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PREFACE

In 1972 the basic concept of the delamination theory of wear was pre-
sented to my colleagues in a private memorandum. The mixed reaction it
received made it apparent that experimental evidence in support of the
theory was essential before it could be accepted widely. Thus, a series of
experimental and analytical investigations was initiated to examine the
theory from three different points of view: mechanics, materials and ap-
plications, Twelve papers on the delamination theory of wear resulting from
these investigations were prepared for publication in the special issue of Wear,
August 1977, These papers on the delamination theory are reproduced here
in hard cover by Elsevier.

The delamination theory of wear represents an attempt to understand
the nature of sliding wear, It departs completely from the more classical ad-
hesion theory of wear. Like many encdeavours of mankind, it is easy to ac-
cept a widely recognized view and develop our thoughts along a fixed path,
oven in sclentific fields. This tendency persists even when the view (or theory)
may occasionally deviate from simple observations and known laws of nature.
‘The deviations are often treated as exceptions rather than as causes for
alarm, questioning and inquiry. However, advances in science emerge only
through our willingness to question what is gonerally accepted, when logical
deductions based on a theory do not coincide with reality. These papers on
the delamination theory of wear are presented to foster this questioning spirit.

I have been fortunate to have had many students and colleagues who
have provided intellectual stimulus to our Inquiry. Many of them are co-
authors of the papers presented here, In particular, Dr. 8aid Jahanmir per-
formed many critical experiments from the vory early days of our research;
Dr, Nannaji Saka and Dr. Ernest P. Abrahamaon, 11, made valuable contri-
butions to the materials aspect of the project; and Mr, Jonathan R. Fleming
reviewed ten of the 12 manuscripts. During the early stages of this research
the encouragement and criticisms of my colleagues Professors Nathan H,
Cook and Frank A. McClintock were invaluable, The presentation of our

work in a special issue of Wear would not have been possible without the
enthusiasm and support of Messrs, Douglas Scott and Vérnon €. Westoott.
This kind of research cannaot veadily be undertaken at a private uni-
versity without the understantiing ol {.>ward looking supporters in funding
agencies. In this regard, the authors are greatly indebted to Dr, Edward
C. Van Reuth of the Defense Advanced Research Projects Agency. The
authors are also indebted to Dr, Richard 8, Miller, Dr. Arden L. Bement, Jr,
and Lt. Commander Kirk Petrovic for their continuing support of and con-
fidence in this work. I am, however, responsible for any shortcomings of
the work presented in this volume.
My wife and our four daughters deserve specia) vhanks for thoelr love,
understanding and patience.

Cambridge, Massachusetts Nam Pyo Suh
June 1977
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AN OVERVIEW OF THE DELAMINATION THEORY OF WEAR

NAM P, S8UH
Department of Mechanical Enginecring, Massachusetts Inatilute of Technology,
Cambridge, Mass, 02139 (UL.S.A.)

(Reavived dunuary 2, 1977)

Summary

The fundamental mechanisms of sliding wear postulated by the
delamination theory of wear are reviewed in terms of the experimental and
analytical work done to date at MIT. Each of the rate determining processes
involved in delaminalion wear, i.e. plastic deformation of the surface layer,
crack nucleation and crack propagation, is discussed for various metuls with
different microstructures, The effects of sliding apeed, lubricants and
complex loading on wear are also discussed. A hypothesis (without exper-
imental verification) is advanced for the formation of the Beilby layer.
Various dislocation mechanisms that might be responsible for the “dislocation
depleted layer' are considered.

-

Introduction

The delamination theory of wear was introduced in 1973 in order to
explain the wear of metals and other solid materials [1]. In that paper many
of the postulated mechanisms involved in delamination wear were qualitative-
ly shown to occur but only & limited amount of experimental data and
analytical evidence in support of tiie theory was presented. Since then,
extonsive analytical and experimental work has been done by the author and
his associates at MIT {2 - 10] and also by others [11 - 14], which has
confirmed the validity of the theory. The purpose of this paper is to give an
overall review of the current stete of undemstanding of sliding wear In terms
of the delamination theory of wear and to outline the relative significance of
each of the subjects discussed in the companion papers presented in this
issue of Wear,

The signifioance and implications of the mechanisms postulated by the
delamination theory of wear can best be understood by considering the
following questions,

(1) Where does all the energy supplied by the external agent go?

(2) Why and how does the coefficlent of friction affect the wear rate?
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(3) Why do some hard metals wear faster than softer metals?

(4) Why do most wear particles have an aspect ratio greatly different
from unity?

(B) Why does seizure occur?

(6) How does the microstructure of metals affect the wear rate?

(7) How do initial surface roughness and waviness influence the wear
phenomenon?

An attempt is made to answer these questions in this and the companion
papers based on the delamination theory of wear,

The primary purpose of this paper is to give a perspective on our
current state of understanding of sliding wear. It discusses well-established
acpects of sliding wear mechanisms and also those arcas which still require
further research,

Mechanisms of delamination wear

Cieneral description

The delamination theory of wear describes the following sequential
(or independent, if there are pre-cxisting subsurface cracks) events which
lead to wear particle formation,

(1) When two sliding surfaces come Into contact, normal and tangential
loads are transmitted through the contact points by adhesive and plowing
actions, Asperities of the softer surface are easily deformed and some are
fractured by the ropeated toading action. A relatively smooth surfuce is
generated, either when these asperities are deformed or when they are
removed. Once the surface becomes smooth, the contact is not just an
asperity-to-asperity contact, but rather an asperity - plane contact; each point
along the softer surtace vxporlences cyclic loading as the asporities of the
harder surface plow it,

(2) The surface traction exerted by the harder asperities on the softer
surface induces plastic shear deformation which accumulates with repeated
loading*.

(3) As the subsurface deformation continues, cracks are nucleated below
the surface. Crack nucleation very near the surfuce s not favored because of
a triaxiul state of highly compressive stress which exists just below the
contact regions.

(4) Once cracks are present {owing either to the crack nucleation
process or to pre-exiating voids), further loading and deformation causes
cracks Lo extend and to propagate, joining neighboring ones, The cracks tend
to propagate parallel to the surface at a depth governed by material prop-
orties and the coefficlent of friction. When cracks cannot propagate bacause

*The Increment of permenent deformution por asperity passage In small compared
with the total plastic deformation per passage (which Is ulmost completely reversed). This
accouwits fur the dizsipation of energy (5, 16].
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of cither limited deformation or an extremely small tangential traction at
the asperity contact, crack nucleation is the rate controlling mechanism.

{5) When these cracks finally shear to the surface (at certain weak
positions) long and thin wear sheets ‘‘delaminate”. The thickness of a wear
sheet iy controlled by the location of subsurface crack growth, which is
controlled by the normal and the tangential loads at the surface.

The remainder of this section elaborates on each one of the mech.
anisms described ubove in order to establish our cuirent state of knowledge.

Effect of topography on wear and the formation of the Beilby layer

All machined surfaces, and to some extent the surface created by the
delamination wear process, have asperities, When the harder surface slides
over the softer surface, the softer asperities either fracture immediately or
deform. The rate at which these asperities are removed by the sliding process
and the mechanism of removal depend on the initial surface roughness, the
applied load and the mechanical properties of the asperities. For example,
the wear rate of AISI 1020 steel was shown to be higher for rougher surfaces
than for smoother surfaces when the applied normal load was high but
the opposite was found to be true under a lighter normal load [10].

The wear particles generated by the fracture of deforming asperitios
will be smaller than delaminated wear particles produced by the subsur lace
crack propagation process but their aspect ratio may be larger than ur.ity,

Figure 1 shows asperities of AISI 1018 steel (generated by a machining
process) which were deformed under the sliding action of an AISI 52100
steel slider. High azperities were deformed first and these covered the lower
ones. Upon further deformation the lower asperities also deformed, eventual-
ly forming a layered structure of deformed asperities. The deformation
process is illustrated in Fig. 2 which shows the deformation of the gold-stee}

(a)

Fig. 1. Plastic deformation of the original asperities on machined AISI 1018 stesl during
oylinder-on-cylinder wenr teata: (a) silding perpendicular to the machining marke, 2.0 um
(o.l.a.) surfuce finish, under a nosmal load of 0,91 kg after 0,2 m of sliding: (b) sliding
raraliel to the mashining mark., 3.3 gm (o.l.a.) surface flaish, under a normal load of
0.35 ky after 0,256 m of sliding.
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Fig. 2. The deformation of subatrate asperities due to the sliding action on a thick plate
of Au on an AISI 1020 steel substrate,

intertace of gold plated AISI 1020 steel due to the surface traction exerted
on the gold surface by an AISI 52100 steel slider. The micrograph shows one
deforming asperity overlying another asperity, If the gold plating had not
been present, the fresh surface of a highly elongated asperity would have
overlaid another highly deformed asperity, possibly forming a chemical bond
(i.e. cohesive bonding),

If these layers are removed by fracture or by bond failure before the
subsurface delamination process finally creates a wear particle, then the
number of layers of these deformed asperities stacking on top of each other
will depend only on the ductility of the layers and on the quality of the
cohesive bonding. In contrast, if the surface is removed only through the
subsurface crack propagation process (i.e, the delamination process), the
deformed asperities will undergo severe elongation, In this case the thickness
of each layer can be very small, being of the order of 10 A. Since each layer
has a different crystallographic orientation, the resulting lamellar structure
at the surface will not exhibit a unique crystallographic structure when
viewed by X.ray diffraction or by electron diffraction. This may explain the
formation of the so-called Beilby laycr or shear-mixed layer discussed in the
literature [16]. Experimental evidence for this hypothesis about the
formation of the Beilby layer is yet to be secured.

In certain less ductile metals, e.g. those with inclusions, the asperities
may simply fracture rather than form the lamellar structure when they are
deformed, The degree of deformation before fracture will depend both on
the microstructure and on the environmental conditions, For example,
asperities are likely to undergo less deformation when metal-to-metal
adhesion between deformed asperities is prevented by the presence of
lubricants, Another oqually plausible explanation for the Beilby layer ix the
formation of very small grains or dislocation cells which cannot be resolved
by an optical metallograph, Van Dijck's transmission electron microscopy
showed that small elongated grains of the order of 2560 - 600 A were formed
at the surface of worn copper specimens (17].

One aspect of surface topography that has not been investigated to any
oxtent is surface waviness, Surface waviness differs from surface rough-

N



ness in that the former refers to the long range deviation of the surface
profile from the nominal shape, while the latter refers to a short range
deviation. In a stiff sliding system (i.e. a geometrically confined sliding
system) waviness can increase the tangential component of the surface
traction; this affects the wear rate significantly, as discussed in greater
detail in following sections.

Deformation of the surface layer

The plastic deformation of an elastoplastic surface layer under the
influence of normal and tangential loads exerted by a hard agperity has been
analyzed in the companion paper by Jahanmir and S8uh [15]. Qualitatively
the plastic deformation occurs in such a manner that the shear strain
component in planes perpendicular to the surface accumulates incrementally
cach time a hard asperity passes over the surface, The depth of the plastic
deformation zone and the plastle sirain depend on the actual surface traction,
In an elastic perfectly plastic solid the magnitude of plastic strain accumulated
at a given depth per cycle remains constant when the magnitude of the sur-
face traction does hot change, This Implies that the plastic deformation can
accumulate indefinitely when two surfaces slide over each other until the
surface layer is delaminated. Therefore the resistance to delamination wear
can be increased either by suppressing the crack nucleation and propagation

process or by reducing the plastic deformation by increasing the flow strength,

One of the major difficulties encountered in predicting analytically the
deformation of the surface layer is the inability to measure or to derive the
exact magnitude of the normal and tangential loads exerted by the hard
usperities and the actual area of asperity contact. Therefore it is often neces-
sary to make arbitrary assumptions; the common assumption is that the
normal stress is equal to the hardness of the metal. This is a reasonable
wssumption when the tangential load is absent, but it is a poor assumption
under a typical sliding situation. For this latter case, Green [18] showed that
the normal load depends on the coefficient of friction and may be smaller
than the hardness when both normal and tangential loads are applied to a
purfectly plastic solid, Even this analysis is of limited value since it cannot
accurately predict the coefficient of friction unless an arbitrary assumption
is made that some of the junctions support signiticant tensile loading. This is
a result of neglecting the plowing action at the surface Further evidence that
the normal stress at the asperity--surface contect i= not equal to the hardness
is provided by experimental results. The experimentally observed plastic zone
depth is a strong function of the flow stress, i.¢. the higher the flow stress,
the shallower is the depth of plastic deformation, If the contact atress at the
surface increases in proportion to the hardness, the depth of the plastic zone
should be approximately constant.

It has heen experimentally observed that the depth of the plastically
deformed zone in copper increases with the distance slid or with the number
of loading cycles when freshly annealed copper i slid aguinst a herd surface
(3]. This increase may be due to experimental difficulty in measuring small
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strains or it may be due to the changes in material behavior under cyclic
loading conditions. When metals are loaded cyclically, some undergo cyclic
softening (leading to cyclic creep) ox cyclic hurdening, However, even metals
which initially undergo cyclic hardening may eventually soften under
continued cyclic deformation. The role of cyclic creep in wear is not yet
fully understood,

When plowing is considererd, the mechanics of deformation very near
the asperity contact point can only be analyzed to a first approximation
using a numerical technique for an assumed plowing model. Otherwise, it is
difficult to satisfy the equilibrium condition. The MIT work to date has
relied on St. Venant’s principle and has ignored the actual deformation of
the region very close to the loading points for three reasons: the high
computation cost associated with elastic—plastic numerical methods such as
finite elements; the high probability that crack nucleation and propagation
do not occur very near the asperity--surface contact point; and the fact that
other more gross assumptions were made in the analyses,

Another approximation made in the analysis of deformation Is the
wssumption of isotropy. It is well known that worn surfaces have texture and
are thus not lsotropic. Buckley [19] and Scott and Wilman [20] have shown
that the slip planes of worn surfaces become oriented parallel to the surface,
When such texture develops the metal is no longer isotropic, especially if the
metal has a limited number of slip systems (as in h.c.p, metals). The effect of
anisotropy on friction and wear needs further understanding.

There is also ample evidence that the flow properties of u worn material
vary as a function of the depth from the surface, which is ignored in the
analyses done to date, Although the microscopic mechunisms responsible for
the heterogenelty are discussed in a later section, very little basic under-
standing on the role of heterogeneity in wear is yet available, This subject is
of interest since the introduction of heterogeneity through heat treatment
and plating is a major tool in combatting wear.

Crack nucleation

In the original puper on the delamination theory of wear it was reason-
ed that crack nucleation is likely {0 ocour away from the surface rather Lhan
very near the surface owing to the high hydrostatic compressive pressiure
acting near the asperity contact. The analysis presented in the companion
paper [16] shows that this is indeed the case, The analysis assumed that
crack nucleation veeurs when the redial stress acting at the interface
hetween a rigid cylindrical inclusion end the matrix reaches a critical value.
The radial stress was computed by considering both the stress accurnulated
due to the residual stress associated with strain concentration around the
inclusion and the stress due to the applied load. It is significant to note that
when the normal load is higher thun four times the critical shear atress of
the metal, the rate of crack propagation per loading oycle vis-a-vis the crack
nucleation rate in an elastoplastic solid appears to be the waar rate determin-
ing proovess in the range of friction coofficlents investigated (i.e. u > 0,125).
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It is also interesting to note that crackn are nucleated at a greater depth as
the normal and tangential apnlied loads increase. Furthermore, the size of
the region over which cracks nucleate also increases with increased applied
loads.

The cruck nucieation snalysis was done for an individual cylindrical
inclusion; the stress and strain fields were not influenced by the presence of
other inclusions. The analysis should be extended to the case of two
neighboring inclusions where crack nucleation occurs much more readily
owing to the interaction of neighboring stress fields and stress or strain
concentrations. Non-cylindrical inclusions should also be considered, e.g.
when the microstructure is pearlitic, crack nucleation is likely to occur by
cohesive fracture of the carbide lamella owing to the shear stress exerted on
the carbide—-fenite interface.

There is no definitive evidence that the crack nucleation condition used
in the analysis is valid under all conditions. For example, when there is shear
stress acting at the inclusion—matrix interface, crack nucleation may occur
at a lower magnitude of the radial stress. The analysis of these details of
crack nucleation is still one of the remaining tasks in tribology and the
fracture of metals.

Metallurgical and microstructural evidence for the crack nucleation
predicted by the delamination theory is overwhelming. As the paper by
Teixeira et al. [21] on wear of single-phase metals shows, the wear rate of
solid solutions decreases with solute content*. This decrease in the wear rate
is due to the increased hardness and the consequential decrease in the coeffi-
cient of friction. The increase in hardness of single-phase metals decreasez
the rate of plastic deformation and the decrease in the frictional coefficient
resuits in erack propagation at a shallower depth and a lower crack
propagation rate. The relative importarce of hardness and of the number of
crack nucleation sites is more dramatically illustrated by studies of precip-
itation hardened two-phase metala. The maximum wear resistance is
exhibited by a metal that still has coherent precipitates rathor than by a
specimen which has a higher hardness but which has incoherent precipitates

[22]. This shows that the hardness alone is not a good measure of wear
resistance. The importance of crack nucleation is further illustrated by
considering the wear of internally oxidized copper [23]. In these metals the
particlo-matrix interface is equivalent to pre-existing cracks, since the
bonding between the particles and the matrix is extremely poor. Therefore,
although the hardness increases with the volume fraction of internally
oxidized particles in the copper matrix, the wear rate also increases owing to
the increase in the number of pre.existing cracks and to the decrease in the
distance that a crack nust propagate to link up with other cracks, Therefore
the crack propagation rate controls the wear rate in these metals.

It should be noticed that, if the mecharism of crack propagation

rrveytmase. s

*This is true only If the solute doss not segregate at graln boundaries and does not
thus lowsr the ductility.
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parallel to the surface is not operative, wear particles will still form when a suf-

ficient number of adjacent cracks are nucleated and make the substrate weak,
This will be the case when the coefficient of friction is very low and/cr when
limited plastic deformation occurs. Then the wear particles formed by this
process of crack nucleation will not necessarily be flat, The wear rate for

this case will be smaller than when cracks can propagate.

Crack propagation

There are three important questions related to crack propagation in
delamination wear,

(1) Why is the wear rate (equivalent to the crack propagation rate) in
steady state wear proportional to the distance slid when the total length of
each crack is actually changing with the distance slid?

(2) What determines the depth at which crack propagation occurs?

(3) When do cracks propagate parallel to the surface rather than
perpendicular to the surface?

These questions are answered by the linear fracture mechanics analysis of
crack propagation given by Fleming and Suh [24] in one of the companicn
papers,

The stress analysis given by Jahanmir and Suh [15) shows that the sub-
surface in front of the moving asperity is in a plastic state, while the region
behind it is in an elastic state. Furthermore, the crack tip is in compression
in most of the plastic region and is in tension in the elastic region behind the
slider. Therefore, ignoring the compressive region, a linear elastic fracture
mechanics analyais can be applied to the crack tip. The crack propagation
rate is always constant regardless of the total crack length, beceuse only that
portion of the crack which is in the tensile region contributes to the stress
concentration and to crack tip opening and it thus controls the crack
propagation rate. The analysis shows that the stress intensity factors reach
maximum velues at a finite distance below the surface, indicating that the
cracks located at this depth will propagate faster than those at other
locations. It is also significant to note that the depth increases as the fric-
tional force increases, Therefore, it may be concluded that the increased
weur rate observed at a higher frictional coefficient is due to the thicker
wear particles and is also due to the faster crack propagation rate.

The phenomenon of seizure which occurs when a sliding intertace is
deprived of a lubricant can be explained in terms of the delamination theory
of wear, In a geometrically confine:1 (/.e. stiff) system the tangential
component of the surface traction incrcases suddenly when lubricants are
depleted. Consequently, large thick wear particles will be generated, which
may be wedged in the confined space available at the interface and may
mechanically lock the interface.

Cracks propagate parallel to the surface even though both an isotropic
homogeneous elastic solid and an elastoplastic solid experience the maximum
normal stress behind the asperity contact parallel, rather than perpendicuiar,
to the surface (Fig. 3). One reason for this ie that the imperfections at the
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surface close very easily under the shearing action in front of and under the
sliding asperity. Furthermore, the state of the normal stress component
parallel to the surface changes from tension to compression a short distance
away from the surface, which prevents ‘'surface cracks’ from growing very
deep, In contrast, a subsurface crack parallel to the surface experiences a
compression~tension cyclic loading each time an asperity passes over the
surface, which causea the crack to propagate a short distance, The stress
concentration at these crack tips can be large owing to the finite length of
the crack in the tensile region. For these reasons, in elastoplastic solids cracks
cen propagate parallel to the sucface. Eveis in extremely brittle solids cracka
may proprgate parallel to the surface if subsurface defects exist in the form
of microciacks. However, in the absence of significant subsurface defects
cracks in a brittle solid grow preferentially from the surface because defects
are more prevalent at the surface and the normal stress parallel to the surface
is maximum at the {railing edge of the asperity-surface contact.

The analysis given by Fleming and Buk [24] is deficient in that it does
not take into account the variation in flow stress and that the values for the
surface traction must be assumed a privri, An explicit determination of the
latter cannot yet be made from first principles for reasons cited in an earlier
section, The analysis is valuable, however, since it explaing a number of
experimentally observed phenomena in addition to the crack propagation
mechanics discussed, e.g. it is clear why the wavinuvos cf a sliding surface
used in a geometrically confined system can scceierate the wear rate. It was
shown by Suh and Nagao [9] that the increase in surface traction, especially
the tangential component, can create thicker wear particles and cen cause a
change in the wear rate.

Wear particle generation and the rate limiting process

Wear particles are generated when a subsurface crack breaks through to
the surface. Since tho propagating end of the crack (i.e. the crack tip at
which the stress is maximum) is always situated behind the moving asperity,
the crack reaches the surface after the asperity moves over the crack,
Consequently, the wear particle always lifts up from the surface so tha! the
underside is facing the direction opposite to the slider motion (Fig. 4), This
direction is opposite to that of similar flat particies formed by the deformed
asperities and thus enables an easy separation of particles formed by sub-
surface crack propagation from those formed by deformed asperitios,

In research on wear, a knowledge of the rate deternvining process is the
key to the understanding, prediction and minimizing of wear, In such metals
as internally oxidized copper which have pre-existing cracks, the rate
determining process is clear.y the crack propagation rate once the surface
traction in fixed by experimental conditions and by the materials. However,
the wenr rates of pure ¢elements and of solid solutions are initially controlled
by the deformation rates which are controlled by hardness and the friotion
force. The frictional force is in turn controlled by adhesion and by a flow
stress parameter that is probably related to hardness. There can be deviations
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s aed ) 7.
Fig. 4. Wear sheet formation in an iron volid solution, Note that the sheet is lifting up
opposite to the sliding direction, (The sliding direction i from right to left.)

from this if impuritics segregate to the grain boundaries and if the stacking
fault energy is significantly affected by the alloying elements. Once cracks
nucleate in these metals, the surface traction will detarmine those cracks that
will propagate the fastest, Thierefare, in the case of solid solutions and pure
elements, the rate of any of the steps involved in delamination wear can
strongly affect the wear rate. However, the relative importance of each sten
in this process cannot be spacified quantitatively a priori, In betwean these
extreme wear behaviors of single-phese metals and of internally oxidized
metals lie the behaviors of precipitation hardened alloys. In the materials
tested by Jahaumir et al, {28) and by Baka et al. [22], the crack propagstion
rate again seerms to be the phenomenon thiet controls the wear rate, since the
number of cycles required for crack nucieation is much smaller than that
required for orack propagation, When the 1netals are so hard that gross
pleatic deformation does not occur under the npplied load, the crack
nucleation rate mey become the rate determining process,

Dislocation dynamies and sliding wear

In the origina! paper on the delamination theory of wear {1] one
postulste concerned the possibility that there might be a “‘dislocation
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depleted zone' near the worn surface. This aspect has been a source of
controversy, as evidenced by the papers of Hirth and Rigney [14] and of
Ruff [27]. An attempt will be made here to clarify what is known about
this problem and to detarmine wheru further clarification is required.

Suh speculated that, since fresh surfeces free from a coherent oxide
layer may be generated when asperities move over a soft surface under a
heavy load, generated dislocations may experience sufficient image forces to
he pulled out of the surface. Consequently, there may be a finite layer (less
than 1 um in typical commercial grade matals) in which the dislocation
density is lower than that in the layer below it. Buch a layer may undergo
large plastic deformation without fracturing, since normal fracture mech-
anisms which depend on dislocation interactions may not be operstive. There
is evidence that dislocations do indeed experience such a force (e.g. see vef,
28) and that there can be a flow stres gradient near a deformed surface, as

shown by Fourie and Dent [28], who found the surface to be softer than !

the bulk. In contrast, Kramer [80] claims that the surface is harder.

Hirth and Rigney [14) advanced the argumont that the surface can be
vither softer or harder than the substrate, depending on the stacking fault
energies Involved, Ruff [27, 31] conducted electron channeling experiments
with copper and with high purity iron and concluded that the residual strain
is highest at the surface rather than at the subsurface. The channeling exper-
iment may not be a conclusive measure of the flow stress of metals near the
surface for two reasons. First, the disiocation density reaches a *‘saturation’
value at relutively low strain vis-a-vis the strains encountered in sliding wear.
The dislocation dynamics responsible for the flow of metals after the
dislocation density has reached a saturation value is not yet known. There-
fore, there is no way of extrapolating these vesidual strain measurements to
the actual flow stress existing under sliding situations. Second, theve is a |
queation of how effective an electron channeling experiment is when a sur- !
face is made up of a composite layer, as discussed earlier,

Van Dijok’s experiments, which showed that the worn surface of metals
conaists of fine grains of 250 - 600 A, indicate that such metals should have
a i..gh yleld stross at the onset of plastic deformation [17]. However, these
fine grained metals alro show plastic instabllity at small strains under normal
tensile loading conditions, with subsequent plastic deformation at low stress
[82]. Whether the fact that the frictional force of metal specimens plated
with a very thin layer of a softer metal decreases from a high value during
the oarly stage of wear to a lower value at stendy state is related to this
behavior of small grained metals is not known, However, it offers an interest-
ing pomsibllity.

The behavior of dislocations near a surface still requires further under-
stending and clorification. It Is unlikely that the controversies involved can
be resolved in the near future in view of the diffioulties involved in perform-
ing definitive experiments. Even the hardness tests performed in the pust
may be unreliable in that the flow of metals under aliding conditions occurs
parallel to the sliding direction, whereas this is not the oase for the flow
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under an indenter. This is an important issue when the metal near the surface
is highly oriented, with its slip planes nearly parallel to the surface.

The effect of sliding speed

As the sliding speed increases, the interface temperature increases [33].
The consequences of this temperature rise are: the decrease in the flow stress
of metals; the formation of different oxide layers on the surface, which
change the surfaca traction: phase transformations; and/or increased diffu-
sion across the contact interface, The experimental results presented by
Saka et al. [33] indicate that the effect of these changes, except perhaps
the sffect of the increased diffusion rate, may only be changes in the details
of delamination wear (e.g. where the cracks nucleate etc.) rather than
deviutions from the fundamental mechanisms postulated by the delamination
theory of wear. This is in contrast to the notion advanced by Quinn [34]
that the wear rate is equal to the oxidation rate in high speed sliding,

Sliding wear of non-metals

The delamination theory of wear is applicable to all materials in which
subsurface crack nucleation and propagation mechanisms are operative.
Swain [11] showed that alumina can wear by delamination, It is very
likely that thermoplastics with inclusions also wear by the mechanisms
postulated by the delamination theory, whereas glassy thermosetting plastics
fail through crack nucieation at the surface and pure thermoplastics fail
either by surfuce melting or by continuous deformatinn. When the material
is highly anisotropic and when plastics are reinforced by large diameter fibers,
the stress tield and the mechanisms of orack nucleation and propagstion may
be significantly ditferent {35].

The effects of lubricants on sliding wear

Lubricants are applied either to ellininate or to minimize metal-to-metal
contacts, This reduces the tangential compongnt of the surface traction and
distributes the normal load over a lurger sur{ace area (in the case of hydro-
dynamic Jubrication) and thus reduces the wear rate significantly. When the
applied normal load is very small, gross plastio deformation may bhe entirely
eliminatad, In this case, wear may be due to microplastic deformation, to
crack rucleation through dislocation pile-up in hard metals, and to the
formation " adhesive juncticns.

Chemical reaction between the additives in lubricants and the metal
surface iy also poasible. The formation of hard layers (e.#. sulfide and oxide)
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on the metal surface has been cdiscussed [36] and the glassy hehavior of
lubricants in elastohydrodynamic lubrication has been considered [37].
However, the effects of these on wear have not heen established. One of the
interesting possibilities investigated at MIT is preferantial chemical reaction
between constituents of the lubricani and the heterogeneoualy deformed
metal surface (with high strain energy). In multi-phase metals it is reasonable
to expect heterogeneous deformation owing to the difference in basic nature
of each phase and their differing crystallographic orientations. On unloading,
the residual stress distribution will be highly heterogeneous, Therefore, any
chemical reaction that cun occur between the lubricant and the deformed
metal surface will occur fastest at the regions of highest strain energy. When
the reaction product is not mechanically compatible with the original matrix,
cracks may form,

Wear under combined loading

The possibility that the inivial phase of fretting wear may be caused by
the delemination process was discussed by Suh [1], Waterhouse and Taylor
[12] and van Leeuwen {38). One of the basic questions often asked in this
area is: “where do the cracks form — at the surface or at the subsurface ? *
The answor to this question depends on the state of stress and on the relative
displacement between the siirfaces in contact, When a bending type of
fatigue loading Is applied to a shaft and the stress exerted by the inner race
of & bearing reinforces the maximum bending stresc, cracks can nucleate
perpendicular to the surface near the ands of the inner race—shaft contact
area. Howaever, if there is a large relative displacement between the two
surfaces, cracks may form at the subsurfece parallel to the surface.

When the hending stress and the stress applied by the contact do not
reinforce each other in any substantial way and if the crack propagation rate
determines the fatigue life, then the fatigue life under such a combined
loading is essentially independent of wear, This latter case is reported in the
companion paper by Nagao et al. {39].

Conclusions

(1) The experimental and analytica! work dons to date supports the
postulates of the delamination theory of wenr for the sliding weat of metals
and other plastically deforming solids.

(2) Tha wear rate of metals may be predioted i the near future, based
on first principles and futidamental muterial properties.

(8) Further work needs to be done to provide a more complete
description of the behavior of metals near the suxface and of the exact
mechanisme of load trangmission at asperity—-surface contact points,
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Summary

An analysis of the mechanics of void nucleation around subsurface hard
particles during delamination wear is presented. 'The analysis is based on the
stute of subsurface stress and the accumulation of plastic deformation after
each passage of a slider asperity. It is shown that voids can only nucleate in a
small region below the sliding contact and that the depth of this region
increases with increases of both the normal load and the friction coefficient.
Under a given situation, voids first nucleate in a small region bolow the sur-
face after 1 - 10 asperity passes. During subsequent puasses vold nucleation
becomes possible deeper helow the surface. The number of passes required
for vold nucleation at a given depth is found to decrease with increasing fric-
tion coefficlent. The analysis indicates that either vold nucleation or crack
propagation can ¢ontrol the wear rate depending on the materials and the
sliding conditions,

Introduction

In previous publications by the authors [1 - 3] sliding wear of metais
was shown to occur by the process of delamination. The delamination wear
process consists of plastic deformation of a surfuce layer of finite thickness,
of vaid nucleation and of crack propagation below the surface, It was
veasoned that volds around elther inclusions or hard second-phase particles
could nucleate only below a certain depth from the surface owing to the
laxge hydrostatio pressure near the asperity contact and only above some
other depth owing to the decreass in stress and deformution with distance
from the contact,

*Present address: Depattment of Mechanioal Engineering, University of Callfornia,
Berkaley, Callf, 94720, U.8,A,
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‘The purpose of this paper is to analyze the mechanics of crack nuclea-
tion around hard cylindrical inclusions as a first step in understanding the
crack nucleation process, The analysis is based on the assumption that voids
nucleate by separation of the matrix from the particle when the radial stress
component exceeds a critical tensile stress. Such an assumption is reasonable
when the inclusions are large enough to satisfy the energy criterion for crack
nucleation.

The results of the analysis support the original predictions of the
delamination theory of wear. They show that cracks should indeed nucleate
a finite distance below the surface and that the location of possible crack
nucleation sites ls affected bv the magnitudes of the normal and tangential
forces at the asperity--surface contact, ‘The analysis is also used to determine
the number of asperity passes required for vold nucleation and to determine
whaether void nucleation or crack propagation is the controlling mechanism,
(The mechanics of crack propagation are analyzed in the companion paper
[4].)

The results obtained in this paper cannot be extended to the case of
single-phase metals with no inclusions. However, the results are relevant to
many commercially pure metals since inclusions are often precent in these
metals. Even if the crack nucleation occurs owing to dislocation interactions,
the basic argument regarding the effect of hydrostatic pressure on crack
nucleation may still be valid,

Roview of the literature on vold nucleation

The mechanics of void nucleation from inclusions or hard particles
during sliding wear have not been studied previously, However, the void
nucleation process in uniaxial tension or in pure shear tosting has been the
subject of extensive investigations, both theoretical and experimental,
Although the state of stress and strain in wear is diffexent from that found in
uniaxial testing, some similarities In vold nucleation have been observed [5].
Therafore a review of the literature on void nucleation in simple testing is
instructive in understanding and analyzing the void nuoleation process in
delamination,

Snma recent reviews of the subject are given by Mogford [6], Rosenfield
[7], Rogers [8] and Argon et al. [9]. Although the process is not yet
completely undemstood, some facts are clear. The experimental results
indicate that voids nucloate from hard perticles by either particie-muatrix
separation or by particle fracture. Generally, matrix-particle separation is
the mode if the particles are equiaxed and particle fracture is the mode for
elongated particles, Here only equinxed particles are considered,

Previous investigations on void formation around an equiaxed particle
can be grouped into three categories according to the criterion used for void
formation, numely the energy criterion, the local strem oriterion and the
local strain criterion. Gurland and Platesu [10] propoted that voids at the
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interface can form when the locally concentrated elastic strain energy, which
could be released upon decohesion, becomes comparable with the energy of
the surfaces to be generated. A more recent and complete analysis of Tanaka
et al. [11] shows that in a purely elastic situation the energy criterion s
always satisfied for particles larger than 26 nm (250 A) when the stress
almost reeches the yield stress, However, in many instances much larger
particles have been observed to remain attached to the matrix even at strains
much larger than the yleld strain, Thus the energy criterion is a necessary but
not sufficient condition, It follows that for very small particles (smaller than
26 nm) void nucleation becomes very difficult since the energy criterion is
not satisfied.

Since the energy requirement is not a sufficient condition. some local
stress or local strain criterion must be satisfied before void nucleation is
possible. Stroh [12 - 13] analyzed void nucleation by considering local
stross concentrations due to dislocation pile-ups at inclusions (this idea was
proposed by Zener [14]). However, thik mechanism cannot be responsible
for void formation in metals with moderate flow stress at moderate temper-
atures, since the ease of secondary slip makes the development of high
stresses very difficult, Ashby [15] introduced a stress criterion based on a
dislocation model for void nucleation in which it is considered thet the
dislocations generated by primary slip interact with the dislocations generat.
ad by secondary slip at particles, These interactions torm reverse pile-ups
and can build up to cause a large tensile interfacial stress at the particle-
matrix Interface. Ashby’s dislocation model was lster modified by Brown
and Stobbs [16] to include an energy argument for void nucleation,

McClintock [17], in conaidering an elastic-plastic continuum analysis
of stress distribution around oylindrical inclusions in unti-piane shear, found
that large strain concentrations can develop around rigld inclusions in a non.
hardening matrix. He therefore suggested a local strain critorion or a criterion
which is a mixture of a looal interfacial shear strain and a local interfacial
tensile stress,

The above review on the oriteria for void nucleation Indicates that, for
vold nucleation from hard particles in a deforming matrix, the energy
criterion must be satisfied and a tensile stress larger than the interfacial
strength must be developed. Since the energy criterion is always satisfied for
large particles, the stress critorion becomes the necessary and sufficient
condition for such particles. (Since the strain criterion has not been develop-
ed to a polnt thet can be implementad, it is assumed that the stress criterion
is a sufficient condition.)

In the analysis of interfacial tensile stress development, two methods
can be used. Which one is preferuble depends on the size of the particles. For
partioles amaller thanh 1 um, the dislocation analysis of Ashby is suitable,
whereas for larger purticles continuum mechanics iz simpler and more
appropriate since the slip plane spacings are much smaller than 1 um. Several
continuum mechatics analyses of vold nucleation have been published,

Huang [18] analyzed the stresses around a rigid cylindrical inclusion
embedded in an elastic power law hardening matrix subjected to pure shear,
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He found a maximum interfacial tensile stress which was independent of
boundary shear strains, However, physically this stress must depend on the
houndary shear strain, Orr and Brown (18] found an interfacial tensile struss
which depended on the boundary shear strains. Their solution, which was
obtained for a rigid inclusion in an elastic-plastic non-hardening and in a
linearly hardening matrix, did not reach a steady state value and the inter-
facial tensile stress increased continuously with the boundary shear strain.
The difficulties involved with these two solutions, ie. boundary shear struin
independend stress in Huang’s solution and the lack of a steady state in Orr
and Brown's solution, indicate that these solutions are not accurate and
cannot be useful,

Argon et al. [9, 20, 21] analyzed the process of void nucleation arouncl
rigld inclusions of circular cross section embedded in an elastic~plastic
matrix in plane strain subjected to pure shear and superposoed hydrostatic
tension. They demonstrated that the interfacial tensile stress musti be

\ limited by two solutions, Following Rhee and McClintock [22], an upper
i bound solution was found by assuming the matrix to be incompressible and
’ lincarly hardening (with zero yield siress), and a lower bound solution was
found for an elastic perfectly plastic matrix. The two limiting solutiona
; yielded very close results and they concluded that the maximum interfacial
tensile stress due to pure shear at the boundary is equal to the yield strength
of the material, They also suggested that the hydrostatic tension component
of the stress may be superposed on the interfacial tensile stress or ; 4

Py 'y(é"‘)*'"h 1)

where u,, i6 the maximum interfacial stress, y(¢'*) is the yleld strength of the
material and v, is the hydrostatic stress. Void nucleation is then possible if
a4 roaches the particle--matrix bond strength.
From the above criterion it follows that void nucleation can be retarded
if the particle-matrix bond strength is increased. It has been shown that the
v particle-matrix adhesion can be increased by a small addition of an alloy to
the matrix, which increases the ductility {23, 24]. (Ductility is controlled
by void nucleation around particles and by void coalescence.)
Equation (1) indicates that voids can nucleate more easily if a hydro- :
‘ static tensile stross is present and that vold nucleation can be suppressed in !
' : ! the presence of a hydrostatic compressive stress. Sufficient experimental '
results have been published to show that in fact void nucleation is suppressed !
| in the presence of a large hydrostatic pressure {25 - 27) and that ductility 5
‘ under uniaxial testing [28] or under shear deformation [ 29] can be increas-
ad by superimposing a laxge hydrostatic pressure,

State ot strems under a sliding contaci

The investigations on void n ' ‘leation from hard particles reviewed in R
the last saction were all for uniaxial tension or pure shear loading. The state S
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of stress under a sliding contact, however, is very complex. Before the process
of void nucleation in delamination can be analyzed, the state of stress below
the surface must be determined.

No exact solution exists for an elastic—-plastic solid subjected to sliding
at the surface, However, an approximate solution for an elastic perfectly
plastic half-space is given by Merwin and Johnson [30] and Johnson and
dJeffries [31]. This method of sulution, which is described in the Appendix,
gives the state of stress, the residual stresses and the residual strains during
steady state sliding of an elastic perfectly plastic half-space against a rigid
stationary plane contact, as sketched in Fig. 1. The cartesian coordinate axes
in Fig, 1 are fixed in the stationary body and the maximum applied normal
and tangential stresses at the vontact are designnted pqy and g, respec-
tively. In order to find the state of stress in the moving plane, p, and ¢,
must be first specified.

It is well established that in the sliding of two surfaces with applied
normal and tangential loads N and 7, the contact is made at asperities of the
two surfaces (Fig. 2{a)). In order to simplify the problem, it can be assumed
that the lower surface is smooth and that the upper surface is rough*
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Fig. 1. A model of a contact between a stationsry rigid naperity and a moving slustic
perfactly plaatic ha'f-space,

Fig. 2. Contact of two sliding suzfaces: (a) a physical model; (b) an idealized model;
(c) »n mode! of a single contact.

*Thiu is & reasonable assumption since the surface becomes very sn:ooth during the
early stugss of sliding.

e e et 2t e




Lol

Pt

[
>~

22

(Fig. 2(b)). Therefore, in order {0 analyze the state of stress in the lower
plane, one asperity contact is considered, as in Fig. 2(¢). The main problem
is to find the stresses P and @ at the contacts. If it is assumed that the
stresses are the same at all contucte, that all contacts have the same area A
and that there are n such contacts, it is found that

N =nAP (2)

T =nAQ (3)
The friction coefficient u is then found:

u=T/}=Q/P (4)

If adhesion occurs at the contact, the contact stresses P and Q may be
found by a slip-line method proposed by Green [32, 33] (Fig. 3(a)). In
satisfying the yield condition at the contact, a relation between P and @ can
be obtained (Fig. 3(b)). Green's analysis applies to a rigid perfectly plastic
material and @ is limited to k, the yield streng:.h in shear. The problem with
this solution is that the slip-lines degenerate to a single slip-line along the
contact for friction coefficients largex than 0.38. This means that for large
friction coefficients the lower vody remains rigid, which is ptysically un.
realistic, If the adhesion is “weak" (the contact shear strength is less than &),
the maximum: @ is lowered further,

It plowing occurs at the con’uact, @ can be larger than & and the slip-
lin:# would not degenerate for larger friction coefficients. Therefore, in the
contact model of Fig. 2(c) it is assumed that plowing occurs and that the
tangential stress Q can be larger than k. It should be noted that under this
assumption the yleld condition is violated very near the surface by tlie
simple contact configuration assumed, since the actual surface configuration
cause! by plowing is not properly accounted for in the analysis. Nevertheless
the St. Venart's principle and the Merwin and Johnson solution guarantee
that the yield condition is catisfied everywhere below tha surface (i.e. away
from the surfuace).
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The Merwin and Johnson method was used to find the size of the
plastically deforming zone under a contact, the state of stress, the residual
stresses and the residual strains during steady state sliding. The results for
coses in which the local applied normal stress p, = 4k and local applied
tangential stresses g, ranged from O to 4k ure given in Figs. 4 - 9. The
plastically deformed region under steady state sliding is shown in Fig. 4. It
should be nated that for zero friction a state of shakedown is reached and
the steady state deformation is purely elastic. The uize of the plastic region
increases with increasing friction coefficient. For friction coefficients amaller
than 0.5 the plastic region is below the surface, whereas &t larger friciion
coefficients the plastic region exterds to the surface. The large size of the
plastic zone in front of the asperity tor large friction coefficient is surprising.
Perhape this is due to the fact that plowing was assumed for the stress
boundury condition but the displacements for plowing (i.e. raised material in

Pp'-ﬁ
s LD_ A/

Fig. 4. Stexdy state plastic deformation roglans for different friction coefficients,
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¥ig. 5. The steady state xx component of the stress as a funct! m of depth and of x.
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front of the asperity) were not considered. If the solution were to allow a
raised surface in front of the contact, stresses would be relieved below the
surface in front of the contact and the size of the plastic zone would
decrease.

The steady state components of stress o,,, v,, and o, at various
depths are given in Figs, 6 - 7. (The coordinates are described in Fig. 1.) 0.,
in always compressive, whereas o, becomes tensile behind the contact and
close to the surface. This tonsile zone haa also been found in obtaining a
similar solution by u finite element method [34]. The distribution of steady

state residual stress (o, . ), is given in Fig. B for different friction coefficients.

(As shown by Merwin and Johnson the only possible residual stresses are
oy and o,,.) Figure 8 shows that the residual stress is compressive and that
its magnitude for large friction coefficients is largest near the surface.

The steady state increment (6, ), of shear strain for each passuge of a
slider asperity is given in Fig. 8. If the friction coefficient is large the
increment of shear strain is largest at tiie surface. It should be noted that

-2.0 -1.0 Yy/n, 1.0 20 x/0
L

Fig. 8. The cteady state yy comnon: nt of stress as a funotion of depth and of «,
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Fig. 7. The ateady state xy (shear) component of stress as a function of depth and of x.
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during steady state sliding the only non-zero plastic strain increment is the
shear strain which accumulates with an amount (5 ., ), after each passage of a
slider asperity.

Analysis of void nucleation below the surface

Since the state of stress and the residual stresses and strains can be
obtained for the case of steady state cyclic loading, the process of void
nucleation from hard particles can be analyzed for steady state delamination
wear, It is assumed that the inclusions are larger than 1 um, that there-
fore the energy criterion for nucleation is satisfied and that the problem can
be treated by continuum mechanica, It is also assumed that a stress criterion
can be used for this case, {.e. that vold nucleation from hard particles occurs
when the interfacial tensile stress becomes equal to or greater than the
particle-matrix bond strength. Therefore, the problem is to find the inter-
facial normal stress at subsurface hard particles™,

It is assumed that the particles are c¢ylindrical and rigid and are
embedded in an elastic perfectly plastic matrix. The normal stress at the
particle-matrix interface depends both on the state of stress and on the
gccumulated plastic strain. It is assumed that the interfacial normal stress o,,
can be found from a superposition of independently calculated stresses due
to applied load at the contact and due to accumulated strain. It is also
assumed that the stress fields arcund inolusions do noti interact, {.e. that only
one inclusion need be considered.

In order to find the stress dus to the accumulation of plastic shear
strain, the solution of Argon et al. [9] for pure shear is used, namely eqn.
(1). A point (x, y) Is considered that Is below the surface and is subjected to
a shear strain § .. The point is then considered as a small eleiment with the
shear strain &, applied at the boundaries. It is assumed that u rigid cylindric-
al particle is inserted at the center of the element as shown in Fig, 10, The
thear strain 5, , develops an interfacial normal stress o, around the particle,
where o,, is a function of 6, ,:

Un ™ f(Bxy) (5)

It is assumed that during cyclic sliding o, depends on 5 ., as shown in Fig. 11
(an elastic perfectly plastic relstionship), The shear rtrain 8., is the total
accumulated strain and it {s incrensed by incroments of (5, ), after each
asperity pass, According to Fig. 11, the oaximum o,, is developed when

Bey =By = R/G (8)

where 5, s the yield strain in pure shear and G is the elastic shear modulus,

*An attempt was made to {ind the interfaciel normal siress sround particles by
using a linite slement program. Howevar, the finite slement method was found to he very
expensive for this piohlem and it was discontinued,
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Fig. 10, A rigld cylindrical inclusion subjected to pure shear strain,
Fig. 11. Elastic perfectly plastic normal atress-shear strain curve for the model of Fig, 10,

The number of slicder aaperity passes before the niaximum o, is developed
can be found since the shear strain increment per pass (5, ), at a given depth
is known from the overall analysis. From the assumed relation between o,
and § ., given in Fig. 11 the maximum o,, due to accumulated plastic strain

b ; is equal to 3k However, o,, depends on the angular position 6 around the
particle or
(Oph \/5’! sin 20 (7N

! whete (0,,); is the normal Interfacial sttews due to the cumulative plastic

f deformation around m particle loca.ed at & depth y below the surface,

i In order to find the maximuni interfacial normal stress o,, due to the

! state of stress under the contact, Argon et al.'s criteria (eqn. (1)) may be

: used. However, the stree,us at each point must first be transformed to a state

‘ of maximum shear stress and hydrostatic stress by using Mohr's cirole.

‘ Following the procedure of the last paragraph, it ix assumed that the stresses

_ ‘ act on an element and that a particle is inserted at the center of the element

‘ | (Fig. 12), Therefore, 'uing eqn. (1)

(Op)s = \/"'rfmn sin 2(0 —¢) + 0y, ®

! where 7,,., is the maximum shear stress at the point (x, y), ¢ {3 the anyle

: from the x axis to the axie of the maximum positive shear stress and o,, s the
hydrostatic stress at \x, ¥); /3 appears in the equation since the von Mises
yield critarion was used,

Fig. 12, A rigld oylindrioal inclusion subjected to & general atate of stress,
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The total o,, due to both the applied stress and the accumulation of
plastic shear strain {3 found by adding egns, (7) and (8). The maximum o,
which occurs at some angle 9 = 04 can be obtained for each point (x, y):

(O dmux ™ \/-sk sin 20, + \/'3-1,““ sin 2(0p —¢) + 0y, (9)

As was gshown rbove, the number of slider passages before (04 )may can be
developed at a given depth is also determined since the shear strain increment
per pass is known at that depth,

Equation (9) was programmed in DGC FORTRAN IV language using
Merwin and Johnson's method to calculate the state of stiess and ths residual
stresses and strains,

The “nominal’* stress solution used in the Merwin and Johnson mathod
was the elastic solution for elliptically distributed loads at the contact, from
Smith and Liu [36], The contours of constant (0,;)max found from eqn. (i)
are plotted in Fig. 18 for an applied normal stress at each asperity contact of
4k and friction coefficients of 1.0, 0.5 and 0 25, It should be noted that
{01y )max 18 compressive immediately below the contact and attains its largest
values in front of the slider, well below the surface.

If the particle-matrix bond strength is equal to 2k, Fig. 13 showas that
the size of the region in which void nucleation is possible decreases with
decreasing friction coefficient. The size of the void nucleation region i«
smaller for a stronger particle~-mauix hond, The figures show that voids can
only nucleate well below the sucface (o, 3 2k), which is consistent with the
subsurface observations of wear samiples in previous publications {1 - 3],

The minimum and the maximu: depth of the void nuclention region is
plotted in Fig. 14 as a function of the friction coefficient for applied noxmal
contact stresses py of 4k and 6k. The range of depthi for void nucleation
increascs with increasing friction coefficient for both applied norral stresses
but the voids can nucleate deeper below the surface for s larger applied
normal stress, It i interesting to observe that, at po » 8k and for a zero fric.
tion coefficient ( vhich applies to a case of pure rolling), void nucleation ix
possible in a small region. Howaver, at py = 4k and for a zero friction coeffi-
cient, voids do not nucleate since the stresses shake down to an elastic state
during steady sliding.

The depth of the vold nucleation region (o,, » 2k) ia plotted in Fig. 156
against the number of pasees required to reach the maximum v,, at each
depth, for different friction cosfticients and p, of 8k and 4k, At a given
depth as the friction coefficient increases a smaller nuraber of passes is
required far voic nucleation. It should be noted that voids first nucleate at
the minimum deptha only after 1 - 10 asperity passes (depending on the
friction coefficlent, and the normal load); as the number of passes increases,
the void nucleation rogion moves deeper below the surface.

It should be pointed out here that caleul: ‘ion of the interfacial normal
strees at inclusions by superposing that due to the cumulative plastic
deformation and that due to the applied atress violates the yield criterion,
This violation opours becausa for an slastic perfectly plastic material o,,
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Fig. 13. Contours of conatant (Opy)max Around an inclusion for coefficlents of friction of
{ns1.0, (b) 0.8 and (c) 0.28,

cannot exceed the yield stxess, /.¢. /3k, and the solution may not be correct
for 0,, > /3k. However, if the voids nucleate when o,,= /3K, the atresses
can Yelax and the yield criterion can be satisfied, The solution, however, does
Indicato that voids nucloate below the surfuce and that the depth and the
number of passes depend on the friction coefficient und on the applied
normal load,
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Fig, 14. Depth of void nuclaation ragion as a function of the friction costficient for two
applied local normial stresses,

In the analysis of void nucleation it was assumed that the hard partioles
were rigid, However, in real materials the particles have some elasticity,
which would result in values of v,, ymaller than the ones calculated by the
above procedure,

As was pointed out by McClintock (17], the criterion for vold nuclea-
tion from large particles may be a combiaation of a local shear strain
criterion and a local interfacial tensile stress criterion. In the above analysis
it was assumed that the local stress criterion was sufficient, This assumption
may be 2 good approximation for equiaxed particles but not for slongated
particles. In the analysis of elongated particles the local strain concentrations
are large and void nuclestion generally occurs by particle fractura. Therefore,
s the particles become more elongated, the local shear stralu criterion for
void nucleation may become the dominant criterion,
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1Mycussion on creck propagation

Once the voids are nucleated from hard particles they will become
enlarged with repeated passes of the slider asperities, Furthermore, cracks
can develop from these cavitles either by void coslescence or by crack |
propagation between the voids. The process of vold growth has been analyz- SRR
ed for pure shear [36]. Void conlescence for hydrostatic tension hes also
been analysed [87 - 88]. Howevoer, the analyals of this process during
delamination wear sesms complex and has not been done;




32

When the subsurface cracks reach a certain length (by void coalescence
or vrack propagation between the voids), the stress intensity fuctor at the
crack Lip can become sufficiently large to propagate the cracks by some
increment after each pass (similar to fatigue crack propagation). Fleming and
$uh [4] analyzed this process, A maximum stress intensity factor exlasts
behind the contact and at a certain depth helow the surface, This may cause
crack propagation parallel to and helow the surface, which has besn observ-
ed experimentally [1- 5],

Comparison between void nucleation and crack propagation

In materials which contein hard second-phase particles or inclusions,
void nucleation and crack propagation must occur to generate the wear
sheots. Therefore it is of primary importance to determine which one of
these processes is the rete controlling mechanism. A qualitative comparison
based on experimental results can be made between vold nucleation and
crack propagation,

Subsurface observations {1 - 8] have indicated that, in general, the
number of subsurface voids is far larger than the number of cracks. This
observation together with the result of the void nucleation analysis which
showed that voids can nucleate even after one asperity pass, indicates that
crack propagation may be slower than void nucleation in a rnaterial such as
spheroldized AISI 1020 steel. In order to check this conclusion the crack
propagation rate is calculated below for two examples. Although the
calculation is very approximate it can provide soms insight into the process.

The model in Fig. 18 is used to determine approximataly the number
of asperity passes required for wear sheet generation by crack propagation.
The lower cylinder of diameter d (the specimen) s rotated at an angular
speed w. The upper block is stationary and makes s contact, with a length L
and a width L. It is sssumed that the specimen wears in lnyers with thickness
h and width L, where h corresponds to the thickness of the wear sheets. If
after R revolutions n layers wear off. the worn volume V per revolution is
given by

V ~nndLh/R (10)

If the asperity contact spacing {s assumed to be A, the number of asperities
per length of contact is L/, ‘This corresponds to the number of aspority
pusses per revolution. Therefore the totel number of asperity passes required
for removal of one layer nt material is given by

Nw= o~ (11)
na
Since the wotn volume V per revolution can be determined experimentally,
the numbar of layers reamoved per revoiution can be calculated from eqn.
(10) if the thickness of the sheots and the size L of tha contact In known,
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Fig. 18. A model of a wearing specimen,

Then the number of asperity passes for removal of one layer can be calculat-
ed from eqn. (11) by assuming an asperity contact spacing,

Example 1

For an AISI 1020 steel specimen of diameter 6.3 mm rotating against a
52100 stee! slider under a load of 2.26 kg in air, the wear rate is 2 X 10 ¥
m?® rev ! and the friction coefficient is 0.5. If the apparent contact length
L = 2 mm and the asperity contaci spacing A is assuumed to be 100 um and
the wear sheet thickness A 18 2 um, then

R n(B8.3X 10°%)2x10'%)2x 108
-"( 3 0 )2x 10 ) ) - 400 revolutions per layer

n 2Xx 101
2 x 10% 3
N = 400 TTTRTE = 8 X 10 asperity pusses
Example 2

For the same material ss in example 1 but tested in argon, the wear rate
#7.6X 107 m? rav ! and the friction coefficient is 0.85. If L = 400 mm,
hA=10um and A ~ 100 um, then

o | -~ 8 (13 [}
E - m(8.3X 10 74 X 10" 7)1 )- 1.1 X 102 revolutions per layer

n 76X 10" 1
X 107"
N=11X% 10 -1'-36—5(“1"-{6—-0— w4 X 104 nsperity passes

Tho above examples indicate that approximately between 10 and 104
superity passes are required for wear sheet generation, If only ten of these
passes are needed for void nucleation, the rest, f.e. (10? . 10%) — 10 or

approximately 10% . 10* passes, are necessary for crack propagation. In
example 1, if the langth of the wear sheets is 100 um, the crack growth rate
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per ¢ycle dC/AN becomes approxirmately 10 * um puss ' which is very
small. For the second example dC/dN is about 2.6 X 10 ¥ yum pass !,
Therefore, the subsurface crack propagation process is the rate controlling
mechenism for metals in which void nucleation can occur readily.

Discussion and summary

The delamination theory of wear postulated that voids cun nucleate
below the surface but not at the surface [1]. This is because the large
hydrostatic pressure which exists directly under a contact will oppose void
formation, However, incremental plastic deformation which is largest at the
surface will favor vold nucleation, Therefore, voids can nucleate below a
depth where the hydrostatic pressure is not large enough to suppress void
formation and above a depth where the plastic deformation is insufficient to
nucleate voids around the hard particles, Kven though the analysis presented
here is approximate, it shows excellent agreement with the above postulate
and with experimental obsexvations of wear,

It was shown that void nucleation s possible in a region below the
sliding contact and that the size and depth of this region increases with
increasing friction coefficient and normal load. Under a given situation voids
firat nucleate in a small region below the surface only after 1 - 10 asperity
passes, During subsequent passes void nucleation becomes posaible at larger
depths below the surface. The number of passes required for void nucleation
at a given depth was found to decrease with increasing friction coefficient,
{.o. a larger number of asperity passes is required for void nucleation under
situations where the friction coefficlent is low.

The analysis indicated that void formation occurs very readily around
subsurface hard particles but that crack propagation occurs very slowly,
Therefore, for materials under wear situations where void nucleation can
occur easily crack propagation may be the rate controlling mechanism. This
i the case for metals of medium tonsile strength and a large fracture tough-
ness (such ag 1020 steel) under high friction situations. However, if void
nucleation s extremely difficult but crack propagation can occur easily for a
givan material under a given situation, void nucleation can hecone the
controlling mechanism, This case could arise for metals of high tensile
strength and Jow fracture toughness under conditions of low friciion
coeificlents.
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Appendix: Calculation of elastic-plastic subsurface stresses in sliding
contacts

This appendix describes the method which was used to calculate the

state of stress and the residusl stresses and strains during cyclic sliding. The
procedure was firc: developed by Merwin and Johnson [36] for rolling
contacts and was later modified [31] to be used for sliding contacts,

The general ptoblem fs simplified by assuming that an elastic perfectly

plastic plane alides with a apeed U past a rigid stationary surface which
makes a contact of length 2a. The analysis is carried out for the plane strain
condition. Therefore, in terms of the coordinate axes shown in Fig. 1 of the
main text and assoclated with the stattonary surface, e,, is zero and all
strosses and strains are independent of 2,

A brisf description of the procadure

The anulysis is performed by the following steps.
(1) The stendy state residual stresses and strains in the plane x~y wre

assumed to be zerov,

yﬂ

(2) A fixed point in the plane is considered (initially at x = —-= and
¥o). Since the contact is far away from the point, the state of stress ls
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calculated by superimposing the elastic and residual stresses. The atresses are
recalculated at this point as it moves towards the contact with a speed U and
by increments of dx.

{3) When the state of stress at the point satisfies the von Mises yield
criterion, the Prandtl- Ruess equations are used to calculate the state of
stress for successive movements of the point, assuraing that the total strains
ure the same as that given by elastic relatiors.

(4) The Prandt] - Ruess equations arc integrated using Gill’s modification
of the Runge- Kutta method to fourth order.

(5) When the von Mises yield criterion is not satisfied any more or when
the rate of plastic work becomes negative, plastic deformation terminates,
For successive movements of the point, the state of stress is found from
elastic equations.

(6) Since no attempt is made to satisfy equilibrium during the cycle,
the final state of stress viclates the equilibrium condition. Therefore, at the
end of the cycle, the stresses are relaxed elastically to satisfy equilibrium,
‘This procedure may give non-zero residual stresses and strains.

(T) Steps 2 - 6 are repeated for the same point using the residual stresses
from the previous cycle. The procedure is repeated until a steady state
condition in the state of stress, the residual stresses and the residual straine is
reachad. (This is when the residual atresses and strains found in step (6) are

B
I Sot Rasidual strees = 0 I
——.-—.———_Eul-;l’u.mdy-y.
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Fig. A1, A flow chart for the numerioal ealoulation of stress and strain under a aiding
contact,
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not significantly different from the residual stresses and strains at the
beginning of the cycle.) The final result is an appreximate solution of the
steady state stresses in a sliding contact at a given depth,

(8) The sam.e procedure is followed for points at different depths to
approximate the total state of stress,

The preceding method wae programmed in DGC FORTRAN 1V
language and a Nova 2 mini-computer (which uses 32 bits for real numbers)
was used to perform the computations, The procedure is shown by a flow
chart in Fig. Al. It should be noted that the DGC FORTRAN IV language
used differs from ANSI FORTRAN 1V (especially in its handling of DATA

statements) so taat the program may require modification to run on another
computer.

Discussion of the solution

The final state of siress and the residual stresses and strains calculated
by the above procedure is an approximat: solution for the case of steady
state sliding (/.e. when the residucl stresses become constant and the pseudo-
residual stress in the y direction becomes zern). Merwin and Johnson
considered the integration cycles hefore a stendy state is reached to be the
actual transient, solution but this is not necessarily correct since it is only
a’ter tho last integration cycle that the pseudo-residual stress in the y direc-
tion approaches zerc.

The assumption of allowing the total strains during plastic deformation
to be identical with tihe elastic strains is reasonable for low friction coeffi-
cients (f.2. less than 0.5) since the region which contin .y deforms
plastically is contuined by an elastic region around it, ‘«.aerefore the tolal
strains cannot be much different than the elastic strains. For larger fricsion
coefficients one boundary of the plastic regicn is the free surface, which may
allow larger strains near the surface. Therefore the solution becomes less
exact at larger friction coefficients and near the free surface. However, it
should still he reasonable desp helow the surface near the clastic-plastic
boundary.

The approximate solution found from the preceding method has two
types of instabilities. The plastic stresses at the surface cannot be obtained
owing to the singularity of the elssiic strain gradients at x » ta. The solution
also becomes unstable in that the residual stresses do not converge to steady
state values very near the steady state elastic-plastic boundaries for low
friction coefficlents (lower than 0,5). However, there is no problem at a
small distance from the elastic—plestic boundary inside the plastio region.
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MECHANICS OF CRACK PROPAGATION IN DELAMINATION WEAR
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Summary

A mathematical model of subsurface crack propugation in sliding
contact is developed. It is shown that linear elastic fracture mechanics may
be appiiad to such problems, even for elastoplastic solids. An equation to
predict wear rates is derived, which should apply in delamination wear to
matetrials in which crack nucleation is easy., Results of calculations of stress
intensity factovs tor various subsurface cracks and coefficients of friction are
presented, ‘The numerical calculations were done only for coefficients of
friction greater than 0.5,

‘The calculations show that there is a characteristic crack propagation
depth below the gurface, which increases with increasing coefficient of fric-
tion, In addition, the change in stress intensity factor, and hence the crack
propagation rate, increases with increasing coefficient of friction. A compar-
ison between these calculationa and approximate crack growth rates in
sliding wear shows that the results agree reasonably well,

The model is used to explain the phenomenon that increased hardnuess
sometimes increases wear, A possible explunation for seizure in geometrically
congtrained systems is advanced. The model may be used to predict wear
rates from firet principles in the near future,

Introduction

The first paper (1) in this issue of Wear and its list of reforences
presented sn overview of the current state of the delamination theory of
wear and the evidence supporting it. Bufficient experimental evidence i now
available to justify the weceptance of delamination as a wear mechanism in
sliding wear. In addition, physical reasoning and a qualitative understanding
of the delumination theory has been used to reduce wear by severel orders of
magnitude under experimental conditions, The next step in the development
of the theory muast be mathematloal modeling of delamination wear.

The study of wear has two major purposes: to predict wear and to
reduce wear, Mathematical models sre neceasary in order to predict wear

i
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qualitatively. They are also useful in the process of planning experiments
and in gaining further physical understanding, since they are often more
easily manipulated than experimental situations.

Five processes are involved in delamination woar: transmission of
forces, deformation, crack nucleation, crack propagation, and wear sheet
separation. The first and the last processes are not currently amenable to
analysis; transrajssion of forces involves adhesion and plowing which
requires an understanding of chemical interactions and a three-dimensional
large strain elastic--plastic analysis, and wear sheet separation probably
depends strongly on material defects and random factors. The deformation
and crack nucleation processes were analyzed approximately in the preceding
paper [2}; although some insight has been gained, the snalysis has not yet
been used to formulate an equation to predict wear, This paper is dedicated
to modeling crack propagation in delamination wear, and to developing an
equation to predict wear rates,

In developing such an equation, it must be assumed that crack propags-
tion controls the wear rate. This Is not necessarily true for all materials, since
at a given point in the material deformation generally precedes crack huclea-
tion which must precede crack propagation; it is conceivable that the
deformation rate or nucleation rate can control the wear rate. However,
Jehanmir and Suh [2] have shown that deformation and crack nucleation
around hard particles take a short time if the hard particles are common in
the material and sufficient deformation takes place, Since most engineering
materials (e.g. steels) contain many hard particles and the matrix of such
materiale can be greatly deformed during sliding [3], we feel that crack
propagation will control the wear rate in many common metals.

A moda! of crack propagation

In developing the model, several agpects of the sliding pracess must be
considered, First, a wearing surface generally becomes very emooth [1].
Second, the distance between asperity contacts s generally large compared
with the asperity contact slze (since the real aren of contact is 530 much
smaller than the apparent area of contact for realistic loads) and the stress
falls off with distance r from the contact approximately as a 1/r proportiona
lity (see aqn. (1)); therefore, the stress beneath and near an asperity contact
is not significantly affected by other contacts. Third, in moat sliding situa-
tions there is unaffected material on either side of the wear track and the
deformation is uniform across most of the wear track, so that most of the
wearing material is in plane strain. Fourth, experimental evidence has shown
that all wear cracks appearing in reasonably ductile materials are essentially
parallel to the surface and are very long compared with their distance below
the surface {1}, Fifth, the wearing body s esmsentially infinite in dimension
compared with the size of an asperity contaot.
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Fig. 1. A model of a subsurface crack in aliding contact.

The physical model chosen on the basis of these observations is
illustzated in Fig. 1, It consists of & half-space in plane strain contacted by a
single asperity and containing a straight crack parallel to the surface, The
crack is drawn as being closed over most of its length for reasons discussed
below.

It is kndwn that some of the material in the region of an asperity
contact is plastic. Thus, the first question arising in regard to this model is
whether it can be analyzed by linear elastic fracturg mechanics (i.¢. can the
plasticity be ignored?). The answer to this question lies in the nature of the
stress fleld below the surface.

Approximate subsurface stresses on a crack in sliding contact

A quick approximation to the subsurface stresses may be found from
the elastic solution for a point load (in plane strain, s line load along a line
into the paper in Fig. 2) [4]). In the notation of Fig. 2

~-2F
Op ™ —'-?;- cos (o +0) 00 =0 opp =0 0

For this stress fisid, lines of conatant maximum sheer stress form circular
arcs, as shown in Fig. 2. Using the Tresca yield criterion for such a contact,
the plastic sone will lie inside such a line, Also, the streas to the left of the
broken line in Fig. 2 is all compressive, while the stress to the right of the
broken line is tensile. (The broken line is a line of sero stress and s
perpendicular to the line of action of the applied force.) _
Finite alement analyses of a hali-space subjectad tn a distributed load
(5] indicate that this approximation is quite good farther than s quarter
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Fig. 2. A point toad (line load Into the paper, in plone strain) on a half-space,

contact length or so from the contact. In addition, Jahanmir and Suh [2]
showed that the residual stresses formed after many asperity passages tend
to suppress the tensile plastic zone, Thus, the material to the right of the
broken line in Fig. 2 Is elastic and is subjected to tensile stress, The material
to the left of the broken line ls elnstic or plastic and the streas {8 compressive.

Phyrics of the model

Now consider the introduction of u crack into the half-space, as in
Fig. 1. In the compressive region, the crack will tend to close and normal
stressos will be tranamitted acroas the crack. In view of the large compressive
stresses near the surface, it is not unreasonable to nssume that the faces of a
orack near the surface will mechanioally lovk together and transmit shear
stressen. Undar this assumption, the portion of the crack which experiences
compressive londing essentially does not exist! The orack can only propagate
when the crack and the asperity contact are so nituated that part of the crack
is in the tensile region. Furthermore, only the portion of the crack in the
tenwile ragion will affect propagation,

Linear eluatic fraciure mechanics may be applied to a crack propagation
problem if the nominal strosses are elastic, if the area around the crack tip iv
in plane strain and if the plastic zone around the crack tip is smill compared
with the smailest dimension of the problem. Since the material around the
important (open) portion of the crack is all elmstic and a condition of overall
plane strain xists, two of these conditions are met. The third condition
caninot be checked until atress Intensity factors are calculated, Before cover-
ing this calculation, the mathematical implications of the physical modsl will
be explored in order to define the quantities necessary in the analysis.

et aam ot P T
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Mathematical description of the model

As asperities pass over the surface (from right to left in Fig. 1) the crack
will rass from compressive to tensile to compressive stresses continuously.
Thus the crack extension dC per asperity passage dN (or cycle) should be a
function of the change in the stress intensity factor Ak and of two material
constants g and n (n is typically 2 - 5), as in fatigue crack growth:

dC
10 = piaky (@)

(k Is purposefully written without a subscript since it is not known whether
mode 1, the tensile mode, or mode 1], the in-plane shear mode, or a
combination is operating. Mode 111, the out-of-plane shear mode, is impos-
sible under the plane strain assumption.) Ak can only be a function of the
boundary conditions (applied loads and displacements) and the geormetry as
long as the nominal strens field is independent ol material properties. (Ak ina
weak function of Polsson’s ratio, which is ignored here.) When the tip of the
crack les In the compressive reglon (ignoring the initial transient crack
growth) ¥ is 4 minimum which is zero from the above discussion. When the
tip of the crack s in the tensile region & is a funution of the average normal
contact force vy, the coefficient of friction u, the length of the crack in the
tensile region and the depth of the crack below the surfuce (since these
quantities define the boundary conditions and geometry and since the stress
field does not depend on the slastic conatants, ss shown below), 1t s
reasonable to assume that the maximum & will ocour when the orack lies at
somo conatant critical depth d and when some constant oritical effective
crack length C, is in the tensile region. (Translent crack growth therefore
occurs in the period when C < (), 'Thus

Ak = k{u,,u,d C,) (3)

Hnce Ak 18 not a function of C, egn. (3) van be substituind into eqn, (2) und
the resuli is easily integrated:
Cw ﬂkn("m u,d, CHON + C, (4)

If ¢ is defined as the number of contacts per unit length and S is the sliding
distance, then N = ¢S or

C=pk" (g, p, d, CH)S +C, (6)

Gupta and Caok [6] showed thet the real area of contact is almost
proportional to the applied normal load. In addition, the increase of the ranl
araa of contact is almost solely due to an inorease in the number of contacts.
‘Thersfore, the number of contacts is essentially proportional to the nvesall
normal load L for a metal with a glven hardnesa:

{=al (8)
Defining & = ap, sqn. (5) becomes
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Co=bk"(o,, 4, d CHLS + 1, 7

Furthermore, the wort volume V must be Cd times some crack breadth
which must be of the order of C,. Equation (7) becomen

V= (5k" (00 n d, C)LS + C}dC, (8)

In the past, it was often assumed (e.g ref. 8) that o,, was equal to the
hardness, As was discussed In the overview paper [1] there is no direct
experimental support for this view, although it may not he unrealistic to
assume that v, will incresse in some manner with hardness. If we let o, =
EH o8 a fivet approximation, egn. (8) may be rewritten as

V= {5h"(EH, u, d, C)LS + C,}dC, (9)

Since & has units of atress X length!/? and must be directly proportional
to the norminal stress, we may normalize k by o,(tH) and the square root of
the half-contact length a to get a diimensionless Ik Equation (9) becomes
(using d = d/a end C, = C, /a)

V= [6{k(u,d, C)EHVaI'LS + C,] dC, (10)

Some discussion of the implications of this mode) is now pousiblae, It
can be seen that the volume worn is linearly proportional to the normal load
and to the distance slid, This is a well-established oxparimentul result,

Howaever, the influence of hardness is the reverse of that predicted by
the sdhesion theory if the crack propagation rute (i.e. § and/or n) and the
number of contants (i.¢. «) axe not affected by the mechanistn reaponsible
for the incroase in hardness, In this case, increasing H will increase V by a
lexge fuctor, This may be one reason why harder materials sometimes wear
faster than softer materials,

Ax to the use of eqn. (10), we can see that It {4 necessary to evaluate
several constants and one function, ¢ is hard to find, but may be taken to be
1 in the absence of mora information, 5 will be diffioult to evalusie since o
is hard to find. § and n can be evaluated from studard fxtigue data, g must
currently be teken as a parameter of the sliding psir. The ‘‘fracture mechanics
constants’ d and C, and the "‘fracture mechanics fiinction"’ k will be evaluat-
od in the following section,

Evaluation of the fracture mechanics constants and function

The method of evaluation will be to caloulats & for many possible
values of d and C,. Then C, and d can be found by inspection,

The method of caloulating & is 4 boundary integral method. Consider »
body subjected to a stress fleld o(x, y) in the absence of n crack. It a crack is
present, evaluation of o at the crack surface will generally yiald non-sero
tructions on the ctack surface (which will be here called “pseudo-stresses).
However, superposition of a stress fleld which exactly cancals these tractions,
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which is zero at any free surfuce of the body and which causes no displace-
ment ut points where displacement boundary conditions are specified will
provide the exact solution, by uniqueness, If the stress field that is to be
superposed 18 not zero at some free surface or causes a non-zero displacement
&t a point where displacement is specified, the superposition will not provide
an exact solution since the boundary conditions at the edges of the body

will not be met, but hopetully the solution will be useful,

In the implementation of the method, only the stresses in the vicinity
of the crack tip are needed. It is weil hnown that the elastic stresses in the
vicinity of u crack tip can be written in terms of the distance r from the
crack tip nnd the angle § from the crack centerline as

Opp ™ \/Thw)

Con™ ;'/'ﬁmfn(”) (11)

"ru";/"ﬁ:fn(o)

If k'(x) is defined as the Influence funciion [7] (the stress intensity factor
per unit force for a self-equilibrating pair or point forces on opposed faces of
the crack), the stresses in the vicinity of the crack tip are

18,
0y 77?{" (*)o(x, y) dx £,(0)
i 0
vo= g [ K)o y)dx fa(0) (12)
Co

1 0
Upg ™ k' (x)o(x, y) dx f5(0)
75 /!
and comparison of aqns. {11) and (12) shows that
0
h~ [k, y)dx (13)
-0,

8ince it was shown above that the material in the region of interest is
olastio, the stress field o is taken to be the elastic solution due to a set of
normal and tangential Joads elliptically distributed over the contact ares.
‘The solution is given by 8mith and Liu [8]. With all distances (x and y)
normalized by the contact half-length a and all stressea normalized by the
maximum normal applied stress* py and with the (x, ¥) coordinate system of
*Note that o) = _,’\(1 1M g w200

+ 9

———




46
|
‘pl m X

Fig. 3. Elliptically distributed louds on & half-spuce,

Fig. 3, the lirst step is to define non-dimensional squared radii from the
contact comers:

Ry=(Lrx)y vyt

Ry=(1~x)+y* (14)
and two factors (which are difticult to name but which appear often):

, m-":“ 1 . (R:‘/Rl)ll'l

\ Ry (Ry/R)R{2(R, R, )1 + (R + Ry~ 4)/R, (18)

. 1+ (Ra/Ry )2

Fisrally the siresses are given: for y < 0 (note that the bar is used to denote a
normalized dimehsioniess quantity, here o/py)

Ty g {(2x° — 2 — 8y" W + 2nx + 2() — x" ~ yi)po} +
+Z (1 + 2 + 2y — 20 — 3 xy) (18)
"

1
Gyy ™oy + = 9(B = xV)
n n

’ i
Tey ,.';:_ {(1 + 2x% + 2y%)yp + 2my + sxyw}w’-:-r- v

where u is the coeffinient of friction; fory = 0
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(¢) The graph {s used to svaluate f{b/c). X

L

Uy = 2ulx — (% —1)V3 x>1
- 241{1 + (xﬂ — 1)1[!], x < -1
= 2ux - (L-xMy i<l (17)
=0 lx} > 1
Tyy ®==(L = x%)1f3 ¢} <1
"0 jx] > 1
Gyy * u(l-—x)ra el < 1

The function k' is more difficult than the stresses to specify. Hirst, no
solutions were found in the literature for point forces on the face of the
crack in Fig, 1 and so an infinite body solution was used with consequently
a fal)are 0 meet the boundary conditions at the free surface to either side of
the contact, Second, the “pseudo-stresses” given by eqn. (18) correspond to
forces which tefid to close the ¢rack, The cancelling forces must thus tend to
open the erack. Thiy will slightly open the end of the crack which lles at the
edge of the compressive region and make it impossible to define C, exactly;
k' i a function of C,.

Thus as an approximation upper and lower bounds were calculated.,
The atrose intensity factors were caloulated using the formulae from Tada
et al. [9) for the two configurationes snown in Fig. 4. 'The factor from
Fig. 4(n) is # lower bound on the stress intensity factor for the tip of interest
since it agsumar that the end carries one-half of the load. The stress intensity
factor from Fig. 4(b) is an upper bound eince it sssumens that the end carries
no load,

o —— s b 4s e mp -
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Fig. 6. A “r 'arse’’ tontour plot of the lower bound on &y, with a coefdeient of frietion
of 0.76.
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Fig, 8. A “fine’ vontour plot of the upper bound on k,, with a coatfloient of friction of
1.0, '

It is apparsnt that an analytical integration of eqn. (13) would be at ‘ o

best difficult, tedious and prone to srror. Thus, the Integration was carried ’ :
out numerically for selected cnsas of 4 = 0.5, O.75 and 1, Polmson's ratio was
1/8 in all the calculations, The culaulations are not sensitive to the value of o
Poluson's ratio. IS
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Fig. 8, A “coarse” contour plot of the upper bound on Ky, with a coefticient of friction
of 1.0.

An equally spaced integration scheme was used, with the number of
integration points chosen to be proportional to C,. This method was chosen
over an unequally spaced weighted scheme, since the chosen method did not
require re-avaluation of egns. (16) for each integration point and thus
provided a significant saving in computer time. The calculations were carried
out for 401 values of C, and 251 values of d, storting fromx =~ —1.0and y =
0.0 and decreasing « and y by intervals of 0.01. Trial computations were
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Fig. 10. A "“fine" contour plot of the upper bound on Ky, with a coefficient of friction
of 0.5.

carried out decreasing x and y by intervals of 0.026, and the final computa-
tions differ from these by 10 - 16%, We do not feel that a decrease in the
stepsize will significantly increase mocuracy.
The computation was carried out using a program written in FORTRAN
i IV on the MIT IBM 370/168 computer. First the stresses were calculated and
: : stored on disk. This program took about 3 min of machine time. Then
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Fig. 12, The critical depth (depth of propagation of the most favored crack) as a function
of coefficient of friction: ® &y, upper hound; A &, lower hound; © kyy, upper bound;
N k1, lower bound,
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Fig. 13. The elfective crack length at point of maximum stress Intonsity factor aa a fune-
tioi of coofficlant of friction: ® ky, upper bound; & ky, lower bound; © kyy, upper bound;
A by, lower bound.

another program was used to calculate upper and lower bounds on either k; or
ky; for one value of 4, This program ran for acout 40 - 50 min of machine time,
Typical resulis are presented in Figs. 5 - 10 us contour plots of k (k
normalised by the maximum contact stress po and the square root of the
contact haif-length g, and multiplied by n for convenience) versus x and y.
Figures 11 - 13 show &y, &y, d and (', as tunctions of 4 (d and €, are
normelized by the contact half-length ¢). Numbers may be reai off from
these graphs and subatituted into sqn. (10) to predick & wear rate for a sliding
pair with a.given u,
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Discugsion

Figure 14 shows the plastic zone size r, at the tip of the crack (r, =
(1/2)(k/Y)?). This was calculated by assuming that the average contact stress
o, is equal to the hardness and the calculation also ignored any variations in
the flow stress near the surfacs, It can be seen that r,/d < 1 in all cases, and
In most cases r,/d € 1, 8o that the third condition for linear elastic fructure
mechanics to be applicable is met,
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Fig. 14. The plastic zone size divided by oritical depth as a function of coefficlent of
friction: ® ky, upper bound; 4 k), lower bound; ) ky;, upper hound; / kyy, lower bound.

Of course, several important factors have been ignored. The large
deformations present in slicing wear cause anisotropy, especially in that alip
planes tend to linie up parallel to the suzfuce [1]. Also, experimental results
show that significant crack growth is due to the linking up of separate cracks.
Neither of thase affects was inicluded,

Alio, residual stresses are not accounted for in the stre:s field of eqns,
(18) and (17), However, Merwin and Johnson [10] showed that the only
possible residunl stress is 0,,,, which cannot affect a crack on a plane of
constant y. Thus residual stresses dg not affect crack propegation,

The analysis alvo containg. many other assumptions which are discussed
in the body of this paper,

It should be noted that, during preliminary computation, streas intensity
factors were calculated for cracks growing in the y direction from the surface.
Even very short cracks had stross intensity factors larger thun the largest
factors for cracks growing in the x direction, Since “surface” cracks have not
been observed in ductile metals, we fes] that the plowing ¢nd smearing action
in front of and at the contact preventa such cracks from forming. 1¢ should
also be noted that such cracks cannot grow into the compresaion region, and
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that they only have large stress intensity factors in the region immediately
behind the contact where the compression region is close to the surface.
Therefore these orscks cannot link up with other cracks, which is necessary
to form a wear particle,

In spite of the many assumptions, the functional relationship of
ogn. (10) should hold. The increase of volume worn with increasing hardness
for some metals has been documented [11] and egn. (10) provides a
reasonable explanation.

The calculation of stress intensity factors is a weak point in the analysis,
owing to the failure to meet the free-surface boundary condlitions. This weak-
ness could be remedied in several ways.

The best way would be to find an analytic expreasion for the strass
intensity factor of a crack, paralle] to the free surface of a half-space,
subjected to two self-oquilibrating point loads on the crack faces. Such an
expression could be used in the analysis presented above to obtain better
estimates of stress Intensity factors. The cost of computation would
probably be about the same. Unfortunately, the desired stress intenaity
factor was not found in the literature and we have not attempted to derive
it ourselves,

Another way to improve the calculation would be to iterate the
solution. Bince most of the surface of the half.space is distant from the crack
tip, the stresses on that surface due to the point forces on the crack faces are
the stresses along a line in an infinite plane due to two opposed forces at a
point, As a stress intensity factor, say k,, is calculated, the program could
also caloulate the free-surface stresses. Then the state of stress in the half.
spuce due to cancelling of these free-surface stresses (or an approximation)
could be used inatead of the stresses of eqns. (18) to calculate another stresy
intensity factor k), and another sot of free-surface stresses, using the same
procedure as above. This iteration procedure could be repeated as long as
required. Hopefully, the sum &, + &y +, .. would converge to the true
value of k. The drawback of this procedure is, of course, the high computa.
tion cost,.

In any of the schemes presented above, the exact point whero the crack
goes from compression (closed) to tension (upen) s unknown since the point
forces applied to the crack tend to open the crack and to lengthen it, In the
calculations presented here, the crack was assumaed to end st the tension-
compression boundary of the nominal atress field. Since the analysis is elastic,
giving infinite stresses at the crack tip, it is impossible to balance these
stressen against the comprassive stress at the end of the crack to caloulate the
actual end position, Locating the end thus requires a plastio analysis, with
attendant difficuity and cost,

Since stress intensity factors. were valculated for many cracks, approx-
imately 0.0012% of the caloulation time was spent on the crack with the
maximum k. The ratio of calculations which did not yleld data points in
Figs. 9 - 12 to caloulations which did is 8 X 104, Howaever, it was nacessary
to demonstrate that the stress intensity factor is s weil-behaved function
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with one maximum. Since this has now been demonstrated, a much better
ratio of “‘useless’ to ‘‘useful” calculations could be obtained, perhaps by
using a search method to find the orack with the maximum k. This would
reduce the computation cost signiticantly.

We feel that the calculations of stress intensity factors presented in this
paper, while approximate, may be useful, To demonstrate that the solution
is not unressonable, we will use eqn. (2) by suhstituting k = kpov/a/r and
solving for a (using pp = 40, /r and assuming that ¢, equals the hardness /):

. {dC/dN)g=t}hm (8
4 (RH) (E) (18)

Assumning for mild steel n ~ 4,8 & 1.7 x 1072 Pa % um™! (107'® Ity 2 in?)
and H ~ 1.4 GPa (2 % 10® lbin %), then
dc \\/®
- %
a 75((W } k% um (19)

We wlll use approximate dC/dN velues for mild steel [2]: dC/dN ~ 10" 2 um
nt a coefficient of friction 4 = 0.5 and dC/dN ~ 2.5 X 10" um
! at u = 0.85,

Readlng from Fig. 11, at 4 = 0.5, 0,002 < k < 0.1, which gives 1.9 X
10% > a > 750 um, At -085 0.01 < k < 0.8, which gives 3.8 X 10* >a >
42 um. The sinaller values of g come from the larger values of k.

Those values of the half-contact length ure extremely large, but the
lower values axe not more than an order of magnitude out of line rince a iy
often assumed to be on the order of 10 um. However, the spread is certainly
large. The calculations indicate that the larger values of k are the more
reasonable, Although these values are &y, values, this cannot be taken to
show that mode II is the operative mode, In addition, the values of dC/dN
were caloulatad using d ~ 2 um, which is probably too small and yields large
values of dC/dN. Smaller values of dC/dN would give smaller values of a. It is
also possible that the cancellation of free-surface stresses discussed above
would give higher values of k.

Of course, msperity contacts are not always the same size, Contact size
depends on the meterial, the surface finlsh, tha plastic deformation history,
the applied force and the lubricant if one {s present, A smooth surface will
have a large average contact size, but the numbsr of contacts will be reduced,
Since the worn volume depends on E -and k i proportional to a, the wear
rate depends on a”, but it is only direotly proportional to the number of
contacts, Thus, a smooth surface with few but large msperity contacts may
have a higher wear rate than a rougher surface! It has been shown that
rough surfaces quickly become smoother, but higher initial wear volumes
have been reportad for smooth surfaces compured with rough surfaces under
some conditions (11]. This has been attsibuted to asperity deformution and
fracture but both mechanisms could be coatributing.

Bince contacts differ [ sise, eoach contact may tend to propagete a crack
at o slightly different deptii. Equation (10) was derived assuminy thiat the
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contact size was constant and that the change in the stress intenaity factor
was also conatant. For contacts bigger or smaller than a, the change in the
stress intensity factor for a crack at a depth d will be less than that predicted
by the analysia; eqn. (10) therefore gives an upper bound on the crack
propagation rate,

It is also apparent from Fig. 11 that the wear sheet thickness d is an
increasing function of u. In stiff sliding systems where clearances cannot
change significantly, wear particles may jam up, increasing u. This would
lead to thicker wear particles, leading to more jamming, and would finally
cause seizure. The process would be analogous to an unstable equilibrium;
any small perturbation increasing 4 would tend to Increase both u and d
unti! seizure occurs,

The final test of eqn. (10) must be whether or not it is useful. To this
end, we hope to carry out wear tegts on sieels (with many inclusions)
for which the fatigue constants § and n have been determined. Hopefully
the results will correlate with those predicted by eqn, (1.0).

Conclusions

(1) Linear elastic fracture mechanics can be used to analyze subsurface
crack propagation in delamination wear, at least for coefliclents uf friotion
greater than 0.5,

{2) In crack propagation controlled wear, increasing hardness will
generally increase wear if the contact stress is incressed without affecting the
crack propagation rate,

(3) Wear s proportional to the normal load and to the distance slid in
ctack propagation controfled wear.

(4) For a given size of auperity vontact, there Is one depth and one
effective crack length for which the stress intensity factor is 4 maximum, i.e.
k(x, ¥, u, o) i» a smooth function with one maximum,

(5) Wear particle thickness is a function of the coefficient of friction.
'This leads to a possible explanation of selzure,
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THE RELATIONSHIP BETWEEN CRACK PROPAGATION RATES AND
WEAR RATES

J. R, FLEMING and N, P, 8UR
Department of Mechanical Engineering, Massachusette [natitute of Technology, Cambridge,
Mass. 02139 (U.8.A.)

(Recolved March 30, 1977)

Summary

In order to check qualitatively the validity of the analyzis of vrack
propagation in delamination wear, wear experiments were performed with
7075-T6 and 2024-T3 nlumiaum alloys, The former alloy has a higher hard-
ness (by 25%) and a faster erack propagation rate (3 - 10 times) in normal
fatigue testa than the latter. The preliminary test results show that the wear
rate of 70°15-T6 aluminum is also greatey than that for 2024-1'3 aluminum,
indicating {hat the wear rate vorrelates with the cxack propeguticn rate.

Introduction

The analyses done for delamination wear [1, 2] imply that the crack
propagation rate is the rate controlling mechunistn for steady state sliding
wear when the coofficlent of friction is Inrge enough to create a tensile region
of appreciable size behind a moving asperity. When the coeffivient of friction
in very small, the crack propagation rate paralle! to the surface in so small
that a large number of cracks must be nucleated and thorefore tha crack
nucleation rate, which is governed by the magnitude of the normal load and
adhesive force, may be the rate controlling process, In a previous paper, the
cane of delamination wenr which is controlled by crack propagstion was con-
sidered in tarms of linear elastic fracture mechanics. An squation was derived
to predioct wear in the case where the crack propagation rate controls the wear
rate. Unfortunately, insuffi-~lent information about the paramelers appear-
ing in the equation is available, 50 that the validity of the derivation ournot
be checked directly by comparing predictions with wear experiments. How-
éver, some of ti: ) assumptions of the analysis may be checkad. The purpose
of this paper Is tv present preliminary experimental results which may shed
rome light on the valldity of thess major sssumptions.

The wear ajustion wea derived by assuming that delamination orack
propagation s similar to fatigue crack propagation. This assumption was
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Fig. 1. A typical plot of the crack extension per oycle va, the logarithm of the change in
the stross intensity factor (from ref, 3), The primery mecnanisms may be divided into
three regimes: regime A, non-continuum mechanismn, showing a large Influence of (1)
miarostructure, (i) mean stress and (iil) environmant; regime B, continuum mechanlsins
(striation grawth), showing little influence of (1) microstrnotuie, (Il) mean strows, (iit)
dilute environment and (lv) thickness; regime C, “slatic mode" mechanisms (clenvage,
intorgranular and fibrows), showing a large influence of (1) microstructure and (it) thick-
nesa but little influence of the environment,

based on the fact that both types of oracks are subjected to cyclic loading.
Fatigue cracks certainly grow cyclically. Since the stress in front of u sliding
asperity contact is compressive and the stress behind such a contact Is ten-
sile, thon as asperities slide along a surface each point below the surface
undergoes cyclic loading. Furthermore, delamination cracks have been often
observed at various atages of growth; thus delamination cracks grow in-
crementally rather than in one step as in static fracture.

It stil) remains to be proved that fatigue crack growth rates and delar-
inution crack growth rates can be correlated. In order to introduce such
proof, it is first necessary to discuss the characteristics of fatigue crack
growth, '

It has long been known that, if the orack extension per loading cyole
d3/dN is plotted egainsi the logarithm of th.a change in stress intensity factor
Ak at the tip of the crack, the shape of the curve is independent of the
material. A typical curve s shown In Fig. 1 (from ref, 3). There are three
regimes of growth: a threshold regime {region A), a steady growth regime
(region B) and a static mode regime (reglon C). In the threshold regime the
average crack extension per cycle is of the order of atomic dimensions or
less. Thus continuum mechanics does not apply in this region and the cracke
grow in spurts, .4, they do not grow in some cycles and they grow by several
atomic diameters in other cycles, In the static mode regime the crack exten-
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sion per cycle is on the order of part size; continuum mechanics applies but,

since the stress intensity factor at the tip of a crack increases significantly

in each cycle owing to the large extension, the relationship between the :

crack extension and the logarithm of the stress intensity factor ia non-linear. X
In the steady growth regime cracks grow at a constant extension per | "

cycle and the stress intensity factor increuses slowly. Fatigue striations ave ; |

produced, It has been shown empirically that the relationship between Ak \

and da/dN in the steady growth regime is of the form : ‘

da i , ‘
-&F-C(AM (1) - |

where C and m are material properties; m is usually of the order 3 - 4.
Equation (1) was used in the previous paper [1] to derive a wear equa-
tion by assuming thut Jelamination crack growth is described by eqn. (1). |
Several questions arise in connection with this assumption. Since most I
fatigue data are taken under mode I (tensile) conditions and since it is not i
known whether delamination cracks grow by mode I, by mode II (in-plane 1
shear) or a by combination, can eqn. (1) be used at all ? If the correlation !
hetween fatigue and delamination exists, do delamination cracks grow in |
region B where eqn. (1) applies ? These questions will be considered in the |
discussion, We will now turn to the demonstration of a correlation between 1
fatiyue crack growth rates and wear rates. : |
d

Experimental materials !

The-ideal method of demonstrating the corzelation would be to select
a material and to treat it to obtain widely different fatigue crack growth
rates while keeping all other properties as constant as possible. However, this
iv almont impossible, It has been shown that fatigue crack growth rates
correlate well with the Young's modulus but do not correlate at all with such
parameters as the yleld strength {4, 5] . This indicates that, although the
material at the tip of a growing crack Is plastic, the elmstic properties dom-
inate the crack propagation in eyalic loading situations where linear aluatic : 1
fracture mechunics is valid. ‘

The significance of this finding is that it is diffioult to obtain different
fatigue crack growth rates without other major changes, such as changing
the major constituent of the alloy. Yet some changes in fatigue crack growth
rates are found In aluminum alloys.

Habn and 8imon [8] collected crack growth rate data for various
aluminum alloys. The data were generated at many laboratories under varying
conditions. The two slloys for which the most dain were available were
1075-T6 and 2024-T'3. Hahn and Simon found that the data agreed quite Lt
well and showed that the fatigue crack propagation rate of 7075-T6 wai three ' e
times that of 2024 in dry air, five times that of 2024 in wet alr and ten :
times that of 2024 {f Ak was proportional to the yield stress. Plots of da/dN
for the two aluminums are shown in Fig. 2.
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Therefore it was considered useful to study the wear rates of the two
aluminums, The alioys have similar microstructures; in both cases the
precipitates are intermetallic compounds and the precipitate size and spacing
are approximately the some [7]. Yet in order to be able to interpret the
experimental data it is necessary to consider the effect of the differences in
the hardness and the crack propagation rate on the wear bahavior,

The hardness of 7076-T6 is approximately 5/4 times that of 2024-T3.
Making the rough assumption that the deformation rate is controlled by the
hardness and that crack nucleation is similar in both materials, the crack
nucleation rate of 7075-T8 should be 4/5 times that of 2024-T3. Also, since
the number of asperity contacts depends almost linearly on the applied
normal load 8], the stress at an asperity contact is ronghly constant and is
probably related to the hardness; thus the number of asperity contacts or
loading cycles for 7076-T6 should be about 4/b times that of 2024-T3.

The stress intensity factor of a delamination crack is proportional to
the stress at an asperity contact, and the location of the propagating crack
({.e. the distance from the surface to the location where the stress intensity
factor is a maximum) depends senaitively on the traction at the asperity con-
tact [1]. However, it is not known how this contact stress is related to the
hardness. Thus i* is not certain whether Ak in wear is proportional to the
yield strength, If we assume that the maximum Ak is nearly the same for
both alloys, the delamination crack propagation rate in 7075-T6 should
be 3 - 10 times that of 2024.T3 at a given value of Ak. Considering the dif-
ferences in nucleation rate and number of loading cycles as well as the crack
propagation rate the wear rate of 7075-T6 should be (3 - 10) (4/8) (4/56) or
2 - 7 times that of 2024-T3.

Specimen preparation and testing

As-recelved 9.6 mm (3/8 in) bars of 7076-T6 aluminum and 6.4 mm
(0.262 in) bars of 2024-T3 aluminum vere turned and polished to a diameter
of 6.36 mm (0.20 in), The polishing was performed using successively finer
rits, ending with 0.5 um diamond paste. This was done to ensure a smooth
surface, to minimize subsurface damage and to minimize translent wear due
to anpevity daformation,

The specimens were tested uiing a cylinder-on-cylinder geometry, Fach
specimien was placed in a lathe chuck and was rotated sgainat a stationary
AlSI 52100 stee) slider of diametar 6.35 mm (0.25 in). The normal and
tangential loads were monitorzd by strain gages on the slider support bar,
which were connecied to a Sanborn recorder,

The sliding pair was enclosed in a chamber which was evacuated before
the test. Duriag the test the chamber was filled with argon gas. The argon
was dried by passing it through caloiumn carbonate before entering the chani-
ber. During the test the chambei was vented through a bubbler to ensure a
small positive pressure within the chumber.
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TABLE 1
Resulia »f wear tests on 7075-T6 and 2024~T3 aluminum®

Material Test time (min) Walght Joss (mg)
2024-T3 5.0 0.36
1.6 0.44
10.0 0.48
12.5 0.67
156.0 0.70
T075-T8 6.0 0.16
7.5 0.30
10,0 0.30
12.5 0.44
16.0 0.64

*1 ky nornl load; 2 m min 1 sliding sprod; coefficient of
friction 0.3 - 0.34.
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Flg. 3. The worn volume vs, the sliding dllt‘nuo for 7075-T8 (C) and 2024-T3 (#) alumi-
num with an ussumed density of 2.7 gem ™",

All tests were run at a sliding spesd of 2 m min ! and a normal load
of 1 kg. Tests were performed on each alloy for sliding distances of 10, 15,
20, 25 and 30 m. Wear was measured by welghing each spechnen before and
after the test to an accuracy of 0.01 mg. The results are tabuieted in Table 1.

Results snd discussion

In all cases, the steady state coefficient of friction varied from $.3 to
0.38 during the test,

¥igure 3 shows the volume worn as a function of the sliding distance.
Lestt-square fits to the data are also shown, The 7075 specimen, despite its
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being harder than the 2024 specimen, exhibits a higher wear rate by a factor
of 1.34 (0.83X 10 *mm® m ! and 0.62 X 10 ? mm?® m ! respectively).
‘This indicates that there is a correlation between the fatigus crack propaga-
tion rate and the wear rate (or the delemination crack propagation rate) even
though the wear rate eatio is not as high as expected, This is probably be-
cause the assumptions used to predict the wear rate ratio are extremely crude
and because microstructural difforences were ignored,

Figure 3 also shows that the amount of wear of 7075 was less thun that
of 2024 even though the rate was higher for 7075, This is probably due to
the smaller size of the original 2024 rods; the 2024 wes polished less. Tests
could not be run at higher sliiing distances since the geometrical changes
due to wear became too large.

It is ntill impossible to answer the first question about the mode of
crack propagation and the velues of C and m. However, something taay be
said about the applicability of eqn. (1), i.e. whether delamination cracks
grow in region B of Fig. 1. Jahanmir and Suh [2] calculated that delamination
cracks in mild steel grow at about 10 ® min cycle . We have not yet been
able to calculate approximate crack propagation rates in aluminum in a
similar manner from wear test results; however, it is reasonable to assume a
crack propagation rate of about 10 times that of steel, or of 10 * mm/cycle.
This is in region B for the curves in ref, 6 for aluminum. Thus eqn. (1} is
probably applicable although w. cannot apply it to wear until more is known
about the mechanics of intewuction as discussed in ref, 1,

Conelusions

Preliminary experimental results indicate that:

(1) wear rates may be correlated with crack propagation rates; and that

(2) delamination cracks may propagate in a manner described by an
equation of the form da/dN = C(Ak)™.
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WEAR OF COPPER-BASED SOLID SOLUTIONS
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Massachusetis Inntitute of Technology, Cambridye, Mass. 02139 (U/.S.A.)
(Recejved Jonuary 2, 1977)

Summary

The effect of snlute atoms on gliding wear was studied by alloying
OFHC copper with chromium, silicon and tin. The hardness was found to
increase linearly with the atomic solute content although the rate of
hardening was different for different solutes.

Microscope obsorvations show that the principal mode of wear is indeed
delamination. The results further show thut both the wear rate and the fric-
tion coefficient are reduced when the solute content ls increased. The
reduction In the friction coefficient is a consequence of reduced plcwing
contribution to the tangential component of the surface traction. Both the
increase in hardness and the decrease in the friction coelficient reduce the
wear since both affect the subsurface deformation rate and consequently the
crack nucleation rate. The lower coefficient of friction also reduces the exack
propagation rate and the thickness of the wear sheets.

Introduction

The limitations and shortcomings of the adhesion theory [1, 21, such as
the inability to explain the effect of microstructure on wesr, have been
elaborated in previous papers. Subsurface deformation, crack nucleation and
crack propagation are the basic processes of delamination wear [3]. They
can occur sequentially if the metal can deform plastically and is free of pre-
existing voids and cracks, or simultaneously {f the material contains those
imperfections, It in well estabiished that these processes are atructure
sensitive, thus implying that the microstructure plays an important role in
determining the wear properties of materials.

Generally, hardness is considered to be the most important property in
determining the wear rate. The adhesion theory attributes the lower wear
rates of harder materials to the reduction of the real area of contact and thus
a smaller number of welded junctions. The delamination theory, however,
postulates that the hardness is important sirice it affects the rate of plastic
deformation and the surface traction at each asperity which in tum controls
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the subsurface deformation, crack nucleation and crack propagation pro-
cesses, Furthermore, the delamination theory of wear predicts adverse
effects if thy hardness is increased by introducing inclusions which act as
crack nucleation sites, '

Thus, raising the hardness while suppressing crack nucleation and crack
propagation is a good method for decreasing the wear rates of a material.
The objective of the present paper is to investigate the effect of hardening
via substitutional solid solution, without any appreciable amount of second
phases which promote crack nucleation. The results show that such a
manipulation of the microstructure decrenses the wear rate as predicted by
the delamination theory,

Experimental materials and procedures

Materials preparation

OFHC copper, copper-chromium (0.58 and 0,81 at.% Cr), copper—
silicon (2.8 and 8.6 at.% Si) and copper-tin (1.4, 3.4 and 5.7 at.% Sn) alloys
were investigated, The copper-chromium alloys were supplied by the
American Metal Climax Inc. Copper~silicon and copper—tin solid solutions
were prepared by melting OFHC Cu with the desired amount of solute in an
induction furnace under a dry and purified argon astmosphere. Graphite was
used both as a susceptor and as & mold in the case of copper-tin alloys, For
copper-silicon alloys, aluminumn oxide molds were used to avoid the reaction
between silicon and graphite. The temperature was monitored by means of
an aptical pyrometer to an accuracy of +5 °C. Afler reaching the desired
temperature (1150 °C for Cu~8n and 1450 °C for Cu-8i), it was maintained
for 1 h to allow good rmixing of the two components of the alloy. The
cooling was very slow until the solvus temperature was reached and then the
cooling rute was increased to minimize precipitation during cooling.

The cast rods with a diameter of 17 mm ware then encapsulated in
Vycor tubes under vacuum anc omogenized at 800 °C for 650 h, The temp-
orature was controlled to within 3 °C, After homogenization, the rods were
swaged down to a diameter of approximately 7 mm and then machined to a
diameter of 6 mm in two pusses at a spindle speed of 214 rev min ! and a
feed rate of 0.06 mm rev'!. The machined rods were polished with emery
papers of different grit size. After tifial polishing with 4/0 emery paper the
specimens were vacuum sealed in Vycor tubes and were recrystallized. Other
details are given in Table 1, and represontative microstiiictures are shown in
Fig. 1.

After heat treatment, the specimens were finished with 3 um diamond
lapping compound. Then they were washed with soap and water, rinsed with
alcohol and dried with an sir blower. The specimens were then weighed to an
accuracy of 0.01 mg and tosted.
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TABLE 1
Experimental materlals! copper solid solutions*

PO a bem ewmmdane S b s b oS s S (T e - S+ AR MRS . Seimeanes emeim - et

Jomposition Recrystallization treatment Grain size

Alloy

Wwt.% A y ¢ (um)

R 1.% Tomperature (°C)  Time (min)

OFHC Cu - 360 250 28 ]
Cu 8n 2.6 1.4 780 120 36 '
Cu 8n 8.0 3.4 790 60 40 |
Cu 8n 10,0 h.7 790 30 30 '
Cu 8i 1.0 2.3 860 300 76 .
Cu Si 4.0 8.6 860 $00 90
Cu Cr 0.47 0.68 1070 i} 4560 ,

Cu Cr 0.66 0.81 1070 ] 4856

*The purlty of the matorials used was: OFHC 00.08%; Sn 88,897, Si 90.9099%,

ig. 1. Optioal miorographa shuwing the repireseniative microstructures of solid selutions:
a) OFHOC copper, (b) Cu-56,7 at.% Bn, (¢) Cu-8.6 at.% B and (d) Cu- -0.81 al.% Cr.

Wear tests

Wear tests were carried out on a lathe using a cylinder-on-cylinder
feometry. The specimens were rotated by the spindle of the lathe and the o
stationary slider was held in a holder connected to a latire tool dynamometer. ! B S
The slider was made of AISI 52100 steel (Brinell hardneus 560 kg mm ?) and ‘ A
was polished to the same conditions as the specimens. The dynamometer wan : '
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attached to the carriage of the lathe and the normal force was applied by the
transverse motion of the carriage. Both normal and friction forces were
measured by a strain gage assembly and were monitored by a Sanborn 321
Recorder. The normal load was 2 kg in all cases. ‘The tests were carried out
for 100 min (which for the applied lond was sufficient to reach the steady
state delamination process). In order to avoid temperature effects, all the
tests were carried out at a sliding speed of 200 cm min !, To minimize sur-
face oxidation during tests, the sliding surfaces were enclosed in a chamber
which was evacuated before each test and filled with purified argon during
the test. A schematic drawing of the apparatus is shown in Fig, 2.

C oppar Chips

- = Argon

Furnace (800°C) Vacuum Trop
(Co §04)

Heodstock

Hccordlq

Plaxiglos Rubher
Bellows

Fig. 2. A nchematic Jdiagram of the exparimental set-up used for wear tests,

Seol Dynumomaetaer

Metcllography

The wear track surface and subsurface were observed in a scanning
electron microscope (SEM), For wear track clservations no special
preparation was required. For subsurface observations the specimens were
mounted in plastic mounts and polished on silicon carbide papers until the
desired location in the wear track was reached. Next, metallographic
polishing was carried out in a vibrating polisher with a slurry of 0.05 um
alumina powder. ‘Then the specimens were eiched with potassium dichromate
solution. The polishing and etching were checked in an optical microscope

and when the conditions were satisfactory the specimens were removed from
the mounts, cleaned and observed in the SEM.

Experimental results

Figure 3 shows that the Vickers hardness of the solid solutions increases
linearly with inorease of the solute content. it oan also be seen that different
elements produce different hardening for the same atomic content of solute.
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ATOM IC % SOLUTE

Fig. 3. The Vickers mjorohardness under a 200 g load va. the atomic per cent of solute,
Each polnt representa an uversge of five measurements and the hars represent the
standurd devialicn,

A good improvement is obtained for Cu--5.7 at.% Sn solid solution whose
hardness is twice that of OFHC copper. The addition of silicon to copper is
not as effective us that of tin but there is still an increase of about 60% for
u-8.6 at.% 81, In Cu~Cr alloys, no hardening was noticed because of the
low atomic content of Cr used owing to the limited solid solubility of
chromium in copper, These results are in good agreement with the work done
on solid solution hardening of copper-based alloys (4, 6].

An immediate consequence of the alloying was changes in the friction
coefficient for different compositions. Figure 4 shows that the friction

I T P e e
B %= ‘TQ:
: . *\\ﬁ\w }
G _ i
8 a6 — \
g
Y
o_% i 210 4.Lo o el.o - wélb' T}

ATOMIC % SOLUTE
Fig. 4. The friction coafficient. as a funotion of the atomic content of solute. The friction
coeflicient was caleuinted using the steudy atate tangential force, The sliding speed was
2 m min”
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coefficient decreases linearly with the increase in the utomic content of
solute in the cases of Cu--8n and Cu--8i, However, for Cu-Cr alloys the fric-
tion coefficient is lowered by adding only a small percentage of chromium
and does not decrease as the chromium percentage increases.

20

10f - ¥\

WEAR RATE x i0% icm3 cm™)

Lo -
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| .
2 4 € 8
ATOMIC %% SOLUTE

Fig. 5. The waar rate as a function of the atomlic per cent of solule. The normal load was
2 kg and the durativn of the teats was 100 min,

10

Fig. 8, Scanning electron micrographs of wear tracks: (a) OFHC copper, (b) Cu- 6.7 at.%
Bn, (¢) Cu~-8,8 ut.% Bi and (d) Cu 0,81 at,% Cr, The normal load was 2 ky at a sliding

speed of 2 m min '} and the sliding distunce was 200 m,
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The effeet of composition on the wear rates is shown in Fig. 6. The
weoar rate is decrensed as the amount of solute increases, but the decrease is
different for different solutes, particularly for silicon and tin, In the case of
Cu-Cr alloys there is uncertainty in defining & curve since the experimental
points are very close,

Microscope exi.mination was conducted to check whether or not the
delumination process occurred, Figure 6 shows scanhing electron micro-
graphs of some of the materials tested, 'The sliding direction in all micro-
graphs is from the right to the left. The micrographs clearly show that
delamination wear sheets have formed. It is also interenting to note that the
top surface of the particles is very simoeth,

Figure 7 shows scanning electron micrographs of the subsurface of the
same specimens as in Fig, 6, The sliding direction is again from the right to
the left. These micrographs indicate that cracks tend to propagate parallel to
the surface and then to extend to the surface, The depth at which cracks
propugate seoms 10 Le different for specimens with different compositions,
This difference is more striking hetween micrographs (a) and (b) In Fig. 7;

T ——
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Fig. 7. Beanning eleciron micrographe of the subsurfaces, The materials and test condi-
tione are the sanie ae In the previous figure,
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the former (OFHC Cu) shows cracks propagating at a depth of the order of
B0 um, and the latter (Cu-5.7 at.% 8Sn) shows cracks at a depth of the order
of 16 um,

Discussion

‘The mioroscope observations of the worn specimens show three facts:
(1) that wear sheets formed by cracking (Fig. 8); (b) that there was extensive
subsurface deformation; and (c¢) that there are subsurface cracks running
parellel to the surface (Fig. 7). These observations confirm that delamination
wear was occurring,

The experimental results presented in the last section show that the
addition of solutes to copper increases the hardness, as shown in Fig. 3; the
presence of solutes also decreases both the wear rate and friction coefficient
us shown In Figs, b and 4, respectively. We shall first consider these results in
termu of the mechanics of subsurface deformation, crack nucleation and
crack propagation. Then the metallurgical aspects will be considered.

Measurements to quantify the subsurface deformation have baen made
in the past {6] and plastic strains as high a8 16 or greater have been found
for situations similar to those in this study; these strains are much larger
thun those encountered in norinal bulk deformation and can only be
explained in terms of the effect of the high hydrostatic pressure acting near
the agperity-surface contact and of cyolic creep. The mechanism of plastic
deformation under cyclic loading due to the normul and tangential
components ls discussed in the companion paper by Jahanmir and Buh [7],

The process of cyclic craep in a sliding situation can be stated us
follows. When two surfaces are brought together, contact is only establishad
at the asperities [1]. As the contact area is very small, local plustic deforima-
tion will occur under the asperities. Increasing the hardriess incresses the load-
carrying capacity at eacli asperity, but to a first order approximation the
plustic zone size and the ares of contact are not chunged. However, the
number of contacting points will be decressed, which decreases the real area
of contact {8). Thus the main rote of the hardness is in controlling the
number of contacting points and the magnitude of the compressive stress
below each contact point, When a tangential displacement is imposed on the
asperities, » friction force is generated, This combination of normal and
tangential tractions results in a zone of compressive stresses below and ahnad
of the asperities und a zone of tensile ntressen behind the asperities, (The size
of the zone of tensile stresses, as well as the magnitude of the stresses, is
chiefly controlled by the tungential traction and thus by the friotion coeffi-
cient,) Therefore, the material near the surface will experience a cyclic atate
of loading each time an asperity passes by. Bince the loading history is the
same for all neperities, the cyclic loading is characterized by a constant stress
amplitude which will be determined by the hardness und friction coefficient,
The number of cycles at a given location is given by the number of asperities
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that have passed uver that location. Although the cyclic stress~strain charac-
teristics of the present materials are not known precisely, the cyclic loading
can give rise to a process of cyclic softening and cyclic creep. This may have
contributed to the large umount of subsurface deformation that has been
observed in addition to the deformation mechamsm analyzed elsewhere (7],

Therefore alloying affects the process of subsurface deformation in two
ways: (a) it incresses the havdness (Fig. 3), which reduces the number of
cycles for a given sliding distance; and (b) it reduces the friction coefficient
(Fig. 4), which results in a reduction of the cyclic stress amplitude,

As deformation continues, cracks will be nucleated when the condi-
tions for nucleation are satisfied, It has been shown in a previous paper [7)
that for two-phase metals the depth at which voids can be formed decreases
when the friction coefficient is reduced. However, there are two difficulties
with that analysis when extended to single-phase materials. Firat, the mech-
anism of ¢rack nucleation is not known precisely for the cass of single-phase
materials, Secondly, the analysis does not hold for cases where no particles
ace present. Nevartheless, oracks do nucleate and it is conceivable that the
influence of the friction coefficient will ba the same. This means that a
reduction in the friction coefficient decreases the depth at which cracks are
likely to be nucleated, which leads to a reduction in the wear rate,

After cracks are nucleated, they will propagate. The mechanics of crack
growth were anulyzed in a previous paper [9]; the results show that both the
depth and growth rate of the fasiest growing crack are reduced when the
friction coefficient is reduced, This further implies that the wear particles
will be thinner when the friction coefficient is reduced leading to lower
wear rates.

Figure b shows that the reduction of the wear rato is less in the case of
the Cu--Si systom than in the case of Cu—Sn, 'This is due to the fact that in
Cu- 8i, the friction coefficient is slightly higher (Fig. 4) and the hardness is
fower (Fig. 3) than in the case of Cu--8n, Also Cu-Cr, which has tho lowest
hardness of all the alloys, oxhibits wear rates comparable with Cu-8n,
hecause its friction coefficient is the lowest among all the alloys (Fig. 4).
I'hera resuilts are in agreoment with the discussion given above.

Although an explanation of the results has been given in terms of
phenomenological quantities auch as hardness and friction coefficient, the
role of solutes in the delamination wear should be clarified. How solute
additions affect the cyclic behavior of the material, crack nucleation and
crack propagation aro important basic questions, Unfortunately, all those
offects are not known at present and even a qualitative explanation is not
possible, In any case, crack nucleation and crack propagation o not seem to
be the dominant processes in these alloys. If they were, the wear rate would
not have decreased as the solute content i inoreased because sany addition of
solutes tends to accelerate the crack nucleation and crack propagation

processes,

The variutions in the friction coefficient ns a function of composition
also support the delamination theory. Two mechanisms have been proposed
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to explain the generation of friction forces; adhesion at the contacting
asperities [2] and plowing of softer metal by hard asperities [10]. The
adhesion model explains the friction coefficient in terms of the ratio of the
energy of adhesion to the hardness, Although the effect of alloying on the
surface energy is not known precisely, it is reasonable to assume that. it
changes linearly with the composition over a narrow range, The percentage
change in surface energy by the rule of mixture Is then about the same us
the atomic per cent of the solute, This leads to a range of values of 900 -
1100 erg ecm 2 for all alloys, With that assumption, the change in surfuce
energy alone cannot explain the variations sbserved in tha friction coeffi-
cient, In contrast, if plowing is important a variation in the friction coeffi-
cient as hardness changes would be expected. Figure 8 shows that the
friction coefficient decrenses linearly with the increase in the hardness. This
result follows the same trend ss results reported in the past for cubic metals
under abrasive conditions, when plowing is the important mechanism | 11}.
Although the degree of plowing is much smaller in the present work, the
same mechanism still seems to be operating, Nevertheless, the effect of
surface energy cannot be neglected altogether since Fig. 8 does not show a
unique relationship between friction coefficient and hardness; also Cu--Cr
alloys exhibit low friction voefficients in spite of low hardness,

Further work must be done to clarify the effect of solutes on the cyclic
creep behavior of materials and the crack nucleation and crack propagation
processes. The main finding of this work is that adding solutes to pure metals
decreases the wear rate because of the increase in hardness and the reduction
in friction coefficient.
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Conclusions

Microscope observations conducted on worn specimens show that wear
in copper-based solid solutions oceurs as postulated by the delamination
theory of wear. An increase in solute content irnproves wear and friction
behavior of those materials. The effect of solute addition on the wear rate is
twofold: (a) it reduces the friction voefficient which reduces the deforma-
tlon rate, the depth of crack nucleation and crack propagation rate; and (b)
it increases the hardness which decreases the plestic deformation rate and
the number of loading cycles per unit sliding distunce, Furthermore, the
reduction in the friction coetficient is basically due to the increase in hard-
ness which decreases the tendency for the hard asperities to plow the softer
metal, although the effect of adhesion cannot be ignored,
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Summary

The effect of the second-phase particle structure on the wear properties
of two-phase metals was investigated by using precipitation-hardesied copper-
chromium alloys (Cu-0.68 at.% Cr and Cu-0.81 at.% Cr) aged for different
periods of time at 600 °Cl, The hardness of these materials was found Lo
increwse initially with the aging time and then to decrease; the maximum
value was reached after about 100 min of aging. Metallographic examination
of worn specimens indicated that the wear process proceeded by subsurface
deformation, crack nucleation and crack propagation, i.e. by delamination,
The friction coefticient was found to be conatant for buih alloys and for all
nging times, In the eorly stages of precipitation botl; the wear rate and the
wear coefficient decreased. As the aging continued the wear rate and the
wear coefficient increased even though the hardness nlso incrensid. The wear
voefficient remained constant for the overaged nlloys, 'The decresse in both
the wear rate and wear coefficient in the early stagos of precipitation s du .
to the fact that particles are smull and coherent and regui+s a largn amount
of subsurfuce deformation for cvack nucleation, With further aging, the
particles grow and become incoherent, increasing the weur rate due to ensier
vrack nucleation. For the caso of the overaged alloys, the wear coefficient
tends Lo become constant because the woar process is controlled by the crack
propagation rate which is found to be independent of the nging time for both
alloys,

Introduction

According to tha delamination theory (1], the wear of metals is n [
result of several sequential and independent processes, namely subsurface
deformation, crack nucleation and crack propagation, As discussed in the
overview paper (1], the microatructure of metals plays an important role in i
the machanios of these processes und thus in the wear properties of metals,
Although these processes operate sequentially, normally one of them is the
dorainant process; the relative importance of each process is determined by
tho microstructure,
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For particle-free solid solutions, it has been found that subsurface
deformation tends to be the rate controlling process [2]. Also, it has been
shown that the hardness and the friction coefficient play a major role in the
overall wear process because they control the subsurface deformation and
the location of nucleation and propagation of subsurface cracks. In dispersion-
hardened metals, incoherent dispersoids act as pre-existing cracks owing to
the absence of bondiny with the matrix; thus the wear rate is controlled by
the density of dispersoids and by the crack propagation rate [3]. Consequent-
ly, although the hardness increases with the density of dispersoids, the wear
rate also increases,

In this paper the wear properties of metals with both coherent and
incoherent second-phase particles are investigated to clarify the importance
of the crack nucleation process in delamination wear. By aging precipitation.
hardenable copper-chromium alloys for different periods of time, different
particle structures weve obtained [4, 5]. The results presented in this paper
show that the wear rate is a strong function of particle structure and of the
bonding quality of the interface between second-phase particles and the
matrix,

Materials and experimental procedures

Two different compositions (Cu-0.58 at.% Cr and Cu~-0.81 at.% Cr) of
precipitation-hardenable copper-chromium alloys were used in this
investigation. These alloys were supplied by the American Metal Climax,
Inc,, in the form of 12.7 mm (0.5 in) diameter rods, Initially the materials
were solutionized for a period of 50 h in evacuated Vycor tubes at 1070 °C
and were then quenched in water.

The solutionized materials were then swaged down to a diameter of
7 mm (0.28 in) and machined to a diameter of 6.4 min (0.25 in). After
machining, the specimens were recrystallized at 1070 °C for 5 min,
aged at 500 “C for different periods of time in evacuated Pyrex capsules and
were then quenched in water. Representative microstructures are shown in

Fig. 1. Opticg) micrographc showing representative microsiructures of precipitation-
hardened Cu-0.81 at.% Cr alloy for aging times of (a) § min, (L) 1000 min and (v)
10 000 min. The sging temperature was 800 °C.

Vo
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TAEBLE 1
Experimental materials

Parametor Alloy Aging time (min)
100 1 000 10 000
Volume fraction V, x 103 Cu 0.68 Cr 6.19 5,26 5,31
Cu-0.81 Cr 6.96 6.97 7.09
Mean free path A (um) Cu- 0.68 Cr 68.9 70,49 71.8
Cu - 0,81 Cr 651,84 63.02 53.00
Particle siwe d (Um) Cu-0,68 Cr 0,54 0.65 0.68
Cu--0.81 Cr 0.66 0,66 0.68

Fig. 1. Quantitative measurements characterizing the particle structure of the
overaged ailoys are shown in Table 1,

Unlubricated wear tests were carried out using the cylinder-on-cylinder
geometry. The slider was made of AISI 52100 steel (BHN 560) and its
diameter was 6.4 mam (0.25 in). The surface speed during wear tests was in
all cases 200 ¢em min ! and the duration of test was 100 min, which corre-
sponds to a sliding distance of 200 m, Other details of the test procedures
are given in ref. 2,

Results

Figure 2 shows the variation in the hardness of the copper-chromium
supersaturated solid solutions aged for different times as a function of the
aging time. The hardness is 85 kg mm~? for solid solutions and 140 kg mm" 2
for peak aged alloys. The aging time for the maximum hardness is different
for the two alloys whereas the maximum hardness is about the same. These
results are in good agreement with previous work on precipitation hardening
in these alloys [8].

Figure 3(a) shows the friction coefficient as a function of the aging
time. It can be seen that the friction coefficient is fairly constant for all
treatment times for both of the ailoys. Thus the increase in hardness result-
ing from the aging treatment does not seem to affect the friction cosfficient,

In Figure 3(b) the wear rate, which iz defined as the volume of material
lost per unit sliding distance, {s plotted as u function of the aging time. It can
be seen that the wear rate initially decreases by a factor of three for both
Cu-Cr alloys and then increases approximastely linearly; the slopes seem to
be the same for both alloys. It is interesting to note that the minimum wear
rate does not correspond to the maximum hardness (in Fig. 3 the peak hard-
ness is indicated by arrowe A and B for Cuw-0.68 Cr and Cu-0.81 Cr,
reupectively).

To check the eftect of microstructural parametoers the wear ceefficient
(2 dimensionless number obtained from the wear rate by multiplying by the
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Fig. 2. The Vickers microhardness under a 200 g normal load as a funetion of aging time,

The specimens were subjected to an aging treatment at 500 “C and were water quenched
ut the end of the treatment,

hardness and dividing by the normal load) is plotted in Fig. 3(c). It is seen
from Fig. 3(c) that the wear coefficient decroases in the early stages of aging
but, after some time of aging (in the present case about 5 min), it increases
rapidly and then levels off asymptotically to a constant value,

As the microstructursl differences between the two Cu~Cr alloys are
characterized by the volume fraction and the imean free path of particles
(and thus also by the particle size), plots of wear resistance (the inverse of
wear coefficient) as a function of the volume fraction and the inverse of
mean free path are shown in Figs. 4(a) and 4(b), respactively. 'The wear
resistance decreases with an inorease in the volume frection and with the
inverse of the mean free path of particles for the overaged alloys. These two
curves are similar to plots of uniaxial strain to fracture versus the same para-
meters [{7].

Figure B shows micrographs of wear tracks of the precipitation-harden-
ed alloys aged for 5 and 10 000 minutes, The sliding direction ix from left to
right. It can be seen that the surface details are similar to those found else-
where [2] . The subsurface features for the same alloys are shown in Fig. 6
where some second-phase particles can be seen in the overaged alloys. How-
ever, it is interesting to note that in Fig. 6(a) (the specimen aged for 5 min)
subsurface oracks are very close to the surface, while for the specimen aged
for 10 000 min oracks are formed at a larger depth.

As an example of the morphology of wear particles, scanning electron
micrographs of particles collected from the Cu-0.81 at.% Cr alloy aged for
10 000 min are shown in Fig, 7. It is clear from the micrographs that the
particles are indeed in the form of sheets, as predicted by the delamination
theory of wear. An interesting feature of these particles is their lamellar
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4 structure. Such a feature seems to be cuused by the presence of a number of
cracks above the dopth at which the cracks tend to propegate fastest.

Discussion )

Metallographic obsezvations of the surface . Fig. ), of the subsurface
(Fig. 6) and of wear particles (Fig. 7) cleatly show that wear ocours by
processes of subsurface deformation, crack nucleation and crack propagation,
3 as postulated by the delamination theory of wear.

The material in the subsurface is deformed incrementally by the moving
aaperities which impose cyolic loading that results from nortnal and tangen.
tial tractions, The important parameters controlling the subsurfuce deforma-
tion are the hardness and the friction voefficient (see ref. 2). As the hardness




e ———

e e e o

82

5 [ A o T T R

1 1

¢\ | 8g0sc ? 800+C
Y4~ -mam.nl L\ lmgmd
1.4
W
(]
P4
13 o - — e
2
v
Lt
[+ 4
[+ 4
o2 s B )
* NG ) \\%

[T ’ S~
1 | Lo b i |
0 e TaTTTe e T1e 2 o 001 002 003

VOL. FRACTION x 10°
(n) (b)

Fig. 4. The wear reslutance (reciprocal of the wear coefficient) vs. (a) the volume fraction
and (b) the mean free path of Cu--Cr alloys for 1000 min of treatment,

INV. MEAN FREE PATH (um")

Fig, 5. Scaniing electron mivrographs of wear tracks of the precipitation-hardened Cu-

0.81 at.% Or alloy for an aging time of (a) & min and (b) 10 000 min. The sliding direction
Is from left to right.

is increased less subsurface deformation will accumulate. Since the friction
coefficient is constant for both alloys and for all treatment times (Fig. 8(a)),
the location of the subsurface crack nucleation sites and the crack propags-
tion depth will not be affected significantly by the aging process. Therefore
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Fig. 6. Soanning electron mlcrograph of the subsurface of precipitation-hardened Cu- 0,81
at.% Cr alloy aged for (n) b min and (b) 10 000 min.

Fig. 7. 8canning electron miorographs of wear purticles collectad from wear tests on the
specimen of Cu--0.81 at,% Cr aged for 10 000 min.
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the wear process is not affected by the tangential component of the surface
traction,

In Fig, 3(b) the wear rate is shown to decrease in the early stages of
precipitation. This is due to an increase in the hardness and a consequent
reduction of deformation. However, with further aging the wear rate
jncreases even though the hardness increases. This result cannot be explained
in terms of subsurface deformation alone and thus the crack nucleation and
crack propagation processes have to be considered.

As deformation accumulates cracks will be nucleated when two condi-
tions are simultaneously satisfied: (a) the tensile stress at the interface should
be equal to the strength of the particle- matrix interface; and (b) the elastic
energy released upon decohesion of the interface should be enough to over-
com the surface energy of the vold. According to Argon and his coworkers
[ 8], in materials with particles much smaller than 20 nm in diameter cavities
can never be formed by particle-matrix separation because the energy condi-
tion is not satisfied. For particles of about 20 nm cracks can nucleate by
particle fracture, although the energy condition is difficult to satisfy und is
probably the necessary and sufficient condition. If the particles are substan.
tially greater than 20 nm, the energy criterion is easily satisfied and cracks
can be formed spontaneously as soon as the critical tensile stress at the inter-
face is reached. Based on a solution by Merwin and Johnson [9] adapted to
the sliding situation, Jahanmir and Suh [10] have found that, for an elastic
perfectly plastic matrix, tensile radial stresses are developed at the particle-
matrix interface. There stresses are maximum at some distance from the sur-
face, Further, they have shown that, for particles greater than 1 um, cracks
can be nucleated after only a limited number of cycles.

The wear rate is also atfected by the coherency of particles, In the early
stages of precipitation, since patticles are coherent {11], the stress required
Lo separate the particle from the matrix will be large. Therefore crack
nucleation requires large amounts of subsurface deformation in order to
develop a sufficient interfaclal stress between the matrix and the particle,
Since the increased hardness decreases the deformation rate, the wear coeffi-
clent (and thus the wear rate) ia decreased. The steep iturease of the wear
coefficient shown In Fig. 3(c) after reaching & minimum value is due to the
loss of coherency requiring less stress for decohersion of a particle from the
matrix and is also due to the incremsed particle size. The deformation rate
still decreases but the deformation required for nucleation decreases even
fuster. Further, as the interparticle sPacing decreases during the early stages
of aying, cracks have to propagate emaller distances in oxder to join with
neighboring cracks, This explains why the wear coefficient of Cu-0.81% Cr
alloy should be greater than that of Cu—~0.58% Cr alloy because the former
has a larg.r volume fraction of seccnd.phase particles and possibly has a
smaller interparticle spacing. :

After the maximum hardness is reached, the volume fraction of particles
does not increase with aging time anymaore und coarsening of particles ocours,
which increases the interparticle spacing. Crack nucleation at this point tends
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to be relatively easy and the overall wear rate is controlled by the crack
propagation rate. In this case two parameters have to he considered: the
crack growth rate and the intorparticle spacing, Since the hardness does not
change very much for the overaged alloys, the number of asperities

passing by will be about the same, and since the matrices of both alloys are
exactly the same (the aging treatment was carried or at the same temper-

ature), the crack growth rale must be the same to a first order approximation.

A rough estimation of the crack growth rate can be made which is similar to
that made in a previous paper [10]. Assuming that the material is deleminat-
ed by successive layers, the crack growth rate is caloulated as the ratio of the
mean free path to the number of cycles required to remove one layer. Such a
calculation leads to a range of values between 4 X 10" *and 6 X 1074 um
cycle* for both alloys, and the wear rate depends basically on the mean
free path of a particle (or the interparticle spacing). Thus, when the overall
wear process is controlled by the crack growth rate, the wear coefficient
tends to level off toward asymptotic values, as the aging treatment is
continued and the mean free path becomes roughly constant. This explains
the leveling-off of the wear coefficlent when the transition from crack
nucleation raute controlled wear to crack propagation controlled wear occurs,
The effoct of the mean free path {s also shown by the difference in the wear
rate of Cu-0.81 at.% Cr and Cu~0.58 at.% Cr. As a higher volume fraction
implies a smaller mean free path for the same particle size, the curve for
Cu-0.81% Cr should be higher than that for Cu--0.68% Cr, as shown in

Flgs. 4(a) and 4(b).

The arguments presented above are very qualitative, especially for the
case of the early stages of precipitation. Quantitative measurements of
precipitate shape, size and spacing using transmission electron microscopy,
together with an analysis of the mechanics of crack nucleation such as that
presented in an earlior paper (10], should give a quantitative relationship
between the microstructure and the wear rutes of two-phuse metals. Mean-
while the ompirical evidence and discussion presented in this paper should
provide guidelines for the design of two-phase alloys for good wear
properties.

Conclusions

(1) An increass in the hardness improves the wear properties of precip-
itation-hardened alloys only as long as the decreased deformation rate is not
outweighed by the increaserd crack nucleation rate (which increases owing to
increased incoharency at the particle~matrix interfacos),

(2) The meximum wear resistance occurs at aging timea shorter than
those which yield maximum hardness in the systems studied because crack
nucleation ocours easily near the maximum hatdness.

(3) Ax aging proceeds, with the alloy continuing psst maximum hardnoss

into the overaging regime, and particles grow, cracks are easily nucleated at
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small subsurface deformation, the wear coefficient rapidly increases and the
crack propagation rate begins to control the wear rate.

(4) The wear rate increases as the mean free path between inooherent
second-phase particles decreases in overaged alloys owing to the increused
number of cracks joining between particles,

(6) For good wear resistance it is desirable to have a large volume
fraction of very small and coherent particles,
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SURFACE TOPOGRAPHY AND INTEGRITY EFFECTS ON SLIDING
WEAR®*

8. JAKANMIR** and N, P. BUH
Department of Mechanical Engineering, Massachuaseita Inutitute of Technology,
Cambridge, Mags. 02139 (L.S.A.)

(Ruocelved February 1, 1977)

Summary

The effect of surface roughness and integrity on the sliding wear of
metals was investigated exporimentally. The results are consistent with the
delamination theory of wear, The initial wear rote was influenced by the
surface youghness and the applied load but the steady state wear rate was
independent of the initial roughness, Under low applied loads delamination
of smooth surfaces commences scon after sliding is initiated, whereas the
delamination of rough surfaces is delayed until the original asperities are
worn, Consequently, under low loads the initial wear rate of a smooth
surface is higher than that of a rcugher surface, The opposite is found under
high loada sinco original asperities are removed immediately. It is also shown
that machining damage to the surface or the subs'irface (in the form of
deformation, voids and cracks) accelerates the initial wear rate of the
machined surface,

Introduction

Burface tupography and surface integrity are two major surfece charac-
teristics which affect the wear behavior uf machined surfaces, The surface
roughness and the surface waviness are two topographical parameters which
respectively describe the short range and the long range geometric deviations
of a surface from the neiinal geometric shape, The term surface integrity is
used to characterize the quallty of the surface and the subsurface material in
terms of plastic deformatin, cracks, atructural heterogeneity by phase
trensformations, and residual strassoy, all of which may be affocted by
surface proparation methods.

*Pari of the results presanted In this paper was also pressnted at the CIRP mesting
in Germany (n 19706,
**Present address: Department of Mechanior) Engineering, University of California,
Berkeley, Callf, 94730, U.8.A,
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Thoe effect of surface roughness and surface integrity on wear behavior
i is investigated experimentally in this paper. The experimental resuits are
- shown to be consistent with the delamination theory of wear. The effect of
surface waviness on wear has been analyzed elsewhere [1] and it will be
reviewed in the discussion section of this paper, 1
The wear behavior at the initiation of sliding interaction, before a ]
steady state condition is reached, is referred to as the run-in phenomenon,
Wueener et al. [2] have shown that run-in wear depends on the original i
surface roughness when wear tests were conducted under lubricated condi- !
tions. Rowe et al. [3, 4] have shown that run-in also occurs in dry wear :
testing and that the sliding surfaces become smoother during running-in. ,
However, when the steady state wear is renched the surfaces become very !
rough, These observations are all consistent with the mechanisms of the )
delamination theory of wear [6 - 7]. According to the theory, the initial ;
smoothing is associated with the removal of machining marks [8]. Howsver, ;
when steady state wear by delamination is established, the wear surfacea
become rough owing to the craters left after wear sheets lift off the surfuce.
The quality of & machined surface is related to the degree of damage
generated in a surface layer during machining. A study by Abrahamson et al. g
[8] has shown that subsurface damage introduced during machining increuses
; the initial wear rate. Scott et al. [9] and Allen {10} showed that surface
v integrity has an Important effect on the life of ball bearings, Even though the
effect of surface integrity on fatigue life has been studied extensively by
Field and his assoclates [11 - 13], its effect on sliding wear was not
investigated previously.

Experimental procedure

Wear tests were varried out on a lathe wsing n ¢ylinder-on-cylinder
tosting geometry. The 0.6 em diameter specimens wete rotated at a surface )
speed of 3 cm s ! and the stationary AISI 82100 pine (0.8 cm in diameter)
wore pushed against the specimens by normal loads of 0.108 and 0.860 kg.
A serles of testsa was carried out by manually moving the slider parallel to the
axis of the specimen. This was performed under a load of 0.907 kg for 10

: revolutions. The tests were run under argon flowing into a chamber

s surrounding the contacting surfaces. All teats were run dry and at room
temperature.

1 The materinls tested were commercial cold-rolled AISI 1018 steel
(hardness 84 ky mm™?) and 70/80 brass (hardness 48 kg mm 7). A variety of
surface finishes ware generated by tuming. The surface finishes ranged from
1.2 to 10.4 um (c.).a.). They were generated by turning at 319 rev min *
with u 0.13 mm depth of cut at various feed rates. Bome spaoimens were
prepared with cutting tools having a range of positive and negative rake
ungles to study the effect of subsurface damage generated by machining,
Another series of specimens was prepared by orthogonal turning lubricated
with targ oll, using tools with positive and negative rake angles.
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The effect of surface roughness

The process of asperity deformation during the initial stages of sliding
is shown in Fig. 1. The sliding direction was perpendicular to the machining
marks in Flg, 1(a) and parallel to these in Fig. 1(b), The wear track on the
rough surface (i.e. 3.4 um c.l.a.) has become smooth and there i8 no evidence
of adhesive or transferred particles.

Fig, 1. Plastic deformution of the original saperities tor AIBI 1018 steel (cylinder-on:
cylinder goometry): (u) sliding perpandioular to the machining marks, 2.0 um o.l.a,
surfage finsh, afler ten passes under o normal load of 0.91 kg (b) sllding parallel to the
muchining marks, 3.8 fm c.la. surfuce fininh, after 0.25 m of slidiag undor a normal loud
of 0.38 kg,

The results of wear tosts on samples with varying roughness and normal
louds are presented in Fig. 2, Under a load of 0.850 kg (Fig. 2(n)) the rough
surfaces have a slightly larger total welght loss than the smoothar surface.
The small difference in weight loss is probably due to the large weight of the
r-riginal asperities of the rougher surfaces. However, once the asperities are
romoved and steady state delamination is reached, the woar rate of all sur-
fuces is the same,

Figure 2(b) shows that under a 0,108 kg normal load, the smoother
surface has a greator total weight loss than the rough surface. However, the
steady state delamination rate of both surfaces ix the sume, The difference in
wenr {8 due to the difference in the time delay before the onset of delamina-
tion. 'the 1.2 um c¢.la, surface started delaminution after 9 m of sliding,
whereas delamination of the 2.7 um ¢.La, surface began after 82 m of sliding,
This was not observed under large loads because the contaot stress was
sufficlent to remove the original asperities and to initiate delamiiation
ulmost immadiately.

The result of the wear test on AISI 1020 stee! performed by
Abrahamson et al. |8} with a pin-on-disk machine is given in Fig. 3. These
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Fig. 2. 'The effect of original roughness of machined surfaces on welght loas: (a) normal
load of 0.850 kg, AIS1 1018 stesl, 0 2,1 um o.la,, & 6,0 g c.la., 7.8 um el
(b) normal load of 0.106 kg, 0.12 pm ¢, & 2,7 m a.la,

testa ware run under conditions similar to the ones reported here, the only
oxveption being thai the pin-on-disk tests were done at an average surface
speed of 7.8 cm 57!, The similarity of the two sets of results, i.e. of Figs, 2
and 3, indicates that the effects on wear of the surface roughness and
especially of ihy normal load are independent of the testing geometry.
These tests show that the surfaca roughness does not affeot the steady
state wear rate bt only influences the initial wear behavicr of machined
surfaces, The fact that the rough surfaces under low loads wear less then
smooth surfaces has interesting praction! implications in the design and
prepatation of sliding surfaces, Those results suggest that rough sliding sur.
fuces under low contact stresses will Jast longer thun smoother surfaces,
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Fig. 3. Weight loss as a function of sliding distance for A1S1 1020 steel (pin-on-disk
geometry) [7]: (x) under & normal load of 0,30 kg, 11 0.1 um e.l.a,, A 0.3 um o.la,,
V1.1 Mmoo, ® 4.8 gm el (b) under a normal load of 0.075 kg, A 0.3 um o.l.a,,
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Furthermore, under normal sliding conditions where lubricants are used the
rough surfaces will also retain the lubricant and the wear behavior may be
improved even further,

It should be emphasized that the rough surface is better than the
smooth surface under light loads only if there is no subsurface damage
(generated by machining). Otherwise, the large asperities delaminate
catastrophically and produce large wear particles which could then cause
abrasive wear of the sllding components. This was observed when specimens
generated by a worn tool were wear tested under a low (0,76 kg) normal
load. In thease specimens the wear data were scattered and the delayed
delamination assoctated with rough surfaces was not observed.

The effect of surface integrity

According to the delamination theory, steady state sliding wear of
metals occurs by subsurfs:e deformation and by void and orack nucleation
and propagation. Therefore, if the prepated surface contained any surfaco or
subsurface damage (i.e. deformation, voids and cracks), one would expect a
larger initini wear rate, ‘This is shown in Fig. 4 for an as-drawn surface and
for a polished suzface. The initial welght loss of the as-drawn surface is
higher because of the surface damage genernted during drawing, as shown in
Fig. 5(a). (The ax-drawn surface was lightly polished with a no, 4/0 emery
paper to remove the surface oxides.) The polished surface was prepuared by
polishing off 0.08 mm with no. 2 emery paper and a final polish with a 4/0
emary paper. ‘This process generated a relatively damage-free surface, as
observed in Fig. 5(b), which led to n lower welght loss than that for the as.
druwn specimen.,

The effect on wear of subsurface dumage geneiated by machining is
shown in Fig. 8. The two series of specimens were maochined using a sharp
and & chipped cutting tool, as shown in Fig. 7. The chipped tool was still
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Fik. 4. The effect of surface damage on wear of 10184 ateel under a normal load of
0.46 kg: ¥ as deawn, V polished, i
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Fig. 6. Sectiona perpendicular to the surface showing the typical microstruciure of
| 1018 steel: () us drawn, (b) afier polishing.

capable of producing fine surface finishes and from a machinist's point of
view it was still useful. The difference in tha initial weight loss of the two
sexies of ypecimens is due to the larger subsurface damage generated by the . Z
chipped tool (10 um deep) compared with that of the sharp tool (2 um decp), !
which ix observed In Figs, 8(a) and 8(b) respectively. It is interesting that the o
subsurface deformation caused by the chipped tool was sufficient to B L
: generate wear sheets (Fig. 9) on the machined surface.

; Machined surfaces could also contain subsurface damage if machining

X ‘ parameters such as the rake angle, cutting tool radius or depth of cut were
! L , .
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Fig. 6. The effect of subsurface machining damage on wear of 1018 steel: © 1.4 um o.la,,
Ad 8 umela,®21 umela, 48.0umola, €7.8 umc.la,

(h)

Fig. 7. Bcanning electron micrographs of the rake face of (u) a chipped cutting tool and
(L) & sharp cutting tool,

not selected properly. Turley [14, 15] has shown that the depth and the
degree of deformation in 70/30 brass increases as the rake angle decreases,
At large negative rake angles the tool does not out, but rather it slides over
the surface causing piowing and subsurface deformation. The depth of
deformaticn also increases with the depth of cut and with the cutting tool
radius,

Figure 10 shows the wear of steel specimens prepared with three
different tools: 40° rake; 8° ruke; and 1.3 mm honed radius, 40° rake, The
figure shows that all specimens have the same wear rate, This is prabably due
to the fact that all the tools had positive rake angles and, since steel is much
harder than brass, the damage caused by machining with different cutting




R ST

94

(a) (b}

Fig. 8. Sections perpendicular to the surface, showing typical subsurface damage of
1018 steel: (n) machined with a chinped tool, 4.8 um c.l.u.; (h) moachined with a shoarp
tool, 6.0 um c.la,

Fig. 9. Wear sheets on the machined surface of a 3,3 um c.la. surface (itish, prepared
with a chipped cutting tool,

tools might have not been sufficient to affect the wear behavior. Therefore
70/30 brass specimens were prepared by orthogonal turning with +256°, +5°
and —15° rake angles. The results of the wear tests on the brass indicated
that there was not a large difference between the wear rates of tho samples
cut with positive and negative rake angle tools. Subsurface observations of
the machined surfaces showed that the depth of deformation was 26 um for
the +2B8° tool and 30 um for the —16° vool, Since this difference was not
large, it did not lead to a substantial difference in the wear rate of the
samples,

The depth of deformed Inyers reported by Turley ranged from 600 um
for a +25° toul to 900 um for a —15° tool. Such a difference in the deformed
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Fig. 10, Wear of 1018 steel specimens muchined with three different cutting tools under
a normal load of 0.856 kyg: ® 40" rake angle, 1.3 um c.lLa.; 0 B° rake angle, 2.6 um c.l.a.:
A 1.2 mm honed radius, 40" rake angle, 2.0 um c.la.

regions generated by the two tools should result in a large difference in the
initial wear rates. Since the degree of machining damage in the brass samples
of this investigation did not differ between eamples, no difference in the
waar behavior was observed,

The ‘leformation depth in hrass observed by Turley was much more
than the «+formation depth reported here, probably because of the difference
in the machining conditions. Turley's specimens were prepared by planing,
whereas the specimenn tested at MIT were prepared by turning. This
indicates that the choice of machining operation and machine tools may be
an important factor in the preparation of surfaces for sliding upplications,
since euch type of machining generatas u differant type of damage in the
finished product.

Discussion on surface roughness and integrity

The results presented here substantiate the predictions of the
delamination theory in regard to surface roughness and integrity. The signif-
{cance of this investigation {8 not only in the verification of the delamination
theory but aleo In the practical implications of the results, It has beon shown
that specification of surface roughness alone is not sutficlent; the surface
integrity, surface preparation method and machining varisbles must also be
properly specified for sliding surfaces,

A recent investigation {18) has shown that bumishing, which is the
final surface preparation procedure in some applications, decreascs the initie!
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wear rate of sliding surfaces. In burnishing, the original machining marks are
deformed and fractured and somne of the surface damage is removed, This
process is very similar to the running-in of surfaces. Since the steady state
wear rate is smaller than the transient wear rate, the burnished surface will
have a lower wear rate (provided that burnishing conditions are selected
such that subsurface void formation is prevented). In fact, if burnishing is
done under a large load, the resulting surface will be rougher than the
oviginal surface [16} probably because of sliding wear by delamination,

The topography of a surface is generally characterized by both surface
roughness and surface waviness. Surface roughness is the short range
deviation of a surface profile from an average profile, whereas the waviness
it the Jong range deviation, The investigation in this paper considered only
the influence of surface roughness on wear, The effect of surface waviness
on wear should not be disregarded, since in a recent paper [1] it has been
shown that waviness can cause selzure of two geometrically construined
sliding surfaces, The approximate analysis indicates that, owing to the
waviness, large wear particles may be generated by high local friction forces.
These particles may then wedge in between the two geometrically constrain-
ed sliding surfaces and cause seizure,

The surface integrity consicered in this paper has heen limited to
surface and subsurface damage caused by deformation and by void and crack
nucleation, However, in general, machining can damage the surface and the
subsurface by generating microstructural defects (/.e. deformation, voids and
cracks), mechanical changes (i e. residual stress) and metallurgical changes
{i.e. phase transformation). Bused on the results presented here it can be
concluded that microstructural defects decrease the weur life of a machined
surface. However, the effect of mechanical and metallurgical changes on
wear have not been investigated; they will be discussed here in terms of the
delamination theory of wear,

It has been shown [11 - 13, 17, 18] that, in grinding and orthogonal
turning, surface integrity depends on such machining conditions as the speed,
the cutting fluid, the type of grinding wheel and the size of the wear land,
Cutting with sharp tools and at moderate speeds produces very little subsur-
face damage, whereas cutting with a worn tool or at high speeds degrades the
surface integrity [17]. SBince phase transformation near the surface depends
on the temperature generated during machining, which in turn depends on
the cutting speed, three distinct behaviors can be observed in turning high
strength steels, Low speed cutting with a worn tool primarlly causes micro-
structural defects and cioes not cause any observable metailurgical changes.
Machining at moderate speedi with a worn tool generates a suxface layer
softer than the hulk (probably overtempered martensile). However, machin-
ing at higher speeds with a wom tool generates a harder surface but a softer
subsurface, The hard surface layer is generated by the high rate of heating
and cooling near the surface which produces untempered martensite. The
softer subsurface is overtempered martensits. SBimilar metailurgical changes
have also been observed for ground surfaces [11 - 13].
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It is conceivable that the microstructural defects generated by an
improper selection of machining parameters would lead to a larger initial
wear of the surface. However, if no subsurface cracks are nucleated but the
surface becomes harder or aofter, prediction of the wear behaviar becomes
more difficult. A harder surface may resist deformation and delamination,
but if any large woar particles are generated, abrasive wear will be the
controlling mechanism and wear will be accelerated. A softer surface Is less
resistant to deformation, abrasion and plowing. It has been shown thui the
prediction of wear behavior cannot be hased on the hardness alone, and that
the microstructure must also be considered [19]. Since at this time no
information is available on the wear behaviors of untempered or overtemper-
ed martensite, the effect of a near-surface phase transformation on the wear
of steel cannot be resolved,

Machining also alters the mechanical state of the surface layer by
introducing residual sirosses. The nature of the residual stress depands on
the type of machining and on the parameters. It has been found that
grinding at low speeds and at small depth of cut produces a compressive
residual streas, wherens grinding at higher speeds und at larger depth of cut
produces a tensile residual stress at the surface {12]. In some turning
operations, however, the near-surface residual stresses were observed to be
always tensile, and the depih and their magnitude increased with the size of
the wear land [18]. A large tensile residual stress can be detrimental in such
applications as fatigue and sliding, since crack nucleation and crack
propagation could occur more readily. In contrast, 8 compressive residual
stress can be beneficial only if no subsurface microstructural defects (voids
and cracks) have been generated during machining.

The ahove discusgion and the result of tests indicate that surface rough-
ness and integrity are important parameters in the wear behavior of machin.
ed surfaces. For a surface with a given set of microstructural characteriatics,
the effect of surfuce roughness on wear depends on the nature of the
application, on the operating conditione and on whether or not the surface
is lubricated. For example, in the case of lubricated sliding several unique
situations are possible. In situations such as in a journal bearing, the
retention of lubricants by the asperities can be an important consideration,
especially if the applied normal load is small, The other extreme is the case
of gears where the load is applied through a “line’”’ contact and therefore the
normal stress is high. In this case, the lubrication of the interface is no
problem, since only a small part of the surface is in sliding contact at any
time and lubricant is eusily supplied to the surface while it Is not in contact,
‘The Initial asperities on these gear surfaces will be removed instantaneously
and these removed asperities will accelerate the subsequent wear process
through abrasion, Therefore it is a desirable practice to lap the surfaces of
gears before they are put into service. In short, since smoother surfaces are
not necessarily better than rougher surfaces and since manufacturing cost
increases with surface finish, decivions on desirable surface topography
should bo made after consideration of ali the important factors involved.
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Further work is clearly needed to develop a systematic w.y " ~haracierizing
and specifying the aurface topography and integrity.

Conclusions

Based on the Investigations presented in thia paper, the following
conclusions were made.

(1) Surface roughness influences only the initial wear behavior and not
the steady state wear rate.

(2) At low normal loads rough sliding surfaces have smaller wear than

smouther surfaces, provided that the surfaces are free from machining
damage.

(3) Subsurface damage associated with machining operations could
increase the initial delamination wear rate of the sliding surfaces.

(4) The choice of machining operation and variables ure important
factors in the preparation of surfaces for sliding applications.
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Summary

The combined fatigue-wear life of medium carbon steel (AIS1 1046)
was investipated under various combinations of loads and stiding wear con-
ditlons using a rotating beaum test. The direction of the maximum tensile
stress due to bending was perpendicular to that due to wear [1]. Tests were
also performed with specimens plated with a thin layer of cadmium or
nickel-gold. All of the tests were conducted in the high cycle regime. The
results show that the fatigue life of all the specimens at a stress level higher
than the endurance limit of the specimen was within the experimental
scatter of a typical fatigue test, The effect of sliding wear on fatigue life is
manifested primarily by the stress field imposed by the slider on the speci-
men. In the c¢aseo of plated specimens, the fatigue life was not significantly
affected, although the wear rate was decreased by an order of magnitude.

Introduction

Many rotating parts of a machine, e.g. components of turbomachinery
and vehicles, are often subjected to cyclic bending loads leading to fatigue
combined with a sliding action at the surface which leads to wear. When
the relative displacement between the slidor and the part is small, this situa-
tion is commonly known as fretting fatigue, Fretting fatigue has been in-
vestigated extensively, since the reduction of fatigue life due to the com-
bination of fatigue loading and wear is a major problem for aircratt com-
ponents and high speed machines, However, the question of what happens
to these parts when the relative displocement hetween the slider and the
part is large and occurs only along a single direction has not been investi-
¥ated in the past,

The purpose of this paper is to present the results of a combined
fatigue-wear study conducted using AISI 1045 steel under different loads.
The combined tests reported in this paper are simpler than fretting fatigue
tests and may allow insight into the fretting fatigue problem by aiding the
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Fig. 1. A scheinatie diagram of the specimen used for combined fatijue-woar tosts.

isolation of the effect of loading ¢onditions from the effect of particles
entrapped between fretting parts,

It is obvious that the effect of sliding action will be confined to a zone
within about 200 ym of the surface and therefore it will atfect only the
crack nucleation process of fatigue. Since the wear rate is often slower than
the crack propagation rate of fatigue cracks, it is expected that the effect of
combined fatigue-wear loading will not be of any significance in the low
cycle regime but may be of importance in that part of the high cycle regime
where crack nucleation becomes important. Furthermore, since tho sliding
action may continuously disrupt the formation of 4 stable oxide layer, it
may affect the fatigue life by changing the dislocation behavior near the
surface, Although the work reported in this paper does not answer all these
questions, it does provide a partial understanding of the problems involved.

Experimental materials and procedures

In order to investigate the behavior of medium carbon steels under
combined fatigue-wear loading, AISI 1045 steel was used. The material was
received in the form of cylindricel rods 16 mm (5/8 in) in diameter. Speci-
mens were then machined to the final configuration shown in Fiy. 1. The
atraight parts of the specimen were ground in standard grinding machines
to provide maximum concentricity. The testing region was machined with
a rotary lathe cutting tool of 13,7 mm (1/2 in) radiun. Then the necked
zone was polished to a minimum diameter of 6.4 mm with emery paper of
sequentially reduced yrit size, and finished with 6 um particle size dismond
lapping compound, Some of the specimens were then plated with a layer
of cadmium or with a flesh of nickel followad by a luyer of gold. The initial
thickness of the plating was about 0.1 um for cadmium and 0.0% um for
nickel followed by 0.5 um of gold.

Fatigue and combined fatigue-wear tests were carried out by rotating
the apecimens on a luthe, The fatigue geometry used wns the classical
cantllever rotating beam with the load applied at the end. The fatigue load
as woll as the nornial ioad on the slider was applied by dead welghts, The
load on the slider was in all cases 0.3 ky. The friction force was measured by
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Fig. 2. A schematic diagram of the experimental set-up used to carry out the combined
fatiguc-wenr tests,
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means of a strain gage assembly to which the slider was attached. The sliders
were in the form of cylindrical ping of 3.2 mm (1/8 in) of AISI 52100 steel
(BHN 560).

Tests were run both in air and in argon atmosphere, For the tests under
controlled atmosphere, the specimen and slider were enclosed in a chamber,
which prior to the teat was evacuated and filled with argon gas (Fig. 2). The
tests were run until complete failure at a speed of 1000 rev min™*.

Results

A series of different tests was carried out with AISI 1045 steel to show
the effect, of aliding wear on the fatigue life. Ordinary fatigue tests wore also
done to provide a reference. Combined fatigue-wear tests were carried out
with unpolished, polished and coated specimens. The fatigue stresses were
calculated based on the true diameter of each specimen and using the con-
centration factor of 1.07 {2].

In Fig. 3, the resulting S--N curves ure shown, In the range of higher
strosses (greater than 36 kg mm ?), and thus shorter life, no remarkable
difference was found hetween the plain fatigue and the fatigue-wear speci- 5
meons, whereas for the lower stresses some Cifferences exist. First, combined
fatigue wear reduces the life by about a factor of two. Sscond, the reduction
in life is more apparent in the case of combined fatigue wear with polished
specimens. i

Figure 4 shows both the test zone and the fracture surface of a apect-
men which failed at 8.0 X 10°® cycles under a stress amplitude of 34.8 kg
mm' ?, Figure 5 shows similar features but for a specimen subjected to com- AR
bined fatigue wear. The stress amplitude in this case was 32 kg mm 2 and e
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Fig. 4. A fractured specimen in plain fatigue loading, Thg atress amplitude was 34.5 ky
mm * and the aumber of oycles to faillure was 8,0 x 10",

the number of cycles to failure was 4.83 X 10" cycles. These two micro-
graphs look basically similar, the only difference being the presence of a
waar track.

Figure 8 shows the wear volume, calculated from measurements of the
width and depth of the wear track, as a function of the number of cycles,
Although there is some scatier, it is clear that the wear rate of coated speci-
mens, particularly the nickel-gold coated specimen, is reduced by an order
of magnitude, whereas the reduction for cadmium costed specimens is only
a factor of 3.
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Fig. 6. A specimen freciured in the combined fatigue-wear test. The stress .mplilude was
92 kg mm" 3 and the number of cycles to fallure was 4.33 x 10°,
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Discussion

A

' The results in the last section show that the fatigue iife ia reduced when
. B sliding wear is imposed on the fatigue loading. It can be explained in terms
;. of the accelerated crack nucleation rate due fo the sliding action.
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The sliding action imposes a cyclic state of loading on the material near
the surface [3]. Under this cyclic loading the matrix can undergo plastic
deformation and cyclic creep along shear bands in the direction of sliding,
creating sufficient stress for debonding of the interface between the matrix
and any hard particles or inclusions. The mechanics of void formation in
the sliding situation are discussed in a companion paper [4]. These cracks
may propagate both in the direction of sliding, leading to delamination wear,
and in the radial direction leading to the fatigue failure. Flemirg and Suh
showed that there is a location below the surface where the crack growth
rate is 8 maximum owing to the sliding action [5]. The cracks nearest to the
surface are likely to be propagated in the transverse (i.e. radial) direction
owing to the fatigue loading, because the direction and the magnitude of the
normal stress due to bending are respectively perpendicular and proportional
to the radius. In contrast, the stress tield (based on the apparent contact) in
the specimen under the slider is compressive in all directions, except near
the trailing edge of the slider where the normal stresses are tensile, Therefore,
the stress imposed on the specimen along the maximum bending stress
direction will cause the specimen to undergo two cycles of loading for each
revolution of the specimen.

In order to clarify the effect of the contact loading on the overall of
gyclic loading, the stress history of the specimens was examined through a
stress analysis for an slastic specimen [2] . Figure 7 shows the time depen.
dent change of stress in the axial direction due to the load on the slider; this
atress was calculated in terms of the measured geometry of worn specimens
and sliders. Figure 8 is a rchematic diagram of the loading history of the
specinien at the contact point. It illustrates the fatigue loading oycle (Fig.
8(b)), the loading cycle in the bending plane due to the load on the slider
(Fig. 8(c)) and the result of a superposition of Figs. 8(b) and 8(c) (Fig. 8(d)).
It is clear that the actual number of fatigue loading cycles is doubled owing
to the load applied by the slider duting the sarly phase of the fatiyue tesiing
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when the crack length is short. Since initial crack growth is the dominant
factor in fatigue life, doubling the number of cycles implies a reduction in
the resulting fatigue life by a factor of upproximately 2. This is in agreement
with the results shown in Fig. 8 for the curves for plain fatigue and for
cumbined fatigue wear,

Another feature of Fig. 3 is the greater reduction in the fatigue life for
the tests run on polished specimens than that for the unpolished ones. This
is probably due to the fact that the polishing reraoved the prestrained sur.
face layer from the specimen. This laysr contained compressive residual
stresces which opposed the tensile stress due to bending.

The results for the coated specimens shown in Fig. 8 show that no
improvement in the fatigue ife was obtained by coating. However, the wear
resistance of the specimen wan greatly improved, sspecially for the case of
the nickel-gold plated specimens (Fig. 8), According to the delamination
thaory of wear, the coating should reduce the wear rate of the specimen as
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a result of the reduction of the subsurface deformation in the direction of
sliding (6], which in turn results in a decrease in the crack nucleation and
propagation rates. However, a reduction in the wear rate does not mean that
the crack nucleation process due to the sliding action is completely suppress-
ed. The mere fact that the fatigue life with coated specimens is worse than
the fatigue life of plain fatigue specimens indicates that, even with coating,
the crack nucleation process due to the sliding action dominates the crack
nucleation process due to the fatigue loading. Further, it may be concluded
that the reduction in the crack nucleation rate due to sliding obtained by
coating is not substantial enough to improve the fatigue life in combined
loading. Thus, the fatigue life is always reduced when crack nucleation occurs
owing to the sliding action.

It should be recognized, however, that the above arguments are quali-
tative and that the stress analysis is rather simplistic. Nevertheless, the re-
sults are explainable in terms of loading cycles.

Conclusions

The main conclusions that can be drawn from this work are as follows,

(1) The load applied by the slider increases the orack nucleation rate
near the surface and douhles the actual number of fatigue loading cycles,
thus leading to a reduction in fatigue life by a factor of 2.

(2) The coating on the specimens is very elfective in reducing the wear
rate but does not improve the fatigue life because crack nucleation is not
suppressed completely.
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Summary

High speed sliding wear of AISI 1020 steel, AISI 304 stainlesa steel and
commercially pure titanium (75A) was studied using a pin-on-ring geometry.
All the tests were carrled out in air without any lubricant. The sliding speed
was 0.5 - 10.0 m s~ and the norma! force was 48.0 N (5 kgf).

The friction coefficient of all the materials tested decreased with the
sliding speed; this appears to be a consequence of oxide formation. The wear
tate of 304 stainless steel increased monotonically with speed, wherems the
wear rate of 1020 steel and titanium first decressed and then increased and
agsin decreused, with a maximum occurring at about 8 m s™*. The compiex
variation of the wear rate as a function of speed is explained in terms of the
dependence of the friction coolficient, hardness and toughness of the ma.
terials on temperature, Microscope examinations of the wear track, the sub-
surface of womn specimens and the waar particles indicate that the wear mode
was predominantly by subsurfuce deformation, crack nucleation and growth
processes, i.e. the delamination process, similar to the low speed sliding wear
of metals. Oxidative and adhesion theories proposad in the past to explain
the high speed sliding wear of metals are found to be incompatibie with the
experimental obssrvations.

Introduction

The papers presented so far in this isue of Wear emphasize subsurface
deformation, crack nucleation and craok growth as important processes in
the low speed sliding wear of metals. Both the metallographic and the
empirical evidence presented cleatly support this view, In these papers the
experimental conditions were chosen so that the temperature ¥ise was
mlnimur hence ummu upoctl could be noclacud However, it ix well

*Prasent address: Dapartment of Mechanioa) Enginsering, Schoo! of Enginsering,
Cairo University, Egypt.
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known that at temperatures above about one-half of the absolute melting
point of materials thermal aspects become important. The effect of temper-
ature on surface traction, subsurface deformation, crack nucleation and
crack propagation cannot be neglected, and oxidation plays an increasingly
important role in high speed (or high temperature) sliding wear.

Wear of metals at high temperatures due to high loads and/or speads is
of special practical and theoretical interest. This problem is of interest in a
variety of applications such as cutting tools, metal forming dies, automotive
and aircraft brakes, guide rails for high speed vehicles, and lubricated sliding
systems under starvation conditions. Yet, theoretical understanding of the
wear mechanism at high speed and/or high loading conditions is quite
inadequate.

Several theories of sliding wear of metals at high speeds have been
proposed in the past. In one theory [1] it was hypothesized that the
increased wear rate is due to the loss of hardness with the temperature rise,
in accordance with the adhesion theory [2]. In another theory [3 - 6] it was
assumed that as a result of the temperature rise the surface oxidizes (provid-
ed that oxygen is present) and the oxide layer is peeled off by external forces
once it reaches a critical thickness. In this model the wear rate is determined
by the diffusion of oxygen atoms through the oxidized layers. In a third
model it is assumed that the oxides act as abrasive particles and thus
contribute to abrasive wear [7].

The basic question is whether these mechanisms are the dominant
mechanisms responsible for wear. In this sense, there are several limitations
to the above theories although they may be valid in a narrow range of loads
and speeds for specific materials. The limitations of the adhesion theory
discussed in preceding papers also apply to high speed sliding wear. Firstly,
the wear particles are generally platelike, much larger in size than predicted
by current theories, and have metallic luster. Secondly, large scale subsurface
deformation cannot be explained on the basis of these theories. Thirdly, the
theories predict that the wear rate increases monotonically with sliding speed
because of the temperature rise. This is contrary to several experimental
observations; some observations have shown that the wear rate increases with
speed [8], whereas some other observations show, surprisingly, that the
wezr rate decreases with speed [9]. Indeed, the wear rate may exhibit
maxima and minima provided the range of speed is sufficiently wide. Finally,
the effect of the friction coefficient on the wear rate has been essentially
ignored. The only place where the friction coefficient appears is in the
calculation of thermal energy generated due to friction. Unlike low speed
sliding wear, the friction coefficient decreases substantially with speed and
may have a pronounced effect on the wear rate.

With that background, it is clear that the wear of metals at high sliding
speeds takes place by a mechanism different from that predicted by the
existing theories. The purpose of this paper is to investigate critically the
mechanism of wear at high sliding speeds and to explore the poss:bility that
delamination wear might take place under such conditions.



Materials and procedures

AIS1 1020 steel, AISI 304 stainless steel and commercially pure
titanium (75A) were chosen for study. The choice of the materials was based
on several considerations. As these three materials have three different
crystal structures, the effect of crystal structure should be reflected in the
wear data. AISI 1020 steel and titanium werc chosen to investigate the
effect of phase transformations, if any, induced by frictional heating. AISI
304 stainless steel is oxidation resistant and does not transform to other
crystal structures at high temperature. Therefore, when its vrear rate is
compared with the more easily oxidized 1020 steel, it should provide
information about oxidative wear. Further, as the thermal and other
physical properties of these alloys are readily available, calculation of the
temperatures of the sliding surfaces is easier. Other details about the
materials are given in Table 1 and the microstructures are shown in Fig. 1.

. TABLE1

Experimental materials

Component  Material Approximate Hardness Density
composition (MPa) (103 kgm™3)
Specimen AISI 1020 steel 0.2% C, 0.4% Mn 2300 778
AISI 304 stainless  0.08% C, 18% Cr, 8% Ni 2920 8.03
steel
75A titanium 0.29% Fe, 0.05% C 2350 4.50
0.06% N, 0.20% O
Slider AlSI 52100 steel 1.02% C, 0.35% Mn 7260 7.83

0.28% Si, 1.45% Cr
0.025% P, 0.025% S

AlSI 4150 steel 0.5% C, 0.8% Mn 9320 7.78
1% Cr, 0.2% Mo

Figure 2 shows the schematic arrangement of the experimental set.up
used for the wear tests. The sliding system consisted of a rotating AISI
52100 steel ring (0.2 m in diameter and 40 mm wide) mounted on a variable
speed lathe. The normal load was applied by a dead weight and the tangen-
tial traction was measured by a dynamometer-Sanborn recorder assembly.
The temperature was measured by iron-constantan thermocouples located
on the specimen near the sliding interface and was recorded throughout the
test by a multichannel recorder. The specimens were machined to conform
to the surface of the ring. The pin-on-ring geometry used here has many
advantages over other sliding configurations. First, conformity of the sliding
surfaces enables a calculation of the nominal normal pressure, which remains
constant during the entire test. Second, the sliding velocity (which deter-
mines the rate of heat generationy at the contact is the same over the entire
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Fig. 1. Microstruotures of experimental materiule: (a) AISY 1020 steel, (b) AISI 304

stainless steel and (o) 78A titanium,
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Fig. 2. Schematic diagram of the vxpetimemal set-up,
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contact area. Finally, it is possible to celculate the surfuce temperature with
simple assumptions becausc the sliding geometry does not change during the

wear test and the heat flow into the specimen is at the most two dimensional.

The specimens were approximately 26 mm high, 26.4 inm long and
6.38 mm thick, The nominal contact area was a portion of a cylinder and
was about 1.8 X 10 * m?, The specimens were prepared by machining at
smal! depths of cut with a copious supply of lubricant, Both the specimen
and the ring were polistim! to 4/0 emery grade but no attempt was made to
measure the surface r. :rtness. The speciimen and the ring were cleaned with
trichloroethylene before westing. The specimens were weighed to an accuracy
of 0.01 mg before testing.

The majority of the tests were carried out under a normal force of
49.0 N in the speed range 0.6 - 10,0 m s '. The Guration of the test was
1800 5, All tests were done in air without any lubricant, The temperature of
the specimen wns measured along the sliding interface at three locations and
away from the surface at two locations. After testing, the specimens were
brushed lightly and the weight was measured to an accuracy of 0.01 mg.
Both the surface and the subsurface were examined mctallographically.
Selected specimens were cut, polished, etched with standard etchants and
observed in a scanning electron microscope (SEM). Wear purticles were
collected during the test and were examined in an optical microscope.
Several tests were also carried out on 1020 steel and 304 stainless steel at
lower loads with a different slider in the same range of speeds and the results
are tabulatod in Table 2,

TABLE 2
Additional test results for AISI 1020 sieel and AIBI 304 stainless ateel*

Test no.  Burface Normal Bliding Friction  Volume  Wear rate

speed torce distance  coefficlen. loss (x10 Y mim 1
(ma?) (N) (km) (10 ¥ m3)
AISI 1020 sieel
1 2.09 16.87 18.73 0,70 17.60 0.94
2 5.66 14.22 20.71 0.87 70.43 3.40
k] 9.50 13.33 15.72 0.62 56.20 3.68
4 0.47 33.32 0.98 1,11 2.06 2.16
5 .69 33.38 4.39 0.80 23.80 5.39
[} 8,78 30.06 1.88 0.47 44.21 23.51
AlBI 304 stainlens stes!
1 2,438 11.78 11.70 0.96 76.48 4.33
2 5.36 1111 18.91 0.86 91.78 4.88
3 8.74 13.33 16.7% 0.73 60.18 3.00
4 .87 38.58 9.51 0.81 123.96 12.9¢
5 5,18 31,78 3,28 0.84 30,38 1918
6 8,88 29.86 7.48 0.86 73,86 9.87

*An AIS1 4150 stev) dise of 0.1 m in dluiwler and 0,84 em thick was used as the slider.
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Results

Figure 3 shows the friction coefficient as a function of the logarithm of
the aliding speed, The friction force usually fluctuated during the first few
minutes of the test, especially at low sliding speeds and loads, However,
steady state conditions were soon reached and the tangential traction
remained constant thereafter. Friction coefficients plotted in this figure and
those shown in Table 2 are calculated using the steady state tangential force,
It can be seen that the friction coeffiolent decreases gradually with an
increase in speed and that its value at high speeds is about a one-haif of its
value at Jow speeds in the speed range Investigated. It can also be seen that
the friction coeflicient for AISI 1020 steel is higher than that for the other
two materiala,
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Fig, 8. Tho friction coefficlent ve, the logarithm of the sliding speed, The friction coeffl-
ciont waa calculated using the steady state values of the tangential traction. Each point
represenls an average of three values,

Fig. 4. The logarithm of wear rats vs. the logarithm of the sliding speed, The normal force
was 49,0 N and the duration of the test was 1.8 X 103 s, Eacli point represants an
uverage of tiiree values,

The wear rate ox & function of the sliding velocity is shown in Fig. 4.
The wear rate of 304 stainless steel Increases monotonically with the sliding
speed whereas the wear rate of both 1020 steel und 75A titanium fixst de-
crenses, then inoreases and reaches a maximum and then decreases again.
Both maxima are at a speed of about & m s~1, The wear rate .1 294 stainless
steel, which is more oxidation resistant than 1020 steel, is about the same ay
that of 1020 steal. In fact, the stainless stes] exhibits a higher wear rate than
the other two metals at lower sliding speeds. These results are somewhat
different from previous investigations In that a minimum and a maximum
were observed in the wear rates in this work,
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To investigate the effect of temperature rise on the friction and wear
properties, the tempersture of the specimen was monitored continuously.
The temperature exhibited an initial transient for a period of about & min
and then reached a steady state value which depended on the sliding speed,
the normal luad and the masterial, Thus for most of the test it appears that
the surface temperature remained constant. The steady state surface temper-
ature was estimated by using a fin model (see Appendix). The astimated
surface temperatures are plotted in Fig, 5 as a function of the sliding speed
for all the materia’s. As it ia not the intent of this work to do a rigorous heat
transfer analysis, only approximate surface temperatures are shown. The
analysis of the temperature of a aliding system has been carried out by a
number of investigators in the past and great differences exist between
various theories, Thus it always becomes necessary to resort to the exper-
imental measurement of tomperature, In estimating the surface temperature
the fact that oxide layers with different heat transport properties from the
parent metal are present on the surface was ignored.

Using the ternperatures thus calculated, if the friction coefficient and
wear rates are replotted as functions of the average surface temperature, the
general shape of these curves remains the same as in Figs. 3 and 4 because
the lemperature is essentially 8 monotonically increasing function of the
#llding speed even though the friction coefficient decreases somewhat. It can
be clearly seen from Figs. 4 and 5 that the wear rates are not monotonically
increasing function of temperature, as they should be if oxidative or adhesive
wear were the dominant modes of wear,
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Fig. 8. Average aurface tomperature'as & function of the logarithm of tha sliding speed.
‘The surfass tamperature was calaulated by the fin equation.
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Metallographic examination of wear tracks and the subsurface of worn
specimens was conducted to investigate the mechanism of wear particle
formation. Micrographs of the surfaces of wom specimens are shown in
Fig. 6. The wear track is much rougher than the initial polished surface and
extensive oxidation took place during the test. It can be seen from the above
tigure that large plastic deformation of the surface touk place as & result of
sliding. In fact, the material flowed so extensively that a “mushrooming"
offect was observed at speeds greater than 1 ms 1,

Scanning electron micrographs of the subsurface, shown in Fig. 7,
clearly indicate that large scale subsurface deformation took place as  result
of sliding. Large subsurface cracks oriented nearly parallel to the surface
indicate that crack nucleation and growth took place, similar to the low
speed delamination wear process, As these materials have inclusions of one
kind or another, it is expected that crack nucleation can take place readily.

Wear particles were collected during the test to investigate their nature,
size and shape. Figure 8 shows that a majority of the particles have metallic
luster although some oxidation took place, especially in the case of 1020
steel. The particles are essentinlly platelike and several hundred micrometers

()

Fig. 6. Burfaces of worn specimens: (a) AIBI 1020 stasl, (b) AIBI 304 stainless steel and
(¢) TBA titanium. 'The normal force was 419.0 N, aliding spesd was 5 m s~1 and the
duration of the test wus 1.8 X 10% s, Sliding divection I from right to left.
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{b)

Surfuce

(e)

Fig. 7. Scanning electron miorographs of the subsurface: (u) AISI 1020 steel, (b) AISI
304 stainless steel and {c) 75 A titanlum, Experimontal conditions were the same as given
in Fig. 6. Bliding direction {s from left to right.

in dilameter. These wear particles are similar to the particles collected from
low speed sliding tests on a variety of steels [10]} and copper and copper
alloys [11]. It appears that aithough oxidation and delamination take place
simultaneously, particle removal from the surface seems to be by crack
nuclestion and growth processes,

Discussion

Micrographs of worn surfaces (Fig. 6), scanning electron micrographs of
subsurfaces (Fig. 7) and characteristic wear particles thown in Fig, 8 clearly
indicate that the mode of wear particle formation at the speed of 5 m »?
waa by subsurface deformation, crack nucleation and propagation, The
metallic luster of the wear particles indicates that the wear particles were
formed by crack growth in the subsurface rather than along the oxide—metal o
interface. However, it can also be seen from Fig. 8 that some oxidation took R
place either during the subsurface crack growth or after the wear sheet was i S e,
formed, L e
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(¢)

Fig. B, Wenr particles of (a) AISI 1020 steel, (b) AISTU 304 stainless steel and (¢) 76A
titanium. Experimental conditions were the same as given in Fig. 6,

Although the mechanism of delamination seems to be reasonably weli
established, the complex dependence of the wear rate on the sliding speed
needs further explanation. In delamination wear of metals, the overall wear
rate is determined by the subsurface deformation, crack nucleation and
propagation processes. Generally the slowest of these processes determines
the overall wear rate. The material properties that determine the rates of
these processes are the friction coefficient, hardness, inclusion density,
inclusion matrix bond strength and toughness. The effect of these properties
on the overall wear rate has already been discussed in the previous papers.
Therefore, only the effect of temperature on these properties and thus on
the overall wear rate will be discussed here.

Before a discuseion of how the temperature rise due to frictional
heating can result in an increased or decressed wear rate, the variation of
friction coefficient with sliding speed (or temperature) needs to be consider-
ed. The reduction of the friction coefficient as & function of the sliding
speed (or temperature) has bean explained in the past on the basis of oxide
formation [12 - 18], Above a critical temperature, when the oxidation rate
becomes appreciable, a thin layer of oxide spreads on the surface, If the
thickness of the oxide film is of the order of 100 X 107'® m and if the
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hardness of the oxide is not greatly diffsrent from the metal, it adheres well
to the surface below and thus acts as a solid lubricant, While it is recognized
that oxidation is responsible for the reduction in the friction coefficient, it is
not clear at present what functional relationships exist between the friction
coefficient and such operational pararmeters as apeed, load etc. Since the
friction coefficient at high sliding speeds (approximately 0.3) is still higher
than the value for oxide-oxide contact (approximately 0.1), it appears that
metal-metal and oxide-metal contact is taking place. The sharp transition in
the friction coefficient around a sliding speed of 1 m s~ ! is probably because
of the extensive oxidation accompanying the temperature rise which was
reflected in the response of the thermocouples.

It has been explained in the previous papers that the subsurface
deformation acoumulates as a result of repeated cyclic loading by the mov-
ing asperities of the slider. Although the cyclic deformation characteristics
of the materials are not known precisely, it can be assumed to a first approx-
imation (based on a previous finding [16] ) that soft metals accumulate
more subeurface deformation for a given stiding distance than hard metals,
mainly owing to the larger number of asperity contacts. The amount of
deformation depends on the normal ioad, a flow stress parameter such as
the hardness, and the friction coefficient. Therefore, more deformation is
expected to be accumulated at high temperature than at low temperature
because of the loss of hardnesa. However, the subsurface deformation rate
should decrease with the decrease in friction coefficient, Since the hardness
of metals decreases almost exponentially with temperature and the friction
coefficient does not seem to decrease (see Fig. 3) that rapidiy, the
deformation rate increase due to the lower hardness should outweigh the
decrease due to the lower friction coefficient; the deformation rate should,
therefore, increase with temperature, Thus, large wear rates are expected at
high temperatures if the subsurface deformation rate is the rate controlling
mechanism.

Metals lose hardness as the temperature is raised because of several
thermally activated microstructural changes, Allotropic transformations,
recovery, recrystallization and grain growth, loss of coherency and dissolu-
tion of second phase particles are only a few exemplet., To identify the exact
mechanism it is necessary to study the problem case by cese. In the case of
single-phase single-component systems, in the absence of phese transforma-
tion, loss of hardness is basically due to thermally aciivated dislocation
motion. Although. the exact mechanism of softening at high temperatures is
not isolated {n the materials tested, some apecuiations can be made, In the
1020 steel, both dispersion uf Cottrell atmosphares and dissolution of
carbide particles contribute to softening. In the case of the single-phase 304
stainless steel it may be due to extensive cross siip, wheress in the oase of
titanium operatian of secondary slip aysteras at high temperature together
with cross slip can be given as possible reasons,

As discussed earlier, two conditions have to be satisfied for crack
nucleation around inclusi-ns: (a) the normal tensile stress across the
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interface should be greater than the bond strength of the interface; and (b)
the elastic energy released should be greater than or equal to the energy of
the new surfaces. In the case of alloys with second phare particles larger
than 25 nm in diameter, cracks nucleate at the particle-matrix interface : )
when the stress condition is satisfied, since the energy condition is always
satisfied [17, 18]. Additional preferential sites for crack nucleation at high .
temperature are triple points and grain boundaries, especially when !
undesirable impurities segregate or preferential precipitation takes place at {
the grain boundaries. It can be expected that crack nucleation will be , 1
difficult at high temperatures for several reasons, First, it is difficult to .
develop large normal stress at the particle-matrix boundary because of !
oxtensive cross slip. Secondly, because of dynamic recovery and even
recrystaliization at high temperatures the stored elastic energy will be
smaller than in room temperature deformution. However, if the strength of -
a particle-matrix interface decreases with temperature, it may favor crack
nucleation.
The analysis of crack nucleation presented previously {19] was for the

case when the recovery effects were negligible, /.e. for the caze when the test ,
temperaturvs are below about nne-half of the absolute melting temperature |
of the materials. At these temperatures deformation takes place predominuant-
ly by disiocation glide and is homogeneous. However, at high temperatures ‘
other modes of deformation sach as grain boundary sliding and diffusion ;
creep become important (and may even be dominant); the crack nuvleation | “

§

1

1

problem should then take into consideration thuse modes of deformation
along with the glide mode. Further, the stress criterion given previously may
not even be applicible at high temperature; instead a critical strain criterion
seem’; more reasonable, Nevertheless, the stress snd energy criteria seem to
be applicable for the conditions used in this investigation because the temp-
eratures are not very high.

Once the cracks are nucleated, they grow by the repeated loading
imposed on the crack tip by the moving asperitics, In the linear elastic frac-
ture mechanics approach adopted in a previous paper {20] it was assumed
that crack growth rate can be expressed as a power function of the atress
intensity factor. When that assumption is valid, the wear rate of hard
materials should be higher than that of soft materials if the wear is
controllied by crack growth 1 ites, If the same assumption is valid for high
speed (or temperature) sliding, the wear rate should be lower at high sliding
speeds than at low sliding speeds because the hardness at high speeds (or |
temperature) will be lower, This does not seein to be the case for speecs less .
than 6 m ™', as can be seen from Fig. 4. 'This implies first that the crack _ o |
gowth rate does not control wear and/or that the linear olustic fracture |
mechanics analysis of high speed sliding crack growth rates is aot valid. It L :
appears that both of these are possibilities,

It appears, therefore, that the overall wear rate is a complicated funo-
tion of the friction coefficient, the hardness, the bond strength of the
particle-matrix intexrface, the crack growth rates etc. It is difficult at present
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to predict the effect of all these parameters on the wear rate. However,
several qualitative conclusions can be drawn from Figs. 3 and 4, It appear
that type 304 stainless steel exhibitas an increasing wear rate as a function of
the sliding speed throughout the test range because of x reduction in hard.
ness, Further, the reduction in friction coefficient does not appear to
compensate for the decrease in hardness, Similar argument also can be given
for the 1020 steel and for the titanium for speeds between 1 and 5 m 5%,
‘The decrease in wear beyond a speed of 5 m 5~ may be due to an increase
in toughness. The reason for such an increase may be due to the dissolution
of carbides. Similarly, in the case of titanium it ie concelvable that at high
temperatures secondary slip systems operate making the material more
ductile. The increase in the wear rate below 1 m s ! can be explained on the
basis of the conventional oxidation and abrasion processes, The surfaces of
the 1020 specimen and the slider were found to be covered with red iron
oxide. Thus, it appears that the oxide particles acted as abrasives although
the oxide particle formation need not be by the o "idative wear mechanismi.

Many other factors, probably less important, have been neglected in
the above discussion. For example, large thermal stresses could be induced
in the specimen because of the large tomperature gradients. In the polyphase
alloys large thermal stresses can be induced aven in the absence of a temper-
ature gradient because of different thermal properties of different phases, In
the case of polycrystalline h.c.p. tetals, which are generally anisotropic with
respect to thermal expansion coefficients, thermal atresses can be induced
because of different expansions in adiuceni grains, Also strain rate effects ave
neglected in the discussion. However, it is well known that at high strain
rates even Juctile metals behave like brittle solids. In any case these factors
may affeci the subsurface deformation, crack nucleation and growth
processes somewhat but they will not change the mechanism of wear itself.
Despite these limitations, microscope examination of wear tricks, of the
subsurface and of wear particles clearly indicates that the mode of wear was
by delamination, Adhesion and oxidative theories of wear s2em to be
incompatible with observations, A quantitative desoription of wear behavior
awaits developmenta in the mechanical aspects of cyclic deformation, crack
nucleation and growth processes at high temperatures,

Conclusions

As a result of the present study on the high speed sliding wear of metals

under unlubricated conditions in air, the following conclusions can be drawn.

(1) The friction coefficient for AIS[ 1020 stesl is always higher than
that of AISI 304 stainless steel and that of commercial titanium, The friction
coefficient is only weakly affectsd by the norma! load and decreases with
incrensing speed; the reduction for 1020 steel is the Inrgest.

(2) The wear rate of stainless steel increases monotonianlly with the
speed, whereas it goes through a maximum in the neighborhood of 5 ms~!
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for both 1020 steel and titanium. The drop in wear rate occurs bacause of
both a low friction coefficient and an increased resistance of the material to
crack nucleation and propagation, as a result of temperature rise,

(3) Metallographic examination of the wear tracks, the subsurface of
worn specimens and the morphology of weer particles (collected during the
test) indicates that the mechanism of wear was subsurface deformation,
crack nucleation and propagation, i.e. the delamination mechanism,

(4) Oxidative, adhesion and abrasive wear are not the dominant modes
of wear under the conditions observed although they may operate simultan-
eously with the delamination wear,
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Appendix

Several theories have been proposed in the past to account for the
temperature rise at sliding contacts. Unfortunately, the theories cannot be
made use of in practical situations because the assumptions made in those
theories are not fully valid, Theoretically caloulated values may be several
hundred per cent off from the measured values. Thus, frequently it is
necessary to resort to experimental measurement of the temperature,

A varlety of experimental techniques are available for the measurement
of the temperature of sliding contacts, Measuremeni of the thermoelectric
e.m.l. produced by the sliding pair, infrared techniqu:s, physical and
chemical changes associated with the temperature rire and the thermocouple
technique are some of these. Because of its simplicity, the last technique is
used in this work although there are some limitations. In this technique
temperature is messured away from the surface and the surface temperature
is estimated by either graphical extrapolation or by numerical evaluation
using heat conduction equations. Graphical extrapolation generally undes-
estimates the surface temperature bacavse the temperature gradient near the
surface is much steeper than in the interior. Thus, numericsl methods are
generally preferred,

Figure Al shows the schematic arrangement of the ilider, the specimen
and the thermocouples. As a resuit of frictional work, heat is generated at the
interface and flows into the specimen and the slidor; the amount i depen-
dent on the geometry and on the thermal, mechanical and tribological prop-
ertizs of both the specimen and the slider. A steady state iz achieved if the
heat flowing into the specimen is transmitted away by convection. Steady
state temperatures measured at different locations along the heat flow
direction can be used to caloulate the steady state average aurface tamper-
ature,

For the arrangement shown in Fig, A}, the specimen can be regarded as
a fin and the heat flow as essentially one dimensional (within the spscimen).
This is a simplification of the more elaborate two-dimensional problem
treated previously [Al]. The steady state solution to this problem is given as
[A2]

R S T
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I dyramometer l

1

! Fig. Al, Bchematic arrangament of the slider, the specimen and the thermocouplea.

: ‘; T—T, _cosh (hC/kA)'*(1 — x) Al)
: T,~T, cosh (kC/kA)3l (

where T is the temperature at a distance x from the surface, T, is the ,
ambient temperature, T, the average interface temperature, i the hoat
transfer coefficient, C the circumference of the fin, A the cross-sectional
area of the fin, k the thermal conduatlvity of the fin and ! the length of the
fin.

Generally, it is difficult to estimate the heat transfer coefficient, on
which the solution is dependent. Also, the length of the fin is not necessarily
the length of the specimen becawse grips, a dynamometer etc. are attached
to the specimen. Therefore, instend of calculathig the surface temporature
directly from eqn. (Al), it is necessary to evaluate it from experimentally
mensured temperatures along the direction of heat flow (perpendicular to
the dliding surface) at different locations. Thus, if T,, T, Ty and T, are the
temperatures at the surface and at distances x,, x4 and x5, respectively, then

'; from eqn. (Al)
. T,-—T,_coch m{l —x,)
; T,—T. cosh m! ,
|
' Ty —T, cosh m(l—x3) !

To—T cosh ml (A%) ’

Ty~ T, cosh m(l— x,) - : »
, o T,—T cosh mi
where m = (hC/kA)Y3, From eqn. (A3)
. T, —T, coshm(l—x,)
T, Ty cosh m(l —xs)

« (A3)
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T, —T, coshm(l—x,)

= (Ad)
g Ty —T, coshm(l—xj)
Using the identity
2 44
cosht=1+—+—+, .,
2! 4!
and considering up to the second order terms only, then
2
a(l=x2)* = (= x))* = — (1 —a) (A5)
2 2_ 2 : ,
BU—x3)"—U—x1) =;§-(1—{3) (A86)
Solving for /, m and T,
1 xi6—a)—x3a(B—1) +x58(a — 1) (A7)
2 x18—a)—xz2a(f —1)+x36(a —1)
2 —_ 1/2
m x( (‘i i 2) (A8)
all = x2)* —B(—x3)

and

(T, —T,) cosh ml
T, =~ T,+ (A9)
cosh m(l — x1)

Equation (A9) has been used in the present work to calculate the sur-
face temperature making use of the experimentally measured temperatures
T, T, and T4 at 3, 6 and 9 mm, respectively, from the surface.

The temperatures shown in Fig. 5 should be considered as approximate
average temperatures. The flash temperatures could be very high and the
present technique does not allow an estimation of those values. In fact, sparks
have been ohserved at speeds above 5 m s~ ! during the test. Further, the
temperatures along the sliding surface at distances of 3 mm from the surface
at three different locations were found to differ by as much as 15%. This
indicates that the heat generation rate is not the same along the surface. In
the calculation of surface temperature average values of T, are used. How-
ever, as the agreement with the results of other investigation on similar
materials, loads and speeds [ Al] is reasonably good, the present method
seems Lo be satisfactory.
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IMPLICATIONS OF THFE DELAMINATION THEORY ON WEAR
MINIMIZATION
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Summary

Various implications of the delamination theory on wear minimization
are discussed by considering various means of reducing surface tractions,
microatructural changes which retard the processes necessary for wear, and
precautions required in machining. SBurface coating techniques are also
briefly discussed.

Introduction

The Webster's New Collegiute Dictionary defines theory as “‘a plausible
or scientifically acceptable genaral principle or body of principles offered to
explain phenomenas...”". A corollary of this definition is that a thoory, it it
is valid, should provide insighta into how problems associated with the given
phenomenon can be solved. The purpoge of this paper is to discuss several
implications of the delamination theory of wear with regard to wear mini-
mization.

Normally wear is prevented or minimized by using hydrodynamic or
boundary lubricants, and thess are by far the best means of minimiring wear

if such lubrication is possible. However, there are situations where the operat-

ing conditions do not permit the use of any lubricanta. Also, contingenocy
measures for wear prevention are necessary when lubricants are depleted
from critical parts (e.g. in the transmission casing of helicopters). In such
situsticns, the basic wear praperties of the solid materials and any modifica-
tion o the surface properties that improve wear charcteristics become
impo: iant factors,

In the past, the wear proparties of metals have been characterized In a
rather cursory manner by only specifying the chemistry and the hardness of

——
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metala but neglocting microstructural variables and ductility. The results
presented in the preceding papers [1 - 8] clearly show that this past practice
is not only less than rigorous but can lead to serious difficulties, since the
wenr rates of, for example, AISI 1045 steel can vary a great deal depending
on its microstructure and the volume fraction of inclusions. One of the MIT
group's research objectives ia to establish meaningful characterization
parameters which can be used by design engineers in the specification of
materials for wear applications.

The microstucture of & material can be rigorously quantified in terms
of the geometrical aspects of its structure: point, line, planar and volume
elements. Such a characterization is made on the assumption that, no matter
how a given microstructure is produced, it possesses the same properties and
that it is possible to predict the properties of the aggregate from the prop-
erties of the constituents. In this paper, a simpler characterization of metals
has heen adopted. Here, metals are characterized as pure metals, solid solu-
tions, two-phase alloys or composites,

Surface traction

It has been clearly pointed out in preceding papers that the wear rate
is very significantly affected by the magnitude of the normal and the tan-
gential londs. Since the normal load is controlled by the external conditions
and basic nature of the materials, the only option is to control the magnitude
of the tangential load. The most obvious way of reducing the wear rate is
to lubricate the interface, However, only other methods of reducing wear
will be discussed in this paper, since lubrication by conventional means is
outside the scope of this paper,

It was shown [4] that the coefficient of friction is affected by adhesion
and plowing. The plowing component of the frictional force decreases as
the hardness is increased by such techniques as solid solution hardening,
which in turn decreases the wear rate significantly. Therefore, it is highly
desirable to make the surface as hard ss possible without introducing crack
nucleation sites. The low coefficient of friction axhibited by such hard
materials as group [V B and group V B carbides attosts to this conclusion.

'The adhesional component of the frictional force has a similar effect
on the wear rats. An identical or similar pair of metals has & greater tendency
for adhesion than thoes which differ to the extent of not forming solid
solutions [9] , Rabinowice hus irivestigated this problem extensively and has
produced a compatibility chart for various combinations of pure slements,
as shown in Fig. 1, It in clear that the best combination for low friction and
low wear applications is two hard ainglo-phase materials which are not
chemically comp: tible (i.¢. those shown by solid circles in Fig. 1),

The orystal structure of metals has a significant influence on the wear
rate. Bince the crystallographic orlentation of mstals near the surface changes
80 that the slip planes line up parallal to the surface, the frictional force is
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Fig. 1. Rabinowlcx's compatibility chart for varlous mietal cambinations derlved from

{ binary diagrams of the respoctive slements (from ref, B) in tarms of preferred anti-

) friction surfacea: ® two liquid phases, sulid sctution less than 0.1% solubility (loweat
adhesion); @ two liquid phases, solld solution greater than 0.1%, or one liquid phwme,
solid solution less than 0.1% solubllity (next lowest adhesion); © one liquid phase, solid
solution between 0,1% and 1% solubllity (higher adheslon); O one liquid phase, solid
solution over 1% (higher adhesion). Blank boxaes indicate insufficient information.

lowered by the essier slip (espacially in the absence of plowing). Hexagonal
close packed (h.c.p.) motals with their c/a ratios greater than the ideal 1,883
are generally recognived as metals with easy slip. However, even metals such
: s cobalt which has a ¢/a ratio of 1.626 can be modified through the forma-
i , tion of solid solutions to give good slip propertiss, One technique of making
" - use of the siip properties of such h.c.p. metals in to disperse a small volume

i fraction of hard particles such as WC in an h.c.p. matrix such ss cobalt (note
that WC and Co form a solid solution), In such & system, the normal load is
carried by the hard particles und the matrix provides low friction properties.
Although the frictional foros can be very small when sliding against such a

) surface, this type of surface is only good when the applied normal load i

: relatively low, as in instrumenta. Such a coating has been made by plasma,

spraying.
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Microstructural conaiderations
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As discussed earlier [1], the prooesses that lead to wear of metals are
subsurface deformation, crack nucleation and crack propagation. It is clear
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that wear of materials can be minimized by slowing down or suppressing
these processes, Lowering the friction coefficient and raising the hardness of
materials reduces the subsurface deformation and hence the crack nucleation
rate. Raising the toughness decreases the crack growth rates. Therefore, for
effective wear control all that is necessary is to design the microstructure of
materials to reduce the friction coefficient and to raise the haxdness and
toughness of materials. Unfortunately, it ls not possible to achieve both high
hardness and toughness with a single microstructure. Normally, any manipu-
lation of the microstructure to raise the hardness reduces the toughness of
materials and therefore a careful optimization is necessary. The design of
the microstructure of wear resistant materials {s an exercise in such an opti-
mization process.

The flow strength of materials should be made as high s possible
without introducing any undesirable effects such as internal crack nucleation
sites. It has already been noted that the coefficient of friction and the wear
rates ave decreased if at least one member of the sliding pair is a solid solu.
tion {4]. The improved wear reslstance is due to the lowered frictional force
and the decrensed surface layer deformation rate, and the consequent lower
rate of crack nucleation, Nitriding and carburizing of steel is certainly a
desirable thing to do in this sense, However, one of the problems encountared
in making solid solutions is the segregation of solutes, forming a weak two-
phase material, Graphite formation in steel and the segregation of nickel in
brass may be only two of many examples of solute segregation.

In many metals hardening is often accomplished by the generation or
introduction of second phases, since solid solution hardening may not give
an adequate increase in hardr.ess. As soon as large second-phase particles
are introduced, crack nucleation vccurs quite readily and the crack propaga-
tion rate tends to become the wear rate determining process {2]. One in-
teresting investigation would be to make two-phase materials in which the
second phase is 50 small (according to Argon et al., leas than 200 A [10) ) that
it only contributes to the hardness without providing crack nucleation sites,
Another possibility is to increase the volume fraction of hard particles to
a point where the matrix metal constitutas only a small fraction of the
volume, a.g. cutting tools made of tungsten carbide bonded with cobalt.

One interesting means of minimizing wear is through the creation of
a fiber reinforced composite with preferentially oriented fibers. It seems
reascnable to speculate that if fibers are placed with their axes perpendicular
to the surfuce, cracks parallel to the surface will not be able to propagate,
since the crack tip opening displacement (and therefora the stress concentra-
tion at the orack tip) will be prevented by the stiffness of the fibers. Buch
an idea was tried by undergraduato students at MIT using a uniaxially orl-
ented Kevlur organic fiber-epoxy composite [11]. Their results are shown
In Fig. 2. The specimaus with fibars normal to the surface had the highesat
coefficient of friction and yet had the lowest wear rat ., wheress the reverse
was true for tho specimens with fibers parallel to the surface. The exact
wear mechanisms of these compositex are being invostigated at MIT,
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Coating techniques

Soft coatings

As discussed earlier in relation to the effect of surface traction on wear,
it is desirable to use liquid and solid lubricants to lower the coefficient of
friction. Since solld lubricant technology Is outside the scope of this paper,
only the implications of the delamination theory on thin soft metal Inyers
will be discussed.

Notwithstanding th» controversy concerning the dynumics of disloca-
tions near a surface, the results obtained to date prove conclusively that a
thin metal layer bonded to a hard substrate can reduce the wear rate by
sevoral orders of magnitude [12]. The critical nature of the thickness of
the plata was brought out by the delamination theory [1, 12]. In general, the
thickness of the snft layer must be of the order of 0,1 um. Recent experi-
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ments at MIT indicate that such a coating is effective even at high speeds and
preventia seizure even in situations where seizure would occur immediately
upon contact in the absence of a coating. Further research must be done on
techniques to attach u well-bonded layer to various surfaces.

Hard coatings

Another way of increasing the wear resistance is to put a very hard
layer on a substrate such that plastic deformation cannot take place in the
substrate and in the coating. Since a plastic deformation zone has not been
observed deeper than 200 ym, the thickness of the hard layer should be of
this order of magnitude, although in many situations it may be much less
than this value, The coating must be coherent and free of microcracks since
crack propagation is possibie even in the absence of plastic deformation if
there are pro.existing cracka,

Good candidates for coating materials ave such hard ceramics as AlyO,,
WC, TiC and HIC. They can be applied using chemical vapor depaosition
(CVD) techniquen or physical vapor deposition techniques. The choice of
the coating technique will depend on the nature of the substrate and on the
physical and chemical properties of the materials involved, There are a
number of excellent references on coating techniques and their applications
(13, 14].

Another interesting possibility is the generation of a surface consisting
of u supersaturated solid solution using a rapid heating and cooling tech-
nigue such as laser heating, Whether or not such a material will undergo a
rapid precipitation when strained is not known at this time.

One of the main advantages of hard coatings over soft coatings is the
abrasive wear resistunce of hard coatings. In any sliding situation where
abrasive wear is possible soft coatings cannot be used since they can eagily
be removed by abrasive wear. A major disadvantage of hard coatings in a
non-abrasive environment is that if any large woar particle is generated from
the coating material it can act as an abrusive particle and can damage the
soft surfaces of other sliding components. This problem becomes more
critical as the coating-subsirate bond strength decreases.

Coating formed during sliding

The formation of a soft or a hard layer on a substrate through a chem.-
ical reaction between certain components in the lubricant and the substrate
should be investigated by considering whether or not it lowen the coefficient
of friction. The effect of these layers may be not only the minimization of
mutal-to-metal adhesion but alzo the 12duction of the tangential component
of load whioh in turn affect the wear behaviur. A coherent and stable oxide
layer which lowers the coefficient of friction can have similar beneficial
results. In contrast, if these layors gnt removed at a faster rate than the
delamination rate by the siiding action, the woar rate will be accelerated.

e v S Se—TWTRHRA T

3




N "‘

foi e -
o
o

-

i

133
Surface guality

Since the initial wear rate depends so sensitively on the surface topog-
raphy and the surface integrity (which define the surface quality), the effect
of machining and other preparation techniques on surface quality is an
important consideration in tribological applications. Even steady state wear
can be affected by the initial wear rate if the initial wear particles are either
entrapped or return to the sliding interface.

When the final surface is generated by machining, the tool should be
sharp if a damage-free surface is to be generated. However, if the machined
surface {8 to be lapped or run in, the surface preparation technique is not
particularly critical. The surface roughness obtained through machining is
not a good indication of its '‘wearability "’ since this depends on particular
loading applications [6].

The effect of the surface waviness in a stiff sliding system (i.e. a geo-
metrically constrained system) on wear was discussed elsewhere [15]. Since
the tangential component of the surface traction can increase to u large
value when there is a long range variation of the surface profile (i.e. waviness),
the wear rate can bhe increased significantly owing to the waviness, However,
at this time surface waviness is not specified as part of manufacturing
guidelines,

Conclusions

The delamination theory provides guidelines for wear minimization
through control of the metallurgical structures and chemistry of sliding sur-
faces, modification of the surface, and machining practices, The theory may
also be used in creating composite structures for minimum wear, It is clear
that the wear characteristics of metals with the same chemical composition
can be substantially different depending on their microstructures and there-
Tore a material for wear applications is not well defined until the wear char-
acteristics have been specified in addition to the current peaifications,
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Summary

The role of the stacking fault energy (SFE) in the delamination wear of
single-phase f.c.c, metals is discussed, based on the data obtained with four
different copper-based solid solutions and with aluminum, nicke! and AISI
304 stainless steel, Since crystal plasticity (and thus the SFE) affecta all
aspects of delamination wear (Le. surfuce traction, plastic strain accumu-
lation, crack nucleation and crack propagation) and since the interactions
between them are complex, there is no simple general relationship between
the SFE and the wear rate.

Introduction

In the preceding papers [1 - 8] it was shown that the wear of metals with
inclusions and hard second-phase particles is lurgely controlled by the crack
propagation rate since cracks can nucleate readily. It was shown that crack
nucleation in these metals is controlled by the location of the herd particles,
the Hardness of the matrix and the surface tiaction. For single-phase metala,
however, this model for crack nucleation does not apply, although it is
expected that the crack propagation. phenomenon is the same for both single-
and muiti-phase metals, Since cracks may not nucleate readily in single-phase
metaly, it is still not certain whether crack nucleation or crack propagstion
controle the wear rate.

Buh {9} speculated on various plausible mechanisms for crack nucle-
ation in single-phase metals, including crack nucleation at the walls of dis-
location cells. However, no definitive work has been done to date, The
difficulty is that changes in physical properties introduced by metallurgical
means affeot ail aupects of delamination waar and therefore the role of each
cannot be oasily isolated. The purposé of this papsr is to shed some light on
these unresolved questions by donaldering the weéar process in terms of
stacking fauit energy (SFE), especially in view of the recent p;ublications by
Hirth and Rigney [10] and Rigney and Glasser {11].
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It is well established that SFE affects such mechunical properties of
metals as flow stress, work hardening behavior, crack nucleation and crack
propagation through its effect on dislocation mobility and interactions,
Owing to ease of crossslip {12], the f.c.c. metals with high SFE readily form
dislocation cells when plastically deformed, When the SFE is low, the defor-
mation of f.c.c. metals tends to be more planar. Also, the crack propagation
rate increases with the SFE [13], and consequently low cycle fatigue life is
improved with a decrease in the SFE [12]. In view of these obgervations,
Hirth and Rigney's argument that the walls of dislocation cells may uct as
crack nucleation sites and as the path for crack propagation is certainly
plausible [10]. However, the role of the SFE in delamination wear cannot be
assessed similarly through a simple extrapolation of the bulk behavior since
the SFE also affects hardness, which in turn controls crack nucleation and
propaguation rates through its effect on surface traction and the resulting
stresa field [2, 3]. The results presented in this paper illustrate this complex
interaction.

Experimental

A variety of single-phase f.c.c. metals and alloys with different hard-
nesses, SFEs and friction coefficients (when slid against an AIST 52100 steel
slider) were chosen for study . Copper--zinc solid solutions with up to 80 wt.%
zinc were added to the list of Cu~Cr, Cu—-8i and Cu-8n solid solutions studied
earlier [8]. Commercially pure nickel and 1100 aluminum were chosen
because their SFEs are the highest among f.c.c. metals. AISI 304 stainless
steel was also chosen because its hardness is comparable with that of nickel
but it has a low SFE of 20 ¢rg cm™*, like the majority of copper alloys.

Commeroially pure 1100 aluminum in the form of 12,7 cm diameter
rods was swaged down to 0.635 om diameter at room temperature without
any intermittent annealing. The swaged rods were then annealed in air at
300 °C for 1 h. Commaercially pure nickel, which was obtained a: cold-drawn
rod of 0.635 cm dinmeter, was annealed in vacuum-senled Vycor capsules at
800 C for 1 h. Metallographic examination did not show any observable
precipitates at 1000 X , The AISI 304 atainless siecl was tested as recelved. All
specimens in the form of 0.636 cm diameter and 7.5 om long rods were
polished un abrasive papers of various grits and diamond lapping compound,
The final polishing was done with 0,26 4m diamond lapping compound. The
AISI 52100 stee! alider (0.635 cm dimneter) wes polished similarly.

All the tests were carried out with a cylinder-on-cylinder geometry at n
sliding speed of 2 m min* und a normal load of 2 kg in a dry deoxygenated
argon stmosphere. The normal 1oad and the friction coefficient were contin-
uously monitored by a dynamometer-Sanborn recorder assembly. Except in
the case of 1100 aluminum, the duration of each test was 100 min. The test
duzation for aluminum was 20 min because the woar rate was very high and
the geometry of the wear track changed substantially after 20 min. The
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specimens were weighed before and after the wear teat to an accuracy of

0.01 mg and the difference was recorded as weight loss due to weer. Other

details are the same as those given in an earlier paper on copper-based solid
i solutions [68].

Results and discussion

num, nickel and AISI 304 stuinless stecl as a function of hardness. Table 1
' also lists other physical properties of sluminum, nicke! and AISI 304 stainless
' steel.
; The experimental results with copper-based solid solutions show that I
) except in the case of Cu-Zn alloys the wear rate decreases with increase in
: harduess. This is consistent with the fact that the increase in hardnems
, | decreases both incremental plastic deformation and surface traction
; ' (Fig. 2). These results are discussed in detail in a preceding paper (B8],

Figure 1 shows the weer rates of copper-based solid solutions, alumi- j
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rates has been explained earlier in terms of hardness and surface traction. The
plot also shows that most of the copper-based alloys (except the Cu-Zn alloys)
have low wear rates and low SFE. However, the results of Cu—Zn alloys and
stainless steel show that low SFE metals do not necessarily have low wear
rates.

In order to clarify the observed wear phenomenon, the wear rates of
copper and Cu-Si alloys will be used to illustrate how various factors of
delamination wear affect the wear behavior, The wear rates of Cu and Cu-Si
alloys are about the same, although the SFEs of these metals differ by an
order of magnitude. This fact is unexpected since Ishii and Weertman [13]
showed, using Cu~Al alloys, that the crack propagation rate of copper solid
solutions decreases with increase in solute content and with decrease in the
SFE (Fig. 5). Therefore one would expect that OFHC copper would wear
much faster than Cu-S8i alloys. This difference in the wear rate, however, can
also he explained by considering the differences in hardness and coefficient
of friction. Copper is softer than Cu-8.6 at.% Si by about 36%, while the
coefficient of friction of copper is 0.98 and that of the copper-silicon alloy

Best Availnb'a (-
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is 0.74. Therefore the higher crack nucieation and propagation rates in copper
wore compensated for by the higher hardness and lower coefficient of friction
of the copper—silicon alloys. Similax reasoning can be applied to all copper- :
based rolid sclutions except the Cu-Zn alloys. )
. 'The behavior of the copper—sinc alloys deviates from the general pattern
established by the other copper-based solid solutions. Its wear rate increases
with the solute content, while that of the others decreases instead. These
results, however, are consistent with the resulta published in the literature
(14}, It is also intaresting to note that the hardness of brass increases alightly
with solute content up to 30% zinc. Consequently, its coefticient of friction
also decrenses slowly. These experimentsl results obtained with brass may be
explained aa follows. The SFE of brass approaches.an mymptote when the soluie
contant excesds about 30% (Fig. 8). As u result the orack nucleation and
propagation rates of bream may not change significanily when the solute
content axceeds 30%. Furthermove, their hardness and frictional coefficient




141

0 T 7T T TTTTT T T T T77T7TT]
- o
< L ]
IS
2 - -
£
Pl [
]
x Cu
8ol i
O ~
Q b -
g + J
S | .
g L .
X - -
1)
= L Cu-501 %Al i
(%
| m—mM i
—_0
107 1t ity L 1 1 111t
' Y 10 30 00
STACKING FAULT ENERGY, ergs/cm?
Fig. 5. The crack propagation rate as a function of the SFEs of Cu-Al alloys [10] at room ;
temperature; AK = 9 kg mm~32
o T T T l T T
60— -
G
* 7
4o} -

STACKING FAULT ENERGY, ergs/cm?

ol- ! ] U | R
0 20 30

ATOMIC PERCENT SOLUTE

Fig. 6. The S8FE as a function of the solute content of copper-based solid solutions [15}:

Cu,”-Cu 8;,11Cu 8Sn, o Cu 7in.
Best Available Copy



142

. ] do not vary significantly in this range of solute content. Therefore it is

; T reasonable to expect similar wear rates for brass with 20% and 30% solute

; content. However, the higher wear rate of brass in comparison with copper

i and the lower wear rate of the Cu-10 at.% Zn alloy in comparison with the

| brass with higher zinc contents cannot be explained on this basis, It appears
that the segregation of zinc at grain boundaries {s the major cause for the
observed anomaly [16].

Conclusions

e e e o Ml e - et Ty WA & FBed Weka o ek S > 3]

‘ In sliding wear all the factors involved (namely, surface traction, plastic
‘ deformation, crack nucleation and crack propagation) must be considered

in evaluating the effect of metallurgical variables on the wear rate of metals,
The SFE may affect the wear rate through its influence on hardness and the
b \ crack nucleation and crack propagation rates. However, the wear rate need

' not be a simple function of the SFE,

Acknowledgments

This work was sponsored by the Defense Advanced Research Projects
Agency through the Office of Naval Research under contraot no. 0001-87-
A-0204-0080, The authors are grateful to Drs. Arden L, Bement, Edward
van Reuth and Richard 8. Mlller and Lt. Commander Kirk Petrovic for their
support,

R T e B R e Ak o o i A i S

References

1 N. P. Buh, Wear, An overview of the delaminastion theory of waar, Wear, 44 (1977)
! 1-18,
g 2 6. Jahanmir and N, P. Buh, Mechanios of subsurface void nucieation in delamination
weat, Wear, 44 (1977) 17 - 38,
3 J. R. Flaming and N, P. Bub, Mechanicr of crack propagation in delamination wear,
Wear, 44 (1077) 39 - 188,
4 J. R. Fleming snd N. P. Suh, The relationship betwean orack propagation rates and |
wear rates, Wear, 44 (1977) 87 - 164, !
§ J.J. Pamies-Taixelra, N, Saka and N. P, S8uh, Wear of copper-based solid solutions,
Wear, 44 (1977) 68 - 78,
8 N, Aaka, J, J. Pamiss-Toixelva and N. P, Suh, Weur of two-phase matals, Wear, 44
(1077) 77 - 88,
7 8, Juhanmir, K, P. Abrahamson, II, and N, P, Suh, The affect of second-phase particles
on waar, Proa. 3rd North Amerioun Metalworking Ressarch Conl,, Carnegie Press,
Pittaburgh, 1974, pp. 884 - 864,
8 N, Baka, A, M, Eleiche and N, P, Suh, Wear of metals at high sliding spesds, Wear, 44 “-wM
1971) 109 - 138,
9 N. P, Buk, Microstructural affects in wear of mutals, Baitella Materials Sclence Collo-
qulnm, Baplember, 1976, Planum Prem, to be publishad, 4‘ N




143

10 J. P. Hirth and . A. Rigney, Crystal plusticity and the dslamination thaory of wear,
Wear, 349 (1076) 133 - 141,

11 D. A Rigney and W A, Olseser, The significance of near-surface microstructure in the
wear procoss, Proc Int, Coul, on Wear of Materlals, 8t, Louis, 1977, ABMIE, New
York, 1977, pp. 41 - 46,

19 A. Saxena and 8. D. Antolovigh, Low eycle fatigue, fatigus crack propagation and
substructures in s series of polycrystalline Cu-Al alloys, Metall, Trans,, 6A (1875)
1809 - 1828,

13 H. Ishii and J. Weertman, Fatigue ceack propagation in copper and Cu Al single
crystals, Metall. Trans,, 2 (1971) 3441 - 3453,

14 Y. Taga and X. Nakajimn, Wear, 37 (1978) 365 - 375,

156 P. (., J. Gallagher, The influence of alloy ing, temperature and related effects on the
stacking fault anergy, Metall, Trans., 1 (1970) 3420 - 2461,

18 J. F. DBresadis, personal communication.

TN T et et R gl B o o b & A e




Wear, 44 (1077) 145 - 162 1458
© Elevier Saquoin 8,A., Lausanne — Printed in the Netherlanda

CHEMICAL EFFECTS IN SLIDING WEAR OF ALUMINUM®*

MING-KAI TSE and NAM P, BUH
Department of Machanical Kngineering. Massachusatts Institute of Technology, Cambridge,
Mass, 02138 (U.8.4.)

(Received May 18, 1977)

Summary

The mechanism of the sliding wear of metals in corrosive media was in-
vestigated. In particular, the role of chamiocal heterogeneities on chemical
interactions between the sliding surface and its environment was studied
using 2024 aluminum alloy and sodium chloride solutions of varying pH
and NaCl concentration. Sliding wear tests with a cyllndar-on-cylindvr geom-
atry were performed at a sliding speed of 1 m min"! and a normal load of
b.8 N (1 kgf). The results show that at pH = 0 and pH = 14, the wear rate is
dominated by the dissolution of aluminum into the NaCl solution. In the
Interinedinte pH renge, the wear rate is shuwn to be controlled by the con-
joint mctions of corrosion and delamination wear. Microstope examination
of the worn specimens by means of a scanning eleciron microscope further
confirms that the mode of corrosion is of a localized nature,

Introduction

The sliding wear of metals is generally controlled by material properties,
loading conditions and environment. The proceding papers [1 - 10] on the
delamination theory of wear have covered various theoretical and practical
aspects of the first two controlling factors, {.e. material properties and load-
ing conditions. The purpose of this paper is to present the work done on the
effect of any chemioel interuotion of the sliding surfaces with the environment,
The mode of wear under this condition is commonly referred to as corrosive
wear,

Chemical effects on the sliding wear of metals are important in many
practical situationa. Examples are boundary and extreme pressuro (EP)
lubrication of sliding surfaces, which Is often considered as a form of con.
trolled cotrosive wear, and lubrication and wear f machinery in & marine
environment, in which salt water and salt-bearing air provide a corrosive

*This paper was added Lo this series sttar the paper * An overview of the dalaminstion
theory of wear" (1] was accepted for publication,
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medium, The practical implications ¢ this study can be summarizet in two
aspects of wear control:

(1) to provide insight into the controlling facrors of effective lubrica.
tion;

(2) to understand hetter the mechanism of corrasive wear and its rela-
tionship to delamination wear il practical situationr,

I'rom either the lubrication or the componeat fallure viewpoint, the
conventional conception of corrosive wear is primarily the regeneration and
ramoval of a surface film on the uliding surfaces,

In the absence of an “‘active’ lubricant, the corrosive wear problem hax
alwaya been considered in terms of oxidative wear models (11 - 13]. Tho
basic assumption of these models is that wear of the sliding surfaces is u
result of remouval of the surface oxide la:-er, and hence the wear rate Is con-
trolled by the diffusion of oxygen atomns through the oxide luyer. The valid-
ity of these models, however, is questionable when one considoss the observa-
tions of plate-like wear particles and the lurge-scale subsurface deformation
on a sliding surface. The delamination process, i.e. subsurface deformation,
cruck nucleation and crack propagation, has indesd been shown [8] to be
dominant in the wear of metals even at high sliding sf. 2ed, in spite of the
fact that the wear track s highly oxidized owing to excessive temperature
rise during sliding.

From the beundary (and EP) lubrication perspective, there seems to
be a general acceptance of the view that lubrication is brought about by &
chemically formed surface {iltn at the sliding interface, However, the nature
of this surface film has not been conclusively identified. Some researchers
have claimead that the surface film is an organometallic compound {14 - 16],
while others have suggestesd an inorganic film [17]. In addition to the
dispute on the nature of the surface film, no one seems to know how to
control the formation of such surface films on a scientific basis, The role of
various controlling factors such as the environment is not well under-
stood.

In summary, the existing theories of corrosive wear have neither de-
pioted a clear pictuve of the mechanism involved nor adequately provided
a sclentific basis for the design or salaction of lubricants, Their limitations
stem from the fact that most of these theories falled to recognize several
important physical phenomena on the sliding surfaces, such as the following.

(1) Chemical and mechanical actions have always been azssumed to act
independently. Chemical reactions may reduce the surfuce traction (and
hence the friction coefficlont) through the formation of & surfeve film, which
in turn reduces the plastic deformation on the sliding surfaces. Concurrently,
plastio deformation duas to machanioal interactions leads to an accumulation
of strain energy, thus enhancing chemical reactivity, Buch accumulation of
stored energy Is most probably non-uniformly distributed on the sliding
surface because of the strunturally heterogensous nature of tho surface. The
mechanical action may also expose nascant metals which could act as cata.
lyats for any chemical reaction betweon the metal surface and its environment.
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(2) Although it has been considered in very general terma, the hetero-
geneous nature of the metallurgy and the chemistry of the metal surfaces
has always been disregarded in the study of corrosive wear, This fact hampers
the applicability of most existing theories,

(9) 1t is generally recognized that there is a limit of operation of the
surface film as an anti-wear agent, What will happen beyond this operating
range or where the surface film is ruptured is still an open question.

The inherent chemical and structural heterogeneities, the induced
heterogeneity due to non-uniformly distributed stored energy, and the
non-uniformity in the coverage of the sliding surfaces by a surface film all
lead to the following conclusion: the pomsibility of a localized corrosion
mechanism which may significantly affect the wear rate has been overlooked
in the previous studies of corrosive wear, In view of the metallurgical com.
plexity involved in the engineering alloys in use today, the role of hetero-
geneities in corrosive wear can hardly be overemphasized,

Therefore the primary objective of this investigation was to explore
qualitatively the feasibility and the effect of the localized corrosion mech-
anism in the sliding wear of matals in corrosive madia. It is intended to dem-
onstrate that the conventional homogeneous corronive weur theory does not
account for the observed wear rate, and that the overall wear rate is « com-
plex function of locallzed reaction, film formation and delamination,

Materials and procsdures

2024 aluminum alloy (4.5% Cu, 1.5% Mg, 0.6% Mn, Al balance) and
sodium chloride solution were chosen for the study. The 2XXX series of
aluminum alloys is known to exhibit intergranular corrosion ity an aqueous
medijum containing chloride lons {18]. The susceptibility of 2024 aluminum
alloy to intergrunular corrosion can be explained in terms of preferential
precipitation of an AlyCuMy intermetallic phase along the grain boundaries
{19}, resulting in an anodic copper-depleted solid solution region arouad
these precipitates, In & corrosive medium such as sodium chloride solution,
the anodic copper-deplsted region corrodes preferentially by an aleotro-
chemical process.

In the study, the w-recsived aluminum rods (6.35 mm diameter) were
cut into 100 mm pieces, These specimens were then solutionized at 773 K
for 80 min, water-quenched to room temporature immediately, then aged
at 448 K for 120 min and finally water-quenched again to room temperature.
This heat treatmant cycle has been reported [18] to enhmnce the susceptibil-
ity to intergranular corrosion of aluminum alloy. Bliding wear tests ware
performed with this heat-treatad aluminum alloy in aquenus sodivm chloride
solutions (see Fig. 1). :

Two parameters were adjusted during the experiment: (1) the concen.
tration of NaCl in solution; (3) the pH of ¢the solution, These twy parameters
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Fig. 1. Schematic diagram of the rliding wear test set-up,

were chosen bacause of their influences on corrosion rates as well as the
mode of corrosion. After each wear test, the wear volume was measured and
the wear coefficient was then determined.

To substentiate the localized corrosive wear hypothesis, the wear rate
was also determined as a function of the aging time of the same 2024 alu-
minum alloy at room temperature. Since intergranular corrosion of this
aluminum alioy is a result of prefoerential precipitations along the grain
boundaries it was expected that the varying extent of precipitation with
aging time would affect the corrorion process. The aging temperrture was
chosen to be room tamperature (208 K) after a trial aging test at 448 K had
indicated that the pracipitation proceeded too rapidly at an elevated tem-
perature (as revealed by the specimen’s hardneas change), making aging tiine
impracticnl for use us a varieble in the wear tests, The wear tests were per-
formed during the aging process.

In all the sliding wear tests, the slider material was AISI 304 stainless
steal. This meterial was chosen for two reasons.

(1) The hardness of this materinl was approximately 1,47 X 10* Nm ?
(150 kg mm " ?), whereas that of the heat-treated sluminum alloy specimen
was 8.8 X 10* N m~* (90 kg mm"?), The higher hardnesa of the slider mini-
mized complications due to deformation of the slider during the tests,

(2) The corrosion current denﬁty in the 2024 aluminum- AISI 304
stainless stee) galvanic cell was measured 10 be 12.8 uA om ? in a 3.5% Na(l
solution at 208 K [20). This low corrosion rate does not modity the corro-
sion rate of the aluminum specimen very substantialiy through a galvanic
coupling effect.

The sodium chloride solutions were prepared by dissolving laboratory
grado granular NaCl in freshly prepared distilled water. Tlie pH of the distilled
wator and NaCl solutions was varisd by sddition of HCl or NaOH to cover
the pH range 0 - 14. In most laborstory corrosion tests on aluminum alluys,
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hydrogen peroxide is addnad to the test solution to speed up cathodically
controlled reactions {19]. In these tests 16 g I"! of 3% Hy0, was added to
all solutions.

Before the wear tests, the heat-treated specimens were abraded with
silicon carbide papers to remove the surface oxide iayer. They were then
fine polished with 1 um then 0.26 um polishing compounds, cleaned with
soap and water, rinsed with alcohol and dried with an air blower.

For all wear tests the normal load was 9.8 N ( 1 kgt) and the sliding
speed was maintained at 1 m min™%, The duration of each wear test was
50 min, allowing sufficient time for the wear process to reach a steady state.
The pH of the test solution was monitored at the beginning and at the end
of each test, The friction coefficient was also monitored and the steady state
value recorded. After each wear test the specimen was rinsed carefully with
water and any surface reaction products were brushed away lightly using
+ cotton swab. The speciinen was then blow dried.

The trungverse profile of the wear groove was traced by a Talysurf
profilometer; the product of the measured cross-sectional area of the groove
and the circumference of the specimen (20 mm) gave the wear volume,

Selected specimens were cuf, polished, etched with Keller’s reagent and
then observed in a scanning electron microscope (SEM).

Most of the tests were ropeated three to five times to check the repro-
ducibility,

Results

Figure 2 shows the corrosion characteristics of 2024 aluminum alloy in
NaCl at pH 6 under the same conditions as the wear tests, except that there
was no normal load applied. These corrosion testy showed that in a neutral
aqueous solution containing CI”, the aluminum alloy exhibits intergranular
corrosion and pitting characteristics.

W s

(o)

Fig. 2. Intergranular corrosion of 2034 aluminum siloy in sodium chloride solutiona con-
taining 15 g I"! HgO4: [NaCl] = (1) 0.002 M, (b} 0.1 M, (0) 1 M. Corroslon tests lasted
300 min at 298 K. The pH of all three solutions wes mensursd as 8,
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Fig. 3. The surface topography of corroued 2024 aluminum specimuns in 0.001 M NaCl
at {a) pii =0, {b)ypH = @, and (c) pH = 14,

Figure 3 is a scanning electron miorograph of the suztace tepographies
of similar corrosion test specimene at three pH levels (0, 6 and 14), AtpH 8
the figure shows pittirg and intergranular corrosion, vrnereas at pH O or 14
the speciinen indicates corrosion through uaifrrm dissolution of the alumi-
nuin matrix.

After the intergranu.ar corrmsion and pitting behavior of 2024 alumi.
num alloy in NeCl had been established, the 2ffect ct auch localized corro-
slon on sliding weaz was investigated. The results sre shown in Figs. 4 -7,

Figure 4(a) shows the variation of the wear voefficient with NaCl con.
centration in the test solution at pH 6. The figure shows that the wear ceef-
ficient is not a monotonic function of NaCl concentration, During the swear
testy, it was observed that the wear {racks appeared shiny until the concen-
tration was incressed to 0,006 M, above which a black gelatinous deposit
was formed. The quantity of the daposit seemed to ircrease with NaCl con-
centration,

The dependence of friction coefficiont on NaCl concentration is shown
in Fig. 4(b). At all concuntrations the friction coafficient is higher than that
obtained with distilled watar slone, The figure also shows that these is a de-
cresse in friction in the high NuCl concentration range (above 0,01 M), Thir
decrease in friction seems to be relaved to the formation of the gelstinous
reaction products. '

Figure 4(c) shows the varintion of the pH of the solution collected from
the zone of sliding vontact as a funotion of NaCl concenuration, The pH of
all solutions before the wear test was about 8, Above 0,001 M the pH of the
solutions after s wear test incressed with concentration, indicating an increase
in hydroxyl ion concentration,

The above obcervetions sihiow that the presence of chloride ions in the
tent solution leads to a higher wear ccefficiont than that obtained with
distillei water only. These results, coupled with the vbservations in the cor.
rosion tests, ruygast that u localized vorrosion mechanism provides & plavsible
explanation for the increase of the wenr coefficient with HaCl cohcentration.
Howaever, the decrease in wear coefficient in the high NaCl concentration
range (associated with the formation of a gelatinons deposit) indicates that
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the overall weur rate is also affected by the formation of a surface film, The |
corrosion product appears to lower the friction coefficient and hence the
wenr coefficient,

Figures 5 - 7(n) show the deperdence of the wear coefficient on pH at
throe NaCl concentrations (0 M, 0.001 M and 1.0 M respectively). Figure
4(a) has indicated thet the wear behaviors are different at these three con-
centrations,

With distilled watsr only (Fig. 5) the wear cceflicient is relatively con-
stant within the pH range 3 - 11, At both the low pH (below 3) and high pH
{above 11) ends the wear coefficient increases very rapidly to 10™%, This
value is sxtrmordinarily high compared with the wear coefficient experienced
in most wear modes, which is typloally less than 19-%, Such a high value of
j the wear cosfficient suggeats thet most of the material loss is probably due
| _ . to severe corrosion (dissolution). This argument Is indeed supperted by the
; . mansured dopth of materist loss due to corrosion elone, as sthown in Fig.

: ‘ 5(c); this figure shows the depth of uniform corrosion on the sides of the
e i wear tack, which were ocivered by a tilm of the test solution during the wear
l St tast. Visunl examination of the wear specimens during the wear tests showed
‘ RN
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Fig. 8. (») Waar coefficlent, (b) friction eosfficient and (c) uniform corrosion as a func-
tion of pH of distilled water,

that a black gelatinous deposit was formed as the pH was increased to 10
and above. The friction coefficient is shown in Fig. 5(b) to be relatively con.
stant over the pH rangre 0 - 14.

At an NaCl concentrution of 0,001 M the variation of the wear coef-
ficient with pH (Fig. 6(n)) at the high and low pH range (pH less than 1 and
pH above 12) is similar to that shown in Fig. §(a). The uniform corrosion
characteristics are also similar in these pli ranges (Figs. B(c) and 8(c)). In the
intermediate pH range (2 - 12) the wear coefficient varies parabolically with
pH, whereas in the case with water only the wear coefficient iz Independent
of pH. This result shows the detrimenta! effect of CI' on the aliding wear
of 2024 sluminum alloy in an aqueous environment. At pH = 0 -1 and ’
pH = 10 - 12 a black deposit was again noticed on the wear track. Figure 6(b) ‘
shows that the friction coefficient is roughly constant (about 0.5) between - , ' !
pH 2 and pH 6, but that it decresses gradually to about 0.4 as the pH in- . o :
creases to 14, Bowever, there in a relutively sharp decrease in friction coef- R
ficient to about 0.3 at the low pH end (pH = 0 and 1). Onoe again, these
observations suggest that the overall wear rate is a complex function of
localized corroslon, surface film formation and mechanical action.
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At an NaCl concentration of 1.0 M, the wear coefficient—pH relationship
(Fig. 7(a)) is similar to that obtained with distilled water alone, except that
in the intermediate pH range the wear coefficient ie about 3.6 X 10"* com-
pared with 1.7 X 102 in the latter liquid. The friction coefficient (Fig. 7(b))
follows a trend similar to that obtained at an NaCl concentration of 0.001 M,
i.e. ilow values at both the high and low pH ends. Inspection of the wear
tracks showed the formation of a black gelatinous deposit throughout the
whole pH range (0 - 14). The uniform dissolution characteristics (Fig. 7(c))
are similar for all three NaCl concentrations considered.

To strengthen further the localized corrosion hypothesis, sliding wear
tests in NaCl solution were performed as a function of the aging time of the
2024 aluminum specimen at room temperature (298 K). The wear tests were
performed with both distilled water and 0.001 M NaCl. The progvess of the
precipitation hardening process is shown in Fig, 8, The figure shows that the
hardnens reaches its maximum value of approximately 9.2 X 10®° Nm 2 in
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Fig. 8. The hardness of 2024 aluminum alloy as & funcilon of aging time at 298 K. The
specimens were solutionized at 778 K for 1 h, water-quenched and thenh aged,

about 1000 min. The wear tests rasults are shown in Fig. 9; the figure shows
that for the 0,001 M solution the wear coeffivient increases s uging time
increases, The wear coefficiont for the tests with distilled water, however,
shows only a marginal increase for the same aging time. This result with die-
tilled water shows that the incresss in wear coefficient with aging time in the
0.001 M NaCl solution is not a consequence of the hardness change but is
due to the presence of the chloride jon. :

An interesting observation from this test result is that the wear coef-
ficient incresses as the hardness of the material incresses with aging time, This
observation lu inconsistent with the postulate of the adhesion theory of wea
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Fig. 9. The waar coafficlent as a function of aging time for 2024 aluminum alloy at 298 K:

O with 0,001 M NaCl, © with distilled water only,

which suggests that the wear coefticient ls invexsely proportionul to the
hardness of a material. However, this observation has been explained in terms
of the delamination theory of wear [5].

Microscope examination of the worn specimens revealed the dominant
mechanism of wear particle formation in the intermediate pH mnge, hamely
conjoint actions of delamination and loculized corrosion.

Figures 10 - 12 provide evidence supporting the Jelanination theory of
wear, These figures illustrate the delamination processes of subsurface de-
formation, subsurface crack initiation and propagation, and eventual detach-
ment of sheet-like particles from the sliding surface, respectively.

Fig. 20, Bubsurfece deformation in s sliding weie wulmon Th4 specimen. meterial ls
2024 wluminum alloy. The wear iaat was in disillled waler ot pH 8,
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Fig. 11, A subsurface crack propagating parallsl to the surface on a sliding waar specimen, '
The specimen materlal is 2024 aluminum alloy. The test solution was 0,001 M NaCl at ;
i , pH 4.

FIg. 12, A typleal delaminated wear particls, The specimen material ia 2024 sluminum
alloy. The test solution was 0,001 M NaCl ail pH 8. '

. Figure 13 shows the initiation of a surface crack along a grain boundury ‘

. as a result of preferentiul chemical reaction. Shent-like particles are detached i
from the surfece as a result of the simultaneous development of surface !
(chemically initiated) and subsurfuace (mechanically induced) cracks, Such a !
sheat-like particle is also observad in Fig, 13, Figure 14 is another typical
example of pits initiated on the surface, complementing the propagating sub- .
sur{ace cracks in the formation of a wear particle, The figure also showa ;
that the corrodant probably passad through the surface pits and chemically
attackec the subsurface crack,

Fig, 18. Chemically initiats 4 pil along & grain boundary of a 2034 aluminum specinen, The
wenr test was In 0,001 M NeCY at pH 9,
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Fig. 14, Woar particle formation by conjoint sotions of surface pits and subsurface cracka,
The wear teat was in 0.001 M NaCl at pH 6,

Figure 15 differentiates the surface appoarances of the wear specimens
in 0.001 M and 1.0 M NaCl solutions at pH 6. With the former solution no
surface film wus observad during the wear tests, while in the latter & residual
surface film wws observed,

g

“b;‘ ) w

LAAPRRY'

Fig, 16. Comparison of the wesr track charaoteristios, Teet (a) was In 0,001 M NaCl at
pH 6, Test (b) was in 1,0 M NaUl at pH 6. Note the surface {ilm on spevimen (b).

Figure 18 showa the subsurface of a specimen teated In a 0.001 M NaCl
rolution at pH 1. It has been reported that a surfuce filn was observed during
the wear test (Figs, 6(a) and 6(b)). Hence this figure shows that intergranular
coxrosion occurs aven in tha presence of a surfuce film {note the difference
in the etched uppearancos of two adjavent graine),
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Fig. 18, Intergranular corroalon of 2024 aluminum specimen during wear test in 0.001 M
NaClat pH 1,

Discussion

In the previous studies on the delamination wear of materials [1 - 10],
the test conditions were so chosen that the environment effect was negligible.
In this study the role of chemical inteructions between the environment and
the sliding surfaces was emphaized. The results indicate that chemical
interactions cxhibit two major effects on the wear rate,

(1) They modify the friction coefficient through the formation of a
surface film of reaction products.

(2) They promote the wear rate through localized chemical interactions
which initiate surface cracks.

From a lubrication stancipoint the results in this study agree with the
recognized lubricating capability of some corrosion products, This conclusion
is based on the observation that the friction coefficiant as well us the wear
voefficiont were lowered wherever the wear tests conditions were such that
a gelatinous surface film was visually present.

Surface traction, together with other factors such ss normal load and
hardness, determinos the rate of the delamination processes of subsurface
deformation, crack initiation and propagation, Hence the presence of a sur-
face film diminishes the contribution of delamination wear through a reduc-
tlon of the surface traction, Extrapolating this argument to a situstion where
the friction coefficient is very low, one could conclude that the wear rate
would then be predominently determined by chemioal interactions. In
practice, an extremely low frictlon coefticient can only be achieved in a
thick filin lubrication regime, i.e. hydrodynamic lubrication. In this regime,
howaever, it is well known that the effectiveness of a lubricant is controlled
by its physical properties such as viscosity rathar than its chemical properties.
In contrast, the friction coefficient in the boundary (and EP) lubrication
regime, where the external load is high and/or the sliding speed is low, is
typically of the ordar of 0.1 - 0.3. Under these circumstances, the role of
delamination in determining wear rate is sgain significant. In this study, the
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friction coefticient wns about 0.4 . 0.5 for most tests and the formation of
wear particles by dela.nination ia evident from the micrographs (Figs. 10 - 12).

As a consequence of the preceding discussion, one of the mgjor draw-
backs of the conventional theories of corrosive wear becomes rpparent, i.e.
the importance of surface traction has not been considered. (n these theories,
material loss is solely attributed to the mechanical removal of surface reac-
tion products, which may hold true only in n situation with extremely low
friction coefficient.

Nonetholess the overall wear rate in a chemically reactive environment
{s determined by neither romoval of surface film nor delamination alone.

The micrographs shown in Figs. 13 and 14 demonstrate that wear particles
formed as a result of conjoint actions of chemically Initiated surface cracks
(pits) and mechanically induced delamination,

Based on both thermodynamic and kinetics arguments, the chemically
and structurally heterogeneous sliding surfaces favor preferential chemical
reactions at localized sites. The chemically different constituents on an en-
gineering alloy surfoce would involve ditferent amounts of Gibba free energy
changes when reacting chemically with the environment. Moreover, the
kinetics for reactions involving different phases on a multiphase material sur.
face could be very different. Hence the assumption of a homogeneous
surface in the realm of conventional theories of corrosive wear is inevitably
questionable, Indeed, the experimental results in this study show that in the
intermediate pH range (Fig. 6(a)) the wear rate of 2024 aluminum alloy was
increased substantially by the presence of chloride ions, and the results of
the tests with aging time at room temperature as o variable validate the
hypothesis that this increase in wear rate is & consequence of preferential
corrosion at localized sites. Coupled with the microscope observations of the
worn spécimens, thess experimental renuits therefore lead to the conclusion
that the overall wear rate is a complicated function of delamination, localized
corrosion, and regeneration and removal of surface film. This observation
is incompatible with the concept of 2 homogeneous material surface in
the convantional theories; consequently, the major contribution of this study
is that the plcture of a hetsrogeneous surface is rejuvenated.

This study has alao raised another question on the assumption of »
complete coverage of the sliding surface by a surface fllm in most existing
models of corrosive wear, The micrograph shown in Fig. 18 indicates that,
under the wear test conditions in which » aurtace film is formed, localized
corrosion atill takes place, resulting in a network of intengeanular cracks.
Buch crucks could be detrimental to the life of a mechanical component by
ucting aa stress intensified sites. In fact the question of what would happen -
to the sliding surface where the surface film Is ruptured has never been
looked into systematicaily.

In summary, this investigation has iliustrated the significance of localized
corrosion (as & consequence of surfuce heterogeneities) in the study of cor-
rosive wear, which has baen wstonishingly disregarded in most existing cor-
rosive wear theories,

5 L e

M o e s e




.y

ot

160

Up to this point, the electrochemlstry in the wear tests has not been
discussed. A brief discussion is thus attempted here to explain scmre of the
experimental observations:

(1) dissolution of aluminum at high and low pH (Fig. 3);

(2) formation of the black gelatinous product (Fig, 15);

(3) increase in pH at high chloride jon concentration (Fig. 4(c)).

It is well known that the corrosion behavior of aluminum in aqueous
solution is strongly influenced by a protective film of oxide (e.g. see the
Pourbaix diagram for the Al--water system at 26 °C [21]).

In a highly acidic medium the protective oxide film is thermodynamical-
ly unstable, resulting in dissolution and loss of protective action of this
oxide layer. Consequently, dissolution of aluminum occurs according to the
following reaction:

Al -+ AP + 3¢”

Dissolution of the oxide layer also takes place at highly alkaline pH levels.

Corrosion (dissolution) of aluminum again takes place owing to complex jon
formation:

3
Al+ OH + H;0O - AlQ, "‘EH’

In the intermediate pH range, the passivating oxide film is thermody-
namically stable, However, this protective behavior is known to be greatly
modlfied when certain anions such as Cl are present. Hoar [24] hus shown
that a process of ion exchange probably takes place batween adsorbed anions
on the outside of the film and the oxygen ions of the oxide lattice. Under
the action of the eleotric field induced by polarizable adsorbed anions, metal
catious axe pulled outwards through the film, whereupon they dissolve as
anion complexes, In this manner, an adsorption--exchange process cnhances
the corrosion (dissolution) of aluminum, It has also been shown [23] that
the electric field induced increases as the anion concentration increases, thus
enhancing the rate of the dissolution process. With this background, explana.
tions for the formation of the black deposit and the increase in pH at high
chloride concentration seem plausible,

The presence of Cl ~ enhances the dissolution of aluminum in anodic
sites, and the dissolved cationle aluminum subsequently hydrolyses:

AI* + 3H,0 - AI(OH)y + 3H'

This reaction shows that Al(OH); may precipitate, forming a deposit on the
sliding interface; the reaction is pH dependent. The pH dependance tugyests
that the deposit ohserved in the highly acidic solution (Fig. 4) could be a
blend of AICl; (which normally is highly soluble in water) and A(OH),
since then the reverse reaction is favored.

80 far we have ignored the possible reaction(s) at the cathodic site, It
is known that in a niear-neutral aqueous solution with dissolved oxygen the
dominant cathodic reaction is

O, + 2“,0 + 4" -+ 40H™

i
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This resction shows that the alkalinity at the cathodic sites incroases, How-
ever, the above discussion on the effact of Ci~ on the corrosion behavior of
aluminum suggesta that this cathodic reaction is enhanced by the increasing
concentration of Ci (since arodic and cathodic reactions are simultaneous
equal rate processes). Thus it seems reasonable to speculate that this is the
reason for the observed pH increase shown in Fig. 4(c).

Apart from the initiation of surface cracks by the chemically reactive
environment, many other possible factors that may affect the wear rate
have been neglected in the above discussion. For example, the role of the
residunl strain energy produced by plastic deformation in the subsurface is
not clearly identified, Figure 14 shows that NaCl solution has probably passed
through the surface pits and chemically attacked the subsurfuce crack; the
exact nature of such influence of the corroding medium on subsurface crack
propagation has not been pursued in detail. Furthermore, it has beon assumed
in this study that growth of the surface crack is a result of chemical processes,
and we have neglected the possible influence of a iensile zone behind an
asperity on these surface cracks [3]. All these possibilities may only have
minor influences on wear rate aad await further clarification in the future.

Conclusions

The chemical effects of a chleride-containing environment on the sliding
wear of 2024 sluminum alloy have been studied. The results of this study
lead to the following conclusiona,

(1) The formation of a corrosion product reduces the friction coefficient
and the wear coefficient. This observation agrees with the conventional view
on the lubricating capabllity of a surfece film formed in boundary (or EP)
Iubrication,

{?) The surface film does not provide complete passivation of the sur-
face, Preferential renctions leading to localized corrosion are still possible,

(3) Proferential chemical reaction at localized sites as a result of cheni-
ical and structural heterogeneities can accelerate the wear process (i.e. if-
crease the wear rate) by initiating surface oracks.

(4) A complete picture of tha corrosive wear process should include
both the formation of a surface film and the localized resctions, The latter
have been disregarced by the claseical theories of corrosive wear,

(5) The overall wear rate is & complex function of both mechanical
and chemical interactions, Microscope examination of ths wear tracks and
the subsurfaces of tha worn specimens indicated that tho wear iy due to the
delamination wear mechanisms (i.#. subsurface deformation, orack nuclea-
tion and propagation) as well as the corrosive effert of the environment which
generatan surface cracke hy heterogeneous chemioal interactiona.

Acknowledgments

The work pressnted in this papor would not have been possible withuut
the support of the Dofense Advanced Research Projects Agency under con-




,———

- pm—p—— S e

N B . P L R RN RS B e L S Y

162

tract no. N 00014-67-A-0204-0080, through the Office of Naval Reaearch.
‘The authors are particularly grateful to Dr, Edward C. van Reuth and Dr.
Richard 0. Miller for their personal support (D.P,0.) of the work, The MIT
staff is also grateful to Dr. Ardenn Bement and Lt. Commander Kirk Petrovic
Ior their continuing support.

References

1 N, P. Buh, An vverview of the delamination theory of wear, Wear, 44 (1877) 1 - 15,

2 8. Juhanmir and N, P, S8uh, Machanies of subsurface vold nucleation in delamination
wear, Wear, 44 (1977) 17 - 38,

3 J1. R. Fleming and N. P, Buh, Mechanies ot crack propagation in delamination wear,
Woar, 44 (1877) 89 - B6.

4 J.J. Pamies-Teixelra, N. Saka and N, P, Suh, Wear of vopper-based solid solutions,
Wear, 44 (1977) 65 - 76,

N, Saka, J. J. Famies-Tolxeira and N, P, Suh, Wear of two-phase metals, Wear, 44

(19777)117 - 86,

8. Jahanmir and N, P, S8uh, Surlace topography and integrity effecta on sliding wear,

Wear, 44 (1977) 87 - 99,

T, Nugaou, J. J, Pamise-Telxeira and N, P. Buh, Behavior of medium carbon sleel under

combined fatigue and wear, Wear, 44 {1977) 101 - 108,

N. Haka, A. M, Elelshe snd N, P. Suh, Wear of metals at high aliding speacs, Wear,

44 (1977) 109 . 125,

J. R. Fleming and N, P, 8ub, The relntionship batwsen crack propagation rates and

wear rates, Wear, 44 (1977) 57 - 64,

10 N. P, Buh, N, 8aka and 8, Jahanmir, Implications of the deiamination theory on wanr
minimization, Wear, 44 (1877) 137 - 134, '

11 E. Rabinawlox, Lubrication of motal surfaces by vxide fiimas, ASLEK T'rans., 10 (1947) !
400 - 407,

12 T, F. J. Quinn, Oxidstiona! wear, Wear, 18 (1071) 413 - 419,

13 F. B Tew, A study of oxidation plienomena In corrosive wear, ASLE Trans,, 12
(1969) 97 - 108,

14 R, 8 Feinand K. L. Kreuz, Chemisiry of boundary lubrloation of sisel by hydrocar- ,
bons, ABLK Trans., 8 (1968) 20 - 38,

16 F. Q. Rounds, AMLE Traa , % (1866) 88 - 100, .

16 J. K, Appeldoorn and ', F. Tao, Lubricity characterietion of heavy sromaties, ACH !
Div. of Petro] Chem. preprints 18/2, 1960, B156-835,

17 D. Uodfrey, Chanilonl changes in steel surfacen during extrema pressure lubriestion,
ABLE Trans,, b (10¢4) 87 - 96,

18 D. Q. Sprowls and R. H. Brown, Btrem covrosion mechanisms for atuminum alloys,
Proo, of Conf. un Fundamental Aspects of Btress Corroslon Cracking, 1867, Natlonal
Awoclatton of Corroslon Englneers, 1969, pp, 466 - 512,

19 R. B. Mears, R, H, Brown and E. H. Dix, Jr,, A generalized theory of stress corroslon
of alloys, Bymp, on Biresms Corrosion Cracking of Metals, 1944, ASTM and AIME,

p. 829,

20 F, Mansfleld, D. H. Hengstenbarg and J. V. Kenkel, Galvanie corrosion of Al alioys: 1,
offent of dissimilar matal, Corroslon — NACE, 30.(10) (1974) 343 - 353

21 M, Pourbaix, Atles of E'eotrochemical Equilibrium In Agueous Solutions, translated
from Franoh by J. A, Franklin, Pergaraon Preas, Oxford. 1960,

29 T, P. Hoar, D, U, Menrs and U, P, Rothwall, Uorros, Bol,, b (1068) 279,

%8 M, Pourbaix, On ths effect of chlorides on tha behavior of metale and alloys in the
presence of aguecus solutions, Symp. on the Coupling of Basle and Applled Corro-

sion Research, March 21 - 23, 1968, Natlonsl fuscclntion of Corvroslon Englheers,
pp- 07 - 14,

(-]

=

-3

o =

N
3
¥
[
\
!




r

o

"

L o T

THE DELAMINATIGN THEORY OF WEAR - III

Third Progress Report
to

Dafense Advanced Research Projects Agency, DoD
Contract Number: N0OCO14-67-A-0204-0080
NR 229-011

N.P. Suh
N. Saka
S. Jahanmir
J.R. Fleming
J.J. Pamies-Teixeira
M-K. Tse
T. Nagao
AM. Eleiche

’/ 7
A/ g
o/
v/

. ) ‘ ‘ ] - ’ \
v . f- ﬂ’hii'/lmwu/ Erg /r)e.gh,,;
Laboratory for Manufacturing and Productivity

School of Enginearing

Massachusatts Institute of Technology
Cambridge, Massachusetts 02139

December 1977 [:) [:) (:;
R UL

FEB 195 19718

SO UL
D

Reproduction in whole or in part is
parmitted for any purpose of the
Unfted States Government

Approved for public release: distribution unlimited.

v ,} \d,v‘,/ s "';

e




UNCLASSIFTED
SIS-UHITY FLAHII?ICATlOﬂ QY THIE PAGE (When Dato Entecnd) .
REPORT DOCUMENTATION PAGE | BEFORE COMPLEFING FORM
TREPORT MUK }1. AGVT ACCLIKION NOJ T HECIPIKNT S CATALOG NUNNRR
———- l P g .. .‘ I
& TITLE (ongiubetiol, eI AR a1
‘ (_(1 Proqreess rept, no, 3

) E: D§1m1nat1on Jheory of Wesr - III,
.

g T

nnir, 1.JF1em1ng?/

P M e ear s

{ Ju'l g7 5 - Decomummii’ 6

. PERFORMING ORGANIZATION NAME AND ADONRAS F’WWW

[H ALY
Laboratory for Manufactocring and Product1v1ty‘./ 00000044010
School of Eagineering, M.I.T., Cambridge, Ma.

.

1. CONTROLLING ORFICE NAME AND ADDPUAS Soy AEPOAT DAT
Department of the Navy, Office of Naval Research, NS
Ariington, Virginia 22217 . NOOO14 ! 7R L ]
X RSN S A IR AT s AEORETRIT Wirant o Comrrotiing Gifiasy | 1o s0caM¥S oc -
Nffice of Naval Research .
M.I.T. Resident Representative Unclassified
Room E19-62B Tom ﬁ_!E ﬁ:l.?maﬂmﬂﬁwnﬁﬁaﬂmn

Camhridge, Massachusetts 02139  (N66017) | =7 cmeeew-
6. DIRTRIBUT.ON STATRMEAN T (of thia Ropart)

The distributibn of this document is unlimited.

17. DISTRIBUTION STAYEMENT (of the shatree! snteved in Blaak 30, | ditiersnt from FRoperd)

T SUPELEMENTARY NOTRS

18. XKKY WORDE (Cantivve on toverse side (| nesscausy and ldentify by blask nusthes)
delamination, sliding wear, subsurface deformation, void formation, crack
procagation, soft metallic coating, surface roughness, surface integrity,
wear reduction mechanics of delamination, high speed siiding,-chemical
effects, combined fatigue and wear, solid selutions, two-phase metals, stack-.
20. AI:‘JACT%MM o reverse olde (f Y and | ity by blosk mumber)
This third progress report describes the work done by the M!T - Wear Re-
search Group on fundamentsls of wear by delamination. Such tonics:as tie me-
Ehanics of subsurface deformations crack nucleatiom; crack propagatiom, sliding
velocity, combined fatigue and wear, the affect of microstructure, the effect
of surface roughness and integrity and chemical effects on wear are examined.

1

DO a7 73 cormion oF ( nov es s oesoLaTR UNCLASSIFIED

A/N VL0Av 014 g80 1

BECURITY CLASKIFICATION OF THIS PAGE (When Date Enteren)

220 OFa s JUsK

TR




— g

Distribution List

No. of Cupies

W.J. Anderson 1
NASA-Lewis Research Center

2100 Brookpark Road

Cleveland, Ohio 44135

Prof. George.S. Ansaell 1
Department of Materials Science
Rensseiaer Poiytechnic Institute
Troy, New York 12181

Prof. A1{ S. Argon 1
Nept. of Mechanical Engineering
Massachusetts Institute of Tech.
Room 1-306

Cambridge, Massachusetts 02139

Mr. A, Baarbowsr 1
Esso Research and Engineering Co.
P.0. Box 51

Linden, New Jerssy 07036

Or. Arden Bamant, Director 1
Defensa Advanced Research Projects

Agenc
1403 HiYson Boulevard
ArYington, Virginia 22209

Mr. R.C. Bowars 1
Code 6050

Naval Research Laboratory
Washington, D.C. 20375

-l

Mr. F. Brooks

Air Force Materials Laboratory
Wright-Patterson Air Force Base
Dayton, Ohio 45433

Dr. D.H. Buckley 1
NASA-Lewis Ressarch Centar

2100 Brookpark Road

Claveland, Ohio 44135

Piof. Bernard Budiansky 1
Div. of En?. and Applied Physics
Harvard Univarsity

313 Pierce Hall

Cambridge, Massachusetts 02138

No. of Copies

Prof. R.A. Burton ’ 1

Dept. of Mechanical and Engineering
and Astronautical 3ciences

Northwastarn University

Evanston, I111nois 60201

Prof. Morris Cohen 1
Materiais Science and Engineering
Magsachusatts Institute of Tech.
Room 13-5046

Cambridge, Massachusetts 02139

M. W. Campbell i
Wear Sciences Inc.

32 Sutherland Drive

Scotia, New York 12302

Prof. H.S. Cheng ' i
Dept. of Mechanical Engineering

and Astronautfical Sciencas
Northwestern Univarsity
Evanston, I1linois 60201

Prof. N.H. Cook 1
Dept. of Machanical Engineering °
Massachusetts Institute of Tech.
Room 35-132

Cambridge, Massachusetts 02139

Mr. M.J. Davine 1
Aero Material Department

Naval Air Developmant Center
Warminstar, Pennsylvania 18974

Mr. Edwin Ditto 1
Manufacturing Development

Genural Motors Technical Center
Ganaral Motors Corporation

Warven, Michigan 48090

Mr, S. Dordotf 1
0ffice of Naval Research
Arlington, Virginia 22217

Dean 0. Drucker 1
Collage of Enginearing

University of I11inois

Urbama, I1Ti1nois

**Plaase notify Ms. Rosalie M. Allan 617-253-2234 {f your address is incorrect:
Massachusetts Instituts of Teachnology, Room 35-136, Cambridge, Massachusetts 02139,




No. of Copiles - No, of Copins

3 Prof. N.S, Eiss, Jr. 1 Commander M. Hoobchack 1
r Virginia Polytechnic Institute Naval. Sea Systems Commands
' Blacksburg, Virginia 24060 Code Sea 04321H
Washington, D.C. 20362
Or. R. Fain i
Fundamental Research Section . Mr. C. Hudson 1
Texaco Research Center AFAPL/SFL .
Beacon, New York 12508 Air Force Aero Propulsion Laboratory
Wright~Patterson A{r Force Base
Or. Michael Field . 1 Dayton, Ohio 46433
Matcut Research Associates, Inc.
3980 Rosslyn Drive Dr. L. Jarvis, Director 6
Cincimmati, Ohio 45209 Code 6170
Technical Information Division
Praf. I. Finnie 1 Naval Research Laboratory
Dept. of Mechanical Engineering Washington, D.C. 20375
Univarsity of California
Berkaley, California 94720 ' Dr. Thomas F. Jones, Jr. 1
Vice President for Research
Prof. M. Furey 1 Massachusetts Institute of Tech.
Machanical Engineering Department Room 3-305
Virginia Polytechnic and State U. Cambridge, Massachusatts 02139
Blacksburg, Virginia 25061
Prof. C.H. Kahng 1
3 Or. Frank S. Gardner 1 Department ot Mechanical Engineering
Office of Naval Raesearch Michigan Technological University
Scientific Department Houghton, Michigan 43931
495 Summar Street * :
Boston, Massachusetts 02210 Prof. D.F. Kettlebourgh 1
: Mechanical Engineering Department
Prof. Petear Glelisse 1 Texas AMM University
University of Rhode Isiand College Station, Texas 77843
Kingston, Rhode Island 02881
Prof. E.E. Klaus 1
Or. D. Godfrey 1 Department of Chemical Engineering
Chavron Resemich Company Peannsylivania State University
576 Standard Avenue University Park, Pennsylvania 16802
Richmond, California 94800
Dr. Ranga Komanduri 1
Mr. D.F. Hayes 1 Corporate Research and Development
Mechanical Development Departmant Ganeral-Electric Company
Research Laboratory Building K-1, Room 4837
Ganeral Motors Corporation P.0. Box 8
Warren, Michigan 48090 Schnectady, New York 12301
Prof. John P, Hirth 1 Dr. P.M. Ku, Director 1
Dapt. of Mota11ur?1ca1 Engineering Dept. of Aerospaca Praopertias Research
The Chio State University Southwest Rasearch Instituts
116 West 19th Avenue 8500 Culebra Road
Columbus , Ohio 43210 San Antonio, Texas 78206

AR T memenn




No. of Copias

Prof, Jorn Larsen-Basse 1
Dept. of Mechanical Engineering
University of Hawaii

2540 Dole Street

Honolulu, Hawaii 96822

Mr, D. Lauvar 1
Code 411

Office of Naval Research

Arlington, Virginia 22217

Prof. F.F. Ling 1
Dapartment of Mechanics

Rensselasr Polytechnic Institute
Troy, New York 12181

Mr. K.E. Littmann 1
Timken Company

1835 Dueber Avanus, S.W.

Canton, Ohio 44706

Prof. K. Ludema 1
Dept. of Mechanical Enginearing
University of Michigan

Ann Arbor, Michigan 481058

Prof. C.J. Maday 1
Oept. of Engineering Mechanics
North Carolina State Univarsity
Raleigh, North Carolina 27607

Prof. Frank A. McClintock . 1
Massachusatts Institute of Technalogy
Dapartment of Mechanical Engineering
Room 1-304C

Cambridga, Massachusetts 02139

Prof. Charlas J. McMahan, Jr. 1
Dept. of Metallurgy & Materials Science
University of Pennsylvania
Philadelphia, Pennsylvania 19174

Mr. J. Meyer 1
Ford Motor Company

Research Laboratory

Dearborn, Michigan 48120

Dr. R.5. M{ller 6
Code 473

O0ffice of Nzval Rasearch

Arlington, Virginia 22217

Nn. of Copies

Dre. D.V. Minuti 1

Materials Engineer, Code 30-73
ARP/SLP Project Office

Air Vehicle Technology Dept.
Naval Air Development Center
Warminister, Pennsyivania 18974

Mr. M.S. 0QJalvo 1
National Science Foundation
Engineering Mechanics Division

1800 G Street

Washington, D.C. 20050

Prof. Walter S. Owen 1
Dept. of Matallurgy & Materials Science
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Mr. R. Parker 1
NASA ~ Lewis Rasearch Center

2100 Brookpark Road

Cleveland, Ohio 44135

Or. E. Passagiia 1
National Bureau of Standards
Departmant of Commerce

Washington, D.C. 20234

Dr. H.W, Paxton 1
Vice President - Research

U.S. Stael Corporation

600 Grant Street, Room 56-06
Pittsburgh, Pennsylvania 15230

Lt. Commander, W.K. Petrovic 1
Code 221

Offica of Naval Resmarch

800 North Quincy Street

Arlington, Virginia 22217

Mr. B. Poppert 1
Code 349E

Naval Air Systems Command
Washington, D.C.20360

Prof. Ernest Rabinowicz 1
Dept.- of Mechanical Engineering
Massachusetts Institute of Technology
Room 35-010

Cambridge, Massachusetts 02139




No. of Copies

Dr. Robert J. Reynick 1
Natiunal Science Foundation
Washington, D.C. 20550

Prof. J. Rice 1
Division of Engineering

Brown University

Providence, Rhode Island 02912

Or. 0. Richman 1
U.S. Stsel Corporation

Research Labgratory

125 Jamison Lane

Monroavilia, Pennsylvania 15146

Prof. David A. Rigney 1
Dept. of Metallurgical Engineering
The Ohio State University

116 West 19th Avenue

Columbus, Ohio 43210

Mr. C.N. Rowe 1
Mobi1 Research & Development Corporation
P.0Q. Box 1025

Princeton, New Jarsey 08540

Dr. E. Rudy W]
Oregon Graduate Centar - .
19600 N.W. Walker Road

Beaverton, Oregon 97005

Or. W. Ruff 1

National Bureau of Standards
Department of Commerce
Washington, D.C. 20234

Prof., J.A. Schay 1
Dant, of Materi~ls Engineering
Univarsity of I1linois

F.0. Box 4348

Chicego, I11inois 60680

Prof. A, Seireg 1
University of Wisconsin

1513 University Avenue

Madison, Wisconsin 53706

Mr. P, Senholze 1
Coda SE-624

Naval Air Engineering Center

Group Support, Equipment Division
Philadalphia, Pennsylvania 19112

No. of Copies

Dr. Willfam J..Shack 1
Matertals Sctence Division

Argonne Nationai Laboratory .

9700 South Cass Avenue

Argonne, I111nois 60439

Prof. Mi{lton C. Shaw 1
Arizona State University
Eng1ne¢r1n2 Science Department

Room ECG 247

Tempe, Arizona 85281

Prof. Oleg D. Sherby 1
Dept. of Materials Science and Eng.
Stanford University

Stanford, California 94305

Mr. J.J. Sherlock 1
Maic Division

Pure Carbon Company, Inc.

St. Marys, Pennsylvania 15357

Prof. Paul G. Shewmon 1
Chairman, Dept. of Metallurgical Eng.
The Ohio Stata University

116 Wast 19th Avenue . .
Columbus, Ohio 43210

Mr. W. Smith 1
Code 2832

- Naval Ship Research and Devﬂopman‘t

Annopolis, Maryland 21401 4

Dv. A, Thiruvengadam 1
Institute of Ocean Science and Eng.
The Catholic Univeriity of America
Washington, D.C, 20017

Dr. A.P.L. Turner 1
Argonne National Laboratory

9700 South Cass Avanue

Argonne, I11inois 60429 -

Or. Edward van Rauth 1
ARPA

1400 Wilson Boulevard

Arlington, Virginia 22209

Mr. Vernon C. Wastcott 1
Foxboro/Trans-Sonics, Inc.

P.0, Box 435

Burlington, Messachusatts 01803




No, of Copies No. of Copies

* br. B.A. Wilcox 1 Prof. J.D. Campbell 1
\ Civision of Materials Research Department of Engineer1ng Science
National Science Foundation University of Oxford
1800 G Street Parks Road
Washington, D.C. 20550 Oxford O0X1 3PJ, England
Or. Russel Youug 1 Or, V.N. Constantinascu 1
National Bureau of Standards Institute of Fluid Mechanics
Machanics Division Academy of the Socialist Republic Rumania
Institute of Basic Standards Bucharest, Rumania
Washington, D.C. 20234
. Dr. J.H. Dautzunbcrg 1
Prof. Victor F. Zackay 1 Mechanical Engineering Matar{als Lab,
Dept. of Materials Science and Eng. University of Technology
University of California Eindhoven, Netherlands
Hearst Mining Building
Berkeley, California 94720 Prof. E. Hornbogen 1
‘ Ruhr-Univarsitat Bochum
Defense Documentation Centar 12 Institut fur Werkstoffe
Building 5 463 Bochum-Querenburg
Cameron Station Postfach 2148
Alexapdvia, Virginia 22314 Bochum, Germany
Assistant Chief for Technology 1 Or. A. Palmgren 1
’ Office of Naval Research AB~Svenska Kullagerfabrikaen
Code 200 Group Headquarters
Arlington, Virginia 22217 $41550
Gothenbaryg, Sweden
FOREIGN MAILING Or. L.E. Samuals 1
Defense Standards Laboratory
Prof. M.F. Ashby 1 P.0. Box 50
University Engineering Department Ascot Value 3032, Australia
Cambridge Univargity
Trumpington Street Mr. D. Scott 1
Cambridge CB2 1PZ, England National Engineering Laboratory
East Kilbride, Glasgow
Prof. F.T. Barwell 1 Scotland
University College of Swansea
Singleton Park Or. Markus 0. Speidel 3
Swansea, SA2 8PP Malas Brown, Boveri & Company, Inc.
Research Centre
. Dr. B.J. Briscce 1 5401, Buden, Switzerland
, University of Cambridge
' Physics and Chamistry of Solids Prof. D. Tabor 1
l Cavendish Laboratory University of Cambridga
! Madingley Road Cavandish Laboratory
) Cambridge CB2 OME, England Madingley Road
! Cambridge CB3 OHE, England
' Prof. Alistair Cameron 1
: Imperial Collaga of Science and Tech. Or. R.B. Watarhouse 1
! Dc:artmnnt of Mechanical Engineering University of Nottingham
Exhibition Road Department of Metallurgy and Matarials
London, SW7 England University Park, Nottingham NG7 2RD
Greaat Britain




