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Preface

It has been a decade since the first edition of this book was published. During that period
important changes in the field of tribology have occurred. As a consultant I have also
gained additional tribological experience in a wide range of industrial applications. It was
thus decided to develop a second edition with the goal of incorporating this new informa-
tion and additional experience into a more useful and current book, as well as clarifying
and enhancing the original material. The purpose and perspectives of the first edition were
to be maintained, namely, “to provide a general understanding . . .  for the practicing engi-
neer and designer [and an] engineering perspective . . .”.  As rewriting progressed it
became clear that the greatly expanded text would develop into a much larger volume than
the first. We therefore decided to divide the material into two volumes, while keeping the
basic format and style. Essentially the first two parts of the original edition on the funda-
mentals of wear and wear testing are combined into a single volume, Mechanical Wear
Fundamentals and Testing (Marcel Dekker, 2004). The remaining two parts of the first
edition, which focus on design approaches to wear and the resolution of wear problems,
are the basis for this second volume, Engineering Design for Wear.

While a good deal of background material is the same as in the first edition, sig-
nificant changes have been made. The most pervasive is the use of a new way of clas-
sifying wear mechanisms, which I have found to be useful in formulating approaches
to industrial wear situations. As a result, Part A, Fundamentals, has been reorganized
and rewritten to accommodate this new classification and to include additional materi-
al on wear mechanisms. Additional wear tests are described in Part B, Testing, which
has been expanded to include friction tests. These first two parts are discussed in
Mechanical Wear Fundamentals and Testing. Part A, Design, of Engineering Design
for Wear has been modified by expanding several sections, as well as adding a section
on a design methodology, design triage, that has been found to be useful. Among the
expanded treatments is the consideration of material aspects and the treatment of
rolling bearing wear and rolling wear, as well as impact wear. An additional case study
has been added to the Problem Solving section, Part B, which illustrates the use of ana-
lytical modeling for resolving wear problems. Additional appendixes have been added,
providing further information for use in engineering situations. These additional
appendixes include tables on threshold stress for galling and sliding wear relationships
for different contact situations. A glossary of wear mechanisms has also been added.

This book demonstrates the feasibility of designing for wear and using analytical
approaches to describe wear in engineering situations, based on my experience over the
last 40 years.

Raymond G. Bayer

v
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1

1
Design Perspective of
Wear Behavior

1.1. INTRODUCTION

General wear behavior was treated in Part A of Mechanical Wear Fundamentals and
Testing: Second Edition, Revised and Expanded (MWFT2E); however, the focus of that
treatment was primarily on wear mechanisms and wear phenomena. While such a focus
provides an overview of wear and its complexity that is generally quite valuable to the
designer, it is an approach that is more in line with the perspective and concerns of the
physical scientist and materials engineer rather than those of the designer. The scientist
is directly concerned with the identification and understanding of the mechanisms
involved. The materials engineer or scientist is concerned with the relationship of mate-
rial properties to these mechanisms, so that materials can be selected and developed to
resist these mechanisms. On the other hand, the designer tends to view the wear situa-
tion in terms of operational parameters and has the goal to select or develop a design that
has the desired wear life. Consequently, a treatment of wear behavior in terms of oper-
ational parameters would be more directly useful to the designer. This can be developed
by considering the relationships of three major operational aspects to wear behavior,
namely: the nature of the contact; the type of motion associated with the contact; and the
environment surrounding the contact.

In terms of the nature of the contact, it is useful to consider two broad categories. One is
two-body contact, such as between gear teeth, a ball and a race in a ball bearing, a cam and a
follower, a magnetic tape and a recording head, etc.; in short, this category covers the contact
between two solid bodies. The other general category is a single body in contact with a fluid or
stream of particles. The contact situation associated with a ship propeller and water would be
an example of this category. Other examples of this type of contact are an air frame moving
through a rain or dust field and the interior of pipelines involved in the transmission of fluids or
slurries. It is also useful to identify and define several broad categories of motion that can be
associated with these two types of contact. For the two-body contact situation, there are rolling,
sliding, and impact motions. For the contact between a fluid and a single body, typical categories
are cavitating or non-cavitating flow, streamline or turbulent flow, and high angle or low angle
particle impingement. There are several major environmental categories, which are useful to
consider for general design purposes. Among these are environments with and without hard
particles (abrasive and non-abrasive environments), lubricated and non-lubricated environ-
ments, and hostile or non-hostile ambient environments. The last category would
include temperature as well as gaseous elements.

Copyright © 2004 Marcel Dekker, Inc.



Before considering wear behavior in terms of these categories, it is worthwhile to
consider some of the more general aspects of wear behavior in relationship to design and
design practices. Design approaches to wear must recognize the following characteris-
tics of wear:

1. Wear is a system property, not a material property.
2. Materials can wear by a variety of mechanisms and combinations of mech-
anisms, depending on the tribosystem in which it is used.
3. Wear behavior is frequently nonlinear.
4. Transitions can occur in wear behavior as a function of a wide variety of
parameters.

As will be shown, the complexity of this situation can be reduced to a significant
degree by categorizing wear situations according to operational characteristics.

1.2. SYSTEM NATURE OF WEAR

Wear is not a material property nor is it a unique physical mechanism. It is best thought of
as a system response. Materials can wear by a variety of mechanisms and material prop-
erties and operational parameters jointly influence wear behavior. This general nature of
wear is significant to the designer, as can be seen in the following considerations of some
design practices.

A common and useful practice in design is to study the performance of an existing
design and to look for correlation between various performance elements and design param-
eters. As will be brought out in this section on wear design and in the following one on prob-
lem solving, such an activity is a very valuable one for wear performance. However, the cor-
relations sought and the considerations that must go along with the development of these cor-
relations must take into account the nature of wear behavior and wear phenomena. This point
can be illustrated by considering two errors frequently made in design situations. One is to
attempt to use device wear performance to establish an intrinsic wear resistance or relative
wear resistance for a material. The tendency in this case is to think of a material as a good or
bad wearing material, in general, or as being a better or poorer wearing material than anoth-
er, again in general. This violates one of the fundamental aspects of wear, namely that wear
is a system property and not a material property. Consequently, rankings or assessments that
can be made are relative to the conditions of that application. For different conditions, the
wear performance of a material can change and different rankings can result. The second
error is to use the wear behavior of a material observed in an application to infer a universal
mode of wear for either that material or that situation. This second error is similar to the first
in that it violates a fundamental aspect of wear behavior. Namely, materials can wear by sev-
eral mechanisms, which are dependent not only on material properties but also on conditions
surrounding the contact (i.e., the overall wear situation).

There is another general characteristic of wear that is significant in
design. In development engineering or design, there is frequently the need to
extrapolate performance characteristics of an existing mechanism from one
application to another. In the case of wear, this might be the extension of a
design to a higher load situation, faster speed, a different environment, or dif-
ferent life requirements. Particularly, with the latter, there is a tendency to
assume a linear relationship for such extrapolations. However, because of the
transitions in wear behavior that are possible and the complex nature of wear
phenomena, such relationships are frequently nonlinear and can vary with the

2 Chapter 1
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Design Perspective of Wear Behavior 3

wear situation or system. Therefore, it is not possible to identify a universal relationship
or set of relationships that can be used for all cases. To the designer, this means that
without the existence of supporting data such extrapolations can be erroneous and arbi-
trary. However, with the proper consideration of the tribosystem and supportive data,
appropriate relationships can be selected and used to provide these types of extrapola-
tions. Approaches of this type will be presented later in the section on design.

1.3. BASIC MECHANISMS OF WEAR

Several general mechanisms for wear were discussed in Part A of MWFT2E and were
grouped into seven major categories: adhesive wear, single-cycle deformation wear, repeat-
ed-cycle deformation wear, oxidative wear, tribofilm wear, thermal wear, and abrasive wear.
In design, a simplistic view of these basic categories for wear mechanisms is quite often use-
ful and can aid in the identification of significant parameters and in the selection and formu-
lation of engineering models for wear. Fundamental to adhesive wear is bonding between the
two surfaces at the points of real contact. Consequently, surface properties of materials, clean-
liness of the surfaces, and other parameters related to adhesion become significant for this
mode of wear. Lubrication is a prime way of inhibiting this type of wear.

Single-cycle deformation wear is the result of a harder object deforming, cutting, or
fracturing as a result of relative motion. A single engagement is all that is required for this
type of wear. With this type of wear, the concern is with the presence of hard particles and
sharp profiles. Consequently, shape, hardness, surface roughness, and number of particles
are significant to wear behavior, as well as the mechanical properties of the material being
worn. Lubrication has little effect on this type of wear and may increase wear under cer-
tain conditions.

Repeated-cycle deformation wear results from the accumulation of deformation as a
result of repeated contact. This accumulation of deformation, caused by repeated cycles of
stress and strain, lead to the formation and propagation of cracks. As discussed in Sec. 3.4
of MWFT2E, there are a number of different mechanisms of this type, for example, sur-
face fatigue, delamination, and ratcheting. However, for engineering purposes, it is useful
and generally sufficient to think of these as simply as fatigue or fatigue-like wear process-
es. Such processes can occur on a macro- or micro-scale in two-body contact situations,
with particles in abrasive wear situations, and in one-body wear situations with particles
and fluid flow. Mechanical properties of the wearing material and stress levels are primary
factors in this mode. Since lubrication can reduce shear on the surface, it can reduce fatigue
wear, however, it is usually more significant in terms of adhesive wear.

These three mechanisms, adhesion, single-cycle deformation, and repeated-cycle
deformation (fatigue), directly result in material loss from a surface or deformation of a
surface. Oxidative, tribofilm, and thermal wear processes are different. Oxidation, tri-
bofilm formation, and thermal effects do not directly lead to material loss or damage.
Oxidative, tribofilm, and thermal wear involve a combination of these effects with one of
the other three mechanical wear processes, which do directly result in loss of material
from a surface. A useful way of thinking about oxidative, tribofilm, and thermal wear
mechanisms is as modifiers of the mechanical wear processes. It is also important to rec-
ognize that oxidation, tribofilm, and thermal processes can indirectly affect wear through
their effect on friction, since wear processes can be sensitive to surface shear and traction.

With oxidative wear, the chemical reactivity of the surface is important, as well as
the chemical environment and temperature of the application. Lubrication can be very 
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significant with relationship to oxidative wear, particularly if the lubricant contains sur-
face-active elements which result in the formation of oxide layers. There are two other
ways a lubricant can influence oxidative wear; it can provide a barrier to chemical attack
from the environment and it can reduce surface temperatures by reducing friction and
conducting heat away from the contact. Break-in or run-in can be an important factor in
terms of oxidative wear as well.

For transfer and third-body film formation such aspects as roughness, motion, geom-
etry, and composition (chemical aspects) are factors. The use of lubricant with material
pairs that rely on the formation of physical films for good wear behavior can result in
increased, rather than decreased wear. This is particularly true in the case of many situa-
tions involving the use of self-lubricating plastics, where good wear behavior is frequent-
ly associated with the formation of transfer films. As with oxidative wear, break-in can be
an important factor in terms of the formation of these physical films and tribofilm wear.

The thermal properties of the materials, frictional heating, conduction of heat away
from the interface, and the thermal characteristics of the materials affect thermal wear
processes.

While abrasion is wear caused by hard particles or protuberances, it is generally
only significant in situations that involve hard particles, either loose or attached to a
surface. The size, shape, hardness, and number of particles are significant parameters
in this type of wear, as well as their friability. When the wearing surfaces are softer than
the particles, the dominant mechanisms for wear are single-cycle deformation process-
es, e.g., cutting and plowing. When the surface is harder, repeated-cycle deformation
processes become dominant. In either case, oxidative wear processes can be involved
and be significant, particularly in situations where there are liquids or hostile gaseous
environments involved.

It is important in design to recognize that the composition and make-up of wear sur-
faces, as well as mechanical properties, can change during the wear process because of the
formation of oxide and transfer films and work or strain hardening effects. As a result, the
properties of those surfaces may be unique to the wear situation and may be significantly
different than those of the original materials. It is also important to recognize that in most
wear situations, it is possible and likely that more than one of the mechanisms may be pres-
ent. As was discussed in Part A of MWFT2E these mechanisms can interact and combine,
but one will frequently predominate as the controlling factor. The dominant mechanism can
vary with different tribosystems.

The mildest forms of wear tend to be associated with repeated-cycle deformation
mechanisms, either by themselves or in conjunction with tribofilm and oxidative wear
mechanisms. (See Figure 4.14 in MWFT2E.) Repeated-cycle deformation mechanisms
are generally the dominant wear mechanism associated with long-term behavior. Adhesion
and single-cycle deformation mechanisms tend to be significant in initial wear behavior
and can be much more severe than repeated-cycle deformation mechanisms. Abrasive
wear can be the dominant form of wear, when there are sufficient particles present, and can
be more severe than adhesive wear. The effect of single-cycle deformation wear can be
eliminated and reduced in most cases by using smooth surfaces, appropriate shapes (e.g.
well-rounded corners and edges), and keeping abrasive particles out of the wear zone.
Similarly, the effects of adhesive wear can be minimized principally by the use of lubrica-
tion and also by the appropriate choice of materials. In general, it is desirable to select
design parameters, which reduce the tendency toward the potentially more severe forms of
wear, that is, adhesive, single-cycle deformation, thermal, and adhesive mechanisms, as
well as the more severe forms of repeated-cycle deformation mechanisms.

4 Chapter 1
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Design Perspective of Wear Behavior 5

1.4. MILD AND SEVERE WEAR BEHAVIOR

Among the many types of transitions that can occur in wear behavior, the transition from
mild to severe wear is of singular importance in design. In order to achieve the lifetimes or
reliability desired for most devices or machines, wear behavior must be in the mild regime.
Wear rates associated with severe wear behavior generally are too high to provide long
component life and low maintenance. In certain applications, severe wear behavior cannot
be avoided, such as in ore processing or earth moving equipment. In these cases, routine
maintenance is high.

Generally speaking, all materials can and do undergo transitions from mild to
severe wear. Such transitions can occur for a variety of reasons. For example, many plas-
tics undergo a transition from mild to severe wear as a function of sliding speed or the
combination of sliding speed and pressure (1). This is associated with temperature
increases at the interface that occurs with higher speeds and pressures. Ametal in an abra-
sive wear situation might experience a transition as a function of the size and hardness of
the abrasives encountered. If the abrasives are fine and are softer than the metal, polish-
ing will occur; if coarser and harder than the metal, then a coarse, rough wear scar with
many grooves will result (2,3). Changes in the angle of impingement of a fluid or slurry
stream can also result in a transition from mild to severe wear, as can the introduction of
slip in a rolling situation or sliding in an impact situation. An example of the latter is that
of wear behavior of elastomers under nominal impact conditions. If there is little or no
sliding associated with the impact, wear behavior can be mild. However, with the intro-
duction of sliding or slip, wear rates increase dramatically and severe wear occurs (4).
Also in impact situations, an over-stressed condition can occur for elastomers. At impact
conditions below a critical stress, wear behavior is mild; while above the critical level
(over-stressed), it is severe (5). From these examples it can be seen that the transition
from mild to severe behavior for materials can involve any or all of the elements involved
in a tribosystem, involving not only the chemical and physical elements, but also the
mechanical elements as well.

During the development and the evaluation of a design, it is important to recognize
the possibility of such transitions. From a design standpoint, it is obvious that it is desir-
able to select designs and design parameters that foster mild wear behavior and avoid
those elements which tend to result in severe wear behavior. Consequently, an awareness
of those elements, which control mild–severe wear transitions in an application, is
important. These elements are addressed further in the sections on operational categories
of tribosystems (1.5–1.7) and materials (1.8). Also, it should be kept in mind that while
severe wear behavior is generally unacceptable, there is generally a considerable range
for wear rates in the mild wear regime. As a result, simply insuring that mild wear behav-
ior occurs is generally not adequate to insure adequate life. Because of the desirability to
have long life with low maintenance, the designer is generally more concerned with the
characteristics of mild wear behavior than severe wear behavior.

1.5. OPERATIONAL CATEGORIES OF TRIBOSYSTEMS

Since the designer can usually describe the tribosystem in terms of operational parameters,
it would be useful to correlate wear mechanisms with these operational parameters. In this
way the designer can understand the relationship of physical and material parameters with
his design parameters and their influences on performance. Unfortunately, a general
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6 Chapter 1

correlation to specific mechanisms cannot be done at the present time; however, some
general trends can be developed that relate broad categories of tribosystems and gener-
ic wear mechanisms. While there can be exceptions to such trends, they do provide use-
ful information and guidance in design. One useful way of relating general trends of
wear behavior to operational characteristics of tribosystems is shown in Table 1.1. This
scheme is based on three major attributes of the tribosystem, which were identified pre-
viously, namely the nature of the wear interface, the type of motion at that interface, and
environment of that interface.

Two general types of wear interfaces are considered in this approach; one is an
interface involving two solid surfaces, two-body, and the second involves a single solid
surface interacting with a fluid or particle stream, one-body. For the two-body contact,
three major types of relative motion are identified, rolling, impact, and sliding, along with
some significant sub-categories. In the case of one-body contact, two major categories,
impingement and flow, along with some sub-categories, replace these. The environment
is broken down into lubricated or not, with and without particles, and normal and hostile
ambient conditions. These operational characteristics are then related to the generic wear
categories of abrasion and adhesive, single-cycle deformation, repeated-cycle deforma-
tion (fatigue), oxidative, tribofilm, and thermal wear mechanisms.

There are some general aspects that need to be considered in relationship to Table 1.1.
One of these is associated with the fact that different areas of or locations on a component may
have different operational parameters associated with their wear. For example, at the pitch line
of a gear tooth the motion may be pure rolling, while at the tip, it is mostly sliding. Similarly
in a pump, different regions might be characterized as wearing by impingement and others by
flow across the surface. Consequently, Table 1.1. should be interpreted in terms of individual
wear points or sites rather than in terms of a part or device. A second aspect is that the mech-
anisms identified are the most common ones not necessarily the only ones than may occur in
these situations. For example, cutting tool wear, which can be considered sliding wear situa-
tion, can involve atomic wear processes (diffusion) in addition to those indicated in the table.
Finally, chemically and physically formed layers may occur and frequently do when a lubri-
cant is used. Such effects are considered as part of the lubrication processes, not as oxidative
or tribofilm wear.

1.6. TWO-BODY TRIBOSYSTEMS

While all major categories of wear mechanisms can occur with two-body tribosystems, the
nature of the relative motion between the surfaces, as well as the presence or absence of
particles at the interface, is important in terms of their relative significance to long-term
wear behavior. (See Chapter 3 of MWFT2E). In the case of pure rolling and impact,
repeated-cycle deformation, or more specifically, fatigue is the predominant mechanism.
While with sliding, repeated-cycle deformation mechanisms, like fatigue and other
fatigue-like mechanisms, and adhesive wear mechanisms are likely. Single-cycle defor-
mation can also be significant and even dominate the wear behavior in these situations.
However, their significance in typical engineering situations is typically limited to initial
wear behavior and can be minimized and eliminated by the selection of appropriate shapes
and roughness conditions. Under mild sliding conditions in such situations, repeated-cycle
deformation tends to predominate; under severe conditions, adhesion predominates. With
sliding or rolling, the presence of hard particles at the interface can introduce abrasive
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mechanisms as well. Depending on the amount, sharpness, and size of these particles,
their wearing action can predominate and mask the adhesive and repeated-cycle defor-
mation wear behavior. This is more likely to occur as the number, sharpness, and size of
the particles increase.

Of these three general types of motions, rolling, sliding, and impact, rolling gener-
ally produces the mildest wear condition. Furthermore, in rolling and impact conditions,
wear rates are generally lowest when sliding is not present. As the degree of sliding or the
amount of slip increases in these contacts, wear rates increase and sliding effects begin to
dominate the wear behavior. In both rolling and impact stress levels are important, with
wear tending to increase with increasing stress levels. When stress levels exceed the elas-
tic limits of the materials involved, abrupt and significant changes in wear behavior can
occur. To achieve long lives under rolling and impact conditions (e.g., > 106 cycles), it is
desirable to keep the stress levels to a fraction of the yield stress. With both impact and
rolling situations, it is important to recognize the significance of alignment and dimen-
sional tolerance in wear behavior. These elements can not only influence stress levels, but
can also introduce slip or sliding into the contact situation as well.

Under sliding conditions, it is useful to identify three situations: unidirectional, large
amplitude cyclic, and small amplitude cyclic sliding. Small amplitude sliding occurs
when the amplitude of the motion is comparable to or less than the contact width in the
direction of motion. Large amplitude sliding is when the amplitude is larger than that
width. Unidirectional and large amplitude slidings are similar. Without the presence of
particles at the interface and for typical roughnesses used in engineering applications, the
major mechanisms are repeated-cycle deformation and adhesion. Repeated-cycle defor-
mation generally predominates for mild conditions, but the effect of adhesion cannot be
ignored even under those conditions. Under severe conditions (e.g., high stress and unlu-
bricated), adhesion can predominate. When particles are present, abrasion can also occur
and predominate, depending on the size, shape, and hardness of the particles.

In sliding wear situations, transitions between mild and severe wear occur and gen-
erally are associated with elements such as surface temperature, formation of transfer and
third-body films, oxide formation, and stress level. In sliding situations, temperature rise
and film formation can be affected by the relative size of surfaces and the nature of the con-
tact (e.g., point, line, or area contact), speed, load, and material properties. Low and accept-
able wear rates generally require that the maximum shear stress be a small fraction of the
yield shear stress. Lubrication is a significant factor in the reduction of sliding wear.

Small amplitude sliding is frequently referred to as fretting. Fretting typically occurs
as a result of induced vibrations and is usually not an intentional motion. Initially, the pre-
dominant wear mechanisms are similar to those occurring in the other two categories of
sliding. With fretting, however, wear debris, generated by these mechanisms, can be
trapped in the contact zone and lead to catastrophic abrasive wear.

As mentioned previously, the severity of the wear tends to increase with increasing
contact stress in two-body wear situations. Consequently, it is generally desirable to select
sizes and geometries, so that contact stresses are significantly below the yield stresses of
the materials involved. Under sliding conditions, repeated-cycle deformation mechanisms
tend to become more dominant as stress levels decrease. While this is the case, adhesive
aspects are significant in the low stress range and cannot be ignored. Generally, the selec-
tion of material pairs which exhibit lower tendency towards adhesion, reduction of stress,
and the use of a lubricant are ways to minimize adhesive wear and its significance.
Frequently, different wear behavior is observed for conditions in which the elastic limits of
the materials are not exceeded as compared to those in which they are. In the latter case,
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wear tends to be more severe and service lives tend to be shorter. It is not unusual to
observe a mild-severe wear transition when stresses exceed the elastic range.

When lubricants are used, complete separation of the surface can result under slid-
ing (e.g., hydrodynamic lubrication). Adhesion is eliminated under those circumstances
and any wear that occurs is likely to be associated with the presence of particles in the
lubricant. In some cases, complete separation may not occur and occasional asperity con-
tact results. Under those conditions, adhesive, single-cycle deformation and, more like-
ly, repeated-cycle deformation might take place as well. Smooth surfaces are desirable to
minimize asperity contacts and reduce the contributions of these mechanisms. Also,
while hydrodynamic lubrication can occur under high stresses and loads conditions, such
conditions tend to decrease the likelihood of complete separation, especially when the
design is not specifically formulated for this type of lubrication.

In any of the wear situations considered, particles in the interface can trigger abra-
sive wear mechanisms. If the particles are sharp and hard (relative to the wearing sur-
face), the primary mechanisms are cutting and plowing. If blunt or soft, the primary
mechanism is likely to be fatigue or fatigue-like, involving progressive deformation and
damage. As particle size becomes smaller, fatigue or progressive deformation becomes
the more likely mechanism, with worn surfaces taking on a polished appearance. Wear
rates associated with cutting and plowing are generally more severe than with repeated-
cycle deformation mechanisms.

1.7. ONE-BODY TRIBOSYSTEMS

In one-body tribosystems, particles can also be associated with both single-cycle and
repeated-cycle wear mechanisms. In this case, however, material properties and particle
properties and speed are not the only factors that influence the selection of the predomi-
nant mode. Angle of attack or impingement is a factor as well. With a low angle of
impingement (i.e., grazing), abrasion mechanisms tend to become more predominant, but
as the angle increases, repeated-cycle deformation becomes more significant.

Without particles, wear in one-body tribosystems is generally limited to fatigue
mechanisms and are strongly dependent on the nature of fluid flow or impingement.
Pressure pulses produced by a fluid stream or droplets impinging on a surface can stim-
ulate fatigue wear mechanisms. Under turbulent flow, cavitation is another source for
fatigue. All three of these situations can result in significant wear. On the other hand, with
streamline flow without the presence of particles, wear is generally negligible. Under any
of these conditions involving a fluid, corrosion and corrosion effects can be significant
and may be the predominant factors in achieving life or selecting a design. With corro-
sion of a surface, even streamline flow can produce wear by removing loose oxide from
the surface. There can be a synergistic effect between wear and corrosion. Corrosion rate
can change (increase or decrease) in the presence of wear. Wear rates can be affected by
corrosion (6–8).

1.8. MATERIALS AND WEAR BEHAVIOR

Wear behavior of a material is complex, involving chemical, thermal, mechanical, and
physical properties of materials and the interaction of pairs of materials. While models
exist for the effect of some of these individual parameters, they generally do not take into
account the effect of other material parameters and are limited to specific wear situations.
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As a result, it is generally more useful in engineering to simply be aware of the range of
parameters that can affect wear behavior and to identify general trends with typical engi-
neering material parameters and types of materials. Useful trends with hardness, tough-
ness, ductility, modulus, and strength properties can be identified and are important in
design. However, the use of these trends has to include other considerations, since mate-
rials tend to differ in more than one property. Similarly, general trends for seven materi-
al categories, metals, plastics, ceramics, elastomers, coatings, composites, and specialty
wear materials, can also be identified and are significant to design.

However, before considering these categories, it is worthwhile to make some
overall observations regarding wear behavior of materials. One is that superior wear
performance of a material may be the result of the material being able to maintain mod-
erate wear performance under adverse conditions, rather than the result of “intrinsic”
superior wear resistance. This is often the case with materials used in applications asso-
ciated with high speeds, temperatures, and hostile environments. In such cases, the bet-
ter performing materials may have similar or even poorer performance under less
demanding conditions than other materials. This concept is illustrated in Fig. 1.1. In
these cases, the poorer performers under severe conditions often undergo a transition
from mild to severe wear at some point. Such transitions often can be associated with
such things as the glass transition temperatures, oxidation rates, or strain rate effects.
This type of behavior is significant from two standpoints. The first is that exotic or cost-
ly materials used in special applications may offer no advantage in more typical (i.e.,
less demanding) applications. The second is that the designer has to be sensitive to the
basic stability of materials. If a material is used at or near conditions under which some
of its properties significantly degrade, it is likely that wear behavior will undergo a
transition from mild to severe wear as well. A corollary of this is that a fundamental
rule for selecting a material for a wear application is that it maintains its properties or
is stable in the operating environment. If it does not, wear is generally severe.

Another observation regarding wear behavior that is useful in design is that mate-
rials have a region of mild wear behavior. This means that acceptable wear behavior
can be achieved by adjusting and controlling the parameters of the tribosystem. This
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Figure 1.1 Illustration of the significance of transitions in wear behavior on material comparisons.
In this case, material A undergoes a mild to severe wear transition at temperature T*, while material
B does not. Ranking of the two materials would be reversed in tests conducted in environments
above and below this temperature.
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perspective is useful in those design situations, where it is necessary or desirable to use
a certain type of or a specific material for reasons other than wear. The problem in this
case is to identify the range of parameters needed to insure the required wear behavior
and then to implement them in the design. For example, such considerations might result
in specifying lubrication, cooling, or a particular geometry. An exaggeration of this con-
cept is that any material can be used, provided there is enough freedom to establish the
appropriate values for the various tribosystem parameters. In practice, this means that
modifications of the tribosystem, in addition to material selection, can and should be
considered in design.

The most general trend associated with mechanical parameters of materials is the one
with hardness. Wear tends to decrease with increasing hardness. Most mechanism models
show an inverse relationship between wear and hardness. Generally, there are two reasons
for this. One is an inverse relationship between the real area of contact and hardness. The
other is the relationship between hardness and some strength parameter of the material,
such as yield stress. However, this trend can be masked by the effect of other material
parameters. This is particularly true when there are significant differences, other than hard-
ness, between materials, such as those that occur between classes or types of materials.
Figure 1.2 illustrates the effect that other material parameters can have in this trend. Such
effects can often mask the effect of a factor of 2 or more change in indentation hardness.

A similar trend exists between a stress ratio, that is, the ratio of shear stress to shear
yield stress, and wear. For impact and rolling situation with no slip or traction involved, this
ratio may be replaced by the ratio of contact pressure to compression yield stress. Wear and
wear rates tend to decrease with decreasing values of this ratio. Experience indicates that
if these ratios exceed 1, wear is typically severe and wear rates generally too large for most
applications. Experience also indicates that acceptable behavior in rolling and impact situ-
ations generally require that this ratio be between 0.5 and 1. For sliding, this ratio general-
ly has to be smaller than this, often of the order a few tenths or less. Higher values of these
ratios are acceptable where more wear can be tolerated or required life is shorter.
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Figure 1.2 Wear rate as a function of hardness for pure metals in a pin-on-disk test at a load of 2
N. (From Ref. 31, reprinted with permission from The McGraw-Hill Companies.)
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Ductility (brittleness), toughness, and modulus can also affect wear behavior.
Significant trends with these tend to be observed in situations involving impact and sin-
gle-cycle deformation mechanisms. Ductile and tough materials tend to experience less
wear in these situations than brittle materials. For single-cycle deformation mechanisms
in abrasive wear situations, wear tends to decrease with increasing modulus. However, for
rolling, impact, and sliding situations increased modulus tends to increase wear as a result
of its effect on contact stresses. Contact stresses increase with increasing modulus. As with
hardness and the stress ratio these trends can often be masked by the effect of changes in
other material properties. It is significant to note that in most wear situations, significant
plastic deformation and flow are found to occur. This is also found with brittle material
and is attributed to the hydrostatic compression that occurs in these contact situations.

The combined effect of material parameters on wear resistance can be found in
tables of wear factors and other wear coefficients for generic wear situations. Examples
of these are Appendices II, III, and V. Trends observed in these data can be used as a guide
in selecting materials. With such data, it is often possible to identify individual materials,
materials types, or pairs of materials that tend to perform poorer than most. The use of the
poorer performers should be avoided. However, as stated previously, it is sometimes pos-
sible to use any material by adjusting various design parameters. Consequently, adequate
wear performance with these materials may be obtainable in some applications. The term
incompatible is sometimes applied to material pairs that tend to exhibit poorer wear resist-
ance than other materials of similar hardness. Such behavior is often associated with
adhesive mechanisms

Wear resistance of metals tends to improve with increasing hardness. However, this
is a very crude generality and other factors can significantly modify the performance of
metals. For example, the scatter bands in terms of wear resistance that are associated with
a hardness trend can be quite large (e.g., from a factor of 2 to an order of magnitude or
more). This is illustrated in Fig. 1.3. One of the major contributors to this scatter in unlu-
bricated situations is the nature of the oxide films that form. Changes in the type of oxide
formed, its thickness, and uniformity can affect wear behavior, as well as friction. These
properties can affect single-cycle deformation wear and repeated-cycle deformation
wear. In addition, in sliding situations, these films can affect the degree of adhesion
between surfaces, i.e., adhesive wear behavior. The tendency of the metal itself to form
and propagate cracks (i.e., its ductility or toughness) can also be another contributor to
these scatter bands. This frequently is a significant factor for situations involving impact,
high stresses, or high thermal gradients. With metals, transitions in wear behavior fre-
quently can be associated with changes in the oxide films that are formed or with the
transition from elastic to plastic contact conditions.

Lubrication is a major factor in the wear behavior of metals. With sliding, the use of
any lubricant typically results in at least one to two orders of magnitude improvement in
wear behavior over that experienced unlubricated. The use of selected lubricants can result
in several orders of magnitude improvement. In addition to this reduction in wear, the use
of a lubricant frequently results in more stable and consistent wear behavior. The use of
mixed or boundary lubrication is generally associated with a reduction in adhesive wear
and adhesion phenomena, possibly with the formation of oxide or other layers on the sur-
face of the metals. While it is not impossible to achieve acceptable metal-to-metal wear
behavior without the use of lubricant, the use of a lubricant is generally recommended for
sliding conditions. A lubricant is frequently beneficial for nominal impact and rolling situ-
ations as well. However, the improvement is generally not as great and depends on the
amount of sliding or slip that is associated with these types of contacts.
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Figure 1.3 Examples of hardness trends in wear behavior. “A” shows the improvement in wear
resistance of pearlite and pearlite / ferrite steel pins in an unlubricated pin-on-disk test. “B” shows
the general trend and scatter in relative wear of a number of metal couples for unlubricated sliding.
(“A” from Ref. 21; “B” from Ref. 22.)
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For low bearing or contact pressures (e.g., in the range of 10 kpsi or less) Cu alloys,
cast irons, and mild steels frequently provide good wear behavior. In most cases, the
practical use of aluminum as a wear surface requires anodization on that surface.
However, with lubrication and low contact pressure, aluminum alloys can also provide
adequate wear resistance without anodization. For higher pressures, hardened steels are
generally required for adequate wear behavior. Particularly for adverse conditions the use
of high alloy and specialty steels, which maintain good properties under those condi-
tions, might be required. Precipitation hardening and martensitic stainless steels (400
series) often provide good wear resistance. However, the wear performance of the
austenitic stainless steel (300 series) is generally poor. There is a strong tendency towards
galling for both the 300 series stainless steels and aluminum alloys.

Work hardening, associated with wear, can occur with some metals and be a sig-
nificant factor in long-term behavior. When this occurs, the long-term wear rate can gen-
erally be correlated to the increased hardness, not the initial hardness of the metal.
Finally, it is worthwhile to note that many of the softer metals (e.g., lead, silver, and gold)
are used as lubricants for harder metal surfaces; these metals tend to form transfer films
on the surface of the rubbing members.

As a class, ceramics and carbides tend to be harder than most steels and tend to
retain their hardness at elevated temperatures. Because of the general trend for wear
resistance to increase with increasing hardness, ceramics and carbides can provide
improved wear resistance over hardened steels in many cases. This is particularly true for
those situations where steels tend to degrade because of elevated temperatures. However,
because of the complexities of wear, it is possible for steels and other materials to pro-
vide better wear resistance in many cases as well. Figure 1.4 shows examples of this rel-
ative behavior. There are several reasons usually cited for this. One is that ceramics and
carbides tend to be brittle and this brittleness can result in reduced wear resistance in
some applications. At the same time, it must be noted that these materials often exhibit
ductile behavior in many wear situations because of the stress fields that are produced in
the contact (9). Another aspect is that many of the engineering carbides are composite
materials in which the carbides are contained in a more ductile matrix. For example, most
tungsten carbide (WC) tools contain WC particles in a Co matrix or binder. In this case,
the wear behavior is a function of both materials and their relative mixture (e.g., per-
centage of the carbide to binder and size of the carbide particles) (10). Because of this
sensitivity to both sets of properties, as well as to those of the mixture, a wide range of
wear behavior is possible with carbide composites.

The environment has been found to be a major factor in the wear behavior of ceram-
ics. For example, wear resistance of alumina has been found to be sensitive to the amount
of moisture and oxygen present gases (11). Adhesive wear behavior and the formation of
tribofilms are also factors associated with the wear of and by these materials. As with met-
als, the wear behavior of ceramics and carbides can often be improved with the use of
lubricants (12). However, in many of the situations, where these materials are used, lubri-
cation might not be possible because of the properties of conventional lubricants. For
example, in applications associated with high temperatures, the use of oils might not be
possible because of the degradation of oils.

Since ceramics and carbides are often significantly harder than the surface they con-
tact, surface roughness can be a major factor in the overall wear of the tribosystem. The
surfaces of the ceramic or the carbide should be smooth enough so that a severe single-
cycle deformation wear situation is not produced on the counterface. At the same time,
the designer must be sensitive to the surface preparation technique used, since the
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Figure 1.4 Examples of trends in wear resistance under abrasive conditions, “A”, and erosion con-
ditions, “B”. (From Ref. 21.)
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surface of these materials should be free of cracks or other types of damage that would
intensify brittle behavior (13).

A major factor in the good wear performance of many plastics is the formation of
beneficial tribofilms (i.e., transfer and third-body films). This is often the case when the
counterface is either a ceramic or a metal. For these materials, the use of a lubricant can
result in increased wear as a result of the lubricant’s adverse effect on the formation of such
films. Consequently, additional lubrication is generally not needed or desirable in these
cases. Because of this and the fact that couples involving plastics tend to have lower coef-
ficients of friction than most metal and ceramic couples, many plastics are often referred
to as self-lubricating materials. To enhance this self-lubricating behavior, additives, such as
PTFE, graphite, or MoS2 , are often added to a base polymer. These type of additives are
often combined with harder additives to form wear resistance grades of polymers. For
those wear situations in which a plastic does not form a beneficial tribofilm, wear per-
formance can generally be improved by the use of a lubricant. However, since the surface
energy of plastics is generally lower than metals or ceramics, the magnitude of the
improvement is frequently not as large as those obtained in tribosystems where a plastic is
not used.

Because of the low hardness or strength of plastics, their applications in
wear situations are generally confined to those situations in which the bearing
or contact pressure is low. To enhance the load carrying capacity of basic poly-
mers, fillers, such as glass and carbon fibers and glass particles, are often
added to provide bearing or wear-resistant grades. Without such additives, the
useful (i.e., mild) wear range of some thermoplastics are limited to a few kpsi
or even lower. With the use of fillers in some of the better wearing thermo-
plastics, mild wear behavior can be extended up to the range of 10–15 kpsi. The
range tends to be slightly higher for thermosets. Plastics, both thermosets and
thermoplastics, undergo transitions in wear behavior as a function of tempera-
ture. At temperatures near the Tg (i.e., glass transition temperature), many plas-
tics exhibit a sharp transition from mild to severe wear. These transitions can
be associated with ambient or bulk temperatures, as well as with surface tem-
peratures resulting from frictional heating. For sliding, this type of transition is
often related to a critical sliding velocity above which severe wear occurs.
Because of this sensitivity to sliding speed and temperature, heat conduction
away from the wearing interface can be a significant factor in the wear per-
formance of systems in which polymers are used. In some cases, a transition
from severe to mild wear can be achieved by the use of a lubricant; the lubri-
cant improves the wear by conducting heat away from the contact. Similarly, a
plastic might be used at a higher speed when the counterface is a metal than
when it is a polymer, because of the better heat conduction provided by the
metal. Critical velocities for plastics can be affected by contact pressure.

Skin effects can also be a factor in the tribological behavior of systems involving
plastics. With molded plastics, there is frequently a skin layer on the surface of the part.
With filled plastics, this layer can have a different composition than the bulk of the plas-
tic. It can be filler or polymer rich, or, if several fillers are involved, the relative concen-
tration of the fillers can be different in the surface layer than the bulk. An example of the
effect that these layers can have on wear and friction behavior is shown in Fig. 1.5. In gen-
eral, there is a transition in wear behavior as this layer if worn off. In applications, which
are sensitive to small amounts of wear, the effects associated with these skin layers can
often be significant. For small amounts of allowed wear, the life of the skin layer is a
greater percentage of the total life, as is demonstrated by the data in Fig. 1.5. In addition
to this aspect, skin layers can also influence break-in behavior and have a long-term effect
on wear behavior, by affecting tribofilm formation.
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Since many of the bearing and antiwear grades of plastics utilize glass as
a filler material, it is frequently necessary to use a hard metal counterface to
avoid abrasion (single-cycle deformation) by exposed glass. Because of the
skin effect, the need for this may not be evident during the initial stages of
wear. This is because the glass is not exposed and only wear on the plastic is
evident during this phase. Once the surface of the plastic is sufficiently worn
so that the glass is exposed, wear on the counterface becomes evident. If the
counterface is not sufficiently hard, such as with an unhardened steel, the wear
of the counterface can predominate. To avoid this effect entirely, it is general-
ly sufficient to make the counterface harder than the glass fibers. In effect this
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Figure 1.5 The effect of a skin on the friction and wear of molded plastics. (From Ref. 23.)
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means that the counterface should have hardness in excess of Rc 60. However, lower
hardness surfaces may be adequate in some cases, but generally their hardness should be
greater than Rc 50. This scenario is illustrated in Fig. 1.6.

Toughness is the ability of a material to undergo deformation or strain and recover.
As a class, elastomers tend to have high toughness, along with a low modulus, as com-
pared to other materials. Typical stress-strain curves of different material classes are
shown in Fig. 1.7. It can be illustrated by this figure that elastomers are capable of with-
standing strains that are an order of magnitude or more higher than most other materials.
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Figure 1.6 Illustration of the effect of glass exposure on the sliding wear of a glass-filled plastic and
metal couples.

Figure 1.7 Comparative stress—strain behavior of material classes.
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This particular characteristic of elastomers is an important aspect in their ability to resist
wear. It allows them to out perform harder materials in certain situations, such as erosion
by solid particles and three-body abrasion. In these two situations, elastomers tend to trap
or hold the particles, rather than have them slide across the surface. In the case of erosion
this can result in the particle being held until it rebounds from the surface. In the case of
three-body abrasion, this behavior can result in sliding at the counterface, rather than at
the elastomer surface. It can also create a situation where the particle rolls or tumbles
across the elastomer surface. These situations are illustrated in Fig. 1.8. With all of these
mechanisms, a more severe sliding situation is avoided. These mechanisms can occur
with other materials and for the same reason (i.e., reduction of sliding at the surface) tend
to reduce wear in those cases, as well. This is illustrated by the general tendency for three-
body abrasive wear coefficient to be lower than two-body abrasive coefficients. However,
the effect is more pronounced with elastomers because of their low modulus and tough-
ness. Toughness is a factor with these mechanisms because there can be a high degree of
strain associated with some of these conditions. The high toughness of elastomers enables
them to withstand a higher degree of strain without severe damage than is possible with
the other classes of materials.
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Figure 1.8 Contact situations between abrasive particles and an elastomer (lower) surface. “A”,
erosion; “B” and “C”, three-body abrasion.
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The toughness of elastomers is also a factor in impact wear. Elastomers are often
used in impact situations. In these the elastomer tends to provide a softer impact than
stiffer materials. Fig. 1.9 compares the characteristics of an impact with an elastomer
and a metal. The peak force is lower and the duration of the pulse is longer with the elas-
tomer. The stress is also lower in the elastomer, but the strain is much higher than with
a stiffer material. Because of their high toughness, it is possible for elastomers to exhib-
it mild wear behavior under the high strain conditions associated with some impact sit-
uations. Because of their ability to provide a soft impact, elastomers are frequently used
as one member in two-body impact wear situations. The softer impact results in lower
stress in the other member of the contact, allowing materials with lower impact wear
resistance to be used.

Elastomers tend to have high coefficients of friction. Because of this, another com-
mon use of elastomers is in situations involving traction, such as in automobile tires,
rollers, and belts. As a result of their high coefficient of friction and low modulus, elas-
tomers in these applications tend to adhere to the counterface and deform rather than slip,
which is a more severe wear condition. This action is illustrated in Fig. 1.10. In these sit-
uations, high toughness is a desirable property because of the high strains that can result
from the shearing and deformation that occurs.

As with plastics, elastomers tend to undergo mild to severe wear transitions as a
function of temperature. With elastomers, three contributions to the surface temperature
need to be considered. One is the ambient temperature associated with the application.
The second is the frictional heating at the surface, which is a function of the sliding that
takes place at the surface. The third is hysteretic heating of the elastomer as a result of
cyclic strain both on and below the surface. The last can be a factor in sliding, impact, and
rolling modes, as well as in the traction mode described above. With increasing temper-
ature, elastomers soften and can degrade chemically (e.g., oxidation). As a result, a tran-
sition from mild to severe wear can occur with increasing speeds, higher repetition
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Figure 1.9 Comparative nature of the force pulses resulting from the impact between a metal and a
metal, “A”, and an elastomer, “B”.
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rates, higher ambient temperatures, and any other aspects which tend to increase surface
temperatures (4,5). Since the wear behavior of an elastomer is strongly related to their
toughness, a mild to severe wear transition can also occur with decreasing temperature.
This is because the elastomer toughness decreases and their modulus increases as the
temperature is lowered (14). At temperatures near and below their glass transition tem-
peratures, elastomers tend to exhibit less ductile more brittle behavior, which results in
more severe wear.

Effects other than temperature can result in a mild-severe wear transition as well.
For impact wear, elastomers can exhibit mild to severe wear transitions as a function of
severity of the impact, as shown in Fig. 1.11. In this case, the development of an over-
stressed condition in the elastomer is associated with the transition (4,5). As the sever-
ity of the impact increases, the strain and stress levels in the elastomer tend to increase.
Because of the nonlinear characteristics of the stress-strain curve of these materials,
elastomers will tend to deform over a wide range of impact conditions with relatively
little increase in stress. However, because of constraints on the elastomers, an impact
condition may be reached where its ability to deform without a significant increase in
stress is lost. At this point elastomers tend to exhibit a transition from mild to severe
wear. Often the wear takes on a catastrophic characteristic with large cracks and tears.
This is illustrated in Fig. 1.12 for a situation where the thickness of the elastomer layer
provided a constraint on its ability to deform.

As indicated previously, a significant aspect in the mild wear behavior of elastomers
is their ability to reduce or eliminate sliding under conditions that would normally result
in sliding with other types of materials. As a result, transitions in wear behavior can be
associated with changes in operational parameters, which result in the introduction or
elimination of slip on the surface of the elastomer. With increasing slip, wear rate increas-
es and often a transition from mild to severe wear results. For example, the presence of
lateral vibrations in impact applications can significantly increase the wear rate of elas-
tomer (4). Also there is a noticeable difference in the wear resistance of elastomers to two-
and three-body abrasion. As mentioned earlier, resistance to three-body abrasion is often
much higher than what would be expected in terms of their hardness. However,
under two-body abrasion their wear resistance is low, reflecting their hardness. An
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Figure 1.10 Illustration of elastomer deformation as a result of a difference in surface speeds
between an elastomer-coated roller and a moving flat surface.
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Figure 1.12 Example of the impact wear of an elastomer, when its ability to deform is constrained.
(From Ref. 25, reprinted with permission from ASME.)
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Figure 1.11 Example of a mild-severe wear transition in the case of impact wear of thin elastomer
films. (From Ref. 24.)
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example of this is shown in Fig. 1.13, where the resistance of various materials to abra-
sive wear by paper is compared. The detrimental effect of automobile tire skidding or
misalignment is another example of this type of transition.

When materials are used as coatings, their wear performance can be affected by the
substrate. In general, the wear behavior of the coating can be considered independent of
the substrate only when the coatings are sufficiently thick. As coatings become thinner, the
effect of the substrate on wear behavior becomes more significant. Substrate effects gen-
erally can be related to differences in the mechanical and thermal properties between the
substrate and the coating, and the existence of an interface region between the coating and
the substrate. Differences in physical properties can influence wear behavior in a variety
of ways. For example, if the substrate is softer than the coating, plastic deformation can
occur in the substrate as a result of sub-surface stresses. When this occurs, it tends to result
in degraded wear performance of the coating. An example of this type of behavior for a
ductile coating is shown in Fig. 1.14. In this case, the plastic deformation of the substrate
resulted in increased wear of the Au coating. In the case of brittle coatings, cracks can form
in the coating as a result of this deformation, as illustrated in Fig. 1.15. To achieve opti-
mum performance of the coating material, it is generally required that the substrate be suf-
ficiently hard so that plastic deformation does not occur. Another mechanical effect that
can occur is associated with the difference in stiffness between the substrate and the coat-
ing. A stiffer substrate will tend to increase stresses in the coating during contact, while a
more flexible substrate would tend to decrease stresses in the coating (15). Higher stress-
es generally result in higher wear rates. An extreme example of this type of effect is the
over-stressed condition produced in thin elastomer layers on a steel substrate.

Design Perspective of Wear Behavior 31

Figure 1.13 Example of the relative wear resistance of elastomers in two-body abrasion. (From
Ref. 26.)
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The substrate can also effect the wear of the coating because of differences in ther-
mal properties, such as heat conduction and coefficient of thermal expansion. The substrate
can influence the temperature of the coating by conducting heat from the contact. This
effect can be an important factor with polymer coatings, whose thermal conduction prop-
erties are generally poor and whose wear properties degrade with increasing temperature.
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Figure 1.14 Illustration used to describe the wear process observed in electrical contacts, when
flow of the substrate occurred. The flow produced local high spots on the surface, “A”, which were
preferentially worn, “B”. The continued flow and preferential wear resulted in the local exposure
of the substrate, “C”. The nominal metallurgies for which this was found to occur consisted of
3–10 µ in. layer of gold, 3–10m in. layer of Ni, 100 µ in. layer of Cu on a glass-epoxy substrate
or a 0.5 µ in. of Au, 5 µ in. of Pd-Ni, 0–3 µ in. of Ni, 100 µ in. of Cu on a glass-epoxy substrate.
(From Ref. 27.)

Figure 1.15 The effect of substrate deformation on brittle surface layers.
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Since the influence of the substrate on surface temperature would tend to decrease with
coating thickness, thin coatings may perform better than thicker coatings in applications
where temperature rise is a factor. Thermal stresses developed as a result of differences
between the coefficients of thermal expansion of the coating and the substrate can also be
a factor in wear performance as well. Depending on the nature of these stresses (e.g.,
compressive or tensile), and the wear mechanisms involved, these stresses have the
potential for improving or degrading wear performance.

In many coating situations, significant stresses can be transmitted to the interface
between the coating and the substrate. As a result of the repeated stressing of this region,
failure can occur at the interface, resulting in the onset of catastrophic failure of the coat-
ing after some amount of usage (e.g., large-scale delamination of the coating). The typi-
cal failure mode would involve the formation and propagation of cracks in this interface
region. Large difference between the properties of the coating and the substrate will tend
to increase the stresses in this region and result in reduced life. On the other hand,
increased coating thickness will tend to decrease this effect by reducing the stresses at the
interface.

These effects tend to be the typical ones associated with coatings in the thickness
range from 0.0002 to 0.020 in. For thicknesses above 0.020 in., these effects tend to be
negligible. For thickness below 0.0002 in., other substrate effects may be introduced. In
particular, the topography of the substrate can become a factor in the wear performance
of the coating. For example, in this region, it is possible for asperity wear to involve both
the coating and substrate. This is illustrated in Fig. 1.16 where an abrasive particle is
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Figure 1.16 Examples of asperity wear situations for thin coatings, where both the material
properties of the coating and substrate would be significant: “A”, abrasion; “B”, adhesion; and
“C”, surface fatigue.
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illustrated cutting through both the coating and the substrate. Fig. 1.16 illustrates this con-
cept for a fatigue and an adhesive wear mechanism as well. In this thickness range, it also
becomes more likely that third-body and transfer films involving both the coating and
substrate materials are a major factor in the wear performance.

The substrate effects discussed can also be viewed as thickness effects, since their
significance is dependent not only on substrate properties but on the thickness of the coat-
ing. It should be recognized that these effects are in addition to any processing effects that
can be related to thickness and substrate or to intrinsic variations in the properties of the
coating as a function of depth. An example of the former is in the case of platings. In this
case, properties of the plating can degrade with thicknesses beyond a certain range
because of effects of residual stresses or variations in gas evolution during plating. An
example of the latter is case hardened layers on steels. The hardness of these layers varies
as a function of depth, as shown in Fig. 1.17.

With coatings, it is often necessary to differentiate between the wear rate of a coat-
ing and the duration or wear life of a coating. The former is associated with the instanta-
neous behavior, while the latter is an integrated behavior of the coating and is frequently
more important in practical applications. For example, a thicker coating of a higher wear-
ing material may provide a longer service life than a thin coating of a low wear rate mate-
rial, simply because there is more material to be worn away. This is illustrated in Fig.
1.18. Another factor that can be involved is variation in wear rate of the coating. Because
of the effects that thickness can have on wear behavior, wear rate is often a function of
wear depth, as illustrated in Fig. 1.19. Since the purpose of the coating is to enhance wear
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Figure 1.17 Adhesive and abrasive wear resistance for a nitrided layer. (From Ref. 28.)
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behavior, initial performance improves with thickness. After some point, however, wear
performance tends to become independent of thickness but an optimum condition might
exist because of competing effects. For example, as thickness increases, substrate effects
tend to decrease and the intrinsic wear performance of the coating material is approached.
However, if the wear performance of the coating material is influenced by temperature,
its wear performance would degrade as the thickness is increased because of poorer heat
conduction. Changes in residual stresses with thickness could also result in an optimum
as well. Figure 1.20 illustrates the equivalent behavior in terms of coating wear life. The
variations of wear rate and wear life with thickness depend on the materials involved and
can depend on the nature of the wear situations. It should not be assumed that the same
coating thickness is equally effective or beneficial in all wear situations or that the effect
of thickness is the same for all coatings.

Coatings in wear applications are used for two general purposes. One is to provide a
surface layer with better wear resistance than the substrate. In this case, a thickness greater
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Figure 1.18 Illustration of the difference between wear rate of a coating and wear life of coating.

Figure 1.19 Trends in wear rates of coatings as a function of wear depth.
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than 0.0002 in. is generally required to provide significant improvement. For many of
the conventional platings, a minimum of 0.0005–0.001 in. is needed. The second use is
to provide lubrication to the substrate surface. In this case, tribofilm formation is often
a major factor and thinner coatings are preferred, since these materials frequently have
high wear rates. Thicknesses of less than 0.0002 in. are typical in these situations.

With coatings, transitions from mild to severe wear can occur as a result of the
properties of the coating, coating thickness, substrate materials, and the parameters of the
wear situation. With polymer coatings, a transition as a function of sliding speed is like-
ly. The introduction of impact into a wear situation might result in rapid degradation of
a brittle coating. Too thin a layer of an elastomer can result in an over-stressed condition
in impact situations. A mild to severe transition can also occur as a function of load, as a
result of the occurrence of plastic deformation in the substrate. In addition, these types
of transitions in wear behavior tribosystems, which utilize coatings, frequently exhibit
mild to severe wear transition as a function of time or exposure. This can occur as the
result of coating wear-through, the effect of changing wear modes as the thickness
changes with wear, or when substrate failure occurs as a result of a fatigue mechanism.

There are various types of composite materials that are used or can be used in wear
applications. Multi-phase materials, such as those shown in Fig. 1.21, are one type of a
composite; a second type would be where particles are held together by a binder (Fig.
1.22) and another type is where fillers are added to a material (Fig. 1.23). As was briefly
mentioned in the discussion of plastics, there are additional elements associated with the
wear of these types of materials. One element is the intrinsic wear properties of the dif-
ferent components or materials that make up the composite. The properties of the inter-
faces between the materials are another. A third is the size, shape, and relative amounts
of the various components. Some preferential wear of the soft component can often be
observed on worn surfaces of composite materials, as illustrated by the diagram in Fig.
1.24. The relative significance and the optimum properties for each of the components
can vary with the wear situation. Because of the sensitivity to the wear situation, wear
resistant composites are usually developed for specific wear situations and good
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Figure 1.20 Trends in coating life as a function of coating thickness.
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wear performance of the composite may be limited to that type of wear situation. This can
be illustrated in the case of a diamond composite as shown in Fig. 1.22.

The diamond composite in Fig. 1.22 performs well in abrasive wear situations
where the wear is controlled by the properties of the diamond and not by the properties of
the matrix (16). Loading and the size of the abrasive particles can alter this condition. For
light loads, stresses in the binder are low; at higher loads, significant stress can occur in
the binder or matrix, and, as a result, fatigue cracks could develop and propagate in the
binder. This would result in the diamond particle being lost from the surface prematurely.
Such a stress condition might occur when there is a large abrasive particle or only a few
large particles at the interface supporting a significant portion of the load. Consequently,
in applications where the frequency of encounter with large particles is low, this coating
would have good wear resistance. In situations where such encounters are frequent, the
wear resistance would be poorer as a result of failure of the binder. Similarly, this coating
could exhibit very poor wear resistance in a solid particle erosion situation, where the par-
ticles are small enough to erode the binder from around the particle. This difference is
illustrated in Fig. 1.25.

Another illustration of this sensitivity to the wear situation is the use of PTFE as a
filler in coatings, sintered materials, and plastics. PTFE is a major factor in the formation
of transfer films under sliding conditions. The amount of PTFE used as a filler is opti-
mized for such applications and can result in a significant improvement in performance.
However, in rolling or in impact situations, the PTFE would not provide any advantage
over the base material. Furthermore, it could also result in poorer performance, because
of effect of the presence of the filler on the strength of the composite.

This same aspect applies to the use of special wear or tribomaterials, which may not
be composites. Babbit, DU, and oil impregnated sintered materials are examples of these
other types of tribomaterials. These types of materials generally have good wear perform-
ance in only a limited number of wear situations. Certain conditions for optimum
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Figure 1.21 Microstructure of a multiphase material. (From Ref. 29, reprinted with permission
from ASM International.)
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performance are required, such as pressures, speeds, and temperatures, and there may
be limits to the forms or shapes for which these materials these materials can be used.
As a result, it is generally necessary to design around these requirements to insure good
performance when these materials are used.
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Figure 1.22 Single-layer diamond composite plating. “A” illustrates a cross-section of the plating;
“B” is a micrograph of a worn surface. (From Ref. 16.)
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In most applications, metal-to-metal contacts, involving sliding and rolling, require
lubrication in order to achieve the desired wear performance. In these types of situations,
the use of any lubricant typically results in a significant decrease in wear (i.e., an order of
magnitude or more). By optimizing the lubricant for the materials and conditions, it is
often possible to achieve significantly greater improvements (e.g., up to several orders of
magnitude reduction in wear). When lubricants are used to reduce wear, the ability of the
lubricant to provide continuous protection to the surface is an important element, as is the
supply of the lubricant to the surface. High shear rates and elevated temperatures can
result in degradation of the lubricant. Since lubricants can evaporate and spread along sur-
faces, the lubricant can disappear from the wearing interface as well. When the lubricant
degrades or disappears from the surfaces, a transition from mild to severe wear typically
occurs. Consequently, an important element associated with wear design is to select a
lubricant and lubricant supply system that will maintain lubrication at the wearing

Design Perspective of Wear Behavior 39

Figure 1.23 Micrographs of wear surfaces of filled plastics, showing the fillers and the polymer
matrix. (From Ref. 30.)

Figure 1.24 Illustration of the relief that can occur on worn surfaces when there are hard and soft
regions across the surface, such as those associated with hard and soft phases in a composite material
or with a hard filler in a soft matrix.
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interface. In sliding and rolling wear, problems with these elements can often be a major
factor and should be considered in any failure analysis of lubricated tribosystems.

The three types of lubricants commonly used (i.e., oils, greases, and solid lubri-
cants) have characteristic differences in terms of their ability to provide continuous pro-
tection. With oil, evaporation and migration are major factors in depletion from the con-
tact region. When there is sufficient quantity of oil available, displacement from the con-
tact region is usually not a concern because oils tend to rapidly reform a continuous film.
Solid lubricants do not have this ability and depletion and displacement from the contact
region is a concern. On the other hand, evaporation and migration are not factors with
solid lubricants. Greases are composed of a solid and a liquid phase and are able to pro-
vide lubrication both as a composite and as a reservoir for the liquid phase. As a com-
posite, their behavior is similar to a solid lubricant and displacement from the contact
region is a concern. As a composite they can also act as a very viscous fluid and provide
fluid lubrication. Also with this mode the loss of the liquid phase as a result of separation
and evaporation is an additional concern. This is because the ability of the grease as a
composite to lubricate is generally strongly dependent on the oil phase. As a reservoir, it
is the liquid phase or the oil of the grease that provides lubrication. In this mode, self-
healing is not a concern, but evaporation and migration of the liquid phase are factors in
the ability to provide long term or continuous protection.

Table 1.2 presents an overview of typical applications for various material types.
Further information on material wear behavior can be found in Refs. (17–19,32).
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Figure 1.25 Illustration of different modes of wear of a filled material. “A” shows large particles
causing matrix failure; “B” shows gradual wear of the filler and matrix resulting from smaller
particles.
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2
Engineering Models for Wear

2.1. INTRODUCTION

A single, universal model for wear does not exist and is probably not possible because of
the many parameters, both fundamental and operational, that are involved (1). One aspect
of this complex nature of wear is the occurrence of transitions in wear behavior that can be
associated with operational parameters of a tribosystem. Changes in loads, speeds, and
geometry can result in changes in wear mechanisms, as has been described in Part A of
MWFT2E and elsewhere (2). While this is the case, it is also true that most systems exhib-
it regions of stable wear behavior on either side of such transitions. For many of these sta-
ble regions, there are empirical expressions relating wear to the primary design parameters,
such as load and geometry, and to usage (or exposure). These expressions provide the basis
for what may be termed engineering models for wear and can be used in the development
of design approaches to wear.

There are two general types of empirical relationships, which can be used for
design. One type relates the amount of usage, required to produce a certain level of wear,
to operating parameters. Assuming the amount of wear associated with these relation-
ships define life, this type of relationship provides a direct relationship between life and
operating parameters. However, these equations do not provide a relationship between
wear and operating parameters. Wear is not explicitly included in these relationships.
Such relationships exist for sliding, rolling, and impact and other situations as well. The
second type of empirical relationship basically relates wear, directly or indirectly through
wear rate, to operating parameters and usage. Relationships between wear and operating
parameters can be obtained from wear rate equations by integration. This type does not
directly provide a relationship between operating parameters and life. Such wear life rela-
tionships can be developed from this second type of empirical relationships by defining
a certain amount of wear as an end-of-life condition. A summary of both types of these
empirical relationships for various wear situations is presented in Table 2.1. It can be seen
that the forms of the relationships relating usage with operating parameters are quite sim-
ilar. However, there is considerable difference in the forms relating wear, operating
parameters, and usage. The basis of these relationships and the associated models, as well
as some more specific models for particular situations, will be discussed in detail further
in this section. However, before this is done, it is necessary to consider general aspects of
these models and relationships.

While the form of these equations have rather broad applicability, the coefficients
and, in some cases, the exponents may vary with the tribosystem. In general, the coef-
ficients are at least material-dependent but they can also depend on other aspects of the
tribosystem, such as speed, environment, and lubrication, which are not specifically
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addressed by the equations. The exponents can also exhibit similar dependencies. In slid-
ing systems, for example, different exponents have been found with different material
systems (3–6). In effect, the coefficients and exponents of these relationships are exper-
imental parameters, which can vary with the tribosystem. Consequently, design
approaches utilizing these models cannot be completely analytical or theoretical. They
must also involve a complimentary experimental element, either explicitly (from testing)
or implicitly (from existing data).

These engineering models are primarily based on experimental observations and
correlations. However, the general form of the relationships and, in some cases, the range
of the exponents involved can be developed on the basis of physical and theoretical mod-
els. While this is the case, the relationships between these engineering models and spe-
cific wear mechanisms are weak. There are several reasons for this. One is the complex
nature of most wear scars themselves; others are associated with various aspects of the
modeling approaches. Typically, evidence for the occurrence of several wear mecha-
nisms and associated phenomena can be found in most worn surfaces. Consequently, it
is difficult to relate these engineering models to any one specific mechanism, solely on
the basis of experimental observations.

The theoretical models, which support the general nature of these relationships,
tend to be either very conceptual or very specific. Both characteristics tend to reduce their
effectiveness in practical applications. With the conceptual models, the common features
of different wear mechanisms or different combinations of wear mechanisms tend to be
emphasized, rather than the features, which are often important for providing specific val-
ues or relationships for coefficients and exponents. Because of this such models tend to
be equivalent to empirical models. On the other hand, specific theoretical models for
unique mechanisms tend to use simplifying assumptions regarding the tribosystem. This
tends to compromise their extension to practical systems and to limit their range of appli-
cability. Another reason for the weak correlation between engineering models and spe-
cific mechanisms is the fact that it is possible to develop the same basic relationship
between wear and primary design parameters by considering significantly different phys-
ical mechanisms. In the case of sliding wear, for example, it is possible to predict a lin-
ear dependency between wear volume and load for most mechanisms depending on
assumptions used (7–16).

Because of the general weakness of the correlation between specific wear mecha-
nisms and the engineering models, there is an additional benefit obtained from including
an experimental element in a design approach. The combing of experimental and analyt-
ical elements in an overall design approach helps to remove the ambiguities associated
with the more general relationships and concepts. This often enables the development

Engineering Models of the Year 47

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-001.jpg&w=336&h=105


48 Chapter 2

of specific correlation between wear mechanism(s) and engineering models for the specific
application, such as determining which of several models is the more applicable or valid or
what is the dominant mechanism.

As was initially indicated, these empirical wear relationships and associated engi-
neering models apply to stable wear regimes. In addition to this, there are two other con-
ditions associated with these. The relationships generally assume that there is wear on
only one member. In two-body wear situations, this means that these relationships pre-
sume that there is no wear on the counterface or changes to the counterface as a result of
wear. The relationships also are for constant values of the parameters identified in the
relationship. These conditions are often not representative of engineering situations. In
many engineering situations, both surfaces in two-body tribosystems simultaneously
wear or model parameters may not be constant or singled-valued. For example, the load
might vary as a function of time in a sliding situation or there can be a distribution of par-
ticle sizes and velocities in an erosion situation. While this is the case, it is still possible
to utilize these empirical relationships in design approaches. There are several ways of
accounting for the simultaneous wear of two surfaces, which are dependent on the engi-
neering model used and the overall design approach that is developed. These approaches
to two-body wear will be discussed in the treatment of the individual models, design
approaches, and examples. A common approach to treating situations in which there is a
distribution associated with a model parameter is to determine an effective or equivalent
value for that parameter. An equivalent value is typically determined by assuming that the
effective wear, wear rate, or life is a sum of weighted individual amounts of wear, wear
rates, or lives, associated with the different values of the parameters. For example, if the
wear rate is proportional to Pn, where P is the load, then the effective value of P to be used
in the equation for wear rate, Pe, would be

for discrete loads or

for a continuous load distribution, αi is the fraction of time under load Pi for discrete
loads and P(α) is a distribution function for P for a continuous load distribution. This
approach, which essentially is an extension of Miner’s rule to wear applications, is
illustrated in several of the case studies (Secs. 5.2 and 5.7–5.8). It is also used in the
method for determining rolling bearing life, when the load is not constant (17).

The engineering models for sliding, rolling, and impact conditions apply to both
unlubricated and lubricated conditions. Since these models are for stable wear behavior, it
is implied for lubricated situations that the state of the lubricant and the lubrication (e.g.,
film thickness and condition of the lubricant are constant). The effect of the lubricant is
generally reflected in the values of the wear coefficients of the model, as are the other
material and environmental elements.

The purpose of these engineering models is to provide relationships between wear,
major design parameters, and usage, so that design relationships and approaches can be
developed to control wear and analyze wear situations. As will be illustrated later in this
book, sometimes the relationships of these models can be directly applied to design
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situations. In others, they may need to be modified, extended, or combined to develop a
design model or approach. In addition, it may also be necessary to develop or identify
additional relationships for less common wear mechanisms.

2.2. WEAR AND WEAR RATE RELATIONSHIPS FOR SLIDING WEAR

One of the earliest and most frequently cited relationship for sliding wear is one that is
associated with Archard. Based on experimental data in the early 1950s, it was conclud-
ed that for sliding between two surfaces, stable wear behavior can be described by the
following:

or

where V is the volume of wear; P, the normal load; S, the sliding distance; V, wear rate;
and K is an empirical wear factor or coefficient (13,18,19). Using adhesive wear con-
cepts, an explanation for these simple relationships was proposed at that time. Since
then, however, additional data have showed that while these relationships describe the
wear of some tribosystems, they do not necessarily describe the wear behavior of all sys-
tems (3,20–24). In addition, a variety of explanations for Eqs. (2.3) and (2.4) have been
proposed, including some which do not involve adhesive wear (7–11,25).

One modification or extension of this simple model is associated with need to
account for break-in behavior that is exhibited by some systems (19,26,27). One inter-
pretation is that for those systems exhibiting such behavior, the rate equation is valid after
break-in. In this case, the relationship for total wear and sliding can be modified in the
following manner to account for break-in:

where Vb is the volume of wear associated with break-in and Sb, is the amount of sliding
associated with the break-in period. Obviously, when S > Sb and Vb << V, Eq. (2.5) reduces
to the original relationship for wear, Eq. (2.3). In this approach initial nonlinear behavior is
viewed as a non-stable wear regime rather than as part of a continuous process.

In addition to break-in behavior, several investigators have reported that the rela-
tionship between V or V and load is not necessarily linear (3,20–22,24,28–30). In most
cases, the expression for V is then modified to the following:

where m can be significantly larger than 1. Most explanations that have been proposed to
explain such a nonlinear dependency on load, involve repeated-cycle deformation mech-
anisms, typically a fatigue, fatigue-like, or stress dependent wear mechanisms, rather than
an adhesive-type mechanism. As was discussed in Part A of MWFT2E, theoretical mod-
els for these mechanisms indicate than m can range from 1 to much larger values. While
typical values may be in the range of 2–3, values over 5 have also been reported. Since
similar models for other types of mechanisms (e.g., adhesive, oxidation, single-cycle
deformation, or abrasion) result in values close to 1, large empirical values for m indicate
that fatigue or some other stress-dependent wear mechanism is likely to be the predomi-
nant one for that tribosystem. On the other hand, since small values of m can also
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be associated with fatigue or stress-dependent mechanisms, the observation of small
empirical values cannot be used to eliminate the possibility of these types of mechanisms.

In tribosystems where the apparent contact area changes with wear, such as a sphere on
a flat, it has been observed that V is not necessarily constant, even under conditions of stable
wear behavior (3). Examples of this type of wear behavior are shown in Fig. 2.1. The shape
of these curves is similar and suggests a relationship of the following form for V:

where n ≤ 1, which includes the situation where a linear relationship is observed. In this
case,
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Figure 2.1 Wear curves for slider wear in reciprocating ball-plane tests. “A” is for unlubricated
sliding of a soft steel against a hard steel flat; “B” is for a hard steel slider. The CLA roughness
values (µin.) of the flat specimen are shown on the graphs. (From Ref. 76, 148.)
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or

where 1– n ≥ 0. The occurrence of values of n < 1 is generally explained in terms of fatigue
wear mechanisms or similar repeated-cycle deformation mechanisms, which can be related
to the contact stress. However, a value of n = 1 does not eliminate the possibility of fatigue
as a major wear mechanism in that situation.

One way of interpreting the value of n in these relationships is in terms of the
energy expended in wear. If this energy remains constant as sliding progresses, it is
reasonable to infer that (1 –  n) should be 0. This would be true for contacts in which
the area changes with wear and in which the area stays constant. If the energy asso-
ciated with wear decreases with sliding, values of n < 1 can be inferred. The ener-
gy going into wear can be influenced by a large number of factors, such as materi-
al properties, surface conditions, wear mechanisms, load, and stress level. With a
constant load, stable wear behavior implies constant material properties, surface
parameters, and mechanisms. Therefore, the only possibility for the energy to
decrease in these stable regimes of wear is for the energy and wear mode to be stress
dependent. If the stress also remains constant, such as with a constant contact area,
then n equals 1 (i.e., (n – 1) equals 0). If the contact area changes, stress also
changes and values of n < 1 are possible. Consequently, different values of n should
only be expected in situations where the contact area changes with wear. In these
situations, it has been found that different values of n can be obtained for the same
contact geometry but with different material couples (Fig. 2.2). This suggests that
material properties are primary factors in determining n.

These further observations and considerations indicate that Eqs. (2.3) and (2.4) are
best viewed as particular examples of the more general relationships, Eqs. (2.7) and (2.9).
In addition, these more general relationships provide a means of accounting for the initial
higher wear rates of some systems, other than with a break-in concept. With this approach
the “initial period” is considered to be an integral part of a stable wear regime, which can
be described by a single nonlinear expression. The practical difference between these two
approaches in analyzing wear data can be illustrated by considering Fig. 2.3, which com-
pares the shape of two theoretical wear curves to typical data. One has a break-in period,
followed by a period in which wear rate is constant. In the other, a single, nonlinear
expression is used for the entire period. It can be seen that over a limited range both have
similar shapes, but over longer periods there is obviously a difference. Because of the
scatter that is involved with wear data, it is generally required to take data over a long peri-
od so that this difference can be identified. If this is not done, it is often a moot question
as to which type of model better describes the observed wear behavior.

While Eqs. (2.3) and (2.4) have limited applicability, they have been used to provide
design information. One application is to use of V / P values to quantify the wear behav-
ior of material pairs, that is, the “K Factor“ approach (31–33). The other application is the
PV factor (pressure times velocity) approach or concept, which is generally limited to sit-
uation in which the nominal area of contact does not change with wear, such as in many
sliding bearing situations (34–40).

With the K factor approach, wear tests are usually performed long enough so that
stable wear behavior is achieved. The wear rate in this region is determined from two suc-
cessive wear measurements in this region. K values determined in this manner cannot be
directly related to the wear coefficients of the more general relationships. Because of

Engineering Models of the Year 51

Copyright © 2004 Marcel Dekker, Inc.

  



this and the fact that this approach does not address the possibility of values of n and m
other than 1, its use in design tends to be more qualitative than quantitative. K values
determined in this way can often be used for the qualitative investigation of major sen-
sitivities or effects and in this way provide useful design information. For example, the
same general trend of K values with hardness is similar to trends of the wear coefficient
of the more general model. However, specific rankings or relative performance may be
different. In addition, there is some evidence that the variation of K values determined
in this manner for a tribosystem follows a log normal distribution rather than a normal
distribution (41).

With the PV factor, the experimental approach is similar to that used in the K factor
approach, but tests are performed using conformal contacts of constant area. For such
geometries, Eq. (2.3) can be written as
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Figure 2.2 Wear curves from reciprocating ball-plane tests. In “A” and “B”, T is the width of the
wear scar on the flat; V is the wear volume; in “C” and “D”, T is on the spherical slider. In “B” and
“C”, the slopes are equivalent to n = 1 in Eq. (2.6). In  “A” and “D”, n < 1.
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where A is the area of contact and h is the depth of wear. Therefore,

where t is time, h is the depth rate of wear, (P / A) is the pressure, and (dS / dt) is the slid-
ing velocity and the product of the two is the PV factor. Equation (2.12) is then written as

In this approach, this formulation is used as a basis to relate wear to the operating
parameters of pressure and velocity. This is done by experimentally determining K as a
function of PV (Fig. 2.4). Usually the experimental matrix is extensive enough to charac-
terize a transition from mild to severe wear in terms of PV, as is shown in this figure. This
transition point is called the PV limit of the material. While the formal derivation implies
that K is constant for values under this limit, frequently K is found to be a function of PV
in the region of mild wear.

Figure 2.2 (continued)
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Figure 2.3 Alternatives for analyzing wear data. “A” illustrates a piece-wise fit using two linear
relationships; “B” illustrates a continuous fit using a single nonlinear relationship.

Figure 2.4 The wear coefficient, K, of a filled polyimide as a function of PV. Data were obtained in
a thrust washer test. (From Ref. 146.)
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Since this model is also based on Eq. (2.3), its application to design is subject
to the same limitations as the K factor approach but there are differences. One is that
it is limited to those situations for which the contact area remains constant with wear.
While this is an additional limitation, it also removes concerns associated with the
value of n since n = 1 for all geometries of this type. Also, the ability of the formu-
lation to accommodate different relationships between K and PV tends to account for
values of m other than 1, as well. An additional concern with this model is associat-
ed with the implied assumption that it is the product of pressure and velocity that
controls the wear. It is this aspect which is most appealing in design, since it means
that wear behavior can be simply related to this PV factor. However, as was pointed
out in Part A of MWFT2E, this is not necessarily the case. Both pressure and veloc-
ity can independently influence wear behavior and there are also different ways by
which the product of pressure and velocity can be related to wear behavior.

This type of model is often found to be useful in journal and thrust bearing appli-
cations, since in both of these situations the contact area tends to stabilize after some ini-
tial period of small wear. In these types of applications, there are two distinct situations,
which can occur and involve different concepts regarding PV factors. One is unlubricat-
ed sliding, the other is lubricated sliding. For unlubricated situations, particularly those
involving a plastic, the PV limit and the behavior of K is usually associated with sliding
temperature. In lubricated situations, the PV factor is generally related to lubricant
behavior, that is, fluid lubrication. In the former case, PV is related to the power expend-
ed in sliding and through this, temperature. Heat conduction paths, as well as basic mate-
rial wear behavior, are important factors in this situation. In the latter situation, PV is
often related to the nature of the lubricant film that is maintained in the bearing and the
likelihood of penetration of this film. In such situations the boundary lubrication quali-
ties of the lubricant, the basic wear properties of the surfaces, and the possibility of fluid
lubrication effects are factors that can be involved in the wear behavior. These two situ-
ations indicate some of the difficulties and concerns associated with the use of PV fac-
tors to characterize general wear behavior. However, these factors can be of use in design
if their limitations and range of applicability are understood and recognized.

The formalism of this PV model and its application to journal bearings, both
lubricated and dry, are treated further in the consideration of journal bearing models.

2.3. WEAR AND WEAR RATE RELATIONSHIPS FOR ABRASIVE WEAR

With abrasive wear, the situation is much simpler than with general sliding wear. While
there are some exceptions, most experimental studies indicate that abrasive wear behavior
can be fitted to the following relationship, when the hardness of the abrasive, H′, is larger
than the hardness of the abraded material, H

where V is the volume of wear; P, the normal force; S, the distance of sliding; K, a wear
coefficient affected by the other parameters of the tribosystem (42–48). There is some evi-
dence that when H > H′, the same linear relationship also applies, but that the values of K
for each region are significantly different (42,49). Generally, the K values in these two
regions differ by a factor of 10–100, with the value being lower when H > H′.

The primary mechanical parameter of the abraded material that affects K is gener-
ally its hardness, H. When H < H′, K generally is proportional to H-1 (43–50). When H
approaches H′;, this relationship is modified but K still tends to decrease with H. This is
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also true in the situation when H > H′. For all three regions, there is some evidence that
exponential relationships can be used to describe the relationship between K and hardness.
In the case of abrasive wear by paper (49), it has been found that the experimental data fit
the following:

where m = – 1 for H < H′; m = – 10, H ≈ H′; and m = – 5, H > H′.
Of these three relative hardness conditions, the first, H < H′, has received most atten-

tion in terms of modeling. Theoretical models for abrasive wear processes based on sin-
gle-cycle deformation mechanisms for this condition tend to support the empirical rela-
tionships given by Eqs. (2.14) and (2.15) for this condition. Most of these, but not all,
result in dependencies on load, sliding distance, and hardness similar to the empirical ones
given in these equations (50–53). Some of these models for abrasive wear introduce
dependencies on other parameters of the tribosystem. Such dependencies and relation-
ships are generally considered as part of the wear coefficient, K, as is the dependency on
hardness. This general agreement between theory and form of Eq. (2.14) and the inverse
relationship to hardness provide a high degree of confidence in the use of this relationship
in design for conditions, when the abrasive is harder than the abraded material.

Unfortunately, this cannot be claimed for the other two conditions of relative hard-
ness. These two regions have not received as much attention, either theoretically or exper-
imentally. For these conditions, it is reasonable to consider a more generic form of these
equations, similar to the ones used for sliding, for use in these regions,

In this form, the values of m, n, and k are functions of the tribosystem and need
to be determined experimentally for each range of relative hardness. However, energy
arguments, like those used in the discussion of the relationships for sliding wear, and
the limited data cited previously suggest that values of n and k are likely to be 1. When
values of k less than 1 are observed, this behavior can generally be attributed to degra-
dation or changes with the abrasives, the protection of the surface by debris, or some
other change to the tribosystem, as discussed in 3.8 of MWFT2E.

2.4. ZERO WEAR AND MEASURABLE WEAR MODELS FOR SLIDING

There are two other models for sliding wear that were developed for design (3,54–64). One
of these models, the Zero Wear Model, is concerned with the conditions needed to insure
that a certain low level of wear is not exceeded. The companion model is concerned with
the progression of wear and is called the Measurable Wear Model.

In the Zero Wear Model, “zero wear” is defined as wear of such a magnitude that
the average depth of the wear scar is equal to or less than half the initial roughness of
the rougher of the two surfaces. The wear condition, when the average depth is just equal
to half the roughness, is referred to as the zero wear criteria. The basic concept of zero
wear is that wear of such a magnitude is generally negligible in terms of engineering per-
formance and that contact conditions remain nominally the same for this amount of
wear. The zero wear criteria is a large enough amount of wear, so that a wear groove can
just barely be identified by a profilometer measurement across the wear scar. Fig. 2.5
illustrates some zero wear conditions and the zero wear criteria and compares them to
what is termed measurable wear, where a wear groove can be clearly identified
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by a profilometer trace. Measurable wear is a term used to identify wear above the zero
wear criteria. Additional examples of zero and measurable wear are shown in Figs. 2.6 and
2.7. The basic concept of zero wear allows for differences in wear scar topography for con-
ditions where the worn member is smoother or rougher than the counterface. Since on a
practical basis this difference would be negligible for most engineering applications, a sin-
gle criterion can be used. Mathematically, the zero wear criterion is defined as

where havg is the average depth of the wear scar and δ is the center line average roughness
of the rougher of the two surfaces in contact. This condition is illustrated in Fig. 2.8.

The Zero Wear Model identifies conditions of loading and sliding which result in
zero wear. The conditions of loading and sliding for the zero wear criteria to be reached
are given by the following relationship:

provided

where τmax is the maximum shear stress produced in the contact; τy, the yield point in shear
of the material; Γr, an empirically determined wear coefficient, which depends on the
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Figure 2.5 Illustration of zero and measurable wear conditions.“A” illustrates the zero wear con-
dition; “B”, the condition near the zero wear criteria; and “C”, the measurable wear condition.
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materials and environment; N, the number of passes required for zero wear. Γr is referred to
as the Zero Wear Factor.

A pass is defined in the model to be a distance of rubbing equal to the width, W, of
the apparent area of contact measured in the direction of sliding. If a surface experiences
a total amount of rubbing, S,

In many contact situations, the two members experience different amounts of sliding so
that in a unit operation (e.g., a revolution or an engagement) or a unit of time the number of
passes that each member of sliding couple experience is not necessarily the same. This can be
illustrated by considering a typical test configuration of a sphere sliding back and forth across
a flat surface (Fig. 2.9). Letting A be the amplitude of the motion, two conditions can be con-
sidered. One is when A > W. In this case, the contact area on the flat is completely unloaded
during the course of the sliding and each region of the surface experience rubbing only while
the sphere passes over it. In each 1 / 2 cycle, the amount of rubbing that the flat experiences is
W, while the sphere experiences A. The number of passes in that 1 / 2 cycle for the flat is W /
W or 1; for the sphere, A / W. The other condition is when A < W. In this case, the surfaces of
the sphere and the flat experience the same amount of rubbing, A, and the number of passes
in a 1 / 2 cycle is A / W for both. It is also important to recognize that for these two situations,
the number of passes of rubbing in a half-cycle is different. For each member, it is less for the
case when A < W, than when A > W. For the flat, N < 1 and N = 1, respectively. For the sphere,
N < 1 and N > 1, respectively. It can be seen that this concept of pass allows the model to dif-
ferentiate between the two members of a couple and also to account for the difference between
large amplitude motion and small amplitude motion (i.e., large amplitude oscillatory motion
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Figure 2.6 Zero wear examples. The profilometer traces above the micrograph were taken across
the wear scars shown in the figure. While the wear scars were visible, they were undetectable in the
traces. (From Ref. 60.)

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-027.jpg&w=149&h=204


Engineering Models of the Year 59

Figure 2.7 Measurable wear examples, illustrating Q, the cross-sectional area of the wear scar used
in the Measurable Wear Model. The micrographs are of a wear scar produced on a flat surface by
a spherical slider. The profilometer trace is across the wear scar. A profilometer trace of the slider
is super-imposed on the trace through the wear scar.

Figure 2.8 Definition of the zero wear criteria.
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and fretting conditions). This concept is an important aspect in the application of this
model to the fretting situations (65,66).

The maximum shear stress in Eqn. (2.18), τmax, includes the combined effects of
load, geometry, and friction. For this model, the stress concentration effects associated
with any edges involved in the contact situation must be considered in determining τmax.
In most situations, this can described in terms of a stress concentration factor, K, which is
a multiplier of the stress determined on the basis of the gross geometry. This is illustrated
in Fig. 2.10. The value of K is associated primarily with the shape of the edge (e.g., the
radius) but can also depend on the gross dimensions of the contact, as well as the moduli
of the materials in contact (67). Equations for τmax and K for several contact situations
are given in Table 2.2 (54,58–59,67–69).

Since the model indicates that the amount of rubbing required for zero wear criteria
to be reached is proportional to τ9

max, the effects of friction and stress concentration can
be significant. Both can easily account for an order (or orders) of magnitude change in
wear behavior. From examination of the equations in Table 2.2, it can be seen that the nor-
mal load and shape are the predominate factors when the coefficient of friction is small
(e.g., < 0.2) which is characteristic of lubricated conditions. For much higher values of µ,
such as those associated with many unlubricated metal couples, friction significantly
increases τmax (e.g., doubling the stress if µ is in the range of 0.5–0.6).

60 Chapter 2

Figure 2.9 Illustration of the concept of a pass in an oscillating ball-plane test. “A” is for large
amplitude motion (i.e., when the contact area is fully unloaded); “B”, for small amplitude motion
or fretting (i.e., when the contact area is not fully unloaded).
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Edge conditions can also result in significant increases. Evaluations of the expres-
sions for K indicate that large edge radii (e.g., > 0.10 in.) are often required to obtain stress
concentration factors less than 2 and that values as high as 10 can occur with smaller radii.
While the effects of an edge on wear can persist, they tend to be more pronounced dur-
ing the initial stages of wear and are localized to the regions of edge contact. In most
cases, wear tends to eliminate stress concentration. In particular, there is generally no
stress concentration (i.e., K = 1) associated with edges formed by wear.

In addition to affecting the magnitude of the maximum shear stress, friction and
edge conditions can also influence the location of the maximum shear stress. However,
the location is also a function of the general contact geometry. As can be seen in Table
2.2, the maximum shear stress is on the surface for most cases. However, in the case of
Hertzian point contact, it is below the surface if µ < 0.31. Where there is a stress concen-
tration effect, the maximum stress occurs at the location of the stress concentration. While
the model is concerned with the average wear, it suggests that the regions associated with
the stress concentration should exhibit the earliest and most severe wear.

These trends of degraded wear performance that are predicted by the model (i.e.,
with unlubricated couples and sharp edges) are consistent with observations. For example,
higher wear is generally observed in unlubricated conditions and wear scars frequently
show the effects of sharp edges. Fig. 2.11 shows example of the influence that edges have
on wear behavior. The effects of edge conditions on wear behavior and how to account for
these situations in design are illustrated in several of the case studies (5.2–5.4).
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Figure 2.10 Stress concentration factor.
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The Zero Wear Model reflects the influences of speed, environmental conditions,
temperature, counterface material, lubrication, etc., in the values of the empirical Zero
Wear Factor, Γr. Γr can be determined as a function of these parameters in several ways,
but all involve the simulation or replication of these conditions in a sliding wear test. The
most direct is to perform a series of wear tests, which simulate the significant parameters
at different loads but for a fixed amount of sliding. The purpose of this series of tests is
to determine the maximum load for which the zero wear criteria is reached for that fixed
amount of sliding. The number of passes in these tests should be equal to or greater than
2000. Once the maximum load for zero wear is determined, τmax is calculated and the
following form of Eq. (2.16) is used to determine Γr:

For some geometries, such as point and line contacts, W may also be a function of
load and would also have to be calculated (see Table 2.2).

An alternate way to determine Γr is to perform a series of tests at a fixed load and
stress to determine the amount of sliding required to reach the zero wear criteria.
Equation (2.21) is again used to determine Γr. A third way is to develop a wear curve
(i.e., a plot of wear against distance of sliding for a fixed load) and to use the Measurable
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Wear Model to determine Γr. This approach will be described in the discussion of the
Measurable Wear Model. The first two methods are illustrated in Fig. 2.12.

Since there is little or no change to the initial contact configuration in the zero wear
range, any contact configuration can be used to determine Γr, including those geometries
for which the stress level change with wear (e.g., a sphere on a flat). In fact, such geome-
tries are preferred for this type of evaluation, since alignment and stress concentration prob-
lems tend to be eliminated with this type of contact. Since the Zero Wear Model only
applies to situations in which τmax ≤ 0.54 τy, only test conditions which satisfy that crite-
ria can be used to determine Γr.

Tests of these types have been performed with a large number of material pairs, with
and without lubrication (54,60,65,70). The results of these tests indicate that values of Γr
are not uniformly distributed but tend to cluster around two characteristic values, 0.54 or
0.2. An analysis of the tabulation of approximately 700 values of Γr for different materi-
al pairs and lubricants, given in Appendix II, indicated that approximately two-thirds of
the combinations were associated with the characteristic value of 0.2. This indicates that
it is more likely for a tribosystem to have a value of 0.2 than a value of 0.54. Examination
of these same data also indicates that some trends exist regarding individual materials.
While Γr is a function of the material pair and lubricant, the analysis indicates that some
materials tend to be associated with one of the characteristic values, more than the other.
This trend is consistent with practical engineering experience that some materials tend to
exhibit better wear performance and others, poorer wear performance. At the same time,
the analysis of this tabulation indicates that even though some materials exhibit such a
tendency, a non-typical value can be associated with this material when it is used with a
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Figure 2.11 Profilometer traces through wear scars, showing the effect of stress concentration in
the exaggerated wear at the edges of the scars. “A” and “B” are for well-aligned fretting situations;
“C”, for a misaligned sliding situation. (“A” and “B” from Ref. 82, reprinted with permission from
Elsevier Science Publishers.)

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-035.jpg&w=276&h=238


specific counterface material or lubricant. Another trend that is observed in this tabulation
is that, except for polymer / metal couples, most unlubricated systems tend to have the
characteristic value of 0.2; polymer / metal couples tend to have the characteristic value
of 0.54 under both dry and lubricated conditions.

The fundamental understanding of the relationships between Γr and various phys-
ical, material, and environmental parameters is not known. However, these general
trends exhibited by Γr suggest that Γr is likely to be inversely related to the material
couple’s tendency for adhesion. On a practical basis, this indicates the desirability of
selecting material pairs which exhibit low adhesive wear characteristics and the use of
a lubricant to reduce the tendency for adhesion in sliding wear applications.

The concept underlying the development of the Zero Wear Model is that under
low stress conditions the governing wear mechanism in sliding is fatigue or at least
fatigue-like. The condition of the model that τmax ≤ 0.54τy is needed to insure that
wear due to adhesive and single-cycle deformation mechanisms do not exceed the
zero wear criteria after a single pass. This condition was determined empirically by
examining wear scars produced with a single pass at different stress levels (60). This
condition is not sufficient to insure that adhesive and single-cycle deformation ele-
ments are completely eliminated or insignificant with repeated or continuing slid-
ing. The fact that Γr can have values significantly lower than 0.54 implies this.
Lower stress values (e.g., 0.2τy) are required to insure this with some material sys-
tems. There is direct evidence correlating micro-crack formation and growth with
Eq. (2.18) (71). This is shown in Fig. 2.13. In addition, numerous investigations
have indicated the significance of fatigue or fatigue-like mechanisms in sliding
wear, as well as a high stress dependency for such mechanisms (7–9,20,21,30,72).

Two aspects of the model must be recognized in order to utilize this model in design.
One is that it is a conservative model in that it is concerned with dimensional changes
resulting from wear that are the order of surface roughnesses. In practice, most devices can
experience significantly greater dimensional changes and still function properly.

64 Chapter 2

Figure 2.12 Experimental methods for determining Γr. “A” involves a series of tests at different
loads and a standard amount of sliding; “B” involves a series of tests of different durations and a
standard load.
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The second is the high stress dependency and its implication on predicted wear life. For
example, a 10% variation in stress results in a factor of 2 difference in the amount of
sliding required for the zero wear criteria. In practice, it is often difficult to determine
value of the stress to within 10%, particularly if a stress concentration effect has to be
included (73); on the other hand, this sensitivity indicates the importance of controlling
design elements, which affect stress.

One way of utilizing this model that has been found to be useful in a design envi-
ronment and allows for this aspect is the “Allowable Load” concept. In this concept, the
model is used to determine the maximum load that can be applied to a design and still
achieve a specified lifetime. This allowable load for the design is then compared to the
anticipated or actual load. A design is finally selected so that there is a sufficient safety
factor in terms of the allowed and anticipated load (58). This approach is also useful for
evaluating designs for potential wear problems. Potential wear problems can be viewed
as designs for which the actual load is similar to or exceed the allowable load. The wear
performance of such designs would be monitored closely in development tests to insure
adequate performance. The utilization of the allowable load concept in design is further
described in Sec. 3.6. Expressions for allowable loads can be found in Appendix VI.

The conservatism associated with the Zero Wear Model can be reduced when it is
combined with its companion model, the Measurable Wear Model, which is concerned with
the progression of wear. The basic hypothesis of the Measurable Wear Model is that the
wear per unit distance of sliding, Q, is a function of the energy going into wear per unit sur-
face area per unit distance of sliding, E, and the amount of sliding per unit distance of slid-
ing, N (3,54,61). The model proposes the following relationship between these three
terms:
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Figure 2.13 Data showing the correlation between stress level and the number of sliding cycles
required to initiate surface cracks in Cu. (From Ref. 71.)
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where QE and QN are the partial derivatives of Q with respect to E and N. In this formu-
lation Q is basically the cross-sectional area of the wear sear in a plane perpendicular to
the sliding direction (Fig. 2.14). The unit distance of sliding is defined as the width of the
contact area in the direction of sliding, W, which also is used to define a pass in the Zero
Wear Model. Therefore, N is the number of passes. A further hypothesis of the model is
that there are two types of wear systems. In one, E changes as wear progresses; in the other,
E stays constant as wear progresses.

When E is constant, dE ≡ 0 and Eq. (2.22) reduces to

which is equivalent to the following:

where V is the volume of wear and S is the sliding distance. This can be shown in the
following manner. Eq. (2.23) can be expressed as

Since

and

Therefore, since dV / dS is constant for a constant energy system (as discussed in
Section 2.2), QN is also constant (i.e., not a function of N). Integration leads to
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Figure 2.14 Diagram of a wear scar of uniform cross-section in a flat surface.
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where QN is not a function of S or N but a function of other tribosystem parameters,
such as load, material properties, etc. In this form QN can be treated as an empirical wear
coefficient.

For the general wear situation, it is assumed that Eq. (2.18) of the Zero Wear Model
can be used to deduce general relationships for the partial derivatives of Q. Within the
framework of these models this is reasonable, since Eq. (2.18) is not limited to a particu-
lar type of system. In doing this, a further hypothesis is introduced. It is argued that it is
plausible to assume that the energy going into wear would be proportional to the product
of the stress produced during sliding and the amount of sliding that takes place in a unit
distance of sliding. Specifically, it is proposed that

where C is a constant of proportionality.
Since Eq. (2.18) relates conditions for equivalent wear, it can be expressed in the

same form as

where C′ is a constant for a given system. Recognizing that τmax can be proportional to W,
as can be seen in Table 2.2, this can be expressed as

or

where C″ and C″′ are system constants. Since Eqs. (2.32) and (2.33) can be viewed as the
integrated form of Eq. (2.22), they can be used to determine the partial derivatives of that
equation. Doing this, it can be shown that

where ε is the constant of proportionality implied in Eq. (2.30). Using Eqs. (2.34) and
(2.35), it can be shown that Eq. (2.22) reduces to the following:

Since τmaxW represents the energy going into wear, Eq. (2.36) can be written as

for constant energy systems.
It should be noted that Eqs. (2.36) and (2.37) are general relationships for the two

types of tribosystems considered by the model and are not limited to low stress conditions.
For convenient reference, the expressions for the Measurable Wear Model are summarized
in Table 2.3.

The relationships of this model describe the progression of wear in a sliding system.
They do not determine either the absolute amount of wear or the absolute magnitude of the
rate of wear. These absolute values are determined by the various parameters that can effect
the wear of a tribosystem, such as the shape and size of the bodies in contact, the
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load, materials, lubrication, and the environment. The dependencies of these parameters
are implicitly contained in the values of the various wear coefficients (e.g., the C’s) which
can be empirically determined and related to these parameters. In this respect, these equa-
tions are similar to the general wear and wear rate expression discussed previously (e.g.,
Eqs. (2.3) and (2.4)). In the context of the Measurable Wear Model, these same factors
also determine which mode of wear occurs. This is particularly true with respect to the
counterface material, the lubrication, and environment. The determination of which
mode applies to a given system (i.e., the constant energy or variable energy modes) needs
to be done empirically as well.

As was previously discussed in the section on Wear and Wear Rate Relationships
for Sliding Wear (Sec. 2.2), wear is not always found to be proportional to sliding dis-
tance. In situations where this is observed, it has been found that the variable energy for-
mulation can describe the nonlinear behavior (3,61,74). This is illustrated for cases
involving a sphere sliding on a flat in Fig. 2.15. Since the constant energy formulation is
equivalent to a linear relationship between wear and sliding, the combined expressions of
the Measurable Wear Model provide an explanation for the range of the observed rela-
tionships between wear and sliding distance. While this is the case, the nature of the
model does not provide any guidance as to which mode will be followed. However, as
with Γr of the Zero Wear Model, some trends have been observed regarding these two
modes of wear. One trend is that the constant energy mode tends to be more common than
the variable energy mode. Another trend that has been observed is that the constant ener-
gy mode tends to be the characteristic mode of unlubricated systems and other system,
which exhibit a high degree of or tendency for adhesive wear. However, the constant
energy mode is not limited to such systems, since it has also been observed in systems in
which adhesive wear is not the predominate feature (e.g., lubricated systems in which
τmax ≤ 0.54). On the other hand, data suggest that a low tendency for adhesion is required
if the variable energy mode is to apply.

The determination of the wear coefficients of this model and the identification as
to which mode of wear the systems follows is a two-step process. The first step is the
determination of which mode of wear the system follows and the second is the deter-
mination of wear coefficient. To do this, it is necessary to develop a wear curve in a sim-
ulative wear test so that the empirical relationship between wear and sliding can be
determined and compared to those predicted by both equations. This means it is also
necessary to develop the theoretical relationships for both modes for the geomtries
involved in the simulative test. Once the mode of wear is determined by this compari-
son for the system, the wear data can be used to determine the value of the wear coeffi-
cient by fitting the appropriate theoretical expression to the data. To determine the wear

68 Chapter 2

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-055.jpg&w=321&h=108


Engineering Models of the Year 69

Figure 2.15 Wear data from reciprocating ball-plane tests, involving a harder unwearing sphere
and a softer flat counterface. “A” shows the behavior for the lubricated wear of a soft steel flat
which is consistent with the variable energy model; “B” shows the behavior for lubricated wear of
an aluminum flat which is consistent with the constant energy model, (see pages 70–71).

coefficients, per se, any contact geometry may be used for such test. However,
not all contact geometries can be used for the determination of the mode of
wear. It is necessary that special, contact configurations be used for this deter-
mination. It can be shown that for contact geometries in which the contact area
remains constant, the two equations predict the same relationship between wear
and sliding distance. Therefore, to determine which mode applies to a tri-
bosystem, it is necessary to use contact geometries in which the size of the con-
tact increases perpendicular to the motion with wear (e.g., a sphere on a flat or
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crossed cylinders). The basic elements of this approach can be illustrated by considering
such a system.

Fig. 2.16 shows a wear test where a flat is worn on the surface of a sphere, which is
sliding back and forth across a non-wearing flat surface. By consideration of the geometry,
it can be shown that for h < r,

Combining Eqs. (2.38) and (2.39) results in

From Table 2.2, τmax is given by

As was discussed previously in this section, the stress concentration factor is assumed
to be 1 for edges that are formed by wear. Therefore,

70 Chapter 2

Figure 2.16 Wear scar geometry of a sphere wearing against a flat surface. “A”, view parallel to
the sliding direction; “B”, perpendicular to the sliding direction.
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Also

where S is the total amount of sliding.
Substituting these into Eq. (2.37) and integrating the following expressions results

for the variable energy mode,

The integration constant is 0 since the wear is 0 when the sliding is 0. Since C can also
be a function of r, P, and µ, as well as other factors, this expression can be simplified to the
following:

where K is an empirical wear coefficient, which is constant of the tribosystem. It can be
shown in a similar manner that the expression for the constant energy wear mode is

If W, the width of the flat on the sphere, is measured in such a wear test as a func-
tion of the amount of sliding, the appropriate mode can easily be identified by plotting log
W against log S and determining which exponent fits the data better. This type of compar-
ison is illustrated in Fig. 2.17. Once the mode is determined, the appropriate equation (e.g.,
Eq. (2.45) or Eq. (2.46) can be used with the individual data points to determine the value
of K. By performing a series of tests, the dependency of K on load, lubrication, and other
tribological parameter can be determined. Example of this approach can be found in the
literature, as well as in Secs. 5.7–5.9 and 7.2 (61,74).

For low stress conditions, the Measurable Wear Model can be combined with the
Zero Wear Model to determine K (3,54). In general, this is done by using the zero wear
point to determine the coefficients of the Measurable Wear Model. The zero wear point is
defined as the amount of sliding, S0, that results in wear equal to the zero wear criteria,
namely a scar whose average depth is equal to the center line average, δ, of the rougher
surface. (See Eq. (2.17.)) Using this condition, the load and geometry dependencies of
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Figure 2.17 Method for determining Measurable Wear Model wear modes. The example indicates
agreement with the constant energy wear mode.
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these coefficients are explicitly determined and only the zero wear factor, Γr, needs to be
determined empirically. This method can be illustrated by further consideration of the
example of the sphere wearing to a flat.

If Q0 is the cross-sectional area of the scar at the zero wear point, then

where W0 is the diameter of the flat at the zero wear point and equal to

Assuming that the system is described by the variable energy mode,

S0 is obtained from Eqs. (2.18) and (2.20) of the Zero Wear Model

where τmax i is the maximum shear stress for the unworn contact. Since in the zero wear
region, there is little change to the contact, it is assumed that the width of the contact is
constant during the zero wear period (S ≤ S0). Therefore, W0 is assumed to be equal to
the diameter of the initial contact area. Combining Eqs. (2.48)–(2.50), the following
results:

Therefore,

By using Eq. 2.39, this can be transformed into similar relationships for wear depth, h,

As can be seen, Γr is the remaining empirical wear coefficient and this can be deter-
mined from the data used to establish the wear curve. Alternatively an equation, like Eq.
(2.53), which is developed on the basis of these two models, can be used to project the
wear once Γr is known.

Using the expression for τmax i from Table 2.2, these equations can be further
developed to identify the dependency on load, radius, material properties (modulus and
hardness), and µ. For example, Eq. (2.53) can be written as
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where

and E and v are Young’s modulus and Poisson’s ratio of the two bodies.
In the general situation, where τmax depends on the coefficient of friction, µ, the

coefficient of friction must be known, if Γr is to be determined. If µ is not known, it has
to be determined as well. This is usually not a problem in practice, since wear testers fre-
quently provide means of determining µ, that is, by measuring the friction force.
However, it is not always necessary to determine the coefficient of friction. If the depend-
ency on µ is the same in the test geometry and the intended application, then a single
coefficient, combining both Γr and µ, can be determined instead of Γr. Since µ or some
function solely of µ appears as a multiplier in the expression for τmax, it is possible to
combine the two to form a geometry-specific wear coefficient, which can be used in
design. This combined coefficient can be determined by the same methods that are used
to determine Γr (75).

When the Zero Wear and Measurable Wear Models are combined, the zero wear
criteria results in an explicit relationship between roughness and wear. When wear depth,
h, is used as the measure of wear, this relationship is linear or close to linear,

where δ is the center line average of the rougher of the two surfaces. For example, such a
dependency is shown in Eq. 2.54. Actual behavior tends to be somewhat different than this
but experience indicates that it is a reasonable approximation for the range of surface
roughness typically used in engineering. The experimentally determined dependency on
the wear coefficient of a brass sphere sliding on a steel flat of various roughnesses is
shown in Fig. 2.18 (76). It can be seen that for relatively smooth surfaces  (i.e., δ < 20
µin.), a linear relationship provides a reasonable approximation. However, for rougher sur-
faces, such a relationship tends to over-estimate the effect of surface roughness. This can
be corrected by a modification to the theoretical relationship.* This involves the replace-
ment of the approximately linear factor for δ in a relationship for wear depth by (5.4 δ0.3)
(for µin.) for roughnesses greater than 10 µin.

The Measurable Wear Model can be applied to situations involving the simultaneous
wearing of two mated surfaces. Applying the measurable wear equations (Eqs. (2.36) and
(2.37)) to both surfaces and solving the resultant set of differential equations does this.
Because of the influence that the geometry of one body has on the wear of the other body,
these equations are usually coupled and must be solved simultaneously. While this can be
complex, this approach has been successfully used (54,66). The wear coefficients in these
applications and their dependencies were determined experimentally.

Lubrication is generally a very significant factor in wear behavior and it is also a very
significant factor in both the Zero Wear and the Measurable Wear Models. A lubricant can
influence the values of Γr and τmax, as a result of its dependency on µ. Lubrication can
also determine which wear mode associated with the tribosystem, that is, the constant ener-
gy or variable energy wear mode. Changes in these parameters associated with lubrication
typically result in orders of magnitude changes in wear behavior. This is shown
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*Another method has been proposed for correcting this relationship (76). Adescription of this
alternate method and its application can be found in the case studies, Sec. 5.7.
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in Fig. 2.19, where the theoretical effects of such changes on two systems are illustrated.
This behavior was experimentally confirmed by wear tests (61,77).

The value of the zero wear coefficient can be affected by the development of fluid films,
that is, fluid or hydrodynamic lubrication as a result of reduced contact between the surfaces
(78). This is shown in Fig. 2.20. In this figure, zero wear factors corresponding to different film
thickness are plotted as a function of the lubrication thickness parameter,
Λ. This is defined as

where h is the thickness of the EHD (elastohydrodynamic) film. The δ’s are either the
AA (arithmetic average) or the RMS (root mean square average) values for the surface
roughness of the two surfaces. The model proposed for this relationship is described in
Appendix VII. Its application in journal bearing situations is discussed in Sec. 2.8.

For most situations, integration of the measurable wear equations result in or can be
approximated by a simple power relationship, which has the following form:

With the use of the Zero Wear Model, the following forms can be obtained:

Values of n for a range of contact situations can be found in Appendix VI.
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Figure 2.18 Wear depth as a function of surface roughness. (From Ref. 76.)
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2.5. PERCUSSIVE IMPACT WEAR MODELS

Percussive impact wear refers to the wear generated by the repeated impacts between two
surfaces or bodies. Studies of this type of wear have shown that the following expression
can be used to describe wear behavior:
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Figure 2.19 The effect of lubrication on wear behavior. “A” shows the effect in steel / ceramic sys-
tem; “B”, in an Au / Au system. In the steel/ceramic system, the use of the lubricant only affected the
ratio of Γr to tmax; in the Au / Au system, it also changed the wear mode. (“A” from Ref. 77; “B”
from Ref. 61.)
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where W is the volume of wear; V, the impact velocity; N, the number of impacts (79). In
this equation, K and n are empirical coefficients which can depend on geometry, mass, and
material properties. While this is the case, the value of n is often found to be in the range
of 2 or 3. In addition to this type of empirical model for percussive impact wear, there are
two engineering models, similar to the Zero Wear Model and Measurable Wear Model for
Sliding, which have been used to describe wear behavior under these conditions. One
model is called the Zero Wear Model for Impact Wear and the other, the Measurable Wear
Model for Impact Wear (80,81). The Zero Wear Model for Impact Wear is concerned with
those conditions which result in the zero wear criteria being reached, while the
Measurable Wear Model is concerned with the progression of wear. With both of these
models, an underlying hypothesis is that the predominant mechanism for percussive
impact wear is fatigue.

Both of these engineering models are formulated for compound impact situations,
namely situations involving both impact and sliding. Pure impact situations are covered by
these models as well, since they can be viewed as compound impact situations in which
there is zero or negligible sliding. The zero wear equation for compound impact is

76 Chapter 2

Figure 2.20 The effect of fluid lubrication film thickness on zero wear factors. Λ is the ratio of the
film thickness to the composite roughness (σ2

1+ σ2
2)1/2. The value of the zero wear factor at Λ = 0 is

the value for boundary lubrication.
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where N, is the number of impacts required for the zero wear criteria; σy, the tensile yield
stress of the wearing material; σ0, the peak contact pressure during the impact; Γr′ and β;
are system wear coefficients. This equation is valid only for elastic impact conditions,
namely,

Γr′ is referred to as the zero wear coefficient for impact and is dependent on the proper-
ties of the wearing material, β is dependent on the friction of the tribosystem and the
amount of sliding that takes place during impact. It is defined as the ratio of the damage,
D2, produced by the surface shear stress as a result of the sliding which may be present
during the impact, to the damage, D1, produced by the subsurface shear stress, which is
produced by the impact,

For impact situations in which there is no sliding, β is zero. β is called the surface
damage factor for impact wear.

Like the zero wear coefficient for sliding, Γr′, is an empirical wear coefficient. It
can be determined in the same manner as those used for determining Γr, with the excep-
tion that an impact wear test is used instead of a sliding wear test and that β must also
be known. While impact wear test involving sliding can be used, pure or simple impact
tests (i.e., those in which the sliding component is 0) are generally used. This is because
such tests are easier to implement and β is equal to 0 under this condition. While Γr′ can
vary with materials, there is evidence that for design applications a value close to 1 can
be assumed for most materials (82). There is both theoretical and experimental evi-
dence, which suggests that such a single value may be used for most ductile materials.
The theoretical considerations are based on an implied relationship between the zero
wear models for impact and sliding.

The sliding model can be viewed as an extension of the impact model. This can be
seen by noting that an impact situation, which involves a large amount of sliding, can
also be viewed as a sliding situation in which the load varies with time. Furthermore, the
assumptions of both models are similar, including the correlation between wear and
stress and the predominance of fatigue and fatigue-like mechanisms in the wear process.
Based on these observations, the Zero Wear Model for Sliding can be viewed as the limit
of the Zero Wear Model for Impact as the amount of sliding during impact increases. As
a consequence, a relationship between the two zero wear factors can be obtained. For a
sphere wearing against a flat, it can be shown for this limiting condition that

where Φ is the ratio between the yield point in shear, τy, and the yield point in tension, σy
(80). For most ductile materials, Φ ≈ 0.57. Therefore,

This implies that there should be two predominate values for Γr′, 0.4 and 1, corre-
sponding to the two predominate values of Γr. The lower would apply to systems which
have a high tendency for transfer and the higher to systems which have a low tendency
for transfer. Since transfer or adhesive wear phenomena generally have not been
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found to be a major factor in percussive impact wear, Γr, should 0.54 for most materials
under this limiting situation of compound impact wear (80,82). Consequently, it is implied
that Γr′ ≈ 1 for most materials. Experimental data support this. (See Fig. 2.21.) In this fig-
ure the values of Γr′, determined from several different compound impact tests, are given
for two different materials. These tests were unlubricated and the materials systems were
known to have a Γr of 0.2. It can be seen that the average value for both materials is approx-
imately the same, 1.2, which is slightly higher than the theoretical value of 1. Based on a
larger database, it has been recommended that for design, a value of 1.1 be used for Γr′ in
lieu of actual experimental determination (82).

While Γr′ appears to be a single value for most materials and independent to impact
conditions, β is extremely dependent on the impact conditions that cause sliding or affect
the amount of sliding, which occurs, β can take on values ranging from 0 to 105, as shown
in Table 2.4. The reason for this range can be related to the nature of compound impacts
and the effects that various aspects can have on the relative amount of damage associated
with surface stresses to the amount of damage associated with subsurface stresses.

In compound impact situations, there can be significant surface shear stresses as
a result of the relative sliding that takes place at the interface. The model assumes that
the damage that is associated with the surface shear stress is not only a function of its
magnitude but the amount of sliding that takes place. The amount of sliding that takes
place in compound impact situations can be related to a parameter of the system called
the slip factor, f. For the general situation of a mass striking a surface (Fig. 2.22) f is
defined as
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Figure 2.21 Experimentally determined values of Γr ′ for two unlubricated metal pairs. (From
Ref. 80.)
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where m is the impacting mass; v, the relative tangential velocity between the two sur-
faces prior to the impact; µ, the coefficient of friction for the two surfaces; P0, the peak
impact force; t*, the duration of the impact or contact time; L, the distance of the
impactor’s center of gravity from the impact point; and Icg, the moment of inertia of the
impactor about it center of gravity. If the impactor is not free to rotate, Icg is infinite and
the expression for f reduces to

As f increases, the amount of sliding that takes place during the impact increases.
However, because of the friction between the two surfaces, the relative tangential veloc-
ity will decrease during the impact. For values of f below a critical value, f′, sliding will
stop during the impact and the two surfaces will adhere (i.e., the relative tangential veloc-
ity goes to 0). f′ is dependent on the shape of the impact pulse and on the stiffness of the
system and is typically less than π. For values of f < f′, the portion of the contact time for
which sliding takes place increases with increasing values of f. The exact relationship
between the duration of the slip period, t″, and the slip factor has been developed for the
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Figure 2.22 Compound impact situation between a projectile and a surface. (From Ref. 82.)
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case of a sinusoidal-shaped impact pulse and an impactor constrained by spring as
illustrated in Fig. 2.23. In this case

and the relationship between f and t″ is given by the solutions of the following equation:

where

k is the stiffness of the spring constraint. The solutions of this equation are graphically
shown in Fig. 2.24 for several values of w / ø. In these graphs f′ is the value of f at which
t″ / t* is 1. For values of impact situations with values of f above f′, sliding takes place
during the entire contact. By comparison of Eqs. (2.67) and (2.68), it can be seen that
rotation reduces f and therefore tends to reduce the amount of sliding that takes place
during an impact.

The model assumes that the rate of damage, D, associated the shear stress system is
proportional to the ninth power of the stress,

If D1 is the damage associated with the subsurface shear and D2, the damage
associated with the surface shear, β in Eq. (2.62) is defined as

Letting q0 be the maximum contact pressure at any time during the impact, the sub-
surface shear stress is defined as 0.31q0 and the surface shear stress as µq0. For f ≤;f′,
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Figure 2.23 Spring-restrained projectile impacting a moving infinite mass. (From Ref. 82.)
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sliding only occurs until t equals t″. Therefore, for f ≤;f′ the following expression for β is
obtained:

For f > f′, β is modified to the following:

where v′ is the velocity which corresponds to f′. Physically, this is the maximum sliding
velocity which would result in adherence by the end of the contact time. The ratio of v / v′
which is equivalent to f / f′, is introduced to account for the increased amount of sliding
that takes place during the impact when the velocity is above v′.

If a sinusoidal approximation is used for the impulse (Eq. (2.69)), the expressions for
β are as follows:

The high order dependency on µ, the coefficient of friction, is the primary reason for
the large range of values possible for β. For a coefficient of friction change from 0.1 to 1,
β changes by a factor of 109. Increased sliding speeds can also increase β, but the effect is
much less pronounced than that associated with a change in friction. Because of the strong
influence of friction, higher sliding speeds can lead to the reduction of β under lubricated
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Figure 2.24 Relationship between slip factor and slip time for system shown in Fig. 2.23. (From
Ref. 82.)
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conditions. For lubricated conditions, higher sliding speeds can result in hydrodynamic
lubrication, which significantly reduces friction (e.g., < 0.1). When this happens, β is
approximately 0 and the wear performance is greatly enhanced.

The development and formulation of the Measurable Wear Model for Impact is
very similar to that for sliding (81). The major difference is that the concept of a pass is
not needed and it is replaced by the concept of a single impact. The model assumes that
for elastic conditions the progression of wear in a compound impact wear situation is a
function of the amount of energy going into wear and the number of impacts. This can
be expressed in the following manner:

where W is the amount of wear; We and Wn are the partial derivatives with respect to the
energy going into wear per impact, E, and number of impacts, N, respectively. The model
also proposes two types of wear modes, a constant energy mode and a variable energy
mode. For the constant energy wear mode, We = 0. As with sliding, the zero wear relation-
ship is interpreted as resulting from the integration of this differential equation and is used
to infer the form of the partial derivatives. The following equation for measurable impact
wear was developed in this manner:

σ is the contact pressure, g is 1 for the variable energy mode and 0 for the constant energy
mode.

To integrate this equation when g = 1, a relationship between some parameter asso-
ciated with the shape and size of the wear scar and stress is needed. The development of
such a relationship requires some information regarding the nature of the contact con-
figuration in the worn state. The fact that sliding wear produces a conforming contact
between the two surfaces is used to develop such a relationship in the case of sliding.
However, this situation is different and the assumption of conformity cannot be used. In
the case of impact wear, experimental data show that while conformity is approached
with wear, conformity is never actually achieved. Profilometer traces through progres-
sive impact wear scars show this changing nature of the contact (Fig. 2.25). Formally,
this behavior is called The Principle of Variable Curvature for Impact Wear and is stat-
ed as: Impact wear proceeds with continuously changing curvature on the softer (wear-
ing) body, toward conformity with the shape of the harder (unwearing) body, with the
current worn area coinciding with current peak contact area. This principal is also a fac-
tor in the integration of Eq. (2.80) when g = 0. In this case, the integration is simple and
results in the following linear relationship:

However, since the assumption of conformity cannot be used, the shape of the wear
scar is unknown and this cannot be reduced to a relationship for wear depth or scar width.
As a result, it is even necessary in this case to use the more general approach, which
involves applying the variable curvature principal principle, to determine the shape of the
wear scar and develop relationships for depth or width.

To utilize the variable curvature principle in the integration of Eq. (2.80), a non-
dimensional curvature parameter, Γ, is introduced and used to describe both the wear
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and the stress (81,83). For example, in the case of a hard sphere wearing a softer plane
(Fig. 2.26), Γ is defined as the ratio of the radius of the sphere, R1, to the radius of the
wear scar, R. Since the surface is initially flat (R infinite) and the wear scar is concave
(R is negative), Γ goes from 0 to –1 as wear progresses. In the case of a soft sphere being
worn against a hard flat (Fig. 2.27), the relationship for Γ is different. In this case, Γ is
defined as the ratio of the initial radius of the sphere, R1, to the worn radius of the sphere,
R, and goes from 1 to 0, as wear increases.

In order to illustrate this approach further, its application to the case of a hard
sphere wearing a soft flat in the variable energy mode (i.e., g = 1) will be considered in
greater detail. In this case, it can be shown that the peak contact stress predicted by the
Hertz impact theory is related to Γ by the following equation:

where
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Figure 2.25 Profilometer traces of impact wear scars and the radius of the crater produced on a flat
by a cylindrical hammer (3.5 cm radius). As the number of impacts increases, the radius of the
crater approaches that of the hammer. (From Ref. 82, reprinted with permission from Elsevier
Science Publishers.)
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Figure 2.26 Impact wear of a soft plane by a hard sphere.

Figure 2.27 Impact wear of a soft sphere by a hard plane.
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In this equation, Er is the reduced modulus for the material pair; V, the impact
velocity; and m is the mass of the sphere. By means of the same theory, the radius of
the contact area corresponding to the peak stress can also be related to Γ. The equation
for this is

where

By examination of equations (2.82) and (2.84), it can be seen that as wear progresses, σ
decreases and a0 increases. By consideration of the geometry of the wear scar, the wear,
W, can also be expressed in terms of Γ. Since the shape of the wear scar is a paraboloid
of base a0 and meridional radius of curvature, R, and noting that the wear scar is con-
cave

The corresponding depth of the wear scar is

Substituting for a0,

where

Cs, is referred to as a stress severity factor.
When these are substituted into Eq. (2.80), the following differential equation,

describing the progression of wear, is obtained:

The solution of this equation can be shown to be

where N0 and Γ0 are reference values. Γ0 is the values of Γ after N0. The relationship
between the number of impacts and the depth of wear can be numerically determined
by means of this equation and Eq. (2.89).

The values of N0 and Γ0 can be determined empirically by measuring the depth of
rear after a certain number of impacts and using Eq. (2.89) to convert this depth to Γ0
(83). The zero wear relationship can also be used to determine their values. When this
approach is used, they can be thought of as initial conditions. In this case, N0 is the
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zero wear lifetime as given by Eq. (2.62). Γ0 is then determined from Eq. (2.89), using the
definition of the zero wear criteria (Eq. 2.17), namely, h = 2δ, where δ is the CLA or RA
roughness of the surface (81).

The determination of the wear mode for a given system (i.e., g = 1 or 0) must be
done empirically, as is the case with sliding. However, in the case of impact wear, the vari-
able energy mode (g = 1) appears to predominate. In general, it has been found that this
model gives good agreement with observed behavior (84). However, there are exceptions.
This model does not agree with behavior observed with unlubricated impact situations in
which severe fretting occurs (85). The model also does not agree with the wear behavior
found with elastomers (86). An example of the general shape of impact wear curves and
agreement with this model is shown in Fig. 2.28.

To account for the wear behavior observed in these unlubricated fretting situations,
a more general form of the Measurable Wear Model was proposed. For this model, a
general power relationship between wear and stress was assumed, that is, wear propor-
tional to σn, not simply σ9. In effect this results in one more empirical factor, n, that
needs to be determined. This more general model has been applied to various impact con-
ditions involving spheres and cylinders (84). The differential equations and their solu-
tions for these conditions are summarized in Table 2.5. While the wear behavior of most
systems corresponds to a value of 9 for n and generally a value of 1 for g, wear behav-
ior in unlubricated impact involving severe fretting wear behavior was found to corre-
spond to n = 3 and g = 0 (85). This is shown in Fig. 2.29. The contact geometry in this
test was a hard sphere against a softer flat. Because stress is proportional to the cube root
of the load in Hertzian contacts, this result suggests that wear is proportional to load in
this situation, rather than stress. As a result, the mode of impact wear characterized by
these values of n and g is sometimes referred to the load-dependent mode and the more
typical mode as the stress-dependent mode (87). It is hypothesized that the load-depend-
ent mode is the result of abrasive wear behavior associated with fretting.

For reference, some general relationships for impact load, contact pressure,
and impact areas are given in Table 2.6 for elastic ballistic impact.

The following model, which takes into account the unique nature of elastomer, has
been found to agree with the observed impact wear behavior of elastomers (86).

With elastomers, two modes of impact wear have been identified (86). In one
mode, the material deforms without material loss and the deformation is progressive but
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Figure 2.28 Example of the general shape of wear curves obtained by solving the measurable wear
relations for impact, showing the agreement with observed behavior. (From Ref. 82.)
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asymptotically approaches a limit. The second mode involves material loss and is the result
of fatigue. The deformation mode predominates in the initial stages of impact wear, while
the fatigue mode predominates in the latter stages. The behavior and superposition of these
two modes are graphically illustrated in Fig. 2.30. Another unique feature of elastomers in
impact situations is that, when unconstrained, they tend to flow until a characteristic pres-
sure is achieved, independent of the severity of the impact or the geometries involved (88).
When this flow is constrained, the stress level increases. This concept is shown in Fig. 2.31
for an elastomer layer or slab on a rigid substrate. For a fixed impact condition, the stress
level will remain constant as a function of thickness until a critical thickness. At this point,
the deformation is large enough in comparison to the thickness, so that substrate begins to
influence the flow and stress level in the elastomer. Conditions, which result in this
increased stress level in the elastomer, are referred to as over-stressed conditions and result
in degraded and often catastrophic wear behavior (88,89). There are large cracks formed
in this region of the material and there is often evidence of thermal degradation. The wear
rates under these conditions are generally too high for most engineering applications.
Examples of the surface topography for the three wear modes are shown in Fig. 2.32.
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The expressions for the impact wear of elastomers, based on these considerations,
are

In these expressions, h is the depth of wear of the elastomer, α0 and βare material
parameters describing the deformation mode, P is the peak impact force, σf is the flow
pressure of the elastomer, T is the thickness of the elastomer, Aa is the apparent area of con-
tact, N is the number of impacts, h is a characteristic wear rate of the elastomer, σ is the
contact stress in the over-stress region, and Pc is the peak impact force corresponding to
the onset of the over-stressed condition (86). Since Eq. (2.94) applies to a region of wear
behavior that is generally unacceptable, Eq. (2.93) is of more engineering significance. The
high exponential dependency on stress in Eq. (2.94) indicates the rapid rise in wear that
occurs in the over-stressed region.

The set of coefficients, α0, β, h, and σf, are wear parameters, which need to be
determined experimentally. They are characteristic values of a material and need only
be determined once. However, wear curves (i.e., h vs. N) for several different condi-
tions are needed to provide a sufficient number of equations to solve for their values.
Test conditions, which are below the over-stressed condition, should be used for these
tests. In this range, the deformation mode tends to predominate for < 106 impacts.
Consequently, impact wear tests into the range of 107 or more impacts are generally
required for these determinations.

This impact wear model for elastomers is primarily for impact situations which do
not involve sliding but it can be extended to some compound impact situations. With
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Figure 2.29 Wear curve for an impact wear situation between a hard steel hammer and a softer
steel plate in which there was fretting. Integration of the measurable wear equations for impact,
assuming different values of g and n, resulted in the dashed Scurves. (From Ref. 82.)
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elastomers, sliding during impact generally results in significant increases in the amount
of wear and tends to modify the nature of the wear. Temperature rises at the interface
because of sliding can often lead to catastrophic wear behavior. While this is the case, a
certain amount of tangential relative velocity can often be tolerated in impacts before sig-
nificant changes in wear behavior occur. This is because of the ability of the elastomer to
experience a large degree of deformation prior to slip or the onset of sliding in these impact
situations. As a consequence of this, the model can be applied to compound impact situa-
tions which result in only deformation or moderate sliding. To do this, h needs to be con-
sidered as a function of the compound impact conditions, as well as of the material.
Consequently, h needs to be determined from impact tests which simulate the application.

2.6. MODEL FOR ROLLING WEAR

A model for rolling contact wear situations has been developed that is very similar to the
zero wear models for sliding and impact wear (90–94). The similarity between these mod-
els will become apparent as the various aspects of the model for rolling are discussed and
these similarities identified.

The model for rolling wear between cylinders is based on the observed correlation
between stress and the onset of macro-surface deterioration, which is characterized by
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the sudden appearance of cracks, spalls, or pits on the surface. In the case of materials,
which exhibit a tendency to creep, the onset of surface deterioration can be associated
with the sudden occurrence of macro-flow of the material. This is often the case with
polymers. For both pure rolling and rolling with sliding (e.g., slip), the general form of
the relationship between maximum contact stress, σ, and the number of revolutions, N,
required for the onset of this level of surface deterioration, is

where m is typically significantly greater than 1. This form and the general character of the
surface deterioration that is characteristic of rolling wear indicate the predominance of a
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Figure 2.30 Impact wear curves for elastomers. “A” shows the behavior of the two modes involved
and the general shape of the curves. In “B”, wear curves for two different elastomers, obtained for
different impact conditions, are shown. (From Ref. 86.)
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fatigue wear mechanism under these conditions. The similarity between this and the ninth
power relationships of the zero wear models for sliding and impact (i.e., Eqs. (2.18) and
(2.62)) and their common association with fatigue and repeated-cycle deformation wear
is evident.

While the zero wear models use this type of expression explicitly, the rolling wear
model is formulated in terms of a load-stress factor, Kl, which is related to the stress
but also includes material parameters. The formulation of this model can be developed
from Eq. (2.95) as follows.

For parallel cylinders, the contact stress is given by the following equation:

where P is the load, L is the width of the smaller cylinder, R1 and R2 are the radii of the
two cylinders, and v and E are Poisson’s ratio and Young’s modulus, respectively, of the
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Figure 2.31 Relationship between contact area and peak impact load as a function of elastomer
thickness. (From Ref. 86.)
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two cylinders. Solving for P, the following results:

Since the stress level for the onset of surface deterioration is a function of the materials
involved, σ and the k term can be combined into a single material coefficient, Kl, which
is called the load-stress factor, namely,
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Figure 2.32 Morphology associated with the different modes of elastomer wear behavior. “A”,
deformation; “B”, surface fatigue; and “C”, overstressed. (“A” and “B” from Ref. 86, reprinted with
permission from Elsevier Sequoia S.A.; “C” from Ref. 147, reprinted with permission from
ASME.)
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where σs is the stress at which the onset of surface deterioration occurs in N revolutions.
The corresponding load for that number of revolution, which is called the endurance load,
Pe, is

Consequently, it can be seen that if Kl is known for a given pair of materials,
the allowed load for any size rollers of those materials can be determined.

To obtain values of Kl for different numbers of revolutions, Eq. (2.95) is used
but in an altered form. An equivalent form of this relationship in which σ is replaced
by Kl is

where A and B are empirical coefficients. In this model, A and B are dependent on the
material pairs, surface conditions, and the amount of slip but are independent of the load
and size of the rollers. A and B are determined by performing rolling wear tests, using
an apparatus similar to that discussed in Sec. 9.2 of MWFT2E and determining the num-
ber of revolutions at which surface deterioration occurs. A minimum of two tests at dif-
ferent loads for each combination of materials, surface conditions, and slip are required.
B and A are determined by fitting Eq. (2.101) to the data. Once these values are obtained,
Eqs. (2.100) and (2.101) can be used to determine a safe load for a given number of
operations or appropriate roller size for a given load and life requirement.

Several graphical examples of the relationship between Kl and N are shown in Fig.
2.33 for different materials and rolling conditions. It should be recognized that since
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Figure 2.33 Examples of rolling load / life curves for two self-mated materials. (From Ref. 90.)
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these curves are not parallel, both A and B can vary as a function of rolling conditions.
It also implies that the exponent in Eq. (2.95) is a function of materials and rolling
conditions. While this is the case, these curves indicate a general trend. Slip or sliding
tends to reduce Kl. The degree of sliding or slip in a rolling contact is often expressed
as % sliding, where

The V’s are the surface velocities of the two rollers. Higher percentages indicate
higher amounts of slip or sliding in the contact zone. Except in situations where higher
speeds or velocity result in significant temperature increases, A and B are typically inde-
pendent of speed or velocity, per se, even though they are dependent on % sliding.

Values of A and B for a number of material pairs for two different rolling condi-
tions, pure rolling and rolling with 9% sliding, are given in Table 2.7. Values of Kl for
108 revolutions are also given for reference. The data in this table indicate that there is
considerable variability in the values of A and B and does not suggest any significant
trends for these two parameters. Values of Kl on the other hand indicate two trends; one
is the trend regarding % sliding, discussed previously and the other is that Kl tends to
increase with hardness. However, as can be seen in the data, there are exceptions to this
rule.

The formulation of the model assumes uniform loading across the contact (i.e., no
stress concentration point as a result of alignment or edge conditions). Since the basis of
the model is the strong sensitivity of wear to stress, the occurrence of such stress risers in
a rolling contact can significantly reduce values for Kl. Consequently, it is desirable in
both the tests to determine A and B and in applications to insure good alignment and edge
conditions.

This model has been effectively applied to gears, cam follower applications, and
wheel-on-a-rail applications. In the case of gears, it is recommended that values of A and
B for 9% sliding be used to account for slip at the interface. In the other two types of appli-
cations, the values for pure rolling can be used, provided there is no slip. To allow for
experimental scatter and error in the determination of the coefficients, it is generally rec-
ommended that only 3 / 4 of an experimentally determined value of Kl be used in design.

Equation (2.95) can be put into a form similar to the zero wear equations used for
sliding and impact. In this case, the zero wear criteria would correspond to the onset of sur-
face damage. Using 108 revolutions as the reference point, Eq. (2.95) can be changed to

γr σy is the stress corresponding to a zero wear lifetime of 108 revolutions. While the
data shown in Table 2.7 indicate a range of values for A, ranging from about 3 to 14, the
average value is close to 7. Rolling bearing studies suggest that the nominal value for A
is somewhat smaller than this average, approximately 4.5 (2A = 9) (17). Converting to
shear stress and using a value of 4.5 for A, the following relationship is proposed, which
is similar to that for sliding:

94 Chapter 2

Copyright © 2004 Marcel Dekker, Inc.

  



Engineering Models of the Year 95

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-145.jpg&w=337&h=518


In this equation Γ″r is the zero wear factor for rolling, similar to the other zero wear
factors. In addition to being material dependent, it is also dependent on the amount of
slip that occurs. Analysis of the data in Table 2.7 indicates an average value of 0.86 for
Γ″r for pure rolling. For 9% slip, this value decreases 0.70. For pure rolling without
lubrication or with boundary lubrication, a value of 0.80 is used for Γ″r. With slip, the
following relationships are used to determine Γ″r for these conditions. The development
of these relationships can be found in Appendix VII

In these equations, ps is the slip ratio, which is the ratio of the amount of slip to the
width of the contact area in the direction of motion. Γ″r is the zero wear factor for rolling
without slip, normally 0.80. Γr is the zero wear factor for sliding, 0.54 or 0.20. As can be
seen from Eq. (2.106) Γ″r becomes lubricant dependent when there is slip. Expressions for
the effect of fluid lubrication on Γ″r can be found in Appendix VII.

2.7. MODEL FOR BALL AND ROLLER BEARING WEAR

This model is based on an empirical correlation between bearing life and load. Bearing life
(i.e., number of revolutions) has been generally found to be inversely proportional to P3 for
ball bearings and P3.3 for roller bearings, where P is load (95–97). Since stress is propor-
tional to P1 / 3 for spherical contacts and P1 / 2 for cylindrical contacts, this implies that life in
these bearings is inversely proportional to stress level to the seventh or ninth power. This
type of relationship is suggestive of fatigue wear. Typical features of the wear scars
observed on the rollers, balls, and races of failed bearings (e.g., cracks, spalls, and pits), are
also suggestive of fatigue wear. Examples of these features are shown in Fig. 2.34. These
aspects of roller and ball bearing wear are very similar to those for general rolling wear, as
discussed in Sec. 2.6. However, there is a significant difference associated with the mod-
els used for general rolling and rolling bearings. With the former, the model is associated
with a single wearing interface where the motion is rolling and a specific percentage of
sliding. With the latter, the model is associated with the overall performance of a device,
which involves several wearing interfaces. At the primary interfaces (i.e., between the ball
or rollers and the race) the motion is nominally rolling, but the percentage of sliding at
these interfaces can be influenced by a large number of parameters. To account for these
and other effects, the model generally used for bearings assumes that the basic relationship
between life, L, load and these other parameters can be expressed as

where n is 3 for ball bearings and 3.3 for roller bearings. Fi are factors associated with
various aspects of the bearing design and environment. These concepts and relationships
are the basis of the AFBMA’s (Antifriction Bearing Manufacturers Association) model
for ball and roller bearing life, (17,98–101).

A basic load rating, C, is established in the AFBMA model for a general bearing
design or type. At a standard set of conditions, C is an equivalent radial load, which will
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Figure 2.34 Examples of wear in roller and ball bearings. “A”, advanced stages of fatigue wear
under normal conditions; “B”, fatigue wear on race and roller, resulting from misalignment and
overloading; “C” damage associated with ineffective lubrication; “D”, false brinelling or fret-
ting under stationary conditions; “E” and “F”, examples of spalling. (“A”–“D” from Ref. 99,
“A” and “D” original source The Torrington Co., “B” and “C” original source SKF Industries,
reprinted with permission from Texaco’s magazine Lubrication; “E” and “F” from Ref. 101,
reprinted with permission from the Council of the Institution of Mechanical Engineers.)
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result in 90% of a population of similar bearings having a life ≥ 106 rrevolutions. The life in
millions of revolutions for 90% of the bearings at a different equivalent radial load, P, but
for the same set of reference conditions is given by

L10 is called the rating life. To account for the effect of non-standard conditions, adjust-
ments to the rating life are made to obtain actual life, L. This is done by means of fac-
tors, such as Fi in Eq. (2.107). In the AFBMA model, five factors are generally consid-
ered to modify bearing performance. They are materials, material processing and fin-
ishing, lubrication, speed, and alignment, which are typically identified as D, E, F, G,
and H, respectively. Consequently, the equation for bearing life is written as

or

The factors D, E, F, G, H, and C are determined empirically, n is 3 for ball bearings
and 3.33 for roller bearings, as stated previously.

To account for different bearing sizes and different mixtures of radial and axial
loads, C and P are further defined as follows.

For ball bearings,

for roller bearings,

In these equations, i is the number of rows of rolling elements in the bearing, Z is
the number of rolling elements per row, α is the contact angle between the rolling ele-
ment and the race (Fig. 2.35), D is the rolling element diameter, leff is the effective length
of the roller, Fr is the applied radial load, and Fa is the applied axial load. X and Y are
loading factors for the bearing type and provided by the manufacturer. fc is an empirical-
ly determined wear coefficient, referenced to a life of 106 revolutions under the standard
test conditions for a given bearing type and design. Standard values for these have been
developed and published. One source is Ref. 17

The materials factor in the AFBMA model, D, is used to account for relative per-
formance of different bearing materials in a specific state, condition, or combination. The
reference material condition used for this factor is self-mated air-melted 52100 steel with
a minimum hardness of Rc 58, lubricated with a super-refined naphthenic mineral oil
with a kinematic viscosity of 79 cs at 100°F. The processing factor in the model, E,
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is used to account for changes in material properties from those associated with a deter-
mined value of D. For example, this factor is used to adjust for generic differences asso-
ciated with different melting techniques for steels and generic effects associated with
hardness changes. Examples of D and E values illustrating this are shown in Table 2.8.
These two factors are generally referred to as bearing design factors, since they relate to
the selection of bearing materials. The remaining three factors, F, G, and H, are referred
to as environmental factors, since they are concerned with the effects of use conditions
on bearing performance.

The lubrication factor, F, is used to adjust for differences in bearing life as a result of
differences in elastohydrodynamic lubrication. Other effects that a lubricant might have on
bearing life are addressed through the material’s factor, D. The effect of elastohydrody-
namic lubrication on bearing life is related to a film parameter, Λ, which is defined as he
ratio of the elastohydrodynamic film thickness, h, to the composite surface roughness of
the bearing, σ, namely

where

σr and σre are the RMS values of the surface roughness for the race and rolling element
(i.e., the ball or roller), respectively. Expressions for h are given in Table 2.9. A graph if
experimentally determined trend in F values as a function of Λ; is given in Fig. 2.36.
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Figure 2.35 Contact angle between the roller and race.
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As described in Appendix VII, this trend can be related to the zero wear factors of the
models for sliding and rolling wear.

Centrifugal effects become increasingly important in bearing performance as the
speed is increased. These effects can influence the nature and location of contact points
within the bearing, as well as the loading. The graph in Fig. 2.37 illustrates the degrada-
tion that can be expected in bearing life as a result of these effects. The speed factor, G,
is used to adjust for these effects. Table 2.10 contains experimentally determined values
of G for ball and roller bearings in terms of a speed parameter, DN. DN is the product of
the bearing bore diameter (mm) with the inner race speed in revolutions per minute (rpm).

Load distribution is a critical factor in bearing performance. External alignment or
misalignment can influence load distribution and, as a result, influence bearing life
(17,102–104). The remaining factor the AFBMA model, H, is used to account for the
effects of misalignment. Experimentally determined values of this factor are given in
Table 2.11 for various alignment conditions.

Temperature, distortion due to heavy loads, contamination, amount of lubrication,
load fluctuations, and traction are some of the other aspects that can affect bearing life.
As with the elements identified with the adjustment factors, these and other conditions,
which can affect bearing life, are also taken into account by modification of these adjust-
ment factors, combined with their effect on P (17,105). Fig. 2.38 shows an example of
the effect of traction on bearing life. Traction can reduce rolling bearing life by reducing
the thickness of lubricating films, cause or increase slip in bearings, and increase shear
stresses. It is taken into account by modification of the lubrication factor, as is the amount
and type of lubrication.

It has been found that the life for oscillating bearing follows the same basic rela-
tionship of the AFBMA model for rotating bearings, Eq. (2,108), with N being the num-
ber of oscillations (106). The amplitude of the oscillation can affect bearing life as a result
of changes in the number of loading cycles that are experienced by individual regions.
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Figure 2.36 Lubrication factor, F, as a function of film parameter, Λ. (From Ref. 100.)
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In general, this results in an increase in life (number of oscillations) with decreasing
amplitude. Three different regions of amplitude are associated with this effect. One is
when the amplitude is greater than the angular separation of the rolling elements. This
angle in general is referred to as the critical angle. The second is when the amplitude is
less than the critical angle but larger than the angle subtended by the contact area
between the rolling element and the race. The third is when the amplitude is less than
the subtended angle. Fig. 2.39 illustrates this effect for amplitudes greater than the crit-
ical angle, where the effect is the most pronounced. Amplitude is less of a factor in the
second region and becomes negligible in the third region. For amplitudes above the crit-
ical angle, the following relationship exists between the dynamic capacity of rolling
bearings, C, and the dynamic capacity of oscillating bearings, Cocs (107)

ΦΦcrit is the critical angle and n is 3 for ball bearings and 4 for roller bearings. This effect
is not the only way that oscillations can affect bearing life and performance. The speed
and amplitude of the oscillations can also affect bearing life through their effect on fluid
lubrication. With oscillations fluid films degrade (become thinner) and collapse with
oscillatory motion (at reversals). In fact the amplitude and speed can be such that fluid
lubrication does not occur at all. As described with rolling bearings, reduced lubricant
film thickness results in lower values of the lubrication adjustment factor and in reduced
life. With oscillating bearings, this effect, that is reduction in the value of a lubrication
adjustment factor, will become more significant with decreasing amplitude and may
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Figure 2.37 Example of the influence of centrifugal effects on bearing life. (From Ref. 100.)
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over-ride the increase in life based on number of loading cycles. Both of these elements
generally should be considered when selecting bearings for oscillatory applications.

While there is considerable formalism and the use of analytical relationships asso-
ciated with the AFBMAmodel for rolling bearings, the model is fundamentally an empir-
ical model, based on the empirical determination of the basic load rating, C, or the factor
fc. Values for these are determined by testing bearings to failure. The failure criteria in
these tests are somewhat variable but generally are related to a noticeable change in per-
formance, such as the onset of vibrations or increase in torque, for a specified percentage
of the population. Typically, the standard tests involve continuous rotation and constant
load and use a small percentage (e.g., 10% failure rate). Obviously, these conditions do
not apply to all applications. Applications can be sensitive to different levels of vibration,
noise, and torque or a different failure percentage might be required or tolerated.
Adjustment factors can also used to account for such difference in what is considered
failure (108). Since bearing failure rates generally conform to the Weibull statistics, these
relationships are typically used to adjust for different failure rate requirements.

2.8. MODELS FOR JOURNAL BEARING WEAR

Models for journal bearing wear can be grouped into three categories, based on the lubri-
cation regime for which they are appropriate (109,110). One category covers models for
bearings operating under dry and boundary lubricated conditions. A second is for bear-
ings, which operate in the mixed lubrication regime, and the third category is for those
bearings, which operate in the full fluid or hydrodynamic lubrication regime. The mod-
els in the first category are basically sliding wear models that are applied to a journal bear-
ing configuration. The models for mixed and fluid lubrication operation are complicated
by the consideration of the effect of fluid film formation on wear behavior. As these films
form and become thicker, there is less asperity interaction and wear decreases. In the full
fluid lubrication regime ultimately there is complete separation and wear is eliminated.
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However bearings, which operate in this regime, do experience wear as the result of stop
/ start cycles. During these cycles, boundary and mixed lubrication conditions are encoun-
tered and wear results from rubbing contact between the journal and the bearing.
Generally, wear life is least for bearings operating in the dry and boundary lubricated
regime and longest for those operating in the fluid regime. In the mixed lubrication regime,
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Figure 2.38 Examples of the effect of traction in rolling contacts. “A” shows the life of a rolling
bearing with and without traction. “B” shows the influence of torque transmitted as a result of trac-
tion on the life of another rolling bearing. (From Ref. 17. Reprinted with permission from STLE.)
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intermediate lives are achieved, depending on the thickness of the fluid film. For thin
films, wear lives approaching those of boundary lubricated operation are achieved, while
for thick films, wear lives are closer to those of fluid lubrication.

Good design practice for journal bearings is to have the journal harder than the bear-
ing to insure that there is negligible wear of the journal. In this way greater conformity is
achieved as wear occurs on the bearing, tending to enhance bearing life. If the journal
wears significantly, conformity is reduced and bearing life degrades. Consequently, a
common assumption of all the models that will be discussed is that negligible wear occurs
on the journal.

Knowing the transitions from boundary to mixed lubrication and from mixed to
complete fluid lubrication in terms of design parameters is significant in design for two
reasons. First, it enables the selection of the wear model to be used and, second, this infor-
mation can be used to select parameters so that the bearing operates in a preferred regime
to minimize or eliminate wear. These transition points are defined in terms of changes in
the coefficient of friction as a function of the Sommerfeld number, S, as is indicated in the
Stribeck diagram (Fig. 2.40). The Sommerfeld number, S, for the bearing, is defined as

where Ω is the absolute viscosity of the lubricant, N is the shaft rotational speed in revo-
lutions per second, p is the bearing pressure, R is the radius of the journal, and C
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Figure 2.39 Examples of the effect of oscillatory motion on the life of rolling bearings. L10 is bear-
ing life based on 10% failure—that is, 90% of the bearings will have a lifetime equal to or greater
than L10. (From Ref. 106. Reprinted by permission from ASME.)
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is the radial clearance. The transition from boundary to mixed lubrication occurs at S′,
which is the Sommerfeld number at which the coefficient of friction starts to decrease.
The transition from mixed to fluid lubrication occurs at S″, which is the Sommerfeld num-
ber at which the coefficient of friction starts to increase.

S′ and S″ can be determined empirically by measuring bearing friction as a func-
tion of the Sommerfeld number. Also there are analytical relationships, which can be
used to estimate the values for many cases. These relationships are based on correlations
between film thickness and journal and bearing roughnesses. The thickness of the film,
H, that is formed, is related to the Sommerfeld number, increases with increasing values
of S. For large length, L, to diameter, D, ratios, where leakage from the ends of the bear-
ing can be ignored, the relationship is shown in Fig. 2.41 in terms of the eccentricity, e,
of the bearing, e is related to H by the following:

For bearings in which flow from the ends cannot be ignored and the L / D ratio is less
than 1, there is the following relationship:

It has been found that values of S′ and S″ depend on the ratio of an effective roughness to
the film thickness (111–113). In particular, studies have indicated that the transition from
boundary to mixed is related to the initial roughness of the journal, namely
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Figure 2.40 Stribeck diagram.
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H′ is the film thickness at the transition and δ0J is the initial RMS roughness of the
journal. The corresponding value for e, e′, is

Studies have shown that the transition from mixed to full fluid lubrication can be
related to sum of the predominant peak roughnesses of the journal and the bearing
(111,112). The predominate peak roughness is related to the RMS roughness by a
factor called the Tarasov factor, Ks. There are characteristic values of Ks for differ-
ent surface finishing processes. A list of values for different processes is given in
Table 2.12. Basically, the criteria for the transition from the mixed to the full fluid
regime are that the film thickness, H″, is equal to the sum of the predominate peak
roughnesses, namely
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Figure 2.41 Relationship between bearing eccentricity, e, and the Sommerfeld number, S, for large
L / D ratios. (From Ref. 114.)
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H″ is the film thickness at the transition and the δ0’s are the RMS value of the surface
roughnesses. The corresponding value of the eccentricity, e″, is

The corresponding value of S can then be obtained by using the appropriate rela-
tionship between e and S obtained from fluid lubrication theory, such as the ones shown
by Fig. 2.41 and Eq. (2.119) (114). Effects associated with non-Newtonian fluid charac-
teristics, micro-elastic and micro-plastic deformations, pressure and temperature effects
on fluid properties, and oil supply can influence film thickness and its relationship to the
Sommerfeld number (115). An example of this is the situation with oil-impregnated
porous bearings.

Both the wear models and this method of identifying the transitions between lubri-
cation regimes apply to both solid and porous bearings. However, the relationships
between film thickness and the Sommerfeld number is different for porous bearings as a
result of flow through the pores (115–119). With porous bearings, there is a critical value
of the Sommerfeld number, Sc, that must be achieved before a porous bearing can support
a film. The value of Sc depends on the porosity of the bearing. Studies have shown that for
values of S ≥ 2Sc, the porosity has a negligible effect and the relationship between film
thickness or eccentricity and S is essentially the same as for a solid bearing. This behavior
is shown in Fig. 2.42. The approximate relationship between Sc and the permeability coef-
ficient of the bearing, Φ, is shown in Fig. 2.43. The permeability coefficient is related
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Figure 2.42 The effect of porosity on friction behavior of porous bearings. (From Ref. 109.)
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to the permeability of the bearing, Θ, by the following:

where T is the wall thickness of the bearing. Θ of the bearing is defined in terms of Darcy’s
eqution for flow through a porous media,

where Q is the flow through a cross-section, A, δp is the pressure drop over a length L, and
Ω is the absolute viscosity of the fluid.

Estimates of S′ and S″ for porous bearings can be obtained by first determining the
value of Sc. The graph in Fig. 2.43 may be used for that purpose. A value for e is obtained
from the value of Sc using the relationships for solid bearings. If e > [1 – 0.28δ OJ / C], S′
equals Sc, and S″ is determined as for a solid bearing. If e < [1 –  0.28δ OJ / C], S′ and S″ are
determined as for a solid bearing.

The amount of oil in the porous bearing is also a factor that can influence the type
of lubrication or the lubrication regime. Studies have indicated that porous bearings can
sustain a significant film of oil, even when they are not completely impregnated but film
thickness does decrease with oil loss (118,120). The data indicate that above 70–80% of
capacity there is little affect on film thickness. Below this level, however, film thickness
decreases and by 50% of capacity the operation is in the boundary lubrication range for
any value of S. This means that as lubricant is lost from the bearing, the lubrication regime
can change from full fluid to boundary, resulting in increased wear. The same studies also
indicate that oil loss is proportional to some power of running time,
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Figure 2.43 Relationship of SC and the permeability coefficient of porous bearings, Φ. (From
Ref. 109.)

where t is running time.
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There are three models used for the dry and boundary lubricant regimes. In one it is
assumed that after an initial run-in period a constant volume wear rate, V, is achieved and
that wear behavior in this region can be characterized by a wear coefficient, K, determined
from a reference or standard test (39,109,110,121). This concept is illustrated in Fig. 244.
In this model, V is related to K by means of the following:

where V the volume of wear; S, the distance of sliding; and P, the load. K is determined
from the wear rate, v, after the break-in period of the reference test by the following:

where P′ is the load used in this test. While non-bearing tests (i.e., pin-on-disk and
block-on-ring tests) are often used to determine K, a bearing test provides better simu-
lation. With this model, K is often determined as a function of such parameters as sur-
face finish, pressure, velocity, temperature, and lubricant. This type of characterization
is shown in Table 2.13 for several materials. Values of K for a number of material pairs
are given in Appendix III.
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Figure 2.44 Model for journal bearing wear. (From Ref. 26.)
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In practice, journal bearing wear and performance are usually related to the increase
in clearance between the journal and the bearing. This increase in clearance is the depth of
the wear scar, h, on the bearing (Fig. 2.45). Approximate relationships between h and V are
as follows:

journal aligned

journal misaligned

where Rj is the radius of the journal; L, the length of the bearing; and α, the axial mis-
alignment of the journal in radians, α is the depth of the wear scat divided by the length
of the wear scar (Fig. 2.46).

Total wear with this model is the sum of the wear produced during the run-in peri-
od and the wear produced during the stable wear rate period. As a consequence, additional
information or assumptions about wear during the run-in period are needed to provide
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Figure 2.45 Relationship between bearing clearance and wear.
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a complete model for bearing wear. One way of treating the run-in wear is to assume that
this is a period of a higher but constant wear rate with a wear coefficient, Ki. (See Fig. 2.47.)
With this assumption the following relationship for h results for an aligned bearing:

where Si is amount of sliding during the run-in period. The factor outside the brackets is
the increased clearance that would be predicted if the run-in period was neglected. This
equation shows that when the effect of run-in is neglected in this model, the model tends
to underestimate the wear. The error is a function of both the relative duration of the run-
in period to total duration and the relative severity of run-in and stable wear behavior. If
Ki is much larger than K, a significant error could result, even for long periods of
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Figure 2.46 Wear in misaligned bearings.

Figure 2.47 Approximate method for including the effect of run-in on bearing life.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-192.jpg&w=329&h=132
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-194.jpg&w=309&h=199


operation. For example, in the case where Ki / K is of the order of 100 and (S / S′) is of the
order of 104, the model would predict 50% less wear if run-in was ignored. If Ki is simi-
lar to K, the error tends to be small in most practical situations and can often be neglected,
particular for long-term behavior.

Run-in behavior can be characterized by short-term tests with bearings. This is the pre-
ferred method. If necessary, estimates can also be made from characterizing the wear in the
initial stages of pin-on-disk and block-on-ring tests. The magnitude of the run-in wear and
the duration of the run-in period in these tests can used to estimate Ki and Si. There is a sec-
ond model, which is simpler and more limited, that is often used for plastic bearings
(39,121– 123). Like the first model, it also assumes that the wear follows linear relationship:

However, it does not consider or identify a run-in period as does the first. In addi-
tion, it assumes a simpler and less realistic wear geometry. Aconstant contact area of uni-
form wear depth is assumed. These assumptions allow the use of the PV approach dis-
cussed in Sec. 2.2 for general sliding. This approach leads to a constant rate of radial
wear, h, which is proportional to the product of pressure and velocity, namely

where p is the pressure and v is the sliding velocity. With this model, K is assumed to be
independent of pressure and velocity for velocities and pressure under certain limits
defined by a limiting PV curve. K may be and usually is a function of other parameters
such as counterface material, roughness, and lubrication. The limiting PV curve is the
locus of pressure and velocity values above which there is a significant and abrupt
increase in wear rate. Typically, this model is used to provide general guidance for the
selection of plastic bearings in terms of average wear, rather than to provide a quantitative
relationship for maximum radial wear or increased clearance.

Both K and the limiting PV curve used in this approach are determined empirical-
ly. Different tests are usually used for this purpose. K is generally determined from thrust
washer tests because of its similarity to bearing situations. The limiting PV curve is usu-
ally determined by a test using the half-bearing configuration shown in Fig. 2.48. The
mounting block for the half bearing is instrumented so that load, torque, and temperature
can be monitored. The limiting values are determined by running at constant speed and
incrementally increasing the load until there is either a dramatic increase in torque or
temperature, or the temperature does not stabilize after 30 min. An example of this test-
ing profile is shown in Fig. 2.49. This test is done for several speeds, so that the limiting
PV curve can be drawn (Fig. 2.50). Other methods can be used to develop this curve. For
example, a series of wear tests in which wear rates are determined as a function of speed
and load can be used, as well (121). However, this is usually a more involved and
lengthy process.

This second model allows the development of a very simple graph, which can be
used in design. The relationship between radial wear rates and PV values for bearings is
graphically shown as a function of K in Fig. 2.51. If an allowable wear rate is known, this
figure can be used to determine either the maximum allowable value of K for a bearing or
the maximum PV allowed for a given K. Alternatively, it can be used to estimate the wear
rate if K and PV are known. From Eq. (2.135), it can also be seen that with this model wear
depth or radial clearance is given by the product of h with the duration of operation.
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Therefore, the maximum allowable wear rate is the maximum increase in radial clearance
allowed in the application divided by the desired lifetime. For all of these uses, it is also
necessary to verify that the values of the pressure and velocity in the application are below
those of the limiting PV curve of the bearing material. It is generally recommended that
bearings be operated well below these limits. PV data for several materials are given in
Table 2.14.

The Zero and Measurable Wear Models for Sliding can also be applied to a journal
bearing configuration, providing a third model for the boundary regime. For the same
worn geometries considered with the first model, the Measurable Wear Model results in
the following relationships for wear depth or increased clearance and usage:
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Figure 2.48 Test configuration used to determine the limiting PV curve for plastic bearings.

Figure 2.49 Load-stepping diagram used to determine limiting PV values. (From Ref. 122.)
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For an aligned bearing, n is 2 / 3 for both the constant and variable energy modes.
For a misaligned bearing, n is 2 / 5 for the constant energy mode and 1/ 7 for the variable
energy mode. Stress levels in most bearing situations are generally low in comparison to
the yield points of the bearing material. Assuming that this is the case, C in this equation
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Figure 2.50 Limiting PV curve. (From Ref. 122.)

Figure 2.51 Relationship between radial wear rate and PV factors for different wear factors.
(From Ref. 122.)
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can be determined by the zero wear condition. This result in

where δ is the peak-to-valley roughness of the journal; τy, the yield point in shear of
the bearing material; Γr, the zero wear factor of the model; and τ′max and W′ are the
maximum shear stress and contact width in the unworn state, respectively, β is 0.0031
for n = 2 / 3, 0.048 for n = 2 / 5, and 0.34 for n = 1 / 7.

With most bearings, the initial clearance or difference in radii is so small that the
standard Hertz formulas cannot be used to determine the stress or the contact width. At
the same time, there is sufficient difference so that complete conformity between the
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journal and the bearing does not occur. An approximation that may be used in these cases
is to determine the arc under which the separation between the two surfaces is less than the
sum of the roughnesses and assume conformity over that region defined by that arc. This
region is illustrated in Fig. 2.52. Letting ϕ be that angle in radians, the projected area of
contact for an aligned bearing is then ϕ / πDT, where D is the diameter of the journal and
T is the length of the bearing. For this case, W′ is (ϕ / π)D. For many bearing conditions,
ϕ is of the order of 1 and typically ranges from 0.5 to 1.5. A similar approach can also be
applied in the axial direction to account for initial misalignment, which is also illustrated
in Fig. 2.52. The criterion in this case is used to determine the axial length, L, over which
the separation is less than the sum of the roughnesses. The projected contact area in this
case is (ϕ / 2π)DL. With misalignment, the average width of the contact region should be
used for W′ (i.e., (ϕ / 2π)D). For all these cases

where P is the load, A is the projected area, and µ is the coefficient of friction.
For situations where the clearance is large enough, the Hertz parallel cylinder for-

mulation should be used for τ′max. These equations can also be used for situations
where the axial misalignment is so large that contact is primarily with the edge of the
bearing. Determining the radius of the edge and approximating the contact situation by
a cylinder, whose length corresponds to ϕand radius is the radius of the edge, can do this.
If the clearance is also too large to use the conforming assumption, the contact can be
treated as a Hertzian point contact.

This model provides two explanations for an initial period of higher volume wear rate
observed with some bearings and methods to account for this behavior. If the initial period
of high wear is associated with wear depth equivalent to or less than the surface roughness-
es, this behavior is consistent with behavior in the zero wear regime, during which some wear
can and does occur. Higher volume wear rates in this region are the result of higher
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Figure 2.52 Possible journal bearing contact conditions. “A” illustrates the situation resulting
from radial clearance. “B” and “C” indicate axial misalignment conditions. L is the contact length
for condition “B”, based on the assumption that separation occurs at the sum of the contact
roughnesses. “C” is an extreme situation where contact occurs on the edge and is approximated
by a Hertzian line or point contact, depending on whether or not there is conformity in the radi-
al direction.

Engineering Models of the Year 119

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-206.jpg&w=294&h=469


initial stresses because of initial non-conformity and the initial contribution of other wear
mechanisms, such as single-cycle deformation and adhesion. This level of run-in wear is
included in the wear described by the zero wear relationship, which predicts the depth of
wear after a certain amount of rubbing. For this situation, there is no need for special con-
sideration of run-in. If the higher volume wear rates in the run-in are associated with wear
depths greater than the surface roughnesses, initial axial misalignment is considered the
cause because of the higher stress levels associated with the misaligned condition. In this
case, the wear relationships for misaligned conditions are used for the initial period of wear
and until axial conformity is achieved. Once conformity is achieved, the progression of
wear is described by Eq. (2.136) with the exponent for conforming contact (i.e., n = 2 / 3).
C in this equation is determined by matching the two relationships at the point of con-
formity, that is, the amount of sliding at which axial conformity is achieved. This is illus-
trated graphically in Fig. 2.53. To determine which approach is to be used, the design
should be examined to determine the degree of initial misalignment. If the initial mis-
alignment is such that conformity can be achieved with a depth of wear equal to or less
than the roughness (i.e., the zero wear condition), conformity can be assumed throughout;
if not, the more complex method, assuming initial misalignment, should be used.

Using the relationship between Γr and film thickness, this model can also be used for
the mixed region of lubrication. Equation (4) of Appendix VII, which is applicable for any
zero wear factor, can be used for this. Using a value of 1.30 for Γm (see Appendix VII),
this relationship for sliding is
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Figure 2.53 Wear model for journal bearings based on the Zero and Measurable Wear Models for
sliding.
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where

Γ*r is the zero wear factor for a film thickness, h. Λ is the lubrication thickness
parameter defined by Eq. (2.57). pa is the fraction of the contact area over which there is
asperity interaction. The effect is graphically illustrated in Fig. 2.20. The model, using the
K factor, can also be applied to the mixed region. The common assumption for the effect
of film thickness on the value of the wear factor, K, is that it is proportional to
Pa, namely,

where K* is the reduce value of K.
Another model for wear in this region is one based on a correlation between the coef-

ficient of friction and wear rate. This has been proposed for design use (113). Empirically,
it has been found that

where V is the specific wear rate (i.e., wear volume divided by load and sliding distance);
µ, the coefficient of friction; and C, a coefficient which is a function of materials. This is
shown in Fig. 2.54 for two bearing systems. C is determined by fitting this expression to
the wear rate of the boundary region, namely

where Vb and µb are the boundary wear rate and coefficient of friction, respectively.
This is based on the concept that both wear rate and friction should decrease with

decreasing asperity interaction. In the boundary region, interface conditions regarding
asperity interaction are considered to be constant. Wear rate is therefore constant over that
region, as is the coefficient of friction, µb. As fluid lubrication begins to develop in the
mixed region, the surfaces separate and the smaller asperities no longer interact and do
not contribute to wear and friction. When full film lubrications occur, none of the asper-
ities interact and wear rate goes to 0. Therefore, friction in this region is purely viscous.
µm is the coefficient of friction at the transition from mixed to full film lubrication.

The model also includes the following empirical relationship for the coefficient of
friction in the mixed lubrication regime:

µb and µm, the characteristic coefficients of friction for the mixed and boundary
regimes, respectively, are determined empirically. P′ is a non-dimensional load parameter,
defined as
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where P is the load; T, the bearing length; E′, the reduced modulus,

and R′, the equivalent radius of curvature,

H is called the non-contact parameter and is the inverse of Dowson’s D-ratio (124).
H is the ratio of the EHD film thickness, H, to a combined surface roughness, δ*. For
journal bearings,
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Figure 2.54 Relationship between wear rate and coefficient of friction in the mixed lubrication
region of bearing operation. (From Ref. 113.)
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where δJO is the initial RMS surface roughness of the journal (113), H is given by

where α is the pressure coefficient of viscosity of the lubricant and U is a non-dimensional
speed parameter defined as

Ω is the viscosity of the lubricant and v, the speed (125).
In the full film region, wear only occurs when the film is collapsed during stop-start

cycles. The amount of sliding that occurs during a stop-start cycle can be estimated by the
following expression:

where J is the moment of inertia of the journal, and wc is the angular velocity at the criti-
cal Sommerfeld number (110). To determine the increased clearance or wear depth in this
mode of operation, the amount of sliding given by Eq. (2.151) is multiplied by the num-
ber of start-stop cycles and the product is used as the amount of sliding in the models for
boundary lubrication. It is assumed in this approach that the kinetic energy of the journal
can be equated to the energy dissipated by friction in the boundary lubrication region. The
effect of the mixed region is considered to be negligible.

As these discussions indicate, the constant wear rate models and the Zero /
Measurable Wear Models can be used to determine wear in all three lubrication regions.
The implicit assumption of this approach is that the fundamental wear behavior is the
same for all three regions; only the extent of exposure to this wear is different. For mixed
lubrication, the exposure is related to the number of asperities in contact to those occur-
ring in the boundary region. For bearing using full film lubrication, it is the amount if
sliding that occurs under boundary lubrication conditions during stop–start cycles.

2.9. MODELS FOR EROSIVE WEAR

There is an absence of formally developed engineering models of erosion that have wide
applicability. However, a review of studies of these wear situations indicates the existence
of some common elements and trends which may be consolidated to form the basis of an
engineering model. These studies indicate that the erosion wear rate, e, can often be
expressed as the product of several factors (126–135). For limited ranges of erosive con-
ditions, it is often possible to approximate e as the product of three terms, namely,

In this expression, K is a wear coefficient that is dependent on the materials (e.g., the ero-
dent’s composition, size, and shape and hardness and ductility of the wearing material)
and environmental conditions (e.g., temperature and atmosphere). This is determined by
a simulative erosion test and may be a function of time, t (128,136,137). A is a function
of the impingement angle of the erodent and I is a factor expressing the intensity of wear
situation. Both the tests used to determine K and the forms of the expressions for I and A
depend on the nature of the erosive wear situation. These are different for particle erosion,
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liquid erosion, and cavitation erosion and may vary within these categories. In the case
of liquid and particle erosion, I is generally expressed as the product of two other factors,
M and i. M is the rate of supply of the erodent. i is the intensity factor associated with
an individual particle or droplet. Therefore, for these two situations Eq. (2.152) can be
modified to the following:

With many materials, the wear coefficient is found to vary with time. Characteristic
patterns for erosion rates as a function of time are shown for cavitation and liquid and
particle erosion in Figs. 2.55 and 2.56, respectively. Data indicate that for cavitation
long-term values of K can be as low as a third of the peak value. For liquid and particle
erosion, however, the effect appears to be less severe (e.g., typically less than a 20%
reduction).

One reason for this type of behavior is the existence of fatigue wear processes
in erosion (137). With fatigue wear processes, there is generally an incubation peri-
od before material loss occurs. Since erosion situations generally involve a distri-
bution of impact conditions, this characteristic would be exhibited as a gradual
increase to a stable erosion rate rather than as a sharp transition. Another reason for
a time dependency is the modifications of the surface, which are caused by the ero-
sion process. These modifications are used to explain differences between short-
and long-term behavior (128,136,137). This type of behavior is generally associat-
ed with two changes that can occur as a result of initial wear or erosion. One is a
change in surface topography or roughness and the other is a change in the physical
properties of the material, such as work hardening in the case of some metals. In
general, once these changes occur and a stable condition is established, K becomes
independent of time. Prior to the development of this stable condition, erosion rates
may be higher or lower, depending on the effects that these changes have on erosion
behavior.

For liquid drops, there is evidence that the following forms for A and i can be used:
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Figure 2.55 Typical behavior of erosion wear coefficients as a function of time in the case of
cavitation.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-226.jpg&w=213&h=139


where α is the impingement angle and v the velocity of the drop, m and n are determined
experimentally as a function of material and drop size. Typical values for m range from
2 to 10; for n, 2 to 3 (134).

With particle erosion, two modes are generally identified, a ductile mode and a
brittle mode (133,138). Actual erosion behavior is considered to be the sum of these
two components. This is illustrated in Fig. 2.57. In this case, Eq. (2.153) is applied to
the two individual modes. For ductile behavior, the following is often used:
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Figure 2.56 Typical behavior of erosion wear coefficients as a function of time in the case of solid
and liquid particle erosion.

Figure 2.57 Erosion wear models.
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For the brittle mode, the corresponding relationships are

The total erosion rate is given by

In this case Kd, Kb, β0, m, and n are determined empirically by fitting Eq. (2.163)
or Eq. (2.164) to the data, n and m typically are in the range of 2 or 3. In addition, there
is some evidence to indicate that when particle velocities are sufficient to cause inelastic
deformation, m and n may be considered to be the same (133).

There is usually no angular dependency in cavitation erosion as there is for particle
and droplet erosion. As a result, Eq. (2.153) can be simplified to

In this case I is a measure of the intensity of the cavitation field. For example in the
case of a vibrating source, the intensity is related to the amplitude of the vibration, δ (136).
Namely,

In the case of a cavitating jet, it is related to the velocity of the jet (137)

vj is the jet velocity. An example of the effect on source intensity on erosion rate is shown
in Fig. 2.58. The exponents in each case need to be determined experimentally. The con-
stant of proportionality can be combined with K. In the case of the vibrating horn, n has
been found to be near unity; for the jet, it is considerably higher. For example, values in
the range of 7–8 have been found with jet induced cavitation.

It is sometimes possible to expand this general approach to other parameters affect-
ing erosion. In the case of particle erosion, for example, there is some evidence that

where D is particle diameter and m is an empirical constant dependent on material
(128,139). In this ease, Eq. (2.153) can be expanded to

where K is now independent of particle size.
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2.10. MODELS FOR TOOL WARE

The majority of tool wear models relate tool life to operational parameters, such as speed,
feed, and tool geometry. The oldest and simplest relationship of this type is Taylor’s
equation, which relates tool life, T, to cutting speed, V,

n and C are empirical coefficients that are determined in controlled machining tests
(140,141). Both of these coefficients are dependent on materials, tool shape, and other
machining parameters. More complex empirical models have also been proposed which
relate tool life to various machining parameters (142). Up to three operational parameters
are usually considered in these type of relationships, namely, speed, V, feed, F, and a geom-
etry or design factor, such as size or angle, D. A general form that summarizes these is

The c’s are determined by fitting this type of expression to experimental data.
This form is equivalent to the original Taylor equation if all the c’s, except c0 and c1,

are assumed to be 0. When only the first-order terms are considered, the form is referred
to as the Extended Taylor Relationship for tool life.
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Figure 2.58 “A” shows the effect of the intensity of a cavitation field, induced by a vibrating source,
on erosion rate for two different regions of the erosion curve. “B” illustrates the different regions of
a typical cavitation erosion curve and the erosion rate behavior in those regions. The data are for
initial and maximum erosion rate periods. (From Ref. 136. Reprinted with permission from
ASTM).
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There is evidence that a more physical model can be used, as well. It has been found
that the following expression can be applied to tool wear (143).

In this expression h is the depth rate of wear, V is the tool speed, σt is the pressure
between the tip of the tool and the work piece, and Θ is the absolute temperature of the
tool tip. C′ and C″ are empirical coefficients. The ability of this type of expression to
describe tool wear is shown in Figs. 2.59 and 2.60 for flank and crater wear, respec-
tively. In examining this expression, it can be seen that the first-order terms are basi-
cally equivalent to a. PV factor that is associated with a linear wear model, such as those
used for sliding. The exponential factor, on the other hand, has the form of the Arrhenius
relationship, which is often used to describe chemical reactions.

The significance of temperature in tool wear is to be anticipated because of the high
temperatures that can occur in machining and the presence of highly reactive surfaces
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Figure 2.59 The effect of temperature on crater wear. (From Ref. 6.)
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(newly formed) in the tip region. Often more than one type of reaction is possible and
transitions in wear behavior or tool life can occur because of changes in the relative sig-
nificance of these individual reactions. Two distinct regions of the wear of a carbide tool
can be seen in Fig. 2.60. Different complex Fe–W–Co carbides are found in the two
regions.

By specifying a maximum allowed wear depth, H, Eq. (2.172) can be used to
obtain the life of a tool, T. Namely,

where
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Figure 2.60 The effect of temperature on flank wear. (From Ref. 6.)
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Additional information is required to use this model, namely, σt and Θ. These may
be determined by suitable analytical techniques (e.g., finite element modeling and heat
transfer analysis). Experimental methods may be used as well. For example, Θ may be
determined by the use of thermocouples or IR (infrared) instrumentation. σt can also be
estimated by measuring the normal force between the tip and the work piece, N, and
solving the following equation for the constant, D:

since

L is the position along the tool face, as indicated in Fig. 2.61. Lc is the tool–chip contact
length, At is the tool–chip contact area, α is the stress at which the chip leaves the tool
(L = Lc). To use this approach At, Lc, and α need to be determined. A value of 10 MPa
has been used for α (for steel) (143).

REFERENCES
1. K Ludema, R Bayer, eds. Tribological Modeling for Mechanical Designers. West

Conshohocken, PA, STP 1105, ASTM, 1991.
2. P Blau. Friction and Wear Transitions of Materials. Park Ridge, NJ: Noyes Publication,

1989.
3. R Bayer. Prediction of wear in a sliding system. Wear 11:319–332, 1968.
4. V Jain, S Bahadur. Experimental verification of fatigue wear equation. Proc Intl Conf Wear

Mater. ASME 700–706, 1981.

130 Chapter 2

Figure 2.61 Stress distributions on a rake face as a function of distance from the tip. Lc is the
position where the chip leaves the tool face. (From Ref. 6.)

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch2&iName=master.img-251.jpg&w=210&h=220


5. P Clayton, D Danks. Rolling / sliding conditions. Proc Intl Conf Wear Mater. ASME
191–204, 1989.

6. E Usui, T Shirakashi, T Kitagawa. Analytical prediction of cutting tool wear. Wear 100:
129–152, 1984.

7. O Vingsbo. Wear and wear mechanisms. Proc Intl Conf Wear Mater. ASME 620–635, 1979.
8. N Suh. The delamination theory of wear. Wear 25:111–124, 1973.
9. A Rosenfield. Modelling of dry sliding wear. Proc Intl Conf Wear Mater. ASME 390–393,

1983.
10. D Kuhlmann-Wildorf. Parametric theory of “Adhesive” wear in uni-directional sliding. Proc

Intl Conf Wear Mater. ASME 402–413, 1983.
11. T Quinn, J Sullivan, D Rowson. New developments in the oxidational theory of the mild wear

of metals. Proc Intl Conf Wear Mater. ASME 1–11, 1979.
12. H Chang. Fundamentals of elastohydrodynamic contact phenomena. In: N Suh, N Saka, eds.

Fundamentals of Tribology. Cambridge, MA: MIT Press, 1980, pp 1009–1048.
13. J Archard. Contact and rubbing of flat surfaces. J Appl Phys 24:981–988, 1953.
14. S Lim, M Ashby. Wear-mechanism maps. Acta Metal 35(1):1–24, 1987.
15. A Bower, K Johnson. The influence of strain hardening on cumulative plastic deformation in

rolling and sliding line contact. J Mech Phys Solids 37(4):471–493, 1989.
16. K Johnson. Proceedings of the 20th Leeds-Lyon Symposium on Tribology. Vol. 21. Elsevier,

1994.
17. E Zarestsky, ed. Life Factors for Rolling Bearings. STLE SP-34. Park Ridge, IL: STLE, 1999.
18. J Archard, W Hirst. The wear of metals under unlubricated conditions. Proc Roy Soc A

236:397–410, 1956.
19. J Archard. J Appl Phys 23:18, 1952.
20. Atkins, M Omar. The load-dependence of fatigue wear in polymers. Proc Intl Conf Wear

Mater. ASME 405–409, 1985.
21. J Hailing. Acontribution to the theory of mechanical wear. Wear 34(3):239–250, 1975.
22. I Kraghelskii, R Loginov. Prediction of wear rate by theoretical experimental method. Proc

Intl Conf Wear Mater. ASME 394–401, 1983.
23. R Fusaro. Effect of load, area of contact, and contact stress on the tribological properties of

polyimide bonded graphite fluoride films. Proc Intl Conf Wear Mater. ASME 625–636, 1981.
24. H Da-Yue, G Ting-Hong. L Hang-Chou, Q Rui-Zhong. Proc Intl Conf Wear Mater. ASME

644–647, 1981.
25. T Quinn, J Sullivan. A review of oxidational wear. Proc Intl Conf Wear Mater. ASME

110–115, 1977.
26. J McGrew. Standard news 2(9):22–28, 56–57, 1974.
27. G Massouros. Model of wear in a plain bearing under boundary lubrication. Trib Intl

15(4):193–198, 1982.
28. K Kato. Tribology of ceramics. Wear 136:117–134, 1990.
29. Z Rymuza. Wear in polymer micropairs. Proc Intl Conf Wear Mater. ASME 125–132, 1981.
30. V Sastry, D Singh, A Sethuramiah. Modeling of wear under partial elastohydrodynamic lubri-

cation contacts. Proc Intl Conf Wear Mater. ASME 765–770, 1989.
31. H Veerbeek. Tribological systems and wear factors. Wear 56:81–92, 1979.
32. E Rabinowicz. Friction and wear of materials. New York: John Wiley and Sons, 1965.
33. M Peterson, W Winer, eds. Wear control handbook. New York: ASME, 1980.
34. G Pratt, W Wilson. The performance of steel-backed acetal copolymer bearings. Wear

12(2):73–90, 1968.
35. G Chen, G Jiao, Y Wang. Wear prediction for unlubricated piston rings. Proc Intl Conf Wear

Mater. ASME 645–652, 1989.
36. J Anderson. Wear of commercially plastic materials. Trib Intl 15(5):255–264, 1982.
37. M Wolverton, J Theberge. How plastic composites wear against metals: machine design,

2 / 6 / 86, 67–71. Cleveland, OH: Penton Publishing Co., 1986.

Engineering Models of the Year 131

Copyright © 2004 Marcel Dekker, Inc.

  



38. R Steijn. Friction and wear of plastics. In: D Rigney, W Glaeser, eds. Source Book on Wear
Control Technology. Metal Park: ASM, 1978, pp 371–383.

39. M Neale, ed. Tribology Handbook. New York: John Wiley and Sons, 1973.
40. A Beerbower. Boundary Lubrication. Scientific and Technical Applications Forecast,

DAHC19-69-C-0033, Department of the Army, 1972.
41. M Wallbridge, D Dowson. Distribution of wear rate data and a statistical approach to sliding

wear theory. Proc Intl Conf Wear Mater. ASME 101–110, 1987.
42. R Bayer. A model for wear in an abrasive environment as applied to a magnetic sensor. Wear

70:93–117, 1981.
43. K Zum Gahr. Relation between abrasive wear rate and the microstructure of metals. Proc Intl

Conf Wear Mater. ASME 266–274, 1979.
44. B Briscoe, P Evans, J Lancaster. The influence of the mean debris particle size on the abrasive

wear rate of PTFE. Proc Intl Conf Wear Mater. ASME 607–618, 1987.
45. Y Wang, Z Wang. An analysis of the influence of plastic indentation on three body abrasive

wear of metals. Proc Intl Conf Wear Mater. ASME 607–618, 1987.
46. K Zum Gabr. Relation between abrasive wear rate and the microstructure of metals. Proc Intl

Conf Wear Mater. ASME 266–274, 1979.
47. K Hokkirigawa, K Kato. Theoretical estimation of abrasive wear resistance based on micro-

scopic wear mechanism. Proc Intl Conf Wear Mater. ASME 1–8, 1989.
48. R Mayville. Abrasive concentration effects on wear under reciprocating conditions. Proc Intl

Conf Wear Mater. ASME, pp 83–88, 1989.
49. R Bayer. The influence of hardness of the resistance to wear by paper. Wear 84:345–351, 1983.
50. E Rabinowicz. Abrasive wear resistance as a materials test. Lub Eng 33:378–381, 1977.
51. R Bayer. The influence of hardness of the resistance to wear by paper. Wear 84:345–351, 1983.
52. G Yampolski, I Kragelskii, I Yushakov. Abrasive wear of rolling bearings. Trib Intl 14(3):

137–138, 1981.
53. M Moore, F King. Abrasvie wear of brittle solids. Proc Intl Conf Wear Mater. ASME

275–285, 1989.
54. R Bayer, T Ku. Handbook of Analytical Design for Wear. New York: Plenum Press, 1964.
55. R Bayer, W Clinton, T Ku, C Nelson, R Schumacher, J Sirico, A Wayson. An engineering

model for wear. Paper No. 66-MD-11. Design Eng Conf Show. ASME Feb, 1966.
56. R Bayer, W Clinton, T Ku, C Nelson, R Schumacher, J Sirico, A Wayson. Applying the wear

model to design problems. Paper No. 66-MD-12. Design Eng Conf Show. ASME Feb, 1966.
57. R Bayer, W Clinton, T Ku, C Nelson, R Schumacher, J Sirico, A Wayson. Special considera-

tions relating to the engineering model for wear. Paper No. 66-MD-13. Design Eng Conf
Show. ASME Feb, 1966.

58. R Bayer, A Shalkey, AWayson. Designing for zero wear: machine Design, 1 / 9 / 69, 142–151
Cleveland, OH: Penton Publishing Co., 1969.

59. R Bayer, A Wayson. Designing for measurable wear: machine design, 8 / 7 / 69, 118–127.
Cleveland, OH: Penton Publishing Co., 1969.

60. R Bayer, W Clinton, C Nelson, R Schumacher. Engineering model for wear. Wear 5:
378–391, 1962.

61. R Bayer, W Clinton, J Sirico. A note on the application on the stress dependency of wear in
the wear analysis of an electrical contact. Wear 7:282–289, 1964.

62. A Beerbower. Boundary Lubrication, Scientific and Technical Applications Forecast,
DAHC19-69-0033. Department of the Army, 1972.

63. J Dumbleton, S Rhee. The application of a zero wear model to metal / polyethylene sliding
pairs. Wear 35:233–250, 1975.

64. E Finkin. What happens when parts wear: machine design 3 /19/ 70, 149–154. Cleveland, OH:
Penton Publishing Co., 1970.

65. A Wayson. A study of fretting on steel. Wear 7:435–150, 1964.
66. R Bayer, J Sirico. Wear of electrical contacts due to small-amplitude motion. IBM J R&D

15(2):103–107, 1971.

132 Chapter 2

Copyright © 2004 Marcel Dekker, Inc.

  



67. C Moyer, H Neifert. A First-order solution for the stress concentration present at the end of
roller contact. ASLE Trans 6:324–326, 1963.

68. S Timoshenko, J Goodier. Theory of elasticity. 2nd Ed. New York: McGraw-Hill, 1951.
69. J Goodier, C Loutzenheiser. Pressure peaks at the ends of plane strain rigid die contacts (Elastic).

Trans ASME June:462–463, 1965.
70. W Clinton, T Ku, R Schumacher. Extension of the engineering model for wear to plastics, sin-

tered metals and platings. Wear 7:354–367, 1964.
71. R Bayer, R Schumacher. On the significance of surface fatigue in sliding wear. Wear 12:

173–183, 1968.
72. J Hailing, R Arnell. Ceramic coatings in the war on wear. Wear 100:367–380, 1984.
73. J Dumbelton. Wear 24:229, 1973.
74. R Bayer, E Hsue, J Turner. A Motion-induced sub-surface deformation wear mechanism.

Wear 154:193–204, 1992.
75. R Bayer. Influence of oxygen on the wear of silicon. Wear 69:235–239, 1981.
76. R Bayer, J Sirico. The influence of surface roughness on wear. Wear 35:251–260, 1975.
77. R Bayer, J Sirico. Some observations concerning the friction and wear characteristics of

sliding systems involving cast ceramics. Wear 16:421–430, 1970.
78. RG Bayer. Wear Analysis for Engineers. Chapters 6.1.2 and 7.2. NY: HNB Publishing, 2002.
79. K Wellinger, H Breckel. Wear 13:257–281, 1969.
80. P Engel, T Lyons, J Sirico. Impact wear model for steel specimens. Wear 23:185–201, 1973.
81. P Engel, R Bayer. The wear process between normally impacting elastic bodies. J Lub Tech

Oct:595–604, 1974.
82. P Engel. Impact wear of materials. Tribology Series 2. New York: Elsevier Science Publishing

Co., 1978.
83. P Engel. Measurable impact wear theory; Impact wear of materials. Vol. 214–221. Chapter 8.

Tribology Series 2. New York: Elsevier Science Publishing Co., 1978.
84. P Engel. Measurable impact wear theory. Impact wear of materials, Chapter 8. Tribology

Series 2. New York: Elsevier Science Publishing Co., 1978.
85. P Engel. Measurable impact wear theory. Impact wear of materials, Chapter 8. Tribology

Series 2. New York: Elsevier Science Publishing Co., 1978, pp 228–235.
86. R Bayer. Impact wear of elastomers. Wear 112:105–120, 1986.
87. RG Bayer. Wear Analysis for Engineers, Chapters 6.1.3. NY: HNB Publishing, 2002.
88. P Engel. Impact wear through flexible media. Impact Wear of Materials, Chapter 10. Tribology

Series 2. New York: Elsevier Science Publishing Co., 1978, p. 277.
89. R Bayer, P Engel, E Sacher. Impact wear phenomena in thin polymer films. Wear

32:181–194, 1975
90. R Morrison. Test data let you develop your own load / life curves for gear and cam materials:

machine design, 8 /1/ 67, 102–108. Cleveland, OH: Penton Publishing Co., 1967.
91. E Buckingham, G Talbourdet. Roll test on endurance limits of materials. ASME Jan, 1950.
92. G Talbourdet. A progress report on the surface endurance limits of materials. ASME Paper

No. 54-LUB-14, 1954.
93. W Cram. Cam Design. Proceeding of the Third Mechanisms Conference. Purdue University,

5/56, 1956
94. E Buckingham. Analytical mechanics of gears. New York: McGraw-Hill, 1949.
95. T Harris. Rolling Bearing Analysis. 2nd ed. New York: John Wiley and Sons, 1984.
96. G Lundberg, A Palmgren. Dynamic capacity of rolling bearings. Acta Polythechnics. Roy

Swedish Acad Eng Sci, ME Series 1(3):7, 1947.
97. G Lundberg, A Palmgren. Dynamic capacity of roller bearings. Acta Polythechnics. Roy

Swedish Acad of Eng Sci, ME Series 2(4):96, 1952.
98. ANSI/AFBMA Standards 9 and 11, Standard 9, Load Ratings and Fatigue Life for Ball

Bearings; Standard 11, Load Ratings and Fatigue Life for Roller Bearings. American National
Standards Institute and Anti-Friction Bearing Manufactures Association, 1990.

99. Lubrication, 60(Jul-Sept, Oct-Dec), 1974, and 61(Jan-Mar), 1975, Beacon, NY: Texaco.

Engineering Models of the Year 133

Copyright © 2004 Marcel Dekker, Inc.

  



100. An Engineering Design Guide. Life Adjustment Factors for Ball and Roller Bearing an Eng
Design Guide, New York. ASME, 1971.

101. L Valentin, A Bianchi. Life adjustment factors for tapered roller bearings. Proceedings of the
First European Trib. Congress. Inst Mech Eng 1973, pp 377–381.

102. D Dareing, E Radzimovsky. Misaligned roller bearings - how fast will they fail: machine
design 36(4), 2 / 13 / 64, 175–179. Cleveland, OH: Penton Publishing Co., 1964.

103. J Liu. J Lub Tech 93(1):60, 1971.
104. E Ellis. Tribology 3(1):29, 1970.
105. TA Harris. Rolling bearing fatigue rolling bearing analysis. 3rd ed. Chapter 18. 665–776 NY:

John Wiley & Sons, 1991.
106. JH Rumbarger, AB Jones. Dynamic capacity of oscillating rolling element bearings JOLT.

ASME Trans 90 Series F(1):130–138, 1997.
107. TA Harris. Rolling Bearing Fatigue. Rolling Bearing Analysis. 3rd. ed. NY: John Wiley &

Sons, 1991, pp 772–774.
108. E Zarestsky ed. Current Practice Life Factors for Rolling Bearings, STLE SP-34, Chapter 1.

1–46. Park Ridge, II: STLE, 1999.
109. J McGrew, G Han, R Lee, W MacFarland, R Thompson. Synthesis of Strength

Distributions as Functions of Wear. Tech. Report No. RADC-TR-67-557, Rome Air Dev.
Center, Nov 1967.

110. J McGrew. Design for wear of sliding bearings. Standard News 2(9):22–28, 56–57, 1974.
111. J Burwell et al. Effects of surface finish. J Appl Mech June: 1941.
112. L Tarasov. Relation of surface roughness to actual surface profile. Trans ASME 67:

186–189, 1945.
113. Y Doi, T Haba. Friction and wear characteristics of bearing materials under boundary lubri-

cated conditions. Proc Intl Conf Wear Mater. ASME 310–316, 1977.
114. M Shaw, F Macks. Analysis and Lubrication of Bearings. New York: McGraw-Hill,

1949.
115. M Neale ed. Tribology Handbook. New York: John Wiley and Sons, 1973.
116. Mechanism of Lubrication in Porous Metal Bearings. Paper No. 89, 151–157, Inst Mech Eng

Conf Lub Wear Oct. 1957.
117. A Cameron, V Morgan, A Stainsby. Critical conditions for hydrodynamic lubrication

of porous metal bearings. Proc Inst Mech Eng 176(28):761–770, 1962.
118. V Morgan. Hydrodynamic porous metal bearings lub. Eng. Dec. 448–455, 1964.
119. W Roulea. Hydrodynamic lubrication of narrow press-fitted porous metal bearings; Journal of

Basic Engineering, March 1963, Transactions of ASME. ASME Paper No. 62-LUB-54, 1962.
120. V Morgan. Study of the design criteria fir porous metal bearings Paper No. 88, Proc Inst

Mech Eng Conf Lub Wear Oct: 1957.
121. J Lancaster. Dry bearings: Asurvey of materials and factors affecting their performance. Trib

Intl 6:219–251, 1973.
122. J Theberge. A guide to the design of plastic gears and bearings. Machine Design 2/5/70,

114–120. Cleveland, OH: Penton Publishing Co., 1970.
123. M Neale ed. Tribology Handbook. New York: John Wiley and Sons, 1973.
124. D Dowson. J Mech Eng Sci 4(1): 1962.
125. D Dowson, G Higginson. Elastohydrodynamic Lubrication. Elmsford, NY: Pergamon Press,

1966.
126. C Dimond, J Kirk, J Briggs. The evaluation of existing models for impact erosion and

abrasive wear of ceramic materials. Proc Intl Conf Wear Mater. ASME 333–339, 1983.
127. I Finnie, A Levy, D. McFadden. In: W Adler, ed. Erosion: Prevention and Useful

Applications. STP 664. ASTM, Fundamental Mechanisms of the Erosive Wear of Ductile
Metals by Solid Particles; West Conshohocken, PA 36–58, 1979.

128. C Sargent, P Mehrotra, H. Conrad. Multiparticle erosion of pyrex glass. In: W Adler, ed.
Erosion: Prevention and Useful Applications. STP 664. ASTM, West Conshohocken, PA
77–100, 1979.

134 Chapter 2

Copyright © 2004 Marcel Dekker, Inc.

  



129. M Gulden. Solid-Particle Erosion of high-Technology Ceramics (Si3N4, Galss-Bonded Al2O3,
and MgF2). In: W Alder, ed. Erosion: Prevention and Useful Applications. STP 664. ASTM,
West Conshohocken, PA 100–122, 1979.

130. H Shimura, Y Tsuya. Effect of atmosphere on the wear rate of some ceramics and cermets.
Proc Intl Conf Wear Mater. ASME 452–461, 1977.

131. B Madsen. A comparison of the wear of polymers and metal alloys in laboratory and field
slurries. Proc Intl Conf Wear Mater. ASME 741–752, 1989.

132. A Ruff, S Wiederhom. Erosion, Treatise on Materials Science and Technology. Vol. 16. San
Diego: Academic Press, 1979.

133. M Menguturk, E Sverdrup. Calculated tolerance of a large electric utility gas turbine to ero-
sion damage by coal gas ash particles. In: W Adler, ed. Erosion: Prevention and Useful
Applications. STP 664. ASTM, West Conshohocken, PA 193–226, 1979.

134. G Schmitt. Influence of materials construction variables on the rain erosion performance of
carbon-carbon composites. In: W Adler, ed. Erosion: Prevention and Useful Applications.
STP 664. ASTM, West Conshohocken, PA 376–405, 1979.

135. G Sheldon, I Finnie Trans ASME 1966; 888:393–400.
136. M Matsumura. Influence of test parameters in vibratory cavitation erosion tests. In: WAdler, ed.

Erosion: Prevention and Useful Applications. STP 664. ASTM, West Conshohocken, PA
434–458, 1979.

137. A Lichtarowicz. Cavitating jet apparatus for cavitation erosion testing. In: W Adler, ed.
Erosion: Prevention and Useful Applications. STP 664. ASTM, West Conshohocken, PA
530–579, 1979.

138. L Ives, A Ruff. Electron microscopy study of erosion damage in copper. In: W Adler, ed.
Erosion: Prevention and Useful Applications. STP 664. ASTM, West Conshohocken, PA
5–35, 1979.

139. G Sheldon, I Finnie. J Eng Industry Nov:393–400, 1966.
140. M Peterson, W Winer, eds. Wear Control Handbook. New York: ASME 1980.
141. E Usui, T Shirakashi, T Kitagawa. Analytical prediction of cutting tool wear. Wear

100:129–152, 1984.
142. M Peterson, W Winer, eds. Wear Control Handbook. New York: ASME 924, 1980.
143. E Usui, T Shirakashi. T Kitagawa. Analytical prediction of cutting tool wear. Wear 100:

129–152, 1984.
144. P Engel. Percussive impact wear. Trib Intl Jun:169–176; 1978.
145. K Cooper. Laser Surface processingIn: P Blau, ed. Lubrication and Wear Technology, ASM

Handbook. Vol. 18. ASM Intl, 1992, pp 861–872.
146. R Lewis. Paper No. 69AM5C-2. Proceedings of the 24th ASLE Annual Meeting,

Philadelphia, 401–412, 1969.
147. P Engel. Experimental and analytical approaches in impact wear. Proc Intl Conf Wear Mater

ASME 401, 1977.
148. R McClocklin, IBM Technical Report No. 07.436, General Systems Division, Rochester,

MN, 1971.

Engineering Models of the Year 135

Copyright © 2004 Marcel Dekker, Inc.

  



137

3
Wear Design

3.1. GENERAL

Wear design is a process in which values of design parameters are selected in order
to achieve a specific wear performance. This process is different than a simple mate-
rials approach to wear. In a basic materials approach, the concern is limited to select-
ing the best material for the application. This is usually based on the rankings of
materials obtained in a simulative wear test. In wear design, however, the concern or
focus is not limited to the selection of materials but includes the potential modifica-
tion and determination of any design parameter that can affect wear performance in
the application. Wear design is also different than a problem solving. Wear design is
an anticipatory approach, which is an integral part of a design methodology. Problem
solving is a reactionary approach in response to wear failure. It often focuses on
determining the parameter or element whose change has caused the failure and mak-
ing the necessary modifications to eliminate the failure. A methodology for problem
solving is described in Part B, along with examples of this approach. The analysis of
wear situations is a central element of problem solving and wear design (1). A useful
methodology for performing this type of analysis for both problem solving and wear
design is described in Wear Analysis for Engineers (1). A flow-chart of the wear
analysis process is shown in Fig. 3.1 and the information generally required for a
wear analysis is shown in Table 3.1. Many of the elements involved in a wear analy-
sis and the information required are also involved in wear design and problem solv-
ing. The common elements of these processes, as they apply to wear design, are dis-
cussed in this section on wear design. The common elements of these processes as
they apply to problem solving are covered in Part B. Most elements are common to
all three processes.

Wear design is an element in the overall development of a design. The first step in
a wear design process involves the characterization of a tribosystem in terms of key
design parameters. The second step in the process is the selection of and use of a model
to either project wear performance or to determine values of a parameter or parameters
to achieve a particular wear life. Using these models, different design options are evalu-
ated until an acceptable design(s) is achieved. If an initial set of parameters (selected for
reasons other than wear) results in a satisfactory design, the process is complete. If not,
the tribosystem is examined for options, which are evaluated, until an acceptable design
is obtained. In practice, material changes are often considered first in this iterative cycle.
However, changes to other elements, such as size, shape, and lubrication, are also includ-
ed. Ultimately in this process, changes in the basic nature of the tribosystem may need to
be considered. An example of this type of consideration would be the consideration of the
use of a roller bearing in place of a sliding bearing.
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Because of the complex nature of wear and the scatter characteristic of wear data,
there can be considerable variation in the accuracy and precision associated with a wear
design approach. To some extent, these are influenced by the nature of the tribosystem.
To a much larger extent, the accuracy and precision that can be obtained are influenced
by the amount of effort expended and the degree to which experimental and theoretical
aspects are blended. Figures 3.2 and 3.3. indicate the general trend found in practice.
Normally with a minimal amount of effort and a mainly theoretical approach an order of
magnitude to a factor of 2 accuracy can be anticipated in estimating life. This can be
reduced to 10–20% with the inclusion of more experimental elements and the expendi-
ture of more effort in characterizing and understanding the tribosystem. This aspect of a
wear design approach can be considered in the context of a safety margin for the design
or a safety factor associated with the values of the parameters involved or the life
required. For example, the analysis could be performed using as a goal twice the required
life or twice the actual load. By using this conservative approach, the accuracy and pre-
cision required for practical design can be reduced, allowing the use of more theoretical
or analytical approaches and reducing the amount of effort required by the approach.
Similarly, if the situation requires a low margin of safety or a less conservative approach
is desirable, more empirical aspects need to be included and a greater amount of effort
will be required to satisfactorily complete the process.

Typically, a wear design approach involves four major elements. One is system
analysis that includes all those activities, which are necessary to sufficiently characterize
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Figure 3.1 Flow diagram showing the elements involved in wear analysis. (From Ref. 1.)
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the tribosystem to allow the selection and use of a model. Another element is the selec-
tion and, if necessary, the development of an analytical model, which relates wear to the
parameters of interest. In general, all wear models involve one or more empirical wear
coefficients, which are dependent on materials. The third element is the identification and
development of a database for those material-dependent coefficients. The fourth is veri-
fication, a common element in many engineering approaches. The need for and desir-
ability of such an element with a wear design approach is apparent because of
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Figure 3.2 The relationship between the inclusion of experimental methods in wear design
and accuracy of wear projections.
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the complexity of wear behavior. This element includes such aspects as verification of
projections, the applicability of the model, and any of the assumptions made as part of the
wear design. Each of the four elements of wear design will be considered in further detail
in the Secs. 3.2–3.5 and illustrated by the case studies described in Sec. 5. A design prac-
tice that has been found to be useful in the development of sliding mechanisms is
described in Sec. 3.6.

3.2. SYSTEM ANALYSIS

Wear design begins with system analysis, which, in turn, begins with the identification of
the wear points of a mechanism and classifying them in terms of their general operational
characteristics. This generally enables the identification of models, which might be used,
and the likely significance of various parameters and factors associated with the applica-
tion. The relationship between wear and performance needs to be considered at this stage
as well. Two aspects need to be identified with respect to performance and wear. One is
what feature or dimension of the wear scar is significant to the performance and the other
is the acceptable level of wear in that application. These points comprise the minimal level
of system analysis that can be done. By itself it is usually only sufficient in situations
where the approach is to project long-term wear from short-term machine or field data.
More sophisticated wear design approaches require additional system analysis elements,
needed for a variety of purposes.

Afurther element of system analysis is the determination of values for the parameters
of the tribosystem. This includes any parameter or element, which can influence wear
behavior. In general, the degree to which each has to be known is not the same. This
depends on how significant the parameter is and how its value will be used. This type of
information is needed for several reasons. Values of tribosystem parameters are needed for
the selection (and development) of models, use with analytical wear relationships, to insure
adequate simulation in tests used to determine empirical wear coefficients, and to aid in the
evaluation of existing data for relevance to the current application. Typically, more nominal
values are adequate for parameters that tend to be constant or whose variations tend to be
insignificant and whose effects are taken into account by empirical coefficients 

Figure 3.3 The general trend relating the accuracy of wear projections and the amount of effort
put into a wear design approach.
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of models. However, it is generally necessary to have some knowledge about the val-
ues of all parameters. This activity can include characterizing the abrasives in various
environment, determining the composition of hostile environments, determining the
severity of a cavitation field, as well as determining loads, dimensions, and motions.

As part of system analysis, the design parameters of the tribosystem should be
examined to determine parameters or elements that could be used to optimize wear
behavior (e.g., insure mild wear behavior). Appropriate elements can then be incor-
porated into the design to insure that those optimum conditions are satisfied.
Examples of this type of activity would be as follows: the recognition of the impor-
tance of lubrication in a sliding mechanism and the inclusion of a lubrication sys-
tem in the design; recognition of the critical nature of alignment in a bearing appli-
cation and the design of a mounting system to insure good alignment; recognition
of the potential severity of abrasive wear and the incorporation of a filter system to
avoid the introduction of abrasive particles to the wear interface; recognition of the
significance of abrupt changes in a pipeline containing a slurry on erosion and the
use of more gradual changes in the contour to encourage a more streamlined flow.
With some, it might be necessary or appropriate to include these elements in the
modeling to determine specific values or limits for them. With others the simple
introduction might be sufficient to optimize wear behavior. Examples of the former
might be the determination of the amount of lubrication required or the degree of
misalignment that can be allowed. Examples of the latter would be the use of shields
and seals to prevent abrasives from reaching the interface or reducing the ambient
temperature by cooling.

The identification of the parameters and elements involved in the tribosystem and
knowledge of their values can also be useful in selecting or eliminating materials. Certain
parameters, such as temperature, the hardness range of the abrasives, and the corrosive
nature of the fluid involved, can lead to the immediate elimination and selection of mate-
rials types thereby simplifying the overall effort. For example, high ambient tempera-
tures would generally result in the exclusion of most polymers. In the abrasive case, the
design activity should focus on materials harder than the abrasives. Highly reactive
materials would be eliminated from consideration for use in a corrosive environment.

To obtain the necessary information required from a system analysis a variety of
techniques may be required (1). As a minimum, a review of the mechanism and its oper-
ation is required. Beyond this, finite element analysis, CAD–CAM simulation, dynam-
ic analysis, or fluid flow analysis might be required, as well as various measuring and
examination techniques (e.g., strain gage measurements, environmental sampling, and
determination of vibration levels). Examination of worn components can also be useful
in system analysis in determining the nature of the contact, characterizing the mode of
wear that is occurring, and the motions that are involved. While often not possible in the
initial stages of a wear design approach, it should be done when used parts become avail-
able. Examination of components from a similar or previous application is also benefi-
cial. In performing these examinations, it is well to do so with a variety of techniques,
since different aspects of the wear situation frequently are more easily identified with
one technique than another. A significant amount of information about the wear situa-
tion can often be obtained from visual and low-power optical examination.

Wear analysis can be performed with various degrees of rigor and completeness
associated with the identification and determination of the parameters. However, the
cruder and less complete this portion is, the lower the accuracy associated with the analy-
sis and the larger the safety margin that should be employed. In general, all the parame-
ters associated with a tribosystem do not have to be determined to the same amount of
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precision. Either because of the nature of the overall analysis or the sensitivity of wear
behavior to the parameter, a crude estimate of the value of some parameters may only
be necessary (e.g., the general range of its value may be adequate). On the other hand,
it may be necessary to determine other parameters very precisely.

While wear design starts with system analysis, system analysis is frequently not
limited to this initial stage of wear design. Some elements of system analysis are often
involved throughout wear design. This is often in the form of activities leading to refine-
ments in knowledge about the tribosystem, which is required for the modeling activity.

3.3. MODEL SELECTION AND DEVELOPMENT

There are three general approaches in wear design and each involves the use of wear
models. One of these may be termed a theoretical approach; the other two, empirical
approaches. In the theoretical approach, the model provides an analytical relationship for
wear which usually contains explicit dependencies on a number of design parameters
and one or more wear coefficients that are determined from laboratory tests or existing
databases. In both the empirical approaches, the model again provides analytical rela-
tionships but these are generally simpler and contain a fewer number of explicit depend-
encies. In one case, the coefficients of the relationship are determined by fitting the rela-
tionship to data obtained from measurements on actual or prototype hardware. This
approach is often used for the determination of a usage factor so that long-term projec-
tions can be made from short-term data. In the other case, the analytical relationship is
used for the correlation of field or application performance to the performance in a lab-
oratory test; here the model provides a basis for estimating field performance on the basis
of laboratory tests.

The selection and development of the analytical relations are basically the same for
all these approaches. Based on information gathered in the system analysis, an appro-
priate engineering model for wear or form of a wear relationship is selected. This is done
by comparing the operational aspects of the application to those associated with the var-
ious engineering or other models available and selecting the most appropriate one. If an
existing model is not completely adequate for the analysis, it may be necessary to expand
or modify the model by using some of the more fundamental physical relations and the-
ories regarding wear behavior. Information obtained from the system analysis is needed
to guide the development of such a model or the modification. Typically, these more fun-
damental considerations lead to the identification of an analytical form, which can be fit-
ted to either laboratory or application wear data. It is worthwhile to note that while the
initial consideration of a unique wear situation may require an empirical approach, infor-
mation obtained from the initial application may enable the use of a theoretical approach
in similar or future applications. More elaborate and refined engineering models may be
developed for specific applications in this manner.

Two types of required modifications often occur. One type is the expansion or refine-
ments of factors contained in the original model or formulation. An example of this might
be the refinement of a material factor to explicitly address a hardness or modulus depend-
ency. A second type of modification is the combining of or the allowing for more than one
wear mechanism or a change in wear mechanism. An example would be the need to
specifically include an abrasion mode in a nominally non-abrasive sliding situation.
Another example is the impact wear behavior of elastomers, where the dominant mode
changes from “creep-like” to fatigue as the number of impacts increases.
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One aspect that should be kept in mind when attempting to select a model is the
conditions required in order to allow the use of a particular model. For example, with
the Zero Wear Model for sliding, it is required that contact stresses be less than approx-
imately one half the yield point. If this condition is not satisfied, the model is not appli-
cable. When the initial selection of design parameters is limited to those combinations
which satisfy this requirement (e.g., in this case appropriate values of size and materi-
al hardness), these models are now candidates for use in the wear analysis.

It is often useful to analyze wear data in empirical approaches in terms of log—log
plots, particularly for relationships with normal engineering parameters. This method is
convenient for determining approximate relationships or trends, even with the scatter that
is often associated with wear data, particularly field or machine data. Experience has
shown that most wear relationships can be approximated by a power relationship, which
is a straight line on a log—log plot. This is illustrated in Fig. 3.4. Experience with this type
of analysis has indicated that when wear data deviate from a straight line on a log—log
scale, it is likely the result of a transition in wear behavior. When this type of deviation is
observed, the wear situation should be investigated to verify the existence of a transition,
if there is one, and determine the reason for it. This type of behavior for two situations in
which a transition has been verified is shown in Figs. 3.5 and 3.6. While transitions are the
likely explanation for such behavior, another explanation is also possible and needs to be
recognized, namely, that the range covered is so large that a simple power relationship is
not a good approximation of a more complex form.

The theoretical approach to wear design can be completely analytical if exist-
ing data are used to provide values for the coefficients required by the models.
While this type of approach is highly desirable for design, there are often limitations
associated with it. For example, without specific experimental data for the tribosys-
tem being considered, it may be impossible to eliminate different alternatives from
consideration when more than one model can be assumed for the application. In the
case of sliding wear for instance, both a PV-type model and the Zero and
Measurable Wear Models might potentially apply. In addition, existing data often
indicate a range of values or nominal values for particular coefficients rather than
specific values for the application. In these types of situations (i.e., where it is nec-
essary to consider different theoretical options as possibilities or a range of values
for different wear coefficients), a technique called bracketing has been found to be
useful. In this approach, wear projections are made for the design with each of the
models, using the extremes for the various coefficients indicated by existing data
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Figure 3.4 Use of log—log plots in wear analysis.
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for different materials. The range of likely wear behavior can be estimated in this manner.
This range in performance is then compared to the requirements. Three possible condi-
tions can result and these are shown in Fig. 3.7. One is when the worst case wear projec-
tion satisfies the requirements and therefore a design can be selected without further analy-
sis. The second condition is when the best case wear projection does not satisfy the
requirements. In this case, practical experience has indicated that the design concept
should be changed. It is unlikely that an existing material or pair of materials can be found
which will provide adequate performance. If this condition exists for all the design
options, experience indicates that it should be recognized that it is very unlikely that the
wear performance goal can be achieved and reduced performance should be accepted. The
third condition is when the desired wear performance is bracketed by the worst-case and
best-case conditions. Several options are possible in this situation. If the wear design is
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Figure 3.5 A log—log plot for the impact wear of an elastomer, showing the effect of a change in
wear modes on the slope of the curve.

Figure 3.6 A log– log plot of the wear in a band printer at the band-platen interface, showing the
effect of a mild to severe transition that occurs after a certain amount of usage.
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limited to an analytical approach, additional design options (e.g., maintenance strategies,
lowering replacement costs, the use of wear compensation techniques, etc.) can be con-
sidered to make the worst-case condition acceptable. An example would be inserting a
replaceable interposer between the two surfaces. It might also be possible to eliminate
the worst-case from consideration by changing elements of the design to insure that
those conditions do not occur or that best-case conditions are achieved. An example of
this might be to improve tolerances so that good alignment is assured. If the wear desig-
nis not limited to analytical methods, an empirical approach can be incorporated into the

Figure 3.7 Illustration of the bracketing method in wear design. For the condition indicated in
“A”, the design is satisfactory and no further work needed. In “B”, a design change is needed.
In “C”, further work is needed to identify correct model and required materials.
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wear analysis to determine the correct model and proper values of the coefficients before a
design is selected.

In many applications it is possible that both contacting surfaces can wear. In these
cases, it is necessary to consider the wear of each member in the wear design approach.
In addition, since the wear of one surface can be influenced by the conditions of the coun-
terface, it is necessary to account for the effect of counterface wear in these approaches.
The treatment of these two-body wear situations in a wear design approach can be com-
plex. One reason for this is the increased number of wear coefficients or exponents that
may be involved. Another is that general engineering wear models tend to be developed
in the context of one-body wear (i.e., they assume a constant counterface) and, as a result,
modifications to or extensions of existing models are often required. The relationships
between wear volumes and engineering wear measures, such as depth, also can change
as a result of a geometry change of the counterface with wear, leading to increased com-
plexity. One approach that can be used in these wear design situations is to model the
wear of each member, assuming that the counterface does not wear. The sum of the wear
projected for each member is then used to determine whether or not acceptable wear per-
formance is achieved. In practice, this is a conservative approach because in mild wear
situations experience indicates that, if there is a change, individual wear rates tend to
decrease with counterface wear. An exception to this would be a situation in which the
properties or characteristic of a counterface might change dramatically with only a small
amount of wear or usage, as is the case of a molded glass-filled plastic. With wear through
of the skin and exposure of the glass, the properties of the plastic surface change dramat-
ically (i.e., from a non-abrasive to an abrasive surface). This type of behavior can be taken
into account by using the properties of the modified surface in the analysis.

A second, more rigorous, analytical approach would be to account for the changing
conditions of the counterface in the model used to describe the wear of one member.
Since wear on both members is of concern in these situations, a pair of coupled relation-
ships would be obtained in this manner. Generally, this pair of equations would have to
be simultaneously solved to obtain expression for total wear of the system and individual
wear of each member. The complexity of such an approach depends on the nature of the
models used, the geometries of the two members, and the engineering wear measure
required in the application. In its easiest form, the coupling can be in the form of a slid-
ing wear coefficient that has to be determined under conditions of simultaneous wear. In
a more complex form, it might be in the form of simultaneous differential equations.

With an empirical approach (curve fitting or regression analysis) to two-body wear
a single form for total wear can be used as a basis or two forms can be used, one for each
member.

In two-body wear situations, it is possible that the wear rate of one member is so
much smaller than the wear rate of the other that it can be ignored. This can be assessed in
an empirical manner by suitable system analysis to see if it is reasonable to expect negli-
gible wear on one member or not, review of wear data from tests, and the examination of
used parts. It can also be assessed analytically, using models to estimate or project wear or
wear lives. For example, based on the assumption that only one member wears at a time,
if there is a difference of several orders of magnitude in their projected wear lives, the wear
on the member with the larger projected life can generally be ignored. It should be kept in
mind that if changes in the design are introduced, this aspect needs to be reexamined since
the changes could result in increased wear on the originally low-wearing member. For
example, initially an unhardened steel surface might engage a hardened surface. As a result
the hard surface might experience negligible wear. If the softer member is hardened to
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reduce its wear, significant wear might now occur on the original hardened member. As
a result, a more general two-body wear approach now needs to be used in the wear design.

3.4. DATABASE IDENTIFICATION AND DEVELOPMENT

This element of wear design is concerned with obtaining all the empirical data needed for
the implementation of a wear design approach. In addition to material wear coefficients,
the databases required for these approaches can include a variety of experimental data.
For example, the database may include such information as values of variable exponents,
wear coefficients associated with other parameters of the tribosystem, and the association
of wear modes and transitions in wear behavior with various parameters of tribosystems.
It can also include data regarding the characterization of the tribosystem, including the
environment in which the device operates. Such aspects as the determination of the size
and type of abrasives encountered, determination of loads, and the characterization of a
cavitation field would be examples of these types of data.

If not known beforehand, the data associated with the characterization of the tri-
bosystem can usually be obtained from direct or indirect measurements of various aspects
of the system. Generally, using conventional measurement techniques for the property or
aspect of interest can do this. The other types of data required, such as material wear coef-
ficients, values of exponents, and information regarding wear modes, can be obtained
from a variety of sources. Technical and vendor publications provide one source of such
data. However, the tests upon which these data are based usually do not provide sufficient
simulation of the application to provide specific values. Typically, data from such sources
can be used to identify ranges or estimates that are useful in a bracketing approach. In
general, simulative wear tests are needed to provide specific values for these quantities.
The first time a situation is encountered it might be necessary to develop a unique test to
determine the appropriate values; in subsequent applications, however, the previously
obtained data may be adequate. An in-house database that is built on these unique tests
that provide good simulation can be a valuable tool in facilitating analytical wear design
approaches. Another source of values for these data can be application data. Machine or
field wear data for the application or from a similar application can be analyzed to deter-
mine the model and values, which best satisfy the data. Data from robot tests can be used
in the same manner.

3.5. VERIFICATION

There are usually two general concerns associated with verification activities in wear
design. One is a design engineering concern, namely to verify that the selected design is
performing properly. Basically, this is verifying the wear projections made with the
model. The second type of concern is more fundamental. It is concerned with verification
of tribological behavior. This includes verification of the assumptions and hypotheses
used in the development of the wear design approach, verification of the wear mode and
models, and the determination of the range of validity of the model. It includes verifica-
tion of aspects associated with the wear, such as the nature or size of the contact area and
location of the wear.

For the design engineering concern, verification generally requires machine or field
data. One way of providing this verification is by determining field life. Along time might
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be need for gathering of these types of data and is often impractical. An alternative that
does not require as much time is to determine the amount of wear as a function of usage
(empirical wear curve) and comparing this to what was predicted with usage (theoretical
wear curve). For tribological concerns, verification is not limited to field or machine data.
Laboratory and robot tests can often be used and are often preferred to verify assump-
tions and to define limits of applicability. It should be recognized in these activities that
confirmation is not limited to quantitative aspects. Qualitative aspects, such as the mor-
phology, shape, and location of the wear scars and wear debris characteristics can also be
used in verifying assumptions and determining limits. Often one way of verifying
hypotheses and assumptions is to perform special tests and vary significant parameters,
in order to confirm trends predicted by the model used in the wear analysis.

While there is always some need for verification, the need and extent for this can
vary. With new types of applications there is generally a greater need for more extensive
verification elements, particularly those covering the tribological aspects. However, when
the application and situation are similar to previous ones, the need and extent can decrease
because of the information and experience gained from prior applications. In these cases,
only a cursory engineering verification might be needed. The tribological verification is
the more fundamental of the two types and has the most impact on a wear design method-
ology. If done well, the extent of engineering verification activity can be greatly reduced,
both in the current application and future similar applications. It also provides the basis
for developing improvements and refinements in modeling.

3.6. DESIGN TRIAGE

This is a wear design method that was used at the IBM development laboratory in
Endicott, NY. It was based on the Zero and Measurable Wear Models for sliding and used
in conjunction with a three-stage product test program. The first stage of this program was
essentially a feasibility evaluation of the machine concept. In the second stage the
machine, built with engineering-level parts, was evaluated against set performance and
life requirements, including wear life. The final stage of testing was done with produc-
tion-level parts and focused on the evaluation of these level parts. The most intensive and
extensive stage of testing regarding wear concerns was typically the second.

In the Design Triage method, all mechanisms were evaluated using the allowable
load concept described in Sec. 2.4. Using the Zero Wear Model, allowable loads were
determined for proposed designs. These loads were then compared with estimates for the
actual load. If a design, which met all other design criterion, could be identified for which
the allowable load was below the applied load, it was accepted. Designs in this catego-
ry were only examined when the opportunity became available, which was typically at
the end of a testing stage, to insure that the wear was acceptable.

If a design, which satisfied all other requirements, could not be found for which
the allowable load exceeded the actual load or if a preferred design did not satisfy this
condition, the Measurable Wear Model was used to estimate the depth of wear at the
end of the required life. The effect of this amount of wear on function was then assessed.
If the projected wear depth was an order of magnitude or smaller than that which was
estimated to effect function, it was considered negligible. Designs, which fell into this
category, were treated in the same manner as those in the first category.

Designs for which the projected wear was greater than this but still acceptable were
treated in a different manner. These designs were subjected to scheduled inspections and
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measurements in the test program to insure that the wear was acceptable. In addition, if
the parts were considered critical, more elaborate wear design or wear analysis methods
were used to establish confidence and optimize parameters. In these cases, special test
programs were also frequently established to verify wear behavior. Designs for which
the projected wear exceeded the allowable amount were subjected to these same types
of extended studies and evaluations. In these situations different design concepts to
achieve functionality were also explored in the case where acceptable wear could not be
obtained with the design.

To facilitate this methodology, relationships for determining allowable loads and
projecting end-of-life wear were developed for common contact situations (2,3). With
these relationships, the following expression is used to estimate end-of-life wear, h, when
the actual load, P, exceeds the allowable load, Pa.

δ0 is the CLAor RMS roughness and s is the exponent of the load in the relationship
between load and stress.

n is the exponent in the relationship between wear depth and usage.

A summary of expression for the allowable load and values of n can be found in
Appendix VI. Values of m can be found in Appendix I.
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4
Design Guidelines

4.1. INTRODUCTION

Acollection of guidelines which have been found to be useful in wear design are presented
in this chapter. Basically, these guidelines comprise general and mainly qualitative trends
and recommendations regarding wear behavior that are useful in design. Exceptions to
these trends are possible and it also not necessary for these guidelines to be followed in
order to achieve an adequate design. However, if followed, these guidelines generally help
to facilitate the implementation of a wear design approach. As may be observed, several
of the guidelines presented in this section have also been discussed in prior sections. They
are included in this section for completeness with respect to design approaches.

4.2. GUIDELINES

4.2.1. Reliance on Analytical Design Methods
Increases the Degree of Conservatism Required

Conservatism can be introduced into a design approach in several ways. One is to use
exaggerated worst case assumptions. For example, load levels used in the analysis can be
higher than that occurring in the application or wear coefficients can be poorer than data
suggest. Another method is to design for less wear than can be allowed or for a greater
life than required. The ratio between the values used in the analysis and those actual
occurring or required can be thought of as safety factors. Some degree of conservatism
or safety should be incorporated into most wear design approaches because of the com-
plex nature of wear behavior. Appropriate values for these safety factors depend on a vari-
ety of aspects, including both the nature of the wear situation, the materials involved, and
engineering or design needs. Maximum values for safety factors are recommended with
a completely analytical approach. However, by including empirical elements into the
approach, lower values for safety factors can be used.

4.2.2. Wear is a System Property; Utilize All Design
Parameters That Can Influence Wear

It is important not to think of wear simply in terms of materials but also to recognize all
the factors and parameters, which affect wear. Limiting the consideration to materials or
material selection may result in not finding a satisfactory or optimum design. Modification
of others parameters (e.g., shape, size, alignment, and counterface roughness) can also be
used to achieve or influence wear behavior may be required to achieve as satisfactory or
optimum design. For example, in some cases, adequate performance might be achieved
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simply by improving tolerance, modifying the shape, or reducing the amount of slip that
occurs in a rolling contact, rather than utilizing a move expensive material. Experience has
shown that in problem solving situations changes, other than material changes can often
resolve the wear problem alone or in conjunction with material changes.

4.2.3. Approach Extrapolation of Data and Extension of Designs Cautiously

Because transitions in wear behavior are common, extrapolation of data beyond the
ranges or regimes in which it was generated is risky. Interpolation of data is much pre-
ferred but does not eliminate the possibility of transitions. The possibility of such tran-
sitions and other types of nonlinear behavior also makes the extension or application of
designs to conditions beyond those previously evaluated risky. It is possible that a dra-
matic reduction in wear performance may occur for relatively minor changes with
respect to some parameters. Understanding the wear behavior in the regions for which
data and experience exist and the nature of the materials involved can reduce this risk.
Using this knowledge and the knowledge of the new conditions, estimates of likely
behavior can often be made. In addition tests may be used to verify the projections or
to bracket the range so that interpolations may be made.

4.2.4. Design with Limits and Characteristics of Materials in Mind

Classes of materials and, in some cases, individual materials within a class have different
properties and limits, which are significant in terms of their relative wear behavior.
Because of this, it is sometimes necessary to select design parameters to accommodate or
optimize the use of specific materials. This implies that a design that is appropriate for
one type of material may not be suitable for another. For example, plastics tend to require
lower contact stresses than metals and specific counterface conditions for low wear. They
also tend to be more sensitive to temperature and have poorer thermal conductivity.
Consequently, a design which is appropriate for case hardened steel may not be appro-
priate for a plastic since the plastic might require a larger contact area, a specific rough-
ness for the counterface to establish a beneficial transfer film, and a means of dissipating
frictional heat to lower the operating temperature. Differences in dimensional stability,
tolerances that are obtainable, sensitivity to impact, chemical properties, and sliding
motions are among other aspects that might be significant in considering designs utiliz-
ing different types of materials. An extension of this concept is that whenever possible the
design should be developed around and be consistent with the properties of typical engi-
neering materials used in that type of application. A design or application, which requires
a new material or the use of an existing material in a new type of application, generally
requires a lengthy development and research effort without a guarantee of success.

4.2.5. Metals and Polymers Tend to Require Different Designs

This is a corollary of the previous design rule. A more general version of this
corollary is that “Different classes of materials tend to require different designs”
However, the specific form is of particular importance because of the tendency
to convert a design fabricated with metals to one fabricated with plastics, with-
out compensating for the difference in wear characteristics of these two types of
materials. When converting from a metal to a plastic, it is frequently necessary
to enlarge the apparent area of contact and modify the roughness of the counter-
face. Changes in lubrication might also be required. The lubrication may have to
be eliminated to enhance transfer film development, changed for compatibility
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reasons, or increased to enhance cooling. Since a goal of this type of change is often the
elimination of the need for lubrication, the first aspect is often an intrinsic element with
the change to a plastic; however, the latter two aspects are generally not.

4.2.6. Design So That a Mild Wear Condition Exists

In terms of most wear parameters there tends to be two broad regimes of wear behavior,
mild and severe, separated by relatively sharp boundaries. Associated with these two
regimes are differences in wear morphology and in wear rates. Wear features are coarser
and wear rates higher in the severe region. In general, the high wear rates associated with
the severe regime are unsuitable for applications where long life is desired and at least
undesirable for most other applications. Therefore, a first step in a wear design approach
should be to establish general conditions that will enhance the probability of being in the
mild wear regime. For example, in many cases, the transition for mild to severe wear is
associated with exaggerated abrasion, single-cycle deformation, or adhesion phenomena.
This suggests that the design trend should be to select parameters and provide conditions,
which tend to minimize these types of wear mechanisms. The magnitudes of these types
of mechanisms tend to be reduced by the use of dissimilar materials, low contact stresses,
the use of lubrication, and elimination of sources of abrasion. Consequently, the overall
design approach should allow for such aspects as the use of dissimilar materials, the use
of shapes and sizes that will result in low stresses, the use of a lubricant, and the preven-
tion of abrasives from the contact region. This type of approach is not limited to these
types of transitions and wear situations. It should be applied to all wear situations, focus-
ing on the appropriate parameters for that wear situation. For example, in an application
in which slurry erosion is a factor, the overall design should tend to minimize impinge-
ment by the abrasives in the slurry. Another example would be in the case of an applica-
tion in which plastics are to be used. In this case, the overall design approach should antic-
ipate a possible need for enhanced cooling so that the temperature of the plastic can be
kept under its glass transition temperature or the need to reduce surface speeds under a crit-
ical value.

4.2.7. A Minimum Requirement for Material Selection is That the
Material Should be Stable in the Operating Environment

Severe wear behavior results when material properties degrade. Consequently, to obtain
acceptable wear performance, it is generally necessary to utilize materials that do not degrade
in the operating environment as a result of chemical reactions and temperature.

4.2.8. While Fluid or EHD Lubrication is very Effective for Reducing Wear,
Specific Designs are Required to Insure this Form of Lubrication

Since EHD lubrication reduces asperity contact, it not only reduces wear, but also can effec-
tively eliminate wear during continuous motion. The ability of this type of lubrication to
control or eliminate wear depends on the formation, thickness, and stability of the fluid
wedge or film formed in the contact region. These films depend on a number of factors,
including shape of the counterfaces, speeds, loads, lubricant properties, and supply of lubri-
cant. In addition, the effectiveness of a given film is a function of the roughnesses of the
counterfaces. With this degree of complexity, there is a limited range of parameters associ-
ated with these factors that will provide a suitable film or desired wear performance. At the
same time, these factors are also important in controlling wear in the boundary
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lubrication regime. While this is the case the relationships between wear and these factors
are not necessarily the same in both regimes. In fact, they tend to be quite different. Awear
design approach, assuming boundary lubrication, is unlikely to lead to the same design as
that obtained with a wear design approach that assumes fluid lubrication. Consequently,
if it is decided to use EHD lubrication to obtain the desired wear performance, a design
has to be selected specifically in terms of the requirements for developing and maintain-
ing the appropriate film thickness. An important corollary to this is that a design based on
EHD lubrication principals may not perform as well in a new application which appears
milder than the original application for which it was developed. A scenario of this is a
device that performs well in a high-speed application but fails in a low-speed application.
The reason for this is that, in the low-speed application, the EHD film may not form as a
result of the lower speed and the material couple, not being selected for good boundary
lubrication wear properties, wear at a high rate.

4.2.9. Minimize Exposure to Abrasive Particles

The presence of abrasive particles in most contact situations is undesirable because of the
high wear rate that is associated with abrasion, which can result in a significant decrease
in wear life. When there is an exposure to abrasive particles, it is often necessary to include
features in the design, which tend to eliminate or prevent abrasive particles from the inter-
face. Filters on oil supplies, the use of seal and shields, and allowing for flushing of the
interface are some ways of doing this. Another way is to select materials harder than the
abrasives, which will be present. This will significantly reduce the wear rate associated
with the abrasive particles, as discussed in the next rule.

4.2.10. In Abrasive Situations Make the Wear Surfaces
Harder than the Abrasives

As discussed in the treatment of abrasive wear, wear rates typically decrease by at least one
to two orders of magnitude when the wear surface becomes harder than the abrasive. This
is the result of a transition in wear behavior. While increases in hardness in the range above
and below the hardness of the abrasive also tend to reduce wear, these improvements are
generally not as great as that associated with this transition. Therefore, the initial step in
designing for an abrasive wear situation should be characterizing the abrasives involved
and then trying to incorporate materials harder than the abrasive into the design.

4.2.11. Optimize Contact Geometry to Minimize Stresses

Wear life tends to decrease with increasing contact stresses for two reasons. One is
that some wear mechanisms are stress dependent. The other is that wear life tends
to be determined by the depth of wear (rather than wear volume) and the depth rate
of wear is generally related to stress. Because of this trend, it is generally desirable
to design so that stress levels are reduced as much as possible. To do this, three
aspects need to be considered. One, the most evident, is the size and shape of the
contacting members. The second and third tend to be overlooked. The second fac-
tor in minimizing stress is to insure proper alignment so that the load is uniformly
distributed over the interface. The third is to avoid sharp edges and corners. Sharp
edges and corners to act as stress risers and should be rounded to reduce stress con-
centration effects as much as possible. The effects of misalignment and edges on
wear can often be observed on worn parts. Misalignment results in tapered wear
scars. Sharp edges and comers result in localized regions of increased depth
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of wear, usually in the form of local grooves. The following two corollaries of this more
general rule emphasize these two aspects: insure good alignment and round the corners.

4.2.12. Use a Lubricant Whenever Possible

Lubrication is a very effective method of reducing the effect of adhesive wear mechanisms.
Typically, some form of lubrication needs to be used if long life and low wear rates are to
be achieved with metals and ceramics when there is sliding or slip involved. Additional
advantages of using a lubricant are generally lower friction and cooling.

4.2.13. Use Dissimilar Materials

The tendency for adhesion tends to be higher between similar or self-mated pairs.
Therefore, the use of dissimilar materials in a contact tends to reduce adhesive wear
modes. This is the same reason given for the use of a lubricant. As a consequence, lubri-
cation tends to reduce the significance of this rule in design situations where lubrication is
used. Experience indicates that it is much more likely to achieve a satisfactory design with
similar or self-mated pairs and the use of a lubricant, than it is to achieve a satisfactory
design without the use of a lubricant.

4.2.14. Increasing Hardness Tends to Reduce Wear

The magnitude of most wear mechanisms tends to be reduced by increased hardness and,
as a result, the wear life of a component should be improved by increasing its hardness. In
practice, this tends to be valid only when large changes in hardness (e.g., greater than 30%)
are considered. This is because it is not generally possible to only change the hardness of
the component and not some other material properties. This is particularly true when the
hardness change is accomplished by a change to a different material. Changes in wear
behavior associated with these other properties can mask the effect of hardness. It is even
possible for a harder material to wear more than a softer material because of difference in
these other material parameters.

4.2.15. To Increase System Life (Reduce System Wear), It is Sometimes
Necessary to Increase the Hardness of Both Members

When the hardness of one member of contact is increased, wear on the counterface tends to
increase. Therefore, the unilateral hardening of one surface to reduce the wear on that mem-
ber can result in initiating or increasing of the wear on the counterface. Since wear life of a
mechanism is a function of the wear on both members of the system, it is possible that the
reduction of wear on one member at the expense of increasing the wear on the other may
not result in the desired system life. It may have just changed the determining factor for sys-
tem life. In such a situation, it is necessary to increase the hardness of both members to
achieve the desired system life.

4.2.16. Rolling is Preferred Over Sliding

Rolling motion is a milder wear situation than sliding. As a result, it is sometimes possi-
ble to improve or extend wear life by replacing sliding elements with rolling elements.
An example of this type of approach is the replacing of journal bearings with roller or ball
bearings. When rolling contact is used, it is very important to minimize the amount of slip
that occurs in the contact. The sliding motion that is associated with this slip can signifi-
cantly increase the wear in such contact situations and dramatically decrease life.
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Alignment and tolerances can be major factors in achieving good wear performance with
rolling elements.

4.2.17. Sliding or Fretting Motions Should be
Eliminated in Impact Wear Situations

Since sliding motion results in more wear than rolling or impact motions, the occurrence
of even a small amount of sliding in an impact or rolling contact can result in significantly
increased wear. Alignment between the impacting surfaces can be a factor in controlling
fretting under impact conditions, as well as tolerances affecting the structural rigidity of
the impacting elements. For example, a loose tolerance in a bearing of a pivoting element
could increase the amount of sliding or fretting associated with the impact.

4.2.18. Compound Impact Situations Can Often be Treated
as a Sliding Wear Situation in Which the Loads
(Stresses) are Determined by the Impact

When slip occurs throughout the contact in compound impact situations, sliding wear
behavior tends to dominate the wear situation. In such cases, the wear situation can often
be viewed and modeled as sliding wear, using an equivalent load or stress for the impact
(see Secs. 2.1, 5.2, 5.8, and 5.9).

4.2.19. Impacts Should be Avoided in Sliding and Rolling Contacts

While impact motion is milder than sliding, loads and stresses that are generated by
impact can be quite high. When impact takes place in nominally sliding and rolling
mechanisms, the loads and stresses occurring during the impact tend to be much larger
than the ones associated with the nominal operation. In these situations, increased wear
can often be observed in regions corresponding to these impacts. The increased wear
caused by these impacts can reduce wear life in some applications.

4.2.20. Elastomers Frequently Outperform Harder Materials
and Reduce Counterface Wear in Impact Situations

Elastomers tend to perform well under impact conditions. Because of their ability to
cushion impacts, they tend to out perform most materials with hardness less than 700
kg/mm2. However, their relative performance degrades in impact situations that
involve slip, tending to be unsuitable for compound impact situations in which there
is a large amount of sliding. In those situations, their performance may be compara-
ble to or poorer than many other materials. For those impact situations, which have
a tendency to fret, elastomers sometimes have an additional advantage by eliminat-
ing the slip or fretting motion. This is because elastomers tend to be able to accom-
modate more lateral displacement of the counterfaces before slip occurs. This ten-
dency adds to their superior performance in these impact situations. However, if slip
or fretting still occurs, their performance degrades rapidly. An additional advantage
of using elastomers in impact situation is that wear of the counterface is generally
reduced by virtue of the ability of elastomers to reduce impact loads.

4.2.21. Thicknesses of Conventional Coatings Generally
Should be Greater than 100 µm

Included in this category of conventional coatings are electrolytic and electroless platings,
various polymer coatings, carbide coatings, and anodized coatings. There are several
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reasons for the minimum thickness recommendation. One is that below this value their
performance tends to be strongly influenced by substrate properties. Also, sensitivity to
properties of the coating / substrate interface increases, as the coating becomes thinner
because of greater stresses at that boundary. Another reason, often the governing one, is
that even for highly wear resistant coatings, like Cr, lower thicknesses do not provide long
enough life for most applications. This point is also often a factor with coatings that have
high wear resistance, since they are often thin.

4.2.22. Use Moderate Surface Roughnesses

Surface roughnesses for most applications should be in the range from approximately from
a CLA or RMS from 5 to 32 µin. (√ 5 to √ 32). While wear tends to increase with increas-
ing roughness in this range, the increase is typically moderate and the difference is often
negligible over this range. Single-cycle deformation (cutting and plowing) often becomes
significant above √ 32 and wear rates tend to increase significantly. On practical basis,
roughnesses below √ 5 tend to increase cost and are usually not required to obtain satis-
factory wear behavior. Also, undesirable adhesive and stiction phenomena tend to increase
and become significant for the very smooth surfaces, < √5.

4.2.23. Avoid the Use of Stainless Steel Shafting with
Impregnated Sintered Bronze Bearings

While several theories have been proposed for the poor wear performance that is observed
with the use of some stainless steels in impregnated sintered bronze bearings, none are
satisfactory. There is some evidence that satisfactory performance can be obtained with
some grades of stainless steels with some bearings and lubricants. However, without a
complete understanding of the phenomena involved, it is best to avoid the use of stainless
steels in this type of application.

4.2.24. When Molded Filled Plastics Tend to Exhibit Significantly Different
Initial and Long-Term Wear Behavior

Filled plastic parts tend to have skins when molded, which have different wear properties
than the bulk. A reason for this is that there is a tendency for the composition to be dif-
ferent close to the surface. Generally, it is resin rich. Once this layer is penetrated there is
a change in wear behavior because of this change in composition. Changes in physical
properties could also be a factor. The composition and thickness of skin layer tend to have
considerable variations from lot to lot and from part to part. As a result, when small
amounts of wear determine life, this skin effect can produce significant variations in wear
life. The skin effect also applies to friction. The coefficient of friction for a molded sur-
face is often different than for the bulk.

4.2.25. When Glass or Other Hard Fillers are Used, the Hardness of the 
Counterface Should be Equal to or Greater than that of the Filler

Once any skin is removed from filled plastics, hard fillers (e.g., glass) create a potential
abrasive wear situation. Abrasive wear is significantly reduced when the counterface is
harder than the abrasive. When there is a skin on glass-filled plastics, a common experi-
ence is that wear tends to initiate on the plastic in a meta l / plastic couple. However, with
a soft metal, wear tends to stop on the plastic once the skin is penetrated and rapid wear-
ing of the metal occurs. With a hard counterface (i.e., greater than Rc 60–62) this does not
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occur. The abrasivity of hard filler depends on their shape and size, as well as their hard-
ness. For example, glass fillers tend to be less abrasive when the glass is in the form of
spheres then when they are in the form of fibers.

4.2.26. The Tendency for Galling to Occur can be Reduced by Using
Dissimilar and Hard Materials of Low Ductility, Lubrication,
and Rougher Surfaces

Galling is an adhesion phenomenon which tends to be exaggerated with materials that
exhibit a high degree of plastic behavior. It tends to occur in situations involving high
loads, large apparent areas of contact, and sliding. The use of hard and dissimilar materi-
als and a lubricant tends to reduce adhesion under these conditions. The use of materials
with low ductility and rougher surfaces generally reduce the effect of plasticity on galling
behavior. Both low ductility and higher roughness tend to inhibit the size of the galls that
occur, which typically reduce the sensitivity of applications to the occurrence of galling.

4.2.27. Avoid the Use of Designs in Which Fretting Motions Can Occur

Fretting motions are generally not intended (needed) and can be superimposed on the
intended motions of contacts. Such motions tend to increase wear in those situations and,
as a result, should be reduced or eliminated by design. In nominally stationary contact
situations, fretting motion can often occur as a result of machine induced or transmitted
vibrations. Ideally, the design should prevent such motions by either reducing the vibra-
tions, using a compliant interposer (elastomer) to prevent slip, increasing the holding
forces at those interfaces, or some combination of these. However, since fretting wear
has been shown to result from sliding amplitudes as low as 0.5 µm, this may not be
always be possible. In such cases, it is then necessary to design the interface on the basis
of sliding and abrasive wear behavior.

4.2.28. When Fretting Motions are Present, Design to Optimize Sliding
Wear Life and to Minimize Abrasive Wear

When fretting motions cannot be eliminated from nominally stationary contacts, the
design of the contact, including material selection, should be to maximize the resistance
to sliding wear. To avoid the potential for significant abrasion, the materials used should
be ones, which do not produce wear debris that is significantly harder than the original
materials. Lubrication of these interfaces is often beneficial if it reduces sliding wear
rates and prevents the formation of hard abrasives. Sometimes lubrication can also help
flush the wear debris from the contact. However, the use of a lubricant can sometimes
increase fretting wear when it allows the formation of a slurry of hard wear debris or for-
eign abrasives, which is trapped at the interface.

4.2.29. Sacrificial Wear Design Should be Considered an Option When
Satisfactory Life Cannot be Achieved with Available Materials

Sacrificial wear design is an approach in which the design is selected to insure that only
one member wears and involves the scheduled replacement of that part. This can provide
a practical solution to situation where it is not possible to find or utilize materials, which
will provide adequate life for both members. One method of this type is to select the mate-
rial for one member to be sufficiently soft so that wear will occur only on it. An alternate
approach to this would be the use of a replaceable interposer between the two surfaces and
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have this soft enough that it wears preferentially. Often the key to making this approach
practical is the replacement scheme. The overall design should make replacement of the
wearing member convenient and the wearing material needs to be selected so that it
absorbs all the wear but still last long enough for an appropriate replacement schedule. A
typical selection of this type would involve the selection of a soft but relatively good
wearing polymer as the sacrificial material against a hard metal surface. An example of
this approach is described in Sec. 5.9.

4.2.30. Conform to Vendor Recommendations Regarding Optimum Wear
Performance

It is generally advisable to design so that vendor recommendations regarding the use of
their materials or components, such as bearings, are followed. These recommendation
might include recommended ranges of clearances, pre-loads, break-in, use of lubrication,
limiting sliding velocities, counterface conditions, and preferred applications, among oth-
ers. While deviating from these recommendations generally results in increased wear
rates, it does not necessarily mean that the wear rate will be unacceptable. However, it
usually does mean that the risk associated with an analytical design or the amount of
empirical effort involved in a wear design increases. On the other hand, conformance with
the recommendations does not necessarily mean that the specific wear rates cited by the
vendor apply, since these can vary with the tribosystem.

4.2.31. Changes Associated with Design Modifications or New
Applications Should be Reviewed Carefully with Respect
to their Potential Effect on Wear Behavior

The review helps to avoid or anticipate field problems that might result from these
changes. Because of the complex nature of wear behavior and, particularly, the sharp tran-
sitions that are possible, make this a cardinal rule. A wear design or a wear analysis
approach should be used for the review. If the review indicates a potential problem, the
information obtained can be used to initiate a wear design approach to find an acceptable
modification or new design to avoid a problem in the new application.

4.2.32. Provide Adequate Clearance in Journal Bearings

A minimum clearance is generally required in journal bearings to account for the effects of
mechanical tolerances and differential thermal expansion. If there is insufficient clearance,
these effects can result in increased loading and binding. In lubricated journal bearings, the
use of too small a clearance can also inhibit the formation of beneficial fluid lubrication
films, restricting the lubrication to the boundary or, at best, the mixed regime.

4.2.33. The Severity of the Wear (Wear Rate) in Rolling, Sliding,
and Impact Wear Situations can Generally be Correlated to the
Ratio of Operating Stress Over Yield Stress (Stress Ratio)

In most engineering situations, wear depth is the primary concern and depth rate of wear
is a measure of the severity of the wear in that situation. Models for wear mechanisms and
engineering models for wear behavior typically show that the depth wear rate is directly
related to contact stress and inversely related to some strength property, usually hardness.
With most of these models, the two dependencies can be combined as a ratio. Analysis of
wear situations generally shows this to be the case as well, that is, a general tendency for
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the wear to become more severe as values of the type of ratio increase. Experience gath-
ered from the analysis of wear situations and the resolution of wear problems provided
some guidelines for appropriate values of stress ratios in engineering situations. One is
that the ratio of shear stress to yield shear stress is more generally applicable than ratios
related to tensile properties, since it includes the effect of friction and traction on wear
behavior. Another is that the value of this ratio typically should be less than 1. For rolling
and impact values in the range of 0.5 or slightly higher are often required for adequate
wear performance without fluid lubrication. For sliding values in the range of 0.1–0.2 and
lower are often required for satisfactory wear behavior. For some material pairs and lubri-
cants, acceptable ratios might approach 0.5 in some sliding situations.

4.2.34. Design so that Severe Wear Mechanisms Associated with
Adhesion and Single-Cycle Deformation do not Occur

While long-term wear behavior tends to be dominated by repeated-cycle deformation
mechanisms, the most severe forms of wear and high wear rates are often associated with
adhesion and single-cycle deformation mechanisms. Consequently, a starting point and
minimal criterion for a wear design approach is to select parameters so that the more
severe forms of these mechanisms are prevented from occurring.

160 Chapter 4

Copyright © 2004 Marcel Dekker, Inc.

  



161

5
Design Examples

5.1. INTRODUCTION

A number of case studies are presented in this section to illustrate wear design method-
ology; they were selected to illustrate different approaches and different elements
involved in wear design. As a result, the focus of the individual case studies is typically
on selected general aspects involved in that example, rather than on either specific details
or all the elements of a complete wear design approach. Furthermore, it is not intended
that these case studies provide relationships or data with applicability beyond the situa-
tion discussed. However, in some cases, relationships and data might be applicable to
other situations, provided the situations are similar enough to allow such uses.

Avariety of wear situations are covered in these examples, involving different types
of materials, geometries, and motions. Many of these case studies involve examples from
computer peripheral equipment, which are from the author’s personal experience. In
addition to these there are a number, which are taken from the literature and involve a
wider range of applications. Additional examples of this methodology can be found in
Wear Analysis for Engineers (1).

5.2. PRINTER CARTRIDGE

This case study involves a wear design approach used in the development of the print
cartridge for an intermediate speed impact printer. It provides an example of the use
of the Zero and Measurable Sliding Wear Models and the combining of these models
with mechanical analysis and verification to achieve a design with adequate wear life.
It also illustrates a method for treating two-body wear situations.

The design of the print cartridge involved type slugs loosely attached to a rein-
forced elastomer belt that is driven by rotating pulleys. The general configuration is illus-
trated in Fig. 5.1. The type slugs had a U-shaped cross-section, which allowed them to
be placed over the face of the belt. Attachment to the belt was by means of pins through
the legs of the slug and between ridges on the back of the belt (Fig. 5.1). This method of
attachment prevented translations between the type slug and the belt but allowed rota-
tion of the slug about the axis of the pin. Printing was accomplished by having a ham-
mer impact in a region of paper, driving it and a region of inked ribbon against the mov-
ing type slug. This, in turn, drove the type slug against a platen. In the print region, the
slugs are confined between the platen surface and the surfaces of upper and lower
guides, which are above and below the font line. A ramp at the entrance to this region is
used to guide the slug into the print area.
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The wear design approach used the analytical relationships of the Zero and
Measurable Wear Models, in conjunction with mechanical analysis, to determine a design
with adequate wear life and to verify the performance by short-term testing of the car-
tridge. The first step in this approach was to review the design concept for potential wear
points. The next was to estimate the wear life at these sites. If any of these were not
acceptable, the third step was to use the relationships to identify design parameters that
result in satisfactory lives and to modify the design to incorporate these conditions. This
was followed by short duration testing (e.g., 1 / 10–1 / 100 of the desired life) in which
the cartridge was periodically inspected and measured for wear. If the wear was equal to
or less than predicted by the models, the design was accepted. If not, the last two steps
were repeated, taking advantage of the additional information obtained from the tests,
until all wear concerns were resolved.

Since this new application involved higher speeds and more usage than previous
impact printers, the tendency for and concern with wear were increased over that associ-
ated with prior designs. Prior experience with these types of print cartridges had indicat-
ed that the most likely wear sites are those involving sliding contact between the
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Figure 5.1 Schematic of the printing region of a line printer, “A” . “ B” shows the attachment of the
individual type slugs to the elastomer timing belt uesd.
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slugs and the platen or guides. This proved to be the case with this cartridge, as well. As
a result, while the wear design approach was applied to all the potential or actual wear sites
in the cartridge, most of the effort was involved with those sites. Three contacts of this
nature were initially identified. One was the engagement of the slug with the ramp at the
entrance of the print region. The second was between the platen and the type slug during
printing. The third was between the type slug and the front guides as a result of rebound
from the platen during printing. Since all wear points were addressed in a similar manner,
the general details can be illustrated by considering only one. The wear between the type
slugs and the front guides provides a good illustration.

In order to perform this type of wear design, the amount of wear that can be toler-
ated needs to be known. In this case, prior experience provided an estimate. Generally,
dimensional changes of only a few thousands of an inch in the print region can be toler-
ated before there is functional degradation (i.e., reduction in print quality). Therefore any
design, which provided end-of-life wear depths below this range, was assumed to be
acceptable.

In this example, systems analysis consisted mainly of identifying the wear points,
characterizing them in terms of geometry, loads, and motions, and determining accept-
able limits for the amount of wear. Since the loading at most of the wear points resulted
from the dynamics, load determination was generally the most complex and involved
portion of the system analysis. In the case of the contact between the type slug and the
front guides, the load was determined by mechanical analysis, assuming that the guide to
be infinitely stiff and a linear spring rate for the type slug. A description of the impact sit-
uation that was modeled is shown in Fig. 5.2. The analysis accounted for both rotation
about the pivot and translation of the type slug. This analysis resulted in the following
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Figure 5.2 Impact condition between the type slug and the front guides. (From Ref. 32.)
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expressions for the normal force, P, and contact time, Tc:

where

where m is the mass of the type slug; J, its rotational inertia about the pivot; K, its stiff-
ness; v0, its impact velocity normal to the surface of the guide; and A is the dimension
shown in Fig. 5.2. Values for J and K were determined by conventional methods; v0 was
determined through its relationship to the total momentum, M, of the type slug before
impact, which could be measured. The following relationship was found to exist between
m and v0.

α is a dimension of the slug (Fig. 5.2).
v0, Pmax, and Tc were considered as fixed in the wear analysis since their values

were primarily determined by printing requirements (e.g., sufficient energy for good print
quality). For the values of the parameters specified by the overall design, the following
values resulted from this kinematic analysis for v0, Pmax, and Tc, 0.5 in. / sec, 0.9 lb, and
10 µsec, respectively.

Since the intention was to apply the Zero and Measurable Wear Models, the
mechanical analysis needed to be carried one step further. Contact stresses needed to be
determined. Examination of the design indicated that a cylinder of radius, r, contacting a
flat surface, could approximate the contact between the type slug and the guide.
Assuming good alignment, this is a special case of a Hertzian line contact, r would be the
effective radius of the front, leading edge of the slug. The load per unit length would be
P / w, where w is the total overlap of the upper and lower guide surfaces and the edge of
the type slug. Assuming that the guide and the type slug are made of steel, which is typ-
ical for these applications, the equations for maximum stresses and contact width can be
reduced to the following:

where σc is the maximum contact stress, W is the contact width, and K is a stress
concentration factor. Since sliding is perpendicular to the axis of the cylinder, the
maximum shear stress, τc, is given by

where µ is the coefficient of friction.

164 Chapter 5

Copyright © 2004 Marcel Dekker, Inc.

  



The stress concentration factor included in Eq. (5.6) is used to account for a possi-
ble increase in stress at the ends of the cylinder. The edges of the type slugs tended to be
well rounded. Since some increased amount of local wear could be accepted, a value of
1 was used for K. The validity of this assumption was investigated during the short-term
testing of the cartridge by examining the cartridge for signs of significant wear that could
be associated with these edges. None was observed. If some were found, the manufacture
and the design of the type would have been modified to provide sufficiently rounded
edges to insure proper wear performance.

The implicit assumption regarding alignment involved with the use of the Hertz
equations was treated in a similar fashion. The overall design, along with the tolerances
and clearances, supported this assumption and was later verified during the short-term
testing. Again, if an alignment problem was observed, modification would have been
introduced into the design to eliminate it. The underlying presumption in the wear
design approach was that poor edge conditions and misalignment could not be tolerat-
ed and that they could be eliminated by design, since they were not intrinsic elements
in the operation of this type of cartridge.

The initial values for w and r were 0.126 and 0.010 in., respectively. With these val-
ues, Pmax results in a value of 61 kpsi for σc and a value of 140 min for W. As a start-
ing point for selecting or determining a wear model, it is necessary to characterize the
contact situation. Since both impact and sliding were involved, this was not obvious. To
aid in this characterization, an estimate of the amount of sliding that occurs during impact
was made. The speed of the belt to which the type slug is attached, V, was 129 in. / sec.
Comparing this value to the impact velocity, it was be concluded that the impact tends to
be a glancing one. Since the belt/type slug system was designed to be stiff in the direc-
tion of belt motion, a glancing impact implies that significant sliding is involved. Using
Tc and assuming continuous sliding during the impact, the amount of sliding was esti-
mated to be 0.0013 in., which is almost an order of magnitude larger than the maximum
contact width. As a result, it was concluded that the model selected needed to account for
the sliding motion by characterizing the contact as either a compound impact situation or
a sliding situation with a varying load. To decide which was the more appropriate char-
acterization, two general observations were noted regarding wear behavior. One is that
studies have indicated that wear behavior in impact situations tends to approach sliding
wear behavior as the amount of sliding during impact increases. The second is that tan-
gential motions tend to produce more wear than motions normal to the surface.
Therefore, a sliding characterization will tend to be conservative, since it assumes a more
severe wear situation. It was decided that this conservative approach was the preferred
one, since the amount of sliding occurring during the impact was large enough to suggest
that sliding wear may be the predominant mode.

Several of the other wear points in the cartridge involved both sliding and impact
and were addressed in a similar fashion. As part of the verification process, the mor-
phology of the wear scars that were produced in the tests was examined to confirm the
significance of sliding at those sites. The wear scars produced on the guides and the
type slugs indicated that sliding was the predominant mode in this particular situation,
supporting the selection.

The desired life of the cartridge was 5.25 × 107 lines of printing and, as indicated
previously, maximum dimensional changes that could be allowed were in the range of
0.001–0.005 in. Mild wear behavior is required to satisfy these requirements. Since the
Zero and Measurable Wear Models for sliding provide relationships between design
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parameters in the mild wear regime and conditions to insure mild wear behavior, they
were selected to provide the basis for the wear design. (See Sec. 2.4.)

When these models are applied to a varying load situation, an equivalent stress
is used rather than a value based on the peak load. The relationship for the average
stress in such a situation is

where t is time. Using the relationship between load and maximum contact stress
(Eq. (5.6)) and integrating over the contact time, the following is obtained:

For the specific conditions, σc is 59.8 kpsi, which is approvimately 3% lower than the
maximum value for σc. 

The models also use a normalized unit of sliding called a pass. A pass is a distance
of sliding equal to the dimension of the contact area in the direction of sliding. In this case,
the distance is W. A general relationship between the number of passes in an operational
unit can be written as

where s is the amount of sliding experienced in an operational unit and f is the number of
operational units. The operational unit for the contact considered was taken to be a line
of printing, since the wear only occurred during printing. For some of the other wear
points in the cartridge, time was used as the operational unit, because the wear at those
sites was associated with belt motion and not printing. The application allowed the car-
tridge to idle (i.e., the belt moving without printing occurring). As a result this was a sig-
nificant consideration in the overall wear design of the cartridge. The total number of
passes, N, in L lines of printing is Ln.

Since all the type slugs contained in a cartridge do not experience printing during
each line of print and not every print site is used in every line of print, values of f were
different for the guide and the type slug and could vary with the printing done. Values
for f were assigned by considering typical printing situations. This analysis indicated that
appropriate values for f were 0.55 for the type slug and 1 for the guide. s is also differ-
ent for the two members, but independent of print pattern. Since the guide surface expe-
riences sliding only while the edge of the type slug passes over it, is equal to W for the
guide. However, the edge of the type slug experiences sliding over the entire contact
duration, Tc, so s for the type slug is the product of belt velocity, V, and contact time, Tc.
Substituting these into Eq. (5.11), the following relations for n were obtained:

The subscripts, g and s, refer to the guide and slug, respectively.
The first step in a wear design using the Zero and Measurable Wear Models is to deter-

mine the zero wear life of both members. The ninth power relationship (Eq. (2.18))
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is used to do this. Substitutions into this equation for τ  and N result in the following:

where L0g and L0s are the zero wear lifetimes of the guides and the type slugs, respec-
tively. Γr is the zero wear factor for the material system and τyg and τys are the yield
points in shear for the two materials. These expressions were evaluated using properties
of appropriate to the material system being considered.

The particular material system that was being considered consisted of a hardened,
high-density sintered steel for the type slug, a hardened tool steel for the guide, and a multi-
viscosity motor oil as a lubricant. The lubrication was in the form of a thin film and main-
tained by sliding contact with a wick. Since the hardness of the steels was the same (i.e.,
RC 60–62), their values for τy were the same, 150 × 103 psi (See Appendix I). It was
inferred that the likely value of Γr was 0.54, rather than 0.20, from wear tests with similar
combinations of hardened steels and previous experience with this particular combination
of materials in other applications. This value could have been verified by a specific labora-
tory evaluation. However, in this case, it was not felt to be necessary. The appropriate value
could be inferred from the results of the cartridge wear tests that were to be performed. A
value of 0.2 was assumed for µ, the coefficient of friction, which is typical for boundary
lubricated steels.

Substitution of the appropriate values into Eqs. (5.14) and (5.15) resulted in the fol-
lowing values for the zero wear lifetimes: 3.0 × 106 lines of printing for the guide (Log)
and 0.6 × 106 lines of printing for the slug (L0s). Both these are less than the lifetime
desired for the cartridge, which as stated earlier was 5.25 × 107 lines. Since the values of
the material parameters used in the analysis were those normally associated for the best
wearing couples, it was decided to use the Measurable Wear Model to determine the
amount of wear at end of life. If this amount of wear was not acceptable, changes other
than materials would be made to the design, until satisfactory performance was obtained.

The geometry of the wear scars is shown in Fig. 5.3. To use the Measurable Wear
Model, it is necessary to develop relationships for the number of passes in an operational
unit and stress in terms of the dimensions of the wear scar. The contact geometry in the
measurable wear region changes to a flat-on-flat and that the contact width increases with
increasing wear (Fig. 5.3). For a flat-on-flat contact,

By considering the worn geometry of the type slug, it can be shown that

where hs is the depth of wear on the type slug and Φ is the angle between the surface of the
slug and the guide. Both are identified in the illustration (Fig. 5.3). As can be inferred from
the illustration, it was deduced that the wear scars have rectangular cross-sections, whose
areas, Q, are given by
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Since ng is independent of W, it is constant in both the zero and measurable wear
regions. ns is dependent on W and therefore changes as wear progresses. The expressions
for each in the measurable wear analysis are

Since the product τmaxW is constant in this situation, there is no distinction between the
variable and constant energy wear modes and it is sufficient to only use the following
expression for the progression of wear:

(See Eqs. (2.36) and (2.37).) For the guide, this reduces to

For the type slug,

Integrating, the following relationships are obtained for the wear of the guide and
the type slug:
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Figure 5.3 Wear scar geometry of the type slug and front guide. (From Ref. 32.)
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Cg and Cs are determined by means of the zero wear criteria, namely that at the zero
wear lifetime, the average depth of the wear scar is equal to half the peak to valley rough-
ness, δ. By considering the geometries of the two scars, it can be shown that

where H’s are the average depths of the wear scars.
Upon substitution, the following were obtained:

Once values for Φ, δs, and δg were determined, these two equations were used to
determine the wear at end of life. By analysis of the design, it was concluded that Φ was
approximately 20°. The surface roughness of both the type slug and the guide was spec-
ified to be 20 µin., CLA, implying that δ’s were 40 µin. Using these values and the pre-
viously determined values for L0, the zero wear lifetimes, the projected wear depths on
the two members were 340 µin. for the guide and 410 µin. for the slug. Since 0.002–0.005
in. of wear was acceptable, it was concluded that the design was satisfactory.

The amount of wear projected for the guide is an upper-bound estimate, since it does
not include the possible effect of slug wear on the zero wear lifetime of the guide. This is
likely because of the reduction in stress associated with the change from a cylinder-on-
flat configuration to a flat-on-flat configuration.

A cartridge was built to the design parameters selected and tested for approxi-
mately 1 / 50 of its intended life; the cartridge was examined for wear at the end of
the test. For this amount of usage, the analysis indicated that wear on both the guide
and front surface of the type slug should only be comparable to the surface rough-
ness (i.e., no pronounced change in contour, but some evidence of rubbing). The
examination of the tested cartridge showed that this was the case for the guide.
However, a pronounced wear scar was observed on the type slug and the wear depths
approached several hundred micro-inches. One possibility that was considered for
this disagreement was the assumption used for Γr. If the value for Γr was 0.2, the pro-
jected wear would be in that range since the depth of wear is approximately propor-
tional to Γr

–4.5. However, if this were the case, the wear should also be much larger
on the guide. Since this was not the case, other explanations were sought. One
approach taken was to look for additional wear points not considered in the analysis.
After some study, it was determined that the type slug was rebounding from the
entrance ramp and contacting the end of the guide. Analysis of this situation indicat-
ed that rebound was sufficient to explain the wear. To eliminate this wear, the
entrance ramp was modified to eliminate the rebound. Subsequent testing confirmed
this as a solution.

5.3. VACUUM PROBE

This example of wear design is concerned with a vacuum probe used to pick up and place
chips in a semiconductor manufacturing line. It illustrates the elements involved with the
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use of the Zero Wear Model, the determination of non-material design parameters needed
to insure adequate wear performance, and the use of a laboratory tests to provide confir-
mation. There were two reasons to be concerned with wear. In addition to the typical one,
which was related to function, there was also a concern associated with the formation of
wear debris. Studies had shown that a major source of contamination in semiconductor
manufacturing was often wear debris from the manufacturing equipment. As a result there
was a desire to eliminate all wear for the intended life and, if that was not possible, to
reduce the amount of wear as much as possible during that period. The intended life of
these probes was 107 placements.

This example is concerned with the wear design of the needle/bushing interface of
the vacuum probe. Figure 5.4 shows the design of the probe. The operation of the probe
consisted of pressing the needle against the surface of a chip and providing a suction force
to hold the chip. During this operation, the axial displacement of the needle relative to the
bushing was approximately 0.010 in. The overall design of the apparatus insured that the
axis of the probe was within 5′ angle from normal to the surface of the chip. The spring in
the assembly provided an axial pre-load of 32–42 g, which needed to be overcome during
operation. Instrumentation of a prototype showed that while there was a slight impact
when the needle contacted the chip, the loading associated with it was negligible in com-
parison to the pre-load. In addition to the pre-load provided by the spring, assembly and
part tolerances resulted in some loading between the needle and the bushing. The design
specified that the maximum force required to move the needle in the bushing in the
absence of a pre-load was not to exceed 3 g. The bushing material was a leaded bearing
bronze with a Vickers hardness of 225 kg / mm2. The needle was to be made from 24-gauge
hypodermic needle stock with a Vickers hardness of 420 kg / mm2. Because of the concern
with contamination in this application, there was to be no lubrication.

The sliding nature of the needle/bushing interface and the goal of having no wear
debris generated during life led to the selection of the Zero Wear Model as the basis for
the analysis. One reason for the selection was the general applicability of the Zero Wear
Model in determining conditions to insure low wear. Another was the judgement that
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Figure 5.4 Vacuum probe used for chip placement.
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the amount of wear debris that would be associated with a zero wear condition would
be negligible. The approach was to use the relationships of the Zero Wear Model to
determine required values of design parameters, so that a zero wear lifetime of 107 oper-
ations was achieved. Some laboratory testing was also done to support the analytical
predictions and to determine the zero wear factor, Γr, for the material pair.

Typical mechanical design considerations had led to the initial material selections
as well as initial dimensions and tolerances. A review of those selections and the overall
nature of the wear situation, which could be characterized as a linear journal bearing,
was performed as the first step in the wear design. This review identified two sources for
a radial bearing load. One was assembly interference and the other was pre-load.
Available friction data (2) indicated that the likely range for the coefficient of friction
was between 0.2 and 0.6. This being the case, the 3 g design specification related to inter-
ference implied a radial load of between 5 and 15 g. By considering the geometries
involved, it was estimated that the contribution of the pre-load would be less than 0. 1 g
and as a result, it was concluded that the pre-load could be neglected in the analysis of
the bearing. It was also concluded that the material selection was reasonable in that a
harder shaft was being used against a typical softer-bearing material. Alignment in the
proposed designs was also reviewed. It was found that the indicated dimensions and tol-
erances would result in less than 7′ of axial misalignment and on that basis were accept-
able as initial values for the wear design. One area of concern was identified during this
review. This was with respect to the edge of the bushing.

In general, edges tend to act as stress risers and increase wear in the region affected
by edge. In many cases, the mechanism can tolerate some increased local wear and it is
sufficient to simply require that the edges be beveled or rounded, as was the case in the
printer cartridge example. However, in this application, there was the need to eliminate
all wear debris, so even localized wear could not be tolerated. Consequently, it was decid-
ed that the wear design would have to include the effect of the edge. Since the proposed
design did not specify any particular edge condition for the bushing, it was decided that
the Zero Wear Model would be used to determine the required edge condition, assuming
all other parameters were as initially selected.

To apply the Zero Wear Model, two quantities need to be determined. One is the
maximum shear stress and the other is the number of passes in a unit operation. Since the
clearance in the bearing was sufficient for the Hertz model to be applied, the relationship
for the maximum shear stress, τmax, without accounting for stress concentration, was

where σc is the Hertz contact pressure and µ is the coefficient of friction. Accounting for
stress concentration, the equation is

where K is the stress concentration factor for the edge. Since the amplitude of the motion
is not greater than the length of the bearing, the relationship for the number of passes was
the same for both members. The number of passes in a single operation, n, was given by

where a is the amplitude of the stroke and β is the length of the bushing. Because the
needle is harder, the zero wear lifetime of the mechanism is the zero wear lifetime of the
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bushing. As a result, the zero wear relationship, as applied to the bushing, is used to
determine the required edge conditions. When the expressions for tmax and n are sub-
stituted into the equation for zero wear lifetime of the bushing, the following expression
is obtained for the allowed value of K:

where Γr is the zero wear factor for the material couple; τyb the yield point in shear of the
bushing material; L0, the required lifetime in number of placement cycles.

This equation was used to determine the allowed value for K for the proposed design
and a lifetime of 107 placements. Based on the hardness of the bronze, τyb was estimated
to be 44 kpsi. (See Appendix IV for an approximate relationship between yield point and
hardness.) Values for both Γr and m had to be assumed. Over the likely range for coeffi-
cient of friction (i.e., 0.2–0.6), there was only a 10% difference in K. The possibile range
for Γr was much more significant and results in a factor of 2.7 in possible values for K.
Assuming good wearing properties for the couple (i.e., Γr equal to 0.54), the allowed value
for K was approximately 32; for 0.2, approximately 12.

To relate a stress concentration factor, K, to edge geometry, the following relation-
ship for parallel cylinders was used (Table 2.2, 3):

where r is the radius of the edge; R’s, the radii of the two cylinders; m and n are the coef-
ficients of the general Hertz formulation, m and n are defined in terms of cos θ where

(See Appendix I.) These relationships were used to determine values of K as a function
of r. For the nominal values of –0.01125 and 0.0110 in. for the radius of the bushing and
the needle, respectively, this relationship is shown in Fig. 5.5. Using this curve, it was
concluded that if the couple had good wearing properties, a minimum radius of 0.001 in
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Figure 5.5 Stress concentration factor as a function of edge radius.
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would be acceptable; otherwise, a minimum radius of 0.010 in. was required. Without
knowing what the appropriate value was for Γr, a minimum radius of 0.010 in. was
specified for the design.

Verification consisted of demonstrating the significance of edge conditions on the
wear of this probe. To do this, it was decided to perform accelerated wear tests on actual
probes, which had significantly different edge conditions. A test fixture was developed in
which a torque motor was used to move the needle at a frequency of 360 Hz and ampli-
tude of 0.01 in. This test situation is shown in Fig. 5.6. Two probes were selected; one had
a noticeably sharp edge, and the other a noticeably rounded edge. After 107 cycles, the
probe with the sharp edge was examined for wear. The only wear that was observed was
on the edge and it approached 0.001 in. In the second case, there was no detectable wear
after 2 × 107 cycles. Measurements of the edge radii after the test indicated that the radius
for the sharp bushing was approximately 0.0003 in.; for the other, 0.003 in. Because of
the actual value of the radius for the second probe, a serendipitous result regarding Γr was
obtained. For that radius and a value of 0.2, Eq. (5.24) indicated a zero wear lifetime of
1.5 × 103 cycles, implying that the value of Γr for this combination was 0.54. As a result,
the radius specification could be changed to 0.001 in. However, to provide additional
safety, the minimum radius was specified to be 0.003 in.

5.4. FORMS THICKNESS CONTROL

This case history illustrates a non-analytical approach to wear design. In this example, the
results from an examination of worn parts provided the basis for a phenomenological
model which was used to develop a satisfactory design. Simulative testing was also used
to both verify the model and to aid in the selection of specific design parameters.

In most line printers, there is a means of adjusting for different thicknesses of the
forms or paper stock that is to be used. In this particular case, this adjustment was accom-
plished by means of a manually actuated cam-follower device. This device was required
to last for 12 × 103 operations. When operated, the follower, which was a compound sur-
face formed by two cylindrical profiles, slid along a flat surface of a ramp. Both parts were
molded and made from the same glass and PTFE-filled phenolic. During the qualification
of the printer, significant wear was observed on both parts after as little as 50 operations.
In printers, which had experienced extensive testing, wear depth was found in the
0.001–0.01 in. range. Because of the significance of the forms adjustment control in
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Figure 5.6 Test configuration used in the wear design of a vacuum probe.
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insuring print quality, wear of this magnitude was unacceptable. The wear design approach
started with the examination of the worn parts, two of which are shown in Fig. 5.7.

The examination revealed the following characteristics of the wear:

1. Wear was primarily on the surface of the follower; however, the ramp surface 
did experience sufficient wear to expose glass fibers.
2. The wear zone on the follower showed that contact occurs in the regions
where the two cylindrical profiles were blended.
3. Both the wear scar on the ramp and on the follower indicated that, at least during
some portion of the operation, the contact extended over the edges of the ramp and
that the contact motion was diagonally across the surface of the ramp.
4. The wear scar on the ramp did not exhibit singular wear zones corresponding
to individual settings; rather, it appeared continuous. This indicated that the
wear was primarily due to the operation of the mechanism rather than any fret-
ting type of motions caused by machine vibrations that could occur in a fixed
position.

Based on these observations, a phenomenological model for the wear was formed.
It was hypothesized that the wear resulted from the sliding motion associated with the
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Figure 5.7 Worn components of the forms thickness control unit. “A” shows the ramp; “B” shows
the follower.
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actuation of the device and the high stress conditions associated with the edge contacts.
Initially, the high stresses, resulting in the poor contact geometry (i.e., contact in the region
where the two cylindrical profiles merged and contact with the edge of the ramp), caused
rapid wear of both surfaces. This exposed the glass fibers used as fillers in the phenolic.
Since the matrix material was soft, this resulted in the introduction of a significant abrasive
wear contribution to the overall wear behavior. Greater wear would occur on the follower
since its surface experienced more rubbing than the surface of the ramp.

To develop this model, it was necessary to estimate the wear in the application in
terms of the several models for sliding wear. Estimates of wear rates based on the linear
relationship for sliding wear (Eq. (2.3)) and nominal values for the wear coefficient for
this type of material (e.g., values in the range of 100–1000 × 10–10 in.3 min / ft lb hr)
tended to be significantly lower than those estimated from the wear measurements.
Typically, these estimates were one to two orders of magnitude lower, unless the possi-
bility of thermal degradation was considered. However, both the appearance of the scars
and the nature of the operation, as well as the properties of the phenolic, did not indicate
thermal degradation to be a factor. On the other hand, it was found that the Zero and
Measurable Wear Models could easily account for the observed wear if the effect of stress
concentration was taken into account. It was concluded that the influence of stress and
geometry predicted by the Zero and Measurable Wear Models provided the most likely
explanation. This provided the basis for the phenomenological model. These two models
were also used to provide guidance in determining a solution.

This model provided an explanation for the observations and led to the identification
of geometry as the primary element to be addressed in redesign. A change in materials was
considered to be a secondary element, since the original geometry would be poor for any
material system. It was also possible that with the proper geometry, adequate wear might
be obtained with the original materials.

After reviewing the design and the existing molds to see what changes were possi-
ble, it was decided to modify the follower by replacing the compound surface formed by
the two cylindrical profiles with a spherical surface with as large a radius as possible. This
would reduce the contact stress and avoid alignment concerns that would be associated
with a large radius cylindrical surface. Layouts indicated that this was possible for radii
up to 1 in. Estimates of wear behavior using the Zero Wear Model indicated that a radius
in the range of 0.75–1 in. would be adequate. Two ways of implementing this design
change were considered. One was the use of hard steel insert for the face of the follower.
This version made the follower significantly harder than the ramp, which was beneficial
since the follower tended to experience more wear than the ramp. In addition, the use of
a hard steel surface would greatly improve the abrasive wear resistance of the follower.
The second was to modify the mold to provide a spherical phenolic surface. By control-
ling the location of the spherical section, contact with the edge of the ramp during actua-
tion could be eliminated for nominal dimensions. However, edge contact could not be
eliminated over the entire tolerance range and a modification of the mold for the ramp to
provide a wider surface was also considered. While this was possible, it was not desirable
since additional changes were required to accommodate a wider ramp. A simulative wear
test was selected to evaluate these options and verify the proposed model.

It was decided that with modifications a reciprocating ball–plane wear tester could
be used to simulate the actual wear situation as it provided the same type of motion and
loading. The only modifications that were required were fixtures to allow the use of actu-
al ramps as the plane and of prototypes of the cam surface as the ball. The loads meas-
ured in the application were in the 3–4 lb range and could be applied with the wear

Design Examples 175

Copyright © 2004 Marcel Dekker, Inc.

  



tester that was to be used. The maximum stroke length (1 in.) that could be obtained with
the tester, while shorter than the full range of the application (1.8 in.), was considered to
be representative, but the normal mode of testing with this tester (i.e., continuous, recip-
rocating sliding) was not. In the application, the control would be manually adjusted,
moving the follower from one location on the cam to another, and then it would remain
at that new position for some period of time. The conditions in the tester would tend to
produce higher interface temperatures than in the application. Since surface temperature
is often a significant factor with the wear of plastics, there was concern that this would
be a significant factor affecting the simulation. It was decided to resolve this concern by
comparing the morphology of the wear produced in the tester to that produced in the
application. A 50 cycles / min rate was selected for the test, since it provided an average
speed representative of the application and a convenient test duration for the accumula-
tion of the required lifetime cycles (approximately 4 hr). The morphology of the test
wear scars was found to be the same as machine-worn parts, and it was concluded that
a 1 in. stroke and a 50 cycles / min rate provided good simulation.

The results of the simulative tests that were performed are shown in Table 5.1. As
can be seen from the table, several of the tests were done to verify the model. The increase
in wear, resulting from exposure of the glass and edge contact, was demonstrated direct-
ly. The influence of stress on wear was indirectly demonstrated by using a higher load. A
4.5-fold increase in load was found to result in a 25-fold increase in wear volume, since
wear volume is proportional to the depth squared. This result is more consistent with the
Zero Wear Model than for the linear wear model. These test results also demonstrated the
tendency for the follower to experience more wear. Since surface roughness can be a fac-
tor in wear behavior, it was decided to evaluate several different surface roughness con-
ditions for the metal insert. Overall, the test results showed that acceptable wear behav-
ior could be obtained with either of the proposed modifications of the follower. It was also
concluded that occasional edge contact could be tolerated with the new
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follower, since continuous contact resulted in only 0.001 in. of wear at end of life. Since
stress level would be higher in the tests conducted with the steel insert, it was also con-
cluded that a minimum radius of 0.75 in. would also be acceptable for a phenolic fol-
lower. Based on this information, the mold for the follower was changed to provide a 0.75
in. radius and the width of the ramp was increased as much as possible. As these changes
provided satisfactory performance, it was not necessary to change the materials.

5.5. PLASTIC GEARS

This example of wear design provides an illustration of the development of a theoretical
model for design use. The approach is primarily analytical and is guided by general experi-
mental trends and observations. As a result, the relationships developed have more general
applicability than the specific situation for which they were developed.

As part of a cost reduction effort for a mid-range impact printer, the replacement of
a satisfactorily performing phenolic / metal bevel gear pair, having a gear ratio of 1, with
a plastic pair of the same size and geometry was being considered. As part of the design
process associated with this change, the potential wear performance of different pairs
needs to be evaluated and compared to the performance of the original steel / phenolic
pair. One wear design approach that was considered was based on the use of simulative
tests. In this case, prototype gear tests or rolling tests with slip would have been required
to simulate slip and temperature build-up that is possible with plastic gearing. However,
this approach was not considered feasible because of the lack of the specialized equip-
ment needed, the cost and time associated with obtaining the specimens required, and the
length of time associated with those tests. Another approach that was considered to be
feasible was to build on existing models and theoretical concepts to develop an analyti-
cal wear relationship, which involved the principal parameters that would affect relative
performance of different material pairs. This relationship could then be used to select an
appropriate pair whose performance would be verified by a printer test. This is the
approach that was taken and, in effect, resulted in the development of a Figure of Merit
for the material pairs considered.

The starting point of this approach was some general observations about relative
motion and wear life of gears. While the motion between gear teeth can nominally be
described as rolling, it is not pure rolling since relative slip occurs. The amount of slip
varies along the tooth profile and is primarily determined by the geometries involved.
Gear failures can result from both rolling and sliding wear mechanisms. However, in the
case of gears operating under dry or boundary lubrication conditions, lifetimes associat-
ed with sliding wear mechanisms tend to be shorter than those associated with rolling
wear mechanisms. Under those conditions, the wear life of a gear can be related to the
amount of wear that occurs in the regions of maximum slip. Based on these observations
and the fact that there was to be no lubrication used, it was concluded that the relative per-
formance of the material pairs could be based on their wear behavior in these slip regions.

Because of the sensitivity of polymer wear performance to temperature, it was
necessary to consider the effect that these design changes would have on temperature.
Since steel is a significantly better conductor of heat than polymers, it was anticipat-
ed that the plastic / plastic pairs would tend to run hotter. Since the general conditions
of the application were similar to other applications in which plastic / plastic gear pairs
were used, catastrophic degradation in wear performance due to temperature was not
anticipated for the materials that were to be considered. However, it was felt that some
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degradation might result and that it was necessary to include a temperature dependency in
the model developed.

One way of treating wear in these slip regions was with the model for rolling wear
and accounting for differences in sliding wear characteristics by means of the model’s
surface endurance limits for different amounts of slip. Another approach was to use a
sliding wear model. A rolling action tends to moderate the severity of a sliding action.
Intuitively, then, it was concluded that the sliding approach would tend to be more con-
servative and, as a result, preferred for a theoretical approach. Because of this and the
fact that the formulations of the rolling wear model and Zero Wear Model for sliding
Wear are so similar, it was decided to use the Zero Wear Model for sliding.

Even though the geometry was to remain constant, the amount of sliding experi-
enced would tend to change because of differences in the contact areas obtained with
different materials. With larger contact areas, there would be more sliding involved.
However, the number of passes (used in the Zero Wear Model) would tend to remain
constant since the sliding distance for a pass is the width of the contact. Therefore, it
was assumed that the lifetime of a gear pair was proportional to the number of passes
associated with the zero wear point (i.e., the zero wear lifetime in units of passes)

where k is independent of materials and L is the lifetime. The lifetime for a gear pair
would be the smaller of the two individual lifetimes.

A temperature dependency was introduced into this relationship by considering
τy, the shear yield stress, and E, Young’s modulus, to be functions of temperature. For
plastics, it was assumed that since both decrease with increasing temperature, the ratio,
τy / E is a constant. Using this, the equations for contact stresses, and Eq. (5.37), the
following relationship was obtained:

where

T0 is a reference temperature. For a metal, Φ is 1. Equations (5.38) and (5.39) provided
a means of analytically comparing the different pairs considered.

The use of these equations in the selection process can be illustrated by comparing
the prime replacement candidates for this application. The prime candidates for replacing
the steel / phenolic pair were nylon / phenolic, phenolic / phenolic, and nylon / nylon.
Values for E, Φ, and τy for these two plastic are given in Table 5.2, as well as those for
steel. Values for E were obtained from materials supplier information and τy(T0) were
determined from micro-hardness measurements using the relationship between micro-
hardness and yield point given in Appendix IV. Room temperature was selected as T0.
Available data for the coefficient of friction for these couples indicated that they were sim-
ilar and in the 0.2–0.4 range.

For dissimilar pairs the smaller lifetime, which is the lifetime for the pair, is associ-
ated with the softer material. For the steel / phenolic pair, this the phenolic. However, as
can be seen by analyzing the data in Table 5.2, nylon is harder at lower temperatures
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and phenolic is harder at higher temperatures. The transition occurs somewhere in the
vicinity of 110°F.

Assuming all the pairs have the same value of Γr, Eqs. (5.38) and (5.39) were used
to compute the lives of the candidate pairs relative to the steel / phenolic pair. These are
shown in Fig. 5.8 as a function of operating temperature. Only a moderate temperature
increase, < 100°F, was anticipated and later confirmed. This graph indicates that any of
the pairs would be acceptable as a replacement, provided they had the same value of Γr
as the steel / phenolic pair. However, since there tends to be two characteristic values for
this factor, this may not be the case. Most steel / plastic combinations tend to have a
value for Γr of 0.54. Since the specific pair was observed to have good wear character-
istics, it was assumed that the value was likely 0.54. If a candidate pair had the lower
characteristic value of 0.2 for Γr, this would result in a reduction of the computed val-
ues by a factor of approximately 10 –4, which implies a shorter life than that of the steel
/ phenolic combination. In which case, the pair would not be a satisfactory replacement.
Since the values for Γr are strongly related to the tendency for adhesion, self-mated pairs
tend to have the lower value; thus, the dissimilar pair of nylon and phenolic was select-
ed as the replacement. Subsequent machine tests confirmed the selection. Because of the
strong effect that the value of Γr has on life, it is likely that significant wear would have
been observed in these tests if the value were 0.2 for this combination.

5.6. TYPE CARRIER BACKSTOP

This case study provides an illustration of the implementation of the Zero and Measurable
Wear Models for impact wear, as well as the use of theoretical and analytical considera-
tions to support a primarily experimental approach. It also illustrates a modeling approach
to two-body wear. A photograph of a type carrier is shown in Fig. 5.9, along with a pho-
tograph showing the contact between the type and the backstop. The individual type ele-
ments, which are mounted on a common shaft, are held against the backstop by means
of compressed springs.
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This type of carrier was used in the print cartridge of a high-speed impact line
printer. The carrier rides on a rail. In the print area, a hammer hits the back of a select-
ed type element, causing the type to go into free flight and ultimately impact the ribbon
and paper stack. The type then rebounds from this impact and impacts the backstop of
the carrier, ultimately coming to rest before the next print cycle. This case study was
concerned with the wear between the type and the carrier at the backstop. Wear at this
interface affected the position of the type relative to the hammer. This is important since
it affected print quality. While the printer design allowed for some adjustment to account
for changes in hammer locations, there was no compensation for changes in type loca-
tion. Printing considerations resulted in a requirement that wear at this interface be equal
to or less than 0.001 in. after 2 × 108 impacts or print cycles for the individual type ele-
ments.

While wear at this interface was of concern, it was not the only or primary aspect
influencing the design of the interface. Because of experience with slower printers, type
manufacturing, fatigue aspects, and type settling time were the primary factors influenc-
ing the design. Wear had to be controlled within the constraints associated with those con-
cerns. As a consequence, the initial wear design approach consisted of selecting parame-
ters to optimize wear behavior as much as possible and to monitor the wear produced dur-
ing printer tests. End-of-life wear would be projected from these data by
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Figure 5.8 Wear lives of the phenolic and nylon gears as a function of temperature.
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using the conservative assumption that wear is proportional to the number of impacts.
This was a reasonable strategy since a number of printer tests would be performed under
a variety of conditions. This would allow the accumulation of a large number of print
cycles at many individual sites. The thrust in optimizing wear behavior was to reduce the
tendency towards adhesive wear and to reduce stress levels as much as possible. These
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Figure 5.9 Photographs of the type carrier. “A” shows an assembled type carrier. “B” shows the
type resting against the backstop as the hammer begins to strike at the top of the type.
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initial considerations resulted in the selection of hardened and dissimilar materials,
insuring adequate lubrication for the interface, placing as large a radius as possible on
the surface of the backstop, tumbling the type to round the edges, and specifying mod-
erate surface roughnesses. The material for the type was M2 tool steel and that select-
ed for the backstop was P5 mold steel. The maximum radius that could be used on the
backstop was 0.25 in. The surface roughness on both members was specified to be an
Ra of 15 µin.

These original selections of design parameters were found to be adequate. While
wear was evident in most of the tests, it was generally too small to be measured, except
at the end of the longest tests. Based on measurements taken after 107 impacts, the end-
of-life wear was projected to be significantly less than 0.001 in., which was acceptable.
However, near the end of the development of the printer, a change to the backstop was
required. To decrease the settling time of the type, it was necessary to increase the height
of the backstop. This resulted in the backstop engaging the type in a new location and
implied a significant change in impact dynamics. Since either of these could effect wear,
it was necessary to evaluate the new design and determine if it had adequate wear life.

Unfortunately, the initial wear design approach provided little information that
could be used in an analytical approach to estimate the effect of these changes. There were
no analytical models developed that related design parameters to wear or for the loads and
motions at this interface. Observations made regarding the behavior or potential behavior
of the carrier and type indicated a sufficiently complex wear situation that experimental
verification for any model would be required. In addition to the primary impact, there
were indications that fretting motions and secondary impacts were likely complications
and their relative contributions were not known beforehand.

There were several reasons, which suggested such complications. One is that since
the type had significant tangential velocity relative to both the hammer and the
ribbon/paper stack, impact with these surfaces would tend to induce lateral vibrations or
displacements of the type. Therefore, there was the potential for a fretting component dur-
ing impact with the backstop. The likelihood of this was supported by wear scar measure-
ments, which tended to indicate that scars on the backstop were wider than the type. There
was also the possibility of induced secondary impacts on adjacent type, as a result of wave
propagation in the backstop from the primary impact. There was some evidence of this
from kinematic studies. Finally, there was the possibility that fretting motions could be
induced by carrier instabilities during printing. There was evidence of this from some idling
tests (i.e., running without printing) that had been performed as part of the overall devel-
opment activity. Superficial wear marks could be visually discerned on the backstops of
carriers used in those tests. Since the ratio of idle time to print time in these printers was
extremely small, it was concluded that wear during idling was negligible and could be
ignored. However, this did indicate that carrier motion could result in relative motion
between the backstop and the type. Wear from this motion would be associated with the
spring pre-loads and not the primary impacts.

Because of the lack of an established model for this situation and the time and
resource constraints associated with the overall development effort, it was decided that the
most expedient way of addressing the adequacy of the design was to develop an empirical
wear relationship. This would then be used to project life and to compare that relationship
to those predicted by various theoretical models. Correlation between the empirical rela-
tionship and the models would increase the confidence in the projection. At the same time,
it would provide verification of a model for this wear situation that could be used in future
design considerations.
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The wear data needed to generate the empirical wear relationship were obtained
from a printer test. By means of a special print pattern, it was possible to reach 108 impacts
on a limited number of type. To develop the wear relationship, the test was stopped at two
intermediate number of impacts and the type elements and backstops were measured for
wear. A summary of the wear data is shown in Table 5.3. Because of the shape of the part
and the magnitude of the wear, it was not possible to obtain sufficiently accurate wear
depths on the type to establish a wear relationship. However, it was possible to conclude
from the measurements and the appearances of the scars that the wear on the type did not
exceed that on the backstop. To obtain a wear relationship for the backstop, the best fit of
the individual measurements to the following expression was done:

where h is the depth of wear and N is the number of impacts. This form was chosen
because it generally provides a reasonable fit to wear data in a stable wear regime, as had
been discussed previously. In this case, the best fit resulted in the following:

The expression for total wear at the interface, H, was

This resulted in a projection of 0.0002 in. of wear at life, which was acceptable.
Based on the operational characteristics associated with the type / backstop interface,

it was decided that for modeling wear should be considered as resulting from two sepa-
rate modes. The primary mode was considered to be an impact wear mode with some fret-
ting. The secondary mode was a small-amplitude sliding wear mode that could be char-
acterized as fretting and was associated with the pre-load of the springs. Since the wear at
the interface could be characterized as mild, it was decided to model these two modes,
using the formulations provided by the Zero and Measurable Wear Models for impact and
sliding. These required the determination of contact stresses.

While there was the possibility of both primary and secondary impacts contributing
to the wear, it was decided to consider only the effect of the initial impact. This was based
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on the observation that the Hertz impact theory shows that the peak contact stress would
be proportional to v1 / 2, where v is the impact velocity. As a result the impact zero wear
lifetime would be proportional to v –9 / 2, suggesting a sharp decrease in wear rate as veloc-
ity decreases. Consequently, only those secondary impacts with velocities close to the
initial impact velocity needed to be considered and these could be counted as addition-
al primary impacts. Impact load and stresses for the primary contact were determined
analytically using a combination of Hertz impact theory and finite element analysis. The
latter was used to determine contact time, which for the primary impact was found to be
approximately 7 µsec. Available data showed that the primary impact velocity was
approximately 90 in. / sec, which, according to the analysis, would result in a peak load
of 45 lb and a peak contact stress of 153 kpsi.

The relationship for the zero wear life for impact is

where N′0 is the zero wear life in terms of the number of impacts; Γ′r, the zero wear fac-
tor for impact; β, the surface damage contribution factor; σy, the compressive yield
strength; σ, the contact pressure. Since both steels were hardened to Rc60–62, σy was
approximately 300 kpsi for both materials. (See Appendix IV.) Both Γ′r and β are empir-
ical wear coefficients, which are material and impact conditions dependent, respective-
ly. Since Γ′r for most material systems has been found to be 1.1, this value was assumed
for the lubricated type/backstop material system. β is a function of the amount of slid-
ing and surface damage that occurs during the impact. For a normal impact without fret-
ting, it is 0. If there is fretting, the value can be significantly larger (e.g., values greater
than 10 have been observed), depending on the amount of fretting wear that is present.
(Table 2.4). Lubrication has been shown to be significant in these situations and tends to
decrease the value of β. Under lubricated conditions, β tends to be less than 10 and can
approach 0. Using a value for 0 of zero in Eq. (5.43), an upper limit of 2 × 106 impacts
was obtained for N′0 for both materials.

Analysis of the carrier design indicated that the pre-load of the springs produced a
load of approximately 0.2 lb at the backstop interface. This corresponded to a contact
stress of approximately 10 kpsi. This is equivalent to a maximum shear stress of approx-
imately 5 kpsi for a coefficient of friction of 0.2, which is typical of boundary lubricated
steel couples. For sliding, the zero wear relationships is

where N″0 is the number of print cycles a carrier experiences; ε, the number of passes asso-
ciated with a print cycle; Γr, the zero wear factor for sliding; τy, the yield point in shear;
and τ, is the maximum shear stress. τy for both materials was estimated to be 150 kpsi,
based on hardness. (See Appendix IV.) Assuming as a worst case the lower characteristic
value for Γr, 0.2, Eq. (5.44) reduces to the following.

Since there are four type elements in a carrier,
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Therefore, the number of impacts for zero wear based on sliding was

Since the fretting motions would be less than the length of the contact, L, ε can be
expressed as

where m is the number of vibration cycles of amplitude a. L was the width of the type
element, 0.045 in. Substituting these into Eq. (5.37), results in the following for N′0.

It was considered to be virtually impossible to have a situation where the product of
a and m exceeded 1 in. To do this would have either required a few cycles of very large
amplitude or a very large number of cycles of small amplitude. Neither condition was con-
sidered to be realistic. Experience indicated that a few cycles of moderate to small ampli-
tude (i.e., < 0.01 in.) motion might be possible. As a result, the zero wear lifetime based
on the sliding mode was several orders of magnitude greater than that for the primary
impact mode. Because of this large difference, it was concluded that the secondary mode
is a negligible contributor to the wear and could be ignored.

Since the average depth of the wear scar at the zero wear life time is half the peak to
valley roughness, the value estimated from the experimental wear relationship for the zero
wear life time was approximately 19 × 106 impacts. While this was nine times larger than
that estimated on a theoretical basis (2 × 106), the disagreement was not considered signif-
icant, since a 25% error in the estimation of the stress level could account for such a fac-
tor. The fact that the theoretical life was smaller tended to support the positions that fret-
ting and secondary impacts are not major factors. However, because of the sensitivity to
stress that is associated with this model and the likelihood of errors in the estimation of the
stress, it was impossible to use these results to conclude that they were insignificant. For
example, the experimental value could be obtained by a 50% reduction in stress and a
value for β of 9, which would imply a strong contribution of fretting.

The next step of the modeling effort was to apply the impact wear model for meas-
urable wear. This model, like the one for measurable sliding wear, provides differential
equations for two different modes of wear, a constant energy mode and a variable energy
mode. Basically, it is necessary to determine which mode is applicable by empirical meth-
ods. While this is the case, there are some trends in for impact wear. The variable energy
mode for impact wear is typical for most systems and normal impact. Under compound
impact conditions, which result in significant sliding, or under normal impact conditions,
combined with fretting, the constant energy mode is likely. Since fretting was possible, it
was decided to use both formulations and to see which provided better agreement with
the experimental data.

Some solutions to these differential equations are available for simple geometries
(Table 2.5), including those for a cylinder against a flat surface. The solutions provided
are based on the assumption that only one surface is wearing. Because the depth of wear
was small in comparison to the radius of the backstop, it was concluded that these solu-
tions would be suitable for engineering approximations of the wear. Basically, this treat-
ed the wear of the type as the wear of a soft plane impacted by an unwearing cylinder and
the wear of the backstop as the wear of a soft cylinder impacting an unwearing plane. The
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relative values of wear depth as a function of number of impacts, obtained using these rela-
tionships, are given in Table 5.4 for both the constant and variable energy wear modes. In
Fig. 5.10 they are compared with Eq. (5.40). It can be seen that Eq. (5.40) provides a rea-
sonable relationship for the two solutions. For the variable energy mode, n is approxi-
mately 0.4; for the constant energy mode, 0.75. The exponent for the constant energy
mode agrees with the empirical value and implies that fretting was a significant factor in
the wear at the interface. If fretting were not significant, the variable energy mode would
have been expected. It can be seen that in this case the Measurable Wear Model provided
a clearer indication of the significance of fretting than did the Zero Wear Model.

By combining the Zero and Measurable Wear Models, a theoretical expression for
backstop wear was developed. This was done by using the theoretical zero wear lifetime
and the specified roughness to determine C. This resulted in the following expression
for backstop wear:

Using this relationship for both the type and the backstop, a projection of end-of-life
wear was made. For the worst case, it was concluded that total wear would be less than or
equal to 0.0009 in., which was acceptable.
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Figure 5.10 Approximation of the impact wear relationships by simple power relationship, h = Nn.
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While higher than the experimental projection, this theoretical estimate provided
support to the conclusion that the design change was acceptable. The modeling activity
also provided further understanding of the wear situation and a basic set of relationship
between design parameters and wear. It was concluded from the modeling that the wear
is the result of the impact of the type against the backstop after printing and that fretting
motions associated with that impact contribute to and modify the wear.

The wear scars that were developed in the test were carefully examined. The mor-
phological characteristics of the wear scars were found to be similar to those typically
observed in laboratory impact wear tests that allowed some fretting vibrations to occur.
Wear at this interface resulted in a field problem when the printer was converted for use
outside the USA. This is treated in Sec. 7.3.

5.7. THERMAL CONDUCTION MODULE

This case study provides an example of the integrated use of wear design in development.
In this instance wear design was introduced very early in the development process.
Initially, the approach was analytical and used to examine design feasibility and in the
determination of the initial design. This was followed by empirical approaches, which
were used to develop a database for specific material pairs and to verify satisfactory wear
performance of the design.

The thermal conduction module was an electronic packaging structure for computer
chips (4). A typical module is shown in Fig. 5.11. An essential function of this module was
to conduct heat away from the semiconductor chip. This was accomplished by the design
shown in Fig. 5.12. While the functioning of this module did not require relative motion
between the surfaces, motion was possible as a result of mechanical vibrations, shocks, and
thermal cycling. Sources for these might be fan motor vibrations, vibrations transmitted
through the machine frame during shipping, shocks associated with bumps that
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Figure 5.11 Thermal conduction module. (From Ref. 33.)
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the machine may experience during shipping or relocation, and thermal expansions and
contractions associated with power on  / off cycles. These extraneous motions could cause
wear at the interfaces involved with the conduction of heat away from the chip. This was
a concern because of the potential effect that the wear might have on the thermal contact
resistance of these interfaces, e.g., the effect of wear debris on conduction. Thermal analy-
sis had indicated that, while there were several such interfaces involved, the primary one
was that between the chip and the piston.

Packaging design considerations, such as the size and number of chips to be in the
module, the amount of heat to dissipated, allowed dimensions for the module, etc., had led
to an overall design. This design provided nominal definitions for the sizes, shapes, spring
loads, and materials to be used but variations or modifications were possible within the
overall design concept. An initial development concern regarding the design was that its
feasibility would be limited by the wear resulting from the extraneous motions. Since hard-
ware was not immediately available, a two-phase approach to wear design was formulat-
ed. The first phase involved the analytical estimation of potential wear life and the effects
that different modifications or options would have on wear life. This enabled design fea-
tures, which would enhance wear performance to be included in early hardware. It also
identified critical factors controlling the wear performance. Hence, it was possible to
develop an evaluation strategy that was needed to insure that there would not be a wear
problem. The second phase, which was primarily empirical, involved the implementation
of that strategy.

The first step of the system analysis was the identification of potential wear points
and the motions, which might occur at these points. After review of the design, several
areas of potential wear were identified and these are shown in Fig. 5.12. These involve
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Figure 5.12 Potential wear sites in the thermal conduction module.
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contacts between the chip, piston, cylinder wall, and spring, where relative motion was
considered likely. The contact between the insert and the cylinder wall was not considered
as a wear point since this was to be designed as a press fit. Two contact conditions were
possible between the piston and the cylinder wall. One is a cocked configuration (Fig.
5.12); the other is an axial aligned configuration in which line contact occurs. At all of the
locations, relative motion from two sources was considered to be possible, temperature
changes and mechanical excitation from either vibrations or shock. After reviewing the
geometries, it was concluded that at each location these sources could cause relative slid-
ing, but not necessarily pure sliding. At the contact points between the piston and the wall
and between the piston and the chip, a rolling component might also be present if the pis-
ton rocks. It was also possible to have impact at these same locations if shock levels were
sufficient to cause separation. The type of motion, its direction, and its magnitude at each
location would depend on the nature and magnitude of the excitation, as well. Finally, it
was also probable that with each type of excitation there would be a threshold level, below
which it would not cause motion.

One approach in modeling the wear situation at each site was to determine separate-
ly the amount of wear produced by each independent source. With this approach, shock
and vibration inputs at different locations and different directions would be considered as
separate source. This would have involved determining the load and motion for each of
these sources. This approach was considered to be impractical for design use in this case
because of the number of unknowns and variations associated with the design and the
number of possible motions that needed to be considered. A less precise but more practi-
cal approach was used, which was based on worst case considerations and tended to be
conservative. It involved defining worst case loading conditions for each site and evaluat-
ing likely wear behavior on the basis of these. In implementing this strategy, it was decid-
ed initially to separate the consideration of any impact wear situations where separation
might be possible from consideration of wear situations when separation did not occur.
Reasons for this were:

(1) Separation was considered to be likely only for very high shock loading and
exposure to this was limited.

(2) The possibility of significantly higher loads when separation occurs than when
separation does not occur.

(3) The possibility of conflicting design requirements for these two conditions (e.g., an
increase in spring load would tend to decrease the tendency for separation but would
increase sliding or rolling wear).

When separation did not occur, worst case wear conditions for each of the three
sources were defined as sliding under the maximum normal load associated with that
source, since sliding is a more aggressive motion than a rolling. Worst case conditions with
separation were considered to be the impacts resulting from mechanical shocks.

An initial element for the wear design was establishing what amount of wear could be
accepted as a design goal. The concern was that wear, by modification of the surface topog-
raphy and the generation of debris, would adversely effect heat conduction across the inter-
face. Since realistic design allows for some variations of initial surface topography and the
real area of contact tends to be insensitive to small variations in roughness, it was conclud-
ed that some wear could be tolerated, provided it was confined to the asperities. The defi-
nition of “zero wear” describes such a condition. At the zero wear point, the average depth
of wear is one half the average asperity height. With wear of this magnitude,
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debris generation is usually not significant or a concern. Therefore, it was decided to
accept the zero wear point as the acceptable amount of wear for the design and, as a con-
sequence, the zero wear life as the wear life. An acceptable design would then be one
for which the zero wear life exceeded the expected or required life at each wear point.
The zero wear lifetimes of the various contact points in the module could be calculated
from the relationships of the Zero Wear Models once the load (normal to the interface)
and the contact geometries were determined.

Since sliding was assumed as the worst-case conditions, it was convenient to use the
Zero Wear Model for sliding to determine the maximum amount of sliding that was asso-
ciated with the zero wear condition, Smax. This could then be compared to the amount of
motion likely to result from the three sources. The zero wear equation, Equation (2.18),
can be written in the following form:

where W is the width of the area of contact in the direction of sliding.
When there was no separation, several sources for static and dynamic loads were

identified. It was deduced that the static loads affected all the interfaces and resulted from
the compression and diametrical interference of the spring. It was also deduced that the
dynamic loads resulted from piston motions caused by vibrations and shocks. It was
assumed that the spring would have a negligible effect on piston acceleration and that the
acceleration would act through the center of mass of the piston. Product specifications
allowed vibration levels up to 1.25 times gravity in the 5–500 Hz range and shock levels
up to 500 Gs. These upper values for these accelerations were used to determine worst
case loading under dynamic conditions. Only the static loads were used to estimate wear
for thermal motions. For motions due to shock and vibration, static and dynamic loads
needed to be combined but one or the other was found to predominate. Since the mass of
the piston was 1 g, it was concluded that loading due to vibration was insignificant with
respect to the static loads and that the static loads were insignificant to the maximum
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shock loads. A summary of the worst-case loads is given in Table 5.5. Also included in the
table is the contact geometry used for the calculation of contact stress at the wear points.
It can be seen that two potential wear points were identified for the spring/piston and
spring / cap interfaces. One was where the spring contacted the lip of either the piston or
the cap and the other was at the end of the wire, where there was the possibility of stress
concentration. Both of these conditions are illustrated in Fig. 5.13.

Several of the interfaces were exposed to wear from thermal motion, vibration, and
shock. While the resulting motions from each of the sources were likely not the same,
some surface regions would experience some superposition of these motions. The wear
situation for these regions is similar to sliding with a variable load, in which case a weight-
ed average or equivalent stress is used for the zero wear calculations. Since the maximum
loads associated with motions due to temperature excursions and vibrations were the
same (i.e., those based on static considerations), it was possible to divide the situation into
a combination of static and shock loads. Therefore, the following was used to determine
the average stress to be used in determining the zero wear life:

where α is the fraction of the total motion that was associated with shock.
The parameters of the proposed design are given in Table 5.6. It can be seen that

except for silicon all the materials involved were typical engineering materials.
However, the design of the thermal conduction module required the use of helium gas
as coolant and no lubrication. Because of the uniqueness of this environment, there
was no specific data available regarding wear or friction behavior and some assump-
tions had to be made to continue the analysis. Since helium is an inert gas, it was con-
cluded that it could be considered as a very poor lubricant and data for unlubricated
sliding could be used to estimate values for Γr, the zero wear factor, and µ, the coef-
ficient of friction. Under these conditions, most couples tend to have the lower char-
acteristic value of 0.2 for Γr and µ is greater than 0.5. However, existing data for
anodized surfaces and plastics indicated that for couples involving these materials Γr
was frequently 0.54 and µ, 0.2–0.3 without lubrication. (See Appendix II.)

Using these values, zero wear distance, Smax, was computed for different values of
α, the relative amount of shock motion, and the unspecified design parameters. A summa-
ry of these values for Smax is given in Table 5.7. Estimates for the amount of motion asso-
ciated with thermal cycling, vibration, and shock were done to see how adequate these life-
times were. Mechanical analysis indicated that over the temperature range of an on / off
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Figure 5.13 Wear points between the spring and the piston. “1” contact between wire and end of
lip; “2” contact between end of wire and inner diameter of piston.
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cycle, that is, 20–85°C, the maximum amount of motion possible between the spring and
the piston or the cap was 0.010 in. and between the chip and the piston, 0.004 in. Since
the required number of on / off cycles was 2500, the potential motion caused by thermal
cycling over life was estimated as 30 in. for the spring interfaces and 10 in. for piston
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interfaces. Over the life of the component the number of significant shocks that were like-
ly were considered to be less than 100. Considering the tolerances and the clearances
involved with the design, maximum motion per shock would be 0.035 in.Total shock
motion was therefore estimated to be < 4in. Prior experience indicated that standard design
considerations would limit the amplitude of possible vibrations to a few thousands of an
inch for the lower frequency and less for the higher frequencies. At best, there was the pos-
sibility that there could be zero motion. This experience indicated that an extremely worst-
case assumption for vibration motion would be to assume continuous vibration at the max-
imum frequency allowed, 500 Hz, with an amplitude of 0.001 in. Since the required life
was 104 hr, this amounts to an upper limit of vibration motion of 107 in. A similar estimate
would result from an assumption of 0.010 in. amplitude at 60 Hz, which again was con-
sidered to be a worst-case assumption. These values are summarized in Table 5.7. As can
be seen by comparing the values for allowed motion and expected motion, this analysis
indicated some potential areas of concern.

The possibility of impact wear as a result of separation from severe mechanical
shocks also needed to be considered. The Zero Wear Model for Impact Wear was used to
evaluate the potential for impact wear. The zero wear lifetime for impact wear is given by

Nmax is the maximum number of impacts for zero wear; Γ′r, the zero wear factor for
impact wear and is typically 1.1; β, a factor related to the amount of slip associated with
the impact; σy, the yield point in tension; σmax, the maximum tensile stress.

Mechanical evaluation of the design indicated that accelerations as low as 65 G
could result in separation of the piston, which was well below the shock level the module
was expected to withstand, namely a 500 G for 1 ms. With separation, impacts between
the wall and the piston and between the piston and the chip would occur. Based on
mechanical analysis and other design consideration, it was concluded that the maximum
force associated with these impacts would be 5 lb.

β in Eq. (5.53) is used to account for sliding effects during impact, either fretting
motions or slip in compound impacts. Consideration of the possible modes of separation
suggested that two impact situations are likely. One involved a rotation of the piston and
impact with the wall. The other was a near normal impact of the piston against the chip.
Because of the spring and the nature of the impacts, both a wiping action (slip) and fretting
were considered possible at these interfaces. Considering just the possibility of fretting,
impact wear studies indicated a worst-case estimate for β would be 10 (Table 2.4, (5)). It
was anticipated that, since β is zero for normal impacts without fretting, it would be small
for the near normal impact conditions in these two situations. As a result, it was concluded
that the value for fretting would provide a conservative estimate, covering both possibilities.

To confirm this estimate, these impacts were considered as a compound impact sit-
uation where the impact velocity was V sin Θ and the tangential velocity was V cos Θ;
where Θ was the angle of impact, as shown in Fig. 5.14. For such a condition, it can be
shown that the slip factor, f, which is used to determine β, is given by

Considering the geometries involved, it was concluded that Θ was at least 88°. Using
this value and the relationship between f and β, it was found that for values of µ up to 1, β
was much less than 1 (Fig. 2.22).
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A value of 1.1 was assumed for Γ′r, since this is the value that has been found for
most materials. Using these values and the geometries indicated in Table 5.7, the number
of impacts allowed for zero wear was computed using Eq. (5.53). The number of impacts
allowed for the piston/wall interfaces was greater than 109 for all edge conditions; for the
piston/chip interface, it was approximately 1013 impacts. Since the anticipated number of
shocks was a hundred or less, this was clearly a satisfactory condition. Because of the
large zero wear lifetimes and the limited number of actual shocks in the application, it
was concluded that the effect of separation on wear did not need to be given any further
consideration. Because of this simplification, it was then possible to focus further design
considerations simply on sliding wear issues.

The results of the sliding analysis, summarized in Table 5.7, indicated that with
some refinements to the design, there would be minimal exposure to wear as a result of
thermal and shock motions and that some amount of vibratory motion could also be tol-
erated. However, these results also indicated several areas of concerns and risk. These
areas needed to be explored further by considering additional design change, verification
of wear behavior assumptions, and improvements in the estimates of likely motions,
before it could be concluded that wear would not be a limiting factor for the module and
acceptable designs identified.

One of the concerns was associated with the chip / piston interface. While the zero wear
lifetimes exceeded the estimates of possible motion, there was low confidence in
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Figure 5.14 The impact between the piston and the chip as a compound impact. “A” shows the
actual impact condition. “B” shows the equivalent compound impact condition used in the analysis.
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the values used for the key material parameters (i.e., Γr, µ, and τy). There was no wear
or friction data available for silicon and τy was based on Moh’s hardness value for sili-
con. The value for the anodized coating was based on data from 0.0002 to 0.0004 in. thick
coatings used in wear tests. Thermal considerations indicated that the thickness of the
anodized layer for the piston could not exceed 0.0001 in. There could be a substantial
reduction of the effective hardness and τy of the anodized layer in this thickness range. It
was estimated that τy could be as low as 25 × 103 psi. This would reduce the zero wear
life of the pistons by a factor of 5 × 103. To address these concerns, it was decided that it
was necessary to do a simulative wear test so that actual values for these parameters and
the wear characteristics of silicon be determined. It was not considered necessary at this
point to do this for the other materials, since their values used were based on existing wear
and friction data. However, the possibility of needing such tests for those materials was
also recognized, since that data were for air, rather than helium.

Another concern was with the edges of the wall, piston lip, and the ends of the
springs. The analysis indicated that these areas could be regions of high wear. It was con-
cluded that it was necessary to minimize the sharpness of these edges as much as possi-
ble and to provide specifications for these edge conditions. For the contact between the
piston and the wall, the analysis indicated that wear would be acceptable with these incor-
porated into the design. For the interfaces with the spring, the analysis indicated that, while
necessary, these changes were not sufficient to insure adequate performance. In looking
for other ways to improve the wear situation at this interface, it was decided to examine
the effect that changes in the diametrical interference conditions might have on the wear,
since this determines the load. It was found to be a substantial factor. Using nominal
dimensions for the part, the load reduced to 3.4 × 10–3 lb from the 6.4 × 10–2 lb obtained
for the maximum interference condition that had been assumed. This reduction resulted
in a minimum of 6 × 103 increase in the zero wear lives. By combining changes in the
interference conditions with edge condition changes, it was concluded that an acceptable
wear condition would be likely for thermal motions and for some amount of vibration
motion. Since vibratory motion at these interfaces was considered to be unlikely and that
there were further design changes possible, this was considered to be a moderate risk.

Based on this analysis, there was confidence that with these changes there would be
no problem with either thermal cycling or mechanical shock. However, there was a con-
cern that vibrations could be a problem. Considering the large differences in some cases
between allowed values of motion and the estimate of possible vibration motion, it was
possible that it would be necessary to design so that any vibratory motion would be pre-
vented. Consequently, it was concluded that it was necessary to investigate the suscepti-
bility of the design to this type of motion. To do this, it was decided to do wear tests using
assembled modules and standard shock and vibration stress tests. These tests would also
provide information about wear points and material behavior that would help to refine
and verify the models.

To simulate the wear situation between the piston and the chip, an oscillating
ball–plane apparatus was modified to provide a 0.002 in. stroke in an He2 atmosphere at the
elevated temperatures required by the application (i.e., up to 70°C). Fixtures were developed
so that actual pistons could be mounted in place of the ball and to accommodate a silicon
chip as the plane. Because of the small stroke, it was not possible to measure the coefficient
of friction with this apparatus. It was decided to use a load of 50 g for the initial tests with
this apparatus, simulating the static load, and to examine the surfaces after 2 hr or 30 in. of
sliding. Early vintage pistons and scrap silicon chips were available for this purpose. Based
on the analysis, it was anticipated that only some slight burnishing would be
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produced under these conditions. However, measurable wear scars were observed. The
chips tended to experience the more severe. Wear scar depths on the chip ranged from
60 to 125 µin., while wear depths on the pistons ranged from 20 to 50 µin. Because of
this result, considerable effort was expended in examining the specimens and the char-
acteristics of the wear.

It was discovered that there were considerable variations in the topography and con-
tour of the pistons and none were within specifications. Roughness ranged from 25 to 30
µin. CLA and radii ranged from 0.8 to 2.5 in. It was also determined that the anodized
layer tended to be thin (e.g., < 0.0001 in.) and non-uniform. SEM and EDX analysis was
also used to characterize the debris and the morphology of the silicon wear scar. The
debris consisted mainly of submicron flakes of silicon and the morphology suggested a
delamination or fatigue process.

Using the zero wear equation (Eq. (5.51)), the measured values of the radii
were used to estimate what value of the factor (Γrτy / µ) would be consistent with
a zero wear distance of several inches. These calculations indicated that this value
was in the range of 5 × 103 psi. This was much lower than the values used in the
analysis. For silicon, the worst-case estimate was 60 × 103 psi; for the anodized sur-
face it was 26 × 103 psi. This result for the anodized surface was understandable in
terms of the quality and thickness of the layer and the possibility of a significantly
higher µ than assumed. For example, the deduced value is consistent with the
assumption of an ineffective anodized layer for which τy would be 25 kpsi and m
equal to 1. However, the value for silicon seemed extremely low and would reduce
the estimated zero wear distance for vibration and thermal cycling to under 103 in.
Because of the implications of this result, more tests were performed using differ-
ent loads, sliding distance, and conditions to investigate the applicability of the Zero
Wear Model to this interface and further investigate the wear behavior of silicon.

The first wear data from these tests were analyzed using the combined Zero and
Measurable Wear Models. For wear of either the ball or the flat, the Measurable Wear
Model results in the following type of wear relationship between wear depth, h, and the
distance of sliding, S:

Two exponents, m, were possible, approximately 0.5 and 0.25, depending on the nature
of the wear (i.e., constant or variable energy). The appropriate one was determined from
measurements made after 3 and 30 in. of sliding. These data for the silicon chip and the
anodized piston, shown in Fig. 5.15, indicated better agreement with the exponent for the
constant energy mode than with the variable. The constant, C, was determined from the
zero wear condition (i.e., average depth of the wear scar is approximately the CLArough-
ness at the zero wear lifetime). This resulted in the following for C:

δ0 is the CLA (RMS) roughness of the rougher surface.Combining Eqs. (5.51), (5.55),
(5.56), and the Hertz stress equation, the following relationship for (Γr τy / µ) was
obtained:
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where R is the radius; P, the load; and

v and E are Poisson’s ratio and Young’s modulus of the materials, respectively.
As discussed in Sec. 2.4, the use of the Zero Wear Model to determine C tends to

over estimate the effect of roughness for larger values of surface roughness (greater than
CLA 20 µin.). Since there were large variations in the surface roughness of the piston
specimens, it was felt that it was necessary to improve this approximation. As described
in Sec. 2.4, this can be done by replacing δ0, the CLA roughness, in Eq. (5.56) by 5.4
δ0

0.3 for roughnesses above 10 µin. (assumed δ0 is in µin.) For roughness above the value,
Eq. (5.57) becomes

In the original analysis of this wear situation, another method was used to refine the effect
if roughness. It is also based on the data shown in Fig. 2.18 and utilizes a method pro-
posed in Ref. 34. In that reference, it is proposed that the following can be used to provide
better agreement:

η is the ratio of the maximum wear depth of the scar to the average wear depth, h / h.. L is
the amount of use and L0 is the zero wear lifetime. The function, F(δ0) / F(2), is obtained
from the data shown in Fig. 2.18 and is the normalized wear depth raised to the 4.24
power. The behavior of this function is shown in Fig. 5.16. As can be seen, this function
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Figure 5.15 Wear test data for the chip / piston inerface.
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is different for sliding parallel and perpendicular to the lay. The form for this function
for surfaces, which did not have exhibit lay parallel or perpendicular to the motion, was
obtained by averaging the curves shown in Fig. 5.16. The resulting form is shown in
Fig. 5.17.

Using this method, the expression for C becomes,

and Eq. (5.57) becomes

By using Eqs. (5.58) and (5.62), the measured values of wear depth after known amounts
of sliding were used to determine the value of the combined materials wear factor (Γrτy /
µ). When this was done for the same material pairs, reasonably consistent values were
obtained for this combined factor. Examples of this are shown in Table 5.8* (These val-
ues are approximately 1.6 times those obtained using Eq. (5.59) for the roughness correc-
tion.) These results supported the use of the Zero Wear Model in this situation. Also these
further tests and more refined analysis confirmed the lower than assumed values of the
combined material factors.
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Figure 5.16 Roughness relationship for use with the Measurable Wear Model for sliding. (From
Ref. 34.)

*The values in Table 5.8 are different than those in References 6 and 36 and are corrected for a
computational error that did not significantly affect the results and did not alter the conclusions
of the analysis.
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In an attempt to improve the wear performance of this interface, the laboratory test
was used to evaluate different anodized coatings for the piston, as well as the effects of dif-
ferent surface roughnesses and manufacturing processes. However, while improvements
could be made, the effects were limited to less than a factor of 3 in the combined material
factors. It was concluded that severe wear was likely if there was any sustained amount of
vibratory motion.
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Figure 5.17 Approximation for the Measureable Wear Roughness Factor for surfaces which does not
exhibit a lay. (See Fig. 5.16.)
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Two series of assembly tests were performed at the shock and vibration levels that
the module must withstand. These involved several hours of exposure to vibrations as
well as to multiple shocks. The tests utilized down-level pistons, similar to some of those
used in the laboratory test. After the completion of the tests, the modules were disassem-
bled and examined for wear and evidence of motion. None was found after careful and
extensive examinations. This confirmed some of the more optimistic results from
mechanical analysis, which indicated that motion was unlikely. A third test was also per-
formed at levels higher than that required. The assembly was examined in a similar man-
ner and evidence of motion was found at the chip / piston interface. Wear, which had the
same characteristics as in the laboratory test, was found on a number of chips. The wear
pattern suggested that the wear resulted from a rocking motion of the piston. Based on
these assembly tests, it was concluded that there would be no motion due to vibration and
therefore the concern with wear in the module was eliminated. This conclusion has been
supported by field experience since that time.

From the laboratory tests, a working hypothesis for the low value of the combined
material factor for the chips was formulated but not verified. It was proposed that there
were two likely factors. One was that the surfaces of these chips were not as hard as
assumed, probably as a result of surface films, and that the effective τy was significantly
lower, possibly as low as 50 kpsi. The other was that the coefficient of friction was sig-
nificantly higher that anticipated, likely in excess of 1. This hypothesis was consistent
with the one proposed for the behavior of the anodized coatings. It was also consistent
with the observation regarding the effects that lubrication and silicon surface conditions
had on the wear behavior of these silicon chips. It was found that both lubrication and
polishing to remove surface layers significantly reduced the wear on the chips. It was
speculated that differences in the initial oxides and oxides formed on the surface of the
silicon during processing were a factor in the behavior (6).

5.8. HAMMER PIVOT

This example is from a high-speed line printer, which utilized a pivoting hammer for
printing (Fig. 5.18). The goal was to develop a model for the wear between the hammer
and the pivot, which could be used to relate wear performance to specific design param-
eters, to assess design feasibility, and to reduce the amount of testing required to verify
performance. The wear design in this case involved several elements, including model
development, the consideration of alternative models, and the use of laboratory and robot
testing to determine wear coefficients and to verify the model.

At the initiation of a print cycle, the hammer was pressed against a push rod by the
return spring shown in Fig. 5.18. The hammer was then accelerated by the push rod, going
into free flight when the push rod reaches its maximum displacement. After a period of
free flight, the hammer impacted a structure composed of paper, ribbon, print band, and
platen to accomplish the printing. The hammer then rebounded, assisted by the spring, and
after a series of impacts against the push rod, it finally came to rest before the next print
cycle began. Typical hammer displacement during this print cycle is shown in Fig. 5.19.
While there are several wear points normally associated with these hammers, as well as
several regions where fatigue was also a concern, this case study focuses on the wear
between the bearing hole of the hammer and the surface of the shaft, which serves as the
pivot. (Case studies described in Secs. 5.10 and 7.4 deal with wear of the push rod tip in
this application.)
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Figure 5.18 Design used for high-speed impact printing.

Figure 5.19 Displacement of the hammer face during a print cycle.
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In addition to the force generated by the return spring, which existed for the entire
print cycle, there were several sources for intermittent loads at this interface, as well. All
were reaction forces associated with the different parts of the print cycle. Analysis and meas-
urements provided estimates for these forces. The magnitude of the reaction force due to the
spring was approximately 0.35 lb; push rod acceleration, 1 lb; free flight reaction, 0.07 lb;
printing pulse, 10 lb; and return impacts, 1 lb. Because of the small angular rotation and the
geometries involved, the lines of action of the reaction forces due to the spring, push rod
acceleration, and the impacts were within 10° of each other. However, the reaction force
associated with printing is in the opposite direction of the others. The line of action associ-
ated with the reaction force to the centripetal acceleration during free flight was approxi-
mately perpendicular to these. It was concluded from this information that there were poten-
tially two predominate wear locations that were approximately diametrically opposed; one
is associated with the non-printing portion of the cycle and the other is with the printing por-
tion. This is illustrated in Fig. 5.20.

The dimensions of the hammer and the pin were: hole diameter, 4 (+0, –0.01) mm;
hammer thickness, 1.55 ± 0.025 mm; pin diameter, 3.988 (+0, –0.01) mm. These were
selected on the basis of printing, space, and fatigue requirements. Manufacturing and cost
considerations resulted in the initial roughness specifications for the pin and the hole,
which were 16 µin. CLA and 8 µin. CLA, respectively. The small clearance between the
hole and the pin and the tight tolerance on the parts were required because of the high sen-
sitivity of print quality to positional variations in this region. These same requirements
made the design very sensitive to the amount of wear that occurs at the interface between
the hammer hole and the pivot pin. Total wear at the interface could not exceed 0.001 in.
over the desired life of 2 × 109 print cycles.

Primarily to insure low and stable friction, the hammer–pivot interface was lubri-
cated by a thin coating of oil that was applied to the pin during assembly. This film was
then maintained by using oil-impregnated sintered blocks (e.g., bronze or iron) to sup-
port and hold the pin. These blocks served as oil reservoir as the oil would migrate
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Figure 5.20 Contact between the pin and the hammer during the non-printing portion of the print
cycle and during printing.
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from the block and along the surface of the pin (Fig. 5.21). Oil also migrated along the
hammer, providing lubrication to the other wear points.

Because of the geometry of this interface, journal-bearing models were initially con-
sidered as a way of simplifying the modeling portion of the wear design. However,
because of the nature of the loading and motion in this application, it was concluded that
these models were not applicable, since they typically assumed unidirectional journal
rotation, not the oscillatory-bearing motion involved in this case. Also, the loading condi-
tions assumed in these models were generally much simpler and not representative of the
complex loading situation between the hammer and the pivot. Therefore, it was consid-
ered necessary to develop a model, which would take into account the unique features of
this application.

The operation of the print hammer was reviewed. It was concluded that the predom-
inant wear mode was sliding for the non-printing portion of the cycle. However, during the
printing portion of the cycle, there was the possibility that impact motions could develop
as printing takes place and the location of the contact region changed. While this was a
likely possibility, it was not possible to confirm the nature or severity of such impacts. It
was therefore considered that it was not useful to directly model this wear situation as
either simple or compound impact wear. An alternative and somewhat conservative
approach was then considered. Since the effect of these impacts, if they occurred, would
be included in the pulse measurements used to determine the reaction load during printing,
a sliding model using this load could be developed which would provide a worst-case esti-
mate. This is because the severity of the wear in a compound impact wear situation
approaches that for pure sliding as the amount of sliding increases. Hence, it was decided
to model both wear situations as sliding wear. This resulted in some simplification, since
the same model could be used for both contact situations.

Wear of both members needed to be considered. Since the amount of wear that was
acceptable was small, the worn and unworn contact situations were similar. For this small
amount of wear, the geometrical shape of the hammer and pin wear scars would also be
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Figure 5.21 Lubrication of the hammer-pin interface. Arrows show the migration path of the oil
from the impregnated sintered block used to hold the pins.
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similar. As a result, two simplifying assumptions were used in the development of a model.
One was to treat the wear of each member independently (i.e., only one member wearing
at a time) and the second was that the same wear relationship could be applied to either
member. With these two assumptions, it was only necessary to develop a relationship for
one-body wear of the hammer and this could be used for the pin. The wear situation is
illustrated in Fig. 5.22.

The general plan for the wear design approach was to model the wear situation and
to use estimates of wear coefficients to determine feasibility and to identify areas of con-
cern. Laboratory wear tests were planned to determined wear coefficients for different
material pairs, which would be used to refine the projections of wear behavior and to
select materials. Printer robot tests to verify the analysis were also planned. For the mild
wear behavior and low wear that was required in this application, the normal approach
would be to use the Zero and Measurable Wear Models as the basis of the analysis, sub-
ject to subsequent verification. An alternative approach was to use a linear wear model as
the basis for the analysis. This is often the approach used to model the wear of journal
bearings (e.g., the PV model–see Sections 2.2 and 2.8). Because of the journal-bearing
characteristics of this application, it was decided to use both models in the initial phases
of the wear design in an attempt to bracket wear behavior and to identify all the potentially
significant design factors. Data from the same laboratory wear tests could be used to deter-
mine coefficients for both models. Ultimately, the printer robot tests could be used to
determine the correct model.

Operationally, both contact situations were viewed as the same, namely as recip-
rocating sliding contact in which the load varied throughout the cycle. Figure 5.23
shows the variations in load over a cycle for both contact regions. The printing con-
dition involved much less sliding and a heavier load than the non-printing condition.
Both situations were modeled by assuming constant equivalent load for the entire
cycle. The value of this equivalent load depended on the model. For the approach
based on the Zero and Measurable Wear Models, the relation for the equivalent value
was
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Figure 5.22 Wear scar geometry for the hammer-pin interface.
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since stress is proportional to load in a conforming contact, Θj is the fraction of cycle
at load Pj For the approach based on the linear wear model

since the volume of wear is proportional to the load. These expressions resulted in the fol-
lowing equivalent values for the non-printing region, 1.1 lb for Eq. (5.63) and 0.5 lb for
Eq. (5.64); for the printing region, 8.3 and 6 lb, respectively.

Because the difference in the diameters was less than 0.5%, it was necessary to con-
sider the contact as a conformal contact. The normal assumption for a conformal journal-
bearing configuration is that contact occurs over half the circumference and to use the pro-
jected area of contact to determine stress. Implicit with this assumption is the fact that some
wear will have to occur before this condition is achieved and for this to become a reason-
able approximation. But for this application, the wear required for this would have been
comparable to or in excess of the wear considered acceptable. Therefore,
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Figure 5.23 Loading during the printing and non-printing portions of the print cycle.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-094.jpg&w=226&h=337


a refinement of this assumption was considered necessary. It was proposed that the con-
tact area be defined as the region over which asperity interactions occur. This area was
estimated to be the region over which the separation of the two surfaces was less than
the sum of the CLA values for these surfaces when the surface just touched. This con-
cept is illustrated in Fig. 5.24, along with the arc, α, that was obtained for several dif-
ferent conditions. The contact stress was then based on the projected area subtended by
this arc. (See Section 2.8).

The Zero and Measurable Wear Models were applied in the following manner.
Since the contact only changes with wear in the direction of sliding, there was no need
for distinction between the two equations for measurable wear. It was only necessary to
consider one, namely

where Q is the area of the scar perpendicular to the sliding direction and N, the number of
passes. In this case,

and, since the amplitude of the motion is less than the contact width,

h is the depth of wear scar; is the total angular rotation of the hammer; L, the number of print
cycles, α is a function of h, as shown in Fig. 5.25. By consideration of the geometry
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Figure 5.24 Determination of the contact area between the pin and the hammer.
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shown in this figure, the following relationship was obtained between α and h:

where hi is the initial cord height associated with the initial contact angle, αi. The zero wear
point was used to determine C, namely

δ is the CLA roughness and L0, the number of print cycles for zero wear.
The general relationship between h and L obtained from these equations was

complex (Fig. 5.26), although it could be simplified for specific ranges of the vari-
ables involved. For the range of interest, it was found that this complex relationship
could be reduced to a linear one and, in particular, it was found that for h < 0.01 in.
(L / L0) < 1000, and αi < 10°, the relationship simplifies to

The zero wear expression resulted in the following for L0:

where Γr is the zero wear factor; τy, the yield point in shear; µ, the coefficient of friction; P,
the load: K, a stress concentration factor associated with the edges of the hole in the hammer.
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Figure 5.25 Wear scar geometry assumed in the analysis.
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The analysis, using a linear wear relationship, was less involved. In this case, the
analysis was based on the following:

where V is the wear volume; S, the distance of sliding; and K, the wear factor. By
considering the geometry, the following relationships for V and S were obtained:

Combining this relationship with Eq. (5.68) and using nominal values for αi and r, this
resulted in the following approximate relationship:

These relationships for h (Eqs. (5.70) and (5.75)) were used to evaluate the feasibility of the
design. It was assumed that the allowed wear could be equally distributed on both members.
As a result the feasibility estimate was based on a maximum wear depth of 0.0005 in. for 2
× 109 cycles. The approach was to use these equations and this life criterion to determine the
minimum hardness that might be required and to compare this value with those of candi-
date materials. For the model based on the Zero and Measurable Wear Models, values for
K and µ needed to be assumed. It was felt that a conservative estimate for K would be 3,
since experience indicated that with proper edge conditioning this is an easily achievable
value. A worst-case value used for µ was 0.3, since the contact was lubricated and µ is typ-
ically < 0.3 with lubrication. Using these values, Eqs. (5.70) and (5.71)
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Figure 5.26 Wear curve based on the Zero and Measurable Wear Models for sliding.
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indicated that a minimum value of 75kpsi was required for τy, assuming the lower char-
acteristic value for Γr, 0.20. This corresponds to a Vickers hardness of 350 kg / mm2 (Rc
40). (See Appendix IV.) Since there was a wide selection of materials for this application
with hardness above this value, the zero-measurable wear model indicated that the design
was feasible.

The linear wear model resulted in a minimum value of 1 × 10–14 in.3/ lb in. (1.4
× 10–11 mm2/ kg) for K. This was related to hardness by means of the model for
adhesive wear which expresses K as

where Kp is a probability factor associated with the material couple and lubrication and p is
the hardness. For the best wear conditions, Kp is generally considered to be in the range of
10–6–10 –7. This implies a minimum hardness of 7000 kg / mm2, which is well beyond the
range of engineering materials. This model indicated that the design was not feasible.

Since one of the models indicated that the design was feasible, it was decided to pro-
ceed with the design and to optimize the selection of the materials, based on the linear
wear model analysis. This meant using the hardest and most compatible materials con-
sidered practical, which were hardened 8620 steel for the hammer and a tungsten carbide
pin. Both these materials generally exhibited good wear performance in other applications
and were considered to be compatible. At the same time, because of the risk indicated by
this analysis, considerations of alternative designs for printing began to be investigated.
The laboratory-testing phase of the wear design was also initiated at this point.

The purpose of these tests was to determine the wear coefficients for different mate-
rial couples. This required simulation of the application. In addition to using the materials
in the same form and conditions as in the application, an important element to be consid-
ered in the simulation was the nature and relative amount of sliding between the two sur-
faces. To simulate this, it was considered necessary to use a test, which provides oscilla-
tory motion for which the amplitude was less than the width of the contact. The loading
condition was another factor to be considered for simulation. It was only considered nec-
essary for this to be well within the elastic range of the materials, since this was or would
be the condition in the application. These considerations ultimately led to the selection of
a reciprocating ball–plane wear apparatus, which could provide an amplitude of 0.002 in.,
the use of specimen with a 0.25 in. radius, and two loads (0.55 and 1.1 lb) for the tests.
For this radius and these loads, the diameter of the Hertz contact spot was > 0.003 in. and
the maximum Hertz contact pressure was < 120kpsi. These loads were comparable to
average loads associated with the non-printing portion of the cycle.

Plane specimens of candidate materials for the hammer were obtained and spheres
or spherical-ended rods were obtained for candidate pin materials. The roughness of these
specimens was representative of those to be used in the application. A thin film of the
lubricants considered for use in the application was applied to the plane specimen. Tests
were conducted at a repetition rate of 145 cycle / min for 103, 104, 105, 5 × 105, and 106

cycles for each of the material combinations of interest. At the end of each test, the wear
was measured by means of a profilometer.

For the coefficient of the linear wear model, the profilometer measurements were used
to compute the volume of wear generated. This was then divided by the load and distance
of sliding to provide a value for K. For the wear coefficient of the Zero Wear Model, the
data were used to generate a wear curve, which was then used to obtain an estimate of
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the number of cycles for zero wear. This is illustrated in Fig. 5.27*. Using this estimate and
Eq. (5.77), a value for the product, Γr τy, was obtained*

where σy and a are the Hertz contact pressure and the radius of the Hertz contact area in
the test, respectively. L0 is the estimated cycles for zero wear.

Values of K and (Γr τy) for several of the materials tested are given in Table 5.9.
These values were used to reevaluate the feasibility of the design using these materials.
It can be seen that for all these material combinations, the zero-measurable wear model
predicts satisfactory but not equivalent performance. The linear wear model predicts
unsatisfactory performance for all the combinations. In addition, the wear factor for
some combinations was lower than previously estimated.

The robot wear-testing portion of the wear design consisted of evaluating the wear at
the hammer–pivot interface produced during printer robot tests designed to simulate typical
printing situations. The robot and these tests were designed to evaluate many different
aspects of the printer, including functional aspects. The results from two initial tests of this
type were useful in determining which of the models were more appropriate and further
tests confirmed the initial conclusions reached. Several robot tests were conducted.

The print energy was excessive in the first robot test and as a result the print reaction
force was estimated to be 20 lb, rather than the 10 lb used in the analysis. The test was

212 Chapter 5

Figure 5.27 Method used to estimate the value of L0 in the wear test.

* For lubricated conditions, the coefficient of friction is less than 0.3. As a consequences, the
maximum shear stress is independent of the coeffiicient of friction, as is the zero wear equation.
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stopped after 100 × 106 print cycles and the hammer–pivot area was examined for wear.
While wear could be observed to occur on both the hammer and the pin, it was not pos-
sible to obtain quantitative data from the hammer. However, the wear could be measured
on the pin with a profilometer. An average wear depth of 70 µin. was measured on the
pin at the location associated with printing. While visual signs of wear were observed in
the region associated with the non-printing portion of the cycle, the contour was not dif-
ferent than in the unworn region. These results did not appear to be consistent with esti-
mates based on either model. For the conditions of the test, the linear model predicted 60
µin. for the non-printing region and < 20 µin. in the print region. The “less than” symbol
is used for the printing region because of the assumption to use a sliding wear model for
what is likely an impact situation. The zero-measurable wear model predicted negligible
wear for both regions, but indicated the print area as being the more severe.

In a second robot test, the hammer–pivot area was examined for wear more fre-
quently and the test was carried out for 250 × 106 cycles. In this test, which was conduct-
ed with the proper print force, wear was also observed on both members and again it could
only be measurable on the pin. The wear was negligible in the print location, while an aver-
age depth of 40 µin. was measured in the non-print region after 250 × 106 cycles. In addi-
tion, the profilometer measurements, particularly those made earlier in the test, indicated
that the surface of the hole was crowned, rather than flat as the design specified. Examples
of these profilometer traces are shown in Fig. 5.28. Cross-sections of hammers confirmed
the crowning. Estimates, based on these measurements, indicated that the radius of this
crown was of the order of 0.3 in.

The effect of this crown on the projections of the two models was evaluated. For the
linear model, the crown would effect the relationship between wear depth and volume
and result in a tendency to underestimate the wear depth before the wear scar was fully
developed. The effect of the crown on the predictions of the zero-measurable wear model
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Figure 5.28 Profilometer traces of wear scars on the pin. There were multiple hammers on a
single pin.
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was much more pronounced because of the effect on stress. With a crown of the magni-
tude measured on the parts, the contact configuration changes from a conforming contact
to a Hertzian point contact and resulted in a significant increase in stress. The effect of a
crown on contact stress is shown in Fig. 5.29. An estimate of the effect of this on wear
behavior was done by considering the effect on L0, which is proportional to stress to the
9th power, and using Eq. (5.70). Using these modified conditions, the models predicted the
following war depths for 250 × 106 cycles: linear model, 150 µin. in the non-printing region
and < 25 µin. in the printing region; zero-measurable wear model, 40 µin. and < 0.013 in.,
respectively.

Comparison of these theoretical values with the actual data of the second test indi-
cated that there was better agreement with the zero-measurable wear model, assuming that
in the print region the mode was primarily impact and little or no sliding occurred. As dis-
cussed earlier, this was considered a distinct possibility but that a sliding model was
assumed as a worst-case estimate. This also provided an explanation for the wear in the
first test. Estimates of the zero wear lifetimes, using the impact wear model, ranged from
as low as 106 to as high as 200 × 106 print cycles for the conditions of the first test,
depending on the amount of sliding or fretting present and the actual stress level. For the
second test, these would increase by an order of magnitude. Since the data indicated a zero
wear lifetime in the range of 30 × 106 cycles for the first test and greater than 250 × 106
in the second, it was concluded that the assumption of impact as the primary mode during
printing was reasonable.
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Figure 5.29 Stress as a function of the hammer crown radius.
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Based on these considerations, it was concluded that the model based on the Zero and
Measurable Wear Models was the correct one to use. This was verified in a third robot test.
In this test, hammers with the correct hole profile were used and the wear was effectively
reduced to 0. It was also concluded that for the print portion of the cycle the wear would
be better described by the Zero and Measurable Wear Models for Impact rather than for
sliding, since impact appeared to be the predominant mode during that portion of the cycle.

This model was also applied to another printer application involving a
hammer–pivot. It was used to select materials and sizes for this design. With this applica-
tion, initial tests also resulted in higher wear than predicted by the model. Using the model,
it was deduced that the problem was related to lubrication (provided in a similar manner
to that in the initial application). This was verified and modifications and controls were
introduced to insure continuous lubrication. With the lubrication problem corrected, the
wear was negligible, as predicted by the model.

5.9. BAND–PLATEN INTERFACE

In this case study, a wear design approach was used to identify and evaluate different
design alternatives, as well as to select parameters. The wear design approach involved
the use of both analytical and empirical modeling as well as elements of system analysis,
database development, and verification.

One technology for impact printing involves the use of metallic bands with etched
characters on their surfaces. Pulleys usually drive the band across a platen surface, which
acts as a support during printing. In this type of printer, there is a print hammer for each
print position and the paper and ribbon are located between the hammer and the band.
The typical configuration of such a printer is shown in Fig. 5.30. Printing is accomplished
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Figure 5.30 Configuration of a band printer.
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by selective activation of the hammers to strike the appropriate character on the band as
it passes the print position. Normally, these bands contain several sets of characters and a
character set might contain more than one of a highly used character. One wear situation
in this type of technology is that between the platen surface at a print position and the
region on the back of the band, which is behind a character being printed. This is the wear
situation addressed in this case study. A companion wear situation is the wear of the char-
acter face that occurs during the same period as a result of contact with the ribbon. This
latter situation is considered in another case study (Sec. 5.11).

The general operational characteristics of this wear situation are as follows. The
band is not in contact with but is moving across the surface of the platen, prior to print-
ing. During printing, the hammer, through the intervening ribbon and paper layers,
drives the region of the band behind the selected character against the surface of the
platen. During the contact between the band and platen, the band continues to move
without a reduction in speed. As the hammer rebounds, the band separates from the
platen. Depending on the speed range of the printer and the type of printing, the peak
values of the force pulses ranged from 20 to 40 lb and the contact times or pulse dura-
tion ranged from 10 to 200 or more µsec. Band speeds from under 100 to 1000 in. / sec
were used. The usage conditions for the band and platen are significantly different in
this type of printer. For the platen, the region associated with a print position would be
struck a maximum of once per line of printing and experience contact with many dif-
ferent characters and regions of the belt. For the belt, however, an individual character
may be used several times across a line or not at all. Also, it was possible that different
new or used bands could be used in the same machine without changing the platen.

The development situation involved the extension of this printer technology from
band speeds in the range of 100 in. / sec up to a 1000 in. /sec. Experiences with prior
machine development programs indicated that wear at this interface had become more of
a problem as the printer speeds increased (i.e., lines printed per minute) and the band
speeds increased. In these earlier development programs, any wear design activity for this
interface was more in the form of problem resolution than design development. Because
of this prior history, it was decided to use a more formal and anticipatory wear design
approach for the extension of this technology to these high band speeds, i.e., range of
1000 in. /sec. The goal of the wear design was to investigate the feasibility of these high-
er speed applications, to identify design alternatives to address any wear concerns, and to
develop a design with adequate wear performance.

The approach was to develop an analytical expression relating wear to design
parameters and verify it by using data from existing designs. Then with material wear
coefficients obtained from laboratory wear tests, to use the relationship to evaluate the
potential wear performance of different design concepts. Robot or machine tests would
then be used to verify the wear performance of the selected design. These steps were fol-
lowed. However, after initial robot tests at high speeds, it was concluded that the accura-
cy provided by the analytical model and laboratory tests was not sufficient to use this as
the sole basis for design selection. An empirical approach, guided by the analytical rela-
tionships and using a high speed robot for wear tests, was adopted to establish the final
design. Using this approach, an acceptable design utilizing an interposing strip of polymer
was developed for these high band speed applications.

The wear design and problem solving activities associated with the prior applica-
tions provided significant information. Among this was information regarding the effects
of lubrication and character size on wear and a description of the failure modes associat-
ed with the wear. The former is shown in Fig. 5.31. The curves in this figure indicate a
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transition in wear behavior when a lubricant was present and when it was not. A very high
depth wear rate was obtained under unlubricated conditions; however, when the ink used
in the ribbon was used as lubricant, a much lower wear rate results. Similar behavior was
obtained initially with a thin plating of MoS2 on the band. However, once this coating and
the MoS2 debris were worn away, the wear rate dramatically increased to that of an unlu-
bricated system. A significant effect of character base area on wear was also found. The
change in the depth of wear associated with particular characters was found to be much
greater than would be anticipated by the ratios of the base areas of the characters. Curves
obtained by the use of special print patterns are shown in Fig. 5.31 for the unlubricated
wear associated with the “.” and “B” characters for one of the fonts. Because of the font
design and the etching process used to manufacture the bands, the base area of these two
characters differed by approximately a factor of 2. As can be inferred from the graphs, the
difference between the depth rates of wear for these two characters was greater than two
orders of magnitude.

Two modes of failure were identified in these earlier applications. The more severe
and limiting one was associated with the fracture of the band. If the wear depth on the plat-
en or on the back of the band was great enough, the flexing of the band around the char-
acter base would result in the initiation and propagation of cracks in the band. In some
cases, these cracks would result in the character dropping out of the band; in others, com-
plete fracture of the band would occur. The critical depth for this process to occur
appeared to be in the range of 0.0005–0.001 in. This mode is illustrated for the case of
band wear in Fig. 5.32. The second mode was associated with degradation in print quali-
ty as a result of a platen wear. For this to occur, the wear depth on the platen needs to
exceed 0.001 in.
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Figure 5.31 Band–platen interface wear behavior in prior applications.
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In the initial applications of this technology, adequate life was obtained by the use
of lubrication and replaceable platen surfaces. In one application, the band had “win-
dows” which allowed ink from the ribbon to migrate to the back of the band and provide
lubrication. In another, a plated MoS2 conversion coating was used to meet the life goals
(7). For a third application, using a softer material for the platen and replacing the platen
surface at half the machine life, eliminated the wear on the band. In this design, a platen
was designed which provided two wear surfaces of a PTFE / Pb coated sintered bronze
material (DU-bearing material) that could be interchanged.

Since sliding behavior tends to predominate when sliding is continuous during impact,
it was decided to model the wear situation as sliding with a time-varying load, rather than
as a compound impact. In addition to the theoretical consideration supporting this assump-
tion, there was some empirical evidence supporting it as well. The morphology of wear
scars in the prior low band speed applications had features suggestive of sliding. This trend
would also become more valid as the band speed increased in this technology. It was also
decided to use the Zero and Measurable Wear Models for sliding as the basis for the analy-
sis. There were two reasons for the selection of these models. One was the general success
with these models in analyzing low wear situations and the other was the strong sensitivity
of the wear to character size, which suggested a stress rather than a load
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Figure 5.32 Failure mode associated with band-platen interface wear. “A” shows the condition
prior to printing. As shown in “B”, flexure occurs at the edge of the wear scar during printing, lead-
ing to the formation of cracks in the band.
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dependency on wear. If these models did not result in good correlation with observed
behavior, other models would then be considered.

In order to solve the measurable wear equations, analytical relationships describing
features of wear scar geometry were needed. To obtain these, it was first necessary to
identify the shape of the wear scars. The prior problem solving activities helped to do this.
Profilometer traces of band and platen wear scars made during that time indicated that the
shape was similar on both the band and the platen. These traces also indicated that the
general features of the wear scar were similar to that which would be produced by a large
radius sphere, oscillating parallel to the length of the band. In a plane perpendicular to
band motion, the shape could be approximated by a chord section of a circle. Based on
these observations, it was decided to approximate the cross-sectional wear scar areas, per-
pendicular to band motion, as a progression of chord sections of a constant radius circle
for both the band and the platen (Fig. 5.33). Because of this, the wear relationship for band
and platen wear would be the same. This implied also that the width of the wear scar (i.e.,
the chord length), Ω, would change with increasing wear. Therefore, both the variable and
constant energy equations need to be considered.

The load was transmitted through the raised character to the interface. Since the
contact was over the wide area subtended by the character (Fig. 5.34), it was concluded
that this contact could be treated as a conformal contact. Since there were no pre-existing
edges involved and the tendency is for wear to eliminate stress concentrations, it was also
concluded that it was not necessary to consider a stress concentration factor, that is, the
stress concentration factor was assumed to be 1. For analytic purposes, it was assumed
that the area subtended by each character could be represented by a circle of radius, r.
Initially (and in the zero wear region) r was determined from the base area of the char-
acter. With wear, r would increase because of band flexure (Fig. 5.34) and based on sym-
metry, r would be one half the cord length (i.e., Ω / 2) in the measurable wear region.
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Figure 5.33 Wear scar profile used in the analysis.
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The load at this interface was in the form of a pulse. Therefore, a constant equivalent
value, Pavg, was used in the zero wear equations, namely

where P is the magnitude of the print force; Tc, the duration of the print force; t, the time.
Since the print pulse could be approximated by a half sine wave of peak amplitude Pm,

For these conditions, the following expression for wear depth, h, was obtained for
both band and platen wear:

δ as twice the CLA roughness; µ, the coefficient of friction; v, the band speed; Tc, the
duration of the print force; L, the number of print cycles or “hits” the location
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Figure 5.34 Contact and load distribution between the band and the platen during printing.
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experienced; Γr, the zero wear factor for sliding; τy, the yield point in shear of the material;
ri, the initial value of r; and n, an exponent depending on the wear mode. n was 0.5 for the
constant energy mode and 0.24 for the variable energy mode.

The next step in the wear design was to determine wear coefficients of differ-
ent material systems, both those being considered for potential use and those used in prior
applications. The latter was needed to verify Eq. (5.80). In selecting the test to determine
these coefficients, it was desirable to simulate the application as much as possible. An
apparatus that provided the same speed range and intermittent nature of the sliding as in
the application was not available. What was available was a reciprocating ball–plane
apparatus and a unidirectional ball–plane apparatus. The possibility of using the latter,
which could provide the higher speeds, was eliminated because of the difficulty in obtain-
ing suitable specimens, (i.e., those for the disk in this test configuration). It was conclud-
ed after some consideration that the reciprocating ball–plane apparatus, which provided
speeds in the range of a few inches per second, could be used with some risk that it would
not provide adequate simulation. This was based on two assumptions. One was that the
primary effect of higher speeds in the printer would be to increase surface temperature.
The second was that the effect would be minimal, since high temperatures were unlikely
because of the intermittent nature and short duration of the contacts and the nature of the
materials being considered. Only metals and high-temperature plastics were being con-
sidered and these materials generally provided stable wear performance over a wide tem-
perature range. In addition, a temperature problem was not indicated in the initial appli-
cations of this technology and as it was decided to proceed with the risk, subject to later
verification in the robot tests at high speed.

The distance of sliding during the contact tended to be less than the width of the con-
tact (e.g., < 0.01 in. compared to 0.1 in.), Generally, a small amplitude would be used with
the ball–plane apparatus to simulate such a condition. However, in this case, the motion in
the application was unidirectional and repeated engagements were not over the same
region of both surfaces. It was felt that the film formation characteristics of such a situa-
tion would be much different than those of a small-amplitude reciprocating test. It was
decided that better simulation would be provided by a large-amplitude reciprocating slid-
ing test. This was done by selecting a 1 in. amplitude and a repetition rate of 60 cycles /
min, which provided an average speed of 2 in. / sec for the tests used to determine the wear
coefficients.

Sliders with a 2 in. radius were used in these tests. To determine the wear coeffi-
cient, a load of 25 g was used in the large-amplitude tests. For the materials evaluated
this resulted in a stress that was below their elastic limit, which was a requirement in
the application. The contact stress in the test ranged from 1 to 55 kpsi, depending on
the elastic moduli of the materials. Contact stresses in the application were estimated to
be between 7 and 15 kpsi, depending on font size and print conditions. The compres-
sive yield stress range for the materials considered was estimated to be between 10 and
300 kpsi.

In general, the materials were tested in both forms (i.e., as both the ball and the
plane). This was done for two reasons. The primary one was that there was no clear
indication, which test member provided the better simulation for either the band or the
platen. Both the band and the platen could be thought of as experiencing rubbing over
a much larger surface. The second reason was that, because of the tendency for the
ball to wear in this test, it was sometimes necessary to use both materials as the slid-
er to determine its wear coefficient. (Situations in which wear would only occur on
the ball.)
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Supplemental tests with several of the pairs were also performed because of the
risk associated with the simulation in these tests. These tests were selected to investigate
the sensitivity of the wear to motion conditions. In these supplemental tests, the test
parameters were significantly different. The supplemental test conditions were: ampli-
tude, 0.005 in.; load, 500 g; repetition rate, 170 cycles / rnin. The average speed in these
tests was 0.03 in. / sec and the power dissipated at the interface was approximately half
that of the larger amplitude test. Stress levels were still below the elastic limit of the
materials.

It was necessary to determine the mode of wear (i.e., constant energy or variable
energy), the combined wear coefficient, (Γr τy), and the coefficient of friction, µ.
Therefore, wear curves were generated in the tests. The data were analyzed using the rela-
tionships for ball and for platen wear that were obtained by applying the Zero and
Measurable Wear Models to those situations. (See Sec. 5.6; Appendix VI; 8.) For ball wear
in the large- and small amplitude tests and platen wear in the small-amplitude test, these
equations are

For platen wear in the large-amplitude test,

In both expressions for L0

h is the depth of wear; δ, twice the CLAroughness; A, the diameter of the Hertz con-
tact circle: D, the amplitude of the test; σ0, Hertz contact pressure; and L, the number of
cycles. In the tests, n had the following values:
Constant energy mode:

Ball wear n = 0.5
Plane wear n = 0.67

Variable energy mode:
Ball wear n = 0.24
Plane wear n = 0.27
Since the ball–plane apparatus provided the capability of measuring the friction

force when large sliding amplitudes were used, it was possible to determine the coefficient
of friction in the 1 in. amplitude tests.

The wear data from both types of tests were first analyzed to see which of the theoret-
ical exponents provided the best fit. The theoretical value of n for that mode was en used to
determine values for (Γr τy / Φ) from each of the data points and an average value was
obtained. A typical wear curve is shown in Fig. 5.35. Values obtained from both he large-and
small-amplitude tests are given in Table 5.10. It can be seen that while the
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modes of wear for both types of tests were the same, there was a significant difference
in the values for (Γr τy / Φ). The values obtained from the small-amplitude tests were
approximately twice those obtained from the large-amplitude tests. While the specific
reasons for these differences were not determined, these results did suggest that the
coefficients in the applications might be lower than those obtained in the tests.
However, this was not found to be the case when these data were used to analyze the
prior applications.

Using the wear coefficients determined in the large-amplitude tests, the accuracy of
model was evaluated by comparing the amount of wear predicted to that found in sever-
al earlier applications of this technology. The operational parameters of these applications
are listed in Table 5.11, along with the measured and projected wear. In general, there was
good agreement between the theoretical estimates and actual behavior. It also can be seen
that the model provided an explanation for the different relationships between wear depth
and usage that were obtained in prior applications (i.e., with and without
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Figure 5.35 Analysis method used to determine n and Γrτy from wear tests. The data indicated a
constant energy mode and as a result, the theoretical value of 0.5 for n was used to determine the
value of A for each data point.
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lubrication). Because of this good correlation, it was decided to use the model and the
dear coefficients obtained form the large-amplitude tests to evaluate potential designs
for the higher band speed applications (i.e., up to 1000 in. / sec).

The operational parameters for this higher speed application are given in Table 5.12
and the results of this analysis are given in Table 5.13. Band life in the intended applica-
tion was required to be no less than 1 year and platen life to be 5 or more years. As can
be seen from Table 5.13 none of the combinations tested were projected to satisfy both
requirements simultaneously. It was also concluded from these estimates that without
lubrication, it would be necessary to use a sacrificial platen surface to obtain the required
band life. Since lubrication can significantly affect both the mode of wear and the Γr
value, the analysis suggested that with a suitable lubricant both requirements might be
simultaneously satisfied.

Based on this analysis, several design options were identified for investigation.
One was obtain a wear resistant and lubricating composite for the platen or platen sur-
face. A second was to use a design, which provided continuous lubrication to the inter-
face, preferably using a dry or solid lubricant to minimize contamination of the print area
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and to avoid surface tension problems*. A third possibility was to use a rotating, high-
wearing platen, where the wear could be confined to the platen and distributed over a
much larger area. A fourth was to use a replaceable interposer between the band and the
platen, which would eliminate the wear on both the band and the platen. Since the model
was approximate, a final possibility that was considered was the use of bands of 420
stainless steel and a chromium plated platen. While design consideration was being given
to each of these options, it was decided to obtain results from a printing robot with a band
speed of 1000 in. / sec and to compare predicted and actual performance for one of the
combinations evaluated.

* In previous application, it was found that if a meniscus formed, the band would be pulled against
the platen and drug would increase.
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The operating parameters for the robot test are summarized in Table 5.14. For veri-
fication of the projections, tests were conducted using a band made of the 7C27MO2 stain-
less steel and a Cr plated platen. The model tended to underestimate the amount of wear
found but was in reasonable agreement. For 1 × 106 impacts, the model predicted 300 µin.
on the band and 80 µin. on the platen, compared to the average values measured of 800
and 110 µin., respectively. While there was some agreement, the differences between the-
oretical and experimental values were considered to be significant. There were several pos-
sible reasons for the difference between these values, other than poor simulation in the
ball–plane tests. The model indicated that the wear was very strongly influenced by the
print force and the character area. At this stage in the development of the machine, there
was considerable variability and uncertainty associated with both of these parameters,
which were sufficient to account for the differences. Because of these considerations, it
was decided that the printer robot would be used in further evaluation and development of
the design options, rather than relying solely on the ability of the model to predict wear
performance or to determine the specific reason for the difference. In effect, these robot
tests replaced the reciprocating ball–plane tests in determining the wear coefficients. The
dependencies on the other design parameters were still provided by the model.

In the robot wear test, wear was measured as a function of usage. In general, it was
found that the data could be fit by exponential relationships and that the exponents of these
relationships tended to be close to those of the model (Figs. 5.36–5.38).

With the robot tests, it was also possible to refine the failure criteria associated with
this wear and to identify any other failure modes associated with the proposed design,
such as those associated with lubricant build-up or the attachment of an interposer. It was
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found that band fracture was ultimately the limiting factor. With metal platens, it was
found that the acceptable amount of wear was 0.0005 in.; beyond this, cracks would tend
to form in the band. With polymer platens or interposers, it was found that wear depths up
to 0.001 in. could be tolerated before cracks were initiated. This was attributed to the lower
stiffness of the polymer and the effect that this would have on band flexure.

The results of the robot wear test with the 7C27MO2 band and the Cr platen, when
combined with the results of the laboratory comparison and the model, indicated that
there was very little chance of obtaining adequate performance with a 420 stainless steel
band and a Cr platen. As a result, this option was no longer considered. Several com-
posite coatings, which appeared to have potential for these applications, were identified
from vendor literature and evaluated. However, none were found to have adequate resist-
ance in these robot tests and this option was eliminated from consideration. Robot tests
with lubricants, polymer interposers, and plastic platens indicated that it was possible to
obtain adequate wear performance with any of these. Examples of data obtained for these
systems are shown in Figs. 5.36–5.38. Several of the materials considered for the inter-
poser had coatings. With these transitions in wear behavior could be seen when these
coatings were worn through. In these cases, the useful life was associated with the life of
the coating.

The results of these tests and the analytical and empirical modeling were combined
with other design considerations, such as human factors, cost, and space, to select a design.
It was decided to use a replaceable 0.005 in. strip of Kapton F as an interposer. Kapton F
consisted of a polyamide core, coated with PTFE. Several additional robot wear
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Figure 5.36 Wear curve for band wear in robot tests using lubrication.
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tests were performed to provide better characterization and wear relationship for this
material. These data are shown in Fig. 5.39. This wear curve was used to determine the
replacement intervals for the interposer.
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Figure 5.37 Wear curve for a Mylar D interposer in robot tests.

Figure 5.38 Wear curves for two filled polyimide platens in robot tests.
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5.10. PUSH ROD TIP

The significance of systems analysis in wear design is illustrated in this case study. In this
case study, the wear relationship was initially developed using a description of the wear sit-
uation that was ultimately found to be inaccurate when the system was analyzed more rig-
orously. While providing some engineering information, the initial wear model resulted in
a significant overestimate of the amount of wear and would have led to the rejection of the
design. However, the wear, predicted by the final model, was found to be in very good
agreement with available data and was acceptable in the application. This case study also
illustrates the use of the impact wear model for elastomers.

This example is taken from the development of a high-speed impact printer. In this
printer, push rods were used to transmit energy from relatively large electromagnets to rel-
atively small print hammers. The general configuration of this type of design is shown in
Fig. 5.40. (See Sec. 5.8 for additional information about this type of design.) At the start of
a print cycle, all the elements are in contact. When the magnet is actuated, the moveable
armature accelerates the push rod and the hammer. The motion of the armature stops at
some point and the hammer and push rod go into free flight. These two also separate prior
to printing. The rebound energy of the hammer and some return springs are used to restore
all three elements to their initial positions, prior to the start of the next print cycle.

The use of this design concept in prior applications resulted in some significant wear
problems between the tips of the push rods, the hammer and the armature surfaces. While
these wear problems were successfully resolved, a wear design approach was not used.
A cut-and-try material selection and development approach were used that resulted in the
development of a unique elastomer tip for the push rod. This tip design is shown in Fig.
5.41 and utilized a 95 Shore A Durometer adiprene urethane. The intention for the new
application was to use the same push rods; however, many of the design parameters asso-
ciated with the new application and prior applications were different. Table 5.15
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Figure 5.39 Wear curve for the Kapton F interposer.
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Figure 5.40 Impact printer design, involving the use of push rod to transmit energy from the
magnet to the print hammer.

Figure 5.41 Push rod tip.
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provides a comparison of these parameters by listing nominal values for the proposed and
the most similar prior application. The new application involved the transmission of high-
er energy, higher speed, and a longer life requirement, all of which implied a more severe
wear concern. In addition, there were differences in the masses and dimensions of the
hammers and armatures, which affect kinematics and, possibly, wear. To address the con-
cerns in the new application, a wear design approach was followed to insure success and
provide design flexibility. The focus was to develop a model for the wear of these tips that
could be used for the early identification of any wear concerns for proposed printer
designs and for the development of any needed design modifications.

The counterfaces for these tips were significantly harder than the urethane. The
armature material was a soft iron, usually with a thin plating for corrosion protection and
selected for its magnetic properties; the hammer surface was hardened steel with a thin
plating for corrosion protection. As a result, wear was confined to the elastomer tips.
Provided contact with the rim of the cup was avoided, this eliminated a fundamental wear
concern with these devices, which was wear of these metal counterfaces. Wear of the
metal counterfaces was undesirable, since it increased the probability of fatigue failures
of these members. Since contact with the rim could occur as a result of tip wear, this con-
cern provided a limit to the amount of wear acceptable for the tips. Based on the geome-
tries involved, contact with the rim could occur with wear depths of greater than 0.010 in.
Provided the rate of wear was small enough (e.g., < 0.001 in. / 106 print cycles), smaller
amounts of tip wear were acceptable, since timing adjustments could be made to com-
pensate for them. These tips were expected to have a minimum life of 2 × 109 print cycles.

The overall nature of the design suggested that very little sliding was involved.
However, since the wear performance of elastomers tends to degrade rapidly with sliding,
additional consideration was given to this aspect. While the nominal movement of the push
rod was translation, both the hammer and the armature rotated. The general design was
such that for the displacements involved, the contact between the tips and the hammer and
armature surfaces was near normal, > 75°. For such conditions, slip would not occur when
the coefficients of friction are above 0.3, which is below the values normally associated
with elastomers (e.g., > 0.5). Thus sliding was not considered to be possible in the appli-
cation. This agreed with observations made in prior applications. These indicated that dur-
ing the acceleration portion of the print cycle, the tendency was for the elastomer tip to
deform and stick and for the rod to deflect. During the return portion of the cycles, it
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was observed that impacts would occur. Negligible rotation would occur during the short
duration of a typical impact. As a result, the tendency for sliding to occur was further
reduced during this portion of the cycle. Therefore, it was decided to use the impact wear
model for elastomers as the basis for the model and to assume a pure impact mode.
(See Sec. 2.5.)

The basic relationship of the impact wear model for elastomers is

where α0, h0, β, and σf are material constants; σa is the contact stress; h is wear depth per
impact; L is the number of impacts. The first term of this expression is related to a defor-
mation mode of wear, which results in the elastomer taking a permanent set without loss
of material as a result of repeated load pulses. The second term is related to a surface
fatigue mode, which results in loss of material as a result of these load cycles. σf is the
flow stress of the elastomer. The model assumes that, if unconstrained, an elastomer will
deform in such a manner that σa ≤ σf. With elastomers, an over-stress condition can occur
(i.e., σa > σf), if the contact area is constrained. When this occurs, catastrophic wear results
and Eq. (5.86) no longer applies, h0 is the wear rate for the elastomer when σa, equals σf.
Since this elastomer used for the tips had been used in several other applications, values
for these material constants were available (9). They were: α0, 0.008 kpsi–1; β  < 106

impacts; σf, 8.6 kpsi; h0, 1.6 × 10–11 in. / impact. Additional data were also available for
this material, such as the frequency dependency of its complex modulus (10).

Experience gained from the prior push rod applications indicated that three major
load pulses of similar magnitude occurred during a print cycle. The first was associated
with the initial acceleration portion of the cycle. The second was an impact in the return
portion of the cycle, involving all three elements and prior to armature engagement of
the backstop. The third was an impact involving all three when the armature hits the
back-stop. This loading situation, along with the estimated value of these loads, is shown
in Fig. 5.42. Wear behavior in prior applications appeared to be similar on both ends of
the push rod. This description of the dynamics of the print cycle provided a simple expla-
nation for that behavior. The major impacts always involved both ends. This observation
was viewed as providing additional support to xthis model. Estimates for the forces
involved at these three periods were based on different models. The value of the load, P
for the first pulse, was estimated using an assumption of constant acceleration. With such
an assumption, the force was related to the displacement during the acceleration portion
of the cycle, s, the print or terminal velocity of the hammer, v, and the masses of the
hammer, mh, and push rod, mp, by the following equation:

For the armature end, m is (mh + mp); for the hammer end, mh. Since the mass of the
push rod was small in comparison to the effective mass of the hammer, the forces at both
ends were approximately the same.

The load was estimated for the second pulse by considering the impulse-momen-
tum exchange between the coupled hammer-push rod and the armature. It can be shown
that for such situation,
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where the subscripts a, h, and pr stand for armature, hammer, and push rod, respectively;
the remaining terms are m, element mass; ν, impact velocity; ε, the coefficient of resitu-
tion, which was estimated to be 0.5; and tc, duration of the impact; P, the peak load. Since
the stiffness of the tips ws significantly smaller than any of the others members involved,
tc was estimated from the second mode of vibration of the mass spring system shown in
Fig. 5.43, where the stiffness of the spring was half the stiffness of a tip. The relationshop
for tc was

where E is Young’s modulus of the elastomer and is a function of frequency or tc. As a
result, an iterative technique was used to determine tc, using available information regard-
ing the frequency dependency for this urethane. S is a shape factor associated with the
geometry of the tip and was determined experimentally from a compression test by means
of the following relationship:
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Figure 5.42 Push rod loading used in the initial analysis.

Figure 5.43 Mass–spring model used to estimate contact time for push rod impacts.
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where d′ was the compression measured under a load p′. E′ is the modulus at the
frequency of the test.

The estimate for the third pulse was based on force measurements at the backstop.
These values were converted to force at the push rod tip by the ratio of the lever arms
for the two sites (i.e., the distance from the armature pivot to the backstop contact region
over the distance from the pivot to the push rod location).

Since the basic concept of the impact wear model for elastomers was that the wear
resulted from stress cycling of the surface, the load pulse during the acceleration portion
of the print cycle was considered to be an impact of long duration. Furthermore, since the
magnitude of these load pulses was similar, it was decided to approximate the situation as
three impacts where the maximum force was equal to the arithmetic average of the three
forces.

The nature of the contact and observations made regarding the wear scars in the
prior application indicated that flat spots develop on the tip. The following relationships
were therefore used for the contact area, Ac, and the contact pressure, σa:

where r is the initial radius of the tip. Using these, integration of the rate equation for the
wear (Eq. (5.86)), resulted in the following for values of L > β:

Since there were three impacts for each print cycle,

where N is the number of print cycles.
For the estimated values of the forces this equation projected wear in excess of

0.0015 in. after 105 print cycles and in excess of 0.012 in. after 2 × 109 print cycles. The
latter result was a concern, since the maximum allowable wear was 0.01 in. These pro-
jections indicated a marginal condition at best. When data started to become available
from simulation tests, it appeared that the model tended to significantly overestimate the
wear. For example, wear was found to be less than 0.001 in. for 106 print cycles. This
level of agreement was not considered to be satisfactory since there were too many vari-
ables and factors involved to assume that the model would significantly over-estimate
the long-term wear. Therefore, the model and the associated assumptions were reviewed
to see if some modifications to the model could be made to improve the agreement. Out
of this review came a concern with the model for print cycle dynamics. Impact–momen-
tum modeling suggested that it would be highly unlikely that simultaneous impacts with
the hammer and armature would occur. These analyses suggested that a series of less
severe impacts between the push rod and hammer and between the push rod and arma-
ture would be more likely. As a result, a study was undertaken to determine print-cycle
dynamics in this application.

A print hammer unit was instrumented so that the motions of the hammer, arma-
ture, and the ends of the push rod could be measured as a function of time. The results
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of this study confirmed the suspicion that a series of milder impacts took place, each
involving only two elements at a time. This is illustrated in Fig. 5.44, which shows how
push rod velocity changes as a function of time. In this figure, changes in velocity indicate
impacts either with the hammer or the armature. Impacts with the hammer increased the
return speed of the push rod, while impacts with the armature decreased the return speed.
Using the appropriate masses, the force associated with each of these impacts was deter-
mined in the same way as for the second pulse in the initial analysis. However, since the
change in velocity was known for each impact, it was not necessary to assume a coefficient
of restitution. The following expression for P was used:

where δv is the change in push rod velocity. The measured velocity changes for the push
rod and the computed forces are given in Table 5.16 for all of the impacts observed.

Because of the large range in the magnitude of the load pulses, it was necessary to
modify the assumptions used in the wear analysis. In the previous analysis, there was little
difference in the three values, so there was no need to determine an average or equivalent
value. However, this is not the case with these series of impacts. For the deformation com-
ponent, the wear approaches a limiting value for greater than 105 cycles. Since this asymp-
totic value is determined by the maximum stress for each cycle, it was concluded that for
this mode the maximum load in the print cycle should be used rather than an average value.
For the surface fatigue mode, each pulse would contribute to the wear. Because
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Figure 5.44 Measured push rod tip velocity during a print cycle. “1” indicates and impact between
the hammer and the push rod. “2” indicates an impact with the armature.
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of the linear dependency on load and stress of this mode, the wear situation could be
approximated by a series of equal pulses whose magnitude was the arithmetic average
of the individual pulses, as in the initial analysis. The important factor for this mode is
the average load and the number of pulses per print cycle or the sum of the individual
loads over a cycle.

With this modification, the wear was modeled in the same fashion as in initial analysis.
The new analysis resulted in similar wear for both ends of the push rod, even though separate
impacts were involved. This was because the maximum loads in the print cycle were approx-
imately the same for both ends and the total load for the cycle was also similar. The total load
for both ends was approximately 4.0 lb for a single print cycle, (when the initial acceleration
pulse was included) and the maximum individual load was 1.1 lb for the hammer end, and 1.6
lb for the armature end. These new values also resulted in lower wear depths and an accept-
able end of life condition. Wear curves for the initial and revised analyses are shown in Fig.
5.45 for comparison, along with actual data. The revised model predicts 0.010 in. of wear for
2 × 109 print cycles. However, since the model tended to overestimate the wear, this was con-
sidered acceptable. With a better understanding of the wear conditions, the agreement between
the revised model and short-term data was sufficient to conclude that acceptable wear per-
formance would be obtained in the new application. No special tests were performed to veri-
fy this. The examination of tips from printer qualification tests and field trials supported this
conclusion.

Further discussion of the wear of these tips can be found in the Problem Solving
section (7.4).

5.11. BAND–RIBBON INTERFACE

This case study involves the wear of two components at a common interface with each
being worn by different mechanisms. It also involves a specific goal for the wear design
to provide accurate and explicit wear relationships that could be combined with other
design relationships to determine a total design.
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In band printers (as described previously in Sec. 5.9) a ribbon, which is normally a
woven nylon fabric containing a liquid ink, is driven against raised type on a moving band
(Fig. 5.46). This printing action tends to cause wear on both the typeface and the ribbon.
Wear of the type results in a reduction of the height of the etched characters, which can
lead to degradation in print quality. One reason is that individual characters tend to wear
at different rates. With large differences in the height of characters, it becomes impossi-
ble to time or adjust the machine to obtain good print quality for all characters. Also since
the sides of the etched characters tend to be not straight (Fig. 5.47), the face area of the
characters tends to increase with wear, changing the appearance of the printed character

238 Chapter 5

Figure 5.45 Push rod tip wear curves, compared with actual data.

Figure 5.46 Wear situation between ribbon and front in a band printer.
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and print density (i.e., the amount of ink transferred per unit area). Both effects result in
(degraded print quality. Wear of the ribbon involves damage to the individual fibers and
a distortion of the weave, which effects the mechanical characteristics of the fabric.
Generally, the worn fabric becomes less stiff and deforms non-uniformly. With sufficient
wear, these changes can result in a variety of unsatisfactory conditions, such as folds, rib-
bon jams, or shrinkage below the width required for printing, which cause failure. (The
number of lines or characters printed required for these modes of failure is called their
wear life. Some of these changes simply result in unacceptable printing (e.g., ink smudges
or missing information), while others, such as jams, can also result in damage to other
machine elements. Because of this, it is necessary to insure that the wear life of a ribbon
is greater that its ink life. A ribbon ink life is the amount of usage required to reduce the
amount of ink to that needed for acceptable printing. By satisfying this goal, a ribbon will
be replaced prior to a wear failure.

In impact printing, ribbon and character properties are important factors in deter-
mining print quality. Because of this, ribbon development and band development are
interrelated processes. They are also interrelated because of life concerns. Band design,
involving character shape and material selection, affects not only the band life but also
affects ribbon fabric life and ribbon ink life. Ribbon properties can also affect character
wear and ink life determines a minimum requirement for fabric life. Hence, a design
strategy, which involved the joint consideration of all three life requirements, that is,
character life, fabric life, and ink life, was necessary for the development of a new, high-
er speed band printer. To support this strategy and reduce testing time, a wear design was
developed which provided relationships for wear that could be used to analytically eval-
uate trade-offs in the design of each element and lead to the optimization of the individ-
ual lives. This approach led to the development of new character sets, a new fabric, and
a new ink to meet the functional and reliability goals.

Type wear, fabric life, and ink life were common concerns in all types of impact
printers and considerable background information and experience was available. For each
concern, this consisted of data and observations from prior development programs and
partially verified conceptual and analytical models. Because of the similarity in the state
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Figure 5.47 Cross-section of an “I”, showing the effects of buffing and wear on font profile.
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of knowledge regarding these three concerns, the same general approach was used in
each case. This was to refine or modify the preexisting models as necessary, to verify
these models, to use laboratory tests to determine parameters for these models, to use
these models and these tests to develop solutions, and to project performance, and to
verify the projections in machine tests.

It was known from prior studies that type wear was caused by the ink in the ribbon,
not by the fabric (11). Typically, the wear caused by un-inked fabrics was several orders
of magnitude smaller than those resulting from ink-impregnated fabric. These studies
had also shown that the wear was primarily abrasive in nature, resulting from submicron
particles in the ink. There was also evidence that oxidative effects also influenced the
wear. A standard wear test, ANSI /ASTM G56, had been developed to determine the
abrasivity of ribbons. (See Sec. 9.2.12 in MWFT2E). A model for the abrasive wear of
type, either by ribbon or paper, had been formulated and used successfully in several
prior applications, including some slower speed band printers (12). Theoretical values of
wear rates tended to be within a factor of 2 of the measured values, while theoretical and
experimental relative wear rates for different values of the mechanical parameters of
speed, mass, and character area were in much closer agreement (e.g., 10–20%). The
basic relationship of this model was

where K is an abrasivity coefficient for the paper or ribbon; Hm, the hardness of the type
face; v, relative tangential speed; tc, contact time; Pmax, peak force; f, the slip factor for
compound impact; N, the number of times printed; V, wear volume; f is related to the
amount of slip that occurs during impact and is given by

where m is the mass of the impactor and µ is the coefficient of friction between the type
and the paper or ribbon. Since character height was the significant engineering param-
eter and changes in character height were easily measured, Eq. (5.96) was used in the
modified form

where h is the change in character height and A is the area of the character face.
This model assumed that the wear of the typeface resulted from slip during printing

and could be described by the following relationship for abrasive wear:

where S is the amount of sliding. The fact that slip occurred during printing was known
for some time and was taken into account in the design of type fonts for printers. For
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example, because of the slip, the character “T” was designed with a crossbar thicker than
the stem to provide a printed image of uniform thickness. Since the structures involved
in printing were not completely rigid in the direction of motion, slip velocity would not
be constant over the entire period of contact. Some acceleration would take place during
the contact time and tend to reduce the amount of slip. The method of analysis used to
determine slip for compound impact wear was used in these situations. It was assumed
that the primary mass to be accelerated or decelerated in printing was that of the impactor.
This could either be a hammer or a type element, depending on the type of printer.

The ASTM test, G56, has been used to determine the abrasive coefficient for the rib-
bons. Values of K for ribbons were found to range from less than 10–6 to greater than 10–5

and to decrease as a result of use (i.e., a used ribbon was less abrasive than a new ribbon).
Coefficients of friction between type and ribbon have been determined in sliding tests.
While there seemed to be some effect of character shape, the coefficient was typical of
what would be expected for lubricated sliding between nylon and steel (i.e., 0.2–0.3).

In reviewing this model for use in the wear design, it became apparent that its abil-
ity to evaluate the effects of material parameters on wear was relatively poor. The model
tended to overestimate the amount of wear and there was up to a five-fold difference
between the theoretical and experimental values for wear rate with some type materials
and ribbons. The data also indicated considerable scatter regarding the effect of type hard-
ness on wear rate. For example, wear rates for different materials of essentially the same
hardness were found to differ by as much as a factor of 3. Two factors were thought to
contribute to this. One was the oxidative or chemical component associated ribbon abra-
sivity and the other was a change in the abrasivity with use. Neither of these effects were
taken into account by the model, but could be very significant in the development of a
band / ribbon combination. Thus, it was decided to investigate these aspects before the
model was used in the wear design.

It was proposed that the oxidative effect could be included in the model by com-
bining the ratio of K / Hm into one factor K, which was the abrasive wear coefficient for
each type material / ribbon couple. K could be determined by replacing the 52100 steel
specimen in the ASTM test with a specimen of the type, or in this case, the band materi-
al. K would be given by

where v was the volume of wear measured in that test; P, the load used in the test; v, the
velocity used in the test, T, the duration of the test. The effect of use on ribbon abrasive
could then be taken into account by using an average or effective value for K, based on
determinations after different amounts of usage. With these modifications, Eq. (5.100)
became

where Kavg is an effective value for K.
These modifications were investigated in two ways; both involved obtaining speci-

mens of band materials for the ASTM type of test. Since there was considerable type wear
rate data available from two different speed printers for two different band materials and the
same ribbon, it was decided to determine Kavg for these two pairs and to compare estimates
obtained from Eq. (5.102) with average machine data. The second evaluation of
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these modifications involved new and carefully controlled tests with the higher speed
machine and using only one band material and one type of ribbon.

A value for Kavg for the first evaluation was determined by repetitive wear tests on
the same specimen of an unused ribbon. It was found that the decrease in abrasivity could
be approximated by

where i is the number of tests with the ribbon sample and K1 is the value from the first
test. Since in printing applications, the number of characters printed per unit area of rib-
bon was high (e.g., several hundred), Eq. (5.104) implied that for most of its life the rib-
bon’s abrasivity would 0.64 K1. As a result, 0.64 K1 was used for Kavg. It was found that
these modifications to Eq. (5.100) resulted in significant improvement in the agreement
between theoretical wear rates and experimental ones. This is shown in Table 5.17.

In the second evaluation, printer tests were conducted using selected characters of
known face area and ribbons inked with ink from the same batch and to the same ink
weight. Four different ink formulations were used in these tests and one type of band mate-
rial. The printer used for these tests was adjusted and monitored to insure consistent print
conditions as well. Character height was measured as a function of usage and a single eval-
uation involved the use of several ribbons. An average wear rate was obtained from these
individual measurements (Fig. 5.48). A different method was used to determine Kavg for
the ribbons used in this evaluation. It was decided to measure K as a function of ink-life
of the ribbon (Fig. 5.49). While all four inks exhibited linear relationships, the slopes were
different and tended to be proportional to the abrasivity. Since the tests used to determine
wear rate involved several ribbons, the average value that was determined from these
curves was used for Kavg. The results of this study are shown in Tables 5.18 and 5.19.
Because of the good agreement obtained, it was concluded that the modified model was
adequate for the wear design.

It was concluded that the use of actual band material as wear specimens to obtain a
wear coefficient was a major factor in the improvement in the model. However, since it
was costly and difficult to obtain such specimens in the numbers required for developing
ink, an alternative approach was needed. Wear volumes obtained for a number of candi-
date band materials and the 52100 steel specified in the ASTM tests are shown in Table
5.20. A comparison of these values suggested an alternative approach to guide develop-
ment of ink, namely the use of two reference materials with different sensitivities to
oxidative wear. With this approach, tests with the actual band material would only be
required when values for Kavg were needed to estimate machine performance. 52100
steel and 420 SS were selected as the two reference materials. They were both easily
obtainable as the spheres used in the test. While 52100 steel was considerably harder than
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the 420 SS, the 420 SS seemed to be less affected by ink chemistry than the 52100. Also the
420 stainless steel was more representative of the materials being considered for the bands
and very similar to the 7C27MO2 steel used in prior applications. This proved to be a very
effective approach.
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Figure 5.48 Wear curve for type face wear.

Figure 5.49 Results of drum wear tests to determine the effect of ribbon use on ribbon abrasivity.
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A final step in the wear design approach was to verify performance in the machine.
The agreement between the model and actual performance that was obtained is shown in
Figs. 5.50 and 5.51.

Examinations of used ribbons from prior printers showed that the characteristics of
fabric or ribbon wear were significantly different than type wear. The primary features of
ribbon wear were large deformation of the individual fibers, deformation of the fiber bun-
dles composing the weave, and rupture of individual fibers. These features can be seen
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in the micrographs shown in Figs. 5.52–5.55. Rupture of the fibers tends to occur in the
later stages of life and after deformation. Near the end of life, broken fibers are predom-
inant features of the wear pattern. There was no evidence of significant material loss
being involved in the wear or any abrasion by the ink. From the morphology of the wear
and from tests comparing inked with un-inked fabric, it had been concluded that the ink
is a lubricant with respect to the fabric, tending to impart longer life to it. It had also been
observed that the wear or damage on the type side was much more severe than on the
paper side, as can be seen in the figures.

Design Examples 245

Figure 5.50 Wear curve for type face wear in a printer test.

Figure 5.51 Depth wear rate as a function of type face area.
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Fabric life was defined as the amount of printing that could be done with a ribbon
before a fold or a hole was produced in the ribbon. These conditions were determined by
either inspection of the ribbon or the examination of print samples. For most situations,
it had been found that folding was the more likely and limiting mode. While folding can
be influenced by the design of the ribbon transport system, the state of damage to the rib-
bon when folding did occur was found to be similar in several printers. A typical end-of-
life condition is shown in Fig. 5.55. Several parameters had been found to affect fabric
life. Increases in print force, contact time, and tangential velocity appeared to reduce life,
while the use of larger size fonts, rounded character edges, and smooth character surfaces
tended to increase life.

Amodel, which was consistent with these observations, had been developed and had
been used in the resolution of fabric life problems associated with edge and roughness con-
ditions. This model provided the following relationship for fabric life, Lf,:

where At is the average type face area; Af, the surface area of the ribbon used; Pmax, the
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Figure 5.52 Unused ribbon.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-176.jpg&w=333&h=245


maximum print force; ν, the relative tangential speed between the type and the ribbon; Γ, a
material life parameter for the ribbon; R, the radius of the leading edge of the character; Φ, a
roughness parameter for the face of the character; αr and αe, experimental parameters found
to be 4 µin. and 0.02 in., respectively. For the surface profile shown in Fig. 5.56,
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Figure 5.53 Used ribbon before end of life. “A”, band side; “B”, paper side.
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Figure 5.54 Ribbon fiber damage. “A”, band side; “B”, paper side.
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Φ was defined as

This roughness parameter was developed to account for the blunting of asperities
that processes, which were frequently used to finish type surfaces, such as buffing or
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Figure 5.55 Ribbon wear at end of life. “A”, band side; “B”, paper side.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-182.jpg&w=282&h=426


polishing, can produce. Φ can be approximated to within 30% for most surfaces by half the
CLA value.

The model assumed that fabric life was directly related to the wear of the fibers. The
hypothesis was that once these fibers wore to a characteristic amount, fracture of the fibers
was likely to occur. This would result in degradation of the structural integrity, which
allow folding to occur. It was inferred from the predominance of deformation features in
the wear that the wear process could be viewed as a form of single-cycle deformation
wear, where the deforming element was the type. Therefore, it was assumed that fiber
wear volume was proportional to both load and sliding distance. Since many individual
fibers were involved in a single printing action, it was assumed that the product of an aver-
age depth of wear for the fiber, h, and the face area of the character could approximate the
wear volume. These two assumptions resulted in the following:

where K is a wear coefficient; P, the average pressure during the contact; and S is the
amount of sliding in a print cycle. Since very little variation in the slip factor was found
in analysis of type wear situations, it was assumed that S was proportional to νtc. It was
further assumed that the radius of the leading edge and surface roughness of the char-
acters would effect the deformation of the fibers and the load distribution across the
fibers. It was further assumed that two factors, Ke and Kr, could describe these effects.
The relationships used for both of these are those given by Eqs. (5.106) and (5.107).

The forms used for these factors were selected because of their simplicity and the fact
that they would approach values of 1 as the surface got smoother and the edges became
more rounded. The selection of the radius as the parameter to be used for the one factor
was based on general engineering concepts. It was felt that as the radius became larger
there would be a more even distribution of the load across the fibers and that fiber dis-
placements in the direction of motion would be less, because of the more favorable con-
tact between the character profile and the fibers. These trends are also suggested by the
behavior of the coefficient of friction between ribbon and sliders of different geometries.
This is shown in Figure 5.57. Similar effects were postulated for surface roughness. Since
asperity spacing of typical surfaces was often comparable to or larger than fiber diameters,
asperity size and spacing could affect the load on the fibers and the tangential displacement
of the fibers. Figure 5.58 illustrates this interaction. Because of these effects, wear would
increase for surface conditions that resulted in greater penetration. It was decided to use the
average asperity penetration that a surface could produce, Φ, as the parameter for this.
Profilometer characterization of type surfaces indicated that these surfaces could be
approximated by a sine wave prior to any post-forming buffing or polishing. The basic sine
characteristic tended to remain after buffing or polishing. However, the tips of 
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Figure 5.56 Surface profile used in the model for ribbon damage.
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asperities tended to be flattened. This condition was modeled to obtain Φ for these surfaces
and Eq. (5.108) resulted.

Approximating the print pulse by a half-sine wave, the following was obtained:
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Figure 5.57 The effect of font shape on the coefficient of friction against a ribbon surface. “A”
shows the friction behavior as a function of load. “B” shows the different shapes and sliding
directions used for the four curves. (From Ref. 13.)
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wherein N is the number of print cycles per unit area of the ribbon and Pmax is the peak
value of the force pulse. Since end of life occurs when h reaches a critical value, hc,

To obtain Eq. (5.105), hc/ K were combined into a single empirical coefficient, Γ.
When this model was first developed, it was evaluated by extensive printer tests

in which the ribbon was in the form of a narrow strip, moving between reels. These
tests had focused on the effects of character parameters and the data obtained were used
to determine a single set of values for the coefficients. A summary of that data is shown
in Table 5.21. Limited data from a higher speed application were also available and this
was examined for consistency with model. Reasonable agreement was obtained. (See
Table 5.22.)

This model was also evaluated using sliding wear tests, performed with a reciprocating ball
/ plane apparatus. For these tests “.”’s (periods) were cut from print bands and used as the ball
specimen. Asction of ribbon, backed by paper, was stretched across a steel platen. Anormal force
of 1000 g. and a 1 in. stroke were used. The test was stopped periodically and the ribbon surface
examined for wear. The number of cycles required to produce damage that was characteristic of
end of life was determined in this manner for each of the periods tested. When these data (Table
5.23) were analyzed using the model and the coefficient deduced from the printer tests, a corre-
lation coefficient of 0.86 was obtained. Based on these evaluations, it was decided to use this
model in the wear design.

In the new application, the ribbon was in the form of a wide sheet being moved and
controlled by rollers above and below the print band. Band speeds were also considerably
higher (up to five times those in prior printers). Because of these differences, it was decid-
ed to verify the model under these new conditions, as soon as possible. When a prototype
printer became available, printer tests were performed at several band speeds. Much
lower fabric life was obtained than anticipated (i.e., projected by the model). From fail-
ure analysis of these ribbon samples, it was recognized that the different form of the rib-
bon resulted in the lay of the warp (the higher fiber bundles) being perpendicular to the
motion of the band. The warp was parallel to the band motion in prior applications. These
two conditions are illustrated in Fig. 5.59. It was speculated that

252 Chapter 5

Figure 5.58 Asperity–fiber interaction.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-188.jpg&w=314&h=147


the new condition resulted in higher fiber deformation and a smaller value of r, because
of an increased tendency to grab fibers in this orientation. To verily this, printer tests were
performed with the fabric rotated. A significant improvement in fabric life was obtained.
End-of-life values were close to those predicted using the original value for Γ (Fig. 5.60).
It was concluded that the model was still valid and could be used in the wear design. Γ
was now considered to be constant for a given fabric and orientation, which needed to be
determined empirically.

Because folding was influenced by machine conditions, it was necessary to determine
Γ for different ribbon materials in a printer test. This model provided the justification
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Figure 5.59 The effect of font / fabric interaction as a result of fabric orientation. “A” shows the
condition in the prior application. “B” shows the condition in the new application.
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for conducting these tests on small ribbon sections. This significantly reduced testing time
and enabled the evaluation of different fabrics when only small samples were available.
The background of the model used for ink-life was similar to the background for the mod-
els of type and fabric life. The model for ink-life provided the following relationship that
was used in the wear design:

where K* is an end-of-life ribbon-ink coefficient determined by a laboratory test. The
relationships between K* and various printing parameters, such as print force, were also
available.

These models were used to assess the effect of changes in printing parameters, the
evaluation of different design options, and to guide the development of the band and rib-
bon. This approach resulted in the development of a new band design, a new ink, and a
new fabric, which provided the performance required. A verification test was performed
for the final design of these two components.

5.12. MAGNETIC READ HEAD

This case study illustrates all the elements of wear design. In particular, the wear design
involved some unique elements. These included the need to develop two models (one
for the wear mechanism and the other for the device), the use of a wear test to evaluate
design parameters other than material properties, and an extensive system analysis effort
to characterize the field environment.
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Figure 5.60 The effect of fabric orientation on ribbon fabric life.
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The basic features of the magnetic read head are shown in Fig. 5.61. It utilized a Hall
Effect sensor, which was deposited on the interior surface of one on the pieces used to form
the head. This piece was referred to as the substrate, while the other as the closure. The thin
film was sensitive to mechanical damage and corrosion and would be destroyed if exposed
to the atmosphere or rubbing. Therefore, the active element was located below

256 Chapter 5

Figure 5.61 Photograph of a magnetic read head, “A”, “B”, and “C” show cross-sections of two
designs for the active region. For the design in “B”, the closure and substrate material could be
the same or different. “C” was called a sandwich design and the substrate and closure materials
were different.
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the surface. These heads were intended to read strips of magnetic tape that would be
mounted on a variety of surfaces and objects (e.g., containers, documents, labels, tags,
cards, etc.) that could be scanned with a hand held wand or pulled through a slot reader.
In the former, the head was mounted in a gimbal and spring loaded to control the load and
alignment. In the latter, guides and pressure pads were used to control the load and the
alignment as the document was pulled through the slot reader. These devices were to be
used in office, retail, and manufacturing applications in several different systems and
expected to perform satisfactorily for tens of thousands of scans over several years of
operation. An individual magnetic strip in these systems was expected to be read less than
100 times in its life.

Because silicon (Si) provided an appropriate substrate for the deposition and oper-
ation of the Hall element and was readily available, the first prototypes used Si as the
substrate and closure material. During the functional evaluation and development of
these devices, it was observed that the heads tended to wear sufficiently so that the ele-
ment was damaged or destroyed. To improve this situation, it was decided to use a hard-
er material for the closure. After some cut-and-try approaches, sapphire was selected as
the closure material. With sapphire, wear behavior was satisfactory for much of the func-
tional development of the head. Since these heads were to function in uncontrolled and
possibly hostile environments, there was concern with the effect that contaminated sur-
faces would have on the head’s ability to read the strip. These functional concerns led to
the testing of heads on deliberately contaminated surfaces and surfaces that were
exposed for prolonged periods in several industrial environments. Because of the severe
wear observed in these tests, the wear life of these heads became a major concern. While
it was obvious that the wear resistance of the heads needed to be improved, it was not
known how much an improvement was needed. There was no experience with perform-
ance of these type of devices in these uncontrolled and potentially hostile environments.
Moreover, most computers and computer peripherals were designed to operate in either
a controlled environment, such as a computer room, or a relatively clean and air condi-
tioned office environment. It was not known if the conditions of the tests were too severe,
representative, or mild, compared to those of the intended applications. At this point in
the development of these heads, a wear design approach was adopted. The specific and
more immediate goal of the wear design was to develop an acceptable design for this
application. A secondary goal was to establish the basis for a general methodology that
could be used in the wear design of other devices intended for these environments.

While sliding abrasive wear was considered to be the probable wear mode, the first
step was to determine the wear mode. This involved a review of the conditions of the prior
tests, examination of worn heads, and laboratory wear tests. From these activities, it was
concluded that the wear mode for clean and contaminated tape surfaces was abrasion.
Wear scars from clean tape were highly polished and consistent with the wear that would
be expected with fine (small) abrasive particles, such as the magnetic particles in the tape.
By coating the tape with a variety of abrasives, wear scar morphology and wear rates sim-
ilar to those observed in the contamination tests were obtainable in the laboratory tests.
The next step was to develop a standard test that could be used to evaluate and select
materials and designs to insure adequate performance in the field.

These preliminary tests had shown that there was a wide range in morphology and
wear rate that could be achieved by using different amounts and types of abrasive. One
way of selecting a standard test that could be related to field performance would have
been to do field tests for several different environments that were representative of the
application and to correlate these with a proposed laboratory test. However, there was

Design Examples 257

Copyright © 2004 Marcel Dekker, Inc.

  



not time for such an approach, so an alternate approach was taken. This was to determine
relationships for the abrasive wear coefficient in terms of the amount and type of abrasive
on the surface. These relationships could then be used to relate the results of a standard
test to field performance, if the description of the contamination in the field was known.
Such a model was developed and verified (14). At the same time, contamination samples
were obtained from the environments that were representative of the potential application.
This was an extensive undertaking and involved sampling of a variety of different envi-
ronments in five different industries (15). Ultimately, it was possible to develop a stan-
dard test to measure material properties, which was based simply on reproducibility, ease
of implementation, and duration.

The next step in the wear design was to develop a model for the wear of the head,
using abrasive wear concepts in addition to the effects of contamination. This model
included the effects of size, structure, and load on head wear and life. Coefficients and
relationships for this model were determined in laboratory tests. The overall model was
verified in field tests prior to the selection of the final design. From this effort, a new head
design was successfully developed and used. There were several additional benefits from
this approach as well. The analytical nature of models developed enabled projections to
be made for performance in the corrosive environments which is likely to be encountered
in some of the installations. The standard test that was developed was used to evaluate
manufacturing processes and also as a quality control tool. The basic approach was also
applied to other devices operating in a contaminated environment.

The wear characteristics of magnetic tape are similar to those of paper and ribbon.
While these materials can wear very hard materials, their wear resistance is poor. The
amount of wear or damage that would occur to the tape was small in the application
because of the low usage an individual strip received. The wear on the head was the result
of contact with many individual strips. To simulate this aspect, it was decided to use the
wear apparatus used in ASTM G56 for ribbon abrasiveness, which was available. (See
Sec. 9.2.12 of MWFT2E). The tape replaced the ribbon and either material samples or
actual heads were used as the wear specimens. Test parameters were modified to simulate
the application. Drum speed of 36 cm / sec and a specimen speed of 0.25 mm / rev were
selected. This combination resulted in adequate separation of the wear tracks at a sliding
speed representative of the application. A test load of 50 g generally was used, since the
nominal load in the application was 40 g.

Heads were used as the wear specimens in the initial series of tests to investigate
the mode of wear. The surface of the tape was coated with a variety of abrasive materi-
als, including AC Fine and AC Coarse Test Dusts (different size distributions of sand
particles) and powdered alumina. It was found that wear morphology similar to those
obtained in the functional tests could be obtained and that the abrasive action of even a
small number of these particles significantly increased the wear. Typical results are
shown in Figs. 5.62 and 5.63, along with the micrographs of the contaminated tape sur-
faces (Fig. 5.63). The effect of sliding distance and load on wear was also investigated
to see if the typical linear wear relationship for abrasion

was followed. In this equation, V is the volume of wear; K, a wear coefficient dependent
on both the abrasivity of the surface and the wear resistance of the abraded material; P,
the load; and S is the distance of sliding. This was found to be the case (Figs. 5.64–5.66).
It was concluded that the wear mode was abrasive and that Eq. (5.113) could be used.
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The next step in establishing a model for this wear situation was to relate K to the amounts
and types of abrasives on the tape surface.

The general wear situation was viewed as shown in Fig. 5.67. Part of the time the
head would be in sliding contact with the tape surface; part of the time it would be slid-
ing on the particles. As the amount of abrasives increased, there would be less and less
contact with the tape and K would increase. At some point contact with the tape would
be eliminated and K would no longer increase with additional amounts of abrasives. It
was hypothesized, therefore, that the effective wear coefficient for the surface, K, could
be defined in terms of the surface coverage of the abrasive by means of the following
equation:

where K′ is the coefficient for clean tape; K″, the coefficient for a surface completely
covered by the abrasive; α, the surface density of the abrasive (e.g., g / mm2); α0, the
minimum surface density required for saturation (i.e., the point at which additional
amounts of abrasive did not increase K). Test results provided support for this concept,
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Figure 5.62 Heads worn in preliminary field tests. (From Ref. 14, reprinted with permission from
Elsevier Sequoia S.A.)

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-198.jpg&w=330&h=257


260 Chapter 5

Figure 5.63 Heads worn in laboratory tests, using contaminated magnetic tape. “A” shows a head
worn by the AC Fine Dust/Gelatin coating on magnetic tape, shown in “B”. “C” shows a head
worn by magnetic tape, shown in “D”, which is coated with loose AC Fine Dust. (From Ref. 14,
reprinted with permission from Elsevier Sequoia S.A.)

Figure 5.64 The effect of contamination on head wear. (From Ref. 14.)
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as shown in Fig. 5.68. α0 is primarily related to the ability of the particles to prevent
contact with the surface of type. Therefore, it was conjectured that its value could be a
function of size and density of the abrasive. Tests were conducted with different size
abrasives to investigate this possibility. The results of those test indicated that α0 was
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Figure 5.65 Wear volume as a function of sliding distance on clean and contaminated magnetic
tape. (From Ref. 14.)

Figure 5.66 Wear volume as a function of load. (From Ref. 14.)
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approximately

where D is the average particle size and ϕ is the ratio of the abrasive’s density to that of
SiO2.

From abrasive wear theory, it was known that K″ would depend on the shape, size,
and hardness of the particle. While this was the case, it was not considered necessary to
explicitly treat the effect of shape, since angular-shaped abrasives, which simulated most
field abrasives, were used in the laboratory tests to determine the coefficients.
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Figure 5.67 Contact conditions with contamination. (From Ref. 14.)

Figure 5.68 Abrasive wear coefficient as a function of the amount of contamination. (From
Ref. 14.)
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Several general trends of abrasive wear were used to relate K″ to size and hardness.
These were:

(1) Only hard particles tend to act as abrasives against hard surfaces.
(2) Abrasivity is proportional to particle size up to some limiting value, above which

it is independent of size.
(3) There is a transition in abrasivity when the hardness of the abraded surface

approaches that of the abrasive; above and below this condition, abrasivity tends to
be constant.

These concepts were evaluated in a series of tests and general agreement with them
was found for this wear situation (Figs. 5.69 and 5.70). By implication, these concepts
indicated that the effect of particles of the same size but different composition would be
the same, provided they were both either harder or softer than the abraded surface. The
following relationships were used to describe the effect of different particles on wear.
For Hm, abrasive / Hm, abraded ≥ 1,

For Hm,abrasive / Hm,abraded < 1,
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Figure 5.69 The effect of particle size when the abrasive is harder than the abraded surface. (From
Ref. 14.)
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where Hm is the hardness; D, the average size of the abrasive; D0 and D′0, the transition
sizes; and K is the maximum abrasivity for the two hardness conditions. Wear tests with a
variety of abrasives and wear specimens were performed to determine values for D0 and D′0.
D0 was found to be 80 µm; D′0, 8 µm. (Figs. 5.69 and 5.70). These tests also indicated that
the ratio of K″H / K″s was approximately 50:1.

With these relationships, it was possible to establish equivalence of different states
of contamination relative to a specific abraded material, to compare the relative abra-
sivity of different situations, and to use a limited number of standard test conditions to
determine K for different materials. In fact, two such test conditions were used. One was
for clean tape, which provided the value for K′ and another for a saturated coating (i.e.,
170 µg / cm2 of AC Fine Test Dust), which provided a value for K″, relative to SiO2. D
for this dust mixture was approximately 15 µm. This test condition was chosen for sev-
eral reasons. One was the use of a saturated condition tended to minimize scatter. A sec-
ond was that AC Fine Test Dust was an easily available controlled test dust. The third
was that AC Fine Test Dust was 90% SiO2with a particle size range 1–80 µm, which
was representative of the majority of the contamination found in the field survey. Several
methods had been explored to coat the tape and finally a convenient and repeatable tech-
nique was found. It consisted of spraying the dust in a gelatin mixture. Before this
method was selected, numerous tests were performed to insure that the gelatin did not
affect the abrasive action.

These two standard tests were used to determine values of K′ and K″ for candidate
materials. The field survey had shown that most of the abrasive contamination was sim-
ilar in hardness to SiO2. Occasionally, harder abrasives were found and typically these
were alumina. Therefore, most of the materials evaluated were harder than SiO2, because
of the reduction in wear coefficient that occurs when the abraded surface is harder than
the abrasive. Data for some of these materials are shown in Table 5.24. The standard tests
were also used for the selection and evaluation of several design parameters, other than
material selection.

To verify the model for K, three verification tests involving different abrasive con-
ditions were performed. One was conducted at a test site. The second was in a dust
chamber, which circulated AC Coarse Dust. The third test used a dust mixture that sim-
ulated a typical field condition and the drum apparatus. For each of these, the contami-
nation on the surfaces of the tapes was characterized in terms of size, amount, and type
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Figure 5.70 The effect of particle size when the abrasive is softer than the abraded surface. (From
Ref. 14.)
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and the model was used to determine a value for K for that situation. These values were
compared to values for K determined from the wear relationship (Eq. (5.113)). Good
agreement was found (Table 5.25).

Since the general wear patterns that were observed on the proposed head designs
were more complex than the simple abrasion of a spherical surface, it was necessary to
develop a model for the abrasive wear of the head. The general wear pattern that was
observed is shown in Fig. 5.71. This pattern was indicated by theoretical considerations.
(See Fig. 5.62.) Preferential wear would occur when one member was softer than the
other. Local increased wear at the interfaces would result from chipping of the edges. It
was observed that the combined effect (given by h0 + H0) tended to achieve a stable value
with sliding (use) (Fig. 5.72). This behavior suggested that the magnitude of the step was
controlled by abrasive size. With the development of this step, fewer particles would con-
tribute to the wear in this region, since the tendency would be for particles smaller than
the step to move through this region with little or no interference. It was therefore
assumed that once this stable condition was achieved, the harder material would support
the load. With this assumption, it can be shown that

ε is 1 for designs in which both halves are of the same hardness or have the same wear
coefficient. It is 2 for those conditions in which there is a difference in hardness or wear
coefficient. K is the abrasive wear coefficient for the harder material. Since the Hall ele-
ment was located at some depth below the surface, the end-of-life condition was defined
as H equal to H, where H was somewhat less than the depth of the element to insure con-
tinued corrosion protection. It was determined that approximately 50 µin. was required to
maintain adequate corrosion protection.
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While (h0 + H0) was independent of material properties within a design type, it
was found to be dependent on other factors, such as the amount and size of the abrasives
involved, the orientation of the gap or interface to the scanning direction, and the width
of the adhesive joint or gap. Tests were done using a variety of abrasive conditions and
sliding directions to evaluate the effects of these factors. The effect of sliding direction
found in these tests for two types of design is shown in Fig. 5.73 (see p. 268). These tests
were done not only to identify the existence of these effects, but also to provide the data
required to develop an empirical model. It was found that when heads utilized the same
material for the substrate and closure, values for h0 tended to be influenced mainly by

Figure 5.71 General Wear Scar Profile of a head. (From Ref. 14.)

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-217.jpg&w=301&h=244
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-218.jpg&w=236&h=134


the width of the interface. For the gap used, finally selected h0 was found to be < 75 µin.
for all conditions. When there was a difference in hardness between the closure & sub-
strate, h0 tended to be small in comparison to H0 and there was no need to differentiate
between h0 and H0. In these cases (i.e., different materials for each half), the value for H0
was found to be significantly affected by orientation and abrasive size. Since a stable step
implies that particles can pass over the surface of the softer member with very little inter-
ference, it was concluded that H0 should be linear function of D. It was also considered
likely that the concentration of particles on the surface would modify the distribution of
particles abrading the head, probably in a nonlinear manner. For example, with smaller
concentrations, the larger particles might be displaced by the head rather than causing abra-
sion of the softer surface. Since a step was observed with clean tape, the following expres-
sion was proposed and found to provide an adequate agreement with the data:

where A is the value for clean tape; B, a function of sliding direction and design (e.g.,
sandwich or regular design); and n is a function of design. Values obtained for A, B, and
n for several conditions are shown in Table 5.26. The agreement that was obtained
using these values is shown in Fig. 5.74 (see p. 269).

This combined model was verified in two field trials in retail applications. Good
agreement was found in both cases. In one test, wear was determined as a function of
usage, using one design. Wear predictions were based on parameters determined in labo-
ratory tests and characterization of the abrasive environment in the application. Table 5.27
shows the results of the contamination studies and the typical value of D and α that was
deduced for this evaluation. In Table 5.28, the projections of the model and the actual data
are shown. In the second test, two designs were compared (i.e., a silicon/sapphire and a
sapphire / sapphire design). The model indicated a minimum of 15× improvement with
sapphire / sapphire design; the data indicated a 28× improvement.
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Figure 5.72 Behavior of H0 for three different contamination conditions. (From Ref. 14.)

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-219.jpg&w=260&h=201


These expressions were used to compare various designs and the effects that mod-
ifications of various parameters, such as sliding direction, radius, and material properties,
might have. One conclusion that was reached was that the performance of designs using
dissimilar materials would rapidly degrade in environments where large size abrasives
would be present. The difference between these designs is shown in Fig. 5.75 (see p. 271).
These relationships were also used with the field contamination data to project field per-
formance for various designs in different environments and markets. This ultimately led
to the selection of an all-sapphire design with an 0.1 in. radius. Field experience has con-
firmed the adequacy of the design.

The two standard tests developed in this wear design were also used to evaluate
other components, such as magnetic write heads of the type shown in Fig. 5.76 (see p.
272). The model for K was also found useful in other applications involving hostile
environments.
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Figure 5.73 Behavior of H0 as a function of the amount and size of the abrasives and orientation
of the gap with respect to the sliding direction. “A” is for a sandwich design. In this design, the head
consists of three elements, with the active element deposited on the middle element. “B” is for the
standard design (two elements) with different materials for the closure and substrate.
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5.13 EROSION APPLICATIONS

Wear design has been used for a variety of applications involving erosion. Several exam-
ples that illustrate a range of approaches can be found in the literature (16–20). In one, an
analytical approach was applied to the design of gas turbines. The others used more
empirical approaches and involved various forms of slurry erosion. In these case studies
conceptual models were formulated and used in conjunction with laboratory or robot tests
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Figure 5.74 Comparison of model for H0 and experimental data for the standard AC Fine / Gelatin
mixture.
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to determine design parameters for several different applications. One was concerned
with wear in pipelines, which handle slurries. Another was concerned with wear in
pumps used in oil drilling and a third was concerned with wear problems in recirculat-
ing liquid systems, such as those used for cooling. In all of these cases, including the gas
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turbine one, the wear design started with systems analysis, which provided an operational
characterization or definition of the wear situation.

One example of the use of wear design in erosive situations involves the develop-
ment of a turbine generator used in a coal gasification process for power generation (18).
The wear design approach was used in the early stages of development. Part of the power
generation process involved the passage of combusted coal gas through a gas turbine.
System analysis indicated that in this region the stator and rotor blades would be exposed
to erosion by coal ash and dolomite sulfur sorbent particles contained in the gas stream. It
was concluded that the bulk of these particles would range in size from 1 to 12 µm, since
the larger size particles, i.e., > 12 µm, tended to be eliminated by any of the gas cleaning
processes being considered. It was also concluded that corrosion and deposition would
modify the surfaces of the blades. The purpose of the initial wear design was to investi-
gate feasibility and focused on the effects that various cleaning procedures would have on
life. It was assumed that the wear behavior could be described by the general equations
for erosion (Eqs. (2.163) and (2.164)), which combine the effects of ductile and brittle
behavior. These are
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Figure 5.75 Theoretical wear behavior of an all-sapphire standard head and a standard head with
a silicon substrate and sapphire closure. (From Ref. 14.)
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These equations involve several empirical coefficients that are material and envi-
ronment dependent. At the time the design study was undertaken there was very little data
and information available regarding the wear properties and wear coefficients for the
super-alloy turbine materials being considered, particularly under the application condi-
tions involved. However, for similar quantities and ranges of particle size, there were data
for silicon carbide eroding a nickel–cobalt alloy of the type being considered in the appli-
cation. There were also some data available comparing the erosiveness of coal ash and
silicon carbide. These data indicated that coal ash had 1 / 25th the erosiveness of silicon
carbide particles. Initial assumptions were that environmental effects would be small for
the alloys used in turbine blade applications and that the wear resistance of these materi-
als would be equal to or better than that of the nickel–cobalt alloy. With those assump-
tions, the silicon carbide data, scaled by l / 25th, were used to estimate the coefficients of
the equations. It was recognized that there was considerable risk associated with these
assumptions, so programs were initiated to determine the values of these coefficients for
the materials and conditions involved.

As indicated by these equations, the erosion rate is also a function of particle veloc-
ity and impingement angle. In order to estimate the wear on the blades, it was necessary
to determine the motion of the ash and dolomite particles through the turbine blades. Fluid
flow as well as particle size and mass affect the motion of the particle. This was done by
numerical simulation techniques used for particle deposition analysis (21,22). In these sim-
ulation techniques, the flow of the gas is assumed to be unaffected by the particles, while
the motion of the particles is affected by the flow of the fluid (e.g., drag). The flow was
considered to be inviscid and the particles were assumed to be spherical and only subject-
ed to drag and inertial force. The effect of particle size and density on trajectory is shown
in Figs. 5.77 and 5.78. It can be seen that small, light particles tend to impinge less and to
have low, grazing angles of contact with the blades, while large, heavy particles tend to
impinge more and to have higher contact angles.
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Figure 5.76 Magnetic write head worn with the AC Fine/Gelatin mixture. “A”, entire head; “B”.
write area.
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Design feasibility was investigated by combining these simulation techniques with
Eqs. (5.124) and (5.125) and using the estimated values of the material coefficients to
determine the effective wear rate for different conditions. A series of calculations were
performed for several different particle distributions, which were representative of dif-
ferent cleaning processes (Fig. 5.79). The results of the calculations are illustrated in
Figs. 5.80 and 5.81 for different regions of the blades. It was concluded that satisfactory
blade life could be obtained by using a cleaning process to eliminate all particles above
6 µm and to reduce the particle concentration of 6 µm and smaller particles to less than
0.0046 g per standard cubic meter.

A different approach had been used for erosion problems in pipelines handling slur-
ries (20). It is based on the use of two standard tests described in ASTM G75. (See Sec.
9.2.3. of MWFT2E). These tests were developed to provide simulation of the slurry ero-
sion found in pipeline applications. Rankings obtained with this test have also been bund
to correlate with field performance. A significant portion of the development effort
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Figure 5.77 Trajectory of 1 µm particles through the stator and rotor passages. (From Ref. 35,
reprinted with permission from ASTM.)
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for these tests invoked the comparison of test results with observed field behavior in terms
of wear scar morphology and relative wear rates. Two indices are obtained from these tests.
One is the Miller number, which measures the abrasivity of a slurry; the other is the SAR
number, which measures the relative abrasion resistance of materials to a slurry. A data-
base has been developed that relates field performance for various components to these
two indices. This was done by testing with slurries and materials, used in applications
where performance was known or could be established, and determining their Miller and
SAR numbers. The wear design method is used to obtain a sample of the slurry in the
application and to determine its Miller number. The Miller number is then used to select
from the database materials and component design, whose performance meets or exceeds
the requirements for slurries with that of Miller number. If the material being considered
is not in the database, the SAR number is used to determine its relative performance. This
is done by determining the SAR number for the unevaluated material and the SAR num-
ber of a material in the database, using the slurry in the application. The ratio of the SAR
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Figure 5.78 Trajectory of 2 µm particles through the stator and rotor passages. (From Ref. 35,
reprinted with permission from ASTM.)
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Figure 5.79 Inlet particle size distributions for different particle removal systems. (From Ref. 35.)

Figure 5.80 The effect of different cleaning procedures on the erosion of the trailing edge of the 1st
stage vanes, predicted by the model. 0.1 in./ 104 hr was considered to be the acceptable limit on
erosion rate. (From Ref. 35.)
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numbers provides an estimate of the relative improvement or degradation in performance
for the candidate material relative to that of the material in the database.

A robot test has been used as the basis for wear design in the development and selec-
tion of pumps and filters for recirculating fluid systems (17). Examination of used and
failed pumps had indicated that the major cause of wear failures was abrasive contami-
nants entrained in the fluid. To evaluate the wear resistance of a pump, a robot test, simu-
lating a recirculating system, was developed to provide design information. A schematic
for this test is shown in Fig. 5.82. The pump was operated at its rated conditions in this test.
The test consisted of incrementally introducing different size particles to the fluid and
measuring the flow rate of the pump after a specific interval and comparing it with the
rated value. The same amount of abrasive was added at each interval, but the size range
increased. Different cuts of AC Test Dust, which is mainly sand particles (i.e., SiO2), were
used as the abrasives, since it was representative of the type of abrasives typically found
in these systems. Survivability curves, Figs. 5.83 and 5.84, were developed for the pumps
from these data. These curves were used to compare pump designs and to investigate the
effect of different parameters, such as pressure, on wear resistance. By assuming that wear
is proportional to the amount of abrasive passing through the pump, these same curves
were used to project life (Fig. 5.85). These data also were combined with filtration data for
filters to determine the life of different filter/pump systems (Fig. 5.86). Beta in this figure
is the filtration ratio for the filter, which is used to describe the fraction of particles of a
given size that the filter will allow to pass. A graph showing that relationship is shown
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Figure 5.81 Theoretical erosion rates using the best cleaning procedure (i.e., a one-stage clean
cyclone followed by filter bed). (From Ref. 35.)
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Figure 5.82 Schematic of robot test used to develop wear design information for pumps. (From
Ref. 17.)

Figure 5.83 Survivability curve for all pumps tested. (From Ref. 17.)
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Figure 5.84 Survivability curves for different pump designs. “A”, gear pumps; “B”, piston pumps,
and “C”, vane pumps. (From Ref. 17.)
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Figure 5.85 Projected pump life for different concentrations of particles. (From Ref. 17.)

Figure 5.86 Relationship between pump life and filter characteristics. (From Ref. 17.)
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in Fig. 5.87. By using this relationship and a characterization of the amount of contami-
nation in the unfiltered fluid, the quantity and size distribution, of the particles passing
through the pump can be determined. Using this information and the survivability curves,
pump life can be determined for the particular pump/filter combination. Alternatively, a
suitable combination of pump and filter can be identified for an application.

A wear design method has also been used in the development of drilling mud pumps
that are used in oil drilling (16). In deep-well oil drilling, a recirculating system is used to
pump a thick fluid, called drilling mud, down the hole and around the drill to prevent
blowouts, to improve the drilling, and to lubricate and cool the drill bit. This mud consists
of a mixture of oil and / or water, clays, inhibitors for chemical compatibility, and other
fillers to increase its density. Even though the recirculation system contains a recondition-
ing and cleaning stage, the mud becomes contaminated with abrasives from the drilling.
The pumps used in these installations tended to have a short service life (e.g., order of 100
hr), as a result of wear. The wear design approach used to develop a more wear resistant
pump was empirical and consisted of system analysis, model development, database
development, and verification.

The wear design started with the thorough examination of used and worn pumps to
determine wear points in the pumps and to characterize the wear at those sites. The gener-
al design of these pumps is shown in Fig. 5.88. One of the wear sites that was identified was
the interface between the piston and the cylinder. Wear was observed on the cylinder or liner,
on the side of the piston, and on the end seals of the piston (Fig. 5.89). Several modes
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Figure 5.87 Beta 10 Filter Model for filtration ratios, β, which is the ratio of the particles “in” to
the particles “out.”
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of wear were identified from the morphology of the wear scars. Erosive wear was iden-
tified as taking places on the sides of the piston and the liner. There was also some evi-
dence of metal-to-metal sliding wear. Two modes of sliding wear were identified on the
seal. The lip of the seal appeared to be worn by a deformation mode that involved extru-
sion and tearing. In other areas, the wear was representative of genearl sliding conact.
From the distortion and surface morphology of the seals, which often suggested melting
and softening of the elastomer seals, it was concluded that thermal effects contributed to
seal wear. It also was observed that the seal did not contact the liner in the manner intend-
ed. This was thought to be the result of thermal expansion and mismatch. It was hypoth-
esized that with wear and distortion, the seal surface tended to trap abrasive particles,
which would then contribute to the wear of the linear. Examples of some of these features
are shown in Figs. (5.90–5.94) (see pages 283, 284, 285).

These observations and speculations led to a conceptual wear model that was based
on the hypothesis that high operating temperatures resulted in distortion of the seal and a
high wear rate for the seal material. Because of this, the effectiveness of the seal rapidly
degraded. This allowed particles to enter the interface between the liner walls and the pis-
tons. These particles then eroded these surfaces. The high temperature, distortion, and
wear of the seal material also enhanced entrapment of particles in the seal material, there-
by causing abrasive wear of the liner. Based on this model, it was concluded that, by mod-
ifying the design to cool and flush the seal area, improved life could be obtained. To eval-
uate these types of changes and to select materials for an improved pump, it was decided
to use a robot test. A specialized research test pump was built by modifying a 60-ton
punch press. This test pump was designed so that a variety of prototype piston / liner
designs could be evaluated and various parameters, such as temperature, could be meas-
ured. Samples of field mud were obtained and used as the slurry in these tests. Tests were

Design Examples 281

Figure 5.88 Beta filter models. (From Ref. (17).)
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initially performed with existing designs to insure that the robot test simulated field per-
formance. It was found that in the robot tests failure occurred in about one-third to one-
fourth of the time to that found in the field, but the failure conditions were identical. It
was therefore concluded that the test provided adequate simulation as well as some
acceleration, which is always a desirable feature. These tests were then used to evaluate
various proposed designs and materials.

In addition to these robot tests, laboratory type tests were performed to evaluate and
study specific features of these designs, such as friction and extrusion tendencies. These
tests were done utilizing prototype piston–liner assemblies.

These laboratory tests were used to develop and select a new design. To verify the
performance of this new design, field tests were also performed. Figure 5.95 shows the
comparative wear behavior that was observed in these tests for the standard and new
designs.
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Figure 5.89 Details of the pumping cylinder. “A”, overview; “B” and “C” show details of the seal
designs commonly used. (From Ref. 16.)
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5.14. ABRASION APPLICATIONS

A variety of approaches have been used in wear designs associated with several abrasion
applications. The magnetic read head case study is one such example (Sec. 5.12) of an
analytical approach. Similar approaches have been used for feed rolls in check sorting
machines and type and wire wear in dot-matrix printers (23). Empirical approaches have
also been used with success. The development of shredder hammers for sugar cane is one
such example (24). A combination of laboratory and field tests was used to evaluate
design alternatives so that engineering decisions involving cost and maintenance could be
made. The development of improved paper slitters provides another example (25,26).
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Figure 5.90 Oxidized adhered piston material on the surface of the cylinder. (From Ref. (16),
reprinted with permission from ASME.)

Figure 5.91 Damage to the heel region of the seal. (From Ref. 16, reprinted with permission from
ASME.)
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In this case, a laboratory test was developed and used to investigate the effect of various
design parameters on slitter blade life and to determine the failure criteria for these blades.
These last two examples of wear design are discussed in this section.

Shredders are used in the processing of sugar cane to facilitate the removal of the
sugar. In these machines, pivoting hammers are mounted on a rotating wheel and used to
crush sugar cane stalks (Fig. 5.96). These hammers consisted of a steel body and a
replaceable tip. Since tip damage affects the ability of these hammers to effectively shred
the cane, hammer replacement was often required and the maintenance costs were sig-
nificant. Thus, it was desirable to increase hammer life. The system analysis involved
both failure analysis and system characterization. From failure analysis, two failure
modes were identified for the hammers. One was fracture of the tips. The other was wear
of the tips. From the system analysis, it was determined that mixed with sugar cane was
stones, rocks, tramp iron, and dirt that contained silica particles. Finally, it was known that
sugar cane, itself, contained fine silica particles in their structure.

A phenomenological model was developed based on these observations. From the
morphology of the worn surfaces and the general nature of the wear situation, it was con-
cluded that the wear was the result of abrasion by the hard particles, particularly the sili-
ca and that the fracture was the result of impacts against larger stones, rocks, and iron par-
ticles. From the general nature of these two forms of damage, it was recognized that the
engineering solution to extending hammer life might involve some trade-offs or compro-
mises, particularly in terms of material selection. Wear life of the tips could be improved
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Figure 5.92 Examples of wear on the surfaces of the cylinder, “A”, and on the piston, “B” asso-
ciated with seal leakage. (From Ref. 16, reprinted with permission from ASME.)
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Figure 5.93 Melting of the seal surface. (From Ref. 16, reprinted with permission from ASME.)

Figure 5.94 Trapped particle on the surface of the seal. (From Ref. 16, reprinted with permission
from ASME.)
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by the use of hard materials to combat abrasive wear. However, these materials tend to be
brittle and fracture life might be reduced. Ductile materials, which would increase fracture
life, tend to be softer and would have poorer abrasion resistance. To identify the signifi-
cance of various factors on these two modes of damage, it was decided to use two tests.
One test was used to investigate fracture and another was primarily used to investigate
wear (but fracture data were also obtained from this test).
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Figure 5.95 Comparisons of the standard and new designs. “A” shows the difference in liner
temperature obtained in extrusion tests. “B” shows the difference in wear obtained in field tests.
(From Ref. 16.)
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To study fracture, a robot was developed, which simulated the action of the shred-
der and stone. Rock and tramp iron could be introduced via a feed chute. This test was
used to investigate the effect that different design aspects had on fracture, such as the
shape of the tips, edge conditions, and method of attachment, as well as comparing of
the materials. Some of the design features that were evaluated in this test are shown in
Fig. 5.97. It was found that even with brittle materials design features could significant-
ly reduce the tendency for fracture. The test was also used to evaluate the relative sig-
nificance of rock, stone, and iron in causing fracture. It was found that the tramp iron
was the major contributor to tip fracture. Because of the nature of the impacts involved,
the rock and stone particles tended to be fractured by the hammer, while the tramp iron
did not. The use of a magnet to remove the iron was identified as means of improving
fracture life.

Wear was studied in field tests by utilizing specially fabricated tips and mounting
them in a shredder. These tips were periodically inspected and measured for signs of wear
and fracture. Wear rates of different materials were obtained. These provided a means of
ranking and a basis for determining a maintenance schedule. Some of the materials evalu-
ated are listed in Table 5.29. Some of the wear data obtained in these tests are shown in
Table 5.30. It was found that if the hardness of the tip was greater than that of silica
(approximate hardness, Hv 700 kg / mm2), a significant reduction in wear rate occurred
(e.g., a factor of 115 × – 1110 ×). It was therefore concluded that tip hardness should exceed
1000 kg / mm2 Hv for long service life. The conclusions and data obtained in these two
experimental studies were used to develop cost effective engineering improvements.
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Figure 5.96 Sugar shredder hammer mill. (From Ref. 24.)
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Figure 5.97 Design features evaluated in the shredder robot. (From Ref. 24, reprinted with
permission from ASME.)

The design approach in the paper slitter application was also an empirical approach.
In this case, it centered around the development of a laboratory wear test apparatus, which
in turn simulated the wear that occurred in actual slitters. This apparatus was then used to
study slitter wear and to investigate the effects that various design parameters had on wear
and wear life.
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In the initial phase of the wear design slitter conditions were studied. Also worn
blades from paper mill slitters were examined to determine the wear mode(s). It was
concluded from these that the blades that were worn as a result of three-body abrasion
by the paper dust, it was found that the hard, angular particles, which are frequently con-
tained in papers, tended to be exposed, making the dust abrasive. To simulate this situ-
ation in the laboratory, a small, multiple specimen slitter was built, which allowed the
same adjustments as full-scale slitters. While the tester could slitter paper, slitting was
not used to generate the wear. Rather a mechanism was developed which could feed
paper dust to the blades. Periodically, the test was stopped and the
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wear of the blades measured. Paper was slit at these times to determine the effect of
the wear on slitting. The design of this apparatus is shown in Fig. 5.98. Several tests
were performed with and without paper dust to insure that the blades wore in the same
manner as in actual slitters. The morphology of the wear scars with paper dust had the
same abrasive characteristics observed in the application. In addition, the geometry of
the wear scars was similar. An idealized profile of a worn blade is shown in Fig. 5.99.
A profilometer technique was developed to measure the profile and to determine both
dimensions, a and b. Without the paper dust, the blades also wore but the morpholo-
gy of the wear was entirely different and characteristic of dry, sliding wear between
metals.

From prior studies of blade wear, it was known that wear life was not directly relat-
ed to the volume of wear or either of the dimensions indicated. It had been proposed that
a dimension (called the open cut distance) was the parameter that controlled life (Fig.
5.100). The open cut distance is the horizontal distance between the supporting point on
the bottom blade and the cutting point on the top blade. This was calculated from the
measured wear profile data. This hypothesis was investigated with this apparatus and
found to be valid. The maximum open cut distance that could be tolerated was found to
be a function of the paper being slit (Fig. 5.101). Typically, this dimension
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Figure 5.98 Apparatus designed to simulate the wear of slitter blades. “A” shows actual installa-
tion; “B” shows the method of introducing paper dust to the interface. (From Ref. 26, reprinted with
permission from Butterworth Heinemann Ltd.)
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was of the order of several 100 µm. Typical relationships between usage and the various
wear measures are shown in Figs. 5.102–5.104 (see pages 292, 293).

This apparatus was used to investigate the effects that different design parameters,
operator adjustments, and materials had on the open cut dimension and on life(Fig.
5.105–see p. 294). While these studies tended to confirm the selection of design settings
that had evolved over the years, they also provided the basis to further enhance life.

While the implied relationship for wear life was nonlinear, it was found that the
normal relationship for abrasive wear applied

where V is the volume of wear; P, the load; H, the hardness; S, sliding distance; and K, is
an abrasive wear coefficient. This is shown in Fig. 5.106 (see p. 295). This observation
was useful in the selection of materials and test conditions and the evaluation of test
results. Profilometer data were used to compute V.
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Figure 5.99 Profile of a worn blade. (From Ref. 26.)

Figure 5.100 Open cut distance. (From Ref. 26.)
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5.15. NUCLEAR VALUE

In this case study, three levels of wear tests were used to select materials for a check valve
used in the cooling system of a nuclear plant (27). The information obtained from these
different levels of testing was used to develop a phenomenological model for the wear
behavior. Final selection of the materials was based on this model and data obtained in
these tests. The specific material combination selected was not evaluated in these tests,
but its selection was based on the extrapolation of this information.
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Figure 5.101 Relationship between open cut distance and paper density. (From Ref. 25.)

Figure 5.102 Wear curve for wear angel. (From Ref. 26.)
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The design of the check valve is shown in Fig. 5.107. The intended use of the valve
was to prevent back-flow in the cooling system during emergencies. These valves were
designed for low usage but long installation life and to operate at 275°C and in water. The
nominal diameter of the swing disk was 18 in. During service a major wear problem
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Figure 5.103 Wear curve for tip wear. (From Ref. 26.)

Figure 5.104 Wear curve for open cut distance. (From Ref. 26.)
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was found, which resulted in the replacement of all these values in a nuclear installation.
Severe wear was found on all the bushings and the bushing were worn through in some
cases. Milder but noticeable wear was also found on the shafts. Some examples of this
condition are shown in Fig. 5.108. After new valves were installed, wear of the valves
was periodically measured and it was concluded that the valves had a service life of 7
years in the application. Since replacement of these valves was costly and undesirable, a
program was undertaken to extend the life of the valves beyond 7 years.

The operation and operating environment of these valves were studied. It was found
that these valves were used in regions of the cooling system that characteristically expe-
rienced perturbations in the flow. Hence, the valves tended to flutter continuously at about
0.5 Hz. As a result, the bearing would experience some 150,000 in. of sliding each year.
This was considerably different (orders of magnitude larger) than what was anticipated
because of the low use of the valve. Two ways of improving the life were considered.
One way of extending the life of these valves was to modify the cooling system to elim-
inate the flow perturbations where these valves were used. This was considered to be
impractical. A second way was to change materials. While there was no guarantee of suc-
cess (i.e., identifying a material pair with better wear characteristics), this was the
approach selected. Because of the uncertainty of identifying improved materials for this
application, it was decided to use a less simulative but more implementable test that
would allow a large number of candidates to be evaluated. The purpose of this test was
to identify candidates for a second and more simulative test, which would be used to
select materials for a field test. The intention was to make the final selection on the basis
of the field test results.
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Figure 5.105 Variations in the wear curves for open cut distance. Failure occurred at 350 µm in all
cases. Legend indicates side load, shear angle, and overlap. (From Ref. 25.)
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With this approach, it was possible to evaluate a large number of materials in an effi-
cient manner. Candidate materials for the initial test were selected on the basis of their
hardness (since wear tends to decrease with hardness), their compatibility with the water
environment (since this was the fluid in which they were to operate), and good
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Figure 5.106 Wear curves relating volume to distance of sliding for several conditions of side load,
shear angle, and overlap. (From Ref. 25.)

Figure 5.107 Check valve. (From Ref. 27.)
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performance in similar applications. A list of some of the materials considered is shown
in Table 5.31. The first two levels of tests involved the evaluation of the initial combina-
tion (i.e., the S-6 material for bushings and the HS-25 for the shaft), so that the relative
improvement of a candidate pair could be estimated.

The first test used the geometry shown in Fig. 5.109. Tests were conducted in a 85°C
water bath at speeds of 0.5 and 0.8 m / sec. This test provided something between 1st and
2nd degree simulation of the application. In addition to using this type of test for ranking
purposes, it was also used for other purposes (see Sec. 8.1 of MWFT2E). Tests were con-
ducted at a variety of loads and surface roughness to determine how sensitive the wear was
to these parameters. Most tests were conducted for 10,000 m of sliding, which was esti-
mated to be less than 10% of the amount of sliding that takes place in a year of service.
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Figure 5.108 Worn bushings and shafts. (From Ref. 27, reprinted with permission from ASME.)
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More lengthy tests, up to 150,000 m., were run on the more promising candidates. Table
5.32 shows some of the wear data obtained in this first level of testing.

The second type of test used provided better simulation. It used the conforming con-
figuration shown in Fig. 5.110 and was conducted in a water environment with the com-
ponents at 275°C. The radii of the shaft and conforming pin were nominally the same as
those of the shaft and bushing in the application. The same load per unit length as in the
application was used and the chemistry of the water was controlled to match that in the
application. This test configuration did not simulate the reciprocating motion or the com-
plete geometry of the application (i.e., a shaft in a bushing). As a result, the test provided
2nd degree simulation of the application. Fig. 5.111 shows some of the wear curves
obtained from those tests. From these type of data, two pairs of materials were selected for
field evaluation. The material pairs were S-1 / borided HS-25 (shaft) and N-45 / borided
borided HS-25 (shaft).

Field tests were conducted by building several valves using these material
combinations and installing them in an operating system. The valves were removed
and the wear measured after 1 year of service. The data are summarized in Table
5.33. While these results indicated a significant reduction in wear, as predicted from
the prior testing, the results were not entirely as expected. The fact that the S-l mate-
rial wore more than the N-45 was not indicated by the prior data. In addition, the
data did not indicate the large shaft wear that occurred with N-45. To understand
these differences, the wear scars were carefully studied and a model proposed for
the behavior. This model centered on the lack of simulation in the second test
regarding motion and overall geometry. It was proposed that in the application wear
debris tends to be trapped in the bearing area and to act as an abrasive, thereby
accelerating wear. However, in the test configuration, the debris tended to be
removed from the contact region. It was also speculated that the alternating stress
fields in the application could increase fatigue wear effects over that occurring in a
unidirectional test. This could possibly result in a faster rate of debris generation,
compounding the abrasive action. This led to the following model for the wear
behavior. The S-1 debris, which contained carbides, was hard enough to cause abra-
sive wear of the parent material but not hard enough to abrade the borided surface.
With the N-45, the wear debris contained borides, which abraded the borided sur-
face of the shaft. Shaft wear debris then accelerated the wear on both members.
Without the borided layer on the HS-25 material, there was evidence from the prior
testing that wear debris from the N-45 would become imbedded in the surface
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Figure 5.109 Configuration of the initial apparatus.

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-266.jpg&w=205&h=128


298 Chapter 5

Figure 5.110 Configuration of the second apparatus, which provided better simulation. (From
Ref. 27.)
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of the HS-25, improving the wear resistance of that surface. While no tests were done
to verify this model, support for the various elements of the model was found in the
published literature.

Because of its superior performance in the field tests, N-45 was selected as the bush-
ing material. Uncoated HS-25 was selected as the shaft material because of the accelera-
tion of wear by the borided coating debris that was deduced to occur with this
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Figure 5.111 Wear results obtained with the second apparatus. “A” shows the pin wear, “B” shows
system wear (i. E., pin war plus shaft wear). (From Ref. 27.)
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material. Using the wear data from the field test for the N-45, which is considered to be
significantly higher than what which would occur without the borided layer, wear life of
the bushing would be 11 years, compared to the 7 for the original material. Using data
from the second test, it was estimated that wear rate for the unborided shaft would be 0.25
mm / year, which is approximately three times that for the original. In 11 years, shaft wear
would be less than 3 mm, which was acceptable. Therefore, for this combination life was
still determined by bushing wear and the new material pair was therefore expected to pro-
vide at least a 1.6 times improvement in life.

5.16. PLUG VALUE

Galling was the wear mode in this case study and an empirical approach was used to
develop a number of general recommendations for applications where galling tends to
be a concern. The test method that was used was similar to the ASTM method, G98,
which was standardized some time later (Sec. 9.29 of MWFT2E).

The application, which initiated the wear design, was a plug valve used in a chemi-
cal piping system, similar to the plug valve shown in Fig. 5.112 (28). These valves had a
tapered plug, which was lapped to fit the tapered body cavity of the valve. In order to pre-
vent leaks tight tolerances, smooth finishes, and large apparent areas of contact are char-
acteristics of these designs. These valves were stationary most of the time and only occa-
sionally operated. With use these valves frequently developed leaks and became difficult
to operate. In the extreme seizure would occur. When valves that exhibited these problems
were disassembled and examined, localized regions of galling were observed (i.e., local-
ized regions of material transfer and high plastic deformation). A study was initiated to
determine better combinations of materials to minimize this tendency, the effects of vari-
ous material properties on the tendency toward galling, the influence of load and pressure
on galling, and the effect of surface roughness parameters on galling. To simulate the con-
ditions of the applications, a tester was developed in which two flat rings were pressed
together and rotated  90°. The samples were then separated and the surfaces examined for
signs of galling. The apparatus developed is shown in Fig. 5.113, along with a picture

300 Chapter 5

Figure 5.112 Plug valve. (From Ref. 28, reprinted with permission from ASME.)
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Figure 5.113 Apparatus used to evaluate galling, “A”, and tested specimens “B”. (From Ref. 28,
reprinted with permission from ASME.)
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of a specimen pair after a test. This tester provided the large conforming contact area,
pressures, and typical motion of these valves.

Two methods were used to characterize the effect that the various parameters had
on galling. In one method, the test was repeated with increasing loads to determine the
critical pressure at which galling just occurs. The onset of galling was determined by
carefully examining the surfaces for signs of transfer and deformation after each test; the
higher the critical load, the lower the tendency for galling. In the second method, the area
of the galled region was determined; a larger area indicated lower galling resistance.
Some of the material rankings obtained with the first method are shown in Fig. 5.114.
Some of the results related to surface roughness are shown in Fig. 5.115. The type of
data obtained from the second method is illustrated in Fig. 5.116. It can be seen that
either method provided a means of differentiating galling resistance of materials and the
evaluating the effect of different conditions on galling resistance.
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Figure 5.114 Threshold stresses for galling, based on optical examination. Hardness of the 316
specimens was Rb90; Tribaloy 400, Rc48; Stellite 6, Rc42; Nitronic 60, Bhn 200. (From Ref. 28.)
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Figure 5.115 Effect of surface finish on galling. (From Ref. 28.)

Figure 5.116 Galling area as a function of pressure. (From Ref. 28.)
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From the database that was developed, a more galling-resistant material pair and
surface roughness conditions that reduces the tendency for galling were selected for this
application, which resulted in improved valve performance. In addition, this information
resulted in the formulation of several rules (or guides) for designing devices for which
there was an exposure to galling. These design recommendations are shown in Fig. 5.117.

5.17. SCREWNUT–SPINDLE

This case study provides an example of a very systematic approach in the characteriza-
tion of the wear situation and the development of a test to select materials for a specific
application. It involves the development of an improved screwnut–spindle design for an
airplane-landing flap (29). The initial design, shown in Fig. 5.118, needed to be replaced
after every 3000 landings, because of wear between the nut and the spindle. The purpose
of the redesign effort was to improve the life of this device by the use of different mate-
rials for the both the spindle and the nut. The approach taken was empirical. A simulative
wear test was developed to evaluate different material pairs and used to select the most
promising pair for increasing the wear life. Field tests were then performed using the new
combination before a complete change over to the new design was implemented.

The starting point for the wear design was examination of the operating conditions
and used parts. Avery detailed characterization of the operating conditions was developed
from these examinations, as well as a characterization of the wear mode. A summary of
these characteristics is shown in Fig. 5.119. Fig. 120 (see p. 306) shows a photograph of
a typical wear scar on the spindle. It was concluded from these that a compound mode of
wear existed. The wear was a combination of abrasive wear, caused by contamination of
the grease by dirt during landings and takeoffs, and lubricated sliding wear. Abrasive fea-
tures of the wear can be seen in Fig. 5.120. Sliding wear features can also be seen. In addi-
tion features suggestive of adhesive wear (i.e., transfer) were often found on worn parts.
It was decided to develop a simulative test, using a pin-on-ring apparatus (Fig. 5.121–see
p. 306). In this apparatus, the spindle material was used for the ring and
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Figure 5.117 Design rules for applications prone to galling. (From Ref. 28.)

Figure 5.118 Spindle and screwnut assembly. (From Ref. 29, reprinted with permission from
ASME.)
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the nut material was used for the pin. A comparison of the test parameters and those of the
application are shown in Table 5.34. The test conditions did not match the operating con-
ditions in all cases, primarily because of limitation associated with the apparatus. For
example, the large load and contact areas of the application could not be duplicated
because of size limitations associated with the apparatus. However, it was determined that
while there were differences, the morphology of the wear scars in the application and in
the test was similar.

Because of the mixture of sliding and abrasive wear in the application, a key ele-
ment to the simulation was the use of contaminated grease as a lubricant. The amount of
Norwegian sand that was added to the grease to provide simulation was selected by a cut-
and-try procedure. Tests were run without lubrication and severe transfer, uncharacteris-
tic of the application resulted. With uncontaminated grease, significant transfer still
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Figure 5.119 Characterization of the spindle–screwnut tribosystem. (From Ref. 29. Reprinted with
permission from ASME.)
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occurred and the abrasive features were absent. With the addition of the sand, abrasive fea-
tures were introduced and transfer was further reduced. By trying several different ratios, it
was concluded that the 7 / 4 ratio resulted in a morphology that was most similar to the mor-
phology occurring in the application. The results of these tests are shown in Table 5.35. It
was also found that with this ratio, the average wear factor for the original materials (i.e.,
wear, volume / load × distance) was similar in the test and in the application.

Material candidates for the application were selected on the basis of availability,
machinability, and cost. They included a variety of bearing materials, both metallic and
polymer, for the nut and a variety of coated and uncoated steels for the spindle. Three
filled fluorocarbons and electroless nickel coated steel combinations were identified as
replacement candidates. Test results for these combinations and the original material pair
are given in Table 5.36. It was anticipated that a 30-fold improvement in life might be
achievable with these combinations. Partial results of field tests with these pairs have
indicated that the actual improvement was greater than a factor of 10.
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Figure 5.120 Wear scar on spindle, showing sliding and abrasive wear features. (From Ref. 29.
Reprinted with permission from ASME.)

Figure 5.121 Pin-on-ring apparatus used to stimulate spindle/screwnut wear. (From Ref. 29,
reprinted with permission from ASME.)
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5.18. CARDAN JOINT

An empirical approach was used in this case study. The wear design started with an inves-
tigation of the application and determination of operating and environmental parameters.
Two wear testers were then designed and built to simulate the wear condition of the appli-
cation. One provided a constant load but could accommodate several specimens, facili-
tating the development of a database. The other tester provided dynamic loading condi-
tions, more representative of the application but could only accommodate a single spec-
imen. Tests with these apparatuses were used to investigate the effect of several
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factors on wear and to evaluate materials for use in this application. Conceptual mod-
els were developed for the observed effects and related to the application. The data and
information developed were used to improve the existing design.

This wear design approach was used to identify design improvement for a cardan
joint to reduce maintenance (30). The cardan joint was used in roll-drive spindles used in
a steel mill. The configuration of the spindles and the joints are shown in Fig. 5.122.
During operation, reciprocating sliding occurred between the slipper pads, the joint head,
and the wobbler causing wear. The joint was designed to accommodate replacement of
the slipper pads. In an effort to confine the wear to these pads, copper alloys or polyimides
were generally used for the pads and hardened steels for the joint head and
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Figure 5.122 Steel mill roll-drive assembly and the cardan joint (inset). (From Ref. 30, reprinted
with permission from ASME.)
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wobbler. However wear, sufficient to require their replacement, frequently occurred on the
counterfaces as well. The purpose of the wear design was to identify improvements to these
designs that would extend life, particularly of the joint heads and wobblers, and result in
significantly reduced maintenance costs.

From a study of the operating conditions, it was concluded that the interface condi-
tions could nominally be described as a heavily loaded flat-on-flat contact with mixed or
boundary lubrication. The load tended to fluctuate and that the reciprocating motion was
sinusoidal. Abrasives from the steel mill environment were found to contaminate the
lubricant and the interfaces. This tended to be particularly severe for the joints near the
roll, since shielding could not be used in that location. It was decided to simulate these
conditions in a wear tester and to use the tester to study the effects of different materials
and other design parameters on wear. Among these were the effects of pressure, lubrica-
tion rate and type, and load fluctuation on wear. To provide adequate simulation, it was
considered necessary to match the basic contact geometry, motion, pressure, lubrication,
and contamination conditions in the application. Two testers were developed for this sim-
ulation. One was a multi-specimen tester that maintained a constant load. The other used
a single specimen but had the capability of providing an oscillating load, which could be
used to simulate the fluctuating load condition in the application. Both used the same type
of specimens (Fig. 5.123). The simulation that these two testers provide is illustrated in
Table 5.37. The table summarizes the conditions in the two testers and the application.

For metals, wear was measured in terms of weight loss. For plastics, because of their
lower density, this was impractical. For these materials, the wear was measured in terms
of changes in specimen thickness. Friction was also measured in many of the tests, as well
as temperature of the specimens. Frequently, the state of the worn specimens was analyzed

Design Examples 309

Figure 5.123 Wear specimens used to simulate cardan joint wear. (From Ref. 30, reprinted with
permission from ASME.)
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by other techniques, such as SEM examination and microhardness measurements, to gain
a more compete understanding of the wear. These examinations were used in the devel-
opment and verification of conceptual models for observed trends in wear behavior. Wear
curves (i.e., wear vs. sliding distance) were obtained by intermediate measurements dur-
ing tests of standard duration. Typical wear curves from these tests are shown in Fig. 5.124.
The amount of wear at the end of these tests was used to evaluate the effects of various
factors on the wear of the individual counterfaces and of the system.

Consideration was given only to those materials whose properties were consistent
with the general requirements of the application. In effect, this limited the materials con-
sidered to those already in use or to materials whose manufacturing characteristics, cor-
rosion resistance, mechanical strength, and thermal characteristics were similar. A list of
some of the materials selected and evaluated is shown in Table 5.38. Wear results for
several plastic / steel pairs are given in Fig. 5.125 (see p. 313). These data illustrates
some of the factors, such as pressure and processing, which were considered in the wear
design. From subsequent analysis of the worn specimens, it was concluded that the supe-
rior wear performance obtained with the carbon fiber-filled polyimide was the result of
better thermal conductive and higher strength obtained with this fiber.

The effect of fluctuating load on wear was also investigated (Fig. 5.126–see p. 314).
It was concluded that two effects were likely involved. One was an improvement in lubri-
cation as the result of a pumping action caused by the load fluctuation. The other was the
increase in wear associated with peak contact stress (load).

Another factor that was investigated was the relative hardness of the two counter-
faces. This was considered to be an important factor, since it was desirable to have most
of the wear to occur on the pad rather than the wobbler or head. Fig. 5.127 (see p. 315)
shows such a comparison. As can be seen in this figure, an optimum condition was also

310 Chapter 5

Copyright © 2004 Marcel Dekker, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch5&iName=master.img-286.jpg&w=337&h=231


Design Examples 311

Figure 5.124 Wear curves obtained with Test Rig II. “A” shows the influence of dynamic load
amplitude; “B” shows the influence of different lubricants. (From Ref. 30.)

found to exist with this variable, relative hardness. This was explained in terms of the
interaction of three effects. One effect is the tendency for the steel to wear more as the
hardness of the counterface increases. The second is the tendency for the adhesion effects
to increase the wear of the copper alloy as its hardness is lowered. The third is an increase
in abrasive wear of the steel as a result of copper alloy wear debris. SEM studies of the
worn surfaces confirmed these effects.

Tests were also conducted to evaluate other effects. This included evaluating
different greases and oils, different rates of lubrication, and the effect of contamina-
tion on wear. From the results of these tests design recommendations were devel-
oped, which resulted in improved performance. Some of the modifications were opti-
mizing hardness differences, optimum metallurgical structure for copper alloys, use
of carbon fiber reinforcement for polyimides, and replacement of polyimide pads
with copper alloy pads when there is an exposure to contamination by hard particles.
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5.19. ELECTROMAGNETIC CLUTCH

This case study provides an example of the use of mathematical simulation of coupled
wear and functional behavior. In this wear design, mathematical models for both function
and wear were used to investigate the effects of various design parameters on performance
and life (31).

Electromagnetic clutches are frequently used in computer peripheral applications for
the transmission of intermittent motions. Examples can be found in high-speed printers,
where the paper motion is stopped for each line of print, and in tape drives, where the
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Figure 5.125 Wear of various plastic/steel couples. (From Ref. 30.)
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tape is continually stopped and started. Transmission of torque and start / stop times is
significant functional characteristics of these applications and long wear life is desirable.
The design of a typical clutch used in these applications is shown in Fig. 5.128. An elec-
tric current is used to create a magnetic field, which is transmitted through the metal rings
of the rotor and the metal plate of the armature. This causes the stationary armature to be
pulled against the surface of the rotor, which is in motion. As a result of friction between
the two surfaces, torque is transmitted across the interface, which causes the armature to
accelerate until its speed matches that of the rotor. During this acceleration period, rela-
tive slip occurs between the two surfaces and results in wear. A similar situation occurs
when these devices are used as brakes. However, in those cases, the armature is initially
moving and the rotor is fixed. Slip occurs until the armature is stopped.
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Figure 5.126 The influence of load fluctuations on the wear. “A” shows wear curves for a static
load and different amplitude of fluctuating load. “B” shows the effect as a function of the ratio of
the amplitude of the fluctuation to the average load. (From Ref. 30.)
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Figure 5.127 The effect of relative hardness on wear. The data are for Cu alloys of different hard-
ness sliding against a 230 HV 10 steel counterface. A hardness differential of 80 HV 10 results in an
optimum wear condition. (From Ref. 30. Reprinted with permission from ASME.)

Figure 5.128 Disk clutch design. (From Ref. 31.)
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An important design parameter for response time of these devices is the air gap
between the rotor and the armature, when unactuated. Wear tends to increase this gap and
results in degraded performance. For small amounts of wear, it is often possible to read-
just the device to give the desired performance. However, after large amount of wear, it
is necessary to replace the device.

Typically, a soft iron or similar material was used for the armature and the inner and
outer rings of the rotor to avoid residual magnetism. The material, located between the
rings of the rotor, was a filled plastic. While called a friction material, the main function
of this material was to influence the wear life of the device. The coefficient of friction
between this material and the armature tended to be much lower than between the rings
and the armature. As a result, the torque was primarily transmitted through the ring-arma-
ture interfaces. Wear life, on the other hand, was known to be a function of both the fric-
tion material and the metals used for the rotor and armature. Since this was the case, one
way of improving the wear resistance of these clutches was the use of hardened or hard-
er steels as the ring and armature materials. In considering the use of these harder mate-
rials, two concerns were identified, which were both associated with the magnetic prop-
erties of these materials. One was the effect that these harder magnetic materials might
have on functional performance (e.g., a possible reduction in torque because of poorer
magnetic properties). The other one was residual magnetism causing the armature to
remain in contact with the rotor when unactuated. Both of these could result in more slip
at the interface, tending to increase wear. It was concluded that it was necessary to eval-
uate the effect of such a material change in context of the overall system, including per-
formance aspects and material interactions. To investigate the feasibility of such changes,
it was decided to analytically model the wear behavior of a clutch.

For the purposes of analysis, it was assumed that the design could be simplified to
the one shown in Fig. 5.129 and that only wear of the rotor needed to be considered. It
was also assumed that Zero and Measurable Wear Models for Sliding could be used to
describe the wear of each material. For the contact geometry, these models provide the
following expressions for the wear rate of each member:
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Figure 5.129 Model used for disk clutch. (From Ref. 31.)
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where W is the depth wear rate; µ, the coefficient of friction; Γr, the zero wear factor; τy,
the yield point in shear; and P is the contact pressure. The subscripts, fm and r, indicate
the friction material and ring material, respectively. At any stage in the life of the clutch,
it was assumed that the pressure on each member was different. It was concluded from
examinations of worn rotors that the ring tends to protrude above the friction material
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Figure 5.130 Unloaded clutch after initial wear. (From Ref. 31.)

Figure 5.131 Clutch force-time profiles. “A” for the case where there is no residual magnetism
present; “B”, when there is. (From Ref. 31.)
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(Fig 5.130). Assuming this to be the case and that uniform contact occurs when the arma-
ture is in contact, it can be shown that the pressure on the two members at any stage of the
wear is as follows:

where P is the pressure on the member, F, the total load created by the magnetic field; W,
the wear depth on each member; E, the modulus of each material; A, the areas of each
member; and L is the thickness of the two members. Two functional forms that were
based on magnetic theory and data for electromechanical devices were assumed for F.
These are illustrated in Fig. 5.131. The amount of drag and the rise time were a function
of assumed magnetic properties.

Using these basic relationships, a set of simultaneous differential and algebraic equa-
tion were developed which described both the functional and wear performance of the
device (Fig. 5.132). These equations were solved numerically for several different
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Figure 5.132 Equations used to describe the operation and wear behavior of the clutch. (From
Ref. 31.)
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conditions to determine trends. One set of conditions, shown in Table 5.39,
described a clutch for which there were functional data and as well as some limited
wear data. These data were used as a reasonableness check on the model. The results
of several of these numerical simulations are shown in Figs. 5.133–5.136. Since a
scaling factor was used for wear in the calculation to conserve computer time,
absolute time is not indicated on these graphs. It can be seen that after an initial
period, the torque and wear rate tended to stabilize for all conditions considered.
This behavior was also observed experimentally for this clutch. Additionally, there
was good agreement between the torque and response time predicted by the model
and those measured. The model also demonstrated the beneficial effect of the fric-
tion material on the overall wear behavior that had been found to be the case in prac-
tice. As a result, it was concluded that this model for clutch behavior
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Figure 5.133 Friction material wear curves for different design conditions. (From Ref. 31.)
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Figure 5.134 Ring wear curves for different design conditions. (From Ref. 31.)

Figure 5.135 Pressure change on the friction material for different design conditions. (From Ref.
31.)
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could be used to evaluate the feasibility of material changes to obtain improved wear
performance.

From simulations of the wear and performance behavior for different design
parameters, it was concluded that harder materials could be used for the rings and arma-
ture to obtain better wear life without the loss of functional performance. In fact, he
analysis indicated that some improvement in functional performance was possible with
harder materials. The model predicted more stable behavior and higher torque with hard-
er materials.
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Figure 5.136 Changes in torque as a result of wear for different conditions. (From Ref. 31.)
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6
Problem Solving Methodology

6.1. GENERAL

Problem solving is different than wear design. With wear design, the potential for wear
is anticipated and the approach involves selecting or determining design parameters to
obtain the desired wear life or performance. With problem solving, the wear problem is
generally not anticipated and the focus is to identify measures to eliminate the problem.
A common problem-solving situation is one in which there is some prior experience of
good or acceptable wear behavior for a design or devices and unacceptable wear behav-
ior is suddenly encountered. The presumption in these situations is that the difference in
wear behavior can be traced to some specific difference with the prior situation, such as
out-of-specification parts, improper adjustment, or a change in the wear environment.
Once these differences are identified, corrective action can then be taken to eliminate the
wear problem. When the basic wear conditions are the same in the two situations, these
actions frequently involve quality control improvements or tolerance refinements. When
there is a difference between the operating conditions of the two situations, more sub-
stantial changes are often required, such as material changes or modifications of the
overall design. In this case, a wear design approach might be used to improve the wear
performance.

While details of problem-solving approaches tend to vary with the nature of the
application, there are some common elements and a general methodology can be identi-
fied. This methodology involves three major elements or activities—failure analysis,
hypothesis development, and testing—which are similar to those elements identified in
wear design. They are also elements of a wear analysis approach (1). Compared to a wear
design methodology failure analysis replaces system analysis, hypothesis development
replaces model development, and testing replaces data base development and verifica-
tion. Because of the similarities in these elements, problem-solving activities can often
become similar to a wear design approach, particularly when the difference in wear
behavior can be traced to difference in operating or environmental conditions. Each of the
three elements of the problem-solving methodology is discussed in greater length in the
following sections. Also in this section several case studies are presented, which illustrate
problem-solving approaches.

Additional examples of problem solving can be found in Ref. 1, as well as addi-
tional discussions of different aspects of problem solving. Additional information on
techniques and methods used for the examination of wear scars can also be found in
Ref. 2.
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6.2. FAILURE ANALYSIS

Failure analysis is the starting point for all problem-solving approaches. Its purpose is
to provide a basis for the development of working hypotheses for the wear, which are
then used to identify possible corrective actions. To develop these hypotheses, three
aspects need to be included in the failure analysis. One is an examination of the wear
scars to characterize the wear, the second is an evaluation of the overall application to
determine operating conditions, and the third is an evaluation to determine if parts
were within specification. The sophistication and depth of these activities need not be
the same. However, it is generally desirable to start each with techniques and methods
that provide a general or macro-characterization, before proceeding to micro-charac-
terization and more refined levels of analysis, which provide very specific details.
This initial macro-phase would include determining the macro-features of the wear
scars, nominal operating conditions, and determining if the parts conform to the spec-
ifications. There are both logical and practical reasons for proceeding in this manner.
One is that the macro-level often provides a different perspective and different infor-
mation than that which can be obtained from micro-techniques. This perspective is
generally needed to provide overall guidance to any further analyses (e.g., selection of
more sophisticated and refined techniques and the proper utilization of the informa-
tion obtained from them). Also, in some cases, the information obtained from the
macro-phase might be sufficient for engineering resolution of the problem. Since the
techniques and methods used in the macro-phase are typically more easily done and
less expensive than the more refined and sophisticated levels of analysis, this
approach also tends to reduce the cost and effort associated with failure analyses.

The initial macro-phase should characterize the wear and should include unaided
and low magnification optical examination of the wear scars, the worn parts, and the
counterfaces involved. These techniques provide general information such as the location
of the wear scar, overall dimensions of the scar, general nature of the wear, and features
of the counterface that may be important. Various micro-techniques of surface and mate-
rials, analysis can then be used to supplement and complement these observations.
Perhaps the most routinely used and useful micro-technique for engineering applications
is scanning electron microscopy (SEM) analysis. SEM analysis provides a means of
studying the morphology of wear scars and, because of the various measurements modes
associated with most SEMS, some information about the composition of the surfaces, as
well. Examinations by cross-sectioning, high magnification optical microscopy, Auger
analysis, electron spectroscopy for chemical analysis (ESCA), and secondary ion mass
spectroscopy (SIMS) are examples of other micro-techniques that might be used in the
characterization of the wear. Generally, the selection of these techniques and the regions
to be analyzed by them are guided by the results of the macro- and SEM analyses.

The same initial techniques of examination used for the characterization of the wear
are also important in the characterization of the operating conditions. These techniques
can often point to possible problems with alignment, lubricant supply, changes in the
nature of the environment (e.g., contamination), and possible out-of-specification condi-
tions that might contribute to or be primarily responsible for the unacceptable wear. In
addition to these, other techniques are often required for characterization of operating
conditions. A variety of experimental and analytical techniques may be required for the
characterization of the operating conditions. These included measurement and analytical
techniques to determine loads, velocities, environmental conditions, flow patterns, etc., as
well as a variety of mathematical analytic techniques, such as mechanical static and kine-
matic analyses, finite element modeling (FEM) analysis, thermal analysis, and fluid
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flow analysis. Many of these techniques and methods can be done with varying degrees of
sophistication and rigor. When possible, it is often desirable to use the less rigorous forms
in the first or macro-stage of the failure analysis and to use those results to determine the
need for a more rigorous application of the technique.

For the characterization of the operating conditions, it may also be necessary to
include the evaluation of performance characteristics and properties of other compo-
nents or parts which have an influence on the operating conditions at the wear interface.
An example of this would be the need to characterize the performance of an oil pump
when variations in the amount of lubricant supplied to the wear interface might be
responsible for the high wear.

Typical macro-phase examination techniques of parts are those used to determine
nominal composition, surface measurements of hardness, surface roughness, and criti-
cal dimensions. These techniques can be augmented by more sophisticated techniques,
such as metallurgical analysis techniques, more refined methods for determining com-
position, Tg (glass transition temperature) measurements, more complete roughness
characterization, and SEM surface characterization, as required.

When performing a failure analysis, it is important to recognize that wear is a sys-
tem property and the large number of factors that can influence wear behavior. In doing a
failure analysis each of these factors should be considered, characterized, and evaluated
for possible significance in the current situation. Considering the effect of these factors on
the individual wear mechanisms and the contribution of that mechanism to the overall
wear behavior can often do this. However, it should be kept in mind that there could be
more than one mode of wear involved and that several factors could be responsible for the
wear behavior. The operational classification of wear and its relationship to wear mecha-
nisms (see Sec. 1.5 and Table 1.1) can also be useful in guiding the failure analysis and
assessing the significance of various parameters and factors on wear behavior.

A technique that is very useful in failure analysis is the comparison of failed sys-
tems and parts to those exhibiting good wear behavior. The same methods of analyses
should be used on each type and any differences that are observed should be evaluated as
to its significance in the wear. Another approach that is often useful is to examine the data
obtained and the observations made to see if they are consistent with the conception of
how the device should operate and wear. If there are inconsistencies, they should be
explored since the reasons for them may account for the unexpected wear behavior.

6.3. HYPOTHESIS DEVELOPMENT

The purpose of this element of the methodology for wear problem solving is the devel-
opment of the theory or model upon which the solution is based. To do this, these mod-
els should provide a complete explanation for the unacceptable wear in the particular sit-
uation. It is generally necessary to include in these models aspects beyond those associ-
ated with physical wear mechanisms. In many engineering situations, the key elements
of the model are often associated with these additional elements. Examples are the addi-
tional aspects that are often needed to provide the explanation for the exceptionally high
loads that are responsible for the unexpected high wear or the reduced amount of lubri-
cation that is the cause of the short wear life. Quantitative and analytical models, such as
those used in wear design, can be used in establishing the solution. However, they gen-
erally are not necessary. Typically, qualitative and phenomenological models, which may
be somewhat heuristic, are sufficient in many engineering situations.
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These models evolve from the findings of the failure analysis and knowledge of
wear and wear behavior. By considering this information, it is generally possible to pro-
pose one or more models for the wear behavior. These models are basically in the form of
tentative or working hypotheses that need to be evaluated. While additional data from con-
tinued failure analysis activity can often be used to evaluate and eliminate some of the
hypotheses, some amount of testing will be required to establish the final model. As a min-
imum, this would be a verification test of the solution. In many cases, however, simula-
tive laboratory robot or machine tests might be required to evaluate these hypotheses prior
to the identification of a solution.

Quantitative relationships for wear and wear behavior can often be helpful in these
evaluations, since the comparison of the wear projected by these relationships and actual
wear behavior can be used to test the validity of models and for the refinement of proposed
models (1).

6.4. TESTING

The remaining element of the methodology is testing. Testing is always an element
in problem solving. While this is the case it may be required and used for a variety
of purposes. These include determination of the effect of various parameters on the
wear behavior, selection of parameters values or materials for resolution, character-
ization of operating conditions, development and evaluation of models, as well as
verification of the proposed solution. Not all problem-solving situations require
testing for all of these purposes. However, testing to verify the proposed solution is
always necessary and may simply take the form of monitoring wear performance of
the device after the changes have been introduced. Wear tests used in problem solv-
ing can be of several types, namely, simulative laboratory, robot, field or machine
tests. The type of test used tends to vary with the purpose of the test. Typically, sim-
ulative laboratory tests are used to evaluate the effect of different parameters on
wear and to select materials and material conditions. Testing to evaluate the effects
of parameters (e.g., load, surface roughness, and lubrication) and to select materials
and processing parameters are examples of this. When it is difficult to provide ade-
quate simulation in a laboratory test, robot or field tests may be used for these pur-
poses as well; however, these type of tests tend to be more complex and difficult to
control than laboratory tests. While this is the case, robot and field or machine tests
are typically needed for the characterization of operating conditions and to evaluate
models. Field or machine tests are required to verify the solution.
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7
Problem Solving Case Studies

7.1. INTRODUCTION

In this section, several examples of problem solving approaches are used to illustrate the
general features of the methodology. These examples involve unique wear situations. In
the discussions of these case histories, emphasis is therefore placed on the more gener-
al aspects of the problem solving activities, rather than on the details of the individual
activities used in establishing the solution.

7.2. CARD EDGE CONNECTOR FRETTING

This case study describes the problem solving approach used to resolve an unanticipat-
ed wear problem found in an application of a card edge connector system. The connec-
tor system was used to attach printed circuit cards to a printed circuit board, which
formed part of a cage or rack assembly. In these applications, the cage was mounted to a
machine frame. Figure 7.1 shows an illustration of the connector system and the gener-
al configuration involved in these applications. The female portion of the connector sys-
tem, which was soldered to the board using a pin-in-hole technology, consisted of one or
two rows of opposing spring contacts in a plastic housing. These springs mated with con-
tact pads along the edges of printed circuit cards. Inserting the cards into the slot and actu-
ating a cam, which causes the springs to move out and contact the pads, makes the elec-
trical contact. During this engagement, the springs slide across the pads, providing a wip-
ing action of 0.01–0.020 in. to remove non-conducting material from the contact regions.
This wiping action, which is designed into the contact system, results in wear of the con-
tact system. Wear is a concern with these contact systems because of the possibility of
wear-through of the noble metal platings, which are used to prevent oxidation of the
underlying conductor, e.g., Cu. With wear-through non-noble underlayers are exposed
and corrosion may take place, leading to increases in contact resistance and failure.

The pads for this connector system had Au surface layer, approximately 100–150
µin. thick, and 80–120 µin. Ni underlayer, on an electroplated Cu substrate. The springs
had a 100–150 µin. Pd–Ni surface layer coated with a 10 µin. flash of Au, on a 75–100
µin. Ni underlayer over a Be–Cu substrate. The contact surface of the spring was spheri-
cal, with a nominal radius of 0.025 in. The normal forces exerted by the springs were nom-
inally 175 g, with a tolerance range of 125–225 g. The pads were also coated with a thin
coating of a polyolester lubricant.

During development of this contact system, insertion wear (i.e., the wear associ-
ated with actuation and deactuation) was a prime concern. Using basically empirical
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approaches, insertion wear behavior was investigated extensively and it was established
that the wear life of the design was significantly greater than the 50-actuation / deactua-
tion actuation cycles required. While not determined, it was estimated that the wear life
for these contacts was in the range of 100–200 cycles. Trends in insertion wear behavior
were also evaluated for a number of design parameters and used to select tolerance ranges.
For example, the effects of load, spring roughness, plating parameters, spring radius, and
lubrication on insertion wear were evaluated (1).

The potential for sliding motion and wear due to other sources, such as machine
induced vibrations, was recognized. However it was felt that, because of the high reten-
tion forces developed by these connectors and the use of additional retention mecha-
nisms, these types of motions would not be present in the applications or limited to a low
number of cycles, such as in shock situations. Therefore, wear due to these motions was
not a design factor and not characterized. Qualification tests of initial applications,
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Figure 7.1 A card edge connector system is shown in “A” “B” shows a card assembly being
plugged into a cage, which is then mounted in a machine frame or rack.
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which involved shock and vibration testing, as well as thermal cycling, supported
this position. No evidence of thermal or vibration motion was found at worst case
excitation levels that were associated with field conditions. While some motion due
to high shock level were observed, the number of these shocks expected in the field
was small in comparison to the number of insertions the contacts were able to with-
stand. Hence, motions produced by mechanical shocks were not considered to be a
factor in overall wear life.

While initially this design was evaluated and intensively studied for one applica-
tion, the use of this contact system was extended to other application each of which were
subjected to the same type of stress tests (e.g., shock and vibration) that were used for
the original application. At the end of a series of these tests for one of these applications,
an unacceptable wear condition was found. Exposed Ni and Cu were detected on a
number of card pads during routine examination of the tested hardware. The resolution
of this problem required several steps. Characterization of the observed wear, character-
ization of the hardware and components to verify that they were within specifications,
determining which stress test or tests caused the wear, correlating test conditions to field
conditions, simulative laboratory wear testing to characterize fretting wear behavior, and
the evaluation of proposed fixes were required.

Characterization of the hardware indicated that the parts were within the specifica-
tions. This eliminated the hypothesis that the unsatisfactory wear resulted from an out-of-
specification condition. Of the critical parameters measured, most were close to nominal.
However, it was observed that the thickness of the Au and Ni layers on some of the cards
tended to be near the lower limits of the specification.

Visual and low power optical examination of the cards involved in the qualification
provided more significant information. Various patterns in the wear behavior were detect-
ed that were consistent with fretting wear due to vibration and shock motions. These
examinations of pad wear patterns (Fig. 7.2) indicated the occurrence of three different
types of motion during the course of the tests. The overall length and tear drop shape of
the wear scar were characteristic of actuation and deactuation, while the chaotic wear
paths on some pads were typical of motions that are induced by shock. The exaggerated
spot at the end of some of the wear scars, which were not observed in prior applications,
suggested the existence of small amplitude oscillatory motion or fretting. It was also
observed that when this condition was found on a card, the severity of the wear in this
region was not uniform across the pads; it varied but tended to follow some regular pat-
tern over the card. More refined analysis techniques (e.g., such as SEM, EDX, metallog-
raphy, and profilometer measurements of scar depth) indicated that Ni and Cu exposure
and significant wear was confined to the fretting region at the end of the scar.

Springs were also examined for wear and exposure of sub-layers. However no sig-
nificant wear was found on the springs, including those mated with severely worn pads.
It was concluded that the problem was confined to the pad. This was consistent with data
obtained in prior wear tests and evaluations done regarding insertion wear. In these tests,
significant wear was also confined to the pads.

Based on the operational characteristics of the two wear situations, the insertion
wear data base that had been developed for this contact system was not considered to be
adequate to address fretting issues. Operationally, fretting involves a large number of
small amplitude cycles and insertion wear involves a small number of large amplitude
cycles. To extend this database to the fretting regime, it was decided to do simulative lab-
oratory wear tests. In addition to simply obtaining data in the fretting region, one purpose
of these tests was to verify that wear can be correlated to total amount of sliding
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(i.e., the product of amplitude and the number of cycles). This correlation is suggested by
the results of prior studies of fretting (2–4). This correlation was verified by comparing
wear data from several tests using different amplitudes, number of cycles, and frequencies.
It was therefore possible to characterize the wear behavior, using a single amplitude, and
to generate master curves relating wear and total sliding. This is shown in Fig. 7.3. As a
corollary, this correlation also allowed the use of total amount of sliding, as a measure of
the severity of various vibration conditions.

Since the motion was not anticipated, it was considered necessary to understand the
reason for the motion before solutions to the problem could be developed. It was also con-
sidered necessary to understand the significance of the magnitude of the wear in these qual-
ification tests. These qualification tests were primarily stress tests designed to insure over-
all reliability and not to determine wear life. These issues were investigated by repeating
some of the vibration tests to identify the causes of the motion and by conducting some
simulated field tests, using prototype hardware, to establish correlation with the stress tests
and to determine how realistic they were.

The hardware, which first showed the problem, had experienced a number of actu-
ation / deactuation cycles, a series of mechanical shock and vibration tests intended to
simulate operating and shipping environments, and a limited number of thermal cycles
simulating shipping. Since the combined number of shocks and thermal cycles was much
smaller than the number of insertion cycles required for wear-through of the Au, it was
hypothesized that the major source of this type of motion was the mechanical vibration
portion of the test sequence. Vibration tests were done to verify this and to separate and
characterize the effects of operational and shipping environments. These tests demon-
strated that both types of vibration tests resulted in motion and unacceptable wear.
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Figure 7.2 Tab wear scars, indicative of different types of motions. “A” shows the wear scars
resulting from actuation and deactuation. “B” shows wear scars resulting from mechanical shocks
to the cage. “C” shows wear scars caused by vibrations.
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However, differences in wear behavior were found for these two test conditions. Under
simulated operational conditions, the amplitude of the motion was smaller, associated
with resonance conditions in the application, and resulted from deflections. Card mass
did not seem to be a factor. For shipping conditions, the amplitudes were larger and
resulted from rigid body motion of the heavier cards. These two situations are illustrat-
ed in Fig. 7.4.
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Figure 7.3 Master wear curve for contact wear and the corresponding analytical relationship.
Worst case is for the poorest conditions allowed by the design. Best case is for the best conditions
allowed the design.

Figure 7.4 Types of card motion resulting from mechanical vibration. “A” illustrates a deflection
mode. “B” rigid body motion.
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Using data from these vibration tests and mechanical modeling, it was concluded
that the motion under simulated operational conditions, was caused by a horizontal exci-
tation to the base of the cage in which the cards were mounted. Under operating condi-
tions, this type of excitation to the cage would be provided by vibrations transmitted
through the machine frame. It was found that by inserting a slip pad between the base
of the cage and the frame, the transmission of this mode of excitation could be reduced
to the point where motion did not occur under the stress test conditions. This design
modification resolved the problem for operational conditions.

Using similar techniques, it was concluded that the vibration motion under simu-
lated shipping conditions was caused by the transmission of vertical vibrations through
the machine frame. The stress tests used to simulate shipping provided vertical excita-
tion at the base of the machine frame. Under random vibration conditions, this resulted
in the transmission of mini-shocks to the cage holding the cards, causing the cards to
move within the cage. While a similar mode of excitation was associated with opera-
tional vibration concerns, the levels in those tests were an order of magnitude lower than
for shipping and were not sufficient to overcome the retention forces. With this under-
standing ways of reducing the transmission of these vibrations to the cage and provid-
ing better retention of the cards were explored. However, none were found that could be
implemented within the constraints associated by the overall design of the machine.
Since it was not possible to eliminate the motion, it was necessary to determine the total
amount of motion that these contacts were likely to experience in the field so that this
could be compared to the amount of motion required for exposure of Ni or Cu. If the
former exceed the latter, ways of improving the wear resistance of the contact system
had to be investigated.

One way to approach this was to establish a correlation between the accumulated
motion produced in the stress test to the motion likely to be experienced in the field. This
was done by comparing wear scars produced on prototype hardware in shipping and
relocation experiments with those produced in stress tests and laboratory wear tests. Field
tests demonstrated that the problem was real (i.e., significant wear and exposed Ni was
produced in some cases) and that the total amount of motion produced in the stress test
was representative of that possible in the field. It was concluded that the stress test could
be used to verify the adequacy of proposed solutions. Using the master wear curve in
conjunction with the results of the field tests, it was concluded that somewhere between
100 and 1000 in. of sliding distance should be anticipated. Therefore a design goal of
1000 in. of sliding was established for wear life.

Examination of the wear scars produced in the stress tests and those in the labora-
tory lead to the identification of an additional wear mode that had a significant effect on
wear life under fretting conditions (5). As a result of repeated cycles of inelastic defor-
mation of the Cu substrate, the Ni and Au layers buckle and producehigh spots on the
wear surface. At these high spots, the Au was more rapidly worn away, resulting in a
localized exposure of the Ni. The end state of this process is shown in Fig. 7.5. Tests
showed that this wear mechanism was dependent on load and number of cycles and with
increased load, this mechanism was evident only after a few cycles of motion. In the load
range of the contact system, however, several thousands of cycles were required. Since
this mechanism was driven by substrate deformation, this mechanism was found to be
more pronounced with thinner Au and Ni platings than with thicker platings. While this
effect contributed to the severe wear initially observed with the thinner platings, it was
found that the phenomena still occurred with platings of more nominal thicknesses.
Consequently, the life requirement could not be met with the standard plating system.
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It was determined experimentally, that a minimum combined thickness of 600 µin. for
the Ni and Au layers was required to eliminate the mechanism. With this mechanism
eliminated, it was also found that a minimum thickness of approximately 250 µin. of
Au was required to obtain a lifetime of 1000 in. To provide a margin of safety, a new
plating system of 300 µin. Au over 300 µin. Ni was proposed as a solution to the wear
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Figure 7.5 Cross-section view of a tab wear scar, showing the upsurgence and local exposure of
underlying metallurgical layers. (From Ref. 5, reprinted by permission from Elsevier Sequoia S.A.)

Figure 7.6 Wear curves for the standard and thick plating systems and the corresponding
analytical relationships. (From Ref. 6.)
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problem associated with shipping. Stress tests confirmed this as a solution to the
problem.

Figure 7.6 compares the wear behavior of the original plating structure to the new.
As indicated in this figure, the effect of load was different for the two systems. When the
subsurface deformation mode was present, the sensitivity to load was much greater than
when this mechanism was not present. In addition to the improvement in wear behavior,
it was also found that the new system tended to reduce the amount of motion that would
occur. For the excitation levels used in the stress test, the effect was negligible. While this
was the case, some field tests showed that it could prevent motion under some conditions.
An explanation for this serendipitous effect was developed.

Vibration tests had shown that threshold levels of excitation had to be exceeded for
motion to occur and that these levels could be correlated with the coefficient of friction for
the contact. In laboratory tests, it was found that plating thickness also influenced friction
(6,7). As the platings became thicker and subsurface deformation decreased, the coeffi-
cient of friction tended to increase. Therefore, the excitation level need to cause motion in
the application was found to be slightly higher with the new plating system than with the
original. Since the excitation levels associated with shipping conditions were much high-
er than these threshold levels, motion could still occur with the recommended system but
the number of situations in which motion was likely to be reduced.

A more complete description of the vibration and shock evaluations and procedures
used in this case study can be found in Ref. 8.

7.3. EXCESSIVE CARRIER BACKSTOP WEAR

This case study discusses the resolution of a wear problem discovered in printers used in
Europe and involves the same carrier backstop whose wear design was described in Sec.
5.6. As discussed in that section, a design was developed which would limit the combined
wear at the backstop–type interface to be less than 0.0009 in. over the lifetime of the print-
er. Measurements of the wear at this interface on printers made and used in the US indi-
cated that total wear was in the range of 0.0006 in. after 60% of life. This was in good
agreement with the prediction and met the performance requirements for the printer.
However, with printers manufactured and used in Europe, print quality problems were
encountered that could be traced to excess wear at this interface. Measurements of back-
stops and type elements used for less than 20% of the design life indicated that combined
wear was often in the range of 0.01–0.02 in. Accounting for the difference in usage, these
data indicated that wear rate in machines used in the European market was one to two
orders of magnitude higher than in the US and that predicted for the design.

Backstops and types obtained from both markets were examined, compared, and
characterized as part of the failure analysis activity. On type carriers obtained from Europe,
the wear at high usage and low usage positions were similar and wear scars on the back-
stop tended to be noticeably larger than the width of the type element. This was different
than what was found on those from the US. On US parts, there was a significant difference
between high and low usage characters and the width of the wear scars on the backstop
were not significantly different than the width of the type. These latter features are the same
as those observed during verification testing during development and point to the pre-
dominance of impact wear. The former features (wider wear scars) suggest fretting wear
as the predominant mode, which had often been observed during development when there
was a problem with lubrication. However, oil was visible on the European parts as
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well as on the US parts. Before a series of working hypothesis were developed, it was
considered necessary to examine other aspects, which could potentially explain these
observations.

There were several general differences between the machines used in the US and
those used in Europe, which potentially could be factors in the wear performance.
Different manufacturing sites were used. Alternate materials, allowed by the design, were
more likely to be used for the European machines because of availability considerations.
Also, the European machines were modified to accommodate the electrical system used in
Europe (e.g., 50 cycles vs. 60 cycles). Therefore, the hardware used in the European
machines was extensively characterized and compared to those used in the US machines.
The European hardware was found to be within specifications and, except for the lubricant
used, it was determined that the critical materials were the same in both types of machines.
The same general type of oil was used in both markets but obtained from different suppli-
ers. The two oils were considered to be nominally equivalent but this was not verified for
this application. Some differences in the nominal properties of the two hardware sets were
found but none were sufficient to account for the large difference in wear behavior.
Potential differences in machine assembly procedures and adjustment procedures were
also investigated. Again, none were found that were considered probable explanations for
the observed differences. Finally, field tests showed no difference in wear behavior
between cartridges and carriers manufactured in Europe and the US.

Based on these failure analysis activities, it was concluded that the most probable
explanation for the wear was related to lubrication and was machine oriented (European
vs. US). Differences in lubrication in this type of wear situation were known to result in
orders of magnitude differences in wear rates. The general features of the wear were also
consistent with a lubrication problem and the lubricants were not identical. This prompted
a more thorough comparison of the lubrication systems in the two machine groups. This
resulted in the discovery that the clock motor used to operate the pump had not been con-
verted to a 50 cycle one. As a result, the oil supply rate would be decreased by 1 / 6 in the
European machines, which supported the hypothesis. Since both quantity and oil type can
affect wear, it was necessary to investigate both aspects. To do this, it was decided
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Figure 7.7 Wear curves from printer tests. (From Ref. 9.)
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to use machine tests, similar to those used during development to evaluate wear. The oil
supply system was altered so that oil could be supplied at different rates and tests were to
be conducted with both types of oils.

When these tests were done, the wear behavior with the two oils was found to be
identical; however, wear behavior was found to be very sensitive to oil supply rate. Figure
7.7 shows the results obtained with some lengthy initial tests. The print pattern used in
these tests involved printing at only one of the five types in the carrier. The average value
of all four positions is shown in the Fig. 7.7. A larger number of shorter tests, using
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Figure 7.8 Wear depth as a function of oil rate. (From Ref. 9.)

Figure 7.9 Ratio of wear depth at used positions to wear depth at unused positions. (From Ref. 9.)
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intermediate supply rates, were also performed and the results of those tests are shown in
Fig. 7.8. The relative magnitude of the wear at the used and unused positions was found to
change as a function of oil supply rate (Fig. 7.9).

During this phase of the investigation, pump performance was also evaluated in a
separate test and some significant observations were made. It was discovered that the
pump had a tendency to hang-up and to entrap air, both of which would reduce the
amount of lubricant supplied to the interface.

The data regarding the effect of supply rate on wear, the observations regarding
pump performance, and the use of a 60-cycle motor with a 50-cycle supply provided a rea-
sonable explanation of the high wear in the European machines. The pump was designed
to provide 90 mg / hr. The closeness of this value to the knee of the curve in Fig. 7.8 had
not been suspected. The use of the 60-cycle motor would put the nominal supply rate at
the knee of the curve, which is approximately 70 mg / hr, making the European machines
more sensitive to pump performance. The data were also analyzed for consistency with the
models used in the wear design. It was found that the wear behavior could be explained by
typical variations in the parameters of these models that are associated with lubrication (9).
The trends of the models for both used and unused position are illustrated in Fig. 7.10.

Therefore, it was concluded that a modified pump and the use of a proper motor
should correct the problem. With the implementation of these recommendations, the wear
problem in the European machines was eliminated.

7.4. PUSH ROD TIP FAILURE

Push rod tip wear in a high-speed impact printer was also discussed in Sec. 5.10. The wear
design approach involved the development of a model for tip wear that was found to be in
good agreement with the results of machine tests. The formulation and verification of the
model was done early in the development cycle. As the design of the printer was modified
during development, this model was used to evaluate the effects of the changes on tip wear.
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Figure 7.10 Trends predicted by wear models.
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Mechanical analysis indicated that these changes would result in only slight variations in the con-
tact conditions (e.g., a < 10% change in contact forces and contact times). Since contact stress
tends to remain constant for a broad range of conditions, the model indicated that wear behavior
would be insensitive to such changes. It was therefore concluded that the changes that were intro-
duced would have negligible effects on tip wear. This assessment was supported by experience
involving the successful use of these tips in prior applications; the conditions were different but
the wear behavior was similar. As a result, no specific tests were performed to evaluate the effects
of such changes. However, tips were routinely inspected during the course of normal develop-
ment testing, particularly when print quality degraded during the tests. During the last phase of
development of the printer, severely worn push rod tips were found in the investigation of a print
quality problem. Asignificant number of push rods with as little as 4 × 106 operations but more
typically in the 10–30 × 106 operations range were found to have large sections of the elastomer
tips worn off. This behavior was significantly different than expected (i.e., only a few thousands
of inch of wear after 109 operations, which was the required life). A problem solving effort was
initiated to determine the cause of the failures and to establish corrective measures.

Similar experiences had occurred with prior applications, where the poor wear
resistance was traced to quality problems in the manufacturing of the tips, such as bub-
bles, improper cure, and improper formulation. Here a similar quality control problem
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Figure 7.11 Used push rod tips. “A”shows the normal wear condition. “B” and “C” show
examples of abnormal wear.
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was initially suspected. Therefore, one of the initial actions of the failure analysis was
the physical, chemical, and dimensional characterization of tips to insure that they were
within specifications. Another action was the examination of a large number of used
tips so that the wear behavior could be characterized. Initially this consisted of low
power optical examination and in later stages SEM examinations. A wide range of wear
conditions was found in these examinations. Some tips showed no loss of materials and
a central wear scar consistent with the model. In some of these, subsurface cracks near
the rim of the cap could be detected; in others, loose flaps of elastomer, still attached to
the center of the tip, were observed. When material loss was observed, the morpholo-
gy of the surface indicated tearing and fracture. Some of these conditions are shown in
Fig. 7.11.

From these examinations, it was concluded that two distinct wear mechanisms were
involved. One was the impact wear mechanism, which results in a central scar and was
considered in the model used for the wear design. This had been the typical pattern seen
in prior tests. The amount of wear, observed in this region in the more recent tests, was
consistent with the model and acceptable. The second mechanism, which leads to the cat-
astrophic loss of material, involved the initiation of cracks near the rim and the propaga-
tion of these cracks inward and upward to form loose particles. This fatigue fracture mode
is illustrated in Fig. 7.12. The geometry of the tip suggests that the region near the rim is
likely to be a region of higher strain when the elastomer is under load, providing a site for
fatigue crack initiation. Since this mode of failure had not occurred in earlier tests, two rea-
sons for this change in behavior were considered possible. One was that design changes
resulted in higher strains in this region, which were sufficient to initiate cracks. However,
it was unknown if any of the changes were sufficient to cause this or not. The second pos-
sible factor was quality problems with the lips in current use, as had been the case with
earlier applications. For example, defects in this region could act as initiation sites or
improper cure or formulation could result in lower resistance to crack initiation. While sev-
eral quality problems were found, it was not possible to explain all failures in this manner.
Tips from lots that were within specifications exhibited this mechanism, while some tips
from lots that had quality problems did not. To investigate the relative contribution of
design changes and quality aspects, it was decided to perform printer tests, using tips from
different vintage lots and using different levels of design.

The results from these tests were analyzed using Weibull statistics. Some of the
results obtained from these tests are shown in Fig. 7.13. As can be seen in this figure,
there was a considerable range in performance. While both quality and design conditions
were found to be significant factors, the predominant factor identified was design
changes. Using tips from different lots, this was confirmed in laboratory impact wear
tests. The test configuration is shown in Fig. 7.14. The impact region was varied in these
tests and the number of cycles to initiate cracks was determined. It was found that, while
tip conditions did influence the results, the strongest effect was associated with the loca-
tion of the impact, i.e., the contact angle (10). The dependency on contact angle found is
shown in Fig. 7.15.

With these two results a detailed study of the design changes that were involved was
conducted. Using theoretical and experimental analytic techniques, it was possible to
demonstrate that two design changes caused a slight shift in the location the contact zone
(Fig. 7.16). This, in turn, caused changes in the loading conditions involving both the
location, magnitude, and type of loads involved. Values for these parameters for the orig-
inal design and the modified design are shown in Table 7.1. Finite element modeling
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showed that these changes were sufficient to cause a significant increase in local strain
near the rim of the cap. In addition, the finite element modeling was also able to explain
the major trends observed in the tests. The FEM was able to explain such effects as the
problem at the armature end being more severe than the hammer end, location of failure
in the tip, and the beneficial effect of lubrication on life, which were observed in the
machine tests.
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Figure 7.12 Stages of tip fracture.

Figure 7.13 Tip failure curves. The two clusters of curves represent data obtained with different
design levels of the printer. Variations within the clusters are the result of materials and processing
differences.
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As a result of these findings, the design was modified to reestablish the original
contact zones. In addition, improved quality and manufacturing procedures were estab-
lished to maintain consistent and required properties. With these in place, the problem
was eliminated.
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Figure 7.14 Test configuration used to investigate tip fracture. Φ is the contact angle. (From
Ref. 10.)

Figure 7.15 The effect of contact location on tip fracture.
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Figure 7.16 Contact zones for different design levels. “A” shows the region for the older design
level in which fracture did not occur. “B” shows the region for the design level which resulted in
fracture. Contact region is between arrows.
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7.5. SEPARATOR ROLL

Separator rolls are used in checking sorting machines to control the separation between
checks, allowing them to be sorted into different bins. The basic design and function of
the separator is shown in Fig. 7.17. The separator rolls need to have low inertia and con-
sisted of an aluminum hub with an elastomer layer on the outer rim. The separator roll
stops checks that are fed into them, holds them for a certain period, and then accelerates
a check into the processing stream. Both the terminal speed and the acceleration of these
checks are high. In the machine involved with this case study, the velocity of the checks
was in the range of 60 mph and the accelerations were in the range of several hundred
G’s. Slip under these high accelerations was a concern in these mechanisms, since this
would result in wear of the elastomer coating. In earlier machines, a rubber coating was
developed which gave satisfactory performance in these applications. In the new applica-
tion, the same material was used but to compensate for the higher accelerations of the new
application, traction was increased by increasing the number and width of rollers used,
thereby keeping the load per unit length comparable with that in the earlier applications.
Therefore, a wear problem in the new application was not expected. However, once the
machine reached the state of development that permitted a significant amount of usage to
occur, a major wear problem was identified. With only a moderate amount of usage most
rollers had flat spots and regions where there were a significant loss of material and, in
some cases there were regions where the elastomer layer was completely gone.

Based on past history, the initial speculation was that the new operating conditions
caused increased slip and/or higher temperature in the elastomer, which resulted in a sig-
nificant increase in abrasive wear caused by the checks. The failure analysis did not con-
firm those suspicions. Physical and chemical examination of used rollers did not indicate
any significant temperature rise that could account for a transition in wear behavior or
even a significant degradation in wear resistance. Furthermore, thermal measurements
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Figure 7.17 The configuration of the check separator mechanism is shown in ”A”. “B” shows
design details of the roller. Nominal dimensions of the roller are hub-length, 1 in.; diameter, 1 in.;
wall thickness, 0.03 in.; elastomer length, 0.5 in.; thickness, 0.03 in.
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made during the operation of the separator indicated only a slight temperature rise,
which provided support to this position. Since the elastomer used had good temperature
resistance, temperature rise was, therefore, discounted as being a primary factor in the
poor wear performance. Also, studies of the morphology of the wear scars indicated that
abrasive wear was not the primary factor.

The surface morphology of the worn rollers was studied, primarily using low power
optical microscopy, but supplemented with some SEM analysis. Three morphological
patterns were found to occur on most rollers examined (Fig. 7.18). One was a relatively
smooth surface, indicative of a mild wear process. Another was a rough surface, which
suggested the formation of large wear particles. Frequently with this morphology, a wave-
like pattern could be also be observed on the surface. The third morphology was still
rougher and suggested the loss of large chunks of the elastomer as a result of
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Figure 7.18 Morphology of used rollers. Different regions of the elastomer surface shown in “A”
indicate the existence of smooth and rough wear models. “B” shows an example of a more severely
worn surface. “C” is a higher magnification of the morphology in the rough regions.
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debonding at the interface. The wear in the smooth regions tended to be negligible com-
pared to the wear in the rougher regions and was the only type that was characteristic of
abrasive wear by paper (11,12). This was confirmed in abrasive wear tests against papers
(10,12). Figure 7.19 shows a typical wear surface produced in those tests.

The interaction of the rollers and the checks were also studied with high-speed video
techniques. Some slip was observed to occur and it was more pronounced during accel-
eration of the checks than during deceleration of the checks. Estimates indicated that total
slip time for one check was of the order of 1 msec. However, the more pronounced fea-
ture that was observed was the engagement of the leading edge of the check with the
roller. The check edge produced a noticeable amount of deformation in the elastomer. It
was hypothesized that the high strains associated with this engagement could cause a
fatigue wear process to occur, which could account for the moderately rough wear
regions. To investigate this, a special sliding wear test was developed to simulate this
behavior (Fig. 7.20) (10,12). It was found that the moderately rough wear scar morphol-
ogy could be produced by this test but not by one using a flat, smooth platen.

From these studies, it was concluded that there were three failure mechanisms
involved: interface delamination, surface fatigue from check edge contact, and paper abra-
sion. It was also concluded that the first two were the ones primarily responsible for the
functional failures observed, since the dimensional changes associated with paper abrasion
were not sufficient to cause a functional failure.

The interface problem was the easiest to solve. Enhancements were made to the
bonding process and found to be satisfactory. A materials solution was sought for the
fatigue wear. Three tests were used to compare materials: a friction test, an abrasive wear
test against paper, and a sliding wear test against the grooved steel platen. Prototype
rollers were used in these tests. The results of some of these tests are shown in Table 7.2.
Criteria for selection was that the coefficient of friction and abrasive wear resistance
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Figure 7.19 Two different magnifications of the morphology of wear scars produced in the drum
tests. “A” provides an overview of the wear specimens used and the general geometry of the wear scar.
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Figure 7.20 Contact between the check edge and roller, “A”, and the test used to simulate the wear
situation, “B”. &”C” shows the morphology of the wear scar produced in these tests. (From Ref. 10,
reprinted by permission from ASTM.)
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should be similar to or better than that of the original material and that the resistance to
fatigue wear should be significantly better. This led to the selection of the millable gum
urethane for this application.

In addition to selecting a new material, it was also decided to increase the thickness
of the elastomer layer as much as possible. This was on the basis that fatigue wear life
would be extended by decreasing the strain level and strain should decrease with increas-
ing thickness. Simple stress and wear modeling indicated that fatigue wear life should be
proportional to approximately the fourth or fifth power of the thickness. It was also
decided to increase the roll diameter as much as possible, since this would also tend to
reduce strain in the elastomer.

The amount of wear associated with abrasion over the desired lifetime was also esti-
mated (10). This was based on a linear model for abrasive wear, the wear data obtained
in the tests, and an estimate of the amount of slip obtained from the video studies. For
both the original material and the new material, the amount of wear estimated was lower
than that associated with a functional failure.

Subsequent machine evaluations with new rollers, which incorporated these changes,
indicated that the problem was solved by these changes. Field experience later confirmed this.

7.6. MOTOR BRUSH LIFE

This case study concerns wear in an electric motor used to transport paper through a
high-speed impact printer. The problem was discovered during the course of a wear
design program to optimize the selection of brush material for the motor. These print-
er applications required special motors, which could stop and start paper very quickly
at a high repetition rate. For example, these motors were required to provide accelera-
tions in the range of 100G, hundreds of times a minute. In this particular case, the appli-
cation involved more than 1000 acceleration / deceleration cycles per minute. While
there was general information and data regarding brush wear behavior, there was a lack
of relevant wear data because of the unique requirements of these applications.
Therefore, a wear design approach had been initiated to select a brush material that
would meet printer life requirements. The basic approach of the wear design was to
develop a laboratory test that simulated the conditions of the application and that could
be used to rank materials and to evaluate the effects of various parameters on brush
wear behavior. General information about brush wear indicated that transfer films on
the commutator surface played an important role in wear and that wear behavior could
be affected by mechanical and electrical factors, as well as environmental conditions.
A wear apparatus, which would allow the effects of these different elements to be stud-
ied, was built (Fig. 7.21). To verify that the apparatus simulated the application, wear
rates obtained with the apparatus were to be compared with those measured in printer
tests. In doing this, a greater than an order of magnitude difference in wear rate was
observed between two motors, which were nominally the same and operated under the
same nominal conditions. Extrapolation of data from the better performing motor indi-
cated that life would be acceptable, while that from the poorer performing motor indi-
cated a wear problem, significantly shorter life than required. A problem solving activ-
ity was initiated to determine the reason for this difference in behavior.

The problem solving activity started with the examination of worn parts. Initially
this was limited to examination of the worn brushes, since examination of the commuta-
tors required interruption of printer tests. Morphology and composition of the brushes
from the two motors were similar for both sets of brushes. The wear scar morphology
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on these brushes was compared to those obtained in the laboratory tests and no signifi-
cant difference was observed (Fig. 7.22). Test histories of both motors were reviewed for
possible differences in operating conditions. Again no differences that appeared signifi-
cant were found. Experience with the laboratory wear apparatus and test were reviewed
for some insight into the problem. In doing this review, it was observed that mechanical
instability in earlier levels of the test apparatus had resulted in much higher wear rates
than obtained with the final design of the apparatus. The wear rates differed by one to
two orders of magnitude. It was also observed that the wear rate from the better per-
forming motor was in general agreement with the wear rates obtained when the mechan-
ical instabilities were eliminated from the apparatus. Since the source of much of the
instabilities in the test apparatus was associated with the bearing system, it was specu-
lated that there might be some differences between the bearing systems of the two motors
that could lead to differences in their mechanical stability.

In investigating this possibility, a difference in shaft run-out was found between the
two motors. In the better performing motor, concentricity was found to be < 0.0002 in.
while in the poorer it was approximately 0.0005 in. Since the wear rate associated with
the better motor was consistent with the life requirements, it was concluded that the con-
centricity observed for this motor should be a requirement of the motor. With this as a
goal, the entire bearing system was reviewed and several changes were made to insure that
this new requirement would be consistently met.

The laboratory wear studies had shown that the major effect of mechanical instabil-
ity on wear was as a result of the sparking that occurred in this case. Mechanical vibration
was found to induce sparking, and sparking was found to affect the nature of the transfer
film that was formed. Examples of the films produced in the laboratory tests on the wear
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Figure 7.21 Apparatus used to simulate brush wear.
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surface without current and with sparking are shown in Fig. 7.23. A much thicker film
tends to be formed with sparking than without.

It was found that wear rates obtained with the final apparatus (vibration eliminated)
were representative of those found in motors with good concentricity (Table 7.3). From
this and morphological comparisons, it was concluded that the apparatus provided ade-
quate simulation. This apparatus was then used to evaluate the effects of several factors
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Figure 7.22 Micrographs of worn brush surfaces. “A” is the surface of a machine worn brush. “B”
is the surface of the same type of brush worn in the test.
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on wear, such as load, temperature, speed, and current pulse parameters. From these, it
was concluded that after an initial break-in period, wear volume was proportional to
distance of sliding and load. Except for the nature of the current pulse the effect of the
other parameters did not appear to be significant in the range of interest. The graph in
Fig. 7.24 shows the nature of the dependency on peak current that was typically found.
Tests with different brush materials showed that there could be considerable difference
in wear performance. Examples of this are shown in Table 7.4.

Based on these studies, it was possible to project life in the application and to select
a material whose projected life met the life requirements of the printer. Wear measure-
ments for motors used in printer test, which contained the improved bearing system and
the selected material, confirmed these projections. Ultimately these were also verified
by field performance.
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Figure 7.23 Examples of films formed on the Cu disks in the wear tests. “A” and “B” show the
films formed with and without current, but without sparking, and “C” with sparking.

Figure 7.24 The effect of current on wear rate.
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7.7. MEMORY DISK DRIVE FAILURES

Disk drives are prone to failure as a result of abrasive wear by contamination of the head
/ disk interface. A situation involving such a wear concern provides an interesting case
study (13). The initial steps of the problem solving approach, which was the identification
of the problem as one resulting from contamination, are not discussed in the reference.
However, it can be presumed that this likely consisted of the examination of used hard-
ware, comparing failed units with unfailed operating units and relating the observations
to wear behavior. Principal techniques were likely to be low power optical techniques,
SEM microscopy, and EDX analysis. Subsequent steps, involving the resolution of the
problem, are discussed in the reference.

Initial characterization of the morphology and composition of the contamination
indicated that the source of contamination was likely internal to the machine, rather than
from outside the machine. Air sampling techniques were used to collect particles circu-
lating inside the machines. Table 7.5 shows the composition and size range of the parti-
cles found. The machine was reviewed for possible wear interfaces that would produce
wear particles with these compositions. It was found that the band-stepper drive had such
an interface. The band of this unit was stainless steel and it contacted an aluminum cap-
stan (Fig. 7.25). Since the nominal operation of the unit did not involve sliding, it was
speculated that the wear was caused by incidental fretting motion between the band and
the capstan. Machines were then examined for evidence of fretting at this
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interface. Evidence of fretting wear was found in several cases (Fig. 7.26). In other units
operated for similar amounts of time, there was no indication of fretting. To verify that
fretting at this interface was the source of the contamination, units of both types were
run to collect air samples. In those units, which exhibited signs of fretting, the Fe–Cr–Al
particles were found, while in those units, which did not exhibit signs of fretting, the
particles were not found.

The next step in the problem solving activity was to determine the causes of the
fretting wear. It was concluded that poor assembly and adjustment procedures allowed
significant fretting motions to occur in some units. There was also some evidence found
that contamination of these components during assembly or prior to assembly caused
increased wear. Enhancing cleanliness and workmanship during assembly eliminated
the failures.

7.8. EROSION IN FANS AND BLOWERS

Fans and blowers are used in many stages of steel production to move hot air, generally
containing high levels of particulates and gaseous contaminants, at high speeds. Erosion
of blades and other surfaces in these applications is common and often results in the need
for frequent replacement or repair. Sometimes this is required after as little as several
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Figure 7.25 Band-stepper drive. (From Ref. 13, reprinted by permission from ASME.)

Figure 7.26 Fretting scars on the band. (From Ref. 13, reprinted by permission from ASME.)
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months of usage. An example is shown in Fig. 7.27. This case study describes an
approach that was developed to resolve erosion problems in these applications (14). The
basic premise of the approach is that the severe erosion in these applications is the result
of turbulence in the air stream. In streamline flow, the particles tend to move parallel to
the surfaces, while in turbulent flow the particles tend to impinge and cause erosion.

The general approach is this. After identifying the existence of an erosion problem,
the flow characteristics and patterns in the devices are determined and examined for tur-
bulence. Once these regions of turbulence are identified and the causes for the turbulence
are established, ways of modifying the design to eliminate or significantly reduce the tur-
bulence are investigated. If possible, the design is modified to reduce the turbulence and
the improvement evaluated. If the life is still not adequate or if it was not practical to
modify the design, hardfacing techniques for the critical areas are then investigated as a
means to improve life.

In one application design changes were sufficient. Field trials showed that the
design changes, which were introduced to eliminate turbulence, resulted in a > 10-fold
improvement in life. In the second application, design changes resulted in a significant
improvement; however, it was not adequate. In this case, a hardfacing technique was used
to further increase the life. The hardfacing increases the hardness from 200 Bhn to Rc68
in the critical regions. In the third application, it was not practical to modify the design to
eliminate the turbulence. Therefore, the critical surfaces were hardfaced to give a moder-
ate fourfold improvement. Assuming that the hardness of abrasive is greater than the sur-
face, this fourfold improvement is approximately what would be projected by the change
in hardness of the surfaces. By comparing the first case with the third, it can be inferred
that for this type of wear problem, it was more effective to modify the design to eliminate
turbulence than to change materials.

7.9. HYDRAULIC STRUCTURE WEAR

Water velocities in hydraulic structures, such as conduits, pipes and valves, often can be high
enough to cause cavitation. Since cavitation can cause wear, replacement and repair of these
structures because of wear is often a concern in these applications. This case study discusses
a methodology that was developed to address this type of problem. It illustrates
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Figure 7.27 “A” shows an example of new inlet vane. “B” shows one after 1 1/2 years of service.
(From Ref. 14, reprinted by permission from Elsevier Sequoia S.A.)
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the major aspects of problem solving, namely failure analysis, hypothesis development,
and testing (15,16).

Cavitation is not the only source of wear or damage in these structures. Erosion,
structural or material flaws, unusual one-time events, and fatigue are other sources of
wear or damage to these structures. Figures  (7.28–7.31) show examples of the damage
from cavitation and other sources in these situations. In some cases, initial cavitation dam-
age can lead to other failure modes, such as providing sites for damage due to freezing
and thawing. Consequently, the first task of the failure analysis is to determine whether
cavitation is involved in the damage and what roll it plays. This involves the examination
of the damage and the characterization of the operating conditions. Several features are
important in deciding whether or not cavitation is involved and how significant it might
be. These are: flow velocity, upstream conditions affecting the flow, location of the dam-
age, flow passage shape, similar damage in other locations, texture of damage, and pres-
ence of catastrophic damage. With all of these, the question asked is: “Is the observation
consistent with cavitation behavior?”
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Figure 7.28 Cavitation damage on the side of a concrete baffle block. (From Ref. 15, reprinted by
permission from ASME.)

Figure 7.29 Cavitation damage on a chute floor downstream from a high pressure slide gate.
(From Ref. 15, reprinted by permission from ASME.)
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The results of the failure analysis can be augmented with the results from a variety
of laboratory tests to develop a model for the damage. These same tests also can be used
to verify the model and to identify solutions. The laboratory tests that are used to address
these problems tend to fall into three categories. One involves the use of a scale model
to determine what flow condition is required for cavitation. Another is the use of flow
tests to evaluate the effects of local shapes and contours on cavitation. The third is cavi-
tation wear tests, which provide information about how the individual materials wear in
a cavitation field and a means of ranking materials.

The final phase of the method is to use the accumulated information to determine the
most appropriate means of solving or alleviating the problem. This might involve a design
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Figure 7.30 Abrasion damage on a stainless steel butterfly valve. (From Ref. 15, reprinted by
permission from ASME.)

Figure 7.31 Catastrophic damage in a concrete-lined spillway tunnel that was initiated by
cavitation. (From Ref. 15, reprinted by permission from ASME.)
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change to reduce or eliminate the tendency for cavitation, a material change to provide
more resistance to cavitation damage, and the development of maintenance schedule to
minimize the effect of such damage Table 7.5.

7.10. TEETER BEARING WEAR

This case study illustrates a primarily analytical method for developing solutions to a
wear problem. In this case it involved the wear of a teeter bearing of a wind turbine gen-
erator. The bearing system consisted of a journal bearing or bushing and a thrush bearing.
Both bearings were subjected to high and variable loads and small amplitude oscillatory
motions. The design had gone through several iterations to improve wear and corrosion
life. The current design provided adequate corrosion life but the wear life was still unac-
ceptable. In under one year of operation, significant wear of the bearing surfaces occurred
and the shafts were scored, requiring replacement of these three components. The target
for the design was to have several years of operation before the bearings or the shaft had
to be replaced. Both wear situations involved common elements and the same basic
approach was applied to both situations, that is, wear of the bushing and the thrust bear-
ing. For illustrative purposes, the discussion will focus on the bushing wear problem. A
sketch of the bearing system is shown in Fig. 7.32. Worn bearings and a shaft are shown
in Fig. 7.33.

The materials used in the design, which were acceptable from a corrosion stand-
point, were a soft steel shaft and a special bearing material. The bearing material consist-
ed of a bronze alloy substrate with treppaned holes. These holes were filled and the sur-
face coated with an epoxy composite. Nominal parameters of the design and operating
conditions are shown in Table 7.6. The loading and amplitude of motion at these
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Figure 7.32 Schematic of a teeter bearing system for a wind turbine generator.
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Figure 7.33 Used components of the teeter bearing system. “A” shows a worn bushing. “B” shows
a worn thrust bearing. “C” shows a worn shaft. ”D” as worn shaft thrust face
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interfaces were the result of wind conditions, which fluctuate. Typical characteristics of the
oscillatory motion and loading variation are illustrated in Figs. 7.34 and 7.35.

The initial steps in developing a solution to this problem consisted of modeling the
design concept and the examination of worn parts. As a part of this initial activity, the
operation of the teeter assembly was reviewed, as well as operational and environmental
conditions. The purpose of the initial models was to see what the wear life could be under
ideal conditions. Therefore, ideal contact conditions were assumed for both bearing situ-
ations, that is, perfect alignment and conforming contact. For the bushing, this meant that
the area of contact was the length of the bearing times the diameter of the bearing. This
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Figure 7.34 Example of teeter bearing motion based on simulation of wind conditions.

Figure 7.35 Example of the variation in loading conditions on a teeter bearing based on simulation
of wind conditions.
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wear situation was modeled using the K factor or linear wear model and the Zero and
Measurable Wear model as applied to bearings. (See Sec. 2.8.) The first step in the
analysis was to develop an equivalent load, P-, and equivalent amplitude, ⎯a for use with
these models. These were defined by the following equations:

In these equations P is load, a is amplitude of the oscillation, p(a) is a distribution func-
tion for the amplitude, P(a) is the relationship between load and amplitude, and n is the
exponent of the load in the wear equations. am is the maximum amplitude. The relation-
ships for these distribution functions were obtained from simulations of turbine operation.
From these same simulations, it was concluded that the nominal frequency of oscillation
was 1 Hz. Table 7.7 shows the effective values of load and amplitude that were determined
for the bushing and the thrust bearing for the different models.

Assuming that the wear factor for the bearing material was in the range of that
reported for the best bearing materials, 1 × 10-10 in.3 min / ft lb hr, it was estimated that the
life of the coating would be several years for either situation. If a nominal value, which
was more representative of typical wearing combinations, was assumed, the life of the
coating was still estimated to exceed one year. The Zero Wear Model indicated that zero
wear lifetimes were even much longer under the ideal contact conditions assumed. Both
of the models indicated that wear on the rod should be negligible after several years of
operation. Examination of worn parts indicated that these ideal assumptions were not
valid and that the wear was more severe than projected by these models.

The bearings and shaft with the equivalent of a third of a year of normal operation
without lubrication were examined, using visual and low power optica microscopy. Several
observations were made, while there was no sign of corrosion or significant abrasive wear
due to contamination, there was significant wear on both the bearing surfaces and the rod.
On the bearing surfaces, the coating had been worn through and wear had progressed into
the substrate. Wear on the shaft consisted mainly of severe scratches corresponding to the
regions where the coating on the bushing was worn off. While transfer and build-up of
material was evident (primarily organic, likely consisting of epoxy debris), there was no
indication of the formation of a stable and uniform transfer film or tribofilm formation
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being a factor in the wear behavior. It was also found that the assumptions of conformity
and alignment assumed for the modeling were not true. There was evidence of significant
axial misalignment on both bearing surfaces and that contact only occurred over a small
portion of the diameter of the bushing. On the parts examined, the wear scar on the bush-
ing was tapered with the maximum arc of the contact region being in the range of 60°.  In
addition to these examinations the dimensions of the worn parts were measured and found
to be within the specifications. However, it was noted that the roughness of the shaft was
higher than that recommended by the bearing supplier. The supplier recommend a shaft
roughness between 65 and 32 µin. approximately half of what was specified, 125–63 µin.

A review of the loading conditions on the teeter bearing verified that misalignment
was intrinsic to the situation as a result of moment loading on the bearing and the clear-
ances in the bearing. It was concluded from this review that the clearance between the
shaft and the bushing was the primary method for controlling this.

Based on these findings, it was concluded that the primary cause of the wear prob-
lem was contact conditions (roughness, conformity, and alignment) and not material selec-
tion. Consequently, it was therefore decided to model the effect of these mechanical
parameters on wear before looking for alternative materials. At this point, it was decided
to model the effects of these parameters using the Zero and Measurable Wear relationships.
This was decided for two reasons. One was that the effect of these parameters is more sig-
nificant in the Zero and Measurable Wear formulation than in the linear wear formulation;
the second was that the generally good agreement between these models and wear behav-
ior in engineering situations. If the resulting model did not provide a good agreement with
the observed behavior, alternative models would be investigated, including the ones based
on the linear wear relationship.

After reviewing the practical consideration associated with the design, it was decid-
ed to initially limit the modeling to three effects, roughness, axial alignment (clearance),
and lubrication. The first was to investigate the change in shaft roughness, as suggested
by the supplier. The second was to determine how much misalignment could be allowed
for acceptable wear. The third, the effect of lubrication, was also included in this model-
ing activity because of the significant effect that lubrication has on wear behavior and the
fact that it was possible to lubricate these surfaces with grease. The initial design did not
include the use of grease because of the difficulties associated with relubrication. In this
situation, the use of grease could also prevent the formation of transfer films that might
occur with the special bearing material used.

For the bearing material two phases of wear were modeled. The first phase of wear
was when the wear of the bushing material was confined to the epoxy layer; the second
phase was when the wear extended into the substrate. For simplicity in modeling the sec-
ond phase, it was assumed that the properties (yield stress) of the metal substrate controlled
the wear and the effect of the epoxy was that of a lubricant. A more realistic assumption,
discussed at the end of this section, could be used but was found to be unnecessary. In this
modeling, it was assumed that the shaft did not wear. The assumed progression of bushing
wear when there is misalignment is shown in Fig. 7.36. This figure illustrates the transi-
tion of wear from phase 1 to phase 2. These five wear situations were modeled using the
Zero and Measurable Wear formulations for bearing wear described in Sec. 2.8. In this, the
shape of the wear scar was based on the shape of the initial contact area, as illustrated in
Fig. 7.37. It was also assumed that in the second phase, the wear rate was uniform across
the surface. Equation (7.4) is the general form of the equation for maximum wear depth
obtained for the last four situations. This form also applies to the initial situation if there is
plastic deformation of the epoxy layer, as was predicted to occur with
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some alignment conditions. If there is none, the relationship for the first situation is Eq.
(7.5). In these, equation H is the maximum depth of wear; L is the number of oscilla-
tions; α is the angle of misalignment; δ0 is the CLA roughness of the shaft. L and Hj are
the number of cycles at the end of the previous period and the wear depth at the end of
that period, respectively. If there is an initial plastic deformation, Hj is the depth of the
deformation and Lj is 0 for the initial stage. σi is the initial contact pressure and Wi is
the initial width of the contact. The exponent, n, varies with the wear mode assumed
(constant energy or variable energy) and whether the wear scar is longer (trapezoidal) or
shorter (triangular) than the bushing.
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Figure 7.36 Stage of bushing wear: 1, initial deformation; 2, wear limited to epoxy layer; 3, wear-
through of epoxy layer; 4, combined wear of substrate and layer; and 5, wear of substrate.

Figure 7.37 Progression of wear scar shapes on bushing when there is misalignment.
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The unworn contact area was initially determined using the approximation method
described in Sec. 2.8. Using these areas to determine contact stresses, it was found that
for the clearances allowed by the design initial plastic deformation of the epoxy layer was
likely. In this case, the contact area would be determined by the hardness of the epoxy
and the contact pressure would be the flow pressure (hardness) of the epoxy and not by
this approximation. The flow pressure of the epoxy was estimated to be in the range of 4
kpsi. For reduced clearances, plastic deformation would not occur and the contact pres-
sure was determined using the approximation. For misaligned conditions resulting in
plastic deformation, Eq. (7.4) was used for wear in the initial region with Li equal to 0
and Hi equal to the maximum depth of the deformation. For conditions in which there
was no plastic deformation, Eq. (7.5) was used for the initial region.

Progressive wear on the shaft was not a concern but scoring was. It was hypothe-
sized that this would only occur after the epoxy film was worn through and metal-to-metal
contact would occur. Since the shaft was harder than the substrate, it was further hypoth-
esized that minimum number of cycles required for scoring would be the zero wear life-
time of the shaft, based on the maximum metal-to-metal contact pressure. This was affect-
ed by two factors: One was the relative amount of the two types of contact in the contact
area, metal-to-metal and metal-to-epoxy; the other was the relative wear resistance of the
epoxy and the bronze substrate. The model assumed that the wear rate of the bearing was
uniform. These meant that the wear rates of the bronze substrate and the epoxy-filled holed
were the same. Since the epoxy is softer than the bronze, this implies that the average pres-
sure in the metal-to-metal region, the contact pressure is higher. This condition resulted in
the following approximate relationship for contact pressures, where σm represents the
metal-to-metal contact pressure and σe, the metal-to-epoxy contact pressure. In this equa-
tion Γrm is the zero wear factor for metal-to-metal contact, Γre is the zero wear factor for
metal-to-epoxy contact, τm is the shear yield stress for the metal, and τe is the shear yield
of the epoxy

Taking into account the relative contact area of these two types of contact, the following
relationship can be obtained between σ, the average contact pressure, and σm:

In this equation, β is the ratio of σm to σe Eq. (7.6) and κ is the fraction of the total area
of contact that is metal-to-metal. Using this relationship, it was estimated that the initial
metal-to-metal contact pressure was in the range of 6 × time the average pressure. This
was assumed to be the maximum, since stress level decreases with wear.

Table 7.8 summarizes the nominal results obtained from this modeling activity. It
can be seen that there is an agreement between this model and observed behavior. Based
on this analysis, it was decided to use the smoother surface finish recommended by the
supplier, reduce the clearance by 60%, and to lubricate. These improvements were esti-
mated, resulting in a minimum of 5 × improvement in life. The problem was resolved
by these actions. While a material change was not implemented, this modeling activity
was also used to investigate possible material changes, such as a harder shaft and other
bearing materials.
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The modeling assumption that the properties of the metal substrate dominate the wear
situation in the second phase could be made more realistic by considering the increase in
pressure at the metal-to-metal contact, as done for determining the zero wear life of the
shaft. Increasing the equivalent load used in Eq. (7.4) by the same multiplier used for the
shaft could do this. This would make the analysis more complex, since this ratio would
change as the amount of metal exposed increases. However, it would asymptotically
approach a limiting value. The significance of this refinement on the results of the model-
ing was investigated and found not to be significant in terms of the design consideration.
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WEAR  RELATIONSHIP  FOR  SLIDING  WEAR  BASED  ON  THE  ZERO  AND
MEASURABLE  WEAR  MODELS  FOR  SLIDING

Allowable Load Relations
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RELATIONSHIPS  FOR  SLIDING

Wear depth ∝ operationsn
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APPENDIX VII

MODEL  FOR  THE  EFFECT  OF  FLUID  LUBRICATION  ON  ZERO  WEAR  FACTORS

Fatigue mechanisms can be the dominant wear mechanism in sliding and rolling situ-
ations. For both types of motion and under boundary lubrication conditions, it has been
found that the number of unit operations required for a specified initial level of wear to
occur can be related to the ninth power of the ratio of the yield point in shear to the
maximum shear stress (1–4). One way of expressing this is

where η is the number of unit operations. ηo is a reference number of operations, τm is the
maximum shear stress. τγ is the yield point in shear. and γ (zero wear factor) is the ratio of
the maximum shear stress to the yield point in shear for ηo operations.

In the case of rolling, the unit operation is a revolution. During it single revolution,
the surface experiences one loading cycle. For sliding the corresponding unit is a pass,
where it pass is defined its it distance of sliding equal to the length of the contact in the
direction of sliding. The surface also experiences a single load cycle in a pass. The wear
criterion for rolling is the formation of surface spalls. For sliding, the criterion is an aver-
age scar depth equal to the surface roughness. In the case of rolling, 108 revolutions is
normally used for ηo. For sliding, 2 × 103 passes is used. For pure rolling, γ is nominal-
ly independent of materials and lubricants and is approximately 0.8. When slip occurs, γ
becomes smaller. In the case of sliding, γ is dependent on materials and lubricant and
smaller than that for rolling. It tends to be bivalued, being approximately 0.54 for some
materials and lubricant combinations and 0.20 for others. Combinations with higher value
are generally referred to its good wearing combinations; with lower value as poor wear
combinations.
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Since Eq. (A. 1) applies to both rolling and sliding it is also applicable to situations
where the motion is a mixture of rolling and sliding. γ for these conditions can be obtained
from the values for pure rolling and sliding, provided they are based on the same value for
ηo and the same level of damage. Equivalent values may be obtained may be obtained by
adjusting the values associated with sliding to the level of damage and unit operationg con-
ditions used for rolling. The nominal depth of wear in the case of rolling is in the range of
2.5–25 µm: while that for sliding is in the range of 0.25 µm. Consequently, they differ by
a factor somewhere between one and two orders of magnitude. For the geometry of typi-
cal rolling elements, it can be shown that wear depth for sliding is typically proportional to
(1/γ 4.5–6). Therefore. if κ is the ratio of the characteristic wear depths, γ for sliding should
be increased by a factor of κ≈0.2 An order of magnitude difference in wear is therefore
equivalent to approximately a factor of 1.6 × for γ The equivalent value of γ for sliding at
108 unit operation is 0.3 × at 2 × 103. Using the conditions for pure rolling as the reference,
the nominal values for sliding become 0.26 and 0.1, assuming a value of 10 for κ.

The primary reason for the two values of γ in the case of sliding is differences in the
tendency for adhesion and adhesive wear (3). Combinations that tend to have a lower ten-
dency towards adhesive wear have the higher value. Surface shear and slip tend to enhance
adhesion and, therefore, the tendency for adhesive wear. Therefore, as slip decreases, the
distinction in γ values for these two types of combinations should decrease.

The following relationship is proposed for this:

Where γsg is the adjusted value of γ for good sliding combinations, γsp is the adjusted
value γ for poor sliding combinations, and ps is the slide ratio, defined as the slip for a sin-
gle loading cycle per unit length at the interface. For pure sliding ps is 1; for pure rolling,
Ps is 0.

Using the same reference conditions, the value for γ for rolling with sliding under
boundary lubrication is given by

where s and r refer to sliding and pure rolling, γs is γsg for good combinations and
[γsg/ (1.7 ps + 1)] for poor combinations.

Boundary lubricant is characterized by stable friction and wear behavior as a
function of relative velocity between the surfaces. In this region of lubrication, there
is asperity contact and interaction over the entire contact region. As the relative
velocity increases. the elastohydrodynamic film increases reducing asperity interac-
tion and improving friction and wear behavior. This tends to be significant when
film thicknes exceeds 2.5 nm (0.1 µin). Eventually, these films will increase to such
a thickness that asperity contact will be completely eliminated. but stress cycling, of
the Surface will still occur. As a result of the reduced asperity interaction, the γ val-
ues will increase to a maximum value. which is independent of materials, lubricant,
and type of motion. The γ values for intermediate conditions of lubrication are given
by
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where Γm is the maximum value, associated with complete separation and pa is the fraction
of the contact area involving asperity interaction.

By ohserving, that the surfaces of a rolling bearing the experience a unit oper-
ation or loading cycle each time a rolling element passes over a spot, Eq. (A.1) can
be used to determine bearing lite. If Θ is the number of times the outer race experi-
ences contact in a single revolution of the inner race, Eq. (A.1) becomes

when Eq. (A.4) is used for γ and 108 is used for ηo
. L is the number of inner race

revolutions.
By substituting appropriate geometrical relationships and contact stress relationships

into Eq. (A.5) it is possible to obtain equations of the same form as the
Lundberg–Palmgren equation for rolling bearing life,

where L is the number of inner race revolutions, C1 is a factor independent of the load
but dependent on geometry and materials, and P is the load. n is 3.0 for ball bearings,
when the normal Hertz stress relationship is used for point contact. However, it is 4.5
for roller bearing when the Hertz relationship for parallel cylinders is used. not the
empirical value of 3.3. It is generally accepted that this is because the actual contact con-
ditions are different than those assumed for the parallel cylinder relationships and clos-
er to those associated with point contact. Possible explanations for this are curvature of
the surfaces or the importance of edge conditions.

Equation (A.5) can be modified to the following form:

Where C2 is solely dependent on geometry.
It can be shown that the slip ratio for rolling bearing is

Where ε is the slip the race experiences per unit length in a revolution, Z is the number of
elements, d is the diameter of rolling element, dm is the pitch diameter of the bearing, and
α is the contact angle of bearing. The slip that occurs in bearings is dependent on bearing
size and loading conditions and can range over several orders of magnitude, as shown by
Fig. A. 1 and the following Eq. (A.5):

Where OD is the outside diameter of the bearing and D is the diameter of the outer race in
millimeters. P is the load and C is the dynamic load rating of the bearing.
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Figure A.1 Slip per revolution for different size bearings. D is the diameter of the outer race. (From
Ref. 5.)

The slip ratio values, ps, for rolling bearings can range over several orders of
magnitude as a result. Estimates indicate that ps can range from a high in the range of
10–2 to less than 10–4.

Studies have indicated that the relationship between pa and the lubrication thickness
parameter, *Λ, is approximately of the form

where s is close to 1 (6).

where h is the thickness of the EHD film in the center of the contact. The σs are either
the AA (arithmetic average) or the RMS (root mean square average) values for the sur-
face roughness of the two surfaces.

This model was evaluated by comparing lives predicted by Eq. (A.5) with those
obtained using the Dynamic Load Rating Model for several ball and roller bearing exam-
ples. Regression analysis techniques were used to determine values for Γm, γsg, κ, and s,
which gave good agreement, assuming a value of 1.25 for Λ and γr of 0.80. The former
value is the one normally assumed for conditions used to determine the dynamic load rat-
ing. C (7). Since the elemental model is not a statistical model, as the Dynamic Load

*Λ is the ratio of the EHD film thickness to the composite surface roughness
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Figure A.2 Ratio of observed life to catalog life reported by different investigators as a functin of
the lubrication parameter. Λ. The line indicates the generally accepted trend. (From Ref. 8.)

Figure A.3 Comparison of experimental values for aλ and (Γ / Γr)
9. The experimental envelope

is based on the data shown in Fig. A. 2 (Γ / Γr)
9 values are based on a Λ of 1.25 for the reference

condition and γsg of (0.40 / 1.7 ps + 1) and Γm of 1.30.
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Figure A.4 Comparison of aγ values base on ((Γ / Γr)
9 and those recommended by STLE and

ASME. The STLE / ASME curve is based on the average of two curves represented by the points.
(Γ / Γr)

9 values are based on a A of 1.25 for the reference condtion and γsg of (0.40 / 1.7 ps + 1)
and Γm of 1.30. (From Refs. 9, 10.)

Rating Model is, comparisons were made with L50 values†. It was concluded that a good
agreement could be obtained with the following set of values, which are consistent with the
hypotheses of the model: s equal to 1.5, γsg of 0.40, Γm of 1.30, and κ from 50 to 100.

Another regression analysis was also performed. involving the effect that Λ has on
bearing life. The influence of Λ on bearing life is shown in Fig. A.2. In this figure, the
observed ratio of actual bearing life to L10* life or catalog life is plotted as a function of
Λ for different types of bearings and loading conditions. It was concluded that the gen-
eral trend as well as the scatter can be explained by the elemental model. It was found
that it good agreement between these data and the model could be obtained by assuming
different slip conditions and values for s, γsg, Γm and κ similar to those obtained in the
previous analysis. This agreement is illustrated in Fig. A.3.

Because of the form of Eq. (A.7), the (Γ / Γr)
9 can be used as a life adjustment fac-

tor for lubrication. aλ (9,10). Γr refers to the value of Γ associated with the reference
conditions associated with the tests used to determine the Dynamic Loading Rating. The
normally assumed condition for these tests is negligible slip and a value of 1.25 for Λ.
This corresponds to a value of 1.14 for Γr. This life adjustment factor is in good

† Litetime for 50% survival.
* Lifetime for 90% survival.
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agreement with the factor recommended by STLE and ASME–bearing groups for Λ values
above 0.6 (9,10). This is shown in Fig. A4.
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367

Glossary of Wear Mechanisms,
Related Terms, and Phenomena

Abrasion: A process in which hard particles or protuberances are forced against
and moving along a solid surface. (See abrasive wear.)

Abrasion–corrosion: Asynergistic process involving both abrasive wear and corrosion,
in which each of these processes is affected by the simultaneous action of
the other.

Abrasion erosion: Erosive wear caused by the relative motion of solid particles,
which are entrained in a fluid, moving nearly parallel to a solid surface.

Abrasive wear: Wear by displacement of material caused by hard particles or hard pro-
tuberances or wear due to hard particles or protuberances forced against
and moving along a solid surface.

Adhesive wear: Wear by transference of material from one surface to another during
relative motion due to a process of solid-phase welding or wear due to
localized bonding between contacting solid surfaces leading to material
transfer between two surfaces or loss from either surface. (Note: Sometimes
used as a synonym for dry (unlubricated) sliding wear.)

Anti-wear Number (AWN): The base-10 log of the inverse of the wear coefficient.
Asperity: A protuberance in the small-scale topographical irregularities of a solid

surface.
Atomic wear: Wear between two contacting surfaces in relative motion attributed

to migration of individual atoms from one surface to the other.
Beilby layer: An altered surface layer formed on a surface as a result of wear.
Boundary lubricant: A lubricant that provides boundary lubrication.
Boundary lubrication: Acondition of lubrication in which the friction and wear behav-

ior are determined by the properties of the surfaces and by the properties of
fluid lubricants other than their bulk viscosity.

Break-in: See run-in.
Brinelling: Indentation of the surface of a solid body by repeated local impact or impacts,

or static overload or damage to a solid bearing surface characterized by one
or more plastically formed indentations brought about by overload.

Brittle erosion behavior: Erosion behavior having characteristic properties that can be
associated with brittle fracture of the exposed surface, such as little or no plas-
tic flow and the formation of intersecting cracks that create erosion fragments.

Brittle fracture: A form of wear in rolling, sliding, and impact contacts, character-
ize by the formation of tensile cracks in a single loading cycle.
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Burnish (ing): To alter the original manufactured surface of a sliding or rolling sur-
face to a more polished condition or to apply a substance to a surface by
rubbing.

Catastrophic wear: Rapidly occurring or accelerating surface damage, deterioration,
or change of shape caused by wear to such a degree that the service life
of a part is appreciably shortened or its function destroyed.

Cavitation erosion: Progressive loss of original material from a solid surface due to
continued exposure to cavitation or wear of a solid body moving relative to
a liquid in a region of collapsing vapor bubbles that cause local high-impact
pressures or temperatures.

Checking: See craze cracking.
Chemical wear: See corrosive wear.
Coefficient of friction: Ratio of the force required to initiate or maintain motion

between to bodies, F, and the force pressing these bodies together, N, F / N.
Compound impact wear: Impact wear when there is a component of relative velocity

parallel to the interface between the impacting bodies.
Coulomb friction: A term used to indicate that the frictional force is proportional to

the normal load.
Corrosive wear: A wear process in which chemical or electrochemical reaction with

the environment predominaes. (Also called chemical wear.)
Craze cracking: Irregular surface cracking associated with thermal cycling. (Also

called checking.)
Deformation wear: Sliding wear involving plastic deformation of the wearing surface

or in impact wear of elastomers, the initial stage of wear not involving
material loss but progressive deformation, generally approaching an
asymptotic limit.

Delamination wear: A wear process in which thin layers of material are formed and
removed from the wear surface or a wear process involving the nucleation and
propagation of cracks so as to form lamellar wear particles.

Diffuse wear: Wear processes involving diffusion of elements from one body into
the other, such as those often occurring in high-speed cutting tool wear,
generally requires high temperatures.

Diamond film: A carbon-composed crystalline film that has the characteristics of
diamond.

Diamondlike Film: A hard, non-crystalline carbon film.
DLC: Diamondlike carbon coatings.
Droplet erosion: Erosive wear caused by the impingement of liquid droplets on a

solid surface.
Dry-film lubrication: Lubrication resulting from the application of a thin film of a

solid to a surface.
Dry sliding wear: Sliding wear in which there is no intentional lubricant or moisture

introduced into the contact area.
Dynamic friction: See kinetic friction.
Ductile erosion behavior: Erosion behavior having characteristic properties that can be

associated with ductile fracture of the exposed solid surface, such as consid-
erable plastic deformation preceding or accompanying material loss from the
surface which can occur by gouging or tearing or by eventual embrittlement
through work hardening that leads to crack formation.

Electrical discharge wear: Material removal as a result of electrical discharge.
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Electrical pitting: The formation of surface cavities by removal of metal as a result
of an electrical discharge across an interface.

Elastohydrodynamic lubrication: A form of fluid lubrication in which the friction
and film thickness is a function of the deformation of the surfaces and the
viscous properties of the fluid lubricant.

EP lubricant: See extreme-pressure lubricant.
Erosion: Loss of material from a solid surface due to relative motion in contact with a

fluid that contains solid particles or progressive loss of original material from
a solid surface due to mechanical interaction between that surface and a
fluid, multi-component fluid, and impinging liquid, or solid particles.

Erosive wear: See erosion.
Erosion-corrosion: A conjoint action involving corrosion and erosion in the

presence of a corrosive substance.
Extreme-pressure lubricant (EP lubricant): Alubricant that imparts increased load-

carrying capacity to a rubbing surface under severe operating conditions.
False Brinelling: Damage to a solid bearing surface characterized by indentations not

caused by plastic deformation resulting from overload, but thought to be
due to other causes such as fretting or fretting corrosion or local spots
appearing when the protective film on a metal is broken continually by
repeated impacts.

Fatigue wear: Removal of particles detached by fatigue arising from cyclic stress varia-
tions or wear of a solid surface caused by fracture arising from material fatigue.

Ferrography: Characterization of magnetic wear debris from oil samples.
Flash temperature: The maximum local temperature generated at some point in a

sliding contact.
Flow cavitation: Cavitation caused by a decrease in static pressure induced by

changes in the velocity of a flowing liquid.
Fluid erosion: See liquid impingement erosion.
Fluid friction: Frictional resistance due to the viscous or rheological flow of fluids.
Fluid lubrication: A form of lubrication with a fluid in which the friction and thick-

ness of the film is a function of the viscosity of the fluid. (See elastohy-
drodynamic and hydrodynamic lubrication.)

Fracture: See brittle fracture.
Fretting: Wear  phenomena occurring between two surfaces having oscillatory relative

motion of small amplitude. (Note: Term also can mean small-amplitude
oscillatory motion.)

Fretting corrosion: A form of fretting in which chemical reaction predominates.
Fretting fatigue: The progressive damage to a solid surface that arises from fretting

and leads to the formation of fatigue cracks.
Fretting wear: See fretting.
Friction: The tangential force between two bodies that opposes relative motion

between these bodies.
Friction coefficient: See coefficient of friction.
Friction polymer: An organic deposit that is produced when certain metals are

rubbed together in the presence of organic liquids or gases.
Full-film lubrication: Fluid lubrication when the surfaces are completely separated

by the fluid film.
Galling: A severe form of scuffing associated with gross damage to the surface or failure or

a form of surface damage arising between sliding solids, distinguished
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by macroscopic, usually localized roughening and creation of protrusions
above the original surface, often includes plastic flow or material transfer or
both or a severe form of adhesive wear.

Gouging abrasion: A form of high-stress abrasion in which easily observable
grooves or gouges are created on the surface.

Heat checking: A process in which fine cracks are formed on the surface of a body
in sliding contact due to the buildup of excessive frictional heat.

High-stress abrasion: A form of abrasion in which relatively large cutting force is
imposed on the particles or protuberance causing the abrasion, and that
produces significant cutting and deformation in the wearing surface.

Hydrodynamic lubrication: A form of fluid lubrication in which the friction and film
thickness is a function of the viscous properties of the fluid lubricant.

Impact wear: Wear of a solid surface resulting from repeated collisions between
that surface and another solid body.

Impingement corrosion: A form of erosion-corrosion generally associated with the
impingement of a high-velocity flowing liquid containing air bubbles against a
solid surface.

Incubation period: An initial amount of wearing action that is needed for the occurrence
of some wear mechanisms or for these mechanisms to become detectable.

IRG Transition Diagram: See transition diagram.
Kinetic friction: Friction associated with sustained motion.
Lapping: A surface finishing process involving motion against an abrasive embed-

ded in a soft metal or rubbing two surfaces together with or without
abrasives, for the purpose of obtaining extreme dimensional accuracy or
superior surface finish.

Limiting PV: The value of the PV Factor above which severe wear results. Typically
use to characterize the wear behavior of plastics and other bearing
materials.

Liquid impact erosion: See erosion.
Liquid impingement erosion: See erosion.
Low-stress abrasion: A form of abrasion in which relatively low contact pressure

on the abrading particles or protuberances cause only fine scratches
and microscopic cutting chips to be produced.

Lubricant: Any substance interposed between two surfaces in relative motion for
the purpose of reducing the friction or wear between them.

Lubrication: The reduction of wear or friction by the use of a lubricant.
Lubricated impact wear: Impact wear with lubrication.
Lubricated rolling wear: Rolling wear with lubrication.
Lubricated sliding wear: Sliding wear with lubrication.
Measurable-wear: In the context of the Zero and Measurable Wear Models for

sliding and impact, it describes a state of wear in which the wear
exceeds the magnitude of the surface roughness.

Mechanical wear: Removal of material due to mechanical processes under conditions
of sliding, rolling, or repeated impacts; includes adhesive wear, abrasive
wear, and fatigue wear but not corrosive wear and thermal wear.

Metallic wear: Typically, wear due to rubbing or sliding contact between metallic mate-
rials that exhibits the characteristics of severe wear, such as, significant
plastic deformation, material transfer, and indications that cold welding of
asperities possibly has taken place as part of the wear process.
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Mild wear: A form of wear characterized by the removal of material in very small
fragments.

Mixed lubrication: Acondition of lubrication in which the friction and wear behavior are
determined by the properties of the surfaces and by the viscous and non-vis-
cous properties of fluid lubricants.

Oxidative wear: A corrosive wear process in which chemical reaction with oxygen or
oxidizing environments predominates.

Peening wear: Removal of material from a solid surface caused by repeated impacts
on very small areas.

Pitting: A form of wear involving the separation of particles from a surface in the form
of flakes, resulting from repeated stress cycling, generally less extensive
than spalling.

Plowing: The formation of grooves by plastic deformation of the softer of two sur-
faces in relative motion.

Polishing wear: An extremely mild form of wear, which may involve extremely fine-
scale abrasion, plastics smearing of micro-asperities, and/or tribochemical
material removal.

PV Factor: Product of pressure and velocity. (See Limiting PV.)
Quasi-hydrodynamic lubrication: See mixed lubrication.
Ratcheting: A sliding wear process involving progressive deformation, ultimately

leading to the formation of loose fragments.
Rehbinder Effect: Modification of the mechanical properties at or near the surface

of a solid, attributed to interaction with a surface-active substance or
surfactant.

Repeated-cycle deformation wear: Mechanical wear mechanisms requiring repeated
cycles of mechanical deformation or engagement.

Ridging (wear): A deep form of scratching in parallel ridges usually caused by
plastic flow.

Rolling-contact fatigue: Wear to a solid surface that results from the repeated stressing
of a solid surface due to rolling contact between that surface and another solid
surface or surfaces, generally resulting in the formation of sub-surface cracks,
material pitting, and spallation. (Note: Often used as a synonym for rolling-
contact wear.) See rolling-contact wear.

Rolling-contact wear: Wear due to the relative motion between non-conforming solid
bodies whose surface velocities in the nominal contact location are identical
in magnitude, direction, and sense; most common form is rolling-contact
fatigue.

Run-in: An initial transition process occurring in newly established wearing contacts.
(As a verb, run in, refers to an initial operation designed to improve wear
and friction performance of a device.)

Scoring: The formation of severe scratches in the direction of sliding or a severe form
of wear characterized by the formation of extensive grooves and scratches
in the direction of sliding. (Note: Sometimes also called scuffing in USA.) 
See scuffing and scratching.

Scouring abrasion: See abrasion.
Scratch: A groove produced in a solid surface by the cutting and plowing action of

a sharp particle or protuberance moving along that surface.
Scratching: The formation of fine scratches in the direction of sliding; a mild form

of scoring.
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Scuffing: Localized damage caused by the occurrence of solid-phase welding between
sliding surfaces, without local surface melting or a mild degree of galling
that results from the welding of asperities due to frictional heat or a form
of wear occurring in inadequately lubricated tribosystems which is char-
acterized by macroscopically observable changes in surface texture, with
features related to the direction of relative motion. (Note: Sometimes also
called scoring in USA.) See scoring.

Selective transfer: A wear process involving the transfer and attachment of a specific
species from one surface to the mating surface during sliding.

Self-lubricating material: Any solid material that shows low friction without
application of a lubricant.

Severe wear: A form of wear characterized by removal of material in relatively
large fragments.

Shelling: A term used in railway engineering to describe an advanced phase of spalling.
Single-cycle deformation wear: Mechanical wear mechanisms requiring only a

single cycle of contact or engagement.
Sliding wear: Wear due to relative sliding between two bodies in contact.
Slurry abrasion: Three-body abrasive wear involving a slurry.
Slurry erosion: Erosion produced by the movement of a slurry past a solid surface.
Smearing: Mechanical removal of material from a surface, usually involving plastic

shear deformation, and redeposition of the material as a thin layer on one or
both surfaces.

Solid impingement erosion: Progressive loss of original material from a solid surface
due to continued exposure to impacts by solid particles.

Solid lubricant: Any solid used as a powder or thin film on a surface to reduce fric-
tion and wear.

Solid particle erosion: See solid impingement erosion.
Sommerfeld Number: A dimensionless number that is used to characterize the state

of lubrication of a bearing. (See Stribeck curve.)
Spalling: A form of wear involving the separation of particles from a surface in the form

of flakes as a result of repeated stressing, generally more extensive than pit-
ting or a form of wear involving the separation of macroscopic particles
from a surface in the form of flakes or chips, usually associated with rolling
but may also result from impact.

Specific wear rate: Wear volume divided by load and distance of sliding. (See wear
factor.)

Static friction: Friction associated with the initiation of motion.
Stick-slip: A relaxation oscillation in friction, which is generally characterized by a

sharp decrease, followed by a more gradual increase in the force of friction.
It generally causes jerky-type motion and squeaking.

Stiction: Term used to signify the condition in which the frictional resistance is suf-
ficient to prevent macroscopic sliding.

Stress fracture: See brittle fracture.
Stribeck curve: A graph showing the relationship between the coefficient of friction for

a journal bearing and the dimensionless Sommerfeld Number. There is a gen-
eral correlation between this number and the different forms of lubrication
with a liquid, boundary, mixed, and fluid. (See Sommerfield Number.)

Surface distress: In bearings and gears damage to the contacting surfaces that occurs
through intermittent solid contact involving some degree of sliding and
surface fatigue.
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Traction: The transmission of tangential stress across an interface.
Traction coefficient: Ratio of the traction force to the normal force pressing the

surfaces together.
Traction Force: The tangential force transmitted across an interface.
Transfer film: A tribofilm composed wear debris from the counterface.
Tribochemistry: Chemistry dealing with interacting surfaces in relative motion.
Tribofilm wear: Wear processes that are controlled by the formation of tribofilms,

such as transfer and third-body films.
Tribosystem: All those elements that affect friction and wear behavior.
Thermal wear: Removal of material due to softening, melting, or evaporation during

sliding, rolling, or impact.
Thermoelastic instability: Sharp variation of local surface temperatures with passing

of asperities leading to stationary or slowly moving hot spots of significant
magnitude, resulting in local expansion and elevation of the surface.

Third body: A solid interposed between two contacting surfaces.
Third-body film: A tribofilm containing wear debris from the surface, generally a

mixture of wear debris from both surfaces.
Three-body abrasion: Abrasive wear when the abrasive particles are free to move.
Two-body abrasion: Abrasive wear from protuberances or attached abrasive par-

ticles.
Transfer: The process by which material from one sliding surface becomes attached to

another surface, possibly as the result of interfacial adhesion.
Transition diagram: A form of wear map, involving to or more experimental or oper-

ating parameters, which is used to indicate boundaries between different
regimes of wear or surface damage or effectiveness of lubrication, such as
the  IRG Transition Diagrams.

Vibratory cavitation: Cavitation caused by the pressure fluctuations within a liquid,
induced by the vibrations of a solid surface immersed in the liquid.

Wear: Damage to a solid surface, generally involving or leading to progressive loss
of material, that is due to the relative motion between that surface and a
contacting substance or substances.

Wear coefficient: Normally defined as the non-dimensional coefficient, k , in the fol-
lowing equation, V = KPS / 3p, where V is the volume of wear, P is the load,
S is the distance of sliding, and p is hardness. Less specific, it is the dimen-
sionless form of a wear factor obtained dividing it by the hardness of the
wearing material.

Wear curve: Plot of wear as a function of usage, e.g., wear depth vs. sliding distance
and wear volume vs. time.

Wear factor: Constant in a linear wear equation, V = KPS, where V is the volume of
wear, P is the load, and S is the sliding distance. Wear volume divided by
load and sliding distance. (Note: An alternative definition is based on the
differential form of this equation, ∆V = KP∆S, where ∆V is the incremen-
tal increase in wear volume over an incremental amount of sliding, ∆S.)

Wear-in: (See run-in.)
Wear map: A graphical characterization of wear behavior in terms of independent oper-

ational parameters of the tribosystem, such as speed and load. Various
forms of wear maps are used to identify ranges and combinations of oper-
ational parameters for different wear mechanisms, same wear rates, and
acceptable operating conditions. (See transition diagram.)
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Wedge formation: In sliding metals, the formation of a wedge or wedges of plas-
tically sheared metal in local regions of interaction between sliding
surfaces.

Zero-wear: In the context of the Zero and Measurable Wear Models for sliding and
impact, it describes a state of wear in which the wear or damage is less
than the magnitude of the surface roughness.
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