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 PREFACE     

  Tribology, by defi nition, is the science and technology of interacting surfaces in 
relative motion. Such scientifi c understanding has signifi cant technological rele-
vance for various engineering industries. Broadly, tribology deals with the concepts 
of friction, wear, and lubrication. Over the last few decades, it has been widely 
recognized that tribology, being an interdisciplinary area, involves the interaction of 
concepts drawn from multiple disciplines, including mechanical engineering, materi-
als science, physics, and chemistry. The development of new materials (bulk or 
coating) with better friction and wear resistance, as well as the progress in tribology 
research, clearly requires an improved understanding in multiple disciplines as well 
as the development of new design methodologies in order to obtain better properties 
in relation to tribological performance. Even though tribology is still not broadly 
known as a research fi eld to many in industry or academia, we are all intrigued by 
the topic in everyday life, as well as in almost every engineering application. Across 
the world, very few universities teach this subject; however, the subject is gaining 
importance. There are many books on tribology written from different perspectives, 
such as materials science, mechanics, mechanical engineering, lubrication and addi-
tives, physics, and chemistry. This book is intended to cover mostly the materials 
science aspects applicable to tribology science. 

 Researchers interested in automotive, aerospace, biomaterials, hardmetals, and 
related applications would look for a complete set of possible materials for those 
applications, as well as wear and friction mechanisms. On the other hand, people 
from the materials science community would look for details of mechanisms, effect 
of microstructure, working conditions, lubrication, environment, and so on, which 
again are covered here due to very broad materials selection. This book places the 
utmost importance on the microstructure – material - properties – tribological - proper-
ties relationship for the range of advanced materials that are covered herein. The 
description of the wear micromechanisms of the various materials will provide 
a strong background to readers on how to design and develop new tribological 
materials. 

 From the aforementioned perspective, this book is structured into various 
thematic sections, and each section contains a number of chapters. This book was 
designed to motivate students and young researchers as well as to provide experts 
in the area with a healthy balance of topics for teaching and academic purposes, 
primarily for two disciplines: materials science/metallurgy and mechanical engineer-
ing. It is expected that this book, if used as a text, would strongly benefi t senior 
undergraduate and postgraduate students. 

xvii



xviii PREFACE

 Section I of this book is designed to provide the readers with a background in 
the area of tribology and basic materials science. Characteristics of material surfaces 
in terms of surface roughness and various material properties are discussed, as well 
as the fundamentals of the friction, wear mechanism, and lubrication. 

 This is followed by Section II, where the tribological properties of structural 
ceramics, which include zirconia, sialon, ternary carbides, and high - temperature 
ceramics, such as borides, are discussed. This selection of materials also represents 
a class of technologically important and emerging ceramics. It is shown how the 
microstructure and mechanical properties both determine the wear resistance of 
these materials. 

 One area in which ceramics and polymers are increasingly important is bio-
medical applications. In Section III ,  the tribological properties of hydroxyapatite -
 based bioceramic composites are discussed fi rst. Polymers are known for their poor 
wear resistance; it is shown how the development of hybrid polymer - ceramic bio-
composites can lead to higher wear resistance while retaining good frictional proper-
ties of the polymer matrix. This is followed by a discussion on the wear properties 
of some of the stabilized zirconia ceramics. The two chapters in this section deal 
with the materials that are important in dental restoration. 

 A rather recent development in the materials world is the synthesis of nano-
ceramic composites. In view of this, Section IV discusses the friction and wear 
properties of zirconia and WC - based nanocomposites, which are processed using 
the advanced processing technique of spark plasma sintering. A summary of the 
literature on the tribological properties of various nanoceramics is also included. 

 In the last decade, lightweight composites have been considered for use in 
automotive and other applications requiring good wear resistance. Similarly, new 
generation cermets, based on TiCN as well as mixed carbide cermets, are also being 
developed as a replacement for widely used WC - Co cemented carbides. Hence, 
Section V demonstrates how these new – generation materials will behave at tribo-
logical contacts. 

 While our understanding of the dry, unlubricated tribological properties of 
various materials is extensive, such understanding in a cryogenic environment and 
under high speed sliding conditions is rather limited. In view of this, Section VI 
discusses the tribological properties of oxide and non - oxide ceramics in liquid nitro-
gen with reference to similar properties under ambient and room temperature sliding 
conditions. 

 In Section VII, the tribological properties of various ceramics in aqueous 
environments are discussed, with reference to regimes and pH regions and their 
effect on performance. 

 The book concludes with Section VIII, which covers the various issues to be 
investigated in the near future in the design and development of materials with better 
tribological properties. This section summarizes the information provided in the 
book and gives an insight into the broader knowledge of these materials and advice 
on how to use them in various applications. 

 The above - described structure of this book as well as the succession of various 
sections and chapters is expected to be useful in helping both students and experts 
pursuing the area of tribology of advanced materials to gradually build up knowledge 
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of the fundamentals and, subsequently, to understand the most recent advances. In 
particular, this book has the following major important features: (1) the fundamental 
science of tribology is presented, thus allowing the book to be used as a textbook 
for teaching, academic, or research purposes; (2) a broad range of materials is 
covered, such as advanced tough ceramics, high - temperature ceramics, biomaterials, 
and nanoceramics, to illustrate how the materials science aspect can be realized 
while analyzing the tribological results; and (3) the book will appeal to a large 
number of active researchers from various disciplines of metallurgy and materials 
science, ceramics, and mechanical engineering. 

 This book is an outcome of several years of teaching undergraduate and post-
graduate courses in the area of tribology of materials, advanced ceramics, composite 
materials, and biomaterials, and other related fundamental courses in materials 
science, which were offered to students of the Indian Institute of Technology (IIT) 
Kanpur, India, as well as at the Faculty of Mechanical Engineering at the University 
of Ljubljana, Slovenia. More important, the research results of many of the post-
graduate students from our groups are also summarized in some chapters. B. Basu 
would like to specifi cally acknowledge some of his past and present students, B. V. 
Manoj Kumar, G. B. Raju, Shekhar Nath, P. Suresh Babu, Amartya Mukhopadhyay, 
K. Madhav Reddy, Animesh Choubey, M. Surender, S. Bajaj, N. Sinha, Tufan Kumar 
Guha, P. Maji, Rohit Khanna, Subhodip Bodhak, Srimanta Das Bakshi, D. Sarkar, 
Manisha Taneja, Ravi Kumar, A. Tewari, T. Venkateswaran, U. Raghunandan, Divya 
Jain, Nitish Kumar, Amit S. Sharma, Ashutosh K. Dubey, Alok Kumar, Sushma 
Kalmodia, Shilpee Jain, Neha Gupta, Indu Bajpai, Garima Tripathi, Prafulla K. 
Mallik, Anup Patel, Rajeev Kumar, and Atiar R. Molla. The dedication of these 
students to understanding the tribological properties of a range of ceramics and 
composites is refl ected in the research work summarized in many of the chapters of 
this book. With gratitude, B. Basu appreciates the past and present research collabo-
ration with a number of researchers and academicians, including Drs. Omer Van Der 
Biest, Jozef Vleugels, R. K. Bordia, G. Sundararajan, S. K. Mishra, A. K. Suri, R. 
Mitra, I. Manna, A. Basumallick, J. Ramkumar, B. Subramonian, Manoj Gupta, K. 
C. Hari Kumar, R. G. Vitchev, Hasan Mondal, Ferhat Kara, Nurcan Kalis Ackibas, 
P. Gilman, S. C. Koria, R. K. Dube, M. Karanjai, D. Roy, M. C. Chu, S. J. Cho, 
Doh - Yeon Kim, Jo Wook, and S. Kang. The encouragement and collaboration 
with two of his colleagues, the late Prof. R. Balasubramaniam and the late Prof. 
V. S. R. Murty, is also remembered. B. Basu also expresses sincere thanks to his 
long - term friend and mentor, Dr. Jaydeep Sarkar, for his constant encouragement 
during the writing of this book. B. Basu also remembers the constant inspiration of 
a number of colleagues and former teachers, including Profs./Drs. S. Ranganathan, 
K. Chattopadhyay, Sanjay K. Biswas, Ashutosh Sharma, N. K. Mukhopadhyay, 
Indranil Manna, D. Basu, Anoop K. Mukhopadhyay, Brian Lawn, M. V. Swain, 
M. Hoffman, Vikram Jayaram, Goutam Biswas, D. Mazumdar, Dipankar Banerjee, 
Atul Chokshi, and B. S. Murty. 

 M. Kalin acknowledges cooperation related to tribology of ceramics from 
J. Vi ž intin and F. Kopa č  from his group at the Faculty of Mechanical Engineering, 
and S. Novak and G. Dra ž i č  from the Jo ž ef Stefan Institute in Ljubljana, Slovenia. 
M. Kalin would like to acknowledge help from M. Polajnar and J. Kogov š ek for 
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assistance in fi nal technical revisions of this book. He would also like to express 
particular thanks to S. Jahanmir (MiTi Heart Corp, USA) and K. Kato (Tohoku 
University, Japan) for their mentoring, scientifi c, and personal advice during their 
joint work at the Ceramics Department at the National Institute of Standards and 
Technology (NIST, Gaithersburg, MD), and Tohoku University (Japan), respectively, 
as well as for the remarkable support and kind friendship over many years. 

 The authors would like to thank Drs. Ian Hutchings, Said Jahanmir, Koji Kato, 
and Karl - Heinz Zum Gahr for writing the comments on and forewords to this book. 

 The authors would like to take this opportunity to acknowledge the fi nancial 
support, of various governmental agencies of India, including the Indian Space 
Research Organisation (ISRO), Department of Atomic Energy (DAE), Department 
of Biotechnology (DBT), Defense Research and Development Organization (DRDO), 
Council of Scientifi c and Industrial Research (CSIR), Department of Science and 
Technology (DST), UK - India Education and Research Initiative (UKIERI), and 
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 FOREWORD     

  Engineering ceramics form a diverse and important class of materials, with a wide 
range of properties and applications, from rolling bearings to dental implants, and 
from high - performance cutting tools to artifi cial hip joints. In these applications and 
many more, the tribological behavior of the ceramic is paramount, but the properties 
by which the material is specifi ed are often  “ standard ”  and easily measured ones 
such as density, hardness, Young ’ s modulus, modulus of rupture, and perhaps frac-
ture toughness. As we now know from extensive research, these properties are often 
poor predictors of tribological performance. Better understanding of the behavior of 
ceramics in tribological applications, and of the detailed infl uence of microstructural 
features such as porosity, phase, and grain size distributions, as well as the tribo-
chemical processes that occur at the material ’ s surface, will benefi t all manufacturers 
and users of these materials and will enable their properties and value to be opti-
mized. A deep appreciation of materials science and engineering, coupled with both 
the chemical and mechanical infl uences which act on the ceramic in use, is needed 
to understand the wear and friction of these materials. 

 Fracture, plastic fl ow, and tribochemical processes can all play key roles in 
the wear and friction of ceramics. It can be argued that their tribological behavior 
is even more complex than that of metals. This book, which focuses on the subject 
from a materials science perspective, forms a valuable contribution to the literature 
on the tribology of engineering ceramics and their composites, and the authors are 
to be congratulated on its comprehensive scope. 

   P rof . I an  H utchings  
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 FOREWORD     

  Microstructures of structural ceramics and their composites have been developed 
during the last decades mainly for applications under static and dynamic mechanical, 
thermal, or corrosive loads. Among others, the aim was to improve fracture tough-
ness to overcome the inherent brittleness and increase the reliability of ceramic 
components in high - loaded applications by optimizing microstructural features, such 
as size and shape of grains or reinforcing phases, as well as processing technologies. 
However, to use the potential of ceramic materials in components under high tribo-
logical loading, materials microstructures have to be adjusted based on a competent 
knowledge of tribological mechanisms involved and the structure ñ property relation-
ships. Using case studies, this book contributes to Ý lling the gap in our understanding 
of the effects of structures of ceramic materials on tribological behavior. Beginning 
with fundamental aspects of structure and properties of ceramic materials as well as 
an introduction to tribology, it covers the tribological behavior of a wide range of 
materials from structural ceramics through bioceramics, biocomposites, and nano-
composites to cermets. This book can be very useful for newcomers, such as stu-
dents, in the Ý eld of ceramics and tribology, as well as for readers with an interest 
in utilizing the high potential of ceramic materials in tribological applications. 

   P rof . K arl  - H einz  Z um  G ahr  

  Karlsruhe Institute of Technology (KIT), Germany         
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