacturing 
LPBF Laser powder bed fusion 
MCDM Multiple criteria decision making 
ME Material extrusion 
MF Membership function 
MJ Material jetting 
MMC Metal matrix composite 
MRR Material removal rate 
NZ Nugget zone 
O Annealed



List of Abbreviations xxxi

ODP Ozone depletion potential 
OFW Orbital friction welding 
OM Optical microscopy 
PBF Powder bed fusion 
PSD Particle size distribution 
PSO Particle swarm optimization 
RAR Redundant articulated robot 
RBFNN Radial basis function neural network 
rCF Recycled carbon fiber 
RFW Rotary friction welding 
RNN Recurrent neural network 
RS Retreating side 
RSM Response surface methodology 
RT Room temperature 
SAED Selected area electron diffraction 
SCW Solvolysis using supercritical water 
SEM Scanning electron microscope 
SL Sheet lamination 
SLA Stereolithography apparatus 
SLM Selective laser melting 
SLS Selective laser sintering 
SN Signal-to-noise ratio 
SPD Severe plastic deformation 
SR Surface roughness 
SSW Solid-state welding 
T Thermally treated 
TEM Transmission electron microscopy 
TMAZ Thermo-mechanically affected zone 
TO Topology optimization 
TRL Technology readiness level 
TWI The Welding Institute 
TWR Tool wear rate 
UFG Ultra-fine grain 
UTS Ultimate tensile strength 
VP Vat photopolymerization 
W Solution heat treated 
WAAM Wire arc additive manufacturing 
WCZ Weld center zone 
WEDM Wire cut electric discharge machining 
YS Yield strength



List of Symbols/Formula/Notation 

µ Frictional coefficient 
µm Micrometer 
µs Microseconds 
A Cross-sectional area 
Ac Clad area 
Al Aluminum 
Al2O3 Aluminum oxide 
Am Fusion area 
AM Aluminum-manganese 
amps Ampere 
AS Aluminum-silicon-manganese 
AZ Aluminum-zinc-manganese 
B4C Boron carbide 
CaAl2O4 Calcium aluminate 
CaCO3 Calcium carbonate 
CaO Calcium oxide 
Co Cobalt 
CO2 Carbon dioxide 
Cp-Ti Commercially pure titanium 
Cr Chrome 
Cu Copper 
d Depth of cut 
EZ Rare earth metal-zirconium 
f Feed 
F Powder flow rate 
Fe Iron 
Fx Feed force 
Fy Radial force 
Fz Tangential force 
GRA Gray relational analysis 
h Uncut chip thickness

xxxiii



xxxiv List of Symbols/Formula/Notation

H13 High-speed steel 
Ip Discharge current or pulse current 
l Bid overlap ration 
Li Lithium 
M Interfacial torque 
m2 UES Area of an unprotected ecosystem 
Mg Magnesium 
MgH2 Magnesium hydride 
MJ Mega joules 
mm/min Millimeter/minute 
Mn Manganese 
Mo Molybdenum 
MRR Material removal rate 
N Spindle speed 
n Rotational frequency 
Na2CO3 Sodium carbonate 
Nb Niobium 
Ni Nickel 
P Power 
P Fracture load 
P Laser power 
P Axial pressure 
P(r) Pressure distribution across interface 
Pn Normal pressure 
q Heat generation rate 
q0 Net power 
r Chip thickness ratio 
R Radius 
Rp Radius of pin 
RPM Rotations per minute 
Rs Radius of shoulder 
S Flatness ratio 
s Second 
Si Silicon 
SiC Silicon carbide 
Sn Tin 
SO2 Sulfur dioxide 
Sr Strontium 
SS Stainless steel 
Ta Tantalum 
Ti Titanium 
TiH2 Titanium hydride 
TiO2 Titanium dioxide 
T off Pulse off time 
T on Pulse on time



List of Symbols/Formula/Notation xxxv

Uk Input of kth neuron 
umax Max. surface velocity 
V Vanadium 
V Scan speed 
W Deposited width 
W e Experimental result 
W jk Momentum constant 
Wp Predicted result 
X Denormalized value 
X j Process parameters 
Xmax Maximum value 
Xmin Minimum value 
Xnorm Normalized value 
Y Yttrium 
Y k Output of kth neuron 
ZC Zinc-copper-manganese 
ZE Zinc-zirconium-rare earth metal 
ZK Zinc-zirconium 
Zn Zinc 
Zr Zirconium 
ZrH2 Zirconium hydride 
α Momentum parameter 
α Offset distance for linear velocity 
β Regression coefficient 
δ Dimensionless sliding factor 
.K Stress intensity factor 
ε Experimental error 
η Learning rate 
ν Rubbing velocity 
σ n Normal stress at interface surface 
τ Shear stress 
ω Angular velocity



Overview of Lightweight Materials



Chapter 1 
Design of Light-Metal Alloys Using 
Machine Learning Techniques 

P. G. Kubendran Amos 

1 Introduction 

The term light metals can, at times, be misleading. It seems that this category of 
materials includes metals which, in a given shape or form, weigh less when compared 
to others. In other words, metals with significantly low density can apparently be 
categorised as light metals. If this description holds true, then lithium would be a 
prime example for light metal, owing to its minimal density. However, for engineering 
and technological, intents and purposes, it is magnesium and aluminium which are 
primary considered as the light metals, despite their relatively greater density when 
compared to lithium [1]. The treatment of magnesium and aluminium, in spite of 
other ‘lighter’ option(s), highlights the key feature dictating the categorisation of 
the light metals. Accordingly, light metals and alloys, besides their low density, 
are characterised by superior mechanical properties which allows them to serve in 
structural applications [2]. 

With the technological advancements, the properties reputed as ‘superior’ are pro-
gressively varying. Therefore, more efficient behaviour of light metals and alloys, 
under specific mechanical conditions, is expected without compromising their char-
acteristically high strength-to-weight ratio. A principal processing technique that 
caters to this ever-demanding material needs is alloy development or alloy design, 
which ensures that the desired response is induced by achieving appropriate mechan-
ical properties [3]. 

The conventional approach to design an alloy with desired properties involves 
considering different base metals and various combination of alloying elements. The 
material with suitable properties is subsequently identified by individually analysing 
the behaviour of the wide range of alloys, with its diverse chemical compositions. 
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Considering that this trial and error technique mirrors the one adopted by Edison 
to realise a suitable filament material, it is generally referred to as the Edisonian 
approach [4]. Even though, at least in the early days, this technique proved to be 
admissible for designing alloys, the material advancements have expanded the range 
of base metals, and corresponding alloying elements, thereby making the adoption of 
Edisonian approach practically impossible. While the material research considerably 
expands the ‘search space’ for alloy design, it also enhances the understanding of 
the effect of alloying elements on the behaviour of base metals. These insights on 
the influence of alloying elements on the material properties have been exploited to 
refine the extremely arduous Edisonian technique [5]. The refined approach, despite 
being efficient than the conventional treatment, is hugely dependent on, and is rather 
restricted by, the gradually progressing investigations of existing alloys, thereby 
inadequately exploring the wide range of possible options (search space). In this 
context, the advent and adoption of machine learning techniques is increasing proving 
to be a godsend for alloy design [6]. 

Simply put, stemming from well-established statistical concepts, machine learn-
ing attempts to unravel meaningful information from a given data set, irrespective 
of the enormity of its size and dimensionality [7]. Machine learning techniques, 
in general, are distinguished into different types primarily based on the nature of 
the data set they handle. However, considering that data sets of analogous structure 
are investigated for designing alloys, a treatment referred to as supervised machine 
learning is extensively employed [8]. 

Lately, over the past few years, machine learning techniques have increasingly 
been adopted to refine and/or develop light-metal alloys with magnesium or alu-
minium as base metal. In this chapter, an attempt is made to give an overview of 
the approach which has thus far been adopted to develop light-metal alloys using 
machine learning. Though there are numerous articles discussing the application of 
machine learning in the field of material science [9–11], particularly the discovery of 
materials and alloy design [12–15], these reviews generally encompass a wide range 
of systems and often assume a certain level of understanding on machine learning as 
whole, or certain techniques in specific. In contrast, the present chapter exclusively 
focuses on the development of light-metal alloys, while at the same time rendering a 
generalised and pedagogical deliberation on the various machine learning treatments 
that are employed. Given that the association of machine learning with alloy design 
commenced quite recently, the corresponding works handling light-metal alloys are 
rather limited. Therefore, when compared to a conventional review, the present arti-
cle includes relatively fewer reports. Nevertheless, interestingly, each of these works 
is unique and definitively varies from one another, either in the alloy(s) they handle 
and/or in the adopted machine learning procedure. Consequently, despite the appar-
ent restriction in volume, there is absolutely no shortage in the wealth of knowledge 
offered by the existing works on light-metal alloys.
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2 Generalised Framework 

The approach of employing machine learning to design alloys, in its entirety, com-
prises distinguishable steps. These steps, often sequentially pursued, yield a frame-
work that elucidates the role of machine learning in realising the desired alloy com-
position [15]. The generalised framework that exploits machine learning techniques 
to develop alloys is schematically illustrated in Fig. 1. 

The outcome of any machine learning analyses typically, and to a significant 
extent, relies on the data set it handles. Additionally, the characteristic nature of a 
data set, along with its volume (at times), dictates the choice of machine learning 
technique for a given investigation. Owing to its pivotal role, the approach of machine 
learning-based alloy design begins with gathering the relevant data. This initial step 
that inaugurates the entire treatment of identifying a definite alloy is referred to as 
data acquisition. In the framework of alloy design, the generated data set primary 
includes varying compositions of different alloys and the corresponding properties 
of interest it yields [16]. 

Following acquisition, the approach proceeds by analysing the data set to develop 
a surrogate model with the capability of predicting the properties of an alloy based on 
its composition. These predictive surrogate models are construed through machine 
learning technique(s) [17]. It is not an uncommon practice to consider different tech-
niques, and to determine the most efficient one, for the given data set, based on their 
individual performance [18, 19]. In order to identify an appropriate technique, the 

Fig. 1 Schematic representation of the general framework adopted for designing alloys using 
machine learning techniques
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predictive model rendered by the difference machine learning treatments is closely 
examined. This examination which validates the machine learning models, developed 
through different techniques, constitutes the next step of the generalised framework. 
Besides, in approaches, wherein an individual technique is exclusively pursued, this 
step facilitates the refinement of the model [20, 21]. In other words, when the vali-
dation indicates that the performance of a given machine learning technique is rather 
unconvincing, the corresponding data can be augmented to the existing one, thereby 
facilitating the improvement of the model. This method of improving the accuracy 
of the model through validation is generally referred as adaptive learning [22]. 

The realisation of an efficient predictive surrogate model consciously lends itself to 
the treatment which ultimately enables the alloy design. Irrespective of the approach, 
the development of alloy generally involves arriving at a specific composition which 
delivers the desired set of properties. Correspondingly, as opposed to the predic-
tive model, the final and characteristic step of machine learning-based alloy design 
framework intakes the desired properties and yields the chemical composition, which 
is likely to render them [23]. To that end, this alloy design step handles the existing 
datapoints through the surrogate model developed in the previous step. 

The generalised machine learning framework which ultimately leads to the real-
isation of alloys rendering desired combination of properties will be expanded in 
the subsequent section, in order to explicate their role in efficiently identifying new 
light-metal alloys. 

3 Data for Light-Metal Alloy Design 

3.1 Acquisition 

A survey of machine learning-based material analyses indicates that a wide range 
of techniques are adopted to build the necessary data set. These techniques include 
both theoretical and experimental investigations. Besides, the required data are also 
gathered from the existing relevant reports. 

Increase in the availability of the computational resources has enhanced the role 
of the theoretical techniques in building up the data set [24]. Ab-initio calculations 
[25, 26], atomistic simulation [27, 28] and multiphase-field modelling [29] are  some  
of the approaches which are utilised to render the desired outcome which could sub-
sequently be analysed in the machine learning framework. Despite their efficiency, 
these techniques often impose considerable computational burden to yield accurate 
outputs. Considering that, for a given approach, numerous identical calculations are 
performed to yield a reliable data set, the correspondingly computational cost gets 
proportionally compounded. Therefore, a reasonable trade-off is achieved between 
the sophistication of the technique and the accuracy of the datapoint it yields. In 
this context, while the term ‘throughput’ indicates the amount of data generated 
by a technique, the accuracy of it is discussed as the ‘fidelity’. In other words,
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often the fidelity of the outcome of a high-throughput treatment is relatively com-
promised when compared to the fidelity of the data set built using conventional or 
low-throughput approach [15]. Given the seminal nature of the output, the data set 
generated through the experimental studies can be understandably treated as high-
fidelity information. 

Though theoretical techniques play a critical role in establishing the data set, in 
machine learning-based development of light-metal alloys, their role has thus far been 
rather marginal. Alternatively, the required information for light-metal alloy design 
is gathered either by experimental techniques [30, 31] or from the existing works 
[32, 33]. Moreover, since the data acquired from the literature are largely outcomes 
of experimental observations, almost all of the analyses on the development of light 
metal stems from high-fidelity information. 

3.2 Refinement 

Approaches largely employed to generate the principal data set for light-metal alloy 
design directly or indirectly stems from experimental observation. Consequently, 
the relevant information is sufficiently accurate, irrespective of the technique used. 
However, despite the accuracy, reports indicate that the data acquired from existing 
investigations require additional degree of ‘cleaning’ when compared to the ones, 
wherein the experimental treatment is implicitly included. In other words, the alloy 
design approach which is characterised by machine learning framework with exper-
imental observations playing an integral role in data acquisition, and the acquired 
information is generally suitable for subsequent treatment without the need for any 
extensive pre-processing [34, 35]. This directly applicable structure of the data set 
is a primary reason for including the experimental studies in the machine learning 
approach for light-metal alloy development. Accordingly, since the primary goal of 
the light-metal alloy design is to arrive a composition that renders the desired com-
bination of properties, the experimental investigations invariably establish a data set 
that relates the concentration of the alloying elements with the resulting properties. 
In addition to conventional mechanical factors typifying light-metal alloys, like yield 
strength, related properties including resistance to stress corrosion cracking are also 
considered for the development [30]. However, generating a data set with properties 
which are not straightforward to measure is an arduous task. Therefore, in those cases, 
material behaviour that principally influences the interested property is conveniently 
measured and the required information is built [30, 31]. 

Besides the need for an alternate measurable behaviour, the alloy design approach 
that relies on experimental studies for data acquisition experiences an additional con-
straint. Given that the experimental investigations are generally more laborious when 
compared to the theoretical analyses, the amount of corresponding data generated 
is rather restricted. In order avoid any significant influence of this restriction, an 
appropriate treatment called ‘bootstrapping’ is adopted before the data is transmit-
ted for subsequent analysis [34, 36]. A superfluous insight of this treatment can
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Fig. 2 Schematic representation of bootstrapping technique where several sample sets are generate 
from a given data 

be gained from the terminology bootstrap, and the context in which it is usually 
used. Bootstrapping, in general, refers to the attempt to make the best use of the 
available resources [37]. Correspondingly, bootstrapping in machine learning-based 
light-metal alloy design ensures that the rather limited but high-fidelity principal 
data set built by the experimental observations is efficiently used to develop the 
surrogate model [34, 36]. Limitation in the amount of information rendered by the 
experimental studies is surmounted by the bootstrapping technique through seem-
ingly increasing the number of datapoints [38]. This apparent increase in the wealth 
of available information is achieved by the concept of resampling, wherein several 
sets of samples are generated from a given principal data set with the provision of 
duplicating a datapoint both within and across the sample sets (Fig. 2). The surrogate 
model is subsequently developed based on the different sample sets which collec-
tively comprises an increased number of datapoints, in relation to the original data 
set, resulting from the experimental observations. 

When compared to machine learning framework with experimental studies, rela-
tively extensive pre-processing or cleaning is required in the approach, wherein the 
information is gathered from existing works [33, 36, 39]. Since these existing works 
invariably have their own ends to meet, additional cleaning efforts become neces-
sary to efficiently employ the emerging data in alloy design. Therefore, ultimately, 
the labour that is saved by circumventing the direct involvement of experimental 
investigation is spent in preparing the gathered data set. 

The pre-processing of the externally gained information (data gathered from exist-
ing studies), in light-metal alloy design, begins with identifying and removing the 
‘outliers’ [36]. As considered earlier, since the works contributing the necessary data 
are almost always oriented towards addressing a specific question much different 
from alloy design, the corresponding information includes datapoints that do not
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comply with the general trend. These datapoints exhibiting considerable deviation 
from the rest are referred to as outliers [40]. Owing to the undesired influence of 
the outliers on the predictive surrogate model, the pre-processing of the externally 
acquired data begins with the elimination of these stray points. 

The removal of the outliers though increases the applicability of the externally 
gathered data set, it does not adequately address the difficulties introduced by the 
difference in the objectives of the original works, which offer the required informa-
tion, and the present goal of light-metal alloy design. This perceived gap is bridged 
by identifying, and at times formulating, appropriate ‘features’ in the data set built 
from the external sources. Features, in machine learning context, are the independent 
variables that serve as the input for the predictive model [41]. Despite considering 
similar base metal, experimental studies, that yield the data, generally report on wide 
range of alloying elements with varying concentration. For instance, traces of certain 
elements found in a given investigation would be completely absent in the rest. Fur-
thermore, besides chemical composition, experimental works often include different 
processing techniques which ultimately effect the behaviour of materials. Realising 
definite set of independent variables called features, which would act as the input for 
predictive surrogate model, ensures the efficient use of information gathered from 
the experimental investigation. In light-metal alloy design, the features are identified 
by comprehending the relative influence of different variables on the desired material 
properties. Relating the wide range of variables, including both concentration and 
processing parameters, to the resulting behaviour of the material, and developing a 
Pearson correlation matrix has thus far been a successful approach for unravelling 
optimal features and ultimately, developing light-metal alloys [30, 33, 35]. This cor-
relation matrix by encompassing all corresponding coefficients quantifies the linear 
relation between a given variable and the rest along with the output. Though a linear 
relation cannot always be expected between a feature and the output, the correlation 
matrix aides in gaining a qualitative understanding on the relative degree of influence 
a variable imposes on the behaviour of the material. 

4 Surrogate Model 

An elegant realisation of predictor (input) and target (output) variables, either innately 
or through appropriate pre-processing, in a given data set, lends itself to the formu-
lation of predictive model. Numerous techniques exist, within the machine learning 
framework, which are sufficiently capable of rendering predictive model. Accord-
ingly, the task of developing a surrogate model begins with selecting an appropriate 
machine technique. Often the nature of the data set effect the choice of the tech-
nique adopted for model development. A predictive model from high-fidelity data 
set with limited datapoints is devised using sophisticated techniques, whereas in gen-
eral, less rigorous approach is employed to handle huge, accessible and relatively 
compromised low-fidelity information [15]. As opposed to this common conception, 
attempts to design light-metal alloys rarely follow a definite pattern in finalising a
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technique for formulating the surrogate model. However, it is not an uncommon prac-
tice, particularly in light-metal alloy design, to expose the data to several machine 
learning techniques and identify the optimal one by verifying the predictability of the 
resulting model [33, 35, 36]. This approach of simultaneously considering different 
techniques to handle the same information, and deciding based on the corresponding 
outcomes, is accompanied by a common perception that there are ‘No Free Lunch 
Theorem’ [42]. In other words, even though for a given set of information, one tech-
nique might appear to render a better model than the rest, and this observation is 
largely indicative of the nature of the data than technique itself. Correspondingly, 
preference of a technique, in a given investigation, cannot be directly extended to 
the next, despite the similarity in the structure of the data set which is handled. 
To that end, in considerable proportion of the works on light-metal alloy design, 
several machine learning techniques are individually considered, although they han-
dle analogous information towards a common objective. In this section, a succinct 
description of these different techniques that are employed in developing surrogate 
model is offered. Furthermore, the approach adopted to validate the developed model 
is briefly elucidated. 

Linear regression Regression approach, in principle, attempts to relate the predictor 
variables to the target parameters. Correspondingly, surrogate model rendered by this 
technique can be conveniently expressed as a discernible function. In a data set, where 
information of a specific feature is associated with the output, regression analysis 
construes a model by fitting a line through the points in the two-dimensional space 
of the respective dependent and independent variables. Considering that, in light-
metal alloy design, the features include composition of several alloying elements, 
regression involves fitting a hyperplane in a multidimensional space [43]. The best 
fit ensures that the deviation of the function from the datapoints, which is estimated 
as ‘mean-squared error’, is the least. 

Predictor variables for surrogate model, in alloy design framework, typically 
include concentration of various multicomponent alloys. Consequently, each dat-
apoint is characterised by a specific position in the multidimensional space, which is 
represented by a vector, Xi with i indicating one of the N alloy concentrations. The 
resulting surrogate model rendered by regression technique is expressed as 

Ŷ ≡ Fβ (X) = β0 + βX + ., (1) 

where β0 and β1 are fitting coefficients with X encompassing all alloy composi-
tion, {X1, X2 . . .  XN }. In keeping with the conventional representation, the surrogate 
model is represented by Ŷ. There is an unexplained error associated with the regres-
sion model, largely owing to its dependence on the data set. This error, in Eq. (1), is 
indicated by ..
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4.1 Random Forest 

Owing to the nature of the data set typically handled in light-metal alloy design, 
techniques besides linear regression are sought after to formulate surrogate model 
[36]. Random forest is one such approach which elegantly handles multidimensional 
information. A schematic sketch depicting random forest is shown in Fig. 3. As  
indicated in the illustration, the performance of random forest relies on the efficient 
role of its components called ‘regression tree’ [44]. 

A regression tree typically comprises several nodes. Each of these nodes can be 
classified as root, branch (decision) or leaf nodes. The principal node from which the 
entire tree extends is referred to as the root node. On the other hand, leaf node indicates 
the end of the regression tree, with branch node constituting the major section. 
Definite thresholds are assigned to root and decision nodes which sequentially leads to 
the prediction offered by the tree in the leaf node. For a given data set, characterised 
by several distinct features, different combination of thresholds is assigned to the 
root and branch nodes. To accommodate a given combination, the number of decision 
nodes is varied. The residual error, indicating the disparity in the actual and predicted 
value, from each combination is estimated based on the corresponding information, 
and one rendering the least deviation is fixed. Ultimately, the prediction is made in 
the leaf node, augmenting necessary bias, in order to avoid overfitting. 

A random forest comprises numerous regression trees, which are built based on 
different sets of sample extracted from the original data. The non-uniformity in 
the sample ensures the heterogeneity in the trees and avoids overfitting. Predictive 
efforts of random forest begins with the activation of appropriate trees with thresholds 
satisfying the input conditions. These regression trees are allowed to formulate their 
own individual outcomes, which are subsequently averaged and rendered as the single 
prediction of the random forest technique [45]. 

Fig. 3 Graphical illustration of the random forest technique indicating the regression trees and the 
characteristic nodes
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4.2 Gradient Boost Tree 

Besides random forest, gradient boost trees offer an alternate approach to develop a 
predictive surrogate model from the convoluted multidimensional data set [32, 35]. 
Though the prediction of this technique combines the individual output of different 
tress, similar to that of random forest, the approach is distinct and relatively more 
rigorous [46]. 

Gradient boost technique begins with the realisation of a differentiable loss func-
tion capable of quantifying the disparity between the predicted and actual data. This 
function could be as straightforward as 

L(Y, F(X)) = 
1 

2 
(Y − F(X))2 , (2) 

where L(Y, F(X)) is the loss function, with Y and F(X) indicating the actual and 
predicted data, respectively. Irrespective of its form, a loss function should be differ-
entiable with respect to the predicted value. Based on the loss function, a gradient 
boost model is initialised by devising a leaf node with definite common prediction. 
This prediction is estimated by 

F0(X) = argmin 
γ 

N. 

i=1 

L(Yi , γ  ), (3) 

where γ is the constant which yields the minimal sum of difference between the 
actual and predicted value. For a loss function of the form in Eq. (2), the definite 
prediction that initialises the gradient boost approach is the average of all target 
values in the data set. 

Estimation of a constant common prediction for all input variables is subsequently 
followed by ascertaining the deviation of this parameter from the actual value. This 
disparity between the predicted and observed value is referred to as ‘pseudoresidual’. 
Once the pseudoresidual for each input data is assessed, a regression tree to predict the 
respective disparity between the respective actual and constant value is formulated. 
The pseudoresidual rendered by the tree is combined with its existing counterpart and 
the constant prediction of the initial leaf to offer a revised expected value. Deviations 
of the actual data from these devised values are determined, and regression trees 
are progressively instituted to reduce the pseudoresidual. Ultimately, the prediction 
of the gradient boost tree includes the summation of the pseudoresiduals predicted 
by the individual regression trees and constant value of the initial leaf node. Often 
a definite learning rate is augment to this approach, in order to uniformly regulate 
the contribution of individual trees to the final prediction. Pseudoresiduals for data i 
emerging from nth-regression tree are expressed as 

rin  = −  
[ 

∂ L(Yi , F(Xi )) 
∂ F(Xi ) 

] 

Fn (Xi )=Fn−1(Xi ) 
, (4)
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which for straightforward loss function would be difference in the actual and pre-
dicted value. Since the prediction made by the technique is largely dependent on the 
pseudoresidual of the gradient form in Eq. (4), which result from several individual 
regression trees, this approach is referred to as gradient boost. 

4.3 XGBoost Regression 

The fundamental framework of the XGBoost approach in developing a predictive 
surrogate model is identical to that of the previously discussed gradient boost [47]. 
This technique, similar to gradient boost, initiates the modelling attempt by identi-
fying a constant prediction for all input variables. By relating this prediction to the 
respective input values, the corresponding pseudoresiduals are calculated. Estima-
tion of these residuals are followed by the formulation of regression trees which are 
intended to predict the deviation between the realised constant and actual data. These 
trees are sequentially devised to gradually minimise the pseudoresiduals and make 
predictions that are closer to the observed value. This treatment ultimately renders a 
combination a principal leaf and several trees that can potentially offer a reasonable 
prediction for any given set of input variables. Even though all these aspects indicate 
that XGBoost adopts the general approach of the gradient boost, there are certain 
key differences that set the former apart. 

The difference between XGBoost and gradient boost technique is evident in the 
very first step of initialisation. While a definite treatment is employed to arrive at the 
initial constant prediction for gradient boost, a default value is readily assumed for 
XGBoost. Moreover, as opposed to a conventional regression tree, XGBoost builds 
characteristic trees, called ‘XGTrees’, to predict the disparity between the assumed 
constant and actual value [48]. 

The formulation of the XGTree starts with a leaf node that encompasses all pseu-
doresiduals, which are difference between the constant prediction and actual value. 
‘Similarity score’ for this leaf is subsequently estimated by 

Similarity Score = 
[Sum of residuals]2 

Number of residuals + λ 
(5) 

where the regularisation parameter, λ, monitors the influence of an individual data-
point on the entire model. Following the determination of the similarity score for the 
principal leaf, attempts are made to cluster the corresponding set of pseudoresiduals. 
Different combinations of clusters are separately realised through suitable thresh-
olds, which are assigned to the original leaf, thereby transforming it to root node. 
Similarity score for each cluster is individually ascertained, and the overall clustering 
is evaluated by calculating ‘gain’ which is difference between the similarity score 
of the clustered leaf nodes and the root. The cluster with maximum gain is trans-
formed to the first branch node, while the rest is overlooked. The set of residuals 
in these branch nodes is subsequently clustered, by ensuring the maximum gain,
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which ultimately yields a typical XGTree. The output of a XGTree, whose leaves 
characteristically comprise cluster of individual residuals, is determined by 

XGTree output = [Sum of residuals] 

Number of residuals + λ 
, (6) 

where λ is the regularisation parameter that avoids overfitting. This output, which 
varies with the predictor variables, along with existing pseudoresidual and constant 
prediction is collectively adopted to calculate the revised prediction. Following the 
framework, similar XGTrees are progressively built to reduce the deviation between 
actual and predicted data. Generally, a learning rate, represented by η, is augmented 
to the formulation to uniformly regulate the contribution of individual trees to the 
final prediction [36]. 

4.4 Artificial Neural Network 

Deemed to operate akin to the human neurological system, this technique gets its 
name artificial neural network. The approach adopted by neural network to develop 
a predictive model can be described in numerous ways. However, a rather straight-
forward way of perceiving the working of neural network would be relating it to 
the regression technique. Similar to regression, it can be stated that the neural net-
work forms the surrogate model by fitting hyperplane through the datapoints in the 
multidimensional space. 

The architecture of the neural network approach that lends itself to the devel-
opment of predictive surrogate model from convoluted data set is schematically 
illustrated in Fig. 4. Besides the input and output nodes, which respectively intakes 
the multidimensional predictor variables and yield targets, there are ‘hidden layers’ 
comprising of several characteristic nodes. The number of hidden layers and nodes 
associated with each layer can be suitably varied to yield the desired outcome in an 
efficient manner. The nodes of input, output and hidden layers are intricately linked. 
In the hidden layers, where the input variables are processed, the corresponding 
nodes are associated with a specific function called the activation function. There 
are few options available for the activation function, and a specific choice is made 
for the given data set. The hyperplane that elegantly fits through the datapoints is 
formulated by appropriately manipulating the input variables and relating it to the 
activation functions. Therefore, the accuracy of the model hugely relies on treatment 
of input data within the hidden layers which yields the hyperplane from the activa-
tion functions. This manipulation of the predictor variables is achieved by suitable 
hyperparameters called weights and biases. For a given data set and a neural network 
framework, an efficient predictive model is developed only when the appropriate 
combination of these hyperparameters is realised [35, 36]. Often back propagation 
treatment involving several iterations or epochs is employed to prefect and arrive at 
a seemingly ideal combination of weights and biases. Ultimately, an artificial neural
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Fig. 4 Schematic illustration of neural network comprising of input, output and multiple hidden 
layers with each comprising of several nodes 

network cumulatively exploits the hyperparameters and the activation functions to 
predict outcomes for a given set of input variables [39]. 

4.5 Support Vector Regression 

Support vector machines are predominantly adopted for classifying data with intri-
cate distribution and noticeable overlap. However, this technique has been suitably 
extended to develop models that could render definite value for a given set of input. 
Akin to the conventional regression approach, support vector regression aims to 
formulate a surrogate model by fitting hyperplane through the datapoints in multidi-
mensional space. Despite the similarity, while the regular regression ensures the best 
fit by minimising the least-squared error, square of the difference between predicted 
and observed value, support vector regression achieves it through appropriate kernel 
functions. 

In light-metal alloy designs, support vector regression invariably adopts ‘radial 
basis’ function, as the kernel, to build the predictive surrogate model [33]. Radial 
basis functions are of the form similar to Gaussian distribution, in that they mono-
tonically increase (or decrease) towards the centre. In order to realise a hyperplane 
that fits best with the data, several of the kernel functions with identical form, centred 
at the respective datapoints in multidimensional space, are considered. The form of 
the radial basis function is generally expressed as ψ(||X − Xi ||) with Xi indicat-
ing the multidimensional datapoint on which the kernel is centred. The distribution 
or(deviation) of the function is fixed by ||X − Xi ||2, which indicates the L2 norm 
(Euclidean distance). Kernel functions of this form are NOT always assigned to every
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datapoints. By suitably varying the weights, the radial basis functions are efficiently 
placed. Surrogate model from the radial basis functions is ultimately formulated by 
linear superposition, which is expressed as 

F̂(X) = 
N. 

i=1 

wi ψ(||X − Xi ||), (7) 

where wi is the weight that effects the contribution made by the function centred 
at i to the hyperplane that reflects the predictive model. When compared to regular 
regression, wi is equivalent to the fitting coefficient. Moreover, in Eq. (7), the function 
ψ(·) dictates form of the radial basis kernel. Besides linear and cubic, this function 
can be suitably varied to render a form similar to that of the Gaussian distribution. 

4.6 Kriging Technique 

When surrogate models are built from limited high-fidelity data, generally, exhaustive 
and sophisticated approach called Gaussian Process is employed [15]. Kriging is one 
variant of the Gaussian process technique which has been used in light-metal alloy 
design. Despite being relative sophisticated, Kriging shares certain features with the 
radial basis function based support vector regression. In other words, the latter can be 
viewed as the less rigorous form of Kriging. Moreover, the expression that describes 
the approach to develop the surrogate model in Kriging would be similar to Eq. (7), 
which is associated with radial basis function. 

Despite the similarity with the previous approach, there are key characteristic 
features associated with Kriging that distinguishes it from other techniques, and 
makes it most suitable for alloy design studies [30, 31]. The principal difference 
stems from the form of the function involved in Kriging, which is written as 

ψ(|X − Xi |) = exp 

( 

− 
N. 

i=1 

θi |X − Xi |pi 
) 

. (8) 

When a constant value is assumed for θi ≡ θ , and pi = 2, in above relation, the 
resulting function transforms to the radial basis function. However, in Kriging, the 
parameter pi , which penalises the function in relation to the distance |X − Xi |, varies  
with the individual data. Similarly, instead of assuming identical distribution for all 
functions, as in the previous technique, function width is specifically varied for each 
datapoints through θi . This parameter by considering the correlation between the 
target variables, and the predictors through them, assumes a value that varies with 
the position of the data. Therefore, along the points of higher correlation, the function 
assumes a sharper form when compared to the rest. The inclusion of correlation in 
the formulation of the function, through θi , facilitates in individually quantifying
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the unexplained error associated with the prediction. In conventional regression, as 
indicated in Eq. (1), there is an unexplained error originating from the definite nature 
of the data set. This error is generally described as a Gaussian function with identical 
features irrespective of the its position on the hyperplane. However, in Kriging, 
the correlation-based estimation of θi enables a more rigorous delineation of the 
unexplained error, which is dependent on the position of the datapoints. This feature 
plays a critical role in optimization process, which is key for alloy design. 

4.7 Model Validation 

Before the surrogate model rendered by the machine learning technique is exhaus-
tively manipulated, to design alloys with desired combination of properties, their 
outcomes are sufficiently analysed to ensure the relevance and consistency. Depend-
ing on the wealth of information available, one of the various validation technique 
has been adopted to study the predictability of the model. As described earlier, in 
light-metal alloy design, data set employed in model development is either implicitly 
built through dedicated experimental works or from suitable external sources. The 
wealth of information gathered from the external sources are often noticeably greater 
than the experimentally arrived. Correspondingly, the approach adopted to validate 
the model varies with the source of the data which was used to establish it [35, 36]. 

Cross validation Predictability of surrogate model, particularly when internally 
developed data set is involved, is investigated through a technique called ‘cross vali-
dation’. This technique verifies the output rendered by the model against a portion of 
the existing data set. In other words, in the context of light-metal alloy design, cross 
validation technique feeds in a composition of known properties to the model and 
cross verifies the accuracy of the model by comparing it to the corresponding output. 
The known datapoint which is used in cross validation is generally not involved in 
the model development. This cross validation approach, primarily adopted in light-
metal alloy design framework wherein implicit experimental studies are involved to 
generate data, is called leave-p-out validation [30, 31]. 

In leave-p-out validation, ‘p’ indicates the number of datapoints which are ini-
tially left in model development solely for the purpose of being utilised in cross 
verifying the predictability of the emerging model. Since this technique is largely 
employed in alloy design framework with internally developed experimental infor-
mation, often only one datapoint is set apart for the validation ( p = 1, Fig.  5). This 
datapoint, though not involved in model development, will be used for validation. 
The left-out datapoint is sequentially changed, and the validation is iterated, to gain 
a sufficient understanding on the predictability of the surrogate model [39]. There-
fore, ultimately, leave-one cross validation ensures the predictability of the surrogate 
model in light-metal alloy design attempts which are characterised by direct involve-
ment of experimental studies.
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Fig. 5 Graphical representation of leave-one-out cross validation technique 

Splitting data Amount of data externally gathered from existing resources, par-
ticularly for light-metal alloy design, is significantly higher when compared to the 
information built from implicit experimental studies. This increased wealth of infor-
mation lends itself to be split into different sets of data which can then be sepa-
rately employed for model development and validation. In light-metal alloy design, 
the gathered data is split into ‘60-20-20’ with the predominant portion of it (60%) 
assumes the role of training data, while the rest is treated as validation (20%) and 
testing (20%) set [35]. The surrogate model is built primarily based on the training 
data. However, during the formulation, the validation data is infused to refine the 
model parameter and enhance its predictability. Finally, the developed and refined 
model is verified against the test data set to complete the validation. 

Comparison with experimental results The possibility of data splitting valida-
tion stems, in principle, from the wealth of the available information. The data set 
gathered from relevant external sources allows for another form of validation as 
well. In light-metal alloy design, since the information is gathered invariably from 
experimental studies, these are characteristically associated with accurate outputs. 
Therefore, once a surrogate model is developed based on this gather data set, its 
prediction is ‘statistically’ compared to the corresponding experimental results. This 
statistical comparison involves correlating the output of the surrogate model to the 
corresponding experimental outcomes and quantifying the compliance through the 
correlation coefficient. This validation approach of correlating the model prediction 
with experimental result is utilised to identify the best surrogate model in studies, 
where numerous machine learning techniques are involved [33, 36].
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5 Alloy Design 

The final aspect of the light-metal alloy design involves realising the composition 
that could potentially render the combination of desired properties. The methodol-
ogy associated with this step is principally in contrast to the one involved in the 
development of surrogate models. In other words, the composition of the alloys is 
treated as the predictor variables, with the corresponding properties turning into tar-
get, when the model is devised. However, in alloy design, the roles of these variables 
get reversed, with the desired properties fed in as the input. Owing to the approach 
that is involved, the attempts of identifying the alloy concentration with preferred 
behaviour, based on the surrogate model, are referred to as optimisation [49, 50]. 

The optimisation pursued in light-metal alloy design, in keeping with the con-
vention, can be categorised into two [15]. When the focus is restricted to a specific 
property, and efforts are directed towards realising an alloy with this improved fea-
ture, the corresponding approach is referred to as target objective optimisation. In 
contrast, multi-objective optimisation attempts to realise composition capable of 
rendering a definite combination of properties. Depending on the type of the opti-
misation, the corresponding nature of the technique appropriately varies. In other 
words, despite being collectively referred as optimisation, approach associated with 
target objective varies noticeably from multi-objective investigations. 

Even though the technique varies depending on number of properties that are 
sought, the optimisation approach can, in general, be delineated by considering two 
critical aspects. Exploitation and exploration are characteristic features which form 
the integral part of any optimisation efforts. In light-metal alloy design exploitation 
involves focusing on the concentration, within the data set, which renders properties 
close to the desired behaviour. Contrastingly, chemical composition much different 
from the ones encompassed in the data set is analysed in the exploration aspect of 
alloy design. An efficient optimisation scheme attempts to achieve a right balance 
between these aspects of exploration and exploitation. 

5.1 Target Objective Optimisation 

In light-metal alloy design, when focus is restricted to a specific property, different 
optimisation treatments are adopted to realise the suitable alloy composition [30, 31]. 
Most of these technique, despite the difference in the methodology, hugely rely on 
the surrogate model, particularly the uncertainties brought about by the unexplained 
error. Expect for Kriging, since all other machine learning techniques assume a 
homogeneous form of unexplained errors, bootstrapping is involved to provide a 
characteristic description for the uncertainties [36]. 

Random strategy As the name indicates, random strategy looks for different compo-
sitions in the search space, in an indistinct manner, and ascertains the corresponding 
properties through the surrogate model. The data gained from this trial and error



20 P. G. K. Amos

search is examined, and the composition offering the best of the required property 
is assumed to be the suitable candidate. Moreover, the predominant portion of the 
concentration that does not enhance the property is subsequently used to refine the 
surrogate model. The technique of strengthening the model from the data gathered 
from optimisation, and subsequently using it for analysing further random concen-
tration is called active learning. Besides random strategy, active or adaptive learning 
is involved in other optimisation treatments as well. Though random search fails to 
render a reliable output, this technique does not employ a dedicated optimisation 
scheme and is primarily dependent on surrogate model alone. 

Response surface optimisation Besides using the surrogate model to predict the 
property associated with a randomly chosen datapoint, an informed choice of the 
concentration can be made based on it. In other words, stemming from the surro-
gate model, concentration which could offer the desired property can be identified 
and further analysed. This approach is adopted in response surface optimisation. 
In this technique, the surrogate model is extensively studied to realise datapoints 
capable of yielding the expected behaviour of alloy. This realisation is followed by 
the investigation of the concentrations surrounding the existing data. As opposed 
to the random search, this approach restricts the focus to a specific section of the 
search space, adjacent to the hyperplane that reflects the surrogate model. Given that 
this model is developed based on available datapoints, with a particularly focus on 
the concentrations surrounding them, this scheme is essentially biased towards the 
exploitation aspect of optimization. 

Efficient global optimisation As opposed to the aforementioned techniques, effi-
cient global optimisation neither looks for the concentration rendering the desired 
property randomly or primarily exploits the model reflecting the existing data. 
However, by involving a dedicated scheme, this approach attempts to realise the 
desired concentration yielding the preferred behaviour by appropriately balancing 
the exploitation and exploration aspect of optimisation. To that end, efficient global 
optimisation scheme begins with the formulation of an acquisition (or utility) func-
tion that encompasses both the surrogate model and the respective confidence inter-
val, which reflects the unexplained error. The acquisition function directs towards 
the next optimal point which could render the desired property. Once this point is 
explored, through adaptive learning the utility function is refined, and another poten-
tial composition is subsequently realised based on the updated function. This process 
is iterated till the improvement is desired property is less than 1% [35]. In light-metal 
alloy design, the expected improvement for a choice of concentration rendered by 
the acquisition function is expressed as 

E[I (x)] =  ( fmin − Ŷ ). 

( 
fmin − Ŷ 

s 

) 

+ sφ 

( 
fmin − Ŷ 

s 

) 

, (9) 

where fmin = min(y1, y2, . . . ,  yN ) is function of relevant datapoint, and Ŷ is the 
prediction made by the surrogate model [30]. Moreover, the standard deviation of
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uncertainties associated with the predicted value is represented by s. In Eq.  (9), .(·) 
and φ(·) respectively indicate the standard normal density and distribution function 
which correspond to the cumulative distribution and probability density function. 

5.2 Multi-objective Optimisation 

Though perfecting one property through appropriate composition is relevant, tech-
nological advancements often demand development of alloys with complementing. 
Evolution of the different generation of automotive materials is a prime exam-
ple where attempts are made design materials with seemingly mutually exclusive 
properties. In machine learning-based alloy design, multi-objective optimisation 
is employed to realise concentration capable of yielding more than one desired 
behaviour. In light-metal alloy design, few techniques have been adopted to arrive at 
a alloy composition with the potential to render multiple target [34, 39]. 

Pareto front Considering that multi-objective optimisation scheme characteristi-
cally attempts to realise a candidate with multiple target features, a multidimensional 
space can be built based on these desired properties. The development of such mul-
tidimensional space initiates the multi-objective optimisation scheme using Pareto 
front. Information of the data set can be positioned in this space by focusing of the 
target properties rendered by the alloy composition. The distribution of the points 
in the space generated by properties is referred to as the Pareto plot. Moreover, the 
set of datapoints in the properties-search space that represent the boundary of the 
plot is called Pareto front. Owing to its configuration, the Pareto front captures the 
trade-off between the different properties constituting the space. Therefore, the tar-
get that ideally combines these different properties is estimated based on the Pareto 
front. In order to arrive at this target, two vectors are introduced. While both stem 
from the origin of the properties space, one connects to the perceived target with effi-
cient behavioural combination, while other relates to the Pareto front. The progress 
towards the target is made by reducing the angle between the two vectors. 

Scalarization technique A relatively straightforward and less rigorous approach, 
when compared to Pareto front, is employed by the scalarization technique for multi-
objective optimisation. In principle, this approach transforms the multi-objective 
optimisation problem to a target objective one. This is achieved by formulating 
a new target that includes all the necessary properties needed to characterise the 
alloy development. In order to describe this all-encompassing feature, the Euclidean 
distances between the target properties in corresponding space are ascertained. Based 
on the distance between the desired properties, the replacing feature is realised. The 
realisation subsequently facilitates the involvement of target optimisation techniques 
to yield the respective alloy composition.
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6 Summary 

Arriving at an alloy composition, which would render a set desired properties, through 
conventional experimental approach is an arduous task. Involvement of machine 
learning technique in materials engineering has significantly curtailed the efforts 
associated with alloy development. In the recent years, these techniques have increas-
ingly been adopted to design light-metal alloys. 

Irrespective of the base metal, the machine learning approach for alloy develop-
ment begins with the generation of the relevant data set. The characteristic structure 
of the data includes the composition of the alloying elements and resulting material 
properties. In light-metal alloy designs, this data set is internally generated through 
suitable experimental works or gathered from existing external resources. Based on 
this data, using machine learning techniques, predictive surrogate models are formu-
lated as a next step towards the light-metal alloy design. Amongst the different stages 
of the alloy development process, it is in the formulation of the surrogate models, and 
the machine learning algorithms are extensively employed. Before proceeding to the 
alloy design, the working of the surrogate models is sufficiently verified against the 
existing data set and experimental observations. Only the validated predictive models 
are exploited to develop light-metal alloys. Suitable optimisation techniques, which 
would respectively treat the properties and composition as the predictor and target 
variables, are formulated and adopted to realise the light-metal alloy composition 
capable of offering the desired behaviour from the surrogate models. 
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Chapter 2 
Environmental Assessment of Recycling 
Carbon Fibre-Reinforced Composites: 
Current Challenges and Future 
Opportunities 

Arshyn Meiirbekov, Akniyet Amantayeva, Serik Tokbolat, Aidar Suleimen, 
Shoaib Sarfraz, and Essam Shehab 

1 Introduction 

Carbon fibre-reinforced polymers (CFRP) are a commonly used type of material 
amongst car and aircraft manufacturers. It contributes to 65% and 20% weight reduc-
tion, respectively, leading to a reduction in terms of fuel demand [1]. The range of 
products made from CFRP is rapidly increasing, thus increasing the amount of waste 
to be accumulated in landfill sites unless treated properly. According to Lefeuvre et al. 
[2], nearly 500 thousand tonnes of scrap and end-of-life carbon fibre composite waste 
are projected to be accumulated from the aerospace industry alone by 2050. Polymer 
matrix composite materials have existed for a long time but there are no effective 
and global solutions for recycling this type of waste. Both scientists and industries 
are constantly attempting to improve the existing CFRP waste treatment methods, 
but not all are functioning at an industrial scale. Although landfilling and inciner-
ation are common practices in this context, recycling is becoming a more strategic 
way due to economic, environmental, and legislative considerations [3]. At the same 
time, the production of virgin carbon fibre requires large financial and energy inputs 
making the recycled carbon fibre more attractive [4]. However, unlike landfilling
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and incineration, the environmental impacts or benefits of existing CFRP recycling 
techniques still need to be quantified [1]. 

Although recycling is perceived to be environmentally advantageous, it also causes 
environmental damage through the collection, sorting, transportation, and processing 
of the material [5]. Therefore, environmental and economic feasibility studies are 
needed for the evaluation of recycling processes. One of the main impact criteria 
considered in environmental impact assessment studies is the climate change (kg 
CO2 equivalent). However, many other impact indicators make the environmental 
assessment inaccurate and challenging to apply to different scenarios [6, 7]. There-
fore, this paper summarizes the common life-cycle inventories (LCI) in different 
CFRP recycling techniques. 

In the case of CFRP waste, there are few papers on environmental impact assess-
ment with reliable and scalable results. The commonly used LCA method is still in 
the early stage of application for CFRP materials. This is mainly due to the shortage 
of data on CFRP recycling processes at an industrial scale. These and other issues 
hinder the advancement of sustainable recycling strategies, particularly in the context 
of understanding the supply chain for CFRP recycling. Therefore, this study aims 
to review the scientific literature on the environmental impact assessment of CFRP 
recycling techniques and analyze the related challenges to provide further directions 
for the assessment design of CFRP recycling processes and sustainable supply chain 
networks. 

2 Methods 

This paper used a narrative literature review method proposed by Mayer [8]. The 
review considers the recent environmental impact works related to recycling CFRPs. 
This study focusses on an overview of the intersection of environmental assessment 
and recycling CFRPs in the context of the current situation and perspectives. The 
primary databases used are Scopus, Science Direct, and Research gate. The publi-
cation date of papers included in the study is limited by the last 20 years. Also, 
only papers written in English with clear references were included in this work. 
The keywords for the search were “environmental impact”, “environmental assess-
ment”, “LCA”, “life-cycle assessment”, “LCI”, “environmental impact categories” 
combined with “recycling carbon fibres”, “recycling CFRPs”, “recovery of carbon 
fibre composites”. Finally, all the relevant articles were selected after thoroughly 
reading the abstracts.
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3 CFRP Waste Recycling Methods 

Currently, the most common CFRP waste recycling methods are mechanical, thermal, 
and chemical. Whilst mechanical recycling methods are based on mechanical treat-
ment (shredding, milling, and sieving), the most popular and mature thermal recy-
cling method is pyrolysis. Solvolysis with fluid in supercritical conditions (such as 
water, alcohol, and acetone) is a promising chemical recycling method too [9]. In 
this section, these methods will be discussed to analyze the inputs and outputs of the 
system that contribute to the damage in the context of environmental assessment. 

3.1 Mechanical Recycling 

Mechanical recycling is the cheapest but the least preferable way of recycling. This 
method implies waste size reduction to very small particles (10–50 mm) and using it 
as a filler material, for example, for concrete reinforcement [10]. Mechanical cutting, 
shredding, milling, and sieving are done by the rotating equipment. In this process, the 
higher the output of the machine the less the energy demand per unit of recycled CF, 
thus causing less environmental impact. Other than that, these machines can only 
process small size waste (e.g. 3 mm thickness), therefore, may require additional 
work such as dismantling and downsizing of composites. These processes might 
entail additional electrical energy and human health impact, therefore, need to be 
considered in the life-cycle inventory phase. 

3.2 Pyrolysis 

Thermal recycling method such as pyrolysis uses heat to decompose carbon fibre. It 
is widely adopted at an industrial scale due to its efficiency. The important role in 
pyrolysis recycling is played by the parameters of the process (temperature, pressure, 
heating rate, etc.). They influence the mechanical properties of reclaimed fibres. This 
means that depending on the required application process optimization is needed 
which in turn will affect the energy demand [11]. Figure 1 represents LCI for the 
pyrolysis process.

3.3 Fluidized Bed Process 

Fluidized bed process (FBP) is the thermal process that uses silica sand to decompose 
the composite waste into the fibres and reinforcing material. During the process, a 
hot stream of air runs through a bed at a temperature >500 °C. After that fibres
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Fig. 1 Life-cycle environmental impact of pyrolysis process

Fig. 2 LCI of fluidized bed process 

are discharged by a cyclone from the stream of the gas. The degraded components 
remain in the bed. The method has its advantages such as tolerance to contaminants 
and moderately preserved fibre characteristics, indicating a technology readiness 
level (TRL) of 6 at Nottingham University, UK [12]. The schematic representation 
of LCI of FBP is represented in Fig. 2. 

3.4 Solvolysis 

Chemical recycling process or solvolysis is utilized to decompose polymer matrix 
with the help of chemical components. Based on the solvent’s state, the method 
is subdivided as solvolysis with (1) lower temperatures and (2) supercritical fluids. 
During the process, the waste is shredded initially to increase the surface of interaction 
with the chemical and then dissolved using solvents (Fig. 3). The range of used 
chemicals is wide starting from supercritical water and ending with solvents such as 
ethanol, acetone, and methanol [13]. The method is not still applied at the industry 
scale, though the results were validated at the laboratory level [14].
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Fig. 3 LCI of solvolysis process 

4 Life-Cycle Assessment 

LCA is one of the widely applied methods for the environmental assessment of a 
product. This method is ISO 14000 standardized and is conducted following the 
established procedures [15]. LCA assessment is performed in several steps. These 
steps include identifying the aim and defining the system of the LCA, quantifying the 
input and output flow of the system, evaluating the life-cycle impact, and classifying 
their impact categories to the environment and improving assessment [5]. Throughout 
the life cycle of a product, different process stages require a different number of 
resources and have varying levels of impact on the environment. As a part of the 
LCA study, the assessor needs to delineate the system boundaries and scope of the 
study. After that, inventory analysis is carried out on emissions and waste generated 
during the process. Then, their environmental impact is quantified in terms of ozone 
depletion, eco- and human toxicity, and so on [15]. Depending on the chosen scope, 
LCA analysis can cover the whole life cycle of a system or only a part of it [16]. “Gate-
to-gate” LCA covers partial LCA which considers only a single process. In our work, 
gate-to-gate indicated studies are those which covered only the recycling process 
itself. “Cradle to grave” is a standard full-cycle LCA which covers all production 
phases, use, and disposal phase. “Cradle to cradle” or closed LCA is a type of 
“cradle to grave” LCA, but it also includes the recycling process. This whole life-
cycle assessment allows relevant stakeholders to manage the product and drive its 
production and disposal in a more sustainable way. 

5 Life-Cycle Inventory 

The life-cycle inventory (LCI) analysis stage is an important and challenging step 
in the LCA process. It is challenging because it requires appropriate data which 
usually tends to be limited in the early-stage development of a process or a product. 
Inventory refers to all direct and indirect environmental impacts of a process such as 
inputs (raw stock material, energy, etc.) and outputs (emissions, waste, etc.) [17]. It is 
also possible to include social considerations such as health and safety, risks as well 
as human health impact. Depending on the chosen set of inputs/outputs during the
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Table 1 Energy consumption levels by different CFRP recycling methods 

Recycling method Reported energy consumption (MJ/kg) References 

Mechanical recycling 2.03 (10 kg/h) [19] 

Pyrolysis 2.8 
30 

[20] 
[21] 

Solvolysis 63–91 
19 

[22] 
[23] 

LCI, the accuracy and validity of the LCA results will vary. Moreover, the inventory 
data (e.g. energy, material, emission, etc.) is aggregated to quantify the specific 
environmental concerns, for example, global warming and resource depletion. There 
are far more examples of environmental impact categories. However, no standard 
method or criteria exists for selecting the “right” impact category. The decision is 
mostly dependent on the studied sector, scope, and authors’ judgement [18]. 

Another important deliberation is the availability of several impact categories to 
quantify one environmental concern. For example, global warming indicators could 
be a global warming potential (GWP, kg CO2 eq.), the climate change impact (kg CO2 

eq.), greenhouse gas emissions (kg CO2 eq.), CO2 emission (kg CO2 eq.), and others. 
According to general observations, the recycling CFRP sector tends to evaluate GWP 
as a function of energy required to recycle by one of the aforementioned methods. 
There are several works published that quantify and compare the energy consumption 
of CFRP recycling techniques. However, they use different functional units and 
experimental setups and make different assumptions. Therefore, the data usually 
varies from one study to another. The indicative energy consumption by methods is 
shown in Table 1. 

In addition, sometimes, one impact category can be measured with different units 
which also confuses relevant stakeholders [1]. For example, acidification can be 
expressed as kg SO2 eq. or m2 UES (area of an unprotected ecosystem) or as the 
number of extinct species per year. The list of commonly used impact categories and 
their units is presented in Table 2.

According to [5], the environmental impact assessment is three-step process: 
classification, characterization, and evaluation. First, the data or inventory needs to 
be classified into the environmental issue (e.g. global warming), the scale of the 
impact (e.g. local, global), and impact media (e.g. air). Second, characterization 
refers to quantifying the impact of the inventory to determine environmental issues. 
Some of the terms to quantify such contributions can be GWP and ozone depletion 
potential (ODP). Similarly, recycling CF from CFRP entails unique environmental 
impacts which are summarized in Fig. 4. These are the main impact categories that 
are widely reported in the literature [32].

Although LCA is a very useful tool, users should be aware of its sources of 
uncertainty which might lead to different outcomes [7]. For example, as was discussed 
before, some steps of the analysis require personal judgement (determining system 
boundary, analyzing the recycling process, choosing quantifiable impact categories,
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Table 2 List of impact categories for LCI analysis of CFRP material 

Name Abbreviation units Comment Sources 

Global warming 
potential (climate 
change) 

GWP kg CO2 eq/kg If the process emits gas, it 
will have GWP, which 
compares the energy 
absorbed by 1 tonne of gas 
over time with the 
emissions of 1 tonne of 
CO2 

[24] 

Greenhouse gas 
emissions 

GHG kg CO2 eq/kg The most widely used 
environmental impact 
assessment category 

[1] 

Cumulative energy 
demand 

CED MJ/kg The energy required to 
make the product, process, 
or service 

[25] 

Energy intensity EI MJ/kg Equivalent to cumulative 
energy demand (CED) 
corresponding to primary 
energy 

[25] 

Ozone layer depletion OLD kg CFC-11 eq The function of the 
emission of ozone 
depleting gas 

[26] 

Human toxicity (cancer 
causing and non-cancer 
effect) 

HTP CTUh The function of the 
number of toxic releases 
to humans in water, air, 
and soil media 

[27] 

Acidification potential AP kg SO2 eq The function of soil 
acidity due to sulphates, 
nitrates, and phosphates 
(NOx , NH3, and  SO2) in  
the atmosphere 

[28] 

Eutrophication potential EP kg N-Eq Nutrient enrichment of 
marine ecosystem 

[29] 

Ecotoxicity (freshwater, 
marine, terrestrial) 

ET kg O3-Eq The function of exposure 
level to released toxic 
substances to the 
environment 

[30] 

Resource depletion 
(water, natural 
resources) 

RD m3 water/oil eq Depletion of 
non-renewable natural 
resources 

[31] 

Photochemical 
oxidation 

POCP kg Sb eq Also known as summer 
smog, the air pollution 
resulted from the reaction 
of emissions with sunlight 

[30]
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Fig. 4 Environmental inventory and damage categories of CFRP recycling methods

etc.). This and other challenges in the environmental analysis of CF recycling will 
be discussed in the next sections. 

6 Environmental Assessment of CFRP Recycling: Current 
Status 

The works related to the environmental assessment of CFRP recycling methods are 
listed in Table 3. Most of the authors compared different recycling options according 
to their global warming potential, acidification, and ecotoxicity potential. Also, as 
data plays a crucial role in the LCA analysis. The authors used databases of well-
known platforms such as Simapro, Ecoinvent, and Gabi. The research work presented 
in Table 3 are grouped according to the recycling methods included.

From Table 3, it is clear that numerous research attempts have been made 
to discover the environmental impacts of recycling CFRPs. Most studies rely on 
LCA/LCI databases and follow similar procedures. However, the studies tend to be 
different in terms of considered recycling methods, life-cycle phases included in 
the investigation, assessed impact indicators, and databases used. Also, the studies 
mainly considered energy impact and GWP in terms of assessed impact categories.
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The research interest in determining the environmental aspects of recycling CFRPs 
is robust and notable work has already been done in this field. All the recycling 
methods mentioned in this study were examined to some extent to see if the posi-
tive environmental implications compared to traditional disposal ways are observed. 
Despite numerous research efforts that have been highlighted in this review, there 
are still other challenges associated with the effective and accurate estimation of 
environmental impacts of recycling CFRPs. These challenges are tightly tied with 
the research gaps which were formulated based on the conducted literature review. 
The following subsections provide information on challenges related to this field. 

(a) Variability of methodologies 

Although ISO 14044 documentation stipulates specific standards for the LCA assess-
ment, there is still a great variability within an inventory (LCI) and impact analysis 
(LCIA) [49]. First, the modelling approach may vary as some modellers can use the 
attributional LCA method. In attributional LCA, the functional units or phases of 
the product are attributed according to average retrospective data within a specific 
period. Conversely, consequential LCA is conducted to determine the change in the 
environment due to the effects of inputs and outputs of the product [49]. 

Overall, LCA methodologies have evolved significantly in the last 30 years and 
have different classification and characterization methods. For instance, the midpoint 
level indicators might vary from method to method. Some of the methodologies might 
include completely different indicators compared to the others [50]. 

(b) Comparability—functional and system boundaries, oversimplification 

It is critical to determine the functional and system boundaries in the assessment as 
it directly influences the final interpretation of the assessment results. Ambiguous 
or unclear definitions of the functions and processes in the recycling chain (not 
mentioning the usage of accompanied products during the recycling process and 
other similar omissions) may result in an inaccurate estimation of the final impact. 
It may seem that comparing recycling methods in terms of an environmental impact 
are sufficient to examine only the primary processes, however, it may jeopardize the 
purpose of the environmental assessment [51]. The recycling processes differ in terms 
of functions (some of them are multifunctional), and the byproducts they produce. 
It is a challenging task to split the environmental impact within multifunctional 
recycling methods [52]. For instance, the fluidized bed and pyrolysis process result 
in byproducts that can be transformed into energy, whereas mechanical recycling 
does not recover energy [53]. 

The mentioned challenges in terms of comparability methods are accompanied 
by the challenge related to the LCA methodology itself. For example, an oversimpli-
fication, during which the model limitations and simplify cations result in significant
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influence on the outputs [16]. The oversimplification challenge is highly tied to small 
companies which struggle to implement the LCAs due to the lack of amplitude [52]. 

(c) Scaling the results 

Not all recycling processes have reached the readiness level to be exploited at an 
industrial scale. Only pyrolysis and mechanical grinding for recycling CFRPs have 
shown technology readiness levels (TRLs) of 8 and 6.5, respectively. Whereas solvol-
ysis and fluidized bed processes are still at the validation phase in the laboratory envi-
ronment [14]. This indicates that these methods do not consider the complexity of 
the industrial scale equipment, management, and additional investment [51]. Hence, 
scaling the results by using common practices or just by normalization may not result 
in accurate results for processes that are still at the laboratory scale. 

(d) Data-related challenges 

Data for LCI/LCA approach is systematically summarized and publicly available in 
Ecoinvent and Simapro for various materials and processes [54, 55]. However, those 
databases do not contain specific information for processes related to composite 
manufacturing, recycling, and disposal. For instance, [47] extract data for a landfilling 
process from Simapro v7.3 and Ecoinvent 2.2 for mixed polymer plastics instead of 
composites, as there is no specific data on the environmental effects of composites 
landfilling. Other parameters of a model for LCI in the studies are also accompanied 
by the great extent of impreciseness, e.g. energy consumption levels of recycling 
processes. In the analysis done by Witik [21], the authors examined the product 
manufacturing phase which is assumed to be using 162 MJ for electricity and 191 MJ 
of heat from gas. On the other hand, the manufacturing of virgin carbon fibres varies 
between 183 and 286 MJ per kg [56]. This all demonstrate that the data used in models 
is not accurate with uncertainty factors embedded in input parameters. Thus, missing 
datasets for specific processes are a challenge to some extent that has to be overcome 
by conducting experiments and investing time [51]. In addition, other circumstances 
negatively affect the reliability of data such as the quality of data in terms of the 
geographical source, consistency, the compatibility of data from different sources, 
reasonable assumptions, and reproducibility [52]. 

(e) Uncertainty 

Any LCA study will have results affected by a degree of uncertainty. During the 
assessment, all the factors will influence the accuracy of results, for example, how 
model data is arranged and which scope is selected [57]. In fact, most of the studies 
considered in this work agree with the uncertainty of the LCA method to a certain 
degree. The difference in methodologies, the discrepancy between lab test results 
vs implementation of an industrial project, and data quality in combination create a 
snowball effect. This causes the level of uncertainty of a study to be too high to be 
used for decision-making. Given that the LCA analysis for new emerging recycling 
methods is conducted for further decision-making, determining, and leveraging the 
uncertainty of conducted studies is essential [51]. Figure 5 demonstrates the level 
of uncertainty and technology readiness level relationship. Composites recycling
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Fig. 5 Uncertainty level representation with respect to TRL of the CFC recycling process 

technologies (CRT) on the technology readiness (TRL) scale are adapted from [14]. 
The more data is available to conduct LCA, and the more accurate results will be 
obtained during the assessment. 

(f) Resource demanding assessment 

Although there is no minimum threshold for assessing product sustainability [52], the 
LCA methodology allows approximating the environmental impact of supply chain 
operations by analyzing the data. However, environmental assessment is a time and 
resource-consuming activity for the industry. It requires expertise, knowledge, and 
financial support as well as adequate environmental data to conduct an LCA study 
[52]. Moreover, the information and data need to be updated accordingly, especially 
for products with a long life cycle due to economic and environmental conditions 
changing over time [49]. 

7 Conclusions and Future Directions 

The processes for recycling CFRPs such as mechanical recycling, pyrolysis, fluidized 
bed process, and solvolysis result in different qualities of recovered fibres and vary 
in terms of costs and environmental impacts. This work provided a brief overview 
of studies that covered the theme of environmental assessment aspects of recycling 
CFRPs. At present, this field has several studies that mainly investigated CFRP recy-
cling in the context of LCA frameworks. Several works were published assessing the 
environmental challenges including different life-cycle phases for different methods.
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This study has identified the main challenges such as the variability of methodolo-
gies, comparability, scaling results, data, uncertainty, and resource demands. The 
further developments in the environmental assessment of CFRP recycling can be 
fulfilled through the following future directions:

. A combined methodology should be used with a preliminary agreement with the 
studies considered in this research. Standardization of the LCA framework for 
CFRPs within the industries (automotive and aerospace) will help to unite and 
compare statements from different authors.

. Promoting data availability for CFRP in current databases could be a critical action 
to bring potential benefits to various stakeholders instantly. However, no accurate 
data on CFRP manufacturing and recycling is present in databases. The quality 
of data and availability is the key factors which define the reliability of results. 
Therefore, it is highly recommended to improve current databases with specific 
composite materials data.

. LCA studies convey a lot more information as they include the use phase. Some 
industries benefit from weight savings (for instance, in the automotive industry), 
therefore consume less fuel in the use phase.

. The collaboration between researchers and recycling industry-related stake-
holders will increase the reliability of conducted studies. Because simply scaling 
the laboratory output does not provide reliable data. The LCA studies conducted 
within the laboratories using existing databases could be integrated into plant-level 
studies to demonstrate real-time cases. 

Design informed thinking should be promoted. The LCA proves that the positive 
environmental effects during the production and use phases could be achieved if the 
design of a product is known beforehand. Though composite material components 
are usually produced with specific shapes and parameters, it is always possible to 
incorporate into the design features. This would further allow reuse/remanufacturing 
of the component in less demanding applications. The opportunities for secondary 
applications of recycled CFRP shall be rigorously researched to reduce landfilling 
impacts and avoid an intensive increase in manufacturing rates of virgin CFRPs. This 
statement is especially critical that the effect of replacing virgin carbon fibre has the 
dominating positive environmental effect due to avoided energy consumption. 
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Chapter 3 
Synthesis of Lightweight Metallic Foam 
and Their Applications in Various 
Engineering Sectors 

Pradeep Singh, J. P. Shakya, Pankaj Agarwal, Sanjay Jain, D. P. Mondal, 
and Karan Singh Verma 

1 Introduction 

The role of lightweight materials in the field of automobile, aerospace, construc-
tion, marine, medical, defence and electronics industries is accelerating day by day. 
Lightweight porous materials of Al, Mg and their alloys are already used in the 
manufacturing of vehicles and aeroplanes bodies to reduce the fuel consumption 
[1]. Porous Al foam alloy foams have the potential to absorb impact energy and 
sound which can efficiently work as the bumper of vehicles as well as blast resis-
tance material [2, 3]. The use of porous materials in the area of aerospace is being 
started for the reduction of weight of the aeroplane. Porous materials like Ti alloys 
and Mg alloys foams are also employed in the field of biomedical to prepare the 
stents and the orthopaedic scaffold. The area of porous materials is vast, and it is 
essential to explore the different synthesizing processes and specific applications of 
the synthesized product.
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1.1 Materials Used for Synthesizing Foam 

Materials having low density due to gas filling pores in their bulk are called foam [4]. 
Materials for making foam may be metallic as well as for non-metallic. Nowadays 
metal foams are made from aluminium alloy [5], stainless steel [6], magnesium and 
its alloy [7], tantalum, nickel alloy [8, 9], titanium and its alloy [10, 11], while carbon 
[12], polymer [13], ceramic [14], starch [15] and zinc [16] are used as non-metallic 
foams. In recent times, open cell metal foams are prepared through the infiltration 
of the melted metal in the non-metallic cellular precursor of plastic, ceramic, etc. 

1.2 Types of Foam 

There are broadly three classes of metal foam that can be categorized following. 

1.2.1. Open cell foam. 
1.2.2. Closed cell foam. 
1.2.3. Composite foam. 

1.2.1 Open Cell Foam 

When gas-filled cells or pores which are found in the bulk of foam are interconnected 
to each other, such that a fluid can pass through it, called open cell foam. The 
microstructure of open cell foam is shown in Fig. 1 [17]. The shape and size of the 
pores depend on the process of preparation of the foam. For example, the shape and 
size of pores for open cell foam synthesized through the powder metallurgy route 
using a space holder material are depending on the morphology and size of the space 
holder powder particles [18].

Pores of the open cell foam are surrounded by metallic ligaments called edges. 
The relative density of the foam depends on the ratio of the thickness of the edge and 
pore size. For containing high porosity, the ratio of the edge thickness and pore size 
should be minimum. Mechanical properties such as compressive stress and young 
modulus depend on the porosity of the material [19, 20]. The open cell foam is used 
as the heat exchanger, filter, impact energy absorber, etc. 

1.2.2 Closed Cell Foam 

When each pore of the foam is covered by the thin wall of the metal, and there 
is no interconnectivity among them then it is known as closed cell foam. The 
relative density of the foam depends on the cell wall thickness and cell size. The 
microstructure of closed cell foam is shown in Fig. 2 [17].
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Fig. 1 Microstructure of 
open cell foam; it can be 
seen that the pores are 
interconnected in nature [17]

Fig. 2 Alporas closed cell 
aluminium foam [17] 

Cell shape, size and relative density of the closed cell foam play an important 
role in tailoring the mechanical properties [21]. Generally, closed cell foam has a 
higher relative density and strength compared to open cell foam. So, it can be used 
for structural purposes like sandwich panels, automobile bumpers, blast resistance 
boxes, aircraft bodies, insulation, etc. 

1.2.3 Composite Foams 

Composite foams are a new class of materials synthesized by adding the solid rein-
forcement in the metal matrix before foaming or the addition of hollow spheres 
(cenosphere) in the metal melt or powder. The composite foam may be closed or 
open cell type. Two major classifications of composite foam are following.
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Fig. 3 Syntactic foam made through the liquid metallurgy route [24] 

Hollow Particle Reinforced Composite Foam (Syntactic Foam) 

Hollow particles called cenosphere are added as reinforcement in the metal matrix. 
The addition of the cenosphere in the metal matrix is done by liquid metallurgy or 
powder metallurgy route [22, 23]. Syntactic foam has higher compressive strength 
and stiffness than other foam of similar metal manufactured through conventional 
processes. The relative density and properties of the foam depending on the amount 
of cenosphere addition in the metal matrix [23]. A microstructure of syntactic foams 
manufactured through the liquid metallurgy route is shown in Fig. 3 [24]. 

Aluminium, iron, titanium, nickel, magnesium, zinc, lead, etc., can be used as 
matrix material in syntactic foam as found in literature, but the aluminium alloy 
is well known. Hollow particles of alumina, carbon, steel, glass, aluminium and 
fly ash that has the size in the range of a few mm to micron level are used as the 
particulate reinforcement. At present, fly ash cenosphere is the main concern due 
to its low density, low cost, environmental protection and easy availability from the 
combustion products of the power plant. 

Hybrid Foam 

When two or more two methods are used to generate porosity in the metal matrix, then 
it is known as hybrid foam. Hybrid foam is synthesized to incorporate extra porosity 
by adding foaming agents such as TiH2 and ZrH2 in the melt of the syntactic foam.
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2 Synthesizing Techniques of Metal Foams 

Metal foams are generally synthesized through two popular routes. These are liquid 
and powder metallurgy. The well-established process to make the porous or foam 
material are represented in the flow chart shown in Fig. 4. Some other methods 
like electrochemical, rapid prototyping and vapour deposition are also used for the 
production of foam [25]. 

2.1 Synthesizing of Foam Through Liquid Metallurgy Route 

In the liquid metallurgy route, pores are created by direct injection of gas or by adding 
the substance that decomposes at a certain temperature to release gas in the molten 
metal or by infiltration of melt in the open cell cellular decomposable perform or 
by spraying the melt at a substrate to obtain the droplets form. Because metals have 
to be melted in this route, so only those metals are synthesized precisely that have 
lower melting points such that Al, Mg, Zn, etc. Although the metals like Fe, Ni, Ti, 
etc., that have high melting points can also be synthesized through this route, much 
sophistication is required due to more chance of oxidation at high temperatures.

Fig. 4 Flow chart of foam synthesis methods 
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2.1.1 Melt Foaming by Blowing Agent 

The schematic diagram of the overall procedure of generating the foam by blowing 
agent technique is shown in Fig. 5 [26]. The materials that decompose due to heating 
above a certain temperature and release a gas called foaming or blowing agent MgH2, 
Na2CO3, CaCO3, TiH2 and ZrH2 are well-known blowing agents for synthesizing the 
foam which decomposes above a definite temperature and releases carbon dioxide 
or hydrogen gas [27–29]. The blowing agent is added to the melt to decompose. The 
melting point of the metal should be greater than the decomposing temperature of 
the blowing agent. 

The procedure of production of foam by using a blowing agent is following: 

(1) Metal is melted in a crucible and a thickening agent like Ca is added to the melt 
to increase the melt viscosity followed by stirring for several minutes. During 
the stirring process, Ca form the intermetallic compounds due to oxidation or the 
melt reaction, so the viscosity of the melt increases. For example, if Ca is added 
to the aluminium melt, the formation of intermetallic compounds such that CaO, 
CaAl2O4, Al4Ca, etc., takes place [30, 31]. The increment of the viscosity of the 
melt depends on the amount of Ca addition and stirring time. It has been seen 
that a 1.5% Ca addition in the aluminium melt at 680 °C increases the viscosity 
of the melt up to the five times stirred for 9 min [32]. Variation of melt viscosity 
with the amount of Ca addition and stirring time is shown in Fig. 6a [33]. The 
viscosity of the melt increases with stirring time and the amount of calcium 
addition.

(2) After the addition of Ca, TiH2 is added to the melt and continuously stirred to 
the formation of pores due to the release of hydrogen gas by decomposition at 
the higher temperature. Pore size and relative density of the foam depending on

Fig. 5 Schematic diagram of foam making by blowing agent technique 
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Fig. 6 a Influence of 
amount of Ca addition and 
stirring time on the viscosity 
of the melt [33], b variation 
of pore number per unit 
cross-sectional area with 
stirring time [34] 

(a) 

(b) 

the amount of blowing agent and stirring time [28]. The number of pores per 
unit cross-sectional area for 1.0 wt% TiH2 for varying stirring times is given in 
Fig. 6b [34].

(3) After the addition of TiH2, stirring is stopped and the melt is kept at a furnace 
temperature to allow decomposing of the blowing agent for a time. This time is 
known as holding time. Holding time also plays an important role in tailoring 
the properties of the foam. 

2.1.2 Foaming by Injecting the Gas into the Melt 

Generally, aluminium alloy foams are synthesized and supplied by NORSK HYDRO 
and CYMAT Company of Norway and Canada by adopting this method that was 
patented by ALCAN international company Canada [25]. The whole procedure of 
producing the foam through this method is given in Fig. 7. According to this method, 
gas is injected into the molten metal and stirred by using an impeller to create the 
uniformly distributed fine bubbles of gas in the melt. Commonly used gases for 
bubbling are air, nitrogen, argon, carbon dioxide, etc. [35]. Pure aluminium foam
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could not be manufactured directly due to insufficient viscosity of the aluminium 
melt, because if the internal pressure of the creating bubbles is more than the surface 
tension of the melt then bubbles could not be longer stable due to bubble bursting 
and drainage of the melt takes place. To increase the surface tension of the melt, 
its viscosity should be increased for the stability of the formed bubbles. Ceramic 
particles like silicon carbide, zirconium oxide, titanium carbide, aluminium oxide, 
etc., are added to the melt to increase its viscosity. Ceramic particles are accumulated 
around the wall of the bubbles and increase the strength and stability because of 
enhancement in surface tension. Melt viscosity depends on the volume fraction and 
the particle size of the ceramic material which is to be added to the melt. Volume 
fraction and particle size should be in a preferred range to obtain limited viscosity of 
the melt to find desired pore size of the foam. If the ceramic particles are very fine, it 
will be difficult to disperse in the melt due to high surface energy and if they are large 
in size, settled down in the melt. So particle size and amount of the ceramic material 
should be properly selected. Wettability between the reinforced particles and melt 
also significantly influences the properties of the foam. For stability of the bubbles, 
wettability should be optimum. Generated bubbles float upward due to buoyancy. 
The size of the bubbles increases when float from downward to upward. This may 
cause due to reduction in the viscosity of the melt. 

Floating bubbles start to solidify at the melt surface. Time taken for solidification 
depends on the thermal gradient of the walls of the bubbles. A conveyor belt is used 
for pulled off the solidified bubbles. 

The controlling factors to obtain the desired property of the foam by gas injection 
method are the temperature of the melt, volume fraction and size of the reinforced 
ceramic particles, speed of the injected gas, the rotational speed of the stirring paddle, 
rate of the solidification of the bubbles, etc.

Fig. 7 Schematic diagram of making aluminium foam through the gas injection method 
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2.1.3 Compaction of Metal Powder with Blowing Agent Followed 
by Melting Technique 

The method was developed to find the well-distributed pores in the bulk of the foam 
by the Fraunhofer Institute of Germany [25]. It is a combined method of powder 
and liquid metallurgy but foaming is performed by the pressure of gas generated 
due to the decomposition of the blowing agent in the semi-solid melt, so it is kept 
in the category of liquid metallurgy route. The whole procedure of manufacturing 
the foam through this method is shown in Fig. 8. The method is started with proper 
mixing of aluminium alloy powder and the blowing agent material such that TiH2. 
The mixture is cold compacted and extruded to obtain a density of the compact 
near to the theoretical density as possible because any defect or residual porosity in 
the product deteriorates the property of the foam significantly. The extruded product 
should be in the form of a bar or cylinder to perform further operations. The extruded 
bar is cut into small pieces and kept in a tightly sealed mould. Mould is heated 
above the solidus temperature of aluminium alloy to find the semi-solid melt. The 
solidus temperature of aluminium alloy is more than the decomposition temperature 
of the TiH2. Above the decomposition temperature, hydrogen gas evolved from the 
blowing agent creates voids in the semi-solid melt due to the generation of local 
internal pressure that causes expansion of the semi-solid melts in the mould thus 
highly porous mould shape structured material is found.

The melt temperature and size of the product decide the time taken for the full 
expansion of the foam. The pore shape and size of the foam depending on the time 
required for expansion of the melt in the mould. The density of the foam can be 
adjusted by controlling the amount and particle size of the blowing agent [36], atmo-
sphere and compaction pressure in which the blowing agent decomposes [37, 38], 
the temperature of the melt and the heat supplied per second [39] to the mould for 
converting the pieces of the extruded bar in the semi-solid melt. 

Aluminium, zinc, magnesium and their alloys, steel, etc., can be synthesized by 
adopting this technique. Other materials that can be manufactured in the form of foam 
are lead, tin, brass, gold, etc., but the controlling parameters like melt temperature, 
rate of heat supplied, blowing agent, etc., should be chosen according to the matrix 
material. 

2.1.4 Investment Casting Using Polymer Foam Performs 

Open cell foam of well-controlled pore size can be generated by using this technique. 
The overall procedure of preparation of open cell foam by investment casting using 
open cell polymer foam perform is shown in Fig. 9. The process is started with 
polymer like polyurethane open cell foam perform. Mixture of ceramic materials like 
phenolic resin, calcium carbonate, and mullite in the form of slurry is infiltrated in the 
open cell polymeric preform. The slurry of simple plaster can be also used to infiltrate 
[40]. After infiltration, the mould is heated above the evaporating temperature of 
the polymeric foam to be drawn out. The heating process also hardened the ceramic
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Fig. 8 Procedure of preparing the foam through compaction of metal powder with blowing agent 
followed by melting technique

mixture and gives strength to it. Due to drawn off the polymeric foam from the mould, 
open cell foam of ceramic materials with a negative image of started polymeric foam 
is found. Now the molten metal is infiltrated into the ceramic foam. Pressure or 
gravity infiltration can be used depending on the size of the pores of the ceramic 
foam. If the pores are narrow then pressure infiltration is used otherwise gravity 
infiltration will be economical. The ceramic mould material is removed by impact 
or direct imposing the stream of pressurized water on it after solidification of the 
melt. This is how a perfect replica of polymeric foam made of metallic material is 
obtained. The main problems that occur in this method are perfect filling of materials 
in the pores, controlling the directional solidification of molten metal and removing 
the finished product from the ceramic mould without damage.

2.1.5 Foam Making by Using Metal Melt and Space Holder 

Space holders are organic or inorganic materials that are added in the melt to generate 
pores in the bulk of the materials by leaching in an appropriate solvent or vaporizing 
at a low temperature or micro-hollow spheres that become an integral part of the
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Fig. 9 Procedure of investment casting using open cell polymer foam perform

product after melt solidification. Salts are used as space holders that can be leachable 
in an appropriate solvent [41]. Syntactic foam is made by using space holders like 
aluminium oxide hollow spheres and fly ash that is entrapped in the product after 
solidification of the melt, and porosity generates due to the hollow balloons type 
structure of the space holder particles [42–44]. 

Before mixing in the metal melt, preheating of the space holder is performed to 
prevent the premature solidification of the melt. Preheating is essential, especially 
for the space holder which has a large heat capacity and the operation is carried 
out at low infiltration pressure [45]. There might be a problem with wetting of space 
holder by the metal melt due to the high contact angle between them. Hence, the melt 
cannot reach the interstitial position of the space holder. To overcome this problem, 
the space holder particles are coated with an appropriate coating to reduce the contact 
angle or a vacuum is created in the crucible or high pressure is applied to the melt to 
infiltrate the interstices of the granules of the space holder [24, 46]. 

Syntactic foam can be made by using the stir casting method, pressure or vacuum 
infiltration method. The stir casting method is used when the volume fraction of the 
hollow space holder is small. For a high-volume fraction of the space holder, the 
pressure or vacuum infiltration method is used. The overall procedure of making 
syntactic foam through the pressure infiltration method is shown in Fig. 10.

Metal is melted in a crucible by using an electric heater above 30–50 °C of its 
melting temperature to obtain the supersaturated condition of melt. Die filled with 
hollow spheres (space holder) is infiltrated in the evacuated melt by applying pressure. 
The melt infiltrates the interstitial voids of the hollow spheres. After solidification, 
foam containing a high-volume fraction of space holder is obtained.
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Fig. 10 Making of syntactic foam through pressure infiltration method

2.2 Manufacturing of Cellular Materials by Powder 
Metallurgy Route 

Foam can be manufactured by using the powder metallurgy route. The main differ-
ence between the liquid and powder metallurgy route is that metal powder is used for 
the synthesis. Melting of this metal powder is not required in the powder metallurgy 
route. The methods which are adopted for synthesizing the foam by this route are gas 
entrapment method, slurry foaming, space holder technique, loose powder sintering, 
mixing of metal powder with polymer binder method, reaction sintering, etc. 

2.2.1 Foam Making by Gas Entrapment Method 

The foam is manufactured by entrapment of gas in the compacted metal powder. 
In this method, foam is obtained without melting the metals and without using any 
blowing agent. Metal powder is compacted at high pressure in a precursor and gas is 
allowed to entrap in it as shown in Fig. 11. In the second step, the compacted powder 
is heated and allowed to expand the entrapped gas due to increasing pressure causing 
the incorporation of porosity in the compacted powder.

Aircraft manufacturer boing (USA) has adopted this method for synthesizing the 
titanium foam [47]. First of all the precursor is evacuated and titanium powder is filled 
in it. The precursor is refilled by an inert gas like argon at a pressure of 3–5 atm [26]. 
The filled powder with argon gas is compacted by hot isostatic pressing to obtain a 
dense structure. Due to high isostatic pressure, argon gas distributes uniformly in the 
pores of the titanium powder. The structure can be further extruded to find the extra 
densification. In the second stage, densify structure is annealed at a temperature of 
0.6 Tm for 20–46 h. The entrapped gas expands during the annealing and pores are 
created in the structure. Theoretically, it has been considered that up to 50% porosity 
can be found by using this technique [48].
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Fig. 11 Manufacturing process of metal foam by gas entrapment technique

2.2.2 Slurry Foaming Method 

There are two methods of synthesizing the metal foam through slurry foaming. In 
the first method, a slurry is made by mixing the metal powder, blowing agent and 
additives [49]. The mixture is thoroughly blended and poured in to mould at a high 
temperature. Due to the presentation of blowing agent and additive, the state of slurry 
becomes viscous and evaluation of gas takes place. Due to gas evolving, the pores are 
created in the viscous slurry. Green foam is kept at an elevated temperature for drying. 
The aluminium foam was manufactured by using this method with orthophosphoric 
acid as a binder and hydrochloric acid as a blowing agent. Up to 7% relative density 
of the foam can be achieved by using this method but the strength is small and the 
chance of cracking in the foam may increase. 

The second method of manufacturing the foam by using slurry is the template or 
matrix method. A matrix with interconnected pores and having low melting points 
or being easy to remove is selected. Generally, polyurethane foam of interconnected 
pores is selected as a matrix because its decomposition temperature is about 400 to 
600 °C which decomposes during sintering [50]. The slurry of metal powder and the 
additives is made by sufficient blending and the matrix is dipped in it. So, the slurry 
is impregnated in the pores of the matrix. During sintering above the decomposition 
temperature of the matrix, metal foam of open cell with interconnected pores (counter 
pores of the matrix) is generated.



64 P. Singh et al.

2.2.3 Loose Powder Sintering 

Loose powder or gravity sintering is generally used for bronze, stainless steel, tita-
nium and superalloys. The powders of the metals are packed loosely in a chamber 
and allowed to sinter [51]. During sintering atoms are diffused among the particles 
of the powder and bonding takes place. Generally, loose powder of bronze is sintered 
at 820 °C and 20–50% porosity levels are achieved but the strength of the sintered 
product is lower. The strength can be increased by compaction or rolling the packed 
powder prior to sintering but the porosity of the structure reduces [52]. 

2.2.4 Foam Making Through Powder Metallurgy Route and Space 
Holder Technique 

It is an important method of manufacturing the Ti foam through the powder metal-
lurgy route using fugitive materials as a space holder. There are various advantages of 
this method. The shape, size, porosity and the distribution of the pores in the porous 
material can be adjusted easily by using the different shapes, sizes and volume frac-
tions of the space holder in the metal powder [10, 53, 54]. The process of making the 
foam through the powder metallurgy route using a space holder is shown in Fig. 12. 
There are four major processes of this technique as given below:

(1) Mixing: First of all, metal powder and space holder should be selected in appro-
priate amounts. The amount of space holder should be according to the desire 
for porosity incorporation in the material. The metal powder and space holder 
are mixed thoroughly to obtain the homogeneous mixture. A small amount of 
polyvinyl alcohol is also added for sufficient binding during compaction. 

(2) Compaction: The mixture is compacted in a die by applying sufficient pressure 
to obtain the green compact in desired shape and size. The shape and size are 
controlled by the use of a die. 

(3) Pre-sintering or baking: Pre-sintering or baking is performed for the debinding 
or removal of the space holder. The pre-sintering temperature and the time 
depend on the type of space holder used. If the space holder is evaporative type, 
then it evaporates during the baking or sintering; otherwise, it is leached out in 
an appropriate solvent. 

(4) Sintering: Baked sample is sintered in a suitable furnace for sufficient time at the 
applicable temperature. The sintering process is employed to obtain the strength 
in the green compact due to diffusion among the particles of the matrix powder. 
Due to diffusion, the bonding strength among the particles increases causing the 
increment in the total strength of the sample by small shrinkage in the volume 
of the sample. 

There are several materials that can be used as space holders. The materials used as 
space holders by the researchers are ammonium bicarbonate [55], urea [56], sodium 
chloride [57], polymer granules [58] and magnesium [59]. The material that can be
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Fig. 12 Making of Ti foam through powder metallurgy route and space holder technique

used as a space holder should have some specific properties like unreactivity with 
the matrix powder, no or minute residue left after the removal, easy processibility, 
etc. The general difficulty of the space holder technique is the removal of the space 
holder. For biomedical applications, any residue left in the material causes adverse 
effects on the human body. So, the space holder material should be either bioinert 
or biocompatible. It is reported that sodium chloride is a better choice as a space 
holder for making the porous titanium implant through the powder metallurgy route 
because it is biocompatible and easily remove from the sintered material by leaching 
in the water. Panic et al. explore the advantage of the use of sodium chloride as a 
space holder such that low cost has fast leachable properties in water and is less toxic 
for the human body [60]. 

In recent years, the trend of ammonium bicarbonate and urea as space holder 
materials is increasing to form the titanium foam of controlled porosity and pore 
shape and size. Because the melting points of ammonium bicarbonate and urea 
are low, it decomposes rapidly during the pre-sintering which causes difficulty in 
controlling the pore structure and porosity [61].
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2.2.5 Combustion Synthesis 

The overall schematic diagram of the combustion synthesis process is shown in 
Fig. 13. Combustion synthesis is a recently developed method of producing porous 
materials effectively. The particles of the metal powder fused due to the generation 
of vast heat by the exothermic reaction of mixed product. There are two stages of 
combustion synthesis: (a) Gradually heating of the reactants until a reaction takes 
place in the whole sample; (b) Self-propagation of high-temperature synthesis. Due to 
the exothermic reaction heat is generated and propagated in a direction throughout 
the mixture without any additional energy [62]. The porosity of the final product 
depends on the particle size of the powder, type of binder used, compaction pressure, 
etc. 

Porous Ni–Ti alloys are successfully made by several researchers by using the 
combustion synthesis method [63]. The main drawback of the method is that the 
generated porosity in the foam is limited. Li et al. observed that the Ni–Ti foam 
made by using this technique has a porosity of 54% with anisotropic pore [64].

Fig. 13 Schematic diagram of combustion synthesis process 
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2.2.6 Gel Casting 

Gel casting was initially used for processing the porous ceramic product of high 
porosity and interconnected pores [65]. In this process, the slurry is prepared by 
mixing the metal powder, dispersing agent and an organic monomer in a solvent 
(generally distilled water is used as solvent [66]). The porosity of the foam depends 
on different process parameters such as the amount of organic monomer, dispersing 
agent, initiator, etc. The mixture is properly homogenized to form uniformity. A 
mechanical stirrer is used for homogenization. Ball milling can be also used for 
obtaining high uniformity. The polymerization process initiates by adding the appro-
priate initiator to the homogenized mixture (some catalysts are also added to the 
mixture before the addition of the initiator) and further stirring is performed. In situ 
polymerization process takes place because of cross-linking reaction in the mixture 
due to the presence of an initiator to form the foamed gel. After thoroughly stirring, 
the mixture is poured into a mould for casting in a shape and allows cooling at room 
temperature. Cast product is removed from the mould and dried at a higher temper-
ature for the evaporation of the solvent. After drying, the green product is capable 
to bind the powder to retain the shape of the cast due to the polymer formed by 
the polymerization. Green product is further sintered in the appropriate furnace at a 
suitable temperature and time. The schematic diagram of overall procedure is shown 
in Fig. 14 [67].

Ti alloy foam and ceramic foam like hydroxyapatite can be processed easily by 
using the gel casting method. Yang et al produce porous Ti–Mo and Ti–Nb alloy of 
three-dimensional open cell structure by using the gel casting method and sintered at 
900 and 1050 °C for 2 h [67]. Obtained foams have up to 50% porosity with elastic 
modulus 5–18 GPa and compressive strength in the range of 141–286 MPa. 

2.3 Other Useful Methods of Foam Manufacturing 

Rather than the liquid and powder metallurgy route, some useful methods were 
also developed by applying specific techniques to generate the porosity in the final 
product. Electro deposition technique, rapid prototyping and vapour deposition are 
the methods that are recently used for processing the porous product. 

2.3.1 Electrodeposition Technique 

Electrodeposition is a technique of depositing the metal ions on the substrate by 
the method of the creation of a reverse galvanic or electrolytic cell. It is a type of 
electrochemical cell in which redox reaction occurs by the application of electrical 
energy. The metal that is to be deposited is made the anode while the substrate on 
which the metal ion deposition takes place works as a cathode. The anode and cathode 
both are dipped in an electrolyte that contains ions to flow the electric charges. When
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Fig. 14 Process of gel casting for processing the porous titanium alloy foam

electrical energy is applied in the cell then metal releases its ion in the electrolyte 
due to oxidation reaction and is deposited at the cathode through the electrolyte due 
to reduction reaction on the cathode. 

For making the porous metal foam, the metal ion is deposited on the open cell 
conductive polymeric foam by the electrodeposition technique [68]. There are some 
polymeric materials like polyacetylene, polyphenylene vinylene, etc., which have 
the property of electrical conductivity. The polymers that are the insulator can be 
made electrically conductive by dipping them into an electrically conductive slurry 
of graphite or carbon or polymer coating by the thin layer of electrically conductive 
materials by using a cathode sputtering method. The procedure of the technique is 
shown in Fig.  15. Three-dimensional interconnected (reverse image of the open cell 
polymeric foam that was used as a substrate for deposition of metal ion) pores metal 
foam is found by adopting the electrodeposition technique.

2.3.2 Rapid Prototyping 

Rapid prototyping is a very useful method of manufacturing the product in an 
extensively controlled manner by the combination of computer-aided design (CAD) 
and computer-aided manufacturing (CAM) [69]. The product can be manufactured
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Fig. 15 Overall procedure of making the open cell metal foam through electrodeposition technique

according to the desired shape and size with desired properties with perfection [70]. 
The processing of porous materials by the use of the rapid prototyping technique is 
limited till now. Selective Electron Beam Melting (SEBM), Laser Engineered Net 
Shaping (LENS), 3D fibre deposition (3DF) and Selective Laser Sintering are the 
different processes of the Rapid Prototyping method. 

Selective electron beam melting (SEBM) 

The process for the manufacturing of porous titanium products by using a selective 
electron beam melting process is shown in Fig. 16. First of all, a 3D CAD model of the 
desired product is generated and divided into layers of uniform thickness to specify 
the information about the layer. A programme is installed about the information of the 
single layer to perform computer-aided manufacturing. The selective electron beam 
melting process initiates by applying a single layer of metal powder to the working 
table. The single layer of loose powder particles is scanned by the electron beam. 
Due to the high energy of the electron beam, loose powder particles fuse and create 
a solid single layer of the product that is to be manufactured. After this, the working 
platform is lowered by the thickness of one layer, and a new powder layer is applied 
to the presented layer and scanned by the electron beam to fuse the loose powder 
particles of the newly applied layer. The process is repeated up to the formation of a 
3D solid product. Interconnected porosity is found due to the layer-by-layer addition 
to form the final product. [14].

Laser-engineered net shaping (LENS) 

The internal structure and property of the product can be improved significantly 
by using the manufacturing process of laser engineering net shaping (LENS). The 
schematic diagram of the manufacturing process by the adoption of LENS is near 
similar to the SEBM process, but a laser beam is employed for the heat energy at the 
place of the electron beam. Near net shape and Ti-based alloy foam with superior
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Fig. 16 Manufacturing of porous titanium product from through SEBM process

mechanical properties can be manufactured by the implementation of the LENS 
method [71]. 

Selective Laser Sintering (SLS): SLS is a rapid prototyping process for processing 
complex 3D products by using powder materials. Recently, this method is used 
for synthesizing the biocompatible scaffold of polymer and polymeric/ceramic 
composite. 

2.3.3 Vapour Deposition Technique 

The cellular structure of the metal can be found by condensing the metal vapour on 
the cold substrate. First of all, metal is vaporized in the vacuum chamber and vapour 
is allowed to cool on the cold polymeric foam precursor. The metal vapour condenses 
in the pores of the polymeric foam and comes in a solid state. After solidification of 
the metal vapour, the precursor is removed by the thermal and chemical treatment. 
Generally, nickel foam is synthesized by the vapour deposition method.



3 Synthesis of Lightweight Metallic Foam and Their Applications … 71

3 Summary and Conclusion 

Metallic cellular materials or foams have drawn the attention of researchers to synthe-
size through economical and property control ways due to their applications in various 
engineering filed. Metallic foams can be synthesized through the melting route or 
powder metallurgy route. In the melting route, metal is melted in a furnace and then 
pores are created by the mixing of gas creating agent, injection of gas or addition 
of porous spacer materials in the melt. The important gas creating agents are CaH2 

and TiH2 which are added to the melt to generate hydrogen gas due to their disso-
ciation at the melt temperature. Hydrogen gas is entrapped in the melt and creates 
pores in the bulk material after solidification. Another method is to feed the gases 
like N2, H2 or air in the melt through a blower which creates the small-sized pores 
in the material when solidified. In the space holder method, porous spacer particles 
like fly ash are added to the melt and stirred to uniform distribution of the fly ash. 
After solidification, a porous spacer creates closed cell foam. This type of foam is 
also known as syntactic foam. One of the methods to synthesize open cell porous 
through the foam is the polymer perform the method. In this method, first, a cellular 
polymer prepared is prepared and metal melt is infiltrated in the pore of the polymer 
preform. After that, the infiltrated polymeric preform is kept in the furnace above 
the evaporation temperature of the polymer. Therefore, polymer gets vaporized and 
ceramic/metallic open cell foam is obtained. 

In the powder metallurgy route, metallic powders are used to synthesize the porous 
structure. The gas entrapment method, slurry foaming and space holder method are 
the important processes to create pores without melting the material. In these tech-
niques, partially open and partially closed cell foams are found. Gas entrapment tech-
nique and slurry foaming provide limited porosity in the material, while porosity, as 
well as pore size can be easily controlled through the space holder technique. Some 
special types of foam manufacturing processes are rapid prototyping, electrodepo-
sition and vapour deposition techniques. Porous products can be manufactured with 
perfection and controlled properties via rapid prototyping. This method is used to 
create complex porous medical products like sophisticated stents, skull scaffolds and 
prostheses. 
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Chapter 4 
Overview of Lightweight Metallic 
Materials 

P. S. Samuel Ratna Kumar, P. M. Mashinini, and R. Vaira Vignesh 

1 Introduction 

Lightweight materials are widely employed in a variety of industries that require high 
performance with less weight, including biomedical, automobile, aviation, power 
generation, batteries, electronic devices, and the marine industries [1–3]. Several 
manufacturers are constantly looking for new materials that have the technolog-
ical and economic capacity to compete successfully on the marketplace. There are 
reasonable grounds for examining a component’s desirable action at the outset of 
manufacturing and changing the part’s manufacturing as well as in properties to fit 
the needs of the system. It is feasible to detect and leverage potent impacts between 
the various aspects using concurrent engineering technique. By making judicious 
use of innovation, a specific structural module can be optimized so that the engi-
neering criteria are met but not surpassed by a massive margin above other specified 
safety aspect. For the engineer, the result is a design strategy that allows for the most 
efficient use of all the attributes of significant individual components with the inten-
tion of establishing lightweight materials with superior metallic properties [4, 5]. 
Using lighter materials like aluminum, magnesium, titanium, and its alloys or foams 
or composites to replace standard ferrous material options has proven to be a cost-
effective and effective way to meet weight goals. These metal alloys and its composite 
material constitute a reasonable alternative for these objectives with a good property
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such as strength-to-weight ratio, mechanical, thermal, electrical, tribological, corro-
sion, and bio-compact ability. The material and its properties were selected based on 
their applications [6–8]. Like aluminum alloys are among the lightweight materials 
that have been widely used in automobile structures and aircraft body components. 
Automotive panel sections, which make up a considerable amount of the weight of 
body structures, have been the focus of extensive research [9, 10]. In industry revo-
lution 5.0, the major motive is to have large extent of productiveness when robot and 
human work together. The role of material in designing a robot is crucial in improving 
its mechanical and dynamic performance. This robot requires high torque, strength, 
stiffness, durable, vibration resistant, wear, corrosion resistance, and cost-effective. 
The mentioned properties can be attained with the help of metal alloys and composite 
material [11]. 

Some of the major lightweight metallic material properties which influence the 
designing of automobile and aviation industries are listed here. The non-ferrous 
materials like aluminum (Al) and its alloys have good strength, flexibility, and resis-
tant to corrosion. These materials have good thermal and electrical conductivity 
and are utilized in steel/magnesium/titanium alloys as an alloying material. They 
are also incredibly versatile and lightweight than titanium, yet it lacks the strength 
when compared to titanium. These alloys offer great stiffness and elasticity, which 
improves as the temperature is reduced. Most aluminum alloys show a minor change 
in tensile and impact properties, when exposed to subzero temperatures. 

Similarly, magnesium (Mg) and its alloys are also non-ferrous materials with 
decent strength, strong ductile, less weight, and great resistant to corrosion. The 
strength and other material properties are determined by a variety of elements, 
including the conditions, chemical composition, surface heat treatment, manufac-
turing characteristics, and so on. Magnesium seems to have no defined elastic 
modulus, and its alloys are vulnerable to notch and many other strains, which reduces 
their durability ranges significantly [12, 13]. 

Titanium (Ti) and its alloys offer great corrosion protection, superior strength-
to-weight ratios, with good fatigue performance. It also known as a temperamental 
material, which signifies it is wear and temperature resistant. This material is highly 
resistant to sea water corrosion and non-magnetic. The heat conduction property of 
the material is very low compared to the aluminum and magnesium. Temperature will 
greatly influence the basic properties of the material, and its alloys can maintain high 
tensile strength even at the higher temperatures compared to pure material. Also, it has 
an excellent high cycle fatigue strength. Toughness of the material is determined by 
the interplay of surface morphology, micrograph, strength, and chemical composition 
[14, 15]. This chapter will briefly explain the present implementations of these metals, 
as well as their properties and behaviors, to improve the study and assessments of 
different procedures for creating these metals.
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2 Aluminum Alloys 

In general, aluminum (Al) alloys of heat treatable as well as non-heat treatable are 
preferred options for the aerospace and automobile applications [16]. At ambient 
temperature and considerably increased temperature, the heat-treated alloys contain 
an element whose solid solubility decreases with decreasing temperature and in 
concentrations that exceed their equilibrium solid solubility. Magnesium, copper, 
lithium, and zinc seem to be the most significant alloying elements in this cate-
gory. To material property development, a significant variety of different composi-
tions depends on strain hardening using physical reduction, frequently in addition 
to different annealing methods were used. Hence, these materials were known as 
non-heat-treatable alloys. 

2.1 Types of Alloying Elements 

Based on the types of alloying elements, it has been differentiated into two primary 
groups of aluminum alloys, cast, and wrought aluminum alloys. Cast aluminum alloys 
(AAs) have more than 20–23% alloy elements in composition; however, wrought 
aluminum alloys possess less than 3–5%. Although it may appear to be a minor 
distinction, the proportion of alloy elements seems to have a major effect on mate-
rials characteristics. When more alloy elements are introduced, aluminum reduces 
its ductility, rendering many cast alloys vulnerable to brittle fractures [17]. Wrought 
alloys, on the other hand, have enabled manufacturers to improve the stiffness, 
resistance to corrosion, conduction, and other properties of aluminum while main-
taining ductility and other desirable properties. Compared to wrought aluminum, 
cast aluminum alloys having lower melting temperatures and strength properties; 
frequently used aluminum alloy is Al–silicon material, which contains high quanti-
ties of silicon and simple to cast. The most of aluminum components, like those made 
by extruded or rolled, are made of wrought aluminum. Several wrought aluminum 
alloy classifications are defined by alloying materials such as manganese, copper, 
silicon, zinc, magnesium, and lithium [18]. 

Aluminum cast alloys are identified by 4 numbers, with a decimal between the 
3rd and 4th digits. The alloys present in the material are indicated by the first three 
digits, while the product’s shape is indicated by the fourth digit [19]. Table 1 shows 
the many varieties of cast aluminum and also its frequently chosen alloy elements 
and base material qualities.

Grade 1 cast alloys were extensively pure aluminum, provide excellent resistance 
to corrosion, machining attributes, and welding features. Grade 1 alloys are frequently 
used to make blades or to enclose highly corrosive materials. 

Grade 2 cast alloys, Cu is the primary alloying element although Mg, Mn, and 
Cr are frequently incorporated. These are heat treatable, this implies materials could
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Table 1 Various cast 
aluminum grades 

Grade Major elements Material strengthening 

1xx.x Unalloyed Non-heat treatable 

2xx.x Cu Heat treatable 

3xx.x Si, Mg, Cu Heat treatable 

4xx.x Si Heat treatable 

5xx.x Mg Non-heat treatable 

6xx.x NA NA 

7xx.x Zn Heat treatable 

8xx.x Sn, Cu, Ni Heat treatable

get added strength by heating them. Across all cast alloy materials, it has the greatest 
strength and toughness, particularly at high-range temperatures. 

Grade 3 cast alloys have Si, Cu, and Mg are the principal alloying compo-
nents, having Ni and Be added as needed. These are heat treated, do have excellent 
mechanical properties, excellent wear and crack resistance; also, it is machinable. 

Grade 4 cast alloys have Si as the only alloying element. They are heat treated and 
have excellent casting properties, weldable, high resistance to wear and corrosion. 

Grade 5 cast alloys have Mg as their major alloying element, and it is non-heat-
treated material. Once it is anodized, they offer a fantastic surface appeal, good 
resistance to corrosive environment, and machinability. 

Grade 7 cast alloys are heat-treated and contain Zn as the principal alloying 
element. The ability to cast the material is poor although they have better dimensional 
stability, machinability, and final properties, as well as decent resistance to corrosion. 

Grade 8 cast alloys are heat treated, which contains large amount of Sn, with 
minor amounts of Cu and Ni. It has poor strength; however, excellent machinability 
and resistance to wear define such material. 

Wrought aluminum alloys use the same 4-digit indication as cast aluminum alloys, 
but there are no decimals. By examining the construction of the term, it is simple 
to distinguish a cast from a wrought aluminum alloy. The 1st digit identifies the 
category of aluminum alloys which include metal alloys, with differing ratios of 
substances particular to every blends in each alloy within a category. Because of 
their enhanced qualities, wrought alloys are more adaptable than cast alloys [19]. 
Table 2 displays the various wrought alloy categories, their strengthening methods, 
and their enhanced attributes, and Table 3 shows the basic types of tempers used for 
wrought alloys.

Grade 1xxx wrought alloys are not real alloys because they are 99% pure form of 
aluminum. They are great for electrical and chemical applications because they are 
corrosion resistant and easy to work. The 1100 aluminum alloy, which is economi-
cally pure aluminum, is a common alloy in this category. The material is malleable and 
ductile and has high operability, making it appropriate for hard-forming operations. 
It is a non-heat-treatable material and easy to weld by any type of method.
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Table 2 Various wrought 
aluminum grades 

Grade Major elements Material strengthening 

1xxx 99% Al Non-heat treatable 

2xxx Cu Heat treatable 

3xxx Mn Non-heat treatable 

4xxx Si Based on alloy element 

5xxx Mg Non-heat treatable 

6xxx Mg, Si Heat treatable 

7xxx Zn Heat treatable 

8xxx Others Limited 

Table 3 Types of tempers for wrought alloys 

Letter Indications 

F (Fabricated) The temperature during the operating or strain-hardening process to 
produce certain material qualities does not necessitate any additional 
control 

O (Annealed) To obtain maximum workability, toughness, and ductility, the 
material is exposed to high treatment 

H (Strain-hardened) Used to maintain the strength of non-heat-treatable alloys that have 
been cold wrought using the strain-hardening process 

W (Solution heat treated) After the solution heat treatment, the treatment is applied to alloys 
that have been subjected to natural aging. The categorization is kind 
of narrow 

T (Thermally treated) Heat-treatable alloys that have been aged naturally or artificially in 
order to maintain a steady tempers other than F, O, or H

Grade 2xxx wrought alloys which primarily use Cu as an alloying element, with 
modest quantities of Mg thrown in for good measure. Once heat treated, they develop 
excellent strength, surpassing low carbon steels although they are susceptible to 
corrosion owing to their Cu component. 

Grade 3xxx wrought alloys which primarily use Mn as an alloying element. It has a 
moderate strength, strong corrosion protection, dimensional stability, and suitability 
for use at extreme temperature. Compare to the Grade 1xxx non-heat-treated alloys, 
it has a good mechanical strength, and this material can be extruded, twisted, fused, 
or bonded. 

Grade 4xxx wrought alloys which primarily use Si are used as an alloying element 
to reduce melting temperature without sacrificing ductility. They are widely used to 
combine different types of aluminum as welding wires and brazing alloys. Some 
Grade 4xxx wrought alloys could be heat treated to a restricted extent, but they are 
not heat treatable in general. 

Grade 5xxx wrought alloys which primarily use Mg are the most common alloying 
ingredient, having trace levels of Mn present in some alloys. These materials are 
non-heat-treatable, with good weldability, and have excellent corrosion resistance,
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particularly in marine conditions. Due to the obvious possibility for reactivity and 
consequent tendency to stress corrosion cracking, materials in this category with 
more than 3% Mg are not advised for higher temperatures operation beyond 150 °F. 

Grade 6xxx wrought alloys which primarily use Mg and Si are the most common 
alloying ingredient. Heat treatment improves their mechanical strength, and though 
they are not as robust as Grade 2 and 7 alloys, they offer good ductility, weldability, 
processability, and resistance to corrosion. 

Grade 7xxx wrought alloys, Zn, are used as the principal alloying ingredient. Due 
to this alloying composition, these alloys are still the dominant among all wrought 
alloys, with properties surpassing certain steels. The presence of Zn reduces relia-
bility and processability, but the material’s excellent strength compensates for such 
drawbacks. 

Grade 8xxx alloys are made up of a variety of alloying elements that are used 
for a variety of purposes, including high-temperature performance, reduced density, 
increased stiffness, and other special features. 

3 Applications 

The inclusion of alloying elements is what causes the physical characteristics of 
different metals to vary its properties. Although AA2-series alloys have greater diam-
eters of intermetallic phases, they possess less fracture toughness over AA7-series 
alloys with equal yield strength values. To prevent the production of big and fragile 
combinations, the quantities of ferrous, cooper, or silicon can be lowered to increase 
fracture toughness [20]. To make up for the lack of strength, non-heat-treatable 
aluminum-based alloys such as AA5754, AA5025 (Al–Mg) are often used for inte-
rior body structures. These alloys are strengthened by cold working and solution 
hardening process at the time of manufacturing. As a result, AA5-series sheet parts 
are often cold pressed in annealing (O), forged (F), or strain-hardening (H) environ-
ments to increase ductility. The widespread use of AA5-series aluminum alloys is 
due to its softness and ease of forming. The usage of greater Mg containing alloy in 
automobiles in applications such as sub-frames, wheel rims, and chassis when the 
importance of welding material strength is emphasized. As Al alloys are widely used, 
these alloys will be used in parts of the vehicle structures where surface quality, oper-
ating temperatures, and resistance to corrosion must be carefully considered [21]. In 
contrast, mid or great strength Al alloys, such as AA6-series and AA7-series, could 
be used for exterior panel construction. The precipitation hardening gives these alloys 
its strength, which is arrived from the standard heat (T6) treatment used in the auto-
mobile sector. Due to its great strength and resistance to corrosion, AA7-series and 
AA2-series are the key material choices in the aviation sector. The corrosion rate of 
AA7-series is high with good mechanical at T6 heat treatment condition, such alloys 
are typically used in an over-aged state, such like T73. These materials were used 
in brake shoes, piston ring, structural frames, pressure cabin, stabilizers, fuselage, 
landing gears, lower and upper wings. Presently, the building industry consumes
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25% of worldwide manufacturing because of its favorable properties. The easiness 
of extrusion, aluminum alloys are an adaptable structural material that may be used 
to create complicated cross-sectional geometries that aren’t possible with more tradi-
tional structural materials like steel or concrete. They are well-suited for usage in 
marine conditions without protective coating and with high reliability due to their 
high resistance to corrosion. Their high resilience enables buildings to preserve their 
special characteristics even when exposed to extreme temperatures [22]. 

The very first aluminum–lithium (Al–Li) alloys were created in the early twentieth 
century. To present, the third version of Al–Li alloys is matured and suitable of being 
implemented to real-time world. When related to many other aviation alloys, these 
Al–Li alloys have less density, higher stiffness, and high fatigue life are commonly 
employed in wing sections [23]. 

4 Magnesium Alloys 

Magnesium (Mg) and its alloys possess very less density compared to aluminum 
(30%), steel (70%), and titanium (60%). This is a promising material, which can 
replace the abovementioned material for possible applications. Magnesium also has 
several other advantages, like great formability, high absorption capacity, superior 
electromagnetic shielding, seems to be the most conveniently machinable of all metal 
alloys, and requiring less power to produce than aluminum [24–26]. Moreover, it has 
a significant flaw in that it is subject to corrosion and by addition of reinforcement or 
any coating methods that have been used to solve this limitation. Pure Mg is readily 
available and acceptable for most of the applications, with a least impurity of 99.8%. 
On the other hand, it provides perfect for metallurgy and chemical applications, 
limited to engineering and structural applications. As a result, for an engineering and 
structural applications, pure metals need to enhance its inferior properties without 
compromising its essential characteristics by adding alloying elements. The structure 
and chemical composition of alloying elements will have an impact on the increased 
mechanical properties of Mg alloys [27]. The addition of alloying elements continues 
to make up about two-third of a Mg alloy. Zinc and aluminum are the most prevalent 
and preferable alloying components, with aluminum serving as the core for most Mg 
alloys. 

4.1 Types of Alloying Elements 

Similar to aluminum, magnesium alloys are also classified into two groups such as 
cast and wrought alloys. Al, Mn, and Zn are common alloying constituents in Mg cast 
alloys, with quantities ranging from 1 to 10%. Further alloying elements, including 
as zirconium (Zr) and rare-earth metals, also lately been employed to improve creep 
resistance. Heat treatments also improve the mechanical characteristics of cast alloys.
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Table 4 ASTM 
Identification for Mg alloys 

Main alloying element ASTM identification 

Manganese M 

Aluminum–manganese AM 

Aluminum–zinc–manganese AZ 

Zirconium K 

Zinc–zirconium ZK 

Zinc–zirconium–rare earth metal ZE 

Rare earth metal–zirconium EZ 

Zinc–copper–manganese ZC 

Aluminum–silicon–manganese AS 

Wrought Mg alloys have been mechanically worked to get the required shape, such 
as forging, extrusion, and rolling processes. Al, Mn, and Zn are common alloying 
elements as of the cast alloys. Mg wrought alloys are differentiated based on heat 
treatable and non-heat treatable [28]. 

To identify the proportions of alloy, identification schemes displaying the alloying 
elements and its related information have been developed. Mg alloys were identified 
and classified according to their primary alloying components within ASTM identi-
fication system. The main alloying elements and its respective identities are shown 
in Table 4. 

In Mg alloys, Zn is an efficient solid solution strengthener. Zn further counteracts 
the negative impacts of Fe or Ni contaminants on Mg alloy corrosion resistance. 
To increase the time of life properties of Mg–RE–Zr or Mg–Th–Zr alloys, Zn is 
added directly. By raising the recrystallization temperature and changing the shape 
of the eutectic phase from separated to enables easier, adding Cu to Mg–Zn increases 
the alloy’s tensile properties, allowing for greater homogeneity of the alloys upon 
solution treatment. 

The addition of Zr is maximal soluble at ambient temperature is less than 
0.28 wt%; it is a highly potent grain refiner in Mg alloys including RE/Ag/Th combi-
nations and Zn. Zr’s efficiency as a powerful grain refiner in Mg is attributable to the 
fact that it fits three conditions. The addition of Zr is greater than 0.5 wt%, i.e., the 
maximum solubility of Zr in Mg at 653 °C, is required for improved grain refining. 
With Zr additions below the solubility limit, however, grain refinement in Mg has 
been reported. The active intervention of coarse, 0.5–2 µm, prismatic Zr granules 
(found in grain refiners) in the germination process and consequently grain refine-
ment has been attributed to this disparity. Including elements such as Al, Fe, Si, C, 
and the gases O2, H2, N2, Zr in Mg alloys may lose their grain refining capacity since 
it forms intermetallic with metals. 

Solid solution strengthening enhances the strength and ductility of Al in Mg 
alloys. The inclusion of 6% Al gives the strongest and most ductile material. In both 
wrought and cast Mg alloys, Al is the principal alloying element, and up to 10%, Al
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is employed. The increase in addition of Al in Mg alloys will form an intermetallic 
bonding and reduces the ductility of the material. 

Didymium or mischmetal is used to add rare-earth metals (RE) to magnesium 
alloys. In creep-resistant sand-casting alloys, those elements are the main alloying 
elements. RE enhances Mg alloy creep strength by keep improving intergranular 
eutectics which bind the boundary layer and prevent intergranular movement. The 
RE additions further limit the crystallization range, which aim to minimize micro-
shrinkage porous structure in casting and welding cracks. 

Mn may not enhance Mg alloys, but it is an efficient scavenger in Mg–Al and Mg– 
Al–Zn alloys, where it combines with harmful heavy elements to generate harmless 
intermetallic. Mn considerably enhances creep resistance in Mg–Sc alloys, according 
to recent research. 

Si contributes to the wettability of Mg alloys. As a result, all cast Mg alloys have 
significant Si. Even in tiny levels, transition elements are detrimental because they 
weaken the corrosion protection of Mg alloys. Cu, Fe, and Ni in Mg alloys have 
maximum permissible limits of 0.05 wt% Cu and 0.005 wt% Fe and Ni, respectively. 

5 Applications 

The AZ91 and AZ31 Mg alloys are popular magnesium-based alloys containing 
aluminum as a core alloying element. AZ31 Mg alloy is commonly applied in the 
aviation sector because of its low density and strong mechanical characteristics. Mg 
and its alloys entered into the commercial aviation industry because it has significant 
economic and environmental advantages when used in aircraft structural construc-
tion. Most interestingly, replacing harder materials with lightweight materials like 
Mg will enhance the aircraft fuel efficiency and minimize air pollutants. The use 
of Mg in aviation and automobile industry was a great debate; due to its flamma-
bility, surface endurance and resistance to corrosion are the most important factors 
to consider [28]. Despite recent developments in Mg exploration, it is now feasible 
to solve these challenges. Regardless of the fact that it has numerous automobiles, 
its overall proportion of metals in the automobile sector is negligible in comparison 
to steel and aluminum [29]. Molded Mg alloys are still the most popular choice for 
automobiles owing to its superior properties. Mg–Al alloy series, like AM and AZ 
alloys, Mg alloyed with rare-earth material is the most common forms of molded 
Mg alloys used in the automobile industry. Due to various advantageous proper-
ties like biocompatibility, degradability, and mechanical qualities, Mg alloys have 
emerged as attractive biomedical metallic materials. The cells may adhere, dissemi-
nate, and multiply successfully on Mg alloys with respect to cytotoxicity. Also, Mg 
and its alloys have a minimal number of applications in cardiovascular therapy at the 
moment because they are mostly investigational or preliminary. Mg and its alloys are 
now being studied to see whether they can substitute bio-inert metals implantation 
in common cardiovascular therapy procedures [30].
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For two reasons, lithium is an essential alloying ingredient in magnesium alloys: 
(1) Li density is lesser than Mg; (2) Li transforms Mg crystal structure to bcc with 
only 10% addition of Li, improving the processability of Mg–Li alloys. The reduction 
in density is beneficial to lightweight buildings. Such alloys have specified bending 
stiffness two times that of typical Al alloys and five times those of traditional Mg 
alloys due to their lightweight properties [31]. 

6 Titanium Alloys 

Titanium alloy is the most used in the aerospace industries, nuclear industries, 
etc., because of its superior mechanical properties (high strength and toughness), 
low density, and excellent corrosion protection properties. Titanium alloys due to 
their combination of enhanced strength and fatigue characteristics, high-temperature 
corrosion resistance (low reactivity) stands out as advantageous in providing reli-
able service in manufacturing titanium products under different loading conditions 
[32–34]. In addition, all of the phases present usually precipitate as a result of the 
designated heat treatment or processing condition and contain titanium as one of 
the major constituents of the phase. If pure titanium is heated above 882.5 °C, the 
low-temperature hexagonally close-packed (hcp) phase (α) will transform to the 
high-temperature, body-centered cubic phase (β). Upon cooling, the transforma-
tion is reversed. Alloying additions are classified as α stabilizers or β stabilizers. 
Examples of the former include gallium, tin, zirconium, and aluminum; examples 
of the latter include molybdenum, vanadium, chromium, and iron. Commercial tita-
nium alloys may be broadly classified as α, (α + β), or β types, depending on the 
predominant phase present [35, 36]. 

In α titanium alloys, the effect of alloying element would be to increase mechanical 
characteristics of the hcp structure. The major α-stabilizer elements being aluminum 
and oxygen. Commercially, pure titanium, which is alloyed with oxygen comes under 
α titanium alloys, is divided into four grades of titanium from Grades 1 to 4 based 
upon the iron content and interstitial elements, but in particular, it is oxygen content 
that increases from 0.18% (Grade 1) to 0.40% (Grade 4) [37]. Grade 1 being the 
most ductile also possesses high formability among all the titanium alloys. Grade 
2, also known as workhorse, is widely produced and used pure titanium due to 
its significant increase in the unit yield load from all the properties it shares with 
Grade 1. Grade 3 and Grade 4 are the evolutions of Grade 1 and 2 with a slight 
improvement in their mechanical strength. Some of the key characteristics of these 
α-alloys, which are non-heat treatable, offer are high-temperature creep strength and 
oxidation resistance. In (α + β) and β titanium alloys, β-stabilizer elements such 
as vanadium, molybdenum, iron, and chromium play a useful in the annealing heat 
treatment. (α + β) titanium alloys do have varying from medium to high levels of 
strength and hardness but are not good as α-alloys when it comes to creep strength 
and cold formability. β titanium alloys are readily heat transferable [37].
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7 Applications 

Presently, aerospace applications use 50% of all titanium alloys produced. The very 
first sector to benefit of titanium’s exceptional strength-to-weight is aviation [38]. 
The landing gear on the Boeing 777, 787, and Airbus A380 all uses near β titanium 
alloy [39]. Due to the obvious potential for combustion, titanium alloy Ti–6Al–4 V, 
which is used to build turbine compressor blades for jet engines, is not employed in 
environments with temperatures above 400 degrees. Titanium is indeed the preferred 
material in offshore oil platforms because of its strength and corrosion resistance, 
which makes it perfect for prolonged exposure to sea water and corrosive mate-
rials [40]. Titanium is the most popular material used in biomedical field in which 
developing a strong, biodegradable, and biocompatible metal that is inert is essential 
[41]. 

8 Conclusion 

Aluminum, magnesium, and titanium alloys have formed the backbone of the aviation 
and automobile industry for almost a century due to their special mix of lightweight, 
high strength, and simplicity of manufacturing. Some known shortcomings of alloys, 
such as their high cost and production-related environmental problems, must now 
be given considerable thought. The different alloying elements will improvise the 
base materials and allow it use for all the applications. The processing methods also 
play a major role in deciding the properties of the material. Hence, the usage of 
these lightweight materials in the applications will have the major impact on the less 
weight–high strength durability, bio-compactable, fuel economy, and environmental 
pollution. 
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Chapter 5 
Surface Engineered Titanium Alloys 
for Biomedical, Automotive, 
and Aerospace Applications 

G. Suresh, M. R. Ramesh, and M. S. Srinath 

1 Introduction 

Innovative technologies that are automatic, smart, and possess effective, rapid, and 
economic superiority to existing technologies are constantly needed for continued 
technical advances in various fields. New design and material applications are two 
major ways to broaden the titanium alloy applications. The adoption of new tech-
nologies and materials, in particular, are critical factors in extending the applications 
of titanium alloys. The advanced materials used for surface modification have the 
potential to bring about revolutionary change. Metallic biomaterials are an impor-
tant category of materials used in biomedical devices for bearing mechanical loads, 
bone substitutes, dental implants, hip joints, and stents. 316L stainless steel, cobalt-
chromium alloys, titanium, and other metallic materials are examples. The modulus 
of cobalt-chromium and stainless steel materials is slightly higher than bone, resulting 
in stress shielding. They were used clinically for many years, but these alloys possess 
toxic effects due to the release from the prosthetic implants of Ni, Cr, and Co in 
stainless steel and cobalt-chromium alloys.
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Titanium alloys outperform stainless steel and cobalt-chromium alloys in mechan-
ical and chemical properties due to their superior high specific strength, good corro-
sion resistance, and low young’s modulus. Furthermore, unlike the other materials, 
these alloys are completely inert to the body environment. Due to these benefits, 
titanium and its alloys are the most widely used biomaterials among all metals. On 
the other hand, titanium alloys tend to wear when in motion against themselves or 
with other materials [1]. The removal of accessible materials in these alloys raises 
the coefficient of friction. In the process, the formed wear debris causes pain and 
implant loosening. Although the normal formation of TiO2 prevents metal ion release 
from the matrix into the human body, the TiO2 surface layer formation of 5–20 nm 
thickness is insufficient to sustain biological conditions. The surface modification of 
titanium-based biomaterials is discussed in this chapter. 

Over the last fifty years, titanium alloys have been subjected to a variety of modi-
fications. Shot peening [2, 3], alkali treatment [4, 5], thermal spraying [6, 7], and 
other traditional methods are used. These methods, however, have limited proper-
ties and some geometry complications. Friction stir processing [6], ion implantation 
[7], electron beam treatment [8], laser shock peening [9], sol–gel [10], physical 
vapor deposition [11], chemical vapor deposition [12], selective laser melting [13], 
and other advanced surface modification methods effectively improved the surface 
properties of the titanium alloy. Each of these surface modification techniques had 
a distinct effect on the surface of titanium alloy. So, the choice of the modification 
method mainly depends on specific operating conditions and the required application 
of the material being used. 

Lightweight structural materials are increasing, particularly in the aerospace, 
electronics, and automotive industries [14–16]. In addition, there is a broad scope 
for developing low-density titanium alloys, particularly for the aerospace sector. 
According to recent research, magnesium hydrides are promising materials for indus-
trial applications because they store hydrogen in the solid form [16]. Titanium alloys 
combined with materials such as Mg and Al produce good results. Because of their 
compatible physical and mechanical properties, Mg alloys distinguished themselves 
from other materials, particularly biomedical applications. Furthermore, the rapid 
development of Mg parts in the biomedical sector influences commercial parts to 
be introduced directly to the market, which may be possible in the near future. The 
addition of magnesium to titanium alloy reduces density while increasing modulus 
and strength three to five times [17]. Other research has shown that adding Sr and Mg 
to titanium alloys improves their mechanical and biological properties [18]. Metallic 
biomaterials like 316 L stainless steel, Ti–6Al–4V, and Co–Cr alloys are commonly 
used. Titanium alloys were discovered to be effective in biomedical applications 
among these alloys. However, due to their higher elastic modulus than bone, pure Ti 
and Ti–6Al–4V cause stress shielding issues.
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2 Potential Applications on Surface Engineered Titanium 
Alloys 

2.1 Biomedical 

Before World War II, titanium was used in medical, dental, and surgical devices due to 
the aerospace and military industry demand. Titanium alloys have a lower modulus, 
superior biocompatibility, and superior corrosion resistance when compared to stain-
less steel and cobalt-based alloys. These titanium alloy properties are the driving force 
behind the early introduction of alloys such as (cpTi) and +(Ti–6Al–4V) and other 
orthopedic metastable titanium alloys. The biomedical applications can be classi-
fied based on their biomedical functionalities. Accidents, aging, and other factors 
frequently cause hard tissue damage. Hard tissues are typically replaced surgically 
with artificial implants. Titanium alloys can be used as artificial bones, joints, and 
dental implants in these applications. Because of the low elastic modulus, it produces 
significantly less stress yielding. The most common application is hip replacement, in 
which titanium alloys are used as artificial hip joints, which include an articulating 
bearing and a stem. Titanium alloys are also commonly used in dental implants, 
which are classified as subperiosteal, transosteal, or endosseous based on position 
and shape. Transosteal implants are widely used in the lower frontal jaw, whereas 
endosseous implants can be used in upper and lower jaws. The best solution is to 
anchor the prosthesis directly to the bone, which improves future developments. 
Compared with cementing, direct cementless anchoring of the prosthesis through 
osseointegration is a more recent technique. 

Wear occurs due to the mixed lubrication regime used in artificial joints. During 
the motions of artificial hip joints, billions of microscopic particles are produced. 
Foreign body reactions may occur due to these trapped particles in the tissues [19]. 
To avoid adverse reactions in the body, it is preferable to use a bio-inert material that 
is stable in the human body and does not react with body fluids or tissues. Bioac-
tive materials such as hydroxyapatite and bioactive glasses are preferred to improve 
bonding between implants and bone tissues. These materials can bond to living bones 
without forming fibrous tissues. Titanium has better bio-inert properties due to its 
native surface oxides. Even so, it is difficult to achieve good bonding in the early 
stages of implantation in order to create new bones. Hence, titanium and its alloys 
cannot be considered ideal materials. The current trend is to use surface modification 
techniques due to the ever-increasing clinical demands. Titanium alloys can be used in 
cardiac and cardiovascular applications because of their unique properties. Titanium 
alloys can be used in artificial hearts, prosthetic heart valves, and circulatory devices. 
Shape-memory nickel-titanium alloys have recently been used in stents, occlusion 
coils, and intravascular devices. Metals in prosthetic heat are typically coated with 
a carbon film to improve blood compatibility. Because of the shape memory effects, 
nickel-titanium was the most commonly used material for vascular tents. Titanium 
and its alloys are frequently used in osteosynthesis, in addition to artificial bones and
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joints. These materials can be used to repair bone fractures. Bone screws, maxillofa-
cial implants, and bone plates are common osteosynthesis implants. By depositing 
thermal spray coatings, osteointegration would improve, aiding in reducing relative 
motions. When selecting materials for a specific biomedical application, bulk proper-
ties such as non-toxicity, modulus of elasticity, non-toxicity, and fatigue strength must 
be considered. The material surface is critical in responding to biological and artificial 
material surfaces to their environments. Normal manufacturing methods in titanium 
implants can result in an oxidized and contaminated surface layer that is frequently 
stressed and plastically deformed. Another important reason for the surface modi-
fication of titanium alloys is that the specific surface properties are different from 
the bulk material often required. The surface modification techniques retain bulk 
attributes of the titanium and its alloys and improve the specific surface properties 
like modulus, fatigue strength, and machinability for various clinical applications. 

The primary surface chemical treatments are typically performed with acid, alkali, 
H2O2, and heat treatment and are based on chemical reactions at the interface between 
titanium and the solution. The sol–gel method is also widely used to deposit thin 
ceramic coatings on titanium alloy substrates. Compared to traditional thin film 
processes, the sol–gel process allows for greater control over the chemical compo-
sition, microstructure of the coating, and homogeneous films. Furthermore, these 
precursors can be combined at the molecular level. The uniform mixing allows for a 
high degree of homogeneity in the films. The microstructure of the resulting sol–gel 
films is primarily determined by the relative rates of condensation and evaporation. 
Coatings such as titanium oxide (TiO2), calcium phosphate (CaP), and TiO2–CaP 
have recently been prepared on titanium alloys for various biomedical applications. 
The sol–gel technique also applies some silica-based coatings to titanium alloys. 
Also, for optical, electrical, and catalytic fields, titania coatings are typically synthe-
sized using the sol–gel process [20, 21]. The experiments revealed that titania-rich Ti– 
OH groups aid in the formation of calcium phosphate. This formation also contributed 
to improved bone bonding. The sol–gel titania could also aid in the osteogenesis of 
bone precursor cells [22]. Similarly, calcium phosphate coatings, particularly hydrox-
yapatite (HA), are widely used in orthopedic applications. Kim et al. observed that 
HA and FHA coated Ti substrates had higher ALP expression levels than pure Ti, 
indicating improved cell activity and functionality [23]. Titania/hydroxyapatite sol– 
gel synthesized are typically bioactive but poorly adhesion to the titanium substrate. 
TiO2 coatings, on the other hand, exhibit good bonding with the titanium substrate 
but less bioactivity than hydroxyapatite coating. Titania/hydroxyapatite coatings can 
be created to provide both bioactivity and adhesion. Ramires et al. investigated the 
biocompatibility of titania/hydroxyapatite coatings prepared by sol–gel. TiO2/HA 
coatings are bioactive because they promote calcium and phosphate precipitation, 
which improves interaction with osteoblastic cells. Recently, many researchers have 
investigated bone-like apatite formation with silica gel coating. Hench et al. found 
that the Si–OH groups in the coating were sufficient to attract Cao and P2O5 from 
the body fluids for better nucleation and growth of the apatite layer. Earlier, diamond 
films were deposited using CVD at pressures lower than 1 atm. Diamond CVD films 
have a high potential in the biomedical field due to superior properties such as high
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hardness, low friction coefficient, and fracture toughness. However, due to the high 
thermal expansion mismatch, poor adhesion to the substrate can be observed even 
without any surface treatment. Stress values can be reduced by 2 Gpa by grit blasting 
the titanium substrate. On the TiC buffer layer, Baek et al. deposited a continuous 
diamond film. The deposition of polycrystalline diamond films on titanium substrates 
improved tribological performance [24]. Ianno et al. used PECVD and PACVD to 
deposit DLC coatings on titanium alloy to use hip and knee prostheses. The adhe-
sion strength obtained from the PACVD coating was much lower than that obtained 
from DC magnetron sputtering [25]. Biochemical modification techniques such as 
silanized titania, photochemistry, self-assembled monomers, and protein immobiliza-
tion are introduced for titanium and its alloys. Self-assembled monolayers (SAMs) 
have emerged as a critical research technique for creating surfaces with well-defined 
chemical compositions. Self-assembled monolayers of phosphonates or alkane phos-
phates have been used in recent studies to improve the surface’s physicochemical 
properties. SAMs are typically used as model surfaces for biological assays such 
as cell-surface interaction and spontaneous mineralization caused by contact with 
simulated body fluid. Some surface modification techniques, such as physical vapor 
deposition and thermal spraying, do not involve chemical reactions. In this case, 
kinetic, thermal, and electrical energy will be used to create a modified layer or 
coating on titanium and its alloys. Previous research found that plasma-sprayed HA 
coating could form a strong connection with bone tissue in a short period. In addition, 
high residual stress developed at the interface due to the greater thermal mismatch 
between the titanium and the coating. Several studies [26–31] developed HA coatings 
using the plasma spraying technique. HA coatings also degrade quickly in a biolog-
ical environment, resulting in coating disintegration. The amorphous and metastable 
compounds are more soluble than the HA coating, but due to excessive dissolution, 
these compounds over-mast. It may affect the long-term reliability of the implants. In 
1985, the first clinical trials were reported. With bone apposition, most components 
become stable in 3 months. Similarly, plasma-sprayed calcium silicate coatings are 
biocompatible. The bioactivity of the CaO–SiO2 coating components was very high 
in the study. The bioactive glass retains its amorphous properties and its behavior 
in a hydrolytic environment. Titanium coatings sprayed with plasma typically have 
porous structures. Coated implants are also used in the knee, hip, root, and shoulder. 
The formation of apatite on the coating surface can be used to assess bioactivity 
or bone conductivity. Plasma-sprayed titanium coatings may also show promise in 
the tooth root, hip, shoulder, and knee implants. Recently, ion plating processes like 
plasma immersion ion plating and arc ion plating were used to deposit hard films 
such as BN, TiC, and TiN on titanium substrates for dental applications. The ion 
implantations such as oxygen, nitrogen, carbon, and metal ion implantation showed 
good bioactivity.
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2.2 Aerospace 

Nowadays, there is a greater demand for efficient and cost-effective commercial 
transportation. Material characteristics such as low weight and improved perfor-
mance are critical. Titanium alloys are becoming increasingly crucial in proposed 
applications and missions like supersonic transport operating at Mach 2 or higher 
speeds. The main difficulties arise when dealing with the degradation properties of 
titanium alloys. Each class of titanium alloy has unique material properties and is 
helpful for a specific application. Understanding the benefits and drawbacks of partic-
ular titanium alloys is critical for maximizing structural and operational efficiency. 
Various types of and titanium alloys can be used for aircraft structures. 

In comparison, α-β alloys can be effective with fewer effects of temperature 
rise than the β alloys. Titanium alloy material chemistry has improved in recent 
decades, resulting in improved material performance. Furthermore, material perfor-
mance development for emerging high-speed aircraft is a new concept. In some 
studies developed by Boeing defense, two titanium sheets were the first laser welded 
in the appropriate pattern. With partial penetration welding, the third sheet was 
attached to the top. The total pack is then kept in a sandwich configuration tool, 
resulting in a triangular cell structure. Laser welding has been widely used to create 
three and four-sheet processes for efficient applications. The main advantage of laser 
welding is that it can be easily programmed to create weld patterns in core geometries. 
Most titanium alloys can be formed into core sandwich structures using superplastic 
forming. The candidates designed are primarily used in aircraft applications. The 
main two processes, resistance welding/superplastic forming/diffusion bonding and 
laser welding/superplastic forming/diffusion bonding were typically used to fabricate 
the truss core test panels. 

Some issues must be considered to meet the aviation industry’s current and future 
framework conditions, such as technological developments, innovative materials, 
design, and the effective new fabrication process. Recently, additive manufacturing 
has emerged as a viable option for producing components with innovative designs 
and optimal geometries. Based on CAD data input, the SLM process can be used to 
create complex structures. These titanium alloy lightweight structures can improve 
efficiency by lowering aircraft fuel consumption and gas emissions [32]. Continuous 
quality improvement in microstructure and post-processing of parts is critical for the 
aerospace industry to progress and meet upcoming requirements. Due to the lower 
thermal expansion like other composite materials and superior corrosion resistance, 
titanium alloys can be extensively used in aerospace applications. 

Recently, titanium alloys such as Ti–6Al–4V, Ti–3Al–8V–6Cr–4Mo–4Zr, 
Ti–15Mo–2.7Nb–3Al–0.2Si, Ti–10V–2Fe–3Al, Ti–5.0Al–5.5Mo–2Cr–1Ni–0.1Mo, 
Ti–5Al–2Sn, Ti–6Al–2Sn–2Zr–2Cr–2Mo–(Si), Ti–6Al–2Sn–4Zr–2Mo–0.08Si, Ti– 
4Al–4Mo–2Sn–0.5Sn, Ti–15Mo–2.7Nb–3Al–0.2Si, Ti–4.5Fe–6.8Mo–1.6Al, Ti– 
4.5Al–2Fe–2Mo–3V, Ti–6Al–1.7Fe–0.1Si–4Mo–2Zr–2Cr–1Fe were used in 
airframe structures. Furthermore, several surface modification techniques were used 
on these titanium alloys to improve their performance levels in terms of wear and
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corrosion. Significant progress has been made in developing surface chemistry that 
improves material performance significantly over commercial titanium alloys. 

2.3 Automotive Applications 

The demand for environmentally friendly and fuel-efficient vehicles has grown. Tita-
nium alloys were used to improve the performance of many applications due to their 
low modulus and excellent resistance to corrosion and oxidation. Titanium alloys 
are used in a variety of automotive applications, including valve springs, exhaust 
systems, steering gear, valve retainers, suspension linkages, rocker arms, torsion 
bars, gudgeon pins, Suspension springs, wheels, cam belt wheels, connecting rods, 
high strength fasteners, bumper supports, gearbox housings, and so on. One of the 
significant challenges that today’s design engineers face is reducing the weight of 
motor vehicles and private cars. The obvious challenge is to reduce the weight of the 
car without sacrificing space. The weight reduction also minimizes the fuel consump-
tion contributes to the ‘green’ image of the manufacturer. It was discovered that a 1% 
reduction in vehicle weight is claimed to reduce fuel consumption by 0.7%. Further-
more, reducing the weight of the engine’s moving parts would be more beneficial 
and effective in achieving fuel economy than reducing body weight. 

On the other hand, titanium alloys have a density that is 60% that of steel and an 
elastic modulus that is 50% that of steel. To improve performance levels in automotive 
applications, replacing steel with titanium would be a better option than a weight 
reduction of 40%. Titanium has higher specific strength, toughness, and fatigue limits 
than steel and aluminum alloys. Table 1 shows a comparison of titanium alloys with 
other engineering alloys. The springs made of titanium alloy have high strength, 
low density, and modulus. Spring made of titanium alloy has a very lightweight, 
60–70% lighter than steel. The use of titanium alloys in the suspension springs 
increases carrying capacity reduces weight and reduces fuel consumption. These 
will most likely increase operating range and revenue. Because corrosion fatigue 
is the primary cause of failures in steel suspension springs, replacing them with 
titanium alloys provides better corrosion resistance even in aggressive conditions. 
When space is at a premium, the ability to reduce engine size is advantageous. The use 
of titanium valves in conjunction with valve retainers helps prevent ‘valve bounce’ at 
high engine speeds, increasing savings even further. Surface-treated titanium alloys 
can improve overall performance in valve train applications. Exhaust valves can still 
be effective for oxidation and creep at high temperatures. Pure titanium sheets and 
tubes are also preferred for silencers and pipework in exhaust systems. To reduce 
the weight and cost of the exhaust systems, the thinnest gauges of materials will be 
chosen while engineering and acoustic requirements are taken into account. On the 
other hand, titanium alloys may not be suitable for the entire system but are limited to 
components where the temperature does not exceed 400 °C for an extended period.

Multi-materialization has advanced in recent years, primarily in aircraft and high-
end motorcycles. Aircrafts such as the Boeing B787 and Airbus A350, for example,
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Table 1 The specific strength of the various engineering alloys 

Material Density (Kg/l) Young’s modulus 
(GPa) 

Yield strength 
(Mpa) 

Specific strength 

Aluminum alloy 2.8 70 100–330 35–120 

Steel 7.8 200 350–450 45–60 

CP-Titanium 4.5 105 250–450 50–100 

Ti–6Al–4V 4.4 110 900–1050 200–250

were made up of roughly 50% composite materials, 20% aluminum, 15% titanium, 
and 10% steel. Titanium has been used three to five times more than in previous 
generations of aircraft. Because of the increased composite material ratio, tita-
nium’s specific strength, corrosion resistance, and thermal expansion coefficient all 
increased. The titanium alloy outperformed steel in terms of strength, density, shear 
modulus, and relative weight. Because titanium alloy has high corrosion resistance, 
no anti-corrosion treatments, coatings, or paints are required. Estimated savings of 
2–4% can be achieved by using titanium parts in the engine. Researchers focused 
primarily on three different areas to improve components’ financial and life cycles 
in the recent past, such as the development of lower cost alloys, low-cost manufac-
turing methods, and surface treatments to improve wear resistance. Fuel tank weight 
reduction is also an essential consideration for two-wheeled vehicles. The stabiliza-
tion and reduction of the vehicle’s center of gravity can also affect fuel consumption. 
Lightweight materials have been introduced instead for surface-treated steel sheets 
in recent years. 

On the other hand, titanium sheets are known to have better deep drawability 
than carbon steels and aluminum alloys. Furthermore, due to its higher conductivity, 
heat input for aluminum welding cannot be concentrated. Because the strength of 
titanium alloy is comparable to that of stainless steel, commercially pure titanium is 
the best material for two-wheeler fuel tanks. Resistance welding, like steel welding, 
can be used to make pure titanium fuel tanks. The weight of connecting rods can 
be reduced to improve engine response and rotation speeds for motorcycles, where 
temperatures exceed 350 °C, the specific fatigue strength of the connecting rods is 
significantly higher. Ti–6Al–4V was previously used as the connecting rod for the 
first time in 1987. Ti–3Al–2.5V-REM-S was later used in the HONDA NSX, a four-
wheeler vehicle [33]. Because titanium alloys have lower thermal conductivity than 
steel, sliding heat accumulates, and titanium alloys react with other metals, causing 
severe adhesive wear. Surface coatings can be applied using thermal spraying and 
other arc-assisted surface engineering methods to avoid material removal and resist 
wear. CrN, NiP, and TiAlN coatings were recently applied to the connecting rods of 
the YAMAHA YZF-R1 [34]. The young’s modulus of titanium alloys is much higher 
than that of steel, roughly half that of steel. To attain the same rigidity as steel, the 
connecting rods’ thickness needs to be increased. 

The reduction of weight by reducing the engine valves leads to improving driving 
response. Recently, the Ti–5Al–2Fe–3Mo alloy, which is stronger than Ti–6Al–4V
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alloy, was used for intake engine valves in motorcycles. Engine intake valves made 
of Ti–6Al–4V can be used in temperatures from 300 to 400 °C. Nb, Mo, and Si 
encapsulated titanium alloys can be used because the strength of titanium alloys 
decreases with temperature. Titanium alloys such as Ti–5.8Al–4sn–3.5Zr–2.8Mo– 
0.7Nb–0.35Si–0.06C and Ti–7Al–2Mo–0.2Si–0.15C–0.2Nb can also be used in 
exhaust valves, where high fatigue and creep strength is typically required at high 
temperatures. Because sliding wear is common in engine valves, coatings with 
increased oxidation and wear resistance can be used. Surface treatment or modi-
fication of titanium alloy is required to improve the wear and fatigue resistance of 
engine valves made with titanium alloy. Due to weight savings and design consider-
ations, titanium has been used in automobile mufflers. However, the heat resistance 
of commercial ASTM grade 2 and pure titanium became insufficient due to the high 
exhaust temperatures. 

In addition to heat and oxidation resistance, titanium’s press formability at room 
temperature enables it to be used in exhaust systems. Ti–0.5Si–Fe, Ti–0.1Fe–0.35Si, 
Ti–1.5Al, Ti–0.5Al–0.45Si–0.2Nb, Ti–1Cu–1Sn–0.35Si–0.2Nb, Ti–1Cu, and Ti– 
1Cu–0.5Nb are some of the heat resistant titanium alloys developed [35, 36]. The 
addition of Al, Si, Sn, and Cu improves high-temperature strength. The addition of 
Nb and Si to the alloy improves oxidation resistance and corrosion resistance at high 
temperatures. Ti–1Cu, for example, was used in the NISSAN GTR Spec-V, and Ti– 
0.5Al–0.45Si–0.2Nb was used in the TOYOTA LEXUS LFA. Even when the cost is 
considered, titanium alloys may be the best choice in some automotive applications. 
For example, savings can offset high-cost titanium alloys in CAFÉ penalties and fuel 
economy in valve train components. Automobile manufacturers consider style and 
performance to be the most important sales factors. In recent years, environmen-
tally conscious customers have prioritized improved safety, lower noise, improved 
fuel economy, and lower harmful emissions. As the demand for fuel-efficient and 
environmentally friendly vehicles grows, affordability becomes less consideration. 
These factors allow for a greater emphasis on corrosion resistance, weight, and fuel 
consumption. Savings on fuel costs in mass production are estimated to be $2.20, 
corporate average fuel efficiency (CAFÉ) is in the range of $4.50–$7.70, and vehicle 
produced with specialty and luxury is estimated to be $8.50. 

2.4 Case Studies of Surface Engineered Titanium Alloys 
for Biomedical, Aerospace, and Automotive Applications 

The titanium alloys were widely used in aviation, aerospace, and automotive applica-
tions due to their low density and excellent corrosion resistance. However, there are 
some drawbacks, such as high friction coefficients, low hardness, and poor wear resis-
tance, reducing component life. In addition, replacing the parent material resulted 
in higher operating costs. The preparation of hard coating on the surface is one of
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the effective methods to solve problems of surface hardness, wear, and corrosion 
resistance to reduce operating costs and increase the service life of the components. 

Hatem et al. [37] used plasma-enhanced magnetron sputtering to deposit Ti– 
Si–C–N nanocomposite coatings. The tribocorrosion and biocompatibility of the 
coatings were also evaluated. The reciprocal tribocorrosion tests are repeated in PBS 
solution and compared to untreated titanium alloy. Compared to the titanium alloy, the 
corrosion resistance of all samples was improved to some extent. Previously, similar 
corrosion enhancement was observed in TiSiC–Zr and TiSiC–Cr coatings [38]. The 
deposited Ti–(Si)–C–N composite coatings on titanium alloy demonstrated a 97% 
reduction in wear rate. Furthermore, the coated samples’ tribocorrosion performance 
is primarily governed by Ti(C)N nanocrystallites in the Si3N4 amorphous matrix. 
Moreover, carbon in the coating acted as a self-lubricant to improve performance 
levels. The Ti–Si–C–N coating experienced cohesive and adhesive failures. Within 
the arc tensile cracks, the coating sample has many lateral cracks. Spallation occurs 
at the Ti(Si)CN film interface and the inter-bonding layer when these cracks overlap 
critical length. 

Bansal et al. [39] used HA/ZnO plasma spray coatings to improve the surface 
properties and corrosion resistance of Ti13Nb13Zr titanium alloy. Microhardness 
values gradually increased as ZnO percentage increased. In comparison to other 
samples, HA + 12% ZnO had the highest hardness. On the other hand, surface 
roughness was gradually reduced as the ZnO percentage was increased. Furthermore, 
all coating samples were found to be hydrophilic. The addition of ZnO to pure HA 
improves the surface properties and corrosion resistance of Ti13Nb13Zr samples. 
The SEM and EDS analyses show that the HA and ZnO are distributed uniformly in 
the coating. According to the electrochemical and morphological findings, HA/ZnO 
coatings may be compatible with bio-implants. 

Jiang et al. [40] investigated the biocompatibility of hydroxyapatite coatings that 
were hydrothermally deposited on titanium alloy. The results show that the prepared 
HA coating on titanium alloy demonstrated superior corrosion resistance. Further-
more, antibacterial studies yielded promising results and acted as a carrier for antibi-
otics to inhibit bacterial growth. In vitro studies revealed that the cells grow well 
on the surface of the sample. The in vitro and in vivo experiments showed that HA 
coated titanium alloys had promoted better biocompatibility and osteoconductivity. 
HA coated titanium alloy showed more new bone formations than the uncoated 
titanium alloy. 

Yuan et al. [41] used a duplex treatment (DT) of laser surface texturing (LST) 
and thermal oxidation (TO) on the Ti–6Al–4V alloy surface to improve mechanical 
properties and wear performance. TO treatment improved the surface hardness and 
elastic modulus of the Ti–6Al–4V alloy. According to the specific wear rate results, 
the untreated Ti–6Al–4V alloy had a higher wear rate than the duplex treated titanium 
alloy, attributed to the better LST and TO treatments. Because of its higher hardness 
and elastic modulus, the wear performance of DT–Ti–6Al–4V coating was partic-
ularly good. Because of the microstructure transformation, the TO-treated coating 
performed better. The results show that excellent wear resistance was achieved as a
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result of the LST and TO treatments. These modified alloys can be used in aerospace 
and automotive applications in the future. 

Zhao et al. [42] used laser cladding to create TiOxNy/Ti composite coatings on 
Ti–6Al–4V alloy. The effect of laser power was investigated further in order to 
improve microstructural and mechanical properties. Higher laser power was found 
to cause thermal cracks and other thermal defects. The phase TiOxNy predominated 
in the clad, resulting in higher microhardness values. At a laser power of 200 W, the 
highest microhardness value of 1613 HV was obtained, which was 4.7 times higher 
than the Ti–6Al–4V alloy. The wear results revealed that the composite coating’s 
wear depth and friction coefficient were significantly lower than those of the Ti– 
6Al–4V alloy. To summarize, to improve the wear performance of the coating, the 
optimal laser parameters should be carefully chosen. 

Lu et al. [43] developed Ni60-hBN composite laser claddings by varying hBN 
content for high-temperature tribological applications. Clads were found to be metal-
lurgically bonded to the substrate and to have no cracks or pores. The self-lubricating 
laser clads had an average microhardness three times that of the titanium substrate. 
Due to the formation of hBN, γ-NiCrAlTi, TiC, and TiB2 phases, composite coat-
ings exhibited outstanding wear resistance compared to titanium alloy. The wear 
mechanism of Ni60 coatings was primarily abrasive, whereas solid lubricant encap-
sulated coatings were a combination of brittle fracture and transfer layer breakdown. 
The coatings developed above can withstand harsh conditions in automotive and 
aerospace applications by encapsulating solid lubricants. 

3 Future Trends 

The above sections highlight the key advancements in surface engineered tita-
nium alloys that can enhance the surface properties for biomedical, automotive, and 
aerospace applications. Despite the progress, there is significant scope for continued 
research. The use of numerical simulations and artificial intelligence for parametric 
sensitivity and optimization is the emerging trend toward increasing the effective-
ness of the treatments. Studies on specific conditions such as higher temperature, 
dynamic loading, oxidation, corrosion, and wear are required to maximize the effi-
ciency under severe conditions. Several surface engineering techniques on titanium 
alloys have shown promising in vitro results in cytotoxicity and osteogenic differen-
tiation. Similarly, surface-modified titanium alloys have shown better performance in 
automotive and aerospace applications. Many surface engineering techniques have 
emerged for modifying titanium alloys in recent years, but they remain unexplored for 
additively manufactured titanium alloys. The combination of dealloying and additive 
manufacturing is also an emerging process for the controlled formation of hierarchi-
cally porous structures. Hybrid surface treatments could also provide a pathway to 
explore and concurrently leverage the benefits of individual post-processes. Surface 
treatments used as in-situ correcting methods, combined with non-destructive testing 
and advanced analysis, will provide very good near-net-shape geometry.
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4 Summary 

Titanium alloys provide a unique strength-to-weight ratio, favorable high-
temperature mechanical properties, and better corrosion resistance. From the design 
perspective, titanium alloys offer numerous automotive applications, including lower 
vehicle weight performance stability. With the surface engineering techniques, the 
surface properties of titanium alloys can be enhanced, thereby decreasing fuel 
consumption and CAFÉ penalties. Also, surface modification of titanium alloys can 
increase the working temperature of titanium alloys without any surface deteriora-
tion. The development of surface treatments to engineer the properties of titanium 
alloy is receiving enormous attention. This chapter presents a detailed review of the 
recent advancements in this field, especially for titanium alloys for aerospace, auto-
motive, and biomedical applications. Applying surface treatments to the titanium 
alloys is essential for maximizing clinical outcomes in biomedical and lifetime for 
various applications in the automotive and aerospace field. 
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Liquid State Processing and Solid State 
Welding of Lightweight Alloys



Chapter 6 
Solid-State Welding of Aluminium Alloys 

Kirubanidhi Jebabalan and Milon Selvam Dennison 

1 Introduction 

Since the dawn of human civilization, materials have been the backbone of human 
society and the initial period of human evolution has been denoted only by materials, 
e.g. stone age, bronze age, copper age, iron age, etc. At present due to the digital 
revolution, we call it as silicon age. In the seventeenth century, industrial revolution 
led to the discovery and application of various metals, and these metals had to be 
joined for a variety of applications leading to the revival of metal joining techniques 
popularly known as welding. Metal joining techniques have been practised since 
time immemorial and the historical records have stated that the Greeks have used 
welding in the fifth century. This technique had proper entry into the manufacturing 
sector only in 1801 when Sir Humphry Davy discovered the short-pulse electrical 
arc. After this discovery, there had been serious inventions by various scientists, but 
the demand for welded products had a surge during World War 1 as various nations 
needed a variety of products for various applications as the demand for reliable 
high-performing structure components was the need of the hour. 

These joining techniques are classified as fusion welding, soldering, brazing, 
adhesion bonding, and solid-state welding. Amongst these processes, our interest 
lies in the most recently developed solid-state welding technique in that we will 
discuss a process known as friction stir welding (FSW). The classification of the 
metal joining process is shown in Fig. 1. In this subsection, we will see why and how
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Classification of Metal 
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Brazing Soldering 
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Bonding 

Solid State 

Welding 

Fig. 1 Classification of metal joining process 

FSW developed what is the shortcoming in the conventional fusion welding process 
when applied to aluminium alloys and the science behind it. 

FSW was developed and patented by The Welding Institute (TWI) in the year 1991 
a process that has proved to be energy efficient, environmentally friendly and dubbed 
green technology these characteristics made it attractive in the following sectors 
automotive, aerospace, shipbuilding and electronic industry [1]. It is a combination 
of frictional heating and mechanical deformation caused due to the rotating tool 
therefore it is a thermo-mechanical process [2]. 

2 Why Friction Stir Welding (FSW)? 

High-strength Aluminium alloys belonging to 2XXX, 6XXX, 7XXX series finds its 
application in aerospace components such as fuselages, wing structures these were 
difficult to weld using conventional fusion welding process [2]. 

These alloys are non-weldable in the fusion welding process due to defects like 
the formation of brittle phase, solidification cracking, liquidation cracking, uneven 
heating and cooling leading to stress build-up and porosity in the fusion zone leads 
to the decrease in mechanical properties. Due to these degradative actions, conven-
tional fusion welding is least preferable, but there are exceptions, such as resistance 
spot-welding, but the surface preparation is quite expensive with the formation of 
aluminium oxide being a major deterrent [2]. 

2.1 Tool 

In FSW, the process of metal joining is made very simple by moving a non-
consumable tool moving across the butt joint the function of the tool is to heat 
the workpiece and to move/throw the material as the tool moves forward to produce 
the joint [2]. The tool is mostly cylindrical in geometry and has a tapered pin at
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Straight 
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Hexago-
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Threaded 
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Fig. 2 Various geometry of FSW tools 

the bottom. The major design specification here is the (D/d) ratio where the tool 
shoulder (D) and the pin diameter (d) should be in the ratio of 3:1 and the length 
of the pin should not exceed the plate thickness. For example, if the plate thickness 
is 5 mm the pin length should be 4.7 mm [3] the tool material used for FSW of Al 
alloys are tool steels which are denoted usually by H13 these tool steels possesses 
high-temperature strength, toughness and can withstand high temperatures. Since 
Al alloys have an operating temperature between (400 °C–500 °C) tools steels with 
tempering temperatures above 500 °C will be an ideal choice [2]. With the effect of 
high temperature coupled with extreme levels of plastic deformation (due to the flow 
of materials around the tool) a significant grain refinement takes place due to dynamic 
re-crystallization Mishra et al. [2] tabulated the grain size of FSW aluminium alloys 
and observed that they vary in the range of 1–20 µm. The various geometry of FSW 
tools is shown in Fig. 2. 

2.2 Process 

To describe the process in a bit more detailed manner the cylindrical shouldered tool 
with a pin profile is inserted into the joint and it moves across the workpiece. The 
workpieces to be welded are held by a pair of clamps placed below the weld line as 
the tool moves it causes heat the heat is generated due to friction caused due to the 
relative motion between the tool and workpiece this leads to the temperature rise as a 
result the metal below the tool comes to a plasticized state neither solid nor liquid the 
localized heating results in softening the material around the pin until here the first 
objective of the tool is meet now to second part the combination of tool rotation and 
translation leads to movement of material from the front end of the pin to the back 
of the pin resulting in the formation of the joint since there is no melting involved as 
in fusion welding this process is known as solid-state welding.
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Fig. 3 AA6061 base alloy at 
500× 

2.3 Microstructure and Grain Formation 

The microstructure is a small-scale structure/cluster of atoms in a metal, ceramic, 
polymer, or composite that determines the physical property of the materials such as 
toughness, wear, and corrosion resistance. These structures can be viewed only with 
the help of an electron microscope having 25× magnification. When any material 
is subjected to welding, there will be significant microstructural changes that will 
reflect in determining the strength of the weld joint [2]. In early 2000, a technology 
for microstructural modification based on the fundamental principle of FSW was 
developed by Prof R. S. Mishra known as friction stir processing (FSP) [2]. 

During the FSW process, due to elevated temperature, the material undergoes 
intense plastic deformation and this results in the formation of fine equiaxed recrys-
tallized grains [4, 5]. Grains are defined as the orientation of atoms, and the line 
separating the orientation is known as grain boundaries [2]. 

When FS is welded, and components are viewed under the microscope, we see 
fine grains which in turn produce sound mechanical properties. At this junction, 
our readers have to understand the relationship between the microstructure, grain, 
grain boundary and mechanical property. In any welding process, the properties and 
performance of the weld are determined by these features in a microstructure [2]. 
For the understanding purpose, the microstructure of the base material AA6061 is 
shown in Fig. 3, and the microstructure of FS welded AA6061 is shown in Fig. 4.

2.4 Process Parameters 

The next stage for the readers to understand the FSW process parameters as it is 
crucial to produce sound and defect-free weld as well as in microstructure formation 
for any manufacturing process. The parameters play an important role the following
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Fig. 4 Microstructure of 
welded AA6061 at 500×

Table 1 Process variables of 
FSW 

Tool design 
variables 

Machine variables Other variables 

Shoulder diameter Welding speed Workpiece 
dimension 

Pin diameter Axial load Work piece 
properties 

Pin length Spindle 
speed/rotation 

Formation of 
oxides 

Tool material Angle of tilt 

are the parameters axial load (kN), tilt angle (deg), tool rotation speed (rpm) and tool 
traverse rate (mm/min) for the process to get completed. We need to follow a certain 
operational sequence in the joining process there are four phases. The selection 
of process parameters is very critical for getting the best possible microstructure 
leading to welds that are free from defects and other detrimental features. The process 
variables of FSW are given in Table 1 to enhance a better understanding of our readers 
[6]. 

2.5 The Sequence of Operations 

The main objective of this introduction is to make our readers aware that there is a 
solid-state welding process, and it is the most significant metal joining process of 
the 20th century as we go through the various topics to be discussed, we will try to 
unravel the science behind the process in a general manner and more particularly 
about how aluminium alloys have responded to this state-of-the-art process (Fig. 5).
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Sequence

. Plunge - The tool makes contact with the workpiece through a 

downward force 

Of
. Dwell - The tool stays for a few seconds causing heat and friction 

Operation

. Traverse - The tool travels across the entire joint

. Retract - The workpieces are joined and the tool retracts back 

Fig. 5 Sequence of operation 

2.6 Aluminium Alloys—Solid-State Welding 

Before the readers, goes into the depth of understanding about Al alloys they have 
to know the metallurgical differences in weld zones. In fusion welding, we have two 
distinct zones one is the fusion zone and another is the heat affected zone (HAZ) but in 
FS welded joints there are three distinct microstructural zones known as weld nugget 
zone also known as the stirred zone, thermo-mechanically affected zone (TMAZ) 
and heat affected zone (HAZ) [7]. 

2.7 Welding Zones in FSW 

Threadgill in 1997 made the first attempt to classify FSW microstructures His 
attempts were focussed only on Al alloys but were limited to features that were 
only visible by light electron microscopy. This was soon replaced in 2001 by Amer-
ican Welding Society Standard D17/3M [8]. These microstructural terms are defined 
below:

. Parent material: Material in the weld, which has not been affected by the weld 
thermal cycle there are no visible changes in microstructure or properties.

. Heat Affected Zone (HAZ): In this zone, there is a significant modification of the 
microstructure and properties of the material but there is no significant plastic 
deformation.
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. Thermomechanically Affected Zone (TMAZ): This zone is a distinct region when 
compared to the fusion welding process because here the material has been plas-
tically deformed due to the tool and subsequent heat generated. In the case of 
aluminium, the plastic strain will be generated without undergoing dynamic 
recrystallization. When observed under an electron microscope, we can see a 
distinct boundary between the dynamically recrystallized zone and the deformed 
zone [8].

. Weld Nugget/ nugget zone: The centre of the weld is referred to as the nugget zone 
dynamic recrystallization (grain refinement) takes place resulting in the formation 
of finer grain which is less than 4 µm resulting in the superior mechanical property 
as we move from the weld nugget towards the HAZ we can see an increase in 
grain size [2, 8]. Nugget zone can be classified into two types basin shape and 
elliptical nugget, basin shape nugget zone is formed due to lower tool rotation 
speed (300–500 rpm), whereas elliptical nugget zone is formed for tool rotation 
for higher speeds (> 700 rpm). 

These microstructural zones are considered individual entities and exhibit charac-
teristics like grain size, texture, precipitate size and residual stress. Based on the weld 
zones only the properties of the material are decided as it serves as direct evidence 
of characteristic material transport phenomena occurring during FSW [2]. 

Aluminium alloy is one of the most abundant elements present in the earth’s 
crust and the second-highest consumed metal next to ferrous-based alloys due to its 
superior property like high specific strength, high wear resistance, static strength, 
thermal diffusivity, etc. due to which it finds its application in various sectors like 
aerospace, automotive, marine, armour, etc. As we have seen in our previous discus-
sions, the low weldability and formation of oxides make cost-effective fusion-based 
joining methods inefficient to use the arrival of FSW has transformed this situa-
tion making Al alloy joining a much simpler activity [9] till date the predominant 
focus of FSW has been for welding aluminium alloy both in academia as well as 
in the area of critical application another factor that makes Al alloys an attractive 
option is its working temperature the maximum temperature reached during the 
processing of aluminium is around 500 °C the range of operating temperature lies 
between 425–500 °C when measured using thermocouple [10]. In this sub topic, 
there will be a discussion on the FSW of different Al alloys and the microstruc-
tural/mechanical/corrosion characteristics of such joints followed by its application 
across various domains. 

3 Commercial Designation of AL alloys 

The commercial designation of Al alloys their alloying element and their subsequent 
effect are tabulated in Table 2 [9].

Initially, FSW was applied on AA2024 and AA7075 alloy, and the results showed 
that there was a decrease in the tensile strength, but it proved that un-weldable Al
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Table 2 Commercial designation of Al alloys 

Aluminium grades Alloying elements Effect of alloying element 

1xxx Unalloyed 99% Al pure aluminium Since no alloying element is found 
no effect is observed 

2xxx The principal alloying element is 
copper 

An increase in strength allows 
precipitation hardening 

3 xxx The principal alloying element is 
manganese 

Increases strength through solid 
solution strengthening 

4 xxx The principal alloying element is 
silicon 

Increases strength and ductility 

5 xxx The principal alloying element is 
magnesium 

Increases Strength through solid 
solution strengthening and also 
increases work hardening ability 

6 xxx The principal alloying element is 
magnesium and silicon 

Produces precipitation hardening 
when magnesium combines with 
silicon 

7 xxx The principal alloying element is 
magnesium and zinc 

Increases strength, 
enables precipitation hardening, 
A major defect in stress corrosion 

8 xxx The principal alloying element is 
lithium 

Increases strength and Young’s 
modulus

Table 3 Case studies 

Base alloy Temper designation Tensile strength (parent 
material) in MPa 

Tensile strength (FS 
welded) in MPa 

2024 T3–Solution heat treated 
naturally aged 

485 432 (89% strength 
achieved) 

7075 T6–Solution heat treated 
artificially aged 

585 468 (80% strength 
achieved) 

alloys can be welded so that is how this technology was introduced to weld Al alloys 
[9]. The details of the case study are presented in Table 3. 

3.1 Microstructure 

Microstructure plays an important role in deciding the property of a material it affects 
all materials, ranging from pure single crystals to complex engineering alloys. It can 
change, by orders of magnitude, a material’s mechanical behaviour (e.g. strength, 
toughness and hardness ductility), electrochemical effect (e.g. stress corrosion and 
charging behaviour) and functional properties (e.g. magnetic hysteresis and electrical 
conductivity). With the distinct microstructural regions/zones present the evolution
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of the grains takes place in the nugget zone but each region shows a distinct charac-
terization. It is a well-established fact that a grain refinement mechanism known as 
dynamic recrystallization takes place in the nugget zone of the joint resulting in finer 
grain than the parent material grain [2, 7, 9]. This refining of grains is possible due to 
the action of the tool and specifically, its geometry resulting in producing ultrafine-
grained (UFG) microstructure less than 1 µm smaller than the grain difficult is the 
deformation process and crack propagation [2]. 

As we have discussed the microstructure zone, we will discuss the recrystallization 
mechanism there are three major mechanisms discontinuous dynamic recrystalliza-
tion (DDRX) continuous dynamic recrystallization (CDRX) and geometric dynamic 
recrystallization (GDRX) [11–13]. Initially, researchers stated that aluminium alloy 
normally doesn’t undergo DDRX, since Al alloys have a high rate of recovery; 
however, DDRX is found in alloys having grain sizes larger than 0.6 µm [13, 14]. 

Su et al. [15] investigated the FSW of AA 7050Al-T651 suggested that the CDRX 
mechanism is responsible for dynamic recrystallization in the nugget zone, but this 
was proved wrong by two investigators Su et al. [16] and Rhodes et al. [17] in 2003 
who investigated AA7075–T76 by the plunge and extract technique and subjected it 
to rapid cooling and found out that recrystallized grain in the nugget zone is caused 
by DDRX mechanism for aluminium alloys. Thus, DDRX mechanism is responsible 
for nanostructure evolution in the nugget zone. 

3.2 Mechanical Properties 

FSW results in significant microstructural evolution around the nugget zone, TMAZ 
and HAZ leading to a significant change in mechanical properties when examined 
post-weld certain properties like ductility, fatigue, strength and fracture toughness 
are properties, which are examined. Research has also shown that on subjecting FSW 
samples to tensile tests the mechanical properties are significantly higher than those 
of MIG and TIG welded ones [11]. A case study on how strength and ductility react 
to FS welded Al alloy has responded. 

3.3 Strength and Ductility 

Mahoney et al. [7] investigated FSW AA7075–T651 (T-refers to thermal ageing) the 
nugget zone was identified from that tensile specimen was machined in two different 
directions longitudinal and transverse. The longitudinal section contains only fully 
recrystallized grains from the nugget zone, whereas the transverse section contains 
grains from all the four weld zones in the Table 4, we will be comparing the tensile 
strength yield strength across both directions and how it has responded to FSW. 
The FSW sample was taken and subjected to post-weld thermal ageing treatment 
heat-treated at 121 °C for 24 hrs
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Table 4 Tensile strength of FSW AA7075–T651 (longitudinal cross section) 

Conditions Ultimate tensile strength 
(MPa) 

Yield strength (MPa) Elongation (%) 

Base metal 622 571 14.5 

After FSW 525 365 15 

Post weld thermal aging 496 455 3.5 

Table 5 Tensile strength of FSW AA7075–T651 (transverse cross section) 

Conditions Ultimate tensile strength 
(MPa) 

Yield strength (MPa) Elongation (%) 

Base metal 622 571 14.5 

After FSW 468 312 7.5 

Post-weld thermal aging 447 312 3.5 

Tensile strength across the nugget zone across the longitudinal cross-section FSW 
AA7075–T651. 

Tensile strength across the nugget zone across the transverse cross-section FSW 
AA7075–T651. 

From the Table 5, we can conclude that the samples tested in the longitudinal cross 
section exhibited a decrease in tensile and yield strength but exhibited an increase in 
ductility, whereas in the transverse section there has been a decrease in strength and 
ductility. This proves that there will be an increase in ductility in nugget zone. Factors 
affecting the Tensile strength of FSW 2024Al-T4 was studied and presented in the 
proceedings of the first international symposium on FSW. Was studied and presented 
at the proceedings of the first international symposium on FSW from that study we 
can conclude that for a constant ratio of tool traverse speed, yield, and ultimate 
strengths increase with increasing tool rotation rate and ductility also improves [2]. 

3.4 Corrosion Properties and Corrosion Characteristics 

The various microstructural zones will reveal different corrosion resistance for 
materials under applications; it is therefore very significant to know the corrosion 
behaviour of the FSW welds and reveal the fundamental mechanisms for corrosion 
in various FSW alloys across the various zones. 

Corrosion studies were studied extensively in recent years to understand the effect 
of FSW on corrosion and stress corrosion cracking. Pitting and stress corrosion 
were investigated by Frenkel et al. [18] on AA5454 and its corrosion tests were 
compared against FSW, base material and gas tungsten arc welded (GTAW) samples 
the following observation was summarily noted.
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Corrosion pits in FSW were found in the HAZ region, whereas in the GTAW 
process large dendrites inside the fusion zone. When compared to base metal FSW 
welds showed greater resistance when compared to parent material and GTAW weld. 
Frenkel et al. [18] stated that FSW weld showed greater resistance consistently next 
these samples were subjected to stress corrosion cracking through U-bent test the 
samples were kept in 0.5 M NaCl solution for 20 days and polarized at + 60 mV post 
the test results showed that FSW, base metal samples did not show signs of stress 
corrosion cracking, whereas GTAW sample cracked at the same condition. Samples 
obtained were subjected to another test know as slow strain rate tests (SSRT) in this 
test the anodically polarized samples of FSW, GTAW welds, the base metal reported 
a loss in ductility indicating a possible stress corrosion cracking still the loss in 
ductility for FSWwelds was lower when compared to GTAW welds. 

AA2024 a common heat treatable aviation-grade aluminium alloy was investi-
gated by a researcher by Corral et al. [19] he clearly stated that the pitting and stress 
corrosion cracking resistance of FSW welds was superior to that of the base mate-
rial. Despite these advantages, high-strength Al alloys do show certain susceptibility 
towards corrosion researchers Corrals et al. [19], Davenport et al. [20] and Jariya-
boon et al. [21] investigated FSW welds in 2024Al-T351 and 7010Al-T651 after 
welding these samples were subjected to post-weld treatments to improve corrosion 
resistance the post-weld heat treatment was excimer laser treatment this treatment 
leads to a remarkable improvement in corrosion resistance of FSW samples leading 
to higher pitting potential this improvement was due to reduction in the undesirable 
precipitate, suppressing of intergranular corrosion within HAZ and a change in the 
grain boundary chemistry. 

4 Application of FSW in Al Alloys 

Commercial application of FSW has been reported across various sectors in our 
chapter some selected examples will be discussed to our readers to illustrate the 
growing appeal of this technology as discussed before the first welded alloys were 
high-strength Al alloys this acted as a catalyst leading to increased awareness amongst 
the research community [2] our list is not a comprehensive one rather it is just an 
illustration of examples that have been implemented using this technology. Readers 
should be aware that new appear of applications do emerge over some time FSW 
doesn’t restrict the operating temperature range of aluminium alloy with Al alloy 
finding applications in sectors working at cryogenic temperature (e.g. oxygen tanks 
and rocket fuel tanks) and to slightly higher temperature applications (e.g. heat 
exchanger) this technology can be used, users should be aware of a difference here 
the process doesn’t have an operating temperature but the material does have one 
in case of Al alloys we have to be careful not exceed 500 °C if there an excess it 
will lead to serious microstructural modifications. Most FS weld joints are butt weld 
joints with increased frequency in the usage of lap weld and friction stir spot welds 
being observed [8].
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Below we have discussed comprehensively the sectors in which FSW finds its 
way toward applying itself as an alternative technology. 

4.1 Armour 

High-strength aluminium alloys due to their combination of strength and extraor-
dinary ballistic performance have been used as armour. UK armed forces used an 
Al alloy grade known as DEFENSE STANDARD 95-022 aluminium alloy. It was 
based on AA7017 grade (Al–Mg–Zn), these served as armour plate in the tank for 
the gunner to mount their guns since the early 70s its thickness varies between 6 mm 
and 120 mm [22]. These armour alloys were welded using a fusion welding process 
like MIG welding using Al–Mg fillers. However, over a period the joints experienced 
stress corrosion failure coupled with liquidation cracking along the grain boundaries 
of the heat-affected zone [2, 23]. With the invention of FSW these alloys were again 
welded in 1995 and tested for weld quality and failure analysis FSW performed better 
against the conventional welding process, since then FSW has been incorporated to 
increase the speed of welding and the thickness of plates that can be joined [23]. 

In the US infantry division, the U.S. Marine Corps has used a vehicle known 
as amphibious assault vehicle (AAV) whose structural members are made up of 
AA2519-T87 the main structural component known as the hull was welded using a 
conventional fusing process like gas metal arc welding (GMAW) and gas tungsten 
arc welding (GTAW), this process produced low ductility due to which the combat 
vehicles couldn’t pass the important ballistic test. To overcome this shortcoming, a 
company is known as concurrent technologies corporation (CTC) FS welded one-
inch-thick AA 2519-T87 alloy and proved that this alloy exhibited a tensile strength 
of 389 MPa which was 124 MPa than the GMAW process and a 300% increase in 
ductility theses enhanced features helped it pass the ballistic test with ease [24]. This 
has been the role of FSW in this sector and T—Refers to thermally aged. 

4.2 Aerospace 

In the initial years, FSW was implemented to weld aerospace alloys high strength 
aluminium alloys like 2XXX and 7XXX series this was the classical example of 
the technique known as technology pull these aluminium alloys are used as struc-
tural members in aircraft components like fuselage, wings, etc., thereby leading 
to producing lightweight components as it reduced the usage of fasteners thereby 
reducing weight and cost [2]. Reducing rivets by nearly 60–70% has been the major 
takeaway in this sector [8]. 

Eclipse aviation an aerospace company pioneered the use of FSW in aircraft 
structures, using it extensively in the primary structure of Eclipse 500 in the year 
1998 in this aircraft nearly 7300 fasteners were replaced by 263 welds [2, 8, 25].
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This technology to a greater extent replaced fusion welding process like variable 
polarity plasma arc (VPPA) which had induced thermal stress. Using FSW Boeing 
aerospace manufactured rocket fuel tanks for delta II and IV rockets the end users 
reported zero defects leading to huge cost saving over the previous process. They also 
reported that the tensile strength improved from 270 to 300 MPa [2, 9, 26]. Large fuel 
tanks for the space shuttle launch vehicle and military aircraft C-17 Globemaster III 
are all-welded using the FSW technique by using the same technology the Japanese 
were able to send the H2B rocket for space exploration [2, 8, 27, 28]. 

Thus, the role of the FSW joint is using Al alloys in aerospace structure for various 
explorative activities is comprehensive just a brief explanation with examples is given 
above. 

4.3 Marine 

5XXX Aluminium series alloys are used to construct ships as they have to proved to 
be highly resistive against corrosive attacks. The scandinavian fishermen were the 
pionerrs in this sectors as they used FS welded freezer panels in their fishing trawlers. 
Is used as one of the main construction materials in shipbuilding as it has high 
corrosion resistance to seawater [2, 9]. The first commercial application of FSW in the 
marine sector was the joining of the 6xxx series which was used as hollow deep freezer 
panels in fishing trawlers the trendsetters being Scandinavian fishermen [29]. High-
speed coast guard boats, fishing boats, and cruise ships have used aluminium alloy 
6xxx series as bulkheads and in decks of ships, cruise ship by the name seven seas 
has extensively used lightweight aluminium superstructures and have been welded 
by FSW it has replaced MIG welding since MIG welding had defect like blowhole 
formation and produced cracking defect at HAZ zone due to intergranular corrosion 
[6, 30]. Japanese engineering conglomerate Mitsui engineering 2004 launched a fast 
ferry between Tokyo to Ogasawara Island it was at that time known as the world’s 
largest aluminium vessel and it had made extensive use of FSW in its superstructure. 
Shipbuilding using the FSW process has also been the earliest application in Europe 
to regularize its process shipbuilding standards were developed by Lloyd’s Register 
of Shipping issued a guideline for approval of FSW. BS EN ISO 151614-2:2005 
prefabricated FSW panels in shipbuilding reduced 15% of labour time [6]. 

4.4 Automotive 

The automotive industry extensively uses FSW in manufacturing components like 
light-alloy wheels, fuel tanks, suspension components engine chassis, tailor welded 
blanks, car body structures, seat frames, etc. [1]. Since lightweight structures are the 
need of the hour in this sector high strength low alloy steels are replaced with Al alloys 
and magnesium alloys [2]. A Norwegian company called SAPA (manufacturer of
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extruded aluminium profiles) manufactured a prototype of an engine cradle through 
FSW to reduce weight in the front end of the car the aluminium component weighed 
16 kgs as compared to the 23 kgs of steel [6]. Since 1998 FSW has been used to 
manufacture structural components in automotive right from tailor blanks indoor 
panels up to structural components supporting the chassis of sports car variant of 
Ford slowly a variant of FSW known as friction stir spot welding (FSSW) is now 
being used in the series production of aluminium automotive components for several 
automotive companies [1]. 

4.5 Railways 

Passenger rail vehicles are manufactured using, stainless steel or aluminium. The 
joining technique used is metal inert gas welding (MIG) this process produces high 
heat which distorts welds [1, 2]. Researchers suggested FSW as an alternative process 
as it produces low heat input and produces less distortion when coupled with high 
welding speeds using this technology long weld up to 25 in in length, complex 
structures with varying thickness up to 12 mm are welded [1]. 

High-speed aluminium railway coaches were first used by the Japanese rail 
company shinkansen bullet train using FSW technique using aluminium alloy 6xxx 
series now the Japanese manufacturer Hitachi has now begun to export FSW trains 
to Europe [2, 6]. 

The Japanese railway firms used FSW to build their railway coaches this propeeled 
other firms like Alstom, CAF, Hsbc Rail etc. to implement this process when they 
built railway coaches. This was instrumental in transforming FSW from research 
laboratories into industrial appplication. In railways alone the total lenght of compo-
nents welded amounts to nearly 3000Kms and in the next decade 2000 new coaches 
are planned to be built using this process [6]. 

5 Advantages of FSW

. Since it is a solid-state process defect like hot cracking, porosity, etc., which 
occurs during the fusion welding process is completely avoided.

. Alloys considered non-weldable could be welded.

. As the process is heavily mechanized, the need for skilled and manual intervention 
is less required.

. Processing time is greatly reduced when compared to fusion welding as joining 
can be achieved in a single pass [6].

. Very few variables/parameters are there to be controlled, whereas in fusion 
welding we have 8–9 parameters that have to be controlled.

. Unlike fusion welding, two clean metal plates can be easily joined in the form of 
butt or lap joints without worrying about the surface conditions of the plates.
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Table 6 Flaws occurring during FS welding 

Flaws Position of flaws Reasons as to which the flaw happens 

Voids On the advancing side of the nugget 
zone 

The welding speed is too high 

Hooking Advancing side of the TMAZ Issues in tool design 

Root flaw At the root of the nugget zone The tool pin has insufficient length 

Plate thinning Retreating side of TMAZ Issues in tool design 

Joint line residue Interface/joining side of the plate Improper removal of oxides from the 
plate 

. Lead to the production of defect-free welds, with lower residual stresses and lower 
distortion these advancements lead to weld low strength Al alloys. 

6 Flaws/Limitations in FSW

. There is a certain limitation of FSW it can be seen in a less constructive light in 
certain circumstances. For example, due to the lack of a filler wire, the process 
cannot use for making fillet welds [8].

. As the process is heavily mechanized, it cannot be used to make complex weld 
shapes [11].

. The cost of machines at times is too high making it impossible for everyone to 
buy.

. The cost of licencing fees is quite exorbitant [6]. 

The flaws occurring during FS welding are given below [8] (Table 6). 

7 Conclusion Remarks 

Prof. Thomas W. Eagar of the Massachusetts Institute of Technology, a pioneer in 
the field of metal joining had clearly stated that any welding process that is invented 
is commercialized for mass production even before the scientist and researchers 
understand the basics of physics and chemistry underlying the joining process this 
has been true with FSW technology which has only three decades of arriving in 
the manufacturing scenario has had a lot of takers in the transportation sector e.g. 
shipbuilding with the commercialization overtaking the research aspect [2]. 

In this chapter critical issues and processes, and modelling of FSW Al alloys 
are addressed in detail. However, a few areas are left unaddressed in our research 
community. These relevant areas whose work has gone unnoticed limitations in 
the current research and recommendations for future work in the area of FSW for 
aluminium alloys have been summarized below:
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. Few topics like grain growth, recovery, recrystallization, and grain growth, 
kinetics of grain growth, microstructural stability, thermomechanical simulation 
have been less explored [9].

. Since this chapter is limited to the exploration of aluminium alloys, our readers 
should not think FSW doesn’t have scope beyond this material. Very hard 
(concerning density) materials like nickel-based super-alloys, and cobalt-based 
super-alloys have been less explored by the contemporary researchers [9].

. Al alloys which were once considered to be un-weldable have become weldable 
using FSW process, thermoplastics and hightemperature materials can also be 
joined using FSW by developing appropriate tools at a low cost due to which we 
have very few findings in this area here the research gap would be developing a 
low-cost tool for high-temperature applications [2].

. Post-weld heat treatment and study of stress corrosion cracking in Al alloys have 
been less investigated [6].

. The main factor that acts as an obstacle to the growth of FSW for Al alloys is the 
cost of the machine researchers on machine design can work on this to produce a 
cost-effective machine [8].

. Analysis of material flow within the weld during FSW is a very complex issue, 
which has not been studied/researched properly and is still poorly understood.

. Auxiliary energy-assisted methods like adding additional energy sources like 
a laser (laser-assisted friction stir welding) pre-welding heating sources, etc., 
have also been less explored these areas of research can be further explored 
because these drastically reduce mechanical effort thereby enhancing tool life 
and achieving sustainable manufacturing process [11].

. Theoretical models have to be developed to understand the underlying physics 
behind the joint formation in FSW by using these models we can optimize welding 
parameters to suit the required joint characteristics [11].

. The latest development in allied FSW processes like underwater, vibration 
assisted, laser assisted, electrical current-aided and ultrasonic vibration assisted. 
FSW has not been studied extensively these processes do provide a serious 
research gap that researchers can explore [11].

. There has been a lack of work, reported on FSW of recycled Al alloys or Al 
MMCs [11]. 
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Chapter 7 
Solid-State Welding of Magnesium Alloys 

Arpan Tewary, Chandan Upadhyay, and Rahul Kumar Yadav 

1 Introduction 

The element magnesium (Mg) is considered to be the sixth most plentiful element on 
the planet, with a nearly limitless supply in saline water bodies such as the seas and 
oceans. With an approximate concentration of 0.14%, it is the third most prevalent 
element dissolved in seas and oceans. Magnesium alloys have seen a nearly 20% 
yearly rise in industrial output in recent years. Magnesium and its alloys are 40% 
lighter than aluminum (Al) and 78% lighter than steel as the lightest building mate-
rial. When compared to other materials, using magnesium alloys results in weight 
savings of 22 to 70%. Magnesium alloys provide high specific strength, strong sound 
dampening properties, electromagnetic interference shielding, good castability, hot 
workability, machinability, and recyclability. Furthermore, because of its large heat 
capacity, magnesium is difficult to ignite in the air. Based on the following, several 
drawbacks of magnesium are presented: low elasticity modulus; high solidification 
shrinkage; high chemical reactivity. Furthermore, at high temperatures, these alloys 
exhibit low fatigue and creep strength. Magnesium alloys have low ductility and cold 
workability at ambient temperature owing to their hexagonal close-packed (HCP) 
crystal assembly. 

Alloys of magnesium provide outstanding specific strength, soundproofing capa-
bilities, hot workability, good castability, and recyclability due to their lightweight 
qualities. Magnesium alloys have reduced strength, fatigue, and creep resistance at
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increased temperatures due to their hexagonal close-packed (HCP) crystal struc-
ture, as well as low stiffness, restricted ductility, and cold workability under ambient 
conditions. Alloys of magnesium have low hardness, wear resistance, and resistance 
to corrosion, as well as significant reduction during solidifying and strong chemical 
reactivity in the molten state. 

Alloys of magnesium (Mg) contain other metals such as manganese, zinc, copper 
aluminum, silicon, zirconium, and other rare earth metals. The hexagonal lattice 
structure of magnesium alloys affects the basic characteristics of these alloys. Magne-
sium alloys are primarily utilized as-cast alloys due to the hexagonal lattice’s more 
sophisticated plastic deformation than cubic lattice metals such as aluminum, copper, 
and steel; however, research on wrought alloys has been increasingly widespread 
since 2003. Mg casting alloys are utilized for numerous components in current 
vehicles and have been employed in some high-performance vehicles; magnesium 
die casting is also used for the fabrication of lens components and camera bodies. 
Short codes (specified in ASTM B275) that specify approximate chemical content 
by weight are used to identify magnesium alloys. AS41, for example, contains 4% 
aluminum (Al) and 1% silicon (Si), while AZ81 contains 7.5% aluminum (Al) and 
0.7% zinc (Zn). 

In most conditions, these alloys are approximate as corrosion resistant as mild steel 
although they are not as corrosion resistant as aluminum alloys. As a result of their 
poor ability for corrosion resistance and ductility, the usage of magnesium alloys 
has been restricted. To address these issues, new alloys with enhanced corrosion 
resistance, such as Mg-AZ91D, have been developed. The property profiles required 
by automobiles and other potential large numbers of magnesium consumers have 
highlighted the requirement for the development of alloy. Magnesium is an alkaline 
earth element with abundant availability on the planet’s surface. Due to its hexagonal 
close-packed (HCP) type crystal morphology, magnesium (Mg) has low ductility and 
machinability at room temperature; its castability is also limited. Magnesium has a 
lower melting point of roughly 650 °C. As a result, issues relating to creep phenomena 
are fairly widespread. The inclusion of thorium has been suggested as a viable remedy 
although there are significant radiation concerns. Rare earth elements, on the other 
hand, can be employed as alloying elements although their scarcity remains an issue. 
Furthermore, due to their weak corrosion resistance, Mg alloys have been found to 
have restricted uses. This is primarily owing to impurities or the second phase. 

Despite the associated restrictions and other production challenges, the usage 
of magnesium alloys is favored by certain industries. Magnesium has a density of 
1.738 gcm−3, which is lower than that of high-density materials such as aluminum 
(2.7 gcm−3) and steel (7.86 gcm−3). Alloys of Mg are also acknowledged for their 
enhanced specific strength, stiffness, and damping capacity, as well as their ease of 
recycling and machinability. The current use of magnesium per vehicle in the auto-
motive sector is 2 kg, but by 2030, it is expected to rise to 100 kg. Aerospace, ground 
transportation, shipbuilding, shipping, civil engineering, electronic components, and 
biomaterials all employ magnesium alloys. Mg alloys have found usage in nuclear 
power plants due to their low proclivity for absorbing neutrons, good aversion to 
carbon dioxide, and excellent thermal conductivity. Magnesium may be alloyed with
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other elements to increase its physical and mechanical characteristics; however, the 
behavior is highly dependent on the composition. 

Alloys of Mg are appealing engineering materials for constructing lightweight 
structures. These alloys have grown in industrial manufacturing faster than any other 
metal in recent years. Because the majority of magnesium alloy components are 
created via die casting, the problem of welding Mg alloys has received minimal 
attention. However, due to their increased ductility and manufacturing flexibility, 
wrought Mg alloys have recently received interest for lightweight structural appli-
cations in the substitution of Mg alloy die castings. This necessitates the creation of 
appropriate welding methods for Mg alloys including other metals. When Mg alloys 
are fusion welded with other light metals like aluminum, hazardous intermetallic 
compounds are formed, the majority of which are brittle. To weld these materials, a 
solid-state welding method must be utilized. Because the heat-affected zone might be 
restricted to a very narrow zone, explosion welding, as one of the solid-state welding 
procedures, is considered to be one of the most effective alternatives for connecting 
this combination. 

Zinc, aluminum, thorium, and rare earth metals make up the majority of commer-
cial magnesium alloys. Aluminum is the major alloying element in the ternary Mg–Al 
family, which includes the AS (Mg–Al–Si), AZ (Mg–Al–Zn), and AM (Mg–Al–Mn) 
alloys. The alloys of Mg may be divided into two categories: ambient condition, i.e., 
room temperature and enhanced temperature. Rare earth metals and thorium (Th) 
are employed as elements of alloying in high-temperature alloys, whereas aluminum 
(Al) and zinc (Zn) are used as alloying elements in room-temperature alloys. These 
magnesium alloys are now identified using the American Society for Testing Mate-
rials (ASTMs) standard. The major code for the most significant alloying elements is 
indicated by the first two letters in sequence. The concentration of the most essential 
alloying elements is indicated by two numbers after these two letters. The fifth sign is 
a letter that indicates how the alloy has been modified. This alloy code is sometimes 
followed by a hardness indication that is comparable to that of aluminum alloys: 
“H” cold worked, “O” annealed, “F” as manufactured, “T4” solution treatment and 
natural aging, “T5” artificial aging, and “T6” solution treatment followed by artificial 
aging welding by the tool’s direction of rotation is referred to as the forward side, 
and welding by the tool’s direction of rotation is referred to as the reverse side. 

2 Solid-State Welding 

Solid-state welding (SSW) is the process of joining two metals without the use of 
an external source such as heat. On the other hand, the mobility of a stationary 
constituent relative to a moving constituent generates heat from the contact surfaces. 
This method is largely motivated by the applied pressure and at any temperature 
lower than the counter alloy’s melting point. The interfacial atoms diffuse to accom-
plish the bonding. The main advantage of SSW is that it does not have the normal 
welding defects and porosities that occur with traditional fusion welding processes.
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Because little or no heat is applied during welding, any phase shift due to microstruc-
tural evolution is insignificant. The welded joints have better surface quality and 
mechanical properties than the utmost trivial fusion processes. 

The major drawback is that it is difficult to attach more than two components 
at the same time. Since the use of filling materials can be dispensed with, very 
wide root gaps must also be covered. SSW does not involve melting, and weld 
appearance is excellent, along with enhanced mechanical qualities at the weld joint. 
There are several categories of the SSW technique. Examples of this technique are 
roller welding, ultrasonic welding, forge welding, cold welding, pressure welding, 
friction stir welding, diffusion welding, friction welding, and explosion welding. The 
friction stir welding (FSW) is commonly used because this is versatile and can also 
join a variety of metals. 

Metals that are soft and difficult to weld, such as magnesium, aluminum, copper, 
and zinc, are welded with good mechanical qualities and minimal flaws. Several 
other solid-state welding approaches like friction welding, explosion welding, and 
roller welding have also received significant attention, but these come with their 
own demerits. This embrace inflicts serious injury and pollutes the atmosphere. A 
brief discussion of the interaction between processing parameters and microstructural 
properties is provided. The progression of microstructural properties like grain sizes 
across specific zones is used to explain relevant mechanical properties. This is done to 
determine the appropriateness of the product for a precise application of engineering. 
SSW is a process of welding that joins two workpieces at a pressure that ensures 
intimate contact and at a temperature significantly below the melting point of the 
base material, without the use of brazing alloy. The materials combine through the 
proliferation of their contact atoms. 

Advantages

. No structural defects in the weld (bond) (precipitation of alloying elements, non-
metallic inclusions, and pores).

. The weld’s mechanical characteristics are alike to those of the base metals.

. Additives materials like fluxes and protective gases are not required.

. Foreign metals are joined (steel—copper alloy and steel—aluminum alloy).

. Metallurgical purity is maintained, and liquid phases are eliminated. 

Disadvantages

. Intensive surface planning such as oxide repulsion, brushing or sanding, and 
degreasing is needed.

. The equipment is significantly costly.

. Non-destructive inspection and joint design are limited. 

Applications

. Stainless-steel liners bonded to aluminum fry pans.

. Aluminum cladding bonded to uranium fuel rods.

. In the microelectronics sector, ultrasonic and thermo-compression bonding is 
used.
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. In aeronautical and automotive applications, friction welding is used.

. Manufacturing of automatic intake/exhaust valves. 

2.1 Cold Welding (CW) 

It is a type of solid-state welding that can be accomplished at an ambient condition, 
i.e., room temperature and pressure to produce a metal combination with significant 
distortion at the weld. Welding involves the application of very high pressures to 
extremely clean interface materials. When joining very thin materials, sufficient 
pressure can be achieved with simple hand tools. Cold welding heavier parts often 
require the use of a press to apply enough pressure for a successful weld. Dimples 
are commonly formed in cold-welded parts. The technique can be easily modified 
to combine ductile metals (Fig. 1). 

Salient features

. A cold weld is frequently stronger and has the same electrical characteristics as 
the parent material.

. At the very least, one of the metals should be ductile and not overworked.

. The importance of the preparation of the surface cannot be overstated.

. Metals that are similar or dissimilar can be used for both workpieces.

. It is necessary to clean both workpieces, with short sections sheared off.

. There is no heat applied at all. 

Advantages

. Pieces being connected are not subjected to any temperature impacts, and the 
operation is quick.

. There are no thermal impacts on the pieces being connected because the procedure 
is carried out at room temperature.

. The procedure is quick, and there is hardly any distortion.

. Not only is the weld zone metallurgically uniform but also stronger than the 
surrounding areas. It is also worth mentioning that the metal is work hardened as 
well.

Fig. 1 Schematic diagram 
of cold welding 
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. Once the die is manufactured, it is easy and affordable to operate.

. There is no need to prepare the ends of the wire or rod before welding, and when 
the material is placed on the die, the two butt ends are automatically aligned.

. Pieces are bonded without being contaminated by sparks, dust, or vapors. 

Disadvantages

. Inspection is challenging since the welds are done in a solid state.

. The contact surfaces are sheared together at the weld, and the thickness of the 
components is greatly decreased.

. It is a sort of welding that is extremely specialized in terms of joint design and 
welded materials.

. Though speed is a benefit to assemblers, it can also be a constraint.

. When two bodies traveling at the same speed collide, the faster body will attempt 
to displace the slower one. 

Applications

. It is utilized for wire joining, a foil to wire joining, bi-metal wire joining, and 
scaling of heat-sensitive containers like explosives canisters.

. Butt-welded rod coils enable post-weld drawing to lower diameters while 
maintaining consistency.

. It is being used to connect components that cannot be heated, such as magnets.

. Cold welding procedures are used in the electronics sector for the manufacturing 
of heat-sensitive semiconductor devices using cans copper packages and sealed 
tin-plated steel crystals. 

2.2 Diffusion Welding (DFW) 

Diffusion welding is an solid-state welding (SSW) process that is employed to weld 
abutting surfaces utilizing pressure and high temperatures. There is no melting, 
microscopic deformation, or relative movement of the components in this proce-
dure. Filler metal can be used or not. Galvanized surfaces might be used for this. 
Titanium alloys, for example, are frequently diffusion bonded because at tempera-
tures exceeding 850 °C; the thin oxide layer may disintegrate and diffuse away from 
the bonding surfaces. 

Salient features

. There is very little residual stress, and the bonding process creates no contamina-
tion.

. Plastic deformation is either absent or minimal in these materials.

. It may theoretically be conducted on any size joint surface with no increase in 
dispensation time, but, in practice, the surface is restricted by the pressure needed 
and physical constraints.
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. Identical and unidentical metals, reactive and refractory metals, and pieces of 
varied thicknesses can all be used in diffusion bonding.

. Diffusion bonding is most commonly employed for operations that are difficult or 
impossible to weld with conventional methods because of its comparatively high 
cost. Welding materials that are normally impossible to join via liquid fusion, 
such as zirconium and beryllium; materials with extremely high melting points, 
such as tungsten; alternating layers of different metals that must maintain strength 
at extremely high temperatures, and very thin, honeycombed metal foil structures 
are just a few examples.

. This type of bonding is done by gripping the two parts to be welded with 
their surfaces abutting one other when uniting two materials with comparable 
crystalline structures. Prior to welding, these surfaces must be machined to the 
smoothest finish possible while remaining free of chemical impurities and other 
debris. Any substance between the two metallic surfaces might obstruct proper 
material dispersion. To match the welder to the workpieces, specific equipment is 
designed for each welding application. Pressure and heat are applied to the compo-
nents after they have been clamped, generally for many hours. The heated surfaces 
are either heated in a furnace or heated by electrical resistance. A hydraulic press 
may be used to apply pressure at a certain temperature; this approach enables 
precise load readings on the pieces. Differential thermal expansion can be utilized 
to provide load in circumstances when the pieces must have no temperature 
gradient. 

The quantity of diffusion flux that flows across the cross-sectional area of the 
mating surfaces determines steady-state diffusion. 

The first law of diffusion states, according to Fick: 

J = −D

(
dC 

dx

)

where “J” denotes the diffusion flux, “D” denotes diffusion coefficient, while 
“dC/dx” represents the concentration gradient through the materials in question. 
Here, the negative symbol signifies the product of the gradient. 

Diffusion bonding takes place in three steps at the microscopic level:

. Micro-asperity deformities before the surfaces wholly contact, asperities on 
the two surfaces contact and plastically deform. These asperities entangle and 
establish interfaces between the two surfaces as they deform.

. Material creep is increased by diffusion-controlled mass movement at a higher 
pressure and temperature; grain boundaries and raw material migrate and gaps 
between the two surfaces are narrowed to isolated pores.

. Material initiates to spread over the border between the neighboring surfaces, 
merging the material boundaries and forming a connection. 

Combining refractory metals at temperatures that do not impact their metallurgic 
characteristics is done using this method. Resistive, inductive, or oven heating are
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Fig. 2 Schematic diagram of diffusion welding 

the most common methods of heating. Most refractory metals require a protected 
inert environment; therefore, vacuum and atmosphere furnaces are used. Welds on 
refractory metals were performed at temperatures just above half of the metals’ usual 
melting point. This sort of bonding necessitates bond preparation with extremely tight 
tolerances and the use of a vacuum or inert environment. The process is often used 
to join incompatible metals. When a layer of filler material is placed between the 
mating surfaces of the components to be joined, the technique is known as diffusion 
brazing (Fig. 2). 

Advantages

. Welding of dissimilar materials like ceramics, glass, and metals is possible.

. High-quality welds with no distortions, inclusions, pores, and chemical segrega-
tion are produced.

. There are no restrictions on the thickness of the workpiece. 

Disadvantages

. The process that takes a long time and yields small results,

. Before beginning the welding process, thorough surface preparation is necessary,

. The mating surfaces must be perfectly aligned with one another,

. Initial equipment costs are rather expensive. 

Applications

. Bonding different metals that are tough to weld using other welding methods, 
such as stainless steel to titanium (Ti), steel to niobium (Nb), steel to tungsten 
(W), gold (Au) to copper (Cu) alloys.

. Manufacturing of composite materials.

. In rocketry and aeronautical/aerospace industries, this process finds a major use.

. Used in the electronics sector.
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2.3 Explosion Welding (EXW) 

Explosive welding is a type of SSW process in which the combination of the parts to 
be welded together is affected by high-velocity motion caused by controlled detona-
tion. Even if no heat is used for a blast weld, the metal at the point of contact appears 
to have melted during the welding process. This heat is generated by several factors, 
including the impact shock wave and the energy consumed during the contact. Heat 
is released as a result of the plastic deformation associated with jetting and the devel-
opment of waviness at the interface between the pieces to be welded. With surface 
jetting, the plastic interaction between the metal surfaces is very clear. It has been 
shown that for a high-quality weld it is important to allow the metal to flow plastically. 

Salient features

. Considerable high velocities are promoted by carefully detonating the explosives.

. This process is usually conducted under a vacuum for reducing the intensity of 
the sound and blast.

. Only high-velocity explosives are utilized with angled interfaces.

. Typical impact pressures are millions of psi.

. The velocity of detonation must not be more than 120% of the metal’s sonic 
velocity.

. Welding has a limited speed over which the heat effects degrade the joints.

. The explosive kinds, explosive composition, and thickness of the explosive layer 
all influence detonation velocity.

. If two materials are brought near enough together, a molecular bond will form.

. Explosives with high velocity necessitate minor gaps between plates; therefore, 
rubber, as well as Plexiglass, are utilized as buffers.

. The critical angle, standoff distance, and critical velocity are all important 
parameters.

. For brittle metals with a tensile elongation of 5% and a Charpy V notch value of 
10 ft. lb, this technique does not function effectively.

. When heat welded, metals that are prone to brittle seams, such as Al and Ti on 
steel, are well suited.

. To efficiently use the explosives, the plate separation should be 0.5–1 times the 
cladding plate thickness.

. Typical explosives used are cast shapes, powder/granular, pressed shapes, cord, 
plastic flexible sheer.

. Sonic velocity of the cladding material can be calculated by the given equation: 

Vs =
/
k 

s 
k = E 

3(1 − 2ν) 

where K is the adiabatic bulk modulus, ρ is the density of the cladding material, E 
is the Young’s of cladding material, ν is the poisons ratio of the cladding material.

. Types of bonds produced during explosive welding
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Fig. 3 Schematic diagram 
of explosion welding 
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– Direct metal to metal bond—such a strong bond is produced when collision 
velocity is less than the critical velocity. 

– Continuous layer bond—a weak bond is formed when the impact velocity is 
too great and the alloy bonds are strong. 

– Wavy—they are produced when the interface is strong and has a wave. 

There are three categories of detonation wave welds.

. Shock waves—they form if the sonic velocity is more than 120% of the material’s 
sonic velocity.

. Detached shock wave—they occur when the velocity of detonation is between 
100 and 120% of the sonic velocity of the material.

. No shock waves—they form or occur when the detonation velocity of the material 
is smaller than the substance’s sonic velocity (Fig. 3). 

Advantages

. It provides higher bonding, with no distortions, porosity, or changes in the metal 
microstructure.

. There isn’t any diffusion at all.

. Welding incompatible metals such as copper (Cu) to stainless steel, aluminum 
(Al) to steel, or titanium (Ti) to steel are simple.

. Only limited melting takes place.

. Apart from the weld surface, there is no heat-affected zone (HAZ).

. The final product is unaffected by differences in melting temperatures and thermal 
expansion coefficients.

. Explosive welding is well suited to cladding applications, and the process is 
straightforward and quick. It also has a close tolerance for thickness. 

Disadvantages

. Materials that are brittle cannot be treated.

. Only, basic form pieces are permitted to be bonded.

. The thickness of the flier plate is restricted.

. The cladding plate must not be excessively big.

. Storing and handling explosives safely and securely is challenging.
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. Metals must be ductile yet sufficiently resistant to impact.

. Workers may need to be protected from noise and blasts by using vacuum 
chambers or being buried in sand or water.

. The noises and ground vibrations induced by an explosion will limit the usage of 
explosives in industrial locations.

. Licenses are required to possess and use explosives, and the area should be 
cleansed and well-grounded before the explosion. 

Applications

. In heat exchangers, boiler tubes, and feedwater heaters, this method is used to 
clad tube plates and weld tubes and tube plates.

. Naval brass tube plates are made of steel, brass, aluminum, copper, bronze tubes, 
and stainless steel, as well as brass and bronze tubes.

. It is used to create pipes and clad tubes, aerospace structures, heat exchangers, 
pressure vessels, ship structures, bi-metal sliding bearings, and weld transitions.

. It is utilized to coat thick plates in corrosion-resistant layers when roll bonding 
like other methods isn’t feasible.

. It is utilized for remote joining in hazardous situations, as well as for securing 
cooling fins and in cryogenic sectors. 

2.4 Forge Welding (FOW) 

It is also a type of solid-state welding procedure that involves heating metals in a forge 
and application of enough pressure or impact to permanently distort the interface. 
Previously, known as hammer welding, this is an earlier welding method. Forge 
welds were created by heating the components to be connected to a red heat that 
was significantly lower than the melting point. Flux was the typical procedure at the 
interface. The smith was able to achieve coalescence by applying enough pressure 
to the abutting surfaces using a hammer and anvil. This method isn’t very important 
in the modern industrial world (Fig. 4). 

Fig. 4 Schematic diagram 
of forge welding Hammer 
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Salient features

. As we discussed, this is also a type of solid-state welding technique in which 
both plates are heated to temperatures much below their melting points. The 
workpieces are plastically deformed as a result of the heating. These plates are 
now subjected to repetitive hammering or a high pressurize load. Inter-molecular 
diffusion occurs at the interface surface of the plates as a result of the high pressure 
and temperature, resulting in a strong weld connection.

. A clean interface surface, devoid of oxide or other contaminating particles, is 
one of the essential prerequisites of this form of welding. Flux is used to prevent 
oxidation of the welding surface by mixing with the oxide and lowering its melting 
temperature and viscosity. During the heating and hammering operation, this 
causes the oxide layer to flow out.

. To begin, both work plates are preheated at the same time. The heating temperature 
is approximately 50% to 90% of the melting temperature. Flux has been applied 
to both plates.

. Making a joint now requires physical pounding with a blacksmith hammer. This 
procedure is done until the joint is complete.

. Mechanical hammering, which is either operated by an electric motor or by 
hydraulic means, is used for welding huge workpieces. Dies are sometimes used 
to create a polished surface. 

Advantages

. It is a simple and easy technique commonly used to join steel and iron.

. Welding tiny components does not need expensive equipment.

. It can weld metals that are comparable and different.

. Filler material is not required since the weld joint’s properties are comparable to 
those of the base material. 

Disadvantages

. Welding is limited to tiny items. Larger things necessitated the use of enormous 
presses and heating furnaces, both of which are costly.

. Excessive hammering might damage the welding plates; thus, high competence 
is essential.

. There are a lot of welding errors, and the welding process is slow.

. It can’t be used in large manufacturing.

. It is best for iron and steel. 

Applications

. As previously indicated, it is typically used to connect steel or iron.

. It is used to construct gates, prison cells, and other things.

. It is a popular component in cookware.

. Before the introduction of alternative welding methods, it was employed to join 
boilerplates.

. It was used to forge weapons such as swords and other blades.

. Used to join shotgun barrels together.
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2.5 Friction Welding (FRW) 

Friction welding is a solid-state welding technique that utilizes the heat generated by 
mechanically induced sliding motion between friction surfaces to achieve material 
coalescence. Under pressure, the workpieces are kept together. To create frictional 
heat at the joint, this method usually includes rotating components against each other. 
The circular movement is stopped, and extra pressure is applied when a suitable high 
temperature is obtained, resulting in coalescence. 

Friction welding can be done in two different ways. In the original method, one 
component is maintained immobile, while the other is spun by a motor that maintains 
a nearly persistent rotational speed. The two components are pressed together at a 
predetermined pressure for a predetermined period. The torque of the rotating parts 
is interrupted, and the pressure is increased. The weld is finished when the rotating 
part comes to a standstill. When speed, pressure, and time are closely monitored, 
this process can be precisely controlled. 

The other type of welding is known as flywheel welding. A motor spins a flywheel 
until it achieves a specified speed. This turns one of the components to be welded. 
The engine is separated from the flywheel, and the second part to be welded is 
brought into physical interaction with the rotating part under pressure. The flywheel 
is brought to an abrupt stop, and additional pressure is applied to complete the weld 
during the predefined time as the rotation speed of the parts is reduced. Both methods 
use frictional heat to create high-quality welds. The original technique is said to have 
slightly better control. Friction welding has several advantages, including the ability 
to generate high-quality welds in a fast cycle time. There is no need for a filler metal, 
and no flux is necessary. The method may be used to join the most common metals. 
This may also be utilized to link a variety of metals that aren’t the same. Friction 
welding necessitates the use of somewhat costly machine tool-like equipment. When 
creating a friction weld, three important factors play a role:

. The speed of rotation—This has to do with the weldable material and the diameter 
of the weld at the contact.

. The pressure between the two parts to be welded—During the welding process, 
the pressure changes. During the welding procedure, the pressure varies. It is 
initially extremely modest, but it is gradually raised to produce frictional heat. As 
the revolution comes to a halt, the pressure is swiftly raised, allowing for forging 
to occur either before or after the rotation comes to a halt.

. The welding time—The length of time is determined by the form, kind, and finish 
of the metal. It usually just takes a few seconds. The machine’s actual operation 
is fully automated, with a sequence controller that can be programmed to match 
the welding schedule for the components to be connected. In the case of friction 
welding, one of the components to be welded must generally have a round cross-
section; however, this is not always the case. The burr that appears around the 
perimeter of the weld can be used to visually check the weld quality. Usually, 
this ridge extends beyond the part OD and loops back to the part, but the joint 
extends beyond the part OD. If the flash comes out of the joint fairly straight, it
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Fig. 5 Schematic diagram of friction welding 

means the time was too short; the pressure was too low, or the speed was too high. 
These joints can break. If the burr bends back too much on the OD, it means the 
time was too long, and the pressure was too high. The ideal lightning shape falls 
somewhere in the middle of these two extremes (Fig. 5).

Salient features

. Friction stir welding) is a solid-state joining procedure that involves attaching two 
facing workpieces using a non-consumable tool without melting the workpiece 
material.

. Heat is produced through mechanical friction among workpieces in relative 
motion to one another, with the addition of a lateral force called “upset” to 
plastically displace and fuse the materials.

. Heat is generated by friction between the spinning tool and the workpiece material, 
resulting in a softened zone around the FSW tool.

. The tool mechanically intermixes the two pieces of metal and forges the heated 
and softened metal with the tool’s mechanical pressure as it moves along the 
connection line, similar to how clay or dough is bonded.

. There are several zones in friction welding: HAZ–TMAZ–thermo-mechanically 
affected zone, heat-affected zone, WCZ–weld center zone, BM–base material, 
parent material, and flash.

. Furthermore, ways where high temperature impacted zone happened, as well 
as modifying the grain structure during metal joining cycles, are phase trans-
formation’s structure. For example, steel, austenite, martensite, pearlite, ferrite, 
cementite, and bainite are diverse types of minerals.

. Solid-state welding may be desirable to prevent changes, and a wide heat-affected 
zone is not required if it weakens the material qualities. 

Advantages

. Filler metal, flux, or shielded gases are not required.
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. It is a non-polluting method that does not produce smoke, fumes, or gases.

. The process is in a solid state with a minimal HAZ since no material is melted.

. After the welding process, the oxides can be eliminated.

. The operation is quite efficient, and welds are done in a very small period.

. The weld strength is superior to that of the weaker of the two materials being 
connected. 

Disadvantages

. The method can only be used to connect round bars or tubes of the same diameter.

. Welding is not possible with dry bearing and non-forgeable materials. (In other 
words, one of the materials must be ductile). Welding free machining alloys is 
also tough.

. For producing consistent rubbing and heating, the workpiece’s preparation and 
alignment may be crucial.

. The cost of equipment and tooling is expensive.

. Free machining alloys are difficult to weld. 

Applications

. Critical airplane engine components are held in place by tongs.

. Engine valves and shock absorbers are examples of automotive components 
manufactured using friction welding.

. In agricultural machinery, hydraulic piston rod and track roller.

. Friction-welded components are frequently employed in place of costly castings 
and forgings. 

2.6 Hot-Pressure Welding (HPW) 

Hot-pressure welding is a solid-state welding process in which heat is applied to 
materials and sufficient pressure is applied to cause macro-deformation of the base 
metal. At the boundary between the pieces, heat and pressure cause coalescence, 
which goes together with visible distortion. The surface deformation breaks down the 
surface oxide deposit, allowing the cleaner metal to be exposed. Diffusion across the 
interface is used to weld this metal to the clean metal of the adjacent section, resulting 
in a merger of the faying surface. This type of procedure is often performed in sealed 
chambers using shielding or a vacuum medium. It is mainly utilized in the aerospace 
industry to make welded parts. One variant is the hot isostatic pressure welding 
process. Herein, a heated inert gas in a pressure vessel is used for pressurization 
(Fig. 6).

Salient features

. The torches are abruptly removed as soon as the two bodies facing ends attain the 
right temperature, so as not to obstruct the process. Hydraulic equipment is used



138 A. Tewary et al.

Fig. 6 Schematic diagram 
of hot-pressure welding
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to bring the bodies together and upset them under pressure. The open joint proce-
dure is the proper name for this type. The closed joint process occurs when two 
pieces make contact under pressure before being heated from the outside. In either 
situation, flash material is ejected from the joint, resulting in a bulge. Although the 
source of heat is different, hot-pressure welding is comparable to both flash and 
friction welding in several ways. Surfaces should be machined straight and clean 
to provide the greatest results. To reduce the amount of upheaval, some beveling 
can be applied. The procedure mentioned here is carried out manually.

. The weldable materials must have hot ductility or enforceability. As a result, 
cast iron cannot be welded at high pressure. Low alloy steels, carbon steels, and 
several nonferrous metals are routinely connected via hot-pressure welding. This 
welding technique can be used to weld some incompatible material combinations. 
This technique cannot readily weld materials that produce adherent oxides on the 
surface shortly after heating. Aluminum alloys and stainless steel are common 
examples. The experiments were performed out in a void chamber.

. The pressure sequence cycle is the most essential parameter, which may have 
been produced by trial and error. A pressure range of 40–70 MPa is required.

. Hot-pressure welding can be done in closed chambers with a vacuum or a shielding 
media for use in the manufacturing of weldments for the aerospace sector using 
delicate materials.

. Mechanical characteristics are similar to those of basic materials; however, they 
are affected by the composition, cooling rate, and quality of the components.

. If the materials are easily weldable, hot-pressure welding can be a cost-effective 
and successful procedure for creating butt joints of basic forms. 

Advantages

. Easy to follow the procedure.

. Joint preparation is simple.

. Low-cost equipment.

. Faster weld manufacturing.

. Enhanced quality of welds.

. No requirement for filler metal.

. Low-skilled operators are sufficient for operation.
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Disadvantages

. This method cannot be used for welding all metals.

. This method is not readily automated.

. Cycle length is depending on the heating duration.

. After welding, flash and bulge must be removed.

. Only, basic portions can be butted and welded. 

Applications

. Butt hot-pressure welding of railroad rails sections and steel reinforcing bars is a 
common use recorded, notably in Japan.

. For use in the manufacture of weldments for the aerospace industry with delicate 
materials. 

2.7 Roll Welding (ROW) 

Roller welding is also a type of solid-state welding process in which metals flow 
together with rollers by heating and applying sufficient pressure to generate defor-
mities at the faying surfaces. This procedure is similar to forge welding, except that 
instead of hammer blows, the pressure is applied by rollers. Diffusion at the butting 
surfaces causes coalescence at the contact between the two sections. Cladding low-
alloy or mild steel with stainless steel which is a high-alloy material is one of the 
most common applications for this process. It is also used in the instrument field for 
the production of bimetallic materials (Fig. 7). 

Salient features

. This procedure is identical to forge welding, except that instead of hammer blows, 
pressure is delivered with rolls.

. Diffusion at the faying surfaces causes coalescence at the contact between two 
sections. Weldable parts must be ductile and free of work hardening.

. The surface to be joined should be cleaned before welding takes place.

Weld Welded 
Parts 

Rolling 
Direction 

Roll 

Parts being 
Welded 

Roll 

Fig. 7 Schematic diagram of roll welding 
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. When the parts to be welded are tiny, simple hand-operated instruments are used 
to apply the pressure applied by rolls.

. Power presses are used to apply pressure to larger pieces.

. If the welding is done without the use of heat, it is termed cold roll welding, and 
if the heat is utilized, it is called hot roll welding.

. Two forms of roll welding are commonly used. The components to be welded 
are simply piled and sent through the rolls in the first. Pack rolling is the second 
method, which entails sealing the parts to be rolled in a pack or sheath and then 
roll welding the pack assembly.

. In the first method, the parts to be welded are completely enclosed in a pack that 
is sealed (typically by fusion welding) and often evacuated to provide a vacuum 
atmosphere, whereas in the second method, the parts to be welded are completely 
enclosed in a pack that is sealed (typically by fusion welding) and often evacuated 
to provide a vacuum atmosphere. 

Advantages

. Roll welding is a simple way to join metals like soft gold, silver, copper, and 
aluminum.

. There is no need for flux or filler metal, and the operation is straightforward.

. The process is environmentally beneficial, as no fumes, vapors, or smoke are 
produced.

. It is a quick and easy process that even takes less time to perform the desired 
activity. 

Disadvantages

. The welding process necessitates great pressure, and the cost of equipment is 
significant.

. Quality of weld is lower than with fusion welding.

. It can only be used to solder flat shapes. 

Applications

. It is used to make bimetallic strips.

. It is also used to clad stainless steel to mild steel for corrosion resistance.

. Toto transform sandwich strips into coins, roll welding is utilized.

. One of the major uses of the roll welding process is the cladding of mild or 
low-alloy steel with a high-alloy material such as stainless steel. 

2.8 Ultrasonic Welding (USW) 

It is a type of solid-state welding process in which union is achieved by providing 
high-frequency vibrational energy locally to the workpieces, while they are held 
together under pressure. Welding occurs when the energy coupling device, an ultra-
sonic tip or electrode, is clamped against the workpieces and caused to oscillate in
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Fig. 8 Schematic diagram 
of ultrasonic welding 

U
ltr

as
on

ic
 

G
en

er
at

or
 

Plastic Materials 

Booster 

Pneumatic Press 

Transducer 

Sonotrode 

a plane parallel to the weld interface. The base material is dynamically stressed by 
the clamping pressure and oscillating forces. This causes tiny deformations in the 
base metal, resulting in a slight rise in temperature in the weld zone. This, combined 
with the fastening pressure, causes union across the interface resulting in a weld. 
Ultrasonic energy can help clean the weld area by breaking up oxide coatings and 
causing them to be dissolved (Fig. 8). 

High-frequency alternating electrical energy is converted into mechanical energy 
using a transducer, which creates the vibrational energy that causes the tiny deforma-
tion. Various types of tools are used to bond the transducer to the workpiece, ranging 
from resistance welding tips to electrode wheels for resistance roller welding. The 
lap seam is the most common weld seam. There is no nugget as the temperature at the 
weld is not raised to the melting point as in resistance welding. The strength of the 
weld corresponds to the strength of the base metal. Welding can be used to join most 
ductile metals, and there are several combinations of dissimilar metals that can be 
welded. The process is limited to relatively thin materials such as foils or ultra-thin 
thicknesses. 

Salient features

. The major technological parameters of ultrasonic welding are the vibration dura-
tion, the vibration amplitude and the (normal) force perpendicular to the vibration 
direction.

. Performance requirements for vibration generation and maintenance are given by 
the equation: 

P = F · A · f = Smh · pl · η · A · f 

where P is the performance [W ], F is the force [N], A is the amplitude [µm], f 
is the frequency [Hz], Smh is the cross-sectional area of the pneumatic cylinder 
[m2], pl is the compressed air pressure [Pa], η is the mechanical efficiency [−].

. Then, the energy demand for a welding cycle is given by the equation: 

E = P · .t = F · A · f · .t = Smh · pl · η · A · f · .t
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where E is the energy [J], .t the cycle time or weld time [s]. This time 
for most bindings is less than one second. If more energy is needed and all 
other technological parameters remain unchanged, the welding time should be 
increased.

. The resonator—acoustic transformer—sonotrode unit requires unimpeded 
minimum electrical power to initiate and maintain vibration motion. As the 
mechanical load increases, the power requirement required to maintain mechan-
ical vibration increases. Friction due to pressure results in the welding by diffusion 
or local “stirring” of the base material.

. By increasing the pressure—keeping the other parameters at a constant value—the 
mechanical load of the welding zone increases and the power, and power required 
to maintain the vibration also increases.

. By increasing the pressure—keeping the other parameters at a constant value—the 
mechanical load of the welding zone increases, and the power and performance 
required to maintain the vibration also increases.

. Ultrasonic equipment is a resonant acoustic device. Its amplitude is the difference 
in longitudinal extent and contraction (5 … 35 µm) with which the tool actively 
vibrates.

. Ultrasonic welding results in a localized temperature increase due to the collec-
tive effects of flexible hysteresis, friction, and plastic deformation. The welding 
surfaces reach roughly one-third of the metal’s melting temperature so that the 
physical properties of the welded materials practically do not change. As the ultra-
sonic welding process is an exothermic (heat-producing) reaction, the welding 
time increases the welding temperature. 

Advantages

. Because the workpieces are not heated in bulk, there is no risk of mechanical or 
metallurgical damage.

. It is a great way to bind thin and thick sheets together.

. Sound welds originate from local plastic deformation and mechanical mixing.

. It is possible to combine dissimilar metals.

. The weld produced is of appreciably high quality.

. The method can be incorporated into automated manufacturing lines.

. A moderate level of operator competence is sufficient to run the process.

. It ensures enhanced flexibility and variety by being quick, cost-effective, and 
automated.

. It creates extremely strong joints.

. Welding can be done on very thin materials.

. It can produce up to 60 components per minute in mass manufacturing. 

Disadvantages

. Welding is limited to tiny and thin pieces.

. Equipment and workpieces and components may become fatigued as a result of 
ultrasonic vibration’s reciprocating stresses.

. Because ductile materials yield under stress, it is not ideal for them.
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. It necessitates the use of specially constructed joints.

. Electrical components can be damaged by ultrasonic vibrations.

. Fixture tooling expenses are considerable. 

Applications

. This type of welding is mostly used to join small components in electronics, 
communication devices, medical devices, and timepieces.

. It is utilized in manufacturing automobiles, medical devices, and toys.

. Hermetic sealing can be achieved with ring-type continuous welds.

. It is utilized in airplanes, missiles, and nuclear component production, among 
other things.

. It is also utilized in armatures, starter motor armatures, slotted commuters, braded 
brush wire connecting, wire terminals, and brush plates, among other things.

. Dashboards, headlamp parts, switches and buttons, fuel filters, fluid vessels, seat-
belt locks, electronic key fobs, light assemblies, and air ducts are all made with 
ultrasonic welding.

. Ultrasonic welding is used to create electronic appliances such as data storage 
keys switches and sensors.

. Because of its clean welds, it is used in the healthcare industry. Medical items such 
as filters, catheters, medical garments, and masks are also made using ultrasonic 
welding.

. It is used in solar panels to join tubes and sheets together.

. Ultrasonic welding can be used to create blister packs, tubes, pouches, carton 
spouts, and storage containers, among other packaging uses.

. The ultrasonic welding process is widely used in the instrument, aerospace, and 
electronics industries.

. This process is also used to make packaging and containers and to seal them. 

3 Summary 

Joining and welding magnesium alloys have developed significantly in the last ten 
years. New technologies and hybrids are being developed to improve traditional 
fusion welding techniques. Fusible welding processes, on the other hand, can help 
reduce a few metallurgical imperfections. Among the various processes of welding, 
laser welding, as well as friction stir welding, are likely to develop into efficient 
joining methods for magnesium as well as its alloys. Some magnesium alloys, espe-
cially wrought alloys, can produce laser-welded joints without any cracks along with 
minimal porosity including good surface quality. Most of the problems encountered 
in fusion welding have been solved by friction stir welding. However, limitations 
in weld design, high mechanical stresses on tie plates, and the consequent need for 
stronger attachment may have limited its use. Since magnesium has poor forma-
bility, particularly in cast alloys such as AZ91, joining methods that need localized 
deformation are not entirely efficacious. In this scenario, scientific research is still
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desirable to fully comprehend and override the fundamental weldability issues that 
plague alloys of magnesium. 

4 Conclusion 

In conclusion, we can accomplish that magnesium alloy solid-state welding tech-
niques are of great importance given the contemporary needs of mankind. Magne-
sium alloys are attractive engineering materials for making lightweight structures. 
The desirable material properties such as excellent specific strength, sound deadening 
capabilities, recyclability, good castability, and hot workability. Alloys of magnesium 
have reduced strength, creep resistance, and fatigue at increased temperatures owing 
to their hexagonal close-packed (HCP) crystal assembly, as well as low stiffness, 
restricted ductility, and cold workability at ambient temperature. Alloys of magne-
sium have meager hardness, corrosion resistance, and wear qualities, considerable 
reduction during solidification and may readily develop enhanced chemical reac-
tivity. You will find maximum use in aerospace applications and unlimited uses for 
various other purposes in various household and industrial sectors. We can say unre-
servedly that a few other applications will certainly be attributed to these alloys in 
the future. 
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Chapter 8 
Solid-State Friction Welding Technology 
for Joining of Lightweight Metal 
and Alloys 

Ravindra Nath Yadav 

1 Introduction 

Lightweight metal and alloys become a preferable material for advanced industries 
because of weight reduction and cost saving. The weight reduction significantly 
enhances the fuel efficiency, and 10% weight reduction leads to decrease of fuel 
consumption as 3–7% [1–3]. Hence, the automobiles and aerospace industries focus 
their attention to use of lightweight materials for structural works. The most common 
lightweight metals for structural works are aluminum (Al), magnesium (Mg), tita-
nium (Ti) and its alloys [1–4]. The Al and its alloys show their potential for automo-
bile, aerospace and naval industries because of better mechanical properties and easy 
formability [5]. The Al and Mg metals and their alloys are significantly replaced the 
steel and cast iron from the manufacturing sectors [3]. In existing materials, the Mg 
is the lightest metal and not only replacing the heavy dense materials as cast iron 
and steels but also copper (Cu), Al and its alloys from the automobiles sectors [6]. 
The another lightweight metal such as Ti and its alloys is preferred by aerospace, 
biomedical and petrochemical industries by reason of low density, high strength, 
corrosion resistance and biocompatibility [4, 7–10]. 

Lightweight materials are gaining growth to replace the heavier objects made 
of iron and steels because of low volume and high mechanical strength with non-
corrosive nature. The joining of these materials is critical issues to achieve the strength 
of joint equal to base metals for the manufacturer and assembly units. In existing 
joining processes, the fusion/arc welding is broadly used for joining of ferrous 
and non-ferrous materials with high weld strength. Hence, it is widely accepted 
by aerospace, automobile, naval, railways and military industries. The requirement
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of heat source, filler rod, flux materials, generation of high heat and fume, cracks 
formation and heat-affected zone (HAZ) in fusion welding limits its applicability 
[11–13]. In addition to this, joining of dissimilar metal and alloys also becomes 
challenging for fusion welding causes of variation in the melting temperature and 
metallurgical incompatibility, lack of fusion, cracking, porosity and harmful gaseous 
environment [9, 13–15]. In such situation, the solid-state welding (SSW) has been 
found more appropriate joining process for similar/dissimilar materials. 

In SSW process, the welding can be achieved without melting by applying pres-
sure with or without heat. In this process, the welding temperature is always less 
than melting temperature of joining objects, and weld quality is higher than fusion 
welding. It shows strength for welding of similar/dissimilar materials significantly 
at low heat input [16, 17]. In general, weld joints are achieved because of plastic 
deformation of base materials by mean of different form of mechanical energies. 
In SSW, no phase transformation occurs as which problems associated with fusion 
welding can be eliminated. It shows several other advantages like narrow HAZ, less 
distortion and residual stress [18]. In manufacturing sectors, various SSW processes 
like friction welding, diffusion welding, ultrasonic welding and explosion welding 
are utilized to achieve quality welds. Among these processes, the friction welding 
is found more appropriate to weld the similar and dissimilar metal and alloys by 
utilizing frictional energy as a heat source in presence of pressure. 

2 Friction Welding 

Friction welding (FW) is a SSW process where neither external heat nor filler material 
is required to achieve the weld joints. It can be defined as a joining process that 
utilizes friction energy and pressure to get quality welds of two similar or dissimilar 
components [14, 16]. Generally, heat is mechanically generated between two rubbing 
surfaces having relative motion between them. Once sufficient heat is generated, then 
pressure is applied axially through stationary object [19]. Hence, material is displaced 
at interface surface and fused together resulting weld joints. The main advantages 
of FW process are shorter weld time, no need of filler materials, effective welding 
of similar and dissimilar metal/alloys and also suitable for welding of pipes and rod 
[14, 17]. 

The preparation of surface before FW is not required as fusion welding, and 
mostly, saw cut surface is preferred. It is an energy-efficient welding process without 
application of flux or shielding gas and filer material. The requirement of energy for 
FW is low as which it becomes a cost-efficient for joining of lightweight metal and 
alloys. There is not spattering of metal, radiation and electrical hazardous. Hence, it 
is safer in operation and healthy work environment for operator because of no fume 
generation [20]. The automation is applicable for FW, and no certification is required 
for welder. Several metal and alloys of medium and high carbon steel are difficult 
for fusion/arc welding, while such materials are preferred for FW process. In same 
way, lightweight metals such as copper, Al, Mg and Ti are extensively used in FW
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for joining without scarifying the weld strength and product integrity. It shows their 
potential to get the 100% airtight weld at interface of joint without risk of porosity, 
cracks, voids and other welding defects. 

Of course, FW significantly meets the demand of manufacturing industries for 
welding of similar and dissimilar materials. However, it suffers with several limita-
tions that affect the process capabilities. The most important factor is the plastically 
deformable characteristic of at least one material for particular welding [20]. It is 
not suitable for the complex profiles and non-uniform materials. Hence, the profile 
should be easier in clamping with relative motion ability to generate friction. The 
clamping devices and workpiece are having ability to sustain the pressure and torque 
for welding. In general, the FW process is limited to the butt and flat welding. 

The FW is applied in different sectors such as automobile, aerospace, agricultural, 
marine, railway and petroleum industries [14, 20]. It is used to manufacture butt joints 
for drive shafts and oil drilling pipe for components of aircraft engines. It is used 
to produce gears, valves and axles for automobiles, piston rods and track rollers 
for agricultural industries. It is also applied for welding of turbine blades to disk of 
aircraft and electrical motor shafts of power plant industries [20]. The boiler grade 
tubes/plates and composite materials can be effectively welded by it [21, 22]. 

3 Mechanism of FW Process 

The basic principle of FW is the friction which is utilized to generate the heat at 
interface of joining objects. Such friction for heat generation is continued till plastic 
forming temperature. The plastic temperature depends upon material properties and 
varies material to material. Once heating phase achieved, the increasing axial force 
is applied till permanent joint of objects causes of thermo-mechanical treatment at 
interface surface. In general, the FW process is completed in four phases as shown 
in Fig. 1.

. Initial phase 

. Contact/friction phase 

. Thermal/heating phase 

. Forging phase. 

In initial phase, the workpieces are prepared for joining, and one of them is 
clamped with rotor for rotating, while other is kept stationary. The rotor rotates at 
high speed as which workpiece starts rotate with same speed. Mostly, electric motor 
is used to rotate the rotor during welding. In second (contact/friction) phase, a slight 
pressure is applied to stationary object to make contact with rotating part. Initially, the 
contaminated materials (dust, dirt, etc.) are cleaned from faying surfaces by rubbing 
phenomena. 

The heat is generated by utilizing friction energy between faying surfaces during 
thermal or heating phase. For this, higher pressure is applied through stationary
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Fig. 1 Different phases of FW process

element to create a high friction between faying surfaces. Due to this, heat is gener-
ated at interface surface as which temperature of material rises at rubbing surfaces 
and simultaneously decreases in flow stress of material with axial shorting [20, 23]. 
Hence, the material is found incapable to sustain the applied pressure resulting upset-
ting and material plastically flows outward as a flash. Such phenomenon is known as 
burn-off stage. The major advantages of flash formation are removal of contamina-
tions and oxide layers from the flying surfaces [20]. In the forging phase, the rotor is 
stopped, while the application of high pressure continues as which bonding between 
faying surfaces and finally get a weld joint. 

3.1 Heat Generation 

In fact, the friction plays important role in FW process, and heat generation depends 
upon it. Generally, two surfaces (one stationary and other rotating) having relative 
motion are used for joining by FW process. The relative motion means rubbing action 
at interface surface when they make contact to each other resulting generation of heat 
energy. The temperature increases at rubbing surface means loss of kinetic energy 
into thermal energy and finally reaches the plastic temperature of materials. In FW 
process, two phenomena as heating and plastic deformation occur simultaneously. 
Initially, the strain rate is low, and deformation of material occurs at high temperature. 
The material is reached at fully plasticized region where rate of strain may exceed 
10–3/s because of axially displacement of material with application of pressure [24]. 

The pressure, rotating speed and time are significantly affected the heat gener-
ation during FW process. In FW process, the heat transfer at faying interface and
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Fig. 2 Circular objects under FW process 

energy input are difficult to explain clearly because of variation in friction coef-
ficient throughout process. In friction, the axial pressure increases as which shear 
stress induces during FW process. The applied axial pressure assumed to be constant. 
Hence, the shear stress exerted on interface will be also constant and determined as 
[20]: 

τ = μPn 
and q = τν  

. 
(1) 

where τ = shear stress, Pn = axial (normal) pressure, ν = rubbing velocity, q = heat 
generation rate/interfacial area per cycle and μ = coefficient of friction. 

In general, the frictional coefficient (μ) varies from μ > 1 (at dry sliding) to 
zero when temperature for asperity melting is reached at interface. However, it is 
considered as constant for analysis purpose only. In FW, the torque force is required 
to rotate the rotating elements (Fig. 2) under influence of axial pressure which can 
be determined as [25]. 

M(Nm) = 
M(R). 
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dM = 
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π μPR3 
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where M = interfacial torque, R = surface radius, P = axial pressure and P(r) = 
pressure distribution across the interface. 

Generally, different types of relative motion are used to generate friction between 
flying objects. Hence, the rotary friction welding (RFW), linear friction welding 
(LFW), orbital friction welding (OFW) and friction stir welding (FSW) come into 
existence based on relative motion. On other hand, heat generation depends upon 
frictional energy which varies according to the frictional coefficient. For simplicity, 
the frictional coefficient is considered constant throughout weld process, and all
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frictional energy is transformed into heat. Hence, average heat energy per unit area 
with respect to time is computed as [24]. 
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(3) 

where q0 = net power, P = friction pressure, A = cross-sectional area, umax = max., 
surface velocity at outer edge, ω = angular velocity, ν = rubbing velocity. 

Equation (3) is used to determine average heat per unit area with time for RFW 
process (Fig. 2) where rotary motion of objects is responsible for heat generation. 
Similar to RFW, heat generation in LFW also depends upon relative motion between 
faying surfaces, but the nature of motion is reciprocating. In practical, the rubbing 
velocity in LFW is not a function of angular velocity (ω). The angular velocity comes 
from linear oscillating when distance from center is considered as function of time. 
The heat generation is considered as function of angular velocity and time which 
can be determined as [20, 26]. 

ν = αω cos(ωt) 
where, ω = 2πn 
and qlfw = μPnαω cos(ωt) 

⎫⎬ 

⎭ (4) 

where α = offset distance for linear velocity and n = rotational frequency in rev/s. 
The average heat generation rate for LFW can be determined by integrating Eq. (4) 

over a cycle with a consideration as annular velocity is a function of frequency (where 
n in Hz). Hence, the motion is taken as cyclic in nature and integrated four times a 
quarter of cycle for average heat generation rate as [20]. 

qlfw = 
1 

T 

T. 

0 

qdt = 
4 

T 

T/4. 

0 

qdt 

= 
4 

T 

T/4. 

0 

μPnαω cos(ωt)dt = 4μPnαn 

⎫⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎭ 

(5) 

The generation of frictional heat in OFW is more uniform than the RFW and 
LFW processes. This is because of unidirectional uniform relative velocity between 
rubbing surface of two elements over whole interfacial area as which high weld
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integrity associated with the OFW process [24]. Similar to other FW processes, the 
rate of heat generation in OFW is a function of rubbing velocity, offset distance of 
axes (α), frictional coefficient and angular velocity, which can be determined using 
following equations [20, 27]. 

ν = α ω  
where, ω = 2πn 
and qofw = 2π n × μPnα 

⎫⎬ 

⎭ (6) 

where α = axes offset for orbital motion and n = rotational speed (rev/s). 
The FSW is another process for joining of objects that utilizes plasticized region 

of materials but in different way as compared to RFW, LFW and OFW processes. In 
this process, heat is generated between shoulder of rotating tool and joining objects. 
The heat generated between tool shoulder and plate interface is calculated as [28]. 

qfsw = 
2 

3 
(1 − δ) × πωPμσn(R

3 
s − R3 

p)(1 + tan θ) (7) 

where σ n = normal stress at interface surface, μ = friction coefficient, θ = angle 
between vertical and tool axes, δ = dimensionless sliding factor (δ = 1 for sticking, 
δ = 0 for sliding and δ = between zero to one for partially sliding/sticking), Rs and 
Rp = radius of shoulder and pin. 

3.2 Heat-Affected Zone and Microstructure 

In FW process, the frictional energy is utilized for heating of objects within a very 
short period of time, while longer cooling time is responsible for weld joint in pres-
ence of load. In general, the interface temperature plays significant role in weld 
characteristics which is significantly affected by rotation speed, frictional coefficient, 
applied load, contact period, material properties and geometry. Due to this, the joining 
temperature differs material to material, and joints are made below melting temper-
ature of objects. Hence, heat-affected zone (HAZ) becomes difficult for researchers 
to define appropriately. In general, the temperature change and gradient of strain and 
strain rate lead to microstructural into weld joint. Such phenomena refer as HAZ and 
categorized into three different regions as contact/rubbing region, fully plasticized, 
partially deformed and undeformed regions [20, 29]. 

The various regions of HAZ for FW process are graphically presented in Fig. 3. 
The contact region refers as interface surface where faying surfaces make contact to 
each other. It is considered as a severe plastic deformation region where rubbing and 
metal transfer phenomena occur from one surface to other surface. The rotational 
speed is responsible to control the strain energy. The grain structure of weldment of 
this region is very fine causes by the recrystallization and severe straining.
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Fig. 3 Various regions of 
HAZ in FW process 

The second region refers as fully plasticized region where object is subjected to 
significant amount of plastic deformation. It is also considered as dynamic recrystal-
lization region. In this region, neither rubbing nor metal transfer phenomena occur 
between faying surfaces. The weld of such region is under influence of dynamic 
recrystallization because of high temperature as which fine and equiaxed grain 
structures of joints are obtained [30]. 

In third region or partly deformed region, the significant parameters of joining such 
as plastic deformation, temperature, strain and strain rate are smaller than amount 
of fully plasticized region. Due to the reduction in strain and strain rate, the grain 
structure of this region becomes coarser. In undeformed region, the material may 
undergo the phase transformation. In this region, plastic deformation doesn’t take 
place, but grain growth may occur. After this region, the material lying at room 
temperature and there is no any change occurs in grain structure of base materials. 

The microstructure of weld joints depends upon solidification rate and time. 
The different zones of weld joint for Ti–4Al–6V are as weld center zone (WCZ), 
thermo-mechanically affected zone (TMAZ) and base metal. The different zones 
and microstructures of weld joints are as shown in Fig. 4a–d [31]. The microstruc-
ture of WCZ is either martensitic or Widmanstatten pattern as shown in Fig. 4b. 
The material of TMAZ is mechanically deformed and significantly affected by heat, 
but the grains of this zone are not significantly recrystallized because presence of 
original grains of the parent metal as shown in Fig. 4c. In most of the cases, the 
weld experiences a small amount (approx. 1 mm) of burn-off by reason of surface 
impurities like oxides along interface of weld as shown in Fig. 4d. Such phenomena 
of burn-off is significantly affected the quality of weld joints and needs to better 
control of process parameters to minimize it.

4 Variants of FW Process 

In early efforts, the FW process is broadly used in automobiles and aerospace indus-
tries to join the axial symmetry objects where one of them is circular profile [20]. To 
remove such limitation, the FW has been developed in the different configurations 
(Fig. 5) as listed here.



8 Solid-State Friction Welding Technology for Joining … 155

Fig. 4 Microstructure and different zones of weld joint; a different zones of weld; b microstructure 
of TMAZ; c parent metal grain structure; d surface impurity in weld due to the low burn-off [31]

. Direct drive friction welding (DDFW) 

. Inertia friction welding (IFW) 

. Linear friction welding (LFW) 

. Orbital friction welding (OFW) 

. Friction stir welding (FSW). 

DDFW or continuous drive friction welding (CDFW) is the RFW technique where 
electrical motor is utilized to maintain the constant speed of rotational object, while 
other is kept stationary. The stationary object put through in contact with rotating 
body resulting friction at interface raised temperature to plasticize the materials. 
Once desired temperature is obtained, then rotation is stopped, and axial pressure is 
maintained or increased to get a weld joint. It is used for joining of tubular structures 
such as axel, valves, pressure vessels, pipelines for the automobiles and marine 
applications [32, 33]. 

IFW is another development of RFW, and its mechanism of heat generation is 
almost similar to DDFW process rather than rotational speed as shows in Fig. 6a, 
b. In IFW, the rotational speed continuously decreases during frictional phase under 
influence of inertia force of flywheel and axial force, while it is constant for DDFW
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Fig. 5 Variants of FW process

process. In IFW process, one object is held stationary, while other is attached with 
flywheel. The flywheel is attached with an electrical motor to acquire the desired 
speed. The flywheel is disengaged with rotary motor when it stored the predetermined 
energy [34]. The energy stored by flywheel is utilized to generate heat at faying 
surfaces when they come in contact and axial pressure is applied. Due to heat, the 
metals are plasticized at interface and finally get a weld joint when maintained the 
absolute pressure till cooling. Similar to DDFW, the IFW process is also suitable for 
joining of circular objects having equal cross-sections. It is preferred by automotive 
industries for manufacturing of aero-engines causes by higher energy input than 
CCDFW process [17]. 

To overcome the drawbacks of RFW, the LFW come into existence where linear 
reciprocating motion is utilized to generate the heat rather than the rotational speed of

Fig. 6 Variation of parameters with time; a for DDFW process; b for IFW process [20] 
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the object. In this process, the stationary object is pushed against reciprocating object 
to create friction at the interface of faying surfaces. Due to this, heat is generated 
to plasticize at interface and finally get the weld joint after cooling with application 
of absolute pressure [35]. The plasticized layer at interface is expelled outside from 
weld region which is known as a flash. Due to this, reduction in length of specimen 
during joining. It is a suitable welding technique for various geometrical profiles 
rather than round profiles and provides uniform heat generation at constant speed. 

The OFW is most suitable for joining of non-circular objects where workpiece 
does not rotate its central axis. In this, the both objects rotate in same direction, but 
their axis is offset about 3 mm [36]. The orbital motion delivers steady tangential 
velocity over entire area at interface resulting homogeneous weld structures. The 
OFW shows many benefits such as constant heat generation, suitability for non-
circular objects and extra heat generated in weld zone as compared to LFW process. 

FSW is the recent development of FW process which is widely applied for joining 
of dissimilar metal with application of rotating tool. The application of tool is mainly 
used to differentiate the FSW with other FW processes. In FSW, the friction stir tool 
is used to generate the heat rather than other processes. It is a most acceptable joining 
technique for lightweight metal and alloys such as aluminum, titanium, magnesium 
and polymer composites. It is broadly used for welding of lightweight boats, hulls, 
car bodies, deck panels, frames, airplane wings, fuel tanks, electronic circuits and 
devices [37, 38]. 

Generally, tool is key element of FSW which is rotated by electrical motor and 
having two parts as shoulder and pin. A typical schematic view of FSW process is as 
shown in Fig. 7 [38]. The purpose of shoulder is to create friction at tool-workpiece 
interface for generation of sufficient heat at junction and also prevention of molten 
metal from weld region. However, the pin absolutely penetrates along the thickness 
of specimen to maintain the contact of shoulder with specimen throughout welding 
[38–41]. Once adequate heat is generated, then tool is traversed in the weld direction 
and extruded fused material in a specific flow pattern as which plasticized metals 
bonded together to make weld joints. The FSW is a versatile joining process that 
provides better quality of welds and applicable for variety of geometry such as butt, 
lap, fillet and tee joints. 

Fig. 7 Schematic view of 
FSW process [38]
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5 Process Parameters 

In FW process, the rotational speed, transverse velocity, friction pressure, forge 
pressure, burn-off length, friction time and forge time are important factors that 
significantly affected the heat generation in FW and also heat transfer for quality 
weld. The tensile strength, yield strength, ultimate strength, micro-hardness and 
grain structures are evaluated quality of weld joints. 

The effect of control parameters on responses related to FW process is shown 
in Fig. 8a–h. Figure 8a shows that the rotational speed is the predominant factor 
and significantly affected the parameters of OFW process [20]. The effects of the 
friction force, upset force and friction time on tensile strength are shown in Fig. 8b–d 
[42]. With increase of friction force, tensile strength of weld is increased within a 
limit because of better weld joint at higher temperature, while the upset force shows 
negative effect on the tensile force. Similar to friction force, the friction time also have 
positive effect of tensile strength, but initial tensile strength of weld joint decreases 
with increase of time because of insufficient availability of time for generation of 
adequate heat energy.

Figure 8e, f show the effect of rotational speed and rime on relative friction coef-
ficient, friction coefficient (μ) and temperature [20]. As increase of rotational speed, 
the frictional coefficient decreases caused by softening of metal at higher temper-
ature generated at higher speed. On other hand, the welding temperature increases 
with increase of time, while friction coefficient increases with time initially and then 
decreases refers Fig. 8f. The effect of rotational and travel speeds on failure load is 
presented in Fig. 8g, h and observed that failure load is higher at rotational speed 
as 900 rev/min and travel speed as 120 mm/min for Al–Mg metal [43]. Hence, the 
failure location and microstructure for FSW of Al–Mg is analyzed at such condition 
and presented in Fig. 9a–d.

Figure 9a shows the location of failure at rotational speed= 900 rev/min and trans-
verse speed = 120 mm/min, while Fig. 9b shows the failure location at same condi-
tions after 60 min heat treatment of weld. The formations of intermetallic compounds 
(IMC) are basic reason of failure of weld as shown in Fig. 9c, d. It is difficult to fully 
remove the formation of IMC during joining of similar/dissimilar metal materials 
by FW process. In general, the facture occurs in base metal as observed during 
welding of AlMg3–X10CrNiTi189 steel (diameter = 30 mm and tensile strength 
= 207 MPa). However, the bending angles within few degrees have been achieved 
during technological bending test with application of bending mandrel [44]. Such 
phenomena presented in Fig. 10a–d. Therefore, selection of appropriate parameters 
becomes necessary to reduce the formation of IMC during FW process.
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Fig. 8 Effect of process parameters; a significance of parameters for OFW process [20]; b effect 
of friction force on tensile strength [41]; c effect of friction time on tensile strength [41]; d effect 
of upset force on tensile strength [41]; e effect of rotational speed on relative friction coefficient 
[20]; f effect of friction time on friction coefficient and temperature; g effect of rotational speed on 
failure rate [42]; h effect of travel speed on failure rate [42]
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Fig. 9 Failure location in FSW joint of Al–Mg; a welded by 900 rpm–120 mm/min; b welded 
by 900 rpm–120 mm/min and after 1 h heat treatment; c microstructure of the samples after heat 
treatment at 400 °C of 0.5 h; d microstructure of samples after one hour heat treatment at 4000C 
[42]

Fig. 10 FW of AlMg3–X10CrNiTi189 austenitic steel; a weld joint after static tensile weld; b 
technological bend test with mandrel; c microstructure of weld under static test; d microstructure 
of weld after technological bend test [43]
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6 Process Capabilities 

FW process shows many advantages over fusion welding process because of conver-
sion of friction energy into thermal energy at interface of joint with small HAZ. 
The entire joining process is completed in order of second without application of 
shielding gas, filler rod or flux material [20, 23]. It is used to weld the variety of 
similar and dissimilar metal and alloys which makes challenge for various fusion/arc 
welding processes without sacrificing the weld strength and quality. 

Due to low HAZ and rapid weld joints, it is applied to make a variety of parts related 
to the automobile and aerospace for joining of shaft, gears, axels and engine parts of 
aircraft. The plates and tubes of boilers and the components made of composite mate-
rials are effectively welded by FW process [14, 21, 22]. The RFW is applied in auto-
mobiles and marine application for joining of tubes, axels, pressure vessels, valves 
and pipe networks [32, 33]. The circular objects and aero-engines are preferred IFW 
process over DDFW and significantly applicable in automobiles industries [17]. The 
non-circular objects can be welded together by OFW process [36]. The lightweight 
items such as boats, hulls, car bodies, deck panels, frames, airplane wings, fuel tanks, 
electronic circuits and devices can be manufactured by FSW process [37]. The joining 
of boiler tube and plate is also preferred the FW process [21]. It is also applicable 
for joining of variety of objects and profiles including butt joint, lap joint, fillet and 
tee joints. 

It is mostly used to weld lightweight metal and alloys like Al, Mg, Ti and nickel 
[26, 31, 34, 39]. Now, it is broadly accepted for joining of variety of dissimilar 
materials like Al and Mg [3], Al and SS [12, 30], Ti and SS [20]. It shows their 
potential for welding of ceramics also as Al and SiC [15, 22], Al–Mg and Si and 
Al–SiC [29]. Of course, variety of industries like automobile, marine, aerospace, 
agricultural and electronics offer FW process for making different objects which are 
difficult for fusion welding processes. 

However, FW process has several limitations like one object must be plas-
tically deformable under welding conditions. Generally, flash is formed during 
RFW because of plastic deformation at higher temperature which requires further 
machining to get desire profile as shown in Fig. 11a–c [45]. Instead of this, the thin 
objects and highly complex profiles are difficult to weld by it. The strong fastening 
and clamping devices are also limiting the applicability of FW process. Generally, 
non-uniform heat is generated in RFW welding as which non-uniform HAZ, and 
it also limited to circular objects [20]. The most common issues with FW process 
are its applicability for flat and angular butt joints.

7 Discussion and Future Directions 

Of course, FW process is a unique method for joining of lightweight metal and 
alloys. The rapid joining with less HAZ without application of flux and filler material
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Fig. 11 Flash formation in FW of Al and stainless steel; a actual flash during RFW; b weld surface 
after machining; c time–temperature distribution with phase transformation during RFW of for Al 
and stainless steel with total time 62 s [44]

attracts the manufactures with wide acceptability for joining of similar/dissimilar 
materials. Hence, FW process becomes a demanding joining method for various 
industries like automobiles, aerospace, marine and railways. Many parameters such 
as rubbing velocity, rotational speed, friction pressure, coefficient of friction, forge 
pressure, burn-off length and friction time are significantly affected quality weld. 
Hence, the better combination of parameters are always preferred for quality weld. 
For this, optimization of parameters becomes a better tool to meet such criteria and 
also minimizes the cost. 

In FW, the heat generation depends upon friction coefficient between rubbing 
bodies which vary throughout the process. Initially, sliding friction is considered 
when workpiece makes contact with rotational body. In this situation, heat generation 
is low, while higher high frictional stress causes of plastic deformation. On other 
hand, sticking condition is considered for higher temperature where shear stress is 
lower than frictional stress. Hence, it is difficult to find the exact/more appropriate 
frictional coefficient for FW process. For this, modeling becomes more appropriate 
tools for particular analysis. 

Generally, mechanical bonding and diffusion play important role for joining of 
objects during FW process. In case of dissimilar metals, the melting at higher temper-
ature material is difficult to achieve during FW which needs more realist study and 
analysis to identify the appropriate solution in same situations. 

In FW, the materials are subjected to axial load as a result bending can take place. 
Hence, the materials are deformed or upset form their axial location. To minimize 
the axial deformation or upsetting, the comprehensive analysis becomes necessary 
to identify the loading conditions. In same way, the rotation torque also leads in 
upsetting and bending. Such phenomenon also needs to minimize during FW process. 

Mostly, flash can be formed during forge/upset phase of FW process which 
requires secondary processing like machining. To minimize it, more analysis is 
required to identify the applied load capacity in different conditions for various
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materials. In case of FSW process, the tool is influenced by thermal and mechan-
ical loads during joining process, but mostly thermal behavior is mostly taken into 
consideration for analysis, while mechanical load is not clearly discussed in litera-
tures. Hence, such area also needs analysis of mechanical behavior during FSW as 
well as FW process. 

8 Summary 

In solid-state welding processes, the FW is gaining importance for joining of the 
lightweight similar and dissimilar metal and alloys without external heat and filler 
material. Due to low heat energy, it makes welding process easier and eco-friendly and 
broadly applicable in modern industries like automobile and aerospace. The different 
variant of FW process is developed to meet the needs of advanced industries. The 
present chapter covers the basic concept of FW process with mechanism of heat 
generation, developed variants, effect of control parameters and process capabilities. 
Of course, the entire chapter presents in such a way that it makes easier and interesting 
for readers to understand different aspect of the FW process and their industrial 
applications. 
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Chapter 9 
Fractographic Analysis of Friction Stir 
Welded Aluminium Alloy 

A. Kumar, P. J. Saikia, M. Kumar, S. Bag, N. Muthu, and R. G. Narayanan 

1 Introduction 

In this modern era, fuel plays an essential role in the economic development of 
any nation. Fuel demands are increasing day by day, yet their sources are limited 
and rapidly shrinking. Therefore, there is a need to reduce fuel consumption. One 
of the ways of achieving this goal is to reduce the overall weight of the structure 
whilst ensuring access to affordable and reliable material. Under such requirements 
in aerospace and automobile sectors, joining various lightweight materials such as 
aluminium [1, 2] or magnesium [3, 4] is necessary to produce parts with complex 
geometries. In the conventional welding process, such lightweight materials cannot 
be joined due to inherent disadvantages such as high residual stresses, porosity, 
cracking during solidification, and heat-affected zones (HAZs). 

The friction stir welding (FSW) process was developed at The Welding Institute 
(TWI) by Wayne Thomas in 1991 [5, 6]. The FSW produces good quality welds in
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materials such as aluminium, and therefore, it has become a favoured approach for 
developing lightweight structures in practically all industrial applications. The FSW 
provides several advantages over the traditional joining processes, and it was first used 
to weld aluminium alloy sheets in butt joints [7, 8]. A schematic of the FSW process 
is shown in Fig. 1. A non-consumable rotating tool with a specially designed pin and 
shoulder is placed between two plates to be welded and simultaneously traversed 
along the joint line in this operation. The plates must be fastened to a backing bar 
so that the adjacent joint faces are not pushed apart or displaced out of place. The 
first contact is made when the pin is put into the joint. As a result of friction between 
the tool and the workpiece, wear-resistant welding tools heat up a metal column 
with a cylindrical shape surrounding the pin and the area immediately below the 
pin. This localized heating due to the friction between the tool and the workpiece 
causes the workpiece to deform micro-plastically [9], and the material around the 
pin gets softer. Softened material allows the tool to travel along the weld line more 
easily without exceeding the melting point. The plasticised material is moved from 
the front part to the rear part of the tool pin rotation and translation [10]. As a result 
of the procedure, a solid joint is formed. Depending on the tool pin’s length, the 
penetration thickness into the plates is controlled [11]. The shoulder generates an 
extra amount of frictional heat to the weld zone during welding, which is essential 
for keeping highly plastic materials from being evacuated. The softened zone of the 
material is more prominent at the upper surface of the material that comes into direct 
contact with the shoulder and progressively tapers to the pin diameter [12]. The tool 
pin and tool shoulder are sufficiently heated as a result of the heat due to friction to 
form a plastic state around the submerged pin and on the contact area between the 
workpiece and the tool shoulder [13–15]. In the welding process, the welding tool 
rotates and moves on both surfaces simultaneously, creating a specific imbalance 
between the two surfaces. An advancing side of the welding tool is characterised by 
rotation and translation of the welding tool in the same direction. On the other hand, 
the retreating side results from a tool rotation and translation motions counteracting 
each other [16]. 

The tool pin profile plays an essential role in a good joint. Tikader et al. [17] 
used straight cylindrical and tapered cylindrical pin profile tools to the friction stir

Fig. 1 Schematic of FSW process 
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(FS) weld of AA 1100 plates and found that the heat produced by the tool with 
the tapered pin was less than that produced by the straight cylindrical pin. As a 
consequence of welding samples with tapered cylindrical tools, greater toughness 
values were achieved. They also stated that an increase in shoulder diameter has no 
major effect on heat generation. It is recommended that the diameter be kept as small 
as effective ways to minimize the emergence of worm-hole defects. Yaduwanshi et al. 
[18] performed the FSW of AA1100 with and without preheating and achieved joint 
strengths of around 89% and 95%, respectively, compared to the un-welded base 
metal strength. The elongation of FS welded specimens differed significantly from 
that of the base material. The material experiences constant dynamic recrystallization, 
resulting in fine grains with Al2O3 particles at the stirred zone. The elongation was 
reduced for preheated FS welds compared to the non-preheated FS welds and the 
base metal specimens. 

The fracture toughness of the material is an important parameter in aerospace, 
automobile, and structural applications under service loading conditions. Sutton et al. 
[19] investigated the AA2024-T3 plates and found that all welded samples showed 
less fracture toughness than the un-welded sample. Pirondi and Collini [20] studied 
the fracture toughness of two aluminium-based metal matrix composite (MMC) 
reinforced with Al2O3 particles, namely 6061 aluminium having 20 vol.% of Al2O3 

(W6A20A), and another one was 7005 having 10 vol.% of Al2O3 (W7A10A). Frac-
ture toughness value in the case of W6A20A, the welded joint was 25% lower than 
the parent material, whilst it was 10–20% higher for the W7A10A. 

The fractographic analysis is concerned with the study of fractured surface 
topographies to determine the causal stress and process. Whilst macro-fractography 
deals with the research of surface morphologies by visual inspection, micro-
fractography deals with the study of surface morphologies by optical microscope 
or high-definition scanning electron microscope (SEM) [21]. The fracture study of 
the friction stir welded specimens is essential to estimate the toughness of the welded 
sample and estimate the quality of the weld. The material fracture due to crack prop-
agation is primarily influenced by inhomogeneity, grain size, crystal structure, and 
loading conditions [22]. The fracture modes can be ductile or brittle depending on 
the aforementioned parameters. Whereas a ductile fracture is characterised by rela-
tively larger plastic deformation, formation of the shear lip with fibrous fracture 
surface, a brittle fracture has minimal plastic deformation and a flat fracture surface 
perpendicular to the loading plane; chevron or granular-like surface structures are 
the characteristic features of brittle fracture [23]. 

In the present study, the effects of rotational speed at constant welding speed on 
the tensile strength of FS welded joints made of 1100 aluminium alloy are anal-
ysed. Further, the standard test method for mode I crack involving a CT specimen 
was fabricated, and fracture toughness was estimated to study the effects of rotational 
speed. Finally, the SEM analysis was used to investigate the fracture surfaces using 
fractured tensile and CT test samples to understand the nature of the failure.
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2 Experimental Procedure 

As-received AA1100 is used for FSW experiments. The dimensions of aluminium 
plates are 200 mm × 70 mm × 6 mm. Before welding, the sides of the aluminium 
plates were machined with a grinding machine. This made it easier for the mating 
surfaces to make good contact when arranged in a butt configuration. Acetone was 
used to clean the workpieces to eliminate dirt, debris completely, and small particles 
left after the machining process. A commercial high-speed steel (H13) tool with a 
tapered cylindrical threaded pin (Fig. 2) of 5.7 mm length, 6 mm base diameter, 4 mm 
minor diameter, and 16 mm shoulder diameter was employed. The FSW experiments 
were performed at 1100 and 1500 rpm, with 98 mm/min traverse speed. 

2.1 Tensile Testing 

Standard tensile specimens were cut according to the ASTM standard E8 [24] with 
gauge lengths of 32 mm and width of 6 mm from the welded plates as shown in 
Fig. 3, normal to the weld, with an electro-discharge machine (EDM). The gauge 
length of the tensile samples includes weld zone and parent material. Tensile tests 
were conducted in a 100 kN UTM machine at a cross-head speed of 1 mm/min.

2.2 Fracture Testing 

The fracture tests were carried out as per the standard ASTM E647, as shown in 
Fig. 4 with the stated dimensions [25]. Using wire EDM cutting, an initial seam 
of 2 mm in length and 0.5 mm in width was produced ahead of the notch tip with 
the understanding that wire EDM has effect on the fracture toughness [26]. All 
the specimens were subjected to fatigue loading with a stress intensity factor range
.K = 4.7 MPa  

√
m under a stress ratio R = 0.2 to extend the pre-crack length 

by another 2 mm. The crack growth direction is along the weld line for all the CT 
specimens. The crown side of the specimens was machined to remove the flush and 
to ensure the proper alignment of the base plate. All the specimens were subjected 
to quasi-static loading with 0.25 mm/min cross-head speed until rupture.

Fig. 2 Tool dimensions (in mm) 
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Fig. 3 Schematic of the tensile test specimen (all dimensions are in mm)

Fig. 4 Schematic of the CT test specimen (all dimensions are in mm)
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3 Results and Discussions 

3.1 Failure and Fracture Surface Analysis of Tensile Tested 
Specimens 

The tensile characteristics of the base material and the FS welded specimens are 
shown in Table 1. Identical fracture patterns were observed in the base metal (A) 
and the welded specimens (B and C) at 1100 rpm. A rapid fracture was observed in 
specimens B and C in two directions: first, upwards at 45°, bending slightly towards 
the stir zone, then vertically upwards in the stir zone. Secondly, the tool marks caused 
the fracture to progress downward vertically (Fig. 5—B and C). Specimens D and E 
made from 1500 rpm fractured almost at the joint line. Specimens D and E had a tiny 
hole in the nugget area that determined the fracture position. The sharp edges of the 
tiny hole served as stress concentrators, which allowed the weld nugget to fracture 
quickly. According to Liu et al. [27], tensile failures around weld nugget contact are 
commonly caused by significant variances in their internal structures, making the 
interface a weaker area. All the FSW samples are less ductile as compared to the 
base material. 

Table 1 Tensile testing results of the base specimen and FS welded specimens 

Specimen 

Properties (A) (B) (C) (D) (E) 

Ultimate tensile strength (UTS), MPa 148 128 121 101 95 

Percentage of elongation 13.7 8.55 9.21 6.25 5.3 

Joint efficiency (%) 100 86.4 81.8 68.2 64.2 

Fig. 5 Fractured tensile specimen of (A) base metal, (B and C) welded specimens at 1100 rpm, 
and 98 mm/min, (D and E) welded specimens at 1500 rpm and 98 mm/min
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Figures 6a, b show dimple ruptures characterized by high amounts of plastic 
deformation prior to fracture. Images of tensile fracture surfaces captured using 
scanning electron microscopy (SEM) showed several voids of various shapes and 
sizes scattered randomly on the fracture surface. Fracture is initiated by micro-void 
coalescence observed as distinctly elongated dimples in Fig. 6b. Dimples of different 
shapes and sizes throughout the overload zone resembled localized ductile failures 
[12].

Figure 6(ii) shows the fractured features at 1100 rpm. Figure 6c shows that the 
overall morphology of the material was ductile and brittle. On closer inspection, 
lots of new cracks could be seen in the form of multilayered cliffs, which resem-
bled locally brittle failures (Fig. 6d). The transgranular area was characterised by 
ridges of tear and microscopic cracks, suggesting a locally brittle and ductile failure 
process. An isolated distribution of voids and elongated dimples indicated local 
ductility in the tensile overload zone. 

The fracture morphology of the FS welded sample made at 1500 rpm is shown 
in Fig. 6(iii). The morphology at high resolution was predominantly rock candy 
fracture (low-energy fracture) regions and transgranular. High magnification shows 
characteristics identical to those seen in the base metal part in the transgranular zone 
with several small voids as well as cracks of different forms and sizes. 

3.2 Failure and Fracture Surface Analysis of CT Specimens 

The load-extension behaviour of all the CT specimens is shown in Fig. 7, indicating 
a better performance from base material as compared to FSW plates. On a similar 
note, the welded specimen made at 1100 rpm has a higher load-bearing capacity than 
that made at 1500 rpm.

Another critical parameter in fracture mechanics is the resistance of a material 
against crack propagation, popularly termed as fracture toughness. It serves as a 
basis for quality assurance and selection of material for proper design. The fracture 
toughness (K IC) of a material can be evaluated as per the standard ASTM E399-09E2 
[28] 
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Fig. 6 SEM images of the fractured surface of (i) base metal [specimen (A)], (ii) welded specimen 
at 1100 rpm and 98 mm/min [specimen (B)], (iii) welded specimen at 1500 rpm and 98 mm/min 
[specimen (D)]



9 Fractographic Analysis of Friction Stir Welded Aluminium Alloy 175

Fig. 7 Load-extension 
behaviour of CT specimen

Table 2 Estimated values of 
fracture toughness 

Specimen Estimated fracture toughness, 

KIC
(
MPa 

√
m

)

Base material 36.59 

FS welded (rpm = 1100) 35.58 

FS welded (rpm = 1500) 31.33 

The calculated values of fracture toughness for all base and welded specimens 
are mentioned in Table 2. 

From Fig. 7, the maximum fracture load (P) obtained for the base metal is 12.7 kN, 
which is higher than the welded specimens. The fracture toughness value of the 
welded CT specimens compared to the base metal is 97.24% and 85.62% for 1100 rpm 
and 1500 rpm, respectively. As the rotational speed increases, fracture toughness 
values decrease due to the loss of ductility and likelihood increase in the worm-hole 
defects [29]. 

SEM was used to investigate the fracture surfaces of the base metal and the FS 
welded samples. The observation was considered at three specific places parallel 
to the rolling plane: the notch tip, middle, and end, as shown in Fig. 8. All of the 
quantitative data were collected on a sample size of 4 × 4 mm2, with appropriate 
microscope resolution.

The fracture surfaces of the base material consisted of rough surface textures with 
a combination of void and dimples, as shown in Fig. 9a–c. Due to dimple coalescence, 
the tiny shallow dimples grow and create large voids. A series of V-shaped chevron 
patterns are observed across the fracture surface, as shown in Fig. 9d–h, irrespective 
of the rotational speeds. Intergranular fracture is observed in Fig. 9(i).
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Middle pointNotch tip End location 

Fig. 8 Fractured CT specimen of a base metal, b welded specimen at 1100 rpm, c welded specimen 
at 1500 rpm
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Fig. 9 Fracture morphology of CT specimen a–c base material, d–f welded specimen made at 
1100 rpm, g–i Welded specimen made at 1500 rpm



9 Fractographic Analysis of Friction Stir Welded Aluminium Alloy 177

4 Conclusions 

An experimental investigation was conducted to investigate the FS welded aluminium 
alloy’s (AA1100) fracture and quasi-static deformation behaviour. 

The following are the conclusions made from the results obtained: 

• As compared to the base specimen, FS welded specimens failed at significantly 
lower strain levels. This is due to localized strain in regions that FSW has softened. 

• UTS of the FSW specimens decreased by 12.6% and 31.8%, respectively, for 
1100 rpm and 1500 rpm rotational speed. 

• Compared to the base metal, the fracture toughness of welded CT specimens is 
97.24% for 1100 rpm and 85.62% for 1500 rpm. 

• In the base metal specimen under tensile fracture, several voids were scattered in 
various directions on the fracture surface during tensile tests. Dimples and voids 
of varying sizes and shapes were found throughout the overload zone, resembling 
localized ductile failures. The fracture surface of the FS welded tensile specimen 
at 1100 rpm showed that the overall morphology of the material was ductile and 
brittle, with the failure axis parallel to the stress axis. On closer inspection, the 
transgranular area was characterized by ridges of tear and microscopic cracks, 
suggesting a locally brittle and ductile failure process. The fracture surface of 
the FS welded tensile specimen at 1500 rpm at the high magnification reveals 
predominantly rock candy fracture regions and transgranular zone with several 
small voids and cracks of various shapes and sizes. 

• The fractured surfaces of welded CT specimens are negligible plastic deforma-
tion irrespective of the process parameters. The fracture surfaces were relatively 
brighter than the base metal, with more pronounced peaks and valleys. The gran-
ular and brilliance surfaces are indicative of a brittle fracture. The fracture surfaces 
of the base material consist of rough surface textures with a combination of void 
and dimples. 
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Chapter 10 
Production of Al–TiB2 Composites 
with Grain Modification by Strontium 
and Magnesium 

C. Bhagyanathan, P. Karuppuswamy, and S. Sathish 

1 Introduction 

Metal matrix composites (MMCs) are highly engineered materials that find specific 
applications based on extreme needs in the automotive, aerospace, nuclear, and 
energy sectors. As per Surappa [1], metal matrix composites using low-density and 
low-cost reinforcing materials have garnered increased attention. There is a need 
to enhance the properties of aluminium that can be used as secondary alloys after 
end-of-life utility. Bhowmik et al. [2], the trace addition of reinforcements could be 
a crucial factor in enhancing the properties of the base alloy. The observations of 
Moazami et al. [3] showed that a uniform distribution of the reinforcing particles is 
needed to avoid changes in property. For the homogeneous scattering of strength-
ening particles, wetting the particles with the melt in the case of stir casting during 
liquid processing is necessary, followed by the creation of a strong reinforcement-
matrix connection following solidification. This is required to ensure that the addi-
tions are transferred throughout the matrix during liquid processing. However, since 
the majority of elements are not wetted by aluminium, it is difficult to distribute the 
reinforcing particles equally throughout the liquid and solid phases, as discussed by 
Ali et al. [4] and Dey [5]. The development of MMCs is hampered by a number 
of obstacles, including poor wettability, porosity, and uneven reinforcement distri-
bution. From the research works of Poria et al. [6], it was observed that the TiB2 

particles have the advantage of enhancing the properties through uniform dispersal 
in aluminium melts and can be totally wetted by aluminium among other proper-
ties. TiB2 particles are also purposely inserted into aluminium melts, and according
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to Senthil Kumar et al. [7], AlTi-B master alloys act as nucleation spots for segre-
gating grain. Kumar et al. [8] and Yu et al. [9] have confirmed that the best suited 
ceramic reinforcement for aluminium-based melts has been TiB2 Samuel et al. [10]. 
Sulardjaka et al. [11] have shown that the addition of TiB2 to a variety of aluminium 
alloys enhanced the tensile behaviour by reducing the porosity formation sites in the 
aluminium alloy. Strengthening characteristics of aluminium-copper, aluminium-
manganese, and aluminium-silicon alloys increase with TiB2 addition according to 
the findings of Sulardjaka et al. [11], Anand et al. [12], and Syahrial et al. [13]. 

However, due to particle pushing during solidification, homogenous scattering of 
TiB2 particles in aluminium alloys remains a challenge. Ramadhan and Zulfia [14] 
and Radhika et al. [15] claimed that due to the exothermic bio-chemical develop-
ments involved in the liquefied salt procedure, there are problems in controlling the 
proportions and structure of the Al–Si alloys and composites. Sumalatha et al. [16] 
and Tamuly et al. [17] stated that the addition of grain refiners and modifiers to the 
molten aluminium modifies the interactions between the particles and the aluminium, 
which results in the development of modified grain structures. Ali et al. [18], Zulfia 
et al. [19], Kumar et al. [20] stated that a really solid solution of titanium dioxide and 
aluminium dioxide formation in the melt is very much dependent on the contents of 
titanium and boron particles. TiB2 particles are solid solutions of titanium dioxide 
and aluminium dioxide [21]. The particles have a hexagonal disc form in general, 
which is rather prevalent in the industry. The TiB2 particles (grain size) are equivalent 
in size to the master alloys of aluminium-titanium-boron [22, 23] and have a crys-
talline structure. Indarsari et al. [23] used sub-micrometre TiB2 particles that were 
generated using ultrasonic vibration at relatively low temperatures, in an attempt to 
reduce the size of in situ TiB2 particulates. 

Specifically, the effects of TiB2, Sr, and Mg on ADC12 (Fig. 1a) are being explored 
in this study. TiB2 is one of the reinforcements with low-density (4.52 g/cm3) used  
in composites, and it is one of these discontinuous reinforcements that provide more 
advantageous qualities than the others. Composites containing TiB2 as reinforce-
ment are thus appropriate for a broad range of applications, such as automotive and 
small engine applications, and are becoming more popular. Thus, the results of the 
interaction between TiB2 particles (Fig. 1c) and other components in the aluminium 
matrix should get specific attention. Metal matrix composites with a high degree of 
reinforcement based on iron are utilized in durable functions (Fig. 1b) like mining 
and construction. Braking systems, railway wagon wheels, and other heavy-duty 
equipment are all examples of applications for this material.

2 Materials and Methods 

The Al–Si10Cu2Fe (ADC12) aluminium alloy with the elementary structure (Table 
1) was chosen as the base material to be used in the experiments for its wide utilization 
as a primary and secondary processed alloy in various industries. Titanium diboride 
(TiB2) was chosen for its grain refining properties and its ability to reinforce the
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Fig. 1 a ADC12 ingot; b stir casting furnace; and c TiB2 powder

Table 1 Composition of ADC12 alloy 

Alloy Si Fe Cu Mn Mg Ni Sn Zn Al 

% 10.5–12 1.3 3–4.5 0.5 0.10 0.5 0.35 3.0 73–86 

metal matrix composite structure. Strontium (Sr) and magnesium (Mg) were added 
as reinforcements to wet the TiB2 particulates to the melt. 

2.1 Fabrication Process 

Graphite crucibles were used to hold the aluminium alloy inside the stir casting 
furnace, with a maximum loading capacity of 5 kg to melt the alloy and composites. 
The ADC12 ingots were cut to the required weights and placed inside the graphite 
crucible, which was preheated to a temperature of 200 ± 10 °C. The entire setup was 
then transferred to an electrical stir casting furnace. The initial sample was melted 
without the addition of any composites at temperatures above the melting point of 
aluminium. 

The sample was manually poured into a preheated die at a pouring temperature 
of 670 ± 10 °C. For the remaining experiments, TiB2 powders were added at 1 wt% 
to the melt. The reinforcements were added when the melt was in a semisolid state 
at a temperature of 500 ± 10 °C. The melt was stirred for up to 10 min by a metal 
stirrer (Fe) at 45 rpm by a motor-powered stirring unit. Strontium and the wetting 
agent Mg were added in varying proportions as per the details shown in Table 2.

The melt was then poured into a top-pouring cylindrical mould (50 mm diameter 
× 70 mm height). Efforts were made to maintain the same pouring temperature and 
stirring speed for the unreinforced alloy and the composites. 

The samples were then sectioned and machined to ASTM specifications for anal-
ysis of elementary composition, tensile, and hardness behaviour. The OES of the 
samples was determined by using the Optical Emission Spectroscopy machine (Spec-
tromaxx F model). An Optical Microscopy (Metagraph I) with a magnification up
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Table 2 Method of experimental works 

Trial Base material Description Load (kg) Added 
materials 

% Additions Stirring speed 
(RPM) 

1 ADC12 ADC12 2 – – 45 

2 ADC12 M1 2 TiB2: Mg: 
Sr 

1:0: 0 45 

3 ADC12 M2 2 TiB2: Mg: 
Sr 

1:1:0 45 

4 ADC12 M3 2 TiB2: Mg: 
Sr 

1: 0: 1 45 

5 ADC12 M4 2 TiB2: Mg: 
Sr 

1: 1: 1 45

to 100x, FESEM (Zeiss FESEM SIGMA VP 03-04), and X-ray diffraction (XRD) 
(Bruker D8 Advance, Germany) with High-Intensity Ka1,2 Parallel Beam are used 
to study the dispersion of TiB2, Sr, and Mg in the aluminium alloy ADC12. The 
tensile analysis was done using a servo-controlled UTM with a 400 KN capacity. 
A 10 mm steel-ball indenter was used in a Brinell hardness machine to determine 
the hardness of the materials. Wear analysis was carried out using the pin-on-disc 
apparatus, which has a steel base. The sliding distance was maintained at 90 mm, 
and the wear loss of the MMCs was determined at an RPM of 300. 

3 Results and Discussion 

3.1 Optical Emission Spectroscopy and Microstructural 
Characterization 

The results shown in Table 2 indicate that there was a rise in the composition values 
of Ti, Sr, and Mg in the aluminium melt. It was also observed that not all the particles 
that were added diffused but only about half of the added elements adhered to the 
melt. This could be attributed to the diffusion coefficients of the elements, as Mg has 
a diffusion coefficient of 6.2 to 6.3 × 10−6 m2/s and that of Ti is 1.12 × 10−1 m2/s. It 
also highlights the fact that only 50% of the added composites bonded with the base 
alloy. The dispersion of the added reinforcements (Table 3) was further confirmed 
by the microstructural characterization (Fig. 2).

The microstructure of the sample M1 has an unmodified grain structure consisting 
of the Al–Si particles as shown in Fig. 2a, which is similar to the results obtained 
by Poria et al. [6]. It can be observed that the microstructure of aluminium ADC12 
alloy with the reinforced TiB2 and Sr particles and the wetting agent Mg shows the 
presence of α-AlTi structures in the grain boundaries of the eutectic silicon (Fig. 2b).



10 Production of Al–TiB2 Composites with Grain … 185

Table 3 Composition of various trials 

Alloy Si Fe Cu Mn Mg Ni Zn Sr Ti Al 

ADC12 10.6 0.808 2.52 0.175 0.093 0.04 0.458 0.002 0.2 86 

M1 10.9 1.07 2.68 0.14 0.425 0.091 0.737 0.002 0.2 85.4 

M2 10.07 0.76 2.35 0.09 0.342 0.096 0.401 0.081 0.2 86.2 

M3 10.38 0.417 2.25 0.148 0.512 0.106 0.418 0.002 0.58 84.8 

M4 11.06 0.475 1.98 0.157 0.448 0.127 0.421 0.075 0.62 84.6

Fig. 2 Microstructures of alloys a without Mg, Sr, and TiB2 (ADC12); b with Mg, Sr, and TiB2 
additions (M4) 

The composites modified with the additions of magnesium and strontium have 
better grain refined structure where grain shape and phase structure change from 
coarse dendrites to homogeneous and polished grains of aluminium. This can be 
attributed to the addition of strontium. The mentioned phenomenon has an impact 
on both the tensile and hardness behaviour of samples. 

The SEM-EDS analysis carried out using the FESEM technique showed the pres-
ence of titanium particles spread in the interface between the aluminium-silicon 
phases. The existing phase is correlated with the chemical composition of the 
composite, which is highlighted in the EDS analysis of the composite material. As 
given in Fig. 3, the added particles were not uniformly distributed but had formed 
clusters with certain portions of the aluminium alloy.

The composite of ADC12 reinforced with TiB2 showed the presence of Mg and 
Sr along with the titanium. The added magnesium powder was mostly present in 
the form of MgO, which might be due to the oxidation of the topmost layer, which 
interacts with the atmosphere (Table 4).

The results also concord with the findings of Vivekananda and Prabu [24]. They 
stated that the formation of Al3Ti is a result of the exothermic reaction between the 
compounds of the added titanium particles and the aluminium alloy ADC12 (Fig. 4).

The phase composition through the X-ray diffraction shows the formation of the 
Al3Ti phases in the aluminium composite, which were indicated as smaller peaks in 
the XRD analysis.
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Fig. 3 SEM–EDS of the sample with TiB2, Sr, and Mg additions (M4)

Table 4 Composition of the 
sample from the EDS analysis 
of sample M4 

Element Weight% Atomic% 

O K 15.43 24.03 

Mg K 1.78 1.82 

Al K 67.76 62.57 

Si K 11.10 9.85 

Sr K 0.16 0.13 

Cl K 0.20 0.14 

Mn K 0.34 0.15 

Fe K 1.83 0.82 

Cu K 0.74 0.29 

Zn K 0.34 0.13 

Ti K 0.32 0.07 

Total 100.00

3.2 Mechanical Behaviour of the Samples 

The results showed that the tensile strength of the materials gradually increased. 
However, there was a constant reduction in the yield strength of the materials, and 
the elongation was good for the samples with the addition of TiB2, Sr, and Mg to the 
melt. 

It is also clear from the tensile results (Fig. 5) that with an increase in the amount of 
reinforcement, tensile strength increases while ductility decreases. The undesirable 
needle-like shape of unaltered eutectic silicon works as a stress concentrator, lowering 
its strength and ductility. It corresponded with the findings of Prasad and Radhika 
[25]. The results also highlighted the loss in the elongation percentage when the 
matrix was present with Sr alone. Strontium had refined the eutectic structures, 
which enhanced the hardness but affected the elongation. The fact that the titanium 
particles spread at the interface between the aluminium-silicon phases had enhanced 
the elongation of the composites [26, 27].



10 Production of Al–TiB2 Composites with Grain … 187

Fig. 4 XRD wave pattern of ADC12 with TiB2, Sr, and Mg addition (M4) and unreinforced alloy 
(ADC12)

Fig. 5 Tensile properties versus composite of ADC12 

The hardness values plotted in the graph are the three-point averages of the samples 
as shown in Fig. 6. A notable rise in the hardness of the alloy matrix can be seen 
with the addition of TiB2, Sr, and Mg particles compared to the values obtained 
with the unreinforced alloy and other composites. The primary reason that could be 
obtained from the rise in hardness is the existence of particulates in the matrix. These
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Fig. 6 Variation of hardness and wear with variation in the reinforcements 

particulates of TiB2, which have led to the formation of Al3Ti, have improved the 
overall hardness of the composites [24, 28]. 

The results from the wear analysis demonstrate that the wear resistance of the Al– 
TiB2 composite rises in the presence of both Mg and Sr (M4). It was also revealed 
that the presence of Sr alone lowered the hardness values as it functions as a material 
strengthening agent, enhancing the UTS features of the material alone, as indicated 
by Panov et al. [29].  As  shown in Fig.  6, the weight loss percentage of the composite is 
smaller compared to the aluminium alloy as the particles enhance the wear resistance 
of the MMC. 

3.3 Fractography Analysis 

The fractured surfaces of the tensile specimens were examined using a scanning 
electron microscope (SEM), which gives the fracture propagation of the tensile spec-
imens. Figure 7a shows the fractured SEM image of ADC12. The fracture surfaces 
showed a surface consisting of small dimples to be ductile and of order 3.5–5 μm in  
diameter. The fractured SEM images of the composite of ADC12 and TiB2 show flat 
tear ridges and wear tracks. As per the statements of Maleque et al., fracture occurs in 
composite material by crack initiation, which follows immediately at the boundary 
between aluminium alloy and reinforcement, as the added particles of TiB2 settle on 
the junctions of the silicon clusters in the aluminium alloy and this serves as a crack 
initiation point [17, 30].
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Fig. 7 Fractography of tensile specimens a without Mg, Sr, and TiB2 (ADC12); b with Mg, Sr, 
and TiB2 additions (M4) 

4 Conclusion 

The behaviour of the ADC12 alloy, ADC12–TiB2 aluminium MMC, and the MMC 
reinforced with strontium and manganese was investigated. The research demon-
strates that adding TiB2 increases aluminium’s tensile and hardness properties when 
done in the presence of strontium and magnesium. Furthermore, adding reinforce-
ment to aluminium increases the material’s hardness value. As a consequence of 
the finding, it was observed that the performance of TiB2 in the aluminium would 
increase when reinforced with strontium and magnesium. 

. It was found that the Mg dissolved into the vacancies of the Sr grain refined α-AlTi 
lattice to form solid solution strengthening, which enhances the properties of the 
MMC. 

. Results from the tensile graph show an improvement in the tensile characteristics 
with an increase in the elongation of up to 2% in the Al–TiB2 composite with Sr 
and Mg modification. 

. The results of the wear tests were also in correspondence with the findings of 
Ale et al. [18], and Pongen et al. [31], and the wear resistance of the composite 
with Sr and Mg was nearly two times higher compared to other composites and 
unreinforced ADC12 alloy. 

. The results show that the inclusion of reinforcement TiB2 and Sr will improve the 
mechanical properties of the aluminium composite. Thus, we conclude that the 
developed composites exhibit superior wear resistance and properties compared 
to the alloy.
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Chapter 11 
Stir Casting Process Parameters 
and Their Influence on the Production 
of AA6061/B4C Metal Matrix Composites 

R. Chitra, T. M. Chenthil Jegan, A. M. Anusha Bamini, Godwin Glivin, 
and V. Alfred Frankin 

1 Introduction 

Emerging trends in the industry increase the need for novel materials and their compo-
nents. Safri et al. [1] stated that composites are providing good and reliable perfor-
mance for current social and industrial benefits. Due to the excellent properties of 
the aluminium matrix composites (AMCs), many researches have been carried out 
in the last two decades. Because of its light weight characteristics, aluminium is 
used for many applications, but it cannot meet the demand of high performance [2]. 
Yigezu et al. [3] reported that AMCs are promoted to be superior because of their 
significant properties like high strength, lower coefficient of thermal expansion and 
higher wear resistance. The reinforcement materials are selected based on the need 
and applications where they are used [4–6]. Singh et al. [5, 6], Rahmana and Al 
Rashed [7], Jha et al. [8] suggested that commonly used reinforcements are alumina, 
SiC, B4C, TiO2, TiC and TiB2. High tensile strength and hardness were obtained by 
using alumina. Due to their good mechanical properties, AMCs are used to produce 
automobile components such as cylinder heads and connecting rods, brake discs
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and pistons [9]. SiC reinforced AMCs produce high hardness, excellent stiffness 
and good thermal properties. Because of its good thermal and wear properties, it 
is used to produce engine components like piston connecting rods, drive shafts and 
high wear resistance components such as brake rotors, callipers and liners [10, 11]. 
Ravichandran and Dineshkumar [12] proved that strong bonding, high tensile and 
impact strength, as well as great hardness are achieved by using TiO2 as a reinforce-
ment. TiC reinforced AMCs are used to produce pistons and connecting rods due to 
their high wear resistance by Jamwal et al. [13], Veeravalli et al. [14]. Suresh et al. 
[15] informed that TiB2 reinforced AMCs possess high strength and wear resistance 
and thus these AMCs are used in very technical, structural and functional appli-
cations like aerospace, automotive and defence. Among the reinforcements, B4C 
reinforced AMCs possess high strength and hardness—which are excellent chem-
ical behaviours. Yield, as well as ultimate tensile and compressive strength values 
also increased in B4C reinforced AMCs. Because of this nature, these AMCs are 
used in automotive and chemical applications [16–18]. For better improvement of 
mechanical properties, reinforcement materials such as Al2O3, SiC and B4C are also 
used. The strength of the composites is increased because of the bonding between the 
matrix and reinforcement (Researchers, Moona et al. [19]). Nai and Gupta [20], Naher 
et al. [21] found that the stir casting is the promising technique for the production of 
MMCs. Many researches were conducted on the production of aluminium-based SiC 
metal matrix composites. But very little research has been done on the optimization 
of process parameters influencing the even dispersal of a particle in the matrix and 
mechanical characterization of aluminium with B4C metal matrix composites. 

AMCs are commonly fabricated using stir casting, a direct melt oxidation process, 
powder metallurgy and compo casting. Even though the stir casting process was 
pondered upon by many researchers, only limited study has been carried out to 
analyse the parameters that influence stir casting. The uniform dispersion of rein-
forcement particle is increased by the stirring speed. Prabu et al. [22], Ravi et al. [23] 
identified that low stirring speed and minimum stirring time cause un-uniform particle 
distribution among the matrix materials in SiC reinforced AMCs. Akhlaghi et al. 
[24], Amirkhanlou and Niroumand [25] noticed that the casting temperature is also 
a significant factor in obtaining uniform particle dispersal of AMCs. Soundararajan 
et al. [26] detected that lower casting temperatures provide good distribution and 
mechanical characteristics. Empirical relationship between the stirring parameters 
such as stirring angle, stirring speed, casting temperature and the tensile strength 
was also analysed, and the influencing parameters were investigated by Khosravi 
et al. [27], Akbari et al. [28]. In most of the papers, the influencing parameters of 
stir casting are analysed with a few experimental runs. The process parameters are 
analysed by tensile strength and microscopic observations. Mathematical models are 
not used to analyse the stir casting parameters for more than one output response 
variables for a wide range. The salient process parameters that significantly influence 
the AMCs properties are (A) stirrer speed, (B) stirring time, (C) holding tempera-
ture and (D) percentage of reinforcement. These parameters are selected based on 
extensive literature survey.
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In this paper, a mathematical model is developed to correlate the stir casting 
variables to predict the tensile strength and hardness in B4C reinforced AMCs. The 
influence of input variables on the response variables is identified from the developed 
mathematical model and correlated with the detected microstructure. The experi-
ments are conducted according to the central composite design (CCD) using response 
surface methodology. Sathiskumar et al. [29], Vettivel et al. [30], Rostamiyan et al. 
[31] used CCD for predicting the suitable process parameters on the response output 
variables. Vaira Vignesh et al. [32] stated the need of magnesium alloys which is 
used for bio-medical application. Vaira Vignesh and Padmanaban [33] modelled 
the parameter influencing the stir casting process using aluminium-based compos-
ites. Vaira Vignesh et al. [34] reported the synthesis and characterization magne-
sium alloys which is used for bio-medical application and studied parameters for 
stir casting process. The objective of the paper is to attain the appropriate process 
parameters influencing the uniform distribution of B4C particles in the AMCs and 
to ensure better values of tensile strength and hardness. 

2 Materials and Methods 

2.1 Stir Casting 

In the present study, stir casting (SC) technique is employed for the fabrication of 
the specimens. It is also known as vortex casting technique in some literatures as 
the vortex is created for homogenous mixture of reinforcing material during solidi-
fication. In SC process, reinforcing material is distributed into molten matrix using 
mechanical stirring. Mechanical stirring in the furnace is vital for producing homo-
geneity of reinforcement in AMCs. Further, the molten alloy is used for die casting 
in order to get required shape of the specimen. The stir casting setup used for the 
production of AA6061/B4C reinforced composite is shown in Fig. 1.

The dispersal of reinforcement particles in the composites depends on properties of 
the material and stir casting process parameters. The process parameters of stir casting 
include:- stirrer speed, stirring time, stirring temperature, blade angle of stirrer, pre-
heat temperature of mould, pre-heat temperature and feed rate of reinforcement 
particles. Particle dispersal in the composite material through the molten phase of 
the casting procedure also depends on the viscosity of the slurry. In SC, the pre-heated 
ceramic particles are mixed into the vortex of molten metal produced by the rotating 
impeller. AA6061 is situated inside the crucible and the maximum temperature is 
set at 800 °C. 1% of the degasser Hexachloroethane has been added to the molten 
AA6061. The purpose of degasser is to avoid the porosity of the molten metal during 
the solidification and post solidifying processes. The molten metal is stirred holding 
the crucible with forks to eliminate the gases. The same process is repeated for various 
levels of process parameters with different weight percentages of B4C reinforced 
AMC. Stir casting control panel setup used for experimentation is shown in Fig. 2.



196 R. Chitra et al.

Fig. 1 Stir casting setup

In stir casting, the ceramic reinforcement particles are merged into a molten metal 
by different methods, followed by mixing which results in the casting of AMCs. High 
processing temperature is used for developing the strong bond between the matrix 
and reinforcement, and it can be intermingled with the reinforcement to fabricate the 
composites with increased wettability in AMCs. 

The steps involved in enhanced stir casting techniques are given below:-

• The AA6061 is kept in the crucible pre-heated to 800 °C temperature in the 
aluminium melting furnace. To achieve better wettability between matrix and rein-
forcements, the reinforcements are also pre-heated to high temperatures around 
10000 to 12000 °C. 

• After a few minutes, 1% of degasser Hexachloroethane is added to the molten 
content in the crucible. The poisonous gases of carbon, nitrogen, etc., that
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(a) Degasifier Setup (b) Furnace Control 
panel 

(c) Crucible and mould 
setup 

Fig. 2 Stir casting control panel setup

may cause porosity of the molten matrix throughout and after the process of 
solidification were engaged with the molten matrix. It can be reduced by degasser.

• The pre-heated reinforcement particles are added to the molten metal simultane-
ously, with the motor-powered stirring act for 2–10 min at the speed of around 
300 rpm to 400 rpm in order to ensure the uniform dispersal. 

• Further, the molten metal is chilled slowly to reduce its liquids’ temperature 
and to maintain it in a semisolid condition. Finally, the melt is maintained at the 
temperature range of 600 ± 150 °C while pouring it into the required dimensional 
mould. 

2.2 Experimental Design 

The process parameters are analysed using response surface methodology. Response 
surface method (RSM) facilitates the computation of the association between more 
computed responses and the very important parameters. In this experimentation, four 
input factors are considered which require a two-level factorial screening design. In 
any case, a number of the factors for RSM have to be measurable. The goal is to 
discover an attractive position in the design space. This may perhaps be the highest, 
the lowest or an area in which the response is steady above a variety of factors. 
Targets might comprise gathering a group of specifications for some response tensile 
strength and hardness. 

RSM is used to identify the performance of the Al/B4C composites. In design of 
experiments (DOE), various designs like central composite design, Box-Behnken 
design, pentagon design, small central composite design, hexagon design and 
distance-based design are available. Among various options available in DOE, the
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Table 1 Design factors for stir casting process 

Input parameters Code Various levels 

−2 −1 0 1 2 

Stirring speed (rpm) A 300 320 340 360 380 

Stirring time (min) B 2 4 6 8 10 

Holding temperature (°C) C 640 660 680 700 720 

% of reinforcement (weight fraction) D 0 2.5 5 7.5 10 

second-order full fraction central composite design with five levels for the input 
parameters is considered in the present study. 

Design-Expert version 12 is used for the modelling of the stir casting variables. The 
input parameters considered are stirring speeds, stirring time, holding temperature 
and percentage of reinforcement, while the response variables are tensile strength and 
hardness. The levels of the variables used to design the experiment for the modelling 
are given in Table 1. 

Based on the output of the DOE, the 30 combinations of various input parameters 
have been chosen to carry out the experiments over B4C reinforced AMC speci-
mens and coded from R01 to R30. The chosen experimental parameters with their 
experimental codes are presented in Table 2.

Tensile strength and hardness are the two output parameters which decided the 
performance of the stir casting process. Tensile strength is a mechanical behaviour 
that comprises the individual features of materials and portrays their behaviour in 
the circumstance of action of exterior forces. 

The tensile examination is the most straightforward investigation method 
employed to characterize the mechanical characteristics of the material. To 
obtain accurate data in distinctive construction composites, specialized devices 
are employed for tensile examination. The machine used for tensile test is digital 
tensometer shown in Fig. 3. The tensile samples are tested in room temperature. The 
specimens before and after tensile testing are shown in Fig. 3. The Brinell hardness 
number evaluates the global response of the material and is comparatively inattentive 
to contained outcomes and display hardness values straightforwardly, hence averting 
tiresome computations concerned in other hardness evaluation methods. The results 
of tensile strength (Mpa) and hardness (BHN) at different experimental runs from 
R01 to R30 are presented in Table 3.

The best value of tensile strength within the selected experimental runs is obtained 
for R10 (stirrer speed of 360 rpm, stirring time of 8 min, holding temperature of 
700 °C and weight fraction of 7.5), whereas good hardness value is obtained corre-
sponding to R16 (stirrer speed of 340 rpm, stirring time of 6 min, holding temperature 
of 680 °C and weight fraction of 10).
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Table 2 Experimental run code with input parameters 

Sl. No. Experimental run code A B C D 

1 R1 1 −1 1 1 

2 R2 0 0 0 0 

3 R3 0 0 0 0 

4 R4 1 −1 −1 −1 

5 R5 1 −1 1 −1 

6 R 6 −1 1 −1 −1 

7 R7 0 −2 0 0 

8 R8 −1 −1 1 1 

9 R9 −1 1 1 −1 

10 R10 1 1 1 1 

11 R11 0 0 −2 0 

12 R12 0 0 0 −2 

13 R13 −1 1 −1 1 

14 R14 0 0 2 0 

15 R15 0 0 0 0 

16 R16 0 0 0 2 

17 R17 0 0 0 0 

18 R18 0 0 0 0 

19 R19 −1 −1 −1 1 

20 R20 1 1 −1 −1 

21 R21 −1 −1 −1 −1 

22 R22 1 −1 −1 1 

23 R23 0 2 0 0 

24 R24 0 0 0 0 

25 R25 −1 −1 1 −1 

26 R26 −2 0 0 0 

27 R27 −1 1 1 1 

28 R28 1 1 −1 1 

29 R29 1 1 1 −1 

30 R30 2 0 0 0

3 Development of Mathematical Model 

The modelling of stir casting parameters in order to evaluate the output responses 
is carried out in this section. The concepts of design of experiments (DOE) and the 
basics of response surface methodology (RSM) have been described. RSM quadratic 
model is used for modelling the relationship between a scalar variable and one or 
more explanatory variables. In quadratic model, a smooth interpolating function is
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(a) Digital Tensometer 

(b) Specimens before tensile test (c) Specimens after tensile test 

Fig. 3 Tensile test

usually used, and it generally includes quadratic and interaction effects. The standard 
quadratic model is defined by Eq. (1). 

Y = β0 + .(βi Xi  ) + .(β(i /= j)Xi  X  j) + .
(
βi i  Xi2

)
(1) 

where Y is the dependent variable and (X_1, X_2, …, X_j) are non-stochastic vari-
ables. Developed regression equation for tensile strength and hardness is represented 
in Eqs. (2) and (3), respectively. 

Tensile strength = 226.46 + 12.68A + 6.71B + 0.53C + 1.92D 
+ 0.60AB  + 3.82AC + 3.33AD − 1.69BC 
+ 0.56BD  + 1.47CD  − 1.86A2 − 2.85B2 
− 1.51C2 − 1.55D2 (2)



11 Stir Casting Process Parameters and Their … 201

Table 3 Experimental run 
code with response variables 
form experimentation 

Sl. No Run code Tensile strength 
(Mpa) 

Hardness (BHN) 

1 R01 244.18 72 

2 R02 222.18 66 

3 R03 226.32 67 

4 R04 218.94 61 

5 R05 220.86 60 

6 R06 212.42 57 

7 R07 198.86 64 

8 R08 192.51 71 

9 R09 208.54 58 

10 R10 246.46 72 

11 R11 219.18 64 

12 R12 217.25 55 

13 R13 215.37 70 

14 R14 223.33 65 

15 R15 227.79 66 

16 R16 224.95 78 

17 R17 223.35 67 

18 R18 228.28 68 

19 R19 201.89 74 

20 R20 234.49 60 

21 R21 204.62 56 

22 R22 216.75 69 

23 R23 232.95 69 

24 R24 230.87 66 

25 R25 200.26 58 

26 R26 196.84 63 

27 R27 204.57 72 

28 R28 239.83 75 

29 R29 231.19 59 

30 R30 242.87 67

Hardness = 66.67 + 0.84A + 0.5B + 0.08C + 6.34D + 0.38AB  
− 0.25AC − 0.63AD − 0.13BC + 0.25BD  − 0.13CD  

− 0.48A2 − 0.11B2 − 0.62C2 − 0.11D2 (3)
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3.1 Validation of Regression Equation 

The regression equation (RE) for tensile strength and hardness is validated with the 
experimental data as the equations are further used for the optimization process. 
The values of experimental runs from R01 to R230 have been incorporated in the 
corresponding REs of tensile strength and hardness. The predicted value is compared 
with the experimentally arrived values. Thus, the comparisons of the results are 
presented with their percentage deviation. Table 4 shows the tensile strength and 
hardness values obtained using RE and experiments.

The experimental results from the experimentation and predicted values from RE 
are validated. The results of tensile strength with experimentation and RE are shown 
as graph in Fig. 4a to show the close agreement between them. In a similar way, the 
values of hardness are also shown as graph in Fig. 4b. It is noted that the closeness 
is observed for both MRR and SR.

4 Result and Discussion 

The influence of process parameters on tensile strength and hardness is discussed in 
this section, and the microstructure is analysed using scanning electron microscopy 
and EDAX. 

4.1 Influence of Process Parameters 

The significance of RE is discussed with ANOVA table and normal plot for all 
the AMCs produced in the stir casting. The equations thus formed are validated 
with experimental results obtained in the experimentation. The influence of process 
parameters is analysed using three-dimensional surface plots. 

4.1.1 Influences on Tensile Strength 

The influencing parameters in the stir casting are analysed with three-dimensional 
response plot. It is plotted against two input variables in x and y axes, respectively, 
with output parameter tensile strength in z axis. Other two parameters are kept at the 
centre point of the design. 

Three-dimensional response plot for tensile strength on the stirrer speed and stir-
ring time is shown in Fig. 5a. Here, the holding temperature and percentage of 
reinforcement on stir casting are kept at the centre point of the design. When the 
stirrer speed is low, the tensile strength of the AMC is low, and it gradually increases 
with increase of stirrer speed. The higher the value, the better is the tensile strength.
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Table 4 Comparison of tensile strength and hardness for various experimental runs 

Sl. No. Exp. run Tensile strength Hardness 

Exp RE %Dev Exp RE %Dev 

1 R01 244.18 236.26 3.24 72.00 70.62 1.92 

2 R02 222.18 226.47 −1.93 66.00 66.67 −1.02 

3 R03 226.32 226.47 −0.07 67.00 66.67 0.49 

4 R04 218.94 214.86 1.86 61.00 59.79 1.98 

5 R05 220.86 223.98 −1.41 60.00 59.96 0.07 

6 R06 212.42 219.45 −3.31 57.00 57.13 −0.23 

7 R07 198.86 201.67 −1.41 64.00 65.25 −1.95 

8 R08 192.51 197.79 −2.74 71.00 71.46 −0.65 

9 R09 208.54 206.55 0.95 58.00 57.79 0.36 

10 R10 246.46 248.63 −0.88 72.00 72.62 −0.86 

11 R11 219.18 219.39 −0.1 64.00 64.08 −0.12 

12 R12 217.25 216.48 0.35 55.00 53.58 2.58 

13 R13 215.37 214.78 0.27 70.00 71.79 −2.56 

14 R14 223.33 221.49 0.82 65.00 64.42 0.89 

15 R15 227.79 226.47 0.58 66.00 66.67 −1.02 

16 R16 224.95 224.09 0.38 78.00 78.92 −1.18 

17 R17 223.35 226.47 −1.4 67.00 66.67 0.49 

18 R18 228.28 226.47 0.79 68.00 66.67 1.96 

19 R19 201.89 198.07 1.89 74.00 70.79 4.34 

20 R20 234.49 231.74 1.17 60.00 61.29 −2.15 

21 R21 204.62 204.98 −0.18 56.00 57.13 −2.02 

22 R22 216.75 221.27 −2.09 69.00 70.96 −2.84 

23 R23 232.95 228.51 1.91 69.00 67.25 2.54 

24 R24 230.87 226.47 1.91 66.00 66.67 −1.02 

25 R25 200.26 198.82 0.72 58.00 58.29 −0.5 

26 R26 196.84 193.66 1.62 63.00 63.08 −0.13 

27 R27 204.57 207.75 −1.55 72.00 71.96 0.06 

28 R28 239.83 240.38 −0.23 75.00 73.46 2.05 

29 R29 231.19 234.12 −1.27 59.00 60.96 −3.32 

30 R30 242.87 244.42 −0.64 67.00 66.42 0.87

From Fig. 5a, it is clear that tensile strength is proportional to rate of change of speed 
of the stirrer and stirring time.

Three-dimensional response plot for the influence of holding temperature and stir-
ring time on tensile strength is shown in Fig. 5b. Here, the weight fraction and stirrer 
speed on stir casting are kept at the centre point of the design. For the consideration 
of holding temperature, best value of tensile strength occurs at the midpoint value.
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Fig. 4 Experimental versus 
predicted values

(a) Tensile Strength 

(b) Hardness 

Three-dimensional response plot for the influence of weight fraction and stirring 
time on tensile strength is shown in Fig. 5c. Here, the stirrer speed and holding 
temperature on stir casting are kept at the centre point of the design. Weight fraction 
of reinforcement plays a vital role in tensile strength. Hence, good tensile strength 
of material removal can be obtained from the optimum weight fraction of B4C 
reinforcement. 

Three-dimensional response plot for the influence of stirrer speed and holding 
temperature on tensile strength is shown in Fig. 5d. Here, the stirring time and weight 
fraction of reinforcement in AMC are kept at the centre point of the design. If the 
stirrer speed increases, the tensile strength increases, whereas good tensile strength 
is obtained in midpoint values. 

Three-dimensional response plot for the influence of stirrer speed and weight 
fraction of reinforcement on tensile strength is shown in Fig. 5e. Here, the stirring 
time and holding temperature on stir casting are kept at the centre point of the design. 
If the stirrer speed increases, the tensile strength increases, whereas the best value
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Fig. 5 Input parameters influencing on tensile strength
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of tensile strength is obtained in midpoint values. From Fig. 5e, it is found that the 
weight fraction of reinforcement in AMC and stirrer speed are the major influencing 
factors in the production of B4C reinforced AMCs using stir casting method. 

Three-dimensional response plot for the influence of weight fraction of reinforce-
ment and holding temperature on tensile strength is shown in Fig. 5f. Here, the stirring 
time and stirrer speed on stir casting are kept at the centre point of the design. If the 
weight fraction of reinforcement increases, the tensile strength increases, whereas 
good tensile strength is obtained in midpoint values. 

4.1.2 Influence on Hardness (BHN) 

The influence of input parameters on BHN in the fabrication of B4C reinforced 
AMCs using stir casting is analysed with three-dimensional response plot. It is plotted 
against two input variables in x and y axes, respectively, with output parameter BHN 
in z axis. The other two parameters are kept at the centre point of the design. 

Three-dimensional response plot BHN of AMC is shown in Fig. 6. Influence 
of stirrer speed and stirring time on BHN is shown in Fig. 6a. Here, the holding 
temperature and weight fraction of reinforcement in AMCs using stir casting are 
kept at the centre point of the design. For improved stir casting indices, elevated 
accuracy, and enhanced hardness, it is necessary to select the appropriate stirrer 
speed. In low values of stirrer speed, efficiency may reveal an inability to select 
the optimum casting conditions that show the way to elevated tensile strength and 
hardness. If the time taken for the stirring action is very high, then good BHN can 
be achieved from the aluminium B4C reinforced composites.

At low stirring time, BHN is low and is slightly increased. Then, it gets smoothly 
reduced with increase in stirring time. Three-dimensional response plot for the influ-
ence of holding temperature and stirring time on BHN is shown in Fig. 6b. Here, the 
weight fraction of B4C reinforcement and stirrer speed on stir casting are kept at the 
centre point of the design. 

Hardness of the B4C reinforced composites and holding temperature in the molten 
metal of the crucible are directly proportional to each other. If the holding temperature 
is low, hardness is also low. It gets increased with increase in the holding temperature 
in the furnace. Three-dimensional response plot for the influence of weight fraction 
of B4C reinforcement and stirring time on BHN is shown in Fig. 6c. Here, the stirrer 
speed and holding temperature stir casting are kept at the centre point of the design. 
Optimal value of weight fraction of reinforcement will be giving the best value of 
BHN. Minimum weight fraction of reinforcement will produce minimum tensile 
strength, and hence provide minimum BHN values. 

Three-dimensional response plot for the influence of stirrer speed and holding 
temperature on BHN is shown in Fig. 6d. Here, the weight fraction of B4C reinforce-
ment and stirring time on stir casting are kept at the centre point of the design. From 
the figure, it is noticed that the influence of holding temperature is less than that of 
stirrer speed. Three-dimensional response plot for the influence of weight fraction of 
B4C reinforcement and holding temperature on BHN is shown in Fig. 6f. Here, the
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Fig. 6 Input parameters influencing on hardness

stirring time and stirrer speed on fabrication of AMCs using stir casting are kept at 
the centre point of the design. If weight fraction of B4C reinforcement is increased, 
BHN also increases, but the influence of holding temperature is minimum compared 
with another parameter as concerned to BHN.
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Table 5 ANNOVA results of tensile strength for B4C reinforced AMCs 

Source df Mean square F-value p-value 

Model 14 419.03 18.68 < 0.0001 

A-Stirring speed 1 3865.37 172.27 < 0.0001 

B-Stirring time 1 1080.58 48.16 < 0.0001 

C-Holding Temp 1 6.57 0.2929 0.5963 

D-% of reinforcement 1 86.79 3.87 0.0680 

Residual 15 22.44 

Lack of fit 10 28.40 2.70 0.1420 

Pure error 5 10.51 

Cor total 29 

4.2 ANOVA Results 

The analysis of variance is used to validate the model for deriving inference and the 
results. Since the response is nonlinear, the quadratic model has been selected for 
modelling. 

4.2.1 ANOVA Results of Tensile Strength 

The ANOVA result of tensile strength for B4C reinforced AMCs is shown in Table 
5. The model F-value of 18.68 and the p-value of <0.0001 represent that the selected 
quadratic model developed in DOE is good for deriving inference. 

From ANOVA analysis, it is evident that the stirrer speed is the most influencing 
factor for maximizing the tensile strength because the F-value is 172.27. The stirring 
time has also a dominant influence on tensile strength (F-value 48.16). The other 
two parameters holding temperature and weight fraction of reinforcement are less 
influential factors on tensile strength. There are significant interactive effects (p-
value < 0.0001) on stirrer speed and stirring time in the process which cannot be 
inferred by simple experiments. The p-value of the selected model is <0.0001, and 
hence, it can be a significant model for the experimental design for fabricating B4C 
reinforced AMCs. The model F-value of 18.68 implies that the model is significant. 
Hence, this model can be used to navigate the design space. 

4.2.2 ANOVA Results of BHN 

The ANOVA table for BHN is given in Table 6. F-value of 25.74 implies that the 
model is significant for the modelling of predominant process parameter BHN. The 
p-value of selected model is <0.0001, and hence, it can be a significant model for
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Table 6 ANNOVA results of BHN for B4C reinforced AMCs 

Source df Mean square F-value p-value 

Model 14 72.21 25.74 < 0.0001 

A-Stirring speed 1 16.67 5.94 0.0277 

B-Stirring time 1 6.00 2.14 0.1643 

C-Holding Temp 1 0.1667 0.0594 0.8107 

D-% of reinforcement 1 962.67 343.13 < 0.0001 

Residual 15 2.81 

Lack of fit 10 3.87 5.81 0.0329 

Pure error 5 0.6667 

Cor total 29 

stir casting process for the fabrication process related to B4C reinforced AMCs. The 
model F-value of 25.74 implies that the model is significant. 

From ANOVA analysis, it is evident that the weight fraction of the B4C presented 
in the AMC is the most influencing factor for good BHN, because the F-value is 
343.13. The stirrer speed and stirring time have also an influence on BHN (F-value 
5.94 and 2.14). The remaining parameter holding temperature is less influential on 
BHN. There are significant interactive effects (p-value < 0.0001) on the model as 
well as the weight fraction of the reinforcement in the process. 

4.3 Regression Analysis 

The normal probability plot is used for regression analysis. The normal plot of tensile 
strength and hardness of B4C reinforced AMCs is shown in Fig. 7. From Fig.  7a, it 
is inferred that there exists a close agreement between the predicted R2 of 0.7241 
and adjusted R2 of 0.8951 because the difference is less than 0.2. Hence, adequate 
precision processes the signal-to-noise ratio is achieved. A ratio of more than 4 is 
desirable. Model for the tensile strength, ratio of 16.412 indicates an adequate signal. 
This model can be used to navigate the design space.

From Fig. 7b, it is noticed that the predicted R2 of 0.7835 is in close agreement 
with the adjusted R2 of 0.9227. It shows that the difference is less than 0.2. Hence, 
adequate precision indicates good the signal-to-noise ratio. A ratio of more than 4 
is desirable. In the current model, the ratio of 21.389 indicates an adequate signal. 
This model can be used to navigate the design space. The R-squared value of BHN 
is 0.9227, which means the regression model offers superior connection between the 
process parameters and response in hardness. The spread revealed in Fig. 7 indicates 
that the error in tensile strength and hardness is of normal spread, and the regression 
model is well integrated with the observed values.
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Fig. 7 Normal plot of B4C reinforced AMC

The RSM model is developed for stir casting to map the relationship between 
process parameter and output variables. RE is formulated using the RSM model to 
predict the value of the output parameter. The experimental values are compared 
with the predicted values from RE. It has been observed that the predicted values 
are in close agreement with experimental values of tensile strength and hardness. 
The significance of RSM model is analysed with ANOVA and from the p-value and 
F-value it is concluded that the selected model is good for stir casting. The developed 
RE is also validated using normal plot. From normal plot, it has been noticed that
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the developed regression model is significant for the experimentation of stir casting. 
The optimal values obtained from RSM is further used for microstructure analysis. 

4.4 Microstructure Analysis 

The SEM microstructure of AMCs is shown in Fig. 8. From the figure, it is observed 
that the B4C particles were distributed homogeneously in AA6061. During the initial 
stage of the production of the metal matrix composites, the molten stage AA6061 
flows with B4C particles. A rotating action of the stirrer provides a rapid stirring 
which causes ceramic particles getting uniformly distributed in aluminium matrix. 
Most of the ceramic particles were found within the grain boundaries. Aluminium 
metal matrix composites were formed in the solid state, and the free movement of 
particles is absent because of the heavy density of the material. The particles were 
distributed by axial force induced by the rotating tool. The distribution of the particles 
becomes intra-granular. The basic structure of AA6061 is body centred cubic so that 
the B4C particles were bonded together in reinforcement. Hence, the elongation was 
comparatively high for applied load. The ductility also improved because of the 
bonding nature of B4C. 

Specimens for microstructure analysis are carried at different portion of cast piece. 
Metallographic specimens are prepared by polishing. Microstructure study on the 
AMCs revealed the distribution of reinforcement particles throughout the matrix and 
occurrence of porosity. Figure 8 represents the microstructure images of AMC/B4C 
specimens. From the figure, it was noticed that the input parameters which shows the 
distribution of reinforcements among the matrix. At higher speeds, the homogeneous 
distribution of the reinforcement has been attained. It is identified that the stirring 
time is also the influencing factor in addition to the stirrer speed. 

It has been acknowledged that the spreading of reinforcement particle in Fig. 9. It  
is noticed that in some areas particle concentration is more and in some areas there 
is less concentration of the particles. Hence, the uniform particle reinforcement can

Fig. 8 SEM images 
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be attained by optimal stirring time of 6 min and just above. Some regions were 
identified without B4C presence at stirring time of 6 min . If the stirring time is 
increased from 8 to 10 min, the reinforcement particle distribution becomes high 
which is compared with 6 min stirring. Hence, it is concluded that the better uniform 
distribution of the particle can be obtained from optimal stirring time and increasing 
the speed of the stirrer. 

Some porosity areas were also recognized in the microstructure investigation. It 
may be due to poor wettability of the reinforcement with the matrix. If the temperature 
of the reinforcement is low, porosity associated with the B4C reinforcement occurs 
in clusters. These porosity regions were well identified in SEM and EDAX pictures. 
AA6061 is generally a soft material, and the addition of particle reinforcement could 
increase the hardness of the AMCs. It is due to the presence of hard particles such as 
B4C that tends to increase the plastic deformation of the matrix in the hardness test. 
It is also identified that in some places, the hardness value is more and some places 
its value is low. It is due to the absence of reinforcement particles in that region at 
the various locations in the tested specimen. It was exposed that the effect of stirrer

Fig. 9 EDAX results for AA6061/B4C composites 
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speed and weight fraction of reinforcements mostly influenced the hardness value. 
The stirrer speed influenced the hardness value. At minimum stirrer speed, the values 
of hardness at certain places are low and, in some places, it was observed high. It is 
noticed from the areas where the B4C particles were absent that minimum value of 
hardness is acquired. It is also observed that some areas where the particle gathering 
is high, maximum hardness values were obtained. 

The hardness is non-uniform for low stirrer speeds and low stirring time. Due to 
this non-uniform distribution of the particles, some places were identified with high 
hardness and some places with low value of it. It is also observed that the stirring time 
and holding temperature do not make any improvement on hardness. When the stirrer 
speed is increased to 380 rpm, maintaining the stirring time of 6 min yields better 
results in hardness. It has been resolved from the microstructure that 6 min stirring 
and high weight fraction of reinforcement yield respectable hardness composite. 

5 Conclusion 

The composite specimens are fabricated at different experimental conditions using 
CCD, and the tensile strength and hardness in AA6061/B4C are observed. The 
input parameters considered are stirrer speed, stirring time, holding temperature 
and percentage of reinforcement. The mathematical model using RSM is developed, 
and the regression equations are obtained for tensile strength and hardness. From 
the experimental outcomes and the developed models, the following conclusions are 
made: 

• The simplest and the most economical way to produce good quality AA 6061/B4C 
composites is stir casting technique. 

• From the analysis, it is shown that the values obtained from regression equation 
are in close agreement with experimental model. The R2 value of the regression 
equation is in significant fit. ANOVA analysis revealed that the mathematical 
model is in reasonable agreement for tensile strength as well as hardness. 

• It was found from the tensile test that the stirrer speed and stirring time influence 
the ultimate strength of the composite. Higher stirring speed and stirring time give 
better strength and good hardness to composite of AMC. Better tensile strength 
and hardness composites were obtained from 360 rpm and 6 min stirring time 
with 700° holding temperature and 7.5% weight fraction of reinforced B4C. 

• In the microstructure study, it has been revealed that lowering the stirrer speed 
and minimum stirring time tends to non-uniform distribution of reinforcement 
particles and some places were recognized without B4C addition. At maximum 
stirrer speed and high stirring time has given healthier and homogeneous distri-
bution of B4C in the Al matrix which was obtained. Uniform distributions of B4C 
were obtained at 360 rpm and 8 min stirring time condition.
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• Opportunity of crowding of the reinforcements increases with increasing weight 
fraction of reinforcements which will increase the ultimate tensile strength and 
hardness of AA6061/B4C composites. 
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Solid State Processing of Lightweight 
Alloys and Composites



Chapter 12 
Microstructure and Mechanical 
Properties of Severely Deformed 
Aluminum Alloys 

Shrishty Sahu, Abhishek Ghosh, Uttam Kumar Murmu, Kalyan Das, 
and Manojit Ghosh 

1 Introduction 

Nowadays, the use of aluminum and its alloys is progressively increasing in the 
aerospace and automobile industries owing to their high specific strength, excel-
lent formability, and cost-effectiveness [1]. Various researchers have worked on 
improving the mechanical properties of these alloys and came up with the idea of 
refining the coarse-grained structures, which could be accomplished through severe 
plastic deformation (SPD). SPD is a novel method that produces grain sizes below 
sub-micrometer or even nanometer ranges in fully dense bulk metals [2]. This is 
achieved by imposing a very high strain without bringing any noteworthy change in 
the general dimensions of the materials [3]. It is already known that metals’ average 
grain size and microstructural characteristics are quite responsible for modifying 
their mechanical properties [3]. Thus, two main advantages of ultra-fine grain (UFG) 
structures can be obtained from the SPD techniques. Firstly, the reduction in grain 
size up to the nanometer range (100 nm [4]) consequently the material behaving 
stronger following the Hall–Petch relationship. Secondly, the polycrystalline mate-
rials with UFGs subjected to a tension test at rapid rates and higher temperatures can 
exhibit super plasticity [2]. The conventional deformation methods (such as rolling 
and drawing, pressing) are much inferior to the SPD processes as they refrain the 
metals from achieving high strain and, consequently, grain refinement. They are even 
responsible for reducing the cross-sectional area of the materials, which is not the 
case with SPD techniques. The structures thus obtained after SPD processes possess

S. Sahu · A. Ghosh (B) · U. K. Murmu · K. Das · M. Ghosh (B) 
Department of Metallurgy and Materials Engineering, Indian Institute of Engineering Science and 
Technology, Shibpur, Howrah 711103, India 
e-mail: abhishek.me.08@gmail.com; abhishek.me.rs2015@metal.iiests.ac.in 

M. Ghosh 
e-mail: mghosh.metal@faculty.iiests.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. V. Vignesh et al. (eds.), Advances in Processing of Lightweight Metal Alloys 
and Composites, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-19-7146-4_12 

219

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-7146-4_12\&domain=pdf
mailto:abhishek.me.08@gmail.com
mailto:abhishek.me.rs2015@metal.iiests.ac.in
mailto:mghosh.metal@faculty.iiests.ac.in
https://doi.org/10.1007/978-981-19-7146-4_12


220 S. Sahu et al.

UFGs, low density of free dislocations, high strain, high angle of misorientation 
in grains, high energy, high strength, increased wear resistance, increased strain 
rate, and decreased dynamic recrystallization [4]. Therefore, the following sections 
will introduce the readers to various SPD processes with respective microstructures 
developed. 

2 Relevant Topics 

2.1 Principles of Severe Plastic Deformation (SPD) 
Processing 

Out of the numerous available SPD processing techniques, the most developed ones 
are accumulative roll bonding (ARB), equal-channel angular processing (ECAP), and 
high-pressure torsion (HPT) [2]. Hence, they have been discussed here in detail due to 
their broad applicability, high degree of homogeneity, excellent mechanical proper-
ties, etc. These techniques have various applications for the SPD processed materials, 
such as biomedical appliances, sports equipment (for example high-performance 
bicycles), extreme environmental conditions, and dental and orthopedic surgeries. 
[5]. ARB is the simplest and most cost-effective of these three techniques, while HPT 
results in greater refinement of microstructures. However, all processes do have their 
demerits as well. Some of the significant difficulties encountered with ECAP are its 
non-continuous and labor-intensive nature, high initial set-up cost, the possibility 
of formation of cracks, usage of relatively small-sized billets, amount of wastage 
and employment of rod or bar samples instead of the commonly used sheet metals 
in the industry. However, HPT is a continuous process, but the use of thin disk 
samples is one of its drawbacks. Thus, ECAP and HPT processes are not so helpful 
for processing larger volumes of materials [5]. Nevertheless, ARB has proved to 
be one of the best SPD processes in the industry because, along with several other 
benefits, it did not require many changes in its conventional design [1]. ECAP and 
HPT processes still find industrial applications due to the generation of negligible 
porosity and contamination [2]. The UFG alloys so produced are homogenous and 
possess equiaxed microstructures with grain boundaries mostly having high angles 
of misorientation [3]. The other advantages in mechanical properties of these alloys 
include better strength at low temperatures, greater hardness and ductility, improved 
formability at elevated temperatures, and superior fatigue life [6, 7]. 

2.1.1 ARB Process 

In the ARB processing technique, large fine-grained sheets can be continuously 
produced without changing the dimensions of the specimen. First, the material is 
divided into strips parallel to the rolling direction. The next step is to remove any
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Fig. 1 Schematic diagrams of a ARB, b ECAP, c HPT processes [8, 9]. Reprinted from Ref. [9] 
with permission from Elsevier 

contaminants from the surface of the strips that are to be bonded together. After the 
surface preparation, the surfaces are fixed tightly with the help of copper wires. Then 
they are rolled out by 50% of their thickness without using any lubricants at ambient 
temperature. After each cycle, these roll-bonded strips are cut in half and then rolled 
again (Fig. 1a) [8]. 

2.1.2 ECAP Process 

ECAP is known to be developed by Segal et al. in Russia during the 1970s [7]. 
This method is well capable of introducing large plastic strains without substantially 
changing the overall geometry of the sample [7]. In this process, a workpiece in the 
form of a bar or rod is pushed through two channels that intersect at an angle close 
to 90° (Fig. 1b). The sample is pushed with the help of a plunger by applying an 
external pressure P. [2] In the sample shown in Fig. 1b, the two channels intersect 
at ϕ = 90°, and the angle at which their outer arc of curvature meets is . = 0°. 
These angles act as the deciding factor for the strain produced in the work metal 
in a single pass. To introduce different slip systems during ECAP, the samples can 
be rotated about their longitudinal axis between each pass. Based on the rotation of 
the sample billet, three types of processing routes can be recognized: Route A (no 
rotation), Route BC (90° clockwise rotation), and Route C (180° rotation between 
passes). On comparing all the routes, Route BC has proved to be the best because it 
produces equiaxed arrays of UFGs having high-angle grain boundaries in the three 
orthogonal planes [10]. 

2.1.3 HPT Process 

HPT is another SPD processing technique that uses pure shear to deform thin disks 
of metals. These disks are placed between two anvils which rotate against each other 
(Fig. 1c). Since the deformation produced is non-uniform across the diameter; hence, 
it is difficult to provide an exact estimation of the strain produced. Another factor
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responsible for affecting the value of the strain is the thickness of the disks used. 
Hence, the strain must be measured in terms of the number of turns of the disks. 
According to the literature, various experiments confirmed that HPT is better than 
ECAP because it can produce a very fine grain size (~450 nm [11]) in the sample. 
However, the size of the samples being too small is one of its disadvantages [2, 5]. 

2.2 Mechanical Properties After SPD Processes 

See Fig. 2 and Table 1. 

Fig. 2 Engineering stress–strain curves for Al-7075 alloy for a1 ARB, b1 ECAP and c1 HPT 
processed sheets [12–14]. Reprinted from Refs. [13] and  [14] with permission from Springer Nature 
and Elsevier, respectively 

Table 1 Mechanical properties of ARB, ECAP and HPT processes [11–17] 

Process Equivalent strain YS (MPa) UTS (MPa) % El Hardness (Hv) Grain size 

ARB 0.055 235 305 18 55 1.3 µm 

ECAP 0.082 255 330 7 125 1 µm 

HPT 0.048 550 650 20 255 450 nm
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2.2.1 Strength and Ductility 

On observing the engineering stress–strain curve for Al-7075 alloys for all three 
processes, it can be concluded that after one pass, the specimen’s yield strength (YS) 
and ultimate tensile strength (UTS) increase the most for the HPT process and the 
least for ARB process. This proves that all SPD processes increase the strength of the 
material while lowering its ductility. The YS and UTS of the Al-7075 alloy increase 
by 30% and 20%, respectively, after the ARB process. While for the ECAP process, 
the YS and UTS increase by 94% and 43%, respectively, after the second ECAP pass. 
And for the HPT process, the YS and UTS increase by 100% and 90%, respectively. 
Strengthening mechanisms due to dislocations, grain refinement, precipitation and 
solid solution are responsible for enhancing strength after the SPD processes [17, 18]. 

The YS and UTS of the Al-6061 alloy increase by 22% and 19.5%, respectively, 
for the ARB process after 5 cycles [19]. While for the ECAP process, both YS and 
UTS increase by 40% [20] and by 60% and 55%, respectively, for the HPT process. 

2.2.2 Hardness 

Hardness can be described as the resistance of a material against plastic deforma-
tion. The hardness of the Al-7075 alloy increases after every pass [15]. For the ARB 
process, the hardness of the specimen increases by 100% after a single ARB cycle 
and becomes constant after the third ARB cycle [16]. Considering the ECAP process 
for the Al-7075 alloy, the hardness increases by approximately 71% due to the frag-
mentation of the precipitates, increase in dislocation density and grain refinement 
[13, 18]. However, the mechanical properties of the specimens after ECAP increase 
significantly up to 120 °C only. From 120 to 180 °C, the size of the grains and precipi-
tates increase, due to which the mechanical properties decrease [17]. The hardness of 
the material also increases after HPT processing. The distribution of microhardness 
in the case of HPT processed specimens is the least in the central zone and keeps 
increasing while moving away from the center. Similar results are obtained for other 
aluminum alloys. 

2.3 Microstructural Evolution After SPD Processing 

Primarily the Al alloys can be divided into age-hardenable (2xxx, 6xxx, 7xxx, etc.) 
alloys and non-age hardenable (1xxx, 3xxx, 5xxx) alloys. Among the different kinds 
of Al alloys, the age hardenable 6xxx and 7xxx series alloys have gained a special 
interest in many industrial applications due to their excellent mechanical properties. 
Thus, a detailed overview of the microstructural evolution of 6xxx and 7xxx series 
alloys after the three novel SPD processes: ARB, ECAP and HPT processes, has 
been discussed in this section.
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2.3.1 Grain Size and Shape 

On observing the microstructural evolution after the ARB process, the average grain 
size of an Al-7075 alloy is observed to reduce to 1.3 µm from the initial grain 
size consisting of both equiaxed and elongated grains with varying volume fractions 
(Fig. 3) [15, 21]. The grains become more elongated and flatter by increasing the 
number of cycles [16]. Apart from ARB, the microstructural evolution after the ECAP 
process illustrated significant grain refinement (60–1 µm). From the TEM and EBSD 
figures (Fig. 4), it can be concluded that the grains become almost equiaxed, and with 
an increase in ECAP temperature, an increase in grain size with equiaxed structure 
and a decrease in dislocation density can be observed [17]. In the case of the HPT 
process, a better refinement occurred in grains (~500 nm in the center and ~250 nm 
near the edge [22]) (Fig. 5) when the process is carried out at RT rather than at high 
temperatures (200 °C). At RT, the refinement in grains after two revolutions becomes 
negligible due to an increase in dislocation density. While after 200 °C, the grain 
refinement increases with an increase in temperature due to a decrease in dislocation 
density. Generally, after two revolutions, a mixture of equiaxed and elongated UFGs 
is observed during HPT. While the number of equiaxed UFGs increases after multiple 
HPT cycles [7]. 

(a1) (b1) (c1) 

(a2) (b2) (c2) 

Fig. 3 Microstructures after processing by ARB for Al-7075 samples by TEM at a1 300 °C, b1 
350 °C, and c1 400 °C and EBSD at a2 300 °C, b2 350 °C, and c2 400 °C [26]. Reprinted from 
Ref. [26] with permission from Springer Nature
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(a1) (c1)(b1) (d1) 

(a2) (b2) (c2) (d2) 

Fig. 4 Microstructures after processing by ECAP for Al-7075 alloys at different temperatures: 
TEM micrographs and corresponding SAED patterns for a1 3 passes RT, b1 3 passes 120 °C, c1 4 
passes at 150 °C, d1 4 passes at 180 °C and EBSD for a2 3 passes RT, b2 3 passes 120 °C, c2 4 
passes at 150 °C, d2 4 passes at 180 °C [17] 

Fig. 5 EBSD orientation color maps of Al-7075 alloy disks processed by HPT after a 2 revolutions, 
b 5 revolutions, c 10 revolutions at RT; and after d 2 revolutions, e 5 revolutions, f 10 revolutions 
at 200 °C [27]. Reprinted from Ref. [27] with permission from Elsevier 

On observing the microstructural evolution after the 12-cycle ARB process at RT 
(Fig. 6), the average grain size of an Al-6061 alloy is observed to reduce to 500 nm 
from the initial grain size. An increase in the number of cycles further decreases the 
size of the UFGs [23]. In the case of the ECAP process, the mean grain size reduces 
to 300–400 nm after 4 ECAP passes (Fig. 7) [24]. While in the case of the HPT 
process, the mean grain size of the UFG structure is observed to reduce to 100 nm 
(Fig. 8) [25].
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Fig. 6 Microstructures after processing Al-6061 alloys by ARB: TEM micrographs and corre-
sponding SAED patterns at the rolling plane after a1 two, b1 four, c1 six, d1 eight cycles and 
EBSD for a2 one, b2 two, c2 three cycles [1, 23]. Reprinted from Ref. [23] with permission from 
Elsevier 

Fig. 7 Microstructures after processing Al-6061 alloys by ECAP: TEM micrographs and corre-
sponding SAED patterns for a1 1 pass, b1 4 passes, c1 8 passes, d1 12 passes and EBSD for a2 1 
pass, b2 4 passes, c2 8 passes, d2 12 passes [28]. Reprinted from Ref. [28] with permission from 
Elsevier

2.3.2 Development of Precipitates 

The SPD processes are responsible for accelerating the formation of precipitates in 
Al-7xxx and 6xxx alloys since high-density dislocations are introduced by these 
processes. High-density dislocations provide heterogeneous nucleation sites for 
precipitates [29]. During the ARB processing at elevated temperatures, the precipi-
tates become larger due to coarsening of the material in the heating steps (Fig. 9a–d). 
As the temperature of the process is increased, a further increase in the size of precip-
itates is observed (Fig. 9b–d) [16, 26]. The precipitation characteristics through TEM



12 Microstructure and Mechanical Properties … 227

Fig. 8 Microstructures after processing Al-6061 alloys by HPT: TEM micrographs and their corre-
sponding SAED patterns for a1 the center and b1 at the edge [25]. Reprinted from Ref. [25] with 
permission from Elsevier

figures (Fig. 10) of the ECAP process show that no precipitate is formed at RT after 3 
ECAP passes. However, with the increment of temperature to 120 °C, the precipitates 
of small spherical (3–5 nm) sizes are formed. On further increasing the temperature 
to 150 °C, the size of the precipitates increases to 10–20 nm, while the shape remains 
the same. Alternatively, the morphology of the precipitates changes to plate-like, and 
the size increases to 14–45 nm when the alloy is ECAPed at 180 °C. [17]. In the case 
of the HPT process, the formation of precipitates (<7 nm in size) of irregular shapes 
takes place during deformation at RT. By contrast, the development of coarse glob-
ular precipitates (>10 nm in size) is noticeable at the time of the high-temperature 
HPT process [27].

3 Future Directions 

It is a well-known fact that the UFG Al alloys produced by SPD processes have a 
grain size lying in the sub-micrometer range along with various excellent mechanical 
properties such as high hardness and strength but low ductility. Hence, some exten-
sive research in the fields of microstructural evolution, processing routes, etc., was 
required to enhance the ductility of SPD-produced materials. The recently developed 
3rd generation Al-Li alloys with high strength and ductility can be tried with SPD 
refinement to produce UFG materials.
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Fig. 9 Comparative TEM images subjected to ARB process showing the precipitates in Al-7075 
alloy a1 as-received, b1 300 °C, c1 350 °C, and d1 400 °C [26]. Reprinted from Ref. [26] with 
permission from Springer Nature 

Fig. 10 Depiction of precipitates in Al-7075 alloy put through ECAP process for 3 passes a1 at 
RT, b1 at 120 °C and 4 passes c1 at 150 °C and d1 at 180 °C [17]
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4 Summary and Conclusion 

To sum up, the following points may be considered: 

. The mechanical properties of aluminum alloys can be improved by refining 
the coarse-grained structures through SPD, whose average size lies in the 
sub-micrometer range. 

. On observing the microstructural evolution after the ARB, ECAP and HPT 
processes, it can be concluded that the average grain size of the specimen reduces 
significantly for all SPD processes. These processes are also responsible for accel-
erating the formation of precipitates which become coarser on increasing the 
temperature. 

. Among the three SPD processes, ultrafine grains were achieved in HPT, followed 
by ECAP and ARB. The same trend was followed in the case of mechanical 
properties such as YS, UTS, and hardness. 
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Chapter 13 
A Comprehensive Survey 
on Friction-Based Processing of AZ 
Series Magnesium Alloys 

S. Dharani Kumar, B. Arulmurugan, N. Muthukumaran, 
and S. Ramesh Babu 

Nomenclature 

mm/min Millimetre/minute 
RPM Rotations per minute 
HAZ Heat-affected zone 
BM Base metal 
HCP Hexagonal closed pack structure 
MMC Metal matrix composite 

1 Introduction 

Because of the lightweight and desirable specific strength, magnesium (Mg) and its 
alloys will be extensively used in the automotive and aerospace sectors in future. 
While aluminium is still the most popular choice for lightweight structural compo-
nents, magnesium and magnesium alloys are significantly lighter, weighing around 
40% less than aluminium and 78% less than steel. Mg, one of the world most popular 
and available engineering metals, has a lower density than other structural materials 
like aluminium (2.7 g/cm3) and steel (7.86 g/cm3). Increasing the use of Mg alloys 
has been difficult due to the high cost of these materials. Mg costs up to six times as 
much as steel and twice as much as aluminium on a mass basis, despite being readily 
available in seawater (0.13%). Mg alloys are critical in the transportation, aviation,
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and logistics industries because they reduce weight, maximise energy efficiency, and 
emit fewer pollutants into the environment. 

AZ31 alloy is the most widely employed in industries within this context. The 
exceptional properties of magnesium make it a viable alternative to aluminium and 
steel in a wide range of applications. For example, AZ31 alloy is an ideal wrought 
magnesium alloy, used in automobile industry due to its high damping capacity, low 
density, and high stiffness to weight ratio, high strength at room temperature, strong 
corrosion resistance, and ease of availability. It is also known as the AZ series of 
commercial Mg–Al–Zn alloys, and they have an Al percentage of 1–10 wt%, with 
the Zn content being lower. General application of Mg alloy is shown in Fig. 1. 

Fig. 1 Applications of Mg alloy 

In addition, magnesium (Mg) is prone to galvanic corrosion [1], an electron that 
flows between two different materials due to its potential difference while a contact 
in a solution is conductive or corrosive [2]. The higher active metal then turns into 
anodic and is corroded, and the lower active metal comes to be cathodic and is 
protected [3]. Galvanic corrosion easily wears out the components made by Mg alloys 
because magnesium has the lowest standard potential of all the engineering metals 
[4], so the fabrication industries strive to overcome this major drawback. Processing 
of Mg alloys using conventional method like welding and casting supplies higher 
heat input and processing difficulties. This drastically modify the microstructure 
of Mg alloy plates, causing a wider heat-affected zone and significant distorting 
effects as well as affects the service life of the component. However, friction-based 
solid-state processes could be the better alternative which effectively controls the 
microstructure as well as reduces deformation and residual stress. Producing surface 
composite by FSP is a novel approach in friction assists methods such as friction stir 
welding (FSW) and friction welding (FW). FSW and FSP are being used largely for
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industrial applications. The present study aims to give comprehensive review of the 
work reported by several researchers in the field of friction-based processing of AZ 
series Mg alloys. 

2 Friction-Based Processing 

FSW and FSP are the major processing method that is adopted for AZ series Mg alloy 
by many researchers. The year 1991 was a boon to fabrication industries for devel-
oped friction stir welding (FSW), by Wayne Thomas at TWI Ltd. [5]. The friction 
stir welding process is termed green technology welding because of its energy effec-
tiveness and environmentally friendliness. This process aids to overwhelm numerous 
problems related to traditional joining techniques especially lightweight materials 
like aluminium and Mg alloys [6] and also dissimilar materials such as titanium 
alloy joining with magnesium alloy [7]. Friction stir welding (FSW) is one of the 
solid-state welding techniques [8]. The tool used in FSW is harder than workpiece 
material. It is used to rotate while plunging the line of joining to be welded [9]. At 
that point, the non-consumable tool swirled over the welding line creates heat, which 
causes the material to be welded to melt [10]. The FSW process is depicted in Fig. 2 
is a schematic diagram with nomenclature. 

Fig. 2 FSW process [11] 

2.1 Influence of Process Parameters in FSW 

FSW processes are well established in fabrication industries incorporated with 
the automobile and aircraft manufacturing sector [12]. The quality of weld and 
microstructure of the base metal is significant in the assembly of their products. 
The weld quality has a significant impact on the process parameters of friction stir 
welding. These characteristics also have an impact on the microstructure of identical 
or dissimilar base materials. Table 1 shows the FSW process parameters and their
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Table 1 Summary of FSW process parameters for Mg alloy and its effects 

Process parameter Material Influencing properties References 

Rotational speed AZ31, AZ31D, AZ61, 
AZ91D, Al 6061, 
6063, 6061Al 
AZ31BMg, Ti 

Joint strength such as 
tensile and 
compressive 
microstructure and 
hardness 

[7] 

Transverse speed Hardness and 
homogeneous texture 

[13] 

Tool material Hardness and 
homogeneous 
weldment 

[14] 

Tool shank diameter AZ31 Tensile strength [15] 

Shoulder diameter 

Shoulder length AMX602 The microhardness 
and tensile strength 

[16] 

Pin profile Cylindrical–straight AZ91, AZ61 Microstructure and 
tensile strength 

[17] 

Cylindrical–fluted 

Truncated Al  and Mg alloys Homogeneous 
microstructure and 
weld density 

[18] 

Conical 

Pin diameter Al  and Mg alloys Tensile strength and 
weld density 

[19] 

Pin length 

Tool tilt angle Al, Cu,  and Mg alloys Tensile strength and 
microstructure 

[20] 

Tool offset Aluminium and copper Tensile strength and 
microhardness 

[21] 

Downward welding force AA5454-H22 and 
AZ91 

Hardness and 
intermetallic phase 
structure 

[22] 

impact on weld quality and microstructure, as well as other mechanical qualities 
including tensile strength and hardness. Rotational speed and tool transverse speed 
are the most influential parameters. 

2.2 Effects of Rotational and Transverse Speed 

In FSW, the rotational and transverse speeds are critical criteria for obtaining weld-
ment quality. Firouzdor et al. [23] used AA6061 and AZ31B Mg alloys in their 
experiments. The rotating speed was varied from 1000 to 2200 rpm, while the trans-
verse speed was varied from 38 to 305 mm/min. They noticed that lot of intermetallic
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compounds (IMC) in the microstructure; they also found that these two character-
istics cause the temperature to be created, which impacts mechanical attributes like 
hardness and tensile strength. They concluded from their experiments that a slower 
rotational speed combined with a faster transverse speed produces less temperature 
but poor weldment, whereas a faster rotational speed combined with a slower trans-
verse speed produces a higher temperature and better weldment. Because higher 
temperatures impact the microstructure of the BM, they proposed that the ideal 
parameters for the AZ31B and AA6061 dissimilar joint are average rotating speed 
and modest transverse speed. The effects of tool rotational and transverse speeds on 
mechanical properties are shown in Table 2. 

Table 2 Parameters influencing Mg FSW joints 

Properties Transverse 
speed 
(mm/min) 

Rotational 
speed (RPM) 

AZ31B FSW 
joints 

AZ31B BM References 

Ultimate tensile 100 1200 260 MPa 240 MPa [24, 25] 

Hardness 60 800 75–90 50–70 HV [26] 

Yield strength 70 1070 202 MPa 185 MPa [27] 

The non-consumable FSW tool geometry is immensely affecting the weldment 
area and microstructure of base metal (BM) also heat affected zone (HAZ). Chen et al. 
[26] in their experimental work they used Mg alloy grade AZ31B and steel plates as 
work pieces, and process parameters of FSW were rotational speed 25 rad/s (234 rpm) 
and 1.65 mm/s (99 mm/min) as transverse speed. The cylindrical shape tool was used 
the shoulder and probe diameter of the tool kept 15 and 5 mm, respectively. The probe 
length is maintained at1.5 and 1.8 mm. After their experimental work, they reveal 
the tool geometry such as profile, tool shoulder diameter; shoulder pin diameter and 
length greatly affect the microstructure of the BM and HAZ. Motalleb-nejad et al. 
[28], they used three different FSW tool profiles such as straight pin, screw threaded, 
and taper pin for joining AZ31B FSW joints. The taper pin FSW tool produced fine 
microstructure and superior mechanical properties compared other two tool profile. 
During FSW, the taper pin tool has less contact surface with the BM compared with 
the cylindrical and screwed tool profile. The less contact surface produces low level 
of material flow and heat input. Hence, it helps to refine the grain structure and 
enhanced the hardness of the FSW joint. 

Many of the fabrication industries are tied up with the automobile and aerospace 
manufacturing sector. They mainly adopt the FSW process exclusively working with 
light weight metal like Al and Mg alloys [27]. The defence sector utilizes the bene-
fits of FSW for fabricating lightweight materials such as aluminium and magnesium 
alloys. Kumar et al. [29] incorporate the FSW technique to fabrication and analyse 
the ballistic performance of AZ31B Mg alloy. They established the alloy increased 
the microhardness and increase the ballistic resistance after post weld heat treat-
ment. In the magnesium alloy family, the AZ31 series is most suitable for fabricating
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the defence sector products by the FSW process. It is extensively obtainable when 
compared with other magnesium grades. Some of the researchers suggest that the 
ballistic behaviour of this particular alloy is significantly improved using the shot 
peening process to fabricating [30]. Subramani et al. [31] used five different volume 
fractions of micro-silicon carbide particles in AZ31B Mg FSW joints. The inclusion 
of nano silicon carbide particles improved the tensile and microhardness proper-
ties of the FSW joint. The addition of 12% Si particles in the nugget zone greatly 
increased the tensile strength (21%) when compared to the FSW joint without Si parti-
cles, according to the findings. The insertion of reinforcement particles during FSW 
increased joint strength, as shown in this work. It is, however, a revolutionary way for 
increasing Mg FSW joint strength. FSW allows for the inclusion of reinforcing parti-
cles, which increases the strength and hardness. Using a recent friction stir surface 
processing technology, the mechanical characteristics of Mg can be improved. In 
future, the publication will include a discussion of friction-based surface composites 
made from AZ series Mg alloys. 

3 Fabrication Methods of Mg-based Composites 

Metal matrix composites (MMCs) are an important subset of todays engineered 
materials that have proven to be capable of a variety of structural applications [32]. 
The inclusion of a proper proportion of secondary phase particles can improve the 
specific strength of pure metals. Particles improved the wear and corrosion resistance 
qualities as well [33–35]. Magnesium, aluminium, and titanium are some examples 
of non-ferrous matrix materials and carbon nanotubes, TiC, Al2O3, SiC, NbC, and 
SiO2 are some examples of reinforcement particles. The MMCs can be found in a 
wide variety of applications such as automobile, aerospace, biomedical, and marine 
applications [36, 37]. Figure 3 shows the common manufacturing methods used for 
producing MMCs. In recent times, magnesium alloys are found to be good substitu-
tion materials for fabricating structures parts in aerospace, automobile, defence, and 
electronics applications because of less density, superior damping properties, high 
specific strength, good castability, and machinability [38]. However, in comparison 
with aluminium, Mg alloy is highly brittle due to its hexagonal closed pack structure 
(HCP). Mg-based MMCs are a new non-ferrous metals material that can solve the 
difficulty associated with pure Mg alloys.

There are only a few situations where surface characteristics are critical. However, 
an incorrect surface property has an impact on the parts performance and life. The 
characteristics of the base material (BM) were improved via surface composites 
[39]. Surface composites are the best illustration of such materials since they only 
contain the scattered reinforcing particles on the surface while leaving the base 
material at the core intact. As a result, the surface exhibits greater hardness and wear 
resistance, but the material toughness is unaffected at higher thicknesses [34, 35]. 
Surface composites are manufactured using a variety of processes, including plasma 
spraying, laser surface processing, and centrifugal casting [40]. The material phase
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Fig. 3 Common 
manufacturing method

transition from solid to liquid throughout the process [32] is involved in the above-
mentioned procedures, and this process may affect the mechanical characteristics of 
the composite due to interface response between matrix and reinforcement [39]. 

3.1 Friction Stir Processing (FSP) 

FSP is the most promising approach for changing the surface microstructure of Mg 
alloys [41]. Insert a spinning tool with a pin at the end and plunge along a thickness 
direction with a suitable axial load to customise the surface of the Mg alloy. In the 
stir zone, the revolving tool creates friction heat and strong plastic deformation. As 
a result, dynamic recrystallization occurs in the stir zone (SZ) [42], resulting in fine 
microstructure [42]. To make surface composites, the reinforcing particles can be 
incorporated and disseminated in the top surface of the metal during FSP. Fine grain 
size at the top surface can be achieved in conjunction with reinforcing particles, 
which is another advantage of FSP. Figure 4 shows how a fine groove or holes are 
made on the metal top surface and the reinforcing particles are packed before FSP.

However, as illustrated in Fig. 4, certain ways for introducing reinforcement 
particles into the matrix material during FSP have been discovered. Reinforce-
ment particles are delivered in situ through a groove or hole in the tool. Direct 
friction stir processing [43] is a technique that uses a pinless FSP tool to create a 
surface composite. When comparing the different approaches, hole filling consumes 
more reinforcement particles than groove filling [32]. The reinforcement particles are 
disseminated on the workpiece surface throughout the SZ area during FSP, resulting 
in MMC. The size of the nano reinforcement particles and the dimensions of the
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Fig. 4 Methods of FSP

groove or hole determine the volume of reinforcement particles within the matrix 
surface. The material flow mechanism and deformation during FSP are quite similar 
to the forging and extrusion processes [44, 45]. The quality of FSP surface compos-
ites is determined by machine factors (tool rotational speed, transverse speed, and 
axial load), tool design variables (tool geometry, tool pin, and shoulder size), and 
material qualities (mechanical and thermal properties). 

FSP without reinforcement results in a significant transform the microstructure 
of the Mg alloy in and around the SZ region. This results in extreme changes in the 
mechanical and corrosion properties. These sections try to investigate the microstruc-
ture evolvement and the grain refinement around the SZ region during FSP. Lan et al. 
[46] demonstrated the effect of tool rotational speed on FSP AZ31 alloy. The fine and 
homogenous grains were achieved in the SZ for FSP specimens with the tool rota-
tional speed range from 1300 to 1700 rpm. FSP enhanced the ductility and damping 
capacity of the AZ31 alloy. Liu et al. [47] fabricated the single and multi-pass FSP 
AZ3. After FSP, they compared the microhardness and corrosion properties of FSP 
AZ31 alloy. It is found from this literature that subsequent FSP passes reduced the 
grain size and enhanced the hardness compared with the single-pass FSP. Moreover, 
multi-pass FSP also improved the corrosion resistance of Mg alloy. The corroded 
area of multi-pass FSP was smaller than the single-pass FSP and base material 
(BM). Ma et al. [48] grain refinement and break up of reinforcement particles can 
be obtained simultaneously by the FSP. Similar studies have been found in AZ61 
alloy, Luo et al. [49] compared the mechanical properties of single and double pass 
FSP AZ61 alloys. The elongation of double pass FSP AZ61 alloy was 25% and 
75% higher than the single-pass FSP and BM. The homogeneous microstructure 
and texture evolution in the FSP region is the primary reason for the improvement 
in ductility. Wang et al. [50] noticed that FSP process significantly enhanced the 
mechanical properties of the cast AZ31 alloy. The large breakup and dissolution of 
the eutectic (β-Mg17Al12) phase into the Mg and the grain refinement was the major 
reason for the improvement of mechanical properties. From the work of Sheng et al. 
[51] found that four passes of FSP significantly reduced the grain size of AZ61 alloy. 
The grain size of the FSP processed AZ61 alloy was 90% lower than the BM. FSP 
process also modifies the microstructure and enhance the properties of cast and thin 
sheets of Mg alloy. Hassani et al. [52] understand the metallurgical and corrosion 
behaviour of FSP processed cast AZ91C Mg alloy. The broken and dissolution of 
coarse dendrites were observed after FSP. The FSP enhanced the corrosion resistance
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properties because of two main reasons: First, the grain refinement helps to enhance 
repassivation kinetics and leads to the development of adhesive and constant passive 
layer. Second, the removal of segregations and casting defects helps to reduce the 
stress corrosion cracking. Darras et al. [53] studied the effect of FSP on the thin sheets 
of AZ31B-H24 alloy. The homogenous and fine grain size has been obtained in the 
SZ region of FSP thin sheets. It improved the formability and ductility of the Mg 
alloy at higher temperatures and enhances the superplastic behaviour. FSP without 
reinforcement is often preferred to refine the grain size and improve the mechanical 
and corrosion properties. FSP with reinforcement particles of AZ Mg alloys has been 
reviewed later in this article. 

The AZ31 alloy is the most often utilised Mg alloy in the AZ series for FSP 
surface composites. FSP was utilised by Azizieh et al. [54] to make an AZ31/Al2O3 

surface nanocomposite. Surface composites made with a non-threaded tool produce 
cavities and microvoids, according to the authors. At higher tool rotating speeds, the 
Al2O3 particles do not effectively delay grain boundary and grain growth motion. 
Authors observed that choosing the right tool rotational speed increased particle 
distribution and refined the grain size of matrix material. Similarly, Lan et al. [46] 
found that increasing the rotational speed of the FSP tool leads in big grain size. FSP 
produced a surface composite of AZ31 alloy using multi walled carbon nanotubes 
(MWCNTs) by Morisada et al. [55]. When compared to other processed surface 
composites, the surface composite that was manufactured at a tool transverse speed 
of 25 mm/min had a larger dispersion of MWCNTs particles. The transverse feed 
plays a crucial role in generating Mg-based surface composites via FSP, according 
to Morisada et al. [55]. Balakrishnan et al. [56] used FSP to create AZ31 matrix 
surface composites by inserting 6–18 vol.% TiC particles into the surface of an AZ31 
alloy. The FSP process was performed with a tool rotational speed of 1200 rpm, a 
transverse feed of 40 mm/min, and an axial load of 40 mm/min (10 kN). There 
was no interfacial response between the matrix (AZ31) and the reinforcement (TiC) 
particles, according to the author. The Mg alloy was properly bound to all of the 
TiC particles. Few researches have looked into the impact of FSP on the corrosion 
and wear of the AZ31 alloy. Muralimanokar et al. [57] used FSP to create AZ31 
alloy-niobium carbide (NbC) surface composite. The microhardness of the AZ31 
alloy was improved by the fine distribution of NbC with fine grains. Authors also 
briefed about how surface composites wear and corrode. The surface composite had 
a 15.6% lower wear rate than the BM. The created surface composite, on the other 
hand, had a higher corrosion rate than the BM. Dinaharan et al. [58] used two stir 
casting and FSP procedures to make the AZ31 composites. The FSP composite has 
better fly ash (FA) particle dispersion and fine grains than other composites. They 
also noticed that the FSP composite has a higher wear resistance than the stir cast 
composite. Higher wear resistance was mostly due to an increase in hardness. 

Faraji et al. [59] investigated the microstructure and mechanical properties of 
AZ91/Al2O3 surface composites using FSP process settings. The surface composite 
generated with the square pin tool at 900 rpm tool rotational speed and 80 mm/min 
transverse feed created fine and homogenous grain structure. It is obvious from the 
study of Faraji et al. [59] that the grain size and particle distribution during FSP are
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highly dependent on the process parameters. The transverse feed has a big impact on 
how the reinforcement particles are distributed in the matrix. To make the AZ91/SiC 
composite, Asadi et al. [27] used the surface composite processing technique (FSP). 
Gain size refinement was obtained from 150 m to 600 nm, according to the authors. 
The nano-grain structure was obtained with the use of nanoSiC particles for rein-
forcement. It was noticed that increasing the tool rotational speed produces more heat, 
which induces grain formation and lowers the surface hardness. Increased transverse 
feed, on the other hand, results in smaller grain size and higher hardness. When 
compared to the AZ91 with SiC reinforcement particles, the surface composite had a 
45% higher hardness. By changing the tool rotational orientation, an advanced level 
of reinforcing homogeneity was achieved. Abbasi et al. [60] investigated the influ-
ence of FSP on the mechanical, wear, and corrosion behaviour of AZ91 Mg alloy 
surface composites. In comparison with the BM, FSP treated specimens containing 
SiC and Al2O3 reinforcement particles improved mechanical, wear, and corrosion 
characteristics. They also found that FSP specimens processed with SiC reinforce-
ment particle had better mechanical and corrosion properties than FSP specimens 
processed with Al2O3 reinforcement particle. The sort of particle, on the other hand, 
had no effect on the wear qualities. The effect of stainless steel powder as a rein-
forcement particle for AZ61 surface composite on FSP was examined by Sithole and 
Madushele [61]. The corrosion resistance of the surface composite was 20% higher 
than that of the BM. Lee et al. [62] used the FSP technique to create AZ61 surface 
composites by introducing nano-SiO2 particles. The FSP process was carried out at 
an 800 rpm tool rotating speed and a 45 mm/min transverse feed rate. The particles 
were observed to be clustered in a size range (0.1–3 nm) after FSP, with the extent of 
clustering varying substantially depending on the number of FSP passes. The SiO2 

reinforcement particles were definitely not converted to crystalline phase during the 
transmission electron microscope (TEM) analysis. The presence of MgO and Mg2Si 
particles in the AZ61 matrix is another interesting finding from the TEM tests. In the 
FSP processed samples, the high strain rate superplasticity behaviour was found. 

3.2 Strengthening Mechanisms 

Strengthening mechanisms active in the preparation of friction-based Mg compos-
ites are related to those in large metal matrix composites. There are two impor-
tant strengthening mechanisms in particle reinforced friction-based welding and 
composite materials. Orowan and sub-grain boundary strengthening are two impor-
tant mechanisms that are critical for improving mechanical properties. The mech-
anisms that work in FSP surface composites are similar to those that work in bulk 
metal matrix composites [39]. Orowan strengthening, work hardening, variation in 
coefficient of thermal expansion (CTC) between matrix and reinforcement particles, 
and sub-grain boundary strengthening are the four main strengthening mechanisms in 
metal matrix composites. The dispersed particles and grain boundary strengthening 
was the major reason for improvement in hardness of FSP processed AZ31 surface
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composites [52]. The microhardness was higher after FSP of cast AZ31 alloy due 
to solid solution strengthening and grain size reduction [49]. Orowan strengthening 
mechanism helps to increase the surface hardness properties of Mg surface compos-
ites [28]. Figure 5 illustrates the improvement in microhardness of the AZ Mg alloy 
surface composites processed via FSP [43–61]. It was found that FSP without rein-
forcement also enhanced the microhardness properties. However, multi-pass FSP 
showed superior hardness value compared to the single-pass FSP. The subsequent 
passes of FSP significantly reduce the grain size and enhanced the microhardness 
value compared with the single-pass FSP [55]. From the microhardness results of 
different FSP studies, it was observed that addition of reinforcement particles (NbC, 
Al2O3, SiC, and fly ash) in the surface of the Mg matrix via FSP increased the hard-
ness value. However, another important observation was noticed that nano surface 
composite (SiC and MWNT) via FSP significantly enhanced the microhardness of 
Mg matrix. The dispersion strengthening mechanism and grain size reduction are 
the reason for higher hardness in the surface composites [29]. Jiang et al. [63] found 
that addition of nano-SiO2 reinforcement particles by FSP of AZ31 alloy refined the 
grain size less than 1 μm and enhanced hardness (50%) as compared with BM. The 
dispersed particles and grain boundary strengthening was the major reason for the 
improvement in the hardness of FSP processed AZ31 surface composites [52]. The 
microhardness was higher after the FSP of cast AZ31 alloy due to solid solution 
strengthening and grain size reduction [49]. Orowan strengthening mechanism helps 
to increase the surface hardness properties of Mg surface composites [28]. Figure 5 
illustrates the improvement in microhardness of the AZ Mg alloy surface compos-
ites processed via FSP [43–61]. It was found that FSP without reinforcement also 
enhanced the microhardness properties. However, multi-pass FSP showed a supe-
rior hardness value compared to the single-pass FSP. The subsequent passes of FSP 
significantly reduce the grain size and enhance the microhardness value compared 
with the single-pass FSP [55].

From the microhardness results of different FSP studies, it was observed that the 
addition of reinforcement particles (NbC, Al2O3, SiC, and fly ash) in the surface of 
the Mg matrix via FSP increased the hardness value. However, another important 
observation was noticed that nano surface composite (SiC and MWNT) via FSP 
significantly enhanced the microhardness of Mg matrix. The dispersion strengthening 
mechanism and grain size reduction are the reason for higher hardness in the surface 
composites [57]. Jiang et al. [63] found that the addition of nano-SiO2 reinforcement 
particles by FSP of AZ31 alloy refined the grain size less than 1 μm and enhanced 
hardness (50%) as compared with BM. Table 3 lists the improvement happened in 
fabricating AZ series Mg-based surface composite by FSP.

Processing of Mg alloys using conventional method like welding and casting 
supplies higher heat input and processing difficulties [64–68]. This increases the 
feasibility of FSW to join the cast and rolled plates of AZ series Mg alloy, AZ Mg 
alloy with other materials such as aluminium and copper and high melting point alloys 
like steel and titanium is currently being comprehensively researched. Similarly, FSP 
has also shown good results in different studies carried out by fabricating numerous 
surface composites of different non-ferrous materials [1].
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Fig. 5 Microhardness of BM and AZ series Mg alloy surface composites fabricated via FSP

Table 3 AZ series Mg-based FSP surface composite 

Base 
material 

Reinforcement 
particles 

Maximum 
number of 
FSP passes 

Grain 
refinement 

Observation References 

AZ31 TiC 1 Not studied FSP surface 
composite of 
AZ31/TiC fabricated 
without any defects 
TiC particles were 
correctly bonded to 
the Mg matrix 

Balakrishnan 
et al. [56] 

Fly ash 1 4 μm Homogenous 
distribution of fly ash 
particles 
The hardness and 
wear properties of 
FSP composite were 
superior compare to 
the stir casting 
composite 

Dinaharan etal. 
[58] 

Al2O3nano 
particles 

4 0.35 μm Cavities and 
micro-void were 
noticed in 
non-threaded 
The grain size 
refinement was more 
effective in nano 
composite compare to 
the micro-composite 

Azizieh et al. 
[54]

(continued)
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Table 3 (continued)

Base
material

Reinforcement
particles

Maximum
number of
FSP passes

Grain
refinement

Observation References

MWCNT 1 500 nm Defect free nano 
surface composite 
was obtained using 
tool rotational speed 
(1500 rpm) and 
welding speed 
(25 mm/min) 
Hardness of the 
surface composite 
was increased up to 
78 HV that was 
higher than the base 
material (51 HV) 

Morisada et al. 
[55] 

NbC 1 Not studied The fine distribution 
of NbC particles was 
obtained at the tool 
rotational speed of 
1200 rpm and traverse 
speed of 45 mm/min 
Hardness, wear, and 
corrosion behaviour 
of the surface 
composite were 
higher than the BM 

Muralimanokar 
et al. [57] 

AZ161 Stainless steel 1 Not studied The hardness of the 
AZ61 Mg alloy-based 
surface composite 
enhanced by 12.01% 
than that of the BM 
Corrosion resistance 
of AZ61 Mg 
alloy-based surface 
composite enhanced 
by 20% than that of 
the BM 

Sithole and 
Madushele [61] 

Nano-SiO2 4 0.8 μm Super plasticity was 
achieved 400% higher 
than the BM 
Nano-SiO2 improved 
the tensile strength 

Lee et al. [62]

(continued)
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Table 3 (continued)

Base
material

Reinforcement
particles

Maximum
number of
FSP passes

Grain
refinement

Observation References

AZ91 SiC 1 0.07 μm Higher tool rotational 
speed and traverse 
speed reduced the 
grain size 
The hardness in the 
SZ increased from 63 
to 96 HV 

Asadi et al.  [60] 

Al2O3 nano 
particles 

1 6 μm Defect free surface 
composite was 
produced using 
square tool with tool 
rotational speed 
(900 rpm) and 
traverse speed 
(80 mm/min). The 
grain refinement was 
mainly depending 
upon FSP parameters 

Faraji et al. [59]

4 Summary and Conclusion 

The major aspects of friction-based processing Mg alloys were covered in this work. 
The following conclusions were presented as follows. 

I. It has been understood that FSP is the most promising method for producing 
Mg-based surface composites and also helps to modify large surface areas 
by multiple passes. The proper selection of tool profile, process parameters, 
and reinforcement particles makes better Mg FSW joints and tailored FSP Mg 
surface composites. 

II. Poor control over the number of reinforcement particles that can be on the 
matrix surface is a drawback in the FSP. The volume of distribution of the 
reinforcement particles along the thickness direction is also not uniform. 

III. Certain areas such as welding of composite materials and dissimilar Mg alloys, 
material flow, and temperature distribution during FSW are needed to be further 
analysed. 

IV. The optimization techniques and modern finite element analysis (FEA) tools 
help to find the optimum process parameters, temperature distribution, and 
flow of the reinforcement particles during friction base processing which is 
inadequate in the literature. 

V. Developing multi-physics FEA macro- and micromodels is one of the 
approaches that could be used to predict the temperature distribution and 
microstructure changes.
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VI. The majority of the work has been carried out using AZ31B Mg alloys. It is 
expected that different series of Mg alloys also will be processed by friction-
based processing in future for an extensive range of applications. 

VII. Overall, it can be brief that FSW and FSP have enormous industrial applications 
in producing AZ series Mg alloys for lightweight applications that required 
high hardness, wear, and corrosion-resistant surface. 
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Chapter 14 
An Investigation on Friction Stir 
Processing of Aluminum Alloy-Boron 
Carbide Surface Composite 

Sampath Boopathi 

1 Introduction 

Friction stir processing (FSP) is a solid-state external surface hardening method 
using thermo-mechanical principles to change the microstructure of the surfaces of 
metals and non-metals. The working principles of FSP are similar to the friction stir 
welding process, wherein non-consumable tools have been employed [1, 2]. The base 
material is subjected to plastic deformation by localized frictional heat beet wen the 
tool and work material [3, 4]. The ceramic particles in the groove/slot of base material 
have uniformed been dispersed on the materials by rotating the FSP tool. Finally, 
the particles reinforced/coated surface composite components have been made by 
the friction stir processing method [5]. The research activities on FSP have been 
performed using some significant factors: revolving speed, travel speed and the tilting 
angle of the tool, axial load, depth of slot, number of processes, grain size, and volume 
/weight percentage of mixed particles. The rotational speed and grain size are the most 
significant factors in the aluminum-based surface modification method [6]. The wear 
rate and micro-hardness values have been minimized by enhancing tool revolving 
speed. TiC particles were imposed on the Al plate by the FSP method to improve 
the wear resistance and micro-hardness values. A356-cast aluminum alloy surface 
defects have been eliminated by adding ceramic particles using the FSP method due 
to improve fatigue strength [7]. The depth of slots should be optimized to improve 
the uniform distributions of particles on the base materials during FSP [8]. The grain 
structure of the modified FSP surface has been improved by changing tool pin shape 
like thread/taper/grooved structure [9]. While increasing the traveling speed of a 
tool, the surface defects have been increased by inadequate material flows. Thus, low
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traveling with the maximum revolving speed of the tool is recommended for making 
quality FSP [10]. While an increasing number of tool passes, high micro-hardness, 
uniformly dispersed particles, and defect-free surfaces have been attained [5]. It was 
found that insufficient heat for melting materials at low rotational speed and high feed 
rate tool and leads to defects formations on the surface [11]. Surface modification has 
been improved by increasing speed, complex tool profile, and number passes. The 
refinements of microstructure, resignification, and homogeneity are called important 
merits of FSP [12]. 

While reinforcement of fine nanoparticles on the material surfaces, the grain size 
distribution rate and micro-hardness have greatly been improved during FSP [13]. 
It was found that the glass fiber reinforced on the Al alloy metals is investigated 
to improve the ductile and tensile strength by the FSP method [14]. The carbon 
nanotubes imposed into the aluminum alloy metal were investigated to enhance the 
overall mechanical properties and yield strength is improved to 70%. It was found that 
the micro-hardness and mechanical strength of AL5083 alloy using nanoparticles of 
cerium oxide have been improved to 120% and 45%, respectively [15]. BN parti-
cles imposed on Mg alloy materials have been investigated to improve the ultimate 
strength using high speed and low tool feed rate. The hybrid particles (AlO3 + SiC) 
have been dispersed in Al metal to improve the brittle nature using the FSP method 
[16]. Very recently, the B4C particle in Al alloy dispersed by the FSP method has 
been investigated to improve the micro-hardness and tensile strength using various 
volume percentage reinforced particles [17]. The influences of B4C particles on the 
aluminum alloy had been examined using the Taguchi design of experimentation to 
improve the wear resistance and microstructure [18]. The influence of mixed magne-
sium and chromium particles in the joining of the AA5052 alloy matrix had also 
been analyzed to enhance the corrosion resistance and tensile strength [19]. 

In this article, B4C particles are imposed on the Al2014 alloy using the friction 
stir process. The effect of the volume percentage of B4C on the tensile strength and 
wear rate had been investigated. 

2 Experimental Method 

Al2014 and B4C powder are considered as matrix and reinforced particles in this 
study. The pictorial representation of FSP is illustrated in Fig. 1. The dimensions 
of the Al2014 plate used are 150 × 50 × 8 mm. The size of B4C powder is used 
from 1 to 10 µm for reinforcement [18]. The various metal elements and mechanical 
properties of Al2014-T6 are shown in Tables 1 and 2, respectively. The scanning 
electron microscopy (SEM) images of AA2014 alloy and B4C Particle are shown in 
Fig. 2a, b, respectively.

A slot was formed in the middle of the base plate with dimensions of 150 mm in 
length and 4 mm in thickness. Three composite specimens with 5, 10, and 15 vol% of 
B4C have been prepared for tensile and micro-hardness testing purposes. The width 
of the groove has been modified to change the volume percentage of B4C on the  top
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Fig. 1 Friction stir processing of Al2014 using B4C powder  

Table 1 Various metal elements of Al2014-T6 alloy 

Metal Al Cu Si Mn Mg Fe Zn Ti Ni 

Percentage of weight 93.24 4.64 0.668 0.58 0.358 0.223 0.199 0.02 0.019 

Table 2 Mechanical properties of Al2014-T6 material 

Density 
(kg/m3) 

Tensile strength 
(MPa) 

Melting point 
(°C) 

Specific heat 
(J/kg °C) 

Vickers 
hardness (Hv) 

Thermal 
conductivity 
(W/mK) 

2800 470 638 880 155 154 

Fig. 2 SEM image of a A12014 alloy and b B4C powder

surface, which is called FSP. The FSP tool was made with H13 tool steel hardened 
to 65 HRC. The length of 4, 6 mm pin diameter, and 20 mm shoulder diameter of 
the tool were used for FSP. The FSP was done in the computer-integrated friction 
stir welding machine. During FSP, a contact-frictional heat was developed between 
the revolving tools to the base material. The Al2014 was transformed to a plastic
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state, and B4C particles were reinforced by frictional heat. The tool was uniformed 
for smooth conduction of the FSP to proper distributions of particles. The tool’s 
revolving speed has played an important role in generating heat and reinforcement 
of B4C. Initially, the B4C powder was packed inside the groove of the alloy plate. 
The rotating tool was connected over the slot opening and compact reinforcement 
powder. Experiments were done by 40 N of axial trust, 1200 rpm of tool revolving 
speed, and 60 mm/min of welding speed. The welding samples with 5% of B4C 
(Sample 1), 10% of B4C (Sample 2), and 15% of B4C (Sample 3) are shown in 
Fig. 3. 

The SEM view of the 15% B4C surface composite specimen with EDS analysis is 
shown in Fig. 4a, b, respectively. The fabricated composites were tested to evaluate 
tensile, and micro-hardness characteristics. The test specimen cut for the tensile 
test was machine using a wire-cut thermo-electric process as per the dimensions 
of ASTM-E8 standard [20–22]. The wear rate has been tested by a pin-on-disk 
instrument. The parameter used for testing wear characteristics were 30 N of force, 
350 rpm of sliding speed, and 1000 m sliding length at room temperature. ASTM 
G99-05 standard specimen was prepared for wear testing of the composite material. 
The wear loss was determined by the weight changes in the pin after and before the 
testing processes. The wear loss principle was applied to compute the wear rate by 
Eq. (1).

Fig. 3 Surface images of FSP surface composite of three samples 
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Fig. 4 a SEM image and b EDS analysis of volume percentage 15% B4C on Al2014 surface 

Wear rate = (Initial weight before the test − final weight after the test)/ 
(sliding distance × force × density of composite ) mm3 /Nm (1) 

3 Results and Discussions 

The maximum tensile stress of Al2014 base material is 470 MPa. The tensile strength 
of the fabricated Al2014 surface composite is exposed in Table 3. Effects of B4C 
on the tensile strength are exposed in Fig. 5. The tensile strength of base Al2014 
is initially very lesser and gradually increased by adding the volume percentage of 
the B4C powder reinforcement. The thermal coefficient of Al2014 and B4C parti-
cles produce the density dislocations. The free-moving of dislocations is restricted 
by dislocated molecules. According to the Orowan mechanism, the homogeneous 
dispersion of particles in base metal during the tensile test is observed. Some portion 
of the tensile load was withstood by B4C particles in the composite. Thus, the tensile 
strength has been improved by adding B4C during FSP. During the FSP, the outer 
surface of base materials was plasticized by the frictional heat using which the B4C 
was also reinforced with base materials. The grain structure of the composite was 
dynamically refined by a rotating tool during FSP. 

The fractography views of the fracture surface of tensile test specimens (Sample 
1, 2, and 3) were scanned to analyze the causes of failure are illustrated in Fig. 6a– 
c. The fractured image consists of a cup cone structure which is an indication of

Table 3 Tensile strength of 
surface composite specimens 

Composite Sample Tensile strength (MPa) 

Al2014/0%B4C Sample 0 470 

Al2014/5% B4C Sample 1 486 

Al2014/10% B4C Sample 2 497 

Al2014/15% B4C Sample 3 509
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Fig. 5 Variation of tensile strength of surface composite

the ductility of the developed composite. Upon increase in volume percentage of 
B4C, the occurrence of cup cone structure gradually decreases, and a flat fracture 
zone was observed. The occurrence of a flat fracture zone is the indication of the 
transition of composite material from ductile to brittle nature. The wear rate of the 
established composite specimen of FSP is exhibited in Table 4. The wear rate of 
unreinforced Al2014 matrix material was recorded to be 2.1 mm3/Nm. The wear 
rate of composite with 5, 10, and 15 volume percentage of B4C are observed as 
2.7, 2.4, and 2.1 mm3/Nm, respectively. The addition of B4C particles increases its 
wear resistance characteristics as the wear rate was reduced as exposed in Fig. 7. 
The wear rate of material is diminished by adding hardness. As discussed earlier, the 
addition of hard B4C particles in the Al2014 matrix limits grain growth by dynamic 
recrystallization. The restriction of modified grain results in the formation of finer 
grain structure in the composite. The microstructure of worn-out surfaces of three 
samples is illustrated in Fig. 8a–c. The hardness of the composite has also been 
improved by nanoparticles in the B4C powder. It is well-known fact that material 
with smaller grains possesses a higher hardness. During the sliding of composite and 
steel, the softer material around the B4C particle plastically deformed and detached 
from the surface as debris. This made the B4C particle protrude out of the surface 
and made direct contact with the rotating counter body. The effective contact area 
between composite and counter body gets reduced and results in a lower wear rate.

4 Conclusions 

The effects of reinforcement of B4C in the Al2014 surface composite had been 
analyzed through the specimens prepared by FSP to investigate the tensile strength 
and wear rate by varying volume percentages (5, 10, and 15%) of B4C particles. 
The quality uniform spreading of reinforcement of B4C particles on base materials
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Fig. 6 Fractography views of tensile fractured surface composite materials 

Table 4 Wear rate of surface composite material 

Surface composite composition Sample Wear rate (mm3/Nm) 

Al2014/0% B4C Sample 0 2.7 

Al2014/5% B4C Sample 1 2.4 

Al2014/10% B4C Sample 2 2.1 

Al2014/15% B4C Sample 3 1.8 

Fig. 7 Variations of wear rate by adding volume % of B4C 

Fig. 8 Microstructure of worn-out surface of three samples
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has been attained by FSP. The tensile strength of the composite has been enhanced 
by adding B4C particles and optimum tensile strength of 509 MPa was achieved by 
imposing 15% of the volume of B4C. The wear rate of the composite was greatly 
minimized by adding B4C particles and the minimum wear rate (1.8 mm3/Nm) was 
also achieved by 15% of volume percentage of B4C. The EDS, SEM, and fractography 
analyses had been performed to illustrate the particle distributions, tensile strength, 
and worn-out surface behaviors. 
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Chapter 15 
Performance Studies of Process 
Parameters on Friction Stir Processed 
AA5052 by Grey Analysis 

S. V. Alagarsamy, C. Chanakyan, P. Prabhakaran, Adarsh Abi Mathew, 
and K. Senthamarai 

1 Introduction 

Friction stir processing (FSP) is very necessity technique to develop the mechanical 
properties with enhanced surface finishing of processed materials. Out of the different 
welding and processing techniques, FSP is appropriated technique to establish the 
material properties [1]. Normally, the material properties depend upon the proper-
ties of the parent metal, various processed zones, most heat influencing zones on 
the processed metal, some metallurgical modification while in friction stir process. 
It is called as solid-state process [2]. This solid-state method had some extraor-
dinary benefits when compared to other traditional fusion joining process. Due to 
that process, some benefits are followed by enhanced mechanical characteristics, 
no consumables, ease in process, and employed in all the position [3]. The various 
researches were accomplished by friction stir process with different features and
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broad in variety. The strengthened friction stir processed materials were attained by 
speed of tool rotation, traverse speed, and axial load [4]. Most of the mechanical 
applications like railway section, marine, aerospace, and transportation segments are 
utilized by the FSP [5]. 

Chanakyan et al. [6] studied the process parameter of FSWed AA5052 to carry 
out the mechanical properties by various tool pin profiles. It is concluded that the 
enhanced mechanical characteristics are achieved by pentagonal tool pin profile. 
Sivasankar et al. [7] investigated the process parameters of friction stir process on 
AA5052. The central composite design was arranged the process parameters and to 
examine the developed mechanical attributes. The entire process was obtained by the 
pentagonal tool pin profile. Jagathesh et al. [8] produced the dissimilar friction stir 
welded AA2024 and AA6061 by the three tool pin profiles. The FSW parameters 
are validated by ANOVA, and finally, GRA method was utilized to accomplish the 
optimal parameters. Bharathikanna et al. [9] carried out the experiments on AA6082 
aluminium alloy with cylindrical tool pin profile by friction stir process. In this 
study, process parameters are arranged by the box-behnken design and ANOVA 
outcomes prove the optimal parameter. Palanivel et al. [10] carried out the friction 
stir processed on AA6351 with square tool pin profile. The central composite design 
was analysed the FSP parameters to carry out the optimal with RSM procedures. 
Vijayan et al. [11] analysed the FSW parameters on AA5083 by grey relational anal-
ysis. It is concluded that the FSW parameters are successfully optimized by GRA. 
Periyasamy et al. [12] successfully optimized the FSW parameters on MMCs by 
multi-objective approach. Similarly, this approach achieved better mechanical char-
acteristics. Sudhagar et al. [13] conducted the FSW on AA2024 with various input of 
process parameters. Strengthened mechanical properties were achieved with selected 
optimal parameter of GRA method. From the complete analysis of literature, there is 
insufficient study was made on friction stir process with Taguchi framed parameters. 
Grey relational analysis does not employ with friction stir process parameters so far. 

In this study, experimental results were carried out by the GRA and ANOVA 
from the structured parameters of Taguchi to predict the optimal process parameters. 
The outcomes of tensile strength and hardness were enhanced by the following 
combinational process parameters like speed of tool rotation, traverse speed and 
axial load. 

2 Materials and Methods 

In this study, AA5052 is considered as a parent metal. AA5052 is normally having 
super plastic behaviour due to that AA5052 highly possess magnesium content. Also 
this alloy proposed tremendous formability characteristics with better weldability. 
The following mechanical properties of AA5052 are 251 MPa of tensile, 19% of 
elongation, and 70 VHN of microhardness. Similarly, the chemical composition is 
2.5 of Mg, 0.3 of Fe, 0.2 of Cr, 0.1 of Mn, 0.1 of Si, 0.1 of Zn, 0.1 of Cu, and 
remaining of Al. During this research, AA5052 plate was prepared with 100 ×
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Fig. 1 Configuration of FSP with AA5052 dimension

100 × 6 mm dimensions and prepared pentagonal tool pin profile was carried out 
the friction stir process [7]. Pin was made with high carbon high chromium die steel 
due to greater toughness and higher hardness. The pin having dimensions 5.7 mm 
pin length and 18 mm shoulder diameter [14]. The pentagonal pin plunged in the 
beginning centerline of the base plate to be processed. Therefore, the processed base 
material has softened due to the frictional heat. After that period (pre-heat time), the 
processing table has given forward movement, resulting in about formation of friction 
stir processing or friction stir bead on plate processing (FSBPP). The tool pulled back 
after the processing fabricated. The configuration of FSP processing was displayed 
in Fig. 1. FSP and tool pin profile were displayed in Fig. 2a, b, respectively. Friction 
stir processed images and tensile image were showed in Fig. 3a, b, respectively. 
The Taguchi L9 was prepared the arrangements of friction stir process parameters 
[15]. Taguchi helps to reduce lesser amount of experiment out of large numbers of 
decision variables. The three level process parameter of FSP and nine levels are listed 
in Tables 1 and 2, respectively. 

3 Results and Discussions 

3.1 Macrostructure 

The entire nine processed samples of macrostructures were taken as per the below 
schematic representation which is displayed in Fig. 4. Table 3 exhibits the macrostruc-
ture of processed samples with their suggestions. Moreover, all the samples get 
fine structure with lesser number of pores. Especially, all the processed specimens 
produce defect-free zones. From Fig. 4, SZ, TMAZ, HAZ, and PM represent the 
stirred zone, thermomechanically affected zone, heat affected zone, and parent metal, 
respectively. From Table 3, it is clearly understood that the all zones were indicated 
in the respective specimens.
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Fig. 2 a Frictions stir processing and b pentagonal tool pin profile 

Fig. 3 a Friction stir processed specimen and b prepared tensile specimen 

Table 1 FSP parameters and factors level 

Process parameters Symbols Factors levels 

1 2 3 

Speed of tool rotation (rpm) R 800 1000 1200 

Traverse rate (mm/min) T 20 25 30 

Axial load (kN) A 3 5 7
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Table 2 Nine level 
experiments with process 
parameters 

Runs R (rpm) T (mm/min) A (kN) 

1 800 20 3 

2 800 25 5 

3 800 30 7 

4 1000 20 5 

5 1000 25 7 

6 1000 30 3 

7 1200 20 7 

8 1200 25 3 

9 1200 30 5

Fig. 4 Schematic diagram of macrostructure

3.2 Microstructure 

Optical microstructure was carried out on the optimal specimen. From the 
macrostructure analysis, moreover most of the specimens achieved minute defects. 
Figure 5 displayed the base metal AA5052. It is showed that the grain structure was 
granular. From the GRG rank order, most (rank 1) and least (rank 9) optimal specimen 
were carried out by OM. The OM was examined on the various regions (SZ, TMAZ, 
HAZ, and PM) of the processed AA5052. The rank 1 parameter 1000 rpm, 20 mm/min 
and 5 kN and rank 9 parameters 1200 rpm, 20 mm/min, and 7 kN micrographs were 
showed in Fig. 6a, b, respectively. From Fig. 6a, the stirred or processed zone exhibits 
better grain structure by the accomplishment of intermetallic compounds between 
base metal and tool pin profile material which are well blended [16]. It was also 
employed to dynamic recrystallization during the FSP. Orowan strengthening into 
FSBP process correlates to standardize the dispersion. The configuration of supe-
rior grain structure provides to prolong the additional tensile force earlier to fracture 
[17]. The dispersion of grain was homogeneous in the nugget zone. The TMAZ 
advancing and retreating side were much finer than the both side of HAZ. Optimal 
process parameter is a major significant reason to enhance the better grains. From 
Fig. 6b, it is implicit that the stirred zone is poorer grain structure as well as other two 
sides (AS and RS) of both the TMAZ and HAZ achieved coarse grain. It is revealed
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Table 3 Macrostructure with their effect of process parameters 

Runs Macrostructure Remarks 

1 Maximum pore was produced in 
the SZ. In this zone, lower 
hardness was produced 

2 Higher number of pores was 
attained by the improper heat 
generation 

3 Minute crack was identified in SZ 

4 Defect-free zone was observed in 
the SZ due to sufficient of heat 
generation and higher hardness 
achieved 

5 No defects. Sufficient of heat 
generation was improved. In this 
zone, maximum hardness was 
occurred 

6 Flaw less was achieved due to 
proper plastic deformation occurs. 
Tensile was greater in this zone 

7 Minute cracks due to less 
generation of heat in the nugget 
zone. In this zone, less tensile was 
achieved 

8 Small hole was produced due to 
improper plastic deformation. 
Less hardness

(continued)
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Table 3 (continued)

Runs Macrostructure Remarks

9 Minute hole was observed in the 
SZ

Fig. 5 Base metal AA5052 

100X / 100μm

that the process parameter is one of the causes to diminish the grain structure with 
inadequate heat generation [18]. 

3.3 Tensile and Hardness Strength 

The tensile strength and hardness of processed AA5052 values are presented in 
Table 4. The tensile with effect of process parameters is displayed in Fig. 7. From  
Fig. 7, it is understood that the tensile strength is improved at the parameters of 
1000 rpm, 20 mm/min, and 5 kN. Due to that medium level of tool rotation with 
low level traverse achieved better tensile [19]. During the process, sufficient heat 
was generated to produce between the pin and magnesium base alloy so the process 
was well developed with severe plastic deformation [20]. The lesser tensile was 
achieved at the parameters 1200 rpm, 20 mm/min, and 7 kN. It is revealed that the 
higher tool rotation with low level of traverse and high level of axial force gets 
lesser tensile [21]. Because, the insufficient heat was generated while in process to 
carried out lesser severe plastic deformation [22]. In the hardness survey, the values
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SZ 

AS-TMAZ RS-TMAZ 

100X / 100μm 

100X / 100μm 
100X / 100μm 

AS-HAZ RS-HMAZ 

100X / 100μm 100X / 100μm 

a 

Fig. 6 a Microstructure of rank 1 optimal specimen with various zones. b Microstructure of rank 
9 optimal specimen with various zones
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NZ 

100X / 100μm 

AS-TMAZ RS-TMAZ 

AS-HAZ RS-HMAZ 

100X / 100μm 100X / 100μm 

100X / 100μm 100X / 100μm 

b 

Fig. 6 (continued)
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Table 4 Taguchi L9 with process parameters and their responses 

Runs R (rpm) T (mm/min) A (kN) Tensile strength (MPa) Hardness 
(VHN) 

1 800 20 3 173 61 

2 800 25 5 184 66 

3 800 30 7 183 64 

4 1000 20 5 215 69 

5 1000 25 7 213 68 

6 1000 30 3 212 67 

7 1200 20 7 169 61 

8 1200 25 3 170 62 

9 1200 30 5 185 66 

Fig. 7 Tensile strength with effect of FSP parameters

were taken on the different zones in the processed material. Those zones are nugget 
zone, thermomechanically affected zone, heat affected zone, and parent metal. The 
microhardness with effect of FSP parameters was illustrated in Fig. 8. From Fig.  8, it  
is clearly indicated that the 1000 rpm, 20 mm/min, and 5 kN achieve greater hardness. 
Orowan strengthening mechanism is major reason to enhance the hardness on the 
processed specimen [23]. It has highly densified and evenly scattered grain structure. 

3.4 Fractography and EDS Studies on Optimal Specimen 

The fractography was examined on the tensile fractured optimal specimen by SEM 
which was displayed in Fig. 9a, b. Figure 9a shows the tensile fracture of 1000 rpm,
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Fig. 8 Microhardness with their effect of FSP parameter

20 mm/min, and 5 kN processed AA5052. From Fig. 9a, fracture surface clearly 
indicates that the surfaces were occupied by the small size of dimples with regular 
dispersion of intermetallic particles. It is understood that the fracture was observed 
with ductile mode failure [24]. Figure 9b shows the tensile fracture of 1200 rpm, 
20 mm/min, and 7 kN processed AA5052. From Fig. 9b, it is understood that the 
fracture surfaces indicate larger void with bigger dimples were appeared. It is revealed 
that the fracture was observed with brittle mode failure [25].

The electron dispersion spectroscopy (EDS) was analysed on fractured surface of 
optimal specimen which is displayed in 10a, b. Figure 10a shows the EDS of rank 1 
parameter 1000 rpm, 20 mm/min, and 5 kN processed AA5052. From Fig. 10a, 
it is explored that the chromium and carbide were majorly present in the frac-
tured area due to processing of tool pin profile. The tool pin profile had highly 
presented by chromium and carbide so that intermetallic compounds are composed 
by the aluminium magnesium and chromium carbide compounds [26, 27]. Figure 10b 
exhibits the EDS of rank 9 parameter 1200 rpm, 20 mm/min, and 7 kN processed 
AA5052. From Fig. 10b, it is understood that the fractured area is fully accompanied 
by aluminium with less number of chromium and carbide. The chosen parameter is 
a major reason to lack of compounds on the fractured area.

4 Grey Relation Analysis (GRA) 

Grey relation analysis is a straightforward way for developing the recognized key 
system factors. It is valuable for fluctuating independent analysis and also trans-
formed the single response from the multi-response values. Grey boundaries were 
no evidence of data—no solution and entire data with evidence—distinctive solu-
tion. This technique is an appropriate arrangement for incomplete evidence of data
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Fig. 9 a SEM fractograph of rank 1 optimal specimen. b SEM fractograph of rank 9 optimal 
specimen

in between the boundaries. A grey relation system is trying to locate the most elegant 
solution and also provide good clarification for critical problems. In this analysis, 
the appearance of estimated qualities is standardized, i.e. start from 0 to 1. The stan-
dardized outcomes used to perform the qualities at the condition more significant 
are best. In this study, output responses like tensile (TS) and hardness (VHN) which 
were utilized to determine larger the better solution [28, 29]. This solution was used 
to perform the qualities of standardized outcomes which are suggested by below the 
eqn.
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Fig. 10 a EDS of rank 1 optimal specimen for fractured surface. b EDS of rank 9 optimal specimen 
for fractured surface

X0 
i (k) = X∗ 

i (k) − minX∗ 
i (k)/maxX∗ 

i (k) − minX∗ 
i (k) (1) 

After the assembly of grey relation method, min Xi (k) and max Xi (k) are the least 
and biggest value of Xi (k) for the kth response. Ideal arrangement for the responses 
is X0 

i (k)(k = 1, 2, 3, . . .  9), and the actual and preferred experimental data were 
determined by grey relational coefficient. It can be suggested by (ξ ). 

ξ = .min + ψ.max

.0i (k) + ψ.max 
(2) 

From above the equation, grey relational coefficient (GRC) was computed. By 
taking the average of the grey relational coefficient was used to compare the selected 
responses and establishing values of grey relational grade and to execute different 
responses. The weighting strategy of ψ is taken as 0.5 and its coordinate the GRC 
into grey relational grade for every individual experiment. 

y j = 
n.

k=1 

wi ξi (k) (3)
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Table 5 GRG and rank order for tensile and microhardness 

Ex. No Standardized S/N ratio GRC Grey relational grade Rank 

TS VHN TS VHN 

1 0.087 0.000 0.354 0.333 0.344 8 

2 0.326 0.625 0.426 0.571 0.499 5 

3 0.304 0.375 0.418 0.444 0.431 6 

4 1.000 1.000 1.000 1.000 1.000 1 

5 0.957 0.875 0.920 0.800 0.860 2 

6 0.935 0.75 0.885 0.667 0.776 3 

7 0.000 0.000 0.333 0.333 0.333 9 

8 0.022 0.125 0.338 0.364 0.351 7 

9 0.348 0.625 0.434 0.571 0.503 4 

Above the Eq. 3 utilized to compute the grey relational grade, where y j as the grey 
relational grade for identify the experiment of jth value, n is the quantity of responses, 
and ith characteristics were performed by the weighting factor wi . The performance 
characteristics were predicted and confirmed by utilizing the consolidation of optimal 
friction stir processing parameters [30], and it can be determined by underneath the 
equation. 

y
. = ym + 

q.

i=1 

(yi − ym) (4) 

Above the Eq. 4 utilized to identify the validation of predicted values, where ym and 
yi are the overall mean and mean of the grey relational grade at the level of optimum, 
and the multiple performance characteristics influenced by the number of friction 
stir process parameters, which is denoted by (q). The purpose of the total grey rela-
tional grade is used to change over a process of multi-response into single response 
optimization. The Taguchi technique used to perform the evaluating of uppermost 
and maximizing results in grey relation grade. Table 5 shows the standardized ratios, 
grey relational coefficient, GRG, and rank. From Table 5, it is clearly indicated that 
the 4th experiments compose the greater grey relational grade and higher mechanical 
properties. So that the 4th experiment was indicated as rank 1. Those rank 1 correlated 
parameter is 1000 rpm, 20 mm/min, and 5 kN, which was the optimal parameter also. 

5 Contour Plot of GRG with FSP Parameters 

The contour plots of GRG values with three process parameters are displayed in 
Fig. 11a–c. It is clearly understood that the effect of process parameters on GRG 
during FSP. Figure 11a shows the relations between the rotation speed and traverse
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speed on GRG values. It is revealed that the GRG values are improved at medium 
level of rotation speed (1000 rpm) and low level of traverse speed (20 mm/min), 
respectively. Figure 11b displays the effect of traverse speed and axial load on GRG 
estimated values. It is explored that the maximum GRG was occurred at low level 
of traverse speed (20 mm/min) and medium level of axial load (5 kN), respectively. 
Figure 11c explored the effect of axial load and rotation speed on computed GRG 
mean values. It is revealed that the greater GRG was attained at the moderate level of 
tool rotation (1000 rpm) and axial load (5 kN), respectively. From these figures, it is 
understood that the most influencing parameters are tool rotation with moderate range 
of speed, intermediate level of axial load and low level of traverse speed composes 
the better mechanical properties [31, 32].

5.1 Computing the Mean Values of GRG and S/N Ratios 

The FSP parameters are independent by the calculated GRG values. By taking the 
average (three levels 1–3) of the GRG from their respective runs (speed of tool 
rotation), 1 + 2 + 3, 4 + 5 + 6, and 7 + 8 + 9 were used to determine the mean 
of the GRG. Similarly, the runs (traverse speed) 1 + 4 + 7, 2 + 5 + 8, and 3 
+ 6 + 9 and the runs (axial load) 1 + 6 + 8, 2 + 4 + 9, and 3 + 5 + 7 used  
to determine the mean of grey relational grade. The calculated mean responses of 
GRG are presented in Table 6. From the maximization of GRG, 3 level mean table 
was initiated from the FSP parameters. From Table 6, the level 2–3-2 of speed of 
tool rotation, traverse speed, and axial load is the significant. It is revealed that the 
most influenced parameter id speed of tool rotation. The GRG means are necessity to 
improve the robustness with S/N ratio values. So that the GRG means are transformed 
into the S/N ration values with help of MINITAB software [33]. The signal and noise 
are indicating the average response and variation from the investigational outputs. 
In this investigation, the ‘Larger-is-better’ precedent preferred for S/N proportion 
to maximize the responses and its summary of data presented in Table 7. Table 8 
represented the average responses of signal-to-noise ratio and mean of grey relation 
grade for a friction stir processing at the 3 levels. The maximum grey relational grade 
obtained at the second, third, and second levels of 1000 rpm, 20 mm/min, and 5 kN, 
respectively. The average response of maximum grey relation grade was the most 
exceptional level, which recommended by the signal-to-noise ratio for the process 
parameters.
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Fig. 11 a Rotation speed 
and traverse speed on GRG. 
b Traverse speed and axial 
load on GRG. c Axial load 
and rotation speed on GRG

a 

b 

c 
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Table 6 Response tables for grey relation grade at three Levels 

Process parameters Grey relation grade 

Level 1 Level 2 Level 3 Max–Min Rank 

Tool spinning speed (Rpm)-TSS 0.425 0.879 0.396 0.483 1 

Traverse speed (mm/min)-TS 0.559 0.568 0.570 0.011 3 

Axial load (kN)-AL 0.490 0.667 0.542 0.177 2 

Table 7 Mean of GRG and S/N ratio 

Runs TSS TS AL Mean value of GRG S/N ratio 

1 800 20 3 0.344 −9.269 

2 800 25 5 0.499 −6.038 

3 800 30 7 0.431 −7.310 

4 1000 20 5 1.000 0.000 

5 1000 25 7 0.860 −1.310 

6 1000 30 3 0.776 −2.203 

7 1200 20 7 0.333 −9.551 

8 1200 25 3 0.351 −9.094 

9 1200 30 5 0.503 −5.969 

Average 0.566 −5.638 

Table 8 Mean of S/N ratio and GRG at three level 

Level For S/N ratio For GRG mean 

TSS TS AL TSS TS AL 

1 −7.539 −6.273 −6.855 0.425 0.559 0.490 

2 −1.171 −5.481 −4.002 0.879 0.568 0.667 

3 −8.205 −5.161 −6.057 0.396 0.570 0.542 

Delta 7.034 1.113 2.853 0.483 0.011 0.177 

Rank 1 3 2 1 3 2 

5.2 ANOVA 

The method ANOVA is used to test the efficiency of the grey relational grade for the 
optimal consolidation of FSP parameters [34]. The ANOVA analysed the grey rela-
tional grade outputs represented in Table 9. Out of the various parameters, tool spin-
ning speed obtained a maximum of 78.05%, and next to axial load reaches 15.55%, 
respectively. The percentage contribution of tool spinning speed has a maximum, 
which is significant than other parameters. Figures 12a–c and 13a–c contributed to 
the main effects of friction stir processing versus the means of GRG and means of 
S/N ratios. The grey relational grade proposed the second, third, and second levels



276 S. V. Alagarsamy et al.

Table 9 ANOVA for GRG 

Parameters DOF SS MS F P Percentage contribution (%) 

R 2 3.76857 1.88428 399.21 0.002 78.05 

T 2 0.29991 0.14995 31.77 0.031 6.21 

A 2 0.75076 0.37538 79.53 0.012 15.55 

Error 2 0.00944 0.00472 0.20 

Total 8 4.82867 100.00 

of 1000 rpm TSS, 20 mm/min TS, and 5 kN AL as the best level for the friction stir 
processed joints. 

Fig. 12 a Effect of tool spinning speed versus mean of GRG, b effect of traverse speed versus 
mean of GRG and c effect of axial load versus mean of GRG
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Fig. 13 a Effect of tool spinning speed versus mean of S/N ratios, b effect of traverse speed versus 
mean of S/N ratios, c effect of axial load versus mean of S/N ratios 

5.3 Validation Test of Optimal Parameters 

The optimal processing parameters, i.e. R = 1000 rpm, T = 20 mm/min, and A = 
5 kN. The average means value of grey relational grade, tensile, and microhardness 
properties of processed samples was initiated with grey relational analysis and its 
confidence interval is presented in Table 10.

6 Conclusion

• The friction stir process was successfully employed with Taguchi and GRA. Also 
identifies the optimal process parameter with L9 arrays. The nine experiments 
were effectively fabricated by FSP.
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Table 10 Validation test using optimum level of process parameters 

Initial processing parameters Initial designated levels of 
processing parameters 

Optimal condition of process 
parameter using GRA 

Factor level R2, T1, A2 R2, T3, A2 

tensile strength (Mpa) 215 218.7 

Microhardness-Hv 69 67.87 

Grey relational grade 0.979 0.984

• The maximum grey relational grade was obtained in the optimal process parame-
ters 1000 rpm of rotation speed, 20 mm/min of traverse speed, and 5 kN of axial 
load. 

• Mechanical properties of friction stir processed AA5052 have extremely upgraded 
by Taguchi and grey relational techniques. 

• Speed of tool rotation (78.05%) was exceedingly substantial parameter for the 
grey relational grade, whereas traverse speed (15.55%) and axial load (6.21%) 
are next partial significant parameters in the grey relational analysis. 

• Optimal specimen microstructure was successfully carried out by optical micro-
graphs and fractured surfaces are clearly indicated by SEM analysis. Similarly, 
EDS was conducted effectively to prove the presence of particles. 
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Chapter 16 
Analysis into Mechanical Properties 
and Microstructural Behavior of Friction 
Stir Welded Al 6061-T6 Alloy Joints 

Saurabh Dewangan, Ramneek Yadav, Anirudh Sharma, 
and Siddharth Vohra 

1 Introduction 

FSW has emerged as a widely used solid state joining process since its inception. It 
is applicable for all the metals, especially those which have low melting point, e.g., 
aluminum and its alloys. Later on, other engineering materials like copper, steel, 
titanium, and other metal matrix composition were also taken under consideration 
for this welding. FSW, in butt joint configuration, was patented by Thomas et al. 
(1991) at The Welding Institute (TWI) in 1991 [1]. FSW is relatively simple to 
process. In this, a tool of high strength containing a shoulder and a pin is rotated and 
fed between the adjoining surfaces of plate. As the tool plunges inside the edges, it 
starts to make the edges plastically deformed. The pin of the tool stirs this semisolid 
structure. The plastically deformed and stirred part of the material is pressurized by 
the tool shoulder. Hence, splashing of the material is completely arrested. In this 
way, the tool is moved from a leading part to trailing part of the adjoining edges. As 
a result, upon cooling, a very good bonding between two edges is observed [2–5]. A 
schematic of FSW process is shown in Fig. 1.
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Fig. 1 Schematic of friction stir welding process 

In traditional fusion welding process, a lot of problems come into picture during 
solidification due to significant post welding thermal gradients. Defects like embrit-
tlement of microstructure, hydrogen cracking, welding fumes, distortion at larger 
scale, and significant residual stresses are usually reported in traditional welding. As 
the solid state welding is done below melting point (about 100 °C less), it has the 
ability to minimize the discussed defects to a great extent. Among different SSW, 
FSW seems to be more advantageous because it does not contain extra filler metal, 
hence additional weight gain into the welded part is prevented. As the heat is gener-
ated by friction of the tool and plates, there is no need of extra arrangement of heat 
addition as in case of FW process. The mechanical mixture of the metals of the 
joining plates, through stirring process, takes place by specially designed tool called 
probe. In addition, the pressure exerted by tool shoulder confirms a fine welding 
surface. FSW process can be employed to produce various joints like butt joint, lap 
joint, T-joint, L-joint, etc. Application of FSW includes various fields like aerospace 
industry, automobile industry, ship building industry, etc. [2, 3]. The quality of the 
FSW joint depends on various parameters like tool rotational speed, welding speed, 
plunge depth, etc. These parameters are responsible for making a semisolid structure 
of the metals being welded. Higher the welding speed, better will be the stirring 
process [6–8]. Some review of the previous research works has been done this work. 

As the FSW is not a very old development, continuous research is going on to 
establish the new facts and results. Initially, it was applied for soft materials only 
but nowadays advanced machinery overcame this issue. Now, the materials with 
high yield point can also be taken under FSW process. As it is basically a joining 
process, research is mainly focused on the effects of yield parameters in mechanical 
properties of the joints. FSW deals with high strain rate deformation and simultaneous 
increment in temperature, various microstructural zones could be observed in the 
welded plate. These zones include: (1) nugget zone (NZ), in the center of the weld
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where stirring takes place; (2) thermo-mechanical-affected zone (TMAZ), next to 
NZ; and (3) heat affected zone (HAZ). With the change in microstructural behavior, 
the mechanical properties also differ. It has been an interesting topic of research 
to analyze the microstructural changes and mechanical properties after welding the 
specimen. Some previous research works are summarized here. 

Dawood et al. (2014) compared the FSW and gas metal arc welding process in 
joining 1030 Al alloys. The comparison was done on the basis of power consump-
tion, mechanical properties, and microstructural behavior. The results showed that 
FSW is eco-friendly, comparatively safer, and a better joining technique according 
to mechanical behavior of the joint [9]. Carlone and Palazzo (2013) investigated 
the effect of process parameters like tool rotating speed and welding speed on joint 
quality, microstructure, and mechanical properties in FS-welded AA2024-T3. For 
this purpose, numerical and experimental both the techniques were applied. Smaller 
grains were reported when rotational speed was low and welding speed was high and 
vice-versa [10]. Saravanan et al. (2016) investigated the effects of rotational speed, 
welding speed, axial load and ratio of shoulder diameter to pin diameter (D/d) on  
tensile strength, microhardness, and microstructure of the friction stir welded dissim-
ilar joints of AA6061-T6 and AA7075-T6. This work was basically performed with 
many parameters. An optimized set of parameters were selected on the basis of exper-
imental results. The best set of parameters on high tensile strength and hardness basis, 
for this experiment, were: 1100 RPM rotational speed, 26 mm/min welding speed, 
7 kN axial load; and D/d ratio of 3. A reduction in grain size was reported in stir zone 
due to improved mechanical properties [11]. Rodriguez et al. performed the FSW of 
dissimilar Al-alloys, graded 6061 and 7050. They concluded that the microstructure 
of stir zone is dependent on the tool rotational speed. They observed various distinct 
lamellar structure at NZ which was associated with tool rotation [12]. With regard 
to dissimilar FSW joint of Al 6061 and Al-7075, Guo et al. (2014) reported a proper 
mixing of materials and thereby good mechanical properties at NZ, whereas HAZ was 
reported as the weakest area in the plates. In addition, there was improved mechan-
ical properties toward Al 6061 plate when placed in advancing side [13]. Sinhmar 
and Dwivedi (2019) performed thermo-mechanical, mechanical, and microstructural 
testing of FS-welded Al-AA2014 alloy. The experiments were carried out at various 
combination of speeds. According to measurement of weld-thermal cycle, it was 
found that the maximum temperature was reported at higher tool rotation and lower 
welding speed. However, hardness and corrosion resistance properties were reported 
at their higher values when rotational speed was low and welding speed was high. In 
addition, a good correlation among microstructural behavior, mechanical properties, 
and corrosion phenomena was observed in this study [14]. Research on effect of FSW 
yield parameters, such as tool RPM, welding speed, tool pin profile, and shoulder 
to pin diameter ratio. On mechanical properties and microstructural attributes of the 
final welded plates was carried out by many researchers [4–14]. For many years, 
FSW process has been focused into Al-alloys in butt configuration. Some impor-
tant grades of Al-alloys, which were taken under consideration by researchers, are: 
AA2219 [15], AA5083 [16], AA2198-Li [17], AA2024 [18], and AA6061 [19].
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Nowadays, the research is being carried out on dissimilar materials in lap and tee 
configuration also [10–12, 20–23]. 

As an original FSW machine is comparatively costlier, the FSW machine can 
be developed by using an augmented vertical milling machine in view of economic 
feasibility. For soft materials like Al-alloys, the developed set up has become a 
successful approach to carry out FSW. In the present work, an augmented milling 
machine was used as a FSW machine to weld the Al 6061-T6 alloy. The successfully 
joined Al-alloys, at different welding parameters, were analyzed on the basis of 
mechanical properties and microstructural behavior. 

2 Experiment 

2.1 Material Selection 

Al 6061-T6 alloy was chosen as the work-piece material for the experiment. This 
grade of aluminum is widely used in heavy duty construction purposes, most 
commonly rail coaches, truck frames, shop building, bridges and military bridges, 
aerospace applications, etc. It has melting point of about 617 °C. For fulfilling, 
the criteria of specification provided by the American Society of Testing Materials 
(ASTM), the work-piece dimensions were selected as 150 × 50 × 10 mm. The 
chemical and mechanical properties of Al 6061-T6 alloy are mentioned in Tables 1 
and 2. 

Table 1 Chemical composition of Al 6061-T6 alloy 

Element Cu Mg Si Fe Mn Al 

Content 0.05 0.65 0.50 0.50 0.03 98.27 

Table 2 Mechanical properties of Al 60–61-T6 alloy 

Material UTS (MPa) TYS (MPa) Elongation (%) Hardness (RHN) 

6061-T6 310 276 12 40 

2.2 Tool Specifications 

AISI D2, a high carbon steel, was selected for manufacturing the FSW tool. It is 
a strong non-consumable material with high wear resisting properties. It can retain 
its hardness at high temperature generated during the process. The ratio of shoulder
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Table 3 Chemical composition of AISI D2 steel 

Element C Mn Si Co Cr Mo V Ni Cu 

Content 1.4–1.6 0.6 0.6 1.0 11.0–13.0 0.7–1.2 1.1 0.3 0.25 

Table 4 Mechanical properties of AISI D2 steel 

Properties Density 
(kg/m3) 

Hardness 
(RHN) 

Ultimate tensile 
strength (MPa) 

Melting point 
(°C) 

Thermal 
expansion 
(unit/°C) 

Values 7.7 × 103 62 1736 1421 10.4 × 10–6 

diameter to pin diameter (D/d) is 3:1. The pin was designed into a plain cylindrical 
shape with length and diameter value of 9.00 mm and 7.33 mm, respectively. The 
chemical and mechanical properties of the tool are mentioned in Tables 3 and 4, 
respectively. The image of the tool with dimensions of shoulder and pin is shown in 
Fig. 2. 

Fig. 2 FSW tool and its dimension 

2.3 Experimental Procedure 

The FSW was performed using an augmented vertical milling machine as a FSW 
machine. The specifications of the selected machine are mentioned in Table 5. The  
experimental setup is shown in Fig. 3.

The tool was properly machined so that it can be fitted into the chuck of the 
developed FSW machine. Turning operation was performed to attain the proper pin 
and shoulder dimensions. Once the tool was ready, it was fixed in the tool post. In 
addition, the Al-alloy plates were properly clamped on the table so that no movements 
of the adjoining edges could occur due to vibration. The developed FSW machine 
was, then, operated at different RPMs, and the table of the augmented milling machine 
was traversed with varying speeds. The selected rotational speeds of the tool and
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Table 5 Specification of the 
augmented milling machine 
as a FSW setup 

Spindle speed control Variable speed pulley 

Spindle taper size NT40 

Maximum RPM 5440 

Minimum RPM 70 

Table width 15 in. 

Table length 60 in. 

Horsepower 3 

Phase 3 

Longitudinal travel 41.34 decimal inch 

Cross travel 19.69 d in. 

Knee travel 23.62 d in. 

Number of spindle speed 2 

Voltage 415 V 

Fig. 3 FSW experimental setup; six pairs of plates were welded at different tool rotational and 
welding speeds

various traverse speeds are given in Table 6. As the revolving tool, which includes 
shoulder and pin, advances toward the abutting edges of the plates, high heat is 
generated due to high frictional contact. The contacting materials get soften at this 
high degree of frictional heat. In this condition, the pin of the tool stirs soft materials of 
both the abutting plates. The shoulder pressurizes plastically deformed soft materials 
between the plates, and hence, very less flashing effect could be seen. As soon as
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Table 6 Input parameters during FSW process 

S. no Samples Rotational speed of tool, 
N in rpm 

Speed of table or 
welding speed, v in 
mm/min 

Temperature generated 
due to friction, T in °C 

1 Sample C 1000 25 509.90 

2 Sample G 1560 25 542.66 

3 Sample H 1560 45 520.78 

4 Sample D 1975 25 560.88 

5 Sample F 1975 45 538.27 

the tool moved from leading edge to trailing edge, a very fine FS-welded joint was 
created. Different qualities of weld were obtained by applying various combinations 
of tool rotation (rpm) and welding speed (mm/min). All the welded samples are shown 
in Fig. 3. Initially, the FSW was performed on six pairs of plates, namely sample 
C, sample D, sample E, sample F, sample G, and sample H. Mainly three different 
rotational speeds were adopted. For samples C and E, 1000 RPM was selected. 1560 
RPM was selected for samples G and H. Similarly, the tool was rotated at 1975 RPM 
for the samples D and F. It was noticed that the welding quality in sample E was 
very poor. Also, the joint bonding was too weak due to some mechanical defects 
during welding. Hence, the sample E was rejected for further analysis. According 
to different input parameters, the necessary temperature generated due to friction 
was, also, calculated analytically for each welding process (Table 6). The analytical 
expression for calculating the temperature is given in Eq. 1 [24]. 

T 

Tmelt 
= K 

[
N 

v × 104 

]α 
(1) 

where T = Maximum temperature reached at given conditions, Tmelt = Melting 
temperature of the material (for AA6061-T6, melting temp= 617 °C), N = Rotational 
speed (RPM), v = Traverse speed or welding speed (mm/min), and α = Constant 
(≈0.07), K = Constant (≈0.75). 

2.4 Mechanical Testing and Result Analysis 

To check the bonding strength and feasibility of the joint, it is important to carry out 
some destructive testing of the welded samples. After welding the Al-alloy plates, 
proper sample preparation was carried out to analyze various mechanical properties. 
In this work, mainly three mechanical tests were performed: Tensile testing, hardness 
testing, and impact testing for toughness analysis.
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2.4.1 Tensile Test 

For tensile testing, a digital universal tensile testing machine (INSTRON 8800 UTM) 
was used. The maximum load capacity of this machine is 90 kN. The specimen 
was tested until failure. Tensile test was performed to measure the tensile strength, 
maximum load, elongation, and Young’s modulus. To perform the test, all the work-
pieces were prepared according to specified dimensions as per ASTM E-8M standard 
[25]. For the purpose, wire cut electric discharge machining was used. The required 
dimensions for tensile testing and the images of prepared tensile specimen are shown 
in Fig. 4a, b, respectively. All the tests were performed at room temperature (28 °C). 
The rate of deformation of all the test samples was 0.0001/s. All the results obtained 
by tensile tests are given in Table 7. The tensile stress vs. tensile strain graphs for all 
the specimen are shown in Fig. 5. 

According to results obtained by stress–strain graphs, it can be seen that the tensile 
strength (133.28658 MPa) and Young’s modulus (23,215.30617 MPa) of sample C 
is the highest among all. Sample C was welded by lower values of input parameters, 
i.e., 1000 RPM and 25 mm/min welding speed. With these conditions, the maximum 
temperature generated in sample C is also the lowest among all. Hence, by this

Fig. 4 a ASTM standard of tensile test specimen; b tensile test specimen taken under study 

Table 7 Tensile test results 

Name of plate Tensile strength 
(MPa) 

Maximum load (N) Elongation 
(mm) 

Young’s modulus 
(MPa) 

C 133.28658 10,263.06641 1.19273 23,215.30617 

D 113.68954 8754.09448 2.66883 13,962.03498 

F 99.57011 7666.89844 0.25486 21,551.36478 

G 53.33393 4106.71240 0.27432 16,721.09878 

H 58.74121 4523.07324 0.75266 14,211.85891
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Fig. 5 Stress versus strain diagrams of different welded specimen; a sample C; b sample D; c 
sample F; d sample G; e sample H; and f comparative analysis of tensile strength among all 
samples

experimental results, it can be predicted that comparatively lower values of tool 
rotation and welding speed give higher tensile strength. 

By observing the bar chart, it is clear that sample D has higher value of tensile 
strength. In this case, low welding speed comes out as a beneficial yield parameter 
for better tensile strength. In contrary, samples H and F, with higher welding speed 
(45 mm/min) than that of sample G (25 mm/min), are showing slight increment in 
tensile strength. As the tunnel defect in sample G was predominant as compared to 
other samples, it possesses the lowest tensile strength among all samples. With the
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above analysis, it can be concluded that the tensile strength depends more on welding 
speed in comparison with tool rotation. 

The finite element analysis of tensile test specimen was carried out in ANSYS 
software to compare the experimental data. By using fundamental relationships of 
stress and strain, i.e., strain = change in length/original length and stress = tensile 
force/nominal area, tension test was simulated. For the purpose, a total of 16,833 
elements were selected and they were divided into 28,390 nodes. Element size was 
taken as 1 mm. The meshed specimen and its stress analysis are shown in Fig. 6. 
In simulation process, the material properties of AA6061-T6 were selected for the 
specimen. The maximum stress of 265.81 MPa was reported during simulation. 
In addition, stress was dominant at the fillet corners. In contrary, the experimental 
analysis showed a maximum stress of 133.28 MPa (sample C). The reasons behind 
difference between simulated data and experimental data are: (1) Simulation work 
considered single piece specimen without any joining and therefore, the effect of 
stress was concentrated at fillet section. (2) During experiment, some defects like 
improper stirring and air gaps generated which reduced the actual tensile strength of 
the joint. 

Fig. 6 Tensile test simulation of AA6061-T6 alloy (relevance = 100, relevance center: fine, element 
size = 1 mm, nodes = 28,390, elements = 16,833): a Meshing of the standard sized specimen; b–f 
tension test has been captured in five different frames
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Table 8 Impact test results 

Sample Initial energy (E1) in Joule Residual energy (E2) in  
Joule 

Absorb energy or energy 
required to break the 
specimen (E2 – E1) in Joule 

C 4 140 136 

D 4 86 82 

F 4 42 38 

G 4 22 18 

H 4 38 34 

2.4.2 Impact Test (Toughness Test) 

The toughness test was performed by Charpy impact method. This test consists of 
breaking the specimen by a single blow from swinging hammer under prescribed test 
conditions. The test piece is simply supported at the two ends. The energy absorbed 
is determined by striking the specimen with a hammer at the center from which the 
impact value is obtained. Initially, the hammer was released freely without keeping 
the sample. It is required to know the error of the manual impact test machine. It was 
found that there was an error of 4 J in the machine. For all the samples, the impact 
test results are written in Table 8. The test setup and tested samples are shown in 
Fig. 7a, b.

The toughness test uncovers the fact that how much energy is getting absorbed 
in the material before fracture. In other words, it is also a measure of ductility with 
strength. In this work, this test was performed to check the toughness of FS-welded 
joints in all the samples. From Fig. 7c, it can be noted that the highest value of 
toughness, i.e., 136 J belongs to sample C, whereas the sample G possesses the 
lowest toughness of 18 J. It is important to note that proper mixing of materials at 
stirring zone plays a vital role to determine the toughness of the welded sample. If 
the tunnel defects are predominantly available inside the WZ, the toughness becomes 
greatly reduced. The sample G was welded with the tool rotation and welding speed 
of 1560 RPM and 25 mm/min, respectively. On the basis of macroscopic observation, 
a higher degree of tunnel defects was found in sample G. With this comparatively 
higher dimension of void formation, the impact toughness of sample G was greatly 
affected. Hence, for this study, it can be reported that lower welding speed tends to 
enhance the toughness if tunnel defects are negligible. 

2.4.3 Hardness Test 

Hardness of the materials was checked in various locations of the FS-welded plates. 
Hardness test imparts an indenter which is allowed to penetrate the specimen under 
a specific loading condition for a fixed period of time. Hardness of the material 
comes out as a result of resistance to penetration. In this work, Rockwell hardness
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Fig. 7 Charpy impact test of welded specimen; a Impact test machine; b tested specimen; c 
comparative analysis of energy absorbed by different samples

test method was taken under study. It includes a ball indenter, called “Brale” by its 
trade name, of diameter 1/16'' to make the indentation. This test was carried out on 
the cross sectional area of the samples. For the purpose, the welded plates were cut 
along the breadth and the cut section was smoothened properly prior to indentation. 
A load value of 150 kgf was selected for each indentation. In each plate, multiple 
indentations were performed starting from the weld center line to both sides of the 
plate. A fixed gap of 2 mm was kept between two consecutive indentations. Hence, 
excluding the center point, there were total nine indentations on both the sides of the 
weld center line. In this way, all the necessary zones, i.e., WZ, TMAZ, HAZ, and PM 
were undergone through hardness test. A comparative analysis of hardness variation 
from weld center line to parent metal is shown in Fig. 8a. Also, all the tested samples 
are shown in Fig. 8b.

By the hardness profile from −18 mm to +18 mm distance in each plate, it can be 
seen that all the samples show a similar trend of variation (Fig. 7a). Hardness values 
are the lowest at the center point (0) or WZ in all the welded samples. At a very little 
distance (−3 and +3 mm) from center point, there is a slight increment in hardness 
in all the samples except D. This zone, where hardness gets slightly enhanced, is 
near about TMAZ. Since this zone is just aside of the welded zone, the effect of 
strain hardening makes it comparatively harder. At some more distance, 4–6 mm on 
both side from center point, hardness values are suddenly decreased. These zones are
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Fig. 8 Hardness test; a A comparative graph showing hardness variations in different points of the 
welded plates; b five plates used for hardness analysis

pertaining to HAZ which become the weakest part on hardness basis. The PM part 
is clamped properly so that no movement can happen during welding. When high 
degree of friction creates plastic deformation into abutting edges, the HAZ (available 
between WZ and PM) faces a high degree of shocks and vibrations during FSW. This 
causes decrease in hardness in HAZ. As the indentation moves away from HAZ, high 
hardness is achieved in all the samples. In other words, hardness of PM parts of all 
the samples is higher than other parts. In comparison with other samples, sample C 
was reported to possess higher hardness at all the points whereas the lowest hardness 
was reported in sample D in every point of study. 

2.5 Microscopic Characterization 

For microstructural study, the samples were cut across the welded zone. The cross 
sectional area of the samples was highly polished as the microstructural observation 
was carried out on this surface. For this purpose, different grades of polishing papers 
(grit size of 100, 500, and 1000) were used. After polishing the samples, Keller’s etch 
(distilled water 190 ml + nitric acid 5 ml + hydrochloric acid 3 ml + hydrofluoric 
acid 2 ml) was applied on the polished surfaces. After proper etching, the samples 
were observed through an optical microscope Motic Images Plus 3.0(×64) make 
Germany. Mainly three regions were taken under consideration: welded zone (WZ); 
heat affected zone (HAZ); and parent metal part (PM). All the microstructural images 
of five welded samples, i.e., C, D, F, G, and H are shown in Fig. 9a–e, respectively. 
As the present study does not include mapping of the microstructures, it is very hard 
to comment on the grain size and related properties of the microstructures. However, 
by observing the microstructural images, it can be concluded that all images follow 
a similar trend. As the material mixing was done in WZ, clear differences between
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microstructural appearance in WZ and PM could be observed. In the WZ area, lots 
of pores and crack-like structures were observed because the material mixing at the 
stirring zone was not up to the mark. Application of plain tool, rather than threaded 
tool, was the main reason behind this issue. It is contrary with the results obtained 
by Lorrain et al. [26]. 

Fig. 9 Microstructures of the FS-welded plates; All the five samples were observed in three different 
zones-parent metal part (PM), welded zone (WZ), and heat affected zone (HAZ)
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With regard to HAZs, all the images can be easily recognized in comparison with 
PM and WZ. Like observations done in WZ, a similar trend exists in the microscopic 
image of the HAZ. White colored dendritic structures were reported in HAZs of 
the samples. These structures are defects due to residual stresses generated during 
welding. The formation of these white structures depends on welding speed. As two 
different welding speeds, i.e., 25 and 45 mm/min were selected in this study, it was 
found that lower welding speed (25 mm/min) is responsible for defects in HAZ. 
Therefore, whitish structures are predominant in samples ‘C’, ‘D’, and ‘G’, whereas 
samples ‘F’ and ‘H’ do not show such defects as they were welded at higher welding 
speed (45 mm/min). 

3 Discussion 

According to this work, the main problem with FSW was reported as insignificant 
mixing of the joining metal parts. In previous studies, it was concluded that improper 
mixing caused reduction in metallurgical bonding and thereby a lot of defects come 
into picture [3, 4, 27, 28]. 

In the field of defect analysis of FS-welded joints, Podrzaj et al. (2015) reported 
a number of damage behavior, such as tunnel formation, pores and voids generation, 
grooves formation on surface, high weld flash, cavity produced by abnormal stirring, 
surface galling, nugget collapse, and kissing bond [27]. These defects may be caused 
by individual or joint effects of yield parameters, such as tool rotation, traverse speed, 
high heat generation, D/d ratio, pin length, and pin profile. In the present work, tunnel 
defect or void formation was found in all the samples except sample ‘C’. This result 
is similar to the work of Zhao et al. (2019) [28]. The most probable reason behind 
void formation defect is plain pin profile. As the pin was selected as plain cylindrical 
projection, additional stirring, and thereby mixing were prevented. As a result, the 
cavity formed at one position was carry forward till trailing edge of the abutting 
plates. Bulging out of edge and pin collapsing are the two different defects which 
were reported in this study. The trailing edges of the Samples ‘C’ and ‘D’ were found 
to get bulged out due to excessive plastic deformation. In sample ‘H’, pin collapsing 
was reported due to high heat generation during welding. Due to this defect, pin gets 
adhered to the plastically deformed stirred zone (Fig. 10).

The present research work imparts a primary analysis as compare to other works 
of similar kind. Even after a number of research work in the field pf FSW, a lot of 
problems are existing [29]. A detailed analysis consisting of load value calculation, 
pin profile variation, analysis to nullify the defects, etc., are required to carry out in 
the future.
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Fig. 10 Defects found in FS-welded samples; Bulging out trailing edges in samples C and D; Pin 
collapsing in sample H

4 Conclusion 

An attempt was made to carry out FSW of Al 6061-T6 alloys and to analyze the joint 
characteristics on the basis of mechanical properties measurement and microstruc-
tural assessment. Tensile test, hardness test, and toughness test were considered 
under the mechanical property analysis. The following points are concluded by this 
research work: 

• An augmented vertical milling machine was used as a FSW machine. A successful 
welding of five pairs of plates named sample C, sample D, sample F, sample G, 
and sample H was performed by using AISI D2 (HSS) as a FSW tool with plain 
cylindrical pin. Tool rotation and welding speed were selected as variable input 
parameters. Three different rotations, 1000, 1560, and 1975 RPM were applied 
on the tool. Two different welding speeds were 25 and 45 mm/min. In addition, 
the maximum temperature generation in each sample was obtained by analytical 
approach. The highest and the lowest temperatures were obtained in sample D 
(560.88 °C) and sample C (509.90 °C), respectively. 

• The tensile strength (133.28658 MPa) and Young’s modulus (23,215.30617 MPa) 
of sample C was higher than other samples. It was seen that comparatively lower 
values of input parameters, i.e., 1000 RPM of tool, 25 mm/min of welding speed 
and 509.90 °C of temperature were responsible for higher tensile strength of the 
joint. In addition, it is also concluded that welding speed greatly influences the 
tensile strength. 

• The Charpy impact test was performed to measure the toughness of the samples. 
The toughness value of sample C, i.e., 136 J, was higher than other samples. 
Sample G possessed the lowest toughness of 18 J. A high degree of tunnel defects 
in sample G inversely affected the toughness. If the formation of tunnel defect is 
avoided, toughness is found to enhance with a decrease in welding speed. 

• On the basis of hardness test, a similar trend of hardness profile in all the samples 
was observed. Starting from weld center point to parent metal part, a zig-zag profile 
of hardness was obtained. The lowest hardness was obtained in weld center point. 
An increment in hardness was observed in TMAZ, whereas a sudden decrement 
in hardness was noted in HAZ. Finally, hardness reached to comparatively higher
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values in PM zone in all the samples. Among all, sample C was found to possess 
higher hardness at every indentation of the test. 

• The microstructural images of three zones, WZ, HAZ, and PM zone showed three 
different characteristics. The grain appearance in WZ and HAZ could be easily 
recognized. In the WZ, the material mixing was reported with some defects like 
cracks and pores. These defects are indication of insignificant stirring. In the HAZ, 
defects in white colored dendritic structures were reported. The most probable 
reason behind these phenomena was residual stress generation. It is concluded 
that these defects are negligible at higher welding speeds. 

By observing all the data discussed above, it can be established that welding speed 
predominates the weld quality when compared to rotational speeds. 
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Chapter 17 
Microstructure, Tribology, 
and Corrosion Characteristics 
of Hot-Rolled AZ31 Magnesium Alloy 

R. Lokesh Kumar, B. G. Yashwanth Kumar, R. Vaira Vignesh, 
J. Kaasi Viswanath, M. Muralimanokar, Shabbir Memon, 
and M. Govindaraju 

1 Introduction 

The principal lightweight alloys that are widely utilized in aircraft, aerospace, auto-
motive, and structural applications include aluminum alloys and magnesium alloys. 
Aluminum alloys are the preferred choice of materials for structural applications, 
because of their high strength-to-weight ratio. However, magnesium alloys have a 
lesser density than aluminum alloys. Hence, aircraft and automotive industries have 
been replacing aluminum alloys with magnesium alloys to achieve light-weighting 
of structures. Magnesium alloys also have high strength-to-weight ratio, high stiff-
ness to weight ratio, good formability, machinability and castability, and excellent 
damping characteristics. Some of the magnesium alloys like AE42 are used for high-
temperature applications [1]. Hence, magnesium alloys play an important and useful 
role in developing components with good mechanical properties [2]. 

Typically, engine blocks, casings, seat frames, wheels, support brackets in clutches 
and brakes, and transmission housings in automotive are made of magnesium alloys. 
Besides, magnesium alloy sheet metal is utilized in seating frames, door frames, 
pedals, steering wheel, and manifolds to reduce the curb-weight of automotives. In 
addition, magnesium alloys also provide more vibrational damping than conventional
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materials. Hence, usage of magnesium alloys in automotive reduces fuel consumption 
and hence emissions. However, the high activity of magnesium results in a high 
corrosion rate. 

Conventionally, magnesium is alloyed with various alloying elements to form 
magnesium alloys with desired properties. Magnesium is alloyed with Al, Zn, Si, 
Cu, Mg, and rare earth metals [3, 4]. AZ91, AZ31, AM50, Elektron 21, ZK51, and 
WE54 are some of the prominent magnesium alloys. AZ31 is one of the most used 
magnesium alloys in the automotive sector. AZ31 alloy has 3% aluminum, 1% zinc, 
and the rest magnesium. AZ31 alloys are lightweight, durable, and easily formable. 
They also have high tensile strength and vibrational damping [5]. Generally, AZ31 
alloys are heat-treated for improvising the microstructure and mechanical properties 
[6]. However, wear resistance and corrosion resistance of AZ31 alloy could not be 
improved by heat treatment methods [7]. 

Rolling is one of the several adopted methodologies to enhance the mechanical 
properties of AZ31 alloy [8]. Rolling of AZ31 alloy is challenging, as magnesium 
has an HCP crystal structure. A hexagonal structure has basal slip as its dominant 
slip system. A basal slip system has only two independent modes. According to the 
von Mises criterion for the deformation, a uniform deformation requires five slips at 
room temperature. Since magnesium has a basal slip system that has only two slips, 
the von Mises criterion is undue. Hence, it is very difficult to deform AZ31 alloy at 
room temperature. The alloy breaks instead of deforming during cold rolling [9]. 

As cold rolling of AZ31 alloy is challenging, the hot rolling technique can 
be employed. Hot rolling activates additional slip systems and thereby providing 
sufficient ductility for deformation. Besides, hot rolling mechanically fragments 
the secondary intermetallic phase (β-Mg17Al12) and induces dynamic recovery and 
dynamic recrystallization [10]. This, in turn, is metallurgically advantageous, as 
refined grains with homogeneous dispersion of β-Mg17Al12 are achieved. Hence, the 
hot-rolled AZ31 alloy would have augmented mechanical, tribological, and corro-
sion properties. In the course of hot rolling AZ31 alloy, oxidation may deteriorate the 
material properties. Hence, precautionary steps must be taken to curb the oxidation 
effects. A brief overview of the research work carried out on hot rolling of AZ31 
alloy is discussed below. 

Vespa et al. [11] performed hot rolling on magnesium alloy AZ31. The microstruc-
ture obtained was of two types: partially recrystallized state (banded structure of 
fine equiaxed grains with few pancaked grains) and recrystallized state (coarser 
equiaxed grains without banding or pancaked grains). After hot rolling, the sheets 
were subjected to a tensile test at a temperature range of 573–723 K at a strain rate 
from 0.1 to 0.001 s−1. The grain boundary sliding was observed at 723 K and a strain 
rate of 0.001 s−1. Dynamic recrystallization was observed at 673 K and a strain rate of 
0.1 s−1. Miao et al. [12] also performed the same study. The microstructure revealed 
that the grain size was reduced to about 5 μm after five rolling passes attributed to 
dynamic recrystallization. The yield strength, tensile strength, and tensile fracture 
strain were improved from 200 MPa, 268 MPa, and 0.32 to 211 MPa, 280 MPa, and 
0.28, respectively, after five rolling passes.
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Jager et al. [13] performed hot rolling in magnesium alloy AZ31 sheets. The 
microstructure revealed non-uniform grain size (average grain size of 53 μm) distri-
bution with the presence of twins. The tensile strength of the hot-rolled specimens 
was decreased to 14 MPa at 623 K, whereas 343 MPa was obtained at room temper-
ature. The ductility of the material increased to 420% at 673 K. The tensile strength 
dependency on temperature was attributed to the activity of the non-basal slip system 
and dynamic recovery. It is seen that Zhang et al. [14] performed hot rolling at 593 K 
on AZ31 magnesium alloy and observed formability. The microstructure revealed 
fine grains after the rolling process. Limit drawing ratio (LDR) and limit dome height 
(LDH) were used to measure material draw-ability and stretch-ability, respectively. A 
maximum LDR of 2.65 was obtained at 473 K, and a maximum LDH of 10.8 mm was 
obtained at warm working conditions. AZ31 alloy showed good deep draw-ability 
and poor stretch-ability. This was also researched by Choi et al. [15] and Jiang et al. 
[16]. 

Similarly, Huang et al. [17] performed rolling at a high temperature at 823 K 
followed by warm rolling at 498 K and observed the stretch formability improvement. 
The Erichsen value, which is the quality index of forming process, was increased 
from 3.7 to 9.5. The good formability was obtained as a result of hot rolling and the 
weak basal texture with a largely tilted basal pole caused by static recrystallization. 
Sun et al. [18] performed a hot rolling operation on AZ31 magnesium alloy and 
observed mechanical properties and texture evolution at 673 K. The microstructure 
of as-rolled specimens revealed twins and as-received specimens contained coarse 
grains. During hot rolling, the basal texture intensity showed a decreasing trend with 
an increase in deformation ratio. While low strain hot rolling, a strong texture {0002} 
<10–10> was developed. At intermediate strain hot rolling, a double peak-type basal 
structure was seen. In large strain hot rolling, a weak type texture {0002} <11–20> 
was formed. The properties tend to vary concerning the change in basal texture. This 
study was also performed by Jin et al. [19], Kim et al. [20], and Tighiouret [21]. 

Fatemi-Varzaneh et al. [22] performed hot rolling in AZ31 magnesium alloy at 
three variant temperatures 573, 648, and 723 K followed by the evaluation of mechan-
ical properties at room temperature. The microstructure of the rolled specimens 
revealed the presence of homogeneously distributed grains (with an average grain 
size of 5 μm). From the shear punch test and uniaxial tensile reports, it was evident 
that lower rolling temperature and higher rolling strain had an impact on strength and 
ductility at room temperature. Similarly, Miao et al. [23] performed rolling at 433– 
523 K in AZ31 magnesium alloy followed by annealing. The microstructure revealed 
fine grains of size 2.8 μm. Dynamic recrystallization occurred in sheets temperature 
above 473 K and temperature below 473 K required annealing to obtain fine recrys-
tallized grains. The yield strength obtained was 350 MPa, and the elongation was 
about 35% in the hot-rolled specimen. 

Bohlen [24] performed hot rolling on AZ31 magnesium alloy and observed 
acoustic emission during tensile testing. The microstructure of the sheet revealed 
a large number of residual stresses and lattice defects. The acoustic emission showed 
a better correlation with stress–strain curves, which revealed a sharp peak close to 
the macroscopic yield point followed by a decrease in acoustic emission activity.
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The dislocation glide and deformation twinning were the mechanisms responsible 
for plastic deformation and corresponding acoustic emission. Kawalla et al. [25] 
fabricated AZ31 alloy by twin-roll casting followed by hot rolling. The microstruc-
ture of twin-roll cast alloy revealed large dendritic columnar grains with some fine 
grains near the surface and in the mid-thickness of the strip. The intermetallics were 
present in the inter-dendritic region. The average yield strength of 200 MPa, the 
average tensile strength of 270 MPa, and ductility in the range of 20–25% elongation 
were obtained. 

Wang et al. [26] fabricated magnesium alloy by squeeze casting method and 
further processed by hot rolling at 643 K and equal channel angular pressing (ECAP). 
The microstructure of hot-rolled specimens revealed an equiaxed microstructure. The 
grain refinement caused by hot rolling improved fatigue resistance, corrosion resis-
tance (from 0.87 to 0.74 μm/day), and endurance limit (from 40 to 95 MPa). ECAP 
leads to deterioration of desired properties because of textural softening. Similar 
to AZ31 alloy, the AZ91 alloy also showed good texture evolution properties [27]. 
Chang et al. [28] fabricated an AZ31 magnesium alloy sheet using asymmetric hot 
extrusion at 673 K. The microstructure showed fine grains with some gradient in grain 
size and the texture was distributed in-homogeneously throughout the thickness. 
Nene et al. [29] performed hot rolling at 573 K in ultra-light Mg–4Li–1Ca (LC41) 
and observed the refinement in the microstructure. The microstructure revealed grain 
refinement up to 5 μm and the presence of fine dispersed eutectic phases. The specific 
strength obtained was 142 kN m/kg, and the bio-corrosion resistance was found to 
be improved in simulated body fluid (Rp = 0.266 k ohm cm2). The improved corro-
sion resistance was also seen on AZ91 alloy studies in simulated body fluids [30, 
31]. Bio-corrosion studies on other magnesium alloys also proved bio-corrosion 
resistance [32, 33]. 

From the above literature, it is evident that hot rolling is an efficient technique 
to improve the microstructure and strength of AZ31 alloy. The rolled magnesium 
implants showed good resistance to bio-corrosion. The influence of rolling temper-
ature on tribological and corrosion properties of the hot-rolled AZ31 magnesium 
alloy is seldom discussed in the open literature. Hence, studies on sliding wear and 
saltwater immersion corrosion properties of hot-rolled AZ31 alloy become essential. 
In this present work, the AZ31 alloy is hot-rolled at three temperature variants of 
150, 300, and 400 °C. The influence of rolling temperature on the microstructural 
evolution and hence the microhardness, sliding wear, and corrosion rate of the AZ31 
alloy are analyzed. The manuscript also includes a comprehensive analysis of the 
wear mechanism and corrosion mechanism of the specimens.
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Table 1 Chemical composition of AZ31 magnesium alloy (wt%) 

Element Mg Al Zn Mn Si Fe Cu Ni 

% Composition Bal 3.3 1.1 0.25 0.6 0.007 0.01 0.0005 

Table 2 Fabricated specimens at different conditions 

Sl Workpiece nomenclature Fabrication 

1 BM Normal as-cast AZ31 alloy 

2 HR1 AZ31 alloy hot-rolled at 150 °C 

3 HR2 AZ31 alloy hot-rolled at 300 °C 

4 HR3 AZ31 alloy hot-rolled at 400 °C 

2 Materials and Methods 

2.1 Material 

Cast magnesium alloy AZ31 plate of dimension 150 × 50 × 4 mm was used for 
rolling studies. The chemical composition of AZ31 alloy was obtained using optical 
emission spectroscopy, and the composition is given in Table 1. 

2.2 Hot Rolling 

The workpiece of dimension 150 × 50 × 4 mm was cleaned, and the grease was 
removed using acetone before the hot rolling process. The workpieces were hot-rolled 
in a 2-high rolling mill setup that is available at Amrita Vishwa Vidyapeetham. The 
rolling mill setup was operated at speed of 200 rpm. The workpiece was heated in the 
furnace at the specific temperature (150, 300, and 400 °C) and was immediately rolled 
by passing through the gap between the rollers. The workpiece was hot-rolled for 
multiple passes until the desired thickness of 3.5 mm was achieved. After the rolling 
process, the workpiece was allowed to cool at room temperature. Table 2 shows the 
nomenclature of the specimens that were rolled at the various temperatures. 

2.3 Microstructure 

The rolled workpieces were cut along the transverse section and mounted using 
a cold setting compound. The specimens were prepared according to the standard 
ASTM E3-11. The specimens were ground using 400, 600, 800, and 1000 grit emery 
papers. Then, a mirror polish was obtained by using a disk polisher containing velvet
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cloth and alumina colloidal suspension. The polished specimens were cleaned using 
acetone and etched using acetic picral solution (4.2 g picric acid, 10 ml acetic acid, 
and 10 ml distilled water, and 70 ml ethanol) for 30 s. The microstructure was 
observed in an optical microscope (Make: Carl Zeiss; Model: Axiovert 25). 

2.4 Microhardness 

The hot-rolled specimens (HR1, HR2, and HR3) along with base material were 
prepared as per the standard ASTM E3-11. The Vicker’s microhardness was 
measured using a microhardness tester with a diamond intender (Make: Mitutoyo, 
Model: MVK-H1) as per ASTM standard E384. The load applied was 0.981 N (100 
gf) for a period of 15 s. The hardness was measured at five different locations, and 
the average microhardness was reported for each specimen. 

2.5 Tribological Characterization 

The specimens of dimension 10 × 10 mm were cut from the rolled workpiece. The 
specimens were polished as per the standard ASTM E3-11. The specimens were 
mounted in a cylindrical tube of dimension ϕ 12 mm and length 50 mm using a 
cold setting compound. The wear rate was determined using a pin-on-disk appa-
ratus (Make: DUCOM, Model: TR20LE). The specimen surface was degreased with 
acetone and weighed using a precision weighing balance with the least count of 
0.0001 g. 

The sliding wear rate was calculated for certain parameters like the velocity of 
0.6 m/s, the rotating disk speed of 50 rpm, a varying load of 1, 1.5, and 2 kg, and a 
duration of 16 min 36 s (996 s). The wear rate of the specimens was calculated from 
Eq. (1), respectively. 

Wear Rate = .M 

L × SD 
(1) 

where .M is a mass loss, L is the load applied, and SD is the sliding distance. 

2.6 Corrosion Testing 

The specimens of dimension 10 × 10 mm were cut from the base material and 
hot-rolled workpieces. The specimens were polished as per the standard ASTM E3-
11. The specimens were cleaned and were degreased with ethanol. The immersion 
corrosion test was conducted as per ASTM G31-72 standard. The specimens were
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weighed using a precision balance of resolution 0.0001 g. The immersion tests were 
performed in the artificial seawater solution (3.5% of NaCl solution). The artificial 
seawater solution was prepared by mixing 3.5 g of NaCl in 100 ml of distilled 
water. The temperature of the solution was maintained using a water bath, fitted with 
a digital temperature controller. After the immersion period, the specimens were 
ultrasonicated in 15 ml ethanol for 3 min to remove the corrosion products. The 
specimens were allowed to dry and weighed in precision balance to calculate the 
mass loss. The corrosion rate was calculated using Eq. (2). 

Corrosion rate = 
K × .M 

A × T × D 
(2) 

where K = 8.76 × 10–4, .M is mass loss, A is surface area, T is time, and D is the 
material density. 

2.7 Surface Morphology, Elemental Analysis, and TEM 
Analysis 

The surface morphology of the worn-out and corroded specimens was observed using 
a high-resolution scanning electron microscope (FE-SEM) (Make: Zeiss Sigma). The 
elemental composition analysis of the worn-out and corroded specimens was carried 
out using an energy-dispersive X-ray electron spectroscope (Make: Bruker). Conven-
tional metallurgical preparation techniques followed by ion beam etching were 
performed to prepare specimens for high-resolution transmission electron micro-
scope analysis (TEM). The images observed through TEM were analyzed using 
CrysTBox analytical software. 

3 Results and Discussion 

3.1 Hot Rolling 

The AZ31 alloy plate was hot-rolled at 150 °C (HR1), 300 °C (HR2), and 400 °C 
(HR3). A 12.5% reduction in specimen thickness (4–3.5 mm) was achieved in four 
passes. The microstructural evolution, tribological, and corrosion characteristics of 
the specimens are discussed below.
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Fig. 1 Optical microstructure of the specimen a HR1; b HR2; and c HR3 

3.2 Microstructure 

3.2.1 Optical Microscopy 

The phase diagram of the Al–Mg system in the ASM handbook indicates that the 
primary phase of AZ31 alloy is α-Mg, and the secondary intermetallic phase is β-
Mg17Al12. In the as-cast AZ31 alloy, the Mg17Al12 phase is present as a continuous 
networked structure [34]. The microstructure of the specimen HR1 that was rolled at 
150 °C is shown in Fig. 1a. The microstructure shows the absence of the networked 
structure of β-Mg17Al12. The microstructure of the specimen HR2 that was rolled at 
300 °C is shown in Fig. 1b. A more homogeneous dispersion of the mechanically 
fragmented β-Mg17Al12 phase was observed in the microstructure. Besides, β phases 
were elongated and dispersed along the rolling direction. The microstructure of HR3 
illustrates the semi-networked fashion of β phase and elongation α-Mg grains along 
the rolling direction, as shown in Fig. 1c. 

3.2.2 High-Resolution Transmission Electron Microscopy 

The typical microstructure of the hot-rolled specimens as observed using a high-
resolution transmission electron microscope is presented in Fig. 2. In Fig.  2, bright
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regions indicate the α-Mg matrix and the dark regions indicate the β-Mg17Al12 phase 
or the dislocation tangles. Figure 2a confirmed the presence of mechanically frag-
mented β-Mg17Al12 phase particles that are embedded in the α-Mg matrix. Figure 2b, 
c show the bright field and dark field image of the particle in the specimen HR2. The 
results confirm the formation of sub-micron size β particles in the α-Mg matrix. The 
formation of such sub-micron size β particles is the result of dynamic recovery and 
dynamic recrystallization. As observed from Fig. 2d, most of the β phase particles 
were homogeneously dispersed in the matrix and of spheroid shape.

This geometrical aspect of β particles enables less stress concentration sites, and 
hence, the fracture initiation does not occur more often. Therefore, the hot-rolled 
AZ31 alloy (specimen HR2) is metallurgically proven to exhibit better mechan-
ical properties. In addition, the triple point junction is shown in Fig. 2d. As hot 
rolling encompasses large plastic deformation of the material at high temperature, 
the formation of controlled deformation features such as high-density dislocations 
like tangles or low-density dislocations such as cells and low angle grain boundary 
were observed in the microstructure. Figure 2e shows the SAED pattern of the grain 
shown in Fig. 2d. The spot pattern confirms that the matrix is α-Mg. 

3.3 Microhardness 

The average microhardness of the base material and hot-rolled specimens HR1, HR1, 
and HR3 are shown as a bar graph in Fig. 3a. The average microhardness of the base 
material was 56.15 HV and that of the specimens HR1, HR2, and HR3 were 49.11 HV, 
70.43HV, and 46.82 HV, respectively. The sufficient dynamic recovery and dynamic 
recrystallization resulted in refined grains, homogeneous dispersion of sub-micron-
sized β-Mg17Al12 phase particles, and formation of sub-grain boundaries (dislocation 
tangles) in the specimen HR2. Besides, partial dissolution of β-Mg17Al12 particles 
improvised the microhardness of the specimen HR2. Hence, the microhardness of 
the specimen HR2 that was hot-rolled at 300 °C was 25% higher than that of the base 
material. The microhardness HR1 and HR3 specimens were lesser than that of the 
base material. This is attributed to the non-uniform distribution and semi-networked 
fashion of β-Mg17Al12 phase particles in the specimen HR1 and HR3.

3.4 Tribological Characterization 

3.4.1 Wear Rate 

The wear rate of the base material and the hot-rolled specimens HR1, HR2, and 
HR3 were calculated by performing a sliding wear test at various axial loads (1, 1.5, 
and 2 kg). The wear rate of the specimens is shown as a bar graph in Fig. 3b–d. 
Under all the testing conditions, the base material exhibited a higher wear rate than
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Fig. 2 High-resolution transmission electron microscopy of the specimen HR2 a β-Mg17Al12 
phase; b Bright-field image; c Dark field image; d Triple point junction and dislocation tangles; 
and e SAED pattern
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Fig. 3 a Average microhardness of the base material and hot-rolled specimens; Wear rate of the 
specimens that were worn at an axial load of b 1 kg; c 1.5 kg; and d 2 kg

that of the hot-rolled specimens. The bar graph representing the wear test performed 
at an axial load of 1 kg is shown in Fig. 3b. Among the specimens tested at 1 kg 
axial load, the base material exhibited the highest average wear rate of 5.339 × 
10–6 g/Nm. The specimen HR3 exhibited the least average wear rate of 1.1599 × 
10–6 g/Nm. Comparatively, the specimen HR3 had a 78% lesser wear rate than that 
of the base material. Similarly, the average wear rate of the specimen HR1 was 77% 
and specimen HR2 was 75% lesser than that of the base material. The results indicate 
that the wear rate of the hot-rolled specimens HR1, HR2, and HR3 are significantly 
similar under the axial load of 1 kg. 

The wear rate of the specimens tested at an axial load of 1.5 kg is shown as a bar 
graph in Fig. 3c. The results show base material had the highest average wear rate of 
1.2736 × 10–6 g/Nm, whereas the specimen HR2 had the least average wear rate of 
0.8642 × 10–6 g/Nm. The specimen HR2’s average wear rate was 32% lesser than 
that of the base material. The average wear rate of the specimen HR1 was 8% and 
the specimen HR3 was 5% lesser than that of the base material. The results confirm 
that the average wear rate of the specimens HR1 and HR3 was almost similar to that 
of the base material at 1.5 kg. For the wear test performed at an axial load of 2 kg 
shown as a bar graph in Fig. 3d, the base material exhibited the highest wear rate of
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1.3987 × 10–6 g/Nm. The least wear rate of 1.1343 × 10–6 g/Nm was observed in 
specimen HR1. In comparison with the base material, 19% wear rate reduction was 
obtained in the HR1 specimen. Similarly, the average wear rate of the specimen HR3 
was 17% and the specimen HR2 was 9% lesser than that of the base material. The 
results show that the average wear rate of the specimen HR1 and HR3 was almost 
similar. 

The results show that the base material had a higher wear rate than any hot-rolled 
specimens irrespective of the loads. The absence of sub-grain boundaries and the 
presence of a continuous network of β-Mg17Al12 phase reduced the hardness, which 
in turn increased the wear rate. Among all the specimens, the HR2 specimen exhibited 
the lowest wear rate at an axial load of 1.5 kg attributed to the homogeneous disper-
sion of sub-micron-sized β phase particles and formation of sub-grain boundaries 
(dislocation tangles) in the specimen HR2. 

3.5 Wear Mechanism 

The surface morphology and elemental composition of the worn base material and 
hot-rolled specimens were analyzed using a high-resolution scanning electron micro-
scope and energy-dispersive x-ray spectroscopy, respectively. The wear mechanism 
was deduced for the specimens that exhibited the least and highest wear rate. 

3.5.1 Base Material 

The worn surface morphology of the base material that was worn at an axial load 
of 1.5 kg (low wear) is shown in Fig. 4. The wear debris formed by the plunging 
of particles from the discontinuous and deformed surface and cracks are shown in 
Fig. 4a. Figure 4b shows delamination caused by the continued impact of load, and 
spalling effect. The crater and cracks are shown in Fig. 4c. The scratches and the 
remains of the eroded particle as chips are shown in Fig. 4d. The wear mechanism 
could be concluded as predominantly adhesive wear. The worn surface morphology 
of the base material that was worn at an axial load of 1 kg (high wear) is shown in 
Fig. 5. The hollow spots that were formed as a result of localized stress in the course 
of the tribological test are known as pits.

The pits and spalling defect that was formed in the course of the wear test by 
ejection of material is shown in Fig. 5a. Figure 5b shows cracks developed and 
delamination caused by layer-by-layer removal of the specimen by the counter disk. 
In addition to delamination, shallow grooves were observed in the specimen, as 
shown in Fig.  5c. The wear debris and cracks are depicted in Fig. 5d. From the 
morphology analysis, it could be concluded that both mild (adhesive) and severe 
(abrasive) wear happened in the course of wear testing of base material at an axial 
load of 1 kg. Figure 6a shows the EDS spectrograph of the worn-out base material 
specimen. The base material with a severe wear rate was taken for EDS analysis. The
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Fig. 4 Worn surface morphology of the base material with the mild wear rate 

Fig. 5 Worn surface morphology of the base material with the severe wear rate
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Fig. 6 Elemental composition of the worn specimens a BM; b HR1; c HR2; and d HR3 

elements like Mg of 37%, O of 62%, Al, and Zn of negligible amounts were present. 
The high concentration of O confirms the oxidative wear of the specimen under the 
test axial load of 1 kg. 

3.5.2 Hot-Rolled Specimen at 150 °C 

The worn surface morphology of the specimen HR1 that was worn at an axial load 
of 2 kg (low wear) is shown in Fig. 7. Figure 7a shows the spalling defect. The 
shallow groove caused by the localized load at a particular area and delamination 
caused by the cyclic impact centered on the contact region is shown in Fig. 7b. 
Besides shallow grooves, pits were observed in Fig. 7c. The bright spots are the 
wear debris on the worn surface of the specimen, as observed in Fig. 7a–d. The 
cracks and delamination, which are indicative of combined adhesive and abrasive 
wear mechanism, were observed in the worn specimen HR1, as shown in Fig. 7d.

The worn surface morphology of the specimen HR1 that was worn at an axial 
load of 1 kg (high wear) is shown in Fig. 8. The secondary cracks that were formed 
in the worn specimen are shown in Fig. 8a. The crater and the spalling defect, which 
is caused by the removal of material as particles is shown in Fig. 8b. In addition to 
the spalling defect, the galling effect is attributed to the adhesive phenomenon which 
occurs during the sliding contact between the surfaces. The surface galling is shown 
in Fig. 8c. The accumulation of wear debris on the surface of the specimen is depicted 
in Fig. 8a–d. The pits and deep grooves on the worn specimen are shown in Fig. 8d. 
From the images shown in Fig. 8, it can be concluded that the wear mechanism is 
predominantly abrasive. The presence of elements Mg of 47%, O of 50%, Al of 3%, 
and Zn at negligible amounts was evident from the elemental analysis of the specimen
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Fig. 7 Worn surface morphology of the specimen HR1 with the mild wear rate

HR1, as shown in Fig. 6b. The high concentration of O confirms the oxidative wear 
of the specimen under the test axial load of 1 kg.

3.5.3 Hot-Rolled Specimen at 300 °C 

The worn surface morphology of the specimen HR2 that was worn at an axial load 
of 1.5 kg (low wear) is shown in Fig. 9. The pits and shallow grooves caused by 
the localized concentration of load on the surface are shown in Fig. 9a. Wearing of 
particles followed by their interaction with the surface produces chips. The chips 
and development of cracks are indicated in Fig. 9b. The delamination and spalling 
effect can be observed in Fig. 9c. In addition to spalling affect the presence of a deep 
groove, which confirmed the severe wear rate in HR2 specimens, and it is shown in 
Fig. 9d. The specimen was worn by both adhesive and abrasive wear mechanisms.

The worn surface morphology of the specimen HR2 that was worn at an axial load 
of 1 kg (high wear) is shown in Fig. 10. The shallow grooves are shown in Fig. 10a. 
The primary and secondary cracks and the delamination on the worn surface are 
depicted in Fig. 10b. The presence of shallow grooves and delamination, which 
is the combination of severe (abrasive) and mild (adhesive) wear mechanism, is 
shown in Fig. 10c. The pits and depression on the surface (spalling) are shown in 
Fig. 10d. Figure 10a–d shows the wear debris (bright spots) on the worn surface of the 
specimen. It can be concluded that the wear mechanism is predominantly abrasive 
wear at an axial load of 1 kg. The elemental composition of the worn HR2 specimen
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Fig. 8 Worn surface morphology of the specimen HR1 with the severe wear rate

Fig. 9 Worn surface morphology of the specimen HR2 with the mild wear rate
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Fig. 10 Worn surface morphology of the specimen HR2 with the severe wear rate 

is shown in Fig. 6c. The elements like Mg of 66%, O of 14%, Al, and Zn at negligible 
amounts were present. The composition indicates the partial oxidative wear of the 
HR2 specimen under the test axial load of 1 kg. 

3.5.4 Hot-Rolled Specimen at 400 °C 

The worn surface morphology of the specimen HR3 that was worn at an axial load 
of  2 kg (low)  is  shown in Fig.  11. The pits and spalling effect as a result of the 
removal of particles during the course of wear is shown in Fig. 11a. The furrows 
were caused by the dragging of particles in the course of the wear test. Figure 11b 
shows the presence of furrows and chips. Besides spalling, wear debris is depicted 
in Fig. 11c. The scratches and crack formation are shown in Fig. 11d. The worn-out 
HR2 specimen shows a predominantly adhesive wear mechanism.

The worn surface morphology of the specimen HR3 that was worn at an axial load 
of 1.5 kg (high) is shown in Fig. 12. The presence of cracks and the spalling effect 
observed as depression on the surface is shown in Fig. 12a. Figure 12b shows  the  
crater and shallow groove caused by the localized load at a particular area. The pits 
and spalling defect are shown in Fig. 10c. The wear debris and chips are shown in 
Fig. 12d. The wear mechanism can be concluded as a predominantly abrasive wear 
mechanism. Figure 6d shows a spectrograph of the worn-out specimen HR3. The 
concentration of O was ~6%. The low concentration of O indicates partial oxidative 
wear of the specimen under the test axial load of 1.5 kg.
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Fig. 11 Worn surface morphology of the specimen HR3 with the mild wear rate

Fig. 12 Worn surface morphology of the specimen HR3 with the severe wear rate



17 Microstructure, Tribology, and Corrosion Characteristics … 317

Fig. 13 Corrosion rate of the specimens after a 24 h; b 48 h; and c 96 h of immersion 

3.6 Corrosion Test 

The average corrosion rate (three specimens) of the base material and hot-rolled 
specimens after 24, 48, and 96 h are shown as a bar graph in Fig. 13a–c, respectively. 
From Fig. 13a, a maximum corrosion rate of 0.1316 mm/year was observed in the 
base material and a minimum corrosion rate of 0.0357 mm/year was observed in 
the specimen HR2 after 24 h. The corrosion rate of the specimen HR1 was 58.58% 
lesser than that of the base material. The specimen HR2 exhibited a 72.87% lesser 
corrosion rate than that of the base material. The corrosion rate of the specimen HR3 
was 62.68% lesser than that of the base material. The results indicate that the corrosion 
rate of the specimens HR1 and HR3 were significantly similar. The specimen HR2 
exhibited the greatest corrosion resistance among the tested specimens after 24 h. 

Figure 13b shows the corrosion rate of the specimens after 48 h. The results show 
that a maximum corrosion rate of 0.1414 mm/year was observed in the base material. 
The least corrosion rate of 0.0140 mm/year was observed in the specimen HR2. The 
specimen HR1 had a 73.26% lesser corrosion rate than that of the base material. 
The corrosion rate of the specimen HR2 was 90.09% lesser than that of the base 
material. When compared to the base material, the specimen HR3 had an 84.72% 
lesser corrosion rate. According to the corrosion test results, the specimens HR2 and
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HR3 had an insignificant difference in the corrosion rate. Hence, it is concluded that 
both specimens HR2 and HR3 showed high resistance to corrosion after 48 h 

The corrosion rate of the specimens after 96 h of immersion is shown in Fig. 13c. 
The highest corrosion rate of 0.1173 mm/year was observed in the base material. The 
least corrosion rate was observed after 96 h in the specimen HR3 (0.0070 mm/year). 
The specimen HR1 had a 90.01% lesser corrosion rate than that of the base material. 
The corrosion rate of the specimen HR2 was 88.23% lesser than that of the base 
material. It was also observed that the specimen HR3 also had a 94.03% lesser 
corrosion rate than that of the base material. All the hot-rolled specimens HR1, HR2, 
and HR3 exhibited significantly similar less corrosion rates after 96 h. Hence, it 
could be concluded that the specimens HR1, HR2, and HR3 were highly corrosion 
resistant. 

The base material had the highest corrosion rate compared to all the hot-rolled 
specimens after 24, 48, and 96 h. The base material AZ31 alloy in the as-cast condition 
has a continuous network of β phase [35]. The previous studies confirm that the α 
phase exhibits the anodic behavior and the β phase exhibits the cathodic behavior 
[36]. Hence, a significant potential difference exists between the α phase and β phase 
[37]. Hence, the corrosion rate of AZ31 alloy is not only governed by dissolution 
but also by the formation of a micro-galvanic couple in the matrix. The presence of 
a continuous network of β phase augments the corrosion rate of the base material by 
high dissolution rates through the micro-galvanic coupling effect, as well. 

As attested from the microstructure analysis (optical microscopy and high-
resolution transmission electron microscopy), the β phase was fragmented and 
dispersed as sub-micron size particles in the hot-rolled specimens. That in turn 
resulted in a lesser micro coupling galvanic effect. Hence, the corrosion rate of 
the hot-rolled specimens was lesser than that of the base material. Among the hot-
rolled specimens, specimen HR2 exhibited the highest corrosion resistance. Hence, 
hot rolling at 300 °C is recommended for augmenting the corrosion resistance of 
AZ31 alloy. It is also observed that among all the specimens, the specimens exhib-
ited the least corrosion rate after 96 h. Hence, surface morphology and elemental 
composition analysis were performed on those specimens to deduce the corrosion 
mechanism. 

3.7 Surface Morphology and Elemental Composition 
of Corroded Specimens 

The surface morphology of the corrosion specimens was observed using a high-
resolution scanning electron microscope. The surface morphology of the base mate-
rial after 96 h of immersion is shown in Fig. 14. Figure 14a–d shows the extensive 
corrosion of the specimen. The bright regions (white patches) indicate the corrosion 
products that were formed over the surface of the specimen. The dark regions are the 
uncorroded sites (apparently) that may become a new corrosion site. The dark regions
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could also be pits, in which the corrosion products were dissolved in the course of 
immersion. It could be observed that the specimen had more dark regions than the 
bright region. Hence, it could be concluded that there are more corrosion sites for 
corrosion or there may be pits caused by the dissolving of corrosion products. Thus, 
the base material shows an elevated corrosion rate. Figure 15a shows the elemental 
composition of the base material after 96 h of immersion. The elements present in 
the corrosion layers were Al, Mg, Zn, O, Na, and Cl. The percentage of Mg, Cl, and 
Na were higher than any other elements. Hence, the probable corrosion products that 
were deposited on the surface of the specimen could be MgCl or NaCl. 

The surface morphology of the specimen HR1 after 96 h of immersion corrosion 
test is shown in Fig. 16. The mild corrosion in the specimen HR1 is shown in Fig. 16a– 
d. Similar to the base material, the bright regions indicate corrosion products, and 
the dark regions indicate the uncorroded sites or pits. Figure 16a–d confirmed more 
corrosion products on the specimen. The formation of such corrosion products retards 
the corrosion rate of HR1 after 96 h of immersion. Figure 15b shows the elemental 
composition image of the specimen HR1 after 96 h of corrosion. The elements present 
were Mg, Cl, Na, Zn, O, and Al. The elements Na, Cl, and Mg were found more 
in the corrosion layers. Hence, the corrosion products that were deposited on the 
specimen surface could probably be MgCl or NaCl. 

Figure 17 is the surface morphology of HR2 specimens after 96 h of immer-
sion. The mild corrosion is shown in Fig. 17a–d. Similarly, the bright regions depict 
corrosion products and the dark regions depict the uncorroded sites or pits. Besides, 
Fig. 17a–d shows the formation of corrosion products on the specimen surface. 
Hence, the specimen HR2 after 96 h of immersion showed less corrosion rate. 
Figure 15c displays the elemental composition images of the HR2 specimen after 
96 h of immersion. The corrosion products consisted of the following elements: Mg, 
Cl, Na, Zn, O, and Al. The concentration of Na, Mg, and Cl elements was higher 
than the other elements. Therefore, the corrosion products formed on the specimen 
surface may be MgCl or NaCl. 

Figure 18 shows the surface morphology images of HR3 specimens after 96 h of 
immersion. Figure 18a–d shows the formation of a fine layer of corrosion products 
on the specimen surface. The dark regions in the image represent the uncorroded 
sites. The specimen HR3 after 96 h of immersion showed the least corrosion rate, 
among the tested specimens. Figure 15d shows the elemental composition image 
of the specimen HR3 after 96 h of immersion. The elements present were Mg, Cl, 
Na, Zn, O, and Al. Similar to the previous specimens, Na, Mg, and Cl were the 
prominent elements present in the corrosion products. Hence, the phase composition 
of the corrosion product could probably be MgCl or NaCl. The summary of the 
corrosion test results is as follows: The base material had a very high corrosion rate, 
even after 96 h displayed. The corrosion rate of the specimens HR1, HR2, and HR3 
was almost similar and lesser than that of the base material. The corrosion products 
could be MgCl or NaCl in all the specimens.
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3.8 Corrosion Mechanism 

The reactions of magnesium with the artificial seawater solution are shown in Eqs. (3– 
5). The high activity of Mg enables dissociation of Mg into Mg2+ ions, as soon as the 
AZ31 alloy specimens are immersed in the artificial seawater solution environment. 
This dissociation reaction is given in Eq. (3). After the dissociation, the electrons 
formed in Eq. (3) react with water to form H2 gas and OH− ions. 

Mg → Mg2+ + 2e− (3) 

2H2O + 2e− → H2 ↑ +2OH− (4) 

Mg2+ + 2OH− → Mg(OH)2 (5) 

Mg(OH)2 + 2Cl− → MgCl2 + 2(OH)− (6) 

The artificial seawater solution could be regarded as an electrolyte with abundant 
H+, Na+, OH−, and Cl− ions [38]. The formation of Mg(OH)2 is thermodynamically 
favored with a.G value of −359 kJ/mol [39]. Hence, Mg2+ reacts with OH− ions in 
the solution to form Mg(OH)2, as given  in  Eq. (5). The formation of Mg(OH)2 (HCP, 
hp3) distorts the crystal lattice of Mg (HCP). This transformation was attributed to 
the formation of cracks in the specimen. The solubility of Mg(OH)2 is limited with 
a solubility product value of 5.61 × 10–12 (more or less, insoluble in water at room 
temperature) [40]. However, Mg(OH)2 is not so stable in the sea water environment 
that has Cl− ions. The small radius of Cl− ions permit the easy-penetration of Cl− 

ions into Mg(OH)2. Subsequently, the reaction of Cl
− ions with Mg(OH)2 results in 

the formation of MgCl2, as shown in the Eq. (6). 
MgCl2 has a solubility of 54.3 g in 100 ml at 20 °C [41]. Hence, MgCl2 that was 

formed in the course of the corrosion phenomenon, is also highly solvable in the 
artificial seawater solution. That in turn created newly exposed sites for corrosion. 
Hence, the corrosion rate of the AZ31 alloy was initially higher (after 24 h). However, 
the corrosion products (salts such as NaCl or MgCl2) settled over the specimen’s 
surface in the course of testing. The formation of the layer of corrosion product 
limited the contact of Cl− ions with the specimen surface. Hence, no new sites were 
exposed for corrosion phenomenon. As a result, the corrosion rate of the specimens 
decreased subsequently after 48 h of immersion in all the tested specimens. However, 
MgCl2 has high solubility. Hence, the formation of passivation or protective film of 
corrosion products is impossible for AZ31 alloys (as-cast or hot-rolled) in seawater 
solution. Therefore, the corrosion rate will increase once the corrosion products 
are removed from the surface by convection or dissolution of MgCl2. Hence, the 
specimens should be subjected to a corrosion test with a convective flow of fluid 
over the surface to evaluate the actual corrosion rate.
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Fig. 14 Corroded surface morphology of the specimen BM after 96 h 

Fig. 15 Elemental composition of the corroded specimens a BM; b HR1; c HR2; and d HR3

4 Conclusion 

The as-cast AZ31 alloy was hot-rolled at 150, 300, and 400 °C successfully. The 
hot-rolled specimens along with the base material were analyzed for microstructure, 
microhardness, wear rate, and corrosion rate. The results demonstrated the following:

1. Hot rolling of AZ31 alloy at 300 °C replaced the continuous networked β-
Mg17Al12 phase of AZ31 alloy with homogeneously fragmented and dispersed 
β-Mg17Al12 phase. The microhardness of the hot-rolled specimens was higher
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Fig. 16 Corroded surface morphology of the specimen HR1 after 96 h 

Fig. 17 Corroded surface morphology of the specimen HR2 after 96 h
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Fig. 18 Corroded surface morphology of the specimen HR3 after 96 h

than that of the base material. Among the tested specimens, HR2 exhibited the 
highest microhardness of 70.43 HV. This was attributed to the homogeneous 
distribution of fragmented and sub-micron β-Mg17Al12 phase in the specimen 
HR2.

2. The wear rate of the hot-rolled specimens was lesser than that of the base material. 
Almost all the hot-rolled specimens exhibited a similar wear rate under the axial 
loads of 1, 1.5, and 2 kg. The specimen HR2 that was hot-rolled at 300 °C 
exhibited the least corrosion rate (almost similar to that of the specimen HR3 
after 96 h of immersion). 

3. The results indicate that the optimum temperature to maximize the microhard-
ness, wear resistance, and corrosion resistance in the hot rolling of AZ31 alloy 
is 300 °C. 
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Chapter 18 
Investigations on the Texture, 
Formability, and Corrosion 
Characteristics of AA3003-Y2O3 Surface 
Composite Fabricated by Friction Stir 
Processing 

S. Kamaleshwar, S. Jagadeesh Kumar, K. Naveen Kumar, S. Keerthana, 
R. Vaira Vignesh, and R. Padmanaban 

1 Introduction 

Aluminum alloys are frequently employed in a variety of applications such as 
aerospace, marine, automotive, and structural applications owing to their lightweight, 
high specific strength, and better corrosion resistance. One of the primary alloys 
employed in the fabrication of household utensils includes AA3003 alloy. The major 
alloying elements of AA3003 alloy include Mn, Cu, and Fe. The microstructure of 
AA3003 alloy possesses α-Al primary phase with dispersed Al15 (Fe, Mn)3Si and 
Al6Mn second phase particles. The primary dendrites of α-Al form until the nucle-
ation of the Al6Mn phase occurs in the course of normal solidification. The slow 
cooling retards the nucleation of Al–Fe–Si–Mn particles and therefore dendrites of 
α-Al and Al6Mn phase grow competitively. The formability of AA3003 alloy is 
limited by the presence of form hard and brittle intermetallic particles (Al–Fe–Si– 
Mn intermetallic) in the grain boundaries. Also, simultaneous recrystallization and 
deformation and controlling texture in a hot rolling process possess a challenge. 

Friction stir processing (FSP) is one of the most effective solid-state processing 
methods for altering the microstructure and texture of the alloys and for the fabri-
cation of surface composites. FSP tool, that has a specifically constructed pin and 
shoulder, is plunged into the workpiece until the tool shoulder rests and establishes a
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Fig. 1 Schematic 
representation of FSP 

contact with the workpiece surface (Fig. 1). The rubbing action of the tool shoulder 
and tool pin generates frictional heat energy, which in turn softens and plasticizes the 
workpiece. The rotary motion coupled with the translatory motion of the tool stirs and 
transfers the plasticized mass within the stir zone (region of the workpiece beneath 
the tool) of the workpiece. During this process, the subjection of the stir zone (SZ) to 
intensive localized heat and severe plastic deformation results in dynamic recrystal-
lization (DRX). Consequently, significant grain refinement is achieved. However, a 
regulated manufacturing procedure and controlled dynamic recrystallization through 
the addition of the reinforcement phase could improve the properties further (Fig. 1). 

Many sheet metal industries are working on material advancements such as 
alloy research, coating development, and other techniques to improve the forma-
bility of high strength and light gage goods, as the demand for lighter equipment 
grows. Recently, manufacturers focus on the development of aluminum metal matrix 
composites that are reinforced with particulates such as Cg, SiC, WC,  Al2O3, Si3N4, 
TiB2, B4C, TiO2, TiC, and AIN. However, rare-earth metal (RE) oxide-based rein-
forcements are not discussed in the open literature. In particular, this work focus on 
the development of AA3003 alloy-based surface composite. In particular, the influ-
ence of yttrium oxide (Y2O3) on the microstructure, texture, microhardness, strength, 
and formability of AA3003 was investigated. 

Surendra Kumar et al. [1] investigated on mechanical and microstructural proper-
ties of AA3003 which was reinforced with the tungsten carbide (WC) micro-particles 
by multi-pass friction stir processing (FSP). The microstructural analysis of the inter-
face showed very good intermetallic particles that bind to AA3003/WC matrices and 
solid solutions. Kotiyani et al. [2] reinforced the rolled AA3003 aluminum alloy with 
Zr that eventually formed Al3Zr aluminide nanoparticles in the course of friction stir 
processing. By increase in the FSP passes, in aluminide, many Al3Zr nanoparticles 
were formed, and it is more evenly dispersed throughout the metal matrix. There was 
an increase in tensile strength and hardness after 6 passes on the fabricated specimen. 

Kumar et al. [3] performed the synthesis, characterization, and mechanical 
behavior of AA3003-TiO2 surface composites using friction stir processing. The 
composite formed by reinforced particles exhibits a rise in the hardness and tensile 
strength of the weld increment from fractography results tells us the brittle to ductile 
transformation in addition with TiO2 particles. The aluminum grains have refined by
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dynamic recrystallization with intensified localized plastic deformation. Yahya and 
Serdal [4] investigated the impact of parameters in welding on the mechanical and 
the microstructural properties of dissimilar friction stir welded AA3003-H24 and 
2124/T4/SiC alloy joints. Results proved the good quality of welded joints which 
was acquired with a TRS of 900 rpm and at a TTS of 125 mm/min. 

Takhakh et al. [5] investigated the fatigue properties of friction stir welded 
AA3003-H14 alloy. FSW trials were performed by varying the rotational and welding 
speeds. The joints were devoid of voids, cracks, and distortion. The FSW welds 
fatigue strength was higher than fusion TIG weld by 22%. Tan et al. [6] investi-
gated the microstructure and mechanical properties of AA3003 alloy that was joined 
using underwater friction stir welding. With a decrease in the welding ambient and 
sub-ambient temperature for −25 °C liquid medium, in the weld nugget zone, the 
decrease in size of recrystallized grain for the annealed hot bands and the hot bands. 

Shinde et al. [7] have performed multi-response optimization in the friction stir 
welding process with dissimilar AA3003-H12 and C12200-H01 alloys. The full 
factorial design was set up at different process parameters, like shoulder diameter, 
welding speed, rotational speed, and tool pin profiles. The maximum UTS is 135 MPa, 
% elongation is 14%, and the yield strength of 98 MPa was with the joint which is 
fabricated along tapered pin having the diameter of the shoulder up to 22.5 mm, 
with 1800 rpm of tool rotation speed, and 16 mm/min of welding speed. The large 
elongated grain in the base metal was 37 μm for AA3003-H12 and about 37.5 μmfor  
C12200-H01, equiaxed grains along with fine grains were analyzed at NZ is to be 4 
microns. The microhardness was a maximum of 505 HV at the nugget zone. 

Aydin et al. [8] examined the impact of welding parameters regarding the fatigue 
behavior of friction stir welded AA3003-O alloy. The FSW welds exhibited less 
fatigue life compared to the base material. FSW welds’ fatigue behavior was depen-
dent on the welding parameters such as rotational speed as well as welding speed. 
The fatigue performance of AA3003-O alloy is improved by lower welding speeds 
and greater rotational speeds. With a lower welding speed and a faster rotational 
speed, the fatigue life of friction stir welds may be extended. This could be due to an 
increase in the amount of heat given to the weld per unit length. For all the fractured 
specimens, cracks initiated from the root of part between TMAZ and the stirred zone 
at the retreating side of the welds. 

Dehghani et al. [9] investigated the effect of friction stir welding parameters on 
the properties of AA3003-H18 alloy to mild steel. By increasing of heat input factor, 
the intermetallic layer thickness was increased from 0.8 to 7.8 μm. The weld zone 
heat input was increased by increasing the tool rotation speed from 450 to 700 rpm. 
By lowering the heat input factor and increasing the welding speed, the ultimate 
tensile strength improved from 28 to 100 MPa. 

Yadav et al. [10] fabricated Al–Zn solid solution using the FSP technique. Multi-
pass FSP was used to incorporate Zn into commercially pure Al, resulting in its 
dissolution and the formation of a supersaturated solid solution. The hardness of 
Zn-rich sections was higher (82 Hv) than that of Zn-free parts (43 Hv), with an 
average hardness of 57 Hv. Following the second pass of FSP, the pinning action of 
the grain boundary precipitate improved the thermal stability of the microstructure
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against aberrant grain development. FSP has produced in grain refinement in the alloy, 
resulting in fine equiaxed grains with a higher fraction less than 67% of large-angle 
grain boundaries in a span of 4–6 μm. 

Chekalil et al. [11] analyzed the influence of friction stir welding process param-
eters through mechanical behavior of AA3003 alloy by the design of experiments 
approach. The enhanced friction stir welding parameters to obtain maximum strength 
include the parameters of 1423.93 rpm, 400 mm/min, and the tool tilt angle was 
1.2885°. Tensile strength of 121.18 MPa which was 75% that of the base material 
was obtained in the specimen welded. 

Kotiyani et al. [12] analyzed the effect of heat treatment on the microstructure 
and mechanical properties of an in situ hybrid composite made of Al/Al3Zr + Al3Ti 
and formed using FSP. The base material’s elongated and large grains were changed 
to equiaxed and fine grains, according to microstructural testing. In addition, at the 
interface between the aluminum matrix and the metallic powders, chemical reactions 
took place, resulting in the formation of in situ aluminides of Al3Zr and Al3Ti. 

Abdulrehman et al. [13] investigated the mechanical properties of friction stir 
welded AA3003-H14 alloy. The strength of a maximum 134.4 MPa is acquired 
in the specimens that were welded at 1600 rpm rotation speed and 30 mm/min 
traverse speed (joint strength had 84% efficiency). X-ray analysis depicted the non-
appearance of defects in the welding line. FSW had enhanced properties that were 
attributed to the refined grain microstructure in the nugget zone that caused. 

Mumin Tutar et al. [14] optimized the process parameters of friction stir spot-
welded AA3003-H12 aluminum alloy using the Taguchi orthogonal array. The tool 
plunge depth had the greatest impact on the tensile shear load, accounting for 69.26% 
of the total, followed by dwell duration and rotating speed. All of the joint cracks 
during tensile testing occurred in the stir zone, where the bonded section was the 
smallest. The FSW joints’ tensile load and tensile deformation rose linearly as the 
bonded size increased. Higher hardness came from the finer grain size of the stir 
zone, which led to higher fracture strength. 

The formability of AA3003 alloy is limited by the presence of form hard 
and brittle intermetallic particles (Al–Fe–Si–Mn intermetallic) in the grain bound-
aries [15–19]. The microstructure and mechanical properties of AA3003 alloy-based 
surface composite that is reinforced with yttrium oxide (Y2O3) through friction stir 
processing are seldom discussed in the open literature. Hence, the project aims to 
evaluate AA3003 alloy that is reinforced with Y2O3 particles on the microstructural 
aspects (grain size, grain orientation, and composition/morphology of intermetallic 
phases), mechanical properties (microhardness, tensile strength), and formability.
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Table 1 Composition of AA3003 (base material) 

Element Cu Fe Mn Si Zn Al 

Composition (wt%) 0.08 0.64 1.21 0.45 0.10 Balance 

Table 2 Processing 
parameters 

Trial. no TRS (rpm) TTS (mm/min) No. of passes 

FSP01 750 60 1 pass  

FSP02 750 40 1 pass  

FSP03 750 20 1 pass  

FSP04 750 20 2 passes 

2 Materials and Method 

2.1 Materials 

AA3003 alloy plate of 5 mm thickness was sheared into workpieces of 150 × 50 
× 5 mm in dimension. The composition of the AA3003 alloy is shown in Table 1. 
The workpiece was machined having a groove of 100 × 1 × 1 mm in dimension. 
The reinforcement was yttrium oxide (Y2O3) which had an average particle size of 
30 μm and 99.99% purity. 

2.2 Methodology 

2.2.1 Friction Stir Processing 

A customized friction stir welding setup at Amrita Vishwa Vidyapeetham was utilized 
to perform friction stir processing trials. The grooves were filled and compacted with 
Y2O3 after degreasing with ethanol. FSP tools were made of high carbon and high 
chromium steel that had geometric configurations as follows: tool shoulder diameter 
of 18 mm, pin diameter of 5 mm, and pin height of 3.5 mm. After 60 s of dwell time, 
the tool was inserted into the workpiece and traversed for the fabrication of surface 
composite. The experimental layout is shown in Table 2. 

2.2.2 Microstructure and Grain Orientation Analysis 

The transverse section of the processed workpieces was used to create specimens of 
dimensions 10 × 10 × 5 mm for microstructure investigation. The specimen was 
prepared according to the standard ASTM E3-11 including polishing with standard 
metallographic sheets (600, 800, 1000 and 2000 grit), followed by fine polishing in
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diamond suspension. The polished specimens were electropolished with an etchant 
(80% ethanol and 20% perchloric acid) for 11 s at 9 V. The etched specimens were 
observed under a high-resolution scanning electron microscope (Make: FEI Model: 
Quanta 200). Texture analysis (grain size, crystallographic orientation, positions 
and intensities of specific crystallographic orientations, and mis-orientation angle) 
was performed using an electron backscattered diffraction (EBSD) technique in the 
TSL-EDX OIM system that was coupled with the high-resolution scanning electron 
microscope. 

2.2.3 Microhardness 

The microhardness of the base material and the fabricated specimen along the trans-
verse sections was analyzed using the Vickers’s microhardness tester (Make: Mitu-
toyo; Model: HVT –M1). The specimen was indented using a diamond indenter 
under an axial load of 300 g for 15 s, in accordance with the standard ASTM E92. 
The average of ten microhardness measurements was reported. 

2.2.4 Tensile Strength and Ductility 

The sub-size specimens (base material and the fabricated specimen) for the tensile 
test were prepared according to the standard ASTM B557. The tensile test was 
performed using a computerized universal tensile testing machine (Make: Tinius 
Olsen) at a cross head speed of 0.5 mm/min. The tensile test was performed in 
triplicates, and the average result was reported. The engineering stress–engineering 
strain curve was plotted to analyze the ductility, yield strength, and ultimate tensile 
strength. The engineering stress and engineering strain were calculated using Eqs. (1) 
and (2), respectively. 

2.2.5 Formability Test 

The formability and strain hardening exponent (n) of the base material and fabricated 
specimen was evaluated through the tensile test. The sub-size specimens for the 
formability test were prepared according to the standard ASTM B557 (gage length 
of 45 mm and gage width of 8 mm). Circles of diameter 3 mm were inscribed on the 
test specimens. The inscribed test specimen was then subjected to a formability test, 
as described in the previous section. True stress–true strain was plotted to determine 
the strain hardening exponent. The engineering stress and engineering strain were 
calculated using Eqs. (1) and (2), respectively. The true stress and true strain were 
calculated using Eqs. (4) and (5), respectively. 

σeng = 
F 

A0 
(1)
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εeng = 
lext 
l0 

(2) 

li = lext + l0 (3) 

σtrue = σeng(1 + εeng) (4) 

εtrue = ln 
li 
l0 

(5) 

where F is force, A is cross-sectional area, σeng— engineering stress, εeng— 
engineering strain, σtrue—true stress, εtrue—true strain, lext—extension length, 
l0—original length. 

2.2.6 Electrochemical Corrosion 

Samples of dimensions 10 × 5 × 5 mm were prepared from base and surface 
composite workpieces for corrosion tests. The specimen was prepared by polishing 
with standard metallographic sheets (600, 800, 1000, and 2000 grit), followed by fine 
polishing. The samples were covered using an insulation tape, leaving an exposed 
area of 1 mm2. The corrosion rate and corrosion potential of specimens in artificial 
seawater solution (accelerated environment) were analyzed using potentiodynamic 
polarization test in an electrochemical work station. The preparation of electrolyte 
was done by adding 3.5 wt% of sodium chloride (NaCl) to distilled water. The test was 
carried out in an electrochemical cell containing a workpiece sample as a working 
electrode; a platinum rod as a counter electrode, and standard calomel electrodes as a 
reference electrode. During a sixty minute immersion period, an open-circuit poten-
tial was established for the base material and surface composite specimens. Tafel 
plots were obtained which were used to determine the corrosion rates and corrosion 
current density. The anodic and cathodic Tafel constants were used to examine the 
corrosion current density using Eq. (6), and corrosion current Icorr using Eq. 7. 

icorr = βa × βc 

(βa × βc) × 2.3 
× 

1 

Rp 
(6) 

Icorr = icorr × A (7) 

A smooth curve was interpolated from the polarization plot. The Tafel area is 
the part of the curve where a decade of current varies linearly with potential. The 
slopes of anodic (βa) and cathodic (βc) polarization curves were determined by 
drawing tangents to the smoothened curve in the Tafel region, as the ratio of change 
in potential (V ) per unit decade change in current (A). The slope lines were extended 
to intersect at a point in the Tafel region, which corresponds to corrosion potential
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Ecorr and corrosion current density icorr. The corrosion rate was calculated using 
Eq. (8). 

CorrosionRate = 
k × I × E ' 

A × ρ 
(8) 

where k is a constant for expressing the corrosion rate in mm/year, I is the corrosion 
current, and E' is the equivalent weight of the corroding specimen, calculated from the 
molecular weight (M) to the number of electrons (n) involved in the electrochemical 
reaction. 

2.2.7 Advanced Instrumental Characterization 

The microstructures of the specimens and the evolution of microstructures after the 
FSP were examined by scanning electron (SEM) microscopes, high-resolution trans-
mission electron microscope (HR-TEM), and the X-ray diffraction method (XRD). 
The SEM examinations were performed in a scanning electron microscope (Make: 
Zeiss Sigma; Model: Gemini 300) with an accelerating voltage of 10 kV to examine 
the fractured surface of the specimens. The elemental composition and elemental 
maps of the specimens were obtained using EDS (Make: Oxford Instruments; Model: 
Ultim Max). The XRD analysis was performed using an x-ray diffractometer (Make: 
Rigaku; Model: Ultima 4) in the Cu–Kα radiation at a scanning rate of 0.5° per 
minute to identify the phases in the base and surface composite specimens. Standard 
metallurgical preparation techniques followed by ion beam etching were performed 
to prepare the specimens for microstructure analysis using HR-TEM (Make: Jeol; 
Model: JEM 2100). CrystTBox analytical software was used to analyze the selected 
area electron diffraction pattern. 

3 Results and Discussion 

3.1 Defect Analysis 

The defect analysis is comprehensively presented in Table 3.
FSP01 was performed with TRS of 750 rpm and TTS of 60 mm/min [10]. As the 

process parameter combination resulted in inadequate heat generation (high TTS), 
futile plastic deformation occurred in the specimen FSP01. The meager plastic 
deformation resulted in ineffective material flow that sequentially caused surface 
defects. To intensify the plastic deformation, the FSP trial was performed at TTS of 
40 mm/min (FSP02). However, specimen FSP02 exhibited considerable defect. The 
defect also had characteristic features of ineffective plasticization and poor mate-
rial flow (onion-ring patches on the surface). Specimen FSP03 was performed at
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a low TTS of 20 mm/min to augment the heat input and then to assist the plastic 
deformation. Further to improve the surface finish and homogeneous dispersion of 
reinforcement particles, FSP trial was performed for 2 passes. The specimen FSP04 
that was processed at TRS of 750 rpm, TTS of 20 mm/min, and 2 passes appeared 
to be devoid of defects. Hence, the specimen FSP04 was subjected to microstructure 
analysis (along the transverse section). 

3.2 Microstructure 

The microstructure of base material AA3003 alloy and the fabricated surface 
composite specimen is shown in Fig. 2. AA3003 alloy had an average grain size 
of 25 μm. Also, grains of size ranging between 20 and 33.5 μm covered an area 
fraction of 0.60 in the microstructure. The incorporation of reinforcement particles 
and dynamic recovery-recrystallization phenomenon in the course of FSP reduced the 
average grain size of the surface composite specimen to 2 μm. The surface composite 
had a homogeneous microstructure with fine equiaxed grains, as observed in Fig. 2. 
The recrystallized grains growth was effectively inhibited, which resulted in the fine 
grains in the stir zone [20–22]. The surface composite material had a dominant α 
phase and fewer intermetallic phases.

In the inverse pole figure [001] of the base material, as shown in Fig. 3, most of  
the grains were oriented between (001) and (111) of the crystallographic planes. The 
surface composite specimen had most of the grains well oriented near to the (001) 
plane.

Figure 4 shows the bright field and dark field image of the surface composite spec-
imen. The presence of distinguishable phases, deformation, and dislocation region 
was observed. Figure 5a shows the grain boundaries and sub-grain boundaries (promi-
nent hair-like strands present within the matrix). Multiple clusters of thread-like struc-
tures known as dislocation tangles were observed in Fig. 5b. Sub-micron secondary 
phase β particles were observed in Fig. 5c. The dynamic recovery and recrystalliza-
tion phenomena resulted in sub-grain structure. The SAED pattern (Fig. 6) confirmed 
the presence of α-Al and Y2O3. The XRD graph of the base material is shown in 
Fig. 7, which indicated the presence of two distinct phases. In addition to the existing 
phases, Y2O3 was observed in the surface composite specimen [9].

3.3 Microhardness 

The hardness of the base material and fabricated surface composite specimen was 
obtained at equidistant points by applying 300 gf. The average hardness for the 
base material was 45.82 ± 2.6 HV and that of the surface composite specimen 
was 84.1 ± 5.4 HV. The hardness of the surface composite specimen increased by 
83.54% compared to the base material (45.82 HV). Optimum heat generation coupled
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Fig. 2 a Microstructure of base material; b microstructure of surface composite specimen; c 
grain orientation of base material; d grain orientation of surface composite specimen; e grain 
mis-orientation of surface composite specimen

with dynamic recovery and recrystallization in FSP specimens resulted in a high 
microhardness value. The hardness gain was attributed grain refinement at the stir 
zone compared to the base metal [8]. In the surface composite specimens, the dynamic 
recrystallization event resulted in fine grains, disintegrated, and dispersed tougher 
phase particles, which operated as dislocation movement impediments. Therefore, 
most of the surface composite specimens had a higher hardness than the base material.
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Fig. 3 a Pole figure of base material; b pole figure of surface composite specimen; c inverse pole 
figure of base material; d inverse pole figure of surface composite specimen

3.4 Tensile Test 

The engineering stress–engineering strain graph was utilized to determine the ulti-
mate tensile strength, ductility, and yield strength of the base material and fabricated 
surface composite. The ultimate tensile strength of the base material was 152.16 ± 
5.02 MPa. The fabricated surface composite specimen exhibited an ultimate tensile 
strength of 171.57 ± 4.08 MPa which was 12.7% higher than the base material [11]. 
The increase in strength was due to the grain refinement, fragmentation of secondary 
phases, and fine dispersion of reinforcement. Similarly, the yield strength of the 
fabricated surface composite specimen (149 MPa) was 7.1% higher than that of the 
base material (139 MPa). In line with the increase in ultimate tensile strength and 
yield strength, the ductility of the fabricated surface composite specimen (16.2%) 
was 8% higher than the base material (15%).
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Fig. 4 TEM micrograph images a bright field image; b dark field image 

Fig. 5 a Phase boundaries, b dislocation tangles, c secondary phase β particles
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Fig. 6 SAED pattern a α-Al phase; b Y2O3 phase; c α-Al phase

3.5 Fractography 

The fractography of the base material is shown in Fig. 8. In the fractured base material, 
dimples were observed in Fig. 8a, b that was characterized by the emergence of micro-
voids along the granular boundary of the specimen. Also, intergranular fracture with 
secondary cracks was observed (marked as B in Fig. 8b). As shown in Fig. 8c, a 
small zone of plastic deformation (marked by C) was observed. The quasi-cleavage 
fracture (marked as D) was observed on the non-cleavage plane, parallel to the crack 
propagation direction in Fig. 8d. The presence of a small deformation zone and few 
cleavages attest to the low strength of the base specimen.

Fractography of surface composite specimen exhibited characteristic features of 
a high tensile strength specimen. Dimples (Fig. 9a marked as A) and a large zone 
of plastic deformation compared to the base specimen (Fig. 9b marked as C) were 
observed. However, quasi-cleavage dimple (Fig. 9d marked as D) was also observed 
on the fractured surface. The dominance of equiaxed dimples confirmed that the
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Fig. 7 Phase composition analysis of the base material and surface composite specimen

specimen yielded before fracture. The fracture features attested the improved ductility 
of the surface composite than the base material.

3.6 Formability 

The strain state and level of strain that was accumulated prior to the necking or 
fracture were referred to as formability. The true stress and true strain were calcu-
lated from the force-extension plot that was obtained from the formability test. The 
slope for the linear portion of the elastic region corresponded to the strain hard-
ening index of the specimen. The elastic region was fitted using a linear equation, 
which was utilized to determine the strength coefficient K. The strain hardening 
coefficient for the base material and surface composite specimen was 0.37 and 0.79, 
respectively. The strength coefficient for base and surface composite specimens was 
observed to be 432 and 782 MPa. Cumulatively, the surface composite specimen had 
an increased strain hardening by 53% and strength coefficient by 82%. The improved 
strength of the surface composite specimen was attributed to the fine grains which 
lead to grain boundary strengthening. The reduction in grain size was caused by 
simultaneous input of heat and severe plastic deformation that resulted in dynamic 
recrystallization. The increment in ductility of the surface composite specimen was 
linked to strain hardening ability. The surface composite specimen had relatively 
more modest deformation even at minimal load application. Hence, an increase in 
formability was anticipated.



18 Investigations on the Texture, Formability … 343

Fig. 8 Fractography of the base material (A indicates dimple fracture, B indicates secondary cracks, 
C indicates plastic deformation, D indicates quasi-cleavage fracture)

The true major strain and true minor strain were calculated from the inscribed 
circles that were elongated to an ellipse in the course of formability test. Forming 
limit diagram (FLD) graphically represented the limits for forming the base material 
and surface composite specimen, as shown in Fig. 10. Also, the minor and major 
stresses corresponding to local necking phenomenon were depicted. The formability 
of surface composite increased as the strength increases.

3.7 Electrochemical Corrosion Analysis 

The potentiodynamic polarization tests were performed utilizing the electrochem-
ical cell arrangement depicted in the segment electrochemical corrosion. Prior to
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Fig. 9 Fractography of the surface composite specimen (A indicates dimple fracture, B indicates 
secondary cracks, C indicates plastic deformation, D indicates quasi-cleavage fracture)

polarization experiments, the steady-state open-circuit potential (OCP) of the base 
material was measured to be −0.4728 V whereas, for surface composite specimens, it 
was observed as −0.4636 V. Typical plots of potentiodynamic polarization obtained 
are shown in Fig. 11. The decrease in icorr attested to the improvement in corrosion 
resistance of surface composite specimens.

The corrosion rates for the base and surface composite specimens were observed as 
0.305 mm/year and 0.1175 mm/year, respectively. The corrosion resistance of surface 
composite specimens was superior to the base specimen by 61%. The optimal heat 
generation causes dynamic recovery and dynamic recrystallization, resulting in fine 
grains with dispersed secondary phases, which improved the corrosion resistance 
of surface composites. Also, the presence of yttrium oxide which had high electron 
work function increased the corrosion resistance of the surface composite specimen.
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Fig. 10 Forming limit diagram

Fig. 11 Typical Tafel plot of the surface composite specimen
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4 Conclusion 

Friction stir processing was successfully applied to fabricate surface composite 
of AA3003-Y2O3. The microstructure, microhardness, tensile strength, ductility, 
formability, and corrosion characteristics of base material and surface composite 
were analyzed. The investigation arrives following conclusion: 

• Reinforcement Y2O3 was homogeneously dispersed in the AA3003 alloy matrix 
after FSP. The cumulative effect dynamic recovery, dynamic recrystallization, and 
presence of Y2O3 resulted in grain refinement. 

• The hardness of the surface composite specimen was increased by 83.54% 
compared to the base metal. The ultimate tensile strength/yield strength of the 
surface composite specimen was 12.7%/7.1% higher than the base material. The 
strain hardening coefficient for the base material and surface composite specimen 
was 0.37 and 0.79, respectively. 

• Modest deformation at minimal load application and high strength of surface 
composite specimen concluded an increase in formability. 
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Chapter 19 
Machinability Study of Amorphous Bulk 
Metallic Glass in Micro Milling 

Debajyoti Ray and Asit Baran Puri 

1 Introduction 

Miniaturization is emerging largely in various industrial products for catering the 
needs in different application areas, such as biomedical engineering, microelec-
tronics, aerospace, etc. Micro cutting is a key process for fabrication of the micro 
products. Amongst several micro-cutting processes, mechanical micro milling repre-
sents a flexible and economical micro-cutting process, suitable for the fabrication of 
complex-shaped three-dimensional micro products [1]. Micro cutting refers to mate-
rial removal and creating machined features in micro scales with no constraint on the 
size of the component (macro/micro) being machined. Micro cutting involves micro 
tools, where the cutting edge radius is generally maintained in the range of 1–10 µm. 
The uncut material thickness in micro cutting is often comparable to the grain size 
or short range atomic orders in the work material and the cutting edge radius. Mate-
rial removal predominantly takes place in front of the rounded cutting edge, and the 
material flow around the cutting edge need to be considered to analyse the cutting 
mechanics. The cutting edge radius in micro cutting influences the cutting process 
as the effective rake angle is highly negative at low depths of cut. The work material 
below a certain level of uncut thickness or depth of cut is significantly ploughed by 
the rounded cutting edge [2]. As shown in Fig. 1, for uncut chip thickness ‘h’ less  
than ‘h*’, the rounded edge of the cutting tool is involved in micro cutting. For very 
low feed rates, the uncut layer thickness can be so low that the inflowing work mate-
rial hardly finds a way to rise over the rake face to be removed as chip. There exists
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a critical uncut thickness referred as minimum uncut chip thickness (MUCT) that 
determines the formation of chip. This limiting uncut chip thickness referred as the 
minimum uncut chip thickness (hm) is the removable material layer and is illustrated 
in Fig. 2. For cutting a particular work material, minimum uncut chip thickness may 
be within 5–40% of the cutting edge radius [3, 4] depending on tool-work material 
and cutting conditions. The ploughing phenomenon significantly contributes to the 
increased cutting forces, larger specific cutting energy, poor surface quality, burr 
formation, etc. The size effect on the machining characteristics in micro cutting is 
mainly attributed to increased ploughing and work material strengthening at low 
cut size [5]. All these aforementioned aspects cause machinability characteristics 
to differ significantly between the micro cutting and the conventional cutting. The 
micro-cutting force signatures contain fluctuations particularly in micro milling that 
arise from the minimum chip thickness effect, ploughing, elastic recovery, tool tip 
runout, regenerative effects, etc. Cutting edge radius of the micro-cutting tool, cutting 
process geometry, cutting conditions, ploughing and elastic recovery effects, influ-
ence surface roughness, profile accuracy and burr formation that affect the quality of 
the micro features. Micro parts are made of materials that need to have improved prop-
erties to meet the specific requirements. Innovation of gold–silicon amorphous alloys 
in early 1960’s and further development of numerous metallic glasses provided solu-
tions to some of the limitations of aluminium and titanium alloys that are commonly 
used materials for many micro applications. Bulk metallic glass (BMG) belongs to a 
new class of light material having amorphous atomic structure. Bulk metallic glasses 
(BMGs) have density around 6 gm/cc, comparatively lighter than steel. Metallic 
glasses have high fracture toughness and the ratio of strength to weight of bulk 
metallic glasses may be typically twice than that of titanium, aluminium, etc. BMGs 
have typically high hardness that is almost twice the hardness of most stainless steels 
and titanium, and at least four times the hardness of aluminium. BMGs may be 
three times more elastic or resilient than practically all crystalline metallic alloys 
with high elastic limit [6]. BMGs can be also readily cast into near net shapes. High 
strength and elasticity, excellent wear and corrosion resistance, bio-compatibility in 
physiological environment, etc., have made BMGs suitable to be used in biomedical 
applications [7–9]. The enhanced mechanical properties of BMGs bring challenges 
in the cutting process. Therefore, exploring the machinability characteristics of bulk 
metallic glass in micro milling is useful to enable effective application of micro 
cutting to make complex shaped micro parts made of this material. Scientific investi-
gation on micro-scale cutting exploring the machining characteristics has been done 
through modelling and experimental studies. In this respect, a number of studies 
analysing several machining aspects of bulk metallic in micro milling and micro 
turning are available in literatures [10–16]. In this chapter, the machining character-
istics and machinability aspects of amorphous bulk metallic glass in micro milling 
have been highlighted. The machining characteristics discussed here are limited to 
micro-milling forces, specific cutting energy, surface roughness and burr forma-
tion. As machining characteristics depend largely on the process geometry, a brief 
overview of the micro-milling process is explained in the next section.
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Fig. 2 Influence of minimum uncut chip thickness, cutting edge radius on chip formation 

2 Micro-milling Process Overview 

Micro channels are common micro features that are often fabricated in micro compo-
nents and devices. These micro features of several shapes are produced by full immer-
sion micro-milling process, where the micro-cutter diameter determines the width of 
the micro channel and the axial depth of cut determines the micro-channel depth. If 
a full immersion micro-end milling process geometry is observed as shown in Fig. 3, 
it is found that the instantaneous uncut chip thickness is not constant; rather it varies 
with the rotation of the cutting tool and the immersion angle of the cutting point. At 
the entry of the cutting edge into the cut, the region from the entry point to the point 
where clear chip separation starts to occur (region 1), and at the exit of the cutting 
edge from the cut, the region from the point where clear chip separation seizes to 
occur to the exit point (region 3), are predominantly ploughing dominant regions. The 
middle of the micro-channel passage (region 2), where chip separation takes place 
clearly (provided feed per tooth value is more than MUCT), is the shearing dominant 
region as the chip formation occurs mainly due to shearing. One side of the micro 
channel experiences up-milling cut, while the other side experiences down-milling 
cut.
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3 Micro-milling Process Enabling Elements 

Micro milling is a powerful and cost-effective process to fabricate miniature compo-
nents made of various materials such as metals and its alloys, composites, ceramics‚ 
polymers, etc. The accuracy of these micro components and the cutting process 
efficiency largely depend on two fundamental elements in micro milling. They are 
micro-milling machines and micro-milling cutting tools. The dynamic performance 
and overall accuracy of a machine tool determine the quality of the machined compo-
nents and influence the productivity of the micro-machining process. In some micro-
milling studies, large-scale ultraprecision machines have been utilized for micro 
fabrication. These large-scale precision machine tools have highly developed config-
uration with multi-axis position control, high motion accuracy, increased stiffness and 
high dynamic stability. These precision machining centres are useful to produce micro 
parts commercially. However, the cost of these machines is very high. Researchers 
have also utilized self-developed specialized miniature machine tools. Some minia-
ture machine tools of this type are shown in Fig. 4. These customized machine tools 
are small in size and are built by assembling and integrating several machine tool 
components for carrying out specific designed experiments. The components of a 
machine tool used for micro milling are machine structure, spindle, positioning stages 
and control system, fixtures and clamping devices. The machine structure includes 
machine base, column and connecting structural members, work-table, etc. Spindle 
is a key driving component for rotational motion in a precision micro-machining 
system. The spindle speeds need to be reasonably high due to low diameter tools 
used in micro milling. Positioning system is another key component in a micro-
machining system. It has a significant impact on machined components in terms 
of form, dimensional accuracy and surface quality. Control system is a necessary
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Fig. 4 Miniaturized micro-machine tools, a Constructed micro-milling machine [11]; b Miniatur-
ized 3-axis machine tool [17]; c High-speed micro-machining centre [18] 

element that ensures smooth cutting tool and workpiece movements without varia-
tion in the subjected feed rate. Clamping devices and fixtures are important elements 
of a micro-machining system for precise positioning of the workpiece. 

Micro-milling tool with cutting edges that removes material from the work piece is 
an essential element in the mechanical micro-milling process. Micro-milling cutting 
tool geometry influences the material removal and the generated surface charac-
teristics of the micro parts. Micro milling uses small diameter end mills, where 
the diameter of these micro-milling tools ranges from 50 µm to 1 mm. The size 
and geometry of the micro-milling tool determine the size and shape of the micro 
features [19]. Figure 5 depicts the micro-end milling tool. Cutting edge radius of 
these micro-milling tools is normally of a few microns. Advanced technologies like 
micro-EDM, focussed ion-beam machining (FIB) and ultra-precision grinding are 
the machining methods that are commonly utilized in fabricating these miniature 
tools. Tungsten carbide is a common material for the commercially available micro-
end milling tools. Tungsten carbide is a composite material made of tungsten carbide 
powders and a binder material. The ultrafine sub-micron grain size and the binder 
content influence the cutting tool properties. Tungsten carbide micro-end mills are 
available in coated and uncoated form. Common coating materials include TiAlN, 
TiCN, TiN, etc. Coating improves tool life by reducing tool wear. Several machin-
ability issues related to micro milling of bulk metallic glass are discussed in the next 
section.

4 Study of Micro-milling Forces and Specific Cutting 
Energy 

Cutting forces are important process outputs in mechanical micro-cutting processes. 
Improper cutting conditions may lead to excessive cutting force generation, tool
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Fig. 5 A Micro-milling cutting tool, B Enlarged (a) side view and (b) Top view of tool tip of 
micro-end mill [14]

deflection and bending causing tool failure. Gradual tool wear causes increase in 
the cutting edge radius resulting in higher cutting forces. Cutting force signatures 
in micro milling contain fluctuations and show erratic behaviour particularly at low 
feed rates when ploughing effect is significant and difficulty arises in chip formation. 
Dynamic chip thickness, non-uniformity in material micro structure, vibration, tool 
runout, regenerative effects, etc. influence the process dynamics and are responsible 
for the cutting force fluctuations. Micro-machined surface characteristics are also 
influenced by the static and dynamic characteristics of the cutting forces. A study on 
mechanistic modelling of cutting forces in micro milling of bulk metallic glass with 
carbide micro-end mills [10] showed that the values of the cutting force coefficients 
for Zr-based bulk metallic glass are comparably higher than that estimated for the 
materials such as structural steels [20] and aluminium alloys [21, 22]. Higher cutting 
force coefficients indicated higher cutting forces associated to the amorphous metallic 
alloys than the aforementioned crystalline materials. Higher resistance to the shear 
deformation and plastic flow in BMGs may be attributed to the higher values of 
the coefficients. According to this study, the comparison of the predicted and the 
experimental in-plane cutting force components Fx and Fy in micro-milling bulk 
metallic glass at cutting speed of 0.062 m/s and feed rates of 0.5 and 6 µm/tooth is 
shown in Fig. 6. The cutting force profile seems erratic at lower feed rates and the 
expected periodicity of the cutting force signatures at tooth passing intervals is not 
clearly observed. Another study of the parametric influences on the cutting forces [11] 
indicated that the cutting parameters significantly influenced the cutting forces. This 
study considered cutting parameters such as feed per tooth in the range of 3.3–6.7 µm, 
axial depth of cut in the range of 11.6–28.4 µm and cutting velocity corresponding 
to the spindle speed range of 2318–5682 rpm using 0.3 mm diameter micro-end 
mill. Figure 7 depicts the variation of the in-plane cutting force components within 
the specific range of the cutting parameters. According to this study, the cutting 
forces tend to exhibit a nonlinear trend with decrease in the feed rate and tend to 
increase with the decrease in the feed rate at very low feed rates in contrary to 
the observation at higher feed rates and showed higher values than anticipated at 
lower chip load. This might be due to the dominance of ploughing over shearing 
in the cutting process due to large effective negative rake angles at low feed rates. 
Cutting force components increased with the increase in feed per tooth at higher 
feed rates when the feed per tooth was higher than the cutting edge radius. The 
study further showed that cutting force components increased with the increase in
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the axial depth of cut due to increase in the engagement of the work material with the 
cutting tool and increase in the chip load. Increase of cutting speed that increases the 
temperature in the cutting zone and also increases the strain rate in the localized shear 
bands of the bulk metallic glass might have interactive influence on the flow stress 
and cutting forces. Selection of appropriate cutting parameters using optimisation 
techniques is a useful option to adopt appropriate machining strategy in achieving 
optimal cutting performance and improved productivity. Cutting forces are related to 
the material deformation in cutting and chip formation. Segmented chips are observed 
in machining of BMGs even at low cutting speeds due to the periodic formation of 
the localized shear bands [23]. Deformation in metallic glasses is localized into shear 
bands. Multiple shear band formation along with their branching and interactions is 
observed in the deformation zone. In bulk metallic glasses, crystalline particles that 
may form within the amorphous matrix during machining, blocks crack growth and 
propagation and initiates formation of multiple shear bands [8]. Suppression of shear 
band propagation due to lack of the preferential sites from where the shear banding 
develops leads to increased strength and certain degree of ductility of the material 
in micro cutting. Experimental study of cutting forces in macro turning process of 
amorphous BMG, Al-alloy and stainless steel also indicated greater cutting forces 
in amorphous material in comparison with the crystalline materials [24]. 

Fig. 6 Predicted and experimental cutting forces a, b at feed rate 0.5 µm/tooth; and c, d at feed 
rate 6 µm/tooth, cutting velocity 0.062 m/s, axial depth of cut 20 µm [10]
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Fig. 7 Variation of in-plane cutting force components (Fx , Fy) within the specific range of cutting 
parameters, namely spindle speed (N), feed per tooth (f t) and axial depth of cut (ap) [11] 

Specific cutting energy is an important characteristic that assesses the machin-
ability of a work material for a particular process and is a measure of the energy 
expended to remove unit amount of material. A study related to the analysis of 
specific cutting energy in micro milling of bulk metallic glass [12] indicated that 
specific cutting energy values are influenced by the ratio of uncut material thickness 
to the cutting edge radius. In this analysis for the assessment of energy dissipation, a 
micro-cutting model was considered that takes into account the forces in the cutting 
direction of the shearing region and the rubbing region that lies beneath the rounded 
cutting edge. In this study, the experimental results of the specific cutting energy 
estimated by dividing the average resultant in-plane cutting force by the average 
chip load showed a sharp increase in the specific cutting energy at very low feed 
rates when feed per tooth is less than the cutting edge radius indicating size effect 
in specific cutting energy. For feed per tooth larger than the cutting edge radius, a 
marginal decrease in specific cutting energy with increase in feed rate was observed.
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According to the aforementioned study, the variation of average in-plane specific 
cutting energy is shown in Fig. 8. 

The ‘size effect’ is typically characterized with the abrupt nonlinear increase of 
specific cutting energy with the decrease of uncut chip thickness at values below 
the edge radius of the cutting tool in micro cutting. Several research studies have 
been carried out to understand the size effect in micro cutting. The size effect in 
micro-milling bulk metallic glass may be attributed to the increased strengthening 
of the work material in small size deformation processes such as micro cutting. In 
several studies [25–27], it has been observed that small size deformation of micro-
sized samples of bulk metallic glasses showed increased strength and transition from 
brittle to ductile state. In metallic glasses, shear transformation zones develop embry-
onic shear bands that propagate rapidly leading to failure. The sites that develop 
shear banding gets substantially reduced in micro-deformation processes as in micro 
cutting due to reduced deforming volume, thereby reducing shear banding events 
and propagation leading to increased strengthening effect of the work material. 

5 Study of Surface Quality 

Surface roughness is a parameter to quantify the quality of the generated surface. 
Micro-machining processes aim to generate functional surfaces having good surface 
finish. Process kinematics affects surface quality in micro milling. Excessive 
ploughing in micro cutting leads to work material side flow and elastic recovery, 
resulting in abrupt non-uniform rise of the machined surface and increase in surface 
roughness. Process dynamics and stability, motion errors of different linear and rotary 
drives greatly influence the achievable surface quality. Several other stochastic factors 
such as abrupt loss of edge geometry and cutting edge serrations also affect the 
surface roughness. In an experimental study of micro-milling bulk metallic glass
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Fig. 9 Variation of surface roughness (Ra) at different feed rates [12] 

[12] using uncoated micro-end mill of edge radius 3 µm, surface roughness (Ra) for  
two different cutting speeds was measured. The surface roughness was measured at 
the floor of the micro channels. The results of the study as depicted in Fig. 9 indi-
cated that surface roughness decreased with the decrease in the feed rate when feed 
rate is greater than the cutting edge radius. For the two cutting speeds, the surface 
roughness remained approximately same for feed per tooth value up to 3 µm/flute. 
Surface roughness showed an increasing tendency with the decrease in feed rate at 
very low feed rates. The surface generation involved the secondary cutting edge at 
the tip of the micro tool. Low uncut chip thickness with respect to cutter edge radius 
possibly had resulted in intense ploughing at very low feed rates. Some of the plasti-
cally deformed material was ploughed aside and material side flow occurred [28–32] 
at very low feed rates. Material side flow caused abrupt material accumulation on 
the feed mark ridges that resulted in the increased roughness values. 

6 Study of Burr Formation in Micro Milling 

Formation of burrs creates an undesirable edge condition of the machined feature. 
It is necessary to understand the burr formation mechanism and the characteriza-
tion of burrs formed under different cutting conditions. Two types of burrs form in 
micro-slotting process. They are Poisson burrs and roll-over burrs. Roll-over burrs 
are formed at the entry and the exit of the micro channels. However, Poisson burrs are 
difficult to remove and occur over an extended length of the machined edge [33, 34]. 
The top Poisson burrs are formed at the top edges of the micro channels when the 
sidewall material is severely ploughed and bulges out upwards due to the indenting 
pressure of the rounded cutting edge and intense plastic deformation of the side wall 
material. The extent of bulging and correspondingly the burr size depends on the 
material properties, the pressure developed due to the radial force applied by the
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cutting tool and the micro-cutter edge radius. The cutting parameters influence the 
indenting pressure that depends on the radial force applied on the sidewall [14]. The 
burr formation in micro milling is influenced by the micro-cutting mechanics, inter-
action effects between the cutting tool and the work material. Ductility of the work 
material enhances the development of burrs. An experimental study that analyses the 
parametric influences on the generation of top burrs in full immersion micro-milling 
process [15] indicated that the cutting parameters significantly influenced the width 
of top burrs in both up-milling and down-milling sides. This experimental study used 
0.3 mm diameter micro-end mill having average edge radius of 3 µm and considered 
cutting parameters such as feed per tooth in the range of 3.3–6.7 µm, axial depth 
of cut in the range of 11.6–28.4 µm and cutting velocity of 0.036 and 0.090 m/s. 
Figure 10 depicts some scanning electron microscope (SEM) images of top burrs 
in micro milling of bulk metallic glass. According to this study, the variation of the 
width of top burrs in up-milling and down-milling sides is depicted in Fig. 11. The  
plots indicate that the top burr width developed in down-milling side was lower than 
in the up-milling side. Observing the variation of top burr width with the cutting 
parameters shows that decrease in feed rate resulted in the increase of top burr width. 
Ploughing might have occurred for a longer time at low feed per tooth than for higher 
feed per tooth values. Thus, the lateral bulging of material occurred more intensely at 
low feed rates. Cutting action with chip formation started earlier at higher feed rates 
than in lower feed rates due to which action of lateral deformation at the sidewall 
diminished quickly resulting in lower sized burrs. It is further revealed from Fig. 11 
that increase in axial depth of cut caused an increase of top burr width. Increase in 
depth of cut resulted in increased amount of work material being displaced by the 
cutting edge due to plastic deformation and increased lateral rise of work material in 
the direction of minimum restraint, thereby increasing the burr width. 

(a) 

Wb1 

Tool 
rotation 

Wb2 

(b) 

Tool 
rotation 

Micro 
channel 

floor 

Fig. 10 SEM images of top burrs in micro-slot milling a Burr formation at up-milling side (Wb1), 
vc = 0.047 m/s, f t = 4 µm, ap = 15 µm; b Burr formation at down-milling side (Wb2), vc = 
0.079 m/s, f t = 6 µm, ap = 15 µm [15]
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Fig. 11 Influence of cutting parameters (cutting speed vc, feed per tooth f t , axial depth of cut ap) 
on the width of top burrs in up-milling side (Wb1) and down-milling side (Wb2) [15] 

7 Conclusions 

This chapter discusses the micro machinability of bulk metallic glass in terms 
of micro-cutting forces, specific cutting energy, surface roughness and micro-burr 
formation. A brief overview of the full immersion micro-milling process is also 
presented. Different critical issues that influence the micro-cutting process have 
been discussed. According to the results of different studies carried out, it may 
be concluded that feed rate influences the different machining characteristics signif-
icantly. At low feed rates, cutting forces were higher than anticipated at low chip 
loads. Specific cutting energy exhibited the size effect. The micro mechanism that 
is relevant in exhibiting size effect of amorphous materials is discussed. Experi-
mental results also indicated the ‘size effect’ in the surface roughness when surface 
roughness decreased with the decrease in the feed rate, reached a minimum and 
then tended to increase with further reduction in feed rate. At low temperatures 
though metallic glasses exhibit brittleness, however, in micro-cutting metallic glass, 
significant burrs were formed indicating increased ductility in small-scale high rate 
deformation processes. Experimental studies showed that lower feed rate augmented
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higher width of top burrs in micro milling. Micro cutting being an emerging tech-
nology with limited knowledge in process mechanisms and limited experience in 
productive manufacturing confronts the challenge of effective industrial utilization. 
However, the discussion made in this chapter would help the industries and future 
researchers to understand micro-milling process mechanisms better and utilize the 
knowledge for cost-effective fabrication of micro parts made of specialized materials 
such as amorphous bulk metallic alloys. 
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Chapter 20 
Machinability Studies on Al–Fe–Si 
Alloy-Based Composites 

C. Chanakyan, S. V. Alagarsamy, C. Sivakandhan, and K. Senthamarai 

1 Introduction 

Wire electrical discharge machining (WEDM) is a nontraditional machining method 
that is used to manufacture difficult-to-machine materials such as composites and 
intermetallic compounds. It is commonly used to cut plates up to 300 mm thick, as 
well as punches, tools, and dies from hard metals that are difficult to process using 
conventional techniques [1]. This process also known as a thermo-electrical process 
in which material is eroded off the work piece by a succession of discrete sparks 
that occur between the work piece and the wire electrode. A thin film of dielectric 
fluid separates the tool and is continually delivered to the region being machined to 
flush away the eroded particles [2]. Discharge current, pulse duration, wire speed, 
wire tension, type of dielectric fluid are the most important variables for evaluation 
of WEDM performance [3]. However, because to the vast number of variables and 
stochastic nature of the operation, even a highly trained operator would struggle to 
achieve optimal processing and prevent wire breakage when using WEDM. Hence, it
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is essential to choose machining settings for the WEDM process in order to achieve 
optimal machining performance [4]. The necessary machining parameters are usually 
selected based on previous experience or values from a handbook. However, this does 
not ensure that the chosen machining parameters produce optimal or near-optimal 
machining results for that specific wire electrical discharge machine and environ-
ment. Mahapatra et al. [5] Described how to use the Taguchi approach to optimize 
WEDM process parameters. It has been demonstrated that the gray-based Taguchi 
approach may be used to optimize multi-response processes by adjusting process 
parameters. Alagarsamy et al. [6] studied the machining performances like MRR 
and SR of Al7075-10wt.% TiO2 composite while the wire EDM process by using 
Taguchi coupled desirability function approach. They stated that pulse current was 
the most prominent factor with a contribution of 51.96%, followed by pulse-on time 
34.59% and pulse-off time 12.21%, respectively. Anand Babu et al. [7] investigated 
the effect if wire cut EDM parameters on MRR and SR of hybrid Al metal matrix 
composites. They noticed that the pulse-on time was a highly influential factor on 
MRR, whereas pulse-off time shows high impact factor for SR. Sondararajan et al. 
[8] studied the machining performance of A413 with 12wt.% B4C composites during 
WEDM process. They reported that the higher amount of MRR produced when the 
maximum setting of peak current and pulse-on time, respectively. Similarly, the better 
SR was acquired for higher values of pulse-off time. Dineshkumar et al. [9] inves-
tigated the effect of machining parameters on the combined objective of maximum 
MRR and minimum SR during WEDM of AA7178-10wt.% ZrB2 composite. They 
found that as the 11A of peak current, 112 μs of pulse-on time, 45 μs of pulse-off 
time and 7 m/min of wire feed rate gives the higher MRR with lesser SR. Venkatesan 
et al. [10] carried out the WEDM process of aluminum metal matrix composites by 
chosen four input parameters like pulse-on time (T on), pulse-off time (T off), servo 
voltage (Vs) and peak current (A), and output response such as MRR, SR and kerf 
width. They noted that as the voltage and peak current increased the MRR increases. 
Subramaniam et al. [11] presented the influence of WEDM processing parameters 
on SR for Al/10wt.% SiO2 composite by Taguchi method and they concluded that 
the pulse-off time (44.69%) was the preliminary dominant factor affecting the SR, 
subsequently by current (14%) and pulse-on time (4.58%), respectively. Thella Babu 
et al. [12] optimized the wire EDM process variables on Al7075/SiCp composites 
using integrated statistical approach. According to the ANOVA results, the particle 
size, pulse-on time and wire tension has more significant on the overall quality of 
the process. Rajyalakshmi et al. [13] analyzed the WEDM process parameters on 
Inconel 825 by employing Taguchi gray relational analysis. They understood that 
a Taguchi approach is well appropriate method to obtain the optimum parameters 
condition for maximization of MRR and minimization of SR. Geetha et al. [14] 
determined the influence of machining parameter on MRR and SR for Al6061/MoS2 
composites during WEDM process. They revealed that the wire feed and pulse-off 
time were primary dominant variables on SR and pulse-on time and peak current 
were more impact factors for the MRR. Sonia Ezeddini et al. [15] predicted the 
WEDM machining parameters on SR of Ti–Al intermetallic-based composites using 
Taguchi combined response surface method. They concluded that the pulse-on time,
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flushing pressure and the cutting speed are the most noteworthy factors, whereas the 
servo voltage is found to be less significant for obtaining the less SR. 

Therefore, the aim of the present study is to obtain the optimum condition of 
WEDM process parameters for the higher MRR and lower SR of AA8011/10wt.% 
TiO2 composite fabricated by stir casting technique. Furthermore, ANOVA was 
employed to explore the order of significant effect of parameters on the response 
and also observed the percentage contribution. 

2 Materials and Methods 

2.1 Composite Fabrication 

In this work, Al–Fe–Si alloy (AA8011) was chosen as matrix alloy and TiO2 (10wt.%) 
was used as reinforcement ceramic particles. The compositions of matrix alloy are 
presented in Table 1. In matrix alloy, Fe and Si are the primary elements which 
are given the better strength and stiffness property. To synthesize the AA8011-TiO2 

composite, stir casting method is used. Figure 1 illustrates the methodology of present 
study. 

Table 1 Chemical elements of AA8011 

Elements Fe Si Cu Mn Mg Cr Zn Ti Al 

Weight (%) 0.6–1.0 0.5–0.9 0.10 0.20 0.05 0.05 0.10 0.08 Remaining 

Fig. 1 The layout of current investigation
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Fig. 2 SEM image of 
AA8011-10wt.% TiO2 
composite 

TiO2 

TiO2 

TiO2 

TiO2 

TiO2 

The stir casting process was used to make the composite in this work, since 
mechanical stirring ensured homogeneous distribution of reinforcement particles in 
the matrix alloy. The weighted amount of AA8011 ingots was first placed in the 
crucible of the electrical furnace, which was retained at 750 °C until the entire metal 
was completely melted. An TiO2 particles at 10wt.% was preheated for 1 h at 200 °C 
[16] to eliminate moisture content and increase wettability with the molten alloy. 
Simultaneously, mechanical stirring is started by immersing a three-blade stainless 
steel stirrer in the molten alloy, generating a vortex in the melt. The heat-treated TiO2 

particles were then continually injected into the vortex slurry of molten metal. In the 
meantime, the stirring speed was increased to 280 rpm and held for 10 min [17]. The 
blended composite slurry was then put into the warmed mold and allowed to harden 
at room temperature in the air. After solidification, the composite specimens were 
removed from the mold and the required form was achieved by preferred machining. 
Figure 2 shows the microstructure of processed composite taken by scanning electron 
microscopy and it was ensure the presence of TiO2 particles evenly distributed within 
the matrix alloy. 

2.2 Design of Experiments 

The selection of suitable process parameters is even more important, when predicting 
machining performance for newly suggested composite materials. Many parameters 
have been shown to have a significant impact on the machining performance of
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Table 2 Machining parameters and its levels 

Machining Parameters Notations Units Level 1 Level 2 Level 3 

Discharge current Ip amps 4 6 8 

Pulse-on time Ton μs 110 114 118 

Pulse-off time Toff μs 50 54 58 

Al matrix composites in previous research [18]. As a result, three input machining 
parameters and three levels were chosen from prior research for this investigation 
and are shown in Table 2. 

2.3 WEDM of Composite 

ECOCUT wire EDM machine was used to machined the suggested AA8011-10wt.% 
TiO2 composite. The cutting tool was a brass wire with a diameter of 0.25 mm, which 
was connected to the negative terminal. The workpiece is 100 mm long, 100 mm wide 
and 10 mm thick, and it was connected to the positive terminal. De-ionized water 
was utilized as a dielectric medium during the machining process, and it was kept at 
a temperature of 20 °C. The studies were carried out using a L9 (33) orthogonal array, 
as shown in Table 3. The WEDM machining performance is examined using output 
responses such as MRR and SR. The MRR is calculated as the ratio of the difference 
in workpiece weight before and after machining during a given time period [19]. The 
SR of the machined composite is measured at three seperate places on the machined 
surfaces by using the Mextech SRT-6200 digital portable surface roughness tester. 

Table 3 L9 orthogonal array design of experiments 

Ex. No Input parameters Output responses S/N ratios (dB) 

Ip (amps) Ton (μs) Toff (μs) MRR (g/min) SR (μm) MRR SR 

1 4 110 50 0.016279 3.212 −35.7674 −10.1355 

2 4 114 54 0.016827 3.068 −35.4799 −9.7371 

3 4 118 58 0.017327 3.581 −35.2257 −11.0801 

4 6 110 54 0.018421 3.112 −34.6937 −9.8608 

5 6 114 58 0.018919 3.257 −34.4621 −10.2564 

6 6 118 50 0.020349 3.686 −33.8292 −11.3311 

7 8 110 58 0.019886 3.982 −34.0289 −12.0020 

8 8 114 50 0.021472 4.150 −33.3624 −12.3610 

9 8 118 54 0.023026 4.621 −32.7555 −13.2947
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2.4 Taguchi Technique 

Taguchi technique is an effective statistical tool used for determining the significant 
relationships between the input parameters and the output responses in an experi-
ment based upon the computations of the signal-to-noise (SN) ratio [20]. Minitab 17 
software was used to analyze the parameters and their estimated responses. In the 
current study, Taguchi methodology is adopted to obtain the optimized parameters, 
which would result in the highest MRR and lowest SR for the AA8011-10wt.% TiO2 

composite during WEDM process. Therefore, “higher the better” SN ratio approach 
was used for MRR and “lower the better” SN ratio approach was applied for SR 
by using Eqs. (1) and (2). Table 3 shows the L9 orthogonal array design, measured 
response and their SN ratios. 

S/N ratio = −10 log10(1/n) 
n. 

k=1 

1 

Y 2 i j  
(1) 

S/N ratio = −10 log10(1/n) 
n. 

k=1 

Y 2 i j (2) 

where n—number of replications, Yij—measured response values where i = 1, 2, 
3… n; j = 1, 2, 3… k. 

3 Results and Discussion 

3.1 Effect of Machining Parameters on MRR 

The main effect plot of SN ratio value for MRR is illustrated in Fig. 3. From the plot, 
the optimum condition of each factor and their effects on the MRR of the machined 
AA8011-10wt.% TiO2 composite can be observed. In the SN ratio analysis, the 
optimum range of parameters on the MRR is chosen from the larger the better SN ratio 
value. According to Fig. 3, the higher MRR is obtained at the high level of Ip (8 amps), 
the high level of T on (118 μs) and the middle level of T off (110 μs), respectively. It can 
be also seen that the MRR increases with an increasing trends in Ip and T on. This can 
be attributed to the increase in the delivered spark energy with increasing discharge 
time, which results in the melting of the composite leading to easier removal of the 
metal from the work piece. Similar results were previously reported by Shyam Lal 
et al. during WEDM process of Al7075/Al2O3/SiC composites [21].

The S/N ratio and means of MRR for the machined AA8011-TiO2 composite are 
depicted in Tables 4 and 5. From the tables, it can be seen that the order of significant 
parameters which affecting the MRR of the machined composite is indicated through 
a particular rank. This rank is assigned by delta value which is computed between the
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Fig. 3 Main effect plot for MRR

higher and lower value of concerned column of parameters. According to Tables 4 
and 5, it can be reveal that the Ip is the primary influencing factor affecting the MRR 
followed by T on and T off, respectively. This can be attributed to the fact that the 
supply of discharge current improves the melting temperature that shows enhanced 
the vaporization of metal from the work piece which result in improve the MRR. 
However, the T on increases the MRR due to longer spark energy between the work 
piece and the wire electrode, which leads to an increase in the MRR. 

The contour graphs for MRR is shown in Fig. 4a–c. It clearly explored the interac-
tive effect of process parameters on MRR while machining of AA8011-10wt.%TiO2 

composite. The interaction of Ip with T on on MRR is illustrates in Fig. 4a. It can be 
seen that the MRR increasing with an increase in Ip and T on at higher level. There-
fore, the higher MRR (>0.023 g/min) obtained at 8 amps of Ip with 118 μs of  T on, 

respectively. Figure 4b explored that the effect of Ip with T off on MRR. It is observed 
that the maximum MRR (>0.023 g/min) attained at 8 amps of Ip with 54 μs of  T off.

Table 4 Response table for 
S/N ratio of MRR 

Level Ip (amps) Ton (μs) Ton (μs) 

1 −35.49 −34.83 −34.32 

2 −34.33 −34.43 −34.31 

3 −33.38 −33.94 −34.57 

Delta 2.11 0.89 0.26 

Rank 1 2 3



372 C. Chanakyan et al.

Table 5 Response table for 
mean of MRR 

Level Ip (amps) Ton (μs) Ton (μs) 

1 0.01681 0.01820 0.01937 

2 0.01923 0.01907 0.01942 

3 0.02146 0.02023 0.01871 

Delta 0.00465 0.00204 0.00071 

Rank 1 2 3

By considering the T off, the MRR is achieved at higher T off with middle Ip. However, 
the average MRR (0.019 to 0.020 g/min) is produced at 6 amps of Ip with 58 μs of  
T off. Therefore, T off is acted as an insignificant factor than the others while machining 
of AA8011-TiO2 composite. In Fig. 4c reveal the influence of T on with T off on MRR. 
It is noticed that the less amount of MRR (<0.017 g/min) produced at medium level 
of T off (54 μs) and T on (114 μs), respectively. Furthermore, with an increase in T on 

with middle level of T off (54 μs) gives the higher MRR (0.022–0.023 g/min).

3.2 Effect of Machining Parameters on SR 

Figure 5 displays the main effect plot for the SN ratio of SR. From the graph, it can 
be understood that the optimal level and influence of machining parameters such as 
discharge current (Ip), pulse-on time (T on) and pulse-off time (T off) on SR of the  
AA8011-10wt.% TiO2 composite during WEDM process. In the SN ratio analysis, 
the optimum range of parameters on the desired response is chosen from the smaller 
the better SN ratio value. Based on the Fig. 5, it can be found that the low level of 
Ip (4 amps), the low level of T on (110 μs) and the middle level of T off (110 μs) 
produce less SR. It can be also clearly noticed that the SR decreases with decreasing 
the Ip and T on. The high current tends to increase the delivered consecutive spark 
energy thus improving the SR. Similar observations were previously reported by 
Gopalakrishnan et al. during WEDM process of AA7075-9wt.% of activated carbon 
composites [22].

Tables 6 and 7 presented the response table for SN ratio and means of SR with 
respect to each level of machining parameters. From the tables, it can be revealed that 
the order of significant parameters which affecting the SR of the proposed composite 
is indicated through a particular rank. Based on the results (Tables 6 and 7), it has 
been observed that the rank 1 is placed for Ip which is the primary dominant factor 
affecting the SR, subsequently by T on, and T off, respectively. Similar observations 
were previously reported by et al. while WEDM of composites. They concluded 
that the IP and T on are more preferable factors for WEDM processes because of the 
development of SR is mainly depend on it.

Figure 6a–c demonstrates the contour plots for SR and these plots clearly reveals 
the interaction effect of input parameters on the response characteristics. From 
Fig. 6a, it can be noticed that the SR value is gradually increased with an increase
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Fig. 4 Contour plot for MRR a Ip versus Ton, b Ip versus Toff and c Ton versus Toff
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Fig. 5 Main effect plot for SR

Table 6 Response table for 
S/N ratio of SR 

Level Ip (amps) Ton (μs) Ton (μs) 

1 −10.32 −10.67 −11.28 

2 −10.48 −10.78 −10.96 

3 −12.55 −11.90 −11.11 

Delta 2.24 1.24 0.31 

Rank 1 2 3 

Table 7 Response table for 
mean of SR 

Level Ip (amps) Ton (μs) Toff (μs) 

1 3.287 3.435 3.683 

2 3.352 3.492 3.600 

3 4.251 3.963 3.607 

Delta 0.964 0.527 0.082 

Rank 1 2 3

in Ip and T on, respectively. Here, the less SR (<3.3 μm) was achieved at moderate 
level of Ip (6 amps) and T on (116 μs). After that, SR was significantly improved 
from 3.6 μm to 4.5  μm when an increase in Ip and T on. The higher SR (>4.5 μm) 
is obtained at 8amps Ip with 118 μs T on. Due to higher Ip and T on delivered more 
spark energy between the gaps thus produce more crates on the machined surface
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which result in poor surface finish obtained. The interaction effect of Ip with T off on 
SR  is  shown in Fig.  6b. It ensure that the middle level of Ip (6 amps) with high level 
of T off (58 μs) produce less SR. Based on the Tables 6 and 7, it is also confirmed that 
the T off has insignificant factor than the others. However, the higher SR (>4.5 μm) 
developed at moderate level of T off when high level setting of Ip (8 amps). In Fig. 6c 
reveal the interactive influence of T on with T off on SR. It can be clearly seen that the 
maximum SR (>4.5 μm) produced at high level setting of T on (118 μs) with middle 
level of T off (54 μs). Meanwhile, at high level of T off (58 μs) with the moderate level 
of T on (114 μs) produce less SR.

3.3 Analysis of Variance (ANOVA) 

ANOVA is a statistical design tool focused on a least square approach, commonly 
applied to break up the specific effects from all the process parameters [23]. In this 
study, ANOVA was carried out to compute the order of significant parameters at 
a level of significance of 5%. If the P-value of a factor is less than 0.05, then it 
confirms that the machining parameter has a statistically significant effect on the 
response [23]. Tables 8 and 9 shows the ANOVA result for the MRR and SR of the 
machined AA8011-10wt.% TiO2 composite. From Table 8, it can be seen that the 
P-values for Ip and T on are less than 0.05, suggesting that these two parameters do 
have a significant effect on MRR. Moreover, it can also be noted that the percentage 
contribution of Ip has an influence of 81.45% T on has an influence of 15.78% on 
the MRR of the machined composites. Similarly, it is clearly revealed from Table 9, 
that the P-values for Ip and T on, are less than 0.05, suggesting that these two factors 
have the most significant effect on SR with contributions of 76.41% and 22.06%, 
respectively. Similar findings were previously reported by Mythili et al. [24] during 
the WEDM process of Al6061/Al2O3 composites developed by stir casting technique.

3.4 Regression Model 

To predict the MRR and the SR value of WEDM process parameters, regression 
equation was developed. A first order polynomial regression equation for MRR and 
SR is derived with R-sq values of 98.45% and 93.51% and R-sq (adj) values of 
97.51% and 94.38%, respectively. The regression equations are given as (3) and (4), 

MRR (g/ min) = −0.01243 + 0.001163 Ip(amps) 

+ 0.000255 Ton(µs) − 0.000082 Toff (µs) (3) 

SR(µm) = −4.82 + 0.2410 Ip(amps) + 0.0659Ton(µs) 
− 0.0095Toff(µs) (4)
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Fig. 6 Contour plot for SR a Ip versus Ton, b Ip versus Toff and c Ton versus Toff
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Table 8 ANOVA table for MRR 

Source DF Seq SS Adj MS F-ratio P-value P (%) 

Ip 2 0.0000325 0.0000162 122.57 0.008 81.45 

Ton 2 0.0000063 0.0000031 23.70 0.040 15.78 

Toff 2 0.0000009 0.0000005 3.56 0.219 2.25 

Error 2 0.0000003 0.0000001 – – 0.75 

Total 8 0.0000399 – – – 100 

S = 0.000363870; R-Sq = 99.34%; R-Sq (adj) = 97.35% 

Table 9 ANOVA table for SR 

Source DF Seq SS Adj MS F-ratio P-value P (%) 

Ip 2 1.74228 0.87114 79.28 0.012 76.41 

Ton 2 0.50309 0.25155 22.89 0.042 22.06 

Toff 2 0.01259 0.00630 0.57 0.636 0.55 

Error 2 0.02197 0.01099 – – 0.96 

Total 8 2.27994 – – – 100 

S = 0.104821; R-Sq = 99.04%; R-Sq (adj) = 96.14%

Figure 7a, b shows the comparison plot for the predicted and experimental value 
of MRR and SR and also it can be seen that both the values are very close to each 
other

3.5 Surface Morphology of Machined Surface 

Figure 8 and 9 shows the SEM micrographs of machined surface for the AA8011-
10wt.% TiO2 composite. From the graphs, it can be clearly examined the WEDMed 
surface characteristics such as cracks, craters, ridges, recast layer and presence of 
reinforcement particles. The machined surface of the suggested composite is depicted 
in Fig. 8 for parameter conditions of 8 amps of Ip, 118 μs of  T on and 54 μs of  T off, 
respectively. It clearly reveals the generation of micro crack and micro craters on the 
machined surface. The reason for this is because sparks are generated in a certain 
zone. The WEDMed surface of the developed composite is shown in Fig. 9 under 
parameter conditions of 4 amps of Ip, 110 μs of  T on and 54 μs of  T off, respectively. 
It is noticed that the formation of macro crack and also evident the presence of 
reinforcement particles on the machined surface.
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Fig. 7 Comparison plot a 
MRR and b SR
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4 Conclusion

. Al–Fe-Si (AA8011) alloy matrix reinforced with 10wt.% TiO2 particulates 
composite was effectively fabricated by stir casting method. The SEM micro-
graph reveals the presence of TiO2 content within the matrix alloy and it was 
distributed uniformly. 

. Machinability studies of the developed composite was performed by WEDM 
process and the effect of machining parameters namely, discharge current (Ip), 
pulse-on time (T on) and pulse-off time (T off) on MRR and SR were analyzed. 

. Based on the SN ratio results, the maximum MRR obtained at 8 amps of Ip, 118 μs 
of T on and 54 μs of  T off, respectively. Subsequently, the minimum SR achieved 
at 4 amps of Ip, 110 μs of  T on and 54 μs of  T off, respectively. 

. ANOVA result showed that the Ip was more significant parameter which affecting 
the MRR (81.45%) and SR (76.41%) of the proposed composite during WCEDM 
process, followed by T on with contribution of 15.78% and 22%, respectively.
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Fig. 8 SEM image of 
machined surface at 8 amps 
Ip, 118 μs Ton and 54 μs 
Toff 
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Fig. 9 SEM image of 
machined surface at 4 amps 
Ip, 110 μs Ton and 54 μs 
Toff

TiO2 

TiO2 

Macro 
Crack 
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. Finally, the predicted values for the MRR and SR were computed by the regression 
equations and these values are well agreed with the experimental results. 
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Chapter 21 
Optimization of Machining Parameters 
in EDM Using GRA Technique 

S. Balaji, P. Maniarasan, C. Sivakandhan, and S. V. Alagarsamy 

1 Introduction 

In recent decades, the growing demand for novel, lightweight materials with higher 
strength and toughness has resulted in the establishment of a new generation of 
composite materials. In comparison to traditional monolithic materials, metal matrix 
composites (MMCs) exhibit multifunctional features such as better stiffness, tough-
ness and reduced density [1]. However, due to the existence of hard reinforce-
ments, precision machining of these materials is very difficult and thus necessitating 
the adoption of cost-effective machining processes. Electrical discharge machining 
(EDM) is a vitally essential non-traditional machining method that has recently been 
developed [2]. Because the EDM method does not use the mechanical energy, the 
removal rate is unaffected by the work piece hardness, strength, or toughness. EDM 
is a non-traditional machining method that removes material by precisely control-
ling sparks that fall between the electrode and an electrically conductive work piece 
[3]. The benefits of the EDM process are most obvious when machining MMCs, 
which have the highest hardness in reinforcement. In EDM process, some variables 
such as peak current, discharge energy, tool material, duty cycle, and other process 
factors have a significant impact on performance attributes MRR, TWR and SR [4,
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5]. Gopalakannan et al. [6] have studied the EDM behavior of Al7075/10wt.% Al2O3 

composite synthesized by stir casting route. They stated that pulse current and pulse-
on time have more significance variables on the output responses such as MRR, SR 
and TWR and also observed that SR increased when setting of 50 V voltage after that 
SR slightly reduced with a further increase in voltage. Mehdi Hourmand et al. [7] 
investigated the effect of EDM factors namely, voltage, current, pulse-on time and 
duty factor on MRR and electrode wear ratio (EWR) while machining of Al-Mg2Si 
MMC. They noticed that voltage and current are the most impact factors on MRR, 
whereas the pulse-on time has significantly affecting the EWR. Alagarsamy et al. 
[8] have reported the EDM process of AA7075-10wt.% TiO2 composite developed 
through stir casting method and observed that electrode material and pulse current 
were highly affecting the machining performances such as MRR, SR and EWR. 
Tripathy et al. [9] have optimized the EDM performances of H-11 die steel using 
Cu electrode with addition of chromium (Cr) powder to the dielectric fluid. They 
observed that the SR values are decreased to a range of 2.4 µm to 5.04  µm due to 
addition of Cr powder at 6 gm/l. Mujibur Rahman et al. [10] have performed the 
EDM process of AA6061-cenospheres MMCs using multi-criteria decision making 
(MCDM) method. They noticed that the optimal level of pulse current 10 A, pulse-on 
time 1010 µs, percentage of reinforcement as 2% and flushing pressure as 0.6 MPa. 
Lin Tang et al. [11] applied the Taguchi method and GRA to optimize the multiple 
performance characteristics of the Ti–6Al–4 V alloy during EDM. When using the 
GRA approach, it was discovered that the optimized parameters enhanced the MRR 
by 2%, the TWR by 59% and the SR by 4%. Kachhap et al. [12] studied the machin-
ability characteristics of Al6063/SiC/Gr/Al2O3 hybrid MMCs using solid and hollow 
electrode tool made of Cu and brass (Br). They reported that the higher MRR is 
obtained when using hollow Br electrode, whereas the less TWR is acquired when 
using solid Cu electrode tool. Yan et al. [13] analyzed the influence of EDM factors on 
the machining performances of Al2O3/6061 Al composite using a disklike electrode. 
The statistical results found that the peak current has the most noteworthy factor for 
the MRR and EWR. Vikas Gohil Yogeh et al. [14] have reported about the EDM 
process of titanium alloy (Ti-6Al-4V) using statistical analysis. The results showed 
that peak current and gap voltage were most decisive factors on MRR that contributes 
more than 90%. Similarly, the peak current and pulse-on time are more important for 
SR that contributes 82%. Murahari Kolli and Kumar Adepu [15] employed GRA-
Taguchi approach for optimizing EDM parameters on MRR and SR during machining 
of Ti-6Al-4V alloy. They concluded that the MRR and SR was improved by 20.69% 
and 11.09% when using the multi-optimization technique. Dey et al. [16] exam-
ined the machinability of Al6061/cenosphere composite using gray-based hybrid 
approach. The MRR, EWR and SR were selected as the machining performances for 
this study. The experimental results revealed that 9.9126A pulse current, 210.002 µs 
pulse-on time, 3.6936% volume fraction of reinforcement and 0.5999 MPa flushing 
pressure gives the better machining performances during EDM process. Venkadesh 
et al. [17] have optimized the machining parameters on MRR, SR and TWR while 
EDM of superni-800 alloy by using Cu–Ti electrode. They stated that the higher value 
of grey relational grade (GRG) was selected as the optimal conditions of parameters.
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Avijeet Satpathy et al. [18] attempted the EDM process of Al–SiC MMC using Cu 
tool and reported that the effect of input factors on the machining responses such as 
MRR, TWR, SR and diametral overcut. They observed that the input current was the 
main factor for controlling the machining performances. 

Hence in this research, EDM input parameters of pulse current (Ip), pulse-on 
time (T on) and pulse-off time (T off) have been optimized to acquire maximum 
MRR with minimum SR and TWR for stir casted AA8011-10wt.% TiO2 composite 
by employing GRA technique. Furthermore, the effect of each parameter on the 
performances are determined by ANOVA. 

2 Experimental Details 

2.1 Matrix and Reinforcement 

In this research, the AA8011 was taken as matrix alloy having a composition of 1.0% 
Fe, 0.9% Si, 0.10% Cu, 0.20% Mn, 0.10% Zn, 0.08% Ti, 0.05% Mg, 0.05% Cr and the 
rest being Al. The titanium dioxide (TiO2) particles were utilized as reinforcement 
having a hardness of 1121 Hv and a density of 4.23 g/cm3. 

2.2 Fabrication of Composite 

A liquid metallurgy technique like stir casting route have been adopted to fabricate the 
composite specimen. In the beginning, pure AA8011 ingot was melted in a graphite 
crucible furnace at the temperature 750 °C. Similarly, 10wt.% TiO2 particles were 
preheated at 200 °C to remove the moisture and also to improve the wettability of 
the TiO2 particles with molten AA8011. The molten AA8011 was stirred with a 
motorized agitator at the speed of 200 rpm constantly. Subsequently, the preheated 
TiO2 particles were added slowly in the vortex of the AA8011 pool. In order to blend 
the reinforcements in AA8011 pool, the mixture was constantly stirred at 280 rpm 
around 10 min. After stirring, the slurry was poured into the preheated steel die 
immediately. 

2.3 Design of Experiments 

Design of experiments (DOE) offers a particular array design that allows researchers 
to investigate all parameters with the minimum number of experiments. Hence, DOE 
is the preferred approach for experimenting in order to improve the performance of 
goods and processes [19]. In this study three machining parameters are used such
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Table 1 Input parameters and its levels 

Machining parameter Notation Unit Level 

1 2 3 

Peak current Ip amps 5 10 15 

Pulse-on time Ton µs 100 200 300 

Pulse-off time Toff µs 30 60 90 

Table 2 Properties of Cu electrode 

Density (g/cm3) Thermal 
conductivity 
(W/m.K) 

Melting point 
(oC) 

Specific heat 
capacity (J/kg-K) 

Electrical 
resistivity (./m) 

8.96 391 1085 385 1.67 × 10–8 

Table 3 L9 (33) orthogonal array with output responses 

Ex. No Ip (amps) Ton (µs) Toff (µs) MRR (g/min) SR (µm) TWR (g/min) 

1 5 100 30 0.05144 5.270 0.00372 

2 5 200 60 0.10711 3.602 0.00688 

3 5 300 90 0.03280 5.211 0.00242 

4 10 100 60 0.04609 4.798 0.00372 

5 10 200 90 0.12126 3.357 0.00912 

6 10 300 30 0.27619 5.206 0.01304 

7 15 100 90 0.02716 1.765 0.00260 

8 15 200 30 0.23929 2.827 0.01492 

9 15 300 60 0.38544 3.686 0.03576 

as pulse current (Ip), pulse-on time (T on) and pulse-off time (T off), each with three 
levels, as shown in Table 1. The most appropriate array for the given machining 
settings is L9 (33) orthogonal array as shown in Table 3 (Table 2). 

2.4 EDM of Composite 

The experiments were conducted on die sinking EDM machine (Model: Sparkonix, 
Pune, India) containing a separate dielectric tank and jet flushing setup for ease of 
dielectric flow toward workpiece and electrode interface. Before the experimentation, 
the work specimen (50 × 50 × 10 mm) was ground to make them perfectly flat on 
both sides to avoid dimensional accuracy and impart a good machined surface. A 
electrolyte Cu in cylindrical form of diameter 12 mm and a length of 80 mm was used 
as an electrode tool during machining. Table 2 shows the properties of Cu electrode
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Table 4 Normalized S/N ratio and deviation sequence 

Ex. No Normalized S/N ratio Deviation sequence 

MRR SR TWR MRR SR TWR 

1 0.067768 0 0.961008 0.932232 1 0.038992 

2 0.223149 0.475892 0.866227 0.776851 0.524108 0.133773 

3 0.015742 0.016833 1 0.984258 0.983167 0 

4 0.052836 0.134665 0.961008 0.947164 0.865335 0.038992 

5 0.262644 0.545792 0.79904 0.737356 0.454208 0.20096 

6 0.695071 0.01826 0.681464 0.304929 0.98174 0.318536 

7 0 1 0.994601 1 0 0.005399 

8 0.592079 0.697004 0.625075 0.407921 0.302996 0.374925 

9 1 0.451926 0 0 0.548074 1 

tool. Commercial grade of kerosene was utilized as the dielectric fluid throughout the 
machining because of its benefits, including high flash point, low viscosity, increased 
dependability and enhanced stability. These experiments were performed to find out 
the effect of each parameters on the performances (MRR, SR and TWR). The initial 
and final weight of the specimen and elctrode were acquired using the weighing 
machine. Furthermore, SR was assessed using a Mitutoyo Talysurf SJ-210 surface 
roughness tester. The MRR and TWR were estimated by using Eqs. (1) and (2) [20]. 

MR  R  = 
Wbj − Waj  

Tm 
(1) 

TW  R  = 
Wbe − Wae 

Tm 
(2) 

where Wbj and Waj—weight of work piece before and after machining (g), Wbe and 
Waj—weight of the electrode before and after machining (g), Tm—machining time 
(min). Table 3 depicted the estimated output responses. 

2.5 GRA Technique 

In this study, GRA technique was applied to determine the optimum condition of 
EDM parameters such as pulse current (Ip), pulse-on time (T on) and pulse-off time 
(T off) on multiple performances with an objective to maximize the MRR and mini-
mize the SR and TWR of AA8011-10wt.% TiO2 composite. The given steps are to 
be carried out in the GRA techniques: 

Step 1: The responses of MRR, SR and TWR are normalized in the ranging from 
0 to 1. If the objective has the response value of “lower-the-better” the
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response values can be normalized by the Eq. (3) 

x∗ 
i (k) =

max xo i (k) − xo i (k) 
max xo i (k) − min xo i (k) 

(3) 

If not, in case the response value of “higher-the-better” the response 
values can be normalized by the Eq. (4) 

x∗ 
i (k) =

xo i (k) − min xo i (k) 
max xo i (k) − min xo i (k) 

(4) 

where i = 1,… m; k = 1,…, n. M—is the number of data items in the 
experiment, and n—is the number of input parameters. xi o(k) represents 
the reference sequence; xi *(k) the sequence after normalized processing 
data; max xi o(k) & min xi o(k)—are the maximum and minimum value in 
the reference sequence of xi o(k). The normalized S/N ratio and deviation 
sequence are depicted in Table 4. 

Step 2: After normalizing the response, grey relational coefficient ξi (k) can be 
determined for the kth performances in the ith experiment by the Eq. (4) 

ξi (k) = 
. min +ζ · . max 

.0i (k) + ζ · . max 
(5) 

where .0i—is the deviation sequence, ζ —is the distinguished coefficient 
generally taken as 0.5. 

Step 3: Once the grey relational coefficient (GRC) was computed, later proceeds to 
estimate the grey relational grade (GRG) by using Eq. (5) 

γi = 
1 

n 

m. 

k=1 

ξi (k) (6) 

where γi—is the GRG for the ith experiment, ξi—is the GRC and n—is 
the number of responses. Table 5 shows the computed GRC and GRG with 
rank in order.

From Table 5, the greater value of GRG represents the optimal combina-
tion of machining parameters on the output performances. The last column 
of Table 5 shows that the rank assigned for all the experiments conducted 
during the EDM process. According to Table 5, it has proved that exper-
iment number 7 has a higher GRG (0.77422), which identifies the best 
combination of optimal EDM parameters on proposed AA8011-10wt.% 
TiO2 composite.
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Table 5 GRC, GRG and their rank 

Ex. No GRC (ξi (k)) GRG (γi ) Rank 

MRR SR TWR 

1 0.349106 0.333333 0.927657 0.53670 8 

2 0.391589 0.48823 0.788926 0.55625 5 

3 0.336869 0.337116 1 0.55800 4 

4 0.345503 0.36621 0.927657 0.54646 7 

5 0.404087 0.523995 0.713308 0.54713 6 

6 0.621173 0.337441 0.610846 0.52315 9 

7 0.333333 1 0.989318 0.77422 1 

8 0.550709 0.622668 0.571478 0.58162 3 

9 1 0.477065 0.333333 0.60347 2

3 Result and Discussion 

3.1 Analysis of EDM Parameters on GRG 

Figure 1 shows the effects of machining parameters such as pulse current (Ip), pulse-
on time (T on) and pulse-off time (T off) on GRG. From the plot, it is clearly revealed 
that the most significant parameters on response could be easily identified. In the 
plot, the level of machining parameters is represented in x-axis and the obtained 
mean GRG denoted in y-axis. In this graph, the red dot indicated as the optimal 
level of machining parameters. According to Fig. 1, it is clearly seen that the optimal 
experimental conditions at which maximum MRR with minimum SR and TWR 
obtained are found to be pulse current (Ip) at level 3 (15 amps), pulse-on time (T on) 
at level 1 (100 µs) and pulse-off time (T off) at level 3 (90 µs). During this condition, 
the maximum MRR with minimum SR and TWR for the set of optimum machining 
parameters are 0.02716 g/min, 1.765 µm and 0.00260 g/min, respectively.

Table 6 shows the response table for mean GRG. The ranking of machining 
parameters on the influence of machining performances is found based on the delta 
(.) value. The high delta (.) value possesses the primary dominant parameter among 
the others. According to Table 6, the prime noteworthy parameter for GRG is exerted 
by pulse current (Ip) subsequently by pulse-off time (T off) and pulse-on time (T on). 
The increase in pulse current (IP) produces the higher MRR with SR and TWR due 
to more spark between the workpiece and tool electrode thus delivers more heat 
energy on the work material. This will cause the workpiece and tool materials are 
extremely eroded and also more craters are formed on the machined surface. This 
related observation also earlier reported by Alagarsamy et al. during EDM process 
of AA7075-10wt.% TiO2 composite [21].
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Fig. 1 Effect of machining parameters on GRG

Table 6 Response table for mean of GRG 

Level Ip (amps) Ton (µs) Toff (µs) Average mean GRG 

1 0.5503 0.6191 0.5472 0.58078 

2 0.5389 0.5617 0.5687 

3 0.6531 0.5615 0.6264 

Delta 0.1142 0.0576 0.0793 

Rank 1 3 2 

3.2 Anova 

ANOVA is used to determine which machining factors have a substantial impact 
on the output performances [22]. The ANOVA separates the total volatility of the 
means into contributions from each of the machining parameters as well as the 
errors. The sum of the squared deviations from the overall mean of the response 
is used to compute the total volatility of mean [23]. In this study, ANOVA has 
been made to determine the percentage contribution of EDM parameters toward 
machining performance. The ANOVA result for GRG is depicted in Table 7 and also 
Fig. 2 reveals the percentage contribution of machining parameters on GRG while 
EDM process of AA8011-10wt.% TiO2 composite. As it can be stated that the Ip is 
the more dominant parameter on output performances with contribution of 50.89%, 
trailed by T off and T on with contribution of 21.62% and 14.19%, respectively. The 
same observations were previously noticed by Ponappa et al. during the EDM process 
of Al7075/TiC/B4C composite [24].
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Table 7 ANOVA table for GRG 

Source DF Seq SS Adj SS Adj MS F-ratio P (%) 

Ip 2 0.023734 0.023734 0.011867 3.83 50.89 

Ton 2 0.006618 0.006618 0.003309 1.07 14.19 

Toff 2 0.010084 0.010084 0.005042 1.63 21.62 

Error 2 0.006193 0.006193 0.003097 – 13.28 

Total 8 0.046629 – – – 100 

(DF—Degrees of freedom, Seq SS—Squential sum of square, Adj SS—Adjusted sum of square, 
Adj SS—Adjusted mean square) 

13.28% 

21.62% 
14.19% 

50.9%

 Pulse current (Ip)
 Pulse-on time (Ton)
 Pulse-off time (Toff)
 Error 

Fig. 2 Contribution of parameters on GRG 

3.3 Effect of the Machining Parameters on MRR 

The influence of input parameters such as pulse current (Ip), pulse-on time (T on) 
and pulse-off time (T off) on MRR while EDM of AA8011-10wt% TiO2 composite is 
shown in Fig. 3a–c. The interplay of Ip and T on on MRR is shown in Fig. 3a, where 
it is obvious that the MRR rises as Ip and T on increase. Because it produces more 
spark at the interface and so melts and evaporates the metal from the work piece, 15 
amps of Ip with 300 µs T on gives the greater MRR (0.35 g/min). The effect of Ip 
and T off on MRR is seen in Fig. 3b. The larger MRR (0.35 g/min) produced at 15 
amps Ip with 60 µs T off may be noted. Similarly, the MRR (0.25 g/min) is improved 
by a moderate Ip (10 amps) and an initial level of T off (30 µs). Furthermore, when 
T off is increased from 30 to 60 µs at 10 amps of  Ip, MRR drops to 0.05 g/min. The 
effect of T on and T off on MRR is seen in Fig. 3c. It was clearly established that the 
MRR grows with increasing T on from 100 to 300 µs at the intermediate level of
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T off (60 µs). Meanwhile, the MRR (0.05 g/min) is lower at the intermediate level of 
60 µs T off with initial level of T on.

3.4 Effect of Machining Parameters on SR 

The contour impact of EDM settings on the SR of the machined composite is shown 
in Fig. 4a–c. Figure 4 shows the interaction of Ip with T on on SR (a). The maximum 
SR (5.0 m) was achieved with the Ip of 10 amps and 30 µs of  T on, as shown in the 
diagram. We do, however, demand a minimum SR that will be attained at a higher Ip 
(15 amps) and a reasonable T on (200 µs). The influence of Ip and T off on SR is seen 
in Fig. 4b. The low SR attained at the initial level of Ip (5 amps) with 90 µs of  T off is 
noticeable. It was also discovered that when T off was increased at a modest level of 
Ip (10 amps), SR reduced linearly. Figure 4 shows the effect of T on with T off on SR 
(c). It can be seen that at 100 µs of  T on with 30 µs of  T off, there is less SR created. 
Furthermore, as T on and T off increased, SR improved dramatically.

3.5 Effect of Machining Parameters on TWR 

The interactive influence of EDM settings on TWR during machining was shown in 
Fig. 5a–c. The less TWR (0.005 g/min) obtained at the starting level of T on (100 µs) 
with the middle level of Ip (10 amps) is clearly shown in Fig. 5a. Furthermore, as Ip 
and T on rise, TWR rises as well. The impact of Ip and T off on TWR may be shown in 
Fig. 5 b. At the intermediate level of T off (60 µs), the TWR steadily increases with an 
increase in Ip from 10 to 15 amps. The lowest TWR (0.005 g/min) is reached when 
Ip (5 amps) is low and T off (90 µs) is high. Similar patterns may be seen in Fig. 5c. 
It was a clear representation of T on and T off impact on TWR. At the middle level of 
T off (60 µs), the TWR increases as T on increases from 100 to 300 µs.

3.6 Verification Test 

The final step is to verify the EDM performance improvement of AA8011-10wt.% 
TiO2 composite using optimal condition of the process parameters (Ip-3T on-1T off-3). 
In Eq. (7) has been applied to find out the predicted output response [25]. 

ηpre = ηm + 
n. 

k=1 

(ηi − ηm) (7)
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Fig. 3 Contour plot for MRR a Ip versus Ton, b Ip versus Toff and c Ton versus Toff
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Fig. 4 Contour plot for SR a Ip versus Ton, b Ip versus Toff and c Ton versus Toff
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Table 8 Results of confirmation test 

Parameter 
setting 

Optimal level MRR 
(g/min) 

SR (µm) TWR 
(g/min) 

GRG Error 
(%) 

Predicted Ip-3Ton-1Toff-3 – – – 0.73704 4.8 

Experimental Ip-3Ton-1Toff-3 0.02716 1.765 0.00260 0.77422 

Fig. 6 Probability plot for GRG 

where ηpre—predicted response, ηm—total mean response value, ηi—mean response 
value at the optimum condition and k—no. of parameters. Table 8 depicts a compar-
ison of predicted and the experimental results. It is observed that the GRG for the 
experimental and predicted values are 0.73704 and 0.77422 respectively, and it has 
ensured the very good correlation due to a minor error of 4.8% is obtained. Figure 6 
illustrates the probability graph for GRG, it is found that the errors are normally 
scattered along the straight line within limits. 

4 Conclusion 

The EDM performance of the AA8011-TiO2 composite was studied in this work, 
and the following observations were made. 

• The stir casting process was used to successfully produce the AA8011 matrix 
reinforced with 10wt.% TiO2 particles.
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• The GRA approach was used to optimize the EDM parameters with multi-response 
characteristics such as MRR, SR and TWR using a L9 (33) orthogonal array. 

• According to the main effect graph, the optimal condition for best multi-response 
was identified as 15 amps Ip, 100 µs T on and 90 µs T off (i.e., Ip-3T on-1T off-3). 

• According to the ANOVA results, the most prominent parameter was Ip, which 
contributed 50.9%, followed by T off (21.62%) and T on (14.19%). 

• The verification experiment was carried out under optimal parameter conditions, 
and the experimental response was found to be extremely near to the predicted 
response, with a tiny error of 4.8%. 
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Chapter 22 
Parametric Optimization of Dry Turning 
on Zirconia-Reinforced Magnesium 
Matrix Composites Using Taguchi-GRA 
Approach 

D. Sreekanth and R. Radha 

1 Introduction 

Magnesium is the lightest of all metals with specific features like good castability, 
machinabiility, weldability which makes it more attractive for the automotive, elec-
tronics, and aerospace sectors in many applications. However, it cannot be exten-
sively used in structural applications due to its limited strength and ductile proper-
ties. Therefore, it is alloyed with other elements such as Ca, Zn, Sn, Al, Mn, and 
rare earth elements to improve its mechanical properties. Henceforth, the ceramic 
reinforcements like Al2O3, TiO2, ZrO2, SiC, TiC, etc., have been used extensively to 
improve its ductile and strength. Magnesium matrix composites can be processed by 
various methods such as casting, powder metallurgy, and severe plastic deformation. 
Squeeze casting is a technique of utilizing pressure during solidification can improve 
the wettability and bonding at the reinforcement-matrix interface. This prevents the 
shrinkage and gas porosity and produces sound casting. Squeeze casting is an attrac-
tive method for processing Mg-based alloys/composites [1]. Mg/Mg alloys with 
hexagonally closely packed (HCP) structure exhibit good machining characteristics 
at elevated temperature rather than room temperature. The cutting energy required 
for machining Mg is much lower than for other materials. Machining MMCs is 
difficult as the ceramic reinforcements build them stronger and stiffer than the base 
matrix [2]. The decrease in cutting forces with a large clearance angle helps in the 
reduction of friction and increases tool life [3]. The feed is a significant parameter 
for minimization of surface roughness and power consumption followed by depth 
of cut and cutting speed whilst machining steel with uncoated tungsten carbide [4]. 
The minimum power consumption during turning of metal matrix composite can be

D. Sreekanth · R. Radha (B) 
School of Mechanical Engineering, Vellore Institute of Technology, Chennai 600127, India 
e-mail: radha.r@vit.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. V. Vignesh et al. (eds.), Advances in Processing of Lightweight Metal Alloys 
and Composites, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-19-7146-4_22 

399

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-7146-4_22\&domain=pdf
mailto:radha.r@vit.ac.in
https://doi.org/10.1007/978-981-19-7146-4_22


400 D. Sreekanth and R. Radha

analyzed by desirability analysis of process parameters [5]. Lower power consump-
tion and surface roughness were obtained at the lowest cutting speed and feed rate 
whilst machining of austenitic stainless steel with uncoated carbide tool [6]. The 
magnitude of cutting forces generated whilst machining hardened HSS than annealed 
HSS was high owing to the rise inflow of shear stress on the shear plane of the hard-
ened HSS [7]. The cutting forces generated during machining can be used to calculate 
the power consumption [8]. The influence of cutting velocity, feed, cutting time on 
surface roughness, power, and flank wear on turning metal matrix composites has 
been investigated by orthogonal array and ANOVA [9, 10]. Taguchi technique is a 
standard protocol for analyzing machining parameters within minimum experimental 
runs. Taguchi method is a systematic design for improving product quality with less 
cost involved [11, 12]. The drawback of this technique is that it can be used only for 
single objective optimization scenarios. Grey system theory can be used to analyze 
data which has uncertain/incomplete information [13]. Unlike Taguchi’s technique, 
grey relational analysis (GRA) can be used multi-objective optimization problems 
[14]. The combination of Taguchi techniques and GRA will simplify the process of 
optimization [15]. The surface finish of machined Al7075 MMCs is better with lower 
feed rate and higher cutting speed [16]. The turning process is one of the primary 
machining operations for shaping the component to the desired dimensions [17]. 
The research on machinability of Mg composites is gaining attention in recent times 
because of the positive effect of reinforcement on improvising its characteristics and 
very limited numbers in machinability studies on magnesium matrix composites. 
The optimization of turning parameters of Mg–ZrO2 for better removal rate with 
minimum power consumption and study of chip morphologies are not reported else-
where. The present work is to analyze dry turning of zirconia-reinforced magnesium 
matrix composite using low-cost HSS tool using a hybrid approach that combines 
Taguchi methodology and grey relational analysis (TM-GRA). 

2 Materials and Method 

2.1 Fabrication of Magnesium Matrix Composite 

Pure Mg was used as a matrix material and 2 vol% ZrO2 were chosen as the rein-
forcements to fabricate magnesium matrix composite. The composite was fabricated 
using squeeze casting technique. The monolithic pure Mg was loaded inside the 
furnace, and it was super-heated to the temperature of 800 °C. The preheated ZrO2 

particles were preheated which are added gradually in Mg matrix and stirred firmly 
at a speed of 500 rpm for 15 min so that the reinforcements will be distributed 
uniformly. Pouring temperature was maintained at 800 °C, and composite melt was 
transferred to the preheated graphite coated steel die. The squeeze casting process 
was performed by applying a uniform pressure using a 40 t hydraulic press to ensure 
defect free casting.
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2.2 Measuring Cutting Forces, Power Consumption, 
and MRR 

The experiments were carried out in accordance with machining parameters and their 
levels as shown in Table 1. The experiment runs were designed based on Taguchi L9 
orthogonal array as shown in Table 2. The magnesium matrix composite was turned 
on a lathe machine using HSS tool with the cutting conditions shown in Table 3. 
For each test run, cutting forces (Fx), thrust forces (Fy), and radial forces (Fz) are  
measured using a lathe tool dynamometer (Kistler type 9272) as shown in Fig. 1. The  
turning of specimen was performed for 20 s for each run. The cutting forces measured 
are shown in Fig. 2. The turning operations were carried out on the composites for 
the different combination of parameters. The forces were measured using Lathe tool 
dynamometer, and the performance measures such as MRR and power were obtained 
as shown in Table 4. 

Table 1 Factors and their 
levels 

Factors Level 1 Level 2 Level 3 

Spindle speed (N) 330 510 770 

Feed (f ) 0.15 0.25 0.37 

Depth of cut (d) 1 1.5 2 

Table 2 Taguchi L9 
orthogonal array 

Levels of parameters 

S. No. Spindle speed (N) Feed (f ) Depth of cut (d) 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

Table 3 Cutting conditions Cutting tool HSS 

Tool geometry 0-10-6-6-8-75-1 mm (ORS) 

Machining environment Dry 

(N) rpm 330, 510, 770 

(f ) mm/rev 0.15, 0.25, 0.37 

(d) mm 1, 1.5, 2
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Fig. 1 Lathe with tool dynamometer 

Fig. 2 Cutting forces

2.3 Optimization Using GRA 

The data sequences may have different quantities, and levels of parameters and 
the range of sequence may be scattered widely. Therefore, the raw data should be 
pre-processed. Hence, the original sequence is transferred to comparable one. The 
experimental results obtained from GRA are normalized in a range of 0–1. Then, 
data pre-processing is carried out for normalizing the inputs of the characteristics. In 
case of MRR, it should be more for better machining. When the “larger-the-better” 
is a characteristic of the original sequence, then the original sequence should be 
normalized by substituting the values of the sequence obtained from pre-processing 
of data Xi(k) Eq.  (1).
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Table 5 Sequences of each performance characteristics after data processing 

Exp. No. Fx Fy Fz MRR Power 

Reference sequence 1.0000 1.0000 1.0000 1.0000 1.0000 

1 0.8571 1 0.909090 0 1 

2 0.42857 0.56521 0.545454 0.2663 0.8138 

3 0 0 0 0.6721689 0.5526 

4 0.42857 0.78260 0.636363 0.20135 0.4419 

5 0 0.34782 0 0.63886 0 

6 0.571428 0.60869 0.454545 0.401856 0.4128 

7 0.42857 0.73913 0.727272 0.50592 0.0607 

8 1 0.913043 1 0.367577 0.4197 

9 0.28571 0.34782 0.636363 1 0.095 

xi (k) = Xi (k) − min Xi (k) 
max Xi (k) − min Xi (k) 

(1) 

Minimum cutting forces and power are desirable for better machining performance 
(smaller-the-better). The sequence obtained in pre-processor is normalized using 
Eq. (2) 

xi (k) = max Xi (k) − Xi (k) 
max Xi (k) − min Xi (k) 

(2) 

where k denotes the sequence of forces and i represents power. Deviation for the 
normalized sequences is done to reduce the deviation of result from the optimized 
one. The deviation sequence .0i(k) is calculated using Eq. (3) 

.0i (k) = |X0.(k) − Xi (k)| (3) 

The data after pre-processing is given in Table 5. 

2.4 Calculation of Grey Relational Grade from Grey 
Relational Coefficient 

The coefficient for grey relation was calculated using the sequence of pre-processing 
which reveals the relation between the actual normalized results and ideal normalized 
results. Coefficient for grey relation is given by Eq. (4) by substituting the values 
for identification coefficient (x*I(k)), reference, and deviation sequences (x0* (k), 
.0i(k).



22 Parametric Optimization of Dry Turning on Zirconia-Reinforced … 405

ξ(k) = . min +ξ.  max 

.0i (k) + ξ.  max 
(4) 

Grey relational grade is computed using the grey relational coefficient by taking 
the average of the grey relational coefficient corresponding to each performance char-
acteristics. In this approach, the multi-objective of optimizing will be transformed 
into a mono grey relational grade. The grey relational coefficient and mean of the 
grey relational grade for each level of the machining parameters are found out. 

3 Results and Discussion 

3.1 Material Removal Rate 

This section focusses on analyzing the effects of spindle speed, feed rate, and depth 
of cut on material removal rate, chip thickness ratio, and cutting power. Also the 
cutting forces generated during machining and their impact were analyzed in detail. 
Figure 3a–h shows the plots of MRR. The main effect plot shows that material 
removal rate increases as the levels of the cutting parameters are increased (Fig. 3a). 
Spindle speed seems to play a lesser role in MRR compared to feed rate Fig. 3b. 
Higher MRR is shown in green in the contour plots Fig. 3b–h. Medium depth of cut 
combined with higher feed rate is giving better MRR. Radial force and tangential 
forces got increased when there is increase in MRR (Fig. 3e–h). The radial force 
dominates significantly than the other forces when the MRR is high. Cutting forces 
are predominantly influenced by depth of cut.

3.2 Cutting Forces 

Cutting forces generated with respect to feed rate, depth of cut, and spindle speed 
are shown in Fig. 4(a–i). Increase in spindle speed seems to raise the tangential force 
and feed force, and then, there is sudden drop when it reaches higher rpm (Fig. 4a, b, 
g). This may be attributed due to thermal softening of workpiece. There is significant 
reduction in feed force when spindle speed is increased. The density of dislocation 
at the matrix-reinforcement interface plays a vibrant role on decrement in the cutting 
forces whilst machining the composite. When the cutting tool passes through these 
dislocations, there will be less effort needed which in turn reduces the magnitude of 
cutting forces. The increase in radial force can be observed at higher feed rate. Feed 
force never reached its maximum at higher feed rate and depth of cut but the other 
two forces reached the peak (Fig. 4c–f). Even though feed force did not reach its 
maximum, there are instances in which feed force is little higher than the other two 
forces.
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Fig. 3 MRR versus Fx , Fy, and Fz
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Fig. 4 Effect of turning parameters on cutting forces
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3.3 MRR Versus Power, Cutting Forces 

The main effects plots of MRR and power (Figs. 4a, 5a) and the contour plots (Fig. 5b, 
c) give a unique insight about the contribution of spindle speed, feed rate, and depth of 
cut. Feed rate has higher influence in MRR but less influence in power consumption. 
Spindle speed is the major power consuming factor. Feed force consumes huge 
power (Fig. 5d, e). Strategies to reduce feed force can significantly reduce power 
required for cutting. The better chip thickness ratio was obtained with lower spindle 
speed and higher depth of cut (Fig. 6a). Lower MRR and higher cutting power 
corresponds to better chip thickness ratio (Fig. 6b). Minimal spindle speeds and 
higher feed rates and lower depth of cuts are favourable for better chip thickness 
ratio (Fig. 6c–d). The contour plots of power are shown in Fig. 4b–5h. Increase in 
spindle speed increases power, however, the increase in feed rate and depth of cut 
contributes to MRR (Fig. 6f–h). With the increase in feed rate, the section of sheared 
chips is increasing, and consequentially, the removal of material requires more effort 
which in turn raises the cutting force requirement. At higher speed of machining, the 
temperature in the cutting zone causes plasticity of the metal which in turn reduces 
the efforts necessary for machining with less power requirement.

3.4 Chip Analysis 

The type of chip formations is determined by the joined effects of tool geometry, 
work material, speed, feed, depth of cut, and uncut chip thickness. Discontinuous chip 
formation was noted at lower speed due to the increase in tool-chip contact length. 
Serrated chip at higher feed rate was observed owing to the deformation and shear 
slip phenomenon occurred in the primary deformation zone. Whilst cutting metals 
generally shorter and thick chip flow can be observed due to plastic deformation 
before the cutting action. This deviation in dimension can be quantified by thickness 
ratio which is the ratio of the thickness of chip before and after cutting. Chip thickness 
ratio varies with respect to many pentameters like cutting speed, feed, and depth of 
cut, type of material/cutting fluid and the geometry of the cutting tool. Higher chip 
thickness ratio indicates good cutting action. The corresponding plots are shown in 
Fig. 6 (green indicates favourable higher values of chip thickness ratio). The ductility 
of magnesium matrix increases when machining at high cutting speeds facilitates the 
reinforcement transport in Mg matrix. Hence, particles are aligned on the direction of 
shear zone results in the serrated discontinuous chips. The increase in cutting speed 
promotes the crack propagation results in reduction of chip length and finally broken 
in to smaller segments. The distribution of reinforcement particles with in the matrix 
influences the crack propagation along the shear zone. The de-bonding of particles 
creates voids propagates micro-cracks would be the reason for the formation of 
serrated chips. The higher cutting temperature at high cutting speed and low thermal
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Fig. 5 Cutting power analysis
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Fig. 6 Chip thickness ratio plots

conductivity of MMC led to high strain at shear zone yields serrated discontinuous 
chips. 

3.5 Grey Relational Analysis 

For “larger-the-better” MRR, the original sequence can be normalized by Eq. (1), 
where Xi(k) and x(k) are the sequence after the data pre-processing and comparability 
sequence, respectively, k = 1 for MRR; i = 1, 2, 3…, 9 for experiment numbers 
1–9. Similarly for forces and power consumption should be minimum for optimal 
cutting performance, thus the “smaller-the-better” quality characteristic has been 
used. When “smaller-the-better” is a characteristic of the original sequence, then it 
should be normalized by Eq. (2), where Xi(k) and x(k)i are the sequence after the 
data pre-processing and comparability sequence, respectively, k = 2 and 3 for forces 
and power; i = 1, 2, 3…, 9 for experiment numbers 1–9. So the calculations are done, 
and all the sequences after data pre-processing using Eqs. 1 and 2 are presented in 
Table 5. The deviation sequences are calculated by Eq. 3 as shown in Table 6. After  
data pre-processing is carried out, a grey relational coefficient can be calculated with 
the pre-processed sequence by Eq. 4, where .0i(k) is the deviation sequence of the 
reference sequence x0*(k), and the comparability sequence is x*I(k), distinguishing
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Table 6 Deviation sequences Mg–ZrO2 

Deviation sequences/Exp No. .0i(1) .0i(2) .0i(3) .0i(4) .0i(5) 

1 0 0 0 1 0 

2 0.5 0.375 0.3847 0.7304 0.192 

3 1 1 1 0.32039 0.4822 

4 0.5 0.20054 0.1539 0.7972 0.4659 

5 0.666 0.333 0.3847 0.35663949 0.5839 

6 0.1666 0.375 0.3077 0.596559 0.4709 

7 0.666 0.29167 0.23077 0.4928762 1 

8 0 0.16666 0 0.6329389 0.6853 

9 0.833 0.8333 0.23077 0 0.8556

or identification coefficient. If all the parameters are given equal preference, it is 
taken as 0.5. The grey relational coefficient for each experiment of the L9 OA can be 
calculated using Eq. 4, and the same is presented in Table 8. The higher grey relational 
grade represents that the corresponding experimental result is closer to the ideally 
normalized value. After obtaining the grey relational coefficient, the grey relational 
grade is computed by averaging the grey relational coefficient corresponding to each 
performance characteristic. Since the experimental design is orthogonal, it is then 
possible to separate out the effect of each machining parameter on the grey relational 
grade at different levels. For example, the mean of the grey relational grade for the 
pulse-on time at levels 1, 2, and 3 can be calculated by averaging the grey relational 
grade for the experiments 1–3, 4–6, and 7–9, respectively, as shown in Table 7. 
The mean of the grey relational grade for each level of the machining parameters is 
summarized and shown in Table 8. The larger the grey relation grade is, the closer will 
be the product quality to the ideal value. Thus, larger grey relational grade is desired 
for optimum performance. Therefore, the optimal parameters setting for better MRR 
and lesser forces and power consumption are (A3B1C1). 

4 Conclusion 

The experimental investigations on turning of Mg–ZrO2 composites were studied 
using HSS tool under dry cutting conditions by varying machining parameters, based 
on that the following conclusions are drawn: The feed rate is found to be more signif-
icant than spindle speed for better MRR. The depth of cut has notable influence in 
generation of cutting forces than feed rate and spindle speed. The increase in tangen-
tial force and feed forces is caused by increase in spindle speed, thereby increases the 
power consumption. The optimal machining parameters have been determined by the 
grey relational grade for multi-objectives like better MRR, lesser power consumption,
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Table 7 Grey relational coefficient and grey relational grade (Mg–ZrO2) 

Exp. No. Grey relational coefficient Grey relational grade 
.i = (1/5)(ξi(1) + ξi(2) + ξi(3) + 
ξi(4) + ξi(5)) 

Rank 

Fx 
ξi(1) 

Fy 
ξi(2) 

Fz 
ξi(3) 

MRR 
ξi(4) 

Power 
ξi(5) 

1 0.7777 1 0.8461 0.3333 1 0.79142 1 

2 0.4666 0.5348 0.5238 0.4052 0.7286 0.5318 7 

3 0.3333 0.3333 0.3333 0.6039 0.5274 0.4214 9 

4 0.4666 0.6969 0.5789 0.3850 0.4725 0.5198 3 

5 0.3333 0.4339 0.3333 0.5806 0.3333 0.4040 8 

6 0.5384 0.5609 0.4782 0.4553 0.4598 0.4985 4 

7 0.4666 0.6571 0.6470 0.5029 0.3474 0.5242 6 

8 1 0.8518 1 0.4415 0.4628 0.7512 2 

9 0.4117 0.4339 0.5791 1 0.3552 0.555 5 

Table 8 Response table for the grey relational grade (Mg–ZrO2) 

Symbol Machining parameters Grey relational grade Main effect (Max–Min) Rank 

Level 1 Level 2 Level 3 

A N 0.5815 0.4741 0.6101 0.1731 2 

B f 0.6118 0.5623 0.4916 0.10258 3 

C d 0.6472 0.5286 0.4498 0.1974 1

and it was found that the optimal values are larger value of spindle speed (770 rpm), 
lower depth of cut (1 mm), and lower feed rate (0.15 mm/rev). 
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Current Trends in Additive Manufacturing 
of Materials



Chapter 23 
Light Metals and Composites in Additive 
Manufacturing 

A. T. Erturk 

1 Introduction 

Additive manufacturing (AM) or 3D printing is a manufacturing process to obtain 
parts from a CAD design. It was the late 1980s when AM entered the industry 
under the name of rapid prototyping. In the process of technological develop-
ment for AM, many other names were put forward and adopted by developers and 
users [15]. To avoid the complexity of naming production methods, the American 
Society of Mechanical Engineers (ASME) and the American Society for Testing and 
Materials (ASTM) adopted “Additive Manufacturing” nomenclature as the standard 
terminology in 2009 [17]. 

AM process steps start with the data set which is obtained by virtual CAD design 
or imaging a part model. Thus, the computer software takes the information of each 
layer contour. Any geometry can be produced with AM. Each layer is built with equal 
thickness according to the contour information. The quality of a product increases 
with getting thinner layer. As a negative result, the production time increases. AM 
parts show stair-stepping formation because of the layer-based process. Next layer 
bonds with the previous one [14, 22]. 

Today many types of AM machines are available and they work on the same 
process route. Different layer generation methods are used in AM. Figure 1 shows 
the standard categorization for all AM processes. Generation of a layer can be done 
using light metals is generally powder forms. Existing AM machines consist of 
an energy source that provides melting and sintering effects. An additional system 
component that provides coordinate control for contouring. Laser is the most used 
energy source of AM processes for light metals. Laser melting provides metal part 
processing. Although it is also a sintering process, laser sintering designation is used

A. T. Erturk (B) 
Department of Mechanical Engineering, Kocaeli University, 41001 Izmit, Turkey 
e-mail: tamer.erturk@kocaeli.edu.tr 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. V. Vignesh et al. (eds.), Advances in Processing of Lightweight Metal Alloys 
and Composites, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-19-7146-4_23 

417

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-7146-4_23\&domain=pdf
mailto:tamer.erturk@kocaeli.edu.tr
https://doi.org/10.1007/978-981-19-7146-4_23


418 A. T. Erturk

Fig. 1 AM process classifications based on ISO/ASTM 52900 standard 

for plastic materials building machines. Identical machine designs can be used for 
processing plastics and metals. The main subsystems of an AM machine are a build 
chamber, a moving platform, and a laser source. The laser source selectively melts 
the raw materials and generates dense (>99%) sectors. AM machines can operate 
with a broad range of types of ferrous and non-ferrous metals [3, 15, 23]. 

2 Applications of Light Metals and Composites in AM 

Design engineers create a part using professional design software and get STL file 
format data set in most industrial productions. Then after the proper raw material 
is selected according to the ability of the AM machine and product needs. Before 
building part, process parameters are determined and set with software by the operator 
of AM machine. When the process and cooling-down stage finish, the final part is 
taken from the machine, and sandblasting is applied as post-processing. Machining 
operations such as drilling, threading, or surface treatments such as coating, and 
polishing are also optional finishing operations. Figure 2 shows a typical workflow 
of part production through AM route [27, 28, 31]. 

Fig. 2 A typical workflow of part production through AM route
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Industrial applications of AM have become widespread and diversified rapidly 
today. Innovative parts produced by the actors of the automotive, aerospace, medical 
implants, consumer goods, art, and toy industries accelerate the spread of AM 
technology and provide different perspectives [2]. 

Lightweight metal alloys and composites have been in use with AM. Attempts 
to obtain AM products with more advanced properties for different types of such 
materials are ongoing. Light metals such as Al and Mg are difficult to process with 
AM technology due to their high reflectivity and high thermal conductivity features. 
Especially Mg is highly reactive, so it is crucial to avoid free oxygen in the AM 
process [2]. 

Titanium-based Ti6Al4V is an alloy frequently used in AM production. It is 
preferable in the biomedical and aerospace industries for its corrosion resistance, 
deformation ability, and suitability of specific strength properties. The product prop-
erties of this alloy are affected by the thermal conditions during the AM process. 
The microstructure of Ti6Al4V consists of primary and secondary α grains and β 
phases. Increasing α phase composition also increases the elastic behavior. There-
fore, both phase composition and mechanical properties change due to the thermal 
effect of phase structures in the AM process. Due to the rapid thermal cycle heating 
and cooling, especially in the PBF and DED process, needle-shaped marten-site α'
phases can also form. Needle-shaped martensite α' increases strength and decreases 
ductility. In the EBM process, where comparatively lower cooling rates confront, a 
microstructure occurs in the mixture of α and β phases. A microstructure is a mixture 
of α and β phases that reduces the strength while increasing ductility. In general, 
the mechanical properties of the AM product exhibit low ductility compared to the 
Ti6Al4V material wrought condition. β-stabilizers such as Nb, Ta, Zr, and Mo are 
added to the Ti6Al4V alloy composition to improve biocompatibility al-so reduce 
the elastic modulus. Achieving the balance between strength and ductility according 
to the expected mechanical properties of the final product is possible with heat treat-
ment applied at a temperature above the β transformation temperature after AM 
[8]. 

Although many aluminum alloy compositions are in industrial use, there are a 
limited number of aluminum alloys suitable for AM technology. It is hard to manu-
facture AM parts with Al alloys due to their high reflectivity, especially in processes 
with laser melting. On the other hand, Al alloys are prone to high-speed parts produc-
tion in AM technology thanks to their high thermal conductivity. Accompanying 
elements of an Al alloy such as Sn and Zn with low melting temperatures also cause 
pore defects due to unbalanced phase changes in the melt pool. Some other accompa-
nying elements like Li and Mg remove from the composition in the AM process, just 
like in the casting process. Therefore, it is complex to remain in the desired percentage 
composition ratios in the product. Since AM parts produced with Al alloys have fine 
microstructure, they have higher mechanical properties than wrought conditioning. 
The most frequently preferred aluminum alloys in SLM processes are eutectic. After 
AM production of eutectic Al–Si alloy contains primary Al, primary silicon, and 
eutectic phases. The phases are coaxial and columnar. Al–Cu alloys come to the fore 
in the directed-energy deposition method.
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Another light metal is Mg. General usage of Mg alloys is biodegradable part 
production in AM process. This type of implant is discarded by decomposing over 
time with the recovery period in the body. If necessary, Sr, Y, and Zr adding elements 
give a slowing down role of the biodegradability feature in Mg-based alloy compo-
sitions. These alloys are the material for intravascular and extravascular stents and 
orthopedic implants. Porous or lattice structures are at the forefront in the design of 
compatibility with biodegradability. Mg-based alloys are difficult to process in the 
AM because Mg is a highly flammable light metal. 

3 Powder Bed-Based Technologies for AM Processing 
of Light Metals and Composites 

The layer-based process supports obtaining complex geometries with customizable 
internal structures. The resulting geometry cannot thereby be realized using conven-
tional manufacturing techniques. Figure 3 shows a complex production sample 
overview with scanning electron microscopy and energy-dispersive X-ray spec-
troscopy (EDS) analysis. Different PBF methods have their respective advantages 
and disadvantages. The criteria by which a method should be evaluated are raw 
material availability, construction volume, geometric completeness of the resulting 
product, product manufacturing time, pretreatment, and post-treatment requirements 
[7, 29]. 

Fig. 3 An example of DMLS production: double pyramid lattice with the lateral structure of 
AlSi10Mg material a overview, b EDS analysis, c SEM micrograph
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SLM and EBM are based on powder bed fusion (PBF). Selective laser melting 
(SLM), electron beam melting (EBM), and directed energy deposition (DED) 
processes are used for the fabrication of light metals and their composites. These 
methods produce with raw materials in powder form. The energy source (laser or 
electron beam) and its effect on the metal powder (sintering or melting) are different 
for SLM and EBM methods. SLM provides complex geometric and structural char-
acters. A high-power laser is the energy source of SLM in which metal powder melts 
and fuses. Due to the complexity of the part designs and the high thermal energy 
provided by the laser, the thermal stress problem arises, a simple precaution applied 
to prevent this problem is to preheat the powder bed up to 250 °C under an inert 
atmosphere. The powder sizes used as raw materials are generally 10–60 μm in size. 
The 3D CAD data that gives the part contour is divided by the slice thickness in a 
range of 20–100 μm [10, 22]. 

The energy source of the EBM is the electron beam. The process is carried out 
under a high vacuum. The powder size as in raw material used in EBM is larger than 
SLM and is in the range of 60–105 μm. Hence, EBM parts are rougher due to the 
larger powder size. To avoid thermal distortions, the inside of the building chamber is 
at a temperature of 700 °C. Therefore, metals with a low melting temperature cannot 
be processed with the EBM method. The divergence brings about the microstructure 
and strength differences between the parts produced with SLM and EBM [5]. 

Unlike these methods, raw material is added to the melt pool from a nozzle in the 
DED method. DED technique processes powder and wire from metals as raw mate-
rials with a more concentrated energy source. It is also possible to obtain composite 
structure products by transferring powder and wire with different content from the 
multi-feeding point to the processing area. Thanks to its high energy source and 
multiple feeding possibilities, it provides the advantage of large-size part production 
with a high deposition rate. In addition, the DED technique can be used for repair and 
coating. However, it is not conducive to precise dimensional accuracy and complex 
geometric designs. 

4 Wire-Arc Welding-Based Technologies for AM 
Processing of Light Metals and Composites 

The WAAM manufacturing process allows for complex designs. It stands out for 
the industrial production of aluminum, titanium, and other light metal alloys with 
low production costs thanks to its high deposition capability. WAAM is a production 
method that continues to work on material applicability, microstructural formation, 
and damage prevention in both industrial and academic fields. Among light metal 
alloys, many aluminum alloys (2024, 2219, 2319, 4043, 5087, 5183) and titanium 
alloys (Ti–6Al–4V) are applicable. This production method includes arc formation, 
wire feeding, and deposition of molten liquid metal onto the previous layer, the whole 
process takes place under shielding gas. The processing steps continue until the part
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Fig. 4 Schematic representation of the WAAM process 

geometry is complete. The geometric accuracy of the product depends on the layer 
thickness, electrode-wire distance, wire feeding speed, and wire angle parameters. 
Using a low wire-feed angle causes improvement with smoothing of the deposition 
surface. The current and cycle time of the TIG process used in melting affect the 
strength and hardness of the product. Figure 4 shows a schematic representation of the 
WAAM process. Differences in solidification also cause changes in microstructure. 
The rapid arc progression provides smooth layers with fine grain. The cold working 
at the interlayer removes micropores in the structure. Hence, inter-layer rolling and 
post and post-deposition heat-treatment increase the mechanical strength of the part. 
However, in post-deposition heat-treated, the pores will enlarge if hydro-gen diffu-
sion is not avoided. The precipitations in the inner/inter layers also increase the 
strength of aluminum-based wire + arc additive manufactured (WAAM) products. 
The microstructure of aluminum alloys consists of coarse columnar grains between 
layers. Besides, equiaxed and finner grains form in the inner layer regions [15]. 

5 Input Material Properties for AM Processes of Light 
Metals and Composites 

In AM processes, raw materials generally are used in powder form. The physical prop-
erty of raw material affects to mechanical properties of the final product. The ability of 
products produced by AM processes to achieve the predicted properties reproducibly 
is also related to the raw material properties. The reusing of raw material not processed 
in the production area has been examined for this purpose. Therefore, the quantitative 
properties of recycled raw materials should be kept under control. The main factors 
that have been used to control powder material properties are chemical composition, 
powder morphology, powder density, and powder fluidity. Although there are many
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different metal powder production methods, the most preferred method is atomiza-
tion. Each of the particular powder production techniques provides powder products 
with various characters, sizes, and shapes. Therefore, the production technique of 
the powder used as a raw material reflects in the AM part properties. Metal powder 
atomization techniques in AM part production are gas and plasma rotating elec-
trode atomization. Because the powder products obtained by water atomization are 
irregular in shape, coarse, rough, and contain a high amount of oxide. Since gas 
and plasma atomization occur under a controlled vacuum and inert gas atmosphere, 
these techniques are more suitable for powder production of reactive Al and Mg light 
metals. The metal powders obtained are more homogeneous, low in oxide, and have 
a smooth surface. Metal powders produced by the gas atomization method are not 
the primary choice to obtain AM raw materials. They can contain gas pores trapped 
inside. Plasma atomization results in smaller grain, more spherical, and smoother than 
gas atomization. In recent years, new metal powder production techniques have been 
developed a suitable for the widespread use of AM productions. The main methods 
used to characterize the shape and surface structure of the particles are sieve analysis, 
laser diffraction measurement, SEM, and micro-CT analysis [10, 14, 25]. 

The particle size distribution (PSD) of a powder is a mathematical function that 
gives information about the volume fraction of different particle sizes. Hall flow rate 
testing determines density and powder fluidity. The more spherical the metal powders 
provide a higher strength properties of AM parts. The other metal powder particle 
shapes like rounded, angular, and cylindrical form result in poor strength. However, 
in AM production processes, due to the repeated use cycle of the metal powder raw 
material, some particles change shape by exposure to high energy. Unused powders 
participate in the production process as a raw material with the preferred powder size 
by sieving at the recycling. Chemical and physical property changes are inevitable 
in the powder particles adjacent to the contours of the part being produced. For this 
reason producing high-quality AM parts, the particles that have lost their desired 
properties in metal powder recovery must be removed from the system. The produc-
tion technique of metal particles also affects their flowability. The fine-grained metal 
powder shows higher flowability. Since the production methods used to obtain smooth 
and fine metal powder are more expensive, it also increases the raw material prices 
used for AM. 

The flowability of a powder is characterized by a Hall flowmeter. Gas pores in 
metal powder particles affect the properties of AM products. The volumetric and 
weight analysis of the metal powder feedstock, which is in the micrometer range, is 
most effective by determining the mass of the powder in a known volume. Pycnometer 
density measurements are required to control the product differences and the struc-
tural changes of the recycled powders. The helium pycnometer method is often 
used to determine metal powder density. This measurement provides information on 
internal voids within feedstock powder. In the pycnometer method, helium at a certain 
pressure and temperature flows from the chamber where the metal powder sample is 
located, replacing the air present in this chamber. Thus, the volume of helium filling 
the chamber is calculated using the ideal gas law. The volume of metal powder can be 
easily found by subtracting the calculated volume of helium gas placed in the spaces
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in the chamber from the total chamber volume. In this method, possible internal 
voids of metal powder particles are neglected. Density measurement is carried out to 
control the amount of shrinkage after production due to the porosity of metal powders. 
The pycnometer method is also used for composition control of composite powder 
blends. A metal composite part is obtained from different powder blend composi-
tions by in-situ alloying in AM processes. The production of metal composites in 
AM processes provides new possibilities for design and strength [10, 14, 15]. 

6 The Processing Parameters of AM Technologies 

The production of an AM part with the desired properties necessarily depends on 
the optimum process parameters. Many process parameters depend on the process 
type of AM and the control capabilities of a production machine. The main param-
eters affecting the product quality are the power of the source, laser or beam diam-
eter, spacing, scanning speed, scan route, and preheating temperature. Achieving 
desired quality requirements and consistency between manufactured AM parts is only 
possible with appropriate parametric control. There are many studies on optimiza-
tion studies with process parameter control in specific part productions. This knowl-
edge continues to increase. It should be noted that these researches are both design 
and machine specific. Current research findings guide manufacturers in producing 
high-quality parts [6, 7, 10]. 

7 Quality Assessment of AM Parts 

It is possible to produce AM parts with higher mechanical properties, microstruc-
tural formations, and dimensional stability than conventional production techniques 
with the usage of high-quality raw materials and the correct setting of production 
parameters. Similar to the success criterion of the production method with powder 
metallurgy technique, in the production success of AM parts is the level of access to 
the theoretical density, identical criteria. A value of 99.5% or more of the theoret-
ical density value must be reached for a manufactured AM part to be successfully 
attributed. It is understood that the parts have defects resulting in lower density 
ratios. As an example that could cause this, gas entrapment in a produced part due 
to rapid cooling is a common problem in AM. Internal pores encountered due to gas 
entrapment can generally occupy 1 vol% and are in the range of 10–50 μm in diam-
eter. Mechanical properties, especially fatigue strength, are weakened by trapped gas 
pores. The presence of micropores in the structure is related to the level of energy 
in the AM process. In AM production, if the energy level is fewer or more than 
necessary, the rate of gas pores trapped in the structure will increase [14] (Fig. 5).

The dimensional accuracy of a part is also one of the key indicators of product 
quality, which depends on processing parameters and raw material properties. Also,
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Fig. 5 Main parameters influencing AM part quality

processing apart with a different AM process type will have different geometric 
accuracy values. Namely, PBF processes enable the production of parts with higher 
geometric accuracy than the DED process. The dimensional accuracy of a part is one 
of the primary indicators of product quality, and quality also depends on machining 
parameters and raw material properties. A geometric accuracy value can be expressed 
by statistically evaluating different measurements on a part. Geometric accuracy is 
very important, especially in metal foams, lattice structures, and parts in designs with 
internal channel space20. 

Raw material storage conditions are essential for a high-quality AM part. The 
storage environment preserves at appropriate humidity and temperature values, and 
the atmosphere should be provided, such as protective Ar gas, in the boxing used. 
In addition, if adequate protection from oxidation fails to provide in the building 
environment during the AM process, the mechanical properties decrease in most 
cases. The high energy and temperature conditions applied in the AM process may 
disrupt the elemental composition in production and cause oxidation [14]. 

Different AM technologies result in different surface properties. Surface rough-
ness is another materialization of part quality. Poor quality due to surface roughness 
stems from reused defective metal powders, incorrect choice of process parameter 
variable level (particularly scanning speed level), and insufficient or over-melted 
powders on counter lines. Various surface roughness measurement methods are 
available. There are differences between these methods in terms of ease of use, 
obtaining quantitative information, three-dimensional (3D) topography data, lateral 
and vertical resolution capability, and cost. The choice among these methods is 
related to the roughness of information desired to be achieved by the measurement.
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In-process roughness measurement is mainly based on reflection principles. There 
are the stylus profilometer, digital optical profilometer, and AFM methods to obtain 
detailed measurement data. A customer ordering AM Parts also states quality require-
ments in the technical specification [18]. This is expressed as the average roughness 
value for the parts. The best surface quality AM part production is generally produced 
with SLM, while the fabrication with EBM and DED gives slightly lower surface 
quality. Because SLM uses finner metal powder (<20 μm) feedstock and its layer is 
thinner (30 μm) than the others. After AM production, one of the post-production 
processes such as shot peening, grinding, and polishing is applied to further improve 
the surface quality of the part [19]. 

Microstructural characterizations of AM parts are the same as metal-based parts 
produced by conventional methods. It includes OM, SEM, and TEM microscopy 
examinations after standard metallographic preparation and appropriate chemical 
etching. Unlike metal parts produced by conventional methods, AM parts provide fine 
grain structure. Because in AM processes, the melting and solidification time of the 
metal is generally quite fast. Factors such as pre-heating applied to the raw material 
and built table in the thermal cycle in production, energy power density in the melting 
stage, and the coolant flow rate in the cooling stage affect the maximum/minimum and 
time variables of the thermal cycle. The cooling rate differences due to these variables 
will affect the microstructure formation. In general, AM parts with fine grain struc-
ture are obtained with low melting energy and high feeding speed, while the oppo-
site levels of these parameters lead to coarse columnar grain structure. Depending 
on the chemical composition of the alloy, the solidification mechanisms also differ. 
Different solidification mechanisms affect the microstructural character. Heteroge-
neous nucleation of partially melted grains causes coaxial grains formations. Besides, 
solidification mechanisms can induce a growing epitaxial layer. Rapid solidification 
also enables the formation of a metastable phase with highly elastic properties. There-
fore, the different solidification mechanisms can vary between layers due to different 
cooling rates in an entire AM part. This situation may result in the formation of a 
graded microstructure. Microstructural anisotropy occurs in grain growth because of 
the directional heat flow inherent in the layer-by-layer progress of part production in 
the AM process [15]. 

8 AM Part Design of Light Metals and Composites 

AM technology has removed conventional engineering design limits and eliminated 
stereotypical geometric criteria in terms of mechanical properties. Thus, industrial 
product designers have come to make bespoke designs for exclusive purposes. Some 
researchers state that design complexity for AM processes will not result in an addi-
tional fee increase. However, the main factors that determine the cost of AM parts 
are the amount of raw material and the measure of processing time. So only if 
design complexity requires less raw material and time of the process. There will 
be a cost reduction. It is a well-known fact that the cost per piece decreases with
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the increase in batch size in conventional production. But in AM production, the 
bach-size-indifference phenomenon comes to the fore [32]. Batch-size independency 
provides a notable advantage in the production of implants and surgical instruments 
suitable for the individual characteristics and needs of the patient in the production 
of biomaterials. Engineers use AM technology to design and manufacture metama-
terials. The micro-scale structural design of metamaterial provides access to inno-
vative mechanical, electrical, magnetic, thermal, corrosion, or optical properties to 
achieve the expected macro properties and functionalities of engineering structures 
[21]. The topology optimization (TO) approach serves for optimum material distri-
bution in the part design space. TO evaluates design performance with gradient-
based or non-gradient-based mathematical algorithms. TO is also possible to use in 
a conventional production method, but the complex geometry will increase the cost 
of production. TO approach is the primary mathematical tool in part design, as AM 
technology is cost-effective for producing complex part geometry [24]. However, if 
there are long protrusions in a part design, it is necessary to use additional support 
struts in the structure for error-free production. Algorithms generally used in TO 
are optimality criterion, genetic algorithms, particle swarm optimization, simulation 
annealing, Nelder–Mead simplex, and moving asymptotes. TO is indicative in deter-
mining microstructure and mechanical properties in terms of suitability for manu-
facturing with AM and product performance [9]. Metal foams have been included 
in industrial designs for the last few decades in terms of their functions [12]. Metal 
foams have two basic cell structures, open and closed [13]. Production processes 
with the PBF method are not suitable for the production of closed-cell metal foam 
because of the dust particles that remain unprocessed in the cell. AM is currently 
the undisputed leading production method in a homogeneous lattice structure and 
functionally graded parts with open-cell metal foams [10]. Such configuration struc-
tures are particularly suitable for a component that provides increased efficiency in 
engineering systems with flow control (for example, in a fuel cell system) and an 
implant that provides increased fixation and integration [11]. 

9 Post-Processing of AM Parts from Light Metals 
and Composites 

After the AM process, various post-processing methods are applied to metal parts to 
eliminate the deteriorating effects caused by production and to gain different prop-
erties required for use. Microporosity and lack of fusion are the principal defects in 
products with AM processes. In particular, sudden heating and cooling cycle also 
causes residual thermal stresses in SLM and DED processes. Residual thermal stress 
is existing stress in the structure without any external force acting on a part. Residual 
stresses are resulting from the very high heating and cooling rates in AM process 
and unstable thermal gradients in the part design. The effect level of these causes 
determines the magnitude of the residual stress in the size part. Distortion of the
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part by residual stresses causes geometric mismatches such as out-of-size trouble in 
construction or the balance problem of a cylindrical component. Moreover, residual 
stresses change mechanical properties and affect tensile strength and fatigue life. The 
process parameters and properties of the alloy composition that affect the heating 
and cooling stages in AM processes also affect the residual stress. Therefore, process 
parameters such as melting source power, scanning strategy, and protrusions of a part 
are the leading factors in the formation of residual stress. Also, the properties of the 
alloy composition that affect residual stresses are modulus of elasticity, yield stress, 
thermal conductivity, and thermal expansion. The most frequently applied consider-
ations in AM processes to avoid residual stresses are parametric optimization, pre-
heating build table, and part-specific scanning strategy. Because of the preheating 
of the build table in the EBM process, this method is suitable for production with 
inherently lower residual stress. In addition, support struts for protruding parts are 
also a precaution against distortion [25]. 

Another AM post-process method is a heat treatment, in which the microstructural 
design is made by adjusting the grain size and precipitates. Stress relaxation occurs 
with heat treatment, and residual stresses are either reduced or completely removed. 
The annealing process has become almost standard for SLM and DED parts where 
post-production residual stresses are intense [15]. 

Hot isostatic pressing (HIP) is another post-processing method for AM parts. The 
HIP is preferred for removing micropore-type defects in AM parts due to its high 
temperature and high-pressure effect. It is also applied for configuring microstruc-
tural properties under the influence of high temperature and pressure. This also 
improves the fatigue and mechanical properties of the part. HIP process parameters 
are determined according to the part material and dimensions to be applied [25]. 

There are also post-processings to improve the surface properties of the parts 
removed from the AM machine after production. These post-processes are coating, 
mechanical polishing, and chemical etching. Apart from visuality, smoothness is at 
the forefront in parts where fatigue life is critical. The AM method used in production 
defines the surface treatment process. It is possible to achieve a smooth part when 
fine metal powders of 15–30 μm work in the SLM process. Therefore, these parts 
may not require a post-processing surface treatment. However, parts produced by 
the EBM and DED methods are characteristically rough. A thin coating layer on 
surfaces improves the wear and corrosion properties of AM parts. There is also a 
surface coating to improve the biocompatibility of the implants and speed up the 
healing process [15]. 

10 Mechanical Properties of AM Parts from Light Metals 
and Composites 

In the determination of mechanical properties of AM parts, tensile and compression 
tests are primarily applied, just like conventional metal parts. Mechanical properties
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of AM parts show anisotropy due to building direction. In general, metal AM parts 
have a poor tensile strength in the direction perpendicular to the build plate. There-
fore, AM part design and manufacture must be considered the direction of force 
under operating conditions. In addition to these tests, hardness, creep, and fracture 
toughness are other main characterization methods [23, 30]. 

Elemental composition and microstructure are the determinants of the mechan-
ical properties of AM parts. Therefore, raw material properties and process variables 
influence these two determinants. They are the control course for target mechan-
ical properties. It is possible to exceed the mechanical properties of conventionally 
manufactured parts with precise control over the determinants. Possible defects due 
to sudden thermal cycling (heating/cooling) in AM processes will adversely affect 
the mechanical properties. Achieving high mechanical properties is quite delicate 
because of light metal activeness and contaminants like oxygen, nitrogen, and mois-
ture in AM processes. Each type of AM process results in parts with specific defects, 
microstructure, residual stress, and mechanical properties. While the EBM method 
builts high-ductility Ti6Al4V materials, other methods cannot. Table 1 gives compar-
ative mechanical properties data of conventional and AM manufacturing Ti6Al4V 
alloy parts [14, 15]. 

Since ancient times, human beings have encountered the porous structures of some 
animals and plants such as bone, wood, and fruit cocoon in nature. However, engi-
neers have used metal foam and lattice designs in a technical sense for a few decades. 
It takes advantage of the mechanical properties of porous structures, especially in 
the design of parts, as in nature. Cellular structures serve in the main fields such as 
aerospace, biomaterials under tensile, compression, and torsional stress conditions [5, 
20]. Porous materials exhibit three typical behavior zones under compression condi-
tions. These are the linear elastic region, plateau region, and densification region. It 
may be possible to achieve the mechanical properties expected from porous mate-
rials thanks to different unit cell geometries with the advantages of AM technology in 
design and production. The mechanical behavior of lattice structures is either stress 
dominated or bending dominated. The damage mechanisms that occur under over-
loading conditions are different between these structural categories. While damage

Table 1 Mechanical properties of Ti6Al4V alloy parts fabricated with various AM processes [16] 

AM process Mechanical properties 

Elastic modulus 
(Gpa) 

Tensile yield stress 
(MPa) 

Tensile strength 
(MPa) 

Ductility (%) 

DED (CO2 laser) – 1070 1150 5 

PBF(SMYb:YAG) 110 1110 1270 7 

DMLS – 1180 1220 7 

LENS – 1120 1170 8 

Commercial 
(conventional) 

106 950 1050 15 
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occurs between layers in an AM part with a stress-dominated building, shear band 
damage arises in an AM part with a bending-dominated framework [15, 26]. 

11 Fatigue Behavior of AM Parts from Light Metals 
and Composites 

Today AM technology can produce many system elements that can operate under 
repetitive load cycles. The ASTM E466 standard describes the fatigue test method for 
such parts. S–N curves and fatigue strength value reveal the fatigue life. Fatigue crack 
growth AM is the primary indicator of the fatigue behavior characteristics of an AM 
part under a maximum/minimum cycling loading with a frequency. Since the struc-
tural formations of the product change according to AM processes, the fatigue life 
also changes depending on the production method. Residual stress in a component 
due to thermal cycling in AM processes is another major factor influencing fatigue 
life. The surface roughness of the final product is as effective in the fatigue life of the 
AM product parts as it is in conventional production parts. The microstructure and 
the defects of the part also determine the fatigue life. The unstable martensitic phase 
reduces the fatigue life of Ti6Al4V parts produced using LENS. The production 
method is also effective in fatigue life as it will result in different structural charac-
teristics. Production of Ti6AL4V parts by the SLM method shows better fatigue life 
than EBM. Defects reduce fatigue life by causing stress concentration, as in conven-
tionally manufactured parts. In the face of these negativities, it is also possible to 
slightly increase the fatigue life with post-process applications [1, 15]. 

There is fatigue exposure in biomedical applications of lattice structures. Biomed-
ical AM-parts in lattice or foam structures exhibit tensile-dominated or bending-
dominated behavior under variable compression loading conditions, depending on 
their part design. As in conventional production parts, microcracks develop under 
the loading cycle, especially in the regions of struts where tensile stress is domi-
nant, causing fatigue damage. Therefore, the lattice structure design is effective in 
fatigue life. In addition, the plastic deformation ability of porous materials changes 
according to the elemental composition and microstructure. Therefore, porous AM 
parts in materials with high plastic deformation properties exhibit higher fatigue life 
[4]. 

12 Conclusion 

The production of AM parts from light metals and composites attracts great attention 
from both industrial applications and academic researchers. A reliable and repeatable 
product is possible with the current technological development in the production of 
AM parts from light metal alloys and composite materials. This chapter of the book
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comprehensively explains the production of AM parts from light metal alloys and 
composite materials in terms of design, application, raw material, and properties of 
a final product. Future research for the development of AM technology focuses on 
powder raw materials produced from light metal alloys and composites. The progress 
of light metal alloys and composite raw materials to obtain functional products that 
can provide the required property performance will be the main objective of future 
research. 
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7. Çalışkan Cİ, Özer G, Coşkun M et al (2021) Investigation of direct metal laser sintering 
downskin parameters’ sagging effect on microchannels. The International Journal of Advanced 
Manufacturing Technology 114(9):2567–2575. https://doi.org/10.1007/s00170-021-07057-8 

8. Dang J, Liu G, Chen Y et al (2019) Experimental investigation on machinability of DMLS 
Ti6Al4V under dry drilling process. Mater Manuf Processes 34(7):749–758. https://doi.org/ 
10.1080/10426914.2019.1594254 
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Chapter 24 
Additive Manufacturing of Titanium 
Alloys for Aerospace and Biomedical 
Applications 

Salwa El Baakili, Abd Baghad , Meriame Bricha, and Khalil El Mabrouk 

1 Introduction 

Additive manufacturing (AM) is a new processing technology that uses a three-
dimensional CAD model. This allows the creation of 3D parts. This technique is 
used for the first time as an innovative resource for prototyping. Moreover, AM 
is a quick manufacturing process to produce complete parts layer by layer [1, 2]. 
The AM method is relatively different from conventional and formative manufac-
turing methods. Therefore, it can produce thousands of component layers with high 
accuracy and precision [3]. 

AM technology is increasingly requested to improve operational resiliency, preci-
sion, and durability. This is because of its ability to manufacture highly complex 
parts without tools or molds in a short time frame [4–6]. Furthermore, it solves the 
dilemma of design feasibility and manufacturing personalized implants [7]. This 
has rapidly changed small- and long-scale production in aerospace and biomed-
ical sectors. Nevertheless, this technology’s most prevalent drawbacks are defects 
included during processing. However, parts suffer from high porosity and rough 
surfaces resulting from unmelted powder particles [5, 8]. 

Very recently, the bio-manufacturing research community made remarkable 
progress in implementing AM. This is for the creation of patient-specific implants 
for hard tissue engineering [8, 9]. On one hand, biomedical industries are mostly 
using fully dense 3D metallic materials. Among them, only a few have proven their 
long-term biological compatibility with the human body. Biocompatibility, osseoin-
tegration, and mechanical properties of metal compounds are some of the main issues. 
For example, their elastic modulus is higher than that of bone tissue. This results in
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stress protection of adjacent tissues, complicating their integration into human bone. 
Overall, the material must be suitable for casting and welding techniques. It must 
also be industrially rigid in the input processing [10, 11]. These are according to the 
general parameters for efficiently processing powder-fused metal parts. Accordingly, 
specific AM techniques, such as SLM, frequently supply commercially available 
metal powders [3]. 

Titanium alloys are among the most advanced materials in the aerospace and 
biomedical industries. Moreover, the promising on-demand is now predicted because 
of its excellent properties. This makes them a viable option for different applica-
tions. They are also highly resistant to fatigue loading and corrosion in the physio-
logical environment [12]. The present chapter reviews AM as a process for manu-
facturing high-quality titanium alloy structures. It discusses recent advances in the 
aeronautical and biomedical fields. Moreover, an overview of the main advantages 
and disadvantages of using metallic AM based on titanium alloy powders is given. 

2 Additive Manufacturing (AM) Processes 

A key motivator for AM improvement is the increased demand for complex shapes 
and excellent quality. AM has shifted to new alloys for specific applications. This is 
because pure metals are rarely adapted to unique needs. The American Society for 
Testing and Materials divides AM of metallic materials into two primary categories: 
directed energy deposition (DED) and powder bed fusion (PBF). These technologies 
are based on similar concepts. However, they use a layered concept to build parts 
directly from CAD data [13]. DED technology is divided into four sub-methodologies 
depending on the thermal energy source [14–16]: 

• Direct metal deposition (DMD) uses a laser to melt powders or wires as a close 
loop process deposits them, 

• Laser engineered net shaping (LENS) also uses a laser for deposition, 
• Wire and arc additive manufacturing (WAAM) uses an electric arc to melt metal 

wires, and 
• Direct manufacturing (DM) melts metal wires using an electron beam. 

The DED processes have a bigger build envelope and a faster deposition rate 
(construction rate higher than 300 cm3/h). Moreover, this technique is commonly 
used with titanium alloys for aerospace and coatings applications [16, 17]. However, 
the DED process has limitations and difficulties, including the following [18]: 

• The ability to produce hollow cooling tunnels, 
• Manufacture of finer geometries, 
• Higher surface resolution, 
• Manufacturing of complex parts, 
• Low-dimensional resolution, and 
• Shrinkage and deformation due to the local temperature variation.
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On the other hand, PBF can also be divided into four categories: 

• Selective laser melting (SLM), 
• Selective laser sintering (SLS), 
• Direct metal laser sintering (DMLS), and 
• Electron beam melting (EBM). 

These technologies use laser or beam as an energy source to melt the powder. 
Except for SLS, which concerns polymers and nylon, all these technologies use 
metallic powders. Moreover, during the PBF process, the part is built in a powder 
bed. Then, the energy source sinters the necessary locations to create the selected 
portion. This process enables the building of complex features at elevated densities 
with high precision [8]. 

3 Additive Manufacturing of Titanium Alloys 

Metal AM approaches improve wear performance by altering the surface of Ti-
based materials. Moreover, they also promote osseointegration by using structurally 
graded parts [19, 20]. The directed energy technologies may add metal to existing 
parts. The purpose is to reconfigure or add functionality and repair broken parts. 
Undeniably, metallic alloys can be manufactured using a variety of AM methods. 
SLM and EBM, both powder bed fusion processes, are the most widely used. They 
provide the advantage of printing a part with complex design and micro-architecture. 

3.1 Selective Laser Melting (SLM) 

SLM was developed in 2002. It was used in various industries as a non-classical 
method for manufacturing complex parts [1]. Nowadays, it is the most prevalent 
metal PBF process for generating metallic biomaterials. This situation agrees with 
the expansion of the SLM system in development and innovation. The aim is to 
make it more productive and economically appealing. Indeed, the ultimate attributes 
are determined by design (process manufacturing) and material composition. For 
example, the produced commercially pure titanium (Cp-Ti) has a closer elastic 
modulus (105 GPa) to the bone than Ti6Al4V (110–114 GPa) [21]. Nevertheless, 
it is still rather high. Indeed, this process brings new opportunities to develop new 
parts. Parts with specific porosities and graded structures for the case of titanium. 
Therefore, the primary purpose of SLM is to create porous and defect-free parts. 

SLM has many parameters to control the process and produce a high-quality 
product [11]. However, the lack of mechanical stress in SLM, melt pool surface 
tension, and thermal effects induced defects in the final parts [22]. Some character-
istics, such as wavelength and laser mode, cannot be controlled for specific SLM 
systems. For example, the critical laser energy densities of Ti-6Al-4V and Ti2448
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are about 40–120 J/mm3. However, varying techniques produce different densities 
and mechanical qualities for the same material. For example, the relative density of 
SLM-produced Ti-6Al-4V samples with a cross-hatching zigzag scanning pattern 
can reach 99.9% [23]. 

3.2 Electron Beam Melting (EBM) 

EBM technique was firstly developed for steel processing. It is mostly known as 
metal PBF techniques. Like SLM, the system includes a rake, build platform, powder 
hoppers, and an energy source. However, instead of a laser, the system processes data 
with electron beam energy. The emitted electron beam scans the powder bed at high 
speed. This melts it to form a molten pool. The liquid metal then solidifies rapidly 
[24]. Electron beams must operate in a high vacuum. However, this is due to the 
fundamental features of electron beams. In addition, some highly reactive metals 
and alloys absorb contaminants when exposed to air [25]. The vacuum chamber is 
used to create a vacuum environment during the process. This ensures the integrity 
of the EBM manufactured part [26]. The main difference with SLM is that the EBM 
uses a different heat source. The heat source of EBM is an electron beam with a 
voltage of 60 kV. This beam preheats the substrate plate to a pre-setting temperature 
before dropping the powder [27]. Some prior works on metal AM manufactured 
porous structures are listed below (Table 1). This table reveals that Ti6Al4V is the 
most popular biomaterial for porous structure creation in orthopedics. 

Table 1 Metal AM manufactured porous structures of titanium and its alloys 

Material AM process Elastic modulus (GPa) References 

Porous Ti6Al4V EBM 0.9–1.6 [28] 

EBM 2.5 ± 0.5 [29] 

EBM 0.5–9.9 [30] 

Dense Cp-Ti SLM 106 ± 3 [31] 

Porous pure titanium SLM 2.61 ± 0.05 [32] 

Porous Ti6Al4V SLM 11.9 [33] 

Porous Ti-Ta-Nb-Zr alloys SLM 2.35 [34] 

Porous Ti-25Ta SLM 14 [35] 

Porous Ti6Al4V SLM 22 [36]
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3.3 Properties of Additively Manufactured Titanium Alloy 
Materials 

In the earth’s mantle, titanium is the fourth prevalent structural metal. It is an excellent 
candidate for use in several industries due to its features [37]. Moreover, Nb, Ta, and 
Zr elements are among the safest alloying elements for biocompatible Ti alloys [38]. 
Titanium structures can exist under two forms: a hexagonal α phase and a centered-
cubic β phase [39]. Thus, low modulus beta Ti alloys with non-allergic and non-toxic 
alloying elements are developed to reduce the stress shielding effect [40]. Titanium 
alloys are among the commonly used metals in traditional biomaterials and aerospace 
engines. They continue to be the material of choice for biocompatible applications. 
Additionally, they have become the most used metallic biomaterial for metal AM 
processing. However, titanium is more expensive than other metallic biomaterials 
(such as cobalt-based alloys and stainless steel), but it is more durable [41]. The first 
titanium-based materials were reportedly developed in the USA in the 1940s [23]. 
The aerospace and biomedical industries have used titanium alloys because of their 
specific properties, namely [13, 40, 42]: 

• High melting pool (1668 °C), 
• Density (4.5 g/cm3), 
• High tensile strength at room temperature (1400 MPa), and 
• Available in four grades classified by strength. This facilitates the selection of the 

appropriate material based on the desired strength and workability. 

The Cp-Ti has acceptable biocompatibility, but its low strength (500 MPa) limits 
its use [30]. Titanium alloys are used in non-structural applications where corro-
sion resistance and formability are important. Such examples include water supply 
systems for galleys, ducts, and pipelines. Commonly used titanium materials in indus-
tries and their properties are summarized in Table 2. Recently, many attempts are 
undertaken to create alloys with high mechanical properties and biocompatibility. 
Today’s most widely used titanium alloy is an α +β type Ti-6Al-4V. A material that is 
initially produced for aerospace applications. Following further investigation, it was 
found to have excellent corrosion resistance and strength. These specific properties 
make it ideal for various applications [1].

Arcam’s ongoing partnership with Adler Ortho Group resulted in the CE-
certifying EBM-manufactured titanium hip implants. This marks a significant step 
forward in titanium AM [43]. Recently, Hazwani et al. [12] highlighted the crucial 
role of titanium alloys in the biomedical field. They show the appropriate compo-
sition and phase for novel 3D printed titanium alloys. In addition, porous Ti6Al4V 
is a favored material over stainless steel and Co-Cr alloys as implants. This can 
be explained by their low modulus, excellent biocompatibility, and high corrosion 
resistance. However, the porous structure of titanium alloy can improve biocompati-
bility and reduce Young’s modulus. Likewise, EBM Ti6Al4V structures promote cell 
ingrowth and proliferation. They also prevent the release of cytokines compared to 
the Cp-Ti alloy disk [44]. Moreover, the effect of SLM-Ti6Al4V pore geometry on
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Table 2 Titanium and its alloys for different applications [47, 48] 

Titanium alloys Properties Applications 

Ti-6Al-4V Yield strength of annealed 
material: 825 MPa 
Tensile strength: 895 MPa 
Elongation: ≥10% 

Airframe, engine parts, 
wing box, fastener, and 
orthopedic implants 

Ti-6Al-2Sn-4Zr-2Mo Improve oxidation resistance and 
creep property with the addition 
of Si 
Yield strength of annealed 
material: 860 MPa 
Tensile strength: 930 MPa 
Elongation: ≥10% 

Compressor disks and 
automotive industry 

Ti-8Al-1Mo-1 V Heat resistant temperature: 
400 °C 
Yield strength of the annealed 
material: ≥930 MPa 
Tensile strength: 1000 MPa 
Elongation: ≥10% 

Compressor blades 

Ti-5Al-2Sn-2Zr-4Cr-4Mo/(Ti-17) Yield strength (solution treatment 
and aging)/ 1055–1193 MPa 
Tensile strength: 
1124–1265 MPa 
Elongation: ≥5% 

Aircraft engines 

Ti-6Al-2Sn-4Zr-6Mo Yield strength: 1105 MPa 
Tensile strength: 1170 MPa 
Elongation: ≥10% 

Turbine and race car 
engines and compressor 
disks 

Ti-15 V-3Cr-3Sn-3Al Yield strength of the solution 
heat treated material: 
690–835 MPa 
Tensile strength: 745–945 MPa 
Elongation: 12% 

Airframes welded pipes 
and ducts are made by 
welding thin sheets 

Ti-10 V-2Fe-3Al Yield strength: 1105 MPa 
Tensile strength: 1240 MPa 
Elongation: ≥4% 

Landing gear (part of the 
main landing gear for 
takeoff and landing) 

Ti-6Al-7Nb Elastic modulus: 100–110 GPa 
Coefficient of thermal expansion: 
8–9.8 (10–6 K−1) 

Loading as an orthopedic 
implant (hip prostheses)

the in vitro biological behavior of human cells has been documented by Bael et al. 
[45]. They concluded that functionally graded SLM-produced Ti6Al4V scaffolds 
must combine two types of pores: small pores for initial cell attachment and wider 
non-circular pores to avoid pore occlusion. In addition, Arabnejad et al. [46] proposed 
tetrahedron and octet truss as cell topologies for porous SLM-produced Ti6Al4V. A 
structure that can be employed for load-bearing orthopedic applications. The complex 
structures created by AM provide superior mechanical qualities and improved bone
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ingrowth. Altogether, the process parameters play a critical role in enhancing prop-
erties. Therefore, more studies should concentrate on improving the roughness of 
AM parts. This should be done through surface treatment and eliminating flaws 
through process optimization. Likewise, Depboylu et al. [39] reviewed recently the 
critical drawbacks of LPBF technologies applied to titanium and its alloys. They 
include induced defects and residual stresses. Furthermore, this review focused on 
titanium material as a promising biomaterial for bone replacement. They concluded 
that porous implant production is crucial and beneficial for tissue engineering. 

The economic performance of the AM is particularly well suited to aerospace 
applications compared to other industries, thus facilitating the production of 
customized and complex parts [41]. For aerospace components, the proportional 
ratio between the weight of the raw material and the weight of the final part (flight-
to-buy ratio) is between 20:1 and 40:1 [49]. By adopting the AM processes, this 
ratio can be reduced to 1:1. A result was demonstrated for the bleed air leak detector 
manufactured by Lockheed Martin using the PBF process [50]. In this example, the 
potential reduction in substrate production costs is 50%. The reduction is achieved 
by using an AM-treated titanium alloy [51]. Another advantage favoring titanium 
alloys is their electrochemical compatibility with the fibers reinforced polymers [52]. 
A material that is widely used in the aviation industry. Furthermore, cryogenic appli-
cations found in rocket propellant tanks are also potential use cases [53]. The reason 
is that they do not exhibit a transition at low temperatures. 

4 Conclusion and Future Trends 

Metal additive manufacturing has revolutionized the designing and processing of 
metallic materials for specific needs. It solves the dilemma of design structures 
and parameters process without counterbalancing the material’s properties. Tita-
nium alloys are extensively employed in both aerospace and medical applications. A 
variety of applications in these domains are discussed in this chapter. The titanium 
alloys and their particular qualities are then described in depth. This chapter focuses 
on one powder metallurgy technique: additive manufacturing (AM). It provides an 
overview of AM and the current state of the method. It is mainly about titanium 
and its alloys using SLM and EBM. Some essential qualities for a titanium alloy to 
qualify as a biomedical implant or an aircraft engine are the desired phase, uniformity 
in microstructure, good mechanical strength, correct pores creation, and bioactivity 
(with surface modification). Therefore, technology selection is crucial before alloy 
manufacturing to guarantee these qualities. However, different processes result in 
varying final properties of the alloy. 

Finally, new research and development directions in metallic materials would be 
interesting. Indeed, porous materials 3D printing has already opened a new door 
to personalized medicine. Furthermore, modern metal 4D printing techniques can 
adapt implant structures to long term. Similarly, a better knowledge of degradable
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metallic biomaterials is also required. In addition, the creation of predictive models 
for different applications is needed. 
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Chapter 25 
Process Modeling of Laser-Based Metal 
Additive Manufacturing of Metal Alloy 

Ananya Nath 

1 Introduction to Laser-Based Metal Additive 
Manufacturing 

Additive manufacturing (AM) is a relatively new advanced manufacturing tech-
nology that includes a large number of processes based on the layer-by-layer material 
deposition strategy to fabricate complex components. It is a kind of flexibility that has 
attracted the attention of many fields like automobile, aerospace, medical [1], etc., 
because of its high advantages over other conventional manufacturing processes. The 
industrial adoption of the metal AM process has accelerated in the past few decades; 
laser-based direct energy deposition (DED) or laser cladding [2] is one of them. This 
process produces metallic products by feeding powder through a nozzle onto the 
build platform over which the substrate material is to be mounted. (Fig. 1) [3].

The nozzle which is used to deposit the metal powder along with the laser beam 
onto the substrate can also be of many types such as coaxial nozzle and off-axis 
nozzle systems. In the coaxial nozzle, the powder flows circumferentially and the 
laser beam focuses centrally [4]. In off-axis systems, the laser beam and powder 
meet at a certain angle over the depositing substrate [5]. In both cases, a carrier gas 
continuously feeds with the powder from the hopper to the substrate to maintain the 
powder flow ability and to control the powder feed rate. The coaxial nozzle consists 
of three annular channels through which inner shielding gas, carrier gas, and outer 
shielding gas flow [6]. The inner shielding gas is used for laser optics protection. 
Outer shielding gas protects the process from atmospheric contamination. It also 
helps to reduce the extra high-power density in the melt pool [7]. 

Laser-based DED enables new complex geometry production where it is difficult 
to make by conventional manufacturing processes [2]. However, the complex physics
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Fig. 1 Schematic of direct energy deposition (DED)

behind the laser–material interaction causes a lot of difficulty at the time of under-
standing the methodology. The cyclic thermal loading due to layer-by-layer manu-
facturing may also cause quality issues such as low mechanical strength, residual 
stresses, pore defects, and poor dimensional fidelity [8]. 

However, a lot of process parameters are responsible for good product quality. 
Process parameters like laser power, scan speed, laser beam diameter, powder flow 
rate, bead overlap ratio, etc., can be controllable, whereas parameters such as each 
powder particle dimensions and environmental factors like temperature and humidity 
are uncontrollable. These all parameters are highly accountable to predict the deposi-
tion characteristics or clad quality. The deposition can be characterized by its deposi-
tion width, height, penetration depth, residual stress, surface roughness, microstruc-
tures, and other mechanical properties. Therefore, selecting the correct process 
parameters and their operating ranges is a challenging task. 

Many researchers have done an investigation on process parameters to obtain 
preferable outputs. Dai et al. [3] observed an increase in the surface roughness with 
the increase of laser energy, and this was attributed to surface over melting due 
to increased melt pool velocity and the repetitive heat accumulation. Caiazzo and 
Caggiano [9] studied the process parameters of the DED process and implemented a 
metaheuristic artificial neural networks (ANN) model to predict the process param-
eters. Kersten et al. [10] investigated the build orientation effect over the mechanical 
properties of the building part which was produced by the DED process. Isquierdo 
et al. [11] has shown the effect of the initial substrate temperature on heat transfer 
and related phenomena of a stainless steel sample fabricated by the DED process. 
Temmler et al. [12] studied the effect of shielding gas in laser surface polishing tech-
nique in H1 tool steel product. Rosa et al. [13] investigated the effect of the number 
of passes over the deposition characteristics. Marimuthu et al. [14] investigated the 
effect of laser energy and other process parameters over surface roughness. Lian 
et al. [15] analyzed the effects of the laser power, scanning speed, carrier gas flow
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rate, and lap ratio on the cladding width, flatness, and dilution rate of multi-track 
cladding layers and established a prediction model. Tang and Landers [16] demon-
strated a layer height control model using particle swarm optimization (PSO) in the 
laser metal deposition process. Kats et al. [17] used a machine learning method for 
predicting grain structure characteristics in the directed energy deposition process. 
Neural network-based models are used for predicting the grain size and grain aspect 
ratios. 

However, an attempt has been made in this chapter to provide a few process of 
modeling methodologies. A brief literature review has been given on the process 
modeling methodologies to model the DED process. Also, an experimental input– 
output data set of DED process of metal alloy has been used to illustrate the above-
mentioned process modeling techniques. 

2 Process Modeling of Laser-Based Metal Additive 
Manufacturing 

Due to the complexity of the process, the study of the process parameters and process 
modeling of laser-based metal AM is very important and is still under research. 
Process modeling deals with the mapping between input and output factors to predict 
the responses for given input parameters. This modeling is mainly done by three 
methods, such as multi-physics-based modeling, statistical modeling, and data-driven 
artificial intelligence (AI)-based modeling. In physics-based modeling, the process 
is simulated using finite element methods [18, 19]. This type of modeling is done 
to predict the process signatures, such as the melt pool temperature profile, density, 
cooling and solidification rate of the specific material, mechanical properties of the 
final part, deposition geometry, and microstructure of the deposited model. In statis-
tical modeling, the design of experiments, regression analysis, analysis of variance, 
etc., is carried out to build the relationship between the input and output parame-
ters. In data-driven AI modeling, the neural network-based approaches are mainly 
used to predict the process output values for a given input parameters. Moreover, 
bio-inspired metaheuristics algorithms are used for process parameter optimization. 

2.1 Multi-Physics-Based Modeling 

Multi-physics-based modeling is the royal discipline of numerical modeling to 
solve engineering problems. As the AM process involves a lot of complication 
and several process parameters are involved to get desired product, multi-physics 
modeling can help out in this regard. Finite element analysis (FEA) and computa-
tional fluid dynamics (CFD) are used recently to model the conventional manufac-
turing processes as well as the AM processes. Keller and Parekh et al. [20] reported a



446 A. Nath

two-dimensional simulation of the laser cladding process to understand the influence 
of process parameters on clad geometry formation for better process optimization. 
Li et al. [21] combined the FEA and thermal-metallurgical-mechanical analysis to 
predict the influence of solid-state phase transformation. Jin et al. [18] developed a 
multi-physics-based model to determine the effect of the solidification microstruc-
tures on the strength and mechanical properties of the building part by laser cladding 
process. In multi-physics-based modeling techniques, a finite element model can be 
developed to simulate the effect of various pertinent parameters (e.g., laser beam 
size, boundary conditions, laser scan speed, etc.) on the temperature gradients at 
different locations of the part. 

2.2 Experimental Data-Driven Statistical Modeling 

Statistical modeling-based experimental design techniques are very frequently used 
techniques in the field of engineering to model the input–output relationship. 
However, it has a good impact on the AM field. It has been used widely for process 
modeling of different AM processes. By using designed experiments, the number of 
experiments conducted can be minimized and it can be decided whether the chosen 
parameters have an effective influence on the outcome of the experiment or not. It 
also reduces the time and cost of the experiment. 

The design of experiment (DOE) technique is used to study the process param-
eters such as input or predictor and output or response. This technique enables the 
facts about the relationship between predictors and responses. The effect of indi-
vidual predictors can also be studied. It helps to understand the process performance 
accurately. This statistical approach also includes analysis of variance (ANOVA), 
response surface methodology (RSM), etc. After a thorough literature survey and 
systematic studies, the process parameters are chosen before conducting any exper-
iment. The response or output parameters are also got decided. Understanding the 
actual influence of the selected input factors over the output is very important. 

However, to build a relationship between the process input and output parameter, 
first, a regression analysis is done. Few experimental data sets are used to build these 
regression equations. A nonlinear equation can be made between the predictor, i.e., 
input parameters, and response, i.e., output parameters. For example, a generalized 
second-order regression equation can be expressed as follows: 

y = β0 + 
k.

j=1 

β j X j + 
k.

j=1 

β j j  X2 
j +

. k.

j<i 

β j i  X j Xi + ε (1) 

where y is the process response, X is the process control parameter, β is the regres-
sion coefficient, the experimental error is denoted by ε, and the investigated process 
control parameters are represented by i and j. In Eq.  1, the linear effect of process
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parameters is captured by X j ; the nonlinear effect is represented by X j2, and para-
metric interaction is exhibited by Xi X j . Equation 1 is then expanded with one 
response variable and three control parameters. Thus, the equation will be expressed 
as follows: 

y = β0 + β1 X1 + β2 X2 + β3 X3 + β11 X11 + β22 X22 

+ β33 X33 + β12 X1 X2 + β13 X1 X3 + β23 X2 X3 (2) 

β factors can be determined using the least square method by solving some normal 
set of equations. For more detail, interested readers can refer to [22]. 

2.3 Data-Driven Artificial Intelligence (AI)-Based Modeling 

Data-driven AI-based modeling is a useful tool to predict responses. It mainly 
includes the neural network-based machine learning approaches, neuro-fuzzy, 
genetic-fuzzy approaches, etc. ANN is the most commonly used modeling method-
ology in the machine learning domain. Many researchers have already worked on 
different types of neural networks to model and predict the response or output factors. 

Other than model prediction which predicts the respective output results for a 
given set of input parameters, Caiazzo and Caggiano [9] implemented a meta-
heuristic ANN model to predict the laser DED process parameters. A back prop-
agation neural network (BPNN) and genetic algorithm optimization were used for 
the prediction purpose. Few researchers have investigated the application of other 
newly implemented algorithms, for example GA-ANN [23–26] 

In this section, the BPNN and recurrent neural network (RNN) are briefly 
discussed. Besides these, networks’ adaptive neuro-fuzzy inference system (ANFIS) 
architecture is also explained in a brief. 

2.3.1 Back Propagation Neural Network (BPNN) 

BPNN was first introduced by Werbos in 1974 [27]. The batch mode of training 
is used for optimization. It adaptively gets trained by each loop with the help of a 
huge input–output data set which is fed to the network and minimizes the error. The 
training data sets are first normalized between one and zero before feeding to the 
network. After the training is done, few experimental test data sets are sent to the 
network to test and validate them. The data can be normalized by using Eq. 3 as 
follows: 

Xnorm = X − Xmin 

Xmax − Xmin 
; (3)
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The output which is got from the network is also in the normalized form. Before 
doing further operations with the network output results, the output should be 
demoralized first. The demoralized form can be written like (Eq. 4). 

X = {Xnorm × (Xmax − Xmin)} + Xmin (4) 

The learning rate parameter is used to avoid over fitting and the error vibration, 
whereas to speed up the training process when the networks stuck with local optima 
region, the term momentum constant will be used (Eq. 5).

.W jk(t) = −η 
∂ E 

∂W jk  
(t) + α.W jk(t − 1) (5) 

The network weights need to be updated with learning rate (η) and momentum 
parameters (α). The term t indicates the iteration number, and ∂ E 

∂ W jk  
can be determined 

using the chain rule of differential equation as shown in Eq. 6: 

∂ E 
∂ W jk  

= ∂ E 
∂Yk 

. 
∂Yk 
∂Uk 

. 
∂Uk 

∂ W jk  
(6) 

The terms Uk and Yk represent input and output of the kth neuron lying on the 
output layer, respectively. 

It is to be noted that a huge set of input–output training data is used to train the 
network using the batch mode. The parametric study is to be carried out to optimize 
the neural network parameters during training (refer to Fig. 2). The parametric study 
is carried out by varying the neural network parameters (such as hidden neurons 
number, learning rate, momentum constant, activation function constants, and the 
bias value) one at a time and keeping the rest at their respective mid values 

Fig. 2 Schematic representation of back propagation neural network
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Fig. 3 Schematic representation of recurrent neural network 

2.3.2 Recurrent Neural Network (RNN) 

RNN or recurrent neural network is another variant of the neural network [27], 
where the neuron of each layer is sequenced by connecting the preceding and 
succeeding layers of neurons. This network consists of two or more layers. Each 
layer is containing a specific number of nodes or neurons. RNN s dispense a rigid 
baseline in machine learning applications. Therefore, this network is expected to be 
very sophisticated in terms of architecture verification. The work of RNN is based 
on a memory function that is used for producing sequential information [28]. This 
memory detains all the information about the network and works on the calculations 
that have been done in the present state. This network also consists of input, hidden, 
and output layers. All the neurons of the hidden layer are connected and arranged in 
a chain. The output results depend upon the present input as well as the past state of 
the architecture. The RNN architecture is shown in Fig. 3. 

In engineering as well as other industries also, this type of neural network is useful 
for modeling and prediction purposes. However, the biggest disadvantage of this type 
of network is they work on point prediction instead of time series prediction. Point 
predictions require a context-aware method, whereas time series prediction does not 
need that one. The RNN is widely used in machine translation, text classification, 
image analysis, language recognition, etc. 

2.3.3 Adaptive Neuro-Fuzzy Inference System (ANFIS) 

ANFIS is a machine learning algorithm that uses Takagi, Sugano, and Kang’s fuzzy 
logic-based system [29]. It uses the inputs and outputs of the data that are fed to the 
ANFIS architecture to build a relationship between them. ANFIS consists of five 
layers out of which two layers are adaptive in nature where the optimization of the 
required parameters is done. Each of the layers has its specific governing equations 
by which each layer output is got. The ANFIS predicted outputs also depend upon 
the type of membership functions (MF). The five layers of ANFIS are the fuzzy layer,
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Fig. 4 Schematic of ANFIS architecture 

product layer, normalized layer, de-fuzzy layer, and total output layer (Fig. 4). The 
predicted output of ANFIS is sent back to the system as feedback to optimize the 
error after each loop. Optimization refers to the minimization of the weight factors 
of two adaptive layers. The number of iterations is called an epoch. The number of 
epochs can be changed or increased as per the need for a better result. 

3 Result and Discussion 

In this section, the above-mentioned process modeling methodologies such as statis-
tical modeling and AI modeling approaches have been implemented for the laser-
based DED process [30]. In the work, the material used in DED was Fe–Cr-based 
alloy powder which was deposited over the substrate of the AISI 4340 plate specimen 
with dimensions of 40 mm × 30 mm × 20 mm [30]. The powder material was 30– 
200 µm in diameter. The substrate was first to get cleaned using alcohol and acetone. 
Argon has been used as the flowing gas and shielding gas. The whole DED system 
consists of one laser unit (LDF-3000, Laserline, Germany) and its integrated control 
unit S7-1200, Siemens, Germany, an industrial robot for the deposition purpose 
(KR30-3 HA, KUKA, Germany), coaxial nozzle for the powder material feeding 
(OTS-2, Laserline, Germany), powder delivery system (RC-PGF-D-2, Raychem, 
China), and the water cooling channels (TFLW-3000WDR, Sanhe Tongfei, China). 
For more detail about experimentation, interested readers can refer to [30]. 

After systematic study of the process parameters, the input parameters and their 
operating ranges are chosen and given in Table 1 [30].

In this given study, the input parameters are laser power (P), scan speed (V ), 
powder flow rate (F), and bead overlap ratio (L), whereas the response parameters 
are deposited width (W ), clad area (Ac), fusion zone area (Am), and flatness ratio 
(S).
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Table 1 Operating ranges of 
input parameters 

Input factors Range Unit 

High Low 

Laser power (P) 1400 1000 W 

Scan speed (V ) 1100 700 mm/min 

Powder flow rate (F) 3.8 2.6 rad/s 

Bead overlap ratio (L) 60 20 %

3.1 Data-Driven Statistical Modeling of DED 

To model any process output in terms of its input parameters, a relationship equation 
is made between these two parameters. Regression equations are developed for the 
same. 

To establish a relationship between the process parameters, experimental data sets 
[30] are used to build the regression model. A second-order regression equation has 
been made. The equations for each response such as deposited width (W ), clad area 
(Ac), fusion zone area (Am), and flatness ratio (S) are obtained below: 

W = 219.1 − 0.0523P − 0.1184V − 33.2F 
− 2.300L + 0.001557P × L + 0.0351V × F 

Ac = −275 + 1.375 P − 0.841 V − 0.000552 P × P 
+ 0.000392 V × V 

Am = 4.26 − 0.00445 V − 0.796 F + 0.001125 V × F 

S = −4.2 + 0.0077P + 0.1674V − 0.550L 
− 0.000090V × V + 0.000576P × L 

where P is laser power (W), V is the scan speed (mm/min), F is the powder flow rate 
(rad/min), and L is the bead overlap ratio (%). 

However, using the regression equations mentioned earlier, the output corre-
sponding to experimental input data set is calculated. The absolute error percentage 
between the regression analysis result and the experimental result is evaluated. The 
average absolute error percentage is obtained as 4.22%, 4.54%, 3.81%, and 0.92% for 
width (W ), clad area (Ac), fusion zone area (Am), and flatness ratio (S), respectively.
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3.2 Data-Driven AI Modeling Result of DED 

The successfully constructed neural network can predict the output result very accu-
rately with minimum error. Hence, the experimental data set is fed to the each 
network to test the accuracy. Prediction accuracy is measured (using Eq. 7) in terms  
of absoluter percentage error of the predicted outcome with the experimental results. 

E =
||||
We − Wp 

We 
× 100 %

|||| (7) 

where E is the absolute error percentage, We is the experimental result of width, and 
WP is the model predicted width value. 

In the data-driven AI modeling, BPNN, RNN, and ANFIS are designed and tested 
with a few experimental data set. In the case of ANFIS architecture, the four outputs 
are modeled differently for each of the four different MF. The optimal ANFIS archi-
tecture is developed using the training data set. After the network is properly built, 
the test experimental data sets are fed to the network. The predicted results are 
compared with the experimental results. The absolute error percentage between the 
same is calculated. ANFIS offers only one output modeling at a time with any number 
of inputs. Therefore, for ANFIS modeling, four output parameters are modeled sepa-
rately. For different inputs, the MF are used to model each output, i.e., triangular, 
trapezoidal, Gaussian, and bell-shaped MF. For each output model, the comparison 
between the predicted output and experimental output is done by calculating the 
absolute error percentage. For four different MF, each model prediction accuracy is 
given in Table 2 in terms of average absolute percentage error. 

However, similarly BPNN and RNN networks are also being trained using same 
set of input–output data set and tested with the experimental data sets. Each network 
predicted results is compared with the experimental output values, and the average 
absolute error percentage for each case has been calculated and given in Table 3.

In every output factor prediction, Gaussian MF outperforms the rest of the MFs 
for its nonlinear characteristics. Therefore, in Table 3, only the error percentage for 
using Gaussian MF is given in ANFIS predicted result.

Table 2 ANFIS architecture prediction accuracy in terms of average absolute percentage error 

Output parameter Average absolute error percentage 

Triangular MF Trapezoidal MF Gaussian MF Bell-shaped MF 

Width (W ) 4.35 6.75 1.27 5.09 

Clad area (Ac) 1.11 1.11 1.05 1.07 

Fusion zone area (Am ) 1.12 1.12 1.08 1.11 

Flatness ratio (S) 0.27 0.27 0.26 0.27 
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Table 3 BPNN, RNN and RBFNN architecture prediction accuracy in terms of average absolute 
percentage error 

Network Error % in 
predicting W 

Error % in 
predicting Ac 

Error % in 
predicting Am 

Error % in 
predicting S 

BPNN 15.65 20.59 18.30 3.21 

RNN 14.78 17.61 19.21 1.64 

ANFIS 1.273 1.055 1.087 0.27

4 Conclusion 

DED is a well-known method under AM mostly used in printing metallic components 
or surface cladding purposes. In this chapter, the process modeling of DED is elabo-
rated. The performance of different process modeling techniques such as the statis-
tical method and data-driven AI methods are evaluated by predicting four different 
process outputs, and both methods can predict the results with good accuracy. In case 
of data-driven AI modeling, the performance of two different neural networks, i.e., 
BNN and RNN, was not very significantly different from each other in predicting 
each of the four responses. However, computational efficiencies are also more or 
less the same of BPNN and RNN. It has been observed that the time taken by each 
network to predict the result was almost the same. On the other hand, the network 
efficiency of these two networks has been compared with the fuzzy logic-based 
network, i.e., ANFIS. The absolute error percentage is 0.27%, 0.27%, 0.26%, and 
0.27% in predicting the deposited width, clad area, fusion zone area, and flatness 
ratio, respectively. These absolute average error percentages for each output param-
eter are less than other neural network results such as BPNN and RNN. Therefore, 
the ANFIS predicted results showed more accuracy in terms of error percentage 
between experimental and network predicted results. 

5 Future Scope 

Future possibilities for this approach are vast. In the future scope, feedback control 
systems can be developed under every technique to control the deposition character-
istics at that time only. In this work, the relationship between each output factor with 
the input factor is empirically made during this process, but the characterization of 
each output factor with the input parameters with their detailed empirical relation-
ships is of utmost importance to get a better result in terms of print quality or the 
expected output values. This improvement will be very much beneficial for more 
advances of this process in the future scope. However, a lot of research on process 
parameter and their effect on metallurgical properties are ongoing.
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