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Foreword

The concept of tribology was announced in 1966 in a report
by the UK Department of Education and Science. It encompasses
the interdisciplinary science and technology of interacting sur-
faces in relative motion and associated subjects and practices.
It includes parts of physics, chemistry, solid mechanics, fluid
mechanics, heat transfer, materials science, lubricant rheology,
reliability and performance.

Although the name tribology is new, the constituent parts of
tribology —encompassing friction and wear —are as old as history.
The economic aspects of tribology are significant. Investigations
by a number of countries arrived at figures of savings of 1.0%
to 1.4% of the GNP, obtainable by the application of tribological
principles, often for proportionally minimal expenditure in Research and Development.

Being an interdisciplinary area, the important aspects of tribology have been difficult to
cover in a single book of interest to readers ranging from students to active researchers in
academia and industry.

To prepare such a wide-ranging book on tribology, Professor Bhushan has harnessed his
knowledge and experience gained in several industries and universities. He has set out to cover
not only the fundamentals of friction, wear and lubrication, friction and wear test methods and
industrial applications, but also includes a chapter on the field of micro/nanotribology, which
may be of special interest in the light of the emergence of proximal probes and computational
techniques for simulating tip—surface interactions and interface properties.

Professor Bharat Bhushan’s comprehensive book is intended to serve both as a textbook for
university courses as well as a reference for researchers. It is a timely addition to the literature
on tribology, and I hope that it will stimulate and further the interest of tribology and be found
useful by the international scientific and industrial community.

Professor H. Peter Jost

President, International Tribology Council
Angel Lodge Laboratories & Works
London, UK

July, 1998



Series Preface

The first edition of Principles and Applications to Tribology was published in 2002. The second
edition promises to deliver much more than the earlier version. In the past few decades, since
the concept of “tribology” was introduced by Peter Jost in 1966, the industry has gone through
dramatic changes. These changes were dictated by demands for new, more reliable products
and to improve the quality of life. To fulfill these demands, new technologies and products have
emerged. In the field of tribology, improved materials and surface treatments were developed,
new lubricants were introduced and new insights into the mechanisms of contacting surfaces
were gained. Nowadays, humanity is facing new challenges such as sustainability, climate
change and gradual degradation of the environment. Tribology, like any other field of science,
is continuously developing to stay at the forefront of the emerging technologies.

This book provides a comprehensive account of the field of tribology. The text starts with
the physical and chemical characteristics of surfaces and surface contacts. It then describes
the basic principles of friction, wear and lubrication mechanisms. An attractive feature of this
book is its wide scope. The book content extends far beyond the more traditional approach
of some tribological books that concentrate mainly on lubricants and lubrication mechanisms.
In this book, the newer areas of nanotribology, green tribology and biomimetics are covered.
There is even a short discussion on the experimental methods used in tribology. A long
chapter is devoted to industrial components and applications relevant to tribology. Tribological
constraints on new technologies such as MEMS and microfabrication are introduced. This
approach demonstrates that the field of tribology is evolving and adapting to remain relevant
to modern industry.

Not so long ago, tribologists were running experiments on tribometers trying to understand
the mechanisms of wear and friction at a macro level. Today, they run complex experiments,
aided by computer simulations, which permit insights to be gained into what is happening
during contact at the molecular or atomic level. In the past few decades, a substantial knowledge
base on various aspects of tribology has been built. As tribology is an interdisciplinary area
of science, knowledge from chemistry, physics, material science, engineering, computational
science and many others is required to provide an understanding of the phenomena that occur.
The book reflects that by providing a comprehensive coverage of this important topic. It is
recommended for undergraduate and postgraduate students and also for practicing engineers.

Gwidon Stachowiak
University of Western Australia



Preface to Second Edition

Tribology is an important interdisciplinary field. It involves design of components with static
and dynamic contacts for the required performance and reliability. The second edition of
Principles and Applications to Tribology has been revised to reflect the developments in the
field over the past decade.

Modern tools and techniques as well as computational modeling have allowed systematic
investigations of interfacial phenomena down to atomic scales. These developments have
furthered the field of nanotribology and nanomechanics and our understanding of the interface
of science and technology.

The advances in micro/nanofabrication processes have led to the development of mi-
cro/nanoelectromechanical systems (MEMS/NEMS) used in various electro/mechanical,
chemical, optical, and biological applications. These devices are expected to have a major
impact on our lives, comparable to that of semiconductor technology, information technology,
or cellular or molecular biology.

Chapters on nanotribology and introduction to nanotechnology (MEMS/NEMS) have been
totally rewritten. A major addition to this new edition is the chapter on ecological or green
tribology. The tribological aspects of ecological balance and of environmental and biolog-
ical impacts, including tribological components, materials and surfaces that mimic nature
(biomimetic surfaces) and the control of friction and wear that is important for alternative
energy production, make up a novel and growing area of science and technology.

The author hopes that the second edition will be a useful addition to interface science and
technology. Thanks are due to Megan BeVier for typing the manuscript.

Power point presentation of the entire book for a semester course is available from the
author. Solution manual is also available from the author. Both Power point presentation and
the solution manual will be shipped to those who are using the book as textbook for a class of
minimum of 6 students.

Professor Bharat Bhushan
Powell, Ohio
May, 2012



Preface to First Edition

Tribology is the science and technology of interacting surfaces in relative motion and of related
subjects and practices. Its popular English language equivalent is friction, wear and lubrication
or lubrication science. The nature and consequence of the interactions that take place at the
interface control its friction, wear and lubrication behavior. During these interactions, forces
are transmitted, mechanical energy is converted, physical and chemical nature, including the
surface topography of the interacting materials, are altered. Understanding the nature of these
interactions and solving the technological problems associated with the interfacial phenomena
constitute the essence of tribology.

Sliding and rolling surfaces represent the key to much of our technological society. Under-
standing of tribological principles is essential for the successful design of machine elements.
When two nominally flat surfaces are placed in contact, surface roughness causes contact to
occur at discrete contact spots and interfacial adhesion occurs. Friction is the resistance to
motion that is experienced whenever one solid body moves over another. Wear is the surface
damage or removal of material from one or both of two solid surfaces in a moving contact.
Materials, coatings and surface treatments are used to control friction and wear. One of the
most effective means of controlling friction and wear is by proper lubrication which pro-
vides smooth running and satisfactory life for machine elements. Lubricants can be liquid,
solid, or gas. The role of surface roughness, the mechanisms of adhesion, friction and wear,
and physical and chemical interactions between the lubricant and the interacting surfaces
must be understood for optimum performance and reliability. The importance of friction and
wear control cannot be overemphasized for economic reasons and long-term reliability. The
savings can be substantial, and these savings can be obtained without the deployment of
investment.

The recent emergence and proliferation of proximal probes, in particular,tip-based micro-
scopies (the scanning tunneling microscope and the atomic force microscope) and the surface
force apparatus, and of computational techniques for simulating tip—surface interactions and
interfacial properties, have allowed systematic investigations of interfacial problems with high
resolution, as well as ways and means for modifying and manipulating nanoscale structures.
These advances provide the impetus for research aimed at developing a fundamental under-
standing of the nature and consequences of the interactions between materials on the atomic
scale, and they guide the rational design of material for technological applications. In short,
they have led to the appearance of the new field of micro/nanotribology, which pertains to
experimental and theoretical investigations of interfacial processes on scales ranging from
the atomic and molecular to the microscale. Micro/nanotribological studies are valuable for a
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fundamental understanding of interfacial phenomena to provide a bridge between science and
engineering.

There is a concern that some of today’s engineering and applied science students may not
be learning enough about the fundamentals of tribology. No single, widely-accepted textbook
exists for a comprehensive course on tribology. Books to date are generally based on the
authors’ own expertise in narrow aspects of tribology. A broad-based textbook is needed. The
purpose of this book is to present the principles of tribology and the tribological understanding
of most common industrial applications. The book is based on the author’s broad experience
in research and teaching in the area of tribology, mechanics and materials science for more
than thirty years. Emphasis is on the contemporary knowledge of tribology, and includes the
emerging field of micro/nanotribology. The book integrates the knowledge of tribology from
mechanical engineering, mechanics and a materials science points of view. Organization of
the book is straightforward. The first part of the book starts with the principles of tribology
and prepares the students to understand the tribology of industrial applications. The principles
of tribology follow with materials, coatings and surface treatments for tribology. Chapter 15
describes the tribological components and applications.

The book is intended for three types of readers: (1) senior undergraduate and graduate
students of tribology and design; (2) research workers who are active or intend to become
active in this field; and (3) practicing engineers who have encountered a tribology problem
and hope to solve it as expeditiously as possible. The book should serve as an excellent text for
one or two semester graduate courses in tribology as well as for a senior level undergraduate
course of mechanical engineering, materials science or applied physics. For a first or one
semester course on introduction to tribology and industrial applications the following sections
may be included: Chapter 1, 3.1, 3.2, 3.3, 3.4.1, 3.4.2.4, 3.4.2.6, 3.4.3.2, 3.4.7, 3.4.8, 3.5,
4.1,4.2.1,4.2.3,43.1.2,43.3,4.4,5.1,5.2,54, 6.1, 6.2.1 to 6.2.6, 6.3, condensed 6.4, 6.5,
7.1,7.2.1,7.2.3, 7.3.1, 7.4, 8.1, 8.2, 8.3, condensed 8.4, 8.5, 9.1, 9.2, 9.3.1, 9.3.2.5, 9.5.2,
9.6.1,9.6.2,9.6.3,9.7, 10.1, 10.2, 10.5, 11.1, 11.3, 11.5, 12.2, 12.3.1, 12.4, and 14.2. For a
second semester course on materials, friction and wear of materials, and industrial applications,
the following sections may be included: Chapter 2, short reviews of the following sections:
3.3,3.4.1,34.2.6,3.43.2,423.1,4.23.2, 4234, 4.3.1.2 and 6.2, 6.4, 6.5, short reviews
of 8.2 and 8.3, 8.4, 8.5, 8.A, 8.B, 8.C, 9.1, 9.2, Chapter 10, Chapter 12, Chapter 13, and
Chapter 14.

I wish to thank all of my former and present colleagues and students who have contributed
to my learning of tribology. I was introduced to the field of tribology via a graduate course
in Tribology in Fall 1970 by Profs. Brandon G. Rightmyer and Ernest Rabinowicz at
Massachusetts Institute of Technology. I learnt a great deal from Prof. Nathan H. Cook, my
M.S. thesis supervisor. My real learning started at R& D Division of Mechanical Technology
Inc., Latham, New York, under the guidance of Dr. Donald F. Wilcock, Dr. Jed A. Walowit
and Mr. Stanley Gray, and at Technology Services Division of SKF Industries Inc., King of
Prussia, Pennsylvania, under the guidance of Dr. Tibor Tallian. I benefited immensely from
the help of many colleagues at the General Products Division of IBM Corporation, Tucson,
Arizona, and at the Almaden Research Center of IBM Corporate Research Division, San
Jose, California. Dr. Kailash C. Joshi helped me in establishing myself at IBM Tucson and Dr.
Barry H. Schechtman mentored me at IBM Almaden, San Jose, and helped me immensely.
Prof. Bernard H. Hamrock at The Ohio State University has provided nice companionship.
Since 1991, I have presented many graduate and undergraduate tribology courses at The Ohio
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State University as well as many on-site short tribology courses in the U.S. and overseas. The
book is based on the class notes used for various courses taught by me.

My special thanks go to my wife Sudha, my son Ankur and my daughter Noopur, who have
been very forebearing during the years when I spent long days and nights in conducting the
research and keeping up with the literature and preparation of this book. They provided the
lubrication necessary to minimize friction and wear at home. Kathy Tucker patiently typed
and retyped the manuscript for this book.

Professor Bharat Bhushan
Powell, Ohio
June, 1998



Contents

About the Author

Foreword

Series Preface

Preface to Second Edition

Preface to First Edition

1

1.1
1.2
1.3
1.4

2.1
2.2

23

24

2.5

2.6

2.7
2.8

Introduction

Definition and History of Tribology

Industrial Significance of Tribology

Origins and Significance of Micro/Nanotribology
Organization of the Book

References

Structure and Properties of Solids

Introduction

Atomic Structure, Bonding and Coordination

2.2.1 Individual Atoms and lons

2.2.2 Molecules, Bonding and Atomic Coordination
Crystalline Structures

2.3.1 Planar Structures

2.3.2 Nonplanar Structures

Disorder in Solid Structures

2.4.1 Point Defects

242 Line Defects (Dislocations)

2.4.3 Surfaces/Internal Boundaries

2.4.4 Solid Solutions

Atomic Vibrations and Diffusions

Phase Diagrams

Microstructures

Elastic and Plastic Deformation, Fracture and Fatigue
2.8.1 Elastic Deformation

2.8.2 Plastic Deformation

XV
xvii
Xix
xxi

xxiii

NN B =



viii

Contents

2.9

3.1
3.2

3.3

34

3.5

4.1
42

2.8.3 Plastic Deformation Mechanisms

2.84 Fracture

2.8.5 Fatigue

Time-Dependent Viscoelastic/Viscoplastic Deformation

2.9.1 Description of Time-Dependent Deformation Experiments
Problems

References

Further Reading

Solid Surface Characterization

The Nature of Surfaces

Physico-Chemical Characteristics of Surface Layers

3.2.1 Deformed Layer

3.2.2 Chemically Reacted Layer

3.2.3 Physisorbed Layer

3.24 Chemisorbed Layer

3.2.5 Surface Tension, Surface Energy, and Wetting

3.2.6 Methods of Characterization of Surface Layers

Analysis of Surface Roughness

3.3.1 Average Roughness Parameters

3.3.2 Statistical Analyses

3.3.3 Fractal Characterization

3.3.4 Practical Considerations in the Measurement
of Roughness Parameters

Measurement of Surface Roughness

3.4.1 Mechanical Stylus Method

3.4.2 Optical Methods

3.4.3 Scanning Probe Microscopy (SPM) Methods

3.4.4 Fluid Methods

34.5 Electrical Method

3.4.6 Electron Microscopy Methods

3.4.7 Analysis of Measured Height Distribution

3.4.8 Comparison of Measurement Methods

Closure

Problems

References

Further Reading

Contact between Solid Surfaces
Introduction
Analysis of the Contacts

4.2.1 Single Asperity Contact of Homogeneous and Frictionless Solids
4.2.2 Single Asperity Contact of Layered Solids in Frictionless and

Frictional Contacts
4.2.3 Multiple Asperity Dry Contacts

56
62
68
74
77
80
81
82

83
83
84
84
85
86
87
87
90
90
92
99
125

127
131
133
137
155
163
166
166
168
168
174
175
176
179

181
181
182
182

199
209



Contents

ix

4.3

4.4

5.1
52,

3.3

5.4

6.1
6.2

6.3
6.4

6.5

Measurement of the Real Area of Contact

4.3.1 Review of Measurement Techniques

4.3.2 Comparison of Different Measurement Techniques
4.3.3 Typical Measurements

Closure

Problems

References

Further Reading

Adhesion

Introduction

Solid-Solid Contact

§5.2.1 Covalent Bond

5.2.2 lonic or Electrostatic Bond
5.2.3 Metallic Bond

5.2.4 Hydrogen Bond

5.2.5 Van der Waals Bond

5.2.6 Free Surface Energy Theory of Adhesion
5.2.7 Polymer Adhesion
Liquid-Mediated Contact

5.3.1 Idealized Geometries

5.3.2 Multiple-Asperity Contacts
Closure

Problems

References

Further Reading

Friction

Introduction

Solid—Solid Contact

6.2.1 Rules of Sliding Friction

6.2.2 Basic Mechanisms of Sliding Friction
6.2.3 Other Mechanisms of Sliding Friction
6.2.4 Friction Transitions During Sliding
6.2.5 Static Friction

6.2.6 Stick-Slip

6.2.7 Rolling Friction

Liquid-Mediated Contact

Friction of Materials

6.4.1 Friction of Metals and Alloys

6.4.2 Friction of Ceramics

6.4.3 Friction of Polymers

6.4.4 Friction of Solid Lubricants

Closure

Problems

251
251
255
259
262
264
265
269

271
271
272
276
276
277
278
278
279
287
288
290
305
316
317
317
320

321
321
323
328
328
349
354
356
358
362
366
369
371
375
380
383
392
396



