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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
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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
shurries. 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.
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2 Chapter 1

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
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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 MWEFT2E, 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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4 Chapter 1

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.
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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. A metal 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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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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Table 1.1 Operational Classification of Wear Situations
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T'wo-Body

Ambient

Normal

Hostule

MNormal

Hostile

Normal

Hostile

Normal

Hosule

Nornul

Hosnle

Normal

Sgmbhicant
mechanisms’
SCD ol beyond elasue Tuit)
RO
TH (with plastics)
SCD ol beyvond elastic
RCD
ON
I'H
SCD af bevond elastic
RCD
TH (with plastics)
AR
SCD (f beyond clastie
RCTY
OX
I'H
\B
SCD ol
RO
SCD o
RO
SCD af bevond clastie
RCTY
\B
SCD ol
RCTY
AR
AD
SCD Of beyond clastic
RCD
OX iwith metals and cerames)
I'H (with plastics)

limint)

limat)

Ity

beyond cliste imit)

beyond clastic limit)

limit)

bevond elastic imit)

linat)

I (with plastics, composites
and ceramics)

AD

SCD af bevond clastic imin)

RCD

OX (with metals and ceranies)

TH (with plasties)

I'E (with plastics, compuosites
and ceramics)

AL

SCD (f bevond elastue limit

RCD

OX iwith metals and ceramics)

FH (with plastics)

(continued)
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Table 1 (Continued )

Environment Significant

b
mechanisms

Motion —_—
Lubrnication Particulates Ambient

Hard particles  Normal  SCD (if beyond elastic limat)

RCD
AB
Hostile  SCD (if beyond elastic limut)
RCD
AB
With None None Normal  AD
moving
body

SCD (f beyond elastic himit)
RCD
OX (with metals and ceramics)
TH (with polymers)
TF (with plastics, composites
and ceramics)
Hostile  AD
SCD (if beyond elastic limit)
RCD
OX (with metals and ceramics)
TH
TF (with plastics, composites
and ceramics)
Hard particles Normal AD
SCD (il beyond elastic limit)
RCD
OX (with metals and ceramics)
TH
TF (with plastics, composites
and ceramics)
AB
Hostile  AD
SCD (if beyond elastic limit)
RCD
OX (with metals and ceramics)
TH
TF (with plastics, composites
and ceramics)
AB
Lubricated None Normal  SCD (if beyond elastic limit)
RCD
Hostile  SCD (if bevond elastic limit)
_ RCD
Hard particles  Normal  SCD (if beyond elastic limit)
RCD
AB
Hostile  SCD (if beyond elastic limit)
RCD
AB

{continued)
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Table 1 (Continued)

-~ + at
S VAT e i
Environment Significant

. b
mechanisms

Mouon —— ) .
Lubrication Particulates Ambient

Trends: RCD mechanisms tend to be the dominant and limiting mechanisms: wear tends to
increase with particles and abrasion can dominate: with stationary body, induced vibrations 4
misalignment can cause slip and fretting, which tends to result in increased wear: acceptable w
generally requires stresses be in the elastic range; with moving objects, wear increases with
the amount of sliding and sliding effect can dominate wear behavior; fluid lubrication can be
very significant in reducing wear.

Shding Unidirec-  None None Normal AD
tional
SCD (if beyond elastic lim)
RCD
OX (with metals and cerar
TH (with polymers; high
speeds)
TF (with plastics, compos|
amd ceramics)
Hostile  AD
SCD (f bevond elastic line
RCD
OX (with metals and cerar
TH
TF (with plastics, compos
and ceramics)
Hard particles  Normal  AD
SCD (if bevond c¢lastic lin|
RCD
OX (with metals and ceray
TH (with polymers; high
speeds)
TF (with plastics, compe
and ceramics)
AB
Hosule  AD
SCD (if bevond elastic lin
RCD
OX (with metals and ceral
TH
TF (with plastics. compos)
and ceramics)
AB
Lubricated None Normal  SCD (if beyond elastic lin
RCD
Hostle  SCD (if bevond elastic hin
RCD
Hard particles Normal SCD (if beyond elastic lin
RCD
AB
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Table 1 (Continued)
Environment”
Motion —— .
Lubncation Particulates Ambient
Hosule
Cyclic, None None Normal
large
amplitude
Hostile
Hard particles  Normal
Hostile
Lubricated None Normal
Hostile
Hard particles Normal
Hostile

AB

Significant
mechanisms”
SCD (f beyond elastic lumit)
RCD
AB
AD

SCD (if beyond elastic limit)

RCD

OX (with metals and ceramics)

TH (with polymers; high
speeds)

TF (with plastics, composites
and ceramics)

AD

SCD (if beyond elastic limit)

RCD

OX (with metals and ceramics)

TH

TF (with plastics. composites
and ceramics)

AD

SCD (if beyvond clastic limit)

RCD

OX (with metals and ceramics)

TH (with polymers: high
speeds)

TF (with plastics, composites
and ceramics)

AB

AD

SCD (if beyond clastic limit)

RCD

OX (with metals and ceramics)

TH

TF (with plastics, composites
and ceramics)

AB

SCD (if beyond elastic limit)

RCD

SCD (if bevond elastic limit)

RCD

SCD (if beyond elastic limit)

RCD

AB

SCD (if beyond elastic limit)

RCD

(continued)
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Table 1 (Continued )

Environment”

Motion
Particulates Ambient

Normal

Lubrication

None None

Cyche,
smiall
amphitude

Hostile

Normal

Hard particles

Hosule

Lubricated None Normal
Hostile
Normal

Hard particles

Hastile

Signiticant

]
mechanisms

SCD (if bevond clastic limit)

RCD

OX (with metals and ceramics)

I'H (with polymers; high
speeds)

T (with plastics. composites
and ceramics)

AD

SCD (if beyvond elastic limit)

RCD

OX (with metals and ceramics)

I'H

I'F (with plastics. composites
and ceramics)

AD

SCD af bevond clastic himat)

RCD

OX (with metals and ceramics)

I'H (with polymers; high
speeds)

I'F (with plastics, composites
and ceramics)

AB

AD

SCD (f bevond clastic limat)

RCD

OX (with metals and ceranncs)

I'H

I'F (with plastics. composiles
and ceramics)

AR

SCD (f bevond clastic hmat)

RCD

SCD (f bevond elastic limit)

RO

SCD (if bevond clastic limit)

RCD

\B

SCD (il bevond elastic limit)

RCI1)

AR

(continued)

Copyright © 2004 Marcel Dekker, Inc.



http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420030969.ch1&iName=master.img-006.jpg&w=335&h=486

14 Chapter 1

Table 1 (Continued )

Environment”

Mouon —_—------
Lubrication Particulates Ambient

Significant
mechanisms”

Trends: RCD mechanisms tend to be the dominant and hmiting mechanisms: abrasion can
dominate; low contact stresses and conditions that minimize adhesive wear and abrasion are
preferred; mild to severe wear transitions often associated with a change in stresses from below

to above the elastic limit; nature of contact (such as large/small area. conforming, line. and point)
can be significant in wear behavior: lubrication very significant.

Contact Type: One-Body

Environment” Significant
Motion mechanisms”
Particulates Ambient
Impingement Low angle None Normal SCD (if beyond elastic limit)
with fuid
RCD
OX (with metals and ceramics)
Hostile SCD (if bevond elastic limit)
RCD

OX (with metals and ceramics)
Hard particles  Normal SCD (if beyond elastic limit)
RCD
OX (with metals and ceramics)
AB (cutting modes)
Hostile SCD (if beyond clastic limit)
RCD
OX (with metals and ceramics)
AB (cutting modes)
High angle  None Normal SCD (if beyond elastic limit)
RCD
OX (with metals and ceramics)
Hostile SCD (if beyond elastic limit)
RCD
OX (with metals and ceramics)
Hard particles  Normal SCD (if beyond elastic limit)
RCD
OX (with metals and ceramics)
AB (deformation modes)
Hostile SCD (if bevond elastic limit)
RCD
OX (with metals and ceramics)
AB (deformation modes)
Impingement Low angle Hard particles  Normal AB (cutting modes)
without flmd

Hostile OX (with metals and ceramics)
AB (cutting modes)
High angle  Hard particles  Normal AB (deformation modes)
Hostile OX (with metals and ceramics)
(continued)
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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., > 10° 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 aresult, 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

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

Copyright © 2004 Marcel Dekker, Inc.



Design Perspective of Wear Behavior

23

Britile Cergmcs

X

—_—

/
T II
%
| Ay .."Lih
A | g/ ;_.-"- =
uJ _,_ﬁ-'l." ::uﬁ
ni o wbs
g g .
'y | = I|I "-C"'E'? .v"'/-
10
i o
L E Colg Morted Metals
g [ e
= i — -\-H-H‘"\-\.\
I-' "rqcp'.cﬂ.nl .,
|:' Harderrg Mlays
1
! T
E I
= Horghecs of the Material
1B
Bl f h, Metal
|
1
; .
ST S Y
| LY
% | xR
2 2l \
te I .‘.
PO
1 i _
_I‘_a_:rl ] | I""\.
u || ".,
™ L] \
E nR | \
e 'I'
& URl 4
g o)
(&) y
|I:| |: & r \L,_--'
[l Y
e amic -#-____.-" %
e s =
-—f’-
a
EI ._i',-—--‘-_J— J—--\.
,.::. = o = o ".'J:!-G = 3 "1:|:'
B lFpargement Angie

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 MoS, , 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 slidin