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Series Editors’ Foreword

Tribology is concerned with understanding the behaviour and performance of the components

of machines and equipment, with surfaces that are subject to relative motion, either from

other components or from loose materials. It therefore has a wide range of applications

across many industries, and also in medicine in understanding the mechanism of operation

of the joints between bones. The Tribology in Practice Series of books aims to make an

understanding of tribology readily accessible and relevant to industry, so that it can be

brought to bear on engineering problems.

This latest book in the series, Wear – Mechanisms, Materials and Practice, edited by

Gwidon Stachowiak provides a comprehensive review of the current understanding of the

wear of all kinds of materials, and how it can be controlled and reduced. The authors of

the individual sections of the book are world experts in the various subject areas. They are

therefore able to summarize the currently available knowledge and the ways in which it can

be used to solve practical problems. The book will therefore provide a valuable reference

work for engineers in industry, as well as being useful for research workers in the field by

providing a summary of previous work.
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is scope for the introduction of practical, interpretative material. The Series Editors and the

publishers would welcome suggestions and proposals for future titles in the Series.

M.J. Neale

Neale Consulting Engineers, UK
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Neale Consulting Engineers, UK
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Preface

Wear is the process occurring at the interfaces between interacting bodies and is usually

hidden from investigators by the wearing components. However, this obstacle has been

gradually overcome by scientists, revealing an intricate world of various wear modes and

mechanisms. Since the early wear experiments our knowledge about wear has increased

considerably and a significant progress in the description of wear mechanisms has been

made. Over the past decades our views and understanding of wear have changed, including

the classification of wear mechanisms. Concepts such as abrasion, adhesion and fatigue,

originally used in the classification of wear mechanisms, are, now, insufficient. New materials

and surface coatings wear in a specific manner. Complex reactions and transitions often

take place on the wearing surfaces and our understanding of wear mechanisms occurring is

critical to the effective utilization of these materials. Furthermore, if we understand how a

material resists wear and friction, then it should be much easier to improve that material.

It is now clear that all known forms of friction and wear are controlled by thin films of

material present between the interacting surfaces. It has been recognized since ancient times

that supplying liquid or grease to a contact offers a lower friction and wear. If such a film

is merely generated by wear of the bodies sliding in dry contact, the wear and friction are

usually much higher. In general terms, this film formation controls wear to a large extent

and is usually beneficial since it lowers friction and wear. However, there are also instances

when film formation raises wear and friction.

In May 2000 Chris Taylor, the editor of the Journal of Engineering Tribology, had asked

me to guest-edit a special issue of the Journal of Engineering Tribology on the topic of

‘Wear/Lubricated Wear’. I found this to be a very good idea and agreed. The special issue

was published almost two years later in 2002. The issue contained nine excellent papers

covering a broad range of topics representing our state of knowledge on recent developments

in the area of wear/lubricated wear. World-leading researchers in the area of wear and wear

control, such as Koji Kato, Sanjay Biswas, Stephen Hsu, Ronald Munro, Ming Shen, Richard

Gates, Andrew Gellman, Nic Spencer, Said Jahanmir, Ali Erdemir, Christophe Donnet, Brian

Briscoe, Sujeet Sinha, Klaus Friedrich, Zhong Zhang, Patrick Klein and Gwidon Stachowiak,

contributed papers on various topics to this issue. On completion of this work it became

apparent that many researchers and engineers throughout the world would benefit from an

expanded version in a book form. So I had presented the idea of publishing this special issue



xx Preface

in a more expanded form to the Professional Engineering Publishers Ltd. The publisher was

very supportive of the idea. In addition, the Editorial Board of the PEP book series made

many valuable suggestions regarding the book content. As a result several additional experts,

such as Ian Hutchings, Anne Neville, Ardian Morina, Kenneth Holmberg, Alan Matthews,

Yves Berthier, Philippe Kapsa, Siegfried Fouvry, Leo Vincent and Brian Roylance, were

invited to contribute chapters in specific areas of wear and wear control. Altogether, six

additional chapters were invited and, as a result, a unique piece of work has emerged.

The resulting book represents the current state of art in the area of wear, wear mechanisms

and materials. The chapters discuss the latest concepts in wear mechanism classification,

wear of metals, wear of polymer and polymer composites, fretting wear, wear mapping of

materials, friction and wear of diamond and diamond-like carbon films, wear of ceramics,

concept of a third body in wear and friction problems and the tribology of engineered

surfaces. Wear in boundary lubrication, effects of lubricant chemistry on wear, effects of

surface chemistry in tribology, characterization and classification of particles and surfaces,

and machine failure and its avoidance are also discussed. The strength of this book is in its

current knowledge of topic and its frequent references to engineering practice. However, this

book is not limited to presenting what is already known about wear. It also attempts to present

the myriad of new emerging problems and the possible ways of solving them. It shows us

that, although we already know a lot about wear, there are still some aspects of it to be yet

uncovered and thoroughly investigated. It shows us that new ways and approaches to wear

control are still being discovered and implemented in practice. The book also demonstrates

what type of new problems we are most likely to be dealing with in the future.

I am very grateful to the authors for sharing with us their knowledge and for their hard

work. In particular, I appreciate the time they dedicated to the meticulous preparation of

their manuscripts. After all, it is not easy to put an extra task on top of the many other duties

and commitments one already has. I am sure this book will provide a valuable reference for

people with interest in wear and wear control.

Gwidon Stachowiak



1

The Challenge of Wear

I.M. Hutchings

Abstract

While accurate predictive models for wear rate are still an elusive goal, it is clear that

significant recent progress has been made in our understanding of many aspects of wear

mechanisms and that advances in materials, surface engineering and lubricants, as well as in

design methods and condition monitoring, have led to major improvements in the efficiency,

lifetime cost and performance of many engineering systems. There is still much potential for

future development, and challenges in tribology, especially in the vital field of wear, remain.

1.1 Introduction

Tounderstand the degradation processes knownaswear, to predict the rate ofwear and to reduce

it still form some of the most problematic challenges facing the engineer. The understanding

of wear often involves a detailed knowledge of mechanics, physics, chemistry and material

science, while its quantitative prediction, even to within an order of magnitude, remains in

many cases a distant goal. Although wear can often be reduced by lubrication, the extent of that

reduction can almost never be predicted accurately. The following chapters focus on particular

aspects of wear and review the current state of our knowledge on this vitally important topic.

1.2 Definitions and Development of Wear Studies

The widest definition of wear, which has been recognized for at least 50 years, includes the

loss of material from a surface, transfer of material from one surface to another or movement of

material within a single surface [1]. Although a narrower definition of wear has been proposed

as ‘progressive loss of substance from the operating surface of a body occurring as a result of

relative motion at the surface’ [2], the wide range of engineering applications of concern to

Wear – Materials, Mechanisms and Practice I.M. Hutchings
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the tribologist is served better by a broader definition. A simple and useful statement is that
wear is ‘damage to a solid surface, generally involving progressive loss of material, due to
relativemotionbetween that surface anda contacting substanceor substances’ [3]. This includes
(1) degradation by the displacement ofmaterialwithin the surface (leading to changes in surface
topographywithout loss of material), as well as themore usual case of material removal; (2) the
wear processes common in machines in which one surface slides or rolls against another, either
with or without the presence of a deliberately applied lubricant; and (3) the more specialized
types of wear which occur when the surface is abraded by hard particles moving across it, or
is eroded by solid particles or liquid drops striking it or by the collapse of cavitation bubbles
in a liquid. This definition, quite deliberately, tells us nothing about the mechanisms by which
the degradation takes place. These may be purely mechanical, for example involving plastic
deformation or brittle fracture, or they may involve significant chemical aspects, for example
oxidation of a metal or hydration of a ceramic; in many practical cases, both chemical and
mechanical processes play a role [4].
The studyof tribologyhas a longhistory, extending for several centuries before theword itself

was coined in 1965. Early studies of friction were performed by Leonardo da Vinci in the late
sixteenth century, and the first quantitative understanding of fluid film lubrication originated
with Beauchamp Tower in the late nineteenth century. Wear has entered the scientific arena
rather more recently. The design and construction of early machines involved large clearances
and rather slow speeds of operation, with the result that, provided gross adhesion or excessive
friction could be avoided, changes in dimensions of sliding parts due to wear could often be
tolerated with little adverse effect on performance. It was the development of the high-speed
internal combustion engine in the early part of the twentieth century that provided the initial
driving force for the study of wear which has grown in importance to the present day. Our
understanding of wear mechanisms has developed most rapidly with the widespread use of
electron microscopy and instrumental methods of microanalysis over the past 30 years. There
are nowmany examples of advanced engineering products, some involving high-speed sliding
or rolling and others small dimensions or hostile environments, whose development and
successful use are possible only through the understanding and successful limitation of wear
processes. These include gas turbine engines, artificial human joints, automotive engines and
transmissions, tyres and brakes, hard disk drives for data storage and an increasing number
of electromechanical devices for domestic and industrial use. Wear is, however, not always
to be avoided: there are many manufacturing processes involving abrasive processing, for
example, in which wear is used productively to form and shape surfaces [5].

1.3 Scope and Challenges

In some applications such as bearings, wear (and friction) is of primary concern, while for
others the tribological performance of the system, although important, is not the main driver
for its design. Thus, in modern engineering, we find increasing use of materials with more
attractive combinations of density and mechanical properties than steel, or with benefits
in cost, performance or formability, such as polymers, ceramics and various composite
materials [6–8]. We also see a rapid increase in the use of surface engineering to provide
a cost-effective combination of near-surface performance with desirable bulk properties in
engineering components [9, 10]. These developments all pose particular challenges for the
tribologist.
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The origins of these challenges are many. The conditions to which a surface is exposed
during wear are quite different from those involved in the measurement of conventional
mechanical properties such as tensile strength, indentation hardness or fracture toughness.
The dimensions of oxide or lubricant films, of surface height variation or of wear debris
typically lie in the range from 10 nm to 10 �m [9]. In the absence of a thick lubricant
film, surfaces make contact with each other at local high spots (asperities) which interact
and induce high stresses (up to the yield point in some cases) over distances of the order
of micrometres on a timescale of the order of microseconds. For typical speeds of relative
motion, the strain rates at these microscopic sites of mechanical interaction can therefore be
of the order of 104–107s−1. Not only are the timescales very short and strain rates high, but
all the energy of frictional work is dissipated through the interactions of these contacts, often
leading to high but transient local temperatures [11]. Even in a lubricated contact, the power
density can be remarkably high: it has been estimated that in a thin elastohydrodynamic
(EHL) oil film, the rate of viscous energy dissipation is of the order of 100 TWm−3,
equivalent to dissipating the entire electrical power output of USA in a volume of 5 l.
The difficulties involved in fully describing, and then in formulating models for, the

behaviour of a wearing surface are not just associated with the extreme local conditions. The
problem is much more complex than that, for at least three more reasons. First, the process of
wear itself changes the composition and properties of the surface and near-surface regions;
the material which separates two sliding surfaces can be treated as a distinct ‘third-body’
with its own evolutionary history and properties and these properties will often change
during the lifetime of the system [12]. Second, the removal or displacement of material
during wear leads to changes in surface topography. Third, the mechanisms by which wear
occurs are often complex and can involve a mixture of mechanical and chemical processes:
for example, in the unlubricated sliding of two steel surfaces, material may be removed by
mechanical means after oxidation, while under conditions of boundary lubrication the source
of wear is often the mechanical removal of the products of chemical reaction between the
steel surface and the lubricant additives [13, 14]. Neither the mechanical nor the chemical
interactions involved in sliding wear can yet be modelled accurately. The problem of fretting
wear, in which contacting surfaces are exposed to small cyclic relative displacements, has
some similarities to, but also many differences from, that of continuous sliding [15].
The case of abrasive wear is in principle slightly more tractable since chemical effects

usually play a negligible role, but even here it would be necessary to model the deformation
of the material to very large plastic strains, to incorporate realistic failure criteria (to account
for ductile rupture or brittle fracture), to allow for changes in surface topography during
wear, to account for the inhomogeneity of the material (associated with its microstructure,
as it is initially and as it becomes modified during wear) at the length scale relevant to the
unit interaction with an abrasive particle and to sum the individual effects of the interactions
with perhaps many billions of abrasive particles.1 The properties of the abrasive particles
themselves would also have to be incorporated into a full model: these will include their
bulk mechanical properties such as stiffness and strength, as well as a full description of
their shape. The difficulties involved in describing the relevant aspects of particle shape
alone have stimulated much research [16].

1 One gram of abrasive particles 10 �m in diameter represents about 109 particles.
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In view of the highly complex nature of wear processes and the difficulty of producing
realistic models for them, it is not surprising that many discussions of sliding wear start with
the simplest possible assumption of the relationship between wear rate and normal load:

Q= KW

H
(1)

where Q is the volume removed from the surface per unit sliding distance, W is the normal
load applied to the surface by its counterbody and H is the indentation hardness of the
wearing surface. K is a dimensionless quantity which is usually called the wear coefficient

and which provides a valuable means of comparing the severity of different wear processes.
If K,W and H remain constant during wear, then it is implicit in equation (1) that the volume
of material lost from the surface is directly proportional to the relative sliding distance, or
at constant sliding speed, to time. Equation (1) is usually called the Archard wear equation.
Archard was perhaps the first to derive the relationship from a plausible physical model in
1953 [17], although Archard himself acknowledged the earlier work of Holm in 1946, and
the empirical statement that wear is directly proportional to sliding distance and inversely
proportional to normal load was made as early as 1927 by Preston in a study of the polishing
of plate glass [18]. An equation identical to equation (1) was also stated by Taylor in 1948
without any indication that it was not already well known [19].2

For engineering applications, and especially for the wear of materials whose hardness
cannot readily be defined (such as elastomers), the wear rate is commonly stated as
k= K/H =Q/W . k is often called the specific wear rate and quoted in units of
mm3 N−1 m−1. For a material with a hardness H of 1 GPa (a soft steel, or a hard aluminium
alloy, for example), the numerical value of k expressed in mm3 N−1 m−1 is exactly the same
as the value of K.
Figure 1.1 shows, very approximately, the range of values of K seen in various types of

wear. Under unlubricated sliding conditions (so-called dry sliding), K can be as high as 10−2,
although it can also be as low as 10−6. Often two distinct regimes of wear are distinguished,
termed ‘severe’ and ‘mild’. Not only do these correspond to quite different wear rates (with
K often above and below 10−4, respectively), but they also involve significantly different
mechanisms of material loss. In metals, ‘severe’ sliding wear is associated with relatively
large particles of metallic debris, while in ‘mild’ wear the debris is finer and formed of oxide
particles [13]. In the case of ceramics, the ‘severe’ wear regime is associated with brittle
fracture, whereas ‘mild’ wear results from the removal of reacted (often hydrated) surface
material.
When hard particles are present and the wear process involves abrasion (by sliding or

rolling particles) or erosion (by the impact of particles), then the highest values of K occur;3

the relatively high efficiency by which material is removed by abrasive or erosive wear
explains why these processes can also be usefully employed in manufacturing [5].
The values of K which occur for unlubricated sliding, or for wear by hard particles, are

generally intolerably high for practical engineering applications, and in most tribological
designs lubrication is used to reduce the wear rate; the effect of lubrication in reducing wear

2 Although the relevant paper was published in 1950, it had been presented at a conference in 1948.
3 Equation (1) can be applied to abrasive wear as well as to sliding wear; an analogous equation can also be derived
for erosion by solid particle impact, from which a value of K can be derived [20].
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Figure 1.1 Schematic representation of the range of wear coefficient K exhibited under different
conditions of wear. HL = hydrodynamic lubrication; EHL = elastohydrodynamic lubrication

is far more potent than its effect on friction, and the increase in life which results from the
reduction in wear is generally much more important than the increase in efficiency from the
lower frictional losses. As Figure 1.1 shows, even the least effective lubrication can reduce
the wear rate by several orders of magnitude, and as the thickness of the lubricant film is
increased in the progression from boundary to EHL and then to hydrodynamic lubrication,
so the value of K falls rapidly. In the hydrodynamically lubricated components of a modern
automotive engine, values of K as low as 10−19 are achieved [21].

There is a great deal of current interest in improving lubricants so as to achieve low
wear rates with thinner films (associated with higher contact pressures). A good protective
lubricant film requires the right combination of adhesion to the substrate, film formation and
replenishment rate and shear strength [14]; allied with this is the need to find replacements
for highly effective additives such as ZDDP (zinc dialkyl dithiophosphate) which contain
elements which are detrimental both to the environment and to the long-term operation of
automotive exhaust catalysts. Boron compounds are receiving much attention in this context,
and there are also attractions in lubricants which can be transported to the sliding surfaces
in the vapour phase, especially for very small-scale devices (e.g. MEMS) and for systems
operating at high temperatures [14, 21, 22]. There is also active research into lubricants
and lubricant additives which are effective for non-ferrous metals, ceramics and engineered
surfaces [21].
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As our understanding of wear processes deepens, it becomes increasingly important to
be able to transfer that knowledge to engineers involved in both the design and operation
of machines. Maps or wear regime diagrams provide powerful tools for the design process
[4, 7, 23], while increasingly sophisticated methods have been developed to assess and
monitor the tribological health of operating machinery and determine the appropriate levels
of maintenance [24].

1.4 Conclusions

While accurate predictive models for wear rate are still an elusive goal, it is clear that
significant recent progress has been made in our understanding of many aspects of wear
mechanisms and that advances in materials, surface engineering and lubricants, as well as in
design methods and condition monitoring, have led to major improvements in the efficiency,
lifetime cost and performance of many engineering systems. There is still much potential for
future development, and challenges in tribology, especially in the vital field of wear, remain.
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2

Classification of Wear
Mechanisms/Models

K. Kato

Abstract

Wear mechanisms may be briefly classified as mechanical, chemical and thermal wear whose
wear modes are further classified into seven sub-classes. Some of them have wear models
and mathematical expressions for wear rate, but many of them still do not have satisfactory
wear models and wear equations for reliable predictions. This chapter reviews such current
understanding on wear mechanisms and models.

2.1 Introduction

Wear is not a material property; however, it is a systems response [1, 2]. The wear rate of a
material can vary from 10−3 to 10−10 mm3/Nm depending on contact conditions, such as the
counterpart material, contact pressure, sliding velocity, contact shape, suspension stiffness,
environment and the lubricant [3].
The wear rate changes through the repeated contact process under constant load and

velocity. It is generally high in an initial unsteady state and relatively lower in the later
steady one. Initial wear and steady wear are the terms used to describe wear rate changes
resulting from wear due to repeated contact. In steel against steel contact, this change is
caused by the change of the wear modes from adhesive wear to corrosive (oxidative) wear.
Running-in is also an expression used to describe the initial, higher wear rate in lubricated

contacts. In the case of SiC to SiC contact in water, the wear rate changes from a high
value of 10−6 mm3/Nm to a low value of 10−8 mm3/Nm. This is caused by the successive
wear of surface asperities and the better conformity of smooth worn surfaces. In the early
stage, wear is caused by brittle micro-fractures in the surface grains and in the later stage by
tribochemical reaction [4–6].

Wear – Materials, Mechanisms and Practice Edited by G. Stachowiak
© 2005 John Wiley & Sons, Ltd
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Lubrication reduces adhesive wear by reducing adhesion; however, it increases the abrasive
wear by reducing the friction. Adhesive wear and the transfer layer reduce the subsequent
adhesive wear when the friction between worn surface and transfer layer in air is low,
for example with polytetrafluoroethylene [7]. Early corrosive wear reduces the subsequent
corrosive wear when worn surfaces become smoother and conform better [8].
Wear is complicated in this way. It must be considered in terms of a multiparameter-

sensitive phenomenon.

2.2 Classification of Wear Mechanisms and Wear Modes

2.2.1 Mechanical, Chemical and Thermal Wear

The classification of wear parameters, along with descriptive terms of the wear mechanisms,
is shown in Table 2.1. ‘Rolling wear’, ‘sliding wear’, ‘fretting wear’ and ‘impact wear’ are
the terms often used in practice and in literature. They are useful to describe the type of
motion which results in wear; however, they do not describe possible wear mechanisms.
‘Mechanical wear’, ‘chemical wear’ and ‘thermal wear’ are terms used to describe briefly
wear mechanisms occurring.

Table 2.1 Classification of wear parameters

Class Parameter

Friction type Rolling Rolling–sliding Sliding Fretting Impact

Contact shape Sphere/
sphere

Cylinder/
cylinder

Flat/
flat

Sphere/
flat

Cylinder/
flat

Punch/
Flat

Contact pressure level Elastic Elasto-plastic Plastic

Sliding speed
or loading speed

Low Medium High

Flash temperature Low Medium High

Mating contact material Same Harder Softer Compatible Incompatible

Environment Vacuum Gas Liquid Slurry

Contact cycle Low (single) Medium High

Contact distance Short Medium Long

Phase of wear Solid Liquid Gas Atom Ion

Structure of wear particle Original Mechanically mixed Tribochemically formed

Freedom of wear particle Free Trapped Embedded Agglomerated

Unit size of wear mm scale µm scale nm scale

Elemental physics
and chemistry

 in wear

Physical adsorption, chemical adsorption, tribochemical activation and tribofilm formation,
oxidation and delamination, oxidation and dissolution, oxidation and gas formation, phase
transition, recrystallization, crack nucleation and propagation, adhesive transfer and retransfer

Elemental system dynamics
related to wear

Vertical
vibration

Horizontal
vibration

Self-excited
vibration

Harmonic
vibration

Stick-slip
motion

Dominant
wear process 

Fracture
(ductile or brittle)

Plastic
flow 

Melt
flow

Dissolution Oxidation Evaporation

Wear mode Abrasive Adhesive Flow Fatigue Corrosive Melt Diffusive

Wear type Mechanical Chemical Thermal
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Mechanical wear describes wear governed mainly by the processes of deformation and
fracturing. The deformation process has a substantial role in the overall wear of ductile
materials and the fracturing process has a major role in the wear of brittle materials. Chemical
wear describes wear governed mainly by the growth rate of a chemical reaction film. The
growth rate of the film is accelerated mechanically by friction [9–11]. Therefore, chemical
wear is called ‘tribochemical wear’. Thermal wear describes wear governed mainly by local
surface melting due to frictional heating [12]. Diffusive wear is also included in the term
‘thermal wear’, since it becomes noticeable only at high temperatures. The wear of brittle
materials caused by fractures following thermal shocks may also be included in thermal
wear [13].
These three descriptions of wear are necessary to characterize wear briefly; however, they

are not sufficient to introduce wear models for wear rate predictions.

2.2.2 Wear Modes: Abrasive, Adhesive, Flow and Fatigue Wear

‘Abrasive’, ‘adhesive’, ‘flow’ and ‘fatigue’ wear are more descriptive expressions for
mechanical wear, and their wear processes are schematically illustrated in Figure 2.1(a), (b),
(c) and (d), respectively.
The abrasive wear of ductile materials is shown in Figure 2.1(a). Three-dimensional wear

models of surface scratching by a hard asperity have been proposed and confirmed through
quantitative agreements between experimental results and theoretical predictions [14, 15].
The wear volume, V , is given by the following expression:

V = ��
WL

HV

(1)

whereW is the load, L the sliding distance, � the shape factor of an asperity and � the degree
of wear by abrasive asperity. Experimentally, � takes a value of about 0.1 and � varies
between 0 and 1.0, depending on the value of the degree of penetration of an abrasive asperity,
the shear strength at the contact interface and the mechanical properties of the wearing
material. If the wear rate is given by a specific wear rate, ws (= wear volume/load× sliding
distance), or a wear coefficient, K (= wsHV , where HV is the hardness), they are derived
from equation (1) as follows:

ws =
��

HV

(2)

K = �� (3)

These equations, however, are only valid for single-abrasive scratching. An abrasive wear
mode map has been shown to be useful for abrasive wear rate prediction when multiple
contacts are involved, where the degree of penetration and the contact shear strength are
distributed among many asperity contacts in order to find statistical values [16].
As for the adhesive wear of ductile materials, schematically illustrated in Figure 2.1(b)

[17], no predictive theories have been quantitatively confirmed by experiments. Assumptions
have been made dealing with the unit volume of wear particles removed from the unit
contact region [18, 19], but they do not agree well enough with experimental data to give a
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 2.1 Schematic wear modes: (a) abrasive wear by microcutting of ductile bulk surface;
(b) adhesive wear by adhesive shear and transfer; (c) flow wear by accumulated plastic shear flow;
(d) fatigue wear by crack initiation and propagation; (e) corrosive wear by shear fracture of ductile
tribofilm; (f) corrosive wear by delamination of brittle tribofilm; (g) corrosive wear by accumulated
plastic shear flow of soft tribofilm; (h) corrosive wear by shaving of soft tribofilm; and (i) melt wear
by local melting and transfer or scattering

basis for a quantitative theory. Wear equations for adhesive wear are given by the following
expressions, which are similar to equation (1):

V = wsWL (4)

or

V = K
WL

HV

(5)
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Experimental results for adhesive wear show that the wear volume increases almost linearly
with the load and sliding distance. However, useful physical models were not found to
explain the observed variation in values of ws and K, where, for example, ws varied from
10−2 to 10−10 mm3/Nm. Various statistical variables, such as material microstructure, surface
roughness, flash temperatures, local contamination, adhesive transfers, free wear particles
and microscale tribochemical reactions on the contact surfaces, are all related to the constants
through the local values of the friction coefficient and the strength of contact materials.
It must be noticed that the local friction coefficient is a function of the local shear strength
at the contact interface and the local contact geometry.
As for flow wear, shown in Figure 2.1(c) [20, 21], experimental observations with steel

are explained well by a theoretical model, called ‘ratchetting’, and the wear coefficient, K,
is given as a function of the plasticity index, surface roughness and friction coefficient [22,
23]. Although the mechanism of flow wear is similar to that of low-cycle fatigue, crack
initiation and propagation are not necessary to produce wear particles, and plastic flow is
the major part in this wear mode. The question of whether the wear of a butter-like tribofilm
covering a hard substrate could be treated as another form of flow wear still remains.
In the case of fatigue wear, predictions of high-cycle fatigue wear were made first. In this

wear mode crack initiation and propagation, as shown in Figure 2.1(d), in a repeated contact
stress cycle dominate. Stress conditions are assumed to be either elastic or elasto-plastic. Wear
particle shape or unit wear volume is decided, therefore, by the path of crack propagation.
The critical number Nf of rolling cycles for surface spalling by high-cycle fatigue in a steel
ball bearing is experimentally given by the following equation:

Nf = bW−n (6)

where W is the load and b and n are experimental constants. The value of n is 3 for
ball bearings [24]. Its basic premise is that spalling can be treated as a statistical fracture
phenomenon following the theory of Weibull [25].
If the contact stress is at a level sufficiently high for plastic deformation to occur and

repeated contact cycles are required to produce wear particles through crack initiation and
propagation, a Coffin–Manson-type relation of the fatigue fracture can be used to model
the low-cycle fatigue wear. The wear rate for this mode is theoretically introduced by
creating a two-dimensional abrasive wear model of the plastic wave formation [26]. The
wear coefficient, K, is given as follows:

K = 9×31/2r�

CD�1−D
t

(7)

where r, � and �t are all determined from the wave model as functions of the attack angle
and the normalized shear strength of the contact interface, C is the monotonic effective shear
strain and D an experimental constant used as the power in the low-cycle fatigue law.
Wear is supposed to occur when strain is accumulated to a critical value causing fracture.

Equation (7) gives the predicted K value, ranging from 10−10 to 100 in relation to the changes
of the friction coefficient and the asperity attack angle. This prediction seems to give a
reasonable explanation for some experimental results [26].
The results obtained from both equations (6) and (7) are based on the experimental power

law of fatigue fracture. The mechanism of fatigue can be analysed through linear fracture
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mechanics to a certain extent. Similarly, the fatigue wear mechanism may be understood by
analysing the process of the crack initiation and propagation in forming a wear particle.
The crack propagation rate was theoretically calculated from a model of a subsurface

crack, parallel to the surface, through linear fracture mechanics for elasto-plastic solids, and
the following equation is proposed [27]:

da

dN
= c��K�m (8)

where a is the crack length, N the number of friction cycles, c and m are experimental
constants and �K is the change in the stress intensity factor. The possible depth of the crack
and the effective crack length are also calculated with linear elastic fracture mechanics [28].
Using a standard fatigue test of steel, it was confirmed that the crack (or void) nucleation

period is much longer (more than 70% of the total life) than the period for the crack
propagation to cause a failure. However, in cases of steel sliding in air, with a high friction
coefficient (� = 0�5), the number of critical friction cycles needed for the generation of a
void around a hard inclusion in the substrate was theoretically calculated as about 3 [29].
This means that further theoretical modelling of low-cycle fatigue wear could be advanced
through the development of the crack propagation theory (equation (8)). On the other hand,
it is well established that the initiation process of a crack and the nucleation process of a
void are the rate-controlling processes in high-cycle fatigue wear [30].

2.2.3 Corrosive Wear

In cases of corrosive wear, thin films are assumed to form through a tribochemical reaction
between contact surface materials and the surrounding media, such as air or a liquid lubricant.
A hard tribofilm such as an iron oxide film on steel and a soft tribofilm such as a silica
gel film on Si3N4 in water or a zinc dialkyl dithiophosphate (ZDDP) reaction film in oil are
expected to be preferentially worn as shown in Figure 2.1(e) and (f) for the former and in
Figure 2.1(g) and (h) for the latter. Hard, brittle iron oxide is presumed to delaminate by
itself after reaching a critical thickness 	. The wear coefficient K is expressed as follows:

K =
dA exp�−Q/RgT �

	2
2U
(9)

where A is the Arrhenius constant, Q the activation energy, Rg the gas constant, T the
absolute temperature, 
 the density of oxide, U the sliding velocity and d the distance along
which the wearing contact was made [31]. It is generally assumed that the activation energy
does not vary substantially between static and sliding conditions. With this assumption, the
experimental wear results for the oxidation of steel during sliding gave a 103–1010 times
larger value of Arrhenius constant in equation (9) than in static oxidation [32].
The same assumption was made for the critical oxide film thickness for its self-

delamination. It was successfully used to model the oxidation wear of steel, which was used
to construct the wear map of steel in a self-mated, unlubricated sliding [12].
As for a soft tribofilm on a relatively hard substrate, theoretical models for predicting

wear rates have not yet been published, although experimental relationships have been
observed between the wear rate and the frictional conditions, such as the load and the friction
coefficient [33–35].
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2.2.4 Melt and Diffusive Wear

The evidence that melt wear exists is obtained by observing spherical wear particles of unique
surface morphology and also by observing a wear surface partially covered by droplets or
a film on the smooth surface. This wear mode is not considered as a dominant steady wear
mode in general tribo-elements. However, it is generated by unexpected contact conditions,
such as hard inclusions at the contact interface or a sudden overloading due to vibration.
A wear model is introduced by assuming a melting zone caused by frictional heating.

A wear map for this model allowing to predict wear rates has been proposed [12]. This
model needs further experimental confirmations for quantitative prediction of wear rate.
From the viewpoint of the volume loss and the resultant shape change, diffusive wear on

the atomic scale may not play an important role in practice, and a quantitative prediction of the
wear volume may not be required. Even though the original material properties of a contact
surface are degraded by losing significant chemical compositions, as a result of diffusion, the
wear rate can still be increased by enhancing other wear modes, such as adhesive or abrasive
wear. This occurs in the case of the wear of cutting tools under unlubricated conditions [36],
where the temperature, T , is very high and the wear rate increases linearly as exp(−�E/KT ).
However, models to predict the contribution of diffusive wear in such situations have not
been found.

2.3 General Discussion of Wear Mechanisms and Their Models

2.3.1 Material Dependence

Traditional wear mechanisms have been classified into six wear modes: ‘abrasive’,
‘adhesive’, ‘fatigue’, ‘corrosive’, ‘melt’ and ‘diffusive’ wear. The expression ‘flow wear’
is newly introduced in Table 2.1 to give a more precise classification of the wear modes
observed under repeated contact. Initiation of a crack and its propagation through stress
cycles do not necessarily occur during mild wear; however, plastic flow and its accumulation
through stress cycles are required to form a wear particle. These seven expressions have been
proved to work mainly with metals. Each of these wear mode expressions gives a precise
image of the wear process occurring in metals.
In the abrasive wear of metals, for example, there are three levels of wear: micro-cutting,

wedge forming and ploughing [37]. In the repeated abrasive contacts, a long ribbon-like
wear particle is generated through microcutting in the first cycle and wedge formation in
the next cycle. The ploughing action with no wear particles comes last as a steady state of
abrasive sliding. In the subsequent ploughing cycles, flow wear is observed [38].
On the other hand, SiC sliding against a diamond pin under similar abrasive contact

conditions shows cutting type wear only after several sliding cycles. No wear particles are
observed in the first sliding cycle [39]. If the load is large enough to cause an abrasive groove
in a single scratch on ceramics, the wear volume, V , of one scratch groove is given by

V = �
W 9/8

K
1/2
c H5/8

(

E

H

)4/5

L (10)

where Kc is the fracture toughness, E the elastic modulus, H the hardness, L the sliding
distance and � is a material-independent constant [40]. It is obvious that abrasive wear
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is now a function of the fracture toughness, Kc, which describes the wear of brittle
fractures.
A similar material dependence of wear for the other wear modes of ‘adhesive’, ‘flow’,

‘fatigue’, ‘corrosive’, ‘melt’ and ‘diffusive’ wear should also be considered.

2.3.2 Wear Maps

In order to understand the relative relationships between different wear modes, the concept
of ‘wear map’ is useful, where appropriate parameters have to be found to describe it.
The abrasive wear map of metals [37] describes the regimes of three wear modes, i.e.

microcutting, wedge forming and ploughing, by introducing the degree of penetration Dp =
indentation depth/contact radius and the normalized shear strength f = contact interface
shear strength/wear material shear strength, as shown in Figure 2.2(a).
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Figure 2.2 Schematic wear modes: (a) abrasive wear map of metals [37]; (b) wear map of steels
in dry sliding [41]; (c) wear map of ceramics in dry sliding [13]; and (d) local yield map of hard
coatings [42]
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The wear map of steels in dry sliding [41] describes the regimes of wear mechanism,
i.e. mechanical, chemical and thermal, by introducing the parameters of normalized pressure
p̄ = nominal contact pressure/hardness and normalized velocity v̄ = velocity× contact
radius/thermal diffusivity, as shown in Figure 2.2(b).
The wear map of ceramics in dry sliding [13] describes the regimes of mild and severe

wear by introducing the parameters of mechanical severity of contact Sc�m ���pmax�d�KIC�

and thermal severity of contact Sc�t ��� r��Ts�V�HV �K�
� c), as shown in Figure 2.2(c).
The local yield map of hard coatings [42] describes the regimes of coating delamination

sites by introducing the parameters of normalized yield stress Yf/Yb = film yield
stress/substrate yield stress and normalized coating thickness t/a= coating thickness/contact
radius, as shown in Figure 2.2(d).
The parameters introduced in Figure 2.2(a–d) are indices which give the critical values for

the transition of wear mode from one to another. They may differ substantially depending
on the materials used, including coatings, as seen in equations (1), (9) and (10).

2.3.3 Wear Mode Transition

In the process of repeated contact, the microstructure and microgeometry of contact surfaces
change as a result of wear. Rubbed surface work hardens and wear particles agglomerate
with time and cover wear surfaces. Even in the case of contact of mirror surfaces of similar
materials, the rubbing texture is always formed as a result of wear. This means that the
abrasive contact is introduced after adhesive wear. It needs to be remembered that there is
gradual transition in wear mode, at a microscopic contact point, from more severe initial
contact to less severe in the following wear mode.
We may assume, for example, that in abrasive contact, the initial cutting mode transits

to wedge forming and then to ploughing, as shown in Figure 2.2(a). In the case of dry
sliding of steels, we may assume that the initial melt wear transits to mechanical wear and
then to chemical (oxidative) wear, as shown in Figure 2.2(b). In the case of dry sliding
of ceramics, we may expect the wear mode transition from severe to mild, as shown in
Figure 2.2(c). If water is supplied to the contact interface of SiC, we can expect further wear
mode transition from mechanical wear to tribochemical wear in the mild wear regime, as
shown in Figure 2.2(c). Very low friction coefficient below 0.01 and low wear rate below
10−8 mm3/Nm will be generated after such wear mode transition of SiC in water in the
repeated sliding contact [5].
In overall wear rate prediction after a long-time running, a series of transitions of the wear

mode in the whole process have to be considered in this way and then the unit volume of
wear in each wear mode has to be determined.

2.3.4 Erosion

Particle erosion, fluid erosion, cavitation erosion and spark erosion are the common types of
erosive wear which are caused by the impact of solid particles, liquid droplets, bubbles or
electrical sparks [3, 43]. The seven wear modes shown in Table 2.1 are thought to be working
in various combinations for these four types of erosive wear. The three major categories of
wear types, i.e. mechanical, chemical and thermal, can also be helpful in the understanding
of these four common erosive wear mechanisms.
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In the case of particle erosion, for example, fine hard particles of irregular shape impact
and/or abrade the surface at high speed. Each particle acts as an abrasive of short time of
contact and causes partial abrasive wear on the impacted surface. When the particle bounces,
the top surface material adheres to the particle surface and is carried away by the mechanism
of adhesive wear. Depending on the speed of impact, partial surface melting can be generated.
The series of impact by the continuous flow of fine particles at the same portion of the
surface generates fatigue wear by introducing cracks in the subsurface. If the temperature of
the surroundings is high enough to cause extensive oxidation on the impacted surface, the
wear mechanisms of abrasive, adhesive, fatigue and melt caused by the successive impact
of particles are those of the oxide film on the impacted surface.
The erosion mechanism by fluid, cavitation or spark may be considered in a similar way.

Because of this reason, ‘erosion’ is not included in the classification of wear modes or wear
types in Table 2.1.

2.4 Conclusion

Three brief expressions of wear mechanisms (mechanical, chemical and thermal wear) and
seven more detailed descriptions of wear modes (abrasive, adhesive, flow, fatigue, corrosive,
melt and diffusive wear) are explained from the viewpoints of their classifications. Practically,
any observed wear rate value is generated as a mixture of these different wear modes.
Predictive models for ‘abrasive’, ‘flow’, ‘fatigue’ and ‘corrosive’ wear rates are briefly
explained. The role of wear maps is also discussed.
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Wear of Metals:
A Material Approach

S.K. Biswas

Abstract

Wear of metals in dry sliding is dictated by the material response to traction. This is
demonstrated by considering the wear of aluminium and titanium alloys. In a regime of
stable homogeneous deformation, the material approaching the surface from the bulk passes
through microprocessing zones of flow, fracture, comminution and compaction to generate a
protective tribofilm that retains the interaction in the mild wear regime. If the response leads
to microstructural instabilities such as adiabatic shear bands, the near-surface zone consists of
stacks of 500-nm layers situated parallel to the sliding direction. Microcracks are generated
below the surface to propagate normally away from the surface through microvoids situated
in the layers, until they reach a depth of 10–20 �m. Rectangular laminate debris consisting
of a 20- to 40-layer stack is produced. The wear in this mode is severe.

3.1 Introduction

In the latter part of the twentieth century, there have been two major innovations to improve
the wear resistance of engineering components in dry (continuous or intermittent) contact with
a counterface. The first is the coating of the surface thinly with, generally, a hard ceramic
and the second is the engineering of the surface itself by thermal and/or chemical treatments.
Extensive work on the tribology of these new systems has brought out the fact that most of
these innovations indeed lead to high wear resistance, but their reliability over long periods
of use cannot always be taken for granted. The presence of defects and an interface that
becomes a source of ready failure, coupled with the fact that expensive processing techniques
need to be used to provide the protection, has limited their application to specific uses and no
across-the-board panacea to the problem of wear appears to have been found. It is possibly

Wear – Materials, Mechanisms and Practice Edited by G. Stachowiak
© 2005 John Wiley & Sons, Ltd
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for these reasons that there is renewed interest in the wear of metals and specifically in the
mechanism of wear. The objective is to achieve a suitable wear-resistant microstructure by
relatively cheap processing and alloying routes.
Another reason for the renewed focus on metal tribology is the advent of structurally sound

light metals such as aluminium and titanium. High resistance to corrosion and the possibility
of significant reduction of component weights have led to these metals being considered for
high-performance applications where temperature, strain rates and stresses are maintained
high to optimize efficiency. Aluminium is thus a serious candidate for replacing iron-based
materials in internal combustion engines, while titanium- and nickel-based materials are used
in aircraft engines. The tribology of these materials in these actual application conditions is
receiving serious attention. The conventional continuum-based constitutive relations which
have been used to model tribological behaviour of metals are no longer found adequate to
explain tribology under these conditions as material response may no longer be homogeneous
and isotropic. The information which is now sought to design materials for this new range of
applications is related to dynamic evolutions of microstructure at the tribological interface
and their influence on friction and wear. This has led to a search for alloying elements, heat
treatment and processing routes which yield an optimum microstructure. For example, it is
now established in industry that a precise combination of silicon, nickel and copper as alloying
addition to aluminium cylinder liners cast at a critical cooling rate yields a microstructure
which optimizes the friction coefficient at the top dead centre of a stroke. A mechanics of
material-based approach to metal tribology thus provides a direction for future research.
As a function of imposed conditions such as normal load, velocity, environment and

heating, the wear of metal may be mild or severe, one distinguished from the other by
an order of difference in the wear rate or by an order or more of difference in the wear
coefficient. Severe wear may lead to seizure and melting. An engineer is primarily interested
in prolonging mild wear and thus preventing a transition to severe wear. The research work
has thus concentrated on the mechanism of mild wear and the condition and changes that
usher in severe wear, generally characterized by laminate-shaped metallic debris.

3.2 Mild Wear and Transition to Severe Wear

3.2.1 Mild Wear

The early notion [1] of mild wear was that it is primarily an oxidative phenomenon of
growth and spalling of oxide at the asperity level. For iron-based metals, this may indeed
be the protective mechanism, as has been proposed by Hanlon et al. [2] for bearing steels
and by Rainforth et al. [3] for stainless steels. The strains in the near-surface levels in
wear are high. For those microstructures with sufficient strain capacity and a high work-
hardening index, the in situ changes may bring about protection [4, 5] by work hardening.
Rigney [6], on the basis of some detailed TEM (transmission electron microscopy) studies,
has shown how dislocation cell structures evolve in the near-surface region. Mechanically
mixed layers (MMLs) have been found to protect copper [7], aluminium and its alloys [8–10],
cadmium [11] and MoSi2 [12]. In these wear tests, there is generally no oxygen found in the
debris [9, 10, 13], though in some cases a little oxygen has been found in the MML itself [13].
On the basis of the present work on aluminium silicon alloy, a model has been proposed

for the formation of an MML, as shown in Figure 3.1. As the material approaches the surface
with wear, it flows and fractures. The fractured particles are comminuted to nanosized
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Figure 3.1 Schematic of a proposed model for the formation of the mechanically mixed layer (MML)

particles under high compressive and shear stresses in the 20–30 �m region below the
surface. The comminuted material mixes with particles coming from the counterface (though
not necessarily so), and under large hydrostatic compressive stresses which prevail in this
region the mixture is compacted into smooth slabs. These slabs protect the surface and wear
out by fracture. Figure 3.2 shows that this is a pressure- or stress-controlled process. Pressure
has two effects mutually opposed to each other. Increasing pressure increases deformation
and damage of the subsurface, which promotes wear. Increasing pressure, on the other hand,
gives rise to greater compaction, which gives a denser MML and less wear. At 100 N, the
compactive pressure is at the maximum, but this load also ushers in gross failure in the
subsurface, which makes the MML unstable, thus moving the system into the severe wear
region (Figure 3.2(e)). Figure 3.3 shows the corresponding wear characteristics.
It has also been found that it is possible to change the morphology of the MML by adding

alloy elements to the bulk material. Addition of copper and magnesium to Al–Si alloy [8]
and subsequent heat treatment spheroidized the second phase and gave rise to a very smooth
(compared to that shown in Figure 3.2) MML. The hardness of the layer was found to
be three to five times that of the bulk. This improved the attachment of the layer to the
substrate [13] and the spheroidization reduced crack nucleation. The overall effect was to
reduce the mild wear rate three times and to increase the transition load 1.5 times.

3.2.2 Transition to Severe Wear

Laminate debris is a characteristic of severe wear. A number of authors [9, 14–19] have noted
crack nucleation at second-phase particles in a plastically flowing matrix, propagation of
cracks parallel to the sliding direction and delamination leading to the formation of a debris,
the debris thickness being related to the depth of the plastic zone. In an early work, Beesley
and Eyre [20] found that the transition to severe wear was related to gross plastic flow in
the subsurface that destabilizes the protective oxide layer. Wilson and Alpas [21], providing
an excellent review of work in this area, observe that for a given material there is a critical
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Figure 3.2 SEM micrographs of cross-sections taken parallel to the sliding direction for Al–7%Si
alloy, speed 0.5 m/s and normal load: (a) 10 N; (b) 20 N; (c) 50 N; (d) 75 N; and (e) 100 N

flash temperature at which the mild-to-severe wear transition takes place. They observe that
the load which marks the mild-to-severe wear transition decreases with increasing sliding
velocity. They conclude that at low sliding velocities (or nominal strain rates), the material
response is stable and isothermal, the debris being heavily strained equiaxed small particles.
If the wear is mild, the MML consists of such particles compacted to a film. At higher
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Figure 3.3 Specific wear rate varying with normal load at ambient condition for Al–7%Si alloy,
speed 0.5 m/s

velocities, there is a critical strain for a given velocity which brings about strain localization
and shear instabilities in an adiabatic environment. Such shear instabilities initiate high
or severe wear and lead to laminate-shaped debris. This strain, which marks instability,
decreases to a minimum and then increases with increasing nominal strain rate or sliding
velocity. If such non-linear and non-monotonic behaviour of the critical strain (needed for
shear instabilities) with strain rate is indeed true and it is assumed that the strain rate in a
sliding subsurface increases from the bulk to the surface, it is possible for strain localization
to be initiated at the surface or at some subsurface depth.
A heterogeneous or strain-localized microstructure in the near-surface zone is a feature of

sliding wear of some metals. In their compression-cum-shear experiments on copper Dupont
and Finnie [22] found adiabatic shear bands, the orientation of which was determined by the
imposed traction. They opine that such bands are equivalent to elongated narrow subgrains
found in wear experiments. Rigney [7] also found elongated (in the direction of sliding)
subgrains with sharp cell walls in the near-surface regions, where the misorientation between
the substructure elements is high.
Given this subsurface microstructure heterogeneity in sliding wear of metals, the question

to be posed at this stage is how is debris generated. The evolved substructure implies local
weaknesses and/or cracks in the cell walls. Such weaknesses have been shown [23, 24],
depending on the material ductility, to undergo instability in mode II and to propagate,
yielding laminate debris.
There thus appears to be two types of material response in metallic wear. It can be quasi-

static isothermal or dynamic adiabatic. The former yields debris when fracture strain of a
metal is exceeded or when there is unstable plastic flow as the shakedown limit is exceeded.
The latter gives rise to microstructural instabilities and inhomogeneities. Considering that
even in slow-speed experiments the strain rate near the interface can be high, it seems
relevant to ask what the causes and parametric dependence of such instabilities are. For
example, is such dependence monotonic with respect to strain rate and temperature? Further,
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in order to explain the comparative wear resistance of two metals, it may be important to
delineate their proneness to an unstable material response.
In 1980, an important development took place in the field of material processing

by large-scale deformation, which is discussed in [25–27]. These works demonstrate, in
compression tests, the development of intrinsic instabilities such as adiabatic shear banding,
twinning, wedge cracking and dynamic recrystallization. It was found that in specific regimes
of strain rate and temperature, a metal is prone to dissipate a larger share of input power
to evolve microstructural instabilities than it dissipates in homogeneous deformation and
heating. These responses are unique to the initial microstructure of the metal. Such tendencies
are reflected in the stress–strain characteristics of a metal as a peak stress followed by
softening, serration and other unstable behaviour. Figure 3.4, for example, shows the stress–
strain characteristic in compression of a hypereutectic aluminium alloy prone to an unstable
strain rate response.
The importance of this work for tribology can be summarized as follows:

1. It provides a thermodynamics-based reasoning for the origin of localized deformation
and instabilities. This is important for tribology as it occurs in the environment of large
compressive stresses found in the subsurface of a sliding wear component.

2. It is related to initial microstructures and is not necessarily correlated with hardness.
In tribology there are many instances of a lack of inverse correlation of wear with
hardness [28–30].

3. The strain rate response is not monotonic in the temperature–strain rate space. This
provides a clue for explaining some of the observed non-monotonic wear behaviours with
load and velocity.

The wear behaviour of a number of metals, such as titanium [31], copper [32] and
cadmium [11], has been investigated in the framework of their strain rate responses. First,
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the strain rate response map of a metal in compression has been generated over a range of
practical strain rates and temperatures. Then, the two estimated (surface layer) temperatures
and strain rates obtained from the wear experiment have been superimposed on this map as a
function of normal load and velocity. The ‘compression’ instability regimes were correlated
with the variations in wear rate. Using this method, it was possible to explain the high
wear resistance of oxygen-free high conductivity (OFHC) copper in comparison to that of
a much harder metal, titanium (Figure 3.5). The presence of instability in the high strain
rate–low-temperature regime also provided an explanation for the high wear rate of titanium
at low sliding velocities.
It is not suggested here that this approach provides the only possible explanation for the

wear of metals. For example, in some soft and ductile metals such as aluminium and copper,
microstructural instabilities are rarely observed in practical ranges of temperature and strain
rate. The wear takes place by homogeneous deformation in an isothermal mode. Material is
removed by extrusion and formation of lips [32]. In this chapter, the wear of an engineering
alloy Ti–6Al–4V used extensively in aerospace applications is investigated. The interesting
feature of the wear of this alloy is that the wear with respect to normal load and velocity is
non-monotonic and it is possible to demonstrate, with the help of a strain rate response map,
how the wear characteristics over a monotonic change in velocity move from severe to mild
regimes depending on the prevailing strain rate and temperature vis-á-vis those indicating
‘compression’ instabilities.

3.3 Strain Rate Estimates and Bulk Surface Temperature

In one series of experiments, Ti–6Al–4V (Ti64) pins of 9-mm diameter were machined
out of hot-rolled Ti64 rods. The sliding tests were done on a pin-on-disc machine where a
normally loaded Ti64 pin was slid against an alumina disc. The alumina disc (99.5%) made
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by hot isostatic processing was ground to a roughness of 0.2 �m CLA (central line average).
The tests were carried out for a sliding distance of 1500 m in air at ambient temperature
in a normal load range of 30–110 N and a sliding speed range of 1–11 m/s. Run-in was
done at a sliding speed of 0.05 m/s and a normal load of 5 N for 30 min. The wear data are
presented as an average of five experiments. The data were found to fall within 12% of the
mean value. The worn surfaces were nickel coated and cross-sectioned using a low-speed
diamond saw. The polished cross-sections were etched and viewed in the SEM (scanning
electron microscope).
Figure 3.6 shows that at normal loads up to 70 N the wear rate decreases monotonically

with increasing velocity. At higher loads, it is non-monotonic as a second peak happens at a
velocity of 9 m/s, beyond which the wear decreases sharply to a level typical of lower loads.

3.3.1 Strain Rate Response Maps

The strain rate in the subsurface of a worn specimen is given by
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where (d�x/dx� is the strain gradient with respect to the depth (x� from the surface to the bulk
of the worn specimen and (dx/dt� is the wear rate, which can be taken as the rate at which the

Sliding velocity (m/s)
0

0

50

100

10 N

30 N

70 N

110 N

2 4 6 8 10 12

W
ea

r 
ra

te
 �

 1
0–1

2  (
m

3 /m
)

Figure 3.6 Wear rate versus sliding velocity of Ti–6Al–4V at constant normal loads, counterface
alumina. For a 110-N load and 10 and 11 m/s sliding velocities arrows indicate periodically (sliding
time) oscillating values. Standard deviation �±�� is 12% of the mean shown in the figure



Wear of Metals 29

distance x of a point in the subsurface changes with time. For the present work, the gradient
of strain obtained for copper by Alpas et al. [33] was used. This assumption is reasonable
as the subsurface strain determined in the case of titanium [31], an hexagonal close packed
(HCP) metal, using the deformation of grains in the subsurface [34] showed that the values
were quite close to that determined by Alpas et al. [33]. Further, only an order of magnitude
variation in the strain rate was found to affect interpretation of the present results.
Uniaxial compression tests were done on cylindrical billets of Ti–6A1–4V material

in a strain rate range of 10−5–102/s and a temperature range of 25–1000�C. The billets
were compressed to 0.3 strain. The deformed billets were sectioned diametrically and
their microstructure observed using an SEM. Figure 3.7 shows the zones in a strain rate–
temperature space where adiabatic shear bands were observed in compression (for further
details of these tests and strain rate response maps see [31, 32]). The steady-state temperatures
and strain rates achieved in the wear tests (estimated as above) are plotted on the compression
strain rate response maps. Figure 3.7 shows the strain rate–temperature coordinates of the
wear experiments joined by straight lines.
The map (Figure 3.7) shows that at low velocities the subsurface microstructure is likely

to contain adiabatic shear bands. If we assume that higher loads lead to more extensive
propagation of cracks initiated by these localized shear bands, we would expect the wear rate
in the low-velocity regime to rise with load as is in fact seen in Figure 3.6. Figure 3.7 shows
that as the velocity increases, the strain rate–temperature vector emerges out of the unstable
zone, and we may expect the subsurface deformation to become more homogeneous, yielding
fracture debris that may aid in the formation of MML. This lowers the wear rate. The map
in Figure 3.7 indicates the possibility of the strain rate–temperature vector entering a second
zone of instability when the load and velocities are both high. In this regime, Figure 3.8
shows the friction to be also high, suggesting the additional possibility of high melt wear.
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3.3.2 Bulk Surface Temperature

Temperatures at different depths of 5 and 10 mm from the wearing surface were measured
using chromel–alumel thermocouples; 1-mm holes were drilled horizontally at these two
depths. The holes were drilled to reach the cylindrical axis. The thermocouples were set
using silver paste. Following a step change in velocity, a time of 10 min was allowed before
recording the temperature, although it was found that about 5 min was sufficient for the
steady-state conditions to be established. Convective and radiative losses were considered
in the estimation of the bulk surface temperatures. The convective heat transfer coefficient
was calculated using the Churchill and Bernstein correlation for the forced convection in
the cross-flow over cylinders [35]. The resultant velocity at any given axial location was
obtained from the relations presented by Schlichting for flow over a rotating disc [36].
The average heat transfer coefficient was obtained by numerical averaging of the local

heat transfer coefficients. An iterative method [37] was employed to obtain the temperature
distribution along the pin. The radiation contribution was estimated from the Stefan–
Boltzman law using the emissivity of polished metals.

3.3.3 The Phenomenological Argument

It has to be reiterated at this stage that the strain rate response map is for compression only.
It may be justifiably argued that as these maps are sensitive to the stress state [38–40], a
compression–shear map, more appropriate for a sliding wear test, may indeed be somewhat
different from that shown in Figure 3.7. As such maps are not available at present, some
qualitative observations will be made using the available ‘compression map’.
In analysing the monotonic decrease in the abrasive wear of carbon steel, Nakajima and

Mizutani [41] suggested that at low velocities the crystal lattice of surface layer material is
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unable to distort under load, giving rise to brittle failure. With increasing speed and rising
temperature, a more homogeneous deformation mode takes over and the material fails by
ductile failure. The present study leads to an extension of that argument to suggest that for
Ti64 the power is dissipated in the low-temperature regime, giving rise to intense localized
shear deformation. This nucleates microcracks. The important point to note here is that as
long as the strain rate–temperature coordinate remains in the unstable regime of the map,
the wear is high. As the nucleation sites and the microcracks become available in abundance
due to adiabatic shear banding, the material is able to fracture easily.
The friction force trace at 110-N load and at velocities of more than 9 m/s showed

spikes (Figure 3.8). Figure 3.9 shows melting on the specimen surface at 110-N load and
11 m/s. It may be surmised that when there is surface melting the coefficient of friction is
much decreased and the strain rate–temperature coordinate in Figure 3.7 doubles back to the
homogeneous deformation regime. This raises the friction and surface temperature for the
interaction to re-enter regime B. The fluctuation repeats and this dual nature of the interaction
is also reflected in the wear rate recorded at high load and high velocity (Figure 3.6).

3.3.4 Micrographic Observations

Figure 3.10(a) shows the subsurface of a specimen worn in the regime of low velocity (3 m/s)
and high load (110 N). A highly layered structure (parallel to the sliding direction) exists in
the top 10–20 �m region interspersed with cracks, which propagate fracturing through these
layers, in a direction normal to the surface. Figure 3.10(b) shows a higher magnification
view of the near-surface region made up of a stack of sheets/layers, each layer about 500 nm
thick. Figure 3.10(c) shows another view of the cracks propagating normal to the surface.
These cracks originate at the surface or very near the surface and propagate through the stack
of sheets/layers until they reach a depth of 10–20 �m. It appears that at this stage the crack
is deflected by 90� and travels along an interlayer interfacial weakness zone until it meets

Figure 3.9 Micrograph of a worn surface of Ti–6Al–4V alloy showing melting, with load 110 N,
speed 11 m/s
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(a) (c)

(b) (d)

Figure 3.10 SEM micrographs of the worn subsurface, load 110 N, speed 3 m/s, cross-sections
parallel to the sliding direction (Ti–6Al–4V): (a) the layered structure and debris formation; (b) details
of the layered structure and interlayer cracking; (c) cracks propagating downwards normal to the worn
surface; and (d) the generation of a debris

another normally propagating crack and a debris is generated (Figure 3.10(d)). If the normal
load is now reduced to 30 N at this low velocity, the subsurface shows no sign of cracking
(Figure 3.11(a)). On the other hand, it shows a smooth MML typical of mild wear. A model
for the formation of the MML is shown in Figure 3.1. Compared to the morphology of the
MML seen in the case of A1–Si alloy, the top slab of the MML here is always found to be
continuous and smooth. Figure 3.11(b) and (c) shows the morphology of the MML recorded
at a moderate velocity for a high load (5 m/s, 110 N) and Figure 3.11(d) at a very high
velocity for a high load (11 m/s, 110 N). The Energy Dispersive Spectroscopy (EDS) of the
MML showed (Figure 3.11(c)) some fine particles of alumina from the counterface finely
dispersed in the tribofilm.
It is important to note that all the conditions that promote the MML give rise to low

wear. Further, the temperature–strain rate coordinates of these conditions also fall outside
the instability and inside the homogeneous deformation zones of Figure 3.7.
The subsurface morphology of samples worn at a high sliding velocity (9 m/s) and a high

load (110 N) was found to be very similar to that found for the low-velocity, high-load
sample. Figure 3.12 shows a tensile crack that originates just below the surface to propagate
in a direction normal to the sliding surface.
Some problems have been faced in quantitative explanations. Figure 3.13 shows the

constant velocity strain rate–temperature coordinates superposed on the strain rate response
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(a) (c)

(b) (d)

Figure 3.11 SEM micrographs of the worn subsurface, cross-sections parallel to the sliding direction
(Ti–6Al–4V): (a) normal load 30 N, speed 3 m/s, showing the mechanically mixed layer; (b) normal
load 110 N, speed 5 m/s, showing the mechanically mixed layer; (c) EDS (aluminium) of (b); and
(d) normal load 110 N, speed 11 m/s, showing the mechanically mixed layer

Figure 3.12 SEM micrograph of the subsurface, cross-section parallel to the sliding direction, load
110 N, speed 9 m/s, showing the microfracture (Ti–6Al–4V)
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(compression) map of Ti64. The location of data presented for 1, 9 and 11 m/s matches
reasonably well with the morphological (subsurface SEM micrograph) and wear data. High
wear and low wear are seen at all loads for 1 and 11 m/s, respectively. For 9 m/s and low loads
there is mild wear but at the same velocity high loads show severe wear and microstructural
instability (zone B). For 4 m/s, however, the low-load data indicate microstructural instability
and high wear, when in reality these experiments generate the MML and low wear. Such a
discrepancy may indeed arise from the fact that the ‘strain rate responses’ are stress state
related. The maps of relevance to tribology should therefore be compression–shear maps.
Fabrication of such maps would help to provide a better understanding of the mechanism of
wear in metals.

3.4 Summary

3.4.1 Homogeneous Deformation – Severe Wear

In this mode, the deformation varies continuously over the subsurface space, and continuum
descriptions of elastic, plastic and fracture events are possible. In the absence of a protective
film there is direct contact between the mating parts. The subsurface is likely to be in an
isothermal state.
Some materials such as aluminium exhibit a homogeneous deformation mode over a

wide range of temperature and strain rate. Other materials such as titanium and its alloys
exhibit localized zones of intense deformation (instability) in some regimes of strain rate
and temperature, while in others they deform homogeneously. When the deformation is
homogeneous but there is large-scale flow in the subsurface, protective tribofilms are not
allowed to settle and there is direct contact between the material and the counterface. The
wear is severe and may happen by extrusion-aided lip formation [7]. Severe wear can also
happen in a homogeneous deformation mode in sliding wear of a two-phase material where
the cracks originating at the particle matrix interface can lead to laminate debris [9, 14, 15].
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3.4.2 Homogeneous Deformation – Mild Wear

The deformation is homogeneous, as defined above, but a protective film at the interface
prevents direct contact between the mating parts. Within the framework of homogeneous
deformation a material may respond to traction in an altogether different way than in the case
of severe wear in order to promote a mode of mild wear. The material from the bulk moving
towards the surface, with wear, passes through different processing zones, flow, fracture,
comminution and compaction, to yield a radically different near-surface microstructure. In
the comminution stage, the fractured material is reduced to (100) nanometre-sized spherical
particles. These particles mix in the final stage (next to the surface), with similar particles
coming from the counterface as debris, and the mixture is compacted to yield a stable
tribofilm at the surface. The film wears out by the intersection of cracks normal and parallel
to the surface, generating small slabs of debris.

3.4.3 Inhomogeneous Deformation – Severe Wear

In this mode, zones of intense deformation are localized in the subsurface space where the
thermal condition is near adiabatic. There is direct contact between the mating parts. When
the strain rate–temperature combination promotes an inhomogeneous response in the form
of localized instabilities, near-surface material is organized in stacks of extended layers.
Microcracks are nucleated at points of instability and extend normal to the sliding direction.
When such a crack meets an interlayer interface weakness at a distance of about 10–20 �m
from the surface a debris is generated. Rosenfield [24] has shown that shear instabilities
start just below the surface and can exist in a zone that spans a finite subsurface depth, this
depth being a function of the normal load. It is likely that a weakness exists at the lower
boundary of this zone, which facilitates the propagation of a crack in a direction parallel to
the surface. No tribofilm is formed in such a situation and the wear is severe and high.
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Boundary Lubricated Wear

S.M. Hsu, R.G. Munro, M.C. Shen and R.S. Gates

Abstract

This chapter reviews the fundamental nature of wear under lubricated conditions and presents
a comprehensive view of our current understanding of the wear processes under boundary
lubrication conditions. Wear under lubricated conditions can be classified into two main
classes: well-lubricated systems and marginal lubricated systems. Past studies tend to focus
on two phenomena: wear mechanism in the substrate beneath the surface and the chemical
and physical mechanisms within the interfacial layer which includes the lubricant, lubricating
film, and transfer films. In the wear literature, the focus is on understanding the wear
mechanisms and how materials can be improved for wear resistance. Many of the wear
studies are therefore either not lubricated or marginally lubricated. Wear data analyses also
tend to focus on how wear progresses under “dry” wear conditions. In this chapter, we
use dry wear as a baseline in assessing and comparing lubricated wear phenomena, wear
measurement techniques, data interpretation, and the various assumptions behind normal
wear interpretations. Lastly, the current modeling of lubricated wear is reviewed.

4.1 Introduction

The definition of wear, in a strict sense, is the removal of material from two surfaces under
the mechanical action of the two surfaces rubbing together. This strict definition, while useful,
does not take into account subsurface deformation, surface damage, or chemical corrosion.
Therefore a broader definition of wear, the study of surface degradation and material loss,
often is more appropriate. In both contexts, wear is a highly complex phenomenon because
the very nature of the wear process is transient and depends upon the historical timeline of
the process; i.e. wear is a cumulative process, and what happens at one time is a function
of all of the events that occurred previously. Damaged surfaces do not wear the same as
undamaged surfaces of the same material under the same test conditions, and the final amount

Wear – Materials, Mechanisms and Practice Edited by G. Stachowiak
© 2005 John Wiley & Sons, Ltd
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of material loss may be much higher in the first case than in the second case. Material
inhomogeneity, misalignment, and contamination also contribute to differences in wear
behavior. Consequently, there is a certain unpredictability associatedwith anywear evaluation.
In the late 1970s, wear research increased significantly in response to a technological

demand for new materials with longer lifetimes and higher performance levels in extreme
environments. Many new materials were evaluated for wear resistance under dry and
lubricated wear conditions, and the successful candidate materials went on to be tested in
simulators and component testing under field conditions. Over the years, a methodology
for assessing the wear characteristics of the materials has developed, and a large literature
database has come into existence filled with such evaluations. The lubricant and additive
industries, of course, have conducted wear tests to evaluate lubricants and additives since
the 1940s. A different set of test methodologies has evolved for their purposes, and their
data have been evaluated on the basis of a different set of assumptions. Their results have
been published mostly in chemical journals.
The aim for material evaluation most often is to improve material performance. Wear

methodology contributing to this effort tends to explore the material’s wear characteristics
with respect to increasing stress. As a result, high wear under severe conditions is often used
to gain insights into the material’s dominant wear mechanisms. In contrast, to evaluate how
well lubricants and additives prevent wear, the effectiveness of a lubricating substance is
ranked by how little wear it permits during a simulation cycle. For lubricants, the focal interest
is found in the interfacial layer between the materials and not in the material’s response to
mechanical stresses. Instead, the material’s response to chemistry is of greater importance.
Given that the chemical research community and the materials research community do not
often interact closely, it is understandable that two separate evaluation methodologies have
emerged in the literature, often with cause for confusion. In this chapter, we attempt to resolve
some of this confusion by contrasting the two evaluation methodologies and emphasizing
their different purposes.

4.2 Lubricated Wear Classification

We can classify lubricated wear studies into two broad categories: well-lubricated wear
systems and marginally lubricated wear systems. A well-lubricated wear system has very low
wear (wear coefficient on the order of 10−8–10−12), and the wear process is controlled by the
boundary lubricating films formed primarily from antiwear chemical additives. A marginally
lubricated wear system typically involves non-reactive lubricants such as purified paraffinic
oils, and the wear coefficient is on the order of 10−4–10−6.
Lubricated wear mechanism studies can be further classified into two nominally distinct

categories: investigations of the wear mechanisms active in the substrate, and studies of
the effectiveness of the chemical reaction films and the associated chemical degradation
mechanisms of the lubricant in the interface between two surfaces.

4.3 Lubricated Wear Versus “Dry” Wear

A wear system consists of the contacting surfaces, the interfacial layer, and the operating
environment under which the contact takes place. To understand the wear process, one needs
to measure wear precisely within the context of the environment without interference from
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unintended parameters such as vibration, alignment, and contamination. Therefore, lubricated
wear is the particular aspect of tribology that is concerned with both the measurement
methodology and the mechanisms of surface degradation or protection by chemically active
films.
It is useful and advantageous to use “dry wear” as a baseline to form a context within which

lubricated wear can be most clearly delineated. Dry wear simply means that no intentional
lubricant was used to achieve effective lubrication. As we now know from several decades
of research, even dry wear tests may experience some form of lubrication arising from native
oxides or hydroxides formed under oxidative and/or tribochemical conditions as a result of
unintended reactions with moisture or other substances in the ambient environment. Such
cases may need special interpretation. However, the majority of tests run under dry wear
conditions tend to be dominated by the material properties of the two opposing surfaces.
These latter cases form a reasonable baseline for highlighting differences that result from
differing material properties.
The material wear community tends to use pin-on-disk as a primary tool for evaluation

purposes. As such, the wear usually is relatively quite severe, but eventually the wear scar is
limited by the pin radius. The amount of wear can be measured by profilometry. Many studies
suggest a linear relationship between wear volume and time or the distance slid, as illustrated
in Figure 4.1(a). The dimensionless wear coefficient, K, expresses this relationship as

K =WvH/LD

where Wv is the wear volume, H the hardness, L the load, and D the distance slid. The
assumptions necessary for this relation are (1) wear is proportional to load; (2) wear is
proportional to the distance slid (or the amount of time during which sliding contact occurred);
and (3) wear is inversely proportional to the hardness of the surface being worn away. In
reality, these assumptions rarely hold except for very clean systems in tightly controlled
environmental conditions. Even in dry sliding, wear-in effects are frequently significant. The
inverse proportionality to the hardness of the surface being worn away holds only for systems
where the difference in hardness between the two surfaces is large. Surface roughness is not
a factor in this measure of wear because the wear is assumed to be severe enough that surface
roughness difference is insignificant. In spite of these shortcomings, the wear coefficient is
a very useful normalization parameter for comparing the wear behavior of a large range
of materials. The widespread use of this parameter sometimes obscures the assumptions
underlying this expression.
In well-lubricated wear, the wear is controlled by the effectiveness of the interfacial layer

(boundary lubricating film) in alleviating the shear forces. If the film is effective, wear
approaches a steady state as controlled by the removal of the film and the chemical processes
that regenerate the film. Thus, the wear behavior exhibits a characteristic dependence on time
approaching a steady state or a constant value, as illustrated in Figure 4.1(b). In this case, the
dependence of wear on time is not linear, and the assumed equivalence to wear volume per
distance slid is no longer valid. Note that in this case the wear volume may quickly reach
a steady state (sometimes approaching an asymptotic value) once the effectiveness of the
lubricating film is established. After that, the primary wear occurs in the film (removal of
the film) and not the surface material. (If we define wear only in the context of the surface
material, then “wear” of the film is “zero wear.”) In this case, dividing the wear volume by
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Figure 4.1 Comparison of idealized (a) linear and (b) nonlinear wear behaviors as a function of time,
and (c) a schematic of the more typical wear behavior of materials as a function of load or sliding speed

the distance slid just makes the wear coefficient smaller and smaller with increasing time.
This is one of the major points of confusion existing in the wear literature.
Clearly, the first issue to be resolved is what is being measured and what factors affect

that measurement. In dry wear, the most obvious measure of wear is the amount of surface
material removed as a result of the physical interactions between the two interacting surfaces.
The mechanisms by which this volume is removed are dominated by the material properties
of the interacting materials. In marginally lubricated systems (i.e. the lubricating films are
not very effective, or the operating conditions far exceed the load limits of the chemical
films), wear behavior can resemble the dry case. In some cases, transient nonlinear behavior
prevents the system from ever reaching a steady state. This situation often occurs when
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material scientists add a “liquid lubricant” to their evaluation protocol without understanding
the chemical reactivity between the surface and the lubricant. Often, the result is that an
ineffective film is formed, and sometimes no film is formed. In well-lubricated wear, a
very different situation occurs. After reaching steady state, the primary wear occurs in the
lubricating film. Consequently, the effectiveness of the boundary lubricating film becomes
the focus of attention, and what is measured, in a sense, is the wear of the interface. This
distinction is critical to understanding boundary lubricated wear behavior.
When the focus is on the wear of the boundary lubricating film, there are additional factors

that need to be considered, such as the temperature limit and load capacity of the film and
the available reservoir of chemicals used to continually replenish the film. When any of these
limitations is reached, the protective film no longer functions, and a wear transition (a sudden
increase in wear rate) occurs as illustrated in Figure 4.1(c). This kind of transition can happen
as a function of load or speed or temperature increase or time or a combination of these factors.
Wear then goes through a transition from an effective lubrication regime (very mild wear,
usually 10−8–10−12 wear coefficient) to a different wear regime (usually more severe). Since
the wear is controlled by chemistry, oftentimes, lubricant formulators add different mixes
of additives so that when a transition occurs, the more severe contact conditions activate
a different chemical film to form thus continuing to protect the system, albeit at a higher
steady value. So in lubricated wear systems, it is not uncommon to find multiple transitions
before reaching eventual seizure. Multiple transitions rarely happen in dry sliding cases.
The mechanisms driving the wear transitions often differ between the dry and the well-

lubricated cases. In dry wear, wear transition usually can be attributed to (1) the increase
in load that precipitates different wear mechanism such as fracture or delamination; (2) the
introduction of third-body wear at the interface as a result of fatigue or substrate delamination;
(3) the asperity flash temperature reaching a critical temperature that introduces melting or
thermal shock or other additional stresses; or (4) the onset of a different dominant wear
mechanism such as fatigue, fracture, grain pull-outs or plastic flow as load and speed or
their combination reaches a critical value. In well-lubricated cases, the transition can be
due to (1) depletion of the antiwear additive; (2) the lubricating film reaching its melting
temperature; (3) the lubricating film reaching its load limit (adhesive strength); (4) the
introduction of wear particles from delamination or grain pull-outs that destroy the film; or
(5) the onset of other chemical processes such as corrosion or oxidation that form different
chemical species which become dominant in the surface chemistry.
For well-lubricated cases, Beerbower [1] proposed a wear mode diagram, Figure 4.2, to

illustrate the theoretical possibilities as a function of lubricant film thickness and wear. The
diagram is an intelligent conjecture of what must have caused wear in a well-lubricated
system. The reasoning is based on the assumption that lubrication is primarily controlled
by the hydrodynamic and elastohydrodynamic fluid mechanics, and therefore if the film
thickness is high, wear should be low. If the wear is high, then the wear must have been caused
by other mechanisms such as chemical corrosion or fatigue. The wear values and the fluid film
thickness ratio are only approximate but it does illustrate the various possible mechanisms
in a well-lubricated system. In reality, wear is controlled by chemistry and the boundary
lubricating film which is a function of reactivity and system operating severity. An alternative
approach would be to plot the wear mode diagram for a given chemistry and material system
as a function of load, speed, and duty cycle rather than wear and fluid film thickness. If the
chemistry or the material system is changed, then a different diagram would result.
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Figure 4.2 Lubricated wear mode diagram

The presence of wear transitions in a well-lubricated system makes the comparison of
different materials and/or lubricant chemistry difficult. Since these transitions are nonlinear
behaviors, unless the whole curve is shown, ordinal ranking of lubricants and materials at a
particular speed or load can be misleading and sometimes result in a wrong conclusion.
So, dry wear measures material loss and lubricated wear measures the effectiveness of

the interfacial layer. Because the intent of each measurement is different, the methodologies
used for the two measurements are different.

4.4 Wear Measurement in Well-Lubricated Systems

The four-ball wear tester (FBWT) (Figure 4.3) is the predominant wear tester used by the
oil industry to study lubricant chemistry. It has been used widely to study the lubricating
properties of oils and to study chemical interactions at wearing contacts [2–7]. For these
applications, the FBWT offers several advantages. Low-cost, high-precision wear samples
in the form of bearing balls are readily available; the contact geometry itself ensures
alignment (self-aligned); the rotating axis can be made with high-precision bearings and can
be maintained with high trueness in rotation; and the vibrational frequency of the machine can
be balanced easily. Further, the fact that there are three separate and distinct worn samples
per test allows some degree of statistical averaging to account for material inhomogeneity.
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Figure 4.3 Schematic of a four-ball wear tester and its ball on three flats modification

It also provides multiple samples for sophisticated surface analysis techniques, some of
which are destructive in nature.
A key issue in the selection of the FBWT as the primary measurement device for lubricant

effectiveness is test precision and repeatability. At very low level of wear, the test is very
sensitive to vibration and alignment. Statistically significant differences among lubricants
or additives can only be obtained if the mechanical parameters, material homogeneity, and
contact conditions are tightly controlled. For a pin-on-disk wear tester, this requirement can
be very challenging. While the disk is relatively easy to fabricate and polish, the pin must
be machined individually and polished for each specimen. A small variation in roundness
and roughness can change the contact area and the asperity tip contact pressure significantly.
Alignment and vibration are also significant issues especially at the beginning of the wear
test. The loci of the pin-on-disk in creating a wear track can vary until the wear track is
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established. If the contact condition is relatively severe, alignment and vibration effects play
relatively minor roles and can be controlled. However, if the wear level is very low (wear
coefficient in the range of 10−8 or less as is typical in a well-lubricated system), alignment
and vibration issues can introduce test repeatability problems. For this reason, wear testers
for evaluating lubricants or additives are predominantly FBWTs or a variation of the FBWT
such as the ball on three flats design (Figure 4.3).
Another measurement obstacle encountered by both types of wear test apparatus is

referred to as “run-in.” At the beginning of a test under boundary lubrication conditions,
the contact pressure can be very high, on the order of 1–3 GPa. At this pressure, rapid
wear and a considerable amount of surface damage due to abrasion and plowing by
loosened wear particles can change the contacting surface characteristics. This alteration
of the contact surface is highly undesirable since wear is a cumulative quantity, i.e. it
is a function of the history of the contacting surfaces. Once the surfaces are severely
damaged, the contact stresses and their distributions are changed inside the contact. This
change alters the fundamental mechanical actions between the contacting asperities, hence
producing entirely different wear processes and/or wear rates. The production of wear
particles also changes the contact stress distributions, introducing third-body abrasive actions.
These effects fundamentally alter the measurement results. Therefore, control of run-in is
critical in lubricant and additive evaluations. Run-in, however, is unavoidable. Consequently,
special test procedures to eliminate or minimize the effects of run-in are essential in wear
measurement and must be considered as an integrated part of the test methodology.

4.5 Measurement Procedures

Four test procedures have been developed to measure different aspects of the lubricating
films for a given set of materials and lubricant chemistry. Three of the four procedures are
sequential wear testing procedures consisting of a series of steps. The first step in each case
is a “run-in” procedure that serves to condition the surface to a standardized initial state.
The subsequent steps in the sequence provide measures of wear and friction.
The three sequential procedures are based on the understanding provided by the lubrication

model presented in Figure 4.4. The lubricant undergoes oxidation reactions driven by
frictional heating and the stresses produced at the tribocontact. The breaking and forming
of chemical bonds produce both lower and higher molecular weight reaction species. These
products may escape through evaporation, participate in subsequent surface polymerization
reactions, or both react and escape. As the reactions proceed, the products and the substrates
interact to form a surface film protecting the surface against the action of the tribocontact.
The FBWT (Figure 4.3) consists of three balls held stationary in a ball pot plus a fourth

ball held in a rotating spindle. In the most common configuration, the balls are 1.27 cm
(0.5 in.) in diameter. Loads are applied by way of the spinning ball which presses into the
center of the triangular formation of the three stationary balls. The load may be selected in
the range from 1 to 180 kg, while the rotation speed may be chosen from 60 to 3000 rpm.
The temperature of the sample chamber can be controlled by means of a heater attached to
the ball pot. A gas line can be used to control the composition of the atmosphere. With the
balls in place, the ball pot has sufficient capacity for 10 mL of lubricant.
The primary measurement made with an FBWT is wear. The wear produced on the three

stationary balls is measured under a calibrated optical microscope and reported as the wear
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Figure 4.4 Lubricant degradation reaction pathway in a lubricated wear test

scar diameter or the calculated wear volume. To calculate a wear volume, it is usually
assumed that the wear occurs only on the stationary balls. The missing material is assumed
to come from spherical segments of the stationary balls that correspond to the net volume
occupied by the rotating spherical ball that fits into the wear scar [8]. Experimental studies
[9, 10] have shown that the measured wear volume and the calculated wear volume can
differ greatly depending on the original location of the wear material. If the wear occurs
predominantly on the rotating ball, rather than on the stationary balls, the actual wear volume
can exceed the calculated wear volume by a factor as large as 10. Such a wear anomaly
has been noted in several articles [11–13] and has been referred to as asymmetric wear. The
anomaly is not unreasonable. It is clear that frictional heating can cause changes in hardness.
It has also been shown that the temperature distribution found on the rotating ball can be
different from the distribution on the stationary balls [14]. Both of these effects may lead to
asymmetric wear. To avoid the confusion caused by the use of wear volume, the average
wear scar diameter of the non-rotating balls is used in this chapter as the measure of wear.
Further, wear for the “run-in” is reported as the wear scar minus the diameter of the Hertzian
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elastic contact. The subsequent incremental wear value is reported as the difference between
the wear scar after the run-in step and the wear at the completion of the entire test.

4.5.1 Run-In Process

Run-in is a term that has been used to describe the early stages of operation of practical
engineering systems such as automotive engines, gears, and bearings. During run-in, the system
adjusts to reach a steady-state condition between contact pressure, surface roughness, interface
layer, and the establishment of an effective lubricating film at the interface. These adjustments
may include surface conformity, oxide film formation, material transfer, lubricant reaction
product, martensitic phase transformation, and subsurface microstructure reorientation.
Run-in has a strong influence on conventional four-ball wear tests, which are commonly

run at a high rate of change of wear scar during the early stage of the test. During this period,
surface material is removed very rapidly through adhesion, abrasion, and a variety of other
wear mechanisms. Because of the rapid wear process, the temperature of the wear contacts,
the contact pressure, and the lubricant film thickness all vary significantly with time. These
variations are usually reflected by variations in the frictional torque trace. For this reason, the
FBWT (without a pre-wear-in step) often is not considered as an accurate friction-measuring
device. As wear progresses to a nearly steady-state operation, the surface roughness of
the tribocontacts becomes less variable, and the temperature and pressure of the contacts
gradually approach their mean distribution values. The oil film thickness remains relatively
constant throughout this process. After wear-in, then, the effective friction characteristic of
the lubricant can be measured more accurately and consistently.
The improvement of friction determination when a run-in procedure is used is illustrated

by Figure 4.5, which shows a comparison of friction traces for both conventional and run-in
sequential four ball tests. The upper friction trace is for a conventional test run at 600 rpm
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Figure 4.5 Comparison of the frictional traces between a test without run-in (upper curve) and a
sequential test (lower curve) in which a run-in step precedes the friction test. � is the coefficient of
friction. Note especially the excessive noise in the measurement of the upper curve during the first
30 min and the continued variation out to 60 min. Contrast this result with the rapidly attained steady
signal from the sequential test
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and 40-kg load. Initially, the friction level is fairly high and erratic during the early high-wear
stages of the test. As the test progresses, friction levels are reduced and seem to reach a
steady-state value after approximately 60 min of test duration. The lower friction trace is
from the second step of a sequential test. For this test, the surface was pre-conditioned by
a run-in procedure using 10 mL of paraffin oil for 60 min at 40-kg load. The subsequent
friction test used only 6 �L of lubricant to produce the lower trace. The friction level quickly
obtained a steady-state value (in about 5 min) and was free of the erratic behavior seen in
the upper friction trace.
To determine the consistency of the run-in process, experiments were conducted to study

surface roughness characteristics. Profilometry was used to evaluate the surface texture of
the worn halo on the rotating ball and the wear scars on the stationary balls. The profilometer
trace was fed into a microprocessor and the resultant signal was displayed on a chart recorder
providing surface roughness graphs as shown in Figures 4.6 and 4.7. The profilometer was
used in a manner that eliminated the microscopic radius of curvature of the wear scar and
which therefore displayed the surface of the halo and wear scar as a horizontal line as shown
in the figures. The profilometer traces were taken perpendicular to the direction of sliding.
Figure 4.6 shows the roughness of the wear scars on the stationary lower balls for three

run-in tests. The scale of the surface roughness is purposely magnified on the ordinate. While
the tests were conducted independently, the traces exhibit similar surface roughness values.
Figure 4.7 shows traces of the wear scar surfaces of each of the upper rotating specimens

in the three run-in tests. Again the central sections show a consistency in surface roughness.
These data suggest that the run-in process produces a consistent wear scar surface that may
be used as a well-defined baseline condition.
The consistency of the run-in process may also be assessed in terms of the quantitative

repeatability of the wear scar produced by the run-in process. Experiments were conducted
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Figure 4.6 Consistency among tests of the surface roughness of the wear scar of a typical stationary
steel ball in a four-ball wear test. CLA is the “center line average” measure of roughness
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Figure 4.7 Consistency among tests of surface roughness of the wear track on the rotating ball in a
four-ball wear test. CLA is the “center line average” measure of roughness

to determine the wear scar diameter of 52100 steel balls tested in the FBWT with 10 mL
of purified paraffin oil at 600 rpm and 40-kg load. Surface roughness and friction traces
were monitored to judge the validity of the tests. Over the course of a large number of
experiments, only a small number of abnormalities were observed. Those few cases occurred
with sufficiently large deviations from the norm that they could be considered as statistical
outliers. When such cases were eliminated, the wear scar diameter was found to be in
the range from 0.64 to 0.70 mm. Data collected from 45 repetitions of the run-in process
produced the wear scar diameter frequency distribution shown in Figure 4.8. The distribution
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Figure 4.8 Frequency distribution of the wear scar diameter measurement for 45 replications of the
run-in procedure of Figure 4.9 applied AISI 52100 steel balls
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is somewhat asymmetric with a wider tail on the smaller diameter side. In general, under
the conditions of this test, the run-in consistently produced a wear scar diameter of 0.67 ±
0.03 mm, yielding an estimated relative standard uncertainty of 5%.

4.5.2 General Performance Wear Test (GPT)

The functions of a lubricant include the reduction of friction and wear, the cooling of
components, and the removal of wear debris. All of these factors can be involved in a wear
test if a sufficient supply of lubricant is available and if the test is not so long in duration
as to fully degrade the lubricant. Such conditions may be obtained in a general performance
test (GPT) by exploiting the full capacity of the lubricant reservoir of the FBWT.
The ball pot of the FBWT is designed such that the tribocontact region can be flooded with

10 mL of lubricant. During operation, the rotating ball causes the lubricant to circulate within
the pot. In the process, the lubricant removes any wear debris or soluble degradation products
that occur in the contact region and cools the tribosurface. Further, if the duration of the
test is not too extensive, the lubricant in the reservoir is comprised of largely unreacted oil.
Thus, the lubricant interacting with the tribocontact may be continuously refreshed. The net
result of such a test, therefore, would tend to probe the general performance characteristics
of the test lubricant.
A GPT was developed in this manner for an FBWT using AISI 52100 steel balls. This

test was designed to study the lubricating effectiveness of liquids on steel surfaces under
boundary lubrication conditions in the presence of an air or oxygen environment.
The present GPT begins with a general cleaning of the test components followed by the

run-in step as described in Figure 4.9 and Table 4.1. These cleaning steps are essential to
achieve the precision described in this chapter. The FBWT is assembled with unused balls
that are immersed in 10 mL of purified paraffin oil. A 40-kg load is applied by way of the
ball pot while the rotating ball spins at 600 rpm. These conditions are maintained for 60 min.
Upon completion of the run-in, the ball pot (with the three balls held in place) and the ball
chuck (holding the fourth ball) are thoroughly cleaned with solvents. The wear scar diameters
of the three balls in the ball pot are then measured. The average diameter should be in the
range of 0.67 ± 0.03 mm. Following the run-in and pretest initialization measurements,
10 mL of the test lubricant is added to the ball pot, and the parts are reassembled. The wear
test is then continued for 30 min at the desired test load. The friction level during this 30-min
step and the increment in wear produced during this step form the primary measures of the
performance of the test lubricant.
The application of the GPT requires an interpretive component to the procedure in addition

to the mechanical step-by-step procedure outlined in Figure 4.10. In particular, a scale must
be established showing a meaningful range of performance results. For the GPT, a baseline
can be established by using unformulated lubricants, i.e. basestocks without additives. To
calibrate the scale in a qualitative sense, a formulated lubricant considered good by industry
standards, such as American Society of Testing Materials (ASTM) engine sequence tests,
might be used. Table 4.1, for example, gives the results obtained for two base oils and two
formulated lubricants. The base oils establish a reference or baseline wear change, �W , in
the range of 0.07–0.09 mm. Hence, a formulated lubricant containing antiwear additives
should be expected to have a value of �W that is smaller than about 0.08 mm. The reference
lubricants used as calibrants indicate that a measure of good performance would be a value
of �W in the range of 0–0.02 mm.
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Figure 4.9 Pre-test specimen preparation procedure (run-in) for the general performance test and the
enhanced oxidation test
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Table 4.1 Friction and wear results obtained with the general performance wear test. In each case, the
test was conducted at 60 rpm with a 40-kg load. Standard Uncertainties: wear scar change, 0.01 mm;
coefficient of friction (COF), 0.005

Test fluid Wear scar (mm) Wear change (mm) COF

60 min 90 min

150 neutral 0�68 0�77 0�09 0�105
600 neutral 0�68 0�75 0�07 0�085
Formulated automotive lube A 0�67 0�67 0�00 0�118
Formulated automotive lube B 0�65 0�67 0�02 0�113
Polyalphaolefin (8 cst) 0�70 0�76 0�06 0�084
Alkylated benzene 0�66 0�70 0�04 0�093
Polyolester 0�67 0�69 0�02 0�111
PAO + 1% ZDDP 0�68 0�68 0�00 0�094

CLEAN

Four-ball removed from pot
             and spindle
1. Wipe with hexane
2. Wipe with acetone
3. Wipe with pyridine

MEASURE

Wear scars
1. Horizontal diameter
2. Vertical diameter

DRY

Balls in ball pot
N2 dry gas

BEGIN
Pre-test procedure

(Figure 4.9)

WEAR

GPT: 10 mL of test lubricant
                  or
EOT: 6 µL of test lubricant

40-kg load, 600 rpm
0.25-L/min air
75°C, 30 min 

Four-ball wear tester

Figure 4.10 Wear test procedures for the general performance test and for the enhanced oxidation
test
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Such a scale may be used, for example, to study the lubricating effectiveness of various
types of functional compounds that are found in hydrocarbon base oils. Analysis of the
constituents of a base oil [15] indicates that saturate compounds comprise about 80% of the
base fluid. Aromatic constituents account for about 19% of the oil, while polar compounds
occur at approximately the 1% level. Table 4.1 includes data for three prototype compounds
that correspond to the three major constituents in the base oil.
A polyalphaolefin (PAO) was selected to represent the saturate fraction; an alkylated

benzene was chosen as an aromatic compound; and the polar fraction was represented by a
polyolester. Each of the prototype fluids was tested by the present GPT. The results, given
in Table 4.1, indicated that the polyolester provided significantly better wear protection than
either the saturate or aromatic compounds. The alkylated benzene was substantially better
than the conventional hydrocarbon base oil, while the PAO was found to be only somewhat
better than the natural base oil as an antiwear agent.
These results are consistent with the practices observed in the petroleum industry. PAO,

for example, is known to be a good base fluid from which a high-quality lubricant may
be formed by use of appropriate additives. Table 4.1 concludes with an illustration of this
effect. PAO with the additive zinc dialkyl dithiophosphate (ZDDP) at a 1% concentration
produces excellent wear protection on the present GPT performance scale.
Variations on the GPT described in this work may be appropriate depending upon the goals

of the performance testing. For example, increasing the second stage of the test from 30 min to
a longer duration might allow a better resolution of the performance results among lubricants
with very low wear. The essence of the test procedure, however, would remain unchanged.

4.5.3 Enhanced Oxidation Wear Test (EOT)

Under boundary lubrication conditions, lubricant molecules react with the surface to form
a protective film at the interface. The formation of this film is, in part, influenced by the
oxidation of the lubricant. A wear test specifically designed to study the combined wear
and oxidation effects on lubricants has been developed. In this test, only 6 �L of the test
lubricant is used. This 6 �L of lubricant is applied to the wear track that is produced during
the run-in step. The lubricant is found to remain in the wear track region during the course
of the subsequent wear experiment. As a result, essentially the entire lubricant sample on
the tribosurface progresses through the series of oxidation/degradation reactions, from initial
products to final deposits. Hence, this procedure provides an opportunity to examine the
nature of the progression of deposit formation by varying the duration of the test or by
selecting various speed and load combinations. Alternatively, the EOT may be used to study
the relative effectiveness of lubricants under the same degree of oxidation or to study the
consequences of different atmospheres.
Table 4.2 shows the results of applying the EOT to the same lubricants examined in

Table 4.1 using the GPT. In each case, the test lubricant experienced 30 min of the
wearing conditions. Under the enhanced oxidation conditions, the two base oils exhibited
a substantially lower coefficient of friction (COF) than was found in the GPT. Indeed, the
COF is sufficiently small that the tribocontact may have been converted from boundary
lubricating conditions to elastohydrodynamic conditions. In other words, the 30-min tests
converted the base oil into a deposit in such a way that the COF measured in the test was not
that of 52100 steel lubricated by a base oil, but rather the COF characteristic of the deposited
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Table 4.2 Friction and wear results using the enhanced oxidation wear test. In each case, the 6-�L test
was conducted at 600 rpm with a 40-kg load. The 600-N fractions were obtained by chromatographic
separation of the 600-N base oil [14]. Standard uncertainties: wear scar change, 0.01 mm; coefficient
of friction (COF), 0.005

Test fluid Wear scar (mm) Wear change (mm) COF

60 min 90 min

150 neutral 0�68 0�75 0�07 0�067
600 neutral 0�68 0�71 0�03 0�069
Formulated automotive lube A 0�66 0�66 0�00 0�102
Formulated automotive lube B 0�69 0�70 0�01 0�101
600-N saturated hydrocarbons 0�68 0�71 0�03 0�073
600-N aromatic hydrocarbons 0�67 0�73 0�06 0�085
600-N polars 0�70 0�74 0�04 0�107

material. In contrast, the two formulated lubricants produced comparable results for both
GPT and EOT procedures. Both formulated lubricants contained antioxidant additives which
inhibited the degradation of the lubricant and allowed the boundary lubricating condition to
persist, as suggested by the retention of a COF of approximately 0.1.
A study of the saturate, aromatic, and polar fractions isolated from the 600-N base oil by

high-performance liquid chromatography (HPLC) [15], also included in Table 4.2, shows
that only the polar component retains a COF characteristic of boundary lubrication. The polar
fraction also produces a relatively small wear change, as judged by the performance scale
established by Table 4.1 for boundary lubrication conditions. Both the saturate and aromatic
fractions show lower COF results, suggesting they contain effective friction modifiers or
they form an effective friction-controlling layer in the process.

4.5.4 Boundary Film Persistence Test (BFPT)

An issue of considerable importance in boundary lubricated wear is the lifetime or ‘tenacity’
of the lubricating film. Additives in most formulated lubricants serve a variety of purposes,
not all of which directly reduce wear. Antioxidant additives, for example, are intended to
inhibit the degradation of the base oil rather than to enhance the formation of the lubricating
film. Additives, however, do not perform their intended functions in isolation. Each may
have an influence on the performance of the others, either by involvement with an interaction
sequence or by affecting the availability of reactants to participate in a reaction sequence.
Consequently, the formation of a lubricating film may be affected significantly by differing
types and amounts of additives. The issue that arises from this concern is how well the film
from a particular formulation protects the surface. How well does the film adhere to the
surface and how durable is the film under the tribocontact conditions? These questions call
for tests focused on the effectiveness of the film itself.
Theoretically, the boundary lubricating film strength is controlled by the adhesion between

the film and the surface and the cohesive strength within the film. A recent study [16]
has suggested that effective antiwear films are tenacious, consisting of a solid glassy
component and a soft mobile high-molecular-weight “polymer.” The solid glassy phase
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provides load support and the soft polymeric materials provide recirculation effecting self-
repairing characteristics. Good effective films can survive contacts for a long time and
therefore film lifetime is a critical parameter for designing good lubricants.
A test procedure for assessing the persistence of a boundary lubricating film is shown

in Figure 4.11. The procedure consists of three major steps: a 30-min run-in with the test
lubricant; a subsequent 30 min of steady-state wear with the test lubricant; and a third step
of 30 min of wear using an additive-free white oil. The typical nature of the results from
this test is illustrated in Figure 9.
The third step in this procedure has a twofold significance. First, it may provide a measure

of the relative effectiveness of the particular boundary film formed by the test lubricant in
the second 30-min test step. Second, the wear results may reveal insights into the manner in
which selected lubricant additives function to protect the wearing surface.
In this procedure, the additive-free white oil (percolated in an activated alumina column

just prior to test) is used as a baseline. Table 4.3 presents the data for a white oil along with
data for three additive-containing oils. The results for the baseline white oil show relatively
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Figure 4.11 Wear test procedure for the boundary film persistence test
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Table 4.3 Wear results obtained using the boundary film persistence test [6]. Each test was conducted
at 600 rpm with a 40-kg load. Standard uncertainties: wear scar change, 0.02 mm

Test fluid Wear scar (mm) First 30-min
run-in wear
change (mm)a

Second 30-min
steady-state wear
change (mm)b

Final 30-min
surface finish

wear change (mm)c30 min 60 min 90 min

White oil 0.52 0.63 0.73 0.22 0.11 0.10
Motor oil 0.36 0.38 0.44 0.06 0.02 0.06
EP industrial oil 0.56 0.71 0.80 0.26 0.15 0.09
Industrial oil 0.46 0.67 0.77 0.16 0.21 0.10

a Run-in wear equals 30-min wear scar minus Hertz elastic indentation.
b Steady-state wear equals 60-min wear minus 30-min wear.
c Surface finish wear equals 90-min wear minus 60-min wear.

large wear during the run-in stage followed by two stages of considerably less wear. It is
important to note that the measures of wear in the second and third stages of the procedure
are comparable values when the additive-free white oil is used. The wear results found for
this white oil are typical of the results found for additive-free mineral oils and synthetic
hydrocarbons in general.
In contrast, the presence of an antiwear additive changes the wear results significantly due

to changes in the nature of the film. The formulated lubricant, a 10 W-30 multigrade motor
oil, produces low wear in each stage of the test procedure. The first two stages of wear show
that the additive package produces an antiwear effect compared to the white oil baseline.
More importantly, the wear protection persists into the third stage of testing when the test
lubricant is replaced with the additive-free white oil.
In contrast, boundary film persistence is not observed for either of the industrial oils

tested. Both industrial oils show relatively high wear. The extreme pressure (EP) additive
package may produce greater wear as a result of corrosion by the EP additives, while the
other industrial oil has high wear as a result of the use of a rust inhibitor. The latter additive
is a polar material that may dominate the surface chemistry and therefore influence the wear
rate. In both cases, the wear results in the third stage of the test procedure are characteristic
of the baseline white oil. Under the high-wear conditions of these test oils, no persistent
boundary lubricating film is produced.
These test procedures, properly used, can help to identify some of the key properties of the

lubricants in terms of wear. Conventional test procedures tend to confuse the issues and mix
run-in behavior and steady-state behavior. In boundary lubricated wear, it is clear that we are
measuring the formation tendency, effectiveness, and durability of the boundary lubricating
films. Only proper test techniques can isolate the issues and provide useful answers.

4.5.5 Case Study with GPT and BFPT

Energy and environmental concerns have been a driving force for research on both improved
lubricants and alternative engine designs. The US Department of Energy (DOE) has been a
leading proponent of advances in these areas. With support from DOE, NIST has studied the
feasibility of an integrated molecular-engineered lubricant that contains no metals, sulfur, and
phosphorus elements. Such lubricants could provide superior performance in diesel engines



56 Wear – Materials, Mechanisms and Practice

while virtually eliminating particulate emissions. As a result, the need for particulate traps
and other emission-control devices would be eliminated or greatly reduced, thereby allowing
more fuel-efficient engine designs in anticipation of future emission targets.
A radical approach to lubricant design will be needed to achieve this goal. Current lubricants

contain a large percentage of inhibitors with many functional groups. To eliminate those
additives, a base oil molecule would need to be functionalized to provide the equivalent
capability while avoiding many of the complex interactions resulting from the current
lubricant formulations. Unfortunately, most synthetic base oils are not amenable to controlled
functionalization due to the large number of isomers and thewidemolecularweight distribution.
In response to this situation, research was focused on multiple alkylated cyclopentanes

(MACs) that have molecular structures that are thermally stable and have high purity, low
volatility, and good solubility. Most importantly, this family of molecular structures can easily
be functionalized to incorporate various functional groups. The functionalized molecules
exhibit a high degree of antioxidancy, thermal stability, and a mild antiwear function.
As part of this work, NIST examined a series of boron-containing chemical compounds.

Studies based on both the GPT and the BFPT were conducted to provide comparisons among
the new formulations and current antiwear additives. In the GPT study, Figure 4.12, base
fluids exhibit wear curves parallel to the Hertzian contact diameter line over a significant
range of load. Effective antiwear additives are designed to reduce wear and, therefore, are
expected to produce wear scar diameters that approach the Hertzian curve. The degree to
which an additive achieves results closer to the Hertzian contact diameter line provides a
measure of antiwear effectiveness.
Results using 1% ZDDP in the base fluid, Figure 4.13, demonstrated the high degree of

effectiveness for this well-established compound. The results obtained using 1% of a boron-
containing additive (labeled AD6608) indicated that this functionalized MAC additive was
almost as effective as ZDDP in this particular study. However, in the BFPT, Figure 4.14, the
boundary film produced by AD6608 was clearly not as tenacious as the film produced by
ZDDP. The combination of the results from the GPT and the BFPT established at once both
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Figure 4.12 Typical wear behavior in a four-ball wear tester showing run-in during the first 30 min,
steady-state wear during the second 30 min, and the film-only wear during the third 30 min. This
sequence forms the basis of the boundary film persistence test
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Figure 4.13 The general performance test reveals the overall relative effectiveness of lubricants with
different additives. Result closer to the Hertzian contact diameter curve are considered better
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the potential for successful development of the new class of antiwear additive and the need
for additional advances. Further work on another borate ester, labeled AD6611, showed that,
indeed, the durability of the boundary film could be improved beyond the test performance
level of the ZDDP additive.

4.5.6 Boundary Film Failure Test (BFFT)

An additional test has been developed to address the question of how well a lubricating
film adheres to the surface. If the lubricating film fails, then scuffing and material wear can
follow immediately. The material and material-pair factors that can be expected to affect the
onset of film failure include the tensile strength of the film, the viscoelastic properties of
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the film, the adhesive strength of the bond between the film and the substrate, the surface
roughness, and the dynamic COF at the tribocontact. Additionally, there are environmental
factors, including the temperature and pressure at the contact and the chemical composition
of the ambient atmosphere, that affect film failure. The temperature and pressure effects in a
wear test may largely be controlled by the sliding speed and the applied load. Early studies
either focused expressly on the temperature effect [17–20] or interpreted the film failure
results as a consequence of the breaking of the physical or chemical bonds between the
lubricant molecules or atoms and the substrate [21–25]. To focus on the mechanical aspects
of film failure, recent work [26] has been directed toward the measurement of the maximum
shear stress sustained by a lubricating film prior to failure.
The test apparatus for this work consists of a spherical ball that is fixed in position and an

inclined plane that slides at slow speed under the ball. The condition of slow speed avoids
the generation of high contact temperature, while the use of an inclined plane provides a
contact pressure (and the resulting surface shear stress) that increases with the distance slid
during the test. Quartz force transducers allow the vertical and horizontal contact forces to
be monitored continuously. The apparatus allows an applied normal load from 1 to 800 N
with an uncertainty of 0.01 N, while the data sampling rate can be selected from less than
1 Hz to more than 5000 Hz. To control the speed and position of the moving plane, x-, y-,
and z-translational stages are used with uncertainties of 1 �m/s for linear speed and 1 �m
for linear position. The inclination angle of the plane can be adjusted from −2�5� to 2.5�

with a tilting table. A high-speed digital camera allowing up to 500 pictures per second is
used to observe the contact interface in situ during sliding.
An immediate consequence of film failure is a loss of lubrication at the tribocontact and

a corresponding rapid increase in the COF, as illustrated in Figure 4.15. This effect can be
used as the signature characteristic indicating the onset of film failure.
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Figure 4.15 An illustration of the rapid increase in the coefficient of friction at film failure in the
boundary film failure test
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In the initial studies with this apparatus, the lubricant film was established on the plane
specimen by a dipping procedure. After polishing the plane to remove any residual surface
oxides, the surface was cleaned chemically and ultrasonically and then dipped into the test
lubricant which had been diluted using hexane. The thickness of the resulting film was
measured using laser light elipsometry. Each test was conducted with a clean ball (specified
by the manufacturer as 52100 steel, 3.175 mm (1/8 in.) in diameter with Rockwell hardness
Rc 62 and surface roughness Ra 12 nm). Each ball specimen was cleaned ultrasonically
(2 min in hexane, 2 min in acetone, and 2 min in a detergent solution), rinsed in deionized
water 10 times, and then dried with nitrogen gas before testing. The test ball was held
firmly in position and without rotation using a screw-tightened holder, while the inclined
plane specimen was driven by the high-precision stage to move against the stationary ball a
distance of 5 mm at a speed of 0.2 mm/s. The angle of inclination of the plane was adjusted
between 0.10� and 1.00� to produce a better resolution of the location of the onset of film
failure. For this work, the data sampling speed was 20 Hz, and both vertical and horizontal
forces were monitored. Two to five scratches were made on the same plane specimen at
intervals of 2 mm, and the data from all of those scratches were averaged to obtain the mean
result for the specimen. All of the tests were conducted in the laboratory atmosphere at 22�C
and 50% relative humidity.
The maximum shear stress developed in the film prior to failure was used as the measure

of the effectiveness of the lubricating film. The initial results for the film failure tests
showed a reasonable correlation with the boundary persistence tests. Good antiwear additives,
Figure 4.16, which previously showed good boundary film persistence, sustained the largest
surface shear stresses. Quite reasonably, the results depended on the substrate, Figure 4.17,
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Octadecamide
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Film failure maximum shear stress (GPa)
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Benzyl phenyl sulfide

Figure 4.16 A comparison of results for the film failure maximum shear stress developed in the test
lubricant films containing different additives. Ball: 52100 steel, Rc 62, Ra 12 nm. Plane: 52100 steel,
Rc 62, Ra 85 nm. Film thickness = 2 nm. Sliding speed = 0.2 mm/s
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Figure 4.18 An illustration of the dependence of film failure on film thickness and surface roughness.
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as well as on the additive; thicker films, Figure 4.18, allowed larger shear stresses; and
rougher surfaces, Figure 4.18, decreased the maximum sustained shear stress, presumably
because of the more prominent intrinsic stress intensification that may occur at the tips of
the surface asperities.
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4.6 Wear Mechanisms Under Lubricated Conditions

The four wear test procedures (GPT, EOT, BFPT, and BFFT) provide substantial observations
of the effectiveness of boundary lubricating films. Results from those tests lead to two
significant questions. What is the nature of these boundary lubricating films and how do
these films affect the boundary lubrication mechanisms?
A wear mechanism under boundary lubrication consists of two distinct parts: one part is

mechanical and the other is chemical. The primarily mechanical wear mechanisms are plastic
shear and abrasion [27]. Fatigue-induced third-body abrasion is also an important mechanism
in a well-lubricated system under long cyclic stresses [28]. For most metals, wear particles
are produced by the accumulation of plastic strain at and near the surface. Lubricating films
effectively delay the process by redistributing the stresses over a larger area as well as by
removing the strain as a result of film wear. The boundary lubricating film thickness required
for a particular system depends on the relative surface roughness, mechanical properties of
the surface materials, and the size of third-body particles that the film has to accommodate.
For brittle solids and large particles (i.e. large grain size), thick films are needed. For
materials with large elasticity and plasticity, thin films are sufficient. The wear prevention
or wear rate, however, depends solely on the micromechanical properties of the film and its
formation rate.
The chemical wear mechanism in boundary lubrication depends on the reactivity of the

chemicals toward the surfaces. The ability of the molecule to react with the surface is also
an indicator of a potential corrosion problem. In fact, one may describe the formation of an
effective boundary lubricating film as a form of controlled corrosion. Because corrosion and
organometallic chemistry are element specific, the composition of the surface is necessarily
a very important factor in selecting the chemistry to protect that surface. For this reason, not
all lubricant formulations work equally well on all surfaces.
In this context, the protective mechanisms of the boundary lubricating films need to be

discussed. There are several mechanisms by which boundary lubricating films function:
sacrificial layer, low-shear interlayer, friction-modifying layer, shear-resistant layer, and
load-bearing glasses. The sacrificial layer is based on the fact that the reaction product layer
is weakly bound and easily removed, thereby providing a low-shear interfacial layer against
the rubbing. So, instead of the surface being worn away, it is the film layer that is removed.
For such films to be effective in protecting the surface, the rate of film formation must be
higher than the rate of film removal.
Another important consideration with respect to the effectiveness of a sacrificial layer is

the shear resistance at the asperity level. It has long been known that large molecular weight
entangled polymeric chains give superior cohesive strength and, hence, shear resistance. In
a boundary lubricated contact, this effect is provided by the organometallic compounds. Oil-
soluble metal-containing compounds were first identified as being generated in lubricants
under oxidizing conditions [29]. These compounds were later identified to be high-molecular-
weight organometallic compounds using gel permeation chromatography (GPC) coupled
with atomic absorption spectroscopy (AAS) [30].
Figure 4.19 shows GPC–AAS analysis of results from an EOT. A super-refined mineral

oil was used in an FBWT in the EOT configuration using a microsample of only 6 �L of
lubricant. This small amount of lubricant allowed the reaction sequence and the resulting
reaction products to be concentrated for ease of analysis. The net reaction product on the
worn surface was extracted by a solvent (tetrahydrofuran). The solution was then injected
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Figure 4.19 Post-test organometallic compound detection in a lubricant film after an enhanced
oxidation test in a four-ball wear tester

into a GPC column for molecular size separation. The effluent flowed through two detectors,
measuring refractive index and ultraviolet intensity. After the detectors, the effluent stream
was collected in an autosampler vial to determine the metal content in the effluent by using
AAS analysis. A broad spectrum of organo-iron compounds of various molecular weights
were found, having molecular weights up to about 100,000. Molecular weight higher than
100,000 was not detected, suggesting that the solubility limit had been reached for this type
of compound in the base oil. Optical pictures revealed that the boundary lubricating film
was fully formed after only 1 min of wearing contact.
These organometallic compounds were also found on actual cam and tappet parts used in

an ASTM engine dynamometer test, the sequence III oxidation wear test. Cam and tappet
parts were taken from ASTM test stand calibration runs and analyzed for surface reaction
products. Similar patterns, Figures 4.20 and 4.21, were observed. The discovery that these
organometallic compounds were present in an engine component demonstrated that the same
types of chemical processes occur in both full-scale engines and the microsample wear tests.
It could be concluded, therefore, that these processes made fundamental contributions to the
mechanisms of lubrication.
REO 76, Figure 4.20, is a low-wear reference oil, and the level of organometallic

compound found is low. REO 77, Figure 4.21, is a high-wear reference oil, and the
level of organometallic compound formation is very high. This observation suggested an
optimum reactivity concept, illustrated in Figure 4.22. At very low reactivity, there would be
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Figure 4.20 Organometallic compounds found on cam lifters after an ASTM engine dynamometer
sequence test using an ASTM engine monitoring reference low-wear lubricant (GPC: gel permeation
chromatography; GFAA: graphite furnace atomic absorption)

insufficient film formation to resist wear. At very high reactivity, the high chemical reaction
rate would produce corrosive wear. Between these extremes, there should be an optimum
reactivity condition providing optimum film formation. Direct experimental evidence of
this concept is difficult to obtain because once the chemistry is changed, the system is
fundamentally altered and many other factors need to be considered, such as oxidation
resistance, film formation, adhesive strength, and cohesive strength. Cross-comparisons
among widely different chemical systems may not be valid. However, in a base oil constituent
fractionation study, various polar species were isolated and separated by HPLC. Tests on
these fractions in an FBWT [16] tend to support this concept.
Recent data suggest that not all films formed in a boundary contact are capable of

providing antiwear protection [31]. Because of the high temperature and reactive conditions
in the contact (nascent metal surfaces, flash temperatures, and catalytic actions from
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Figure 4.21 Organometallic compounds found on cam lifters undergone an ASTM engine
dynamometer sequence test using an ASTM engine monitoring reference high-wear lubricant (GPC:
gel permeation chromatography; GFAA: graphite furnace atomic absorption)

transitional metal ions and electrons), many chemical reactions may occur. In some cases,
the reaction products can be degradation products that simply pass through the contact
without attaching to the surfaces. This case is most likely when the surfaces are relatively
chemically inert such as may occur with ceramics, diamond-like carbon, or other hard
coatings. Consequently, depending on the nature of the solid surfaces, many different kinds
of films can form. Some of the films may be protective (having suitable adhesive and
cohesive strengths as a result of chemical bonds formed with the surfaces), some may be
corrosive (having very high reactivity but weak adhesive strength), and some may be simply
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degradation reaction products inside the wear scar (having very little influence on friction
and wear).

4.7 Modeling of Lubricated Wear

Where do we stand in terms of having a predictive capability with respect to lubricated
wear under boundary lubricated conditions? Given the materials pair, speed, load, surface
roughness, lubricant type (including viscosity and additive chemistry), and duty cycles, can
we predict length of service, amount of wear, time to scuffing, and seizure? In short, no; we
currently do not have such models. At the same time, however, we can describe fairly well
average film thickness, elastohydrodynamic support, and even some coarse estimate of wear.

4.7.1 Wear

Wear is a system function. Wear outcome depends on materials, surface roughness, lubricants,
environment, operating conditions, temperatures, and other such factors. There are also many
different wear mechanisms operating in different regimes delineated by combinations of
load, speed, and environment. Each wear mechanism is governed by a set of principles, such
as fracture mechanics, delamination, and/or plastic deformation. Therefore, to predict wear a
priori, without experimental fitting constants, assumes a priori knowledge of the dominant
wear mechanism for a given system. Understanding the dominant mechanism currently is
the most significant barrier that tribologists need to overcome. For brittle materials, such as
ceramics and plastics, significant advances have already been made, and predictive models
capable of predicting the wear coefficient within one or two orders of magnitude have been
developed on the basis of fracture mechanics [32].

4.7.2 Contact Area

In the boundary lubrication regime, one of the most critical initial system parameters is
the real area of contact. This parameter controls the real load supported by the asperities
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and the subsequent stress/strain relationship beneath the contact because the fundamental
wear process for most metals is controlled by the accumulation of strain. Greenwood and
Williamson [33] proposed several models to describe the initial real area of contact which
is usually a small fraction of the apparent area of contact between two engineering surfaces.
One model, which assumes a distribution of peak heights, can be written as

A = ���� F1 	h


where � is the transcendental number 3.141592654� � � , � number of asperities, � asperity
radius, and � the standard deviation of the peak height distributions, and

Fm 	h
=
�
∫

h

	s−h

m
�∗ 	s
 ds

where �∗	s
 is a probability density.
However, once sliding takes place, the real area of contact changes with wear. Under a

steady-state mild wear condition, the real contact area can be quite high if the two surfaces
conform to one another [34].

4.7.3 Rheology

The next step is to model the rheology of the lubricant in the contact. Under boundary
lubrication conditions, traditionally, bulk fluid viscosity does not play a role because the
asperities are bearing the load. However, recent studies of fluid molecules under confined
space exhibit radically different mechanical and flow properties as compared with those
in the bulk [35–38]. The viscosity near the wall (within nanometers) is much higher than
that of the bulk. This phenomenon has long been known to be important in high-pressure
studies [39]. The clear implication is that viscosity of a fluid trapped among the asperities in a
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Figure 4.23 Typical pressure dependence of the viscosity of a liquid. Note the rapid, nearly critical
point, increase in viscosity as the pressure-induced glass transition is approached



Boundary Lubricated Wear 67

tribocontact may be higher than in the bulk liquid at ambient pressure; hence, there may be a
significant elastohydrodynamic lift at the local site. For most liquids [40], a sufficient increase
in pressure will cause a liquid to transform into a glassy state. The initial increase in the
viscosity, Figure 4.23, is approximately exponential, but as the glass transition is approached,
the rate of increase accelerates. While the glassy state represents a nonequilibrium condition,
the transition is sufficiently rapid that a well-defined glass transition pressure, pg, can be
determined, and the increase of the viscosity with pressure can be related to pg,

�/�	0
= 	1−p/pg

−v

where 
 > 0 is the exponent characterizing the nearly critical point behavior at the glass
transition. For lubricants, the increase of viscosity with pressure is often offset by the
exponential decrease in viscosity due to an increase of the temperature in the tribocontact.

4.7.4 Film Thickness

Once the rheology is defined, then fluid film thickness can be estimated by the equation
given by Dowson and Higginson [41]:

h= 1�63
[

�0�7
0 �0�54

0 V 0�7R0�43

L0�13E′0�03

]

where h is film thickness, �0 the viscosity, �0 the pressure viscosity coefficient, V the
velocity, R the effective radius of contacting bodies, L the load, and E the elastic modulus.

4.7.5 Contact Stress

There are several computer programs available to calculate the contact stresses, fluid flow,
temperatures, and elastohydrodynamic lifts [42], but to link these calculations to wear
prediction is a big step. The most advanced application, to date, appears to be that of Bell
and coworkers [43, 44] who used component cam-follower wear data obtained from bench
tests to correlate with oil film thickness and to calculate the oil film thickness using a finite
element program. The wear contours and approximate amount of wear of the cam-follower
contact in an engine were successfully simulated. Chemical film formation as a function of
additive concentrations and temperatures was not taken into account but was simulated by
the bench tests.

4.7.6 Flash Temperatures

Chemical reactions are key to successful boundary lubrication. So, prediction of the asperity
temperature in a concentrated contact is very important. Since the chemical films are produced
by asperity flash temperatures, if one is able to predict the asperity temperature in the contact,
one can calculate the chemical reaction rate for the generation of such films. This would, in
effect, predict lubrication effectiveness.
Naidu et al. [45] proposed a chemical kinetic rate model based on the consumption of

lubricant under thin film oxidation conditions similar to those encountered in a sliding contact.
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The model describes the primary oxidation step as well as the subsequent condensation
polymerization step, which results in lubricant viscosity increase and insoluble sludge
formation. These reactions can be described as follows:

A B P

E

D

F

k3 k4

k1 k2 k5

where A is original oil, E is evaporated original oil, B is low-molecular-weight oxidation
products, F is evaporated low-molecular-weight products, P is high-molecular-weight liquid
polymerization products, D is insoluble deposits, and k the reaction rate constants.
Using the results from a microsample four-ball wear test, Hsu et al. [46] were able

to calculate the flash temperatures necessary to produce the observed amount of reaction
products, 375 �C. They were also able to calculate the lubricant life at this temperature as
a function of lubricant volume. The calculated lifetime value agreed with the experimental
value reasonably well.

4.8 Summary

Boundary lubrication is the result of a sequence of chemical reactions involving the
lubricant, the substrate, and the ambient atmosphere. The boundary film produced by this
sequence is distinct from both the initial lubricant and the substrate. A set of four wear test
procedures has been suggested as a means of investigating and probing different aspects of
the reaction sequence and the resulting film characteristics. The set of tests consists of a
general performance wear test, a procedure to enhance and emphasize oxidation effects, a
test of the persistence or tenacity of the boundary lubricating film, and a test of the failure
or rupture strength of the film.
Use of these test procedures together as a set represents a powerful approach to

understanding the basic mechanisms of boundary lubricated wear. In the GPT, a collection
of reference oils can be used to establish a scale of performance. Such a scale may be used
to assess oils and to provide an approximate quantitative ranking among a collection of oils.
One can effectively argue that most wear events under effective lubrication conditions are
occurring at the asperity level. Conversely, lubrication means protecting the asperities.
When asperities are touching and sliding over each other, both mechanical events and

chemical events occur. Material wear, however, is dominated by the mechanical events in
the form of contact pressures, stresses, and strain accumulation rate. If the load is so high
that fracture of the asperity is inevitable, lubrication has little impact.
For lower loads, the protective mechanisms are load-bearing interface; easily sheared

layer; interfacial shear within a film; and adhesion barrier. Under high pressure, the lubricant
or the chemical film behaves like a solid between the contact, enlarging the real area of
contact and, hence, reducing the contact pressure. Redistributing the stresses, in turn, reduces
the strain build-up rate for metals or reduces the stress intensity for brittle solids. Since wear
of brittle solids depends primarily on stress intensity, lowering the stress reduces wear. If
the film is easily sheared and has sufficient thickness, then the magnitude of the tensile
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stress imposed by the asperity will be significantly reduced. If the film is thick enough and
can allow shear inside the film, such as solid lubricating films with weak planar attractive
forces, the relative motion can be accommodated by interfacial shear within the film. If the
molecules are large, have strong bonding to the surface to resist shear, and cover the asperity
surface reasonably well, the presence of such films will prevent nascent surface contacts
from forming cold welding or adhesion. Under current boundary lubrication technology,
many of these protective mechanisms are being used to protect the surfaces.
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5

Wear and Chemistry of Lubricants

A. Neville and A. Morina

5.1 Encountering Wear in Tribological Contacts

Wear occurs when moving surfaces under load, or surface asperities, come into contact.
Plastic deformation results in a change in surface topography and/or removal of material and
such ‘wear’ processes have severe consequences for component performance in a range of
industrial machines. The phenomenon of wear has been widely studied over the years and
much attention has focussed towards defining wear mechanisms, determining wear rates,
modelling/predicting wear and developing measurement methods for wear. Avoiding wear,
by applying surface coatings, modifying the surface topography, altering the surface structure
or incorporating species into the surface, has led to the creation of a whole new field of
surface engineering.
Wear occurs in dry as well as lubricated contacts. Here, the focus will solely be on

lubricated wear. To understand wear, and in particular where wear may pose a problem in
tribological contacts, it is important to understand the lubrication regime under which the
tribocouple operates. In the Stribeck diagram [1], lubrication regimes are defined by the
dimensionless bearing number ��/p where � is the dynamic viscosity of the lubricant, �
the rotational speed and p the specific load. Three regimes are clearly defined in Figure 5.1(a).
In Figure 5.1(b), a modified version of the Stribeck diagram is presented [2] where the lambda
ratio (�) replaces the ��/p group. � is defined as �= hc�

−1
rms where �rms =

√
�R2

q1+R2
q2��Rq1

and Rq2 are the rms roughness values of surfaces 1 and 2 in contact and hc is the film
thickness. The importance of using � in the modified Stribeck diagram lies in the fact that the
lubrication regime is inextricably linked to the nature of the surface topography. Figure 5.1(b)
also describes where some components of an internal combustion would lie in terms of their
lubrication regime. The components of Internal Combustion (IC) engines will be the primary
focus of this chapter although reference will be made to additives and wear in other contexts.
Figure 5.1(a) and (b) defines the lubrication regimes in terms of their friction coefficient,

and wear is not directly integrated into the Stribeck diagram. However, as it will become
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Figure 5.1 (a) Stribeck diagram and (b) modified Stribeck diagram [2] incorporating lubrication
regimes for some IC engine components

clear later, the two important regimes from the point of view of durability of the contact
(i.e. wear) are the boundary and mixed regimes where metal-to-metal contact (by asperity
or surface contact) will occur and lubricants will be required to prevent excessive damage.
There is no simple universal link between friction and wear and, as such, the Stribeck
diagram does not give any appreciation of the level of wear in a system.
In recognition of the importance of the boundary and mixed lubrication regimes in engine

operation, the newly developed Sequence VI test has been developed, with an increased
operation cycle proportion being in these regimes [3]. It is appreciated that engine and
lubricant performance will often be pushed to the limits of their capabilities where boundary
lubrication conditions exist. In cases where full film lubrication is difficult to maintain, the
physical properties of the lubricant such as viscosity are not as important as the chemical
properties of the lubricant. The chemical additives added to the lubricant form a protective
thin film between the rubbing surfaces which is intended to alleviate wear and control
friction. The mechanisms by which this is done are described fully later in this chapter.
Wear processes can be divided into categories depending on the nature of material

displacement or removal. The principal categories depend very much on the text being
consulted as nomenclature can vary. In Reference [4] they are classified as adhesive wear,
abrasive wear, contact fatigue and corrosive wear. Scuffing is described as the ‘catastrophic
wear occurring as a consequence of gradual starvation of the lubricating film under hard
loading conditions’ [5]. Initiation of scuffing can be by any of the wear processes mentioned
above but is normally associated with adhesive wear.
Wear rates are often quoted in terms of a wear coefficient or a dimensionless wear

coefficient as derived from the Archard treatment of wear processes [4]. The wear rate (��

is calculated as shown in equation (1):

� = KW

H
(1)
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where K is the wear coefficient (dimensionless), W the load on the contact and H the
hardness of the uppermost layer in the contact. Difficulties in precisely defining H have
meant that often the dimensional wear coefficient (k) is used where� = kW . Defining a wear
coefficient is obviously useful to determine the extent of material deformation. The Archard
treatment of wear has been shown to be valid for cases where mechanical influences are
dominant but, as will be shown later, the influence of lubricant chemistry is not considered
and often this can be important.
Although when engines are running, wear is inevitably occurring, in automotive engines

the design, material selection and lubricant package have been finely tuned to ensure that
wear is kept to a very low level. Wear rates of the order of 10−18 m3/Nm are experienced
in the cam and followers in normal running engines [6]. With current changes in legislation
driving changes in lubricant formulation and the changes in engine materials for reducing fuel
consumption, engine wear has to be optimized in every case. Wear in the piston ring/cylinder
bore system is normally as a result of three main mechanisms: corrosion, adhesion and
abrasion [7]. Corrosion occurs when the engine runs either very hot or very cold due to
increasing deposition of acidic materials on the cylinder wall [8]. Abrasion occurs when hard
particles (such as soot) are entrained in the contact and adhesion occurs when asperities are
in contact due to breakdown of the lubricant film. Much has been discussed about the role
of soot in wear and recent studies have concluded that soot size is primarily dictated by the
quality of combustion and not by the type of oil as previously thought. Soot undoubtedly
enhances the potential for wear and increased soot size leads to higher potential as it bridges
the minimum film thickness [9]. Consequences of increased engine wear are increased oil
consumption, blow by and eventually power loss [10].
Even with traditional engine materials and lubricants, in heavy-duty diesel engines

(e.g marine) there is a much higher instance of wear than in the passenger car and light
vehicle sector. On such large-scale components, the fine tolerances required on cylinders,
which are generally adhered to in the automotive sector, cannot be met [11]. Wear in the
piston ring/cylinder assembly near the top-dead-centre is often a limiting factor in the lifetime
of two-stroke marine diesel engines.

5.2 Lubricant Formulations – Drivers for Change

It is perhaps surprising that a link can be made between claims from ecologists [12] that
1,000,000 species could be extinct in the next decade and wear. However, passenger and
commercial light vehicles have been estimated [13] to account for 20% of the total CO2

delivered into the atmosphere from hydrocarbon sources in the US. When the population
of vehicles in the western world is considered, it is perhaps easier to see how a realistic
link between wear and ecology can be made. According to recent UK government statistics
[14], in 2000 in the UK alone there were 29 million motor vehicles registered for use on the
public highway. International numbers are even more impressive, with the total number of
road vehicles in service in Europe, Japan and the USA in 1999 being of the order of 530
million [14]. Bearing in mind that this total excludes all of Asia except Japan, former Soviet
block countries, Australasia, Africa and South America, the staggering scale of the use of
the reciprocating internal combustion engine becomes clear.
Reduction of CO2 emissions is achieved by increasing fuel economy and, as summarized by

Ukuno and Bessho [15], there are several means of achieving ‘good gas mileage’ (Figure 5.2).
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Figure 5.2 Techniques for improving fuel economy [15]

Advances are being made in both areas 1 and 2 as defined in Figure 5.2. With respect to
point 2, weight reduction and reduced aerodynamic resistance [16] have been instrumental
in achieving the 30% reduction in fuel consumption of the new Volkswagen Lupo 3L TDI.
As material development continues at an alarming rate and ever-new alloys [17], composites
and nano-engineered structures are developed and embraced by the automotive sector [18],
it is expected that the trend will continue. Material selection and use in engine components
brings its own challenges in relation to wear and selection of optimum lubricants as will be
discussed later.
Of relevance to this chapter is the potential for fuel economy improvements in the moving

engine parts as defined in point 1 which are important when wear and the chemistry of
lubricants are concerned.
Fuel economy, important as it is for controlling harmful emissions, is also driven by the

need to reduce worldwide energy consumption and reliance on fossil fuels. Jeremy Rifkin
[19], in his recent book, presented the position on the world’s energy supply and use. With
the peak world oil production estimated to occur between 2010 and 2020, renewable sources
of energy will have to succeed in substituting increasing proportions of the energy demand. It
was estimated in 1999 that around 90% of the world’s energy is supplied by fossil fuels [20].
Environmental concerns are just one factor influencing the development of lubricants.

In a recent article by Korcek [21], the technology drivers in engine oil development were
summarized, as shown in Figure 5.3. These can be broadly classified into drivers from
customers, environmental protection and resource utilization.
The consequences of these pressures on lubricant formulators have meant a radical change

has been required to occur (and is still occurring) in the allowable oil additive constituents.
Table 5.1 shows the current European and US emission regulations for gasoline and diesel
engines. Achieving these emission targets and the fuel economy targets imposed by CAFE1

standards requires a radical change in lubricant formulation. Some of the major changes
in engine oils, their consequences and also how future challenges are posed resulting from
these are shown in Table 5.2.
The challenge in terms of P reduction is perhaps the most apparent and is certainly the

most important when engine durability, and in particular wear, is considered. The acceptable
level of P has decreased from 0.12 wt.% in 1993 for ILSAC2 GF-1 oils to 0.1 wt.% in 1996
and 2001 (GF-2 and -3) and will be reduced again to 0.08 wt.% when GF-4 is introduced,

1 Corporate average fuel economy.
2 International Lubricant Standardization and Approval Committee.
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Figure 5.3 Original equipment manufacturer (OEM) drivers [21]

Table 5.1 Current and future emission regulations for Europe (a) and US (b) [22]

Gasoline engines Diesel engines (HDD)

g/km CO HC NOx g/kW-h CO HC NOx Particulates

(a) European emission regulation
2000 2.3 0	2 0	15 2000 2	1 0	66 5.0 0	1
2005 1.0 0	1 0	08 2005 1	5 0	46 3.5 0	02
2008 ? ? ? 2008 1	5 0	46 2.0 0	02

(b) US emission regulation
Tier 0 (1987) 3.4 0	25 1	0 2000 20	8 1	7 5.4 0	13
Tier 1 – 1994–1997 3.4 0	41 0	4 2005 20	8 0	7 3.4 0	13
Tier 2 – 2004/2009 3.4 0	07a 0	07 2008 ? 0	2 0.3 0	01

a NMOG value and not THC.

Table 5.2 Summary of the major changes in lubricant formulations, the
major consequences and challenges

Lubricant change Effects Future challenge

Lower viscosity – Improved fuel economy – Improved antiwear
technology

– Risk of increased wear – Durable surface
development

Lower P – Improved catalyst
performance

– Reduced emissions

– Novel zero P additives
and low to zero S
technology

Lower S
– Higher wear
– Reduced EP performance
– Reduced SOx

– Alternative additives to
deliver effective wear
protection
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which is estimated to be in 2005. Finding new lubricant additives, which can deliver adequate
wear protection, whilst maintaining fuel economy poses a real challenge to formulators.
As discussed later, lubricant manufacturers are focussing attention on replacement additives.
Environmental concerns are also influencing the use of additives in lubricants other

than those for internal combustion engines. The control of wear in metal forming, cutting,
wire drawing and other manufacturing processes requires additives to work under extreme
conditions of temperature and pressure. Traditionally, this has been achieved through the
use of Cl-, S- and P-containing additives. However, their link to ozone depletion [23] is also
forcing new lubricants to be developed.

5.3 Tribochemistry and Wear

In boundary and mixed lubrication regimes, the occurrence of metal-to-metal contact,
primarily at asperities, will lead to component failure due to local seizure. Avoidance of
excessive wear and/or seizure in boundary lubricated contacts is achieved through formation
of a protective film, derived from the complex additive packages which have been developed
over the last 60–70 years.
One of the key aspects in boundary lubrication is that the performance of the lubricant (and

more specifically the additives) is critically dependent on the environment within which it is
used. This is not a simple case of assessing the bulk oil temperature and pressure – a much
more complex situation arises where the ‘environment’ is defined as the local environment at
the asperity contact when the asperities are in contact and then, as importantly, out of contact.
The word tribochemistry has been adopted to encompass aspects of chemical reactions

and physical changes at the surface that can only occur when both tribological and chemical
processes act together. The interaction of the tribological process and the chemical process
when surfaces are in contact in lubricated conditions is vital since the combination of the
two processes results in highly reactive surfaces being formed and subsequent formation of
surface films [24]. As an example, the activation energy for formation of iron oxide through
a thermochemical mechanism is 54 kJ/mol compared with a much lower value of 0.7 kJ/mol
for the tribological or tribochemical pathway [25]. Kajdas [24] described the tribochemical
reaction processes occurring at boundary lubricated surfaces in a schematic representation
presented in Figure 5.4.
Because of the complexity and the transient nature of the conditions in the boundary

lubricated contact, it has been difficult for the complete chemical and physical pathway
for the reactions involved in film formation to be elucidated. There is uncertainty as to
the temperature–time profile for individual asperities and the nature (temperature increment,
rheology and chemical changes) of the local lubricant environment and this makes direct
assessment of the layer formation difficult. Great strides have been made towards a full
understanding of the action of lube additives at tribosurfaces with traditional lubricant
additives and surfaces through extrapolation from post-surface analysis of reaction products
and introduction of new methods for thin film analysis [26]. There are still uncertainties
remaining about the exact nature of the tribofilm when it is in the contact. Recent emphasis
has been on demonstrating the ‘smart’ properties of the film – having the ability to react
to the severity of the conditions and adapt its form accordingly [27]. Also, new lubricants
and surfaces are being introduced, as will be discussed later, and so there are challenges
to be addressed in getting to the level of understanding we have with current lubrication
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Figure 5.4 Major physical and chemical events in the boundary lubrication contact [24]

technologies for new additive and material systems. Progress will have to be made in some
of the more complex areas of tribology, which involve probing the physical and chemical
nature of the film when it is in the contact. This remains one of the principal outstanding
challenges in this area.

5.4 Antiwear Additive Technologies

To deliver their antiwear functionality, antiwear additives, through tribochemical reactions,
facilitate the formation of a very thin film (now commonly referred to as the tribofilm) on
the surface of the asperities. In terms of assessing the role of wear processes on the stability
and integrity of the film the following must be understood:

• the nature of the film (chemical, physical and mechanical properties);
• kinetics of formation; and
• removal and replenishment rate.

Because these are dependent on conditions, additive packages are normally only effective in
certain operational windows [28].

5.4.1 Antiwear Technologies

The most common antiwear additives used in practice are organochlorine, organosulphur,
organophosphorus [tricresyl phosphate (TCP) and dibutyl phosphite (DBP)] and
organometallic (ZDDP, MoDTP, MoDTC) and organic borate compounds [28, 29]. In
some instances antiwear additives are mentioned in the same context as extreme pressure
(EP) additives since their function is primarily the same: to reduce metal-to-metal contact.
The distinguishing feature is that antiwear functionality is normally associated with the
mixed lubrication regime where some separating lubricant film still exists but the film is
intermittently penetrated and asperity contact occurs. This is in contrast to EP conditions
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where collapse of the oil film leads to a high degree of metal contact and severe wear/high
friction is encountered. In this chapter, the two will generally be treated separately, but in
some instances a clear separation of the boundary and mixed regimes does not exist and so
AW/EP (anti-wear/extreme pressure) functionality co-exist.

5.4.2 ZDDP – Antiwear Mechanism

In the category of organometallic additives, perhaps the most commonly used is zinc dialkyl
dithiophosphate (ZDDP or ZDTP), whose structure is shown in Figure 5.5. Initially developed
in the 1940s [30] to provide oxidation stability to engine oils, it was found to be effective
in reducing wear and has become one of the most commonly used additives.
As mentioned previously, probing the chemical structure in the tribocontact is for now not

possible using existing surface analysis techniques although in-contact (or ‘buried’ interface)
spectroscopy is receiving attention and it is expected that progress will be made in this area
soon [31]. The rapid progress made in the last two decades in the understanding of the
mechanism of ZDDP action has been mainly due to the timely arrival of advanced surface
analysis techniques. These include, as examples, ToF-SIMS, XPS, Auger analysis, P-NMR,
H-NMR, XANES and AFM. Combining the information from all of these techniques has
meant that the nature of the species of the tribofilm, formed from the decomposition of
ZDDP and interaction with the surface, is accessible. There has been much debate relating
to the nature of the film, once it is removed from the triboenvironment, and prepared for
analysis in what are often UHV conditions. The effect of solvent washing was assessed in
a recent article by Bec et al. [32], but the question regarding how realistic the surface is
compared to when it is in motion in the contact still remains.
Two aspects of the ZDDP tribofilm are generally accepted, these being that the film has a

complex structure and that it has a layered structure. In simplified terms, it is often regarded
to comprise mixed sulphides and oxides near to the substrate surface and these are covered
by short- and long-chain polyphosphate.
The generation of tribofilms from ZDDP is accepted to be as a result of its decomposition

and, as such, the role of the decomposition products becomes important if a full understanding
of the nature of the film is to be achieved. Although the species formed from tribochemical
and thermal decomposition of ZDDP are known, the mechanisms by which they are obtained
are still not fully understood. Proposed mechanisms have included thermal decomposition,

hydrolytic mechanisms and oxidative mechanisms.
The important by-products in early research were postulated to be complex thiophosphates,

phosphides and sulphides by consideration of the ZDDP molecule and possible reaction
pathways as ZDDP composes. Later work, from the mid-1970s onwards, looking at
tribochemical and thermally derived films, has advanced the understanding. The mechanisms
proposed by different researchers are presented in the following paragraphs.

Zn S

S S

PSP

OR3

OR4R2O

R1O

Figure 5.5 Molecular structure of ZDDP
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Jones and Coy [33] heated samples of ZDDP-containing lubricant to induce
thermal degradation and identified the decomposition products by 31 P NMR and
1H NMR. By correlating the structures of the products found (oil-insoluble solid,
trialkyltetraphiophosphate, dialkyl sulphide, alkyl mercaptan and dialkyl disulphide) with the
structure of the starting material, the mechanism of thermal decomposition of ZDDP was
proposed. According to this mechanism, the decomposition is initiated by a general migration
of the alkyl group from oxygen atoms to sulphur atoms. This process then is followed by the
olefin elimination, leading to the formation of phosphorus acids. Nucleophilic substitution of
one phosphorus species by another leads to formation of P-O-P-type structures and of zinc
mercaptide [Zn(SR)2] as reaction intermediate. Reaction of mercaptide with an alkylating
agent generates dialkyl sulphide, while reaction of mercaptide with dithiophosphate species
leads to formation of trithiophosphates and eventually tetrathiophosphates. The oil-insoluble
deposit is a mixture of zinc thiophosphates and zinc pyro- and polypyro-thiophosphates.
Spedding and Watkins [34] and Watkins [35] in their study of thermal decomposition

followed by the role of surface reactions, proposed a hydrolytic mechanism of ZDDP
decomposition in oil solution, forming zinc polyphosphate and a mixture of alkyl sulphides.
They came to this conclusion by studying the effect of water removal from the reaction on
the assumption that if water removal stopped the reaction, then water must play an integral
part. This approach gave almost complete suppression of the decomposition, confirming that
ZDDP breakdown is water-catalysed. In terms of surface reaction related to tribofilms [35],
the antiwear effects of the tribofilm compositions formed from ZDDP breakdown were
studied. Using Electron Spectroscopy Chemical Analysest (ESCA) to analyse cam and tappet
components, they found that the tribofilm comprises zinc and phosphorus as phosphate and
sulphur as iron sulphide. It is suggested that zinc phosphate is physically adsorbed on the
surface oxide layer. The antiwear mechanism of zinc phosphate was postulated to be through
its low melting point, glassy characteristics [36]. The fluid glass effectively lubricated the
surface. Iron sulphide is formed via the oxide layer and elemental sulphur generated from
alkyl sulphides and Fe2O3.
Willermet et al. [37] have proposed that under moderate wear conditions, the formation of

an antiwear film from ZDDP proceeds by a thermo-oxidative mechanism. It was suggested
that the antiwear and antioxidant chemistries of ZDDP are linked. The following steps are
suggested for ZDDP tribofilm formation:

• Adsorption of ZDDP on the metal surface and formation of a ZDDP-rich near-surface
region.

• Reaction of ZDDP with the metal surface to form phosphate/phosphothionic moieties
chemically bonded to the metal.

• Formation of phosphate film precursors from the antioxidant reactions of ZDDP.
• Condensation of phosphates/phosphothionates and their esters, the growing phosphate

chains being terminated by reaction with zinc-containing compounds and, in the presence
of overbased detergents, by reaction with the metal overbase.

Under the ‘moderate’ wear conditions defined byWillermet et al. [37] no presence of sulphide
is accounted for which is in line with the general understanding of their formation, linked to
EP or severe wear conditions where the formation of debris plays a key role.
With the assumption that friction is necessary to produce the speciation of phosphorus

and sulphur, Martin [38] proposed a mechanism for the film formation with metal
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dithiophosphates in which both chemical and mechanical aspects are linked together. It is
based on a three-step mechanism:

Step 1: A thermo-oxidative reaction which leads to formation of phosphate precursor films.
The result is mainly the formation of a long-chain zinc poly-thiophosphate film on
the flat surface (a polymer-like material deposit) and the corresponding liberation
of organic sulphur species in the lubricant phase. This reaction can be summarized
as follows:

ZnDTP�chemisorbed�+O2�or ROOH�
100−200�C−→ Zn
POxS3−x�n

+ sulphur species �in the lubricant phase�

Step 2: The in situ tribochemical reaction leading to P and S speciations. The zinc
thiophosphate polymer reactswith crystalline iron oxides, which is generated from the
surfaceduringan inductionperiodwhereabrasivewear isdominating, andamixed iron
and zinc phosphate glass matrix on one side andmetal sulphide-embedded crystallites
on the other side are formed. This reaction can be summarized as follows:

Zn
POxS3−x�n+ iron oxides �Fe2O3�Fe3O4�

pressure,
shear,
contact

temperature
−→ 
ZnO�P2O5�

FeO/Fe2O3�+MeSx

Step 3: A self-organization system in which there is a selective transfer phenomena between
the two friction surfaces which leads to friction reduction.

A schematic representation of the film structure as suggested by Martin [39] is shown in
Figure 5.6.
Figure 5.6 is widely accepted as a true representation of the ZDDP tribofilm structure. It can

be altered by incorporation of other additives (explained later) such as detergents and friction
modifiers. The thickness of such tribofilms is still under debate and much of the uncertainty
derives fromnot knowing how to define the limits of the tribofilm.Often the film on tribological

Sulphur speciation Phosphorus speciation

Steel substrate

Iron oxide suphide

ZnS–FeS
crystallites

Sulphide

Short-chain
Fe/Zn phosphates

Long-chain Zn
polyphosphate

Thiophosphate-rich layer

Figure 5.6 ZDDP film structure proposed by Martin [39]
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surfaces can have an extended layer of C-rich material which has a structure not comparable
with the bulk oil and is therefore often regarded as an integral part. How much of this layer
is removed by solvent rinsing was addressed by Bec et al. [32] and the outer hydrocarbon-
rich layer is removed, the extent depending on the solvent type and rinsing time. However,
it is generally accepted that the film is in the order of several tens of nanometres thick [40].
The reaction of zinc thiophosphate with iron oxides is explained using hard and soft

acids and bases (HSAB) principle as described by Pearson [41]. According to this principle,
which is based on the role of chemical hardness in predicting the chemical reactions, hard
acids react with hard bases while soft acids react with soft bases. So the reactions between
phosphates and oxides stem from the fact that Fe3+ is a harder Lewis acid than Zn2+ and
that the cation exchange is energetically favourable from the point of view of this principle.
This reaction is shown below:

5Zn�PO3�2+Fe2O3 −→ Fe2Zn3P10O31+2ZnO

�ZnO�P2O5� �3ZnO�5P2O5�Fe2O3�

This process is called a ‘digestion’ of abrasive wear particles of oxides by the phosphates
and is linked with the antiwear effectiveness of ZDDP. According to Martin [39], there are
three ways by which ZDDP acts as an antiwear additive:

• By formation of long-chain zinc polyphosphate glasses on the surface. These glasses are
known to have a relatively low transitionmelting point, so it is suggested that the rheological
properties of the molten glass ensure some sort of elastohydrodynamic lubrication.

• By ‘digesting’ the iron oxide particles, known to be very hard and which can cause
abrasive wear.

• In the cases where the phosphate film is disrupted the sulphur species react with the
nascent surface forming a passivating film. The sulphides formed will prevent adhesion
and the oxidation of nascent surfaces in very severe conditions.

According to the above, nascent iron and iron oxide, generated by wear processes occurring
during sliding, are an integral part of the mechanism proposed for ZDDP tribofilm formation.
In this mechanism, wear and film formation are inextricably linked. This issue assumes
extreme importance when boundary lubrication of materials which are free from iron is
considered. The question then arises as to how effective ZDDP will be in forming an effective
tribofilm. This is dealt with later in the chapter. In addition, observations of films resembling
tribofilms, formed under purely thermal conditions, have led to debate about how important
the rubbing process and the debris it generates are. This debate continues.
Fuller et al. [42] combined a study of thermal decomposition with a study of tribofilm

formation. The decomposition products were identified as polyphosphates with small amounts
of sulphides. The proportion of long- and short-chain polyphosphate changed as the
temperature changed. In comparing thermal films with tribofilms it was concluded that the
thermal films formed at lower temperature (125�C compared with 200�C) were more akin
to the structure of tribofilms. In later work, the presence of iron phosphate in the ZDDP
antiwear films was not acknowledged. It was proposed that short-chain polyphosphates are
formed by the hydrolysis of polyphosphates. A linkage isomer of ZDDP (LI-ZDDP) was
proposed as an important precursor for film formation after analysis of thermal films and
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oil-insoluble ZDDP decomposition products. The modified mechanism of film formation
from ZDDP is suggested and can be explained with the reactions below:

Zn
�RO�2P2�2 �solution�⇒ Zn
�RO�2PS2�2 (ZDDP adsorbed)

Zn
�RO�2PS2�2 �solution�⇒ Zn
O2P�SR�2�2 (LI-ZDDP in solution)

Zn
O2P�SR�2�2 �solution�⇒ Zn
O2P�SR�2�2 (LI-ZDDP adsorbed)

Zn�RO�4P2S4+O2�or ROOH�⇒ Zn�PO3�2 �polyphosphate�+ sulphur species

7Zn�PO3�2+6H2O⇒ Zn7�P5O16�2+4H3PO4

2Zn�PO3�2+3H2O⇒ Zn2P2O7+2H3PO4 short-chain polyphosphates

An important point relating to the thickness of the ZDDP tribofilm was raised by Fuller
et al. [42] and it was concluded that increased thickness is not necessarily beneficial in
reducing wear. ZDDP tribofilms are primarily established to reduce wear and are effective in
this respect under a wide range of operating conditions. However, the effect of film formation
on friction has been shown to be complex. The literature shows that in oils containing ZDDP
as the sole additive friction can increase [43–47], decrease [48, 49] or be unaffected [50].
From a fuel economy perspective, any adverse effects of antiwear formulations on friction
must be managed. Hence, the ZDDP film optimized structure has to be achieved to gain
reduction in wear whilst maintaining friction at an acceptable level.
In the work by Bell et al. [51], the antiwear films formed from ZDDP were analysed under

both cryogenic and solvent-washed conditions using surface techniques such as SEM/EPMA,
TOF-SIMS and for quantitative analysis X-ray photoelectron spectroscopy (XPS). Besides
phosphates in polymeric and glassy states, evidence of a significant concentration of organic
material in the furthest layers of the film was found. This layer is believed to be removed
after solvent washing of the samples. A layered film structure model is proposed and is
shown in Figure 5.7.
Although differences are apparent in the structure shown in Figure 5.6, there are generic

similarities and several similar representations have been presented in mono- and multiple-
additive systems.
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Figure 5.7 ZDDP film structure proposed by Bell et al. [51]
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Much debate continues about the nature of the tribofilm in the contact and how the
idealized layered structures, as shown schematically in several papers, actually relate to
the load-bearing, antiwear films formed on the asperities. Undoubtedly, an important aspect
with respect to the film stability and also the extent of wear associated with the tribological
contact is the rate of film formation, removal and replenishment. Lin and So [52] recently
summarized the important chemical and physical changes at the surface which cause changes
in the surface film and these were presented in a simplified rule that governs antiwear
performance.
In their analysis the growth rate of the effective film thickness, heffect, was given by

equation (2)

heffect = hphy+hchem +hreact (2)

and the ZDDP films exist if

heffect ≥ hscrape (3)

where hscrape is the rate at which the film is scraped off (worn off), hphy is the physisorbed
film growth rate, hchem is the growth rate of the chemisorbed film and hreact is the growth
rate of the chemically reacting film.
As well as being chemically analysed, the mechanical properties of ZDDP films have also

been investigated [32, 53]. With the introduction of the atomic force microscopy (AFM)
in the late 1980s, tribologists have capitalized on the facility as a means of probing the
near-surface features of tribofilms. One of the earliest studies on real tribofilms formed from
additive-containing oils was performed by Pidduck and Smith [53] where they used the
force–distance curve analysis to semi-quantitatively determine the hardness of the tribofilm.
They showed clearly that the outer layer was viscous and the sub-layer was much harder
than the outer layer. The structure and rheological properties of the antiwear films formed
from ZDDP were also studied by Bec et al. [32]. It was shown in their work also that the film
has varying structure and properties with depth. It was found that initial hardness increased
with penetration depth which suggests that the ZDDP tribofilm accommodates the pressure
applied by the indenter by increasing the hardness – thus exhibiting a degree of ‘smartness’.

5.4.3 Interaction of ZDDP with Other Additives

Modern engine oils can contain up to 15 different additives each with their own specific
function. In these multi-component systems there is potential for interactions between the
different additive species. These interactions can be synergistic or antagonistic and so the
formulator’s challenge is to optimize the blend to address the performance and durability
criteria. Table 5.3 shows the range of additives likely to be present in a commercial engine
oil [54]. As discussed previously, ZDDP is one of the most common antiwear additives and
other common species include PIBS (polyisobutylene succinimide) as a dispersant, MoDTC
(molybdenum dithiocarbamate) as a friction modifier and Ca/Mg sulphonate/phenates as
detergents.
In any review of the effect of lubricant chemistry on wear, it is therefore important

to acknowledge the potential detrimental or positive effects on wear of other additives,
especially when combined with ZDDP as the principal source of antiwear protection.
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Table 5.3 Additives and typical concentrations in commercial engine oils [54]

Function Component Concentration (mass %)

Base oil (mineral and/or synthetic) 75–95

Control friction and wear Viscosity index improver 0–6
Antiwear additive 0.5–2
Friction modifier 0–2
Corrosion inhibitor 0–1

Reduces contamination and Antioxidant 0–1
maintains cleanliness Dispersant 1–10

Detergent 2–8

Maintains fluid properties Pour point depressant 0–0.5
Anti-foam additive 0.001

So how can additives such as dispersants, detergents and friction modifiers potentially
affect the wear performance in boundary lubricated contacts? There are three primary ways
in which the antiwear additive performance can be disrupted/affected in the presence of
additional species. These are

1. chemical reaction between the additives (e.g complexation [55, 56]) in the bulk oil
phase;

2. by affecting the film formation by the antiwear additive [55, 57, 58];
3. by forming a film from the absorption and/or decomposition products derived from their

own chemistry [59].

In the following paragraphs, the specific interactions between antiwear and other additives
are reviewed, focussing on how wear performance is affected.
Yin et al. [60], in their study of the interactions between two detergents and a dispersant,

concluded that calcium sulphonate interacts with the adsorbed ZDDP only at high
concentration of the detergent (= 2 wt.%). The detergent species were found to be enriched
at the outer part of the film which has also been reported in other work [59]. They found
that calcium phenate detergents affect the film formation even at low concentrations – in
the resulting film the chain length of the polyphosphate is reduced. In this study, no direct
measurement of these changes and wear performance was made, but similar effects reported
by Wan et al. [61] on the interaction of overbased metallic detergents with ZDDP resulted
in the deterioration of the antiwear performance of the ZDDP.
Competition between ZDDP and metallic detergents for surface sites, thereby reducing the

effective ZDDP surface concentration, has been postulated as one reason for the reduction of
ZDDP antiwear properties in the presence of metallic detergents. In Wan et al.’s work [61],
it was found that Ca2+ ions replace Zn2+ ions in the polyphosphate structure of tribofilms,
forming short-chain polyphosphates.
This confirmed the previous work of Willermet et al. [62] which suggested that Ca partially

replaced Zn as the cation in the amorphous phosphate film which leads, to the loss of the
higher molecular weight phosphates in favour of ortho- and pyro-phosphates. It was found
that the Ca cation can replace up to 50% of the Zn cation in the phosphate film. The
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phosphate chain length was found to be greater for ZDDP solutions than for the systems
containing overbased detergents.
A clear interaction of ZDDP with Ca from detergents was shown in the work by Morina

et al. [63]. When ZDDP was present in additive packages containing ZDDP, Ca was found
as Ca phosphate, while in the additive package without ZDDP, Ca was found as CaCO3.
This affects the tribological properties – wear and friction are enhanced by the abrasive
nature of the carbonate detergent species. These interactions were shown to be related to the
lubrication conditions.
To further complicate additive systems, it has been reported that detergent–ZDDP

interactions can display synergistic effects [57], and then on addition of a third additive
(in this case a dispersant), the synergism is lost and the antiwear performance can also be
lost. For dispersants added to ZDDP-containing oils a confusing picture arises. In some
reports, the adsorption of ZDDP has been enhanced at the surface, leading to a reduction in
wear [64], whereas in other studies [65] the formation of a chelating compound in ZDDP,
in the presence of dispersant, decreases the adsorption. This points to the fact that tribofilms
formed in the presence of ZDDP are themselves complex entities and addition of often
surface-active additives can substantially complicate the system. There is no universal rule
to predict additive–additive interactions and so much is dependent on the conditions and the
nature of the additives.
In terms of fuel economy friction reduction is paramount and in terms of engine durability

wear is of key importance and, as a result, the interactions between antiwear-type additives
and friction modifiers (primarily MoDTC) have received considerable attention.
MoDTC, like ZDDP, delivers its performance through degradation compounds. The key

to successful reduction in friction is the formation of MoS2 (molybdenum disulphide) which
has a hexagonal crystal structure in which each atom of molybdenum is surrounded at equal
distances by six atoms of sulphur placed at the corners of a triangular right prism of 0.317-nm
height [66]. The bonds between Mo and S are strong covalent and between the atoms of S
are weak van der Waals. Hence, sliding along these planes occurs with little energy input and
hence low friction. Figure 5.8 shows a schematic representation of the friction trace when
MoDTC is used as the friction modifier. In most circumstances the reduction in friction is
not immediate and there is an activation time (tact� required to functionalize the additive.
In recent work, it has been demonstrated that the chemical composition, and primarily the

µ

Timetact

Regime 1 Regime 2

Figure 5.8 Schematic representation of the transient in friction observed when MoDTC is ‘activated’
at the tribosurface



86 Wear – Materials, Mechanisms and Practice

MoS2 content, of the tribo-layer evolves in going from regime 1 to regime 2. A significant
enhancement in MoS2 content is recorded at point 2. In some texts, it is written that MoDTC
is not able to form MoS2-rich friction layers on its own [66], but there is evidence in the
literature to suggest that MoDTC can in fact work without the presence of ZDDP [67]
and also friction reduction with molybdenum dialkyldithiophosphates (MoDTP) is achieved
without the presence of ZDDP [68, 69]. However, as reported by Muraki and Wada [70],
the formation of MoS2 on an existing ZDDP-derived tribofilm is catalysed.
The surface topography as determined by AFM has been shown in recent work [71] to

be contrasting when ZDDP alone and ZDDP/MoDTC are contained in the lubricants. In
Figure 5.9, the different surface characteristics are presented. The MoS2 significantly smooths
the surface and the underlying phosphate-rich layer (offering wear protection) is covered.
The layer produced by the friction modifier has been shown not to cause any significant
disruption to the antiwear performance. As such, it can be concluded that the effect on the
glassy antiwear phosphate layer is minimal.
It was found that in the presence of MoDTC/ZDDP mixture, a two-step reaction occurs:

first, a reaction between phosphate and iron oxide, and second, a reaction between the nascent
iron surface and a sulphide species. These reactions are found to be well explained by the
HSAB principle [72]. The surface analysis made using transmission electron microscopy
(TEM) and XPS showed two glassy phases in the tribofilm: mixed zinc/molybdenum
phosphate glass and carbon-rich amorphous phase with MoS2 sheets embedded in the
phosphate glass [73]. Iwasaki [74] estimated that up to 40% of the S in MoS2 can come from
the ZDTP thus proving their intimate link. The MoDTC/ZDDP combination was found to
be excellent in reducing both friction and wear; wear is reduced because of the elimination
of MoO3 and possible iron oxides when they react with zinc polyphosphate which at the
same time preserves pure MoS2 from oxidation [72]. Kasrai et al. [75] used XANES and
XPS to obtain more information about the chemical compositions of the tribofilms formed
when MoDTC and ZDDP/MoDTC systems were used. No effect of MoDTC on antiwear
performance of ZDDP was seen.
MoDTP have been recognized as multifunctional additives, reducing both friction and

wear [76]. Surface analysis using XPS showed that MoDTC formed a surface film composed
of MoS2, while MoDTP formed a surface film composed mainly of MoS2 and FePO4 at 120

�C
temperature and MoS2, MoO3 and FePO4 at 200

�C [68]. Unnikrishnan et al. [67] concluded
that MoDTCs and MoDTP give the same performance in terms of friction reduction but in

Figure 5.9 AFM images to show the surface topography of the tribofilms formed in formulated oil
containing ZDDP and no friction modifier and (b) ZDDP with friction modifier (MoDTC) [71]
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terms of wear reduction MoDTP was found to possess better wear prevention characteristics.
In parallel with ZDDP, the formation of a glassy phosphate glass as a protective layer over
the asperities is the principal mechanism. However, the AW properties of the MoDTC can be
improved by combination with ZDDP which is not the same with MoDTP/ZDDP systems.
Interactions between additives in lubricants for control of wear in manufacturing processes

are important. Control of wear in deep drawing processes has also been provided by ZDDP
and incorporation of solid lubricants (such as CeF3 [77]) has been shown to reduce wear.
Such synergies are therefore not restricted to engine oils.

5.4.4 New Antiwear Additive Technologies

The presence of P in ZDDP is known to contaminate the emission systems in vehicles
and hence have an impact on the environment. The demand for reduction of P content in
lubricants has made the need for new additives ever-pressing. Phosphorous is not the only
species in additives regarded as being detrimental to the environment and equal pressure for
a reduction in sulphur in lube oils, parallel with fuels, exists. It has been shown that almost
100% of S in ZDTP is converted to SOx, which poisons the NOx trap [78]. The use of
ZDDP is not going to stop overnight and in fact there is a large remaining market for ZDDP
in industrial lubricants, not legislated for to the same extent as in the automotive sector,
especially in countries like China and India [79]. However, ZDDP will continue to be phased
out in new vehicles and hence the need for a replacement strategy is urgent. To obtain the
effectiveness of ZDDP but with no or significantly less impact on the environment presents a
real challenge. The main consideration is replacing the antiwear functionality of ZDDP [78].
Although it also offers resistance to oxidation, there are a number of other species which
can offer antioxidancy. These include ashless antioxidants which also have the added benefit
that they reduce ash loadings in diesel particulate filters (DPFs). Also, group II basestocks
offer enhanced resistance to oxidation in their own right.
Where additive technology can go in the next decade is a major topic for debate as

lubricant manufacturers strive to make step-changes in their technology. Developments are
likely in two main areas:

1. Soluble additive technology which, in a manner similar to ZDDP, forms wear-resistant
layers on asperities. The film formation occurs mainly through additive decomposition.

2. Additives of dispersed nanoparticles which function by presenting themselves in the
asperity regions and forming lubricant layers and some load-bearing capacity.

Organic boron compounds are possible candidates to replace ZDDP. Boron-containing
additives are not new and patents were filed as early as the 1960s [80]. Formation of a borate
glass, in a manner similar to phosphate glass (in the presence of ZDDP or other P-containing
additives), is often regarded as the key mechanism by which they provide wear protection.
Boron-containing additives of different types have been synthesized and tested as potential

replacements for the P-containing ZDDP. In general, the boron-containing compounds
are borates of mixed alcohols, amides, hydroxyl esters, ethoxylated amides and their
mixtures [81]. Limited success has been reported but there is clearly a scope for continued
development. Stanulov et al. [82] investigated the potential synergies between boric additives
and traditional ZDTP additives using the environmental reduction/replacement of ZDTP as
the driver for the study. Whilst it was found that there was a narrow region of tribological
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conditions in which the boric and P-containing additives acted synergistically, it demonstrated
that there is an economic and ecological benefit in partial replacement. Other works have
investigated full B-containing additives, fully replacing the P-additive system. Whilst these
have shown some success in laboratory-based studies, there is a long way to go to reach
the widespread use in real engines. One further concern with some of the B-containing
species is that they contain relatively high amounts of S and, as such, do not solve the entire
environmental problem. Also, it is not clear from the laboratory-based studies reported to
date what the mechanisms of action of the B-type additives are. Boric acid, as a surface
treatment (through surface films on boron carbide) and as a solid lubricant, has recently been
heralded [83] as an exciting low-friction surface and industries were recently criticized in
the editorial comments in Lubrication Engineering (issue January 2003) for not realizing its
potential since the earlier works by Erdemir [84, 85].
A drawback of these additives is noted to be the ability to hydrolyse in the presence of

water and by that to form hard granules of oxides or hydroxides which contribute to noise,
damage to bearings and deposits near seals [81]. Junbin [86] and Zheng et al. [87] improved
the hydrolytic stability of novel borate esters by the formation of a stable six-member
ring of B and N coordination in a borate ester molecule. Surface analysis showed mainly
adsorbed borate esters, BO and boron nitride on the surface. Under boundary lubrication,
calcium borate overbased salicylate micelles were shown to form a thin amorphous film
of a borate glass material at the microscopic level that acts as antiwear layer similar
to P in ZDDP tribofilms [88]. Although this additive gave lower friction than ZDDP,
it was not as effective in wear reduction as ZDDP [89]. The antiwear properties of
this borate additive were improved when used together with ZDDP, giving the same
performance on wear reduction as ZDDP alone [89]. Surface analytical techniques showed
the tribofilm to be calcium and zinc borophosphate glass. Addition of calcium borate
to ZDDP/MoDTC reduced friction even further and had no effect on antiwear action of
ZDDP [90].
Nano-dispersed particles in lubricants offer potential to solve some of the problems

associated with ‘soluble’ additives. A range of nanometre-sized particles have been suggested
and tested, including titanium borate [91] and cobalt hydroxide [92], and have shown some
promise for reduction in friction and wear. Such lubricant additives can be used where
solubility problems (as are often associated with Mo-containing additives) and also more
specifically where hydrolytic stability for B-containing additives are an issue.

5.5 Extreme Pressure Additives

Pressures are also being exerted on industry to radically change the chemistry of additives
used in metal working, machining, wire-drawing and other manufacturing processes where
EP functionality is needed. Currently, the most common EP additives contain chlorine,
sulphur or phosphorus [23]. Organochlorine additives are known to give tribofilms of FeCl2
and FeCl3 and organosulphur FeS/FeSO4/Fe2O3 composite films [93] through a complex
sequence of thermal and physical changes at the metal/additive interface. It is acknowledged
by Gao et al. [23] that because the nature of the action of the additive is very much surface
dependent, the replacement of lubricant additives may well need to consider the type of
surface being lubricated.
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5.6 Lubricating Non-Fe Materials

Advanced material technology is being embraced in the transport sector; material and surface
treatments are being developed at a rapid rate to achieve weight savings in vehicles, improve
durability, improve structural integrity, etc. In Table 5.4 some of the different solid materials
used in engine components are presented. The list is not exhaustive but is meant to illustrate
the range of materials used. There has been a general move away from fully ferrous systems
which generally comprise bearing steels and cast iron, used extensively in tribological
applications. This move brings with it some associated challenges for tribologists – that being
how to effectively lubricate non-Fe-based surfaces. In this chapter, the mechanisms of action
of lubricant additives have been discussed. In antiwear technology, the important role of
Fe2O3 for the development of the wear film has been discussed in several works. In addition,
cationic exchange of Fe and Ca/Zn species in antiwear and detergent systems has been
demonstrated thus emphasizing the role of chemical and physical interactions between the
surface and the lubricant additives. It is not at all reasonable to assume that when lubricating
non-Fe-based surfaces, the traditional technologies that are known to be effective will have
the same functionality. Indeed, several recent workers in tribology have recently turned their
attention to optimizing lubricant additive and surface compatibility for reduced friction and
wear [94].
The antiwear ability of metal surfaces can be strengthened by different treatments such as

carburizing, nitriding, carbonitriding, sulphonitriding, sulphirizing, pre-oxidation, boriding,
phosphating, and electrolytic and electroless plating [93]. In addition, the application of
different surface coatings has become widely used in lubricated contacts and includes
materials such as thermally sprayed molybdenum, ceramic Cr2O3 plasma coatings, cermet
coatings applied by HVOF, etc. [95]. Recent interest in more exotic coatings such as diamond-
like carbon (DLC) [96–99] and modified versions of DLC incorporating elements such as
Ti has made the whole area of surface engineering for lubricated contacts reach a new era.
Although some aspects of lubrication of new surfaces, whether as solid materials or as surface
coatings, have been addressed, it is fair to say that little is known about surface/lubricant
interactions in new, non-ferrous and perhaps exotic materials. With the increased use of

Table 5.4 Materials used for engine components

Component Materials

Valves •�-Titanium aluminide (with nitriding for
wear protection)

• Al–SiC MMCs
• Ti alloys (especially in F1)

Pistons • C–C composites (eliminates need for
piston rings)

• Mg alloys (1921 Indianapolis 500)
• PSZ, Al2O3 (crown)

Engine block • Mg (through USAMP – Magnesium
Powertrain Cast Components Project)

• Al – Lupo
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non-ferrous materials for improved durability, it is vital that lubricant/surface compatibility
is achieved.
Taking as an example Al–Si alloys, there has been increased use of these alloys in internal

combustion engine components such as pistons, due to their excellent resistance to corrosion,
good thermal conductivity, low cost and ease of fabrication by casting. However, these
materials are susceptible to high wear and friction under loaded, sliding conditions. The
tribological behaviour of Al–Si alloys under dry sliding has been studied extensively but
there is little published on the lubrication of Al–Si alloys and in particular surface/lubricant
additive interactions. Preliminary research on Al–Si alloys against steel [100–103] has shown
that commercially available engine oils are not as effective at lubricating this system as
they are in steel against steel contacts. In boundary lubrication of aluminium, the chemical
interaction, especially the chemical reaction of the lubricant with the rubbing surface, is very
important. Results by Wan and coworkers [101, 102] and Hah et al. [104] suggest that some
chemical reaction takes place on the surface and therefore some chemical wear or corrosion
takes place resulting in larger wear volumes. These tests indicate that conventional P- and
S-based antiwear additives are not effective in preventing seizure of the aluminium.
Whilst some surface coatings are essentially inert when used outside tribological

applications, it is now recognized that the chemical and mechanical interactions involved
when lubricated surfaces come into contact can throw up some surprises in terms of the
chemical reactivity of surfaces. On DLC tribocouples, there have been conflicting reports on
the level of triboactivity in lubricated contacts. Podgornik et al. [97] reported a 25% reduction
in friction and wear in conventional EP/AW additive systems where DLC was intimately
involved in the formation of the tribofilm. In contrast, when the lubricant was fully formulated
no such benefit was recorded. These examples, of which there are plenty emerging, confirm
two things; firstly, that there are complex surface/additive reactions involved in tribochemical
film formation on non-Fe surfaces, and secondly, that a new approach and lateral thinking
are needed to provide integrated lubricated systems where materials and lubricant additives
are going to deviate from standard traditional materials.
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Surface Chemistry in Tribology

A.J. Gellman and N.D. Spencer

Abstract

Surface chemistry is key to the understanding of tribological phenomena in the absence
of a thick lubricant film. Progress in the development of surface-analytical techniques
has opened a new window onto tribochemical phenomena, which holds the promise of a
better understanding of many critically important tribological processes. In this review, we
survey the areas in which surface chemistry has played an important role in enhancing our
tribological understanding. These include boundary lubrication, surface-additive interactions,
the anomalous tribological behavior of quasicrystals, and the lubrication of hard disks.

6.1 Introduction

In general, the twentieth century marked the first major incursion of chemists into the world
of tribology. Driven partly by the need for improved lubricants for new machines developed
in the first few decades of the century, and partly by new analytical capabilities, lubricant
chemists and tribochemists were to become full partners in the science of tribology. In this
review, we cover a number of topics in surface chemistry in tribology, which serve both
to illustrate some of the successes in tribochemical research over the past decades and to
show that much work remains to be done before true, first-principle, tribochemistry-based
lubricant and tribopair design can begin.

6.2 Boundary Lubrication and Oiliness Additives

6.2.1 Introduction

In an ideal world, lubricated sliding surfaces are separated by a stable fluid film of lubricant,
which effectively lowers friction and prevents wear, holding the surfaces apart by virtue of its
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Figure 6.1 Stribeck curve: the variation in frictional drag (expressed as the coefficient of friction, �)
with the quantity �U/W for a lubricated sliding bearing. After Hutchings [1]

fluid-mechanical properties. The friction coefficient in such a hydrodynamically lubricated
bearing is proportional to �U/W , where U is the relative sliding speed of the surfaces, W
the normal load supported by the bearing and � the Newtonian viscosity [1]. At low sliding
speeds (e.g. upon startup) and/or higher forces, however, the friction coefficient varies in a
more complex way (Figure 6.1), and at the lowest speeds and friction forces can be two orders
of magnitude higher than under hydrodynamic lubrication conditions. This is the regime of
“boundary lubrication,” where fluid films have given way to thin layers that serve as the
active lubricants, and the realm of pure engineering (hydrodynamic lubrication) has given
way to the complex world of surface chemistry under confinement. Boundary lubrication is
clearly of vital importance, since it is the mechanism in operation under the most extreme of
tribological conditions. Understanding boundary lubrication, however, has been a challenge
to tribochemists over the last century, with light appearing at the end of the tunnel only quite
recently.

6.2.2 Monolayers, Multilayers and Soaps

It was noticed in the 1920s that certain lubricants possessed a quality designated “oiliness,”
which, independent of their viscosity, led to better lubrication at low sliding speeds
[2–4]. Generally, these oily lubricants tended to be those of natural origin, such as castor
oil, containing long-chain oxygenated organic compounds (esters and acids), which have
surfactant properties, and are not usually present in their mineral oil counterparts. It was
shown that these oxygenated molecules could, by themselves, reduce friction considerably
between sliding surfaces, their effectiveness depending on their molecular weight [5]
(Figure 6.2). Hardy developed a monolayer theory of boundary lubrication (Figure 6.3),
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Figure 6.2 Dependence of friction coefficient on molecular weight for various homologous series
(reprinted with permission from the Royal Society of London) [5]

Figure 6.3 Hardy boundary model, adapted from Reference (reprinted with kind permission from
Hodder Education) [1]

whereby he postulated that, under boundary conditions, the sliding surfaces were held apart
by adsorbed, oriented monolayers of polar molecules, which form a plane of low shear
strength, thus lowering friction and affording protection of the surfaces.
Stanton [3] and Deeley [4], at around the same time, advanced an alternative hypothesis,

however, involving a thick film consisting, essentially, of an organo-iron compound as the
agent of surface oiliness. The monolayer versus multilayer controversy was to continue for
many decades, a cogent set of arguments against the monolayer theory being presented by
Allen and Drauglis [6].
Gregory was to lend support to the monolayer theory by investigating the friction between

clean cadmium surfaces lubricated by pure paraffin oil [7]. In the absence of additives, he
measured � (static) to be 0.6, which was reduced by an order of magnitude in the presence
of 1% dodecanoic (lauric) acid. In the presence of only 0.01% dodecanoic acid, � was still
only 0.1, while a 0.001% acid concentration showed a � value (0.45) close to that of the
pure paraffin oil, dropping, however, over a period of 12 h to a value of 0.26, suggesting
the slow adsorption of a sub-monolayer quantity of acid onto the sliding surfaces. By using
a 0.1% dodecanoic acid concentration and slowly extending the lubricated area, Gregory
could calculate the thickness of lubricating layer that apparently yielded significantly reduced
friction. This was calculated at somewhere between one and two molecular layers.
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Figure 6.4 The friction of octadecanoic (stearic) acid films deposited on a stainless steel surface
(adapted with permission from Oxford University Press) [7, 8]

Bowden and Tabor took a tremendous step forward in the scientific treatment of boundary
lubrication with the publication of their book Friction and Lubrication of Solids in 1950 [7].
They showed that while a monolayer of octadecanoic (stearic) acid deposited on stainless
steel by means of the Langmuir–Blodgett (LB) technique could indeed produce a low � of
0.1 against a stainless steel slider, this value increased to 0.3 after five passes (Figure 6.4).
The friction-reduction effect of three LB-deposited octadecanoic acid monolayers was more
durable, with the � = 0�1 value persisting for some half-dozen passes. Nine monolayers
performed even better, with �= 0�3 only being reached after 35 passes, and 53 monolayers
provided an apparently constant value of � = 0�1. Thus, it was shown that while a single
monolayer of a polar molecule can reduce friction, it is far from robust, and requires
continuous replenishment. This is the situation, of course, in an oil containing the molecule
as an additive at a reasonable concentration. Bowden and Tabor also found that molecular
structure played a role in boundary lubrication ability, with nonanoic acid (C9) being the
shortest acid that could show any boundary lubrication ability. Looking at this in terms of
a modern interpretation of the Hardy model, this would correspond to the minimum chain
length that, by virtue of inter-chain van der Waals forces, could maintain itself in an ordered,
tails-up arrangement. Similar arguments can be used to explain why branched molecules
are less effective boundary lubricants than their straight-chain counterparts: the side chains
simply impair close packing of the molecules [9, 10].
The substrate dependence of lubrication by oil additives can also provide useful insights. In

Table 6.1, the effect on � of 1% dodecanoic acid in paraffin oil used with nickel, chromium,
platinum, and silver surfaces is shown to be slight. On copper, cadmium, zinc, and magnesium
surfaces, however, friction reduction by an order of magnitude was observed. This study
suggests that reaction of the additive with the substrate (presumably to form a metal “soap”)
has occurred for the latter group. Temperature dependence is also revealing (Figure 6.5):
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Table 6.1 Coefficients of sliding friction at room temperature [7, 8]

Surfaces Lubricant: paraffin oil Paraffin oil + 1% dodecanoic acid

Nickel 0�3 0�28
Chromium 0�3 0�3
Platinum 0�28 0�25
Silver 0�8 0�7
Copper 0�3 0�08
Cadmium 0�45 0�05
Zinc 0�2 0�04
Magnesium 0�5 0�08
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Figure 6.5 Effect of temperature on friction of platinum and copper surfaces, lubricated by docosane
and fatty acids. Curve A: solid docosane (m�p�= 44�C) on Pt; B: solid octadecanoic acid (m�p�= 69�C)
on Pt; C: solid copper dodecanoate (softening point= 110�C) on Pt; D: 1% dodecanoic acid in paraffin
oil on Cu (adapted with permission from Oxford University Press) [7, 10]

Many solid lubricants, such as lead or solid alkanes, will effectively lubricate surfaces upto
their melting points, after which they can no longer hold the sliding surfaces apart. While
docosane (C22, m�p� = 44�C) and octadecanoic acid (m�p� = 69�C) effectively lubricate
platinum surfaces up to their melting points, dodecanoic acid lubricates copper surfaces up to
90�C, which corresponds to the softening point of copper dodecanoate. Moreover, dodecanoic
acid on copper shows lubrication behavior similar to copper dodecanoate on platinum! This
might suggest that copper dodecanoate is involved in both cases. It is also interesting to note
that sodium octadecanoate (m�p�= 260�C) lubricates steel surfaces up to 280�C.
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Clearly, the lubrication ability of octadecanoic and dodecanoic acids on reactive metals
involves more than a simple adsorbed molecular film, although it is also clear from results
described earlier that a simple molecular layer can serve as the basis for boundary lubrication.
More light has been shed on this apparently confusing issue by a recent set of experiments.
Fischer et al. [11] used X-ray absorption spectroscopy to show that octadecanoic acid adsorbs
on copper in a mixture of bidentate and monodentate states, with the chains oriented
close to the surface normal. At this stage, the spectra appear very similar to those of an
octadecanoic acid standard. Tribological treatment (rubbing in air against a clean Cu surface
in a reciprocating motion for 10 passes with a normal force of 1 N) induces a conversion
of some of the monodentate states into the bidentate form, and an enhanced orientation
toward the surface normal, while showing no loss of the organic layer. X-ray absorption
measurement of the tribologically treated surface reveals a spectrum that is very similar to that
of copper octadecanoate. Thus it seems as if the octadecanoic acid monolayer is converted
almost instantaneously into the corresponding octadecanoate upon rubbing, although the
chain orientation is still very much as Hardy envisaged.
Possibly the results that provide the most insight into the monolayer/multilayer controversy

have been generated by Ratoi et al. [12], who used the method of ultrathin film
interferometry [13] to monitor the lubricant film thickness during rolling contact of bearing
steel on glass. When the lubricant used is purified hexadecane, the logarithm of the
film thickness varies linearly as the logarithm of the rolling speed (Figure 6.6(a)), as
predicted from elastohydrodynamic lubrication theory, down to a thickness of around 1 nm
(interestingly, due to elastic conformality, this holds despite the 12-nm roughness of the
contacts). In the presence of carboxylic acids, the situation is more complex, and a deviation
from linearity is observed at low speeds. In the case of dry 0.1 wt.% octadecanoic acid in
hexadecane (Figure 6.6(b)), a deviation from the hexadecane results of around 2 nm was
observed at the lowest speeds, although this reduced to < 1 nm upon stopping the relative
motion of the surfaces. When the same system was examined in the presence of water,
however, the results were quite different (Figure 6.6(c)): a much thicker film was formed at
low speeds. The film thickness was speed dependent, reaching about 8–12 nm thickness at its
maximum, but disappearing almost completely as rolling speed was increased. Upon reducing
the rolling speed once again, the film slowly reformed. Upon stopping the machine, a film of
some 2–4 nm remained in the contact region. Similar wet and dry behavior was observed for
eicosanoic (C20, arachidic) acid. Interestingly, when stainless steel was used in the contact
instead of bearing steel, no film was found to form upon testing with wet octadecanoic acid
in hexadecane, suggesting that the above observations are due to a corrosive reaction of the
additive with the steel substrate.
The above observations can be explained in terms of the water-induced oxidation of

iron to Fe(II)/Fe(III), which then goes on to form the carboxylate thick films. Similar
behavior has been observed previously with copper carboxylates in mineral oil on a steel
surface [14], where a 40-nm boundary film forms slowly at low speeds, collapsing at high
speeds. In general, redox reactions play an important role in the formation and removal of
these thicker films [15], with the films first forming in the Fe(II) state, which is insoluble
in oil, and slowly oxidizing to the oil-soluble Fe(III) state. Thus, as a system moves from
boundary to elastohydrodynamic conditions, the boundary film is no longer being formed and
dissolves away. Extending this approach, by judicious addition of various metal carboxylates,
Ratoi et al. [15] found that carboxylates of metals below iron in the electrochemical series
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Figure 6.6 Elastohydrodynamic film formation measured by ultrathin film interferometry: (a) purified
hexadecane; (b) dry 0.1% octadecanoic (stearic) acid in hexadecane (the solid line is pure hexadecane);
(c) wet 0.1% octadecanoic acid in hexadecane (reprinted with kind permission from Elsevier) [12]
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(e.g. copper) reacted to form iron carboxylate boundary films, while carboxylates of metals
above iron (e.g. zinc, magnesium) formed no boundary films at all. In summary, ultrathin
film interferometry has shown that either monolayers or multilayers can be formed from

carboxylic acid additives, depending on the prevailing tribological conditions. The relative
lubricating efficiency of the two possibilities is currently under investigation.

6.2.3 Viscous Near-Surface Layers

In the previous section, we have seen that multilayers of carboxylates can form in additive-
modified lubricants in the presence of moisture. These lubricate the rolling contact by means
of their locally high viscosity. However, even in the absence of additives, there have been
suggestions or reports over the years of a locally high viscosity at the surface, starting with
Deeley’s suggestion in the 1920s of a “friction surface, which is a compound of oil and
metal” [3, 4]. Çavdar and Ludema [16–18] studied the lubrication of steel by additive-free
mineral oils by means of in situ ellipsometry and found that after some 20 min, a 5–10 nm
thick layer of organo-iron compounds was formed on an oxide/carbide underlayer. Hsu [19]
has actually analyzed oil samples that have been used to lubricate sliding contacts. Using
gel-permeation chromatography, he was able to show that organo-iron compounds with
molecular weights up to 100,000 were present in the case of a highly refined mineral oil
lubricant. Hsu hypothesized that metal-catalyzed oil oxidation leads to a polymerization
mechanism.
Results from the surface force apparatus (SFA) suggest that liquids in the immediate

vicinity of surfaces are strongly influenced by that surface, with a phase behavior that is
distinct from that of the bulk liquid. Israelachvili et al. [20] and Granick [21] have shown
that the effective viscosities of thin liquid films can be several orders of magnitude higher
than bulk values within one or two molecular layers of the surface, and, very recently, SFA
refractive-index studies by Heuberger et al. [22] have indicated fluctuations between phases
resembling solids, liquids, and gases when cyclohexane is confined between mica surfaces
at room temperature. Although interesting, the significance of these SFA observations under
real tribological conditions remains to be established.

6.2.4 Boundary Lubrication in Natural Joints

Although many different modes of lubrication are present in natural joints, such as those
in the hip and in the knee [23], boundary lubrication plays an important role after periods
of inactivity, such as sleeping, or reading this article. The natural lubricant, synovial fluid,
is similar to blood serum in composition, but has a somewhat higher level of hyaluronic
acid, which plays a role in maintaining a higher viscosity in the medium – useful in the
hydrodynamic modes of lubrication. Also present in the fluid are many different kinds
of proteins, lipids, and inorganic salts. While there is some discussion in the literature as
to whether lipids play an important tribological role, it is now commonly accepted that
glycoproteins are important boundary lubricants.
Lubrication in the natural joint is highly relevant for understanding the progress of certain

joint disorders, such as arthritis. The sliding surfaces consist of cartilage, which contains
glycoproteins and polysaccharides, such as chondroitin sulfate. In artificial joints, however,
which are being increasingly implanted, as a consequence of the aging population and
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of improved technology, sliding surfaces generally consist of Co–Cr alloys, ceramics, or
ultrahigh-molecular-weight polyethylene (UHMWPE), all of which have certain advantages
and disadvantages. Wear of UHMWPE has been an important issue in recent years, since
PE particles can activate the body’s immune system, leading to a response that ultimately
causes loosening of the implant in the bone, requiring a further operation.
Widmer et al. [24] have shown that the surface hydrophilicity of the sliding surfaces in a

hip implant can have a major effect on both protein adsorption and frictional behavior. Using
oxygen plasma treatment to render a polyethylene surface more hydrophilic, they were able to
show a reduction of dynamic friction by around 50% in protein-containing solutions. In salt
solutions (Ringer’s), this effect did not occur. It was also observed that the plasma treatment
led to an increase in the amount of protein that adsorbed on the polyethylene surface, lending
support to the hypothesis that proteins denature and spread out on hydrophobic surfaces, and
are less able to function efficiently as boundary lubricants. On hydrophilic surfaces, they
maintain a more compact shape, can therefore pack better onto the surface, and function
better as boundary lubricants.

6.2.5 Summary

In a sense, modern analytical methods have not so much led to the confirmation of one
particular proposed mechanism for boundary lubrication, but rather have shown that several
different mechanisms, from Hardy’s monolayers, through the formation of Deeley’s organo-
iron compounds and other thick reaction layers, to near-surface layers of pure lubricant
with enhanced viscosity, are all possible under different tribological situations. The relative
importance of each mechanism under different sets of real conditions is not yet completely
clear, but is currently under investigation by a number of research groups.

6.3 Zinc Dialkyldithiophosphate

6.3.1 Background

There are few lubricant additives that have received as much attention in the literature as
zinc dialkyldithiophosphate (“ZnDTP,” “ZDTP,” “ZDDP,” or “ZDP”). Originally added to
lubricating oil as an antioxidant [25], it was rapidly discovered that it also functioned as
a highly effective antiwear and extreme-pressure additive, and is an essential ingredient in
the vast majority of current lubricant formulations. An important role of ZnDTP in such
lubricants is to protect surfaces under conditions where elastohydrodynamic lubrication
breaks down, such as in counterformal contacts present in valve-train systems between cams
and followers [26]. In order to function effectively, films of this kind must possess a shear
strength that is sufficiently low to ensure that the shear plane resides within the protective
layer itself, while being high enough to maintain layer integrity [27]. Clearly, the rate of
formation of the film must also keep pace with any film wear that occurs, while not being
so great that it unnecessarily corrodes the substrate. Furthermore, the films should inhibit
adhesion between the contacting surfaces. All in all, this is a tough set of requirements for
an additive, but has been met by ZnDTP with great success.
One of the reasons for the effectiveness of ZnDTP is its ability to function in different

ways, depending on the nature and severity of the tribological conditions. It is in this sense a
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Figure 6.7 Schematic of ZnDTP. R can be a primary or secondary alkyl group, or aryl functionality

“smart” material [27]. Thus, the many apparently conflicting results obtained from studies of
this system have often been illustrating different facets of the rich thermal and tribochemical
behavior of this molecule, or rather family of molecules, since many variations on the basic
chemistry (Figure 6.7), as well as their combinations, are commercially employed.
In addition to academic curiosity, there are good practical reasons for trying to understand

the mechanism by which ZnDTP functions. Among these is the undesirable propensity for
engines that are exposed to these additives to produce zinc- and phosphorus-containing
emissions, which are potentially deleterious to both downstream catalyst performance and
the environment. Clearly, a better understanding of the ZnDTP surface-reaction mechanisms
should assist in the development of more benign alternatives.

6.3.2 Analytical Approaches

One particularly daunting aspect of the generally daunting ZnDTP literature is that
virtually every weapon in the surface-analysis arsenal has been brought to bear upon
the problem, including Auger electron spectroscopy (AES) [28, 29], X-ray photoelectron
spectroscopy (XPS) [30–35], near-edge X-ray absorption fine structure (NEXAFS, or
XANES) [30, 36–43], Fourier transform infrared (FTIR) spectroscopy [33, 44–46], time-of-
flight secondary-ion mass spectroscopy (ToF-SIMS) [35, 47], scanning force microscopy
(SFM) [48, 49], the SFA [27, 50], transmission electron microscopy (TEM) [43], scanning
electron microscopy (SEM) [51], extended X-ray absorption fine structure (EXAFS) [40],
and profilometry [51], as well as in situ tribometry methods such as the direct-observation
wear machine (DOWM) [52] and ultrathin film interferometry [53].

6.3.3 Summary of Film-Formation Mechanism

By the end of the twentieth century, a general picture of the mechanism for alkyl-ZnDTP
molecules with steel surfaces had emerged. The molecule appears to interact weakly with
the steel surface (possibly through the sulfur atoms [54], according to quantum-chemical
calculations) at room temperature [50], starting to catalytically decompose around 50�C in
the presence of the iron oxide substrate [55]. Upon reaching around 100�C, either through
simple thermal treatment or by tribo-induced flash heating, the ZnDTP starts to undergo
thermo-oxidative decomposition, due to the presence of either oxygen or peroxide radicals
in the oil [56]. There is evidence from XANES studies [39] as well as from 31P-NMR [57,
58] that the molecule first undergoes a rearrangement to form an O/S exchange isomer of
ZnDTP in solution:

Zn��RO�2PS2�2 → Zn�O2P�SR�2�2

ZnDTP O/S exchange isomer
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This species, following reaction with unchanged ZnDTP, goes on to form a long-chain glassy
zinc polyphosphate and polythiophosphate coating on the surface, as inferred from optical
microscopy [51], XANES [37], and TEM of wear debris [56]. Under mild conditions, simple
phosphates rather than polyphosphates can be formed [33–35]. An organosulfur species
is released into the lubricant, which, under extreme conditions, reacts with nascent iron
surfaces to form FeS, which has been detected within the polyphosphate matrix in TEM
studies (Figure 6.8) [56] and immediately next to the steel substrate using AES [29]. Partially
reacted, semipolymerized alkylphosphates seem to form a viscous layer above the harder
polyphosphates, as determined by ToF-SIMS [47] and SFA [27] studies.
Many of the reactions involved in dialkyldithiophosphate decomposition can be

rationalized using Pearson’s theory of hard acids and bases [56, 59], where the P = S
group, for example, is a typical soft base (low nuclear charge, high polarizability), which
is more likely to react with a soft acid (e.g. tetravalent carbon), as in the O/S exchange
isomer formation reaction described above, while a hard base (high nuclear charge, low
polarizability, e.g. P = O) is likely to react preferentially with hard acids (e.g. tetravalent P,
or H+�, leading to the reaction [58]

≡ P = O+≡ P−SR → ≡ P+
−O−P ≡ SR−

Similarly, looking at the iron oxide “digestion” process, since Fe3+ is a harder acid than
Zn2+, ferric oxide will react with (hard) zinc phosphates to produce zinc iron phosphate and
zinc oxide. Zinc oxide may go on to react with organosulfur compounds to produce zinc
sulfide, which has the advantage of being mechanically softer than its oxide counterpart.

6.3.4 Studies of Film Structure, Composition, and Thickness

Many studies have focused on the thickness of the films produced by ZnDTP. Gunsel
et al. [53] used ultrathin film interferometry to monitor ZnDTP film formation at various

Figure 6.8 Energy-filtering TEM image of iron and sulfur in a wear particle originating from severe
plane-on-plane wear tests in the presence of ZnDTP. The images show the existence of nm-scale
precipitates of iron sulfide in the phosphate-based matrix (reprinted with kind permission from Springer
Science and Business Media) [56]
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temperatures. A solid film appeared to be forming, under rolling conditions, once a threshold
temperature of 130�C was reached. At 200�C, the film grew, over a period of an hour, to
a saturation thickness of just over 40 nm. Using a similar method, which enabled reaction
films to be observed outside the contact in a mixed rolling/sliding regime, Taylor et al. [60]
were able to show that the films could be as thick as 200 nm, but depended strongly on the
slide–roll ratio. XANES studies [42] have shown that the films are of the order of 40–100 nm
thickness, depending on the concentration of ZnDTP in solution.
XANES has proved to be a particularly useful tool for examining the growth of

polyphosphate chains on the steel surface in the presence of ZnDTP. Using specially
synthesized zinc polyphosphate chains of various lengths, Kasrai et al. [30] were able to
show that the fine structure in the phosphorus L-edge in the XANES spectrum is a sensitive
indicator of polyphosphate chain length (Figure 6.9), while the height of the corresponding
K-edge can serve as a reliable indicator of polyphosphate film thickness [42].
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Figure 6.9 Phosphorus L-edge XANES spectra of polyphosphate glasses (reprinted with kind
permission from Elsevier) [30]
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XANES spectra can be monitored by either total electron yield (TEY) or fluorescence
yield (FY). These two approaches are complementary, the former having a surface sensitivity
of some 5 nm, while the latter probes 50 nm (at the P L-edge, and 1�m for the K-edge)
into the sample. By using both methods on the same sample, an indication of the relative
composition of the outer and inner regions of the film may be obtained. Bancroft et al. [38]
were thus able to monitor the fate of tribo- and thermally generated films. Immediately after
formation, the outer surface (from TEY) consisted of long-chain polyphosphates, while the
bulk (from FY) shows only short-chain phosphates. Upon rubbing the films in pure base
oil (i.e. without the possibility of film replenishment), they appear to remain on the surface
for many hours, although the XANES fine structure shows that the chain length decreases
markedly with time. It is thought that the reactions are of the general form:

5Zn�PO3�2+Fe2O3 → Fe2Zn3P10O31+2ZnO

or

Zn�PO3�2+2FeO→ Fe2Zn�PO4�2

Long-chain phosphate Short-chain phosphate

In other words, the film is intergrown with the oxide on the steel, which presumably also
enhances mechanical stability [38]. The mechanism also shows that the glass can function
as a digestion agent for iron oxides, which are abrasive and therefore enhance wear. The
tribo-generated films appear to last for days when being rubbed in base oil, and are still
some 30 nm thick after 6 h. The thermal films appear to be somewhat less robust.
All of the studies just described measure average properties over a macroscopic area.

However, there is considerable evidence that the antiwear films produced are highly
uneven [60]. Sheasby and Nisenholz Rafael [51] detected the existence of 20-�m-diameter
“pads” of ZnDTP-derived antiwear film by means of SEM. Graham et al. [49] went on to
extend this work, using SFM to examine antiwear films derived from both alkyl and aryl
ZnDTPs. The alkyl additives indeed yielded 10–20-�m-diameter pads with flattened tops,
elongated in the sliding direction and surrounded by lower, smaller pads. They also applied
the interfacial force microscope (IFM) to examine the mechanical properties of these pads. At
the center of the large pads, indentation modulus values as high as 209 GPa were measured
(compared to 220 GPa for the substrate 52100 steel!), as well as a very elastic response to
indentation. The aryl-ZnDTP-derived films, which display greatly inferior wear resistance,
did not appear to contain large pads; neither did they display such high indentation moduli.
Using spectromicroscopy (spatially resolved XANES) on similarly produced films, Canning
et al. [41] showed that the large pads produced from the alkyl ZnDTP consisted of long-chain
polyphosphates, while the smaller pads, and all features in the aryl-derived films, contained
short-chain phosphates only.
Eglin and co-workers have studied the effect of load on the tribochemical fate of ZnDTP by

a combinatorial approach [34, 35]. By creating a “library” of different tribological conditions
in a single pin-on-disk experiment [61] and subsequently analyzing the surface by means
of XPS, they were able to correlate trends in friction coefficient and chemistry as load
was increased. Increasing load up to 5 N at room temperature correlated with a decreasing
friction coefficient, an increasing phosphate signal (Figure 6.10), and a decreasing P:S ratio,
corresponding to sulfur depletion in the film.
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Figure 6.10 Left-hand side: O(1s) XPS chemical-state map of five concentric contact areas created
with different loads in a pin-on-disk experiment (52100 steel, di-isopropyl ZnDTP (1 wt.%) in decane).
The map shows the correlation of the tracks with phosphate-type spectra (extracted from a contact
area), and thus the distribution of phosphate-type species. Right-hand side: O(1s) spectra extracted
from the chemical-state map. The spectra show an increasing peak at 531.7 eV with increasing load.
This peak can be assigned to oxygen bound in a phosphate structure (reprinted with kind permission
from Elsevier) [35]

In many of the analytical approaches used to investigate this system, it has been necessary
to rinse the sample in organic solvent prior to analysis. Depending on the aspect of the
films under investigation, some workers have found that solvent washing does not affect the
outcome of the analysis [43], while others have noticed a significant effect [27, 47]. Bec
et al. [27] used a unique version of the SFA to investigate fully formed films both with and
without solvent washing. They found that in the absence of solvent washing, a viscous layer,
several hundred nanometers thick and displaying a hardness in the MPa range, was present at
the outer surface. This presumably corresponds to a partially reacted ZnDTP layer, consisting
of alkylphosphates [47], which serves both as a reserve for polyphosphate formation and as
a low shear-strength layer. Solvent washing apparently removed the alkylphosphate layer,
leaving the polyphosphate layer, with hardness in the GPa range, largely intact. This layer
was patchy, as found by many others, with features some 10 �m across. It seems unlikely
that there is a clear interface between the alkylphosphate and polyphosphate layers, but rather
a gradual transition. An interesting observation by Bec et al. [27] was the similarity in the
hardness value of the polyphosphate layer to the mean pressure applied during the previous
tribological testing. This suggests an accommodation on the part of the polyphosphate film
to the contact pressure to which it is exposed. The overall structure of the produced films is
summarized in Figure 6.11.
As can be seen from the figure, the formation, structure, and function of ZnDTP-

derived antiwear films are highly complex. Thanks to the developments in surface-analytical
techniques over the last 30 years, and their judicious combination, a fairly comprehensive
picture has emerged. The challenge for the additive chemist is now the application of
this knowledge in the design of improved antiwear additives with greater environmental
compatibility.
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Figure 6.11 Schematic of ZnDTP antiwear film structure

6.4 Hard Disk Lubrication

The majority of information stored in computers is stored in hard disk drives. At the heart of
these hard disk drives is the head–disk interface (HDI). The disk, of course, is the medium
on which the data are written and from which they are read. The recording head is the device
that does the reading and the writing. Although they come in several shapes and sizes, the
most commonly shipped drives currently have disks that are 65 mm in diameter and are
fabricated from glass or an AlMg alloy. The size of the disk has continuously decreased
over the years and as the technology is developing extremely rapidly it will, no doubt,
continue to do so. The data are written into a thin (∼200 Å) layer of magnetic material that
is sputtered onto the surface of the disk. As the disk spins at speeds on the order of 10,000
rpm, the read-write head flies over its surface on an air-bearing at a height of ∼100 Å. With
such incredibly fine tolerances, periodic contacts between the head and the disk surface are
unavoidable and the need to lubricate the disk surface in order to protect it from damage
creates one of the most interesting problems in modern tribology [62–64].
To get some idea of the magnitude of the problem associated with protecting the HDI

from damage, consider a simple scaling of the device up to more familiar macroscopic
dimensions. The read-write head is ∼1 mm in length. If this is scaled linearly (×104� to the
size of a small airplane, 10 m in length, then this airplane is flying at ∼400,000 kph at an
altitude of ∼0.1 mm! Furthermore, the problems associated with operating these devices at
such fine tolerances will become more severe in the future. There is a constant market drive
to increase the density of data stored on magnetic media. Products currently being shipped
have areal densities of about 40 Gbit/in.2. This number has been increasing by 60% per
year for the past decade and will continue to do so for the foreseeable future. The highest
demonstrated recording densities are 130 Gbit/in.2 and current targets are set at 1 Tbit/in.2
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Achieving higher recording densities requires smaller bits and this in turn requires the head
to fly even closer to the disk surface in order to be able to sense the magnetic field from
magnetic domains that are so small [65, 66].
Needless to say, the protection of magnetic data poses one of the most high-tech and

most demanding problems in modern tribology. The surface of the disk is protected from the
read-write head by a thin (30–50Å) film of sputtered carbon, which, in turn, is coated with
an even thinner film (5–20Å) of lubricant. These serve the dual purpose of providing both
mechanical protection and corrosion protection for the magnetic media. The composition
and structure of the HDI is illustrated in Figure 6.12.
The sputtered carbon films that are used to protect magnetic media are usually of two

types: amorphous hydrogenated carbon (a-CHx) and amorphous nitrogenated carbon (a-CNx).
In addition, there are, of course, hybrid materials: a-CHxNy. The carbon is sputtered from
targets in the presence of H2 and/or N2. These overcoats are quite complex materials and the
details of their structure at the atomic level are not completely known. Although they are
sputtered onto the surface in vacuum, they are exposed to air immediately afterwards and
thus their surfaces are partially oxidized. Many analysis methods have been used to probe
the composition and structure of these surfaces. XPS has been used extensively to determine
O and N concentrations at the surface and Rutherford back-scattering is used to measure
the H content. Raman spectroscopy has been used quite widely to characterize the bulk of
the carbon films. Analysis of the “G” and “D” peaks can be used to estimate the fractions
of sp2- and sp3-bonded carbon in the films. Finally, electron spin resonance has been used
as a means of determining the concentrations of dangling bonds. These all reveal a quite
complex material containing carbon atoms with a mixture of hybridizations and various types
of partial oxidation and nitrogenation [67–71].
The surface of the amorphous carbon film on the hard disk is coated with an ultrathin film

(<20Å) of lubricant. There are enormous constraints on the types of materials that might be
considered for use as lubricants in such an application. The films of <20Å thickness must
survive for periods of up to five years in environments that reach operating temperatures
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Figure 6.12 Illustration of the head–disk interface in a hard disk drive
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of ∼80�C and cover a wide range of humidity. This requires that the lubricant be thermally
and chemically stable, and that it have a very low rate of evaporation or, in other words, a
very low vapor pressure. The most commonly used lubricants belong to the Fomblin® family
of fluids, which are perfluoropolyalkyl ethers (PFPEs). They have the general structure

R−CF2O− �CF3CF2O�n− �CF2O�m−CF2−R

These are high-molecular-weight polymers (1000–8000 amu) that are liquid and meet all the
criteria listed above. There are a number of different end groups that can be used, including
R = F, CH2OH, and CH2OCH2CH(OH)CH2OH, although by far the most commonly used
has been Fomblin® Zdol, which is terminated by –CH2OH groups. The PFPEs are long
polymeric molecules that have a diameter of roughly 7Å. Thus, the lubricant films are only
two to three monomolecular layers in thickness. After the disk surfaces have been sputter
coated with magnetic media and carbon overcoats, they are removed from vacuum and the
lubricant is applied by dip-coating the disks into a solution of the lubricant in a fluorinated
solvent [62, 63, 69].
At production scale simply determining the lubricant thickness and uniformity on the

surface of the disk is a challenging problem for quality control. This is done most commonly
by using ellipsometry measurements or FTIR absorption in a reflection mode to examine the
absorption intensity from the CF2 stretch modes. Calibration of the coverage has been done
using XPS [72–74]. The fact that the lubricant films on the carbon surface are roughly two
monolayers in thickness means that their characteristics are truly determined by the surface
chemistry of the adsorbed molecules and probably have little to do with the bulk properties of
the fluid. Surface science is clearly needed in order to understand the tribological properties
of these films – issues such as the nature of the bonding of the lubricant to the surface
are important. Once coated on the surface, the lubricant appears to evolve into two forms:
a “bonded” fraction and a “non-bonded” fraction. The evolution of the coverages of the
two components and the evaporation of the lubricant with time have been measured using
FTIR [74]. The nature of the “bonded” species is not known, although it is clear that it
is associated with the end groups of the molecule, since the CF3-terminated Fomblin® Z
does not form a bonded fraction while the hydroxyl-terminated Fomblin® Zdol does. The
non-bonded component is thought to be the fraction of the lubricant that is mobile on
the surface and can diffuse into regions of the surface at which the lubricant has been
displaced by head–disk contact. The mobility of the films has been studied in some detail
using scanning microellipsometry. These studies have revealed that the hydroxyl-terminated
Fomblin® family can form layered structures on the disk surface, while the CF3-terminated
species do not [75]. Finally, the nature of the chemical interactions of Fomblin® lubricants
with the a-CHx surface has been studied using model compounds and thermal desorption
methods [67, 76]. These have shown that the ether linkages of the Fomblins® interact with
the surface of the carbon film through a dative electron-donation mechanism, while the
hydroxyl end groups are hydrogen-bonded to the surfaces.
The fact that the lubricant films used for protection of magnetic data storage media are so

thin mandates the need for a deep understanding of their surface chemistry. Surface-analysis
methods have already played an important role in this endeavor and will continue to be
necessary as the evolution of data storage technology places ever greater constraints and
demands on the tribological performance of these systems.
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6.5 Vapor-Phase Lubrication

Devices and applications requiring lubrication at extreme temperatures present tribological
problems that cannot be solved using traditional, fluid-based lubricants. Although some of
the PFPEs used for hard disk lubrication are, in fact, stable fluids at temperature as high as
∼ 400�C, even this is insufficient for some applications. High-efficiency gas turbine engines
may require lubrication at temperature in excess of 600 �C and one can find applications
needing lubrication at even higher extremes. One of the obvious solutions is the use of solid
films, such as graphite or MoS2. However, under conditions of high or even moderate wear,
these films must be periodically replaced. What is needed is a lubrication scheme based on
thin solid films that can be replenished continuously and in situ.
One of the methods proposed and successfully tested for use in high-temperature gas

turbine engines is known as vapor-phase lubrication (VPL) [77–79]. In this scheme, the
lubricant is vaporized and added to a hot gas stream flowing through the engine. On
contact with the hot surfaces of the engine components, it reacts to deposit a thin solid
film, which lubricates and protects the engine surfaces from wear. This solid film is
continuously worn away during engine operation, but is continuously replenished from the
vapor phase. The compounds tested most commonly as vapor-phase lubricants have been
arylphosphates, such as tricresylphosphate (now referred to as TCP) shown below, and some
alkylphosphates [80–82].

O O

CH3

3

P

The mechanism by which these vapor-phase lubricants react on the surface to form
lubricating films is undoubtedly quite complex and is certainly not well understood. It does,
however, pose an interesting problem for surface science investigations.
VPL films have been examined by SEM and those that are effective as solid lubricating

films have structures consisting of micrometer-sized nodules [83–85]. These are observed
to form on some metals such as steels and Cu but not on ceramics such as SiC or some
Ni-based alloys. The films that showed poor lubricating characteristics had flaky structures
that did not appear to adhere well to the substrate.
The thin lubricating films deposited by VPL using TCP are thought to consist

of polyphosphate glasses containing significant amounts of graphitic carbon [86, 87].
A schematic representation of this thin film is illustrated in Figure 6.13. A number of surface-
analytical measurements have been made in order to gain insight into the composition and
structure of these films. Analysis of the film composition using XPS revealed the presence
of phosphorus, carbon, and oxygen. The use of FTIR and Raman spectroscopy showed
that the structure of these films is quite complex and includes bonding consistent with the
presence of a polyphosphate glass containing small graphitic particles. In addition, there is
some evidence of the presence of P–O–C bonds. It is thought that the polyphosphate serves
as a binder for the graphitic carbon [86, 88]. Depth profiling using Auger spectroscopy
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Figure 6.13 A schematic representation of the reaction of a vapor-phase lubricant (TCP) to form a
thin film of polyphosphate glass with embedded graphite

to determine composition has shown that there is a significant amount of Fe present in
the films [85]. In fact, it is thought that the ability of Fe to diffuse through and to the
surface of the film is a key to the success of the use of TCP as a vapor-phase lubricant
with TCP.
The formation of lubricating films by vapor deposition must be the result of a

complex, multi-step reaction beginning with TCP and leading to the formation of both the
polyphosphate film and the embedded graphite. Besides what is known about the composition
of the films themselves, there is evidence that the arylphosphates serve as better vapor-phase
lubricants than the alkylphosphates [81, 82, 89]. The root cause of this difference must lie
in differences in the surface chemistry of these two classes of compounds. Arylphosphates
[(RO)3P=O], such as TCP, are complex molecules and one can imagine a number of initial
reaction steps or mechanisms which might initiate their decomposition to form lubricating
films of polyphosphate glasses. The initial reaction steps that appear to be most likely include
the cleavage of P–O bonds to form adsorbed aryloxy groups [RO–] or the cleavage of C–O
bonds to form adsorbed aryl groups [R–]. There have been several studies that have tried
to shed light on this issue by using the model compound trimethylphosphite, [(CH3O)3P],
the simplest organophosphorus compound containing these basic structural linkages [90–92].
These studies used temperature-programmed desorption (TPD) and XPS on the Cu(111),
Ni(111), and Fe(111) surfaces and all suggest that it is the P-O bonds that are cleaved in
the case of trimethylphosphite to produce adsorbed methoxy groups [CH3O–]. Studies on
Fe foils using TCP itself are a little bit harder to interpret but suggest that it is the C–O
bonds that dissociate to produce adsorbed toluyl groups [CH3(C4H4�−] [93, 94]. These then
decompose to deposit carbon onto the surface.
The nature of the ligand on the phosphates used for VPL can have a significant effect

on their performance [81, 82, 89]. This can be understood in terms of the chemistry of the
fragments that are left on the surface by scission of the P–O or C–O bonds in the phosphate.
Alkyl ligands leave either alkyl or alkoxy groups on the surface, as illustrated below with
cyclohexanoxy and cyclohexyl groups.
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These species are characterized by 	-CH bonds, which tend to dissociate readily on most
metal surfaces, releasing the adsorbed groups as either aldehydes or ketones in the case
of alkoxy groups, or as olefins in the case of alkyl groups. These products of 	-hydride
elimination can desorb from the surface quite readily and thus remove much of the surface
carbon. Aryloxy and alkyloxy ligands have very different surface chemistry. The arlyoxy
ligands dissociate from the phosphates by cleavage of either the P–O or the C–O bonds
to produce either aryloxy or aryl groups on the surface. Since they have no 	-CH bonds,
they cannot react by 	-hydride elimination to generate products that are easily desorbed

O

into the gas phase. Instead, they react by complete decomposition to deposit large amounts
of carbon onto the surface in the form of graphite. This chemistry has been observed and
studied using TPD to detect desorbing reaction products produced by scission of the 	-CH
bonds in the alkyl and alkyloxy groups, and AES to detect the carbon left on the surfaces
due to decomposition of the aryl and aryloxy groups [92, 94, 95]. The fact that the aryloxy
ligands decompose completely on the metal surfaces to deposit graphite suggests that this is
an important component of the surface chemistry of VPL and that the efficient deposition
of graphite onto the surface or into the lubricating films is critical to the performance of the
film as a solid lubricant.
Although ceramics are ideally suited to use in many high-temperature applications, their

use in engines and as machine components is hampered by the fact that they are brittle and
it is very difficult to find lubricants compatible with ceramic materials. Typical vapor-phase
lubricants such as TCP do not react on the surfaces of ceramics such as SiC or Si3N4 and thus
cannot be used as vapor-phase lubricants. Some means is needed to activate ceramic surface
for TCP decomposition. One approach that has been demonstrated quite recently and that has
some promise is activation of the surface by exposure to high vapor pressure Fe-containing
compounds such as Fe(CO)5. At high temperatures, Fe(CO)5 will decompose to deposit a
thin Fe film on the surface. Subsequent or concurrent exposure of the Fe-modified surface to
TCP has shown that it will decompose on the modified surface to deposit a film containing
both phosphorus and carbon [96].
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6.6 Tribology of Quasicrystals

Quasicrystals constitute a class of alloys that have the unusual property of being ordered in
the sense that their structures are deterministic but do not have periodicity. One of the most
interesting consequences of this is that they have bulk symmetry elements such as five- and
tenfold rotation axes, which cannot be found in periodic lattices. They were first discovered,
roughly 20 years ago, by Shechtman et al. [97]. Since then, many ternary and higher-order
alloys have been found which have stable quasicrystalline structures.
The extraordinary structural properties of quasicrystals have motivated numerous

measurementsofmaterial properties thatmightbedirectly influencedby their quasicrystallinity.
One such property that might lead to important commercial and technological applications
of these materials is their tribological behavior. Interestingly, there have been a number of
reports of apparently low friction measured on the quasicrystal surfaces [98–104]. From a
tribological science perspective, however, the interesting question is whether such behavior is a
direct consequence of quasicrystallinity.
There are several possible origins of the low frictional properties of quasicrystals. One,

of course, is that because of their inherent lack of periodicity, quasicrystalline surfaces can
never come into commensurate contact with one another or with any periodic surface. While
the connection between commensurability and friction is far from being clearly resolved at the
experimental level, there are several theoretical articles that predict such a connection [105,
106]. Another obvious potential source of low friction duringmost frictionmeasurements is the
possible presence of thin adsorbed films. If the surfaces of quasicrystals are coated with thin
filmsofcontaminants that effectivelyserveas lubricants, thehardnessof thequasicrystals results
in low contact area and thus low friction. Hardness may be a direct result of the quasicrystalline
structure and in that sense serves as the link between friction and quasicrystallinity [98].
A similar idea is that thin oxide films on air-exposed quasicrystal surfaces serve as lubricants
because they are only weakly adherent to the quasicrystal substrate and delaminate under shear
[107]. Current work in the field of quasicrystal tribology is aimed at unraveling the competing
theories and finding links between experimental tribological results and quasicrystallinity.
Making the connection between the macroscopic material properties of quasicrystals and

their atomic-level structure is a complicated problem. As always, there is a need for good
experimental measurements of friction under well-defined conditions. This is always an
issue in the discussion of tribological phenomena, since they are inherently surface-related
properties and are extremely sensitive to the presence of surface contamination [107, 108].
The second hurdle to any experimental test of the connection between quasicrystallinity and
material properties is that it is not possible to experimentally vary the relevant parameters in a
truly independent manner. Many of the properties of such materials are not truly independent
and thus cannot be varied independently. Changes in one parameter cause changes in others,
to which they are physically coupled. Finally, in such problems one is faced with the fact that
it is often impossible to change the relevant parameters in a continuous fashion. For example,
although the composition of an alloy may be varied continuously, its structure is dictated
by a phase diagram that does not allow continuous variation. As a result of these numerous
problems, it is difficult to find reliable measurements that allow one to make unambiguous
statements about the influence of quasicrystallinity on macroscopic material properties.
There have been a few studies of the frictional properties of quasicrystalline surfaces

that have been performed under ultrahigh vacuum conditions, which allow the controlled
preparation and analysis of quasicrystal surfaces [109, 110]. These have made use of the
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Al70Pd21Mn9 quasicrystal and Al48Pd42Mn10, an approximant of the quasicrystal. The latter
has a composition that is similar to that of the quasicrystal, but has a CsCl structure that is
periodic. The friction measurements were performed in a ultrahigh vacuum (UHV) surface-
analysis chamber that allowed both controlled surface preparation and surface analysis before
and after friction measurements. Figure 6.14 shows a low-energy electron diffraction pattern
of the Al70Pd21Mn9 quasicrystal taken from a fivefold symmetric plane. This surface was
sputtered and annealed to generate a truly clean surface for friction measurements.
Prior to cleaning in vacuum, the surfaces of the Al70Pd21Mn9 quasicrystals were analyzed

using AES and shown to be contaminated by a layer of carbon, sulfur, chlorine, and oxygen.
The friction coefficient between these two contaminated surfaces was �s = 0�11±0�02. After
cleaning in vacuum, the friction coefficient rose to �s = 0�60±0�08. Clearly, the friction of
these surfaces is heavily influenced by the presence of air-borne contaminants, and without
making measurements in vacuum it is not possible to probe the frictional properties intrinsic
to the quasicrystal itself.
The use of UHV methods allows the preparation of truly clean surfaces for friction

measurements. It also allows the controlled preparation of adsorbed layers on such surfaces.

Figure 6.14 A low-energy electron diffraction pattern of the truly clean Al70Pd21Mn9 quasicrystal
on its fivefold symmetric surface. Two of these truly clean surfaces were used for subsequent friction
measurements in vacuum (reprinted with kind permission from Elsevier) [109]
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The Al70Pd21Mn9 quasicrystal surface was modified by controlled exposures to O2 and to
H2O in order to grow thin oxide films. AES shows that exposure to O2 results in the formation
of a thin film of aluminum oxide that passivates the surface against further oxidation. This
is similar to the oxidation of the surface of aluminum itself [109, 110]. These films have an
influence on the frictional properties of the surface. This is revealed in Figure 6.15, which
shows the friction coefficient measured as a function of the degree of oxidation by both O2

and H2O. It is quite apparent that the presence of oxide films reduces the friction between
the quasicrystal surfaces.
In order to test the importance of the bulk crystal structure and quasicrystallinity on

the friction of these alloys, similar measurements have been taken with the Al48Pd42Mn10
approximant phase [110, 111]. As with the quasicrystal phase, the presence of airborne
contaminants on the surface of the approximant phase has a significant effect on friction.
The interesting thing is that once these contaminants have been removed from the surface
and the surface is clean, as determined by AES, the friction is roughly twice that of the
quasicrystal. Furthermore, Figure 6.15 reveals that the friction remains higher than that of
the quasicrystal at all levels of oxidation.
The results of the comparison between the frictional properties of the quasicrystals and

their approximants clearly show that there are differences between them. Unfortunately,
this is still insufficient to prove that the quasicrystalline structure is the determining factor.
Nonetheless this is a very interesting result and one that could not have been obtained without
the combined use of surface-analytical approaches and tribological measurements.
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Figure 6.15 Friction coefficient between two Al70 Pd21 Mn9 quasicrystal surfaces and two Al48 Pd42
Mn10 approximant surfaces as a function of surface exposure to O2 and H2O. The friction clearly drops
as a function of the level of oxidation. It is also apparent that the friction between the approximant
surfaces is roughly twice that of the quasicrystals at all levels of oxidation
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6.7 Conclusions

In pursuit of our original objective – a survey of surface chemistry in tribology – we have
illustrated a number of tribological problems and technologies in which surface chemistry
is a critical component. As technologies push the need for tribological knowledge to new
frontiers and demand solutions to tribology problems in new environments, such as the human
body or the vacuum of space, a greater and deeper understanding of the influences of surface
chemistry on tribology is needed. As our examples illustrate, the types of chemistry that are
implicated in tribological phenomena are broad and varied. It is probably fair to say that at
this time there is no single theory or concept that broadly describes the role of molecules in
reducing friction at interfaces. Much of the understanding that we have gained over the past
century has been specific to the problems at hand. In fact, what is needed to successfully
approach the study of tribological surface chemistry and to solve real tribological problems
is a broad understanding of organic chemistry, solid-state chemistry, materials chemistry,
and, of course, the mechanical aspects of tribology and contact mechanisms.
Broadly speaking, however, one can make a few general statements about the role of

surface science as an approach to solving tribological problems. There is no doubt that the
tools developed by physicists and chemists in the field of surface science have had a major
impact on our understanding of tribology. Electron microscopy, Auger spectroscopy, and
the many other tools of the trade have provided tribologists with a molecular or atomic
scale understanding of the world of the solid–solid interface. However, in addition, the field
of surface science has provided the tools and the means for preparing highly controlled
and highly characterized interfaces between solids. These are clearly needed in order to
separate the many variables that can influence friction and the role of lubricants at interfaces.
While the complexities of these problems are undisputed, inspiration, creativity, and hard
work, both in the laboratory and by theoreticians, have pushed forward our understanding
of lubrication and will continue to do so for the foreseeable future.
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Tribology of Engineered Surfaces

K. Holmberg and A. Matthews

Abstract

Wear and friction behaviour in moving contacts depend on the properties of the surfaces of
the two interacting solids and the material, usually a lubricant, between them. The properties
of the surfaces can be modified and changed by surface treatment techniques and by applying
one or several layers of different thickness on one or both of the surfaces. In this chapter, we
discuss the possibilities that the rapidly developing deposition techniques, such as physical
and chemical vapour deposition, offer to change the tribological properties by applying
very thin hard or soft surface coatings. The wear and friction mechanisms are described on
the macro-, micro- and nanoscale and their effect is discussed in sliding, abrasive, impact,
fatigue, fretting, chemical dissolution as well as in lubricated conditions. Thin hard coatings
such as TiN, TiAlN and Al2O3 are excellent for wear reduction in severe rubbing conditions,
while both the very hard diamond-like carbon and the lamellar MoS2-based coatings can
produce conditions of ultra-low friction coefficients down to 0.001 and below. Multilayers,
nanocomposites and functionally graded, hybrid and otherwise structured surfaces have
been tailored to optimize tribological performance in special situations such as cutting and
forming tools, fuel pumps, gears and rolling bearings, and some of these applications are
described.

7.1 Introduction

The introduction of a fluid between the surfaces is the traditional and most common way
to change the tribological behaviour in a contact with two surfaces moving relative to each
other. This approach has shortcomings in many applications due to aspects such as lubricant
supply, ageing, degradation, contamination, maintenance and environment. An increasingly
popular alternative which does not suffer from these limitations is to apply a thin surface
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layer or coating on one or both of the surfaces. This approach is promoted by the new coating
techniques that have been developed over the last few decades. In particular, plasma-assisted
physical vapour deposition (PVD) and chemical vapour deposition (CVD) offer considerable
possibilities to tailor the thin surface layers with regard to their composition and structure
as well as their mechanical and chemical properties.
In PVD, the samples to be coated are placed in a vacuum chamber at a pressure typically

ranging from 0.3 to 1.3 Pa. First, the surfaces are cleaned by argon bombardment in a glow
discharge plasma. Then, the deposition takes place by atomization or vaporization of the
coating material from a solid source. The ionized species are attracted to the negatively
biased sample surface. The deposition temperature can be from room temperature up to over
500�C.
In CVD, precursor gases are utilized containing the elements to be deposited and these are

introduced into a reaction chamber to condense onto a substrate at a very high temperature,
typically at about 800–1500�C and at a pressure ranging from atmospheric down to about
1 Pa. There are various means of assisting the process, such as through the use of laser or
electron beams, or by ion bombardment of the growing films. Today, there is a large variety
and many combinations of the PVD and CVD processes. They are described in more detail
by Holmberg and Matthews (1994) and Rickerby and Matthews (1991).
The first major commercial application of tribological thin surface coatings deposited

by plasma-assisted PVD (PAPVD) was the use of titanium nitride and titanium carbide
coatings on cutting tools. Other early applications were the use of lead coatings for dry
lubrication of rolling bearings in near-vacuum conditions in space, aluminium coatings for
corrosion protection of aircraft fasteners and gold coatings for electrical contacts. Following
the early rapid adoption of advanced coatings on cutting tools, there has been a gradual
but accelerating interest in the use of vapour deposition technologies in other application
sectors, such as automotive and aerospace, consumer products, medical devices and in other
branches of manufacturing industry, such as food processing (Leyland and Matthews, 1994;
Cselle and Barimani, 1995; Zabinski and Prasad, 1996; Enomoto and Yamamoto, 1998;
Theunissen, 1998; Vercammen et al., 1999; Lampe et al., 2003; Merlo, 2003).

One factor that has constrained the wider adoption of coatings has been their relatively
high cost; another is concern over repeatability of properties such as thickness, composition,
hardness and adhesion to the substrate. Such reliability issues are now being solved through
improvements in process monitoring and control. Developments in continuous and semi-
continuous high-throughput coating equipment have reduced the coating cost per component
and opened up high-volume markets such as automotive engine and lighting components
and consumer products such as cellular phones and shaving razor blades. The automotive
parts include components used in fuel injection systems, air conditioning units, engines
and even transmission systems in high-performance vehicles. Thus, the nature of the
tribological contacts to be protected by the coatings is becoming ever more wide-ranging
and demanding. Hence, there is a need for a full and systematic understanding of both
the mechanisms occurring and the response behaviour of coatings to these challenging
applications.
In this chapter, our aim was to present an overview of the present understanding of the

tribological mechanisms occurring on engineered surfaces and to elucidate how advanced
coatings and treatment can provide protection. This text complements our previous reviews
of the subject, Holmberg and Matthews (1994, 2001) and Holmberg et al. (1998).
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7.2 Definition of an Engineered Surface

An engineered surface can be defined as a surface of a solid that has been designed and
technologically modified or coated with new materials in such a way that the resulting
surface has a performance that neither of the involved materials can provide alone. We will
concentrate on thin tribological coatings and define them as those that are sufficiently thin
that the substrate material plays a role in determining the friction and wear performance.
These coatings are typically in the thickness range of 0.01–10 �m. Thus, we exclude coatings
that are so thick that there is little or no substrate influence on the tribological behaviour –
the coating in effect acts as a bulk material. We also exclude through-thickness treatment
methods where the properties of the entire solid are changed. Both thick coatings and bulk
treatment methods have been described elsewhere (Cartier, 2003).

7.3 Tribomechanisms of Coated Surfaces

7.3.1 Scales of Tribology

The tribological process in a contact in which two surfaces are in relative motion is very
complex, since it involves simultaneously friction, wear and deformation mechanisms at
different scale levels and of different types. In the literature, the tribological phenomena have
been described with a characteristic set of parameters and characteristic scientific approaches
typically only for one scale level, which often may be remarkably different from the next
or the previous scale level. An attempt to illustrate the tribological scale levels from the
very basic friction and wear phenomena of atomic dimensions to even global and universal
dimensions has been presented by Holmberg (2001), as shown in Figure 7.1.
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Figure 7.1 Scales of tribology from nanotribology to teratribology
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Nanotribology or molecular tribology includes investigations that concentrate on
phenomena related to the interaction between molecules and atoms, such as the
effects of van der Waals forces and single crystal structures of materials.

Microtribology or asperity tribology was introduced by Bowden and Tabor (1950) with
their studies of friction, wear and adhesion that take place at the peaks of the surface
topography. Phenomena such as fracture, elastic and plastic deformation, debris
formation, surface layer formation and topography effects are of central importance.

Macrotribology or contact tribology was in focus in the research at the beginning of the
twentieth century. This work was related to contacts between gears, bearing elements
and rollers; and phenomena like Hertzian contact pressure, elastohydrodynamic
lubrication, and wear mechanisms clearly observable to the naked eye (scuffing,
scoring and pitting) are of interest.

Component tribology or decitribology is related to defining and measuring typical
parameters originating from the interaction of components and related to their
performance such as torque, forces, vibrations, clearance and alignment.

The tribology scale presentation is of course a broad one where the higher levels are reliability
engineering oriented and the very highest levels are of a more speculative or philosophical
nature. However, when trying to understand the tribological mechanisms and interactions in
engineered surfaces in a holistic way it is very useful to separately analyse the tribological
changes on three different scales, the macro-, micro- and nanoscale, and to study separately
the mechanical and chemical changes as well as material transfer taking place in the contact,
as shown in Figure 7.2.

7.3.2 Macromechanical Friction and Wear

The macromechanical tribological mechanisms describe the friction and wear phenomena
by considering the stress distribution and deformations in the whole contact, the total elastic

Figure 7.2 Tribological contact mechanisms: (a) macromechanical; (b) material transfer;
(c) micromechanical; (d) tribochemical and (e) nanophysical (Part (e) from Krim, 1996 and Harrison
et al., 1998)
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and plastic deformations they result in and the total wear particle formation process and its
dynamics. In contacts with one or two coated surfaces, four main parameters that control the
tribological process have been defined (Holmberg and Matthews, 1994). They are the coating
and bulk deformability (hardness and elasticity), coating thickness, surface roughness and
debris and tribolayers in the contact.
The influence on the macromechanical friction mechanisms of coating and substrate

hardness, coating thickness, surface roughness and debris present in the contact is illustrated
in Figure 7.3 and the corresponding wear mechanisms in Figure 7.4. It is important to notice
that the three geometrically related parameters, the film thickness, the surface roughness and
the wear debris, all typically appear in the same dimension range from 0.01 to 10 �m. This
means that the interrelation between these dimensions for each real case can be considered
to have a dominating effect on both friction and wear on macroscale. The mechanisms
involved are very different depending on whether the coating and the substrate is soft or
hard (Holmberg and Matthews, 1994; Donnet, 1995; Ramalingam and Zheng, 1995). We
will discuss both these cases separately in the case when a sphere is sliding over a coated
surface.
In this chapter, we use the words soft and hard for coatings in a general sense, meaning

their deformability and not only their hardness. The loading conditions, both in vertical
and transverse direction, will influence the stresses and strains in a surface and its friction
and wear behaviour. Hardness is one important parameter but not the only one. The
influence of elasticity in combination with hardness gives a more comprehensive and accurate
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Figure 7.4 Macromechanical contact conditions for different mechanisms that influence wear when
a hard spherical slider moves on a coated flat surface

relationship to tribological behaviour. This was earlier recognized by Oberle (1951) even
if his contribution has not been given the attention it deserves. Recent studies of the
Hardness/Young’s modulus (H/E) relationship to wear has been published by Tsui et al.
(1995), Jardret et al. (1998), Leyland andMatthews (2000) andMatthews and Leyland (2002).

7.3.2.1 Soft Coatings on Hard Substrates

Decreased Friction by Shear in Soft Top Layer

For soft coatings such as lead, gold and silver, the thickness of the coating influences the
ploughing component of friction. When the film is thin enough the effect of ploughing on
the film is small (Figure 7.3(b)). The friction is thus determined by the shear strength of
the film and the contact area, which is related to the deformation properties of the substrate
(Tangena, 1987; Roberts, 1989, 1990; Erdemir et al., 1991). The formation of grooves in the
coated surface by plastic deformation (Figure 7.4(a)) is the main wear effect but with thinner
films continuous sliding can result in coating compaction, as well as adhesive and fatigue
wear (Figure 7.4(b)). A soft coating does not only reduce the coefficient of friction but can
also reduce the surface tensile stresses that contribute to undesirable subsurface cracking and
subsequently to severe wear (Spalvins and Sliney, 1994; Matthews et al., 2001).

Ploughing Friction

The friction usually increases with coating thickness for soft coatings due to plastic or
elastic deformation of the film and due to the increased contact area at the interface between
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the sliding counterface and the coating where the shear takes place (Figure 7.3(a)). This
increase in friction has been experimentally demonstrated for lead films (Tsuya and Takagi,
1964; Sherbiney and Halling, 1977), for gold films (Takagi and Liu, 1967), for silver
films (El-Sherbiny and Salem, 1986; Yang et al., 1999) and for MoS2 films (Aubert et al.,
1990; Wahl et al., 1999). For very thick soft coatings, the mechanism of ploughing will be
very similar to that of soft bulk materials scratched by a hard indenter. These tribological
mechanisms have been described by several authors, e.g. Hokkirigawa and Kato (1988),
who in addition to the ploughing mechanism, also identify a wedge forming and a cutting
mechanism depending on the degree of penetration and the shear strength of the contact
interface.

Influence of Surface Roughness

The substrate surface roughness has an almost negligible influence on friction if the roughness
is considerably smaller than the thickness of the soft coating and the coating is stiff enough
to carry the load, as shown in Figure 7.3(e). However, when the roughness of the slider
is higher than the coating thickness, coating penetration will take place (Figure 7.3(f)) and
the friction is considerably increased due to scratching of the substrate material. This has
been described both experimentally and theoretically by Sherbiney and Halling (1977) and
El-Sherbiny and Salem (1984). A model for predicting the wear rate when hard asperities
penetrate the soft coating and produce grooves in the substrate (Figure 7.4(c)) was developed
by El-Sherbiny and Salem (1986).

Particle Embedding

In the sliding situation shown in Figure 7.3(i) hard particles are present in the contact,
the particles having a diameter considerably smaller than the thickness of the soft coating
on a hard substrate. The particles are pressed into the soft coating and embedded into it
without any further contact with the slider as long as the soft coating remains thicker than
the particle diameter. In this case, the particles have no great effect on friction, which is
mainly controlled by the ploughing mechanisms described earlier. The slider will produce
a main groove by ploughing in the soft coating and the surface asperities or trapped debris
may cause microploughing and microgrooves within the main groove (Hwang et al., 1999).
El-Sherbiny and Salem (1979) showed with a theoretical model that the wear appears to be
dependent on the surface texture of the system rather than on material properties during the
initial wear when hard conical asperities are ploughing a soft surface coating.

Particle Entrapping

For thin surface coatings where the dimensions of the particles are of the same magnitude or
bigger than the coating thickness and the surface roughness, as shown in Figure 7.3( j), their
influence on friction can be considerable. If the particles are harder than the coating but softer
than the substrate, then they are easily caught by the roughness of the counterface or partly
sink into it and scratch grooves in the soft coating, as in the case of asperity penetration. The
friction will increase because of particles ploughing the coating (Hwang et al., 1999). The
influence of ploughing wear particles on friction in sliding wear contacts has been shown
to be considerable (Kim and Suh, 1991; Komvopoulos, 1991a,b). An increase in friction
may follow if the slider and the substrate are of equal hardness and the loose particles in
the contact have a higher hardness (Suh, 1986). Then the particles may partly sink through
the coating into the substrate and also into the counterface and by a kind of anchoring
mechanism resist motion. The wear rate depends on the particle size (Sin et al., 1979).
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If the particles in the contact are soft, then their tribological effect is quite different. Soft
particles with low shear strength trapped in the contact can carry part of the load and inhibit
direct substrate-to-counter-surface contact, thus reducing both wear and friction (Grill, 1997;
Voevodin et al., 1999b). A similar effect has been observed by Yamada et al. (1990) who
found that polymer particles can act very effectively to reduce wear and friction. In contacts
with MoS2 coatings or when Mo and S are present, MoO2 wear debris are produced that have
a very low shear stress and thus can act as solid lubricants reducing the friction and wear
(Donnet, 1998; Singer et al., 2003). The tribological behaviour of molybdenum disulphide
coatings is treated in more detail in Section 7.3.7.2.

7.3.2.2 Hard Coatings on Softer Substrates

The use of hard thin coatings on softer substrate materials is today very popular in many
tribological applications. The hard coating can provide good wear protection and with a
suitable choice of material and surface layer design the friction can be very low as well.

Hard Coating Can Reduce Wear

With a very thin hard layer on top of a softer substrate (Figure 7.4(e)) it may be that neither
the coating nor the substrate is able to support the load. However, the function of the coating
is to separate the substrate from the counter-surface and to prevent ploughing by increasing
the hardness of the top layer of the surface. The latter effect has been considered to be
very important by Shepard and Suh (1982), Suh (1986) and Bull and Rickerby (1990). The
increase in wear resistance with increased coating hardness has recently been reported by
Kodali et al. (1997) and Wiklund (1999). Increased substrate hardness results in a decreased
contact area, where the shear takes place, and decreased friction, which is indicated in the
results from Ronkainen et al. (1998b, 1999). Decreased surface roughness normally results
in lower friction (Ahmed et al., 2003; Svahn et al., 2003).

Hard Coatings Without Microfilms Can Have High Friction

The prevention of ploughing reduces both friction and wear; but the higher shear strength
introduced at the contact interface by the hard coating can, on the other hand, have the effect
of increasing friction in sliding if no microfilms are formed (Figure 7.3(c)). That is why very
high coefficients of friction often occur in sliding contacts with hard coatings (Holmberg
and Matthews, 1994; Voevodin et al., 1995b; Kullmer et al., 2003; Tricoteaux et al., 2003;
Tuszynski et al., 2003). The increase in friction caused by increased shear strength generally
seems to be more dominant than the reduction in friction due to decreased ploughing. Here
the recently developed diamond and diamond-like carbon (DLC) coatings are an exception.
The friction may then be extremely low because of the low shear conditions produced at the
surface top layer (Erdemir, 2002).

Thick Hard Films are Better Able to Carry the Load

Increased loads can also be resisted with thicker hard coatings because of their load-carrying
capacity which reduces deflection as shown in Figure 7.3(c) (Rabinowicz, 1967; Roth et al.,
1987). A thick hard coating will have a modifying effect on the size and the shape of the
stress zone beneath the coating, as has been shown for a hardness indenter by Burnett and
Rickerby (1987a).
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Deflection Influence on Stresses and Cracks

For very soft substrates, the indentation deformation will be considerable and this will thus
add a ploughing or hysteresis effect on friction (Figure 7.3(d)). The deflection increases
the stresses in the coating and also at the interface between the coating and the substrate,
possibly resulting in fracture or fatigue cracks that may harm the coating or the substrate
material. With a soft substrate, cracks may occur in the coating both within the contact area
and outside at the substrate material pile-up area (Burnett and Rickerby, 1987b; Page and
Knight, 1989; Guu et al., 1996a,b; Lin et al., 1996a,b; Bull, 1997; Yuan and Hayashi, 1999).
The harder the substrate is, the higher the loading which the coating can resist without failure
by fracture (Hedenqvist et al., 1990).

Particle Hiding

The introduction of small particles into the sliding contact of a hard and rough surface, as
shown in Figure 7.3(k), does not necessarily make the tribological contact more severe. The
particles can be hidden in the valleys formed by the asperities while the sliding takes place
at the asperity tops. Thus, the particles will have no great effect on either friction or wear.
It is important to notice that reduced surface roughness of the surfaces may increase both
friction and wear if the particles cannot hide in the valleys and instead interact with the
surfaces by scratching and interlocking.

Particle Crushing

When particles, large in relation to the surface roughnesses, are introduced between two hard
surfaces the result can be particle crushing, scratching or rolling as shown in Figure 7.3(l). If
the particles have lower hardness than the surfaces, then they will be crushed and destroyed
under the load of the contact, with smaller debris and some increase in friction as a result. If
the particles have a higher hardness than the surfaces, they will be caught by the roughness
of the surfaces resulting in ploughing and scratching. The scratching particles carry part of
the load which results in concentrated pressure peaks on both surfaces as they try to penetrate
them. The high-pressure peaks may well be the origin of crack nucleation in the coating
(De Wit et al., 1998; Tricoteaux et al., 2003).
The presence of hard particles between hard surfaces may in some cases even reduce

the coefficient of friction. If the particles are fairly round in shape, hard enough to carry
the load, and at least one of the surfaces is smooth, the particles may act as rollers and
reduce the friction (Blomberg, 1993; Fu et al., 1998). The debris in the contact may also
change in its properties during the sliding action due to mechanical hardening or chemical
reaction (De Wit et al., 1998; Huq and Celis, 1999).
The sliding process will have an influence on the material properties of the counterface

surface material. Because of work hardening, phase transitions or third-body formation, the
microhardness of a steel wear surface can be about three times larger than the initial bulk
hardness. In sliding abrasive contacts with uncoated steel surfaces most of the wear particles
are often smaller than 1 �m in size (Kato, 1992).

7.3.3 Micromechanical Mechanisms

The origin of the friction and wear phenomena that we observe on the macro-level is
found in the mechanisms that take place at the micro-level. The integration of all the
micromechanical mechanisms results in the macromechanical mechanisms discussed above.
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The micromechanical tribological mechanisms consider the stress and strain at an asperity
level, the crack generation and propagation, material liberation and single-particle formation.
In typical engineering contacts, these phenomena are at the size level of about 1 �m or less.

Shear and fracture are two basic mechanisms for the first nucleation of a crack and for
its propagation until it results in material liberation and formation of a wear scar and a wear
particle (Figure 7.2(c)). These mechanisms have been discussed by, for example, Argon
(1980), Suh (1986), Kato et al. (1991) and Gerde and Marder (2001), but still today there is
only a poor understanding of these quite fundamental phenomena. Another approach is to
study the tribological micromechanical mechanisms by using the velocity accommodation
concept developed by Berthier et al. (1989) and Singer et al. (2003). This has been extended
to an energy accommodation approach to the micromechanical tribological mechanisms by
Holmberg and Matthews (2001). A third and very promising approach is to model the stresses
and strains in a contact and to simulate the different parameter interactions in the contact.
This is described in more detail in the following text.

7.3.4 Modelling Stresses and Strains in a Coated Microcontact

The basic micromechanical mechanisms can be studied by using the geometry of a small
spherical tip sliding on a flat surface. When loaded a stress field is distributed in and
around the contact. The material will react to the stresses either elastically, plastically or by
fracture. The elastic and plastic responses have been modelled (Djabella and Arnell, 1992,
1993; Mao et al., 1995; Zheng and Ramalingam, 1995) in coated surfaces but the fracture
behaviour has been more difficult to approach by modelling. In the literature, the fracture
behaviour has been described mainly by crack pattern descriptions and analysis (Buckley,
1981; Je et al., 1986; Hedenqvist et al., 1990; Hills et al., 1990; Bull, 1997). Advanced two-
dimensional fracture calculation analyses have been published by Beuth (1992), Diao et al.
(1994), Oliveira and Bower (1996), Nastasi et al. (1999), Malzbender and de With (1999,
2000a,b,c), Bouzakis et al. (2003) and Ye and Komvopoulos (2003a,b).
A comprehensive three-dimensional finite element method model for the stress and strain

distribution in the contact of a rigid sphere sliding on a thin hard coating on a softer substrate
has recently been published by Holmberg et al. (2003). The model is elasto-plastic and takes
into account strain hardening effects and the fracture behaviour. The fracture toughness of
the coating can be calculated on the basis of this model.
The first simulations were carried out with the scratch test geometry, that is a 200-�m-

radius diamond tip sliding with increasing load from 5 to 50 N on a 2-�m-thick TiN coating
on a steel substrate. The contact situation and the stress distribution results are shown in
Figure 7.5.
The model illustrates in an elegant way the very complicated stress fields and material

behaviour, elastic, plastic and fracture, in the coating/substrate system. This is thus a tool
with great potential for surface design and parameter optimization. The simulations show
the compressional stresses below the tip, the tensile stresses behind the tip originating from
the friction by shear and ploughing, and the compressional pile-up stresses growing in front
of the sliding tip. The stress field is at an early stage star shaped with four arms and changes
to form a stress concentration at the border of the scratch groove in the tail part which is the
location for the first crack to appear in empirical comparison. The load-carrying capacity of
the coating/substrate system can be observed by considerable material deflection. The fracture
toughness of the TiN coating was calculated to be Kc = 7 MPam0�5 (Holmberg et al., 2003).
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Figure 7.5 (a) The contact geometry and (b) the stress distribution when a diamond tip is sliding
over a 2-�m TiN coating on steel at a load of 15 N after a sliding distance of 2.3 mm. The sliding tip
is invisible in the figure

7.3.5 Tribochemical Mechanisms

The chemical reactions taking place at the surfaces during sliding contact, and also during the
periods between repeated contacts, change the composition of the outermost surface layer and
its mechanical properties. This has a considerable influence on both friction and wear because
they are determined to a great extent by the properties of the surface, where phenomena such
as shear, cracking and asperity ploughing take place (Gee and Jennett, 1995). The chemical
reactions on the surfaces are strongly influenced by the high local pressures and the flash
temperatures, which can be over 1000�C, at spots where asperities collide.

Low coefficients of friction, down to 0.1, have been reported for a hard titanium nitride
coating sliding against itself (Mäkelä and Valli, 1985) and even lower values, down to
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about 0.01 but more typically 0.05, have been measured for DLC coatings sliding against
different counterface materials (Donnet, 1995; Holmberg et al., 1994; Erdemir et al., 2000;
Voevodin and Zabinski, 2000; Erdemir and Donnet, 2001; Teer, 2001; Andersson et al.,
2003b; Bandorf et al., 2003; Singer et al., 2003) and diamond coatings sliding against
diamond and ceramics (Hayward et al., 1992; Gardos, 1994; Habig, 1995; Erdemir et al.,
1996b). This can be explained by chemically or physically formed low shear microfilms on
the hard coating or perhaps only on the asperity tips of the coating.
Thus, if we consider such a contact on a microscale, there is effectively a soft, easy-to-

shear coating on a hard substrate (Figure 7.3(b)), although now the coating (e.g. TiN or
diamond) plays the role of the hard substrate and the soft microfilm formed plays the role of
a coating. It is obviously advantageous if the substrate under the hard coating is as hard as
possible, to avoid fracture of the brittle coating by deformation, to improve the load support
and to decrease the real area of contact. The very low coefficients of friction of polished
diamond and diamond-like coatings are further explained by the extreme smoothness of the
surface, excluding effects such as interlocking and asperity ploughing as well as of the hard
coating reducing the ploughing component of friction (Erdemir, 2002).
In a tribological contact, the sliding process brings energy and often high local temperatures

into the contacts and at the same time the wear process results in exposure of pure
uncontaminated material surfaces to the environment. This situation is very favourable for
chemical reactions to take place on the newly formed or deformed surfaces. The chemical
reactions are dependent on what kind of additional material is brought to the contact in
gaseous or liquid form (Ruff et al., 1995; Singer et al., 1996b; Ronkainen et al., 1998a;
Andersson et al., 2003a,b; Eglin et al., 2003).
In environments containing oxygen, such as air, a thin (about 1–10 nm thick) oxide

layer is formed very quickly on most metal surfaces. Some oxide layers, like copper oxide,
are sheared more easily than a metal, while others, such as aluminium oxide, form a
very hard layer. Erdemir et al. (1998) have studied the shear properties and lubricity of a
number of oxides for high-temperature tribosystems. They conclude that a complex system,
including the kinetics of oxidation and cation diffusion rates, heats of formation, electrostatic
electronegativity, surface energy and other fundamental crystallochemical properties, may
influence the adhesion and shear rheology of an oxide film forming on a sliding surface.
Mechanistically, the crystallochemical properties relate strongly to the melting point of an
oxide and its viscosity, the lowering of the surface energy and melting point of an oxide
when a second oxide is present in the system, and the solubility, chemical interactions and
compound-forming tendencies between two or more oxides. Tribologically, these phenomena
can play a significant role in shear rheology, adhesive interactions, and hence the frictional
properties in a sliding contact.
There are a number of reports where different aspects of oxide layer formation on

tribological properties have been studied. In contacts with alumina (Al2O3) surfaces, Gee
and Jennett (1995) found that the tribologically formed hydroxide films are much softer than
the remaining alumina and that the films are liable to fracture under concentrated loading
conditions. The hydroxide films were composed of small particles, about 20–50 nm in size.
Erdemir et al. (1995, 1997) investigated the formation and self-lubricating mechanism of thin
boron oxide (B2O3) and boric acid (H2BO3) films on the surfaces of boron oxide substrates.
They developed a short-duration annealing procedure resulting in the formation of a glass-
like boron oxide layer for which they measured very low coefficients of friction down to 0.05



Tribology of Engineered Surfaces 135

when sliding against a steel ball. The tendency for formation of an oxide layer on the surface
of different (Ti, Al, Zr, Si)N coatings has been reported by Rebouta et al. (1995).
Experiments with steel sliding against a chromium nitride (CrN) coating resulted in the

formation of a chromium oxide (Cr2O3) surface film with very good wear resistance (Lin
et al., 1996b). Increases in the applied load or the sliding velocity helped to form a thicker
Cr2O3 film, thus reducing the wear. However, the growth of a thick TiO2 surface film in a
TiN-coated contact under the same conditions did not help to reduce the wear loss.

7.3.6 Nanoscale Mechanisms

Emerging technologies such as atomic force microscopy and other surface analysis methods
(Israelachvili and Tabor, 1972; Bhushan, 1999) have opened the possibility to study friction
and wear phenomena on a molecular scale and to measure frictional forces between contacting
molecules at the nano-Newton level. Increased computational power has made it possible
to study friction and associated phenomena by molecular dynamic simulations of sliding
surfaces and to investigate the atomic scale contact mechanisms, as shown in Figure 7.2(e)
(Landman et al., 1992; Zhang and Tanaka, 1997; Gao et al., 2003).
Only some aspects of these complex nanophysical phenomena have so far been investigated

such as the friction that arises from slippage between solid to solid interfaces (Thompson and
Robbins, 1989) and between closely packed films in sliding contact (McClelland and Glosli,
1992). The atomic scale mechanisms of friction when two hydrogen-terminated diamond
surfaces are in sliding contact have been studied and the dependence of the coefficient of
friction on load, crystallographic sliding direction, roughness and methane molecules as third
bodies in the contact has been investigated (Harrison et al., 1992, 1993, 1995, 1998; Perry
and Harrison, 1996). Work on molecular scale viscoelastic effects and viscous flow has been
reported (Wahl and Unertl, 1998; Zhang and Tanaka, 1998).
Diamond and DLC surfaces have been of major interest in nanoscale studies because of

their structure, inertness and low friction and wear properties. Gao et al. (2003) showed that
the three-dimensional structure of an amorphous DLC film is paramount in determining its
mechanical properties. Particular orientations of sp2 ring-like structures create films with
both a high sp2 content and large elastic constants. Films with graphite-like top layers
parallel to the substrate have lower elastic constants than films with large amounts of sp3-
hybridized carbon. Several of the most recent studies of DLC coatings indicate that the
general explanation for their extremely low coefficient of friction, down to � = 0�001 and
below (Erdemir et al., 2000; Erdemir, 2002), which has been measured is related to three
effects. The surfaces are extremely smooth so asperity interlocking effects are eliminated, the
surfaces are hard so ploughing effects are eliminated and the dangling bonds of the carbon
structure are attached to hydrogen atoms, creating inert hydrophobic surfaces that exhibit
almost no frictional resistance (Erdemir, 2002; Harrison et al., 1995). Actually, no internal
material shear is taking place at all, the hydrogen planes just ‘fly’ over each other.
The improved understanding of the origin of friction at the atomic scale and even why

friction exists has resulted in an examination of the relationship between the commonly used
laws of friction at a macroscale and the molecular frictional behaviour on a nanoscale. There
have been suggestions that friction arises from atomic lattice vibrations occurring when
atoms close to one surface are set into motion by the sliding action of atoms in the opposing
surface (Celis, 1987). Thus, some of the mechanical energy needed to slide one surface over
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the other would be converted to sound energy, which is then eventually transformed into
heat (Krim, 1996, 2002a,b; Robbins and Krim, 1998).
In an interesting investigation, Tervo (1998) found that friction correlates to some extent

with the Rayleigh surface waves. This would suggest that friction arises mainly from the
elastic interactions, i.e. lattice vibrations, on the surfaces due to sliding motion. The velocity
of a Rayleigh surface wave is dependent on Poisson’s ratio, shear modulus and density.
Tervo found that nitrogen alloying of stainless steel slightly increases the friction.
In a molecular level study of Amonton’s law, Berman et al. (1998) found that the projected

area is not necessarily proportional to the load and that the shear strength is not constant.
Despite this, Amonton’s laws are obeyed and the friction force is still proportional to load on a
macro-level. They offer a physical model, based on intermolecular forces and thermodynamic
considerations, which explains why the friction force is proportional to the applied load, and
why the case of adhering surfaces – where the friction force is found to be proportional to
the molecular contact area – is quite different from that of non-adhering surfaces.
Today, we are only at the very beginning of the understanding of the nanomechanical

tribological contact effects that explain the origin of friction and wear and there is no doubt
that in the near future many new theories and explanations for the origin of tribological
phenomena will become available. The scaling up of the nanomechanical explanations of
contact mechanisms to practically useful conclusions on a macroscale is a most challenging
and complex task and will take many years. Already there are practical applications on a
nanoscale where the increasing knowledge of tribological nanomechanisms can be used.
This has resulted in the development of micro-electro mechanical systems (MEMS) such as
motors, transducers, gears and bearings of sizes in the micrometre range (Bhushan, 1998).
For these extremely small components, silicon has been used in the early applications for
production reasons but studies have shown that tribological improvements can be achieved
by using polycrystalline diamond or MoS2 thin coatings or hydrogenated DLC coatings
(Donnet et al., 1995; Beerschwinger et al., 1995; Gardos, 1996).

7.3.7 Debris Generation and Transfer Layers

7.3.7.1 Crack Generation and Debris Formation

The process of wear and friction results in both geometrical and structural changes in the
surfaces of the contacting bodies. These changes will influence future contact conditions
and friction and wear generated in the same contact. The changes range from nanoscale to
macroscale. At the nanoscale outer surface molecules are released and they react chemically
with adjacent molecules, at the microscale cracks are initiated and debris released and at the
macroscale wear products are agglomerated and surface layers formed and deformed.
The initiation of cracks at the surface or in the material is the starting point of a process

that may result in material detachment, debris generation and the formation of transfer
layers. In most wear situations, in addition to hardness, the ability to elastically recover from
deformation and the fracture toughness of the material are very important parameters (Zum
Gahr, 1998; Wiklund, 1999; Holmberg, 2000). The modern fracture mechanics approach to
the initiation and generation of cracks is presented by Anderson (1995). For the case of a
loaded very thin coated surface, a model for crack initiation or generation has been presented
by Holmberg et al. (2003) and is described in Section 7.3.4. A review of the basic mechanisms
related to crack initiation and propagation is presented by Holmberg andMatthews (2001).
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Debris that have been generated by the wear process or loose particles originated from
the surrounding environment may be present in a tribological contact. It has been observed
that the coefficient of friction rises significantly once wear particles are formed at the
sliding surface and particles present in the contact affect the instantaneous coefficient of
friction and the wear (Wang and Kato, 2003a,b). The coefficient of friction can be altered
by removing wear particles or by inserting particles in the interface as shown by Hwang
et al. (1999). They also found that the particle size influences friction but not so much the
number of particles present in the contact. In experiments with sliding surfaces of materials
with different hardnesses (Pb, Zn, Al, Cu, Ni, Ti and AISI 1045 steel), they found a clear
difference between soft and hard surfaces. Soft and ductile surfaces produced larger wear
particles with a stronger tendency to agglomerate, while hard surfaces produced smaller wear
particles with weaker agglomeration tendency.
For coated surfaces, the influence of debris in the contact on friction and wear is in some

conditions considerable, depending on the particle size and shape, coating thickness and
surface roughness relationship, and the particle, coating and substrate hardness relationship
(Figures 7.3 and 7.4).

7.3.7.2 Transfer Layers

Particles that have been liberated from a surface by wear may still have an influence on
the future friction and wear behaviour of the contact. In sliding contacts with materials of
different hardness (lead, zinc, aluminium, copper, nickel, titanium and steel), Hwang et al.

(1999) observed different wear particle agglomeration behaviour depending on hardness and
sliding direction. Smaller wear particles had a stronger tendency to join together and form
larger ones, and particles of soft and ductile metals had a stronger tendency to agglomerate
than those of hard and brittle metals. There was a difference in agglomeration behaviour
depending on whether the sliding was unidirectional or reciprocating, and lower friction
and wear were measured in the cases of reciprocating sliding. Particle agglomeration was
not just limited to one location but occurred simultaneously over a distributed area and
the observed particle or flake sizes were in the range of 100–600 �m. The mechanism of
agglomeration is complicated and probably due to adhesion and/or mechanical interlocking.
The agglomerated particles can act as larger particles in the contact, attach to either of the
surfaces or be rejected from the contact (Yuan and Hayashi, 1999).
On the basis of observations from sliding contacts with MoS2 and TiN coatings, Singer

(1998) presents a three-stage nanoscale model for the formation of reaction layers and for
the build-up of transfer layers. First a thin layer is removed from the coating and transferred
to the counterface. Meanwhile, both the surface and transfer layers can react with possible
surrounding gases, forming new compounds. The first films to be transferred to the counter-
surface may be very thin, only of molecular dimensions. As the transfer film thickens, it is
extruded from the contact area and may break up to form new wear debris. This process
is then repeated and a layer-by-layer build-up takes place. It has been observed for MoS2

coatings that particle detachment appears to be preceded by deformation, reorientation and
sometimes crack propagation within the first 20–50 nm of the coating.
It is important to note that even though the transfer films originate from one of the sliding

surfaces they do not always have the same phase or composition as the parent material.
Examples of this are given in the excellent transfer layer study by Singer et al. (2003).
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Amorphous Pb–Mo–S transforms to crystalline MoS2 layers and Al2O3 (sapphire) sliding
against TiN and TiC has been observed to result in the expected TiO2 (rutile) phase as steel
counterface produced ternary phases. There is very little knowledge on how the transfer
films attach to the surfaces but both mechanical trapping and chemical bonding have been
suggested. Similarly, the reason why some surfaces form reservoirs or platforms of wear
debris while others eject wear debris is not understood.
Direct evidence of third body control of friction and wear have been shown by Singer et al.

(2003) for three kinds of coated surfaces; amorphous Pb–Mo–S that formed a MoS2 transfer
film, DLC that formed a graphite-like carbon film and annealed boron carbide forming a
mix of H3BO3 and carbon or carbon alone. They showed that for a MoS2 film the shear took
place as interfacial sliding and not, as earlier suggested, as intergranular shear of the coating
material or its debris. A direct correlation between the coefficient of friction and the area in
the contact covered by transfer film in a sapphire sliding against a boron carbide coating has
been shown by Dvorak et al. (2002). This correlation can be expressed in terms of the rule
of mixtures.
The material transfer mechanism (Figure 7.2(b)) is well known for polymers, e.g.

polytetrafluoroethylene (PTFE), sliding on steel. Surface material from the polymer will
wear off and attach by adhesion to the steel counterface to form an extensive PTFE film.
This means that after some time of sliding, the tribological pair is actually PTFE sliding
against a thin PTFE film on steel, which has very low friction. Similar mechanisms have
been observed for sputtered, less than 1�m thick PTFE coatings on steel substrates, resulting
in film-like PTFE wear debris transfer to the steel counterface, and for sputtered polyimide
(PI)-coated steel, resulting in fine flake-like wear debris transfer to form a polymer layer on
the steel counterface (Yamada et al., 1990).
A typical building-up process of a transferred surface layer in contacts with steel and

hard coatings such as TiN, CrN and (TiAl)N has been described by Huang et al. (1994).
As a result of the ploughing action of hard coating asperities, slider material fragments
were first removed and then adhered to some preferential sites on the sliding track of the
coating. The preferential sites were the highest asperities that made earliest contact with the
counter-surface. Repeated sliding resulted in accumulation of fragments, which then united
and formed discontinuous layers on the coating surface. After some sliding, the highest
asperities were covered with transferred material, which was deformed and flattened under
continuous sliding and a transferred layer was built up. Similar processes of transfer layer
build-up have been observed and reported for different ceramic and steel contacts, e.g. by
Andersson and Holmberg (1994).
Depending on the contact condition, the formation of transfer films in the sliding contact

of a titanium nitride coating against a steel slider may be very complex. Sue and Troue
(1990) have described the process of minute wear fragments adhering to both surfaces,
plastic deformation and strain hardening of the transferred layers and patches, cracking
and oxidation of the layers, removal of the layers and patches by fracture and finally the
formation of very thin films, possibly oxides, on both surfaces. In pin-on-disc experiments
with a steel ball sliding on TiN coatings, Wilson and Alpas (1998) observed a load effect.
At low loads of about 20 N, transfer and build-up of oxidized counterface material on the
coating surface and minimal damage to the coating took place, and at higher loads of up to
100 N increased debris transfer, polishing and brittle spallation occurred, but at the higher
loads plastic deformation and ductile ploughing or smearing of the TiN coating prevailed.
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Badisch et al. (2003) have found that for plasma-assisted CVD TiN films, the presence of
above about 3.2% chlorine in the coating can modify considerably the wear mechanism and
the transfer layer formation, resulting in significant reductions in the friction coefficient in
dry sliding against ball-bearing steel in the normal laboratory atmosphere, though this benefit
was not observed in dry nitrogen conditions.
The material transfer layers generated in sliding coated contacts are generally a few

micrometre in thickness but may vary in the range of 0.01–50 �m (Ko et al., 1992; Blomberg,
1993; Scharf and Singer, 2003a,b,c).

7.4 Contact Types

This chapter has so far mainly considered the basic tribological contact, one surface sliding
over another, and the tribological characteristics related thereto. However, there are also other
surface contacting conditions where some of the contact parameters otherwise considered
as not important may have a completely dominating influence on friction and wear. These
are abrasion, where a hard sharp counterface ploughs in the surface; impact, where the
load is momentary and mainly perpendicular to the surface; fatigue, where a low load is
continuously repeated; fretting, where the movement is reciprocating with a small amplitude;
chemical dissolution, where e.g. high temperature changes material behaviour at the surface;
and lubricated sliding, when an external fluid is introduced into the contact as shown in
Figure 7.6 (Franklin, 1993; Matthews et al., 1998). The dominating contact features, the
required surface properties and some ideas about suitable coating choices for those contact
types are listed in Table 7.1.

7.4.1 Sliding

Sliding is the most common tribological contact condition. The tribological mechanisms
involved are fairly well known and are largely described, with different coating examples,
in the earlier text. In case of conformal surfaces, e.g. flat sliding on flat such as in many
seal solutions, the contact is characterized by low pressure, but high contact temperature is
generated and removal of wear particles is not so easy and may cause high wear and friction.
The aim of the coating is then to minimize wear and create a long lifetime and robust contact

(a) (b) (c)

(e) (f ) (g)

(d)

Figure 7.6 Typical contact conditions in tribological applications of coated surfaces: (a) contact
stresses at normal load; (b) sliding; (c) abrasion; (d) impact; (e) surface fatigue; (f ) fretting and (g)
chemical dissolution
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Table 7.1 Guideline for coating selection

Contact type Dominating contact
conditions

Required surface properties Recommended
coatings

Sliding Low friction sliding
Mild wear

Low shear strength at surface
top layer
Good load support

DLC, MoS2,
diamond

Abrasion (a) Third-particle indentations
(b) Two-body ploughing

(a) Good-microtoughness and
load support

(b) High hardness to resist
plastic deformation

TiN, TiAlN, TiC,
Al2O3, CrN

Impact Concentrated impacting
stress waves
Abrasive wear

Good macrotoughness
Good elasticity

Multilayer

Fatigue Continuous large stress waves Good macrotoughness
Good load support

TiN, DLC
Multilayer

Fretting High-frequency large stress
waves
Wear debris in contact
continuously

Good elasticity
Low shear strength surface
layer
Not producing hard wear debris

MoS2, Cu–Ni–In
Multilayer

Chemical
dissolution

High temperature Non-soluble
Thermally conductive

TiN, TiAlN, TiC,
WC, CrAlN, DLC,
diamond

Lubricated
sliding

Coating giving load support
for lubricant film and acting
as emergency layer

Interaction with lubricant
additives
Texturing to support lubricant
prevalence

DLC, TiN, TiC,
CrN

situation. This is often related to the build-up of suitable transfer layers on the surface that
allow the shear from sliding to take place with insignificant wear (Section 7.3.7.2).
In counter formal contacts, such as shown in Figure 7.6(b), the contact conditions are

characterized by high contact pressure, continuous temperature generation only on the smaller
body and more effective wear debris evacuation. The contact conditions and the stresses and
strains generated have been studied andmodelled byHolmberg et al. (2003). The aim is usually
to reduce both friction and wear, and the need to prevent plastic deformation is paramount.
For low friction coefficients in sliding, it has been found that DLC-, diamond- and MoS2-

based coatings can be particularly effective. This can be explained by the formation of low
shear strength microfilms on the hard coating (Gardos, 1994; Erdemir, 1996a, 2001; Erdemir
and Donnet, 2001). In effect, the contact is considered as a soft coating on a hard substrate,
the latter being in this case the underlying coating.
A coating that is not brittle and can to some extent deformwith substrate elastic deformations

can be beneficial. In addition, a good load support fromahard substrate is required. This applies,
for example, to the multilayered DLC/metal carbide coatings (Matthews and Eskildsen, 1994;
Dimigen andKlages, 1991). In effect, themore elastic layers allow the brittle layers to slide over
each other in a manner of a multileaf book when bent. This provides a coating which combines
optimal properties of hardness, elasticity and deformability.
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7.4.2 Abrasion

Contact conditions involving abrasion have long been recognized as being some of
the most significant in terms of the amount of material loss (Figure 7.6(c)). The
theoretical understanding of abrasion, and related phenomena, such as erosion, has advanced
considerably (Hutchings, 1992; Adachi and Hutchings, 2003; Gee et al., 2003). In abrasion,
a hard counterbody moves against and partly ploughs through a softer material and thus the
hardness of the softer material is of paramount importance. The aim of the surface material
choice is to inhibit large plastic deformation, such as grooves, on the surface. Good results
for this have been achieved by applying thick hard coatings (Cartier, 2003).
The performance of advanced thin coatings, such as PVD TiN, has been less remarkable

under abrasive conditions than under sliding conditions. This is partly due to the thickness
limitations of hard PVD and CVD coatings, their lack of toughness and the need for effective
load support, especially under three-body abrasion with sharp and hard abrasive particles.
The load support requirement, to prevent adverse macromechanical mechanisms, can be
fulfilled by utilizing interlayers such as electroless nickel (Matthews and Leyland, 1995).
It has been found that by multilayering Ti and TiN films it is possible to produce

a composite coating which is both hard and tough, thus controlling micromechanical
mechanisms and performing well in erosive and abrasive conditions (Leyland and Matthews,
1994). A coating with similar abrasion resistance can be formed by depositing stainless steel
under nitrogen plasma conditions and then post-coat plasma nitriding the coating (Raehle,
1988; Matthews et al., 1995; Matthews, 1997).

7.4.3 Impact

In impact contact situations (Figure 7.6(d)), a coated surface must possess a high toughness
in order to absorb the impacts that result in considerable instantaneous and repeated stress
fields. The coating must also be sufficiently elastic to be able to accommodate any substrate
deformation that may occur under impact. Recent work has shown that multilayered coatings
that alternate hard inelastic and soft elastic layers can provide excellent performance in
impact conditions (Voevodin et al., 1995a; Iwai et al., 2001), i.e. they prevent the occurrence
of micromechanical mechanisms such as microscratches and crack growth. Erosion wear is
a combination of impact and abrasive wear.

7.4.4 Surface Fatigue

In a surface fatigue contact the surface is repeatedly loaded, as shown in Figure 7.6(e).
This results in deterioration of the surface strength and crack initiation and propagation at
or below the surface. The aim of a surface coating is mainly to distribute and decrease the
surface stresses and to inhibit crack propagation. This condition occurs, for example, in ball
and roller bearings and in gears (Ding et al., 1996; Murakami et al., 1997).
The fatigue life of a thin coating may be considerably longer than that of a thick coating for

different reasons. Under similar deformation conditions, the thicker coating will experience
higher bend stress levels. Since the coating typically has columnar growth morphologies, any
crack normal to the surface will be large in a thick coating, and may exceed the critical crack
length, whereas in a thin coating this may not be the case. It has been shown experimentally
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that in rolling contact fatigue tests hard TiN coatings with a film thickness well below 1 �m
have up to two orders of magnitude longer lifetime than 2–3 �m thick similar coatings
(Erdemir and Hochman, 1988; Chang et al., 1990, 1992; Erdemir, 1992).
On the other hand, Polonsky et al. (1997) claim that they have been able to demonstrate

that the rolling contact fatigue life increase achieved with less than 1-�m TiN coatings
was entirely due to polishing of the steel loading balls by the significantly harder TiN
coating. They changed the test procedure and eliminated the polishing effect and observed
a somewhat negative effect of the TiN coating on the rolling contact fatigue life. In their
article, they present a theoretical model of near-surface rolling contact fatigue initiation in
coated rolling contact elements. They conclude that a truly effective hard coating that can
resist near-surface rolling contact fatigue must be relatively thick (>3�m), adherent to the
substrate and have a fine microstructure to resist cohesive fatigue failure in the coating.
The presence of interfaces interrupting the columnar structure of PVD TiN coatings

causes the cracks propagating from the surface to form kinks, which can significantly slow
down crack propagation. Polonsky and Keer (2002) show by simulation that high-endurance
coatings that are required in rolling contact fatigue can be produced by a multilayer alternating
250-nm TiN layers with much thinner interlayer coatings of another material.
Some laboratory rolling contact fatigue tests have been carried out with DLC coatings and

the results seem to indicate that also a hard DLC coating on steel can increase the fatigue
life. Metal mixed Me-C:H coatings on rollers in roller bearings considerably increased the
bearing life and significantly reduced the particles generated in the contact (Olsson et al.,
2000; Sjöström and Wicksröm, 2001). Rosado et al. (1997) found no difference between
fatigue life for DLC-coated and uncoated M50 steel specimen in rolling contact fatigue tests
while the coating significantly improved the fatigue life even at a temperature of 177�C.

7.4.5 Fretting

Fretting is a special case of fatigue wear at the surface, where the distance of reciprocating
sliding is typically smaller than the contact length, often less than 1 mm (Figure 7.6(f)).
In the contact, the reciprocating friction load produces surface stresses that can result in
cracks and fretting fatigue. Fretting wear appears when the cracks at the surface result in
wear particles. Then the released wear products stay for some period in the reciprocating
contact and influence the contact conditions crucially, e.g. concentrating the surface load
due to the released wear particles and increasing the surface stresses under them. On steel
surfaces, the contact process wears off the oxide layers on the surface, which is exposed
to chemical reactions. Often the temperature is simultaneously increased, which speeds up
chemical reactions (Waterhouse, 1981; Vingsbo and Söderberg, 1988; Vincent et al., 1992;
Fouvry et al., 1996, 2003; Fouvry and Kapsa, 2001).
The aim of coatings in fretting contacts can be to increase surface elasticity and/or

decrease the friction and thus reduce surface stresses, to increase the surface toughness
and reduce the crack initiation and propagation or to increase the surface inertness and
thus reduce the unfavourable chemical reactions. It is possible in some cases to build up
favourable transfer of reaction layers on the surfaces that decrease the shear and friction, as
discussed in Section 7.3.7.2.
Fretting wear is often most efficiently reduced by effective macromechanical design

measures, e.g. to control the displacements and stresses induced in the contact. However, it
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is also possible to modify the frictional conditions to reduce friction, e.g. by means of a solid
lubricantcoatingsuchasMoS2 appliedbyPVD,orasoftelectroplatedmetal.Thermomechanical
treatments can also be beneficial, especially if compressive residual stresses are induced.
Copper-based thick coatings can be beneficial in fretting wear contacts (Fridrici et al., 2003).

7.4.6 Chemical Dissolution

A typical chemical dissolution dominated tribochemical application is workpiece material
moving over a cutting tool, as shown in Figure 7.6(g). The aim of a coating on the cutting tool
surface is to resist the high-temperature conditions, to reduce friction and thus heat generation,
to inhibit dissolution of the surface material and to reduce scratches produced by hard
elements in the workpiece material (Holmberg and Matthews, 1994). To be successful, the
coating material should exhibit the following characteristics: low adhesion to the workpiece
material but high adhesion to the tool material, good abrasive resistance, high chemical and
thermal stability and high toughness. Thin hard coatings of nitrides and carbides match these
requirements well and have been used successfully.
In metal-cutting applications, the resistance of TiN films to oxidation has been improved

by employing TiAlN composites (Ronkainen et al.,1991, 1992; Bouzakis et al., 2003) and by
advanced multiphase ceramics incorporating yttrium, which helps to form a stable oxide on
the surface (Luo et al., 2001). Coatings in cutting applications are discussed in Section 7.6.
However, other contacts where chemical dissolution and reaction are involved are those

subject to high-temperature diffusion and oxidation conditions. The early performance of TiN
films was not regarded as outstanding in any of these regards, as e.g. pin-hole defects made
such coatings vulnerable to aqueous corrosion. This situation was considerably improved
by utilizing interlayer films such as electroless nickel (Leyland et al., 1993; Bin-Sudin
et al., 1996). Another promising coating in this regard is a carbon-doped tungsten film which
is both dense and hard (Rebholz et al., 1998a).

7.4.7 Lubricated

Most of the current research on surface coatings deals with their performance in dry
conditions, some even in vacuum or in an inert gas. However, there are many applications,
e.g. related to engines, transmissions, seals, etc., where the coating is expected to perform
in a liquid, often in oil. Therefore, in general, the oil lubricant carries the load and separates
the surfaces from each other and the shear takes place in the lubricant. The role of the
coating is then to act as a safety element that comes into action when the lubricant film fails
for one reason or another. Thus, the coated surface is expected to have good tribological
performance in boundary lubricated conditions where surfaces are partly in direct contact
with each other and surrounded by oil.
In boundary lubrication, a reaction film is formed on top of the surface and the shear takes

place in this film. The film is typically formed by chemical reaction between oil additive
elements such as Zn, S, Cl or P and the steel surface and is enhanced by high temperature
(Holmberg and Matthews, 1994). For a coating to be effective in such conditions, it is
necessary that either it has the ability to react chemically with the additives and form a
strong low shear reaction film, or it has the ability to itself produce a strong and low shear
surface layer that protects the contact from destruction.
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Ronkainen et al. (1998c) showed how a reaction layer is built up on a steel ball sliding
against a steel surface in lubrication oil with additives. Very similar tribological performance
was achieved with the ball sliding in dry conditions, against a DLC coating and then a
transfer layer was formed on the steel ball. When the steel ball was sliding against the DLC
layer in oil-lubricated conditions, no visible transfer layer was formed but the tribological
performance was in the same range as in the previous cases. This indicates that a DLC
coating does not really improve the friction and wear in an oil-lubricated contact, but can
act as a safety layer (Ronkainen, 2001).
There is a difference in the behaviour of DLC coatings in lubricated conditions depending

on their structure. Ronkainen et al. (1998c) showed in a comparison of three kinds of DLC
films that hydrogen free (a-C) and hydrogenated (a-C:H) carbon films had a low friction
coefficient in dry sliding conditions (0.15–0.22), which was further decreased by 10–40%
under boundary lubrication. The a-C:H(Ti) films exhibited good self-lubricated properties
(� = 0�10) in dry sliding conditions and the a-C films had the lowest friction coefficient
in water- (0.03) and oil-lubricated (0.08) conditions. The a-C films showed excellent wear
resistance in dry, water- and oil-lubricated conditions. The performance of a-C:H films could
be improved by titanium alloying. In dry sliding conditions, the tribolayer formation of the
DLC films influences the friction and wear performance, but in oil-lubricated conditions,
boundary layers were formed, which governed the tribological mechanisms in the contact.
The effect of humidity and water on DLC coatings was clearly shown by Andersson

et al. (2003a,b). Water molecules destroyed the conditions for superlow lubricity of a highly
hydrogenated carbon film. The friction coefficient of a hydrogen-free DLC (ta-C) film was
halved from its vacuum level, � = 0�6, to a water pressure of 1 Pa (0.04% RH, relative
humidity) and it decreased one order of magnitude at a water vapour of 100 Pa (4% RH).
JacobsonandHogmark(2001)havestudiedDLC-coated lubricatedcomponentsandconclude

with the following recommendations. It is tribologically advantageous to apply DLC coating
only on one of the surfaces because it improves sliding in. The substrate of the coated
surface should be harder than the counter material. The substrate surface roughness should
not exceed 0.1 �m. If both surfaces are coated, the recommendations are less straightforward.
There is another mechanism by which coatings can influence friction and wear in coated

contacts. Ortmann et al. (2003) deposited structured creviced CrN coatings by PAPVD which
produced micro-reservoirs on the surface that accumulated the lubricant in the top layer of
the surface for critical lubrication and also acted as traps for wear debris. This improved the
friction and wear performance in boundary lubrication conditions.

7.5 Advanced Coating Types

Whilst early thin tribological coatings were dominated by single-element metallic or ceramic
compositions, in recent years there has been a significant move towards multiphase coatings
having a range of compositions and structures (Hogmark et al., 2000). In this section, we
overview some of the significant developments, under the following sub-headings:

1. Hard binary compound coatings. These include the ceramic coatings already referred to,
as well as new ‘doped’ metal and modified DLC coatings.

2. Multilayer coatings. These include so-called ‘superlattice’ and nanolayered coatings, as
well as macrolayered structures which can arrest crack propagation.
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3. Nanocomposite (nc) coatings. These offer significant opportunities to control and enhance
mechanical properties and include metal/ceramic, ceramic/ceramic and ceramic/metal
composites.

4. Hybrid and duplex coatings. These refer to combined coatings or treatments which can
give enhanced properties to the composite substrate/coating system.

7.5.1 Hard Binary Compound Coatings

Early hard and thin tribological coatings were dominated by TiN. Now a number of coating
developments are presently being pursued, which range from advanced multiphase systems
to coatings based on single metal or binary compounds or, for example, chromium can be
doped with nitrogen and tungsten with carbon – thereby influencing the relative hardness and
elasticity. The performance has been compared to that of fully stoichiometric ceramic phases
of these mixtures. This work has revealed some remarkable wear performance from coatings
which might previously have been considered non-optimal in terms of hardness (Rebholz
et al., 1999a,b). For example, a coating with a relatively low hardness and low elastic modulus
is nitrogen-doped chromium metal. In trials under impact and sliding contacts, and under
three-body abrasion conditions, these coatings performed better than harder, ceramic-phase
chromium nitride. This is illustrated for impact conditions in Figure 7.7(a) and (b) (Rebholz
et al., 1999a). It is the lack of cracking around the indentation, rather than the impact crater
volume, which reveals the benefits of low nitrogen coatings in this test – in that they remain
well-adhered and comparatively undamaged, despite the quite severe plastic deformation of
the underlying substrate material.
Optimum Cr(N) coatings, in terms of wear resistance, indicate a hardness of about 15 GPa,

and an elastic modulus of 240 GPa in a chromium metal, single-phased coating, with∼10−12
at.% N in supersaturated solid solution; i.e. a high H/E value of 0.06. Similarly, coatings
comprised of tungsten doped with small amounts of carbon performed better than those with
greater carbon contents in rubber wheel abrasion tests, as shown in Figure 7.8, even though
their hardness was only about 20 GPa, compared to 40 GPa for the hardest coating produced
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Figure 7.8 (a) Hardness levels and (b) abrasive wear wheel test results showing the wear scars, for
tungsten–carbon coatings

(Rebholz et al., 1998a). In this case, due to the rather high elastic modulus of tungsten, about
400 GPa, the H/E value is about 0.05. This perhaps explains why even better results can be
obtained with tungsten-doped DLC films, i.e. utilizing the lower elastic modulus of the DLC
material. However, in that case, it is important to ensure that the excess carbon is not present
in graphitic form, since this creates a low elastic limit of strain, i.e. a low H/E (Neuville
and Matthews, 1997).

7.5.2 Multilayer Coatings

Much of the scientific interest in PVD coating techniques has centred on attempts to produce
‘ultra-hard’ coatings, with hardnesses in excess of 70 GPa. In this regard, a distinction has
to be made between coatings exhibiting ‘intrinsic’ hardness and those which derive their
hardness from ‘extrinsic’ effects, such as their morphological structure and grain size. Veprek
(1999) has used the generic term ‘superhard’, stating that this refers to materials with a
hardness greater than 40 GPa.
Intrinsically hard materials include diamond (70–100 GPa), cubic boron nitride

(50–70 GPa) and some other ternary compounds in the B–C–N system. Veprek states that
an excellent example of a group of materials which derive extrinsic hardness from their
microstructure is the heterostructures such as the superlattices. They have an artificial
arrangement of epitaxial layers, with layer thicknesses in the nanometre range, and provide
over a narrow range of layer thickness additional hardening effects that are not predicted
by conventional metallurgical theory. Koechler (1970) reported this approach as a means of
producing a strong solid. His work and that of Lehoczy (1978a,b) indicated that dislocations
were unable to multiply or propagate from layer to layer in nanolayered heterostructures of
binary metal systems (e.g. Al/Cu and Al/Ag).
Explanations for this were founded on strain coherency effects at layer interfaces, though

other mechanisms have been presented. Barnett (1993) and co-workers have contributed
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significantly to the level of understanding of the behaviour of such superlattice coatings and
other research groups, e.g. at Linköping University and the University of Illinois (Helmersson
et al., 1987), have been able to demonstrate the laboratory-based deposition of such coatings.
While nanolayered, so-called superlattice coatings present great theoretical possibilities,
the technicalities of coating real engineering components with well-controlled epitaxial
nanolayers can present practical problems. However, there are considerable mechanical
property benefits to be obtained from polycrystalline and even amorphous multilayer coatings
as demonstrated, for example, by Springer and co-workers (Springer and Catlett, 1978;
Springer and Harford, 1982).
One of the earliest exponents of the multilayering concept for tribological coatings was

Holleck (1986). He first used multilayers of different ceramic materials, such as TiC and
TiB2, selected on the basis of their dominant bonding mechanism: metallic, covalent or ionic.
Holleck demonstrated improvements in hardness, indentation toughness, adhesion and wear
performance under optimized layer thicknesses (Holleck et al., 1990; Holleck and Shier,
1995) and attributed these improvements, in part, to the crack deflection and stress relaxation
mechanisms for the TiC/TiB2 system. Several research groups (Dimigen and Klages, 1991;
Chu et al., 1992; Bewilogua and Dimigen, 1993; Donohue et al., 1995, 1997; Sproul, 1996)
have demonstrated that multilayer coatings in the nanometre and submicrometre layer-spacing
range can potentially be extremely effective in mitigating wear in a range of metal-cutting
and sliding-contact applications.
The authors and their collaborators have described how multilayer stacks with alternating

high and low modulus layers can provide particular benefits, especially when substrate
deformation occurs (Leyland and Matthews, 1994; Holmberg et al., 1998; Matthews et al.,
1998, 2001). For thick, hard and brittle deposits, the bending stresses created in the coating
can be high, whereas thin coatings bent to the same radius do not experience the same
bending stress levels. By alternating high and low modulus, usually this means hard and
soft materials, the hard layers can effectively slide over each other, and this prevents the
build-up of high-bending stresses. The ‘soft’ layers act as shear zones to permit this sliding
in a manner which is in some ways analogous to the leaves of a book if it is bent. This is
illustrated in Figures 7.9 and 7.10. Coatings with such alternating properties can, in effect,
combine high hardness with an ability to accommodate deformation, and have been shown
to perform well in a range of wear conditions, including erosion and abrasion, for which
Ti/TiN multilayers are very effective. Also, metal carbide/DLC multilayers are effective in
bearing and gear applications, where substrate deformation has to be accommodated by the
coating (Matthews and Eskildsen, 1994).
The bending model of hard/soft multilayer coatings does not rely on a discrete interface

between the layers. Indeed, it could be argued that a gradual transition in composition
and mechanical properties is to be preferred – as that is less likely to result in inter-layer
separation or delamination of layer boundaries, which can occur for discrete layer systems
under deformation conditions (Matthews, 1994). This is particularly true for systems using
layers with very different chemical compositions. Such a system could be a MoS2/metal or
MoS2/ceramic multilayer. In such systems, it has been desirable to intermix the metal or
ceramic phase with the MoS2 over the transition region.

The benefits in multilayering of relatively high modulus and relatively low modulus layers
have been demonstrated in cyclic impact tests (Bantle and Matthews, 1995; Voevodin et al.,
1995, 1996). Such work has confirmed that a multilayer stack providing a transition in
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Figure 7.9 An illustration of how, in a multilayer hard–soft sandwich structure subject to bending,
the shear occurs in the softer layers. The dark layer is lead and the light layer is brass

Figure 7.10 Illustrating how a multilayer structure shown in Figure 7.9 allows to bend without
fracture ((a) and (b)), when a single hard brass layer ((c) and (d)) will crack
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properties from the substrate to the surface can be particularly beneficial. In effect, this
provides a functionally graded composition, as shown schematically in Figure 7.9.

7.5.3 Nanocomposite Coatings

Another class of materials which derives its hardness from ‘extrinsic’ influences is that which
relies on grain-size effects. Veprek (1997, 1999), Musil et al. (1999b), Musil (2000), Mitterer
et al. (1998), Gissler (1994) have been major advocates of this approach to the deposition of
superhard coatings.
Musil (2000) has traced the developments in hard and superhard films, identifying

the important steps which have occurred. His view is that superlattices represent a
very important milestone, but the inherent problems of controlling layer thicknesses and
avoiding interdiffusion of elements at high service temperatures can be avoided by using
nanocomposite coatings. He discusses methods to control the size and orientation of grains,
through ion bombardment and mixing processes, and describes the key differences between
nanocrystalline alloy films and nanocomposite films based on nitrides of binary metal alloys.
Examples of the latter are ZrCu–N (Musil et al., 1999a), CrNi–N (Musil and Regent, 1998)

and TiNi–N (Misina et al., 1998). In such films, one phase, usually metallic, segregates to the
grain boundaries of the second, usually ceramic, phase and this limits grain growth, provided
that the deposition conditions are appropriate. Hardnesses quoted are mostly 16–20 GPa,
but some coatings achieve 50 GPa. Musil states that there are still questions concerning the
thermal stability of such films.
The next group of nanocomposite films which Musil discusses are the superhard

nanocomposites. He states that these can be produced not only with two hard phases, as
proposed by Veprek et al. (1998), but also with one hard and one soft phase present such as
for a nanocrystalline (nc)-ZrN/Cr ceramic/metal nanocomposite (Musil et al., 1999a).
Musil thus cites two groups of superhard nanocomposite coatings: nc-MeN/nitride (e.g.

TiN + Si3N4) and nc-MeN/metal (e.g. transition metal nitride + Cu, Ni, Y, Ag, Co, etc.). He
claims that the hardness of both of these groups can be continuously varied from values of
about 10 GPa up to 50–70 GPa. Indeed, following recent work by Veprek (1999), it seems
that around 100 GPa can be obtained (e.g. nc-TiN/a-SiNx) under certain conditions.

It is interesting that Musil recognizes that a low modulus is desirable in preventing plastic
deformation. Using a derivation which has similar origins to the plasticity index, he cites
the ratio H3/E2 as a parameter that controls the resistance of metals to plastic deformation.
Musil provides data from the literature on the H3/E2 values for different coatings having
a range of hardnesses. However, he does not elaborate on how the nanocomposite coating
concept might be used to achieve the desirable goal of high H and low E.
Some of the earliest work on nanocomposite tribological coatings was based on the Ti–B–N

and/or Ti–B–C ternary phase systems (Ronkainen et al., 1991; Gissler, 1994; Mitterer et al.,
1999). These offer considerable potential to control the hardness and elastic properties, as
demonstrated using both plasma-assisted electron beam PVD and sputter deposition (Rebholz
et al., 1999c,d,f). In particular, the controlled addition of aluminium to Ti–B–N coatings
can give reduced E values, while maintaining a reasonable hardness. Such coatings exhibit
excellent sliding wear properties, as illustrated in Figure 7.11 (Rebholz et al., 1998b).
It is interesting to calculate theH/E values for the best of these coatings, i.e. approximately

30 GPa divided by 330 GPa, which gives an H/E value of about 0.09. This is better than
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diamond, and earlier work, with controlled additions of titanium to adjust the metal content,
has shown that the H/E value can be increased further, to 0.12 or higher (Rebholz et al.,
1999e). Moreover, considering the high temperature stability and hot hardness of Ti–Al–
B–N, the H/E ranking is likely to be even more favourable for applications involving
high-temperature environments, or situations in which heat is generated in the contact, such
as metal cutting, especially in view of the enhanced oxidation resistance of this material.
The emphasis of this section so far has been on the wear properties of coatings, rather than

their frictional behaviour. Usually low friction coatings do not exhibit low wear rates – since
the achievement of low friction is often associated with a shear mechanism at the interface
between the coating and the counterface surface. Such shearing may be accompanied by
wear. However, the nanocomposite coating concept allows unique combinations of properties
in a single coating.
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This has been well employed by researchers at the Wright Patterson Air Force Laboratory,
who have developed several tribological coatings for aerospace systems (Zabinski et al.,
1996; Voevodin et al., 1999a). Applications for reaction wheels, gyroscopes, antenna drives,
gears, pumps, etc. cover a broad range of contact stresses, from 107 to 1010 Pa, and sliding
speeds from 0 to about 20 m s−1. They can experience low-frequency launch vibrations
and high peak loads (Voevodin et al., 1999a). Furthermore, the operating environmental
conditions can be extreme. Thus, the demands placed on surfaces are considerable – and
this has led to the development of a number of innovative composite coatings, especially for
situations where low friction is required in the absence of conventional lubricants.
Transition metal dichalcogenides such as MoS2, WS2 and NbSe2 have been used for some

time as solid lubricants in space applications (Voevodin et al., 1999a). Typically, these are
applied as powdersmixedwith various binders or deposited by sprayor vacuum-basedmethods.
However, they are easily abraded and prone to oxidation in air. Multilayering with metal or
ceramic layers can reduce these deficiencies, and the production of nanocomposite mixed
phases can provide similar, if not greater, benefits. Zabinski studied the co-deposition of a
number of materials, Ni, Fe, Au and Sb2O3 with MoS2, and evaluated their effect on film
chemistry, crystallinity, microstructure and tribology (Zabinski et al., 1995). The presence of
dopants caused film densification and affected grain size, resulting in a reduction in the friction
coefficient andwear rate. Presently this is an area of fairly intense research activity. This is due,
in part, to the fact that undopedMoS2 films are known to be susceptible to undesirable oxidation
and water absorption effects which can adversely influence their in-service performance and
shelf-life (Singer et al., 1996a). Recently, further observations have been made on the
improvements obtained bymetal additions, following on from the work of Zabinski and others,
and the fact that even in 1981 Stupp showed that the co-deposition of nickel and other metals
improved the performance of MoS2 coatings (Stupp, 1981).
The addition of ceramic phases is arguably of even greater significance, since this route

can provide a means to create a very hard low friction composite with a relatively low
elastic modulus, i.e. a high H/E. Goller reports a nano-indentation hardness measurement
of 29 GPa for TiN, and 30 GPa for a TiN and 8 mol% MoS2 coating, the latter giving low
friction and low wear (Goller et al., 1999). This unexpected result is probably related to the
in situ formation of MoS2 at the coating surface during sliding; i.e. the coating is ‘adaptive’
to the operating conditions. These coatings will probably be suitable for a wide range of
tribological contact types – e.g. from dry sliding to metal cutting (Gilmore et al., 1998).
The concept of ‘adaptive’ or ‘chameleon’ coatings is one which has been given

considerable attention by Zabinski and his co-workers. They have perfected PbO+MoS2

coatings which can provide low friction across a wide range of operating temperatures
(Zabinski et al., 1992; Zabinski and Donley, 1994; Voevodin and Zabinski, 2000). They
also produced WC.DLC/WS2 nanocomposites that demonstrate low friction and wear in
tests performed in high vacuum, dry nitrogen and humid air (Voevodin et al., 1999a). Such
performance would not be achievable with one of the phases alone.

7.5.4 Hybrid and Duplex Coatings

A recurring theme in this section has been the need to develop coatings that can elastically
deform under load and accommodate substrate surface deflections. A corollary to that is to
enhance the substrate surface hardness and elastic modulus in order to reduce the deflections
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occurring; in other words to provide improved load support for the coating. A number of
approaches to achieve this have been investigated. These are generally known as hybrid or
duplex processes, since they normally involve a hybrid version of, for example, a vacuum-
based plasma process and/or the duplex combination of two or more different, usually
sequential, processes of which one is also usually plasma based (Bell, 1997).
In the hybrid category, one might include plasma thermochemical treatments such as

plasma nitriding or carburizing coupled with plasma-assisted PVD coating (Leyland et al.,
1993; Matthews and Leyland, 1995), whereas a duplex technique might involve a coating
such as electroless nickel, to act as a corrosion-resistant and load-supporting interlayer
between the substrate and a subsequently deposited PVD coating (Leyland et al., 1993;
Matthews et al., 1995; Matthews and Leyland, 1995; Bin-Sudin et al., 1996). A recent novel
innovation is to employ a technique known as plasma electrolysis, which can be used to
produce an oxide or nitrobarburized layer, especially in the case of oxide films on light metal
alloys of aluminium, titanium or magnesium (Yerokhin et al., 1999, 2000; Nie et al., 2001).
Our results show that this is particularly effective when used in combination with a

low-friction top layer, such as MoS2 or DLC. The latter material can be deposited, after
a pre-deposition implantation stage, using another innovative plasma process known as
plasma immersion ion implantation (PI3). This method, which harnesses a combination of
PI3 and plasma-assisted CVD features, is becoming known as plasma-immersion ion-assisted
deposition (PIAD), which adds to the already considerable armoury available to process
developers to achieve precisely tailored surface properties (Nie et al., 2000a,b; Matthews
et al., 2003).

7.6 Applications

The early uses for hard PVD and CVD ceramic coatings were dominated by metal-cutting and
forming tool applications; there are several reasons for this. The first is that the conventional
CVD deposition temperature (typically over 900�C) meant that it was best suited to the coating
ofWC-Co ‘cemented’ carbides which were widely used in the manufacture of turning tools.
When PVD ceramic coating processes emerged, with a typical deposition temperature of

450�C, they were seen as well suited for the coating of hardened high-speed steels. Such
materials could provide the necessary load support for the hard coating and were suitable for
immediate use on existing tools, such as drills, milling cutters and gear-cutting hobs. Such
tools were well characterized in terms of their wear lives and cutting performance, and it
was relatively easy to demonstrate the economic benefit of applying a coating.
Early trials with PVD titanium coatings on tools such as drills revealed significant scatter

in the results; they also demonstrated that the tool geometries, which had been optimized
for the uncoated condition, were not necessarily ideal for coated tools. Additionally, it was
soon realized that the main benefit to be derived from hard ceramic coatings was not simply
that they could make tooling last longer but that the coated tools could be operated at much
higher feeds and speeds, and therefore the productivity obtained from the cutting machinery
itself could be significantly increased. This recognized the fact that the main costs in many
manufacturing operations are not those of tooling but of capital equipment and labour and
that coatings allow these costs to be reduced per component produced.
In the UK, a new drill design was developed (designated ‘ADX’) which, when combined

with a hard PVD TiN coating, allowed peripheral drill speeds to be doubled and feed rates
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to be increased (Dormer Ltd). Over the past 20 years or so, the use of PVD TiN coatings
has become ubiquitous in the cutting tool sector. There is hardly a tool in current industrial
use which does not have a PVD ceramic coating applied to it.
The adoption of PVD ceramic tribological coatings in engineering components – especially

mass-marketed, high-volume parts, such as on automotive products – was, until recently,
very limited. There are various reasons for this, not least the need for a hard underlying
substrate material, which can provide the necessary load support. Such materials, if they are
to withstand the PVD deposition temperature without softening, tend to be rather expensive,
e.g. high-speed and hot-working tool steels. There has recently been extensive work to
develop multilayered and nanocomposite coatings, which are more elastic and do not require
the same load support attributes from the substrate. Similarly, there have been great strides
in the development of techniques to harden the surface of lower-cost substrate materials, to
make them suitable for PVD coating. However, these developments were being adopted in
the market place at a rather slow pace. There are now an increasing number of impressive
examples of the use of second- and third-generation PVD coatings in diverse tribological
applications, some of which are mentioned below.
One such coating is a multilayer WC/C coating with excellent friction and wear properties

(‘Balinit®C’ by Balzers; Grischke et al., 2001). It is used, for example, on fuel injection pump
components of gears. Another new coating from that company combines a TiAIN coating
with a WC/C outer layer (‘Balinit® Hardlube’). Significant improvements are claimed
over earlier coatings, in drill tests. An alternative to this is to utilize the mixed-phase
nanocomposite coatings described earlier.
There are today many carbon-based coatings on the market, fulfilling different

requirements. One of the main advantages of carbon coatings is that they can be engineered
to provide different properties (Neuville and Matthews, 1997; Schaefer et al., 2000). For
example, Schaefer and co-workers show that a steel ball valve can survive adverse
environments when coated with a metal-containing DLC (Me-DLC), and forming and
stamping dies can resist sticking in metal forming with that coating, whilst dies used for
the production of plastic covered cables are best coated with silicon-, oxygen- and nitrogen-
modified DLC. So, whilst metal cutting remains the main domain of crystalline diamond
and some DLC films, new applications are continuously emerging for carbon-based films
with different compositions and structures. For example, Schuelke (2000) has demonstrated
the benefits of metal/DLC (Diamor™) films in both sliding and rolling contacts.

Carbon-based coatings are not the only ones that are leading the emergence of vapour
deposition processes out of the cutting tool sector. Chromium nitride is also in increasing
use, for example in vehicle applications. An article by Hawbaker and Taylor (2003) describes
how PVD chromium nitride coatings have proved to be extremely effective in improving
the abrasive wear resistance of Caterpillar track bushings. A track bushing is an integral
part of the undercarriage of any track-type machine. Bushings, along with track pins and
links, create the ‘chain’ that ties together the tracks. The application is very demanding and
Hawbaker and Taylor describe how a force of well over 1 MN may be transferred through
the track components on a fully loaded tractor. The application of a CrN coating has reduced
the occurrence of a particular bush wear problem and thereby extended the productive life
of the track bushing, and therefore the tracked vehicle. Clearly, this is a most demanding
application, potentially involving several of the contact mechanisms described earlier, such
as sliding wear and abrasion, and even tribo-corrosion.
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Thin films are well known in the electronic and optical industrial sectors. Indeed,
semiconductors consist entirely of a sequence of thin films. Similarly, many optical devices
require multilayers of different phases and compositions. It is often forgotten that many of
these functional layers must also possess excellent tribological properties if they are to meet
the required operational performance. Even some coatings which at first sight appear to
have no tribological function are actually tested for their scratch and sliding wear resistance
before they can be adopted. Consider, for example, the coatings applied to mobile phones
to enhance their electro-magnetic interference suppression. Although their main function
is electro-magnetic, they are also scratch resistant. Many such coatings are extensively
modified, not to meet their main functional needs, but to ensure that they survive the
mechanical, tribological and environmental conditions under which they operate. Another
good example is the scratch-resistant optical lens. Similarly, many decorative finishes,
although selected and applied for their aesthetic appearance, usually colour, are in fact sold on
an ability to function for the lifetime of the product. In this case, the tribological performance
demands frequently exceed the functional demands for which they were originally applied.
Examples in the latter category are gold-coloured ZrN and TiN films, which have an oxide
outer layer deposited to enhance their resistance to exposure to cleaning chemicals and
abrasion. Indeed, the testing regimes for such coatings are extremely rigorous (Van der Kolk
et al., 1998).
It can be seen from the above examples of the applications that PVD tribological coatings

are starting to be more widely used outside their traditional domain of cutting and forming
tools. With the further optimization of PVD coating mechanical properties, as described
earlier, and the development of the techniques mentioned to improve the surface hardness and
the load support characteristics of substrates, these coatings will find an ever wider range of
applications, to which they will bring previously unachievable levels of durability, wear and
corrosion resistance, and friction control. Importantly, these functionality improvements will
be achieved with more predictable and statistically reliable overall lifetimes, and therefore
with better quantified life-cycle costs. Such improvements in statistical lifetime analysis,
including the influence of geometrical and surface coating effects, have been achieved in
the tooling sector (Dowey and Matthews, 1998; Dowey et al., 1999) and will be necessary
for other application sectors if the goal of optimized tribological performance is to be
achieved.

7.7 Conclusions

By considering tribological interactions at several levels of scale, and adopting a
macromechanical approach to the categorization of surface interactions, it is possible to
achieve a clearer insight into the friction and wear behaviours of tribological coatings.
This helps in the identification of the requirements from coatings and the gaps in current
knowledge – both in the modelling of behaviour and in the development of new coatings.
The advanced plasma-based PVD and CVD processes facilitate the deposition of ceramic,
binary alloy, multilayered, nanocomposite, hybrid, duplex and functionally graded surfaces
which hold the potential to fulfil any desired operating requirement, and this will lead to
the adoption of these surface engineering processes in an increasingly diverse range of
demanding applications.
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Wear of Ceramics: Wear
Transitions and Tribochemical
Reactions

S. Jahanmir

Abstract

Structural ceramics are used in diverse tribological applications due to their unique properties
that include resistance to abrasion and erosion, resistance to corrosive wear, wear resistance
at elevated temperatures, low density, and unique electrical, thermal, and magnetic properties.
Applications include precision instrument bearings, cutting tool inserts, prosthetic articulating
joints, and engine components. Following a brief overview of the processing methods applied
to alumina, silicon nitride, and silicon carbide, the wear behavior of these ceramics is
reviewed. The wear behavior changes as the load or the coefficient of friction is increased.
This change is associated with a drastic increase in wear at a critical load that depends on
the material and test conditions. This transition from mild to severe wear occurs through a
microfracture process at the sliding contact. Contact mechanics is used to develop a simple
model to determine whether contact failure occurs by a classical brittle process (i.e. cone
cracking) or a quasi-plastic behavior (i.e. small microcracks distributed below the contact
surface). The model provides estimates of the transition load within a factor of 2 of the
experimentally obtained values and indicates that the brittle behavior dominates the observed
mild to severe wear transition in the three ceramics evaluated in this study. The limitations
of the model and its use in design of tribological components are discussed. The role of
lubrication and tribochemical reactions between ceramic surfaces and atmospheric moisture
on the wear behavior is discussed.
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8.1 Introduction

Ceramics are generally defined as inorganic nonmetallic solid materials. This definition
includes not only materials such as pottery, porcelains, refractories, cements, abrasives, and
glass, but also nonmetallic magnetic materials, ferroelectrics, and a variety of other new
materials. Renewed interest in ceramics is rooted in unique materials classified as advanced
structural ceramics, and electronic and optical ceramics [1]. Structural ceramics are presently
used in diverse applications as tribomaterials [2, 3] due to their unique properties that include
resistance to wear and corrosion at elevated temperatures, low density, and unique electrical,
thermal, and magnetic properties. Applications include precision instrument bearings, cutting
tool inserts, prosthetic articulating joints, and engine components.
During the past 20 years, a large number of studies have been carried out on the tribological

properties of structural ceramics. This chapter is not intended as a comprehensive, all-
inclusive review of the subject, due to space limitations. The chapter focuses on two issues
that determine performance of structural ceramics in tribological applications: the transition
from mild to severe wear and tribochemical reactions. The influence of lubrication on wear
and particularly on wear transition is also discussed. The transition from mild to severe wear
that occurs through a microfracture process at the sliding contact is modeled to determine
whether contact failure occurs by a classical brittle process (i.e. cone cracking) or a quasi-
plastic behavior (i.e. small microcracks distributed below the contact surface). The limitations
of the proposed model and its use in design of tribological components are discussed.

8.2 Structure and Properties of Ceramics

Structural ceramics, by definition, are high-strength ceramics used in load-bearing
applications. In this section, the structure, processing methods, and properties of three
commonly used structural ceramics are reviewed. More detailed information of the wear
behavior of some of these materials is discussed in the next section.

8.2.1 Alumina Ceramics

Ceramics based on aluminum oxide or alumina have been used in commercial applications
for many years because of their availability and low cost. Alumina ceramics are often
classified either as high aluminas having mass fractions more than 80% aluminum oxide or as
porcelains with less than 80% aluminum oxide. High aluminas are used in many mechanical
devices and in electronics.
Pure aluminum oxide, Al2O3, has one thermodynamically stable phase at room

temperature, designated as alpha phase. Often the term corundum is used for alpha alumina.
Commercial aluminas are densified by pressureless sintering, using MgO sintering aid for
high-purity (>95%) aluminas or silicates for less-expensive, low-purity grades. Fracture
strength improves as the percentage of alumina is increased. However, cost increases because
of processing difficulty. The thermal shock resistance of aluminas is generally inferior to
other structural ceramics (e.g. silicon nitride) because of the highly anisotropic properties
that depend on the crystallographic orientation of alumina grains.
The tribological behavior of alumina depends on the composition and microstructure of the

material, as well as on the test conditions. The tribological behavior of different materials can
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be compared only if the tests are conducted under the same conditions. However, analysis of
published data shows certain trends [4]. Although the variability in published results on the
effects of contact conditions on wear is large, the wear rate of alumina generally increases
as either sliding speed or load is increased.

8.2.2 Silicon Nitride Ceramics

Silicon nitride, one of the strongest structural ceramics, has emerged as an important
tribological material, especially in rolling applications. It has low elastic modulus, high
strength, and outstanding fatigue resistance, excellent oxidation resistance due to a protective
surface oxide layer, and very good thermal shock resistance because of its low thermal
expansion coefficient. In oxidizing environments, silicon nitride is stable only at very low
partial pressures of oxygen; in air, it rapidly forms a silicon oxide surface layer. This layer
protects against further oxidation; if it is removed, for example by wear, oxidation occurs
rapidly.
Pure silicon nitride, Si3N4, exists in two crystallographic forms designated as alpha and

beta. Since the beta phase is thermodynamically more stable, silicon nitride materials are
primarily in the beta phase; but starting powder is usually in the alpha phase. Commercial
silicon nitride materials are processed with various oxide sintering aids.
Silicon nitride materials are classified according to processing techniques: sintered,

hot-pressed, reaction-bonded (or reaction-sintered), sintered-reaction-bonded, and hot-
isostatically pressed. Variations in composition, microstructure, and properties depend on
the processing route used in fabrication.
Silicon nitride powder compacts are sintered to full density using combinations of rare

earth oxides and alumina sintering aids. However, mechanical properties (i.e. strength,
hardness, and fracture toughness) of commercially available sintered silicon nitrides are
inferior to those processed by hot-pressing, usually containing MgO or Y2O3 sintering aids.
Application of pressure during sintering leads to materials with nearly full density and very
good properties. Shapes that can be formed by hot-pressing hot-isostatic-pressing (HIP)
and gas-pressure sintering (GPS), however, are limited and processing cost is relatively
high.
Reaction-bonded silicon nitride is made by pressing silicon powder and reacting the

preform with nitrogen at high temperatures. While they are much less expensive than hot-
pressed or sintered materials, their porosity, which is greater than 10%, results in inferior
mechanical properties. Adding oxide sintering aids to the starting silicon powder and a
subsequent hot-pressing, or HIP, reduces this porosity and improves the properties. The
principal advantage of reaction-bonded silicon nitride is its lower cost of starting powder.
The tribological performance and mechanical properties of silicon nitride depend on

composition and microstructure, as well as on the processing procedure and types of starting
powders. The published [4] friction and wear data for different types of silicon nitrides show
a wide scatter due to different test conditions used in various studies, making it difficult
to make a clear distinction between performance of different types of silicon nitrides. The
data, however, show that replacing the silicon nitride counterface with steel or alumina
slightly increases friction, and a zirconia counterface can decrease the friction coefficient.
The wear rate increases as either the load or the temperature is increased, especially
above 800�C.
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8.2.3 Silicon Carbide Ceramics

Silicon carbide ceramics are widely used in applications requiring wear resistance, high
hardness, retention of mechanical properties at elevated temperatures, and resistance to
corrosion and oxidation. The oxidation resistance is due to a protective silicon oxide layer, as
with silicon nitride. The thermal shock resistance is somewhat lower than that of silicon nitride.
Siliconcarbideceramicsaregrouped into four typesdependingonprocessingmethods: reaction-
bonded (or reaction-sintered), hot-pressed, sintered, and CVD (chemical vapor deposition).
In the reaction bonding process, a mixture of silicon carbide powder, graphite, and a

plasticizer is pressed in a mold to prepare a preform or “green” compact. After the plasticizer
is burned off to produce a porous product, silicon metal is infiltrated into the pores as a
liquid or vapor. The reaction between silicon and carbon to form SiC is not complete, leaving
some residual Si and C; usually excess Si is used to fill the pores. The finished material
has little porosity and contains a mixture of Si, C, and reaction-formed SiC in between
the original SiC particles. Mechanical properties depend on the amount of free Si and C.
Since the densification process does not produce shrinkage, tight dimensional tolerances are
more easily achieved than with sintering. The primary advantage of reaction-bonded silicon
carbide is its relatively low cost. Because components can be made to near net-shape, little
machining is required after densification.
Hot-pressing can also produce high-strength silicon carbide of nearly full density. In this

process, boron and carbon, and sometimes alumina, are used as sintering aids for processing
of both alpha and beta silicon carbide components. Although hot-pressed silicon carbide
exhibits very good mechanical properties, its use is limited by the high cost of finished
components, due to difficulty in machining after densification.
Silicon carbide components are also produced by sintering without the application of

pressure, using carbon and boron sintering aids. The major advantage of this process is that
most of the machining can be easily done on the green compact. The densified component
is then machined by diamond grinding and polishing.
CVD is used to produce a relatively pure and dense silicon carbide. This material is

highly anisotropic, due to the columnar structure developed during the deposition process. In
addition to anisotropy, high cost and residual stresses are major drawbacks against widespread
use. Nevertheless, CVD SiC is an excellent coating material where resistance to wear,
erosion, or oxidation is required.
The tribological performance and properties of silicon carbides are sensitive to the

processing conditions and microstructure of the material. Analysis of published data [4]
suggests that, in general, the friction coefficient of reaction-bonded silicon carbide is lower
than that of other types because the excess carbon acts as a solid lubricant. However, this
reduction depends on the specific microstructure and amount of free carbon, as well as on
test conditions. The friction coefficient for the sintered materials decreases with increasing
temperature and speed. Both friction and wear for hot-pressed silicon carbides are lower in
sliding against alumina and zirconia than sliding against silicon nitride and silicon carbide.

8.3 Wear Transitions

Various studies on tribological behavior of ceramics have shown that the wear mechanisms
depend on contact conditions during laboratory testing. A common feature in most structural
ceramics is that wear occurs through a small-scale fracture (i.e. microfracture) process if the
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contact load is higher than a threshold value specific to each material [5]. A second common
feature associated with many ceramics is their high reactivity with water vapor in the air
environment forming oxide and hydroxide surface layers [6]. Such reactions are accelerated
during wear testing, and thus are referred to as tribochemical reactions. This section reviews
the wear mechanisms associated with a high-purity alumina, a hot-isostatically pressed
silicon nitride, and a sintered silicon carbide under conditions of low sliding speeds. The
specific properties of the three ceramics are listed in Table 8.1. Particular attention is given
to the transition from mild to severe wear and to tribochemical reactions with water. The
terms “mild” and “severe” are used to distinguish the two extreme behaviors. Mild wear
refers to a wear coefficient lower than 10−4 and severe wear refers to unacceptably high
wear above this value. The wear coefficient is a dimensionless parameter that is obtained
by multiplying the measured wear volume by hardness of the ceramic and dividing this
product by the sliding distance and contact load [7]. This normalization implies that the wear
volume is proportional to the applied load and inversely proportional to the hardness of the
material. Such linear relationships do not generally hold for most ceramics under a wide
range of contact conditions. Nevertheless, wear coefficient serves as a universal parameter
for comparison of wear data obtained under different test conditions.

8.3.1 Alumina

The tribological behavior of a high-purity alumina (99.8%) sliding in air in self-mated, ball-on-
flat, unlubricated tests is displayed inFigure8.1 [8] as a functionofnormal loadand temperature.
Thewear coefficients,K, and the coefficients of friction, f , are included in the figure. Thewear
transition diagram (Figure 8.1) delineates the effects of load and temperature and identifies
the boundaries between regions dominated by different mechanisms under low sliding speeds.
The wear transition diagram can be used to predict the tribological behavior and to determine
the useable range of conditions (i.e. load and temperature) for a givenmaterial. The tribological
characteristics of this alumina under low speed sliding are divided into four distinct regions on
the basis of the fundamental mechanisms involved in the wear process. At low temperatures
in Region I (T <200�C), tribochemical reactions between alumina and water vapor in the
environment control the behavior; friction coefficient and wear coefficient are relatively low
at 0.40 and 10−6, respectively. Formation of a thin hydroxide film has been confirmed with
Fourier transform infrared microscopy (FTIR) [9] and is usually associated with formation
of cylindrical wear debris, shown in the micrograph in Figure 8.2(a) on the wear surface

Table 8.1 Mechanical properties of selected ceramics

Mechanical properties Alumina
(99.8%)

Alumina
(99.5%)

Silicon nitride
(HIP)

Silicon carbide
(sintered)

Vickers hardness (GPa) 15�0 14�7 19�6 36
Elastic modulus (GPa) 345 372 310 406
Poisson’s ratio 0�22 0�22 0�28 0�14
Fracture toughness (MPa m1/2� 3�2 3�0 3.9–5.4 3�7
Flexural strength (MPa) 331 262 1000 400

The values listed in the table were obtained from several references [8, 14, 15, 19].
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Figure 8.1 Wear transition diagram for a 99.8% alumina [8]. Self-mated, reciprocating, ball-on-flat
tests in air; sliding speed: 1.4 mm/s, ball diameter: 12.7 mm, polished surfaces, Ra: 0.1–0.2 �m
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Figure 8.2 Micrographs of alumina wear tracks: (a) Region I, reaction with water; (b) Region II,
plowing and onset of microfracture; and (c) Region IV, microfracture [8]
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of alumina. At intermediate temperatures (200�C< T <800�C), wear behavior depends
on contact load. At low loads in Region II, wear occurs by plastic flow and plowing
(Figure 8.2(b)); friction and wear are low, similar to those observed at the lower temperatures.
At loads higher than 20 N, in Region IV, severe wear by intergranular fracture (Figure 8.2(c))
results in a friction coefficient of 0.85 and a wear coefficient larger than 10−4. A fracture
mechanics model [10] has confirmed that the observed mild to severe wear transition at
the intermediate temperatures is controlled by propagation of microcracks from pre-existing
near surface flaws. At temperatures above 800�C (in Region III), both the coefficient of
friction and wear coefficient are low because of the formation of a thin surface layer from
diffusion and viscous flow of the silica glass grain boundary phase. The transition from mild
to severe wear is sensitive to the sliding speed [11, 12]. For example, for a 99.7% purity
alumina tested under a constant load of 10 N, the wear increases by more than two orders
of magnitude as the speed is increased from 0.003 to 0.3 m/s [12]. Considering the high
wear associated with the wear transition, it is clear that the use of alumina ceramics should
be avoided under contact conditions that promote microfracture. The wear rate and the wear
transition are both influenced by the grain size [13] and the glass content [11] due to the
effect of these parameters on the fracture toughness of aluminas.
The transition from mild to severe wear is also observed in lubricated tests with

hydrocarbon fluids. Figure 8.3 shows typical data obtained for a 99.5% alumina [14],
indicating abrupt increases in wear as the load reaches a critical value that depends on the
sliding speed. Observation of the wear scars before and after this transition confirmed that
severe wear had occurred through a microfracture process similar to the unlubricated tests.
The results in Figure 8.3 were obtained using a step-loading four-ball test configuration with
pure paraffin oil as the lubricant. The transition load is higher for the low-speed lubricated
contacts compared with the unlubricated tests in Figure 8.1. The transition load in Figure 8.3
decreases from 60 to 20 N as the rotational speed of the upper ball is increased from 8 rpm
(0.0031 m/s) to 1000 rpm (0.38 m/s). The friction coefficient prior to transition was about
0.10, independent of speed, and therefore an influence from elastohydrodynamic lubrication
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Figure 8.3 Wear transition in a 99.5% alumina under lubrication [14]. Self-mated, four-ball tests
with a light paraffin oil, viscosity: 27.4 cSt, ball diameter: 12.7 mm, Ra: 0.1–0.2 �m, room temperature
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can be ruled out. The reduction in the transition load is possibly due to thermoelastic stresses
as the contact temperature increases at higher speeds.

8.3.2 Silicon Nitride

The wear transition diagram for a hot-isostatically pressed silicon nitride in low-speed,
self-mated, ball-on-flat, unlubricated tests in air comprises five regions, Figure 8.4 [15].
The boundaries (the cross-hatched area) between the five regions are broader than those
in alumina. At low loads and relatively low temperatures (T < 400�C) in Region I, the
tribological behavior is controlled by formation of silicon hydroxide on the wear track [16],
with a friction coefficient of 0.30 and a wear coefficient of approximately 10−4. Formation
of hydrated silicon oxide has been confirmed by FTIR, electron loss spectroscopy, X-ray
diffraction, and Auger spectroscopy [16]. Cylindrical wear debris formed from the hydroxide
film is shown in Figure 8.5(a). In Region II (400�C<T< 700�C), selective oxidation of WC
inclusions controls the wear behavior. Formation of crystalline precipitates from amorphous
magnesium silicate grain boundary phase controls the wear process in Region III (700�C<

T < 900�C), where both the friction coefficient and wear coefficient increase. Oxidation of
silicon nitride controls the wear behavior in Region IV (T > 900�C); the friction coefficient
is approximately 0.70 and the wear coefficient increases to 10−2. In Region V, similar to
alumina, microfracture is the primary wear mechanism, Figure 8.5(b). The friction coefficient
in this region is approximately 0.80 and the wear coefficient is very high at 10−2. The critical
load for onset of microfracture decreases from about 14 to 3 N as the temperature increases
to 900�C. This transition is associated with an increase in wear by two orders of magnitude.
Unlike alumina, the transition load in silicon nitride is less sensitive to an increase in speed
[17]. The high loads in Region V must be avoided because of large wear coefficients when

100

10

1
0 200 400 600 800 1000

Temperature (°C)

f = 0.80 K = 10–2

f = 0.30 K = 10–4
f = 0.45 K = 10–4 f = 0.67

f = 0.70

K = 10–3 K = 10–2

I
II

III

IV

V

L
oa

d 
(N

)

Figure 8.4 Wear transition diagram for a hot-isostatically pressed silicon nitride [15]. Self-mated,
reciprocating, ball-on-flat tests in air; sliding speed: 1.4 mm/s, ball diameter: 12.7 mm, polished
surfaces, Ra: 0.1–0.2 �m
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Figure 8.5 Micrographs of silicon nitride wear tracks: (a) Region I, reaction with water; and
(b) Region V, microfracture [15]

wear occurs by microfracture. The wear coefficient of the HIP silicon nitride (Figure 8.4)
is too high even under low load conditions. Lubrication is, therefore, necessary to control
wear of this silicon nitride.
Pure hydrocarbon fluids (e.g. hexadecane) and boundary lubricant additives (e.g. stearic

acid) are effective in reducing the coefficient of friction (to 0.10 or lower) and reducing the
wear coefficient (to 10−5 or lower) by preventing the microfracture wear mode [16]. In another
study [18] where step-loading four-ball tests were used, a pure paraffin oil increased the
transition load of an HIP silicon nitride to 100 N and above depending on the rotational speed.

8.3.3 Silicon Carbide

The wear transition diagram for a sintered silicon carbide in low-speed, self-mated, ball-
on-flat, unlubricated tests in Figure 8.6 shows four regions [19]. At room temperature, high
loads, and high relative humidities, friction coefficient is approximately 0.23 and the wear
coefficient is 10−3. In Region I, tribochemical reaction between water vapor and silicon
carbide controls the tribological behavior. The tribochemical reactions with water form a
continuous thin film on the wear track, Figure 8.7(a). This film fractures during examination
in the high vacuum of SEM forming microcrack networks that are similar to “mud cracks.”
As the humidity decreases from about 70 to 30%, the friction coefficient increases to 0.70.
In Region II, wear occurs by plowing, Figure 8.7(b), and the friction coefficient is 0.63,
irrespective of humidity. Both friction and wear decrease in Region III due to oxidation of
silicon carbide and formation of large cylindrical debris on the wear track. At high loads
in Region IV, wear occurs by microfracture, Figure 8.7(c), resulting in a high coefficient
of friction and wear coefficient. There is only a slight difference in the behavior of wear
debris in the two parts of Region IV. At low temperatures, the wear debris appear loosely
attached to the surface, whereas at higher temperatures, some of the debris form compacted
regions. The mild to severe wear transition and associated change in the wear mechanisms
to microfracture occurs at a load of 7 N, irrespective of temperature. The wear coefficient
of this silicon carbide increases only by one order of magnitude. Lubrication with paraffin
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Figure 8.7 Micrographs of silicon carbide wear tracks: (a) Region I, reaction with water; (b) Region
II, plowing; and (c) Region IV microfracture [19]
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oil increases the transition load to 130–270 N depending on the rotational speed used in
step-loading four-ball tests [20].

8.4 Damage Formation in Hertzian Contacts

To ensure reliable performance, tribological contacts must be designed to operate in the mild
wear region. Therefore, it is necessary to predict the transition load during the design process.
Various models have been suggested in the literature for the prediction of ceramic wear rates
[13, 21–23]. Most of these models relate wear to the hardness, elastic modulus, and fracture
toughness of the ceramics and therefore model the wear process in the microfracture region.
Although these models are useful as they delineate the importance of microstructure and
mechanical properties, after transition to microfracture occurs, the wear rate is unacceptably
high, and there is no longer a need to predict the wear rate. It is, however, crucial to predict
the critical load for the onset of contact failure, i.e. transition from mild to severe wear.
The process of damage formation leading to microfracture in a sliding contact is similar

to the types of damage formed in Hertzian contacts, i.e. normal indentation with a spherical
body on a flat surface. Recent studies have confirmed that above a critical indentation load,
ceramics can exhibit either brittle or quasi-plastic behavior, depending on the microstructure
and indenter radius [24–29].

8.4.1 Brittle Behavior

When a spherical solid is pressed against an opposing planar surface, the stress field is
initially elastic, and classical Hertzian stress calculations can be used to analyze the stress
distribution within the stressed half-plane. Beyond a critical load, the material undergoes
irreversible deformation and/or fracture. In brittle materials such as glasses and fine-grain
polycrystalline ceramics, a ring crack is initiated in the tensile region just outside the circle
of contact produced by the indenting sphere [30]. This crack propagates downward and
outward into the material (Figure 8.8) producing a surface-truncated cone-shaped crack.
The critical load, PC, for the formation of cone cracks, i.e. brittle behavior, is determined

by assuming that the condition for crack initiation/extension is related to the stress intensity
factor associated with the tensile stresses at the contact circle [29]:

PC/r
′
= AT 2/E′ (1)

where r ′ is the radius of the ball in contact with a flat surface, T is the fracture toughness
(i.e. KIC assuming single-valued toughness), and E′ is the modulus of elasticity. For a
contact between two dissimilar materials and two curved surfaces: 1/E′

= 1/E1+1/E2 and
1/r ′ = 1/r1+1/r2. In equation (1), A is related to the Poisson’s ratio, �, and can be obtained
by experimental calibration. The critical loads for contact fracture in several ceramics that
exhibit brittle behavior are shown in Figure 8.9 [29]. The solid line in the figure is the best
fit to equation (1) corresponding to a calculated value A= 8�6×103.

8.4.2 Quasi-Plastic Behavior

Hertzian indentations produced in coarse-grain polycrystalline alumina [24, 25], coarse-
grain silicon nitride [26], and mica-containing glass ceramics [27] depart radically from the
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Figure 8.8 Types of damage formed in Hertzian contacts; C: cone cracks (brittle behavior) and Y:
plastic yield (quasi-plastic behavior) [29] (Figure reproduced from original publication with authors’
permission)
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classical brittle fracture pattern. In these ceramics, the cone crack is suppressed in favor
of distributed damage below the contact. The subsurface damage, which occurs in regions
corresponding to high compression/shear expected for plastic deformation (Figure 8.8),
consists of intragrain twin/slip bands and grain-localized intergranular microfracture.
Microcracks are nucleated in crystalline materials by three principal mechanisms in a
plastically deforming field: dislocation pile-ups, twin intersections, and strain incompatibility.
The microcrack nucleation mechanism in a purely elastic field has not been clearly identified.
It is possible that, even in an elastically deforming region, localized microplastic deformation
leads to microcrack nucleation by one of the plastic nucleation processes.
For the quasi-plastic mode, the critical load, PY, for onset of failure is calculated assuming

that damage formation is driven by the shear component of the Hertzian stress field and that
hardness can be used as a predictor for plastic yield [29]:

PY/r
′
2
=DH�H/E′�2 (2)

where H is the hardness. The dimensionless constant D is related to the Poisson’s ratio and
can be determined experimentally. Note that PY depends on r ′

2
while PC depends linearly

on r ′. The critical load for onset of quasi-plasticity for several ceramics as well as for mild
steel and polycarbonate is shown in Figure 8.10 [29]. The solid line is best fit to equation (2)
corresponding to D= 0�85. (The data for silicon nitrides in Figure 8.10 were excluded from
the best-fit analysis because the softer tungsten carbide balls used in the experiments were
flattened during indentation resulting in higher indentation loads for quasi-plasticity.)
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8.4.3 Brittleness Index

The transition from traditional brittle behavior (i.e. formation of cone cracks) to a quasi-
plastic behavior (i.e. distributed microfractures) depends on the microstructure of the material
being stressed; for example in alumina, the transition occurs above a threshold grain size
[25]. The competition between brittle fracture and quasi-plasticity can be expressed as a
brittleness index: the ratio of critical loads for quasi-plastic yield and initiation of cone
cracks, from equations (1) and (2) [29]:

PY/PC = �D/A��H/E′��H/T�2r ′ (3)

For a given ball radius, the response is brittle if PY/PC > 1 and quasi-plastic if PY/PC < 1.
The ratio PY/PC is displayed in Figure 8.11 versus the brittleness index for a series of
materials tested using a ball radius of 3.18 mm [29]. Note a strong size effect manifested
in the value of r ′. The predicted line for PY/PC = 1 translates to left or right for smaller
or larger values of r. Smaller ball radius increases the Hertzian contact stress and promotes
plasticity. This is an important phenomenon as in the contact between rough surfaces the
asperity radius of curvature may promote plasticity rather than contact fracture at the asperity
scale, a fact supported by numerous experimental observations.
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8.5 Transition Loads in Sliding Contacts

The previous analysis for the prediction of transition load for the two contact damage modes
should be modified for sliding contacts to account for the addition of friction. In the following
theoretical analysis [10], the state of stress under a sliding contact with friction is determined,
and the conditions for the onset of subsurface plastic flow (leading to microcrack initiation,
i.e. quasi-plastic behavior) are analyzed. Linear elastic fracture mechanics is then used to
analyze the process of contact fracture by propagation of microcracks from pre-existing
flaws located in the tensile zone behind a moving contact with friction.
Analysis of stresses in a sliding contact should consider both the stress distribution

associated with the apparent contact and the asperity contacts. Microcontact models [31–34]
have shown that pressure at the real area of contact is related to the surface roughness.
Rough surfaces produce microcontact pressures that are much larger than the calculated
Hertzian pressure. However, the deviation of microcontact pressure from the Hertzian
pressure calculation is small for polished smooth surfaces [34]. Therefore, the following
analysis, while applicable to contacts between polished surfaces, should be used with caution
if applied to rough surfaces.

8.5.1 Quasi-Plastic Behavior

Explicit equations developed by Hamilton and Goodman [35] for the stress field due to a
circular contact region under a hemispherical normal pressure and tangential traction were
recently refined and simplified by Hamilton [36]. These equations are not repeated here due
to their length. However, it is instructive to examine certain important features of the stress
state relevant to the wear process.
For a purely normal loading contact between a spherical body and a semi-infinite plane,

the maximum tensile stress occurs on the circumference of the contact circle. Sliding with
friction adds a compressive stress to the front edge and intensifies the tensile stress at the
trailing edge of the contact. The influence of tensile stresses on the formation of cone cracks
was described in Section 8.4 for normal indentation and it will be discussed in the following
section for sliding contacts with friction.
The necessary condition for initiation of plastic deformation is analyzed by using the stress

distribution to calculate the second stress invariant J2. The condition for plastic deformation,
as well as the location for the initiation of plastic flow, is then determined by invoking the
von Mises yield criterion. To analyze the conditions for initiation of plastic flow, the second
stress invariant, J2, is first calculated for a sliding contact, in this case between a ball and a
flat surface. The elastic constants, E and �, are assumed to be independent of temperature
to simplify the calculations. It is also assumed that the yield stress can be approximated
by a value equivalent to one-third of the indentation hardness. This assumption is based
on perfectly plastic slip-line field analysis, and there is ample evidence in its support for
metallic alloys [37]. It is used here as a first approximation for ceramics, in the absence of
any other reliable criteria.
It can be shown that the maximum yield parameter normalized with respect to the

maximum contact pressure �J
1/2
2 /P0� raised to the power of 3 is similar in form to

equation (2). Therefore, the transition load for quasi-plastic deformation with contact friction
can be expressed as

PY/r
′
2
=DH�H/E′�2h�f� (4)
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The constant D depends on the value of Poisson’s ratio and decreases from 0.89 to 0.76 as
the Poisson’s ratio is increased from 0.2 to 0.3. The experimental results of Rhee et al. [29]
on several ceramics suggested that D= 0�85, equivalent to using an average Poisson’s ratio
of 0.22.
In a sliding contact between a sphere and a flat plane, the location of flow initiation

depends on the magnitude of the coefficient of friction [36]. For f = 0, plastic flow initiates
below the contact surface and moves toward the surface as f increases. At f ≥ 0�33, plastic
flow initiates on the surface at the trailing edge of the contact circle, i.e. at the same location
as the maximum tensile stress. To a first approximation h(f ) in equation (4) can be written as

h�f�= 1 for 0 ≤ f ≤ 0�33 (5a)

h�f�= �3f�−3 for f ≥ 0�33 (5b)

These equations imply that plastic flow is not sensitive to the coefficient of friction when
plastic yield occurs below the surface at 0 ≤ f ≤ 0�33. However, when the location of first
yield occurs on the surface at f ≥ 0.3, the critical load for onset of quasi-plasticity decreases
with friction.
It is important to note that the critical load for onset of quasi-plasticity depends strongly

on hardness (i.e. hardness raised to the power of 3). The measured values of hardness are
sensitive to the specific test methods used for their determination and can decrease by 20 to
30% as the indentation load is increased [38]. Therefore, published hardness values should
be used with caution, and comparisons between different ceramics should be made only if
the hardness has been measured using a consistent and/or standard test method.
The calculated values of the critical loads for onset of quasi-plasticity both for a Hertzian

contact, P 0
Y , and a sliding contact, P f

Y , are listed in Table 8.2. This table also includes the
experimentally determined values of the transition loads and the coefficients of friction prior
to transition for alumina (unlubricated and lubricated), silicon nitride, and silicon carbide,
based on the data in Figures 8.1, 8.3, 8.4, and 8.6. The calculations assumed self-mated
contacts between a ball of 6.35 mm radius with a smooth flat surface (for unlubricated tests)

Table 8.2 Transition loads for brittle fracture and quasi-plastic behavior at room temperature

Transition load
Expt. (N)

f P 0
Y (N) P

f
Y (N) P 0

C (N) P
f

C (N) P 0
Y /P

0
C P

f
Y /P

f
C

Alumina (99.8%) 20 0�60 920 156 1500 8 0.6 19
Alumina (99.5%) 60 0�10 310 310 600 85 0.5 4
Silicon nitride (HIP) 10 0�30 2570 2570 2300 23 1.1 111
Silicon carbide (sintered) 7 0�67 9240 924 1700 11 5.4 84

f : average coefficient of friction from experiments
P 0
Y : critical load for quasi-plasticity assuming zero friction

P
f

Y : critical load for quasi-plasticity using the experimental values of f
P 0
C : critical load for brittle fracture assuming zero friction

P
f

C : critical load for brittle fracture using the experimental values of f
P 0
Y /P

0
C : brittleness index for Hertzian contacts assuming zero friction

P
f

Y /P
f

C : brittleness index for sliding contacts using the experimental values of f



Wear of Ceramics 183

and with a ball of the same radius (for lubricated tests) using the physical properties for
each material listed in Table 8.1. The hardness values used in the analysis were determined
using the same indentation loads. The calculated critical loads for quasi-plasticity, P 0

Y , in the
absence of friction range from 310 to 9240 N due to the differences in physical properties of
the selected ceramics and the contact radius. The addition of friction reduces the critical yield
loads, P f

Y , when f ≥ 0.33. However, the calculated values are larger than the experimentally
obtained transition loads by at least one order of magnitude. This discrepancy indicates that
the onset of quasi-plasticity cannot explain the mild to severe wear transition for the selected
ceramics.

8.5.2 Brittle Behavior

Chiang and Evans [39] used linear elastic fracture mechanics to analyze the propagation
or extension of pre-existing microcracks by the tensile component of stress. Their analysis
applies to a homogeneous, isotropic, and linear elastic semi-infinite plane subjected to a
combination of normal and tangential surface forces, similar to the stress state solution of
Hamilton and Goodman [35]. The analysis procedure consists of prescribing the state of
stress and assuming that a pre-existing surface flaw with a semi-circular crack plane is
located at the trailing edge of the contact circle. The crack is assumed to be located on a plane
normal to the surface. To predict the condition for crack extension, first the stress intensity
factor, K, for such a crack is determined. It is assumed that the crack propagates when K

becomes equal to or exceeds the critical stress intensity factor, Kc. The stress intensity factor
is calculated by integrating the Sx component of prior stress over the crack. (Prior stress is
defined as the stress at the crack location, in the absence of the crack, from the Hamilton
and Goodman solution.) Allowing K = Kc for crack extension, an equation is obtained for
the critical normal load for the occurrence of contact fracture. This equation is based on
maximum flaw size for unstable crack growth and calculates a lower bound to the load
necessary for fracture. The calculated load is a linear function of ball radius r and inversely
related to the elastic modulus E of the contacting materials. The critical load Pc for the onset
of brittle fracture is similar in form to equation (1).

Pc/r
′
= A�K2

c/E
′�g�f� (6)

The constant A is approximately 7�5×103 which is very close to the value determined by
Rhee et al. [29] in equation (1). An important feature of this equation is the dependence of
contact fracture load on the coefficient of friction. Although an explicit equation was not
provided by Chiang and Evans [39], the form of this relationship based on the dependence
of maximum tensile stress on friction [36] can be written as

g�f�= �1+Bf�−3 (7)

where B depends on the value of Poisson’s ratio. It can vary from 8 to 12 as the Poisson’s
ratio increases from 0.2 to 0.3. The cubic relationship in equation (7) demonstrates a strong
influence of friction and Poisson’s ratio on the critical load for brittle fracture.
The critical load for onset of brittle fracture is sensitive to the fracture toughness (i.e.

toughness raised to the power of 2). The value of fracture toughness is highly influenced
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by the measurement technique and the initial crack size used for toughness measurement
[40–42]. Therefore, published values of toughness should be used with great caution.
It is well established [30] that many polycrystalline ceramics exhibit an R-curve

behavior (i.e. dependence of toughness on the initial crack size). Experimental data clearly
show that while homogeneous materials such as glasses exhibit a single-value toughness,
microstructural inhomogeneities such as coarse grains and second phases produce resistance
toward an extending crack and result in an increase in toughness [43]. In some cases, the
toughness is four times higher in the long-crack regime [44]. Since wear in most structural
ceramics occurs by crack propagation at a scale equivalent to only a few grain diameters, it
is clear that the short-crack toughness should be used in the analysis of wear transition.
The calculated values of the critical loads for brittle fracture for Hertzian contacts, P 0

C ,
and for sliding contacts, P f

C , are listed in Table 8.2. The addition of friction drastically
decreases the calculated loads for onset of brittle fracture. The predicted values range from
8 to 85 N compared with the experimental transition loads of 7 to 60 N. The difference
between the predicted critical loads and the experimental values by a factor of about 2 is
reasonable considering the simplifications made in the analysis.

8.5.3 Transition from Brittle Fracture to Quasi-Plasticity

The competition between brittle fracture and quasi-plasticity for sliding contacts can be
expressed as a brittleness index, i.e. the ratio of equations (4) and (6), similar to the approach
used for Hertzian contacts [29].

PY/PC = �D/A��H/E′��H/T�2r ′k�f� (8)

The response is brittle if PY/PC > 1 and quasi-plastic if PY/PC < 1. The influence of friction
is denoted by k�f�= h�f�/g�f�, or

k�f�= �1+Bf�3 for 0 ≤ f ≤ 0�33 (9a)

k�f�= ��1/f +B�/3�3 for f ≥ 0�33 (9b)

Note that brittle behavior is promoted for a larger r, smaller toughness, lower elastic modulus,
and higher hardness. Equations (9a) and (9b) suggest that quasi-plastic behavior is promoted
as the coefficient of friction or the constant B (i.e. the Poisson’s ratio) is increased when
f ≤ 0.33. However, as the coefficient of friction increases, its influence diminishes relative
to the effect of Poisson’s ratio.
The brittleness indexes for Hertzian contacts and sliding contacts with friction are

compared in Table 8.2. The brittleness indexes for Hertzian contacts are near unity for
alumina and silicon nitride, indicating a possible mixed damage mode consisting of both
brittle fracture and quasi-plasticity. However, addition of friction increases the brittleness
index by one to two orders of magnitude, suggesting a brittle behavior for the sliding contacts.
A brittle behavior is predicted for the silicon carbide, irrespective of friction. The results of
this analysis are consistent with the experimental observations confirming that the transition
from mild to severe wear for the selected ceramics occurs by a brittle fracture process that
initiates under the influence of tensile stresses at the trailing edge of contact circle. Therefore,
the mechanics analysis presented here provides a simple means for predicting contact failure
in low speed sliding.
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8.6 Ceramics in Tribological Applications

Implementation of ceramics in engineering applications requires experience in designing with
brittle materials, design data, field performance data, and performance and failure prediction
methods. Selection of materials for tribological applications should be based not only on
friction and wear behavior, but also on other application requirements such as strength,
fatigue resistance, corrosion resistance, dimensional stability, thermal properties, reliability,
ease of fabrication, and cost.
A common feature for most ceramics in tribological applications is their excellent wear

resistance – often three to four orders of magnitude better than that of metals. This advantage,
however, is lost at higher contact loads because of severe wear and larger coefficients of
friction. The transition from mild to severe wear, for a given material, depends on the sliding
velocity and temperature, as well as on the coefficient of friction, which can be modified by
tribochemical reactions and lubrication. Therefore, design of ceramic tribological contacts
requires data regarding their tribological behavior and models to predict the transition from
mild to severe wear.
Reliable data and fundamental knowledge on the mechanisms of friction and wear are

essential for developing guidelines for design and material selection. The wear transition
diagrams discussed here and the wear maps [45, 46] serve as simple and easy-to-use tools for
predicting the performance of different ceramics under service conditions. These diagrams
clearly show the varied tribological performance based on different sets of fundamental
mechanisms, and alert the designer to the conditions that could promote catastrophic failures.
The simple mechanics analysis outlined here can be used to predict the onset of severe wear

in ceramics under low speed sliding. It is, however, important to recognize the limitations of
such analysis. The contact model is based on the assumption of “smooth” contacts, i.e. the
presence of asperities is not included. The analysis should be modified for rougher surfaces.
The contact stress calculations are based on the assumption of a homogeneous elastic
material; it may not apply to composites and layered materials (e.g. films and coatings).
The model should be modified to include the effect of thin layers (e.g. tribochemical film)
on stress distributions below the contact. The analysis does not account for thermoelastic
stresses that may develop at high sliding speeds, nor does it consider the influence of residual
stresses either due to processing or developed during sliding. It is also important to note that
transition to severe wear by microfracture could occur by extension of several smaller cracks
or by interactions between surface and subsurface microcracks rather than by extension
of a single crack, thus making the precise prediction of contact fracture more complex.
Another important issue that should be considered is the potential effect of machining damage
[47] on wear of ceramics [48]. Other issues such as the possibility for subsurface damage
accumulation due to cyclic nature of sliding wear [49] and its effect on contact failure
[50–52] are important factors that limit our ability to make more accurate predictions.
To maintain low friction and avoid severe wear, lubrication is often required.

Tribochemical reactions between ceramic surfaces and water vapor provide a natural
opportunity for lubrication of ceramics [53]. However, the adsorption tendency of water is
reduced as the temperature is increased to about 200�C and the formation of oxides is favored
over the hydroxides. The temperature limit may be shifted to lower temperatures at larger
loads and higher speeds, due to increased contact temperatures. The coefficient of friction
can be also controlled through boundary lubrication due to adsorption of hydrocarbons or
chemical reactions of certain chemical compounds with the sliding surface [54–57]. Other
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schemes used for lubrication of ceramics include solid lubricating coatings [58, 59], supply of
reacting lubricants through a gas stream [60], deposition of carbonaceous layers by catalytic
decomposition of hydrocarbons [61], and self-lubricating ceramic matrix composites [62, 63].
Water, under certain sliding conditions, is also an excellent lubricant for silicon nitride and

silicon carbide. Tomizawa and Fischer [64] in a seminal article presented convincing results
that the coefficient of friction for self-mated silicon nitride in water decreases to a value less
than 0.002 at sliding speeds higher than 60 mm/s. Since the worn surfaces were extremely
smooth, they attributed the low friction to the initiation of hydrodynamic lubrication by a thin
water film at the interface. Since no wear debris was observed in the water, they suggested that
wear of silicon nitride occurred through tribochemical reactions and dissolution of reaction
products (i.e. (SiOx) nH2O) in water. The formation of tribochemical reaction products on
the wearing surfaces and the role of the hydrated oxides on the tribological properties of
silicon nitride have been confirmed through several investigations [15, 16, 65, 66].
The unique low-friction behavior of silicon nitride has been confirmed by Xu et al. [67]

and Chen et al. [68] in a series of studies that included a narrow range of loads, speeds,
and temperatures. They reported a coefficient of friction below 0.03 after the run-in period.
The low friction was only obtained at higher speeds and lower loads. The coefficient of
friction remained high at about 0.5 when the water temperature was raised above 50�C
[69]. The low friction was attributed to a combination of hydrodynamic lubrication due to
the smooth surfaces and boundary lubrication due to the presence of colloidal silica on the
wearing surfaces and was confirmed by introducing an additive to water that accelerated the
formation of silica and reduced the run-in period [69].
Data by Kato and Adachi [70] showed that the initial surface roughness must be 10 nm or

less for the low-friction behavior to occur. Saito et al. [71] have shown that the run-in period
necessary for the transition from high- to low-friction behavior for self-mated silicon nitride
depends on both the surface roughness and the sliding speed. The run-in period was shorter
for a lapped surface (Ra = 10 nm) compared to a surface finished by grinding (Ra = 130
nm). They also showed that the friction remained high (about 0.8) at speeds above 130mm/s
for both surface finishes. Jahanmir et al. [72] recently showed that low-friction behavior of
silicon nitride in water, however, can be unstable and occasional high-friction spikes can
occur under certain sliding conditions. More recently, Heshmat and Jahanmir [73] confirmed
that low coefficient of friction can be achieved also for silicon nitride sliding against silicon
carbide in steam and showed that the coefficient of friction increases to a high value (about
0.6) as the speed is raised above 1000 mm/s.
The fundamental understanding of the wear mechanisms discussed in this chapter also can

be used to improve the performance of ceramics by making changes in the composition and/or
microstructure. Modifications that increase the fracture toughness should result in increasing
the transition load. Approaches to improve fracture toughness include transformation
toughening and control of microstructure and the grain boundary phase [30]. Since the short-
crack toughness controls the microfracture process at sliding contacts, only the approaches
that increase toughness in the short-crack range are beneficial. Changes in the composition
of the grain boundary phase can result in improved short-crack toughness and may result in
lubrication if the grain boundary phase can form a thin surface film under certain operating
conditions. In alumina, diffusion and viscous flow of the glassy grain boundary phase at high
temperatures are beneficial in reducing the coefficient of friction and avoiding the transition
to severe wear. In silicon nitride and silicon carbide, however, oxidation reactions associated
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with the impurities and grain boundary phases tend to increase the wear rate. Since oxidation
reactions and diffusion processes are thermally activated, an increase in the sliding speed or
the contact load may accelerate these processes. However, thermoelastic stresses generated
at higher speeds and increased wear at higher loads may override the beneficial effects.
Because of the pronounced effects of such minor chemical compositions on tribological
performance, it is important to select ceramics carefully for each application.
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Tribology of Diamond and
Diamond-Like Carbon Films:
An Overview

A. Erdemir and Ch. Donnet

Abstract

Detailed tribological studies on diamond and diamond-like carbon (DLC) films have
confirmed that they are inherently self-lubricating and resistant to erosion and abrasive and
adhesive wear. Because of their high chemical inertness, they are also very resistant to
corrosion and oxidation (even at fairly elevated temperatures). The combination of such
exceptional qualities makes these films ideal for a wide range of demanding tribological
applications (microelectromechanical systems, cutting tools, mechanical seals, magnetic hard
disks, invasive and implantable medical devices, etc.). These films, available for more than
three decades, have been used extensively for tooling and magnetic-hard-disk applications.
Their potential in other application areas is currently being explored around the world. With
the development of new and more robust deposition methods in recent years, it is envisioned
that the production of high-quality diamond and DLC films will become very cost-effective
and reliable for large-scale applications in the medical, transportation, and manufacturing
sectors.
In this chapter, sliding friction and wear mechanisms of diamond and DLC films will

be presented. Specifically, it will be shown that, in general, the wear of these films is
extremely low (mainly because of their exceptional hardness and low-friction characteristics).
Specific test conditions established during each sliding test, however, may dramatically
affect the wear performance of certain diamond and DLC films. One of the dominant
wear mechanisms relates to a phase transformation that is primarily the result of very high
mechanical and thermal loadings of sliding contact interfaces. The transformation products
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(such as disordered graphite) trapped at the sliding interface may transfer to the mating
surface and significantly affect their friction and wear behavior. This chapter describes, in
terms of structural and fundamental tribological knowledge, the ideal film microstructures and
chemistry, as well as operational conditions under which diamond and DLC films perform
best and provide superlow friction and wear properties in sliding tribological applications.
Present and future potential applications for these films are also highlighted.

9.1 General Overview

Diamond and diamond-like carbon (DLC) films offer numerous outstanding properties that
make them ideal candidates for a wide range of industrial applications. In particular, their
extreme hardness (diamond is harder than any other known material), chemical inertness
(they resist attack by almost all known acids and bases), and inherently low friction and
wear coefficients make them very desirable for a wide range of demanding applications that
involve sliding, rolling, and rotating contacts between moving mechanical surfaces. Because
of their high hardness, these films hardly wear at all under normal operating conditions
(i.e. open air and moderate temperatures and sliding velocities). However, under extreme
conditions (i.e. high temperatures, vacuum, and high sliding velocities), they may experience
high friction and wear losses.
Diamond films can be grown on certain ceramic and metallic substrates such as Si and

W and their carbides by chemical vapor deposition (CVD) methods. DLC coatings can be
produced on virtually all kinds of metallic and ceramic substrates by several CVD and
physical vapor deposition (PVD) methods, such as plasma-enhanced CVD, sputtering, ion
plating, and laser ablation [1–3]. Gas discharge plasmas used in these processes consist
mainly of hydrocarbon gases (as the carbon source) and hydrogen or argon. Solid carbon
materials (such as graphite) can also be used for the extraction of carbon for film growth. The
deposition parameters are controlled very carefully to dissociate the hydrogen/hydrocarbon
mixtures into ionic or highly energetic species that are essential for the initial nucleation
and subsequent growth of solid diamond and/or DLC films. The use of hydrogen and/or
argon is critically important for the initial nucleation and subsequent growth of micro- or
nanocrystalline diamond films, whereas the energetic carbonaceous species are considered
key to the synthesis of DLC films. Figure 9.1 illustrates the available types of carbon films,
with respect to their sp2 and sp3 bond characteristics and hydrogen content [4].
The synthesis of high-quality diamond films requires rather high temperatures

(i.e. 600–950�C), whereas DLC films can be deposited at room or even at subzero
temperatures. Most diamond films consist of large columnar grains, with tetrahedrally bonded
carbon atoms. Such a structural anisotropy may cause some weaknesses along the large
columnar grains, but the grains themselves exhibit most of the desired properties of natural
diamonds. Unlike diamond, DLC coatings are structurally amorphous. Depending on the
carbon sources (such as methane, acetylene, ethylene, and cyclohexane) they may contain
considerable amounts of hydrogen. Films derived from solid carbon sources are essentially
hydrogen-free. They can be diamond- or graphite-like, depending on the deposition method
or conditions.
Since the initial syntheses of diamond and DLC films in the early seventies, researchers

have made great strides in the deposition, characterization, and diverse utilization of
these films [5–9]. Although some applications are still in the exploratory stages (such as
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Figure 9.1 Ternary phase diagram for carbon films (after Ferrari and Robertson [4]). UNCD refers
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microelectromechanical systems, or MEMS), others have been fully developed and are
offered on a commercial scale (such as diamond-coated cutting tools, DLC-coated razor
blades, automotive parts and components, mechanical seals, surgical tools, magnetic hard
disks, biomedical implants, optical windows, heat spreaders, sensors, acoustic-wave filters,
flat-panel displays, photomultiplier and microwave power tubes, night vision devices, and
various sensors). Because it exhibits high thermal conductivity and electrical insulation,
diamond is used as a heat sink in X-ray windows, circuit packaging, and high-power
electronic devices. The high chemical stability and inertness of diamond and DLC make them
ideal for use in corrosive environments and prosthetic devices that require biocompatibility
[9–12]. Recently, our fundamental understanding of the chemistry and tribology of these
films has increased tremendously. This understanding has been used to design and customize
better coatings that are capable of meeting the multifunctional property needs of increasingly
demanding tribological applications [1, 13]. Besides phase-pure diamond and DLC films,
metallic and nonmetallic species have been introduced into diamond and DLC structures to
achieve better electrical, mechanical, and tribological properties [14, 15].
The goal of this chapter is to provide an overview of recent developments in friction

and wear studies of diamond and DLC films that are used for a wide range of engineering
applications. The major emphasis is on the sliding friction and wear mechanisms of these
films in various test environments and at high temperatures. Current and future applications
for both films are also presented. In terms of structural and fundamental tribological
knowledge, the chapter also describes deposition conditions that lead to the synthesis of
highly optimized films that have superlow friction and wear in various industrial applications.
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9.2 Diamond Films

About 30 years ago, researchers discovered that diamond can be grown as a thin overcoat on
various substrates at fairly low deposition pressures (102–103 Pa) from hydrocarbon/hydrogen
gas mixtures by CVD methods [16]. Despite such a long time having passed, interest in these
films has remained very high. With its super hardness, stiffness, chemical inertness, and
thermal conductivity, diamond represents an ideal material for demanding multifunctional
applications. Besides their exceptional mechanical, chemical, and thermal properties, sliding
diamond surfaces provide some of the lowest friction and wear coefficients. The combination
of these qualities in a material is very rare but extremely desirable for demanding engineering
applications. In fact, if diamond were cheap and abundant, it would undoubtedly be the
material of choice for many applications.

9.2.1 Deposition and Film Microstructure

As mentioned above, diamond can be grown as thin films at fairly low deposition pressures
(102–103 Pa) using essentially hydrocarbon/hydrogen gas mixtures by CVD methods,
including plasma-enhanced CVD, hot-filament CVD, microwave CVD, and DC-arc jets [1,
5–9]. Plasma conditions in these methods are tailored to dissociate hydrogen/hydrocarbon
mixtures into ionic or highly energetic species that are essential for the initial nucleation as
well as subsequent growth of the diamond films. These films can be deposited on certain
metallic and ceramic substrates with excellent bonding. Typical substrate temperatures for
diamond deposition are 600–950�C. Deposition of diamond at temperatures below 600�C
has also been demonstrated, but growth rates were reduced substantially and the amount
of nondiamond phases became substantially higher. The large amounts of atomic hydrogen
(i.e. up to 99%) used in these methods during film growth caused etching of the smaller
diamond grains and prevented continuous renucleation. During the etching and renucleation,
only the grains that had attained a certain critical ratio of bulk-to-surface atoms survived.
Consequently, these films consisted of large grains with a rough surface finish. When such
films were used in a sliding application, they caused severe abrasive wear on the mating
surfaces; thus, their uses were generally limited to some tooling applications [17].
During the nineties, researchers developed effective polishing methods (e.g. laser

polishing) to achieve a smoother surface finish on diamond films [18, 19]. Such smooth
surfaces were less damaging to mating surfaces; hence, they were very desirable for sliding
wear applications. However, the polishing processes were rather slow and costly, and, in
the case of complex geometries, they were highly impractical. More recently, researchers
have developed new procedures for the deposition of very smooth (hence, less abrasive)
nanocrystalline diamond films. In one method, they used a higher-than-normal carbon-
to-hydrogen ratio in a microwave plasma. In another, they applied a DC bias to the
substrates to increase their nucleation density [20, 21]. Although growth rates were somewhat
reduced, the surface finish of the resultant diamond films was much smoother (i.e. 25 nm,
centerline average (CLA)), and their friction coefficients were 0.05–0.1, depending on
test environment. In some cases, structural analysis of the films showed the existence
of significant amounts of nondiamond phases (such as amorphous carbon or sp2-bonded
disordered graphite). By using proper seeding techniques and plasmas based on Ar–C60

and Ar–CH4 gas mixtures in a modified microwave CVD system, diamond films have
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(a)

(b)

Figure 9.2 Surface morphology of (a) microcrystalline (rough) and (b) smooth nanocrystalline
diamond films

been deposited with ultrananocrystalline grain morphology [22, 23]. The grain size of the
films is very small (5–10 nm), and their surface finish is much smoother (root mean
square surface roughness of 10–20 nm). Figure 9.2 shows the surface morphology of a
diamond film with a microcrystalline and a nanocrystalline grain structure. The images in
Figure 9.3 are the corresponding surface roughness of these films as measured by atomic
force microscopy (AFM).

9.2.2 Tribology of Diamond Films

Much effort has been spent in the past to study the tribological behavior of synthetic diamonds
with macro- (or poly-), micro-, and nanocrystalline grain structures. In general, it was found
that under most sliding situations, diamond films suffer very little wear. This finding is
thought to be due to their extreme hardness, which minimizes abrasive wear, and their
high chemical inertness, which reduces adhesive and corrosive wear. However, depending
on grain size, orientation, and surface morphology, diamond films can inflict severe wear
damage on mating surfaces [24–26].
Researchers also found that the chemistry of the test environment (relative humidity,

vacuum or inert gases, partial pressures of hydrogen and oxygen, etc.) may play significant
roles in the friction and wear performance of diamond films. The low friction and wear
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Figure 9.3 AFM images of (a) rough and (b) smooth diamond films

coefficients with diamond films are achieved only in air and relatively dry inert gases, and at
lower ambient temperatures. Whereas in vacuum and at high temperatures, friction and wear
are much higher [27, 28]. To achieve low friction and wear in vacuum, researchers have
performed additional surface engineering (such as ion implantation) and/or used appropriate
counterface materials (such as cubic boron nitride) [29].
Mechanistically, the self-lubricating nature of natural diamond and/or smooth diamond

films has long been attributed to the high chemical passivity of their sliding surface [27–32].
Figure 9.4 illustrates hydrogen-terminated diamond surfaces sliding against one another.
Hypothetically, gaseous adsorbates such as hydrogen, oxygen, or water vapor can effectively
passivate the free �-bonds of diamond on its surface. When these bonds become highly
passive, the adhesion component of friction is dramatically reduced, and hence low friction
is achieved on such smooth diamond surfaces.
Under certain sliding conditions, i.e. high thermal and mechanical loading, rubbing surfaces

of diamond films may undergo phase transformation. The transformation product is often
graphitic and thus may exert a dominant effect on friction and wear. Specifically, in inert gases
or vacuum, the presence of graphitic phase at the sliding interface may cause intermittent
or periodic friction spikes, while in moist air, graphitic phase may act as a self-lubricating
interfacial film between sliding surfaces. The extent of ambient temperature can have a
dramatic effect on the friction and wear behavior of diamond films. Specifically, at high
temperatures, the sliding surfaces of diamond films may oxidize or gradually transform into
a graphitic phase which can dominate the friction and wear of such surfaces.
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9.2.2.1 Effect of Surface Roughness on Friction and Wear

Most synthetic diamond films are highly faceted (and thus rough) and may contain some
nondiamond carbon phases such as graphite and amorphous carbon in their microstructures
(in particular, at grain boundaries). Surface roughness could be very detrimental to the
friction and wear properties of these films. Because of their extreme hardness, diamond
films hardly wear but can severely abrade much softer counterface materials during
sliding contacts. Figure 9.5 shows the surface conditions of two Si3N4 balls that were
rubbed against an uncoated and a rough diamond-coated SiC substrate. The CLA surface
roughness of this diamond film was 0.25 �m, and its crystallographic growth orientation
was <111>. As is clear, the rough diamond film caused severe abrasive wear damage
on the softer Si3N4 ball. The bulk of the wear debris particles consisted of Si3N4, which
was mostly smeared on the rough diamond surface and had effectively filled in the valleys
between tall surface asperities (Figure 9.6). Figure 9.7 shows the relationship between
friction coefficient and surface roughness of diamond films. In general, the smoother the
surface finish of diamond films, the lower the friction and wear coefficients [26, 27].
Ultrananocrystalline diamond films with a smooth surface finish, as well as laser-polished
microcrystalline diamond films, can provide very low friction and wear coefficients in sliding
contacts [33–35].
The grain morphology and/or growth orientation of diamond films can be controlled to

give a smooth surface finish. For example, the growth orientation of diamond films can be
changed from <111> to <100>, which gives a very smooth surface finish. During sliding
tests, these films cause very little wear on mating surfaces and thus afford very low friction
and wear to counterface materials during sliding, as shown in Figure 9.8. The films with a
<111> orientation are rather abrasive and can cause severe wear damage, as was shown in
Figure 9.5. Again, the high friction and wear coefficients of rough diamond films are largely
attributed to the severe abrasive cutting and plowing effects of sharp surface asperities on
the sliding surfaces of softer counterfaces. Progressive polishing of rough diamond films to
a very smooth surface finish or use of fine-grained or ultrananocrystalline diamond films
leads to low friction and wear, as shown in Figure 9.9 [34–37].
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(a)

(b)

Figure 9.5 Wear scar of Si3N4 formed during sliding against (a) rough diamond and (b) uncoated
SiC substrate

9.2.2.2 Effect of Environment on Friction and Wear of Diamond Films

Apart from the effects of physical roughness, surface chemical and/or structural changes
that occur on sliding contact surfaces of diamond films can also play a major role in their
friction and wear performance [36–39]. The extent of these changes may be dominated
by the environmental species present in the surrounding air or by the ambient temperature
[38, 39]. In open air, liquid water, or oils, smooth or polished diamond films can provide
very low friction and wear to mating surfaces (Figure 9.10(a)). However, in inert gas or
vacuum environments, the friction and wear performance of diamond films may be rather
poor (Figure 9.10(b)). Increased �-bond interactions and/or phase transformation can occur
at sliding interfaces and dominate friction and wear.
In most sliding contact situations, the actual contact occurs between sharp asperity tips

of the sliding surfaces. Under static conditions, the severity of contact pressure over these



Tribology of Diamond and Diamond-Like Carbon Films 199

Figure 9.6 Smeared or transferred wear debris particles on rough diamond surfaces
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Figure 9.7 Relationship between surface roughness and friction coefficients of diamond films [34]
(UNCD = ultrananocrystalline diamond)

asperity tips could be enormous. In the case of diamond films, some of the asperities
may either fracture or undergo irreversible phase transformations. However, under dynamic
sliding conditions, frictional heating of asperity tips can also occur and accelerate the kinetics
of phase transformation [36, 40, 41].
It is possible that the asperity tips of diamond film may first be chipped away without

phase transformation, become trapped at the sliding interface, and then undergo further wear
and phase transformation under the influence of repeated sliding passes. Diamond, which
is thermodynamically unstable, when excited thermally or by ion bombardment, can be
transformed to a more stable carbon form, such as graphite [42, 43]. Apparently, the bond
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Figure 9.9 Frictional performance of nanocrystalline and laser-polished diamond film

characteristics of these debris particles and transfer layers are graphitic. Figure 9.11 shows
the Raman spectra of debris particles and transfer layers formed on and around the wear
scar of a Si3N4thball that was rubbed against a nanocrystalline diamond film in dry N2. The
graphitic debris particles accumulated at the sliding contact interface begin to dominate the
long-term friction and wear performance of diamond films when sliding in dry and inert gas
environments. Because graphite is a poor solid lubricant in the absence of water molecules
or other chemical adsorbates, the friction coefficients of such sliding interfaces become high.
Figure 9.12 shows the long-duration frictional performance of a nanocrystalline diamond
film in dry nitrogen. Friction spikes are thought to be the result of the presence of the
graphitic debris particles (Figure 9.11) that are generated at the sliding contact interfaces
[36, 40]. When moist laboratory air is introduced into the test chamber, the trace of the
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Figure 9.10 Frictional behavior of smooth diamond films in (a) open air and (b) high vacuum.
Initially low friction in (b) is thought to be due to the presence of some adsorbed layers on sliding
surfaces

friction coefficient becomes very smooth, and the large fluctuations in the traces disappear.
Erdemir and co-workers have conducted electron energy loss spectroscopy, transmission
electron microscopy (TEM), and electron diffraction of the sliding diamond surfaces, as well
as the debris particles found in and around the wear tracks and scars. The combined results
provided more convincing evidence for the transformation of sliding diamond surfaces to a
disordered graphitic state [36, 40].
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In water or oil environments, sliding diamond surfaces experience little or no wear. Recent
testing of ultrananocrystalline diamond-coated face seals led to very little wear of the sliding
surfaces. The wear was limited to the asperity tips. Beyond the heights of the asperities,
there was no measurable wear even after 21 days of testing at 3500 rpm (Figure 9.13) [44].
The friction and wear performance of smooth diamond films under oil-lubricated sliding
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conditions are also exceptional. Beyond some run-in-type initial wear, these films experience
essentially no wear. Such impressive friction and wear performance in water or oils are
considered the result of the highly passive nature of sliding diamond surfaces. Specifically,
no adhesive or abrasive interactions occur between highly passive surfaces of diamond and
mating surfaces.
At elevated temperatures, the friction and wear performance of diamond films degrade

considerably. Surface adsorbates (both chemisorbed and physisorbed) begin to desorb and
gradually expose the strong �-bonds for adhesive interactions across the sliding interface.
Such strong interactions can cause high friction and wear of sliding diamond surfaces.
Graphitization of sliding diamond surfaces becomes feasible at elevated test temperatures
and can cause high wear losses [39].
Previous studies have shown that counterface materials used in the sliding tests with

diamond films can have some effect on friction and wear of these films [45, 46]. When
sliding against steel surfaces, high friction and severe wear losses can occur on the steel
side [47], perhaps due to the relatively high solubility of carbon in iron. This is one of
the factors preventing the use of diamond-coated tools from machining of iron and iron-
based alloys. Against most ceramic counterfaces, sliding diamond surfaces provide very low
friction and wear.

9.2.3 Practical Applications

Despite the great interest in the tribological and industrial applications of diamond films
in recent years, more fundamental studies still remain to be pursued to better understand
and tailor the tribological properties of these films for specific tribological applications.
Until now, only cemented carbide tool inserts have been successfully coated with diamond
and made available commercially. Although diamond film prototypes of other tribological
systems have also been demonstrated, their large-scale utilization has not yet been realized.
Such delays in commercialization of diamond films are thought to be due to the very high
deposition temperatures, inadequate adhesion, oxidation when used at elevated temperatures,
and, most important, high fabrication cost for large-scale applications. Other potential
applications for diamond coatings besides cutting tools are mechanical seals, sliding bearings,
MEMS, wire-drawing dies, high-precision microdrills, surgical blades, and various wear
parts that are used against erosion and abrasion (such as jet nozzles).

9.2.3.1 Machining

Currently, diamond films have been used in two distinct forms for machining purposes. One
form is based on the deposition of a relatively thick (0.5-1 mm) diamond film on a Si wafer
from which small bits are laser-cut into desired bit shapes. Subsequently, the Si substrate is
etched out, and cut diamond bits are recovered. As a last step, the free-standing diamond
bits are bonded or brazed onto the cutting edges of tool inserts or end mills. This technology
currently competes well with the traditional products prepared by high-pressure sintering of
synthetic diamond powders produced by high-pressure, high-temperature methods.
The second form involves direct deposition of diamond on cutting tools by various

methods (hot filament, microwave CVD, DC-arc jet, etc.). These methods are robust and
capable of producing high-quality diamond films on carbide-based cutting tool inserts and
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other suitable parts and components. Diamond coatings are mostly applied to WC-Co-based
cemented carbide tool inserts because these tools exhibit excellent toughness, hardness,
and high-temperature durability. Co is mainly used as a binder and it also controls the
toughness of the tool material. In principle, lower Co content (<5%) in cemented carbide is
highly desirable for diamond deposition because Co has a detrimental effect on the adhesion
of diamond coatings to carbide inserts. Owing to its high mobility and vapor pressure at
high temperatures, Co tends to interfere with the nucleation and growth processes during
deposition. It can also increase the difference in thermal expansion coefficient between
diamond and substrate; hence, during cooling, very high compressive stresses may build up
at the interface region. When these stresses are combined with the stresses associated with
cutting action, premature adhesive failure occurs at or near the cutting edges.
Cutting tool manufacturers and commercial coaters are now offering a variety of

diamond-coated tools at a reasonable cost. These coated tools provide much improved
performance during metal-cutting operations by allowing high-speed machining at increased
feed rates. Some of the advantages that diamond provides in these applications are extreme
hardness and wear resistance; good fatigue strength; high chemical inertness; excellent
resistance to abrasion, erosion, and corrosion; high thermal conductivity; low friction; and
excellent environmental compatibility. Despite these exceptional qualities, the market share
of diamond-coated tools has remained rather small. It would increase substantially if the cost
of producing diamond on tools were further reduced.
Currently, diamond-coated tools are primarily used in the machining of nonferrous

metals, alloys, and composite materials that are inherently very difficult to cut or machine.
Materials that are suitable for machining by diamond-coated tools include aluminum and
its alloys (in particular, high-silicon aluminum alloys); magnesium and its alloys; copper,
lead, and manganese alloys; graphite; carbon; plastics; fiberglass composites; carbon–carbon
composites; metal–matrix composites; epoxy resins; green ceramic; fiber-reinforced plastics;
concrete; and tools for various mining and rock-drilling operations. However, diamond-coated
tools cannot be used for machining of ferrous alloys and the alloys of groups IVa, Va, VIa,
VIIa, and VIIIa in the periodic table. Diamond can chemically react and/or dissolve and rapidly
wears out in these materials at the high temperatures that are generated during machining.
Diamond-coated tools are used in machining of high-silicon-containing aluminum alloys

for automotive applications. In particular, hypereutectic aluminum–silicon alloys are very
hard to machine with base carbide tools or tools coated with other types of hard materials.
These alloys are increasingly being used in the making of main engine blocks in all kinds of
transportation vehicles. Their lighter weights can reduce the overall weight of the vehicles
and thus improve fuel economy. The increased use of lightweight aluminum alloys and other
materials (such as magnesium) in the automotive sector is likely to continue; hence, the need
for diamond-coated tools will also increase. Woodworking tools represent another major
market segment for diamond coatings. Tungsten carbide blades already comprise a large part
of the woodworking tool market. Such blades can easily be coated with diamond and will
find a market if the cost of the diamond coating process can be further decreased.

9.2.3.2 Mechanical Seals

In addition to cutting tools, seals represent the next best application possibility for CVD
diamond films. The worldwide mechanical seals market is very large. Over three million
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high-end pumps rely on the tribological performance of SiC seals, which are ideal substrates
for diamond film growth. In fact, because of its extreme hardness and low coefficient of
friction, diamond is an ideal candidate for sealing surfaces of rotating SiC shafts. Improper
use or leakage in mechanical pump systems can be very costly and cause environmental
problems. Total energy losses due to high friction and wear are estimated to be on the
order of 1010 kWh/year, which translates into roughly $1 billion/year. Also, it is estimated
that 10–15% of total hazardous emissions are due to leakage or catastrophic failure of
mechanical seals. If applied properly, diamond coatings may substantially extend the useful
life of these components and also reduce energy losses because of the very low friction they
give to the sliding surfaces of seals. Early studies by Hogmark et al. [19] demonstrated that
smooth diamond films can lead to substantial reductions in frictional torque and wear rates
of shaft seals.
Rough diamond coatings, mentioned above, cannot be used in seal applications. One of the

sealing faces (inserts) is mostly made out of a soft carbon–graphite composite, which wears out
rather quickly when rubbed against a rough and superhard diamond film. Hard SiC inserts may
also be used as amating surface, but they aremuchmore expensive.When rubbed against rough
diamond, they can also suffermajorwear losses. Polished or smooth coatings of nanocrystalline
diamond will be much more desirable for seal applications. Coated seals would be especially
attractive in applications that require chemical inertness (especially in environments that
involve concentrated acids or bases), the pumping of grit slurries that cause rapid erosion
in conventional seals, and pumping without a liquid lubricant. Figure 9.13 shows smooth
diamond-coated mechanical seals and their friction and wear performance in water [44].

9.2.3.3 Other Tribological Applications

MEMS can be used for a wide range of high-precision applications, including sensors,
actuators, and micro-scale positioning devices. MEMS devices such as gear assemblies and
micromotors have been largely fabricated by Si micromachining. However, Si exhibits very
poor mechanical and tribological properties. When these microdevices are used in a very
high-speed application, they always suffer from unacceptably high friction and wear losses.
Consequently, they are unsuitable for high-speed applications at realistic loads. Researchers
have developed alternative fabrication methods that would allow production of MEMS
devices from SiO2-, Si3N4-, or SiC-type materials. However, the tribological performance of
these materials is also very poor; hence, they may not function well in a dynamic MEMS
application.
Researchers have recently been contemplating the use of diamond coatings for MEMS

applications. However, some difficulties have been encountered in fabricating diamond
coatings and/or components with a morphology suitable for MEMS. The nanocrystalline
diamond films discussed earlier appear to be better suited because their grain size is very
small (10–30 nm). With these films, various free-standing MEMS structures can be produced
using special micro-fabrication methods. Alternatively, such films may be produced on the
surfaces of Si-based MEMS as a thin protective layer; it is possible to attain film coverage
at very small thicknesses (as thin as 50 nm) and thus preserve the fine structural features of
the base Si MEMS [48]. Figure 9.14 shows some of the MEMS structures fabricated from
nanocrystalline diamond films.
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Figure 9.14 Examples of various MEMS structures and microfeatures fabricated from nanocrystalline
diamond [48]

9.3 Diamond-like Carbon Films

9.3.1 Structure and Composition

DLC films are amorphous and may combine many of the mechanical and chemical properties
of crystalline diamonds.Mechanically, they are quite resilient and can exhibit Vickers hardness
values as high as 9000 kg/mm2 [1]. Chemically, DLC films can be made very stable and
resistant toacidicandsalinemedia.Theyareelectronically insulatingandoptically transparent to
visible and ultraviolet light [49]. Unlike diamond, they can be deposited at temperatures that
range from subzero to 300�C and at deposition rates that are fairly high by various methods,
including ion-beam deposition, DC and RF sputtering, arc-plasma, deposition plasma-
enhanced CVD, and laser ablation [50–54]. As illustrated in Figure 9.1, depending on the
deposition method and carbon sources, these films may contain large amounts of hydrogen
(10–50 at.%). Their sp2-to-sp3 bond characteristics vary significantly [55]. Hydrogen-free
DLC films are largely deposited by sputtering, laser ablation, and/or arc-plasma deposition
methods that use solid carbon targets. Structurally, most DLC films are amorphous, consisting
of very short-range-ordered diamond (characterized by sp3-type tetrahedral bonds) and
graphitic phases (characterized by sp2-type trigonal bonds). Hence, these films can be
regarded as degenerate forms of bulk diamond and/or graphite, as illustrated in Figure 9.15.
Various C-based materials, similar in structure to a (amorphous)-CH or ta (tetrahedral

amorphous)-C, include elements such as B, Si, F, and N, and metals such as Cr, Ti, and W.
The introduction of dopants or alloying elements generally decreases compressive stress due
to fewer interconnections in the random carbonaceous network. Grischke et al. [56] have
shown that the specific chemical composition of the modified films strongly influences the
surface energy, depending on the nature of the dopant, and may modify various physical
properties, making some doped DLCs suitable for various applications, e.g. to improve field
emission characteristics. As highlighted in the next section, the introduction of alloying
elements into DLC affects many properties, including tribological behavior.
From the point of view of optimizing the routine production of DLC films, the primary

need is for effective process control, primarily the tailoring of adhesion properties. Indeed,
the adhesion of DLC films varies widely, depending on the nature of the substrate. To be used
as tribological coatings, DLC films must adhere well to the substrate, and the adhesive forces
must overcome the high internal stresses that otherwise would cause film delamination.
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(a)

(b)

Figure 9.15 (a) Illustration of molecular structure and (b) cross-sectional scanning electron
microscopy image of DLC film, revealing a featureless microstructure

Adhesion depends on the deposition method, in combination with the nature of the substrate.
Good adhesion of DLC films is observed on carbide- and silicide-forming substrates. The
adhesion of DLC coatings to silicide-forming metals can be improved by depositing a
2–4 nm thick interfacial layer of amorphous Si between the metal and the C film, thus
forming an interfacial silicide layer promoted by the plasma, even at relatively low substrate
temperatures. Titanium-based, functionally gradient films intercalated between the substrate
and the DLC top layer have also been studied [57, 58]. The deposition of adhesion and
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interface layers is ideally achieved in the same reactor as the deposition of the DLC films,
i.e. by multiplex processes that minimize the introduction of defects and impurities between
the superimposed layers and allow precise control of the entire deposition methodology.

9.3.2 Tribology of DLC Films

The tribological properties of DLC films have been extensively investigated by many
scientists during the past decade. In general, these films were shown to provide some of
the lowest friction and wear coefficients under certain sliding conditions. In most cases,
friction and wear are dominated by test conditions, environment, temperature, type of film,
and counterface material [54–72]. Also, a strong correlation seems to exist between friction
coefficients and wear rates of most DLC films. In general, the higher the friction coefficient,
the shorter the wear lives. For example, the friction coefficients of hydrogen-free or -poor
DLC films are very high in an inert gas or vacuum, and these films wear out rather quickly
in such environments. Conversely, the hydrogenated DLC films provide very low friction
and hence low wear rates in such environments [55, 68–70, 73]. Figure 9.16 shows the close
relationship between friction and wear coefficients of various DLC films in dry nitrogen.
Under conditions where friction is extremely low, the DLC films may attain a wearless
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sliding regime in which sliding seems to take place at the contact interface without causing
much wear [73].

9.3.2.1 Effects of Test Environments on Friction and Wear of DLC Films

The composition of the test environment can have a dramatic effect on the friction and wear
behavior of both hydrogenated and hydrogen-free DLC films. For example, in dry air and
inert gases, the friction coefficient of a highly hydrogenated DLC film is as low as 0.003
when sliding against itself [74]. However, in humid air, the friction coefficient of a DLC film
may increase to values as high as 0.15 while sliding against itself or metallic and ceramic
counterface materials [74, 75]. Depending on the partial pressures of various reactive gaseous
species (such as oxygen and water), the friction coefficients of such DLC films may also
go up in vacuum environments [76, 77]. The hydrogen-free DLC films seem to work best
in humid test environments [74, 75, 77]. Figure 9.17 shows the effect of humidity on the
friction coefficient of a hydrogen-free and a highly hydrogenated DLC film at atmospheric
pressure as well as in vacuum [74, 77].
Addition of small amounts of elemental species (N, F, Si, Ti, etc.) to DLC films may

reduce their tribological sensitivity to humidity [72, 78]. Paulmier et al. [79] found that
atomic hydrogen exerts the most beneficial effect on the friction coefficients of DLC films;
they reported a friction coefficient of 0.06 for a DLC/steel pair in the presence of atomic
hydrogen. In molecular hydrogen, the friction coefficient increased to 0.08, and in air, it
became 0.1.
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Figure 9.17 Effect of moist air on friction coefficient of hydrogen-free and hydrogenated DLC films
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Tribochemical and structural changes that occur at the sliding contact interfaces of DLC
films may also have a strong influence on the friction and wear performance of DLC films.
Olsen et al. [80] reported that, in addition to humidity, oxygen can significantly increase the
friction coefficients of the DLC films produced by a plasma-activated CVD process. In the
presence of oxygen, sliding contact areas of most DLC films reacted with oxygen. Such a
reaction reduced the wear life and generated high friction. However, when the tests were
run in open air or dry N2, the friction coefficients were much lower, and the wear lives
were much longer. The higher friction and wear in oxygen-containing environments were
attributed to tribo-oxidation of the rubbing surfaces. Similar observations were reported by
Strom et al. [81] for tests performed in oxygen-rich test environments. Again, tribo-oxidation
was suggested as the main reason for generally higher friction and wear of the DLC films.
Ramirez et al. [82] further confirmed that oxygen and water molecules are detrimental to the
tribological performance of DLC films.
In ultrahigh vacuum, hydrogenated DLC films performed quite well. Donnet and Grill [55]

reported friction coefficients below 0.01 for a hydrogenated DLC in vacuum, whereas the
friction coefficient in open air was 0.17. For films with a hydrogen content <34 at.%, the
friction coefficients were significantly higher in vacuum, but similar in open air.
Several researchers have noticed the formation of a transfer layer on surfaces sliding

against a DLC film [59, 60, 62–73, 75, 83–85]. They have claimed that these layers were
in a graphitic form. When compared with crystalline graphite, DLC films are structurally
amorphous and thermodynamically unstable. When subjected to thermal and/or mechanical
loading in sliding contact, they can transform to the more stable graphitic forms. In most
sliding interfaces, frictional heating occurs in the real areas of contact, in which transient
temperatures can reach very high values. Repeated occurrence of such heating at the real
contact spots can convert sp3-bonded carbon to the sp2-bonded form.

Erdemir and co-workers have shown that the wear debris particles that were smeared onto,
or accumulated around, the edges of the sliding surfaces of DLC had a disordered graphitic
structure [75, 83–85]. Figure 9.18 shows the transfer layer formed on the wear scar of a steel
ball. It also shows the debris particles accumulated on the trailing edge of the sliding ball
surface. These studies used a combination of TEM, electron diffraction, bright-field/dark-
field imaging, Raman, and Fourier transform infrared spectroscopy. Raman spectra taken
from the sliding ball surfaces and wear debris particles after long-duration wear tests reveal
Raman bands indicative of micrographitization. Specifically, as shown in Figure 9.19, the
microlaser Raman spectra of black transfer layers indicate that their structural chemistry
is quite different from that of the original DLC film, but similar to that of the crystalline
graphite (provided as a standard). Two broad Raman bands (at 1336 and 1594/cm) match
the D and G bands of crystalline graphite. The peaks of the carbonaceous transfer layer are
not as sharp as those of the crystalline graphite, possibly because the debris particles are
very small, and because phonon damping occurs. The Raman spectrum also indicates that
the degree of structural disorder in the carbonaceous transfer layer is very high. Furthermore,
bright- and dark-field images (Figure 9.20), together with the electron diffraction pattern of
the wear debris particles collected from the rubbing surfaces, further enhance the Raman
findings by revealing an increasingly graphitic structure [85]. Therefore, the carbonaceous
transfer layers or debris particles found at sliding interfaces are graphitic, but in a disordered
state. The friction coefficients of sliding contact interfaces that contain such debris particles
may partially be influenced by the shear rheology of these particles. TEM studies by Ramirez
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Figure 9.18 Carbon transfer layer and debris particles on and around wear scar formed on steel ball
slid against DLC film
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(a)

(b)

0.4 µm

0.4 µm

Figure 9.20 (a) Bright- and (b) dark-field images of transfer layers recovered from sliding ball
surfaces, suggesting micrographitization

et al. [82] and Liu et al. [85] also verified that the sliding contact areas of DLC films were
transformed into a graphitic structure.
In recent years, researchers have investigated the triboemission of electrons from

amorphous carbon films during sliding in dry air and vacuum [86, 87]. They confirmed
the emission of electrons during sliding contact. The intensity of the electron emission
increased sharply with an increase in the hydrogen content of the source gases from which
the carbon films were derived. In general, the specific relationship between triboemission and
tribological properties of DLC films is not exactly known, but it was reported by Nakayama
and co-workers that higher levels of triboemission correspond to higher wear in carbon
films [86, 87].

9.3.2.2 Effect of Dopant or Alloying Elements on Friction and Wear of DLC Films

A compilation discussing the tribology of doped DLC and C alloy coatings has been prepared
by Donnet [78]. Silicon incorporation into the DLC structure is shown to affect most film
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properties (including a decrease in surface energy and internal stress) and its tribological
behavior. Friction appears to be significantly reduced (below 0.1), when compared with
that of conventional undoped DLC in ambient humid air, and the wear resistance is
improved. However, this tribological behavior seems to be observed only when the contact
pressure remains below 1 GPa. At higher contact pressures, conventional ta-C and a-CH
films cannot be surpassed. Consequently, ta-CHSi films may be used in applications that
require both low friction (<0.1) and high wear resistance (<10−7mm3/Nm) under moderate
mechanical conditions. Such applications include the protection of low-stress aerospace or
automotive components, precision ball bearings and gears, sliding bearings, and magnetic
recording media.
The incorporation of Si and F into the DLC structure affects the surface properties. The

reduction of stress, when compared with conventional DLC, is in the same range as that in
a-CHSi. However, the reduction of the surface energy is higher with F than with Si. Highly
fluorinated DLC (F/�F+C� >0�4) appears to be soft, with no wear resistance. Moderate
fluorination (F/�F+C� <0�2) can be controlled by the deposition conditions to obtain films
with comparable wear resistance and friction levels of conventional a-CH films, but with
lower stress and surface energy. When compared with conventional DLC and other doped
DLC, less work has been performed on the tribological investigation of N-containing DLC
films because of their recent discovery. The tribological behavior of C nitride films is
summarized elsewhere in this chapter.
The range of composition and structures attainable with metal-containing DLC coatings

appears to be enormous. One should keep in mind that the optimization of the material
combination and deposition parameters is a challenging subject for each element or
combination of elements. When optimization is achieved, metal-containing DLC films may
exhibit promising tribological properties in terms of steady-state friction levels and wear
rates, for various applications. Friction coefficients in the range of 0.02–0.04 have been
observed in ambient air when a significant amount of Ta or W is incorporated in a-CH
films [88].

9.3.2.3 Effects of Other Parameters on Friction and Wear of DLC Films

The friction coefficients of DLC films are generally lower under heavier loads and reach
low steady-state friction coefficients faster at higher sliding velocities [65]. At elevated
temperatures, the DLC films may transform to a graphitic phase, and their friction and
wear coefficients increase substantially. In particular, the hydrogenated DLC films undergo
rapid phase transformation/oxidation and wear out quickly at elevated temperatures [39].
Figure 9.21 shows the wear rates of a hydrogenated DLC film with increasing temperature.
The hydrogen-free DLC films resist oxidation or phase transformation at much higher
temperatures (up to 500�C), but their friction coefficients become very high. This is thought
to be caused by most of the surface adsorbates being removed from the surfaces; hence, the
amount of covalent bond interaction (which can cause high friction) becomes significant.
The tribological behavior of a surface can be affected by its precise patterning at the micro-

scale. This rather new concept in tribology will probably become better understood in the
near future. Plasma, chemical, or laser techniques as widely performed by the microelectronic
industry for many years can be used to achieve a specific geometrical design on a surface.
Laser treatment has advantages related to its versatility and fast adaptability. Excimer lasers
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Figure 9.21 Effect of temperature on wear performance of hydrogenated DLC film

have been used to induce patterns on DLC films [89], but emerging femtosecond laser
facilities will probably introduce new perspectives in that field. Indeed, the ultrashort laser
pulses (in the 100-fs range, with power density as high as 1013 W/cm2� can ablate all
kinds of materials without any collateral effects (negligible thermal-affected zone), while
nanosecond pulses cannot [90]. Lifetime increases up to a factor of 10 have been achieved
by patterning of TiN [91] and TiCN [92] films with a femtosecond laser. Recently, laser
patterning of wear-resistant DLC has been studied for two configurations, coating already
patterned substrates (indirect processing) and direct laser processing of deposited DLC
films [93]. Pore depths that yield positive tribological improvements (>10�m) are larger
than film thickness (>5�m). The authors indicate that debris particles were trapped in the
surface pore obtained by indirect laser processing, thus preventing the breakdown of the
tribological system. Coating patterning will probably be a major avenue of development in
coating technology in the next decade.

9.3.3 Synthesis of Carbon Films with Superlow-Friction and -Wear

Properties

Recent studies indicated that source gases used in the deposition of DLC films dramatically
affect the friction and wear performance of these films (especially in inert gas or vacuum). As
shown in Figure 9.22, the friction and wear coefficients decrease with increasing hydrogen
content in the source gases. In general, the higher the amount of hydrogen, the lower
the friction coefficients [69, 70, 73]. The lowest friction coefficients (Figure 9.23) were
measured on DLC films derived from superhydrogenated source gases (75–90% H2 and
10–25% CH4 or C2H2� [70]. Fundamental tribological and surface analytical studies indicated
that, in such nearly frictionless and wearless DLC films, all of the surface �-bonds are
terminated by hydrogen. This hypothesis has been confirmed by Fontaine et al. [94], who
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Figure 9.22 Effect of carbon source on friction coefficient of DLC films in dry nitrogen

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0 1000 2000 3000 4000 5000 6000

Time (s)

Fr
ic

tio
n 

co
ef

fi
ci

en
t

Load: 5 N
Speed: 0.3 m/s
Temperature: 23°C
Ball radius: 3.175 mm

Figure 9.23 Friction coefficient of DLC film grown in 25% CH4 + 75% H2

investigated the friction behavior of DLC films with various hydrogen contents, tested in
vacuum or in an atmosphere of pure molecular hydrogen. Furthermore, perhaps some of
the surface carbon atoms are di-hydrated (two hydrogens bonded to one carbon). Such
high levels of surface hydrogen concentration provide a high degree of surface passivation,
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Figure 9.24 Schematic illustration of superlow-friction mechanism of superhydrogenated DLC films.

and hence superlow friction, as schematically illustrated in Figure 9.24 [69, 70, 73, 74].
Nevertheless, the exact role of hydrogen in DLC films, including its capacity to passivate
the dangling bonds, is not trivial, as recently pointed out by Robertson [95], and is a subject
of fundamental investigations. Recent fundamental studies involving the use of molecular
dynamic simulations have indicated that DLC films with high levels of hydrogen can indeed
provide very low friction to sliding contact interfaces [96, 97].

9.3.4 Practical Applications

The unique properties of DLC films and their modifications, together with the possibility of
adjusting the properties by choosing the right deposition parameters, make them suitable for
various applications. The exploited properties so far include high wear resistance and low
friction coefficients, chemical inertness, infrared transparency, and high electrical resistivity.
They potentially include field emission and low dielectric constants. The announcement of
the latest MACH3 razor blades by Gillette underscores the use of DLC as a coating to
improve the quality and performance of the blades. Such a popular application plays a key
role to promote DLC films widely.
One of the major applications of DLC films is probably in the automotive industry [98].

Metal-containing DLC (Me-C:H) is a DLC type of coating which has been tested on a
large number of automotive components during the last decade. Today, parts coated in serial
production are mainly to be found in diesel injection systems. Diesel injection systems are
constantly and quickly moving toward higher pressures. In many injection systems today, the
pressure is too high for ordinary steel substrates, which would wear rapidly. Both erosive and
adhesive wear are present in these systems. Me-C:H deposition has been the best alternative
to retain tolerances. For several years, parts in the diesel injection system have been the
largest application for Me-C:H coatings. However, the use of Me-C:H coatings in other
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parts of the motors is increasing rapidly. Nearly 30 million coated parts are delivered to the
automotive industry every year, with an annual increase of approximately 50%.
Because DLC is IR-transparent, it can be used as an antireflective, scratch-resistant, wear-

protective coating for IR optics (at wavelengths of 8–13 �m) made of Ge, ZnS, and ZnSe
[99]. The low deposition temperature of DLC allows its use as a wear-protective layer
on products made of plastic; therefore, it is used to protect polycarbonate sunglass lenses
from abrasion. Other optical applications include the protection of aluminum mirrors and
the photothermal conversion of solar energy [100]. Another widespread use of DLC films
is wear and corrosion protection of magnetic storage media. Nanosmooth and very thin
(even <5 nm) DLC films are now used as corrosion and wear-protective coatings for both
magnetic disks and magnetic heads [101]. Video recording or magnetic-data storage tapes,
in which ferromagnetic metal is the recording medium, and metallic capstans are in contact
with the tapes, are also being protected with DLC coatings to reduce wear and friction and
thus extend both the life of the tapes and their reliability.
DLC films appear to be biocompatible, and applications are being developed for their uses

in biological environments [102, 103]. Because they are chemically inert and impermeable
to liquids, DLC coatings could protect biomedical implants against corrosion and serve
as diffusion barriers. DLC is being considered for coating metallic and polymer-based
invasive and implantable biomedical devices. It is thought that such coatings can improve
the biocompatibility of polyurethane, polycarbonate, and polyethylene with body tissues.
DLC, deposited on stainless steel, Co(Cr) alloys, or Ti alloys, which are components of
artificial heart valves and stents, have been found to be capable of satisfying the mechanical
and biological requirements and improving the performance of these components [104].
The same properties may make DLC useful as a protective coating for hip and knee joint
prosthetics. Carbon/carbon composite prosthetics have also been improved by DLC coatings.
Yet, the short-term data obtained so far by in vitro and in vivo experiments indicate that DLC
coatings are biocompatible. The investigations of their long-term biological performance are
further required before being able to use them in practical applications at large scale.
Currently, DLC and its modifications are being considered as low-dielectric (low k)

materials in ultra-large-scale integrated circuits. The objective is to reach lower dielectric
constants than attainable with SiO2 in order to reduce the capacitance of the insulator.
Besides low k, these materials must satisfy various criteria. They must be thermally stable
to 400�C; have adequate rigidity, low mechanical stress, low dissipation, low leakage, and
good adhesion; and be processible using acceptable means. Various carbon-based materials
have been tried, such as a-C:H, fluorinated amorphous carbon (a-C:F), carbon nitrides, and
methyl-substituted siloxanes, in addition to a wide range of organosilane derivatives [105].
SiCOH films applied by plasma-enhanced CVD from a proper choice of precursor and
optimization of the deposition conditions exhibit dielectric constant values in the 2.2–2.8
range [106]. Another potential application of carbon-based films is field emission displays.
The advantages of a carbon cathode are its chemical and physical stability compared to the
Si and Mo used in usual tips. The carbon is more resistant to poisoning by elements such
as sulfur. Carbon has a low sputter yield when bombarded by residual ions in the device. In
addition, DLC devices could be very low-cost as DLC can be deposited at room temperature.
The need is for any low-field-emitting material, so it does not really matter if it is diamond,
DLC, or carbon nanotubes (CNT). All three must be compared. The advantage of DLC over
diamond or CNTs is its low-temperature deposition. This has led to the intensive study of
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field emission in DLC. But it is now realized that field emission from DLC has serious
problems because their emission site density is too low, and their emission is somehow
extrinsic and not fully controllable. Nanotubes are now viewed as the best carbon system
for field emission [105].
A recent interest for DLC films is in MEMS or nanoelectromechanical systems (NEMS).

The recent development of ta-C films with high-modulus, hydrophobic properties and a
low ability to stiction seems to be promising. However, the intrinsic stress of ta-C films
significantly restricts their use. Indeed, the stress limits the maximum thickness of adherent
film, and MEMS (NEMS) require a zero stress film as the device must be free-standing.
If the film remains stable up to about 600�C, thermal annealing at this temperature range
leads to a complete stress relaxation. A promising way seems to use DLC multilayers of
alternately hard and soft a-C [105].

9.4 Summary and Future Direction

Diamond and DLC films are unique and have much to offer for a wide range of tribological
applications. Over the years, scientists have made great strides in understanding the growth
mechanisms, surface chemical/physical states, and tribological behaviors of diamond and
DLC films. This understanding has been used to design and customize new coatings,
such as ultrananocrystalline diamond and near-frictionless carbon, which can meet the
multifunctional needs of future tribological applications. Unlike most other solids, diamond
and DLC films enjoy a combination of low friction and high wear resistance under a wide
range of sliding contact conditions. Detailed tribological studies show that test conditions
and environmental species can dramatically affect the friction and wear performance of
these films. Depending on the tribological and environmental constraints, tribo-oxidation,
graphitization, and gaseous adsorption/desorption can occur at their sliding contact interfaces
and control their friction and wear behavior. Overall, with the manipulation of process
parameters and proper structural engineering, diamond and DLC films may live up to their
promise. DLC films produced in highly hydrogenated plasmas can provide superlow-friction
and -wear properties to sliding tribological interfaces. However, for applications that involve
high ambient temperatures or sliding velocities, these films may lose their effectiveness as
protective layers. The development of doped and alloyed films, together with multilayered
and nanostructured carbon-based coatings, is in progress and will probably extend the
potential of DLC films in a wide range of applications in the near future.
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Tribology of Polymeric Solids
and Their Composites∗

B.J. Briscoe and S.K. Sinha

Abstract

This chapter reviews recent progresses made, as well as the historical precedents, in the area
of tribology (mainly wear and friction) of polymers and their composites. The now classical
theories of friction are summarized briefly. Wear mechanisms are classified under three
broad approaches that reflect primarily the way this subject has been historically studied. It is
demonstrated here that the wear of polymers is influenced by at least the contact conditions,
bulk mechanical properties of the polymer and the properties of the ‘third body’ which
generally appears in the form of transfer film or degraded polymer particles between two
sliding surfaces. Further, this chapter establishes a link between the different contact and
material parameters and shows how they are important in elucidating wear mechanisms for
polymers. The influences of fillers such as soft and hard phases upon the improvement,
or not, in the wear resistance of polymers are presented. The effects of environment and
lubrication on polymer wear are briefly explained in terms of the chemical interactions
between the liquid phase and the polymer and the potential lubricating action. Capabilities
and limitations of current predictive friction, damage and wear models for polymers are also
highlighted. A case study on the wear of hip and knee prosthesis materials has been added at
the end of the chapter to provide a detailed analysis of wear in a well-examined tribological
application.

∗ This chapter is an extended version of a review paper published by the same authors in the special issue of
IMechE Proceedings Part J: J of Engineering Tribology, 2002, Vol. 216, pp. 401–413. While the main structure of
the current chapter is same as that in the paper, several new sections and figures have been included.
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List of symbols and abbreviations

A Real area of contact
F Friction force
K Proportionality constant also known as wear factor
S Fracture stress/Ultimate tensile stress
d Sliding distance
e % elongation to fracture
E Elastic modulus
H Hardness
p Pressure
R Radius of spherical slider
Ra Surface roughness measured as centre-line average
t Time
T Duration of sliding
Tg Glass transition temperature
v Sliding speed
V Wear volume
W Normal load
�w Weight loss
� Coefficient
� Fraction of energy lost due to frictional hysteresis
� Surface energy
� Coefficient of friction
� Poisson’s ratio
� Elastic work done in deforming the polymer per unit sliding distance
� Interfacial shear stress
�0 Interfacial shear stress at zero imposed pressure
	 Semi-included angle of conical indenter/slider
GF Glass fibre
CF Carbon fibre
AF Aramid fibre
PBI Poly(benzimidazole)
PMMA Poly(methylemethacrylate)
PEEK Poly(etheretherketone)
PE Poly(ethylene)
UHMWPE Ultrahigh-molecular-weight poly(ethylene)
PS Poly(styrene)
PC Poly(carbonate)
POM Poly(oxymethylene)

10.1 Introduction

Tribological usages of polymers and their composites have been increasing in engineering
applications for several technical and economic reasons. The advantages of using polymers
over other materials include self-lubricity, light weight, resistance to corrosion or general
oxidation, non-toxic nature and potential ease of near-net shape form manufacture. Despite
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several potential advantages, there are still many challenges which remain for the effective
and economic use of polymers for specific tribological applications. For example, the wear
rate can be extremely high if the contact pressure is slightly raised, and low friction is
not necessarily associated with low wear rate. Therefore, it is extremely important to make
a proper selection of the polymer materials for any tribological usage. It is also possible
to improve and optimize their tribological performance by certain changes in the bulk
constituents or the surface conditions of the materials.
The science and engineering of polymer tribology is still naturally in the process of

development, but a large amount of literature may be found in relevant technical journals.
Although some convergence can be found in the conclusions of many researchers who have
studied the friction and wear properties of polymers, some conflicting views can also be
frequently encountered in the interpretation of the data. The main problem, which is also
true with any other materials, is that the tribological performance depends upon a large
number of factors including those which are system related. Therefore, great care must be
taken in the interpretation of the data, or the explanation of the associated friction and wear
mechanisms in a tribological process involving polymers.
The purpose of this chapter is to rationalize and highlight some important established

phenomena in polymer tribology. Explanations are presented, where appropriate, on the
mechanisms of friction (Section 10.2) and wear (Section 10.3) for polymers and their
composites (Section 10.4) which are also supported by some data obtained from the literature.
A separate but brief section has been provided on the effects of lubricants and environments
(Section 10.5). A specific example encountered in the application of hip and knee joint
replacement is presented as a case study to exemplify the implementation of knowledge
in a related mature application (Section 10.6). Finally, the chapter ends with some general
concluding remarks (Section 10.7).

10.2 The Mechanisms of Polymer Friction

The origin of the friction between two sliding surfaces has been described variously; however,
from the modelling view-point, it is much more useful to utilize the description of frictional
energy dissipation at the interface zone and relate frictional force to the energy lost at the
interface. This certainly applies to sliding friction, both ‘smooth’ and discontinuous, but may
also be usefully adopted for the so-called ‘static’ friction. To a first order it is often now
assumed that there are two major processes by which the frictional energy is dissipated. The
first process is the ploughing actions of the asperities of a harder surface and the second is
the dissipation in overcoming the adhesive actions between the two surfaces in the absence
of sharp asperities. This scheme of describing interfacial friction is also known as the two-
term non-interacting model [1]. Figure 10.1 is a suitable description of this model [2]. The
question as to which component in the two-term model would be dominant in a particular
frictional event will be largely decided by the surface roughness of the hard counterface and
by the shear properties of the polymer.
There are many comprehensive accounts of these processes[2].

10.2.1 The Ploughing Term – Brief Summary

The ploughing component of frictional work arises from the sub-surface deformation
(grooving) which involves plastic flow and fracture depending upon the polymer’s
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Normal load

Velocity

Interfacial zone

Rigid asperity

Polymer

Cohesive zone

Hard surface

Figure 10.1 Two-term model of wear process. The distinction between interfacial and cohesive wear
processes arises from the extent of deformation in the softer material (usually polymer) by rigid
asperity of the counterface. For interfacial wear the frictional energy is dissipated mainly by adhesive
interaction, while for cohesive wear the energy is dissipated by adhesive and abrasive (sub-surface)
interactions [3]

mechanical response under the imposed contact conditions (contact severity, attack angle of
the asperity, speed, temperature, etc.); the adhesion component is suppressed by efficient
lubrication or by rolling. The friction force for ploughing has been modelled for elastomers
considering only the elastic work done and that fraction which is dissipated. Here the friction
force is expressed as a function of the elastic work done (basically, the friction force is
equated to the elastic energy lost per unit of the sliding distance),

F = �� (1)

where � is the fraction of the energy lost in frictional hysteresis work and � is the elastic
work done in deforming the polymer per unit sliding distance. The equations for � for
spherical- and conical-shaped sliders have been proposed as

�= 0
17 W 4/3 R−2/3�1−�2�1/3 E−1/3 (2)

for spherical slider of radius R [4] and

�= �W/
� cot	 (3)

for conical sliders with semi-included angle 	.
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Thus, by substituting equations (2) or (3) in equation (1), it is rather trivial to compute
the friction force for ploughing. The above analytical model has application in scratch
deformation work where a conical (or spherical) indenter is used to model asperity interaction
and the computation of scratch hardness. The main problem with the analysis using only
elastic energy loss is that it significantly underestimates the actual ploughing friction force.
It has been reported that a more rigorous theoretical analysis of experimental data would
indicate that the friction force is equal to 3�� and not �� per unit sliding distance. The
reasons for this have been explained earlier by one of the present authors [2]. This process
has practical significance in the grip of automobile tyres on wet roadways [5].
The case for the friction processes which are accompanied by extensive ductile (and

brittle) fractures has been examined in some detail and was originally recorded by Bowden
and Tabor [1].

10.2.2 The Adhesion Term – Brief Summary

The adhesion term in the two-term model of friction is conceptually less easy to understand
and less tractable in terms of frictional modelling. The physical explanation [6] of the nature
and strength of the adhesion forces between two bodies if brought in close contact is well
recorded; electrostatic and van der Waals forces, and, in the presence of polar atoms, due
to the dipole interactions and hydrogen bonding and all contribute. The common feature
is that they are all, if of significant magnitude, short-range and thus operate at contact
areas. The static friction and the dynamic friction, due to adhesion, are related to what
happens at the interface in terms of shear and deformation of a very thin layer of the
polymer which is directly in contact with a counter surface. Depending upon the polymer
behaviour (elastomeric or non-elastomeric), we can explain frictional work dissipation in two
ways. For elastomeric polymers, the frictional work is sometimes done in moving waves of
attachment on the surface of the polymer. This type of behaviour involves contact adhesion
and dhesion (energy loss) as the wave (also known as Schallamach waves) moves forward
and it resembles the passage of a ‘ruck’ through a carpet [7]. The movement of the wave
from one end to the other brings incremental movement of the elastomer and this type of
movement may not be termed as true sliding. The main reason for the above-mentioned
behaviour shown by elastomers is their visco-elasticity and their ability to extend giving
large local recoverable strains. The ratio of the modulus of elastomers to the surface adhesion
force is low. However, as this ratio exceeds a certain value for harder elastomers or if the
elastomer is kept at a temperature below Tg, the ‘rucks’ or the waves become finer. For
non-elastomeric polymers, the waves of attachment are either non-existent or they occur at
molecular scale and are not detected in a normal optically visualized tribological test. If
the strength of the adhesive forces is weaker in comparison to the strength of the polymer,
true sliding appears to take place. The main mechanism of frictional energy dissipation in
this case will be shear of a very thin zone of the polymer at the interface. The thickness
of this shearing layer may be only a few nanometres. A layer of the polymer film may
be deposited on the smooth counterface as a transfer layer and subsequently the frictional
energy dissipation mainly takes place either in the transfer film or in a very thin layer of the
polymer which is in direct contact with the counter surface.
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It is possible to measure the strength of this shearing layer by careful design of the
experiment and it has been shown previously that the shear strength at constant velocity and
temperature is related to the contact pressure, p, by an expression of the form [2]:

� = �0+�p (4)

It should be mentioned here that equation (4) resembles that for the shear bulk of the material
under hydrostatic constraint. However, the value of �0 is considerably smaller (about one-
tenth typically) than the bulk value probably because the material at the interface is weaker
due to molecular alignment. The frictional force is a product of the shear strength of the
interface and the real area of contact. The coefficient of friction for the adhesive component
then may be written as

�a = �0/p+� (5)

Equation (5) has been shown to hold good experimentally with reasonable confidence [8–10].
There are some notably interesting properties of this equation. Firstly, as the pressure
increases for high-load conditions, the first term on the right-hand side effectively becomes
very small, and in that case equation (5) may be approximated as

�a ∼ � (6)

Secondly, the effect of sliding speed, at least in the low-speed range, on � is small compared
to the effect of temperature. Thirdly, above Tg the influence of temperature is much more
striking than below Tg. And, finally, the shear of the interfacial film during experiment does
not always take place in a continuous fashion but rather in a discontinuous ‘saw-toothed
type profile’ for the shear stress which is also known as stick-slip phenomenon. Here, we
may add that the stick-slip profile measured, in any tribological test, is not only a result of
the true interfacial events occurring between the two surfaces but also a reflection of the
stiffness of the friction force sensing device; it is a combined response.
For completeness, it is worth noting that the coulombic, or ratchet, friction is quite common

in polymeric systems such as fibres [11] and powders. Here the restraint and its release arise
from special geometric asperity engagements.
The mechanisms of friction for polymers against hard counterfaces, as explained above,

have direct implications on the mechanism and extent of damage and subsequent wear
processes. Therefore, in subsequent sections, we will further delve into the two-term model
as a means to rationalize and explain the damage and wear of polymers.

10.3 Wear

10.3.1 Semantics and Rationalizations

The process of ‘wear’ may be variously defined but most generally it is measured in terms
of the mass, or volume, loss from a moving or eroding contact. The sequence of events is
as follows. Mechanical forces, frictional work, impact forces, cavitation forces and so on
induce damage in the contact members. Eventually, or may be immediately, the surfaces
lose mechanical cohesion and debris is produced. Chemical wear has a similar character
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but at a smaller scale which may involve extensive chemical reactions. Subsequently, but
perhaps immediately, this debris is expelled from the contact zone and the process of wear
is observed. The pathway is convoluted not least because the damage and wear processes
produce, by their action, significant modifications to the properties of the materials in the
contact zone; the ‘third body’ evolves [12]. For polymeric systems, there is also the very
significant prospect of marked environmental influences which will include the role of
lubricants as well as the often dominant consequences of frictional heating.
There are at least three ways in which the subject, in the context of wear, may be

rationalized by a review such as this (Figure 10.2). The choice of approach depends upon
the audience; here we offer the three methodologies together as each has a unique value.
First, we may take the generic scaling approach which emerges from the accepted value

of the two-term non-interacting model of friction [2]. Friction is, as a first approximation, of
two kinds: interfacial and bulk (ploughing); the model has been popular but actually not well
understood. It has major limitations for multiphase systems (discussed later). As frictional
work causes damage and subsequent wear, this is a potentially useful means to classify the
wear as ‘cohesive’ and ‘interfacial’ in nature. This scheme will be explored and discussed
in Section 10.3.2. A more pragmatic approach would follow a more classical line and list
‘wear’ processes by some perceived judgement of the origins and consequences. Thus, we
may have ‘abrasion’, ‘transfer wear’, ‘fretting’, ‘chemical wear’, ‘erosion’, ‘fatigue wear’,
‘delamination wear’ and so on; we may describe this as a phenomenological classification.
This method of analysis has value for those who practice extensive electron microscopic
examination (Section 10.3.3), which is actually a very useful practical approach. The third
approach recognizes the extremely wide diversity of response of polymeric systems and
focuses upon the material response upon contact deformation. Thus, we will then subdivide
wear according to material response and produce a scheme where each polymer ‘class’
is dealt with in relative isolation from the rest. In this type of division, we distinguish

Wear classification for polymers

Generic scaling
approach

Phenomenological
approach

Material response
approach

Polymer class model:
   Elastomers
   Thermosets
   Glassy polymers
   Semi-crystalline
   polymers

Origin of wear process
model:
   Abrasive wear
   Adhesive wear
   Transfer wear
   Chemical wear
   Fatigue wear
   Fretting wear
   Erosion
   Delamination wear

Two-term
interacting model:
   Cohesive wear
   Interfacial wear

Figure 10.2 Simplified approach to classification of the wear of polymers [3]
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elastomers, thermosets, glassy polymers and semi-crystalline polymers as having unique
attributes in the context of their wear behaviour. This has been historically the way the
subject has evolved; this bias has been practiced for many reasons. Section 10.3.4 follows
this theme.
The subsequent sections will deal with these three methods of division: generic scaling

response (Section 10.3.2), the phenomenological classification (Section 10.3.3) and the
material-based responses (Section 10.3.4).

10.3.2 Wear Classification Based on Generic Scaling Responses

10.3.2.1 Cohesive Wear

The classification of cohesive (bulk, ploughing, sub-surface) wear arises, in our mind at
least, from the success, or popularity, of the two-term non-interacting model of friction
(Figure 10.1). If there are seen to be, as a first-order approximation, two modes of friction
energy dissipation, then there ought to be two general modes of damage and the consequent
wear. Clearly the same argument will apply to the interfacial component. This is a crude
division and has major flaws in its application in certain aspects of process engineering and
in the detailed investigation of such areas as the scratch damage of polymers in lubricated
environments. The two-term division has merits in that it makes a clear distinction between
the relatively mild deformations in cohesive wears and the more intense interfacial wears.
Another definition of cohesive wear modes, as opposed to interfacial modes, might be

that, in some way to be defined, wear rate might be related to an accessible bulk mechanical
failure property. For example, the Ratner–Lancaster correlation provides an interrelationship
between abrasive wear (single pass) and a crude measure of tensile toughness [13, 14]. In
the abrasion of elastomers there is evidence of correspondence between fatigue life and wear
life [15, 16].
The models thus seek to define the contact stress environment and then relate this to the

endurance of the polymer. A work (frictional) and damage rate is first predicted and then, by
scaling, a wear rate law is predicted. The models may then easily incorporate environmental
influences. The central thesis is that a bulk endurance or failure property is accessible by
some other means even if the deformation conditions in the contact zone do not realize those
which are addressed in a ‘conventional’ mechanical testing; the pressures, strains, strain rates
and loading transients are not comparable for example. Lately, some modifications of the
Ratner–Lancaster model have also been presented which do take into account the contact
load and the counterface roughness effects [17]. Other notable contributions in modelling
wear are those of Kar and Bahadur [18] and Viswanath and Bellow [19]. In both cases, they
have applied the principles of dimensional analysis and included factors such as material
properties, operational parameters and the counterface roughness.
Section 10.3.4 will deal with these aspects of cohesive wears in the contexts of elastomers

and semi-crystalline polymers.

10.3.2.2 Interfacial Wear

The argument for distinguishing this class of damage and wear was mentioned above; it
comprises the other part of the two-term model and, more importantly, those modes which do
not readily, and more importantly directly, correlate with accessible bulk failure properties.
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Figure 10.3 Interfacial wear processes for neat polymers [3]: (a) initial contact of the two surfaces;
(b) running-in process where the soft polymer molecules are gradually transferred to the hard
counterface as third body; and (c) steady-state wear process where the wear and friction phenomena
are influenced mainly by the shear and adhesive properties of the transferred film

It is simplest to deal with the so-called transfer damage modes as the first subdivision.
The first distinction is that of whether the failure, via transfer, is isothermal or not. Then,
there is the question of the consequence of quasi-adiabatic interfacial shear behaviour.
A scheme is shown in Figure 10.3. Some ‘special’ polymers appear to accommodate near
isothermal interface shear induced softening; basically the interface zone, as opposed to
the actual interface, reorders and as a consequence a highly oriented film, and polymeric
contact, is produced. The frictions are then often very low and the rate of transfer, and
also subsequent wear, may be prolific. Poly(tetrafluoroethylene) (PTFE) is the classical
example in the unfilled forms [20]. Much has been published on this topic for a small
but uniquely important polymer group of semi-crystalline materials: the ‘smooth molecular
profile’ polymers [21–24].
The ‘adiabatic’ cases are of two types: the glassy polymers which are uncross-linked

and the cross-linked systems which include the elastomers and the thermoset systems. The
thermosets have much importance in brakes [25] and traction couples, whilst the elastomers
have much application in automobile tyre and belt drive applications [26]. In either case,
during damage, there is the prospect of significant chemical degradation and extensive chain
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scission. The transfer layers, if they occur, are not immediately related to chemical or physical
composition of the ‘host’ polymer. The transfer material does not correspond to what may
be described as the ‘whole’ polymer but to a degraded form. In practice, this case does not
naturally lead to interface shear induced softening, and a reduction in friction. However,
the transfer layers will naturally impede the heat transfer processes which is of significant
consequence in brake applications and the phenomenon of brake ‘fading’ [27].

10.3.3 Phenomenological Classification of Wear Damages

10.3.3.1 Abrasive Wear

Abrasive wear is the common name for a cohesive wear as was explained earlier on the basis
of the two-term model. Based on the type of the interfaces, there can be at least two types
of abrasive wear: two-body and three-body abrasive wear. As the names suggest, two-body
wear takes place when only the two surfaces (the polymer and the mating counterface) are
interacting, whereas three-body wear involves interactions of hard debris or foreign particles
trapped between the two surfaces that may further increase or decrease the rate of wear by
several orders. The third body can also drastically change the nature of the interface if the
loose debris particles can form strong and tenacious thin films on either of the two mating
surfaces. This is the main mechanism of wear in polymer composites sliding against hard
metallic surfaces. The steady-state wear rate is normally very low if the interfacial film is
strongly adhering to the metallic surface; this is a major practical technology.
The classical works by Ratner and Lancaster [13, 14] for the abrasive wear relate the wear

rate property of polymers to some quasi-static bulk mechanical properties. The relation is
given by the following equation [13]:

V = �K�Wv�

�HSe�
(7)

where V is the wear volume, K is a proportionality constant, W is the normal load, v is
the sliding velocity, H is the hardness of the polymer, S is the ultimate tensile stress and e

is the elongation to break. A plot of V as a function of 1/Se would furnish a straight line
which has been shown by Ratner and Lancaster and many other researchers [14, 15, 28]. The
correlation has resemblance with the classical Archard’s wear law [29]. Figure 10.4 presents
a plot of wear volume as a function of 1/Se for a number of polymers using the data from
References [15, 28]. Despite the fact that the data were obtained at different sliding speeds,
a reasonable linearity is noticeable in the plot which mainly confirms some correlation
between abrasive wear and the bulk mechanical properties. Equation (7) also predicts that
wear volume is inversely proportional to the hardness of the materials. This means the harder
the materials, the less will be the wear. While this is true for metals, polymers show very
complex correlation of wear with hardness and in some cases even reverse is the effect,
that is, increasing hardness effectively increases the wear volume for abrasive wear [28];
the case for elastomers is even more problematic. Budinski [30] has concluded that for the
abrasive wear of polymers and elastomers, the wear volume may be correlated better with a
product of �, S and e (where � is the coefficient of friction of the abrasive material on the
polymer surface; S and e have been defined earlier). No specific correlation may be found
in the work published by Budinski [30] for the wear volume with hardnesses such as Shore
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Figure 10.4 A plot of wear rate (mm3 mm−1 kg−1) as a function of the reciprocal of the product of
ultimate tensile stress and elongation to fracture. The data are taken from literature. A – poly(ethylene)
[15]; B – nylon 66 [15]; C – PTFE [15]; D – poly(propene) [15]; E – high-density poly(ethylene) [28];
F – acetal; G – poly(carbonate) [15]; H – poly(propylene) [28]; I – poly(ethyleneterephthalate glycol)
[28]; J – poly(vinyl chloride) [28]; K – PMMA [28]; L – poly(styrene) [12]; M – PMMA [28]

D hardness [31] and scratch hardness for polymers and elastomers [32]. It may be worth
mentioning here that scratch hardness of elastomers, obtained by the common method of
measuring the scratch width, can introduce large errors in the measurement due to the highly
elastic recovery nature of the material over large strains. The width measurement method for
the scratch deformation extent can only be used for materials which are inherently ductile and
irrecoverably yield at a relatively low value of strain (such as thermoplastics and thermosets).
Considering this, a plot of scratch hardness versus the wear rate for only semi-crystalline
polymers was plotted for the data from Reference [30]; however, no particular trend was
observed. Hence, it appears that further work is needed to resolve the issue of the effect of
a hardness upon the abrasive wear of polymers. Budinski [30] has suggested that the role of
the coefficient of friction in abrasive wear of polymer is important especially for third-body
abrasion. He argues that a low friction between the abrasive particle and the polymer will
cause the particle to dig into the material giving high wear; however, there is tendency for
the particle to easily roll if the coefficient of friction is high, which gives low wear rate. This
is the reason why some of the elastomers, such as polyurethane, have a high wear resistance.
Figure 10.5 gives some data for the abrasive wear for different polymers as has been recently
reported in the literature. It is interesting to observe that the specific wear rates for the
abrasive wears do not correlate with the specific wear rates for adhesive and fatigue-related
wear. Data on the adhesive types of wear will be presented in subsequent sections.
It is notable that the abrasive wear of polymers has also been extensively studied

by model scratch experiments; the Schallamach [7] precedent has been mentioned.
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Figure 10.5 Abrasive wear results for a number of polymers [30]. The tests were in a dry sand rubber
wheel tester that uses a 228-mm-diameter chlorobutyl rubber wheel (60Shore A) as an abrader. Width
of the wheel = 12.7 mm, rotational speed = 20.9 rad s−1, loading force = 140 N, abrasive: 215–300
�m silica sand

Adams et al. [33] and later Wong et al. [34] have found that wear can be extremely
high when scratches intersect each other compared to when scratching is carried out
on a single track [35]. Hence, modelling wear by such techniques must employ
the consideration of intersecting scratches which closely resembles any real and
random abrasive wear process. A number of theoretical and empirical works on
creating wear models have developed equations for predicting wear of polymers in
predominantly abrasive situations; the Ratner–Lancaster correlation is the classical example.
Not enough comparative data are available at this point of time to judge which
model is the better. Therefore, a simple list of such wear models is presented in Table 10.1.

10.3.3.2 Adhesive Wear

Adhesive wear is a name for interfacial wear as was mentioned previously in the generic
response classification of wear. Arguably, the most important phenomenon in adhesive wear
is the prospect of the formation of an interfacial transfer film on the hard counterface. The
friction coefficient can be high or low, and the wear rate then predominantly depends upon the
adhesive and rheological properties of the interfacial layer or film. An adhering and tenacious
film would, in certain cases, reduce the wear rate by several orders in the steady-state stage
when a polymer is slid against a hard but smooth thermally conducting counterface. Hence,
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Table 10.1 Models for abrasive wear of polymers as proposed by many researchers

Archard’s wear law [29]

V = K
Wd

H
where K is the wear factor, W is the normal load, d is the
sliding distance and H is the hardness of the softer
materials

Lewis model [36]

V = KWvT where T is the duration of sliding

Ratner and Lancaster correlation [14]

V = K�Wv

HSe

Rhee’s model [37]

�w = KW avbtc where �w is the weight loss of the polymers, K is the
wear factor, W is the normal load, v is the sliding speed, t
is the time, and, a, b and c are material-dependent set of
parameters for a given system

Kar and Bahadur [18]

V = 1
5K�1
775p1
47d1
25

E3
225
where � is the surface energy, p is the contact pressure
and d is the sliding distance (for POM system)

Wang et al. [17]

V�
W 3/2Ra

3/2

S3/2e
Applicable to microscopic abrasive wear of polymer

the friction and wear properties, to a large extent, depend upon the properties of the film
(third body), though the adjacent bulk property is also important in deciding the friction
and wear. It is important that the strength of the bulk of the polymer is higher compared
to the shear strength of the film. A weaker bulk in comparison to the interfacial film will
eventually result in a high wear rate as the interfacial shear stress will cause premature
failure of the bulk. Here, interfacial temperature also plays a strong role in controlling the
properties of both the interface layer and the part of the bulk which is close to the interface.
Several polymers have been studied for their adhesive wear properties using smooth metallic
counterface. The low-friction (self-lubricating) and low-wear properties of many polymeric
materials are specially attractive for many industrial applications where metals and ceramics
cannot be used due to their inappropriate mechanical and chemical properties, the prospect
of contamination or for economic reasons. Amongst many polymers (and their composites
which will be discussed in a later section), two polymers are worth mentioning here because
of their low friction and mainly adhesive wear properties. These polymers are PTFE and
the linear (low and high density) poly(ethylene)s (PE)s. Early frictional studies on PTFE
was inspired by the possibility of a very low coefficient of friction of PTFE against hard,
such as steel, counterfaces. Works by Steijn [24] and Pooley and Tabor [20] investigated the
cause of the low friction and the molecular architectural changes at the interface of PTFE
and in the transfer film due to frictional stresses. Both studies indicated that for PTFE there
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is an extensive molecular reorientation in the direction of sliding. Such reorientation of the
molecules occurs for the surface of the PTFE in contact with the counterface as well as for the
transfer film that is deposited on the counterface. The measured dynamic friction coefficient
is directly related to the molecular structure of the polymer. PTFE, which is composed of
rigid rod-like molecules with a ‘smooth molecular’ profile, shows a low coefficient of friction
because of an easy slip between the aligned molecule chains, basically a ‘smooth molecular
topography’ at the interface. Whereas, for low-density PE which has molecules with many
side chains (‘rough molecular topography’) tends to give a higher friction. High-density PE
has very few side chains and hence the coefficient of friction is lower compared to that for
the low-density PE. It is also important to note here that transfer film and consequently the
frictional properties are greatly influenced by the prevailing interfacial temperature and also
the kinematics of the relative motion between the two bodies. Smurugov et al. [38] have
mentioned that the self-lubricating nature of PTFE originates from the low activation energy
for the motion of the PTFE molecular bonds. In the temperature range of 30–90�C, which is
easily achieved in any frictional event, PTFE fails along weak intermolecular bonds due to
even minor temperature rise which involves slippage of crystalline formations of the bond
structure. The wear rate is generally very high which can further increase at temperatures
higher than 90�C. Wear data on adhesive wear for many polymers will be presented in
Section 10.3.4.4 where we will specifically deal with the friction and wear behaviour of
semi-crystalline polymers. The topic of non-linear motion and its influences on friction and
wear of certain polymers is discussed later.

10.3.3.3 Chemical Wear

It has been suggested that some chemical reaction is essentially present in almost all
tribological interactions; this is fair. However, chemical wear is defined as the process of
significant material removal as a result of extensive chemical reactions between the mating
materials and the environment. There are four main reasons to promote a tribo-chemical
reaction in polymer–metal interaction. The first reason is the elevated interfacial temperature.
The flash temperature can potentially be extremely high (certainly in filled systems) but the
mean steady-state interface temperature could be found in the range of 200–400�C depending
upon the system, but the upper level will be defined by the Tg or the melting temperature
of the polymer where appropriate. At these temperatures, polymers can melt, ions can be
pulled out or some chemical reaction (such as oxidation) can take place. The second reason
for chemical reaction is the catalytic actions of the exposed clean metal surface; again likely
for composite systems. The third reason is the actions of the fillers in either catalysing the
reaction or in actually taking part in making reaction products. Finally, the fourth reason
is the contribution from the mechanical straining of the materials which can result in the
enhanced chain scission of the molecules. A detailed knowledge of these contributors to the
chemical wear is lacking; however, several studies have focused on the bulk decomposition
and oxidation of the interface. The subject is still in its infancy.
At less severe situations of pressure (load and frictionwork) and sliding speed, the interfacial

conditions (PV factor, a product of the magnitudes of pressure and sliding speed – see later)
seem to help in the process of forming strong adhering transfer film which may reduce the rate
of wear. Brainhard and Buckley [39] studied the interactions of PTFE with several clean and
oxidized metal surfaces in UHV conditions. On the basis of the augur emission spectroscopy
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study of the slid surfaces, they concluded that there is possibility of the direct metal–carbon
bonding reaction leading to the formation of very strongly attached thin transfer film. In
addition to this kind of chemical reaction, van der Waals forces and some other physical
means of attachment of the polymer molecules to the metal surface have also been suggested.
Briscoe et al. [40] and Pratt [41] have suggested a reaction between PTFE and Pb (lead)
in the presence of bronze or CuO which results in the formation of strong adhering PTFE
film in porous bronze bearings. Several oxides (PbO, Pb3O4, Cu2O, Fe3O4� can catalyse or
themselves react with PTFE forming hydrogen or chemical bonds with ferrous substrates
[42]. In a, now classical, differential scanning calorimetric study, Pocock and Cadman [43]
found that PTFE reacts with tin at a temperature of 450�C after a prolonged thermal soak.
Though a temperature of 450�Cmay be unrealistically high for a normal tribological polymeric
contact of this type, the presence of strain-inducedmechanical actions and available oxygen can
lower this reaction temperature, which means this reaction is common in dry bearing sliding
situations. Conversely, in severe sliding situations chemical attack which involves mainly
the oxidation of the polymer can result in an extremely high wear rate [44]. In the case of
nylon 6,6, it has been shown that the presence of particulate CuS promotes the formation
of FeSO4 when nylon 6,6 is slid against smooth steel counterface. The electronegativity
in sulfur and oxygen atoms promotes the formation of hydrogen bond with the nylon [45].

10.3.3.4 Fretting Wear

Fretting is a very common engineering problem often involving polymers and metals and
possibly polymers and ceramics. Polymers have often been used as a bulk or coating to
counter fretting problems in metal components. Fretting involves movements of two adjacent
surfaces with a small amplitude of the relative displacement and often at high frequencies.
There is invariably a strong influence of the action of the third body, that is the debris
particles, in modifying the fretting damage of the polymer surfaces and the counterface.
Fretting damage is often a combination of two competing phenomena: wear debris formation
on the one hand, and the crack nucleation and growth on the other. While crack nucleation
and growth is concerned with the loss in the fatigue life of the component, wear debris
generation is primarily a wear problem. In order to rationalize different material responses
in fretting, Vincent et al. [46] have introduced the concept of the fretting map. Such a map
is reproduced in Figure 10.6. One conclusion that can be drawn from this map is that the
tendency for the contact to produce wear debris is higher as the displacement amplitude
is increased or as the normal force is decreased. At higher contact amplitude, there is
more interfacial slip between the two surfaces leading to more apparent wear. Higher loads
influence the formation and the propagation of cracks and the loss of fatigue life and thus
reduce the wear damage. Most of the fretting process, between a polymer surface and a
mating steel ball, at low normal load situations shows scratches parallel to the direction
of motion of the steel ball within the first few strokes. These scratches will subsequently
grow into microcracks and deepen and join together to detach themselves forming debris
particles. Loose polymer debris become compacted between the two contacting surfaces and
then essentially take the cylindrical form and roll structures as third body between the two
surfaces; a similar situation is noted with the elastomers (erasers) used to remove pencil
marks from paper. At some very high number of cycles of the fretting process, the slip
between the surfaces is actually reduced or accommodated by the process of shear and roll
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Figure 10.6 Fretting map for polymers as introduced by Vincent et al. [46]. Increasing normal load
induces crack formation, whereas increasing displacement amplitude generates debris and wear due to
larger slip between the two surfaces

relaxation of the third body and the wear is practically arrested. Briscoe et al. [47, 48] have
noted that the mechanical properties (elastic modulus and hardness) of the compacted and
rolled debris can be comparable or even higher than those of the host polymer. Also, here
it may be worth mentioning that the fretting wear can be high if there is a combination of
linear and torsional motion at the contact [47]. Increasing the torsional component increases
wear. Cracks form at the interface at a stress which is much below the nominal ultimate
tensile stress mainly because of the repetitive fatigue process [47]. Fretting wear scars always
develop in a specimen at its periphery because the slip is at the maximum in the periphery
region compared to the centre of the fretting motion [48]. A metal ball surface can also
oxidize during the fretting operation and this tendency is much higher at higher normal loads.
In fretting tests involving poly(carbonate) (PC) and poly(methylemethacrylate) (PMMA)
against a steel ball, there is a large amount of the oxide that is formed at the contact which
essentially protects the polymer surface from further wear [49].
Thus, it is apparent that the third body plays a vital role in reducing or controlling the

process of fretting wear. Crack formation and wear debris production are the two competing
processes during fretting and the tendency for each to prevail will depend upon the contact
pressure and the relative displacement amplitude as is shown in the typical fretting map [46].
The environment (presence of humidity, for example) has stronger effect upon the fretting
life of the majority of polymeric contacts.

10.3.3.5 Fatigue Wear/Rolling Contact

Fatigue is normally associated with a simple internal failure mechanism for the bulk of
materials. Fatigue failure occurs as a result of cyclic or random changes in the stress levels
below the fracture strength of the materials. A similar phenomenon of fatigue failure is also
observed in the case of cyclic sub-surface stress variation and this type of failure is known as
fatigue wear. The surface stress variation induces sub-surface cracks which finally propagate
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to the surface producing a chip or flake of the wear debris. Fatigue wear is very common
in rolling contacts in metallic gear applications where the contact stress varies during the
operation. Fatigue also naturally leads to the so-called delamination wear processes as are
observed and reported in the case of metals [50].
Traditionally, polymers have not been widely used for rolling contact or for high load

bearing gear applications; however, such applications have naturally increased in recent years.
This increase in the use of polymers has arisen, first, because of the commercial manufacture
of many high-temperature engineering polymers that have a combination of excellent strength
and toughness properties; the other reason is the advantages of polymers over other materials
such as ‘self-lubricity’, non-contaminant and low unit product cost. Although the low load
applications of polymer gears and rolling contacts have been widespread in electronics
industries, many new formulations of polymers (such as PEEK) and their composites show
excellent high load applications with performances even exceeding those of metals [51] for
more substantial engineering applications. Very few examples of the fatigue wear/rolling
contact results can be found in the literature for polymers. Major contributions have been
by Stolarski [52, 53], Eiss and Potter [54] and by some more recent works [55]. The energy
dissipation processes involved during the rolling of elastic and visco-elastic materials is quite
well understood. The energy is dissipated mainly due to the visco-elastic plastic deformation
of the materials in the beginning of rolling process and due to elastic hysteresis losses within
the contacting surfaces. However, for polymers, there is an added effect of the visco-elastic
behaviour of the materials which means the material does not relax instantaneously as the
contact loci pass through a point. This produces a stress inhomogeneity close to the surface
of the polymer. Also, the visco-elastic deformation starts at a much lower stress than the
plastic yielding in a Hookean elastic body which means permanent deformation can be
introduced in a visco-elastic material even at low stresses for every cycle of stress leading to
a loss of fatigue life. Elastic hysteresis loss, which can be comparatively large (say 5–20%)
in elastomeric and other polymeric bodies, leads to sharp temperature rise and the chemical
degradation or softening of the polymer; the ‘blistering’ of automobile tyres is a familiar
example. For filled polymers, cracks can be introduced on the entire contacting surface due
to matrix–fibre debonding as a result of localized matrix deformation and the associated
temperature rise. Though the process of fatigue for polymers and polymer composites is
somewhat understood, creating useful models has been very challenging especially for the
composite systems.
Limited experimental data are available on the fatigue wear in rolling contacts for

polymers. Stolarski has worked on the acetal, nylon 6,6 [56] and PEEK [52]. Results on a
three-ball rolling contact tester (with a hemispherical polymer pin in contact with the three
balls) show that PEEK is superior in fatigue performance while acetal is better than nylon
6,6. Nylon 6,6, which wore most under the same given condition, showed formation of flaky
debris indicative of the fatigue wear. Acetal showed a ‘hair-cuticle’ type of crack formation
without much visible evidence of wear. In contrast to nylon 6,6 and acetal, PEEK showed
no observable wear even at slightly elevated load compared to the other two polymers.
The surface of PEEK had some deformation mark characteristics of plastic flow rather
than that of brittle fatigue. Although PEEK showed better wear performance when tested
in water emulsion as lubrication, the same authors have found that PEEK performs poorly
in other lubricants containing linear carboxylic acids due to the occurrence of significant
bulk plasticization. Nylon 6,6 and acetal gave improved fatigue wear resistance when tested
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in a commercial lubricant (Shell Vitrea Oil 100) probably due to the development of
hydrodynamic lubrication conditions [52]. PEEK, in both virgin and composite forms, has
been used by several researchers and, currently, commercial gear products made of PEEK
are in extensive use. Kurokawa et al. [55] found that the introduction of a pitch-type carbon
fibre provided better wear properties for gear application. Limited data on fatigue wear in
the rolling contacts of polymers show that PEEK is superior to many other polymers in
fatigue probably due to the polymer’s good high temperature and better strength properties.
Composites of PEEK with carbon or glass fibres will give even better performance if properly
optimized in terms of fibre wt.% and fibre orientation.

10.3.4 Wear Classification Based on Polymeric Responses

10.3.4.1 Elastomers

The subject of the ‘wear of elastomers’ has evolved rather separately from that of the
wear of other polymers where the main focus has been devoted to the understanding of the
behaviour of semi-crystalline polymers. Thermosets and glassy polymeric systems have not
been studied as extensively as these two classes.
To review this area, it is necessary to recognize the seminal work of Schallamach [7],

although the subject has usefully evolved since then [57, 58]. Schallamach provided very
useful precedents, not least the attempt to relate ‘single deformation of events’ (he termed
these as isolated stress intensity events) to the prevailing overall wear and contact damage
processes.
The work published by Schallamach and his collaborators was of two types: the isolated

stress single asperity works and the generic study of wear (abrasive) processes and the
subsequent appearance of the worn surfaces (Figure 10.7). The former sets useful precedents
for the now fashionable studies of the scratch deformation of polymers, particularly glassy
polymers (discussed later).
The single contact deformation studies provided a good picture of the nature of the damage

events. The use of sharp needles was a useful illustration of the importance of surface
strain relaxation [59], while the use of ‘blunt’ indenters provided results comparable to
those observed with brittle solids, basically the formation of traction cracks. These studies
emphasized the tensile nature of the damage process and also the geometric anisotropy of
the consequent damage.
Schallamach, his colleagues and indeed others [60] complemented these studies with an

extensive series of investigations of wear processes both in the laboratory and on the road;
obviously the major driving force of these studies was to elucidate the wear processes of
automobile tyres. Two types of work were reported – unidirectional sliding and random
directional sliding. The counterfaces were invariably abrasive bodies or, in some cases,
gauzes; Ratner innovated the use of gauzes to suppress the natural ‘clogging’ of rough
counterfaces, caused by wear debris [61].
The unidirectional sliding produced the familiar ‘abrasion patterns’ often notable on the

surfaces of misaligned automobile tyres. The normal section of the worn surfaces has the
cuticle structure seen in animal hair which resembles the tiling on roofs. Several authors
have sought to simulate and model this process often using metal blades contacting rotating
rubber discs. Roberts and colleagues [62] related wear to tensile and fatigue properties and
Gent and Pulford [63] noted that the high radical concentration, generated by chain scission,
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Figure 10.7 Damage created on the surface of an elastomer by isolated stress concentration [3]. (a)
Surface deformation pattern when a sharp needle or conical indentor with acute angle is slid on the
surface of an elastomer. The elastomer surface is pulled in the direction of motion and fails in tension
behind the contact at 
/2 to the tensile field. (b) After the needle jumps forward the surface relaxes
and tensile tears are evident on the surface but are now in the direction of motion. (c) Tearing of an
elastomer due to tractive stress with a large unlubricated indentor. The tear is generated at the rear of
the contact region and is almost at right angles to the sliding motion. (d) A raised tip of elastomer
is formed but no material is actually removed. (e) A typical friction/scratching force profile when a
slider is passed over an elastomer

could erode metal (steel) blades. The picture is fairly well resolved; the wear is a result of
low- or high-cycle fatigue in tensile fields.
The case of random directional abrasion is less interesting and less studied. The wear rates

are generally significantly higher than the unidirectional case under comparable conditions.
The lip or cuticular structure is vulnerable to disruption from stresses imposed from non-
orthogonal directions. Data on the abrasive wear of elastomers can be found in a few
published works [30, 64]; however, they have been obtained under very different test
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conditions and hence it would be difficult to bring them into a single plot or rationalization
in some meaningful way.
A few others have since noted other effects. Aharoni [65] mentions scroll formations and

Russian work [66] notes the importance of radical scavenges to suppress the propagation of
chain scission during low-cycle fatigue-induced abrasive wear.
There was much literature published on the topic of wear, and tribology, of elastomers in the

period up to 1980. The book byMoore [67] was a useful survey and the recent books by Zhang
[68] and Denton and Keshavan [69] are very comprehensive. There has also been recent
and innovative work produced by Uchiyama and co-workers [70, 71] on the fundamental
origins of wear processes. We might reflect, however, that the overall picture has not greatly
changed since the early and seminal work published by Schallamach. The additional parts
focus upon fatigue processes and the chemical component of the wear process.
The friction for elastomers is different from most of the other materials in that for

elastomers in addition to the interfacial and cohesive term there is one more mode of
energy dissipation which is by hysteresis. Some facets of this subject were introduced
in Sections 10.2.1 and 10.2.2. The hysteresis loss is a characteristic of all visco-elastic
materials and this comes from the visco-elastic ‘flow’ of the materials over the asperities
of the hard counterface. For smooth and dry contacts, the interfacial component can be
very large in comparison to the hysteresis component; however, for rough surfaces and for
smooth and wet surfaces, hysteresis loss contributes substantially to the overall frictional
force. An excellent and exhaustive review on the theoretical models of hysteresis loss
in the tribology of elastomers have been presented by Moore and Geyer [72]. Friction
of elastomers can be very difficult to model because of the effects of load and velocity
that produce considerable interfacial heat. However, Grosch [60] has shown that if true
interfacial temperature is measured, the friction data for different load and velocity can
be brought to a single master curve by using time–temperature transformation such as the
Williams, Landel and Ferry (WLF) equation. Thus, friction can be plotted as a function of
velocity at a fixed temperature [30, 60].
Additionally, for elastomers there is also the unique phenomenon of the formation and the

propagation of the Schallamach waves [7] (Section 10.2.2).

10.3.4.2 Thermosets

The main practical area here is associated with the formulation of friction couples such as
dry clutches and brake components; there has also been interest in bearing systems. Like
the case of elastomers, but more so, this subject has been an academic Cinderella amongst
the various polymer classes. Surprisingly, there has been little published in this area. Rhee
has produced a range of articles [73, 74] and there are some new contributions [25]. Even
here, the focus has been mainly on frictional stability, or ‘fade’ (traction) suppression, rather
than on wear per se. The importance of chemical degradation and degradative transfer is
mentioned mainly in the context of thermal stability and heat balance. The concoctions used
in practice do make a fundamental study impracticable.
The subject did take on a renaissance when there was a move to replace asbestos by

‘Kevlar’ (aramid fibres) as the reasons for the use of certain fibrous fillers had to be revisited.
This area touches upon the utilization of fibrous composites as bearing materials (see also
Section 10.4). There is interesting literature on this [75–78]. The fibre orientation in the
matrix is apparently important.
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There is useful and extensive literature on the wear behaviours of short- and long-fibre
reinforced thermosets and the influences of fibre content and orientation [79, 80]. Friedrich
[81, 82] has surveyed the area and has provided recent research seminars. Naturally, there
must be much speculation as to the origins of the wear behaviour of such complex systems.
However, some interesting trends emerge. The influence of the principal fibre orientation
direction, with respect to the sliding direction, is very interesting if not quite predictable.
There is, of course, the nature of the transformed interface (third body) to be considered
but the data do fit into the basic geometric models of how contact mechanical stress may
propagate and subsequently disrupt the interfacial bonding between the matrix and the
reinforcing fibres. The published data note that the strength of the fibre/matrix interface is a
crucial factor governing the wear life of the composite in some circumstances. The tribology
of polymer composites is further briefly elaborated in Section 10.4.

10.3.4.3 Glassy Polymers

The common glassy polymers, such as PMMA, PC and poly(styrene) (PS), have not been
used as bearings but rather as optical windows. The Achilles’ heel of polymeric materials,
in the context of bearing applications, is their inability to dissipate frictional heat. The rather
abrupt thermal softening of glassy polymers leads to uncontrolled thermally induced failure
akin to scuffing in metals; a similar technical problem exists with some other non-cross-linked
systems such as the PEEK [83, 84].
Uniquely, some polymeric bearing contacts have the propensity to ‘scuff’; this is a very

notable feature of the behaviour of the non-cross-linked systems where molecular mobility
and flow are not constrained by the cross-linking process. When a polymeric contact reaches
a temperature near to the glass transition or crystalline melting temperature, there is naturally
a pronounced decrease in the Young’s modulus and the hardness. The process resembles
that seen in ductile metals [85, 86].
It is a simple matter to examine the consequences of such an event by considering the

rate of energy dissipation in the contact (refer Section 10.2). The basic premise is that there
will be, at the transition, a loss of ‘asperity persistence’ [87]. The model [1] is simple and
predicts that the friction is

F = �A (8)

where � is the interfacial shear stress and A, which is roughly inversely proportional to the
hardness, is the contact area; the material properties are decreasing functions of temperature.
When the frictional heating is localized at the interface, � decreases but the hardness, and
hence the contact area, remains largely unchanged. As the thermal front propagates into
the polymer, the hardness decreases and the contact area correspondingly increases. The
frictional work increases as a result and at some stage a catastrophic failure mode is instituted;
there is a complete loss of asperity persistence and the contact area approaches the apparent
contact area. The process has many features which are similar to the ‘Junction Growth’
models developed for metals in early literature [1]. The overall consequence is a massive
and highly damaging contact failure. The phenomenon is well exemplified by the behaviour
of virgin PEEK against metal counterfaces in certain lubricated media [84]. Certain additives
in conventional lubricating fluids have the capacity to induce plasticization, at elevated
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temperatures, in such engineering polymers [88]. The combination of frictional heating and
ambient plasticization leads to high contact areas and scuffing failures (a Rubenstein [89]
effect) . The same problem is not seen with modified materials (PEEK combined with PTFE
[90] for example), as the self-lubrication additive is capable, because of third-body formation,
of producing a low-friction counterface.
‘Self lubricating’ polymers such as PTFE and linear PEs have the capacity to form oriented

layers which are ‘weak’ in shear and hence do not generate the same degree of adiabatic
shear heating at the interface (see next section) [20].
Other parts of this chapter will deal with the subtle effects induced by special contact

displacement modes; linear motion combined with load axis spin for example. One of the
interesting features of the overall wear response is the influence of the contact configuration.
The process of fretting is a good example of the importance of debris accumulation and
expulsion from a contact zone. Again, the problem resolves around the imposed complexity
of the sliding motions and the details of the specific actions of the interface shear fields.
Briscoe and Chateauminois have recently encountered this problem in the context of a glassy
polymer, PMMA [47, 48]. The imposed sliding kinematics has a major influence upon the
overall rate of fretting wear.
It is unlikely that polymers of this class would be generally used for advanced tribological

service. More likely is the prospect, because of their cost and utility, they may have a
tribological function as part of an overall design requirement. The most obvious examples
currently are the use of poly(acrylate) in ‘bathware’ and ‘domestic’ surfaces and the various
usages of PCs in optical windows. A noticeable interest in the marring or scratching of such
polymers is apparent in recent literature [91, 92]. This would not, by conventional definition,
be regarded as ‘wear’; the parallel with the Schallamach precedents is of interest and better
wear models may accrue because of this focus upon the origins of the perceived surface
damage.
The scratch work, mainly for PMMA, leads to several general conclusions. The damage

evolves through a range of severity as the contact strain is increased: visco-elastic
smoothening or ‘ironing’, plastic or visco-plastic grooving, extensive plastic flow and tearing,
pronounced fracture or tearing and finally cutting or chip formation. The contact strain may
be loosely defined as being proportional to the tangent of the included semi-angle of the
indenter.
There is an expanding literature on the topic of the scratching of polymers which provides

a refreshing and exciting addition to the understanding of damage processes [48, 91–95].
A typical damage map is shown in Figure 10.8 [95]. A combination of frictional force
measurements, AFM and topographic studies, SEM images and modelling has shed much
light on the processes involved, all be it for only a few polymers, in particular PMMA.

10.3.4.4 Semi-Crystalline Polymers

For a very large variety of reasons, these systems have been very extensively studied
not least because of the historically practical and academic interest in the wear of the
poly(tetrafluoroethylene)s and the sister polymers such as the linear PEs, in particular the
high-molecular-weight PEs; the latter has found great favour in orthopaedic replacement
components (see later in Section 10.6). The class is also one which sees a wide range of
applications: PTFE and the derived high-temperature polymer composites for bearings and
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Figure 10.8 Scratching mode map for PMMA [3]. The diagram shows the dependence of the observed
scratching deformation mode upon the nominal contact strain and the applied load. The nominal contact
strain was calculated as 0.2 × tan 	, 2 	 being the included angle of the indenter. The scratches were
produced at a constant scratching velocity of 0.004 mm s−1, at ambient temperature of 20�C and under
unlubricated contact conditions

automobile piston seals [96], nylons as common automobile bearings [97], PEs in marine
environments and poly(vinylidenefluoride) and PEEK in wire line electrical shielding.
The intriguing facet of the semi-crystalline polymers is the variety of their ‘transfer’

wear or damage responses. There are probably three types of behaviour; the classification
is an old one and many would cite the work of Tabor and colleagues [20, 98] as being
seminal here – Figure 10.9 illustrates. A distinction is first made between isothermal and
adiabatic processes although this is made more on a judgement of extent rather than upon
kind. This apart, for the isothermal cases, three situations are regarded as being encountered
(Figure 10.10). First, there is transfer or not; poly(propylene)s are regarded as not forming
thin and ordered transferred layers, but the situation is unclear. What is clear, however, is
that the PTFEs and linear PE do transfer under a wide range of contact conditions to many
counterfaces [99–101]. There is evidence that ambient temperature and sliding velocity are
important variables [98]. This apart, the isothermal condition which gives transfer does so in
two ways. There is the case of the so-called ‘smooth molecular profile, or special, polymers’
which produce, once linear sliding has commenced, thin highly oriented and weakly adherent
layers; this is typical of the PTFE and UHMWPE systems. The static friction is high but
the dynamic friction is low and the resulting wear (see later) may be very high. Surface
roughness and rotation coupled with sliding can suppress thin film transfer formation and
orientation leading to a reduction in the wear [102, 103]. Technically, the prospect of low
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Transfer wear behaviour types

Adiabatic

Largely due to thermal
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slider surface

Chemical degradation
of the polymer surface
and deposition of degraded
products to the counterface

Figure 10.9 Generic types of transfer wear behaviour when semi-crystalline polymers are slid onto a
hard smooth surface. In every case there is a formation of transfer layer on the counterface though the
shear and adhesive properties of the transfer films will vary depending upon the polymer’s mechanical
properties and the surface topography of the counterface [3]

Isothermal transfer layer types

No transfer layer 
e.g. PP

Smooth molecular
profile or ‘special’
polymers 
e.g. PTFE,
UHMWPE

Lumpy or un-ordered
transfer layer 
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Counterface

Transfer film

Counterface

Transfer film

Figure 10.10 Types of transfer layers for semi-crystalline polymers when slid against a hard smooth
surface [3]

friction motivated the great interest in these materials. Figure 10.11 summarizes wear rate
data for many different classes of polymers as found in the literature [104]. These data were
obtained for different conditions of load, velocity and the counterface surface roughness and
hence should be used with caution. However, relative wear performances of the different
polymers are evident.
The seminal work on transfer film was probably that by Pooley and Tabor [20] but Tanaka

has made useful contributions [70, 99] (also see reviews by Rhee and Ludema [112], Bahadur
[45] and by Biswas and Vijayan [113]). The basic idea was that certain polymers, under the
action of interfacial shear gradients, would produce reoriented interface zones and indeed
transferred layers [45]. Stolarski and co-workers [102, 103] demonstrated this point nicely
by undertaking studies of friction in wear of a range of polymers, including the ‘special’
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10–7 10–6 10–5 10–4 10–3 10–2 10–1

Specific wear rate (mm3 N–1
 m–1)

( pv = 1)

(0.65)
(0.1)

(1)
(2.5)

(0.01)
(0.57)

(2.5)
(0.086)

(4.7)

1. PMMA
2. PBI

3. Nylon 6
4. Nylon 11

5. Nylon
6. PEEK
7. PEEK

8. Polystyrene
9. Acetal

10. Polypropylene
11. PTFE
12. PTFE
13. PTFE

14. UHMWPE
15. HDPE

16. PE
17. Phenolic resin

Specimen
No.

Material Counterface
roughness,
Ra(�m)

Sliding
speed,

v (m s−1)

1/Se Normal
pressure,
p (MPa)

Temperature (�C) References

1. PMMA 1
2 – 0.09 – – [105]
2. PBI – 1 – 1 20 [106]
3. Nylon 6 – 5×10−3 – 20 – [107]
4. Nylon 11 0
11 1 – 0
65 – [108]
5. Nylon 1
2 – 0.1 – – [105]
6. PEEK – 1 – 1 20 [106]
7. PEEK 0
05 0
5 – 5 – [109]
8. Polystyrene 1
2 – 5 – – [105]
9. Acetal 1
2 – 0.5 – – [105]
10. Polypropelene 1
2 – 0.1 – – [105]
11. PTFE – 0
2 – 0
05 – [110]
12. PTFE – 0
1 – 5
66 29 [71]
13. PTFE 1
2 – 0.2 – – [105]
14. UHMWPE 0
05 0
5 – 5 – [109]
15. HDPE 0
9 0
03 – 2
8 – [111]
16. Polyethylene 1
2 – 0.09 – – [105]
17. Phenolic resin 0
05 5
6 – 0
84 – [78]

Figure 10.11 Specific wear rate for a number of polymers in adhesive wear modes [4]. Specimen
legends and test conditions are given below [reprinted from Sinha (2002) with permission from ASM
International] [104]

polymers under the action of combined linear and rotational sliding. Linear sliding produces
oriented interfaces with low friction and high wear. The addition of the rotation disrupts the
natural orientation process. As a result, the frictional forces increase towards the static (un-
oriented) values. Wang et al. have recently revisited this problem in the context of the wear of
UHMW PEs [114] . The evidence is persuasive; rotation when combined with linear motion
disrupts the process of highly oriented transfer. The fact that the consequent dry wear is
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reduced is explained by an argument that high friction and high energy dissipation promote
the formation of more strongly attached transferred layers; the converse is true for synovial
fluid lubricated contacts where film formation is generally suppressed (Section 10.6). Earlier,
Briscoe et al. [115] had examined the consequences of gamma irradiation for the tribology
of these systems. Interestingly, for the PTFE materials gamma damage does not produce
chain scission; rather a reduction in molecular weight and a corresponding increase in the
crystallinity. It would appear that high degrees of crystallinity inhibit transfer and suppress
wear. The action of fillers has a comparable effect.
These ‘highly structured or oriented layers’ are capable of producing low friction but high

wear; the volume of transfer wear per pass is low but does lead to an accumulated high net
wear rate.
The problem here, for bearing formulations at least, was resolved by the addition of a

range of organic and particularly inorganic fillers: particles, fibres and porous supports. The
use of a, say, 10% by weight of a glass particle in a PTFE composite has often been shown
to reduce the wear rate by up to at least one to two orders of magnitude [116]. Many
authors [110, 117, 118] have speculated upon why this occurs. Polymer blends are another
example for enhanced wear resistance of polymers [18, 119, 120]. Certain transition metal
oxide fillers have also been reported to induce mild polymer degradation at the interface
and thus create strong valence bonds between the transferred layer and the counterface [40,
41]. Similar tribo-chemical effects leading to stronger bonding of the transferred layer to the
counterface have also been tested for a polyphenylene sulphide composite filled with 30–35%
CuS powder when slid against a steel counterface [121]. Various models are available but
basically the fillers are thought to provide a thin, coherent, securely attached transfer layer of
the polymer species on the adjacent counterface. A stable transfer layer promotes low friction
and low wear. Other factors such as the suppression of transfer and the generation of local
stress events at the interface may be important [122]. The wear morphology of fibre-filled
polymers has been shown to exhibit crack nucleation at the polymer–fibre interface and
crack propagation parallel to the surface and crack shearing to the surface resulting in flakes
of polymer debris [123]. Environmental influences, particularly water, may further disrupt
this interface and thus cause higher rates of wear [23]. The friction and wear of polymer
composites is considered further in the next section.
Another important parameter that controls the wear of semi-crystalline polymers is the

initial and steady-state counterface roughnesses. This aspect has been dealt with at length
in an earlier review [15]. However, it may be appropriate to mention here that for both
pure and filled polymers, there seems to be an optimum initial counterface roughness that
produces strong adhering transfer layer and consequently low wear [124–126]. For example,
PTFE filled with 10% carbon shows a minimum in the wear rate at about initial counterface
roughness of 0.4 �m (Ra value) [127]. The optimal roughness value for medical grades of
UHMWPE has been extensively studied by Dowson and co-workers [124].
Much less is known and recorded regarding the other two cases: no transfer, if it occurs

in this class, and the ‘lumpy’ and un-ordered transfer which is seen with such polymers as
low-density (chain-branched) PE. Pooley and Tabor [20], for example, reported high frictions
and relatively thick but un-oriented transfer for this case. At the initiation of sliding in linear
motion sliding with load axis spin ‘lumpy’ transfer is seen with PTFE and the linear PE.
Steward and co-workers [127, 128] observed similar behaviours for carbon-filled PTFEs.
The general result for those cases is that high friction produces thick un-oriented layers and
also relatively low rates of wear.
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Central to all of these observations is that nature and adhesive tenacity of the transferred
layers is apparently a dominant factor. The abrasion resistance of the class, by and large,
may be rationalized using the Ratner–Lancaster correlation for the virgin polymers at least.
At a fundamental level, there are now issues to be considered regarding the scale of the
deformation and the corresponding scale of the homogeneity of the system; for composite
materials this is an issue of interest for practitioners but one which is not resolved by those
who wish to produce generic models. Friedrich [106] and one of the current authors [15]
have commented upon this problem.

10.4 Tribology of Polymer Composites

Although unfilled (or virgin) polymers have shown excellent tribological properties in some
very uneconomical cases, they are rarely used as monolithic one-phase materials; not least for
economic reasons as fillers are often relatively less expensive than the polymer. An addition
of second phase in the form of particulate, short- and long-fibre fillers, making composites
has many structural advantages and the potential and actual tribological advantages of these
composites will be discussed in this section.
From the material deformational standpoint, we can simplify the classification of the

formulation of composites by dividing them into two types. One is where ‘soft and lubricating
phases’ are added to a matrix of a relatively continuous ‘hard phase’ and the second is the
type where ‘hard and strong phase’ is dispersed in a ‘soft phase’ matrix [129]. The polymer
may actually be the matrix of the dispersed phase and a wide spectrum of such cases exists
in practice. This classification will help in the understanding of the tribological behaviours
of polymer composites because the deformational characteristics of the second phase in
composites play a very important role in modifying the interface. It is now well understood
that the tribological responses of polymer composites when slid against hard (and ‘smooth’)
metal surfaces are dependent more on the interface properties and less on the cohesive or
sub-surface properties. However, the latter controls the sub-surface fracture properties in the
high wear rate regimes and is a significant fraction in gross abrasion and rolling contact
fatigue.

10.4.1 ‘Soft and Lubricating’ Phases in a Harder Matrix

This is a type of composite where the intention of adding soft phase is to provide a low
shearing or self-lubricating material in a hard matrix and thus a lubricating third body. Use
of PTFE or graphite in harder polymers such as PEEK or nylon 66 is a good example of
this kind of widely utilized composite. The second phase does not contribute towards the
improvement in any other mechanical properties such as the elastic modulus or fracture
stress. In fact, there can be drastic reduction in the bulk mechanical properties as a result
of the inclusion of the soft phase in the matrix. The main advantage of using such a soft
lubricating material such as PTFE in the matrix is the reduction in the coefficient of friction
and wear up to an optimum wt.% of the soft phase and a corresponding increase in the PV
limit; a volume fraction inclusion of 5–20% is typical. The use of a very large wt.% of
soft phase will probably be counterproductive by reducing the elastic modulus and strength
and thus finally increasing the wear rate. Several experimental data on, specially, the use of
PTFE are available in the literature. Figure 10.12 summarizes some of the results that in fact
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Figure 10.12 The effect of PTFE addition to hard polymer matrices. The rectangular bar chart
indicates specific wear rate (units on the left of the graph) and vertical arrows indicate the coefficient
of friction (units on the right of the graph). Test conditions are as follows: (a) pin-on-disc apparatus,
steel counterface roughness Ra = 2
8 �m, p= 3
14 MPa, v= 0
5 m s−1 [130]; (b) test conditions same
as for (a) [130]; (c) counterface – steel disc grade DINX20Cr13, counterface roughness Ra = 0
03 �m,
p = 0
5 MPa, v = 0
25 m s−1 [131]; (d) counterface – steel disc grade DINX20Cr13, counterface
roughness Ra = 0
03 �m, p= 0
5 MPa, v= 1
2 m s−1 [131]; (e) block-on-ring apparatus, p= 1 MPa,
v = 1 m s−1 [132]; (f) test conditions same as for (e) [132]; (g) test conditions same as for (e) [132];
(h) counterface roughness Ra = 0
1 �m, p = 2
5 MPa, v = 0
3 m s−1 [133]; and (i) test conditions
same as for (h) [133]

lead to the same conclusion. Use of PTFE up to a moderate 18 wt.% can help in reducing the
coefficient of friction by up to half and the specific wear rate by an order of magnitude; the
PV limits will also be greatly improved. There will also be a marked increase in the scuffing
load (PV limit) as the heat generation will also be very greatly reduced. The presence of
PTFE basically helps in the formation of a continuous PTFE-enriched interfacial transfer
film on the counterface. Flow by shearing action is facilitated by the molecular structure
of PTFE and thus the coefficient of friction drops. The wear rate as a function of wt.%
PTFE initially decreases with the increase in the percentage of PTFE; however, it will reach
a minimum, and a further increase in the percentage of PTFE will increase the wear rate.
Other soft and lubricating phases that have been used for polymer composites include MoS2,
CuS and CaF2 [110], aliphatic amides [134] and silicone resins and fluids [135]. MoS2 is
solid lubricant, whereas compounds of copper decompose to copper, or its oxides, during the
wear process. It is believed that copper acts as a catalyst in the formation of strong adhering
interfacial film on steel counterface [40].

10.4.2 ‘Hard and Strong’ Phases in a ‘Soft’ Matrix

The main advantage of adding hard and strong phases to soft matrix is in increasing the
stiffness of the matrix; there may be a corresponding loss of toughness or fatigue life. While
the friction is controlled by the self-lubricating property of the matrix, wear resistance is
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improved because the load-carrying capacity of the composite is basically increased due to
the presence of hard and strong second phases. Very good examples of this kind of polymer
composites would be those with glass or carbon fibres in thermoplastic or thermoset matrices.
Several other kinds of hard phases such as ceramic oxides are also added to polymer matrix
with varying effects.
PTFE, polyamides (nylon), PEEK or phenolic resin filled with glass fibre (GF), carbon

fibre (CF), aramid fibre (AF) or other fillers are very common examples of the composites
where the addition of second phase essentially raises the strength of the matrix. The wear
rates for these composites are generally lower than that for the neat polymers; however,
the magnitude and the relative effectiveness of each filler will depend upon a number of
factors such as the environment and whether the fibres are used as long or short fibres.
Figure 10.13 compares the wear rates of neat and filled polymers. It is important to note
that although there is often an increase in the coefficient of friction as a result of the fibre
addition, the wear rates are significantly reduced. For most of the fibres, there is an optimum
wt.% inclusion after which the wear rates tend to increase. The optimum level of the fibre
in polymer matrix has been experimentally found to be in the range of 15–30 wt.% [106,
108, 137], though this value may vary drastically from system to system. Approximately
20 wt.% is considered to be optimal by many researchers. One important aspect of the wear
mechanism here is that of the formation of a strong and coherent adhering transfer film upon
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Figure 10.13 The effect of fibre addition on the specific wear rates of a few polymers. The rectangular
bar chart indicates specific wear rate (units on the left of the graph) and vertical arrows indicate the
coefficient of friction (units on the right of the graph). Test conditions are as follows: (i) 440 C steel
ball (diameter = 9 mm) sliding on polymer specimen, normal load = 5 N, v= 0
1 m s−1, roughness of
polymer surface Ra = 400 nm, 30% humidity [136]; (ii) test conditions same as for (i) [136]; (iii) test
conditions same as for (i) [136]; (iv) reciprocating pin–steel plate apparatus, counterface roughness
Ra = 0
051�m, N2 environment [96]; (v) test conditions same as for (iv) [96]; (vi) pin-on-steel (AISI02
quench hardened) disc apparatus, counterface roughness Ra = 0
11 �m, p = 0
66 MPa, v = 1 m s−1

[108]; (vii) test conditions same as for (vi) [108]; and (viii) test conditions same as for (vi) [108]
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(a)

(b)

100 µm

100 µm

Figure 10.14 (a) High speed–low pressure reciprocating wear of PEEK composite (containing 10%
CF, 10% graphite and 10% PTFE) against stainless steel (containing 13% Cr) [131] shows existence
of transfer film on the counterface; (b) worn surface of PEEK composite showing extensive fibre
debonding and some abrasive marks. The sample was collected after 70 h of testing at a velocity =
1.2 m s−1 pressure = 0.5 MPa [reprinted from Schelling and Kausch (1993) with permission from
Elsevier] [131]

the counterface (normally smooth ferrous surfaces). The presence of a stable thin film appears
to prevent further removal and deposition of the matrix. Figure 10.14 gives an example of
such a transfer film on a steel surface. The wear of the composite is further reduced because
the load-carrying capacity of the composite is much higher than that of the matrix and thus
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any sub-surface fracture and yielding of the material are minimized due to the presence of
the hard and strong second phases. The effects of several different types of fibres on the
friction and wear properties of polymers have been studied very extensively. A summary of
some of these results can be usefully presented in a friction and wear map format as has
been shown by Friedrich et al. [106]. A very general conclusion on the inclusion of fibres
in polymer matrix may be made here which is as follows. At ambient room temperatures,
the addition of glass fibre sometimes increases the coefficient of friction by 0.2–0.3 units,
whereas addition of carbon fibre will either often have no effect upon the coefficient of
friction or it will reduce by 0.1–0.2 units. At higher temperature (in the range of 150�C),
the friction largely remains unaffected or drops slightly by 0.1–0.2 units. Both carbon fibre
and glass fibre are equally effective in reducing the extent of the wear rate. Wear rate
can by reduced by one to two orders of magnitude, or better, for the optimum levels of
fibre wt.%.
One disadvantage of using hard phases in soft matrix is the possibility of transfer film

removal or even the aggressive abrasion of the hard counterface if the hard phases (particles
or fibres) are released to the interface as third body due to loosening of the bond between
the filler and the polymer matrix [138]. Perhaps to overcome the abrasive effects of hard
phases and to reduce the coefficient of friction the majority of composites that are used for
tribological applications today are in fact hybrid in nature. Therefore, the following section
will present some of the various tribological trends of polymeric hybrid composites.

10.4.3 Hybrid Polymer Composites

The optimum levels of friction and wear can often be obtained for a polymer matrix if both
soft (and lubricating) and hard (and strong load bearing) phases are selectively added to
enhance the self-lubricating and load-carrying properties of the matrix. The potential and
actual advantages of using hybrid polymer composites for tribological applications have
been shown by many researchers and manufacturers. The addition of a strong fibre such as
glass fibre (GF), carbon fibre (CF) or aramid fibre (AF) coupled with some wt.% of soft and
lubricating phases such as PTFE, MoS2 or CuS2 could provide excellent wear resistance and
low friction. Figure 10.15 gives an example of friction and wear behaviour when CF and
PTFE are added to poly(amide) matrix.
The selection of the second phase for enhancing the tribological performances of polymeric

matrices will depend upon the normal pressure, sliding velocity (the PV factor) and the
surface conditions of the counterface as well as on the ambient environment and contact
kinematics. A high PV factor requirement will necessitate the presence of fibres to increase
the strength of the materials, and the presence of soft lubricating phases will keep the
coefficient of friction, and thus the interfacial temperature, low. Polymers with high Tg,
the so-called engineering polymers, are generally preferred for heavy-duty applications:
PEEK, PES, PPS, for example. Counterface roughness also has profound influence on the
wear resistance of such composites. For high counterface roughness, where abrasive wear is
predominant, the presence of second phase may not have desired effects. Many studies have
suggested that the presence of a second phase in polymer matrix has deleterious effect on
the abrasive wear resistance [139]. As always, the thermal conduction and heat capacity of
the system will be a controlling factor at high values of the PV factor.
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Figure 10.15 The effect of fibre and soft phase addition on the specific wear rates of PTFE. The
rectangular bar chart indicates specific wear rate (units on the left of the graph) and vertical arrows
indicate the coefficient of friction (units on the right of the graph). Test conditions: pin-on-steel disc
apparatus, counterface roughness Ra = 2
8 �m, p= 3
14 MPa, v= 0
5 m s−1, T = 23�C [130].

10.5 Environmental and Lubrication Effects

Polymers, in general, are not used in the presence of lubricants. Nevertheless, there has
been interest from polymer tribologists in this area; recall that a major virtue of organic
polymers is their intrinsic ‘self-lubrication’ capacity. One obvious reason is that polymers,
intentionally or un-intentionally, do get subjected to lubricants or humidity or contaminants
present in the operating environment. Examples are industrial bearings subjected to leaked
lubricants or water, household plastics subjected to humidity and polymer human hip/knee
joint replacements working in the environment of proteinaceous synovial fluid. One example
of elastomers in lubricating environment is that of hydraulic seals, a major area of application.
Here, the presence of a thin layer of lubricant is essential for the reduction of friction and
wear of the seal material. Working fluid film thickness for viscous oils present in seals
has often been predicted from elasto-hydrodynamic theory [140, 141]. This film generally
protects the elastomer surface from coming into direct contact with the solid surface. In the
case of prolonged stationary condition or for very high contact stresses, the lubricating film
tends to get squeezed out of the contact region, leading to high start-up friction and dry
sustained contact [142–144]. Such conditions eventually lead to high wear and seal failure.
The wear mechanism for such dry condition can be treated as similar to the case where there
is no presence of lubricant.
For the non-elastomeric polymers, depending upon the polymer and the lubricant polarity,

the presence of lubrication has various effects such as polymer plasticization, the reduction
of the contact area due to fluid film formation at the interface, modification of the
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shear properties of the interfacial junctions, changes in the adhesion properties of the
transfer film and anti-plasticization effects. In many cases, a polymer/metal contact will
exhibit the classical Stribeck–Hershy curve; PEEK/steel in hydrodynamic fluids is such an
example (the system used in the manufacture of Mc Pherson stuts [145, 146]). Briscoe and
Kreminitzer [147] have shown that for poly(ethyleneterephthalate) fibre/isopropanal–water
mixture systems, there are two situations of lubrication depending upon the normal load.
At low loads, the lubricating efficiency of the fluid depends upon the surface tension and
the wettability of the fluid. Low fluid surface tensions generally lower the coefficient of
friction due to the formation of a uniform lubricating layer at the interface. On the contrary,
at high loads the elevated contact stresses tend to extrude the interposed fluid out of the
interface zone leading to direct solid–solid contact and, as a result, a high friction situation
is generated. The effect of humidity on high-density PE, PTFE and nylon 6,6 has also
been reported [23, 148–150]. In general, these polymers allow a limited sorption of water
molecules into the amorphous regions of the bulk of the polymer contributing to a decrease
in the mechanical properties such as hardness, elastic modulus and the shear strength of the
polymer. Such sorption is accelerated in the presence of high hydrostatic pressures that are
very often present at the polymer/counterface contact regions. Modest surface plasticization
of polymers such as nylons often has the effect of reducing the interface shear stress and
thus the sliding friction: the so-called Rubenstein effect [129]. The effect is comparable to an
increase in interfacial temperature induced by, say, an increase in sliding velocity. Excessive
and deep plasticization of the surface will cause a disproportionate increase in the contact
area. The failure for fracture resembles thermally induced scuffing. The wear rates have
been found to increase by two- to threefolds under such conditions. The interesting feature
of lubricated sliding of transferring polymers is the presence of very little or no transfer film
on the counterface. Probably, this is one of the major factors contributing to their high wear
as there is continuous removal of the debris from the interface in the absence of a securely
attached transfer film. The effects of water on the tribology of polymer composites have also
been studied [151]. The wear rate generally is higher for all composites (PTFE reinforced
with either of the fillers – GF, CF, graphite, bronze, MoS2� studied; however, the reduction
of the wear rate is much higher (two to three times) for GF reinforced composite than
for others. For lubricants with larger molecules (fatty acid and paraffins), the plasticization
of the bulk polymer is minimized and thus the friction and wear depend upon the ability
of the polymer surface to generate a coherent layer of lubricant at the interface. A good
lubrication is possible if the contact stress conditions are not too severe. In the case of
PE used for artificial hip replacement, oxygen-plasma treatment has been used to enhance
the adsorption of protein molecules present in the human synovial fluid to the polymer
surface due to increased hydrophilicity [152]. Such polymer surface modification can lead to
considerable reduction (50%) in friction; however, its effect on wear is still not known. To
counter the damaging effects of mixed lubrication and the consequent wear of UHMWPE
in artificial hip joint prosthesis [153], different joint designs consisting of a compliant layer
such as water-swollen hydrogel polymer sliding over hard metal has also been reported to
have desirable friction and wear properties [154, 155]. Unlike most metals, lubrication of
polymers, in general, greatly depends upon how the lubricant molecules attach themselves
at the polar sites, if any of consequence, of the polymer surface and often less upon the
viscosity of the lubricant [156]. Further consideration of the tribology of hip–knee joints will
be presented in the case study in Section 10.6.
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The effects of humidity on the fretting wear characteristics of some polymers have also
been reported. A poly(imide), with carbonyl linkages in the molecule, in the form of coatings
of about 17-�m solvent cast on steel and aluminium surfaces shows a decrease in the fretting
life by twofold for an increase in the relative humidity from 10 to 40% [157]. The reason
for this has been suggested that water molecules attach to the carboxyl sites by hydrogen
bonding. At temperatures lower than the Tg of the polymer, the bonded water molecules
behave as anti-plasticizer and suppress the secondary relaxation process and flexibility in
the polymers; effectively the crystallinity is considered to increase. Less flexible polymers
(higher crystallinity) tend to fracture rather than deform plastically and hence the wear rate
is higher for the less elastically flexible case. This has also been proved to be the case in
linear sliding experiments [158].
The available literature on the lubrication and environmental effects on the wear of polymer

clearly suggest that polymers differ from metals and to some extent ceramics in at least two
aspects. The first is the ability of the fluid phase to penetrate into the bulk of the polymer
and thus change, often in rather subtle ways, the mechanical properties of the polymer. The
second effect of the lubricant or the environment is on the change in the adhesive and shear
properties of the transfer film. Despite some progress in the understanding of the lubricated
polymer wear, further research is needed to tap the great potential of using polymers for
specific applications in the presence of lubricants. Molecular modification of the polymer
surface to effectively accommodate lubricants without affecting the mechanical properties
of the bulk of the polymer appears to have some potential.

10.6 A Case Study: Polymers in Hip and Knee Prosthetic

Applications – Ultrahigh-Molecular-Weight Poly(ethylene)

(UHMWPE)

UHMWPE is frequently used as one of the articulating materials for prosthesis implants in
total hip and knee joint replacements (Figure 10.16) [159]. Total joint replacements (TJR)
require two articulating components that are made to slide against each other during service.
Historically, the choice of the pair of materials for TJR has been metal-on-metal, metal-
on-ceramics, ceramics-on-ceramics, metal-on-polymer and ceramic-on-polymer. Amongst
polymers, PTFE [160, 161], UHMWPE [17, 162–164] and POM (commercial name Delrin™

[165]), and a few of their composites, have been used in clinical trials. However, a vast
number of studies, both in the laboratory and in actual implants, have clearly shown that
UHMWPE is by far the most useful material for the TJR application for reasons such as
excellent biocompatibility, low friction and wear, good strength and toughness and chemical
stability in the body physiological environment. However, UHMWPE suffers from the
problem of wear particle generation due to the abrasive or transfer film actions of asperities
of the counterface or hard third body entrapped at the interface and due to fatigue. These
wear debris are about 10 �m in size or less and they are not biocompatible, meaning they
can trigger a macrophage reaction in the body leading to osteolysis in total hip arthroplasty
[166, 167]. It is believed that the presence of wear debris is the main cause of implant failure.
Therefore, a great deal of research has been carried out, first, to elucidate the mechanisms of
wear debris generation when UHMWPE is slid against smooth metallic or ceramic surfaces
in dry or lubricated environment, and, second, to engineer the surface and bulk of this
polymer in order to reduce the rate of wear (or particle generation).
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Figure 10.16 A schematic drawing of the hip and knee joints [reprinted from Stachowiak (1993)
with permission from Elsevier] [159]

One important point to recognize in this application is that the formation of a transfer film
on the counterface, which generally helps to reduce wear in dry sliding, is not desired as
the film debris will itself cause the damaging macrophage reaction in the body. Therefore,
a variety of lubricants are used mainly during simulated experiments to study the wear
behaviour of UHMWPE. Early researchers used distilled or deionized water as a lubricant;
however, UHMWPE wears heavily in water and this thus does not represent the actual wear
behaviour in service. It is now believed that protein biomolecules (such as phospholipids)
present in the serum help in the boundary lubrication of the joints and thus reducing wear
[168–170]. The wear mechanism of UHMWPE involves plastic deformation, abrasion and
delamination due to fatigue (in part rolling contact)-related phenomenon. Normally, hip
joints encounter lower stresses than the knee joints [171] and therefore the wear mechanism
can vary for these two joints. In the case of knee joint, the surface stress generated can be
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higher (∼45 MPa) than the yield strength of the UHMWPE (∼20–25 MPa) and hence may
be described by a low-cycle fatigue model such as the Coffin–Manson equation [17]. Wear
for such a kind of process occurs by a process often termed as delamination where the cracks
initiate in the sub-surface. For the hip joint, the contact stress (<10 MPa) is much below the
yield stress of the polymer and hence wear takes place by microscopic abrasion or transfer
and can be described by a model similar to the one presented by Ratner–Lancaster. Wang
et al. [17] derived a model for the microscopic abrasive wear process and gave a relation as

�V�W 3/2R3/2
a �S3/2e�−1 (9)

where W is the applied load and Ra is the centre-line average surface roughness of
the counterface (femoral head for hip joint). Equation (9), as does the Ratner–Lancaster
correlation presented earlier in this chapter, suggests that the wear can be reduced by
increasing the tensile fracture stress (strength) and the elongation to fracture (toughness)
of UHMWPE. The model also shows that the wear volume is a non-linearly increasing
function with the counterface roughness. However, many experimental results have shown
that this may not be true for very low (below a roughness threshold value) roughness values.
The wear volume initially decreases as the roughness is increased from a very low value
and reaches a minimum before increasing [124, 163]. This is also true for other polymeric
systems when sliding against metal counterface [15]. It has been noted by many researchers
that the main cause of abrasive wear of UHMWPE in hip joints is the loose hard particles
that are released from the PMMA bone cement with time and by the scratches that are made
on femoral head by these hard particles (or by the surgeon). Therefore, in order to reduce
the wear of the polymer, it is absolutely important to avoid the loose particles coming into
the interface and thus making scratches upon the articulating surface which further increase
the rate of wear. One solution to this problem is to make the metal part as hard as possible
while retaining the toughness so that the metal part will not suffer damage [172]. Ceramic
counterfaces have advantages here.
The specific wear rate of UHMWPE from retrieved UHMWPE actabular cups has been

found to be in the range of 0.9 × 10−6 to 7.2 × 10−6 mm3 N−1 m−1 [173]. This study was
conducted over a period of 16 years with 25 explanted actabular cups. One of the important
objectives of many simulated laboratory tests for TJR is to provide a wear phenomenon in

vitro that matches the in vivo clinical trials. It is extremely difficult to conduct any material
selection or improvement tests unless the laboratory test exactly simulates, with confidence,
the real human body conditions. Major successes have been achieved in this regard and
today there are several commercial hip and knee simulated wear testers as well as ASTM
standards for the friction and wear tests for total joint prostheses [174]. Obviously, the
laboratory test must simulate the lubrication system, stress cycles and orientations, presence
of third body, physiological environment and the human body temperature. Because of the
difficulty in matching all of these parameters in a laboratory test, often pin-on-disc type of
test apparatus is used with a very common lubricant, bovine serum, for the initial material
screening purpose only. Despite several successes in simulating the wear of hip and knee
joints, major inconsistencies in the laboratory measured values of wear are common [175].
Several studies have been carried out in order to improve the current materials for

reducing wear and debris generation. Saikko [176] found that wear rate of UHMWPE
is lower when slid against Al2O3 and ZrO2 by two orders of magnitude than when slid
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against Co–Cr stainless steel. Si3N4 gives wear at an order lower when compared to Co–Cr
stainless steel counterfaces. The tests were conducted in deionized water on a pin-on-disc
type simulator. Average wear factors (mm3 N−1 m−1� for UHMWPE in Saikko’s tests were
1×10−7, 3
3×10−9, 2
6×10−9 and 2
5×10−8 for Co–Cr stainless steel, Al2O3, ZrO2 and
Si3N4 counterfaces, respectively, whereas the measured coefficients of friction were in the
ranges of 0.1, 0.10–0.12, 0.12–0.15 and 0.09–0.18, respectively. It was concluded from this
study that ceramics or ceramic coatings on metals are viable alternatives for the femoral
head component. Derbyshire et al. [177] have found that the hardening of the femoral head
can help in the reduction of wear of UHMWPE as long as the surface roughness, Ra, is kept
in the range of 0.01–0.02 �m.
There have been some (probably ill-conceived) attempts to introduce polymer composites

for better wear resistance of the acetabular cup. The main problem with polymer composites
in lubricated sliding contact is the weakening of the matrix–fibre bond due to the presence
of synovial fluid. Further, glass fibre or even carbon fibre is generally not recommended
due to their abrasive nature if fragments of glass fibre or carbon fibre are released as debris
material [138]. Davim and Marques [109] found that under water-lubricated environment and
fixed conditions of contact stress (5 MPa) and sliding velocity (0.5 m s−1 at 30-mm radius of
the disk) on a pin-on-disc type apparatus, PEEK/30% carbon fibre composite gave wear rate
which was lower by about two orders of magnitude compared to UHMWPE. Virgin PEEK
had higher wear by roughly about one order when compared to that of UHMWPE. The
measured specific wear rates (mm3 N−1 m−1� for UHMWPE, neat PEEK and PEEK/30%
carbon fibre composites were 1
5×10−6�2
2×10−5 and 6
8×10−8 (wear units), respectively.
Suh et al. [119] have found that a fabric or fibre reinforced homocomposite of UHMWPE
has much lower wear rate compared to normal UHMWPE in dry sliding and slightly lower
in bovine serum lubricated sliding test when all other parameters are kept constant.
The other facet of the work on UHMWPE for TJR is on the improvement of the

lubrication system for the wear simulation and their actual use in patients. Widmer et al.
[152] have claimed that an increase in the hydrophilicity of UHMWPE surface would
enhance the adsorption of the proteins present in human serum albumin (HSA), thus making
a denser boundary layer bringing beneficial effect on the wear. These authors have shown
that O2 plasma treatment, which increases the hydrophilicity of UHMWPE surface, can
decrease the coefficient of friction of UHMWPE sliding against Al2O3 discs in a pin-on-
disc apparatus by about half when the experiments are carried out in Ringer’s solution
containing HSA. Saikko and Ahlroos [178] have studied the behaviour of phospholipids as
boundary lubricants. The final results are still inconclusive; however, the work does show
that increasing phospholipids with further addition of cholesterols (liquid crystals [179]) may
provide an improved boundary lubricant for both experimental and actual joint application
purposes. There is the question as to what continues to work when these surface modifications
are worn out.
The above essay provides a very brief summary of the current research in the area of the

application of UHMWPE for total hip and knee joint replacements. So far, no alternative
organic polymeric material to the UHMWPE has been found; however, a great deal of
research is continuing on the improvement of the UHMWPE’s tribological properties and
the overall joint lubrication system. Another major hurdle in this kind of research is the long
time that takes to perform any clinical trial even when a tribologically improved material
or lubricant system has been found. An up-to-date compendium of papers on this topic has
recently appeared in Wear (Vol. 259, 2005, various papers from page 882–1011).
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10.7 Concluding Remarks

This chapter has surveyed only briefly a rather complex subject of the tribology of polymers
and their composites. Based on data available in current literature and their analysis some
conclusions can be drawn.
The wear and friction properties of polymers are influenced by three major groups of

parameters. The first group includes sliding contact mechanical and geometric conditions
such as the surface roughness and the contact kinematics. The second group incorporates the
bulk mechanical properties of the polymer and how these mechanical properties change with
temperature and environmental conditions. The third parameter group, which is in fact defined
by the first two groups, involves the role and properties of the ‘third body’, the transfer
film and loose degraded polymer particulates. The wear mechanism and its magnitude are
defined by the contact conditions, the mechanical properties of the bulk polymer, and these
parameters lead to the subsequent events of transfer film formation of interface modification.
The wear classification based on generic scaling and phenomenological and material response
approaches do account for the different parameters in discrete ways and thus make the study
of polymer wear readily described.
Wear mechanism of polymers under known contact conditions and the mechanical

properties of the polymers are now fairly understood within the general framework of
mechanics and material science. However, the theoretical a priori prediction of polymer
friction, let alone wear, is still far from being resolved. On a limited scale, adhesive
interactions (interfacial) can be modelled by the Bowden and Tabor approach, while abrasive
(cohesive) interaction is correlated using the Ratner–Lancaster relationship and some other
relationships available in the literature. Major problems in the wear prediction are the
undefined roles and the mechanical properties of the third body and the fact that polymers
show a variety of mechanical responses under a slight variation in the thermal or mechanical
stress conditions. Besides, there is always an overlap of different wear mechanisms in any
particular wear process. Therefore, accounting for every wear mechanism without proper
knowledge of the extent to which these mechanisms are active in a wear process adds
numerous uncertainties to a wear predictive model. For polymer composites, the problem is
further complicated by factors such as the filler–matrix bonding properties and the role of
the fillers in the third body. Empirical wear relations and wear maps have been successfully
developed and used for the practical purpose of material and machine component designs.
Despite limited theoretical predictive capabilities for the wear of polymers, this fascinating
class of materials has been industrially employed in a very large number of tribological
applications.
Lubricated wear of polymers is a very complex phenomenon and almost no theoretical

model is currently available in the literature for predicting wear. Friction may sometimes
be predicted using isoviscous elasto-hydrodynamic lubrication models for elastomers.
Experiments have shown that polymer wear in the presence of lubricants or any environmental
fluid will depend primarily upon the interaction between the fluid phase and the polymer.
Polymer plasticization, fluid sorption into the polymer surface, alteration of the adhesion
properties of the counterface-transfer film and changes in the polymer bulk and polymer–
counterface junction mechanical properties are the important aspects of the lubricated sliding
of polymers. Generally, except in cases where there is sorption of the lubricant molecules
by the polymer surface, the rate of polymer wear has often been reported to be higher in the
presence of an external fluid. For polymer composites, there is possibility of lubricant fluid
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seeping into the bulk whereby weakening the interfacial bonding between the matrix and the
filler. This eventually increases wear of the polymer composites in these media.
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Wear of Polymer Composites

K. Friedrich, Z. Zhang and P. Klein

Abstract

The use of polymers and polymer composites in various tribological situations has become
state-of-the-art. Nevertheless, new developments are still under way to explore new fields of
application for thesematerials and to tailor their properties formore extreme loading conditions.
Some of these developments can be followed when searching through the references given
at the end of this chapter. The present overview describes, in particular, some of the authors’
approaches in designing polymeric composites in order to operate under low friction and
low wear against steel counterparts. Special emphasis is focused on special filler (including
nanoparticle) reinforced thermoplastics and thermosets. An attempt is made to predict their
wear properties and to do systematic parameter studies by the use of artificial neural
networks. Further information will be given on the fibre orientation dependence of wear of
continuous carbon fibre/polymer matrix composites, and on attempts to predict their load-
bearing capacity and related wear mechanisms by the use of finite elements. In addition, some
new steps towards the development of functionally graded tribo-materials are illustrated.

11.1 Introduction

Nowadays, there are more and more applications in which friction and wear are critical issues.
Polymer composites (Figure 11.1) [1] containing different fillers and/or reinforcements are
frequently used for these purposes. However, how these materials must exactly be designed
depends on the requirement profile of the particular application. This means the tribological
characteristics, i.e. the friction coefficient and the wear resistance, are no real material
properties, but depend on the system in which these materials have to function. Sometimes,
a high coefficient of friction, coupled with low wear, is required (e.g. for brake pads or
clutches). In most of the cases, however, it is of primary concern to develop polymeric
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Figure 11.1 Systematic illustration of the structural components of composite materials [1]

composites that possess low friction and low wear properties under dry sliding conditions
against smooth metallic counterparts (e.g. as gears or bearings). The following sections
illustrate how to design such materials, using both traditional and new concepts.
To characterize the tribological behaviour of polymer materials in the laboratory, standard

tests are used. The pin-on-disc test, one of the most frequently used test configurations, is
described elaborately [2]. It allows determining the most important tribological property, the
specific wear rate Ws of the material to be optimized, by using the equation

Ws =
�V

FNL
�mm3/Nm� (1)

where �V is loss in volume, FN the normal load and L the sliding distance. The inverse of
the wear rate is usually referred to as the wear resistance of a material.
It should be noted here that the choice of the type of wear test configuration must be based

on the tribo-technical system under consideration. The latter determines the elements of the
basic structure of the tribo-system which yields information on the existing wear mechanisms
(surface variations), and the loss of material (wear rates). Therefore, tribological testing
of the materials under laboratory test configurations can only be considered as a helpful
screening tool. The final choice of the right material combination is always dependent on
the results of subsequent field tests by the use of the real structural components.

11.2 Sliding Wear of Filler Reinforced Polymer Composites

11.2.1 Short Fibres and Internal Lubricants

One of the traditional concepts for improvement of the friction and wear behaviour of
polymeric materials is to reduce their adhesion to the counterpart material and to enhance their
hardness, stiffness and compressive strength. This can be achieved quite successfully by using
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special fillers. To reduce the adhesion, internal lubricants such as polytetrafluoroethylene
(PTFE) and graphite flakes are frequently incorporated. One of the mechanisms of the
corresponding reduction in the coefficient of friction is the formation of a PTFE-transfer
film on the surface of the counterpart [3]. Short aramid fibres (AF), glass fibres (GF) or
carbon fibres (CF) are used to increase the creep resistance and the compressive strength
of the polymer matrix system used [3–7]. Figure 11.2 shows in a systematic way one of
the possible principles how to design the composition of wear-resistant polymer composites.
Normally the matrix should possess a high temperature resistance and have a high cohesive
strength. However, sometimes it is also advantageous to have a PTFE-based matrix in which
a stiffer and more wear-resistant polymer phase along with other fillers provides more
optimum conditions for the tribological situation under particular consideration, e.g. its use
at cryogenic temperatures [8]. Additional fillers that enhance the thermal conductivity are
often of great advantage, especially if effects of temperature enhancement in the contact
area must be avoided in order to prevent an increase in the specific wear rate. It should
also be noted that not all the fillers are of benefit to the wear performance of composites.
The wear resistance is increased when fillers decompose and generate reaction products
which enhance the bonding between the transfer film and the counterface [5], whereas
other fillers decrease the wear resistance because they generate more discontinuities in the
material. It is thus important to understand the growth, bonding and loss of transfer films,
which are strongly related to the wear mechanisms. It should also be noted that chemical
and mechanical interactions of transfer films are very complicated; therefore, further efforts
to understand these relationships in more detail are still a subject of current and future
studies [9, 10].
In spite of these discrepancies, more and more polymer composites are now being

used as sliding elements that were formerly composed of metallic materials only. As an
example, Table 11.1 summarizes the specific wear rate of various filler-modified and/or
short fibre reinforced thermoplastic composite systems tested against steel counterparts on
a block-on-ring test configuration. They have been developed for special applications in

Wear-resistant
polymer

composites

Other fillers

• Increasing thermal conductivity
• Improving wear resistance

Matrix

• High temperature resistance
• Easy processability

Internal lubricants

• Lower frictional coefficient
• Formation of transfer film

Fibre reinforcements (GF, AF, CF)

• Improvement of creep resistance
• Improvement of strength and stiffness

Figure 11.2 Schematic presentation of how to design the composition of wear-resistant polymer
composites [23]
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Table 11.1 Example of various newly developed, filled polymer systems with excellent tribological
properties under various loading conditions

Material compositions (vol.%) Specific wear rate
(10−6 mm3/Nm)

PTFE PPS PEEK Graphite CF Bronze Al2O3

51�6 31.8 – 4.8 11.8 – – 1�53
51 31.6 – 3.9 13.5 – – 1�40
51�9 32.4 – 2.6 13.1 – – 1�20
12�4 – 61.8 11.7 14.1 – – 4�31
9�7 – 49.7 12.5 28.1 – – 6�33

76�8 – – 19.8 – – 3.4 22�40
84�1 – – – 12.6 – 3.3 1�25
52�5 28 – – 19.5 – – 1�69
78�6 – – – 21.4 – – 1�75
80 – – – 10 10 – 0�565

Block-on-ring tests; Testing conditions: p= 2MPa; � = 1m/s; T =RT; t = 8 h; counterpart: steel.

which low friction, high wear resistance and good thermal conductivity under sliding wear
conditions against smooth steel counterparts were of great importance. It can be found that
PTFE+ 10 vol.%bronze+ 10 vol.%CF exhibits an excellent wear resistance. In particular,
the addition of bronze improves significantly the tribological properties of the composite
because of its outstanding thermal conductivity. This is, in fact, a good example to prove the
effectiveness of this kind of filler for the design of a wear-resistant polymer composite, as it
was also illustrated in the schematic presentation shown in Figure 11.2. The microstructure of
such a material is shown in Figure 11.3 [11] (in this case PTFE+39vol.%PPS+13vol.%GF+
4 vol.%graphite, used in low temperature compressor applications). It should be mentioned
that there are certainly many more compositions available on the commercial market, which,
due to a lack of space, cannot be listed here [12–20].
The concept is further illustrated by the data generated by Reinicke et al. [21, 22] for a

set of short carbon fibre reinforced, PTFE particle modified PA4.6 composites at various
measuring conditions. Although the set of experimental data is not too large, it demonstrates
the joint interaction of lubricating fillers and reinforcing fibres in the improvement of the wear
resistance of the relatively high temperature-resistant PA4.6 matrix. Parts of the experimental
results, as measured for the specific wear rate, are given in Figure 11.4 as a function of
carbon fibre and PTFE volume contents (dots with error bars). Detail of the fretting test
configuration and wear conditions can be found in Reference [21]. The plane adjusted to
the experimental data points in the 3D plot was predicted by the use of an artificial neural
networks (ANN) approach [23]. It can be seen that the predictive results are well acceptable
when being compared to the real test results. Details about this predictive approach are given
in Section 11.3.

11.2.2 PTFE Matrix Composites

PTFE is commonly used as a filler incorporated into most engineering polymers in order
to improve their sliding properties. For special applications, where the unique properties of
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PPS Glass Fibres

Graphite

Figure 11.3 Reflected light micrograph of a PTFE-based composite material containing a second
stiff polymer phase, i.e. 39 vol.% polyphenylene-sulphide (PPS), for improved thermal and creep
resistance, short glass fibres (13 vol.%) for a higher creep resistance, and graphite flakes (4 vol.%) for
improved frictional behaviour [11]
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PTFE provide advantageous use, also pure PTFE and PTFE-based composites are approved.
The temperature range in which PTFE is applicable reaches from very low temperatures
in cryogenic media up to the maximum continuous use temperature of 260�C. In general,
PTFE and PTFE-based composites are a good choice for applications in severe environments
where no conventional lubrication is possible.
The automotive industry uses PTFE-based materials for sealing applications, bushings

and journal bearing. Increasing temperatures due to the general tendency towards high-
performance engines and aggregates and additionally automotive media enhance the use in
this field [24]. In cryogenic or vacuum systems where no conventional lubrication is possible
PTFE composites show good tribological performance [25–27].
Owing to their molecular structure, PTFE and also other fluoropolymers offer an almost

universal chemical resistance and stability also at elevated temperatures. The large fluorine
atoms act as a shield protecting the carbon backbone which contributes to the chemical
inertness and thermal stability [28]. Low attraction forces between PTFE chains lead to
relatively low mechanical strength and stiffness, weak wear resistance and also allow a
tendency to cold flow. The very low surface energy of PTFE contributes to a low coefficient
of friction and non-stick properties [29]. In addition, these materials can be used at very low
temperatures and in cryogenic media because PTFE exhibits less embrittlement towards low
temperatures than most other polymers.
In order to improve the rather poor mechanical properties, PTFE is modified by

incorporating different fillers in order to increase key properties for tribological applications
such as hardness, modulus, compression strength, thermal conductivity as well as resistance
to wear and cold flow [30–35]. Commonly used fibre reinforcements are short glass and
carbon fibres. They strongly enhance the wear resistance and reduce creep compared to
neat PTFE. Particle reinforcements are often done by polymer particles, e.g. polyphenylene-
sulphide (PPS), polyimide (PI) and polyetheretherketone (PEEK) and also carbon black and
graphite. Metal powder, especially bronze, reinforced PTFE compounds provide a high load-
bearing capability, very low wear rates and good frictional coefficients. The higher thermal
conductivity of these compounds allows to conduct the frictional heat and thus reduces the
contact temperature.
The tribological properties of PTFE have been widely investigated in the past. Among

these studies also PTFE-based composites were tested under specific conditions. As an
example, Figure 11.5 shows the results of pin-on-disc experiments on the material systems
PTFE/PEEK and PTFE/PEEK/CF [36, 37]. The specific wear rate is shown as a function of
the blending ratio. The experiments were done on a pin-on-disc wear test apparatus using
100Cr6 steel disc counterparts with a mean roughness of Ra ≈0.32�m. The speed was set to
1 m/s and an apparent contact pressure of 1 MPa was applied. At these specific conditions,
PTFE/PEEK compounds have an optimum ratio at about 10–20 vol.% PTFE where not only
good wear rates of around 2×10−6mm3/Nm can be achieved, but also, which is not shown
in the chart, the coefficient of friction reaches low values of about 0.23. To show the effect of
a carbon fibre reinforcement, the results of PTFE/PEEK/CF composites tested under similar
conditions are added to this chart. These materials reach significantly lower wear rates, being
in the range of 8×10−7mm3/Nm. A typical worn surface of a PTFE/PEEK/CF composite is
shown in Figure 11.6.
PTFE and PTFE composites show a tendency of building up a transfer film during sliding

wear against metal surfaces. In case of neat PTFE it has been observed that lamellae are
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Figure 11.6 Worn sample surface of a PTFE+13vol.%PEEK+23�5 vol.%CF composite

deformed and finally torn off from the bulk material to adhere on the counterpart surface.
When hard fillers like carbon fibres are used, which are able to cause wear on the steel
counterpart, the build-up process of transfer films is time dependent and strongly influences
the coefficient of friction [37–39].

11.2.3 Micro- and Nanoparticle Reinforcements

Inorganic particles are well known to enhance the mechanical and tribological properties
of polymers; this has been widely investigated in the past decade. Various kinds of micro-
particle fillers, e.g. copper compounds (CuO, CuS, CuF2�, SiC, TiO2 and ZrO2, were selected
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to reinforce different matrices, e.g. PEEK [40, 41], polyamide (PA) [42, 43] and PPS [44–46].
It has been found that the size of the particles plays an important role to improve the wear
resistance. Reducing the particle size to a nano-scale level is assumed to reach a significant
efficiency [47, 48].
Polymers reinforced with nanometre-sized fillers are recently under discussion because

of some excellent properties they have shown under various testing conditions [49, 50].
Regarding to their wear resistance, not so many efforts have been undertaken so far towards
the development of such materials. However, some results were achieved in various studies
which give hints that this method is also promising for new processing routes of wear-
resistant materials [51–55]. Two studies shall be briefly mentioned in this respect here:
(a) the use of TiO2 nanoparticles in an epoxy resin matrix (Figure 11.7(a) and (b)), and (b)
the incorporation of SiC nanoparticles, grafted with another polymer to enhance the adhesion
of the particle agglomerates with the surrounding epoxy resin matrix [55]. In both cases
it is of high importance that the fine particles are uniformly dispersed rather than being
agglomerated in order to yield a good property profile, in general.
It can be seen from Figure 11.7(b) that 5 vol.% nano-TiO2 reinforcement exhibits a 10

times reduction of the specific wear rate, compared to that of the pure matrix. However,
higher filler contents lead to a deterioration in the wear properties which may be due to a
tendency of particle agglomeration. This phenomenon also occurs for the other nanoparticle
reinforced polymers. Nano-ZrO2-filled PEEK, for example, exhibits the lowest specific wear
rate at 7.5 wt.% [51], and 3 vol.% nano-SiC/PEEK has the best wear property [53]. The size
of the nanoparticles significantly influences the wear rate and other mechanical properties of
composites in addition. Fine particles seem to contribute better to the property improvement
than larger nanoparticles [47, 48], although opposite size effects were found in the field of
glass micro-sphere reinforced polyamides under abrasive wear conditions [56]. A similar
trend was detected in the case of glass particle reinforced polymethylmethacrylate (PMMA)
dental composites when tested against steel counterparts under sliding wear conditions
(superimposed by interfacial bond quality effects) [57]. A good particle distribution (as
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shown in Figure 11.7(a)) is also an important factor in the improvement of the properties.
It is the subject of further studies in the future to investigate the reasons why the very
reduced size of the fillers yields such a significant improvement in the wear properties.

11.2.4 Integration of Traditional Fillers with Inorganic Nanoparticles

In order to fully promote the effect of nanoparticles, further investigations have been
preformed on a series of epoxy-based composites blended with different contents of PTFE
powders and graphite flakes, additionally reinforced with various amounts of short-CF and
nano-TiO2. The best wear-resistant composition was found as a combination of nano-TiO2

with conventional reinforcements. As an example, epoxy+15vol.%graphite+5 vol.%nano-
TiO2+15 vol.%short-CF exhibits a specific wear rate of 3�2×10−7mm3/Nm at 1 MPm/s,
which is more than 100 times lower than that of the neat epoxy [58, 59].
Investigations have been carried out with a constant amount of graphite and short-CF,

but with a varying content of nano-TiO2 particles. When the nanoparticle content was either
reduced to 2 vol.% or increased to 8 vol.%, the specific wear rates of their composites
became higher. Figure 11.8 summarizes the results of the dependence of the specific wear
rate on the nano-TiO2 content with constant 5 or 15 vol.% of both graphite and short-CF,
respectively. A comparison to the epoxy, reinforced with various amounts of nanoparticles
only [54], is also shown in this figure. It is interesting to note that a content of 4∼6 vol.%
of nano-TiO2 exhibited an optimum effect in all the three cases.
To evaluate the wear behaviour of materials under different sliding conditions, i.e. various

contact pressure and sliding speed, the time-related depth wear rate, Wt, was introduced:

Wt = k∗p� =
�h

t
(2)
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Figure 11.8 Dependence of the specific wear rate on the nano-TiO2 content of epoxy nanocomposites
(reprinted with kind permission from Elsevier) [58, 59]
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where k* is the wear factor (equivalent to the specific wear rate defined in equation (1)),
p is the normal pressure, � is the sliding velocity, t is the test time and �h is the height
loss of the specimen. In this equation, the wear factor, k*, is supposed to be a material
parameter, which also can be more or less dependent on the testing conditions, e.g. p, � and
T (temperature). To reduce the basic wear factor k* and to enhance the “limiting pv” value
are the general targets of the design of wear-resistant polymer composites.
Figure 11.9 compares the time-related depth wear rate of epoxy composites filled with

and without nano-TiO2 as a function of pv factor [60, 61]. Wt of the neat epoxy is already
very high at a rather low pv value (1 MPam/s) and cannot be drawn within this plot for
higher pvs (i.e. the material cannot be operated in this condition). By incorporating traditional
micro-fillers, i.e. 15 vol.% of short-CF and 5 vol.% of each graphite and PTFE, the wear
rate is significantly reduced. The depth wear rate generally increases with an increase in the
pv factor. For the composite only with these traditional micro-fillers, the wear rate raises to
quite a high value when the pv factor reaches to 4 MPam/s. However, the depth wear rate of
the composite with additional 5 vol.% of nanoparticles is much lower at this condition, and
even at much higher pv factors, e.g. 12 MPa and 1 m/s or 4 MPa and 3 m/s. It is, therefore,
clear that the wear factor is reduced, and the “limiting pv” value is enhanced as well by these
nanoparticles. On the basis of further investigations on the worn surfaces, using the scanning
electron microscopy (SEM) [59, 62], a positive rolling effect of the nanoparticles between
the material pairs was proposed. This rolling effect helped to reduce the frictional coefficient
during sliding, accordingly to reduce the shear stress and contact temperature. In addition,
this rolling effect protected the short carbon fibres from more severe wear mechanisms,
especially at high sliding pressure and speed situations.
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Figure 11.9 Comparisons of the time-related depth wear rate of epoxy composites filled with and
without nano-TiO2 as a function of pv factor [60]
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11.2.5 Functionally Graded Tribo-Materials

This kind of material can be of technical interest if one wants to produce components that
have (a) different properties at different locations of their cross-section, e.g. hardness and
abrasive wear resistance on the outside, and toughness and damage tolerance on the inside
(e.g. gears), but (b) no sudden property jumps, e.g. as in the case of hard coatings, which can
cause stress singularities at the interface, associated with local coating failure due to spalling-
off effects. The preparation of functionally gradient materials (FGM) with a thermosetting
polymer matrix by centrifugation has been studied from the beginning of the last decade
[63–65]. The aim in Reference [66] was to systematically create materials with a gradient
in the wear resistance using an epoxy resin matrix with different fillers, including aramid
and/or wollastonite powder. This was done by controlling the parameters of centrifugation
speed and time, as well as viscosity of the mixture.
Since the possible application was focused on sliding bearings and roller covers with a

gradient over the radius, the shape of short tubes was chosen as the sample geometry. The
latter was centrifuged in a double wall mould on a lathe creating a filler gradient over the
thickness of the wall. Turning speeds up to 1000 rpm were applied to the isotropic mixtures
before the resin was cured. Isotropic samples were prepared as a reference. Figure 11.10(a)
shows a graded tube filled with wollastonite particles. In the same figure, an SEM overview
of the radial cross-section with a gradient of aramid particles is shown. A slightly higher
concentration of aramid particles near to the wear surface as opposed to the inner part is
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sample with 
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gradient
Rotation

SEM pictures of 
filler gradient 

over the thickness 
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Inner 
part

Wall thickness x

(a)

Figure 11.10 (a) Schematic representation of the filler gradient preparation across the wall of a
centrifuged cylinder bearing (with micrograph of filler distribution). (b) Variation in specific wear rate
and hardness over the wall thickness of a sample
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visible. The wear scars on the surface of the cylinder result from a wear test, in which ceramic
counter-bodies were pressed against the surface of the rotating FGM tube, after curing, to
determine the wear characteristics. The wear resistances of the FGM tubes reinforced with
all the different filler reinforcements were better than those of the corresponding isotropic
samples.
The gradient in the wear rate was also determined by fretting tests. During this test

a ceramic ball was oscillated on the sample with a defined normal force, frequency and
amplitude over a certain period of time. It was found that the specific wear rate decreased
with increasing aramid particle content. Figure 11.10(b) shows the fretting wear rate over
the length x of the sample. Also shown in Figure 11.10(b) is the Vickers hardness of such
a sample. It can be seen that the outer wear surface does not only have an increased wear
resistance but also a greater hardness than the inner surface.
Future research on this topic will include the use of filler combinations such as aramid, to

improve the wear resistance, and PTFE powders, to decrease the coefficient of friction by
their dry lubricating property. One of the current projects is also the creation of a software
tool to predict the filler distribution after centrifugation.

11.3 Artificial Neural Networks Approach for Wear Prediction

Simulation of material properties generally involves the development of a mathematical
model derived from experimental data. For this reason, ANN were recently introduced into
the field of polymer composites [67]. Neural networks are composed of simple elements
operating in parallel. These elements are inspired by biological nervous systems. As in nature,
the network function is determined largely by the connections between these elements,
which are mostly nonlinear transfer functions in computer simulations. An ANN can be
trained to perform a particular function by adjusting the values of the connections (weights)
between the elements. For material research, a certain amount of research result is necessary
to develop a well-performing neural network, including its architecture, training functions,
training algorithms and other parameters. After the network has learned to solve the example
problems, new data from the same knowledge domain can then be put into the trained
neural network, in order to output realistic solutions. The greatest advantage of ANN is its
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ability to model complex nonlinear, multi-dimensional function relationships without any
prior assumptions about the nature of the relationships, and the network is built directly from
experimental data by its self-organizing capabilities.
As shown in Figure 11.11 [23], an ANN is conventionally constructed with three layers,

i.e. input, output and hidden layers. Hidden layers can contain one or several layers for its
practical application. In the present case, several measuring details, i.e. material compositions,
mechanical properties and testing conditions, were selected as input parameters for the ANN,
and wear characteristics such as coefficient of friction and specific wear rate were chosen as
output results.
A total dataset of 103 independent wear measurements was used [21, 22] coming from

fretting tests at different wear measuring conditions. These data were obtained for PA46
composites which were modified with different amounts of short glass or carbon fibres, PTFE
and/or graphite. The database also contained the material composition (volume fraction of
matrix, short glass fibres, pitch-based carbon fibres, PAN carbon fibres, PTFE and graphite
fillers), mechanical properties of the composites studied (compression modulus and strength,
impact strength, etc.) and testing conditions (temperature, normal force and sliding speed)
as input parameters. To obtain an optimized neural network construction, the given dataset
was divided into a training dataset and a test dataset. The training dataset was used to adjust
the weights of all the connecting nodes until the desired error level was reached. Then, by
the use of the test dataset, the network performance could be evaluated on the basis of the
coefficient of determination. This coefficient describes the fit of the ANN’s output variable

Hidden layersInput Output

The larger the weight factors of the
input data are, the stronger is the
influence of the latter on the output 
data. This allows to study the
importance of the various
parameters on the tribological 
behaviour of the system.

Linked with 
weight factors

Material compositions

• Matrix volume 
• Fibre volume
...... Wear volume/specific 

wear rate

Mechanical properties
• Hardness  
• Elastic modulus
......

Frictional
coefficient

Measuring conditions

• Temperature 
• Normal force 
• Sliding speed
……

Figure 11.11 Input data, output data and schematic construction of an artificial neural network for
correlating tribological properties with testing and material parameters (reprinted with kind permission
from Elsevier) [23]
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Figure 11.12 Frictional coefficient of a polyamide 4.6 (PA4.6) composite as a function of PTFE- and
short CF-volume content. The experimental data points and their scatters are given by the black bars,
whereas the rest of the 3D plane was calculated by an artificial neural network approach (fretting test
configuration, measuring conditions: testing temperature T = 20�C; normal force F = 10 N; sliding
speed � = 0�04 m/s) (reprinted with kind permission from Elsevier) [23]

approximation curve with the actual test data output variable curve. Higher coefficients
indicate an ANN with better output approximation capabilities.
The predictive results of specific wear rate are shown in Figure 11.4, and Figure 11.12 gives a

further prediction of the frictional coefficient. It became obvious that the material composition
has a significant influence on the quality of prediction of the tribological properties, since
this information was not yet used as an input in our previous work (in which the coefficient
of determination was clearly lower) [68]. In addition, an increase of the number of data, 103
in Reference [23] instead of 72 in Reference [68], also contributed to this improvement. The
major advantage of neural networks is their possibility to predict dependencies between many
parameters (as shown in Figure 11.13), and to apply them to any given situation in a “black
box” fashion. The quality of predictions based on ANN can be further improved by enlarging
the datasets and optimizing the construction of the neural network (Table 11.2). A well-trained
ANN is expected to be very helpful for the design of composite materials and for the study of
the importance of various parameters on the predicted properties.

11.4 Fibre Orientation, Wear Mechanisms and Stress Conditions

in Continuous Fibre Reinforced Composites

Many articles dealing with sliding wear of continuous fibre composites have in common
that some types of fibres with a particular orientation can result in greater improvements of
the composites’ wear resistance than others which may be more favourable, however, when
they are positioned under a different orientation relative to the wear direction. Bringing the
favourable orientations and types of fibres together may even lead to further improvements
or to the so-called “synergistic” effects [69].
In the following, sliding wear results of unidirectional continuous carbon fibre/

polyetheretherketone (CF/PEEK) composites against 100Cr6 steel counterparts are
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Table 11.2 An overview of input data used for calculating specific wear
rate and coefficient of friction by an artificial neural network approach

Material Composition Matrix Volume (70%∼100%)
Fibre Volume (0∼30%)
PTFE Volume (0%∼10%)
......

Input Mechanical Properties Compression Modulus
Compressive Strength
Hardness
Fracture Toughness
......

Measuring Conditions Temperatures (20∼150�C)
Normal Force (5∼30 N)
Sliding Speed (0.02∼0.2 m/s)
......

Output Wear Characteristics Specific Wear Rate
Frictional Coefficient
......
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demonstrated and discussed as a function of two principle fibre orientations, i.e. normal (N)
and parallel (P) (Figure 11.14). The reason for the higher wear rate of the CF composites
under N orientation relative to P orientation is based on the fact that the upper load limits
(strength) of the fibres (under the same external load enhancement) are reached inside the
composite earlier under N orientation. The results of the antiparallel (AP) orientation are
found between the two others [70].
The experimental results could be verified by a finite element simulation of the stress

conditions in a unidirectional composite, when being subjected to a moving asperity contact
under different fibre orientations (Figure 11.15) [71, 72]. If these stresses locally exceed the

Sliding direction
Sliding direction

N orientation P orientation

x

z

y

SIGZ
346.9
–16.69
–380.3
–743.9
–1107
–1471
–1835
–2198
–2562

x

z

y

SIGY
646.8
389.7
132.6
–124.5
–381.6
–638.7
–895.8
–1153
–1410

Figure 11.15 Example for the built-up of stresses (in MPa) in the fibre direction of the N- and
P-oriented composites, achieved by FE modelling of a sliding asperity contact (purely elastic
consideration) [70, 71]
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Figure 11.16 Schematics of wear mechanism in UD composites as a function of fibre orientation

strength of the fibre, fibre fracture according to the schematics in Figure 11.16 occurs, which,
in turn, causes temporarily an enhanced contribution of abrasive wear by fibre fragments in
the contact region. This statement holds also for the other mechanisms such as fibre/matrix
delamination, fibre thinning and matrix shear failure, which could be proved by the worn
surface micro-photographs in Figure 11.17.

(a) N  orientation (b) P  orientation

Sliding direction

70-µm 70-µm

Figure 11.17 SEM photos of “single asperity” scratched surfaces of CF/PEEK showing the individual
wear mechanisms expected from the FE predictions: (a) N orientation with fibre breakage at the rear
edge of the fibre ends, delaminating phenomena and push-up, followed by shear failure of the matrix;
(b) P orientation with fibre thinning, fibre fracture, fibre/matrix debonding and matrix shear failure
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How these load limits, which at the end also determine the application limits of these
materials as tribological components, change under the influence of temperature (due to the
external effects or as a result of frictional heating) is presently under investigation [73, 74].
In these modelling studies, also the formation of a compacted debris layer for the reduction
of friction and the protection of underlying material (both determining the wear behaviour
of a wear couple in the steady-state range) is considered. In this respect, also other articles,
e.g. dealing with the effect of such layers on the surface contact and wear of carbon graphite
materials [75] and on the tribological surfaces of organic brake pads [76], are of great
interest.

11.5 Conclusions

Over the past few years, interest in polymers and polymer-based composites for technical
applications, in which low friction and low wear must be provided, has grown rapidly. For
example, short fibre reinforced high temperature resistant thermoplastic materials (SFRP)
are now being used as sliding elements which were formerly composed of metallic materials
only. Their applications can reach temperatures up to 220�C, pressures of more than 10 MPa
and sliding velocities of about 3 m/s [77]. A new tool in the form of ANN is now available
for the prediction of the wear properties of these materials as a function of composition and
testing conditions. It also allows systematic parameter studies on the computer for material
optimization.
Continuous fibre reinforced high-performance composites are another class of tribo-

materials which can endure even higher pressures than SFRP, depending on the fibre
orientation relative to the sliding direction. The load limits, which finally determine the
limits of their application, can be verified by finite element simulations. These studies on the
micro-level give also information about the effects of (1) real asperity contact on the local
temperature development, and (2) compacted wear debris layers on the contact conditions,
contact stresses, temperature conditions and their final influence on the composite wear rate.
Quite recently, new fundamental studies have been concentrating on the development of

FGM using different centrifugation techniques. It was the objective to demonstrate that a
gradient in wear resistance and other properties as a result of a gradient in filler distribution
can be created over the cross-section of samples or components produced.
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Third-Body Reality –
Consequences and Use of the
Third-Body Concept to Solve
Friction and Wear Problems

Y. Berthier

Abstract

This chapter presents an approach for providing a coherent and logical structure to contact
mechanics models and linking them with tribological analyses in order to solve friction and
wear problems.
This mechanical engineering approach deals with friction as a problem of third-body

rheology, while wear is dealt with as a problem of third-body flows. The multi-scale effects
are taken into account by the tribological triplet, which is composed of the mechanism that
contains the contact, the two first bodies that form it, and the third body that attempts to
separate them.
This approach using rheology and flows makes it possible to take into account the effects

of the materials used in the contacts and the physicochemistry involved. By doing so,
mechanical laws can be formulated with the aim of implementing solutions for each of the
elements composing the tribological triplet.
The scientific argumentation has been kept to the strict minimum in order to keep the

chapter brief.
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12.1 Introduction

Wear and friction are not expressed in terms of any specific values since they lack a unit
of measurement. This apparent lack of unit in friction and wear description and lack of
genuinely predictive models stem from the fact that various conditions can lead to the same
friction or wear values [1]. As a result, in the models developed, these conditions need to
be identified, together with the sequence of phenomena taking place. This would require
placing the instruments inside the tribological contact. However, in most cases this is not
possible without disturbing the contact conditions.
The first objective of this chapter is to demonstrate how the third body can be used as an

indicator of contact conditions [2, 3]. The “third body” is the generic name used to describe
the material imposed between the first bodies or generated as a result of interaction between
the first bodies. This material layer separates the interacting first bodies and its thickness
can vary from a monolayer to several micrometres [4].
The second objective is to show that the third-body concept can become a technological

tool that can be used in tribological analysis, allowing for setting out guidelines for contact
maintenance and benefiting from the feedback from the operation of contacts.
The third body can also be a scientific tool useful in understanding and modelling contact

behaviour. It can be said that friction is a function of third-body rheology, while wear is a
function of third-body flow (source flow, ejection flow, wear flow, etc.) [1, 5].

12.2 Relationship Between the Third Body and Friction

The concept of the third body can vary if the friction has a limit value in a structural mechanics
problem or if it has to be adapted to a technological problem (e.g. low friction for a joint,
high friction for a brake). This adaptation requires a friction analysis to be carried out first.

12.2.1 Boundary Conditions

When the friction value is only a boundary condition, it is not necessary to focus on the
phenomena occurring in the contact, which is to say that in this case the notion of third
body serves no purpose. The friction coefficient encompasses a large number of parameters
and provides technological information that permits, for example, dimension selection in
the design process without raising tribological questions. It can also be a parameter used to
identify the vibratory behaviour of structures.
In such cases taking friction, in the form of Coulomb’s or Tresca’s models, into

account is usually sufficient. The friction values deduced from more sophisticated models
(molecular dynamics) can also be used [6]. When friction is used only as a boundary
condition, it is often useful to parameterize its value in order to evaluate its effect on the
behaviour of the structure. If this effect is too great, and depending on the risks involved, it
may be necessary to carry out further friction analysis.

12.2.2 Friction Analysis

The contact phenomena must be controlled in order to know the friction coefficient value.
Contrary to traction tests, which provide accurate data on the behaviour of materials, friction
tests do not provide a sufficiently clear signature of the surface subjected to friction and there
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is no criterion that permits extrapolating the results from one contact condition to another.
This requires the introduction of the third-body concept. For example, on the intuitive level
friction can be linked to the “initial” surface roughness of bodies in contact. However, this
surface roughness is often “erased” as soon as the contact is brought into operation, which
results in (i) the production of the first third-body particles, and (ii) development of the
new surface roughness. The particles produced are of submicrometre or micrometre size and
they usually exhibit a large specific surface area that makes them reactive in the ambient
environment. This reactivity is one of the factors leading to the adhesion of fine third-body
particles that in turn, depending on the stresses to which the contact is subjected, results in
a specific friction value.
Relationships exist between the initial surface roughness and particle adhesion, and thus

with the friction coefficient. However, these relationships are too complex to be reliably
formulated. This situation is quite similar to that of weather forecasts for which the
fluttering of the wings of a butterfly in one hemisphere can affect the weather in the other
hemisphere. Subsequently, the measurements need to be performed at the right scale in order
to build models that permit understanding and control of the phenomena that, in turn, may
permit the construction of increasingly accurate predictive models. Monitoring of third-body
morphology and its distribution in a contact is a means of achieving a global and more
uniform view as part of a mechanical approach to these different phenomena.

12.3 Relationship Between the Third Body and Wear

12.3.1 Wear Laws

Most of thewear formulae are based on three forms of Archard’s equation [7]. The first formula

Vu = kFnL

is based on geometric parameters where Vu is the worn volume, k the adjustment coefficient,
Fn the normal force and L the distance travelled.
The second formula

Vu = KFnS/�y

brings to light the influence of the softer material via its flow stress �y or its hardness. S is
the area of the contact. The third formula

dh

dt
= kPV

involves the energy dissipated in the contact via the product of PV , i.e. pressure × sliding
speed, where dh/dt is the wear rate and h is the depth of the wear track.
These three wear laws or wear models have been modified to take into account various

parameters characteristic of specific conditions, resulting in more than a hundred different
formulae [8]. The higher the number of parameters in the formula, the easier it is to fit it
to a complex experimental curve. This is the role of polynomial approximation. To achieve
more general and more predictive models, Lim and Ashby developed wear maps based on
“pin-on-disk” tests [9].



294 Wear – Materials, Mechanisms and Practice

To allow extrapolation of wear map data to other types of contact, the maps providing
information in terms of wear degradation (mild wear, severe wear, delamination, seizure, etc.)
are presented as a function of non-dimensional velocity V and contact pressure P. These
non-dimensional terms are obtained by using the combination of geometric and thermal
parameters. However, the use of these non-dimensional graphs has not always proved
accurate in transposing the results of one type of contact to another. It seems that taking
into account the flow of the third body (tribological circuit) is one way of increasing the
reliability of such transpositions [10].

12.3.2 Material Hardness and Wear

While friction is often intuitively associated with surface roughness, wear is often associated
with the hardness of the materials in contact. The hardness of a material affects the contact
area – since it is related to the material’s Young modulus [11–13] – as well as the contact
behaviour. Generally, the harder the material, the more brittle it is, and therefore more
sensitive to the detachment of particles. Without going into much detail, it should be
remembered that a material’s hardness is a parameter that can have many effects, some of
which are not desirable.
For example, although shot peening increases surface hardness, it also modifies its

roughness. This surface roughness, comprising micro-pits, can trap the third-body particles
produced by the degradation of asperities, while this degradation is being controlled by the
compressive stress. Analysis of the effect of shot peening on the distribution and adhesion
of the third body contributes towards distinguishing between the residual stresses and the
stresses resulting from the geometry (roughness) of the interacting parts.
When measurements and criteria more suitable than hardness are found it would no longer

be necessary to use the concept of a third body to facilitate understanding. The role of
hardness and direct and indirect roles of materials in a wear problem will be considered in
more detail in the following sections [1].

12.4 What Methods Exist for Studying Friction and Wear?

12.4.1 The Scientific Context Surrounding Tribology

All friction and wear models face the same problem that is dictated by a great complexity
of mechanical and physicochemical contact phenomena and that affects the values of
wear and friction used in these models. This complexity results in models having a large
number of correlations between many parameters [8]. A mechanical and/or physicochemical
interpretation exists in the literature for each of these correlations. Subsequently, these
interpretations are transformed, step-by-step, into certitudes like on a Mobius band that on
the scientific level hinders the development of a predictive model, while on the practical
level ensures the sale of spare parts.
In this situation, solving a technical problem involving friction and wear requires the

reduction of the number of parameters involved. This reduction begins with an in-depth
mechanical analysis of the system, in order to identify the stresses transmitted across the
contact. Studying the nature of the contacting materials becomes important only after this
initial analysis. However, all too often these steps are carried out in reverse order.
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12.4.2 Physical Difficulties Related to Studying Contacts

There are at least four different types of physical difficulties inherent to a scientific strategy.

12.4.2.1 The Contact’s Geometry

The confinement of a contact, and often its small dimensions, means that it is difficult or
even impossible to make the measurements without disturbing its operation. As a result, the
contact operation is recreated on the basis of mechanical and physicochemical interactions
with the outside world, i.e. via indirect measurements.

12.4.2.2 Effect of Tribological System

Three elements of the tribological system (machinery, first body and third body) act
simultaneously, but it is often not clear which element is in control over the others. This is
the eternal problem of the chicken and the egg.

(i) The machinery or mechanical device containing the contact imposes stresses and
macroscopic geometries on the contact areas [1]. Thus this machinery has as much
influence as the materials of the first bodies.

(ii) The contacting materials are subjected to a local compressive stress ranging, under
specific conditions, from an instantaneous pressure reaching several GPa to an average
pressure of only a few MPa, and also to considerable shearing stress gradients on the
surface.

(iii) The third body, which separates the first bodies, is the medium that “produces” the
friction and accommodates the velocity differences between the first bodies in relative
motion. In the case of fretting, for example, this relative movement is manifested by
local deformations.

12.4.2.3 The Response of Materials to Tribological Stresses

Apart from abrasion and adhesion [14, 15], which are relatively well controlled, materials
respond locally to stresses transmitted by the mechanism, by cracking and especially plastic
deformations. These deformations are flows of materials that can occur at a depth of several
micrometres and distances parallel with the contact plane that can reach 500 �m. These
flows are more considerable than classical plasticity and often occur with transformations
of structure and phase. On a more general level, these behaviours are the scientific and
natural response of materials subjected to tribological stresses, which is to say temperature,
hydrostatic pressure and shearing gradients. This response is known as superficial tribological
transformations (STT) (see also Section 12.7.2). The laws of behaviour of STT are in the
process of being written [1, 16, 17].

12.4.2.4 Tribometry

The data supplied by tribometry are difficult to extrapolate since they do not correspond to
specific local mechanical [1] and physicochemical contact conditions [18–20]. A tribometer
is a mechanical device of a sufficient stiffness used to simulate stressed contacts in various
physicochemical environments. During a test, the tribometer measures the integrated effect
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of these contact stresses on average tangential force, which greatly depends on contact
conditions. At present, it is still difficult to obtain precise information on contact behaviour,
and in particular on the phenomena that

(i) accommodate the difference in velocity between the first bodies (friction); and
(ii) cause the detachment of particles (STT, wear).

For example, differences in the value of tangential force can result from a different
physical phenomenon activated, as well as from differences in the contact area. The physical
phenomena activated can include the adhesion of the third body (humidity), the oxidation
of the first and third bodies, the flow of the third body, etc. Regarding the contact area
(domain of integration), observations during pin-on-disc tests with a sapphire pin have
shown instantaneous contact area variations reaching 60% for the same normal load value
and differences of the third-body thickness ranging from several nanometres to 60 �m
(Figure 12.1) [3, 21]. Tribometry can almost be likened to a fishing net thrown around the

100 µm

First body
Sapphire pin

MoS2

(a)

(b)

(c)

First
body
discSteel  

Third
body

Theoretical
contact zone

(hertz)

Motion 

Figure 12.1 Instantaneous contact area with third-body particles of MoS2 in pin-on-disc contact.
(a) cross-section of a sapphire pin–disc contact. (b) Normal view of the contact. (c) Perspective view
with the distribution of pressure zones [reproduced by permission of Dr. Yves BERTHIER]
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contact, in which it is difficult to sort the catch; hence correlations between parameters are
obtained that are neither in a general form nor predictive.

12.4.3 So Where to from Here?

To summarize, tribometric measurements are too global while in situ measurements are too
delicate to carry out. This is why the essential parameters have not all been identified and
their interactions (cause and effect chain) still remain to be determined. Thus greater progress
in the area of test instrumentation is needed. One solution is (i) greater use of numerical
simulations and (ii) increasing the validity of tribometer measurements by combining them
with the results and knowledge of the third body, which can be used as a tracer of in situ

contact conditions.

12.4.3.1 Numerical Simulation of Tribological Contacts by Calculation

These simulations can be performed for each individual element of the tribological system.
The advantage is that it is possible to vary a single parameter at a time in a controlled way,
which is practically impossible under experimental conditions. In addition, by calculating
the resulting behaviour at a given point the simulations provide a form of instrumentation
that does not disturb the contact, something that is not possible with physical instruments.
At present, computational models exist for the machine design, the first body and, lastly, the
solid third bodies (listed in order of decreasing efficiency).

(i) Numerical simulation models of mechanisms are developed using structural mechanics
models. They are models of the mechanisms that contain the contact and do not pose
any specific problems. They permit obtaining deformations of parts and the overall load
patterns required to model the first bodies.

(ii) Models of first bodies range from the resistance of coatings and risks of cracking [22, 23]
to those of the local dynamics of the contact. Local dynamics must be defined on a scale
of a few micrometres, which is the relevant mechanical scale for current needs. For these
dynamic models, special contact algorithms have been developed [24, 25]. These models
permit, for example, highlighting the role of the Young’s modulus, Poisson’s ratio and
relative velocities of the first bodies in the tribological condition of the local contact
zones: adhesion, sliding and separation and impact (Figure 12.2) [26]. In fact, only the
zones that adhere and slide in the contact effectively bear the normal load, which is to
say that only a partial area of the contact is activated. In these models, friction is used
as a genuine parameter in the same way as velocity and contact pressure. This means
that friction is no longer a parameter used for “fitting” and adjustment, nor is it a kind
of potentiometer used to fit models to match reality.

(iii) Discrete element models of solid third bodies are now being developed and used to
simulate, for example, the effects of adhesion of third bodies on their flows [27]. These
models have become a tool for differentiating between mechanical and physicochemical
phenomena occurring in a tribological contact.

To summarize, the numerical models open up new possibilities for “numerical tribology”
and also permit better targeting of the contact areas to be analysed. The detailed description
of these models is beyond the scope of this work.
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Figure 12.2 Visualization of instability waves at the brake pad–disc interface [reproduced by
permission of Dr. Yves BERTHIER]

12.4.3.2 Experimental Simulations of Tribological Contacts

It is not necessary to discuss the experimental problems associated with both tribometers and
industrial contacts as they are all well known. In the following sections, emphasis is placed
on the scientific and technological use of flows and the rheology of solid third bodies.

12.5 The Third-Body Concept

12.5.1 Artificial and Natural Third Bodies

The third body is a concept introduced in 1974 by Mr Godet to (i) link friction and wear
studies with those on lubrication, and (ii) take into account the influences and interactions
of material and physicochemical parameters in a global mechanical approach. This concept
is used in modelling as an artifice to provide a global view, otherwise known as the
homogenization method in mathematics [28]. Physically, the third body is a continuous or
discontinuous monolayer that separates the first bodies.
Thus the third body is a mechanical concept. This concept is known in lubrication as the

lubricant film, the third body, which separates the two first bodies. In friction and wear, the
existence of the third-body layer was first recognized in the following cases:

• three-body abrasion, in which the third body is composed of free abrasive particles;
• dead leaves, sand and other contaminants that come between wheel–rail contacts [29, 30];

and
• a layer of silver or MoS2 placed in certain tribological contacts operating in vacuum (in

satellites) to avoid “cold welds” and permit “solid lubrication” [31, 32].
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In these cases, the third bodies are artificial, as the material composing them enters the
contact from outside. It has taken much longer, however, to recognize the importance of
natural third bodies produced in the contact and resulting from degradations of both the first
bodies. This lack of knowledge stems from the fact that the first bodies were examined after
stopping and dismantling the contact, therefore giving a static view of the contact that led
to the generalized notion of transfer film.
The presence of the third-body layer is quite difficult to examine since its thickness is

very low, often only a few micrometres, and the layer is often obscured by the edge effects
of metallographic sections [2]. Since the 1980s, in industrial applications the notion of third
body, known as “patina,” has been used as a criterion for optimizing the composition of
graphite brushes used for rotating electric collectors [33].
A natural third body can be composed of (i) oxide and contaminant layers (often called

surface complexes), and (ii) particles detached directly from the first bodies. The lubricant
leaking, for example, from the pores in porous bearings is considered as an artificial third
body since it is initially introduced by impregnation [34]. Monolayers placed on first bodies
are also artificial third bodies [35, 36]. The oil additives that only produce active third bodies
if they react with surfaces can be classified as natural third bodies when the reactions involve
local material degradation [37, 38].

12.5.2 Contact Without the Third Body

If a relative movement of first bodies eliminates the surface complexes (oxides,
contaminants, etc.) and they do not re-form, the surfaces may become sufficiently reactive
to stick together. Continuation of movement between the first bodies then leads to a surface
degradation resulting in a production of a natural third body in the form of particles. In
practice, a contact without a third body (surface or particle complex) does not exist. The
production of a natural third body through the degradation of first bodies is the natural
response of materials subjected to tribological stresses (see also Section 12.7). In other
words, the surface is worn preferentially to protect the material beneath it.

12.5.3 Types of “Solid” Third Body from the Mechanical Viewpoint

From the viewpoint of mechanical models, a distinction must be made between fluid third
bodies, which are modelled by fluid mechanics (Reynolds equation), and solid third bodies
for which modelling tools are currently being developed. These models and the characteristic
magnitudes at which solid third bodies act lead to separating these solid third bodies into
two families, i.e. surface complexes and particles detached from the first bodies.

12.5.3.1 Surface Complexes

Surface complexes are physisorbed or chemisorbed layers of oxides and contaminants or
monolayers deposited on surfaces. The thickness of these layers rarely exceeds 10 nm. These
surface complexes significantly reduce adhesion strength, since they typically cause surface
energies to fall from about J/m2 to 40mJ/m2 in ambient atmospheres or less in the case of PTFE
[39]. This reduction of adhesion strength by the presence of these layers between the first bodies
has sometimes led to calling surface complexes “screens.” This layer separating the first bodies
can contribute towards accommodating their differences of velocity (see also Section 12.5.4).
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12.5.3.2 Detached Particles

Particles directly detached from one or both first bodies are usually several nanometres in size
(see also Section 12.7). They agglomerate together to form films of several micrometres in
thickness. These agglomerates of “solid” material flow during the deformations and relative
movements of the first bodies and therefore their morphology is fashioned by this flow.
Subsequently, their morphology depends more on the flow conditions than on the initial
formation conditions. This situation often leads to some confusion when interpreting test
results with the aim of understanding the mechanisms underlying the detachment of the first
particles. The agglomerates of the first particles are commonly called wear “particles.” This
terminology will be used in the following sections.

12.5.4 “Action Heights” of Third Bodies

The action heights of surface complexes and detached particles differ due to their sizes.
Typically, the active height of a surface complex is several nanometres. For example, lipids
bound by their hydrophilic heads to a first body form a carpet of molecules 2.3 nm thick. If
this carpet is rubbed against an identical molecule carpet, this leads to a separation between
the first bodies of 2×2�3= 4�6nm. These two molecule carpets can shift in relation to each
other over a distance where the surface roughness of the first bodies is less than the height
of their separation [35, 39]. In industrial applications, it is not possible to obtain such low
values of surface roughness by conventional machining, thus the surface complexes can only
be active for contacts of a size less than 10 �m.
However, if the third body (detached particles) fills the surface pits during friction, it can

form a new first body smooth enough for the surface complexes to act over large distances
of displacement. For example, hard and brittle materials such as ceramics can be polished
quite easily, and are capable of producing sufficiently flat surfaces to favour the action of
surface complexes or very thin lubricant films (less than 0.1 �m).

Typically, solid third-body particles have “heights of action” (thicknesses) of several
micrometres, and that allows them to act between the surfaces produced during normal
machining conditions.
The activation of surface complexes can result in considerable differences in friction

coefficient values. For chemically identical first bodies, the activation of surface complexes
can lead to a coefficient of friction as low as 0.001, while the activation of particles can
lead, for example, to a coefficient of friction of about 0.1.

12.6 Functions and Behaviour of the Third Body

12.6.1 Functions of the Third Body

A third body has four main functions, i.e.:

• To transmit normal load. The load-bearing capacity of solid third bodies (in e.g. bearings)
exists statically, while that of fluids requires pressure (according to the Reynolds equation)
that can be generated by the relative movement of the first bodies (hydrodynamics) or by
external pressure (hydrostatics) [40].
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• To separate the first bodies, i.e. avoid their direct interaction and contribute to reduce
their deterioration.

• To accommodate the velocity difference between the first bodies, i.e. they can shear and
then reform.

• To transform, usually by shearing, kinetic energy into heat and then to dissipate the heat
generated via the first bodies or via a flow of the third body. In friction brakes, this
energy conversion function is amplified, whereas it is reduced in “dry” bearings. Part of
the energy dissipated during friction can be seen as the energy needed for keeping the
third body in the contact.

12.6.2 Operation of Solid Third Bodies

Observation of contacts after operation gives a static view of the third body, which is usually
known as a transfer film and in machining as a built-up edge. It is therefore necessary to
distinguish whether this is a genuine material transfer from one first body to another, i.e.
whether it remains bonded to it by adhesion, or whether it is a static view of a flowing film
which accommodates the velocity. This occurs, for example, at the interface of the contact
of a piezoelectric motor (Figure 12.3) and of a brake pad–disc contact (Figure 12.4) [2].
Examination of a contact through a sapphire first body revealed that a flow of “solid”

third bodies occurs, thereby leading to the notion of third-body flows [3, 41]. As already
mentioned, these flows of almost solid material can be explained in terms of (i) instantaneous
local pressure in the contact reaching a tenth of a GPa for apparent pressures of only a
few MPa, and (ii) very high shearing gradients in the layer of third body. It is known that
hydrostatic pressure considerably reduces the value of the plasticity threshold and increases
the deformation capacity of materials [16, 17, 42, 43]. It should be remembered that when
the hydrostatic pressure is high enough liquids may behave like solids, while solids may
behave like liquids.

 

Displacement

Figure 12.3 (a) Normal view of third body at the rotor–stator interface of a piezoelectric motor.
(b) Kinematics – reciprocating and impact motion [reproduced by permission of Dr. Yves BERTHIER]
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Displacement 

Figure 12.4 (a) Normal view of third-body interface in a brake pad–disc contact. (b) Kinematics –
sliding motion [reproduced by permission of Dr. Yves BERTHIER]

To model the contact operation with a third body composed of solid particles, it is
necessary to reconstitute and evaluate its flows and rheology. These flows make up the
tribological circuit.

12.6.3 Tribological Circuit of Third-Body Flows

The tribological circuit, shown schematically in Figure 12.5, represents different flows of
the third body which are likely to be activated in an elementary contact [1, 3].
As shown in Figure 12.5, flow Q, source flow QS and internal source flow Qi

S

correspond to the detachment of particles caused by STT, cracking, adhesion, etc. This
leads to the formation of the natural third body. External source flow Qe

S stems from
the introduction of the artificial third body in the contact. Internal flow QI is the flow
of the third body that circulates between the first bodies. External flow QE is the flow of

QR

QW

QI
QS

i

dx  

QS
e

QE

QS
i : internal source flow

(natural third body)

QS
e : external source flow

(artificial third body)

QI : internal flow
QE : external flow

QR : recirculation flow
QW : wear flow

Figure 12.5 Tribological circuit [reproduced by permission of Dr. Yves BERTHIER]
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the third body that escapes from the contact. It is divided into a recirculation flow QR

and a wear flow QW. QR is composed of the third body that when reintroduced into the
contact by, for example, dragging by one of the first bodies will contribute to velocity
accommodation. However, flow QW is composed of the third body which, when finally
ejected from the contact, no longer participates in velocity accommodation and load
bearing.
In a real contact, the elementary tribological circuit is three-dimensional and must be

extended to cover the entire contact by distinguishing the active flows that contribute towards
separating the first bodies (load-bearing zones) and the inactive flows that, although transiting
in the contact, do not contribute towards load bearing. These flows can, however, feed the
load-bearing zones.
The tribological circuit is activated by mechanical (pressure, shearing, inertial effects,

gravity, etc.) and physicochemical actions (oxidation, etc.) [18].

12.6.4 Rheology of the Third Body

Rheological studies of the third body and the formulation of corresponding flow models are
in progress [16, 17, 27]. However, the main problem is associated with the measurement of
the rheology of the solid third bodies over a wide range of stresses (shearing stress and its
gradient). This is why characterization of the third body by nano-hardness measurements is
inadequate. Indeed, stress fields under an indenter are very different from those found in real
contacts. At present, the rheology of the third body is evaluated on the basis of observations
of third-body particles whose morphology has been shaped by the flows. These observations
allow for qualitative and relative evaluation of the ductility and adhesion of third bodies
[1, 3]. The details of these works are not presented here.

12.6.5 Scientific and Technological Consequences of the Tribological

Circuit

From the scientific viewpoint, friction in the mechanical model is a function of the rheology
of the third body, whereas wear is a function of third-body flows. This model has been
validated experimentally [1, 3]. However, discrete element models of third bodies still remain
to be developed [27]. The research in this area is focused on the development of numerical
models of contacts and the development of new rheological techniques for studies of solid
third-body flows.
In technical terms, the tribological circuit serves as a background for the contact analysis

and the formulation of a solution. The tribological circuit also permits the experimental
identification of the parameters that activate the different flows and affect the adhesion of
the third body. When formulating a solution, the tribological circuit and rheology of the
third body, approximated by its morphology, are the two main criteria that can be used to
transpose the results from a tribometer to the real contact. These two criteria are added to
classical transposition criteria, i.e. contact pressure and the relative velocities of the first
bodies. We shall now focus on their use after having specified the role of the materials in a
tribological contact.
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12.7 Roles of the Materials in a Tribological Contact

The effects of first body materials on wear and friction are often combined in order to
simplify the problems. However, in practice this may produce over-simplifications leading
to inaccuracies, which in turn cause erroneous interpretations of test results and erroneous
formulations of solutions.
These errors are due to the following facts:

(i) the material of one of the first bodies transmits stresses to the other;
(ii) the first bodies respond to these stresses by undergoing complex and substantial local

changes; and
(iii) the contacts (first bodies + third body) are a boundary condition of the mechanical

device containing them.

Consequently, the mechanical system in which the contact is a part plays a role in the stresses
to which the contact is subject. The problem is therefore both multi-scale (mechanism, first
body, third body) and coupled (the stresses to which the contact is subjected depend on
both the contact and the mechanism). This situation creates a kind of loop in which the
mechanism and contact form a system analogous to a snake biting its own tail.
Thus it becomes necessary to specify the role played by the materials (i) at the scale of

the actual mechanism (structural mechanics, elastic response), called the indirect role, and
(ii) at the scale of the contact, i.e. the first bodies (contact mechanics, tribological response).
The much more complex role, on the scale of the third body (discrete element mechanics,
rheology of solid third bodies), will only be mentioned here.

12.7.1 Indirect Role of the Materials – Scale of the Actual Mechanism

or Mechanical Device

The actual mechanism or device contains the contact that transmits the vector Tc of the forces
to which the whole contact is subjected (first and third bodies). This vector depends, on the
first approximation, on the forces applied to the device and the stiffness of its components.
The components’ stiffness depends on the material’s mechanical properties and also on
the geometry of the components. Subsequently, changing the material, which translates
mechanically as a change of the Young’s modulus, could be counterbalanced by a variation
of geometry. In this case, the materials at the scale of the actual mechanism play a role via
the geometry of its components; hence the term “indirect role” is used. At this scale (actual
mechanism), the response of the materials to the stresses ranges from elastic deformations
to volume fatigue. These responses are taken into account by structural mechanics and are
determined by well-established tests (traction, fatigue, etc.).

12.7.2 Direct Role of the Materials – Scale of First Bodies

Recent advances in contact mechanics permit calculations of the stress fields and
deformations, based on the vector Tc of the forces exerted on contact, at the scale of the
first bodies, even though the presence of the third body is not taken into account. This stress
field can be determined at a depth of several dozen micrometres with a resolution of 1 �m.
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STT  

First body  

Epitaxy

50 µm

Third body

Figure 12.6 STT and third body obtained in a wheel–rail contact: longitudinal cross-section of the
wheel [reproduced by permission of Dr. Yves BERTHIER]

These surface stress and deformation fields (first body) differ from the internal bulk body
fields by (i) high stresses generated under hydrostatic pressure, and (ii) very high shearing
gradients. These conditions are specific to tribological contacts.
The material’s response to these surface fields is characteristic for a specific material.

These responses are much more complex than the usual elastic response of the structural
material (volume). They range from the initiation of cracks under tribological stresses to
phase and structural changes known as STT. These STT in turn lead to the production of
the natural third body (Figure 12.6) [21, 29]. As these responses bear the signature of the
material, the term “direct role” is used.
It should be stated that the STT are the most common and natural response of materials

to tribological stresses [2, 16, 17]. This response has been identified in polymers, metals
and carbon materials. The STT formed by our skin are known as “stratum corneum.” STT
studies that use mechano-synthesis are not dealt with here. Only optimal direct response is
briefly described.

12.7.3 Optimal Direct Response of Material to the Tribological Contact

The best responses that the first bodies can provide to reduce wear are:

• To ensure, without decohesion of the material, the transition between the bulk material
stress field and deformations (structural mechanics, fatigue) and the surface stress fields
(contact mechanics, fatigue under tribological stresses). This accommodation of “surface
volume” is difficult to satisfy since it is the surface that transmits the stresses to the bulk
material, although it is the bulk material that supports the surface. Physically, this problem
of the first body is solved by the epitaxy between the STT, the volume of the first body
and the nanostructure of the STT [2, 44] (epitaxy ensures the continuity of the atomic
links of a crystallized structure when the latter is transformed into an almost amorphous
structure).
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• To produce natural third bodies (source flow) with minimum degradation of the first
bodies. It should be remembered that if there are no artificial third body and surface
complexes (screens), degradation of one of the two first bodies is required to produce
the natural third body necessary for the contact to function. The STT are the responses
permitting the production of the third body with the minimum amount of degradation.

12.7.4 Consequences on the Approach Used for Solving Technological

Problems

To summarize, materials play an indirect role at the scale of the whole mechanism. This
role is taken into account by structural mechanics. However, there is a direct role of the
materials at the scale of the first bodies, a role relatively well taken into account by contact
mechanics. The two functions of this direct role are (i) to accommodate the stress fields, and
dilatational and surface deformations, and (ii) to ensure the source flow of the third body.
Studies of the first body material response as well as the studies into the role of the

materials in the rheology of natural third bodies are in progress. The role of material is being
progressively elucidated by discrete element mechanics (granular), while the study of solid
third-body rheology is in its infancy.
In conclusion, the general trends of mechanical and predictive models of friction and

wear are gradually being coordinated. However, an approach is used in which the pertinence
of the models decreases as one goes from models of the whole mechanism to models of
first and finally the third bodies. The solution to a friction and wear problem must offset
these shortcomings in modelling by a phenomenological approach based on analysis of
experimental data. In the following section the methodology used to offset the shortcomings
of modelling at the level of each of the elements of the tribological system (first and third
bodies) is described.

12.8 Taking into Account the Effects of the Mechanism

The finite element method (FEM) (structural mechanics) is used in mechanism modelling
in order to determine the vector Tc of forces exerted on the contact. Iterations between
structural and simplified contact mechanics make it possible to include the contact stiffness
in the calculation of Tc using FEM [45].

12.8.1 Choosing the Conditions to be Modelled

During iterations between structural and contact mechanics, it is necessary to ensure that the
operating conditions (forces, velocities, etc.) modelled at the scale of the actual mechanism
are those that result in the most contact damage. It should to be mentioned that the maximum
stresses at the mechanism or device level that generate the tribological stresses do not always
result in most contact damage.
Accelerations or forces measured when wear has caused an excessive clearance in the

machinery should not be included in the models. In such cases, the contact impact forces will
certainly be greater than when the clearances were smaller, as they were at the beginning
of the machine lifetime, i.e. when the degradations began. These forces when used in



Third-Body Reality 307

calculations will lead to the stress fields and the responses that greatly differ from those that
would have resulted in wear, which must be studied in order to solve the problem. Thus the
modelling conditions must be validated by an analysis of the mechanism studied.

12.8.2 Technological Consequences of the Effects of the Mechanism

From the technological viewpoint, the iterations between structural and contact mechanics
permit solutions at the machine design stage, e.g. by focusing on the shapes of the machine
components in order to minimize contact stress and deformations. For example, in the case
of fretting, modifying the geometry of components can make them more deformable so that
they can more easily accommodate relative movements across the contact. This approach
permits contact simulations in different parts of the mechanism and thus reduces or avoids
the risk that a solution found for one contact problem will produce a new problem elsewhere
(this often occurs when dealing with fretting).

12.9 Taking into Account the Effect of the First Bodies

Iterations between structural mechanics and simplified contact mechanics provide the force
vector Tc required in “fine” contact mechanics to calculate the local contact dynamics at the
scale of several micrometres and the stress field together with the local deformations.

12.9.1 Local Contact Dynamics

Recent advances in contact mechanics (numerical tribology) permit calculations of the local
dynamics of a contact with a resolution of a few micrometres. This resolution provides, for
example, the tribological status of the finite element mesh nodes of two bodies in contact.
During the macroscopic movement of first bodies at constant relative speed, the full cycle
involves sticking followed by sliding, separation and impact when the nodes are back in
contact [26].
In recent contact models the friction coefficient is no longer a setting parameter used to

identify the behaviour observed experimentally. The friction coefficient is a real parameter
whose effect upon the stress and deformation fields can be studied in detail. As mentioned
previously, friction has become a parameter in its own right, with its own characteristics,
rather than a parameter merely used to adjust or “fit” models to reality.
Even though the laws describing the material’s behaviour, introduced in contact mechanics

models, are not yet fully formulated (see also Section 12.6.4), the classical plasticity laws
used permit reasonable approximations of local dynamics that can be adapted and validated.
The local dynamics, which are quite reasonably approximated in these calculations, permit
calculation of stress fields and deformations that in turn control the response of the materials
(direct role). This material response controls the source flow of the third body.

12.9.2 Technological Consequences of the Effects of the First Bodies

Detailed studies of (i) material parameters such as Young’s modulus, Poisson’s ratio and
thermal characteristics, and (ii) functional parameters such as residual stresses, friction and
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contact pressure permit highlighting the effects of these parameters on surface stress fields
and deformations. Without even taking into account parameter–damage relationships, these
calculations permit studying, for example, whether a substrate/coating pair can resist static
thermomechanical stresses. The thickness of the coating could then be optimized.
More detailed analysis can even specify the relative values of the thermomechanical

properties of the coating of different layers [12, 13]. Contact mechanics is gradually becoming
capable of selecting coatings for given applications. Efforts must still be made, however,
to measure the thermomechanical properties of coatings whose thickness is less than a few
micrometres.
Whatever the case, contact mechanics at least helps to determine what levels of surface

stresses are admissible. Subsequently, a number of friction tests with frictional pairs that
would have no chance of surviving can be avoided, thereby saving much time and money.
Using local dynamics, contact mechanics also permits studying vibrations that can lead

to a “tribological noise.” This approach “at the source of the noise” is a new direction of
research [46].
Lastly, to be really predictive, contact mechanics must provide laws of damage under

tribological stress, i.e. STT formation and behaviour, crack initiation and the activation
of source flows from STT. These damage laws refer to the material at a depth of the
same magnitude as that affected by the procedures used to manufacture the machine parts
(machining to remove material, the skin effect during polymer injection moulding, etc.).
These laws are difficult to formulate. At the present time, this lack of laws is compensated
by the expertise gained in first- and third-body studies.

12.10 “Solid” Natural Third-Body Modelling

Molecular dynamics is an efficient means of modelling the behaviour of surface complexes
(screens), but these are rarely used in industry and so are not discussed here. The method,
however, allows for the studies of natural third-body screens composed of particles detached
from first bodies. These natural third bodies called “solid third bodies” are frequently present in
industrial contacts, though they often go unnoticed. Controlling their flows (tribological circuit)
and their rheology is the key to solving almost 80% of industrial friction and wear problems.

12.10.1 Reconstruction of the Tribological Circuit

Discrete element models of solid third bodies are progressively being used. They are the
qualitative tools aiding the reconstruction of the tribological circuit and identification of
stresses that activate different flows (contact life scenario). However, the reconstruction of
the tribological circuit, which is activated in a real industrial contact, remains the most
phenomenological and delicate part in studying a friction and wear problem.
In the simplest cases, this reconstruction can be performed on the basis of experiment.

When this information is not available, then it is necessary to go back and forth between the
expertise available on the specific industrial contact and test results obtained on a tribometer.
In certain cases, it can be useful to use a special simulator that better approximates a particular
industrial contact than a simple tribometer. These tests help to validate hypotheses made
during the investigation of industrial contacts under known conditions. Furthermore, typical
parameters such as velocity, contact pressure and the morphology of the third body serve
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as transposition criteria between the real contact and the tribometer. This phenomenological
work consisting of formulating the contact life scenario (tribological circuit and mechanical
and physicochemical actions that activate the flows) will be described in Section 12.13.
Finally, when developing the practical solutions, it is the tribological circuit that can be used
as the transposition criterion between the application and the tests on the tribometer.

12.10.2 Technological Consequences of the Third Body

To ensure the best control of the specific situation it is necessary, using the knowledge
available, to make sure that (i) the natural third body is obtained from a single first body;
(ii) STT is of the shallowest depth possible; and (iii) detachment of nano-particles is
occurring. As a general rule the formation of STT is preferred to cracking, which should be
avoided. On the other hand, in certain cases cracking can play a positive role by relieving
stresses (e.g. stress cracking of disc brakes) [47].
The solid third body obtained must thus “reconstruct” itself [1] as easily as possible when

sheared in the contact. This ease of reconstruction implies that the third body is almost
physicochemically inert in relation to its environment, unless the formation of screens occurs,
though this requires strong reactivity (see also Section 12.5.4).

12.10.2.1 Third-Body Flow and Wear

Analysis of the tribological circuit must determine whether the wear flow is high because the
source flow is high or the ejection flow is high. If the source flow is high, then it generates
a high internal flow downstream, which in turn generates a high ejection flow. In this case,
to reduce wear it is necessary to focus on the source flow and thus on the local dynamics of
the contact and/or on the formation of STT.
If the ejection flow is high, then it empties the contact of its third-body content downstream.

In this case it is the lack of third body needed to separate the first bodies that reactivates
the source flow. Here, to reduce wear, it is necessary to minimize the ejection flow, which
is controlled by the following: the contact’s geometry and/or the dynamics of the assembly
and/or the adhesion of the third body. The geometry of the contact can be designed to increase
retention of the third body. As for the dynamics of the assembly, this can lead to third-body
ejection from the contact by gravity (mechanical action) or by oxidation. Oxidation can make
the third body more powdery (physicochemical action), in which case it leaves the contact
more easily in solid or in gaseous form [10, 18]. Lastly, the adhesion of the third body
(rheology) can be modified by adding elements to the first body from which it stemmed.

12.10.2.2 Third Body and Friction

Friction caused by the solid third body depends mainly on its rheology. The rheology-
activated flow depends on tribological stresses and especially on the sliding speed of the
first bodies [29]. This problem of rheology is still being studied and depends on the coupling
between mechanical and physicochemical actions. This coupling is especially important
since natural third bodies often have specific surfaces that make them chemically reactive.
Regarding discrete element models, these do not yet provide the resolution required to supply
technologically viable results. Thus it is necessary to carry out laboratory tests.
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12.10.2.3 Tests to Control the Source Flow of the Third Body

Even when using the tribological circuit as an aid, transposing the results obtained for a
simple tribological state on a tribometer onto a complex tribological state in an industrial
application is far from easy. This stems from the difference in stiffness between the two
systems (tribometer and real contact) and also from the fact that any modification made to
the composition of a material results in changes to its bulk properties and the properties of
the third body produced. It is difficult to separate these two effects without using models.
For example, the addition of special compounds to a polymer first body can significantly
modify its thermomechanic properties, the local dynamics, chemical composition of the third
body produced and also its rheology. It is even possible to control the magnitude and nature
of the source flow by adding elements that “pre-fragment” the initial particles and use hard,
i.e. brittle, particles (e.g. ceramics) that fragment on detachment into much smaller particles.
If these particles are inert, they will mix together in the third body, thereby homogenizing
the local properties of the latter (rheological properties), reduce its adhesion (by increased
formation of powder) and most probably the friction. The advantage of fragmentation is to
obtain particles that are much smaller than those that could have been dispersed during the
material’s manufacturing. Therefore, it is necessary to act on the rheology of the third body
by modifying the microstructure of the materials used as the first bodies.

12.11 Correspondence of the Strategy Proposed to Reality

The strategy used in solving the problem described above merely applies the techniques
used with fluid third bodies. However, the main differences are that little is known about the
rheology of the solid third body as its production is difficult to control and it occurs in situ.
The strategies described have been followed, often involuntarily, for the last 30 years and
were used, for example, in car brake development, by modifying the clamping mechanism
and the composition of the pads (first and third bodies) [48].
Modelling of the tribological circuit, i.e. allowing for the prediction of wear and friction,

will become possible when

• structural mechanics, contact mechanics (first bodies) and the mechanics of the third body
(discrete elements) are coupled, which still raises several mathematical problems; and

• the laws of behaviour under tribological stress of the first and third bodies are known.

Subsequently, during the next few years the design of a contact with a natural solid third
body will require analyses of real parts and simulation tests to reconstruct the tribological
circuit and estimate local stresses (contact life scenario). The information gained from the
real parts influences the construction of a prototype.

12.12 Control of Input Conditions

12.12.1 Objectives

The objective is to formulate a contact operation scenario, i.e. to establish (i) the tribological
circuit; (ii) its conditions of activation; and (iii) the rheology of the first and third bodies. As
mentioned above, the study of the first and third bodies is one of the last solutions to offset
the lack of models.
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The studies conducted refer to each element in a tribological system by exploiting
the possibilities of structural mechanics (machinery), contact mechanics (first bodies) and
discrete element mechanics (third body) to the maximum.
Each study must be organized to capitalize on feedback from experience that may come

from maintenance, diagnostic tools and by designing time-saving procedures in order to find
solutions as far-reaching as “material design.” These goals can be achieved by constructing
a map of first- and third-body morphologies. These morphologies would be linked to the
known behaviour of industrial contacts and reproduced on test rigs.

12.12.2 Procedure

The studies conducted can be likened to a difficult phenomenological task carried out by
researchers in interactive fashion between real objects and tribometer tests. The goal of these
tests is to establish the contact conditions that lead to certain third-body morphologies, which
are the same in real and laboratory (tribometer) conditions. To achieve this the third body
can be used as an instrument placed inside the contact, i.e. as a tracer of contact conditions
(localization, local movements, etc.). Then it would be possible to establish whether the
consequences of the controlled modification of a real mechanism correspond to that what
was expected.
The study progresses from the exterior towards the interior of the contact, without any

cleaning of the latter, since this would eliminate the third body and most of the information.
When dealing with big parts, the study can be carried out using replicas or moulds. Only
the major outlines of carrying out such studies are given here, beginning with the short
description of the precautions to be taken.

12.12.3 Precautions

The tribological study is based on surface examinations (photographic, microscopic) and
surface analysis; both are usually conducted after dismantling the contact. Surface analysis
(mapping of species distribution) must then be interpreted dynamically to reconstruct the
flows of the third body. These examinations are made on surfaces whose microstructures have
been changed and which are usually covered with wear particles. Under these conditions,
most examination techniques have reached the limits of their resolutions since they are
calibrated for much smoother and bigger surfaces or much larger volumes of material than
those available in tribological contacts. This situation therefore requires that great care is
taken when interpreting the results obtained, followed by careful interpretation of these
results in terms of mechanical consequences (flow, rheology).
It is also necessary to try to avoid conclusions, without confirmation, referring to apparently

obvious features such as abrasion striations, traces of adhesion and thermal effects. Regarding
the latter, one must know whether changes of phase may also have been caused by thermal
effects or by pressure.
Comparison of the reconstituted first-body materials and particle behaviour to the

behaviour of these same materials in their initial conditions should be avoided. For example,
“hard” oxides in bulk state can have poor mechanical properties in powder state. The first
bodies and particles of the third body often have specific surfaces and that makes them
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very reactive. Thus mechanical and physicochemical interpretations must be performed at
the same time.
Even though it may appear trivial, it should be remembered that the study often focuses

on visible evidence after operation, i.e. after plastic deformation has taken place. However,
elastic deformations must also be considered and care must be taken during studies involving
viscoelastic materials such as polymers.
Understanding of the contact behaviour is facilitated if the characterization of surfaces

(normal view) is supplemented with characterization of metallographic cross-sections. At
least it is necessary to visualize the phenomena taking place in section view, based on normal
surface observations, i.e. as a function of the thickness of the third body and the first bodies.
Smooth transition between the scales of the different techniques used during observation

and analysis must be ensured.
The contact condition at the time of examination is not necessarily representative of

the conditions that initiated the problems to be solved. The contact can also manifest the
superposition of several stress conditions, especially functional and parasite stresses. These
stresses can be due, for example, to the operation of a particular mechanism assembled on
another main mechanism, thereby adding to the global stresses affecting the whole assembly
(vibration). Subsequently, it may prove to be useful to determine the contact conditions at
the start of its life, i.e. under standstill conditions, in order to differentiate between the results
obtained at different stresses.

12.13 Performing Experiments

12.13.1 Initial Conditions

It is necessary to know the initial mechanical and physicochemical condition of the first
bodies (surface, skin) when assembling the contact, as the contact’s initial condition will
affect its subsequent performance. The reason for this is that the tribological stresses can
affect the contact performance in a way similar to any disturbances introduced during the
manufacturing process.
For example, when visualizing sections of machined material, different conformations

can be seen such as hollows, “cavities,” folded asperities and so forth (Figure 12.7).
These conformations can lead to radically different mechanical behaviour (resistance) and
physicochemical (oxidation) behaviour in the first body. The presence of fluid residues is
also important (surface complexes).
In the case of polymer moulding, skin effects (a term specific to die cast moulding in

metallurgy and plastics) must be taken into account together with the properties of the
material’s deformation gradients as a function of thickness, i.e. as a function of first-body
wear. Periodic use of mould release agents in the form of surface complexes can also have
a significant effect on friction by dispersing it.
In the case when coatings are used, the thinner they are, the more difficult they are to

characterize, and the more sensitive they are to small variations of operating parameters.
To conclude, without knowledge of the operating parameters, it is necessary to establish

protocols that would guarantee the reproducibility of the conditions used in the production
of first bodies.
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Figure 12.7 (a) (i) Hollows and (ii) “Cavities” (b) Different conformations of machined material
[reproduced by permission of Dr. Yves BERTHIER]

12.13.2 Exterior of the Contact

It is necessary to localize the third-body ejection areas around the contact as a function of
time. The third body can easily be ejected several centimetres from the contact. This ejection
flow is characterized by quite violent local contact dynamics and is different from gravity
flows that can occur when the contact is momentarily unloaded. It should be mentioned
that violent local dynamics can occur with constant relative movements of the first bodies.
These ejections can be observed when examining door hinges, which often bear the traces
of considerable ejections of third body.
Examination of the morphology of ejected wear particles gives indications of their

migration mechanisms inside the contact. For example, shapes that are more or less extruded,
smoothed, drawn, etc. indicate different the migration mechanisms involved. In addition, the
chemical composition of these particles indicates their origin (source flows).
The initial indication of the stresses in play must be correlated with the results obtained

from structural mechanics models.

12.13.3 Interior of the Contact

This step of the experiment is focused on both the first and third bodies, as it is necessary to
localize the preferential zones of contact. Usually it is quite rare for stresses to be transmitted
uniformly from one of the first bodies to the other. This localization permits the evaluation
of the contact apparent pressures. These preferential contact zones are generally degraded.
A distinction must be made between the degradations resulting from a source flow of the
third body and those that stem from considerable plastic deformations occurring in the first
bodies. The problem of plastic flows of the first bodies could be solved, for example, by
modifying their shape. Control of the activation of the source flow requires analysis of the
third body. It is then necessary to understand when and how these preferential contact zones
develop further, i.e. whether the degradation (source flow) takes place or whether it is the
third-body movement that is occurring (internal flow), and localize new contact zones that in
turn start to degrade. Action is required on the source flow or on the internal flow depending
on the individual case.
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Regarding preferential contact zones, it is necessary to identify the instantaneous contact
zones and to estimate the instantaneous contact pressures if possible. As for the instantaneous
contact zones, it is necessary to identify the orientations of third-body particles resulting
from local stresses, i.e. evidence of impacts, sliding, etc. This evidence contains the clues
for reconstructing the internal flows of the third body. Chemical analysis can be used to
track the third-body flows. If the contact can be analysed at different instances of its life,
known chemical species can be introduced to track the flow trajectories. More thorough
observations often permit understanding the role of each of the constituents of the material
producing the source flow.

12.14 Conclusions

Friction and wear problems are coupled and multi-scale problems. They are coupled in the
mechanical meaning, since the stresses acting on the contact depend on both the contact
itself and the actual mechanism. They are also coupled in the material meaning, since the
materials of the first and third bodies respond to stresses by exhibiting complex behaviour.
Lastly, they are multi-scale problems, since the influence of the mechanisms containing the
contact is as great as the influence of the contact itself.
Subsequently, friction and wear problems must be treated using common sense and making

sure that false evidence is eliminated. To achieve this, the notion of material changes needs
to be complemented by realistic analysis of the mechanical stresses involved. The notion
“it’s the temperature that produces the flows of the first bodies” should be supported by
taking into account the role played by pressure and deformation gradients. In reality, this
entails a mechanical analysis of all three components of the tribological system, i.e. actual
mechanism or device, and first and third bodies. This analysis uses numerical tribology
that combines structural mechanics (mechanism), contact mechanics (first bodies) and the
mechanics of solid third bodies. The current shortcomings of numerical tribology are offset
by contact analysis used to reconstruct the tribological circuit and the contact life scenario.
The friction coefficient is a very practical parameter used as a boundary condition in

structural models. However, to understand the model and solve a problem, use of the friction
coefficient alone leads to errors, since it does not permit clear identification of the real
cause–effect sequence. It is therefore necessary to combine friction with the contact life
scenario.
Industrially, the judicious use of structural mechanics permits the control of the contact

stresses starting from the design phase. This control significantly reduces risks of abnormal
degradations that often lead to seeking remedies after the product has already been released.
These remedies are usually in the form of coatings, surface treatments, etc., whose application
outcomes are unpredictable and only increase uncertainty.
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Basic Principles of Fretting

P. Kapsa, S. Fouvry and L. Vincent

Abstract

Fretting has to be considered as a complex phenomenon related to interaction between two
sliding bodies separated by a third body. Various surface and subsurface processes involved
in fretting have to be thoroughly investigated in order to understand its occurrence in real
situations.
In this chapter the case of fretting is presented as an example to show how it is possible to

understand and model the tribological damage. The industrial needs are important because
fretting occurs frequently in assemblies, leading to damage. Fretting refers to a tribological
loading of materials in the contact when a small-amplitude alternating motion is applied.
Depending on the tribological parameters (sliding amplitude, normal force, frequency of
motion, environmental factors, etc.), partial or gross slip can be observed. The consequent
damage can be crack initiation and propagation or wear. The use of “fretting maps” showing
the loading and the damage on a “normal force vs sliding amplitude” graph is very helpful
in understanding and modelling of this phenomenon.
Modes of surface damage observed during fretting are described in order to model fretting

wear. Crack initiation can be analysed using the classical tools of fatigue failure, while wear
can be studied by considering the energy dissipated in the contact.
On the basis of the experimental data, the effects of typical tribological parameters on

fretting are demonstrated.

13.1 Introduction

This chapter deals with some friction and wear issues from a general viewpoint with a
particular reference to fretting. The aim of the chapter is to set up a methodology that can
be of use to design engineers. The methodology is developed on the basis of the results
obtained during dry friction and fretting studies.

Wear – Materials, Mechanisms and Practice Edited by G. Stachowiak
© 2005 John Wiley & Sons, Ltd
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Wear analysis based only on the tests conducted under increasingly more severe conditions
of contact speed or the normal load or by altering the nature of the contact is of limited
use in solving practical problems. However, one could ask the question, how can reliable
and accurate contact models be formulated? During the last few years, powerful tools have
been developed to simulate the contact behaviour. When developing any wear model the
following issues need to be considered:

(i) It is not convenient to describe wear by a simple law for a given mechanism. Test
conducted under severe conditions should be avoided and a suitable test must be
developed first to reproduce the same kind of damage as observed under the industrial
conditions or the damage that is considered as the more detrimental. Only after
that ranking of possible remedies or plotting of wear law can be undertaken. The
test conditions must also consider environmental variables such as temperature or
humidity.

(ii) Wear is a complex phenomenon and it is often useful to consider the initial damage
and its consequences separately. For example, an initial wear particle can dramatically
change the contact conditions as well as participate in rapid crack nucleation in the
contact area. This is typical for fatigue experiments where at least a two-step process
takes place, i.e. damage nucleation and damage propagation.

(iii) A contact problem occurs at a wide range of dimensions, i.e. from the nanometre scale,
related to surface characteristics, up to a metre scale related to the wear of the entire
component. This implies that a multiscale, multidisciplinary or even an interdisciplinary
approach is needed to successfully analyse and solve an industrial problem. Specialists
of tribochemistry are needed as well as the specialists in material science and
mechanics.

The role of mechanics in tribology varies with the area studied. It dominates thick film
lubrication but it took a back seat in friction and wear studies, at least until the early 1990s.
Hydrodynamic and elastohydrodynamics theories are well developed and commonly used
as a tool in machine design [1, 2]. The coefficient of friction between rubbing surfaces was
proposed by Amontons [3] and later studied by Coulomb [4] who stressed its limitations.
Contact theory, which was initiated by Hertz [5] and later developed by Johnson [6] and
others, is limited to static case and to the determination of contact stress and displacement
fields in mostly elastic solids. Stresses and displacements induced by normal loads are well
described but tangential effects are often introduced using locally, and not just globally, the
most criticized coefficient of friction known today as Coulomb’s law.
Contact mechanics offers a wide area for investigation. Even with some specific

applications, e.g. gears, ball bearings, wheel on rail contact, etc., the transfer of contact models
to industrial problem is not always quick enough even with the use of modern numerical
tools like the finite element method, and much fewer real applications than expected are
considered. This is surprising as the subject is well described, its mathematical tools are
well developed and efficient and are continuously being updated [6, 7]. The economic
impact of contact mechanics studies of loaded contacts is considerable as it touches material
performance and machine durability. However, third bodies (oil films, for example) are
usually not included in the analysis while thermal aspects are often considered.
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13.2 Wear

Wear is defined as material loss, often expressed in terms of mass loss per unit distance
travelled. Durability is related to the machine function and is expressed in terms of duty or
life. Wear modelling from the viewpoint of wear loss implies that each step in the process of
wear particle formation and expulsion from the contact is identified and understood. Classical
tribology often refers to wear mechanisms. Interface or third-body tribology distinguishes
between particle detachment and wear. Third-body tribology [8, 9] divides the wear process
into the following steps, which can occur simultaneously:

(i) Particle detachment:Awear particle is detached from first bodies, i.e. from the original
surfaces in contact, by any one of the well-established mechanisms (adhesion, abrasion,
corrosion, surface fatigue, etc.).

(ii) Third-body life: Once detached, the trapped particle is subjected to the strenuous
conditions at the interface along with other debris. It becomes part of the ‘third body’
and it changes in both morphology and composition.

(iii) Debris circuit: Depending on many parameters related to the nature of the contact,
such as vibrations or humidity, a particle can be trapped in the contact, re-circulated or
expelled.

(iv) Particle expulsion: Finally, the wear particle is ejected from both the wear tract and
the contact (re-circulation is avoided) and it only then becomes a “true” wear particle.

The third-body is a “medium” through which the load is transmitted from one first body to
the other. It also accommodates, through the contact (flow), in a dissipative manner (friction)
most of the velocity difference between first bodies. It is made out of bulk material from the
two surfaces and its role in a given application can be investigated either theoretically, as in
lubrication when third-body rheology and boundary conditions are known, or experimentally
through visualization, as in dry friction, where under some conditions at least sites of motion
can be identified. Third-body formation and elimination is thus a flow problem [10], with
its sources and sinks, and a strong parallel between lubrication and wear can be drawn from
this flow analogy.
Careful observations have also shown that

• different velocity accommodation mechanisms act simultaneously in the same contact;
• relays are taken between different mechanisms;
• many factors can activate or deactivate a wear mechanism, such as roughness, humidity

or third-body rheology.

Various fundamental phenomena used in the description of surface damage need to be
considered, e.g. cracks, plastic deformation, adhesion and physico-chemical transformations
(as illustrated in Figure 13.1). Any modelling of wear must therefore take into account the
following facts:

• adhesion, abrasion, delamination, etc. are just the particle detachment mechanisms, i.e. they
are not wear mechanisms;

• the passage from “motion of matter in the interface” (internal flow) to “true wear” depends
on the track shape;
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Figure 13.1 Various phenomena occurring during sliding process for a ball-on-flat sliding contact

• external flow (loss of matter from the interface) depends on the velocity field at the edge
of the contact and therefore on the velocity accommodation mechanism;

• wear and friction are not intrinsic properties of materials or of a couple of heterogeneous
materials.

13.3 Industrial Needs

In order to become a useful tool for industrial applications, tribology should allow for
reliable prediction of contact areas, pressure and temperature distributions, strain hardening,
toughness changes, flow stress modifications, crack formation and particle detachment.
Contact mechanics provides accurate stress, deformation, temperature models, stress intensity
factor, maps for homogeneous, coated, cracked, smooth or rough solids of different
shapes, heat fluxes or temperatures or any combination of these factors. Contact mechanics
contribution to engineering is thus considerable, but the gap between what is expected and
what is provided is still great. Typically, four types of data seem to be necessary to bridge
the gap between contact mechanics theories and first-body damage prediction, i.e.

(i) better descriptionof the evolutionof the contact geometry (considering surface roughness);
(ii) better material characteristics knowledge, for thin coatings for example (with the

gradient of properties at the surface);
(iii) better understanding of crack propagation under conditions found in tribological

contacts, with multicracking situations;
(iv) better formulation of the evolution of properties in materials operating under the contact

conditions.
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13.4 Fretting in Assemblies

Terms used to describe fretting can be quite confusing as fretting wear (FW), fretting fatigue
(FF) and fretting corrosion (FC) are the expressions commonly used. They are usually
derived from specific loading conditions or based on the observation of damage. According
to the ASM glossary of terms [11], fretting

(i) comprises wear phenomena occurring between two surfaces having oscillatory relative
motion of small amplitude. Note that fretting is a term frequently used to include fretting-
corrosion and other forms of fretting wear. This usage is not recommended due to the
ambiguity that may arise.

(ii) is caused by a small-amplitude oscillatory motion, usually tangential, between two solid
surfaces in contact. Note that here the term fretting refers only to the nature of the
motion without reference to wear, corrosion or other damage that may result.

In the second case it is then important to consider the relative displacement as compared to
the contact size. This is illustrated in Figure 13.2 where the limit between “fretting”: and
“reciprocating” sliding wear is shown.
When considering a ball-on-flat contact, various modes of fretting can be distinguished

depending on the type of the relative motion (Figure 13.3). All these cases can be encountered
in practical situations but the occurrence of tangential fretting is more common.
While the word fretting describes agitation in the contact quite well, the reason for the

displacement is usually not well identified. This drawback makes us think in terms of well-
defined fretting sources. For example, it appears more convenient to consider fretting wear as
fretting for which small displacements are a consequence of external vibrations while fretting
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Figure 13.2 Various situation of sliding conditions defined in a graph normal force (vertical axis)–
relative displacement (horizontal axis) for a ball-on-flat contact. The two cases of fretting, partial and
gross slip (defined later), are situated in a domain with e < 1 corresponding to a situation where a part
of the wear scar of the flat is always in the contact. Reciprocating sliding wear corresponds then to a
situation where the entire wear scar is in the contact with the environment [12]
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Figure 13.3 Schematic diagram of four basic fretting modes for a ball-on-flat contact

fatigue as a result of small displacements which are a consequence of the (cyclic) deformation
of one of the two contacting parts. Fretting corrosion is usually used when a chemical reaction
dominates during the tribological process also involving small-amplitude sliding.
Several syntheses have been proposed to justify the fretting-type degradations [13–16]

and to propose means of combating this problem [17, 18].

13.5 Fretting Processes

The fretting damage can be described as

• wear induced by fretting (WIF) – this corresponds to classical material loss (Figure 13.4);
• cracking induced by fretting (CIF) – cracks initiated on the surface can propagate up to

the final failure of the specimen (Figure 13.5).

Figure 13.4 SEM image of the ball wear scar showing the loss of matter for a ball-on-flat test in a
reciprocating motion [19]
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Figure 13.5 Fatigue crack propagating after an initiation due to the contact of the dovetail root in an
aircraft engine, from Park et al. (reprinted with permission from Elsevier) [20]

Traditionally, WIF is related to the presence of debris powder (red powder for steels, black
powder for aluminium or titanium alloys). For a wide range of metals, alloys and fretting
conditions, WIF is described as follows:

• The removal of superficial oxide layers and the increased metal-to-metal contact.
• The formation of a new microstructure called the tribologically transformed structure

(TTS) in the case of initially non-brittle materials. The TTS is a nanocrystalline structure
which becomes too brittle to accommodate the imposed displacement other than by
breaking [21, 22].

• The metallic debris are then trapped, crushed and oxidized in the contact which induces
the formation of a powder bed (the red powder, for example, for steel).

• The establishment of the third body depends on the possibility of debris ejection (i.e. on
the nature and the shape of the debris and the vibrating environment). If the powder bed
is maintained in the contact, the bulk degradation can be stopped as the velocity is now
entirely accommodated by the powder bed.

For CIF, several characteristic features have been observed for the cracks forming on the
contact surface:

• In some cases, few cracks nucleated on each side (as related to the friction movement) of
the contact limit. Then on each side, a main crack develops which can lead to spalling.

• Cracks can also initiate and be distributed anywhere on the contact surface. Often this
induces the formation of coarse debris or spalls but usually only the most external cracks
propagate because of the compressive stress field acting beneath the surface.

Material loss and cracking sometimes appear as competing processes as, for example,
material loss can eliminate small superficial cracks or the opening of a deep crack which
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can accommodate the main part of the imposed displacement and thus strongly reduce the
slip amplitude and subsequently the debris formation.
The terms FW, FF, WIF and CIF must not be confused. FW and FF are a loading of sliding

materials due to sliding condition, while CIF and WIF are the consequences of the loading,
i.e. a damage process. It therefore appears quite useful to develop a general approach to
fretting with the intention of answering some of the questions discussed earlier.

(i) The first step is to describe the local loading. To do so, first the identification of the
fretting condition is required. The fretting conditions can be classified as partial or
gross slip (Figure 13.6). The partial slip condition is defined from closed cycles of
tangential force Q versus displacement amplitude � plots. Surfaces in the contact are
partially “stuck” together and one can define a stick area (present in the centre) and
a sliding area, as illustrated in Figure 13.6. Elastic deformation of the device and the
sample accounts for the accommodation of the imposed displacement. Small amounts
of partial slips can appear but no plastic deformation of the first bodies is noted. The
gross slip condition is characterized by open or quasi-rectangular cycles: The entire
contact is then sliding. In practice, the real displacement in the contact is smaller than
the imposed displacement due to the limited rigidity of the devices and due to the elastic
deformation of the sample. Once the condition is determined, stress and strain fields
can be calculated in the case of elastic contact.

(ii) From these values, the properties of the two first bodies are considered. Risks of
particle detachment, brittle cracking from the surface or the load concentration must
be evaluated. The contact condition is modified just after the first few strokes. What
happens during the very first cycles of component’s life is of the greatest interest in
the description of fretting behaviour. At this initial step of damage, the alteration of the
surfaces must be taken into account. An increase in the contact area or a modification
of the friction coefficient can occur. Humidity and the sensitivity of the surface to form
new oxide layers are usually parameters that strongly modify the fretting condition.

(iii) The material’s response affects the fretting condition; hence fretting needs to be
considered from the dynamic viewpoint. On the basis of friction records, three fretting
regimes have been identified (Figure 13.7). The partial slip regime is defined as the
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Figure 13.6 Partial and gross slip conditions in fretting for a ball-on-flat contact
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Figure 13.7 Fretting logs corresponding to the three fretting regimes

case where the partial slip conditions prevail during the whole test with Q–� cycles
remaining closed, up to a coarse damage initiation characterized by a decrease in the
contact stiffness or in the Q–� initial slope. The gross slip regime is defined as the case
in which the gross slip condition prevails even if the coefficient of friction varies. A
so-called mixed regime is a fretting regime characterized by a complex shape of the
friction record [23]. Closed, quasi-rectangular and, very often, elliptic Q–� cycles are
successively observed during one test in a mixed regime. The elliptic cycle generally
appears after some cycles. This shape indicates partial slip accompanied by plastic
deformation in the upper layers of the stick area of the central contact region.

(iv) Depending on the first-body properties, these regimes have been associated with main
damages. The gross slip regime always induces material loss, i.e. WIF, while the mixed
regime is usually responsible for fatigue cracking.

(v) When the main damage is identified, the difficulty remains in controlling the evolution
of the damage. This still appears to be a major difficulty, as the crack growth and the
debris entrapment in the contact, which can establish a third body and accommodate
the displacement, must be carefully studied. Tools already exist to describe cracking
with identification of path and propagation law but the description of the third-body
behaviour is not yet satisfactorily developed.

This step-by-step approach to fretting allows to propose a fretting chart from a set of the
following fretting maps [24]:

(i) The running condition fretting maps (RCFMs) are plotted in a normal force–displacement
diagram to locate the fretting regimes (Figure 13.8). RCFMs introduced initially
displayed only two fretting conditions.

(ii) The material response fretting maps (MRFMs) were introduced to present, in a similar
type of diagram, the various material damages that appear as a consequence of the
fretting loading (Figure 13.9). Three main material responses have been identified during
microscopy studies of both contact surfaces and cross-sections. These responses are
either the absence of damage or the two types of damage described already as WIF,
shown in Figure 13.9 as debris formation, while CIF is denoted as crack nucleation. It
needs to be emphasized that these MRFMs are strongly time dependent.
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Figure 13.9 Example of material response fretting map

These maps give a dynamic “view” of wear surpassing the static instantaneous wear maps
introduced by Lim and Ashby [25] and Vingsbo and Soderberg [26]. In order to propose
guidelines for the understanding of the material behaviour and the material selection, this
wear map approach must be further developed. The two maps can be theoretically generated
by the following:

(i) Using Mindlin’s theory [27], a ratio A was introduced to quantify and predict the
boundary between partial slip and gross slip (Figure 13.10). This ratio refers to the energy
dissipated in the contact over the total energy and was shown to be equal to 0.2 under
elastic conditions. Its evolution during a test enables a precise definition of the three
fretting regimes [28].
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Figure 13.10 Definition of the ratio A separating partial and gross slip conditions. A = Ed/Et can
be calculated from the tangential force–displacement cycles

(ii) Fatigue criteria can be used to predict the boundary between no damage and crack
nucleation zones for a given number of cycles [29–31]. For instance, Dang Van’s
criterion well indicated the location of the crack nucleation at the limit of the contact zone
[32] (Figure 13.11). However, to quantify the crack risk, the very sharp stress gradient
imposed below the surface must be considered through a size effect analysis [33].

(iii) The growth of cracks and the interaction between several cracks beneath the contact
area have been extensively studied and laws now exist for specific applications [34, 35].

(iv) An energy-based model has been recently introduced to relate the quantity of material
loss due to the cumulative energy dissipated during the test [12, 36]. Various
tribological processes which can be considered as energy dependent are shown in
Figure 13.12.
In most cases, it has been observed that the wear loss is proportional to the energy

dissipated in the contact. The slope found can then be considered as a wear characteristic
of the sliding conditions. This slope depends on the material characteristics. For example,
the application of hard protective coatings, such as titanium nitride, tends to decrease
this slope (Figure 13.13).
When using this energy approach in fretting studies, it appears that at a fine scale, the

initial period of sliding corresponds to a situation in which energy is dissipated without
a material loss. It can be considered then that this energy is the energy necessary to
drive the phenomena leading to the TTS formation (Figure 13.14) [21].

(v) Other aspects of fatigue cracking need to be considered also, for example:

– small surface cracks can be eliminated by wear which can prevent any catastrophic
failure;

– small surface cracks can nucleate but they do not propagate. This can be a result
of a crack arrest phenomenon, as it occurs in the case of polycarbonate or some
surface treatments, where a local compressive residual stress field prevents any crack
propagation.
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These phenomena mostly take place in the case of elastic contact behaviour. But it appears
that also for elastoplastic and plastic contacts, the phenomena occurring are quite similar.
Cracks were shown to nucleate first under the mixed regime. In this case, the amount of
plastic deformation in the stick zone makes the identification and the calculation of the stress
responsible for crack nucleation rather difficult.

13.6 Fretting Parameters

Fretting phenomena are complex and can be influenced by numerous parameters. Among
these, the most important are considered in this section.

13.6.1 Nature of Loading

The load acting on contacting materials is one of the main parameters. It represents
the “engine” of damage. The contact loading appears to be strongly dependent on the
normal contact behaviour, in particular the friction coefficient. Its evolution with the typical
tribological parameters, as normal force and sliding amplitude, needs to be considered.
The contact pressure distribution is also an important parameter. Typically, the tribologists

consider a ball-on-flat contact leading to a parabolic pressure distribution. This is not
always the case in many applied situations. It is then of prime interest to consider the real
pressure distribution in the real contact which has to be reproduced during the laboratory
tests. This is not always easy and adopted specific sample configuration has to be defined
(Figure 13.15).
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Figure 13.15 Simulation of dovetail root connection for a gas turbine. The real contact pressure
distribution can be reproduced during the laboratory tests using a rounded cylindrical flat punch. From
Mugadu et al. (reprinted with kind permission from Elsevier) [37]
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Figure 13.16 Evolution of pressure distribution with the formation of a third body and its effect on
worn volume as observed in the SEM. From the initial parabolic Hertzian stress distribution, with a
maximum pressure at the centre of the contact, the third-body presence creates high pressures near the
external part of the contact. The high local wear rate is then displaced from the centre to the external
part of the contact [12]

In most cases, if we consider that the local elemental wear volume is proportional to the
local energy dissipated, the profile of the wear scar represents in fact a profile of the pressure
distribution. As the sliding often generates a third body, the effect of this foreign body in
the contact needs to be considered. The pressure distribution can be strongly affected and
modified by tribological phenomena and maxima locations resulting in the modified local
wear rate distribution (Figure 13.16) [12].

13.6.2 Nature of the First Bodies

In cases of homogeneous contacts (same material for the two sliding bodies), material
properties have been used to describe CIF. Several aluminium alloys have been compared
under the two, “partial slip” and “mixed”, regimes and diametrically different behaviours
were observed. These behaviours can be explained in terms of the resistance of these
materials to crack nucleation and propagation [38]. In a similar way, for a Ti–6Al–4V alloy,
the appearance of the cracking domain was clearly related to its fatigue limit.
Generally, in cases of WIF, particles detach well before the fatigue crack initiation and

it seems reasonable to associate the particle detachment domain with the gross slip regime.
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With the exception of brittle materials with low elongation ratio and low fracture toughness,
particles are detached from the TTS. Thus, for the same alloy and even for several alloys of
the same group, the particle detachment does not depend on the initial material’s strength
properties resulting from its thermo-mechanical history. The cyclic work hardening which
induces the mechanical-like recrystallization, and then the TTS, changes the initial material’s
properties, such as yield stress, elongation and residual stresses. Consequently, it is quite
difficult to rank the wear properties of several alloys belonging to the same group as the
nature of the TTS is quite similar for all of them [21] and their wear properties depend
mainly on the detached particle life, i.e. particle entrapment in the contact. The main factors
contributing to WIF resistance are essentially mechanical, i.e. nature of the contact, vibrating
environment, frequency of vibrations, etc. The material itself is responsible for the depth
of the TTS and thus for the amount of wear debris which can form in the contact. The
debris entrapment process can be affected by the chemical environment which can favour
the formation of platelets which are harder to expel from the contact than free particles due
to their different shape and size.
Determination of the fretting behaviour is much more complex in cases of heterogeneous

contact. However, the same approach is recommended.

13.6.3 Coatings

Among other means to control fretting, surface coating is considered as a way to delay
the fretting damage. Coating can be used to modify the interaction with the surrounding
atmosphere and often to decrease the coefficient of friction. Any change in the coefficient
of friction modifies the boundaries between the domains of the RCFMs (Figure 13.17). The
value of the friction coefficient controls the maximum of the contact stresses applied and
thus the cracking risk. It also controls the amount of the total energy dissipated in the contact
and thus the wear rate.
The effect of coating can be analysed by considering the energy approach to wear. What

is of importance is the first occurrence of a contact between the slider and the substrate
material (at a point where the coating has been worn). Then, instead of a global energy
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Figure 13.18 Illustration of a coating endurance chart showing the maximum dissipated energy
density per fretting cycle versus the number of life cycles �Nlife�. The life cycles �Nlife� correspond
to the situation when the coating is locally eliminated, resulting in an increased friction coefficient
[42–44]

approach where the total dissipated energy is related to the worn volume, it is preferable to
consider a local approach where the local dissipated energy (related to the local pressure and
local friction coefficient) is related to the local volume, i.e. the worn depth [41]. Then, the
contact life related to wear of the coating could be linked to the maximum dissipated energy
density (Figure 13.18) [39, 40].
The fretting behaviour is also modified as coatings change the mechanical properties of

the material’s upper layers (and then the contact area) and introduce residual stresses, the
role of which in a crack propagation mechanism is very significant.
The use of coatings, however, requires a global approach that must begin before taking

into account the contact dynamics. Leroy [45] analysed the effect of coating on unlubricated
contacts and two main results were pointed out:

(i) Coating to substrate stiffness ratio can govern substrate failure. The substrate is not
weakened but subject to higher and more localized stresses when stiff coatings are used.

(ii) Even modest temperature rises, commonly occurring in tribological applications, can
generate high stresses in the coated systems if coating and substrate properties are
mismatched.

Contact mechanics is needed to generalize the use of coatings by setting up the design rules.
Specific substrate/coating combinations can thus be eliminated for particular applications
after these analyses are conducted, allowing to avoid costly and wasteful experimental wear
tests.
Typically, coatings can be classified on the basis of deposition methods, i.e. CVD,

PVD, etc., composition, thickness, hardness (both indentation and scratch), crystallographic
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structure, residual stresses, coating to substrate adhesion, friction and wear data produced
on a pin-on-disc machine [46]. However, Young’s modulus, Poisson’s ratio, coefficient of
thermal expansion, thermal conductivity, density, specific heat, of both coating and substrate
materials, along with temperature and stress limits for both materials, the coating thickness,
information on residual stresses to assess the overall stress level exhibited by the working
coated first body, are needed by the mechanical engineer to design coated elements.
Discrepancies between the results obtained on different test rigs can be reduced

significantly by eliminating, by prior analysis, the contact mechanics aspects which can be
addressed theoretically.
Regarding fatigue cracking, the mixed fretting regime always appeared as the most

detrimental, whatever the materials used were (metallic or not). Thus, a first approach is to
diminish the mixed regime of the RCFM, i.e. to favour the gross slip regime. Solid lubricants
or varnishes are the potential industrial means of controlling fretting. If the RCFM cannot
be changed, then the material property modifications are needed, for example, shot-peening
reduces the cracking domain as it often limits cracks to very short lengths. Hard coatings
quickly give rise to particle detachment which prevents the mixed regime by accommodating
the displacement in the powder bed. The quick degradation of brittle materials modifies the
RCFM by increasing the slip regime.
The main factor for the fatigue risk is the level of the maximum applied stress. Thus,

the lower the coefficient of friction is, the lower the maximum tensile stress, and the lower
the risk of cracking. Diminution of the maximum applied load can be obtained from a
modification of the sites where the displacement is accommodated in the contact (the applied
stress decreases strongly with the distance from the site). Guidelines to help select the
appropriate surface treatments or coatings as a remedy against failure must include the use
of the two fretting maps: RCFM and MRFM.
This approach to fretting using the fretting maps and the velocity accommodation

mechanism concept can be extended successfully to fretting fatigue [47]. In a similar way,
surface treatment or cladding can be chosen as possible means in fretting control due to
their effects on the RCFMs (varnish, solid lubricant, thin film, etc.) or their effects on the
MRFMs (increase in fatigue limit, introduction of compressive residual stresses, etc.). For
example, the analysis of the shot-peening effect on fretting is an interesting case as

• the induced surface roughness can favour the stick domain of the RCFM;
• the compressive residual stresses can push up and reduce the cracking domain of the

MRFM;
• the compressive stresses induced in the sublayers can arrest small cracks formed on the

surface [44];
• the hardened, brittle peened layers can favour the debris formation in the slip domain,

but, in this case, the residual stresses are eliminated after the first few cycles.

The above example shows how important it is to identify the fretting regime before attempting
to explain the material behaviour and attempting to rank the material.

13.6.4 Environment

A chemically active environment can result in surface transformation and also it may
accelerate the deterioration of contacting materials if fretting wear removes the protective
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surface layers. The damage induced on material surfaces is sensitive to the variables involved
in the fretting process. These variables can be classified into three categories: the contact
conditions (mechanical aspects), the environmental conditions (chemical aspects) and the
contacting material properties (material’s aspects). Fretting maps also appear to be a quite
useful tool in the analysis of the environmental effects. The relative humidity can modify
the tangential force required to impose the displacement and the transition between partial
slip and gross slip conditions. Material property changes are taken into account by MRFM
which can show the differences due, for example, to hydrogen embrittlement. In case of
WIF, the formation of platelets can prevent debris from being ejected out of the contact and
thus reduce wear.

13.6.5 Frequency

Frequency of motion is an important parameter for the dynamic behaviour of a mechanical
system. The frequency can indeed change the sliding amplitude when some resonance or
damping is activated. MRFMs are subsequently influenced by the stroke frequency. High
stroke frequencies can induce heating and as a result modify the material properties and/or
friction coefficient. The main effect of stroke frequency must be explained in terms of
the third-body concept. Once formed in the contact, debris is trapped. Several cycles are
necessary before its ejection and this mechanical phenomenon can be influenced by the
speed of motion (related to the frequency). In cases of low alloyed and stainless steels, small
changes in frequency (from 0.1 to 12.5 Hz) were shown to increase the crack nucleation risk;
the higher frequency favours the ejection of debris and thus prevents the beneficial effect
of the third body. When considering the contact geometry, the easier the debris is ejected
from the contact, the easier the cracks tend to nucleate. This factor is of particular importance
in industrial applications due to the large range of frequencies (0.01 Hz to several kilohertz)
observed in real systems, and further work is needed to fully analyse its effects.

13.6.6 Temperature

Contact temperature, often wrongly interpreted as the temperature rise and one of the
main factors affecting fretting, is estimated from metallographic observations only [15]. For
instance, white etching areas observed in cross-sections were used as an indicator of very
high temperature. Equilibrium diagrams showed this increase but did not take into account
the pressure effect. Results based on monitoring the electrical potential of the interface
[48] indicate that the average contact temperature increase is in the order of 20 K, for a
medium steel carbon in given experimental conditions. However, temperature effect cannot
be neglected as the temperature rise at the contact interface has a significant effect on both
the mechanical and chemical aspects of fretting wear and fatigue processes. This effect can
directly be related to the dependence of the oxidation rate and the mechanical properties of
the fretting surfaces on temperature. It is quite difficult to precisely establish the level of
temperature increase and its effects on friction.
A direct measurement of the contact temperature in fretting is difficult to perform because

of the nature of the temperature field (both in the space and in time domains) and due to the
limitations of measurement techniques. Thus, theoretical and numerical models are emerging
as the most viable and practical approach. Recently, both analytical [49, 50] and numerical
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(using the finite element method) [51] analyses have been conducted in order to determine the
temperature rise during fretting. A heat flow channel (containing a single micro-contact and
extending some distance in the solid) model was used in both cases with an aim to calculate
the microscopic thermal constriction resistance and to determine the 3D temperature field
in the vicinity of a contact asperity. Results obtained from these two methods are consistent
and indicate that the maximum temperature rise (flash temperature) can reach a great range
of values (from a few kelvins to hundreds of kelvins) depending on the material properties
(mechanical and thermal), the surface properties (roughness and coefficient of friction) and
the fretting process operating parameters (frequency and slip amplitude of the stroke). The
influence of these factors can explain the certain discrepancies in the results reported in the
open literature on the temperature rise in fretting. Moreover, the calculations show that there
is a significant temperature gradient (up to thousands of kelvins per millimetre) in a very
thin layer (few micrometres to tens of micrometres), called the thermally disturbed zone.

13.7 Conclusions

The literature survey shows that widely varying tribological properties of materials result
in high scatter of fretting results. This often is the result of the secondary wear stage that
can be related to the effect of the initial damage on the contact loading and on the velocity
accommodation mechanisms. The fretting approach presented in this chapter can be extended
to other wear analyses. Uses of RCFMs and MRFMs can provide useful tools that could be
used in predicting the work hardening effect and the crack nucleation risk.
The complexity of the material effect under wear is generally associated with many

parameters. This, however, often results from attempts to analyse a phenomenon in which
the two materials in contact have properties which vary during the loading time. This is
generally performed using final observation of the contact degradations and/or some physical
measurement (such as material loss and friction coefficient) which can be interpreted to
know the contact condition.
Any fretting process needs to be considered as a two-stage phenomenon:

(i) an incubation period leading to the formation of the first damage; and
(ii) a complex period during which this damage modifies the local loading and participates

in arresting, stabilizing or increasing the degradation process.

In the first stage, the material participates in the establishment of the wear regime, i.e. the
contact dynamics, through the surface chemistry, its ability to form a thin layer according to
the chemical environment, and its roughness. Once the regime is identified, the material is
studied from the damage viewpoint, as it will suffer from overstraining and/or overstressing.
The properties required to delay the damage will depend on this loading. Contact mechanics
theories can provide tools to calculate these local loading conditions. Fatigue criteria already
exist and can be used to predict crack initiation in the case of overstressing. After this stage
of crack initiation, fracture mechanics is used to predict propagation paths, crack growth
rates and lifetimes even in the case of short cracks, complicated crack networks and fretting
fatigue experiments. Since there are too many unknown factors in contact behaviour, it will
be some time before a modelling of a particle detached from TTSs can be conducted.
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In a similar way, it remains doubtful that the competition existing between the two main
damage modes can be reliably described. However, dynamic mapping will be extensively
used, particularly to include the effects of parameters such as temperature and frequency. In
this chapter, two fretting maps were suggested, i.e. the running condition map that permits to
calculate overstrains and overstresses and the material response maps to rationalize the study
of material behaviour in close connection with the mechanical approach. Wear mapping has
been successfully used in many cases of fretting.
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of Abrasive Particles and Surfaces

G.W. Stachowiak, G.B. Stachowiak, D. De Pellegrin and P. Podsiadlo

Abstract

Abrasive particles or grits are an inherent feature of many tribological systems. Two major
factors controlling the abrasivity of a particle are its size and sharpness. It is intuitively
felt that the particles with higher sharpness should generate higher abrasion or erosion wear
rates. While it is relatively easy to quantify particle size, the numerical description of particle
sharpness (or angularity) is much more difficult. An overview of the numerical descriptors
of particle shape is presented in this chapter. While the traditional parameters such as shape
factors are mentioned, the emphasis is put on the numerical descriptors that include sharpness
of particle protrusions (or asperities) in their derivation. Sharpness describes the shape of
the particle or surface protrusions in terms of its potential to abrade or erode.
Particle sharpness is correlated with abrasive and erosive wear rates the grits generate,

using examples from the authors’ laboratory and also from open literature. It is often observed
experimentally that the particle size also influences particle abrasivity. The effect of particle
size on abrasive wear is discussed in terms of its correlation with particle shape, shape
deterioration during abrasion, material property changes at small scales and clogging of
abrasive surfaces by debris.
The concept of asperity sharpness can also be used in the description of abrasive surfaces.

Examples of the numerical characterization of surface sharpness are shown, using both model
and real abrasive surfaces. The ability to characterize surface sharpness is important, both
in the case where high surface abrasivity is desirable (e.g. grinding papers or wheels) and in
the case where it usually should be avoided (two mating machine surfaces).
In the final section of this chapter, advances in the computer-based classification of

surfaces are described with an example of the classification of abrasive surfaces.
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14.1 Introduction

Abrasive wear, two- and three-body, contributes to about 50% of industrial wear problems
[1] but it is useful in machining or other surface-finishing techniques such as polishing. For
example, the estimated cost of grinding in industrialized countries is about 20–25% of total
expenditure on machining operations [2].
It is intuitively felt that, in addition to hardness and size, particle shape plays an important

role in abrasion. However, determining the particle shape effects on abrasive wear rate is not
an easy task. This is because wear depends on many different variables and the particle shape
effect is often masked by stronger effects of other system variables. Particle shape in relation
to abrasive or erosive wear is described by particle angularity or sharpness. Laboratory tests
have confirmed that with the increase in particle angularity there is a significant increase
in abrasive or erosive wear rates [3–8]. This chapter presents an overview of particle shape
descriptors, with the emphasis on particle angularity parameters. Work conducted on abrasive
and erosive wear has demonstrated that any measure of particle abrasivity must include
particle angularity [7, 9, 10]. The relationship between the angularity parameters of particles
and the abrasive and erosive wear rates they generate is shown using experimental data.
Similar approaches are made to characterize the sharpness of abrasive surfaces and the

methods used are described later in this chapter. Surfaces with sharp asperities are undesirable
in tribological contacts, especially where the counterface is much softer. In grinding, on the
other hand, sharp asperities facilitate high material removal rate from the workpiece. All
abrasive surfaces gradually change their sharpness due to chipping, fracturing or rounding of
the asperities. It is of great importance to both tribology and manufacturing to predict how
these changes would affect the abrasive power of the surface.
The chapter finishes with a brief description of a computed-based surface classification

method. Practical example shows the classification of surfaces of different abrasivity. The
surfaces are first divided into three classes based on the degree and distribution of surface
roughness measured by three-dimensional (3-D) stylus profilometry. How the computer
program automatically classifies an unknown abrasive surface is then demonstrated.

14.2 General Descriptors of Particle Shape

Traditionally, qualitative descriptors of particle visual appearance such as ‘spherical’, ‘semi-
rounded’, ‘semi-angular’ or ‘angular’ have been used to classify and differentiate among
various groups of abrasive particles [5, 6, 11–13]. Such a description is, of course, subjective
in nature, especially when the gradation of the degree of angularity is sought. It may
be sufficient only when the particles used in testing differ significantly in their shape,
e.g. spherical glass beads versus angular SiC [5] or quartz [6]. The introduction of the
computer-based image analysis systems has facilitated the use of numerical parameters
in the description of particle shape [7, 14]. Typical shape parameters, often called shape
factors, usually included in the image analysis software are the aspect ratio (width/length or
sometimes length/width), roundness, form factor, convexity, elongation, etc. [14, 15]. Shape
factors have been developed for general particle description, without specific considerations
relevant to the particle abrasivity. These shape measures are simple combinations of size
measurements, and their definitions can be found in References [14, 15]. They describe
the tendency of a particle to deviate from an ideal shape of a sphere (or a circle, as the
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particles are often analysed in two dimensions). However, these parameters do not provide
satisfactory information about the particle angularity since they do not indicate how sharp
the particle protrusions or asperities are (particle protrusions are also called corners or spikes
in the references cited in this chapter).
Despite the limitations, shape parameters have been used to describe various abrasive

particles. For example, roundness factor (perimeter2/4�area) and statistical parameter Rku

(kurtosis) describing edge detail have been employed to differentiate among various groups
of abrasives [16]. Width-to-length aspect ratio (W/L) and perimeter squared-to-area ratio
(P2/A) have been used to describe SiC, Al2O3 and SiO2 particles [7]. Attempts have been
made to correlate shape parameters with abrasive or erosive wear rates, and in some cases a
good correlation has been found. It was shown in one work that the erosion rate increased
with increasing P2/A and decreasing W/L for SiC, Al2O3 and SiO2 particles tested [7].
However, other work has confirmed the limitations of shape parameters, especially the aspect
ratio, when used in the description of abrasive particles [17–19].
More complex particle shape descriptors are based on either Fourier analysis [14, 20] or

fractal analysis of a particle boundary [21–23]. Invariant Fourier descriptors have been used
to distinguish between abrasive particles of different angularities [3, 20]. In this technique
the coefficients of the Fourier expansion are combined into the parameters such as radance
and roughness. It was found that there is a relationship between these parameters and volume
loss in two-body abrasive wear tests conducted on a rubber wheel test apparatus. Empirical
equation relating the angularity of particles to abrasion was proposed [3]. Fractal analysis
can also be applied to characterize the complexity or irregularity of a particle boundary
[21–23]. A resulting parameter is called a fractal dimension, D, the value of which ranges
between 1 and 2 for a particle boundary. The higher the fractal dimension D is, the rougher
or more irregular the boundary. Although fractal dimension has been successfully used to
describe irregular shapes of powders [23] or wear particles [22], it has shown limitations
when applied to the description of angular shapes [17, 18].
It has been quickly realized that abrasive particles require numerical descriptors that

include the measure of sharpness (or angularity) of particle protrusions [7, 24]. The problem
was how to quantify particle angularity, i.e. determine the angle of every protrusion and then
combine these values to obtain one parameter.

14.3 Particle Angularity Parameters

In one of the early works, a parameter called the degree of roundness, R, was incorporated
in an empirical model to predict the erosion of brittle materials by natural contaminants [24].
The model predicted that the erosion rate should decrease with increasing effective roundness
of the eroding particles. The R parameter was originally developed for the description of
rock particles [25], and may be regarded as the precursor of the angularity parameters that
followed later. It is defined as R = ∑

c/IRN , where c is the radius of curvature of the
individual particle protrusions, IR is the radius of the maximum inscribed circle and N is
the number of protrusions measured. The R value is equal to 1 for an ideal sphere, and is
lower than 1 for irregular shapes (angular particles have R values between 0.3 and 0.5) [24].
It appears, however, that the subjectivity involved in the determination of protrusion radii,
especially when the particle contains very sharp protrusions, limits the practical value of the
R parameter [26].
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Another parameter, called the mean particle angle, has been proposed as a measure of
particle angularity [27]. The automated program determines the mean angle of abrasive
particles from curvature plots of digitized particle outlines. The particle protrusions (or
corners), deemed to be of importance in the particle abrasive action, are these peaks on the
curvature plots that exhibit high curvature. The selected peak angles are determined using
two tangents calculated at the ‘begin’ and ‘end’ points of the peak [27]. The weaknesses
of this method, such as subjective selection of the corners, digitization noise, discrimination
power of the algorithm, have been indicated by its users [27]. Also, the experimental data
generated using this technique are too limited to properly assess its value [26].
In another work, a method based on the Radon transform was developed to characterize

abrasive powder particles [28]. This technique involves the generation of a convex hull where
only boundary features supporting the hull are deemed of interest. An angularity factor is
calculated on the basis of the curvature of the hull at these locations. The applications of this
technique are rather limited because the concept of penetration is ignored, i.e. an n-sided
polygon will yield the same angularity as the corresponding star shape [26]. Intuitively,
one would feel that the star-shape particle would cause more wear damage than the n-sided
polygon. On the other hand, it could be argued that, as most real particles are generally
convex, the hull technique might give better results than initially anticipated. Experimental
verification of this technique using typical abrasives such as quartz and alumina would be
needed to confirm its usefulness for angular particles.
Over the last 10 years, extensive research has been conducted at the authors’ laboratory

on the angularity description of abrasive particles and the following sections describe the
results in more detail.

14.3.1 Angularity Parameters SP and SPQ and Their Relation to

Abrasive and Erosive Wear

The first parameter developed that includes the sharpness of particle protrusions is called
the spike parameter (SP) [17, 18, 29]. This descriptor is based on representing the particle
boundary by a set of triangles constructed at different scales (a fractal approach is used
here). At each scale, triangles with the greatest spike value, defined as sv = cos ��/2�h,
where h is the perpendicular height of the triangle and � is the apex angle, are fitted to
particle protrusions. In this approach, it has been assumed that the sharpness and size of these
triangles are directly related to particle abrasivity, i.e. the sharper (smaller apex angle) and
larger (perpendicular height) the triangles are, the more abrasive is the particle. The maximum
spike values at each scale are normalized by their height, i.e. sv/height = cos ��/2�, and
then averaged. The final SP is the averaged spike value from all the scales used in the
calculation and it varies between 0 and 1 [17, 29]. The higher the value of the SP is, the
sharper is the particle.
The performance of the SP has been compared with more traditional shape parameters

using artificially generated shapes, as shown in Table 14.1 [18]. The analysis of Table 14.1
shows that the SP provides the angularity ranking of the computer-generated shapes that
agrees well with the visual assessment of their abrasivity (the abrasivity increases from top to
bottom). It can also be seen that the SP outperforms the other shape parameters in this task.
Experimental results using real abrasive particles have verified that there is a good

correlation between the SP of abrasives and the wear rates they generate [29]. However, it was
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Table 14.1 Artificial shapes with increasing angularity and the corresponding spike
parameters, boundary fractal dimensions, roundness factors (perimeter2/4� area) and aspect
ratios (length/width) (adapted from Reference [18])

Shape Spike
parameter

Boundary
fractal

dimension

Roundness Aspect ratio

0.1332 1.0046 1.1145 1.0000

0.1633 1.0064 1.1323 1.0078

0.1721 1.0063 1.2933 1.0556

0.1951 1.0115 1.1426 1.0514

0.2119 1.0095 1.6127 1.6800

0.7243 1.0155 3.1458 1.0000

found that the SP has certain imperfections [19]. At small scales it is sensitive to digitization
errors, and this leads to some ‘smooth’ shapes being assigned an artificially high SP. For
boundaries with convex shape and rounded protrusions, the apex angles of the triangles
constructed at large scales are much smaller (sharper) than the corresponding protrusions.
Also, since the method takes into account every boundary irregularity, the computing time
can be long.
These limitations have prompted the development of another particle angularity parameter,

called the spike parameter quadratic (SPQ) fit [19]. In this method, particle protrusions which
are most likely to cause abrasion are isolated, while other boundary features are ignored.
Only portions of a particle boundary, called spikes, protruding outside the circle of mean
diameter, are considered in the calculation of the SPQ, as illustrated in Figure 14.1 [18,
19]. The shape of the protrusions (spikes) is approximated by quadratic curves instead of
triangles [18, 19].
For each spike, the local maximum radius is found and this point ‘mp’ is treated as the

spike’s apex [19]. The sides of the spike, which are between the points ‘sp-mp’ and ‘ep-mp’,
are then represented by fitting quadratic curves. Differentiating the curves at the ‘mp’ point
yields the apex angle � and the spike value sv = cos ��/2�. Finally, the SPQ parameter is
calculated as SPQ= svaverage [19].

Great advantage of the SPQ parameter over the older SP is that it considers only the
boundary features, i.e. protrusions, which are likely to come in contact with the opposing
surface. It was found that the SPQ parameter correlates better with abrasive wear rates than
the SP [19]. Also, since the SPQ parameter is almost insensitive to image focus [19], an
optical microscope can be used for collecting particle images for the SPQ calculation.
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Figure 14.1 Method of the SPQ calculation by fitting quadratic segments to particle protrusions
(adapted from [19])

Two-body abrasive wear experiments conducted on a pin-on-disc tribometer were used to
assess the performance of the SPQ parameter. Various types of abrasive grits, such as glass
beads, silica sand, garnet, natural industrial diamond, silicon carbide, quartz and crushed
sintered alumina, were used to manufacture abrasive discs. The size of all the grits used in
the experiments was 250–300�m. Soft wearing material such as chalk was selected as a
counterface to eliminate the extraneous effects of abrasive grit deterioration and clogging of
the disc by wear debris. Low loads and velocities were used in the experiments in order to
eliminate the fracture of the chalk and to ensure that ‘pure’ two-body abrasive wear took
place. The data, plotted in Figure 14.2, show an almost perfect linear relationship between the
two-body wear rates and particle angularity expressed in terms of the SPQ parameter [19].
The results of three-body wear experiments conducted on a ball-cratering tribometer and

erosive wear experiments exhibited similar trends, as shown in Figures 14.3 and 14.4 [30].
The SPQ technique, as all the other methods, has its limitations. It does not consider the

effect of load on the penetration depth (and therefore the wear rate) [31]. The important
effect of particle orientation with respect to the wearing surface is measured only indirectly
by averaging over all protrusions. Thus, the SPQ parameter is most reliable when the average
penetration is small [31]. Similar criticism regarding the effect of load and orientation can
also be directed at the other angularity parameters described so far [26, 31]. The technique
presented in the following text tries to address these deficiencies.

14.3.2 Cone-Fit Analysis (CFA)

The ability of an abrasive particle to abrade depends strongly on its orientation to the wearing
surface (or the angle of attack). For example, an elongated particle with sharp ends oriented
along its longer axis to the wearing surface will not cause much damage. The situation
will change when this longer axis is perpendicular to the wearing surface, as the particle
ability to penetrate and cause wear damage will increase. Thus, a new technique involving
angularity measurement at every orientation of the particle projection and over a large
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Figure 14.2 Relationship between the wear rates of chalk and the SPQ values for different abrasive
grits (gb – glass beads, ss – silica sand, g – garnet, d – natural industrial diamonds, sic – silicon
carbide, q – crushed quartz and ca – crushed sintered alumina) [18, 19]

0

0.005

0.010

0.015

0.020

0 0.2 0.4

A
ve

ra
ge

 w
ea

r 
(g

)

0.6 0.8

Spike parameter quadratic fit

g

gb

q

ss

ca
sic

Figure 14.3 Relationship between three-body abrasive wear and the average SPQ parameter for
different abrasive grits, error bars are ±1 standard deviation [30]



346 Wear – Materials, Mechanisms and Practice

0.010

0.015

0.020

0.025

0.030

A
ve

ra
ge

 w
ea

r 
(g

/g
)

0 0.2 0.4 0.6 0.8
Spike parameter quadratic fit

gb

sic

qss

Figure 14.4 Relationship between erosive wear in air and the average SPQ parameter for different
abrasive grits at 90� impingement angle (error bars are ±1 standard deviation). The erosion rates are
normalized with respect to density and particle velocity [30]

range of penetration depth has been developed [31]. In this way, the statistical description
of particle sharpness as a function of penetration depth is obtained [32]. The technique,
called cone-fit analysis (CFA), has evolved from the classical abrasion model proposed by
Rabinowicz [33], where the asperities of abrasive surfaces or particles are represented by
cones. As the particle abrasiveness depends on the portion of the particle forced to penetrate
and abrade the wearing surface, the severity of abrasion depends on particle orientation.
Based on this notion, very abrasive particles might be represented by cones with a large
angle of attack, while mildly abrasive particles may be represented by cones with a small
angle of attack [31].
The classical abrasion model is schematically illustrated in Figure 14.5, where a single

cone-shaped asperity with an angle of attack � is pushed against and abrades a flat surface.
Two areas shown in Figure 14.5 are of interest to CFA: the projected penetration area �

and the groove area �. The projected penetration area � is defined as the intersection of the
cone with the theoretically planar wear surface, while the groove area � is the orthogonal
projection of the cone in the traversal direction. According to this model, the wear volume
V is proportional to load P, sliding distance L and the tangent of the attack angle �, and
inversely proportional to hardness H .

The analysis of abrasive particles by CFA involves using a specially developed computer
program to calculate � and � areas for cones fitted to digitized particle profiles. Detailed
description of the technique is given in Reference [31]. The effect of particle orientation is
included in the calculation. The average groove area �av calculated for all orientations is then
plotted against the penetration area (load) resulting in the CFA curve (also called the groove
function). The gradient of the groove function (defined in CFA as an angularity ratio 	) is
related to the abrasivity (or sharpness) of the particles tested. Linear character of the CFA
curve indicates that particle protrusions or surface asperities behave like cones (the ratio of
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Figure 14.5 Schematic illustration of the projected penetration area � and groove area � concept
(adapted from [31])

the groove area to the projected penetration area is constant and independent of penetration
depth, 	 = �/� = constant). CFA curves for six types of real abrasives are shown in
Figure 14.6. The standard deviation bars represent the variability of the data – in general
the variability is greater for angular particles than rounded ones. The gradient of the curves
indicates that glass beads are the least abrasive (the lowest gradient) and crushed alumina is
the most abrasive (the highest gradient). However, the non-linearity of the curves shown in
Figure 14.6 suggests that the real particle protrusions differ in shape from a perfect cone.
For most particle types, the gradient of the CFA curve increases with increasing penetration

depth, suggesting that the wear rate should also exhibit a rise with increasing load or
decreasing hardness [31]. This seems consistent with the observation made by Johnson [34]
that a convex curved indenter causes an increase in strain intensity with increased penetration,
augmenting the probability of chip separation from the wear surface. The increase in wear rate
gradients, however, is not well documented in the literature. Rising wear rate gradients have
been observed, for example, in manufacturing, in constant force grinding [33]. On the other
hand, decreasing gradient curves are more frequently reported [35]. Decreasing gradients
can be explained in terms of abrasive surface degradation or the ineffective mechanism of
debris removal from a wearing surface as the load increases [31, 35].
Linear regression analysis was performed on the data points from Figure 14.6 and the

average angularity ratio 	av (resulting gradient) for each curve was determined. The average
angularity ratio 	av can then be used to find an average value of the asperity angle of
attack �p = tan−1�	av�) [31]. The average angularity ratio for each particle type is plotted in
Figure 14.7 against the wear rates of chalk abraded by similar particles (the wear rate data
were taken from Reference [19] and are also shown in Figure 14.2). It can be seen from
Figure 14.7 that the average angularity ratio calculated (and at the same time the average
angle of attack) correlates well with the experimental two-body abrasion wear data.
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14.3.3 Sharpness Analysis

Despite the apparent progress, it had been realized that the CFA must suffer some inaccuracy
due to the inadequate approximation of asperity shapes by cones, as real particle asperities
are generally not conical. A modified technique, called sharpness analysis (SA), was
subsequently developed [26, 36]. The SA technique is more accurate as it uses the full
integration of the particle boundary to determine the groove area and provides more detailed
consideration of the averaging process and statistical variability of shape and size [26,
36]. The sharpness 	 is defined again as the ratio of the groove area � to the projected
penetration area � for a given particle at pre-determined values of penetration depth and
sliding direction, as schematically illustrated in Figure 14.8. As natural particles may exhibit
vastly different sharpness, depending on the penetration depth and orientation, the concept
of average sharpness has been incorporated in the SA technique [26].
An example of the set of groove functions obtained for various orientations of an angular

particle is shown in Figure 14.9 [36]. Each orientation of the particle can be treated as a
single asperity. It can be seen from Figure 14.9 that groove functions for each individual
orientation of the particle are rather irregular, reflecting the characteristic shape of the
corresponding particle asperity [36]. Also, these curves tend to exhibit an increasing gradient
trend, as expected from the bodies that are generally convex [36]. The data points from all
the individual curves are then averaged and approximated by a high-order polynomial to
obtain the average (smooth) groove function.
In practice, many thousands of particles constitute a typical abrasive surface in two-body

abrasion. Although each particle orientation and shape is unique, the wear rates produced
are repeatable between the experiments. This suggests that the statistical properties of the
particles are stationary, i.e. they do not vary with the position, sample size or time [26].
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The correlation between particle sharpness, defined by SA, and the wear rates they generate
has been verified experimentally [36]. Four types of particles of substantially different shapes,
i.e. glass beads, alluvial garnet, alumina and quartz, sieved to the size range of 212–250
�m, were analysed by SA and the resulting groove functions are plotted in Figure 14.10(a).
Two-body abrasive wear tests were conducted on specially manufactured abrasive surfaces
with chalk used as a counterface and the results are plotted in Figure 14.10(b). It was found
that the ranking of the groove functions for all the abrasives tested, Figure 14.10(a), is very
similar to the ranking of the wear rate versus pin load curves, Figure 14.10(b).
It can be seen from Figure 14.10(a) and (b) that the groove functions for quartz and

alumina particles are nearly identical and also the respective wear rates they generate are
very similar. This implies that the groove function can be a good indicator of the particles’
abrasive power (ability to cause wear). The groove functions for glass beads and alluvial
garnet are significantly different but the correct correspondence between the respective
groove functions and the wear rates is maintained. The average groove functions shown in
Figure 14.10(a) were obtained for 100 particles and increasing the sample size from 100 to
1000 particles would unlikely produce a distinction between the groove functions for quartz
and alumina [36]. A similar problem was described when differentiating particle size. For
example, it has been suggested that as many as 10,000 images are necessary to accurately
classify the size of ceramic powders [38].
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While the sharpness parameter 	 is a relatively complex and comprehensive shape
property, in some cases it fails to completely describe the particle shape and provide
a complete solution to a particle angularity characterization problem [36]. For example,
preferential alignment of the particles, relative to the wearing surface, may change their
behaviour and the wear rate induced [36].
As can be seen from Figures 14.9 and 14.10(a) SA produces groove functions with an

increasing gradient for all particle types tested. This is in agreement with the findings of CFA
(Figure 14.6) and the assumptions used when formulating SA [36]. Further investigations
have revealed an interesting fact that groove functions can be approximated by the power-
law, as illustrated in Figure 14.11(a) [37]. This indicates the fact that the power-law may be
a convenient approximation of the abrasivity of many types of natural particles.
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The power-law approximation is consistent with fractal nature of particle boundaries
and it can be incorporated in abrasive wear models [37]. However, it can be seen from
Figure 14.11(a) that the power-law model eventually diverges from the experimental data.
This can be explained by the fact that real particles have closed and mostly convex profiles
that do not diverge indefinitely [36]. The accuracy of this model is thus dependent on the
magnitude of penetration and, in principle, the model should work for low-stress abrasion
where the penetration depth is moderate. From the average groove function, an average
asperity profile can be derived as shown in Figure 14.11(b) [37]. This is a useful feature
as these profiles could be used in the numerical simulation of abrasive wear [39]. It can be
seen from Figure 14.11(b) that the asperity profile derived has an element of similarity to
both hyperbolic and triangular profiles considered in other work [26, 33, 37, 40].
Experimental data shown in Figure 14.10(a) and (b) are re-plotted in Figure 14.12(a) and

(b) using logarithmic axes to further assess the suitability of the power-law approximation.
It can be seen from Figure 14.12(a) and (b) that the fractured-type particles such as quartz
and alumina follow the power-law model over greater ranges of the penetration area � [37].
The exponents of the fitted model can be used to differentiate between various particle
types. The exponent values tend to be lower for sharp particles than rounded ones [37].
Also, as shown in Figure 14.12(a) and (b), both the groove functions and the wear rates
exhibit increasing gradient trends, as implied by the greater than unity exponents of the fitted
models [37].

14.4 Particle Size Effect in Abrasive Wear

It is generally accepted that the particle size effect begins to manifest itself at particle sizes
below 100 �m [26, 32, 41, 42]. This trend can also be observed in Figure 14.13 where the
wear rates of chalk begin to decline when the quartz particle sizes drop below 150 �m for
all three loads used in testing [36].
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The interpretation of the apparent reduction in wear rate with the decreasing particle size
is far from consistent. Some authors attribute this to the increased particle roundness with
decreased particle size [43], while others suggest a material strengthening mechanism, often
called the ‘strain gradient effect’, at reduced scales [44]. Similar strengthening is observed
in micro- and nano-indentation tests [45–47]. This effect can be observed at indentation
diameters below 50 �m [26]. With the reduction in indentation size down to 1 �m, the
strength of the material, defined as the ratio of force to indentation area, can double or even
triple [26, 46].
Recent computer simulations, where asperities are modelled as spherically tipped cones,

have confirmed the apparent influence of the particle shape on the particle size effect [48,
49]. In these numerical simulations, the decreasing particle size was modelled by varying the
spacing between cones, while the asperity tip radius and the cone angle remained unchanged.
The results implied that the particle shape, represented by the relative asperity tip roundness,
is a function of particle size and its roundness increases with decreasing size. However, the
argument that the smaller particles are more rounded is often not supported by microscopic
examination of real particles. It was found, for example, that the alumina particles about 1
�m in size do not appear much different in angularity than the particles 10 or even 100 times
larger [26]. SEM images of quartz particles, ranging in size from 40 to 250 �m, are shown
in Figure 14.14. It can be seen from Figure 14.14 that it is virtually impossible to notice any
increase in roundness with decreasing size of quartz particles [26].
In real contacts during two-body abrasive wear only a small number of the most exposed

asperity peaks support load. Large valleys remain between the contacting asperity points
and, under low loads, they can act as a reservoir for debris accumulation. The wear debris
clogging the valleys can play a substantial role in separating the surfaces, and mitigating
wear [39]. This becomes more likely as the particle size decreases [39]. However, for the
clogging theory to be plausible for the explanation of the particle size effect a stronger
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(a) (b)

(c) (d)

Figure 14.14 SEM images of quartz particles bonded to a flat surface: (a) 38–45 �m; (b) 63–75 �m;
(c) 125–150 �m; (d) 212–250 �m [26]

relationship between the load, material hardness and wear rate would be expected. Why is
this not the case? It is possible that with increased load and asperity penetration, debris are
more effectively cleared into the surface valleys [39]. As it would be expected, increasing
load produces more debris but at the same time it compresses them. The wear debris are then
pushed out of the way during the abrasive contact. The combination of these effects may
explain why the critical particle size effect is not more strongly pronounced with increasing
load as illustrated in Figure 14.13 [36].
Deterioration of abrasive grits as the cause for wear rate decrease is proposed in another

work [50]. It is argued that smaller particles endure abrasive contact for a relatively greater
displacement and are therefore more prone to deterioration. It seems that the end effect of
particle attrition is similar to the effect of clogging [39].
Considering all the evidence presented above, it appears that a combination of various

mechanisms may contribute to the particle size effect, i.e. clogging/deterioration mechanisms
[39, 50], and the scale-dependent strengthening of the abraded material [44, 51]. Changes to
the mechanical properties such as hardness, stiffness and fracture toughness (as well as the
adhesion forces) are due to the increased strain gradients at small scales [39, 52].
Particle size effect in abrasive wear is not only influenced by the shape and mechanical

properties of individual asperities or grits that constitute the abrasive surface, but also by
the way the asperities are distributed on the surface (surface topography or geometry). This
aspect is discussed further in the next section.
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14.5 Sharpness of Surfaces

It is generally recognized that the surfaces have capacity to abrade if their asperities induce
stresses sufficient to cause plastic deformation and/or fracture of the counterface. As sharp
and hard protrusions of particles can be agglomerated to form effective abrasive surfaces,
these surfaces inherit properties directly attributable to these particles. Abrasive surfaces
owe their properties to the shape, size and distribution of the constituent particles. Particle
attrition by fracture or chipping causes great uncertainty when correlating the sharpness of
individual particles with the sharpness of an abrasive surface formed by these particles [37].
Several parameters have been proposed to quantify the effect of particle shape on wear.

For conical or pyramidal asperities the attack angle (and its variants such as included angle
or cone angle) is used to assess asperity sharpness [33, 41, 53]. SPQ, CFA and SA methods
described earlier utilize a similar concept to characterize asperity sharpness. For spherical
asperities, the radius [41, 54], the ratio of depth to width [8] or the degree of penetration [55]
can measure their effectiveness in the material removal processes. For abrasive surfaces,
the average slope and curvature of grooves and asperities can be used to evaluate their
abrasivity [56]. The parameters can be applied to individual particles and also can be used
for describing abrasive surfaces. In the following sections, two methods of characterizing
surface sharpness are presented.

14.5.1 Characterization of Surface Sharpness by the Modified

SPQ Method

In an attempt to describe surface sharpness, the SPQ method has been adapted to characterize
the shape of asperities (peaks) of surface profiles [57]. Surface profiles can be obtained by
various techniques of surface roughness measurement and in this work the Talysurf profiles
are used. Initially, a mean line running through the centre of the surface profile is fitted.
It is assumed that the asperities (spikes) above this line would cause abrasion. The shape
of each spike, formed by two segments from the left point (lp) to the apex and from the
right point (rp) to the apex (Figure 14.15, [18, 57]), is approximated by quadratic functions.
Differentiating these functions at the apex yields an apex angle ‘�’. SPQp value is calculated
according to the formula [57]:

SPQp =
1

n

∑

n

cos
�i

2

where SPQp is the spike parameter quadratic fit from a surface profile, � is the apex angle
and n is the number of spikes analysed.
The apex sharpness is the most important feature from the abrasion viewpoint. To obtain

the true measure of the apex angularity, the small spikes present on the surface profiles are
eliminated from the calculations as they do not contribute to wear, i.e. spikes whose height
is less than 25% of the maximum spike height found in the profile are rejected [57].
The modified SPQ method has been applied to measure the sharpness of abrasive discs

used in two-body abrasive wear tests, described in Section 14.3.1. Wear rate data shown in
Figure 14.2 are re-plotted in Figure 14.16 against the SPQp values of abrasive disc surfaces.
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It can be seen from Figure 14.16 that there is a good correlation between the wear rates and
the profile angularity described by the SPQp.
The SPQp values for angular abrasives such as quartz and crushed alumina were lower than

expected [57]. This was caused by the Talysurf stylus with a finite radius that was unable to
follow exactly the highly angular and re-entrant surfaces made of these abrasives [57].
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14.5.2 Characterization of Surface Sharpness by SA

The concept of sharpness, SA, originally developed for particles and described in
Section 14.3.3, has been recently extended to include the analysis of abrasive surfaces. It has
been suspected that additional factors such as the density of asperities on the surface, their
height distribution and orientation would complicate the surface sharpness estimation from
particle attributes only [37]. The concept of surface sharpness is schematically illustrated in
Figure 14.17 and detailed description can be found in Reference [37].
Horizontal sectioning technique was developed for the purpose of assessing geometrical

similarity of abrasive surfaces at different scales [37]. Surfaces prepared with three sizes
of SiC abrasive grits were nickel-plated and then successively ground to a specified depth
to obtain serial sections. To make sure that the sample surface aligns itself according to
the distribution of hard particles during grinding and polishing a ‘floating’ sample was
used [37]. This arrangement eliminates the alignment problem that becomes increasingly
significant with decreasing particle size and the distance between successive section planes
[37]. Example of a typical section of the nickel-plated SiC surface is shown in Figure 14.18.
The sections were examined by optical microscopy and two quantities, area fraction, a, and
asperity frequency, fN, were measured in relation to penetration depth.

It is theoretically possible, provided that there is enough data from the individual sections
at sufficient resolution, to reconstruct a 3-D model of the abrasive surface. From this model,
individual asperities can be isolated and their groove areas calculated. However, the technique
has proved to be extremely time consuming as numerous samples are needed to obtain
meaningful estimate of asperity density and area. From the preliminary investigation, it was
found that both the area fraction, a, and the asperity frequency, fN, increase exponentially as
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Figure 14.17 Development of sharpness for nominally planar abrasive surfaces [37]
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Figure 14.18 Typical section of the nickel-plated SiC surface [37]

the penetration depth increases into the surface. When the logarithms of fN are plotted against
a, a linear relationship is observed [37]. Similar results were reported when comparing
scratch density as a function of load in two-body abrasion [58]. The data obtained from
the sections, however, were insufficient for definite conclusions regarding the geometrical
similarity of surfaces.
The preliminary data were subsequently used in statistical simulation of two-body abrasive

wear [39]. A simple cutting model was employed. The simulation results showed that in
pure cutting the wear rate increases with increasing asperity tip height variation and asperity
sharpness [39]. It was also found that the tip height distribution could outweigh differences
in sharpness exhibited by different particles. For example, sharper quartz particles are less
abrasive than garnet if the height variation of their asperity tips is substantially lower than
that of garnet [39].

14.6 Classification of Abrasive Surfaces

The application of computer-based technology and image-processing methods may soon lead
to a fully automated classification system of tribological surfaces. Such a system would be
very useful in classifying (i) surfaces during manufacturing processes (quality control), (ii)
wear surfaces in the failure analysis of engineering components, or (iii) wear particles in
machine condition monitoring.
From the practical viewpoint, the issue of prime importance when examining a surface is

whether the given surface will do the job. Currently, various surface texture parameters of
roughness and waviness help the engineer to make that decision. However, the limitations
of the common surface roughness and waviness parameters are well recognized. In theory,
surface description does not require parameters and methods used to classify the surface
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without numerical parameters are discussed in the following text. Numerical parameters
are not necessary as long as the surfaces can be classified into certain groups based on
some criteria, e.g. surface finish, surface topography, surface abrasivity, etc. Wear particles
examined in machine condition monitoring can also be classified using this system.
One of the problems in surface description is that tribological surfaces are multi-scale

objects (they show different length scales of surface features) and the surface topography
data exhibit non-stationary characteristics (surface features are superimposed on each other
and located at different positions on a surface). However, most of the methods used in
surface topography characterization provide functions or parameters strongly depending on
the scale at which they are calculated [59, 60]. Since these parameters are scale dependent
they provide one-scale characterization, which is in conflict with the multi-scale character
of tribological surfaces, and hence are not unique for a particular surface.
It has been shown that 3-D surface data can be represented by range images [61]. This is

achieved by encoding a single elevation data point into pixel brightness. The horizontal and
vertical image co-ordinates determine the location of the data point in an ‘x–y’ plane [61].
For a clearer visual presentation of surface texture patterns, range images can be transformed
into shaded images and can also be displayed in a perspective view.
In the first approach, fractal methods were employed to address the problem of surface

characterization in all directions [62–64]. To characterize the surface a modified Hurst
orientation transform (HOT) method was employed to calculate Hurst coefficients �H�,
which are directly related to surface fractal dimensions �D�, as D = 3−H , in all possible
directions across the surface [64]. The Hurst coefficients were then plotted as a function of
orientation, in the form of a rose plot, to reveal surface anisotropy. Circular shape of the
rose plot indicates that the surface exhibits the same fractal dimension in all the directions,
i.e. the surface is isotropic. For the surface texture exhibiting some anisotropy, the shape of
this plot is no longer circular and can be approximated by an ellipse [64, 65] as illustrated
in Figure 14.19. It was also found that the Hurst coefficients, since they are related to the
fractal dimension, can be used to assess the surface roughness, i.e. the rougher the surface,
the lower are the Hurst coefficient values [62, 63].
Tribological surfaces exhibit a useful feature that allows converting parts of the image to

fit approximately other parts located elsewhere in the image [65, 66]. Affine transformations
which allow for this conversion contain the information on scale, translation, rotation, etc.,
and form the bases of the partition iterated function system (PIFS). These transformations
encapsulate the complete information about the surface topography and boundary [65, 66].
The information stored in the PIFS can be retrieved by applying iteratively any initial image
into the PIFS. The result is a sequence of images gradually converging to the original
image of the surface [65, 66]. The limitation of this method is that it allows for surface
characterization at all scales. As tribological surfaces are multi-scale and non-stationary
objects their characterization based on the PIFS only is not accurate enough.
This problem has been rectified by applying a combination of fractals (the PIFS method)

and wavelets in the hybrid fractal–wavelet method [67]. Wavelets are used to decompose
surface topography into different scale components, i.e. roughness, waviness, etc. Fractals
(PIFS) are then applied to describe these decomposed images in a scale-invariant manner.
The hybrid fractal–wavelet method allows for multi-scale and non-stationary characterization
of tribological surfaces. Its effectiveness in surface description is shown in Figure 14.20
where the outcome of the hybrid fractal–wavelet method is compared to that of the PIFS.
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Figure 14.19 Examples of range images of cartilaginous wear particles exhibiting different surface
topography with the corresponding rose plots of Hurst coefficients [65]

Original image

Original image

Decoded image
(PIFS method)

Decoded image
(hybrid fractal–wavelet method)

Difference image

Difference image

Figure 14.20 Differences between original and decoded images achieved by using PIFS and hybrid
fractal–wavelet methods [67]
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On the basis of the hybrid fractal–wavelet method, pattern recognition for tribological
surfaces has been developed [68, 69]. The objective of pattern recognition is to assign an
unclassified surface to a specific group/class of surfaces according to a pre-defined criterion,
e.g. wear mechanism, surface texture, etc. The classification process works in the following
manner. Initially, a number of surfaces are pre-classified into specific classes. This could
be based on the traditional methods of surface topography assessment. The surface images
are then decomposed into different scale components using wavelets, and then PIFSs are
constructed for all the resulting decomposed images. An unclassified surface image is also
first decomposed into different scale components by wavelets. Individual scale images of the
unclassified surface are then used as the initial images in the decoding process using PIFSs
taken from the database of already pre-classified surfaces. During the decoding process only
one iteration is allowed. The decoded images are then compared with the unclassified surface
image and Baddeley’s distances (BDs) between the decoded and unclassified surface images
are calculated, as schematically illustrated in Figure 14.21 [70].

Figure 14.21 Schematic illustration of the tribological surface classification system based on the
hybrid fractal–wavelet method (adapted from [70])
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Figure 14.22 Examples of Talysurf shaded images of tribological surfaces: (a) non-abrasive;
(b) moderately abrasive; (c) highly abrasive; and (d) unclassified

The hybrid fractal–wavelet method is used here to demonstrate how an unknown abrasive
surface can be classified into one of three classes (groups) of abrasive surfaces. Three classes
of surfaces of different surface roughness form a database: polished surfaces (non-abrasive),
surfaces containing rough and polished areas randomly distributed (moderately abrasive) and
rough surfaces (highly abrasive). Each group of already classified surfaces consists of 64
images. Examples of 3-D Talysurf shaded images of the surface from each class are shown
in Figure 14.22. Visually one could guess that the unclassified surface belongs to a second
group of moderately abrasive surfaces. The same result was obtained after the application
of the surface classification system developed.
The performance of this system was evaluated on a database of 192 surface images

(Figure 14.23), i.e. 64 images per class, using a leave-one-out cross-validation technique.
It was found that in many cases the system correctly classified the unknown surface. The
classification errors are shown in Table 14.2. However, despite apparent progress, there are
still problems associated with the classification of surfaces, including the construction of a
classifier that has learning abilities and can be accurately trained on a small dataset. Some
of these problems have been addressed in the recent studies conducted on the classification
of wear particle surfaces [71].
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Figure 14.23 Schematic illustration of the database of classified surface images together with the
example of unclassified surface

Table 14.2 Classification errors obtained for
surface images shown in Figure 14.23. A leave-one-
out cross-validation technique was used

Tribological surfaces Classification
errors (%)

Non-abrasive 3�48
Moderately abrasive 0
Heavily abrasive 3�48

14.7 Summary

Abrasive particle shape is an important parameter affecting the abrasive wear. It has been
recognized that any measure of particle shape relevant to abrasive or erosive wear must
include the sharpness of particle protrusions or asperities. But a sharpness parameter based
solely on the particle geometrical shape is not a sufficient descriptor of particle abrasivity.
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The amount of wear generated by a single protrusion depends also on the orientation of
the protrusion to the wearing surface. Even a sharp protrusion, if oriented at a very small
angle of attack, would not remove the material efficiently. Therefore, the effect of particle
orientation on abrasive wear has to be included in the sharpness assessment.
A well-known experimental observation is the decrease in abrasive wear rates when the

particle size falls below about 100 �m. Attempts to explain this size effect by arguing that
small particles are less sharp are contradicted by microscopy images of small particles that
do not look rounder. Several mechanisms that include particle deterioration, clogging of the
abrading surfaces by wear debris and the effect of material strengthening at small scales
should probably be taken into consideration when explaining this particle size effect.
Sharpness of abrasive particles affects the abrasive power of the surface made of these

particles (e.g. grinding wheels or abrasive papers). However, the assessment of surface
sharpness must also include additional influences from particle density and particle height
distribution on the surface. Today, experimental testing of complex abrasive systems can
be greatly augmented by computer modelling (statistical simulation). Simulation models
should include parameters or functions that statistically describe particle shape and particle
distribution on the abrasive surface (surface topography).
The new developments in computed-based image-processing techniques find the

application in 3-D surface topography characterization and classification without the need
of any numerical parameters. The methods developed allow for assigning an unclassified
tribological surface to a specific group/class according to a pre-defined criterion such as
wear mechanism, surface texture, etc. This would eventually lead to the development of an
automated pattern recognition system which could be used in machine condition monitoring,
failure analysis and manufacturing.
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Wear Mapping of Materials

S.M. Hsu and M.C. Shen

15.1 Introduction

Wear of material is a simple subject, at least on surface. If you rub two materials together
for some time and measure the amount of material loss, you obtain wear. And if you rub
a number of materials under the same conditions, then you can compare these materials
in terms of wear resistance. On this basis, wear is hardly a subject worthy of scientific
investigation.
The reality is that getting an accurate and meaningful wear result and comparing different

materials are complex and difficult tasks. This chapter uses a wear mapping approach to
resolve some of the difficulties.
Wear is not an intrinsic property of a material. Wear is a system-derived property. This

means you can get any wear values if you change one of the many variables of the system.
A system consists of the following: mechanical properties of the two materials in contact,
material composition, microstructure, chemical phases, surface preparation process, surface
roughness, mechanical design of the wear tester, contact geometry, motion and speed, relative
velocity, load, alignment, vibration, temperature, pressure, lubrication method, lubricant
chemistry, and environmental gases. For a given material pair, depending on how the system
parameters are defined, wear could range from zero to seizure. Furthermore, different material
pairs have different mechanical properties, so the contact conditions will need to be adjusted
in order to interpret the conditions on an equivalent basis. The dependence of wear on so
many variables underscores the complexity and subtlety of measuring wear in the context of a
potential application. In other words, the meaning of wear result and the correct interpretation
of the wear data are the critical issues.

Wear – Materials, Mechanisms and Practice Edited by G. Stachowiak
© 2005 John Wiley & Sons, Ltd
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15.1.1 Wear – A System Perspective

If wear is a function of a complex system, then if we can define the system sufficiently,
may be we can then define wear. So, let us examine what it means if we know the wear
properties of a material. For a given system, if we know the wear property, it implies we
know the following characteristics:

• different regimes of wear in terms of load and speed for a given contact geometry (mild
wear, severe wear, and ultra-severe wear);

• occurrence of wear transitions and definition of the transition zones;
• positions in load and speed where transitions occur;
• the cause and mechanistic understanding of wear transitions;
• wear mechanisms in each regime;
• prediction of wear and wear transitions;
• effect of chemistry on wear and how it affects the wear, wear transitions;
• microstructural and compositional influence on wear.

This constitutes a comprehensive definition of wear characteristics of a material or a material
pair. Given this set of knowledge and data, we are in a position to compare different materials
for an application and select the best material combination for durable, predictable use.
Wear mapping is such an approach. In this chapter, we shall introduce the concept and

show examples how this can be used.

15.1.2 Historical Material Selection Guide

Over the years, simulation studies and actual component testing have been the norm to
select materials for a particular application. Since actual component testing is expensive
and time-consuming, it is applied to very few selected materials that have gone through the
gauntlet of bench screening tests, simulation tests, and material property analysis. Yet the
result of this protocol is not foolproof; history is replete with unexpected premature wear
failures costing millions of dollars and sometimes, even lives. Since the number of possible
material combinations is huge, plus there is an ever-increasing number of new materials,
proper material selection for wear resistance has become an art rather than a science.
The difficulty of evaluating wear of materials is not obvious. Since conducting a wear test

is simple and a result is always available, literature is filled with wear data and comparison
of materials under a particular set of conditions. One could assume that over time, sufficient
data will emerge that will make material selection obvious. Unfortunately, wear is also very
sensitive to material composition, defect population, history of fabrication, microstructure,
and sometimes even grain boundary chemistry and minor chemical contaminations. Since
we have insufficient knowledge on which material constituents are important to wear and the
characteristics that govern mechanical properties, comprehensive material characterization
is often lacking in published reports. Thus we have a complex system function on one hand
and a complex material variation on the other. Is there any way we can select materials
intelligently?
Common practice is to conduct laboratory bench simulation wear tests to rank materials

under the same operating conditions. If the relationship between wear and the operating
conditions (load and speed) is linear, relative ranking of materials is straightforward. Under
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the influence of chemistry or environment, unfortunately, the relationship between wear and
the operating conditions is often not linear. The relative ranking of materials, therefore, will
change when the operating conditions are changed. At the same time, material variations
abound. So even though the material designation may be the same, there is no assurance
that the chemical composition and microstructure are identical. Because of these factors,
literature reports on material wear characteristics have wide ranges, as shown for ceramics
in Table 15.1. For metals, similar ranges are observed for data from all sources. The metal
wear data in Table 15.1 show the effect of lubricants on different metals on a single wear
tester in a laboratory [1].
Currently, industrial practice is to make actual components and put them in actual field

trials over a period of time. This way there can be no uncertainty of the suitability of the
material for that application. However, cost and duration make such practice prohibitive, and
a very low percentage of new materials are ever tested. To save costs, accelerated test cycles
are often used to simulate long-term behaviors. Unfortunately, some environmental effects
and long-term fatigue-induced interactions are unpredictable and premature failures occur.
This chapter discusses the use of the wear mapping concept in conjunction with laboratory

bench wear tests to resolve some of these issues and provide a means to systematically
compare and select materials on a common basis. While the discussion will focus on materials

Table 15.1 Wear data from the literature

Ceramics Al2O3 Si3N4 SiC PSZ

AVG Range AVG Range AVG Range AVG Range

Fracture
toughness
(MPam0�5)

4 2–6 4.4 1.4–6 2.9 1.5–4 8 5–15

Hardness (GPa) 16 11–12 16.3 13–17 25 13–34 12 10–14
Elastic modulus
(GPa)

370 340–410 313 290–333 397 390–402 206 196–216

Density (g/cm3) 3.9 3.8–3.9 3.2 3.1–3.4 3.0 2.8–3.2 5.9 5.7–6.0
Wear coefficient
(K = HW/FDa)

Dry air 10−5 10−9–10−3 10−4 10−5–10−4 10−3 10−6–10−2 10−4 10−7–10−4

Humid/H2O 10−7 10−7–10−6 10−5 10−9–10−4 10−5 – 10−6 –
Lubricant 10−3 10−7–10−2 10−6 – 10−6 – 10−7 10−8–10−6

Wear surface Opposing surface Atmosphere Lubricant Wear coefficient

52100 steel 52100 steel Dry air None 1.0×10−3

52100 steel 52100 steel Air None 1.0×10−3

52100 steel 52100 steel Air Paraffinic oil 3.2×10−7

52100 steel 52100 steel Air Paraffinic oil/TCP 3.3×10−9

52100 steel 52100 steel Air Engine oil <2.0×10−10

Mild steel Mild steel Air None 2.3×10−3

Carburized steel Carburized steel Air Gear oil 1.6×10−9

Aluminum bronze Carburized steel Air Gear lubricant 2.5×10−8

a K = wear coefficient; H = hardness; W = wear volume; F = load; D = distance slid.
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in general, we will use advanced ceramics to illustrate the concepts and provide actual data
for comparison. The applicability of the concept, however, is universal.

15.2 Basic Definition of Wear

15.2.1 Nature of Wear

Wear can be defined simply as material lost or detached from the rubbing surfaces. While
this definition does not include subsurface deformation and surface damage which are an
integral part of the wear sequence, it is a quantity easily measurable. Along this vein, a
wearing system needs to have two surfaces in contact under relative motion with some
mechanical loading acting on the surfaces. So the primary parameters will be the relative
speed, the contact geometry, and the normal load. Given this set of information, material
scientists often want to use contact pressure as a key parameter. Unfortunately, wear is
related to load rather than contact pressure.
There are several reasons why this is the case. Surfaces are not flat and the rough spots

(called asperities) receive the majority of the load. Asperity contacts typically represent
a small fraction of the real area of contact, and for most contacting situations the real
area of contact stays relatively constant. Therefore, direct machine loading translates into a
proportional increase in asperity contact pressure which controls the asperity wear events.
As wear progresses, the apparent area of contact increases and the apparent contact pressure

decreases, yet the asperity contact pressure may remain approximately the same. The change
in apparent contact pressure could be very large, and if wear data are interpreted on the basis
of the apparent contact pressure, erroneous conclusions may be drawn.

15.2.2 Wear Characterization

15.2.2.1 Wear Mechanisms of Materials

A large number of wear mechanisms have been shown in the literature. For metals, they
include plastic deformation, adhesion, abrasion, third-body abrasion, delamination, fatigue,
fracture, corrosion, stress corrosion, and oxidative wear. For brittle solids such as ceramics,
they are asperity level fracture, abrasion, tribochemical wear, grain pullout, intergranular
fracture, intragranular fracture, thermal shock induced fracture, transformation cracking, and
corrosion. Broadly speaking, these can be classified into physical and chemical processes and
their interactions. In most cases, several wear mechanisms occur simultaneously. Therefore, it
is difficult to ascertain specific proportional contributions to wear from different mechanisms.
Oftentimes, these wear mechanisms interact to produce the dominant wear outcome, e.g.
fatigue leads to delamination which leads to third-body abrasion, and this results in observed
abrasion grooves on worn surfaces.
Ying [2] conducted a series of two-ball collision experiments designed to understand

the fundamental relationship between friction, material deformation, and wear at the single
asperity basis. The results are summarized in Figures 15.1 and 15.2. For metals, wear is
controlled by the accumulation of the shear strain underneath the contact. Lubrication tends
to redistribute the stress over a much larger area, therefore delaying the onset of wear.
For ceramics, wear is controlled by the stress intensity which induces crack propagation.
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These observations, while useful, are based on single asperity contact experiments. In real
contacts, there are multiple asperities in contact and the situation is considerably more
complex. Contact asperity temperatures and wear debris interactions to form transfer layers
all influence wear. Depending on the mechanical properties of the tribochemical reaction
products forming the interfacial film, the wear processes can be diminished or enhanced.

15.2.2.2 Simulation Model and Material Selection

How well we understand the wear phenomena can be examined in the context of our ability
to predict wear for a given situation. Modeling of wear in metals has been conducted by
many researchers (see References [3, 4] for some approaches). Over the years, many models
have been proposed for different materials and applications. Unfortunately, most models
are correlational in nature and therefore system-specific, i.e. the model only works for the
particular material pair, contact geometry, operating condition, and specific environment and
lubricating conditions. The model is derived from the wear data of that system and therefore
only applies to that data set. The inability of the models to transcend these restrictions results
in a diverse collection of parameters and constants. The situation can be illustrated using
erosion as an example [5]. A literature search on erosion models found 32 parameters being
used by various researchers to describe their own erosion data. This results in a wide array
of specific parameters describing a subset of the erosion phenomena. A lack of consensus on
the most crucial parameters to describe erosion suggests different regimes, different contact
geometries, different materials, and different operating wear mechanisms. Such confusion
exists for most other wear phenomena, e.g. abrasion [6–9]. As a result, given the material
properties and contact information, there is no model currently available that can predict
metal wear a priori.
When it comes to ceramics, the situation is not any better. There are many proposed

wear models and a clear consensus is lacking. Since the purpose of this chapter is not to
provide a comprehensive list of models but rather suggest a particular line of attack to predict
ceramic wear, so only certain selected articles are cited. Most ceramic wear models are
material specific and under specific operating conditions [10–19]. These models are useful in
elucidating the operating wear mechanism that occurred under those experimental conditions.
Evans first proposed a lateral crack model to predict ceramic machining rate, i.e. wear

by machining process [11]. He developed an equation using the extension of lateral cracks
to model removal of materials under high compressive stresses. Kato proposed the use of a
contact severity index to classify the different wear modes under various contact severities
to represent the propensity of brittle fracture by using applied stress intensity against the
material’s fracture toughness [12–14]. The severity index, Sc, was derived using the maximum
Hertzian contact stresses as the dominating stress term [12] and an average surface roughness.
The severity index was later modified to Scf by including the contribution from friction;
thus it represented a combined mode I and mode II stress intensity [13]. More recently,
a further modified severity index, Scm, was derived by taking the maximum tensile stress
as the dominating stress term in the stress intensity modeling [14]. All the above severity
indexes used the surface roughness to represent pre-existing cracks. In this approach, the
material’s microstructure was not included in the models. The tensile crack model proposed
in Reference [10] presented yet another approach to predict wear of ceramics by using the
fracture mechanics formalism. A concept based on energy balance was adopted to derive the
wear equation. Microstructural parameter such as grain size was incorporated in the model.
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Since ceramics are insulators, thermal diffusitivity is relatively low. Under high-speed dry
sliding conditions, localized thermal heating can be substantial. Thermal shock accelerated
wear was observed and modeled by Sibley in 1962 [15]. Winer proposed a thermomechanical
model to include the friction-induced thermal stresses in the calculations of total stress [16].
A dimensionless parameter, Gt, was proposed to indicate the degree of thermal heating from
asperity flash heating under atmospheric conditions [17] . Ashby proposed the use of both
bulk and flash temperatures for the description of ceramic wear [19]. The effect of asperity
flash heating under lubricated conditions was considered in these models. These models also
suggest that asperity heating can dominate the wear processes even though the real area of
contact is small.
Models described above are successful in explaining wear data and highlight the dominant

wear mechanisms under different operating conditions. Lateral crack model assumes a severe
contact stress under which the material’s microstructure does not have dominant effect. In the
development of the contact severity, rolling contact experiments were used. In formulating
the contact severity index Sc, the use of the maximum Hertzian pressure to represent the
dominating stress field therefore is reasonable. Under sliding condition, contributions from
frictional traction to the estimate of stress intensity will need to be introduced, as in the
Scf and Scm. But the fundamental assumption in this case is that no severe wear process is
dominant. These hidden assumptions built into the various models need to be understood in
order to apply these models.
Bayer [20] discussed at length the essential elements for design-oriented model-building

and testing. The key is simulation – for all critical aspects of the application environment.
The range of applicability of any model must be defined. The ruggedness of the model
(whether it behaves properly when parameters are expanded somewhat out of the usual
ranges) needs to be tested. Most importantly, the overall approach must be system-oriented,
not merely focused on materials, lubricant, or mechanics.
Other discussions of this approach can be found in the literature. Godet [21] has identified

the essential elements of simulation wear testing. He includes the need to measure the
stiffness and damping characteristics of the test system as well as its wear behavior, all under
a controlled mechanical environment. The aim is to ensure that the operating environment
is adequately represented in the model and its validation. In the summary of a workshop
on this subject [3], it was noted that design-oriented modeling also requires knowledge
and identification of failure mechanisms, possibly in the form of maps that relate failure
boundaries to operating parameters.
From this discussion on our current understanding on wear models, it is apparent that

various models describe a subset of wear in a specific situation. Blind men touching an
elephant may be an apt analogy. This leads to a conclusion that we need a more systematic,
global approach to wear and wear modeling. Wear mapping presents a broad system view
and wear map-based modeling can alleviate some of these issues.

15.3 Wear as a System Function

From the above discussion, wear should be recognized as a system function. Simply stated,
wear is not a unique property of a material. The wear outcome depends heavily on the large
number of parameters the wearing system consists of. Any changes in the system change
the wear outcome.
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The issue is how to define such a system? For a wear system, the primary parameters
are load, speed, and contact stresses (surface roughness, contact geometry, elasticity,
relative hardness, etc.). The secondary parameters are operating temperatures, duty cycles,
lubricants used, lubricating conditions, environmental gases available, and circulation
velocity. The tertiary parameters are alignment, vibration, and motion type (reciprocating,
linear, fretting, etc.).
In a comprehensive way, we can divide wear into dry sliding, nonreactive fluid lubricated

condition, reactive fluid lubricated condition, temperature, and time. If we can define wear
of a system in all of these aspects, then the system is reasonably defined. Can wear mapping
technique be used as a tool to define the system?

15.4 Wear Maps as a Classification Tool to Define the System

Wear mapping technique can be used to present wear data systematically according to a
hierarchy of parameters to define the wear system. The dependent variable is wear. The
independent variables can be divided into two types: continuous variables (speed, load,
temperature, and time) and discrete variables (dry, nonreactive lubricant, reactive lubricant,
environment, and contaminants). For a given material pair and a fixed discrete variable, there
are five three-dimensional wear maps that can be used to describe wear systematically: wear
versus speed and load; wear versus speed and temperature; wear versus speed and time; wear
versus load and temperature; and wear versus load and time. Therefore, for a given material
pair, a set of 20 wear maps will systematically define the wear behavior. These maps include
five wear maps under dry sliding conditions; five wear maps under nonreactive fluid (to
avoid chemical reactions but to remove the heat at the interface so that the true wear behavior
can be observed); five wear maps under reactive lubricant conditions (formation of chemical
films similar to industrial applications); and five wear maps under the same environment
and contaminant conditions (e.g. engine blow-by gases, soot particles, and oxygen starvation
conditions as in a typical diesel engine ring wear simulation). In many instances, a complete
set of wear maps is not needed in order to define the wear behavior but a selected set of
maps will serve to define the critical limits of the operational boundaries for the material
pair in terms of acceptable wear behavior within those ranges.
Within each discrete parameter, the wear characteristics of the material pair will exhibit

wear transitions, tribochemical reactions, oxide formation, plastic deformation, and fracture.
The location of the speed and load (contact pressure, asperity temperature profile, and surface
roughness evolution) at which such phenomena occur will differ as the discrete parameter
changes from one to the other. Some phenomena will occur in one set of environments but
will not occur in another set of environments.
These variations of wear behavior actually take place in many experiments; some are

controlled and some occur accidentally. While these explain the wide variation in wear
results and mechanisms reported in the literature, the resulting confusion about the definitive
wear behavior inhibits theoretical development in effective wear modeling. When the wear
behavior for a material pair is fully defined by these maps, it will become obvious that a
single wear model will not be sufficient to describe or predict wear behavior for a material
pair in general. Separate models will be required to describe the wear behavior under different
operating conditions and environments.
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15.5 Wear as an “Intrinsic” Material Property as Defined

by Wear Maps

Lim and Ashby [22] proposed using normalized parameters such as the following to describe
wear system of metals:

W̃ = W ′

An

F̃ =
F

AnH0

(1)

Ṽ =
Vro

a

where W ′ =wear volume per unit distance slid, An = apparent contact area, ro = radius of
the apparent contact area, F = normal force, Ho = room temperature hardness, V = sliding
velocity, and a= thermal diffusivity.
In their work on metals, Lim and Ashby suggested that these parameters were able to

correlate data from different sources, using specimens of different shapes and sizes. W̃ can
be considered as a dimensionless wear coefficient, F̃ is the nominal pressure divided by the
surface hardness, and Ṽ is the sliding velocity divided by the velocity of heat flow.

Rabinowicz [6] defined an alternative wear coefficient, k, in the following form:

k=
WHo

FD
(2)

where W = wear volume, F = normal force, D= distance slid, and Ho = room temperature
hardness. Thus, k could also be expressed as

k=
W̃

F̃

Rabinowicz suggested that “wear coefficient represents the probability that, during the
contact of the two surfaces at an asperity, a sizeable wear particle is produced.” While these
parameters have some intrinsic advantages in representing wear, they also carry with them
some hidden assumptions about the wear behavior and also assume other parameters are not
critical (such as grain size and microstructure in ceramics).
Which parameter to use in plotting the wear maps and the form of representation

are important considerations in representing wear as an “intrinsic material property.” To
understand this, one needs to examine the actual wear processes in a wear test as a function
of time. Figure 15.3 shows a typical relationship between wear volume, contact pressure,
and the normal force in a ball-on-three-flats wear experiment. A step loading wear procedure
was used. Two contact pressures are plotted as a function of the normal force. The Hertzian
pressure is calculated for ideal elastic contacting surfaces. The mean contact pressure is the
actual pressure calculated from the applied normal force divided by the actual wear scar
area measured at the end of each wear step. Neither of these common indicators of contact
stress in a wear junction accounts for the microscopic morphology. Both measures assume
conforming surfaces, i.e. completely smooth flat surfaces in contact. Thus, the wear transition
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that occurred at 180-N normal force in Figure 15.3 is not reflected by the Hertzian pressure at
all, and is seen as a sudden decrease in the mean pressure. In contrast, some results [23] seem
to suggest that as the machine load is increased, the real contact area for ceramic-on-ceramic
increases only fractionally, and hence the actual pressures at the tip of the microscopic
asperities increase rapidly. This situation is quite different from ductile metals. For metals,
surface conformity can be very high under certain speed and load regions, approaching 70–
80% of the theoretical nominal contact area, and hence mean pressure may be a reasonable
measure of the stress at the contact. For ceramics, the conformity typically is about 10–15%,
and the resulting mean contact pressure, therefore, is not a good representation of the relevant
contact stress. Consequently, it is preferable to use the normal force divided by the initial
contact area to represent the load without any assumption about the microscopic contact
morphology.
Wear volume,W , may be less susceptible to misinterpretation than other measures.

Normalized measures of sliding speed have a similar difficulty in practice. The relevant
thermal diffusivity is the value at the elevated contact temperature for which estimates are
difficult to make. Again, it may be preferable to use linear velocity to represent the sliding
speed.

15.6 Different Kinds of Wear Maps

Lim and Ashby [22] have demonstrated the use of a wear map to correlate the massive
literature data on wear of steels. Their wear map is shown in Figure 15.4. Normalized
parameters based on an assumed dominant variable were used to construct the map. The
asperity temperature at the contact is assumed to dominate the dry sliding of steels on pin-
on-disk wear testers. Wear regions are defined on the basis of the asperity temperatures they
calculated. Various dominant wear mechanisms and models are also developed subsequent
to the temperature analysis. These wear regions, however, describe fairly severe wear levels.
In engineering applications, acceptable wear levels are orders of magnitude lower.
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Beerbower [24] proposed a conceptual wear mechanism diagram for steel under lubricated
conditions as a function of the specific oil film thickness as shown in Figure 15.5. While
the various mechanisms were reported in the literature, the diagram was constructed on the
basis of inferences and isolated data. However, it illustrates the complex nature of lubricated
wear of steel.
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deGee [25] proposed a simpler system on steel under well-lubricated conditions based on
a large body of data generated under a set of standardized conditions. He referred to his
maps as transition diagrams, Figure 15.6. He pointed out that as the severity of wear test
increases, as reflected by speed and load, the wear of steel under well-lubricated conditions
progresses from no wear to mild wear, and then to scuffing. Similar to Lim and Ashby’s
work, deGee found the concept of flash temperature useful in explaining the wear behavior.
These studies illustrate the complexity of examining wear in a comprehensive and

systematic manner.

15.7 Application of Wear Maps

In this section, we will use wear data from a single laboratory to illustrate the wear map
concepts. Four ceramic materials are used to create a self-consistent database to construct
the maps. The materials are selected for their representative behavior within each material
class. In ceramics, given a generic name and chemical composition such as silicon nitride,
there are numerous variations in mechanical properties, microstructures, sintering aides,
and surface properties. Tribologically, they may behave very differently for a given set of
operating conditions and environments. Yet there are some general patterns of characteristics
associated with each class of materials. This chapter focuses on these general patterns, but
we caution the reader that each ceramic material should be treated as a unique sample.
Three-dimensional wear maps showing wear as a function of speed and load for alumina,

zirconia, silicon carbide, and silicon nitride were constructed. Once the wear maps have been
constructed for the materials, the maps can be used as effective tools to compare materials
under the same environmental conditions.
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Table 15.2 Material properties of the ceramics in wear map studies

Description Al2O3 Y-TZP SiC Si3N4

Process Sintered Sintered Sintered and post-HIP HIPa

Sintering aid/Impurities – Al2O3, Y2O3 Al Mg, Fe, Al, W
Density (g/cm3) 3.9 6.05 >3.17 3.25
Phase – t-ZrO2 ��� ���

Average grain size (�m) 2–15 ∼1�0 3–8 0.3–2
Elastic modulus (GPa) 372 220 430 310
Poisson’s ratio 0.22 0.28 0.16 0.28
Hardness (GPa) (20 �C) 16±0.8 13±0.7 31±1.6 24±1.2
(500�C) 8±0.4 4±0.2 18±0.9 17±0.9
(1000�C) 4±0.2 3±0.2 10±0.5 13±0.7
Fracture toughness (MPam1/2) 4.5 8.5 3.2 5.4
Compressive strength (GPa) 2.6 1.9 2.5 3.0
Specific heat (J/g �C) 0.88 0.4 0.95 0.65
Thermal conductivity (W/m �C) 35.6 1.8 110 33.0
Thermal expansion (1/ �C) 7.1 ×10−6 10 ×10−6 4.1 ×10−6 3.5 ×10−6

a HIP=hot isostatically pressed
(Hardness values are measured by Vicker’s indentation with 1-kg load and a duration of 15s).

The material properties and the mechanical properties of the ceramics studied are listed in
Table 15.2. The alumina used is a sintered �-alumina with a density close to the theoretical
density. The grains are equiaxed and the average grain size is about 5 �m with the range
from 2 to 15 �m. The zirconia ceramic used is a pressureless sintered polycrystalline zirconia
doped with 4.7 wt.% yttria. The as-received material is 100% tetragonal. The grain size
is about 1 �m in diameter. The density is 99% of theoretical, resulting in a porosity of
about 1%. The silicon nitride used is a hot isostatically pressed (HIP) silicon nitride. The
material is a mixture of �-Si3N4 and �-Si3N4. The �-phase is primarily in equiaxed grains
of size ≈ 0.5 �m, while the �-phase forms elongated (rod-shaped) grains, up to 1 �m in
diameter and 2–5 �m in length. Examination of the fractured surface by energy dispersive
X-ray analysis indicates that trace amounts of magnesium, iron, and tungsten are present.
The silicon carbide used is a sintered and post-HIP silicon carbide mixed with equiaxed
grains and elongated grains. Elongated grains are up to 2 �m in diameter and about 10–20
�m in length.

15.7.1 Material Comparison Based on Wear Maps

15.7.1.1 Dry Sliding Conditions

Figure 15.7 presents the wear maps of the four ceramics together for the dry sliding case.
The scale of the wear rate is the same for all four materials, from 10−10 to 10−2 mm3/s.
There are low-wear regions in the low-speed, low-pressure corners for all four materials. As
the severity of the contact increases (an increase in speed and/or pressure), a rapid increase
in wear takes place when the conditions approach the transition zones. The locations of
the transition zones and the slopes of the increase depend on individual material. Wear
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Figure 15.7 Wear maps under dry sliding conditions

accelerates as conditions become more severe. All four materials show both speed and load
dependence and rapid transitions to severe wear. Alumina has a different speed dependence
than the other three, probably because of the inadvertent reaction with water in the air.
Zirconia shows more dependence on both speed and load than the other three. Therefore
for zirconia, overdesign is necessary to protect the component/system. The silicon-based
materials are relatively “tougher” in that the sensitivity to speed and/or load changes is less
compared with either zirconia or alumina [26].
Under dry sliding conditions, material properties such as hardness, thermal conductivity,

and density are important in determining wear resistance. Table 15.2 shows that in terms
of hardness and thermal conductivity, silicon carbide has the highest value and zirconia has
the lowest value. In terms of fracture toughness, zirconia has the highest value and silicon
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carbide has the lowest. This may explain the high sensitivity of zirconia with respect to
change in speed and load, yet zirconia has some of the lowest wear rates at low-load and
low-speed regions.
Microstructural features such as grain size [27], grain size distributions [28], and grain

shapes [29–30] all have significant effects on wear of ceramics. For the four samples
examined in this study, both silicon nitride and silicon carbide have duplex grains (elongated
grains mixed with small- and medium-size equiaxed grains). This kind of grain design
usually has a slightly higher wear rate under low load but lower wear rate under high load.
Zirconia has the smallest equiaxed grains among the four materials; therefore, it has some
of the lowest wear rates at the low-speed and low-load region. The equiaxed grain structure,
however, once it begins to crack, is difficult to stop and wear accelerates rapidly [10, 31].
The picture that is emerging is that wear is a function of many parameters even for material
properties and microstructures. There are no simple rules to predict wear behavior.

15.7.1.2 Paraffin Oil-Lubricated Conditions

Figure 15.8 shows the wear maps of the four materials under paraffin oil-lubricated condition.
For these four ceramics, the purified paraffin oil itself does not react with the ceramics,
nor does it contain impurities that will react with the ceramics [32–35]. Therefore, the
effects of the presence of the paraffin oil are to remove the high interfacial temperatures and
lower the flash temperatures in the contact. Therefore, the most dominant effect should be
the moderation of the speed dependence under low or moderate loads. This indeed is the
case. Figure 15.8 shows that the addition of paraffin oil clearly removes most of the speed
dependence at low loads. For Si-based ceramics, the wear rates at low loads and speeds
are much lower now than those of zirconia and alumina. In addition, at high loads and
speeds, both alumina and zirconia exhibit rapid transitions to high wear. For alumina, the
wear transition is basically load-induced with some speed effects beyond the critical speed.
This probably reflects the fracture behavior of large grain-sized microstructure [31, 36].
For zirconia, both speed- and load-induced wear transitions are evident. The duplex
microstructure of silicon nitride and carbide avoids the wear transitions [28].

15.7.1.3 Water-Lubricated Conditions

Water is a chemically reactive agent to alumina [37], zirconia [38], and SiC and Si3N4

[39–40] under certain tribological conditions. The wear maps in Figure 15.9 reveal different
wear regimes directly contradictory to the wear characteristics observed for the same material
under the dry sliding and/or the paraffin oil-lubricated cases. This can be illustrated using
the silicon nitride case. At low loads, the wear increases with speed up to 15 mm/s; then
the wear decreases as speed increases. Tribochemical reactions producing silicon hydroxides
have been observed [40]. For the four materials, wear increases significantly in terms of the
baseline data. This agrees with observations made by others [41]. Water has been observed
to produce very low friction under certain operating conditions but accelerates the wear
processes by corrosion and stress corrosion cracking.
In the alumina case, the tribochemical reactions change the primarily load-induced

transition to more of a load- and speed-induced transition compared to the paraffin oil-
lubricated case. Different aluminum hydrides can be produced and they have different
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Figure 15.8 Wear maps under paraffin oil-lubricated conditions

“lubrication” characteristics [37]. Therefore, different wear zones are observed as a function
of load and speed. In fact, for all four materials, speed dependence comes back as in the
dry case. This suggests that speed activates the tribochemical reactions, and the reaction
products change the wear behavior.
In the Si3N4 case, a low-wear zone occurs in the low-load, high-speed regime. In this

regime, the wear is accompanied by an extremely low friction coefficient (<0.04). Silicon
hydroxides have been found in this region in the form of slender rollers inside the contact
zone. The reaction products are thought to provide some limited hydrodynamic lift to lower
friction. However, the reaction in a water environment seems to be somewhat corrosive
because the wear level is noticeably higher than the one in the same regime when paraffin
oil is present. In the SiC case, an extremely low coefficient of friction is also measured in
the high-speed, low-pressure regime. But the resulting wear does not show any noticeable
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Figure 15.9 Wear maps under water-lubricated conditions

reduction as in the Si3N4 case. Based on the wear maps shown so far, wear maps of different
lubrication environments are clearly required in order to describe fully the complete spectrum
of wear characteristics for the same material pair under different environments.

15.7.2 Wear Transition Diagrams

Wear transitions can be defined as the sudden increase in wear over a small increment of
the operating conditions (speed, load, temperature, and time). They usually signify a change
in wear mode accompanied by a change in the dominant wear mechanism, e.g. onset of
third-body wear induced by the generation of wear particles. Wear transitions have been
observed in both metals and ceramics under unlubricated and lubricated conditions. Because
the onset of transitions can often lead to rapid wear and eventual catastrophic failures, the
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transition phenomena have been extensively studied. In ceramics, the transition phenomena
have been studied by many [10, 27, 31, 32, 36, 42]. The locations of the transition zone with
respect to the operating parameters are important to design engineers to safeguard proper
material selection and design.
Given a set of three-dimensional wear maps, the maps can be sliced at a plane to produce

a set of contour maps of different wear rates as a function of speed, load, or any other
parameters such as temperature and time under different environmental conditions. From the
contour maps, the wear transition zone can be easily identified on the contour maps as the
lines of constant wear rates bunch together to represent a steep ascend. These boundaries
can then be plotted to show where the transitions occur. There may be one or more wear
transitions in a given map, usually from mild to severe wear or a transition from severe
to ultra-severe wear. The locations of these wear transition zones change with different
lubricants.
Figures 15.10 through 15.12 show the wear transition diagrams of the four ceramics

under different lubrication conditions. The effects of lubrication on the locations of the wear
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Figure 15.10 Wear transition diagrams under dry sliding conditions
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Figure 15.11 Wear transition diagrams under paraffin oil-lubricated conditions

transition zones can be clearly seen. In addition, the functional dependence of the wear
transition lines on speed and load can also be observed.
Figure 15.10 shows such wear transition diagrams for alumina under dry sliding conditions;

there is a critical speed and a critical load that will precipitate the transition from mild
to ultra-severe wear. For the purified paraffinic oil (PPO)-lubricated case (Figure 15.11),
it is basically a series of critical loads under different speeds. In the presence of water
(Figure 15.12), the transition loads are much lower and another transition from severe to
ultra-severe wear occurs at the high-speed and high-pressure region. The transition behaviors
for zirconia under the three lubrication conditions are shown in these figures. The transitions
depend on both speed and load due to the low thermal conductivity. Note the location of the
mild to severe transition moves from the dry case to the PPO case. This measures the effects
of the PPO on the transition behavior. For silicon nitride and silicon carbide, the behaviors
are similar. The effects of PPO are quite dramatic. Water, in terms of wear, moderates the
ultra-severe wear transition but does not change the mild to severe wear transition that much
for silicon nitride.
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Figure 15.12 Wear transition diagrams under water-lubricated conditions

These figures also compare the transition diagrams of the four materials under the
same lubrication condition. The locations of the transition zones as well as the functional
dependence provide a powerful tool to compare different materials for a given application.
Transient spikes in an application can be estimated and examined in the transition diagrams
to assess the potential of premature failure.
The results shown above demonstrate the need to construct wear maps to better describe

the wear characteristics of a material under a particular lubrication condition. Without such
maps, it will be very difficult to grasp the complicated interactions of operating parameters,
lubrication conditions, and material microstructures and properties. The results also reveal
that significant differences are present in the wear characteristics of a material under different
lubrication environments.
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15.7.3 Material Selection Guided by Wear Maps

Once the wear maps for a given pair of materials are constructed, they can be used as
material selection guides as well as design guides for different engineering applications. If
we take the wear transition diagrams for different materials, we can superimpose them on
a single diagram to compare the locations of the transition lines under different conditions.
Figure 15.13 illustrates such diagrams for the four ceramics under dry sliding, PPO, and
water-lubricated cases. The stress and the speed of the application can be calculated and
examined in light of the transition diagrams. For a given safety margin, the material pairs
that can safely operate in the region can be estimated.
Conversely, given the three-dimensional representations of the four materials, for a given

contact pressure, these three-dimensional maps can be sliced along the constant contact
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pressure lines and the four materials’ wear levels superimposed in a single diagram for
comparison. Figure 15.14(a) is such a diagram for 1-GPa contact pressure under dry sliding
conditions. For this contact pressure, alumina has the lowest wear of the four materials.
Similarly, the maps can be sliced along a single speed; then the wear rate as a function
of load or contact pressure can be examined. Figure 15.14(b) shows the case for the four
ceramics at 10 mm/s linear sliding speed under dry sliding conditions. In this case, alumina
will work fine in the low-pressure region; SiC will be more suitable at higher pressures.
Figure 15.14(c) illustrates the speed and contact pressure ranges that are available for use
with these four materials under dry sliding conditions given a wear rate of 10−7 mm3/s.
Similarly, Figure 15.15 illustrates the case for these four materials under PPO-lubricated
conditions. At 2-GPa contact pressure, SiC has the lowest wear (Figure 15.15(a)). Note the
intersections of the constant wear lines among the four materials. Figure 15.15(b) shows
the comparison of materials at a constant speed of 100 mm/s. For a constant wear rate of
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Figure 15.15 Material selection guides by using (a) fixed contact pressure; (b) fixed sliding speed;
and (c) wear rate level (the condition is paraffin oil-lubricated sliding)

10−7 mm3/s, Figure 15.15(c) shows the safe operating regions for the four materials. These
derivative maps illustrate how one can select materials for a particular operating condition
under a specific lubricating environment.

15.7.4 Wear Mechanism Identification

The availability of the wear transition diagrams provides the opportunity to study the different
wear mechanisms in each region for a material under a lubrication environment. The transition
diagram defines the minimum number of dominant wear mechanisms operating for a given
system. By examining the contour maps (lines of constant wear rate), lines of equal spacing
and lack of curvature usually indicate the same dominant wear mechanism. Valleys and
plateaus usually suggest some change in the wear mode. In this way, regions with potentially
different wear mechanism can be identified. Critical experiments can then be conducted
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within those regions to identify the dominant wear mechanism. In this way, wear mechanism
maps can be constructed [43].
The experimental verification process is illustrated below. Based on the wear map and

wear transition diagram of Y-TZP under paraffin oil-lubricated conditions, two sets of
operating conditions can be chosen to examine the dominant wear mechanism in each region.
Figure 15.16 shows two worn surfaces under high pressure but at different speeds – one is in

Figure 15.16 SEM micrographs of representative worn surfaces of Y-TZP under paraffin oil-
lubricated condition



Wear Mapping of Materials 393

the mild wear regime and the other one is in the severe wear regime. The worn surface taken
from the mild wear case shows mostly grooves, indicative of micro-abrasion and asperity
scale fracture being the dominant wear mechanism. Meanwhile, the worn surface taken
from the severe wear regime exhibits evidence of microfracture and brittle fracture. Brittle
fracture has become the dominant wear mechanism. The onset of the brittle fracture is caused
by intergranular cracks giving rise to wear particles in the interface. A series of separate
experiments have been conducted to follow the onset of such transitions for alumina [36].
These results suggest that significant wear increase as well as change in wear mechanism
is associated with this wear transition. In this manner, wear mechanism maps for the four
ceramics are constructed and are shown in Figures 15.17 through 15.19.
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Figure 15.17 Wear mechanism maps under dry sliding condition
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Figure 15.18 Wear mechanism maps under paraffin oil-lubricated condition

These wear mechanism maps serve as a powerful tool to compare different materials and
their wear behaviors as functions of wear mechanisms under the same operating conditions.
Material properties are used to understand the wear behaviors rather than being used to judge
the wear behaviors.
Figure 15.17 shows the wear mechanism maps for the four materials under dry sliding

conditions. When Figure 15.17 is compared with Figure 15.10, one can see there are zones
within each region in which the wear mechanisms are different, but the change in wear
mechanisms does not increase wear to the extent that wear transitions are formed. In a way,
it can be pointed out that within a wear zone, there is a severity issue or a progression of
severity until some events occur to trigger the wear transition. Figure 15.18 shows more
delineation of the mild wear mechanisms of the materials when a nonreactive lubricant
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Figure 15.19 Wear mechanism maps under water-lubricated condition

such as PPO is used. The functional dependence of some of these mechanisms is also
important. For example, for alumina, in the presence of a lubricant, the transition and severity
progressions are almost linearly load dependent. The influence of speed is minimum. For
silicon-based ceramics, tribochemical zones are both speed and load dependent, with speed
having a higher influence. When the fluid is changed to water (Figure 15.19), most of the
mechanisms are influenced by both speed and load, and the detailed mechanisms are difficult
to determine because of the complexity of reactions taking place between water and the
ceramics. This suggests that modeling tribochemical wear will be most difficult because of
the lack of detailed mechanistic understanding of the processes.
Based on these mechanistic results, effective prediction of wear for a single material pair

under different lubrication conditions will require a set of equations classified according
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to the wear regime and dominant mechanisms. This is similar in concept to Ashby’s map;
wear equations are developed on the basis of the different wear mechanisms. So, the first
conclusion of wear mapping is that a family of equations is required to predict wear accurately.
At the same time, it must be pointed out that it is an issue of precision of prediction. As

will be observed in Section 15.7.5, for one or two orders of magnitude prediction, all four
ceramics can be treated as a single material pair under a particular lubricating condition.
This is the global model based on fracture mechanics.
If one demands higher precision in describing wear of a material under a specific set

of conditions, then a model can be developed on the basis of the dominant specific wear
mechanism operating within that region. So according to wear maps, one could have a global
mechanism governing all operating conditions and a wear model built on the basis of that
assumption. Within each wear mechanism, a more refined model can be developed within
that regime to describe the dominant wear mechanism more accurately and fully for that
operating condition.

15.7.5 Wear Modeling Guide Based on Wear Maps

15.7.5.1 Metals

Lim and Ashby [22] used pin-on-disk (steel on steel) wear data under dry sliding conditions
from the literature and constructed a wear mechanism map (Figure 15.4). The map uses
normalized load and speed as parameters, and the data are successfully partitioned into
different regions of dominant wear mechanisms. Asperity temperature is chosen as the key
underlying parameter that caused all the wear phenomena, e.g. delamination wear, oxidation
wear, melt wear, and seizure. Even though the asperity temperature calculation is based on
the asperity scale, the coefficients of friction used are the average friction coefficient values
from the macro-contact. Wear equations are developed for individual mechanisms and these
equations are shown in Table 15.3. As discussed before, this approach is successful for severe
wear regimes where high asperity temperatures dominate the wear mechanisms. For mild
wear and lubricated cases, asperity temperatures are important parameters but not controlling
(boundary lubricating films, tribochemical wear, elastohydrodynamic lubrication, etc.) the
outcome. This limits the utility of this map but it does illustrate the power of such an approach.
The asperity level temperatures are also critical in analyzing chemical reactivity and

surface film formation [44]. The use of measured “average” friction coefficients to estimate
asperity temperatures has been shown to be inadequate [45]. When the localized wear event
and the accompanying measured asperity friction (based on a two-ball collision experimental
setup) was incorporated in a mechanical wear model, the resulting temperature became
consistent with those estimated from chemical reactivity analysis [26]. This suggests that for
an asperity model the asperity coefficients of friction need to be used.
Wear mapping has pointed to the fact that a family of equations is needed to account for

wear for a given material pair in a given environment. No effective wear models for metals
are available for the mild wear and well-lubricated conditions.

15.7.5.2 Wear Mechanism-Based Modeling of Ceramics

The wear mechanism maps described above suggest that the dominant wear mechanisms in
different regimes are different. These mechanisms are summarized in Table 15.4. The stress



Wear Mapping of Materials 397

Table 15.3 Wear equations derived from wear mechanism maps in Reference [12]
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T ∗ �

�Tm To�
−1

]

Mild oxidational wear W̃ =
(

C2Ao ro

Zc a

)

exp
[

−
Qo

RT f

]

F̃

ṽ

Severe oxidational wear W̃ = fm
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Plasticity-dominated wear W̃ =
2	o fv
f ∗
A

F̃

Definitions of the terms:
Ao Arrhenius constant for oxidation Tm melting temperature
C constant used in the model for mild T ox

m melting temperature of oxide
oxidation wear W normalized wear rate

F normalized pressure on sliding surface Zc critical thickness of oxide film
Ho room temperature hardness of metal a thermal diffusivity of metal
Kox thermal conductivity of oxide f ∗

A critical area fraction of voids
L latent heat of fusion per unit volume for metal fm volume fraction of molten material
Lox latent heat of fusion per unit volume for oxide during sliding
N total number of contacting asperities fv volume fraction of inclusions
Qo activation energy for oxidation ro radius of pin
R molar gas constant 
 normalized velocity
T ∗ an equivalent temperature for metal � heat distribution coefficient
To 300 K �t constant in Tabor’s junction
Tb bulk temperature growth equation
Tf flash temperature � dimensionless parameter for bulk
	 cumulative plastic shear strain heating
� coefficient of friction

intensity in the contact is a critical parameter that underlies the formation of different wear
regimes. In mild wear, the nominal contact produces stress intensity insufficient to cause
macroscopic scale fracture. Wear occurs primarily at the asperity scale in the form of abrasion
and microfracture. This micro-abrasion will generate subsurface damage/cracking at the
micrometer scale. As the localized stress intensity exceeds K1C of the material, microfracture
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Table 15.4 Classification of the wear map data under dry sliding condition

Wear regime Wear (mm3) Wear mechanism

Mild wear (Asperity scale failure mode)
(stress intensity <K1C) 10−7–10−4 – Abrasion

– Intergranular cracks
– Subsurface damage/cracks
– Grain pullout
– Tribochemical

Severe wear (Nominal scale failure mode)
(stress intensity >K1C) 10−5–10−2 – Fracture mechanics

– Tensile cracks → edge effects
– Third-bodies (linked to grain pullout)

Ultra-severe wear 10−3–101 (Nominal scale + few large debris)
(stress intensity >> K1C) – Thermal shock (nominal scale)

occurs and generates intergranular cracks. This leads to subsequent grain pullouts. In severe
wear, the nominal contact produces stress intensity that exceeds K1C and causes macroscopic
fracture such as tensile cracks [26]. The edge effect of those tensile cracks represents a source
of wear particles [46]. These particles form third bodies in the contact zone and cause more
localized fracture and grain pullouts. The combined wear particles and pulled-out grains are
commonly observed in all four ceramics in the severe wear regime. In the ultra-severe wear
regime, intragranular fracture is commonly observed. High loads, high sliding speed, and/or
their combination cause the much increased stress intensity beyond K1C. The end results are
the presence of large quantities of large wear debris.
Once the wear mechanism is understood, specific models can be formulated to describe

the specific wear process. These models will be tested against the specific wear data in the
specific regime(s) where the model is expected to work. The lateral crack model [11] and
the tensile crack model [10] were tested against the wear data of silicon nitride in the severe
wear regime.

Lateral crack model (LCM) Wear volume= C
�E/HV�

4/5

K
1/2
1C H

5/8
V

N 9/8l (3)

where C = constant, N = load, l = distance slid, E = Young’s modulus, HV = hardness,
and K1C = fracture toughness.

Tensile crack model (TCM) Wear volume= C

MAX


D

Nl

HV�T �
(4)

where 
MAX = maximum tensile stress, 
D = critical damage stress, HV = temperature-
dependent hardness, and T = temperature.
The presence of ultra-severe wear regime suggests that there is additional thermal stress to

induce a higher rate of wear. Therefore, a thermal shock stress was modeled as follows [47]:

Thermal shock stress 
thermal =
E�

�1−
�
exp

[

−4
√
�

(

T

T ∗ − 5�3
)]

(5)
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where E=Young′s modulus, �= linear expansion coefficient, 
= Poisson′s ratio, T = flash
temperature in Reference [48], T ∗ = bulk temperature from nominal contact= �NV /4aK,
N = load, V = speed, a = nominal Hertzian contact radius, K= thermal conductivity, and
�= friction coefficient.
In this model, an exponential functional dependence of the thermal stress as a function

of the ratio of flash temperatures to the surrounding surface temperatures was assumed.
Subsequently, the maximum stress term in the TCM was assumed to be the sum of the
mechanically induced tensile stress and the thermal shock stress, 
thermal. The application of
the thermal shock stress was limited only to the ultra-severe wear data.

Wear Transitions

Besides wear level predictions, the TCM was also tested for its applicability to predict the
wear transitions. Owing to its assumptions, it was best suited for predicting the transition
from mild to severe wear regimes. The onset of such wear transition was taken to be when
the critical condition of 
MAX/
D = 1 [10]. For the severe to ultra-severe wear transition, a
thermal shock-related model was needed. The critical velocity model (CVM) proposed in
Reference [18] was tested:

Critical velocity model VCR =
4K2

���E�2 ��z
(6)

where K= thermal conductivity, � = coefficient of friction, �= coefficient of thermal
expansion, E =Young’s modulus, �= thermal diffusivity= K/�c, z=width of slider, �=
density, and c = specific heat. The onset of thermal shock damage was set to start when
V >VCR.

Figure 15.20 shows the predictions of LCM and TCM for silicon nitride data. The lateral
crack model contained a correlational constant C that needed to be determined. Other
parameters were determined by using the experimental conditions and material properties.
The constant C was determined by fitting the data point at a sliding speed of 0.0019 m/s and a
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Figure 15.20 Model predictions of LCM and TCM for Si3N4 under dry sliding conditions
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normal load of 20 N. For the TCM, the critical damage stress, 
D, for alumina was previously
estimated from various sources [49], but the value of 
D for Si3N4 was not available. We
assumed that the damage stress was a constant and therefore could be incorporated into
the fitting constant C to form a new constant C*, i.e. C*= C/
D. The friction coefficients
were taken from experimental measurements. The temperature-dependent hardness, HV(T),
was determined experimentally and the data were fitted into exponential functions to give
HV(T)= 24e−0�00064T for Si3N4. The temperature for each experimental wear datum was
estimated by using the flash temperature model in [48]. Finally, the new constant C* was
determined by fitting the same data point used in testing LCM, i.e. at a speed of 0.0019
m/s and a normal load of 20 N. In the TCM, the flash temperature calculations required the
estimation of the real contact area. A sensitivity analysis was performed by changing the
radius of real contact area from 5 to 20 �m. The resulting flash temperatures were from 300 �

to 600 �C for Si3N4. Within these temperature ranges, the C values changed only about 5%.
Thus, the model was fairly insensitive to the temperatures and real contact areas. Overall,
good agreements with the experimental data were exhibited in the severe wear regime by
both LCM and TCM. However, the models overestimated the wear level in the mild wear
regime and underestimated in the ultra-severe wear regime.
Figure 15.21 shows the prediction of TCM after the thermal shock stress was incorporated.

Very good agreement between the model and the data in the ultra-severe wear regime was
obtained. This result confirmed that the additional thermal shock stress was responsible for
the extremely high wear in the ultra-severe regime. Figure 15.22 shows the predictions of
wear transitions by using TCM and CVM. The TCM prediction had a slight deviation when
the sliding speed was beyond 0.01 m/s. Meanwhile, the results from CVM matched well with
experimentally determined wear transition, which was quite consistent with the wear level
prediction by the modified TCM, i.e. additional stress by thermal shock could be accountable
for the ultra-severe wear regime.
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Figure 15.21 Model predictions by TCM in severe and modified TCM in ultra-severe wear regimes
of Si3N4 under dry sliding conditions
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Figure 15.22 Wear transition predictions by TCM and CVM for Si3N4 under dry sliding conditions

The results obtained by the existing brittle fracture-based models were encouraging. Since
wear of ceramics is dominated by brittle fracture, any fracture model with some reasonable
fitting constants would describe the ceramic wear data somewhat satisfactorily. This may be
the reason why the LCM and TCM perform similarly for the severe wear regime for silicon
nitride. Speed was a factor, but only when the speed exceeded certain limits that it might
induce thermal shock stresses that the fracture models began to underestimate. In the mild
wear regime, the wear range was very large, from near-zero wear to 10−4. This covers four
orders of magnitude. Within this, tribochemical, plastic deformation, grooving, and single
grain pullout are all dominant mechanisms. Fracture mechanics cannot account for these
mechanisms, except maybe for grain pullouts. Therefore, it consistently overestimates the
wear levels. The results of wear transition predictions also revealed some inadequacies in
the existing models. The experimentally determined mild to severe wear transition could be
predicted with some success by TCM. However, the model prediction overall was not quite
satisfactory. This was probably due to the microstructural effects [29].

15.7.5.3 Correlational Models Based on Wear Maps of Ceramics

Given a large database of wear data, a new approach to examine wear modeling across
materials over a wide range of operating conditions is to explore correlational models against
the critical material and operational parameters.

Identification of Critical Parameters in Establishing New Correlational Models

Figure 15.23 shows the schematic of the different contact configurations under progressively
more severe conditions. In the mild regime, wear can be treated as simple asperity scale
abrasion (microfracture does not produce wear immediately and grain pullouts are only
intermittent). In this case, wear by each asperity contact can be approximated by the product
of wear depth, contact width, and length of sliding within each “sliding cycle,” as illustrated
in Figure 15.23(a). The “sliding cycle” can be described by the total distance slid l divided
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Figure 15.23 Illustrations of the contacts for modeling wear in different wear regimes: (a) asperity
scale abrasion in mild wear regime; (b) tensile cracks inside the nominal contact in severe wear regime;
and (c) gross fracture in the nominal contact in ultra-severe wear regime

by the Hertzian contact width 2a, i.e. l/2a. Given this set of assumptions, wear can be
expressed as

Wear volume ∝
[

∑

i

(

Pm

Hv

∗Cidi

)

×di×2a

]

×
l

2a
(7)

where Pm=mean Hertzian pressure [50],Hv= hardness, Ci= dimensionless geometric factor,
and di = asperity contact width. The terms in the parenthesis represent the wear depth which
is assumed to be proportional to the ratio of Pm and hardness and a fraction of the contact
width di. The 2a term inside the bracket represents the upper bound of length li of such
asperity scale abrasive wear within a single cycle. Since the ratio of Pm/Hv is constant
throughout all the asperity contacts, the summation term will be proportional to the real area
of contact which has been proposed to depend on [51, 52] the following relationship:

Areal ∝
N

E′ ×f �roughness parameters�

where N = load and E′ = composite Young’s modulus. The roughness parameters included
asperity radius [52], r.m.s. roughness [51, 52], and/or autocorrelation length [51]. By
substituting the real contact area into equation. (7), the mild wear can be expressed by the
following relationship:

Wear volume ∝
Pm

Hv

×
N

E′ ×f �roughness parameters�× l (8)

Since the surface roughness of all specimens in this data set was controlled to be nearly
the same, the roughness term, f , can be treated as a constant in this analysis. Hence, the
mild wear was directly proportional to Pm ×N × l, related to the operating parameters, and
inversely proportional to material properties, Hv and E′.
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In severe wear regime, because of the presence of cracks, edge effects from those cracks
and third-body wear particles, the asperity contacts can have very different characteristics,
as illustrated in Figure 15.23(b). The total wear volume may be expressed as

Wear volume ∝





∑

i


MAX

(

T∗

TO

)

√

d50

K1C

×bidi×di×2a



×
l

2a
(9)

where 
MAX =maximum tensile stress [13], T*= interfacial temperature of the nominal
contact [53], To = ambient temperature at 20�C, K1C = fracture toughness, d50 =mean grain
size, bi = geometric factor, and di = contact width.
Here the wear depth is assumed to be proportional to the contact width di by using the

ratio of a stress intensity from tensile stress divided by K1C and another geometric factor
bi. The crack length in the measure of the stress intensity is assumed to be equivalent to
the mean grain size d50. Because of the potential thermal effects from frictional heating,
the tensile stress is further modified by multiplying a temperature ratio of T*/To. The
interfacial temperture T* can be calculated by Archard’s temperature equation [53]. In so
doing, the nominal contact is treated as a single asperity and the interfacial temperature is
applicable within a layer thickness of half of the Hertzian contact width, i.e. this temperature
exists within a thickness of a. The multiple of the two di inside the bracket represents the
real contact area, similar to the mild wear case. However, in the severe wear, a different
interpretation may be needed to account for the edge effects due to cracking and third-body
wear. This area is assumed to be proportional to the ratio of N/Hv [10]. Consequently,
equation [9] could then be rewritten as follows:

Wear volume ∝

MAX

(

T∗

TO

)

√

d50

K1C

×
N

Hv�T
∗�

× l (10)

In equation (10) the hardness value is further set to include the temperature effects.
Equation (10) is similar to the tensile crack model proposed by Wang and Hsu [10] but with
the added temperature effect. Also, the use of fracture toughness can eliminate the need for
a special material property 
D, the critical damage stress (10).
In ultra-severe wear regime, the thermal shock can be attributed to a temperature gradient

between the heated spot and the surrounding low-temperature region. Since the interfacial
temperature exists in a layer with a thickness of half Hertzian width, the wear equation in
equation (10) can be extended by substituting the d50 term with a, namely, the crack length
that determines the stress intensity is equivalent to a, as illustrated in Figure 15.23(c). This
will give rise to an equation of the following form:

Wear volume ∝

MAX

(

T∗

To

)√
a

K1C

×
N

Hv�T
∗�

× l (11)

The increased T ∗/To ratio and crack length a with a decrease in Hv(T
∗) should produce

much higher wear level, as compared to the severe wear described in equation (10).

Modeling Approach

Armed with the existing models and the functional dependence of the fundamental wear
processes, the wear data set is tested with different models. Many of the existing models
cannot fit the large data set satisfactorily. Therefore, we embarked on an approach: the wear
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data set is plotted against a group of key parameters indicating the severity of the contact
conditions. After the data are lined up according to the contact severity, the materials will
be normalized using material property data. In principle, such material normalization should
eliminate the differences in material properties among different materials (provided that we
know all of the important material properties related to wear). If this approach is successful,
then a generalized wear equation for all materials over the entire operating range will line
up according to some functional dependence.

Contact Severity The severity of the contact has been modeled by many [12–14, 26, 31].
As a group parameter, it is successful in the wear map concept [14] illustrated by Adachi
and Kato. However, we will show later on that the contact severity index alone has limited
applicability when it is used against a large data set. In the present approach, the severity
parameter is defined as a group parameter directly reflecting the operating conditions. Let
us re-examine each of the wear equations. In mild wear, equation (8) has two sets of
parameters. The Pm×N × l term is related to the operating conditions. The Hv×E′ is related
to material properties. Similarly, the 
MAX× �T ∗/To�×N × l term in equation (10) and the

MAX×

√
a× �T ∗/To�×N × l term in equation (11) are related to the operating conditions.

The
√
d50/�K1C ×Hv�T

∗�� term in equation (10) and K1C ×Hv�T
∗� in equation (11) are

related to the material property. So at this point, one can plot the wear data in each wear
regime against the corresponding severity parameter and observe the data scatter among
different materials. The degree of data scatter should reflect the validity of the choice of the
operating parameters and the associated material parameters. Therefore, a simple material
normalization should be able to pack all the data of the same predominant wear mechanism
into a single function with the severity parameter. This is the concept.
Clearly, the severity parameters determined from the three wear regimes are not identical.

In order to test across the entire operating conditions (the three wear regimes), one needs to
make some simplifications. Firstly, the common factor in all three wear regimes is N× l. The
uncommon term in mild wear is Pm, in severe wear are 
MAX× �T ∗/To�, and in ultra-severe
wear are 
MAX ×

√
a× �T ∗/To�. However, the Pm and 
MAX are related via the coefficient

of friction [26]. Moreover, the T ∗/To is relatively close to unity in the mild wear regime for
the four ceramics, except for Y-TZP. Therefore, the severity parameter can be generalized
to a form of 
MAX× �T ∗/To�×N × l.

Materials Normalization Materials have been characterized historically by their material
properties such as hardness, elastic modulus, toughness, thermal conductivity, thermal
diffusivity, and the temperature influence on these properties. Yet at the same time, which of
these parameters controls wear is not clear. Whether there are hidden parameters that are not
obvious is also not clear (parameters such as grain boundary strength, population of defects,
machining damage, grain geometry, residual stress, etc.). We know that brittle fracture
behavior of ceramics is often influenced by the relative energy rate of the grain boundary
governed by grain size, ratio of the grain boundary energy release rate versus the grain [54],
and pre-existing defect population from sintering and machining. If the microstructure is a
duplex structure, i.e. elongated grains intermixed with equiaxed grains, crack deflection by
the elongated grains has to be taken into account, i.e. the aspect ratio of grain defined by
grain length divided by grain diameter. Iteration between the severity index and the material
normalization parameters will test the validity of this concept and provide insight into an
issue that often eluded us in the past.
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In the following section, historical severity indexes will be tested against the wear database,
followed by the generalized severity parameters developed in the present study.

15.7.6 Wear Prediction Based on Wear Maps

15.7.6.1 Historical Severity Indices

There were several versions of the so-called severity index proposed [12–14]. They are
described below.

Sc =
Po

√
RMAX

K1C

(12)

where Po = maximum Hertzian pressure and RMAX = maximum surface roughness. The Sc
was originally derived from modeling stress intensity factor by using the maximum Hertzian
pressure and a crack length equivalent to the maximum surface roughness [12]. Subsequently,
the severity index was modified by incorporating stresses introduced by friction, and a
slightly different form was derived [13], as shown below.

SCF =
Po

√

�1+�2�RMAX

K1C

(13)

where �= friction coefficient and the rest of the parameters were the same as in SC. More
recently, a new severity index derived from using the maximum tensile stress in estimation
of threshold stress intensity, Scm, was employed in describing the mild to severe wear of
ceramic materials [14]. The maximum tensile stress was simplified in Scm, as shown below.

Scm = �1+10��Po

√
RMAX

K1C

(14)

where (1+10�)Po was the simplified tensile stress.
The maximum surface roughness, RMAX, was the same in all specimens. Because it

represented the equivalent crack length in the estimate of stress intensity, one could employ
an alternative interpretation of this term by using the mean grain size.
Figure 15.24 shows the applications of the various severity indexes to the wear map data

from the four ceramics. The data of the mean grain size, d50, of the four ceramics are listed in
Table 15.5. The plots by using SC and SCF have quite similar features. Within each material,
different wear levels could be present at the same severity index. Wear was mainly correlated
by maximum Hertzian pressure in SC, while friction coefficient had a slight contribution in
SCF. When all four materials were combined, they formed two groups. Alumina and SiC
were in one group at higher severity. Silicon nitride and zirconia were in another group at
lower severity. These were due to the combination of larger mean grain size and relatively
lower fracture toughness in the alumina and SiC. On the other hand, Figure 15.24(c) shows
that the wear data mingled more by using Scm. Because all these severity indexes already
contained material properties, no material normalization could be applied. Therefore, one
may conclude that they did not quite correlate with the current wear data.
Figure 15.25 shows the application of a single parameter of mean Hertzian pressure to

the database. Again, the results showed that it was inadequate to represent a unified severity
parameter for this database.
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Figure 15.24 Correlational results form using historical severity indexes: (a) SC; (b) SCF; and (c) SCm.
These indexes were defined in the text

Table 15.5 Microstructural parameters of the four ceramics

Al2O3 Y-TZP SiC Si3N4

Mean grain size, d50 (�m) 5 1 3 0.5
Grain size ratio, d90/d50 3 2 2.6 2
Aspect ratio, A 1 1 5 4

Note: These are nominal dimensions based on the SEM micrographs with type B uncertainty of 50%.
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Figure 15.25 Correlational results from using mean Hertzian contact pressure

15.7.6.2 Severity Parameters from Correlational Models

Figure 15.26(a) shows the wear data plotted by just using the 
MAX×�T ∗/To�. This parameter
had about three orders of magnitude range. As compared to the total range of wear volume of
nine orders of magnitude, this parameter was extremely sensitive to wear. On the other hand,
Figure 15.26(b) shows the results from using severity parameter 
MAX × �T ∗/To�×N × l.
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Figure 15.26 Correlational results from using (a) maximum tensile stress multiplied by a temperature
ratio of T ∗/To to take into account the thermal effects; and (b) a severity parameter derived from the
current study
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This parameter had a range of seven orders of magnitude; this was much more comparable to
the wear data range. Also, the data in each wear regime appeared to form cluster, indicative
of a rather reasonable selection of the severity parameter. Inclusion of

√
d50 and

√
a had

also been tested. Only slight changes were obtained, so those plots were omitted from this
presentation.

15.7.6.3 Material Normalization from Correlational Models

There are different ways to normalize the wear results for the purpose of direct comparison.
One way is to normalize all materials with respect to a particular material. Another is to
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Figure 15.27 Material normalization in the mild wear regime: (a) baseline (no normalization);
(b) wear volume normalized by using the product of modified hardness and Young’s modulus; and
(c) normalization by using the wear coefficient
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determine the average value and then all materials will be normalized with respect to the
average. The latter means was adopted in the current work.
Figure 15.27(a) shows the mild wear data separated from the whole group, and

Figure 15.27(b) shows the data being normalized against average HV and average E′. The
average HV for the four materials was 21± 8 GPa and the average E′ was 176± 44 GPa.
Because wear in this regime, equation (8), was inversely proportional to these material
properties, material normalization was carried out by multiplication of the wear volume by the
ratios E′/E′

mean and HV/HV�mean. For example, the wear volume data of SiC were multiplied
by 1.48 and 1.26, since its hardness and Young’s modulus were both higher than the mean
values. Figure 15.27(b) displays that after material normalization, the Si-based ceramics were
separated from the oxides. Because the functional dependence on the severity parameter was
different between these two groups of data, different wear mechanism was controlling wear.
One possible interpretation was that this could be caused by the tribochemical reactions,
which were not included in the mechanism-based modeling. Figure 15.27(c) presents a
conventional material normalization scheme using the wear coefficient, defined as wear
volume ×HV/�N × l� . The results suggested that it was not applicable in this database.
Figure 15.28 shows the material normalization carried out for data in the severe wear

regime. According to equation (10), wear volume was inversely proportional to the product
of HV�T

∗�×K1C/
√
d50. The average fracture toughness for the four materials was 5�4±2�3

MPa
√
m and the average d50 was 2�4± 2�m. Figure 15.28(b) shows that the wear data

among the two Si-based ceramics and Y-TZP appeared to be more packed. But the alumina
data fell further away from the pack. There were two possible interpretations to such
features. One was that the tribochemical reactions could have been extended into this regime
among the fine wear particles. So the third-body wear has a significant effect on wear in
alumina. The other could have been related to the data classification, i.e. the alumina data
that fell away from the pack may need to be classified into mild wear regime. The material
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normalization used in Evans and Marshall [11] that correlated excellently with the grinding
force data among different ceramics was also tested, i.e. �K0�625

1C ×H0�5
v ��8/9�. But only slight

shifts were observed.
Figure 15.29 shows the material normalization carried out for the ultra-severe wear data.

The material normalization included the product of hardness and fracture toughness. The
improvement from the material normalization appeared to be only slight. Figure 15.29(c)
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shows the use of wear coefficient to normalize the materials. The results did not confirm
that it was applicable in this fast wearing regime, either.
The material normalization schemes in the preceding text showed that different degrees

of data shifts were obtained in the different wear regimes. Clearly, the process of selection
of severity parameter and material normalization would be an iterative one, due to the
simplification employed in the determination of severity parameters. Nevertheless, the
process appeared to be in the correct direction. The overall data scatter after the material
normalization was about ± one order of magnitude.

15.7.6.4 Summary of Correlational Modeling

The large wear database used to construct ceramic wear maps presents a unique opportunity
to test correlational wear parameters. The results showed that grouping of data among
different ceramics was achieved through using the first sets of severity parameter and material
normalization parameters. This was quite promising, in light of the huge variations present
in the experimental conditions and materials. Further refinements through iterations would
be necessary to reveal or include other underlying factors that were not considered in the
severity parameter as well as material normalization parameters. The contact severity concept
proves to be more significant. The results from the material property normalization process
suggest either there may be hidden material property parameters important to wear or there
needs to be a new and novel normalization procedure.

15.8 Construction Techniques of Wear Maps

One of the common misconceptions about wear mapping is that a large number of
wear experiments need to be conducted in order to construct such maps in a reasonably
comprehensive way. The following sections describe the use of a step-loading technique to
obtain wear data quickly over a range of loads. Properly used, a wear map can be constructed
using 5–10 wear experiments. However, there are risks in using step-loading technique if
the underlying assumptions are not obeyed.

15.8.1 Conducting Wear Experiments

Wear experiments are conducted on a four-ball wear tester using a ball-on-three-flats contact
geometry. The ball and the flats used are made of the same ceramic material. The diameter
of the ball is 12.7 mm. The flats are circular discs of 6.35 mm in diameter with a thickness
of 1.59 mm. The final polish is done by using 1-�m diamond paste. Prior to testing, the
ball and the flat specimens are cleaned in an ultrasonic bath by using successive solvents of
hexane and acetone followed by a detergent wash in water. Afterwards, the specimens are
rinsed with de-ionized water, then blown dry with dry nitrogen.
The test procedure used is a step-loading procedure at several fixed sliding speeds. At each

sliding speed, the applied load increases in a stepwise manner. For loads lower than 20 N,
the load steps follow a sequence of 2, 4, 8, 12, and 20 N. Beyond 20 N, the load increment
of each step is 20 N. The maximum load is 360 N. The duration of each load step is 5 min.
Wear tests sometimes are terminated before 360 N is reached due to extreme wear, such as in
the dry sliding case. The sliding speeds are 1.9, 14.4, 38, 190, 380, and 570 mm/s. Additional
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speeds have also been used in some cases. In lubricated tests, an amount of 1.5-mL fresh
lubricant is used in each load step. The worn surfaces are not washed before examination.
All tests are conducted at room temperature with the room air at a relative humidity of

50–55%. For dry air conditions, dry cylinder air is circulated through the wear tester at a rate
of 0.76 L/min. The wear scar diameters on the three flat specimens are measured after each
load step. For lubricated cases, PPO (4 CSt viscosity oil percolated through an activated
alumina column prior to wear tests) is used as the nonreactive lubricant for ceramics.
(Separate studies had been done to demonstrate that paraffinic oil did not chemically react
with ceramics to form chemically active boundary lubricating films.) Water is used as the
reactive fluid. Constant condition test had also been conducted to cross-check the step-loading
procedure. Similar wear results were obtained.
The precision of the wear measurement is generally within ±10%. When the data are

plotted in a three-dimensional plot, some data smoothing occurs. The data smoothing tends
to reduce the uncertainty and throw out the outliers.

15.8.2 Wear Data

The raw data collected are the measurements of wear scar diameters from the three flat
specimens. The diameters of the three wear scars are measured by an optical microscope.
The measurements have an accuracy of 8 �m. Two diameters perpendicular to each other
are measured in each wear scar. The average of the total of six measurements is taken to
represent the wear scar diameter under the particular load. Figure 15.30 shows the wear
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Figure 15.30 Measured wear diameter of alumina under dry sliding conditions



Wear Mapping of Materials 413
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h

Figure 15.31 Terms used in calculation of wear volume from measured wear scar diameter (d); h,
depth of wear scar; R, top ball radius

scar diameters measured in the case of alumina under dry sliding condition. The Hertzian
contact diameters are also included for comparison, as shown by the dash line. The Hertzian
diameters are calculated as follows [50]:
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(
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4E∗

)

1
3
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2
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�1−
2

2�

E2

(15)

where N is the normal load and R1, R2 are the radii of curvature, E1, E2 are the Young’s
moduli, and v1, v2 are the Poisson’s ratios of the two contacting bodies.
On the basis of the measured wear scar diameters, the wear volume is calculated by a

geometrical consideration, as illustrated in Figure 15.31. The worn volume is assumed to
be a spherical segment. The radius of the sphere equals to the radius of the top ball. Such
assumption is reasonable when (a) the top ball has negligible wear such that no change in its
radius takes place; and (b) elastic deformation does not change the shape of the wear scar
or the curvature of the top ball. The wear volume can then be calculated by the following
equation:

V =
�h

6

[

3

4
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2+h

2

]

� with h=
D

2
−

1

2
�D

2−d
2 �

1/2 (16)

where V is the wear volume, D is the diameter of the top ball, and d is the wear scar
diameter.

15.8.3 Data Trend Analysis

As shown in Figure 15.30, the tests at relatively high speeds were terminated prematurely
at normal loads lower than 100 N because of high wear. So the data set contains unevenly
distributed data points. This makes the construction of three-dimensional map difficult.
Therefore, some extrapolations are needed to obtain an evenly distributed data set. These are
carried out by trend analysis of the entire data set. An example is shown in Figure 15.32 for
the case of alumina dry sliding data. Extrapolation of data is done with extreme caution and at
an absolute minimum. In case of doubt, higher wear values are used to provide a conservative
estimate. It is only done to facilitate plotting up the operating limits where data under other
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Figure 15.32 Illustration of adding data points through extrapolations and interpolations to prepare
the data set for construction of a 3D map. The case shown is alumina under dry sliding

conditions exist. Interpolation of data is done to avoid automatic interpretation by the three-
dimensional plotting software creating valleys and peaks unsubstantiated by data. This is
illustrated in Figure 15.32. Subsequently, the adjusted data set will be plotted, as shown in
Figure 15.33. Similarly, the wear data can be plotted by using wear volume and sliding speed,
as shown in Figure 15.34. This plot is simplified to contain only the data of three loads.

15.8.4 Wear Mapping

15.8.4.1 Wear Transition Diagram

The locations of both load- and speed-dependent wear transitions are used to construct
the wear transition diagram, as illustrated in Figure 15.35. First, all wear data points are
plotted as functions of speed and load. Then the locations of load-dependent as well as
speed-dependent wear transitions are identified by experimental observation and data trend
analysis. Subsequently, a curve connecting all the transition points is traced, representing
the wear transition boundary.

15.8.4.2 Three-Dimensional Wear Map

Because of the test procedure, the wear data set generally contains more normal load data
than sliding speed data. In order to facilitate the construction of three-dimensional map by a
computer software, additional interpolations, especially along sliding speed axis, are made.
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Figure 15.33 Wear volume data of alumina under dry sliding conditions plotted as a function of
normal load (arrows indicate the on-set of load-dependent wear transitions)
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Figure 15.35 Mild to severe wear transition boundary of alumina under dry sliding conditions
constructed using load- and speed-dependent wear transition points

This is done by linear interpolations in log–log scale. For example, more data points of 8 and
20 N shown in Figure 15.34 are added between speeds of 40 and 200 mm/s along the lines
connecting the adjacent points. Such interpolations can also be made to the normal load data.
Sometimes, a few iterations will be needed to determine the number of interpolated data
required to construct a three-dimensional map. The wear maps shown in Figures 15.7–15.9
are all constructed with such interpolations.

15.8.5 Selection of Parameters for Mapping

15.8.5.1 Wear Transition Diagram

The wear transition diagram shown in Figure 15.35 displays the wear transition boundary as
a function of normal load and sliding speed. In order to represent this information in a more
usable form, the normal load is replaced by the mean Hertzian pressure. The mean Hertzian
pressure is calculated by the following equation:

P
Hz
mean =

N

�a2
(17)

where N is normal load and a is the Hertzian diameter in equation (15). Once the mean
Hertzian pressure is used, comparison among different materials can be easily made, since
the elasticity constants are taken into account.



Wear Mapping of Materials 417

15.8.5.2 Three-Dimensional Wear Map

The wear maps shown in the main text are all constructed by using wear rate, a time rate at
5 min, normal load and sliding speed. Alternatively, wear coefficient can also be used. The
wear coefficient is defined as follows:

V

l
= k

N

H
(18)

where k is wear coefficient, V is wear volume, l is distance slid, N is normal load, and
H is hardness. Figure 15.36 shows the wear coefficient map of the alumina under dry
sliding condition. This map shows different wear trends in terms of topographical features
as compared to the wear rate map in Figure 7.15(a). The reason for this is the different
normalization effects. The wear coefficient term itself contains the distance slid and the load
term. So the wear volume is divided by the distance slid. Since in our experiments wear is
measured at a fixed time of 5 min at different speeds, the net result of dividing the wear
volume by distance slid is to skew the data with respect to speed.
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Figure 15.36 Three-dimensional wear map of aluminal under dry sliding conditions plotted using
wear coefficient, sliding speed, and normal load
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15.8.6 Assumptions in the Step-Loading Test Procedure

Before the assumptions in the step-loading test procedure are discussed, let us examine
some characteristic wear behaviors obtained in the ball-on-three-flats contact geometry.
Figure 15.37 shows typical wear results under paraffin oil-lubricated condition by constant
loading tests. The tests are conducted under fixed loads, and wear measurements are made
at different time intervals. At relatively low loads, e.g. L1 and L2, wear increases with time
once the test starts, then it reaches a certain level and stays nearly unchanged. The asymptotic
levels are a function of the normal load and the sliding speed. Such wear behaviors are
presumably caused by two effects. One is that when wear occurs, the contact area increases
and the contact pressure drops due to the ball-on-three-flats contact geometry. This would
lead to a decrease in wear rate. The other is that the predominant wear mechanism in these
cases is mostly micro-abrasion. As wear continues, a certain degree of conformity between
the ball and the worn flat specimen can be reached. This will decrease the mean contact
pressure further. So by prolonging the testing time from t1 to t2 and calculating the wear
rate or wear coefficient, a smaller wear value will be obtained. When the steady-state wear
level under the particular load and speed combination is sought, the test duration needs
to be properly selected. If the test duration is too short, only the running-in wear will be
measured. When the test extends well into the asymptotic region, the contact geometry effect
will dominate the wear results. At higher load such as L3 and L4, the wear–time functions
no longer have the asymptotic feature. Instead, wear continues to increase with sliding time.
Because of fast wearing, the contact area will increase in a much faster rate than in the lower
load cases. Thus contact pressure decreases more rapidly. But they do not seem to render
an asymptotic wear level. This is because the predominant wear mechanisms are changed.
Brittle fracture is generally the predominant wear mechanism in these cases. Large wear
particles will be generated and the effects of third-body wear become more influential in the
wearing events. Meanwhile, conformity between the two contacting bodies will be difficult
to reach [55]. When a material wears in this fashion, the steady-state wear, if existing, will
be very difficult to determine.

Oil-lubricated sliding
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Figure 15.37 Characteristic wear behaviors of ceramics observed from tests using ball-on-three-flats
contact geometry and constant loading procedure (L1, L2, L3, and L4 are normal loads)
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Because of the wear characteristics discussed previously, different test durations have
been explored to represent the steady-state wear of a particular load and speed combination
in the development of the step-loading test procedure. A 5-min test duration appeared to be
a reasonable approximation across the load and speed ranges employed. Another key factor
in the step-loading test procedure is the increment of load in the load steps. Sufficiently
large increment of load is necessary to minimize the wear history of the previous load
steps. Figure 15.38 shows the initial mean contact pressures of the load steps in alumina
under paraffin oil-lubricated condition. The initial mean contact pressure is calculated by the
following equation:

Pmean =
N

1
4�WSD2

prev

(19)

where N is the normal load of the current load step and WSDprev is the wear scar diameter
of the previous load step. The results shown suggest that the load increment of 20 N is
sufficient when in the mild wear regime because the initial mean pressures are comparable
to the mean Hertzian pressures under the particular loads. Once wear transition occurs, the
initial contact pressure decreases drastically. When this happens, wear history of the previous
load steps will be included in the current load step, i.e. the step-loading results will become
less reliable. This phenomenon generally occurs in the ultra-severe wear regimes.
Owing to the wear characteristics and the assumptions of step-loading test procedure, wear

results in this work are represented by using the time rates at 5 min. This will avoid the
decreasing trend of wear with increasing sliding speed in the mild wear regime. Once wear
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Figure 15.38 Initial mean contact pressures in the load steps of step-loading wear tests of alumina
under paraffin oil-lubricated conditions
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enters into the severe or ultra-severe wear regime, wear result representations by either time
rate or wear coefficient do not seem to differ significantly.

15.9 Application Map Concept and Examples

Many applications of advanced materials require lubrication for lowering frictional loss and
moderating material removal due to wear. The concepts of wear maps discussed previously
can be readily extended to include the use of friction as an additional parameter in mapping
the application system of interest. In the following text, we will use an example to illustrate
the construction of application maps for the silicon nitride described previously.
Given the wear map of the silicon nitride under PPO-lubricated condition shown in

Figure 15.8(b), one can readily convert the wear volume data to a commonly used parameter,
such as wear coefficient, K, in equation (2). One can also establish a friction coefficient map
from the measured steady-state friction data. Figure 15.39(a) displays the regimes where the
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Figure 15.39 Application limits for silicon nitride, as defined in the text, under (a) pure paraffin oil;
and (b) paraffin oil + 1% PPG lubricated conditions
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Figure 15.40 Application maps of silicon nitride under paraffin oil-lubricated conditions with and
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criteria of either K< 10−6 or �< 0�1 can be met with this silicon nitride when it is lubricated
by pure PPO. Clearly, when an application requires both criteria to be met simultaneously,
the lubrication provided by pure PPO is acceptable only in the relatively low load (<2.5 GPa)
and relatively high speed (>90 mm/s) regime. Similarly, the regimes where the same criteria
can be met by the use of 1% PPG added to the PPO can be established as shown in
Figure 15.39(b). The presence of 1% PPG gives rise to noticeable improvement in lowering
the friction; however, the low-wear regime seems to dwindle a little bit. Figure 15.40 shows
the combined applicable regimes, from both wear coefficient and friction coefficient, for
this silicon nitride lubricated with PPO and PPO + 1% PPG. This application map displays
clearly the improvement that can be expected from using the 1% PPG. When required, one
can continue with other candidate additives or additive packages to further establish the
desirable regimes that fit with specific applications.

15.10 Future Wear Map Research

Wear map research was originally developed in an attempt to provide a wear classification
system for ceramics as well as to provide a sufficient database for the development of
wear models. So far the first goal has been met. The progress in wear model development
is ongoing. A single universal parameter to fit all the data has been demonstrated to be
unrealistic, but one may ask if such parameter(s) exists in each wear mechanism zone. This
question remains unanswered at this time. The current database is limited to a narrow speed
and load range because of the need to simultaneously measure wear and lubricant chemistry
effects. To extend the speed and load ranges will necessitate the use of several wear testing
machines. How this will affect the internal consistency needs to be investigated.
In summary, wear mapping represents a new approach to examining the age old issue of

wear and it presents an integrated view of wear that cannot be seen otherwise. With the
understanding of wear mechanisms and development of wear models, both guided by the
wear maps, the roadmap to establish wear as an intrinsic material property is clearer. There
is much more work needed to fully develop this approach for practical applications.
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Machine Failure and Its
Avoidance – Tribology’s
Contribution to Effective
Maintenance of Critical Machinery

B.J. Roylance

Abstract

Following a brief historical overview of the principal maintenance strategies, the features that
govern tribological phenomena are reviewed in terms of their relevance to the upkeep and
care of operating machinery. Examination of the key factors involved leads to an assessment
of what contribution tribology makes to the implementation of good maintenance practice.
Some practical case studies are reported as a means of illustrating the various ways that
application of tribological knowledge and expertise assist in the process of maintaining
critical operating machinery.

16.1 Introduction

It has been stated that, ‘The occurrence of a failure, without loss of life, is not so much
a disaster, as the ultimate result of a compromise between perfection and economics’ [1].
The operation of machinery that involves components transmitting power between sliding
and/or rolling surfaces depends crucially on exploiting the fruits of tribological research and
applying it to whole life design philosophy. This implies safe, efficient and reliable operation
that is commensurate with diligent upkeep and care throughout a machine’s working life.
Ideally, the goals that are sought to attain in the field of tribology are principally, first, to

fully comprehend the principal modes of behaviour, and second, to define the underpinning
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mechanisms. By building upon these basic foundations, appropriate functional and predictive
performance models ensue, leading to good design practice and application. But in a multi-
disciplinary subject that draws heavily upon the combined knowledge and skills (including
good communications) of the chemist, the material specialist and the mechanical engineer,
it is always likely to fall short of ultimate perfection. Hence, we are forced to acknowledge
the possibility that machines will experience tribological distress and failure. This is further
exacerbated by the fact that it occurswithin the demanding environment of a highly competitive
industrialized and commercial world with the associated requirements to achieve better
performance and profitable economic returns. It is an environment that also encompasses the
fallibility of the people who work within it, the outcome being that the overall economic
implications can ultimately result in ‘failure’ on a much grander and more costly scale.
The guiding principles governing the friction, lubrication and wear of critical machine

components are examined here in the context of the need to try and ensure that critically
operating machinery fulfil their intended function, and continue to do so for the duration
of their expected lifetime. In essence, it requires a ‘cradle-to-grave’ philosophy in all its
aspects.
Tribology’s contribution to maintenance strategies and procedures must be examined in

relation to the essential needs of detecting and diagnosing faults before catastrophic failure
occurs. Consequently, it gives rise to the question as to what tribology can contribute to
establishing appropriate prognostic techniques for determining the remaining useful life of
failing machinery. Failure in this context can mean that which relates simply to deterioration
not only in terms of a machine’s functionality, but also in terms of a reduction in product
quality to a level that is unacceptable to the customer.

16.2 Maintenance Practice and Tribological Principles

16.2.1 Maintenance Practice – A Brief Historical Overview

Prior to the Second World War (1939–1945), the practice of ensuring continued operation
of machinery that depended largely on employing the human senses – eyes, ears, smell,
touch, and even taste – to detect changes in performance that could mean imminent failure
if nothing was done. In general though, maintenance was performed on the breakdown
principle – ‘If it isn’t broken, don’t fix it!’ This approach to pursuing ‘good’ maintenance
practice persisted into the latter part of the twentieth century. In the immediate post-war era,
the practice of performing preventive maintenance began to evolve whereby equipment is
subjected to regular inspection (conducted typically on an annual, or semi-annual, shutdown
basis), in which machinery is stripped down, inspected and wearing or otherwise faulty
parts are replaced. This is usually supplemented by additional periodic checks of ancillary
equipment that involve, for instance, carrying out an oil change in an engine or gearbox
system. This is a situation familiar to most people through the advent of the motor car. It is
singularly instructive to note at this juncture that domestic vehicle users have experienced
over the past 30 years a four- to five-fold increase in road miles between oil changes. The
reason for this welcome improvement is due to the vast amount of research invested by
the original engine manufacturers and oil companies in research – notably lubricants (and
additives), bearings, gears and piston cylinder development. Over the same period, there have
been corresponding advancements made in materials and manufacturing technology. Many
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research and development partnerships between industry and the universities (world-wide)
have contributed fruitfully to these developments.
The next phase in the evolutionary process – condition-based maintenance – dates its

origins back to the late 1940s for specific sectors of industry such as the railways and
aerospace. More widely, recognition of the need for change in maintenance practices only
really began to gather momentum from about 1970. More recently, a preference by some
companies for adopting a proactive, root cause analysis approach to maintenance practice
has attracted some interest. However, the cost beneficial aspects of these different strategies
are not easily quantifiable [2]. Nevertheless, it is apparent that across the whole spectrum of
industry all of the above types of maintenance activity are employed. This is often the case
within a single company, depending on the kind of business involved, the type of machinery
deployed, and the workforce availability – skill levels and turnover of staff. It also depends
critically on the management’s philosophy and approach regarding the importance of the
maintenance activity in terms of the overall business strategy.
To respond to the enormous challenge posed by the increasing diversity and complexity of

modern industrial machinery, a strategic framework for systematically evaluating the ways
in which maintenance is carried out has been developed over the past 20 years. Known as
reliability-centred maintenance (RCM), its principal purpose is to clarify the relationships
between a company’s management structure in terms of its physical assets, and those that
operate and maintain those assets, so that a coherent strategy is developed that is of greatest
benefit to the company [3]. The significance of adopting this approach is that it sets out from
the very beginning to identify what failures could occur, i.e. by what means can an asset in
question fail to fulfil its function, and what is likely to cause that loss of function?

16.2.2 Tribological Principles

Friction, lubrication and wear of interacting surfaces that experience relative motion trace
their roots back to the very dawn of civilization. Scientific discovery of the laws governing
friction behaviour took further root during the middle ages, and began to blossom forth
following the birth pangs of the first industrial revolution in the eighteenth century [4].
In modern times, delivering the wherewithal for machines to provide more power places
increased demands on the capability of the very small area available in the contact of
interacting surfaces to transmit the requisite increase in load at higher speeds. On the basis
of data published in 1968 [5], the range of bearing load and speed for three commonly
used prime moving machines are presented in Table 16.1 for two different shaft sizes that
encompass most applications.

Table 16.1 Typical load–speed characteristics for industrial machinery

Machine type 25-mm shaft diameter 250-mm shaft diameter

Load (kN) Speed (rpm) Load (kN) Speed (rpm)

Electric motor 0.1–0.25 1000–7000 25–100 150–800
Piston engine 3.5–12.5 5000–30,000 240–800 200–1000
Turbine 0.025–0.075 20,000–80,000 10–50 2000–8000
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The limiting load–speed characteristics for, respectively, dry rubbing, plain fluid film
and rolling element bearings, in relation to shaft diameter, form the basis for selecting and
designing bearings to function safely within their individual capabilities [6]. The issues
limiting the life expectation of rolling element bearings are primarily load at low speed, and
the increased likelihood of surface fatigue occurring as speed is increased.
Fluid film bearings, on the other hand, are governed at the lower speeds by excessive load,

leading to a significant reduction in the operating film thickness and increased likelihood
of higher temperatures occurring in the bearing contact. At higher speed, temperature and
instability are the main threats to continued operation [7]. In the absence of concomitant
improvements in the properties of materials (solids and lubricants), friction and consequential
wear will increase, with a corresponding rise in temperature and removal of surface
material, leading to either seizure or unacceptable wear, culminating in machine failure. The
developments in lubrication theory – notably, hydrodynamic (late nineteenth century) and
elasto-hydrodynamic (mid-twentieth century) – and their subsequent application to bearing
technology were landmark achievements that restored the balance in favour of prolonging
operating life in an era of unprecedented increase in power demand in the post-Second
World War period. This is best illustrated by reference to the developments taking place in
what were arguably the most significant scientific and engineering advances in the twentieth
century – the motor car and the aeroplane (Table 16.2).
In relation to the operation of machinery, a vitally important aspect of oil-wetted systems

is the regime of lubrication in the contact. Theoretically, a system that is designed to
function in the fully hydrodynamic regime represents a zero wear condition, with infinite life
expectation. Similarly, in the case of elasto-hydrodynamic lubrication of rolling elements,
there is reasonable expectation of achieving enhanced life before pitting failure occurs.
Remarkable though these achievements are, the present-day performance capabilities

of tribological components would not be attainable were it not for equally impressive
improvements made in materials’ physical and chemical properties – both solid- and liquid-
based [8, 9]. Figure 16.1 provides some indication of the increase in the demand placed upon
lubricants in terms of the thermal stresses to which they have been subjected over the past 60
years. At the same time there have been corresponding advances made in the development of

Table 16.2 Growth in machine performance in the twentieth century

Era Car/aircraft Automobiles Military aircraft

Speed (mph) Power (bhp) Speed (mph) Power/thrust (hp/lb)

1910–1930 Ford Model T 40 20
Sopwith Camel 118 120 hp

1930–1960 Ford Anglia 75 –
Spitfire 375 1300 hp
Gloster Meteor 600 4000 lb

1960–1980 Ford Cortina 70 75
Jaguar (aircraft) 990 7300 lb
Tornado 1452 15�800 lb

1980–2000 Ford Mondeo 150 175
Eurofighter 1320 20�250 lb
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Figure 16.1 Increase in lubricant thermal stress since 1946

manufacturing techniques that are aimed specifically at enhancing solid surface properties.
Table 16.3 shows the impressive life enhancement advances made by major rolling element
bearing manufacturers over the past 50 years.
At the same time, parallel developments in sensor technology, assisted latterly by the

huge expansion in information technology over the past 20 years or so, have led to
technology transfer from the laboratory to field-based research and development, with spin-
off application to everyday industrial operations. Among these initiatives are techniques that
are employed routinely to monitor the maintenance status of machinery [10, 11].
One of the most significant landmarks in the history of tribological conquest in the UK

was the publication in 1966 of the Jost Report [12]. The outcome of exhaustive enquiries

Table 16.3 Rolling element bearing life enhancement through material advances

Mid-decade Process Fatigue life enhancement DmN rating

High volume Low volume

1900 Air furnace (AF) 0�5 0�1
1920 AF 0�8 0�2
1930 AF 0�8 0�5
1940 AF 1�0 0�7
1950 AF 1�0 0�7
1960 Vacuum degassed furnace 3�0

Vacuum induction melted (VIM) 10 1�5
1970 Electro-flux remelted (EFR) 30 2�0

VIM vacuum arc refined (VIM-VAR) 30
1980 Ladle steel making 6�0 2�0
1990 Ladle steel making 10�0 2�5

VIM-VAR 120
2000 4�0
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and discussions by leading tribologists of the day led to the identification of a number of
areas where the failure to exploit existing tribological knowledge was costing the country
an estimated £500 million at then current prices. Singled out for special attention in relation
to increased savings potential arising from improvements in tribological practice were

• maintenance and replacement parts 45%
• losses resulting from breakdowns 22%
• investment through greater availability and higher efficiency 4%
• increased life of plant 20%

Other areas listed, where savings were anticipated included achieving reductions in energy
consumption and manpower, and lubricant costs.
A later survey took into consideration the relative increase in the cost of energy arising

from the world’s energy crisis in 1973. It highlighted the need to conserve energy and raw
materials through improved tribological design methods [13]. Consequently, and explicitly,
the implication for industry in particular was that there was a clear mandate for focussing
special attention on maintenance-related activities. On the evidence presented from a
comprehensive survey of maintenance practice carried out in the mid-1970s [14], there
was much that needed to be done. It turned out that many companies at the time were
insufficiently aware of the possibilities for improvement in their practices afforded by
adopting a condition-based approach to resolving their maintenance problems. Nor were they
well placed to decide which machinery health-monitoring techniques were best suited to
their purposes. However, at the very heart of the matter lay the fact that there were no clearly
defined mechanisms available to guide senior management in determining the likely cost
benefits to be expected from adopting such practices. In attempting to address these issues,
Neales’s report provided the much needed information and important ‘first step’ guidance
on how to proceed against the background of the current maintenance procedures of the day.
Industries that were already heavily committed to a condition-based maintenance strategy
were mainly those in which issues such as safety or national security were a high priority. A
number of high-tech companies facing strong international competition were also not slow to
respond.
It is pertinent at this juncture to enquire:

• To what extent have the technological advances in our knowledge and application of

tribology over the past 40 years contributed to achieving these savings?

On the basis that ‘Prevention is better than cure’ considerable attention has been given
to channelling the fruits of tribological research through improved design methods and
manufacture of tribological components and systems that have found application in
everyday practice – reference the example of the vehicle industry cited above. This has led
to marked improvements in the performance and reliability of a whole range of industrial
machinery. Nevertheless, it has proved difficult to rigorously quantify, globally, these
technological advances in terms of actual cost savings.

• Within the maintenance community itself, what has tribology contributed to achieving

further cost savings?

When the Jost report was published, condition-based maintenance practice, in terms of
the methods presently employed in industry, was in its infancy. It seems appropriate,
therefore, to examine this aspect within the context of present-day practice.
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16.2.3 Tribology and Maintenance

In summary form and in broad terms, Table 16.4 summarizes some of the major tribological
developments during the twentieth century alongside the corresponding evolution in
maintenance technology occurring over the same period.
Table 16.5 illustrates qualitatively the ways in which tribology contributes to the

maintenance activity.
When, for example, a bearing component is correctly specified, designed to perform the

task intended, manufactured and installed as per specification and operated within its design
envelope, there is a reasonable expectation (probability) that it will function satisfactorily
for its intended operating life. In the case of a rolling element bearing, the probability is
conventionally stipulated to be 90%. This is in recognition that such bearings will ultimately
fail as a direct consequence of pitting fatigue occurring due to the innumerable reverse stress

Table 16.4 Developments in maintenance and tribology during the twentieth century

Era Maintenance strategy Tribological developments

Pre-1950 Breakdown Hydrodynamic lubrication theory – 1980s
Tilting pad thrust bearings – early 1900s

1950–1970 Preventive Elasto-hydrodynamic theory
Jost Report – 1966
ESDU design guides

1970–present Condition-based Tribology Handbook – 1973
Wear Debris Analysis (Ferrography) – 1972
ASME deign guide for rolling element bearings
ISO Standards

1980–present Proactive Wear-resistant material developments
Rapid growth in computer-aided software systems

Table 16.5 Tribological input to the maintenance activity

Maintenance activity Tribological input

Breakdown Failure examination and diagnosis
Designed out (maintenance) solution

Preventive Detailed knowledge of:
Lubricant/additive properties
Material properties and treatments
Surface finish and damage inspection (including boroscope

examination)
Condition-based Interpretation of:

Oil and wear debris analysis results
Vibration/acoustic emission data
Performance measurement (displacement, temperature measurement)

Proactive Root cause analysis
Prediction of remaining wear life
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cycles suffered in the rolling contact. For a plain fluid film bearing, on the other hand,
infinite life is specified because, theoretically, there is no corresponding impediment to limit
its life.

16.3 Failure Diagnoses

Provided the above criteria are adhered to, nothing should prevent a tribological component
from functioning adequately for its expected lifetime. Nevertheless, surface distress-related
failures continue to occur, and the causes are well known and documented [15–17].
The most commonly encountered problems that lead to wear-related failure are here listed

in no particular order of importance or frequency of occurrence:

• lubricant starvation;
• contamination – hard solid, or liquid (water, fuel contamination);
• misalignment or looseness of parts;
• extraneous vibration;
• human error (supplying wrong materials or properties, operation outside the required

performance envelope).

Detailed, post-failure analysis continues to provide the most important evidence of both
cause and effect. When acted upon through appropriate designed out maintenance practice,
accompanied where required by corresponding adjustments to operating procedures, the
likelihood of further failures of the same kind occurring is often reduced or averted altogether.
It is the unlikely combination of more than one seemingly unconnected event, leading to
secondary consequences, which can lead to the more serious type of failure which may also
prove to be the most difficult to diagnose and rectify.

16.3.1 Failure Morphology and Analysis

Engineering artefacts reach the end of their useful life by one of three ways: completion,
obsolescence and failure (slow or sudden) [1]. Failure is defined as damage, fracture, breakage
or rupture [18]. Damage is described generally in terms of, respectively, fatigue, wear and
corrosion. Other forms of damage include impact and overload. Damage that occurs due to
fatigue is macroscopically invisible. It often proceeds rapidly and is, therefore, inherently
dangerous. Damage occurring as a result of wear and corrosion, on the other hand, is
macroscopically visible and might be, therefore, expected to proceed more gradually.
The failure pattern that is probably most frequently described in the literature, known as

the ‘bathtub curve’, commences with a high incidence of infant mortality during the ‘running
in’ period (‘A’ in Table 16.6). This is followed by a constant or slowly increasing failure
rate, and finally by a wear-out zone. In addition, Mowbray [3] identifies five other failure
characteristics (B through F), and reports the breakdown in the incidence of failures for each
mode in relation to statistics relating to failures occurring in civil aircraft.
Mowbray concluded that as equipment becomes more complex, there would be more

instances of types E and F. He further observed that there was also no connection between
reliability and operating age. The belief that the more an item is overhauled, the less likely
it is to fail proves very often not to be the case.
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Table 16.6 Failure patterns and their incidence in civil aircraft
(Mowbray [3])

Failure pattern
designation

Characteristic Incidence (%)

A 4

B 2

C 5

D 7

E 14

F 68

In relation to tribological failures, the specific techniques used to perform analysis depend
in the first instance on whether a strip-down inspection of an individual failure is feasible
and/or whether witness statements can be obtained.
To determine the most probable cause(s) of failure, it is important to take into account the

following aspects:

• Carry out a detailed inspection and examination of the failed specimen, preferably in situ

at the location.
• Continue the post-mortem in a suitably equipped laboratory in order to analyse physical

and chemical changes in the surface and sub-surface regions of the failure.
• Collect relevant information from eye witnesses and collate it with data relating to

operating conditions and procedures.
• Study the design and analyse performance within the whole design envelope. Postulate

the conditions that would have had to prevail in order to cause the failure.

For situations involving tribological type failures, the combined resources and the knowledge
and experience of the engineer, material specialist and lubricant chemist are more likely
to lead to a satisfactory outcome of the investigation. This is particularly with regard to
establishing the most likely cause of failure, its consequential effects and what needs to be
done to put the matter right.
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Alternatively, the failure history may relate to a number of similar occurrences taking
place on more than one identical, or similar, machine over a period of time. In such cases, a
Weibull analysis procedure may be usefully invoked to determine the failure characteristics
[1] of the form

F�t�= 1− exp���t−���	

F(t) is the cumulative percentage failure and t is the time to failure of individual components.
The three constants are, respectively, the scale parameter, �, the Weibull index, �, and the
location parameter, �.
To determine the failure characteristics, Weibull probability paper may be used and this

effectively transforms the exponential form of the function to a linear plot of cumulative
percent failure versus operating time, in which � is the gradient. This permits the failure to
be specified in relation to, respectively, infant mortality, random or wear-out condition, in
terms of the following criteria:

• infant mortality (� < 1)
• random (�= 1)
• wear out (� > 1).

16.3.2 Dealing with Failure – Two Short Case Studies

The first case highlights the solution to a severe breakdown failure situation. The second case
is representative of a preventive maintenance activity in which a routine inspection revealed
a serious flaw in the condition of a critical bearing operation. In each case, the application
of known tribological knowledge brought about an immediate solution to the problem.

16.3.2.1 Sand Dredger Crane Bearing

In an investigation of a bearing failure in the pinion shaft of a sand dredger operating in the
Bristol Channel, the diagram shown in Figure 16.2, referenced from Tribology Handbook,
was utilized to show that the bearing was operating at the extreme limit of safe operation
for grease lubrication. Initial attempts to resolve the issue through changing the bearing
clearance and modifying the bearing groove geometry and dimensions proved unsuccessful.
After conversion to a simple oil lubrication system, there were no further failures of this
type reported.

16.3.2.2 Small-End Bush – Marine Diesel Engine

Another marine failure investigation concerned the connecting rod small-end bush of a ship’s
diesel engine. The problem was discovered during a routine inspection of the bearings while
the ship was berthed at the dockside. Figure 16.3 shows the condition of one of a number of
bearing shells similarly damaged in the same engine. Investigation revealed that replacement
bearings had been previously installed incorrectly such that the entrance hole, seen in the
figure at the top of the picture, had not been located directly in line with the hole running
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Figure 16.2 Speed–load characteristics for solid/dry lubricants and grease

Figure 16.3 Damaged marine diesel engine bearing

through the connecting rod from the big-end bearing. This was the sole means whereby the
bearing received a continuous supply of pressurized oil lubrication. In addition, subsequent
metallurgical analysis revealed that these particular bearings were defective. They were cast
phosphor bronze but analysis confirmed them to have a higher than permissible level of
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porosity. Calculations, based on well-established squeeze film bearing theory, confirmed the
hypothesis that during operation the cyclic squeeze film pressures generated were sufficiently
large to have caused the type of damage witnessed in the photograph. Evidently, over a
period of time, the bearing had adapted to the change in its circumstances such that a new
‘entrance hole’ was forced through to the inside of the bearing shell. However, as fragments
of metal began to break off there was a strong possibility that the bearing would suffer
catastrophic seizure. Thus, a timely routine inspection avoided a potentially serious situation
that may well have developed while the ship was at sea.

16.3.3 Comment

So far, it has been demonstrated that when tribologically related failures occur there is a
considerable wealth of knowledge, practical skills and experience available to assist the
process of resolving cause and effect issues and how best to rectify them. It also confirms
that understanding and knowledge of tribological phenomena can contribute positively to
dealing with problems that arise from time to time in breakdown and preventive maintenance
situations. However, it begs the question, ‘What contribution can the tribologist make to
assist in preventing failure in the first place?’
To begin with it is useful to describe what is involved in carrying out condition-based

maintenance. The tribological aspects will then be identified in relation to the techniques
employed for monitoring the condition of machinery. How to distinguish between what the
sensing and analysing systems capture by way of data and the associated wear mechanisms
that contribute ultimately to failure of critical components is a crucially important aspect of
the whole process.

16.4 Condition-Based Maintenance

The key components of any successful monitoring activity comprise

• dependable detection
• effective diagnoses
• reliable decisions.

The first component – detection – is an essential element of any condition-based maintenance
strategy. If the sensing device, or analysis procedure employed, fails to detect a fault as
it develops, it is automatically rendered redundant. When deployed correctly, it is a vital
front-line tool for monitoring, or ‘tracking’, the fault trend and the associated decline in
component performance. Ultimately, it defines the reliability envelope. Effective diagnosis
provides important information that assists engineers in separating ‘cause’ from ‘effect’.
The third component comprises reporting the results linked to a recommendation whether to
cease operation in order to carry out an inspection or repair. This is the most significant and
critical step.
It is pertinent here to note that not all faults that occur in machinery are initiated through

tribological activity. However, the transition from what might be termed ‘benign’ to ‘active’
wear is something that must be monitored very closely, especially when it deteriorates further
to a ‘failure’ condition. This is self-evident where safety issues are paramount, but equally so
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where there are significant consequential cost implications typified by production processes,
such as the rolling of steel strip.
Figure 16.4 depicts, simplistically, the transition from benign to active wear in relation

to time, when expressed in terms of wear debris production rate, and subsequent failure, in
which the monitoring opportunities and requirements are also highlighted. During the initial
period of a machine’s life, it may often appear as though a severe wear condition is occurring.
The detection system employed will soon confirm whether the rate of wear is increasing
or decreasing. In addition to measuring wear debris concentration, morphological analysis
of the wear products will reveal that where the running-in stage is transforming rapidly to
a much lower wear rate, active wear particles (>100 
m) are replaced by much smaller
(<50 
m) particles in which their outline shape and surface features will also change – see
next section. In a machine that is functioning within its operating design envelope, the low
wear rate will persist for much of the remainder of its operating life. During this time, the
‘status quo’ will be occasionally punctuated by a planned maintenance activity (oil change,
etc.). Unintended changes in the situation may, however, occur with little warning (e.g.
contaminant ingress), and this calls for constant vigilance by the monitoring team. Otherwise,
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Figure 16.4 Monitoring requirements for detecting and analysing transitions from benign to active
wear
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the normal baseline ‘signal’ is established, thereby providing an important database against
which any subsequent deterioration in the wear state can be measured and classified. As a
transition from benign to active occurs the combined detection and diagnostic functions are
harnessed to enable the severity and nature of the problem to be determined. At this juncture
the main issue that has to be resolved is to decide how long to continue operations without
interruption, i.e. what is the ‘lead time’ to failure? In some instances, it may be a matter of
minutes or hours – for instance, helicopter operations. In other cases, it could be more like
weeks or months before any failure avoidance action has to be taken; as, for instance, can
occur in the case of steel finishing processes.
The most commonly utilized monitoring techniques deployed throughout general industry

are

• vibration analysis (and latterly, acoustic emission);
• oil and wear debris analysis;
• performance analysis – temperature, electrical current, pressure, flow rate, etc.

Vibration analysis is, arguably, the most commonly used monitoring technique in general
industry. It has the advantage that it yields relevant data in quantitative format and can be
operated remotely in real-time mode. Pre-set alarm limits can be triggered automatically,
based on signal velocity levels, or alternatively as a result of more intensive diagnostic
interrogation of the data. In tribologically compromised conditions, it has proved to be very
effective in sensing changes in rolling element bearing kinematics as a precursor to surface
damage, and the subsequent detection of rolling pitting fatigue. This serves to provide a
reliable indication of pending failure, notably in situations where the remaining time to a
critical condition that requires maintenance action is of the order of days or even weeks.
Its relevance to early wear detection lies in its capability to detect the incidence of loose
fittings, or misalignment problems prior to the onset of a serious wear condition.
Acoustic emission technology has hitherto not been widely exploited in the field [19].

Nevertheless, the results of recent research demonstrate that it has the potential to respond
unambiguously to changes in the sub-surface micro-structure that correspond directly to
subsequent surface distress conditions in rolling mode (crack formation), and also in severe
sliding mode (surface transformations and material transfer) – see Section 16.6.
Oil analysis is a heavily utilized facility within the condition-based maintenance

community. From a single sample a number of specific measurements and analyses are
carried out reliably, quickly and cheaply in a certified laboratory environment. Nevertheless,
this means that processing and analysing the samples are nearly always carried out remotely
from the scene of operations in which the turnaround time for results to be downloaded
to the end user may be several hours or days. Interpretation of the results, and associated
recommendations for further action, by the laboratory staff may sometimes be unhelpful to
those charged with the responsibility for making the decisions. This can best be overcome
by agreeing on strict guidelines to be followed on the basis of previous experience of the
processes involved.
By its very nature, wear debris analysis reacts directly to wear occurring in the contact,

usually as a consequence of failure of the lubricant film with consequential damage as the
opposing surfaces come into contact with one another. Where a sudden transition to active
wear occurs, as in the case of sliding motion, there is an increased risk of seizure. In this
case, the use of off-line, remote analysis facilities to determine the type and severity of wear
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Table 16.7 Monitoring capability in the early wear regime

Technique Capability Comment

Vibration analysis Loose fittings, misalignment,
shock loading. Changes in rolling
element bearing kinematics. Later
stages of severe surface distress –
pitting fatigue, etc.

Primarily, an on-line monitor.
Excellent for detecting dynamic
instabilities, as a precursor to
subsequent wear and failure

Acoustic emission Sub-surface changes – fatigue
cracks, surface changes as a
consequence of high sliding
contact temperature

On-line technique. Good
prospects for proactive detection

Oil analysis Monitor changes in lubricant
properties and condition. Detects
solid and fluid contaminants before
wear occurs

Essentially off-line. Excellent for
use in centralized data collection
and analysis system. Low sample
cost

Wear debris analysis Wear severity and type of wear Primarily off-line. Good
prospects for on-line
detection/diagnosis in the early
wear regime

would be relatively ineffective. Where this does not occur, the fact that the type and severity
of wear can be determined using this technique facilitates a more informed assessment of
the level of criticality.
The relative merits of these techniques in terms of their capability for capturing data in

the early wear regime are summarized in Table 16.7. Achieving a clear distinction between
cause and effect needs to be addressed. It is heightened by the incidence of unforeseen
events that subsequently lead to the onset of wear. One of the principal causes is that due to
contamination – solid or fluid. Oil analysis techniques have proved to be very effective; one of
which is spectrometric analysis. This method, in effect, detects the elemental composition of
the small (<5 
m), constituent particles of the solid contaminant collected in the oil sample.

Table 16.8 Reactive versus proactive monitoring opportunities

Wear status Best-suited technique

Reactive – benign wear
(low rate of wear)

Wear debris analysis

Reactive – active wear
(run-in, wear out, random failure)

Wear debris analysis
Vibration analysis
Acoustic emission
Oil analysis

Proactive (zero wear) Oil analysis
Vibration analysis
Acoustic emission
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Figure 16.5 Principal modes of failure probability

Likewise, the presence of water in the oil can be determined. Thus, through application
of such methods the means exist for avoiding the harmful by-products of contaminants in
the form of aggressive abrasive wear. More generally, the suitability of each technique for
distinguishing between proactive (pre-wear) and reactive (wear occurring) is presented in
Table 16.8.
In respect of the three principal modes of failure probability, the potential suitability for

the techniques to satisfy the requirements in each category is summarized in Figure 16.5.
A pictorial representation of how each monitoring technique can be used to detect and

diagnose wear-related failure is shown in Figure 16.6.

16.5 Wear and Wear Debris Analysis

Wear debris analysis was first developed in the UK about 50 years ago as a viable machinery
health monitoring technique through the use of magnetic debris plugs (MDPs) installed in
the lubricating systems of aircraft of the Royal Air Force (also, British Commonwealth
countries – Canadian and Australian Air Forces) [20]. Arguably, the most significant
development was the introduction in the early 1970s of the ferrography technique [21].
The specific descriptors used at that time to identify and distinguish the morphological
characteristics of the debris have since achieved worldwide acceptance within the condition
monitoring community Table 16.9.
The links between the definitions in Table 16.9 and the descriptions of conventional

wear mechanism and mode descriptors found in the literature are tenuous. Barwell [22]
depicted the main wear modes and mechanisms in relation to the type of motion (sliding
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Table 16.9 Wear particle morphology – ferrography descriptors

Particle type Description

Rubbing Particles, 20-
m chord dimension and approximately 1 
m thick. Results
from flaking of particles in the shear-mixed layer

Cutting Swarf-like chips of fine wire coils caused by abrasive ‘cutting tool’ action
Laminar Thin, bright, free metal particles, typically 1 
m thick, 20–50 
m chord

width, with holes in the surface and uneven edge profile. Emanates from
mainly gear/rolling element bearing wear associated with fatigue action

Fatigue Chunky, several micrometres thick, 20–50 
m width.
Spheres Typically ferrous, 1–50 
m diameter, generated from micro-cracks arising

mainly from rolling contact conditions
Severe sliding Large, 50 
m chord width, several micrometres thick. Surface heavily

striated with long, straight edges. Typically occurs in gear wear

or rolling/sliding) and severity of the contact (dispersed or Hertzian). Table 16.10 is a
summary of observations relating worn surface appearance to associated wear particle type;
they do not appear to complement very well the wear particle descriptors listed in Table 16.9
[23]. The main differences may be due to the fact that conventionally, wear modes and
mechanisms are based on observations and deductions relating to dry or boundary lubricated
conditions in the contact. The ferrography descriptors, on the other hand, were based mainly

Table 16.10 Worn surface appearance and associated debris (from Reference [23])

Type of wear Worn surface appearance Wear debris

Mild wear Fairly uniform loss of material; slight
surface roughening

Fine, free metal particles <10 
m,
unoxidized

Adhesive Tearing and transfer of materials from
one surface to another

Large irregular particles >10 
m,
containing unoxidized metal

Two-body abrasive Harder surface – little or no
damage. Softer surface exhibits
scores, grooves or scratches
corresponding with rough asperities
on harder surface. Harder surface
scored or grooved, may appear to
be machined, with grooves
corresponding with hard embedded
particles in counterface

Consists mainly of softer material
(fine swarf), unoxidized material
Contains swarf-like, unoxidized
material from harder surface. May
also contain softer material in
lump form

Three-body abrasive Surfaces have deep scratches or
grooves

Fine, may contain some
unoxidized metal, but mainly
loose abrasive material

Fretting Surfaces heavily pitted: pits may
be small, or larger, producing
roughened surface area; oxidized
appearance

Fine, fully oxidized, if from
ferrous metal. Will contain Fe2O3

(rust coloured). Spherical
particles, sometimes
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on samples obtained under fully lubricated contact, and comprise, essentially, a formal
description of the appearance of the particles when viewed in an optical or scanning electron
microscope.
Since the introduction of the ferrography method, many developments have been

presented at international conferences and published in the literature, including the first ever
international conference devoted entirely to the method, held in Swansea in 1982 [24]. The
advent of computer technology over the past 20 years has contributed significantly to the
development of enhanced image analysis techniques and the establishment of comprehensive
databases [25]. Much of this technology can be deployed using laptop computers, thereby
enhancing their use in the field, especially when accompanied with downloading facility via
satellite from remote locations to a centralized base.

16.5.1 Wear Modes and Associated Debris Characteristics – Some

Experimental Results and Their Application to RAF Early

Failure Detection Centres

To establish a more fundamental and definitive relationship between different wear conditions
and their associated wear debris, a programme of systematic testing was undertaken with the
express aim of creating a database of wear particles generated under known conditions in
a controlled laboratory-based environment. The programme was initiated as a consequence
of the need to provide technical personnel at the RAF’s Early Failure Detection Centres
(EFDC), with enhanced techniques for diagnosing pending bearing and gear failures in
engines and gearbox transmission systems [26]. Among the analyses performed, there is a
requirement to assess the morphological features of debris deposited on a substrate that have
been transferred from an MDP.
An optical microscope is used to view the particles, following which an assessment is

made of a representative sample of the captured particle population, in particular, to identify
and assess the type and severity of the condition. A manually operated analysis procedure,
the morphological analysis methods employed have been in service for many years. It was
decided to exploit the facilities afforded by using modern image analysis technology to
establish a new set of computer-based analytical procedures that would also be more user-
friendly and efficient to process. At the same time, it was recognized that there was a need
also to provide a better defined and verifiable wear debris classification system.
The first step in the process was to create a database of wear particles generated under

known operating conditions, viz., the type of contact and motion, load, speed and regime of
lubrication. The type and severity of wear was determined by post-test analysis of surfaces.
Friction measurements were performed during the tests in order to assist in specifying the
regime of lubrication.
The test facilities used to carry out the tests comprised:

• four-ball machine (sliding and rolling contact)
• pin-on-disc machine
• gear test machine
• rolling element bearing fatigue test machine.
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Table 16.11 Test machine characteristics

Test conditions Test machine

Four-ball machine Pin-on-disc machine IAE gear machine

Motion
Sliding + +
Rolling +
Sliding/rolling +
Geometry
Point + + +
Line +
Conformal +
Nominal pressure (MN/m2) 150–600 700–2100 350–1400
Sliding velocity (m/s) 0.25–1 0.1–10 2–12
Material test

534A99 + + +
665M17 +
080M40 +

Lubricants tested
SAE10 + +
Mobile Jet II + + +
ETO 25 + +

The test machine characteristics relating to the first three machines are presented in
Table 16.11.
A comparison between test machine test conditions and those representative of machines

operating on-board ships and aircraft in the United States Navy is presented in Table 16.12,
[27].

Table 16.12 Range of operating conditions for shipboard and airborne applications

Test machine Load range (MN/m2) Speed range Application

Four-ball machine 150–600 0.25–1.00 m/s Ship main reduction and
auxiliaries. Gearboxes, pump
compressor bearings, helicopter
transmission output module and
blade bearing

Pin-on-disc machine 700–2100 0.1–10 m/s Shaft support bearings, ship
service turbine gearbox, engine
accessory gearbox, helicopter mast
bearing, transmission input module
and engine nose box

Gear test machine 350–1400 1000–6000 rpm
(2–12 m/s)

Ship propulsion, helicopter main
gearbox, helicopter IGB and tail
rotor gearbox
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16.5.2 Summary of Laboratory Test Results

The sample set of results shown in Figure 16.7 represents (a) post-test analysis of the wear
scars and (b) associated debris generated during a sliding test in the four-ball machine.
The lubricants tested comprised a mineral-based SAE 10 lubricant (A) and two synthetic
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lubricants, respectively, Mobil Jet (B) and ETO25 (C). The results obtained when testing
with the synthetic lubricants are plotted on the wear scar graph to enable comparison with
the mineral oil. Continuous friction data, obtained during the test, confirmed that before
seizure (45-kg load) there was no breakdown in lubrication with corresponding low-wear
scar and only small (mild) rubbing wear debris generated. A transition from mild to severe
wear occurred within the first 5s of running at 50 kg as a consequence of partial breakdown
in the lubricant film, accompanied by a corresponding increase in friction coefficient from
0.1 to 0.3. The subsequent partial recovery in the film integrity is indicated by a reduction
in friction coefficient after 40s. The characteristics at 56 kg are similar, though the seizure
time is shorter and the wear scar and debris are larger and more severe in appearance. There
were no observable differences in the particle shape or surface characteristics between the
mineral and synthetic oil debris. There was, however, a distinct difference in the loads at
which initial seizure occurred, and this was reflected in the higher debris concentration and
size of particle examined at the higher loads.
It is pertinent to note that the chord dimensions measured for each specific type of particle

obtained during these tests are generally larger than those commonly encountered when using
the ferrography technique. This is because the particles captured in the laboratory tests were
removed in situ with the small volume (7 mL) of oil remaining in the cup after completion
of each test. Oil samples, typically taken from a large sump or directly from the lubrication
flow system of an engine or gearbox, which are subsequently passed over a substrate (e.g.
analytical ferrography technique) lead to deposition of smaller-size particles.
A large number of tests of this type were conducted by utilizing the machines available

to evaluate the effect of different operating conditions and materials used. Thus, a
comprehensive wear particle database was acquired and the main outcome is summarized
in Table 16.13. At the completion of the test programme the database contained at least a
hundred particles in each category. A more detailed account of the results programme is
reported elsewhere [28].

16.5.3 Wear Particle Classification and Application

16.5.3.1 Off-Line Monitoring

To fully implement the morphological data derived from the laboratory tests (Section 16.5.1),
as an integral part of a monitoring system, a classification procedure was established so

Table 16.13 Correlation between wear condition and debris characteristics

Debris Four-ball Pin-on-disc Gear Bearing Wear condition
descriptor machine machine machine fatigue rig

Mild rubbing
√ √ √ √

Mild abrasion
Sliding

√ √ √
Severe abrasion

Severe sliding
√ √ √

Scuffing (adhesion)
Cutting

√
Severe abrasion

Fatigue (chunky)
√ √

Pitting fatigue
(Rolling)

Fatigue (laminar)
√

Low cycle fatigue
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that the analyst can compare ‘live’ particle features with those stored in the database. From
the several methods available from artificial intelligence sources, a Bayesian belief network
system approach was adopted because it assimilates the complex interactions between input
and output using relatively simple mathematics [29].
The principal parameters used as inputs to the network are

• shape – regular, irregular, curved or elongated
• surface – rough or smooth
• edge – rough or smooth
• size – small (<100 
m), medium (100–300 
m), large ( >300 
m)
• colour – bright, dark or heated
• cracks – yes or no
• striations – yes or no
• pits – yes or no.

Each particle stored in the database is classified according to the above criteria and also
assigned to one of four specific particle types – mild, severe sliding, fatigue or cutting wear.
The probabilities of all the possible combinations of inputs are calculated and yield results
in terms of the likelihood of that specific type (expressed as a percentage). It is important to
note that the particle sizes stated above differ from those characterized by the ferrography
technique. This is because the latter particles are normally extracted from an oil sample
taken from the lubrication system. MDPs capture the debris directly in situ and thus the size
range of particle is much greater.
To convert the analytical procedures for application into condition monitoring programmes,

a software programme was written resulting in a deliverable comprising a CD ROM disc
(SYCLOPS) for use at RAF Early Failure Defence Centres. A graphical user interface (GUI)
was developed which embodied the belief network as the classification system. Stylized
images were adopted as representing the best format for establishing the input data. The
analyst is first presented with eight different attribute sets displayed at the monitor screen to
use as a basis for identifying the particle type, based on his own assessment of what he sees
when he looks at the live image. On the basis of the eight selected attributes, a selection of
the particles most closely resembling the image is presented, together with the probability
of goodness of fit in each case. In addition to the classifier, the other ‘push button’ aids
available are Tutorial (for novices and retraining); a Gallery containing images and notes
of all the particles stored in the database; a ‘Diagnoses’ section; and also ‘Glossary’ and
‘Help’. Customized versions of the generic version are provided for users of specific items
of equipment, e.g. different aircraft types.

16.5.3.2 On-Line Monitoring

On-line monitoring of machine condition using vibration sensors has been common practice
for many years. Devices for determining the wear condition based on monitoring the quantity
and size of captured wear debris have also been in existence for quite some time, notably in
military aircraft applications, but have not to date found wide application by industry at large
[30]. In situations where deterioration through wear is well signposted over a period of time,
the use of on-line, trending techniques as an aid to predicting the remaining useful life of
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failing equipment is likely to be a good investment. On-line determination of wear particle
size and shape is achieved through the use of optically based monitoring technology [31].
Designated as ‘LaserNet Fines’ (LNF) it is presently under development by the United

States Naval Research Laboratory at Washington DC, in conjunction with the Office of
Naval Research and private enterprise, with the intention of making it also available for use
by industry.
The US Navy is heavily committed to the implementation of a rigorous proactive shipboard

maintenance programme as part of its intention to retain its global surface fleet supremacy.
One of the primary goals is to permit automated morphological analysis of debris as it is
discharged through the lubrication system of engine and gearbox systems. More specifically,
it determines the type, severity and rate of progression of mechanical faults by measuring
the size distribution, shape characteristics and rate of production of wear particles. The LNF
instrument uses a pulsed laser diode illumination through a flowing liquid column. The
transmitted image is magnified, collected and imaged onto a CCD (charge-coupled device)
camera. The image is then processed in a computer, from which the size distribution of
particles in the range of 5 to >100 
m is obtained. For particles >20 
m, shape information
is obtained using artificial neural network (ANN) to specify the wear mode. The ANN
expert system was trained using debris obtained from controlled laboratory tests of the type
described in the previous section. The instrument is capable of being used either as an on-line
system or, alternatively, as an off-line, bottle sampling technique that can be used at on-site
locations. As the demands on machine performance and availability continue to increase, so
also will the demand for automated monitoring systems – especially those that can be used
as part of a proactive maintenance programme that is committed to predicting the remaining
useful life of machinery. In this complex and uncertain environment, the tribologist engaged
in the maintenance activity faces his greatest challenge. However, it also offers the rewarding
prospect of contributing significantly to ensuring that a correct diagnosis of failing equipment
is coupled to a reliable prognosis of the outcome and hence a realistic assessment of the
prospects for continuing operations safely and cost-beneficially for as long as possible.

16.6 Predicting the Remaining Useful Life and Evaluating the Cost

Benefits

16.6.1 Remaining Useful Life Predictions

Reliability-based projections of failure rates and their application to projections of the
remaining useful life have been in use for some considerable time [32].
One such contribution to the research in this area was provided through investigating

the condition-based maintenance activities in a steel works environment, in particular
the finishing stages of a strip rolling mill [33]. The raw data from vibration analysis
velocity measurements routinely collected were used in the development of a computer-
based statistical (Weibull) analysis procedure. It effectively combined the historical data
from previous failures on the mill with, additionally, provision to continuously update the
prediction of remaining useful life based on current monitoring data. A useful way to apply
the predictions was to assess the probability of failure occurring before the next downtime
period (normally, every three weeks). On this basis, when the probability of failure was
deemed to be less than a prescribed value, inspection of critical components, bearings, etc.,
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would proceed with a view to carrying out repairs. Less critical repairs would be deferred to a
major overhaul of the mill (conducted on an annual, or semi-annual, basis). A similar though
entirely separate line of enquiry is being actively pursued at Salford University [34]. On
the basis of the results of these researches, it is argued that automated wear debris analysis
methods would be well placed to adopt the same approach. As in the case of basic velocity
measurement obtained using vibration sensors, monitoring of debris production rates would
provide the first indications of changes occurring in the wear state. In each instance, the
raw data can be further processed to yield important diagnostic information about the type
and location of the fault, from which realistic prognoses and predictions of remaining useful
life would be established that are based partly on reliability data and partly on tribological
knowledge. In principle, the knowledge and facilities required to achieve the main objectives
already exist. It remains for the implementation of automated procedures to bring it to
fruition. To achieve reliable methods for predicting the remaining useful life, combined, or
integrated, monitoring methods are constantly being developed and evaluated. Maintenance
personnel and other specialists have laboured for many years to try and exploit to best
advantage the combined monitoring resources at their disposal. This has in turn spawned a
number of research investigations, among them being work carried out in the UK funded
by the United States Office of Naval Research (ONR) at, respectively, the Universities of
Southampton and Swansea [35, 36]. The Southampton research has focussed attention on the
role of electrostatic sensors, while Swansea’s involvement is related to the further application
of acoustic emission sensors. Correlating these respective methods with other techniques,
such as vibration and wear debris analysis, has also been undertaken. The possibilities for
detecting pending surface distress, before it occurs, have been examined with particular
reference to contact fatigue behaviour. Based on results obtained from intensive laboratory-
based friction and wear testing, there is evidence that it is possible to detect significant
changes occurring in the sub-surface region of the contact [37]. In the light of further
developments of the measuring and analysing techniques, coupled to rigorous substantiation
of the phenomena, there are high expectations that it will have important implications for
the future development of on-line sensor technology.

16.6.2 Evaluating the Cost Benefits

Within the broad spectrum of condition monitoring activities, there are a number of case
studies cited that purport to demonstrate the cost benefits directly attributable to cost
avoidance policies. Some of the instances cited relate to tribological issues, notably bearing
applications [38].
However, the considerable difficulties experienced in establishing reliable cost benefits

have been highlighted in a detailed investigation of maintenance practice as performed in
a pharmaceutical process plant environment, in which the whole spectrum of maintenance
strategies are utilized [39]. The problems encountered in providing adequate facilities and
organization of inspection and monitoring are exacerbated by the multiplicity of machine
types, operating duty requirements and product quality demands. Nevertheless, a viable
model has been devised that takes all the numerous, sometimes competing, elements into
account to yield an estimate of the benefits (or otherwise) of pursuing a condition-based
maintenance programme. Not surprisingly, those functions in which the consequential costs
incurred through lost production time and replacement of equipment are of paramount
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concern. There is no simple formula for determining the benefits in any one sector. Attempts
to establish whether the same philosophy and methods could be exploited elsewhere, in this
instance a specific sector of the steel industry, were only partially successful, and did not
offer much prospect for a generic model that could be applied more widely across industry
generally [40]. From a tribological standpoint, rolling element bearings functioning in critical
applications is one area that would seem to benefit substantially from the deployment of
monitoring technology. It is fortunate that it is also an area where there are very good
prospects that reliable and timely data can be obtained to prevent the incidence of catastrophic
failure. However, one of the most important remaining challenges is how to reliably reduce
the incidence of premature cessation of operations to effect their replacement when it is
subsequently shown that a bearing, for instance, could have been operated for much longer.
This is an issue that continues to contribute significantly to inflating maintenance costs due
to loss of production and consequential additional costs of parts and labour.

16.7 Closure

The tribologist’s contribution to effective maintenance of highly stressed, critically operating
machinery lies primarily in appropriately communicating his knowledge of the interactions
that cause the breakdown of the lubrication system in the contacts of interacting surfaces,
and the practical consequences in relation to the ensuing wear behaviour. Sound application
of the fundamentals, supported by multi-disciplinary analysis techniques, for determining
the cause and effect of surface failures during operation has been demonstrated over many
years [41]. Similarly, advances in knowledge of how lubricants and solid materials function
have led to the development of improved refining, processing and manufacturing procedures.
This has culminated in impressive gains made in their properties, with concomitant gains in
field operations through extending the oil change periods and by also achieving enhanced
expectations of extended life.
Much of what has been gleaned from fundamental and applied research through the

combined efforts of academia and industry has been profitably invested in achieving
improved design methods, coupled to parallel improvements in the manufacture and assembly
of tribological components, especially in bearing technology.
The advent of condition-based and proactive maintenance strategies has brought new

challenges to dealing with the age old issue of component faults developing during operation
that are due essentially to surface-related failures, notably in terms of wear phenomena. In
responding to these challenges, there is a need for tribologists to get closer to the real-world
issues that so plague the maintenance community. Among these, the matter of being able to
predict the remaining useful life of failing equipment continues to be the most pressing need.
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