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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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investigation, and the application of tribological understanding to the products of various
industries and to medicine. The scope of the series is as wide as the subject and applications
of tribology. Wherever there is wear, rubbing, friction, or the need for lubrication, then there
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.
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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
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The Challenge of Wear

.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 known as wear, to predict the rate of wear 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 1.M. Hutchings
© 2005 John Wiley & Sons, Ltd



2 Wear — Materials, Mechanisms and Practice

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
relative motion between that surface and a contacting substance or substances’ [3]. This includes
(1) degradation by the displacement of material within the surface (leading to changes in surface
topography without loss of material), as well as the more 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 arole [4].

The study of tribology has along history, extending for several centuries before the word 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 now many 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 wm [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 10*~107s~!. 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 1.

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.! 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].

! One gram of abrasive particles 10 wm in diameter represents about 10° 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:

_kw

=g

)
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
mm?® N~! m~!. 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 mm? N~! m~! 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 1072,
although it can also be as low as 107°. 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 107*, 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;?
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].



The Challenge of Wear 5

Wear by hard | |
particles
Abrasion
Unlubricated
sliding

Boundary )
Lubricated
> sliding
HL
|
10714 10712 10710 1078 10°® 10°* 1072 1

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 107" 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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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 1073 to 107! mm3/N m 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 107 mm?*/N m to a low value of 1078 mm?/N m. 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/ Cylinder/ Flat/ Sphere/ Cylinder/ Punch/
sphere cylinder flat flat flat Flat
Contact pressure level Elastic Elasto-plastic Plastic
Sliding speed Low Medium High
or loading speed
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 I Liquid | Gas | Atom | Ton
Structure of wear particle Original | Mechanically mixed | Tribochemically formed
Freedom of wear particle Free | Trapped | Embedded | Agglomerated
Unit size of wear mm scale | wm scale | nm scale
Elemental physics Physical adsorption, chemical adsorption, tribochemical activation and tribofilm formation,
and chemistry oxidation and delamination, oxidation and dissolution, oxidation and gas formation, phase
in wear transition, recrystallization, crack nucleation and propagation, adhesive transfer and retransfer
Elemental system dynamics Vertical Horizontal Self-excited Harmonic Stick-slip
related to wear vibration vibration vibration vibration motion
Dominant Fracture Plastic Melt Dissolution Oxidation Evaporation
wear process (ductile or brittle) flow flow
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=apo- (1)

where W is the load, L the sliding distance, « the shape factor of an asperity and 3 the degree
of wear by abrasive asperity. Experimentally, « takes a value of about 0.1 and S 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, w, (= wear volume/load x sliding
distance), or a wear coefficient, K (= w,H,,, where H, is the hardness), they are derived
from equation (1) as follows:

n= @
K=ap G)

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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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 =wWL “4)

or

WL
V=K— )
HV
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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 w, and K, where, for example, w, varied from
1072 to 10~ mm?/N m. 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 N; of rolling cycles for surface spalling by high-cycle fatigue in a steel
ball bearing is experimentally given by the following equation:

Ny = bW ©)

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:

9x 32 ™
CPy=P
where r, u and v, 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 1071 to 10° 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 m
N c¢(AK) 8)
where a is the crack length, N the number of friction cycles, ¢ and m are experimental
constants and AK 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 (u = 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 Si;N, 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/R,T)
&p*U

where A is the Arrhenius constant, Q the activation energy, Rg the gas constant, 7 the
absolute temperature, p 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 10°~10'° 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].

)



Classification of Wear Mechanisms/Models 15

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, 7', is very high and the wear rate increases linearly as exp(—AE/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

wo/3 E 4/5
V:n—Kc”zHS/S (ﬁ) L (10)

where K, is the fracture toughness, E the elastic modulus, H the hardness, L the sliding
distance and 7 is a material-independent constant [40]. It is obvious that abrasive wear



16 Wear — Materials, Mechanisms and Practice

is now a function of the fracture toughness, K. 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 D, =
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).

(a) (Hard sphere/metal) (c) (Ceramic/ceramic)
0.6 [
Cutting
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Q 04 10 Severe
02 - Wedge
Ploughing Mild
1 1
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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
p = nominal contact pressure/hardness and normalized velocity v = velocity x 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 S, (&, Praxs 4> Kic)
and thermal severity of contact S_, (u, r, AT, V, H,, K, p, ¢), 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 Y;/Y, = film yield
stress/substrate yield stress and normalized coating thickness ¢/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~ mm?*/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 pwm. 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 etal. [2] for bearing steels
and by Rainforth etal. [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 MoSi, [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 wm 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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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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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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Figure 3.4 Stress—strain behaviour in room temperature compression at various strain rates
(0.1-100/s) for Al-23%Si alloy
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Figure 3.5 Sliding wear of OFHC copper and titanium pins against alumina in a pin-on-disc machine
under the dry ambient condition

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-a-vis those indicating
‘compression’ instabilities.

3.3 Strain Rate Estimates and Bulk Surface Temperature

In one series of experiments, Ti—-6A1-4V (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 wm 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
. de 88 dx e dy
eY = =)l
dr — dr dy dr
For steady-state sliding (d¢ /dy) =0, where y is the sliding direction. Thus
. de\ (dx de dx
Y=|—])|—)=+V3 -
¢ (ax)<dt) f(dx)(dt)

where (de,/dx) is the strain gradient with respect to the depth (x) from the surface to the bulk
of the worn specimen and (dx/d¢) is the wear rate, which can be taken as the rate at which the
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Figure 3.6 Wear rate versus sliding velocity of Ti—-6A1-4V 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 (£0) is 12% of the mean shown in the figure
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distance x of a point in the subsurface changes with time. For the present work, the gradient
of strain obtained for copper by Alpas etal. [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°-10%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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Figure 3.7 Constant normal load temperature—strain rate coordinates of wear experiments superposed
on the strain rate response map of Ti—-6Al-4V, in compression. The paths shown are obtained by
joining wear experimental points by straight lines. The experimental points are strain rate—temperature
coordinates, estimated from experimental data at a subsurface depth of 1 um (1x 107 m)



30 Wear — Materials, Mechanisms and Practice

0.8
HK—K
’ o—o0
170N
= O—a0O
S 0.61
2 110N
=
S 051
2 047 o O
5 o_‘ﬁ ;.)(O‘_o*-o—-o
03] oo ‘3\*
s
02 ] y\x—aﬁ

o 2 4 6 8 10 12
Sliding velocity (m/s)
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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 wm 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 wm. It appears that at this stage the crack
is deflected by 90° and travels along an interlayer interfacial weakness zone until it meets
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Figure 3.9 Micrograph of a worn surface of Ti-6A1-4V alloy showing melting, with load 110 N,
speed 11 m/s
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Figure 3.10 SEM micrographs of the worn subsurface, load 110 N, speed 3 m/s, cross-sections
parallel to the sliding direction (Ti—-6A1-4V): (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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Figure 3.11 SEM micrographs of the worn subsurface, cross-sections parallel to the sliding direction
(Ti-6A1-4V): (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
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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-6A1-4V)
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Figure 3.13 Constant sliding velocity temperature—strain rate coordinates of wear experiments
superposed on the strain rate response map of Ti—-6Al-4V, in compression

(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].



Wear of Metals 35

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 pm
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
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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 associated with any wear 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 1078-107!2), 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 107#-107°.

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 = W,H/LD

where W, 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 1073-10"'2 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 107% 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

1=0.067

Frictional torque

0.0 20.0 40.0 60.0 80.0
Time (min)

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. w 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 8W 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 8W 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

BEGIN

Pre-test procedure
(Figure 4.9)
[
WEAR

Four-ball wear tester
GPT: 10 mL of test lubricant
or
EOT: 6 uL of test lubricant
40-kg load, 600 rpm
0.25-L/min air
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|
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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 pL of the test
lubricant is used. This 6 WL 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-j.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 ~ Second 30-min Final 30-min
run-in wear  steady-state wear surface finish
30 min 60 min 90 min change (mm)*  change (mm)®  wear change (mm)°

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

* Run-in wear equals 30-min wear scar minus Hertz elastic indentation.
b Steady-state wear equals 60-min wear minus 30-min wear.
¢ 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
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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 the wide molecular weight 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

Typical boundary film persistence test
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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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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 wm/s for linear speed and 1 wm
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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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 4.17 An illustration of the dependence of film failure on substrate. Ball: 52100 steel, Rc 62,
Ra 12 nm. Planes: 52100 steel, sapphire and silicon wafer, Ra 2 nm. Film thickness = 8 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.
Ball: 52100 steel, Rc 62, Ra 12 nm. Plane: 52100 steel, Rc 62. Sliding speed = 0.2 mm/s

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 aways, 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 wL 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



62 Wear — Materials, Mechanisms and Practice

Iron—hydrocarbon interaction : paraffin oil

10-min wear test Flow rate: 0.5 ML/MI
Columns: 100,500,1
Ultra-STY

Molecular weight : T
FRI Attenuation: 4x
distribution

.l \]l“l“l[““lllllnlln

Fe peak R B —r-

intensities I Expansion: 1x b
MW — ' ' R
saale g 100K 5K 200

20K 500

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



64 Wear — Materials, Mechanisms and Practice

GPC-GFAA analysis
REO 77B

Before engine test
~~~~~~~ After 4-h IIID engine test

RI detector
Attenuation: 4x

Intensity, arbitrary units

- i A /J\-\»‘\___b

UV detector
Attenuation 0.64x

After 40-h engine test
(no signal before)
T T

‘ | | | L1
50,000 5000 500

Approximate relative molecular mass

GFAA detector: Fe
Expansion 5x

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 =mnBo F, (h)

where T is the transcendental number 3.141592654. . ., n number of asperities, 3 asperity
radius, and o the standard deviation of the peak height distributions, and

F, (h) = / (s— h)" ¢* (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
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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, p,, can be
determined, and the increase of the viscosity with pressure can be related to Pe>

n/m(0) =1 —p/p,)~"

where v > 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]:

0.7 +0.54 V0.7R0.43
h=1.63 [77000—}

1,013 F10.03

where £ is film thickness, 7, the viscosity, oy, 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 etal. [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:

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 etal. [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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Wear and Chemistry of Lubricants
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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 nw/p where 7 is the dynamic viscosity of the lubricant, w
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 nw/p group. A is defined as A = h o} where o,,,, = \/(Rél +R§2), R,
and R, are the rms roughness values of surfaces 1 and 2 in contact and #, is the film
thickness. The importance of using A 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 (w)
is calculated as shown in equation (1):

w=— (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 107'® m*/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 CO,
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 CO, 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 CAFE!
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 ILSAC? 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,

! Corporate average fuel economy.
2 International Lubricant Standardization and Approval Committee.
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Technology drivers

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 NO, g/kW-h CO HC NO,  Particulates
(a) European emission regulation

2000 23 02 0.15 2000 2.1 0.66 5.0 0.1

2005 1.0 0.1 0.08 2005 1.5 0.46 35 0.02
2008 ? ? ? 2008 1.5 0.46 2.0 0.02

(b) US emission regulation

Tier 0 (1987) 34 025 1.0 2000 20.8 1.7 5.4 0.13
Tier 1 — 1994-1997 34 041 0.4 2005 20.8 0.7 34 0.13
Tier 2 — 2004/2009 34 0.07* 0.07 2008 ? 0.2 0.3 0.01

2 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

— Risk of increased wear

Lower P — Improved catalyst
performance
— Reduced emissions
— Higher wear
Lower S — Reduced EP performance

— Reduced SO,

— Improved fuel economy

— Improved antiwear
technology

— Durable surface
development

— Novel zero P additives
and low to zero S
technology

— Alternative additives to
deliver effective wear
protection




76 Wear — Materials, Mechanisms and Practice

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 Iubricant
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:

e the nature of the film (chemical, physical and mechanical properties);
e kinetics of formation; and
e 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 eral. [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.
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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
IH 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),] 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 mixt