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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: mechanicfs, 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 endeavours of mankind, it is easy to ac-
cept a widely recognized view and develop our thoughts along a fixed path,
even in scientific 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. Said Jahanmir per-
formed many critical experiments from the very early days of our research;
Dr. Nannaji Saks and Dr. Ernest P. Abrahamson, II, made valuable contri-
butior,. 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 ih a special issue of Wear would not have been possible without the
enthusiasm and support of Messrs. Douglas Scott and VOrnon C, Westoott.

This kind of research cannot reodily be undertaken at a private uni-
versity without the understanm'i4,g oe e -- mr,,d looking supporters in: funding
agencies. In this regard, the authors axe greatly indebted to Dr. Edward
C. Van Reuth of the Defense Advanced Research Projects Agency. The
authors are also indebted to Dr. Richard S. 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 thi* volume.

My wife and our fuur daughters deserve speeial ihanks for thoir lovo,
understanding and patience,

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

NAM P, SUtH
I)eparltvent of Mfechanical Engineering. Massachusetts Institute of 'Technology,
Cambridge. Mass, 02139 (U.S.A.)

(Iteevived January 2, 1977)

Summary

The fundamental mechanisms of sliding wear postulated by the
delamination theory of wear arc reviewed in terms of the experimental and
analytical work done to date at MIT. Each of the rate determining processes
involved in delamination wear, i.e. plastic deformation of the surface layer,
crack nucleation and crack propagation, is discussed for various metals with
different microstructures, The effects of sliding speed, lubricant. 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 a limited amount of experimental data and
analytical evidence in support of the theory was presented. Since then,
extensive analytical and experimental work has been done by the author and
his associates at MIT [2- 10] and also by others 111 - 14], which has
confirmed the validity of the theory. The purpose of this paper is to give an
overall review of the current state of understanding 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 significance and implications of the mechanisms postulated by the
dclamination 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 coefficient of friction affect the wear rate?

'v V,



(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?
(5) Why does seizure occur?
(6) How does the microstructure of metals affect the wear rate?
(7) [low do initial surface roughness and waviness influnce 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 laper is to give a perspective on our
current state of understanding of sliding wear. It discusses well-established
aspects of sliding wear mechanisms and also those areas which still require
further research,

Mechanisms of delamination wear

(eneral description
The delamination thoory of wear describes the following sequential

(or independent, if there are pre-existing 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 repeated loading action. A relatively smooth surface 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 surface experiences cyclic loading as the asperities 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 surface is not favored because of
a triaxial state of highly compressive stress which exists just below the
contact regions.

(4) Once cracki are present (owing either to the crack nucleation
process or to pre-existing voids), further loading and deformation causes
cracks to extend and to propagate, joining neighboring ones. The cracks tend
to propagate parallel to the rurface at a depth governed by material prop-
erties and the coefficient of friction. When cracks cannot propagate because

*Tho Increment of permanent deformation per asperity passage is small compared
with tihe total plastic deformatlon per psMmie (which Is almost completely reversed). This
necounts for the dissipation or energy (I5, 15 1.



of either 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 is 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 above in order to establish our current 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 subsurlace
crack propagation process but their aspect ratio may be larger than urity.

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 asperities 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-steel

(a) (b)

Fig. 1. PlastIc deformation of the original asperities on machined AIl 1018 steel during
cylinder.on.cyllnder wear tosta: (a) sliding perpendicular to the machining marks, 2,0 pm
(c.s.a.) -urface finish, under a normal load of 0.91 kg after 0,2 m of sliding: (b) sliding
narallel to the machinig mark.., 3.3 Jm (0.i.a.) surface finish, under a normal load of
0.35 kg after 0.25 m of sliding.
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Fig. 2. The deformation of substrate asperities due to the sliding action on a thick plate
of Au on an AISI 1020 steel aubstrate,

interface of gold plated AISI 1020 steel due to the surface traction exerted
on the gold surface by an AISI 52100 steel Glider. 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
(iLe. 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 equally plausible explanation for the Beilby layer is 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 250 - 600 A were formed
at the surface of worn copper specimens [17).

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

S!V
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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 sur face layer
rlh(I plastic deformation of an elastoplastic surface layer under the

influence of' normal and tangential loads exerted by a hard asperity has been
analyzed in the companion paper by Jahanmir and Sub [15]. Qualitatively
the plastic deformation occurs in such a manner that the shear strain
component in planes perpendicular to the surface accumulates incrementally
each time a hard asperity passes over the surface, The depth of the plastic
deformation zone and the plastic strain 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 not 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
exuct magnitude of the normal and tangential loads exerted by the hard
asperities 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
ausumption when the tangential load is absent, but it is a poor assumption
tinder a typical sliding situation. For this latter case, Green 1181 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
perfectly plastic, solid. Even this analysis in of limited value since it cannot
accurately predict the ooefficient of friction unless an arbitrary assumption
is made that some of the junctions support significant tensile loading. This is
a result of neglecting the plowing action at the surface Further evidence that
the normal stress at the asperity-- surface contact iý. not equal to the hardness
is provided by experimental results. The experimentally observed plastic zone
depth is a strong function of the flow stress, lat. the higher the flow stress,
the shallower is the depth of plastic deformation. It the contact stress at the
surface Increases in proportion to the hardness, the depth of the plastic zone
should be approximately constant,

It has been 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 in slid against a herd surface
[31. This increase may be due to experimental difficulty in measuring amall
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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) or cyclic hardening. 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 considered, 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
assumption of isotropy. It is well known that worn surfaces have toxture and
are thus not Isotropic. Buckley [ 191 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 a worn material
vary as a function of the depth from the surface, which is ignored in the
analyses done to date, Although the microscopic mechanisms responsible for
the heterogeneity 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 paper on the delamination theory of wear it was reason-

ed that crack nucleation Is likely to occur away from the surface rather than
very near the surface owing to the high hydrostatic compressive pressure
acting near the asperity contact. The analysis presented In the companion
paper 1151 shows that this is indeed the case. The analysis assumed that
crack nucleation occurs when the radial stress acting at the interface
between a rigid cylindrical inclusion and the matrix reaches a critical value.
The radial stress was computed by considering both the stress accumulated
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 than four times the critical shear stren of
the metal, the rate of crack propagation per loading cycle vie-A-vis the crack
nucleation rate in an elastoplastic solid appears to be the wear rate determin-
ing process in the range of friction coofficlents investigated (i.e. y > 0.125).

t<
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It is also interesting to note that crackii are nucleated at a greater depth as
the normal and tangential applied loadii increase. Furthermore, the size of
the region over which cracks nucleate also increases with increased applied
loads.

The cruck nucieation analysis 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 strews 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 carblde-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 :%nd microstructural evidence for the crack nucleation
predicted by the delamination theory is overwhelming. As the paper by
Teixeira et ol. [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 decreases
the rate of plastic deformation and the decrease in the frictional coefficient
results in crack propagation at a shallower depth and a lower crack
propagation rate. The relative importance of hardness and of the number of
crack nucleation sites is more dramatically illustrated by studies of precip-
itation hardened two-phase metals. The maximum wear resistance is
exhibited by a metal that still has coherent precipitates rather than by a
specimen which has a higher hardness but which has incoherent precipitates
[221. This shows .Att 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 [231. 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 internaily
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 must 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 mechanism of crack propagation

WTmIs in true only If the solute does not grosgate at pain boundaries and does not m

,hus lower the ductility.

:. k•. . .. .•• . . ... . . . . .. .....



parallel to the surface ib 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 came when the coefficient of friction is very low and/or 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 companion
papers.

The stress analysis given by Jahanmir and Suh (151 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 analysis can be applied to the crack tip. The crack propagation
rate is always constant regardless of the total crack length, because only that
portion of the crack which is in the tensile region contributes to the stress
concentration and to crac!l tip opening and it thus controls the crack
propagation rate. The analysis shows that the stress intensity factors reach
maximum values 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
wear 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 seizuire which occurs when a sliding interface is
deprived of a lubricant can be explained in terms of the delamination theory
of wear. In a geometrically confine:! (i.e. stiff) system the tangential
component of the surface traction increases 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 stres behind the asperity contact parallel, rather than perpendicular,
to the surface (Fig. 3). One reason for this is that the imperfections at the



EA

-' 1? 'r

4'IRW VITO LIOT IS 3 Y19L

(a)_ __

r 14

AWMRVCTR/ NT I S I I IOXf OR1 MPAI II %

Fig. S. The strees field uander an asperity contact (coefficient of friction" 1.). (lAnes show
the directions and magnitudes of principal stromug, arrowheasd Indidcaet signs and "p
Indicaets plasticity.) (a) An elikstoplastla soild (finite elemeant solution, applied load I * *.J

125, load vectoris not to scale).



10

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 coompression 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 causes the crack to propagate a short distance, The stress
concentration at thes( crack tips can be large owing to the finite length of
the crack in the tensile region. For these reasons, in elastoplastic solids cracks
can propagate parallel to the surface. Evekz In extremely brittle solids cracks
may proprgate parallel to the surface if subsurface defects exist in the form
of microcmacks. 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 trailing edge of the asperity-surface contact.

The analysis given by Fleming and Sub [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 priori. 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 explains a number of
experimentally observed phenomena in addition to the crack propagation
mechanics discussed, e.g. it is clear why the wavineas of a sliding surface
used in a geometrically confined system can accelerate the wear rate. It was
shown by Suh and Nagao [91 that the increase in surface traction, especially
the tangential component, can create thicker wear particles and can 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 tlhe 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 that the
underside is facing the direction opposite to the slider motion (Fig. 4), This
direction is opposite to that of similar flat particles formed by the deformed
asperities and thus enables an easy separation of particles formed by sub-
surface crack propagation from those formed by deformed asperities.

In research on wear, a knowledge of the rate deterroining 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 clearqy the crack propagation rate once the surface
traction Is fixed by experimental conditions and by the materials, However,
the wear rates of pure elements and of solid solutions are initially controlled
by the deformation sates which are controlled by hardness and the frtction
force. The frictional force is in turn controlled by adhesion and by a flow
stress parameter that is probably related to hardnes. There can be deviations , . . .

! • • - ,-- --.....- - . .. . ...... . •,--.• • . .- i•' ... .



Fig. 4. Wear shoet formation in an Iron wilid solution. Noto that the sheet is lifting up
opposite to the sliding direction. (Mhe sliding directionin~ from right to left.)

from this if impurities segregate to the grain boundaries and if the stacking
fault energy in significantly affected by the alloying elements. Once cracks
nucleate In these metals, the sitwface traction will determine those cracks that
will propagate the fastest. Tlieref')re, 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 importanrce of each step
in this process cannot be specified quantitatively a priori, In between these
extreme wear behaviors of single-phuse metals and of internally oxidized
metals lie the behaviors of precipitation hardened alloya. In the materials
tosted by Jahaamir et at. 1261 and by Saka .1 aL (221, the crack propagation
rate again seems to be the phenomenon that controls the wear rate, since the
number of cycles required for crack nucleation is much smaller than that
required for crack propagation. When the ietals are so hard that gross
plastic deformation does not occur under the applied load, the crack
nucleation rate may become the rate determining process.

D~islocation dynamics and sliding wear

In the original paper on the delamination theory of wear (1 one
postulate 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 [141 and of
Ruff [27 ]. An attempt will be made here to clarify what is known about
this problem and to determine where further clarification is required.

Suh speculated that, since fresh surfaces free from a coherent oxide
!ayer may be generated when asperities move over a soft surface under a
heavy load, generated dislocations may experience sufficient image forces to
be pulled out of the surface. Consequently, there may be a finite layer (less
than 1 Mim in typical commercial grade metals) in which the dislocation
density is lower than that in the layer below it. Such a layer may undergo
large plastic deformation without fracturing, since normal fracture mech-
anisms which depend on dislocation interactions may not be operative. There
is evidence that dislocations do indeed experience such a force (e.g. see ref.
28) and that there can be a flow stress gradient near a deformed surface, as
shown by Fourie and Dent [29), who found the surface to be softer than
the bulk. In contrast, Kramer [30] claims that the surface is harder,

Hirth and Rigney [14] advanced the argument that the surface can be
either 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 purety 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 dislocation density reaches a "saturation"
value at relatively low strain vis-&-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 residual strain measurements to
the actual flow stres existing under sliding situations. Second, there is a
question of how effective an electron channeling experiment is when a sur-
face is made up of a composite layer, as discussed earlier.

Van Dick's experiments, which showed that the worn surface of metals
consists of fine grains of 250 - 600 A, indicate that such metals should have
a i,.gh yield stress at the onset of plastic deformation [171. However, these
fine grained metals alro show plastic instability at small strains under normal
tensile loading conditions, with subsequent plastic deformation at low stress
[32]. Whether the fact that the frictional force of metal specimens plated
with a very thin layer of a softer m6tal decreases from a high value during
the early stage of wear to a lower value at steady state is related to this
behavior of small grained metals is not known. However, it offers an interest-
ing possibility.

The behavior of dislocations near a surface still requires further under.
standing and clorification. It is unlikely that the controversies involved can
be resolved in the near future in view of the difficulties involved in perform-
inr definitive experiments. Even the hardness tests performed in the past
may be unreliable in that the flow of metals under sliding conditions occurs .
parallel to the sliding direction, whereas this is not the cea 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 [33J.
Thif 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 surface traction; phase transformations; and/or increased diffu-
sion across the contact interface. The experimental results preremted by
Sake et al. (331 indicate that the effect of these changes, except perhaps
the effect of the increased diffusion rate, may only be changes in the details
of delamination wear (e.g. where the cracks nucleate etc.) rather than
devilttlons from the fundamental mechanisms postulated by the delamination
theory of wear. This is in contrast to the notion advanced by Quinn 134]
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 111] 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, wherea glassy thermosetting plastics
fail through crack nucleation at the surface and pure thermoplatics fail
either by surface melting or by continuous deformation. When the material
in highly anisotropic and when plastics are reinforced by large diameter fibers,
the strens field and the mechanisms of crack nucleation and propagation may
be significantly different [35J.

The effects of lubricants on sliding wear

Lubricants are applied either to eliminate or to minimize metal-to-metal
contacts. This reduces the tangential componcnt of the surface traction and
distributes the normal load over a larger surface area (in the caue of hydro-
dynamic lubrication) and thus reduces the wear rate significantly. When the
applied normal load is very small, gross plastic deformation may be entirely
eliminated. In this case, wear may be due to microplastic deformation, to
crack rucleation through dislocation pile-up in hard metals, and to the
formation c' adhesive junctions.

Chemical reaction between the additives in lubricants and the metal
Ssurface is also possible. The formation of hard layers (@.I. sulfide and oxide)

IL . ..



14

on the metal sueface has been discussed (36] and the glassy behavior of
lubricants in elastohydrodynamic lubrication has been considered (37).
However, the effects of these on wear have not been established. One of the
interesting possibilities investigated at MIT is preferential chemical reaction
between constituents of the lubricant and the heterogeneously 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 can occur between the lubricant and the deformed
metal surface will occur fastest at the regions of highest strain energy. When
the reuction product is not mechanically compatible with the original matrix,
cracks may form.

Wear under combined loading

'[he possibility that the initial phase of fretting wear may be caused by
the delamination process was discussed by Suh [1], Waterhouse and Taylor
[121 and van Leeuwen [38J. One of the basic questions often asked in this
area is: "where do the cracks form - at the surface or at the subsurface ?"
The anawor to this question depends on the state of stress and on the relative
displacement between the ss;rfaces in contact. When a bending type of
fatigue loading is applied to a shaft and the stress exerted by the inner race
of a bearing reinforces the maximum bending strew, cracks can nucleate
perpendicular to the surface near the ends of the inner race-shaft contact
area. However, If there is a large relative displacement between the two
surfaces, cracks may form at the subsurfoce parallel to the surface.

When the bending 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 analytical work done to date supports the
poetulates of the delamination theory of wear for the sliding wear of metals
and other plastically deforming solids.

(2) Thot wear rate of metal may be predicted 1ir the near future, based
on first principles and fundamental material properti.s.

(3) Further work needs to be done to provide a more complete
description of the behavior of metals near the surface and of the exact
mechanisms of load transmission at asperity-strface contact pointa.

:1:
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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
state 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 below the sur-
face after 1 - 10 asperity passes. During subsequent passes void nucleation
becomes possible deeper below the surface. The number of passes required
for void nucleation at a given depth is found to decrease with increasing fric-
tion coefficient. The analysis indicates that either void nucleation or crack
propagation can control the wear rate depending on the materials and the
sliding conditions.

Introduction

In previous publications by the authors 11 31 sliding wear of metals
woo shown to occur by the process of delamination. The delamination wear
proces consist:, of plastic deformation of a surface layer of finite thickness,
of void nucleation and of crack propagation below the surface. It was
reasoned that voids around either inclusions or hard second-phase particles
could nucleate only below a certain depth fhom the surface owing to the
large hydrostatic pressure near the asperity contact and only above some
other depth owing to the decrease in stren and deformation with distance
from the contact.

*Preaont addreus: Depattnhnt of Mechanical Engineering, University of California,
Berkeley, Calif. 94710, U.S.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 is affected hv the magnitudes of the normal and tangential
forces at the asperity- .surfaLo contact. The analysis is also used to determine
the number of asperity passes required for void nucleation and to determine
whether void nucleation or crack propagation is the controlling mechanism,
(The mechanics of crack propagation are analyzed in the companion paper
141.)

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 prevent 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,

Review of the literature on void 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 unilxial tension or in pure shear testing has been the
subject of extensive investigations, both theoretical and experimental,
Although the state of stress and strain in wear is different from that found in
uniaxial testing, some similarities in void nucleation have been observed (5].
Therefore a review of the literature on void nucleation in simple testing is
instructive in understanding and analyzing the void nucleation process in
delamination.

Some recent reviews of the subject are given by Mogford [61, Rosenfleld
[7], Rogers 181 and Argon et al. [9], Although the process io not yet
completely understood, some facts are clear. The experimental results
indicate that voids nucleate from hard particles by either particle--mmatrix
separation or by particle fracture, Generally, matrix-particle separation is
the mode if the particle@ are equiaxed and particle fracture is the mode for
elongated particles. Here only equiaxed 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, namely the energy criterion, the local stress criterion and the
local strain criterion. Ourland and Plateau (101 proposed that voids at thei
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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 he generated. A more recent and complete analysis of Tanaka
et al. [11t shows that in a purely elastic situation the energy criterion is
always satisfied for particles larger than 25 nm (250 A) when the stress
almost reerches the yield atress. However, in many instances much larger
particles have been observed to remain attached to the matrix even at strains
much larger than the yield strain, Thus the energy criterion is a necessary but
not sufficient condition, It follows that for very small particles (smaller than
25 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 112 - 131 analyzed void nucleation by considering local
stross concentrations due to dislocation pile.ups at inclusions (this idea was
proposed by Zener [141), However, this 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 1151 introduced a stress criterion baaed on a
dislocation model for void nucleation in which it is considered that the
dislocations generated by primary slip interact with the dislocations generat-
ed by secondary slip at particles. rhese interactions form revere pile-ups
and can build up to cause a large tensile interfacial stress at the particle---
matrix Interface. Ashby's dislocation model was later modified by Brown
and Stobbs 1161 to include an energy argument for void nucleation,

McClintock ['17 ], in considering an elastic-plastic continuum analysis
of stress distribution around cylindrical inclusions in unti-plane shear, found
that large strain concentrations can develop around rigid inclusions in a non-
hardening matrix. He therefore suggested a local strain criterion or a criterion
which is a mixture of a local interfacial shear strain and a local interfacial
tensile stress.

The above review on the criteria for void nucleation indicates that, for
void 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 criterion becomes the necessary and sufficient
condition for such particles. (Since the strain criterion has not been develop-
ed to a point that can be implemented, 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 preferable depends on the size of the particles. For
particles amaller than 1 j.m, the dislocation analysis of Ashby is suitable,
whereu for larger prtticles continuum mechanics is simpler and more
appropriate since the slip plane spacings are much smaller than 1 pm. Several
continuum mechanics analyses of void 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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lie found a maximum Interfacial tensile stress which was independent of
boundary shear strains. However, physically this stress muot depend on the
boundary shear strain, Orr and Brown [19] found an interfacial tensile stress
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, i.e. boundary shear strain
independenL stress in Hluang'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, 211 analyzed the process of void nucleation arounsl
rigid inclusions of circular cross section embedded in an elastic-plastic
matrix in plane strain subjected to pure shear and superposed hydrostatic
tension. They demonstrated that the interfacial tensile stress must be
limited by two solutions, Following Rhee and McClintock 1221, an upper
bound solution was found by assuming the matrix to be incompressible and
linearly hardening (with zero yield stress), and a lowor bound solution was
found for an elastic perfectly plastic matrix. The two limiting solutiona
yielded very cluse 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

ly,, I y(IP) + Uh (1)

where a,, is the maximum interfacial stress, y(f") is the yield strength of the
material and uh is the hydrostatic stress. Void nucleation is then possible if
a,, reaches 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
particle-matrix adhesion can be increased by a small addition of an alloy to
the matrix, which increases the ductility 123, 241, (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 stress is present and that void nucleation can be suppressed in
the presence of a hydrostatic compressive stress, Sifficient experimental
results have been published to show that in fact void nucleation is suppressed
in the presence of a large hydrostatic pressure [25 - 271 and that ductility
under uniaxlal testing [281 or under shear deformation [291 can be increas-
ed by superimposing a large hydrostatic pressure.

State ol stress under a sliding contact

The investigations on void n , -leation from hard particles reviewed in
the last section were all for unlaxial tension or pure shear loading. The state
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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 [301 and Johnson and
Jeffries 131J. ThIs method of solution, 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 itresses at the contact are designated Po and qo, respec-
tively. In order to find the state of stress in the moving plane, pn and qo
must be first specified.

It is well established that in the sliding of two surfaces with applied
normal and tangential loads N and T, the contact is made at asperities of the
two surfaces (Fig. 2(a)). In order to simplify the problem, it can be assumed
that tihe lower surface is smooth and that the upper surface is rough*

-T

IIF
(a)

earOliy sIagos o /

Fl5. 1. A model of.a contact between a stationiry rillid asperity and a moving elastik
perfectly plastic ha~fspaee,

Pill. 2. Contact of two sliding snrfaaeas: (a) a physical model, (b) an Idealized model;' '
(c) c model of a singie contac~t. , .,.

irThli Ia a rea~onable assumption since the surface becomes very an •(oath during the, ,, .-..
early atage~s of sliding. ,.i .- ,,- .• .

"K , Wrt



22

(Fig. 2(b)). Therefore, in order to analyze the state of stress in the lower
plane, one asperity contact is considered, as in Fig. 2(c). The main problem
is to find the stresses P and Q at the contacts. If it is assumed that the
stresses are the same at all contacte, 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 p is then found:

ST/11 - 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 Q can
be obtained (Fig. 3(b)). Green's analysis applies to a rigid perfectly plastic
material and Q 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 -long tie
contact for friction coefficients larger than 0.38. This means that for large
friction coefficients the lower body remains rigid, which is plysically un-
realistic. If the adhesion is "weak" (the contact shear Ptrength is less than k),
the maximum Q is lowered further,

If plowing occurs at the contact, Q can be larger than k and the slip-
lineo 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 strew Q can be larger than h. It should be noted that under this
assumption the yield condition is violated very near the surface by the
simple contact configuration assumed, since the actual surface configuration
cauw! by plowing is not properly accounted for in the analysis. Nevertheless
the St. Venant's principle and the Merwin and Johnson solution guarantee
that the yield condition is catisfied everywhere below the surface (i.e. away
from the surface).

P/h

5

4

2

C' 'g,. . .

(a) (b) 1 it QA o,,,'

Fig, 3. A slip line analysis of adhesive contacti (a) Green's slip line lieldl (b) the yield
locus reInting nornmal and tangential applied stmases.
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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
cows in which the local applied normal stress Po 4k and local applied
tangential stresses qO ranged from 0 to 4k are given in Figs. 4 - 9. The
plastically deformed region under steady state sliding is shown in Fig. 4. It
should be ntaed that for 7ero friction a state of shakedown is reached and
the steady state deformation is purely elastic. The size of the plastic region
increases with increasing friction coefficient. For friction coefficients smaller
than 0.5 the plastic region is below the surface, whereas at larger friction
coefficients the plastic region exte*ds to the surface. The large size of the
plastic zone in front of the asperity for large friction coefficient is surprising,
Perhaps this is due to the fact that plowing was assumed for the stress
boundary condition but the displacements for plowing (i.e. raised material in

.. . . 4k

S ..r.o*2 .

0.7

10

a.2.
y/o .

Fig. 4. 8taedy state plastic deformation regions for different friction coefficients

-2,0 ,.1,0 90 It /a

p3005 .

.,/, 1 . -,.

• • •. • : •'~~~ig, 5. The steady state xx component of the stress YA a funett ,wo of do•pth and of x. ••, •.•••.:
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front of the asperity) wore not considered. If the solution wore 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 a,,, cr,, and a,, at various
depths are given in Pipa. 5 - 7. (Thei coordinates are desk..r~bed In Fig, 1.) oxx
in always compressive, whereuas becomes tensile behind the contact and
close to the surface. This tensile zone hus also been found in obtaining a
similar solution by ai finite element method [34). The distribution of steady
state residual stress (O.,,)r is given in Fig. 8 for different friction coefficienta..
(As shown by Merwin and Johnson the only possible residual stresses are

Sand na,,.) Figure 8 shows that the residual stress io oompressive and that
its magnitude for large friction coefficients is largest near the surface.

The steady state increment (6,Y~), of shear strain for each passage of a
slider asperity is given in Fig. 9. If the friction coefficient is large the
increment of shear Fitraln is largest at the surface. It should be noted that

- 0.0. I a0" 15-
05

1.00

.0.4-

old
-0.9

0.35

Fig. 6. The steady state ~y comlvn- nt of strew - 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 (6 , ), 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 Am, that there.
fore the energy criterion for nucleation is satisfied and that the problem can
be treated by continuum mechanics, It is also assumed that a stress criterion
can be used for this case, i.e. that void 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 cylindrical 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
accumulated plastic strain. It is assumed that the interfacial normal stress U.r
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 around inclusions do not interact, i.e. that only
one inclusion need be considered.

In order to find the stress due to the accumulation of plastic shear
strain, the solution of Argon et aL. [91 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 6,,. The point is then considered as a small element with the
shear strain 6,,., applied at the boundaries. It is assumed that a rigid cylindric.
al particle is inserted at the center of the element u shown in Fig, 10, The
shear strain 8 , develops an interfacial normal stress a,, around the particle,
where o, is a function of 5,Y:

It is asumed that during cyclic sliding un depends on 5 , as shown in Fig. 11
(an elastic perfectly plastic relationship). The shear strain 6,, is the total
accumulated strain and it is increased by incrrments of (6 ,J, )r after eachasperity pass, According to Fig. 11, the rmaximum o, is developed when

6,1 m 6 - kIG (6)
where 8 y Is the yield straiM in pure shear and 0 is the elastic shear modulus.

*An attempt ws made to fand the interfaclal normal stress siound particles by .
using a finite elemnt program, Howe.vr, the finite element method was found to be very
expensive for this ptoblem and it wax discontinued, .~i4 ,, , , /.." - - _ _N
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Fig. 10. A rigid cylindrical Inclusion subjected to pure shear strain,

FIg. 1 I. Elastic perfectly plastic normal stress-shear strain curve for the model of Fil. 10.

The number of slider asperity passes before the maximum oa is developed
can be found since the shear strain increment per pass (6 , ), at a given depth
is known from the overall analysis, From the assumed relation between or,
and 5 , given in Fig. 11 the maximum o,. due to accumulated plastic strain
is equal to vyJk. However, a, depends on the angular position 0 around the
particle or

(Orr)i - •/•h sin 20 (7)

vwi:.ere (or), is the normal Interfacial stre-s due to the cumulative plastic
deformation around a particle locaed at a depth y below the surface.

In order to find the maximum interfacial normal stress or due to the
ntate of stress under the contaut, Argon et al, 'a criteria (eqn. (1)) may he
used. However, thi- xtr-m,.e at each point must first be transformed to a state
of maximum shear stress and hydrostatic stress by using Mohr's circle.
Following the procedure of the last paragraph, it is assumed that the stresses
act on an element and that a particle is inserted at the center of the element
(Fig. 12). Therefore, using eqn. (1)

(owh)e r..•mae sin 2( ) + oh(8)

wheve {.is the maximum shear stress at the point (x, y), 0 is the angle
from the x axis to the axis of the maximum positive shear stress and ai, is the
hydrostatic stress at \x, y); V appears in the equation since the von Mimes
yield criterion was used,

Fig. 12. A rigid cylindrlcal Inhltsion subjected to a general nstat of straw,
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The total oa, due to both the applied stress and the accumulation of
plastic shear strain is found by adding eqns. (7) and (8). The maximum u,,
which occurs at some angle 0 - 0o can be obtained for each point (x, y):

(U i~ sin 20u + ,'Yrm.x sin 2(0o--) + Uh (9)

As was shown above, the number of slider passages before (ca)m.n cWn 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 stress and the residual
stresses and st"ains.

The "nominal" stress solution used in the Merwin and Johnson mothod
was the elastic solution for elliptically distributed loads at the contact, from
Smith and Liu [351, The contours of constant (c.)m.A found from eqn. (,j
are plotted in Fig. 13 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
(Od)m.x is compressive immediately below the contact and attains its largest
values in front of thq slider, well below the surface,

If the particle-matrix bond strength is equal to 2k, Fig. 13 shows that
the size of the region in which void nucleation is possible decreases with
decreasing friction coefficient. The size of the void nucleation region Is
smaller for a stronger particle-mWxi bond. The figures show that voids can
only nucleate well below the surface (o, > 2k), which is consistent with the
subsurface observations of wear sarziplei, in previous publications [1 3].

The minimum and the maxinvmun depth of the void nucleation region is
plotted in Fig. 14 as a function of the friction coefficient for applied normal
contact stresses Po of 4k and 6k. The range of depths for void nucleation
incressi.s with increasing friction coefficient for both applied normal strease&
but the voids can nucleate deeper below the surface for a larger applied
normal streu. It I! interesting to observe that, at Pc - 6k and for a zero fric-
tion coefficient (.vhiclh applies to a case of pure rolling), void nucleation is
possible in a small region. However, at po = 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 void nucleation region (u,, > 2k) is plotted in Fig. 15
against the number of pauee required to reach the maximum u, at each
depth, for different friction coefficients and Po of 6k and 4k. At a given
depth as the friction coefficient increases a smaller number of passes is
required for void nucleation. It should be noted that voids first nucleate at
the minimum depths only after 1 10 asperity passe (depending on the
friction coefficient and the normal load); as the number of passes increases,
the void nuwleation rogion moves deeper below the surface.

It should be pointed out here that calcul-: Ion of the interfacial normal
stres at inclusions by superposing that due to the cumulative plastic
deformation and that due to the applied stress violates the yield criterion. , -
"This violation occurs because for an elastic perfectly plastic material an

'I ,S- , ,
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Pig. 13. Contours of conatAnt (O)m~x around an inclusion for coefflilents of friction of
• 1.0, (b) 0A and (c) 0.25.

cannot excied the yield stress, I.. j1, and the solution may not be correct
for a. > .tlk. However, if the voids nucleate when a , - Vnk, the stresses
can tqlax and the yield criterion can be satisfied. The solution, however, doe"
indicate that voids nucleate below the surface and that the depth and the
number of paemes depend on the friction coefficient and on the applied
normal load, , . ,
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Fig, 14. Depth of void nucleation region so a function of the friction coefficient for two
applied local normal strases,

In the analysis of void nucleation It wu assumed that the hard partloies

were rigid, However, in real materials the particles have some elasticity,
which would reult In values of u., smaller than the ones calculated by the

above procedure,
As was pointed out by McCllntock (17J, the criterlon for void nuclei.

lion from large particles may be a combination of a local shear strain
criterion and a local interfaclal tensile stron criterion. In the above analysli
it was assumed that the local sAtre criterion was suffiolent. This assumption
may be s good approximation for equiaxed particles but not for elongated
particles. In the analysis of elongated particles the local strain concentrations
ase large and void nucleation generally occurs by particle fracture. Therefore,
as the particles become more elonpated, the local shear strain criterion for
void nucleation may become the dominant criterion,
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Fig, 15, I•ipth of the void nueleution relion asa function of the Motlon coefficient and
thps number of uperity pamw: (a) pO - 4k. (h) pO- 6k.

Discussion on crack propagation

Once the voids are nucleated from hard particles they will become
enlarged with repeated passis of the milder upbrititt, Furthermore, cracks
ean develop from these cavities either by void coalescence or by crack
propagation between the voids. The proceu of void growth has been analyz.
ed for pure sheer [861. Void eoaleoence for hydrostatic tension has also
been analyud [37 - 891. However, the analysis of this process during
delamination wear seems complex and hbu not tmen done.

i'" I Ij"0
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When the subsurface cracks reach a certain length (by void coalescence
or crack propagation between the voids), the stress intensity factor at the
crack tip can become sufficiently large to propagate the cracks by some
increment after each pass (similar to fatigue crack propagation). Fleming and
,iuh [4] analyzed this process. A maximum stress intensity factor exists
behind the contact and at a certain depth helow the surface, This may cause
crack propagation parallel to and below the surface, which has been observ-
ed .xperLmentally [1 -

Comparison between void nucleat'on and crack propagation

In materials which contain hard second-phase particles or Inclusions,
void nucleation and crack propagation inust occur to generate the wear
sheets. Therefore It is of primary Importance to determine which one of
these processes Is the rote controlling mechanism. A qualitative comparison
based on experimental results can be made between void nucleation and
crack propagation.

Subsurface observations [1 31 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 material such as
spheroidized 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 some insight into the process.

The model in Fig. 16 is used to determine approximately the number
of asperity passes required for wear sheet generation by crack propagation.
The lower cylinder of diameter d (the specimen) is rotated at an angular
speed w. The upper block is stationary and makes a contact with a length L
and a width L. It is assumed thut the specimen wears in layers 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 - nwdLh/R (10)

If the asperity contact spacing is assumed to be A, the number of asperities
per length of contact is L/I. This corresponds to the number of asperity
pases per revolution. Therefore the totrl number of asperity passes required
for removal of one layer of material Is given by

R L
N---- (11)

Since the worn volume V per revolution can be determined experimentally,
the number of layers removed per revolution can be calculated from eqn.
(10) if the thickneis of the sheets and the sie L of the contact to known.
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Fig. 16, 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 I
For an AISI 1020 steel specimen of diameter 6.3 mm rotating against a

52100 steel slider under a load of 2.25 kg in air, the wear rate in 2 X 10 "

In 3 rev I and the friction coefficient is 0.5. If the apparent contact length
L - 2 mm and the asperity contact spacing X is assumed to be 100 urm and
the wear sheet thickness h is 2 urm, then

R n(6,3 X 10"s)(2 X 10s)(2 X 10')
- .. .- 2"--1----~-.-•'- 400 revolutions per layer2 X

N -400 -02 X 103-- 8 X 103 asperity passes

100 X 10-

Example 2
For the same material as in example I but tested in argon, the wear rate

iW 7.5 X 10 s ms rev I and the friction coefficient is 0,85. If L - 400 mm,
h - 10 jum and X - 100 mrn, then

R #(6.3 X 10 3)(4 X 10- 3)(10- •)

n 7.5 X 10- T13 1,1 X 10s revolutiono per layer

4 X 10m
N - 1.1 X 101 i00 X 10-0 - 4 X 104 asperity passes

The above examples indicate that approximately between 10' and 104

asperity passes are riequired for wear sheet generation, If only ten of thew
passes are needed for void nucleation, the rest, i,.e. (10 - 104) - 10 or
approximately 10' - 104 pases, are neceuary for crack propagation. In

example 1, if the length of the wear sheets is 100 )m, the crack growth rate

" " .7. I.)
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per cycle dC/dN becomes approximately 1 0 p pm pass which is very
small. For the second example dC/dN i8 about 2.5 X 1.0 p• pm pass 'I.
Therefore, the subsurface crack propagation p)ro:ess is the rate controlling
mechanism for metals in which void nucleation can occur readily.

Discussion and summary

The delamination theory of wear postulated that voids can nucleate
below the surface but not at the surface I 11. 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 void nucleation. rherefore, 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, Even though the analysis presented
here is approximate, it shows excellent agreement with the above postulate
and with experimental observations of wear.

It was shown that void nucleation is 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
first nucleate in a small region below the surface only after 1 - 10 asperity
passes. During subsequent passes v(,jd nucleation becomes possible at larger
depths below the surface. The number of passes required for void nucleation
at a given depth ww found to decrease with increasing friction coefficient,
I.e. a larger number of asperity passes is required for void nucleation under
situations where the friction coefficient 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 Hituations where void nucleation can
occur easily crack propagation may be the rate controlling mechanism, This
is the case for metals of medium tensile strength and a large fracture tough-
ness (such as 1020 steel) under high friction situations. Hlowever, if void
nucleation Is extremely difficult but crack propagation can occur easily for a
given material under a given situation, void nucleation can become the
controlling mechanism, This case could arise for metals of high tensile
strength and low fracture toughness under conditions of low friction
coefficients.
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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 residual stresses and strains during cyclic sliding. The
procedure was fint developed by Merwin and Johnson [80] for rolling
contacts and was later modified [31] to be used for sliding contacts.

The general problem is simplified by assuming that an elastic perfectly
S* plastic plane slides with a speed 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. I of the
main text and associated with the stationary surface, e,. is zero and all
stresses and strains i're independent of z.

A brief descriptions of the procedure
The analysis is performed by the following steps.
(1) The steady state residual streusse and strains in the plane x-y are

assumed to be sero.
(2) A fixed point in the plane is considered (initially at x - and . '

Y "Yo). Since the contact is far away from the point, the state of stress is..

i . i 
,, . , . IS
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calculated by superimposing the elastic and residual stresses. The stresses 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 cPakulate the state of
stremi for successive movements of the point, assuraing that the totod strains
are the same as that given by elastic relations.

(4) The Prandtl.-Rueu equations arc integrated using Gill's modification
of the Runge-Kutta method to fourth order.

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

(6) Since no attempt ix made to satisfy equilibrium during the cycle,
the final state of stress violates 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.

(7) 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 strains is
reached. (This is when the residual stresses and strains found in step (6) are

Set teduIS...... ..

Sis . .....

Filg. Al. A flow chart for the numericafl cakiulatloi of stren and strain tinder a sliding ••,•
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not significantly different from the residual stresses and strains at the
beginning of the cycle.) The final result is an approximate solution of the
steady state stresses in a sliding contact at a given depth,

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

The preceding method was programmed in DOC FORTRAN IV
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 i•n Fig. Al. It should be noted that the DOC FORTRAN IV language
used differs from ANSI FORTRAN IV (especially in Its handling of DATA
statements) so that the program may require modification to run on another
computer.

Discussion of the solution
The final state of stres and the residual stresses and strains calculated

by the above procedure is an approximatA: solution for the case of steady
state sliding (I.e. when the residur-J stresses become constant and the pseudo-
residual stress in the y direction becomes zero). Merwin and Johnson
conbidered the integration cycles before a steady state is reached to be the
actual transient solution but this is not necessarily correct since it is only
after the last integration cycle that the pseudo-residual stress in the y direc-
tion approaches zero.

The assumplion of allowing the total strains during plastic deformation
to be identical with the elastic strains is reasonable for low friction coeffi-
cients (i.e. less than 0.5) since the region which contini .y deforms
plastically is contained by an elastic region around it. ', .terefore the total
strains cannot be much different thnn the elastic strains. For larger friction
coefficients one boundary of the plastic region 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. H-owever, it
should still be reasonable deep below the surface near the elastic-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 elastic strain gradients at x w ± a, The solution
also becomes unstable in that the residual stresses do not converge to steady
state values very near the steady stote elastic-plastic boundaries for low
riction coefficients (lowey than 0,B). However, there is no problem at a

small distance from the elastic-plistic boundary inside the plastic region.
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Summary

A mathematical model of subsurface crack propagation in sliding
contact is developed. It is shown that linear elastic fracture mechanics may
be applied to such problems, even for elastoplastic solids. An equation to
piedict wear rates is derived, which should apply in delamination wear to
materials in which crack nucleation is easy. Results of calculations of stress
Intensity factors for various subsurface cracks and coefficients of friction are
presented. The ni~merical calculations were done only for coefficients of
friction greater than 0.5.

Tlhe calculations show that there is a characteristic crack propagation
depth below the surface, 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 cornpar-
ison between these calculations 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 hardness
iiometimes incrmease wear. A possible explanation for seizure in geometrically
constrained Bystems is advanced. The model may be used to predict wear
rates from first principles in the near future.

Introduction

The first paper I I in this issue of Wear anid its list of references
preaentod an ovorvlew of the current state of the delamination thebory of
wear and the evidence supporting it, Sufficient experimental evidence is now

* available to justify the acceptance of delamination as a wear mechanism in
sliding wear. In addition, physical reasoning and a quilitative understanding
of the delamination theory has been used to reduce wi~ar by several orders of
magnitude under experimental conditions. 'Me next step In the development
of the theory must be mathema~tical modeling of delamination wear. .

The study of wear has two major purposes: to predict wear arnd to
reduce wear, Mathematical modelo are necessary in order to predict wear
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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; transmission 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 [21; although some insight has been gained, the analysis ham not yet
been used to formulate an equation to predict wear. This paper is dedicated
to modeling crack propagation in delamnination wear, and to developing an
equation to predict wear rates.

In developing such an equation, it must be assumed that crack propaga-
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 nuclea-
tion which must precede crack propagation; it is conceivable that the
deformation rate or nucleation rate can control the wear rate. However,
Jahanmir and Suh (21 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
materials can be greatly deformed during sliding [3], we feel that crack
propagation will control the wear rate in many common metals.

A modal of crack propagation

In developing the model, several aspecta of the sliding process must be
considered, First, a wearing surface generally becomes very smooth (1].
Second, the distance between asperity contacts is generally large compared
with the asperity contact size (since the real area of contact is so 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 11r proportions
lity (see eqn. (1)); therefore, the stress beneath and near an asperity contact
Is not significantly affected by other contacts. Third, in most sliding situa-
tions there is unaffected material on either side of the wear track and the
deformation is uniform across moat 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 111. Fifth, the wearing body Is essentially Infinite in dimension ,
compared with the size of ati asperity contact.
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[ ~Fig. 1. A model of a suabsurface crack Ini sliding contact.

The physical model choaen on the boatis of these observations is
illustrated in Fig, 1, It consists of a halff pace 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 kn6wn that some of the material in the region of an asperity
contact ii plastic. Thus, the first question arising in regard to this model is
whether it can be analyzed by linear elastic fracturo mechanics (iLa. can the
plasticity be ignored?). The answer to this question lies in the nature of the
stress field below the surface.

Approximate subsurface stresses on a crak in sliding contact

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

-2F
Urr - cog (a + ) 0,0-0' a00 06 (1)

For this st rems fielid, lines of constAnt maximum shear stress forma circular
amc, as shown in Fig. 2. Using the Treea yield criterion tot such a contact,
the plastic %one will lie inside such a line. MAlo, the stress to the left of the
broken line in Fig. 2 is all compressive, while the streas to the right of the
broken line is tensile. (Th. broken line is a line of sero stress and is
perpendicular to the line of action of the applied forces.)4.

F'inite element anayse of a halt-soaue subjeted to a distributed load
(6) indigeste that this approximation is quite good fuirther than a quarter

<*p
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Fig., 2. A poinlt lolad (li1m, fu]nd Into the, pap•l', in phsne strain) on a haldt.Rpae,.

Contact length or so from the c:ontact, In addition, Jahanrnir and Suh [2)
showed that the residual stresmes formed after many asperity passages tend
to suppress the tensile plastic zone. Thus, the material to the rig~ht of the
broken line In Fig. 2 Is elastic and is subjected to tensile stress. The material
to the left of the broken line Is elastic o~r plastic and the stremsIs compressive,

Phyces ot the model

Now consider the introduction ofit. crack into the half-space, as in
Fig. 1. In the compressive region, the crack will tend to close anti normal
stresso will be trwimmitted across the crack. In view of the large compressivestresses near Ihe surface. It te not unreasonable to aume that the faces of a

Orack near the surface will mechanically lock together and transmit ohstrstrees., tinder this asumption, the portion of the crack which experiences
compressive loading eso enttllhy does not existn The Jrack can only propagate
whend the rekid the asperity contact are so mtuated that part of the crack
is In the tensile region. Furthermore, only teri o the criah on the
tensile region will affect propagationd

Linear elistic fracture mftihanicm may be applied to a crack propagation |problem i of the bokine ar elastic r tie area around the crack tip Is
in piao stiain and if the platic zone around the crok tip is smidl compared
with the smalest dimenidon of the problem. Since the material around the
import4int (open) portion of the herck ra ll elatic and a condition of overall
plane strain x nst, two of th the conditions are met. The third condition, .
cannkt he checked untrfc wiles Intensity factoet ar calculateda Before cover.
ing this calculation, the mathematical implications of the physichl model will
be explore in osler to defrne the qrmo tities neyessary In the rnalysk inst

tenil rgin wl.afec prpaaton

Lieelsi fatr mcaic ae pledt .rakpopgt.
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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 pass 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 streas intensity factor Ah and of two material
constants 0 and n (n is typically 2 - 5), as In fatigue crack growth:

dC
- -... (Ak)" (2)SdN

(k is purposefully written without a subscript since it is not known whether
mode 1, the tensile mode, or mode 11, the in-plane shear mode, or a
combination is operating. Mode II!, 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 geometry as
long as the nominal stres field in independent of material properties. (Ak Is a
weak function of Polsson's ratio, which is ignored here.) When the tip of the
crack lies In the compressive region (ignoring the initial transient crack
growth) h is a minimum which is zero from the above discussion. When the
tip of the crack is in the tensile region k is a function of the average normal
contact force U,, the coefficient of friction p, the length of the crack in the
tensile region and the depth of the crack below the surface (since these
quantities define the boundary conditions and geometry and since the stress
field does not depend on the elastic constants, as shown below). It is
reasonahle to assume that the maximum h will occur when the crack lies at
some constant critical depth d and when some constant critical effective
crack length C, is in the tensile region. (Transient crack growth therefore
occurs in the period when C < C, Thus

Ak - k((;., m, d, C.) (3)

H1nve Ak is not a function of C, eqn. (3) can be substituted into eqn. (2) and
the result is easily Integrated:

C - 0 k(v, t , d, Q )N + C '. (4)

If r is defined as the number of contacts per unit length and S is the sliding

dlitance, then N •S or

C - 10"(u., j, d, C.)tS + C. (B)
Oupta and Cook 161 showed that the real area of contact is ahnoUt

proportional to the applied normal load. In addition, the increas of the real
arsa of contact Is almost solely due to an increase in the number of contacts,
Therefore, the number of contacts is essentially proportional to the overall
normal load L for a metal with a given hardness:

~ "uL(6)

Defining 6 a-J, oqn, (5) becomes

' ,4 .•
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C 6 P(oa., d, C)LS + C. (7)

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

V - (6k"(u. ,p, d, C) US + C}dC, (8)

In the put, it wu often assumed (e.g. ref. 6) that a, was equal to the I
hardness. As was discussed In the overview paper (1 there is no direct
experimental support for this view, although it may not be unrealistic to
assume that u. will increase in some manner with hardness. If we let u. -
tM as a first approximation, eqn. (8) may be rewritten as

V- t6 k"QH, 1, d, C.)LS +C.}dC. (9)
Since k has units of stress X length" 2A and must be directly proportional

to the nominal .treu, we may normalize k by a (H) and the square root of
the half-contact length a to get a dimensionless . Equation (9) becomes
(uling d/a and C - C.1a)

V- O(A, a, C.)HMfa"LS + C.Q dC. (10)

Some discussion of the Implications of this model is now poi•nible. It
can he seen that the volume worn is linearly proportional to the normal load
and to the distance slid. This is a well-establihhed experimental result.

However, the influence of hardness is the reverse of that predicted by
the adhesion theory if the crack propagation rate (ie. p and/or n) and the
number of contacts (We. a) are not affected by the mechanism responsible
for the increase in hardness, In this case, increasing H will increase V by a
lrrge fuctor. This may be one reason why harder materials sometimes wear
faster than softer materials.

As to the uqe of eqn. (10), we can see that it is neceoary to evaluate
several constants and one function. t in hard to find, but may be taken to be
1 in the absence of mom information, 6 will be difficult to evaluate since a
is hard to find. 1 and n can be evaluated from star dard fatigue data. U must
currently be taken au a parameter of the sliding pair. The "fracture mechanics
conotants" d and C, and the "fracture mechanics fr.nction" k will be ovaluat-
ed in the following section.

Evaluation of the fracture mechanics constants and function

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

The method of calculating h is a boundary integral method. Consider a
body subjected to a stress field o(x, y) in the absence of a crack. If a crack is
present, evaluation of u at the crack surface will generlly yield non-zero
tractions on the crack surface (whioh will be here called "pseudo-stresse"). .•
However, superposition of a 6treas field which exactly cancels thtse trections,

-.$-___
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which is zero at any free surface of the body and which causes no displace-
ment at points where displacement bourndary conditions are specified will
provide the exact solution, by uniqueness. If the stress field that is to be
superposed is not zero at some free surface or causes a non-zero displacement
at 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 hopefully the solution will be useful.

In the implementation of the method, only the stresses in the vicinity
of the crack Lip are needed, It is well known that the elastic stresses in the
vicinity of a crack tip can be written in terms of the distance r from the
crack tip and the angle 0 from the crack centerline as

k

or
kow,- jgf(O) (11)

k
0rem • f:(o )

If k'(x) is defined as the influence function 171 (the stress intensity factor
per unit force for a self-equilibrating pair or point forces on opposed faces of
the cr'Ack), the stresses in the vicinity of the crack tip are

10o
U,, w f k'(x)u (x, y)d (0)

10o f h'(x)ov(x, y) dx fs(O) (12)
c'

10
u - f k'(x)u(x, y) dx fs(O)

and comparison of eqns. 111) and (12) shows that
0

h- f k'(x)o(x, y)dx(

Since it was shown above that the material in Lhe region of interest is
elastic, the stress field a is taken to be the elastic solution due to a set of
normal and tangential loads elliptically distributed over the contact area.
The solution is given by Smith and Liu [81. With all distances (x and y)
normalized by the contact half-length a and all stresses normalized by the
maximum normal applied stress* Po and with the (x, y) coordinate system of

PG 1/%i Poff
Note thaton -)1 4 .K

On (I d
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Fig. 3. Eillptktidly distributed loid. on a, hnl'.opace.

Fig. 3, the first step Is to define non-dimensional squared radii from the
contact corners:

R (1 •x) 2 -y(1
R 2 (1 -- x)2 +y (14)

and two factorn (which are difficult to name but which appear often):

R f "C,:21- 12 + (R RI)/ +(21- IR)11

, R, (R /Rl )1-2 R'•-'• - + (RI ý-Rm -- 4)/R111/

Filially thee sresees are given: for y < 0 (note that the bar is used to denote a
normalized dimenslonless quantity, here u/Po)

~�••�(-{2x- -2- 3yg)li + 2ffx + 2(1. -x" .y)xr

+1(I + 2-x'I + 2^0s} -- 2yr ---3 v0 16

ff

146• " Y20 + -"Y1O -- x0)

_ _.- - Q{(1 + 2.0 + 2ys)y + 2ry + Sxy} (",)
Ififf

where p i. the coeffiieent of friction; for y = 0
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In) (ih) (a) /
FLU. 4, Htr.u Intensity r'actuora for poitnt loads on a c:rack race. (a) L~ower boujad (int'lnite
solid) (note k , .4 IJ In plane strain, where V is Poisaon's ratio). At the right.hand end

()Upprr bo;und (acdte cr,,ck in aq smi, linfinita solid):

.• I'f h/c) 2;OfAhie)

(c) The graph is used to evaiusts' ((b/c).

a.,,- 2pjx---(x 2- 1)"2 } x' 1

-2x--(1 ... x'2 )';' lxi -< 1 (17)
1Ixl>1

OA., ,M--( ! x'z)1/ l xi < 1

-0 0.l>

Trho function k' is more' difficult than the stresses to specify. First, no
solutions were found 1. the literature for point forces on the face of the
crack in Fig, 1 and po an intinite body solution wrat used with consequently
a faiMre to meet the boundary corndtions at the free surface to either side of

the contact, Recond, the "psoudo.stremses" given by eqn, (18) correspond to
forces which tetid to close the crack, The cancelling forces must thus tend to
open the crack, This will slightly open the end of the crack which lies at the
edgle of the compressive region and make it imp~ossible to define C. exactly;
k' is a function of C,,

Tirus as an ap~proximation upper and lower bounds were calculated,
The apthIs intensity factors were calc).ted using the formulae from Tada
et aL. 191 for the two configurations snows in Fig. 4, Trhe factor from
Figl. 4(a) is a lower bound on the strew, intensity factor for the tip of interesti

since it uaaium.• that the end carries one~lhalf of the load. The stress intensity ." :.
• ~~~factor from Pig. 4(b) ii an tipper bound since it assumes that the end caurries :i •

' " ~~~no load.,,.,v.'

2p'i j,.. .x --- :(" .. '.2 x>,

.. -- -(-.-.11.I-.<-(7
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Fig. 5. A "r arm"s contour plot of the lower bound on kI, with a comfilclant of frkieton
of 0.75.
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Fig. S. A "coarse' contour plot of the upper bound~ on R11 with a coef ficlent of friction o
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Pig. 11. Normalized atreu intenslty factors as funct!ons of the coefficient of friction:
0 kj, upper bound; A ki. lower bound; (I k1 j, upper bound; • kAl, lower bound.

Fig. 12. The critical depth (depth of propagation of the most favored crack) as a function
of coefficient of friction: • k-, upper bound; A ki, lower bound; C) k0l, upper bound;
A k~l, lower bound.

1,0 • a I -, . I....
U

0. .6 0.71 O9 1.t0,
COEF'FICIEN'r O•F FRICTION

Fig, 13. The effective cack length at point of maximum strwe Intenelty factor aec func.
tioh. of coaffielant of friction' s kl, upper bound; A kl, lower bound; Q k01, upper boundi
A klj, lower bound.

another projram was used to calculate upper and lower bounds on either k, or
kh, for one value of A. This program ran for about 40 - 50 min of machine time.

Typical results are presented in Pip. 5 - 10 *a contour plots of J; (k
normallsed by the maximum contact straie Po and the squae root of the
contact half-length a, and multipliod by ff for convenmence) uersus x and y,
Figures 11 - 13 show ki, J,, Jand i. as functions of j/ (d and 0. an'
normalized by the contaot half-length a). Numbers may be read off from
then graphs and substituted into eqn. (10) to prediit a wear rate for a sliding
pair with a given.

S! ' .. . . " ..,J • . .i
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Discussion

Figure 14 shows the plastic zone size rp at the tip of the crack (r,,
(1/2)(k/Y)2 ). This was calculated by assuming that the average contact stres
a,, is equal to the hardness and the calculation also ignored any variations in
the flow stress near the surface, It can be seen that rp/d < 1 in all ca3es, and
in most cases rp/d -9 1, so that the third condition for linear elastic fracture
mechanics to be applicable is met,

0

A

COEFFICIENT OF FRICTION

Fig. 14. The platic zone size divided by critical depth as a function of coefficient of
friction: 4 k1, upper bound; A kl, lower bound; I' h1j, upper bound, , kIl, lower bound.

Of course, several important factors have been ignored. The large
deformations present in slidlng wear cause anisotropy, especially in that slip
planes tend to line up parallel to the surface [ I]. Also, experimental results
show that significant crack growth in due to the linking up of separate cracks.
Neither of th,4se effects was included.

Also, residual stresses are not accounted for in the stre:;. field of eqns.
(16) and (17). However, Morwin and Johnson [10] showed that the only
possible residual strew is vx,which cannot affect a crack on a plane of
constant y. Thus residual stresses dy not affect crack propagation.

The analysis also contains many other assumptions which are discussed
in the body of th"• paper,

It should be noted that, during preliminary computation, stres Intensity
factors were calculated for cracks growing in the y direction from the surface.
Even very short cracks hid stres intensity factors lager than the largest
factors for cracks growing in the x direction. Since "surface" cracks have not
been observed in ductie metals, we feol that the plowing and smearing action
in front of and at the contact prevents such cracks from forming. It should
also be noted that such cracks cannot grow into the compression region, and i .-,.'I,." ,

' ' • l,,.,I'
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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 cracks cannot link up with other cracks, which is neoutary
to form a wear particle.

In spite of the many assumptions, the functional relationship of
eqn. (10) should hold. The increase of volume worn with increasing hardness
for some metals has been documented [t11 and eqn. (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 conditions, This weak-
ness could be remedied in several ways.

The best way would be to find an analytic expression for the stress
intensity factor of a crack, parallel to the free surface of a half-space,
subjected to two self.equilibrating 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 intensity
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. Since 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 calculate the free-surface stresses. Then the state of stress in the half.
space due to cancelling of these free-surface stresses (or an approximation)
could be used instead of the stresses of eqns. (16) to calculate another stress
intensity factor kb and another set of free4urface streses, using the same
procedure as above. This iteration procedure could be repeated as long as
required. Hopefully, the sum k. + kb + . . . 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 (open) is 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 assumed to end at the tension-
compression boundary of the nominal stress field. Since the analysis is elastic,
giving infinite stream at the crack tip, it is impossible to balance these
stresses against the compressive stress at the end of the crack to calculate the
actual end position. Locating the end thus requires a plastic analysis, with
attendant difficulty and cost.

Since stress intensity factors were calculated for many cracks, approx-
imately 0.0012% of the calculation time was spent on the crack with the
maximum h. The ratio of calculations which did not yield data points in
Figs. 9- 12 to calculations which did Is 8 X 104. However, it was nece"'sary
to demonstrate that the strews intensity factor is a well-behaved function
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with one maximum. Since this has now been demonstrated, a much better
ratio of "usless" to "useful" calculations could be obtained, perhaps by
using a search method to find the crack with the maximum k. This would
reduce the computation cost significantly.

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 unreasonable, we will use eqn. (2) by substituting k - WPoVt?/T and
solving for a (using Po - 4o./ir and assuming that u, equals the hardness H):

((dC/dN)p1-'In 4,.rr\

Assuming for mild steel n - 4, i 1.7 X 10"' Pa "I pm 1 (10- 19 lb- 2 in')

and H" 1.4 GPa (2 X 105 lb in '), then

a 75 y .- k m (19)

We will use approximate dC/dN values for mild steel (2): dC/dN - 10, 2 UM
pass-' at a coefficient of friction 1- 0.5 and dC/dN - 2.5 X 10' " pm
pa'" natu - 0.85.

Reading from Fig. 11, at - 0.5, 0.002 < 9 < 0.1, which gives 1.9 ×
10's > a > 750 Mm. Atu - 0.85, 0.01 < N < 0,u, which gives 8,8 X 104 > a >
42 urm. The smnaller values of a come from the larger values of k,

Those values of the half-contact length are extremely large, but the
lower values are not more than an order of magnitude out of line Flnce a is
often assumed to be on the order of 10 Mm. However, the spread is certainly
large. The calculations indicate that the larger values of k are the more
reasonable. Although thee values are k. values, this cannot be taken to
show that mode II i the operative mode, In addition, the values of dC/dN
were calculated using d - 2 urm, 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 •.

Of course, asperity contacts are not always the same size, CQdntaet size
depends on the material, the surface finish, the plastic deformation history,
the applied force and tie lubricant if one is present, A smooth surface will
have a large average contact size, but the nuirber of contacts will be reduced.
Since the worn volume depends on V and N is proportional to am the wear
rate depends on e", but it is only directly proportional to the number of
contacits, T~itu, a smooth surface with few but lopg asperity 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 reported for smooth surfaces compared with rough surfaces wider
some conditions 111). This has been attributed to asperity deformation and
fractun but both meohanisms could be contributing. .

Dince contacts differ in aim, each contact may tend to propagate a cras*k ,. . ..

at a slightly different depth. Equation (10) was derived muming that the

I • . , . .. ,



contact size wu constant and that the change in the stress intensity factor
was also constant. For contacts bigger or smaller than a, the change in the
stries intensity factor for a crack at a depth d will be less than that predicted
by the analysis; 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 1. In stiff sliding systems where clearances canmot
change significantly, wear particles may jam up, increasing p. 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 p would tend to Increase both 1 and d
until seizure occurs.

The final test of eqn. (10) must be whether or not it in useful. To this
end, we hope to carry out wear tests on steels (with many inclusions)
for which the fatigue constants A and n have been determined. Hopefully
the results will corielate 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 coefficients Uf friction
greater than 0.5,

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

(3) Wear is proportional to the normal load and to the distance slid in
crack propagation controlled wear.

(4) For a given size of asperity contact, there is one depth and one
effective crack length for which the stress intensity factor is a maximum, i.e.
k(x, y, u, a,) is 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 seizure.
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THE RELATIONSHIP BETWEEN CRACK PROPAGATION RATES AND
WEAR RATES

J, R. FLEMING and N, P. RUH

Department of Mechanical IXngineering, Malsaohusette Institute of Tacbnology, Cambridge,
Mau. 02139 (U.S.A.)
(Recelved March 30, 1977)

Summary

In order to check qualitatively the validity of the analysis of kc-aSck
propagation in delamination wear, wear experiments were performed with
7075-T6 and 2024-T3 aluminum alloys. The former alloy has a higher hard-
ness (by 25%) and a ftster mrack propagation rate (3- 10 times) in normal
fatigue testa than the latter, The preliminnry tWet results show that the wear
rate of 7075-T6 aluminum is also greater than that for 2024-T3 aluminum,
indicating that the wear rate correlates with the crack propagation rate.

Introduction

The analyses done for delamination wear 11, 21 imply that the crack
pl)rolagation rate is the rate contr'lling mechanism for steady state 4liding
wear when the coefficient of fricLion is large enough to create a tensile region
ef appreciable sise behind a moving asperity. When the coefficient of friction
in very small, the crack propagation rate parallel to the surface is so small
that a larwe number of cracks must be nucleated and therefore the 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
came of delaminatlon wear which is controlled by crack propagation was con.
sidered kn terms of linear elastic fracture mechanics. An equation was derived
to predict wear in the case where the crack propajgation rate controls the wear
rate. Unfortunately, Insuff),Aent information about the parameters appear.
irg in the equation is available, so that the validity of the derivation ca•znot
be cheoked directly by comparing predictions with wear experiments. How-
ever, some of th, assumptions of the analysis may be checked. The purpose
of this paper is to present preliminary experimental results which may shed
some light on the validity of theme major assumptions.

The wear eqtuation woo derived by assuming that delamination crack
propagation is similar to fttigue crack propagation. This assumption was

I aI I 1 I 1 I I I i I. . . II
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Fig. 1. A typical plot or the crack extension per cycle us. the logarithm of the change In

the stress Intensity factor (from ref. 3). The primary mecitanlama may be divided Into
three regimes: regime A, non-conLinuum meohanisms, showing a large influence of (I)
microstructure, (11) mean stress and (Mii) environment; regime 0, continuum mechanism.
(striation growth), showing little Influence of (I) microatructute, (11) mean stria, (Ill)
dilute environment and (iv) thieknos.; regime C, ".tatic mode" mechanisms (cleavage,
intergranular and fibros), showing a large Influence (if (I) microstrueture and (Ii) thick-
ne" i)ut little influence of the environment,

based on the fact that both types of cracks are subjected to cyclic loading.
Fatigue cracks certainly grow cyclically. Since the strews in front of a sliding
asperity contact is compressive and the stress behind such a contact is ton-
sil, then as asperities slide along a surface each point below the surface
undergoes cyclic loading, Furthermore, delamination cracks have been often
observed at various stages of growth; thus delamination cracks grow in-

It stil remains to be proved that fatigue crack growth rates and delam-

ination 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 hns long been known that, if the crack extension per loading cycle
d j/dN is plotted against the logarithm of ti.* 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 is shown in Fig. I (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 (region C). In the threshold regime the
average crack extension per cycle is of the order of atomic dimensions or
less. Thus continuum mechanico does not apply in this region and the cracks
grow in spurts, Ce. 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- S! ' :.r"
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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 is non-linear.

in the ateady growth regime cracks grow at a constant extension per
cycle and the stress intensity factor increases slowly. Fatigue striations are
produced. It has been shown empirically that the relationship between Ak
and da/dN in the steady growth regime is of the form

da
C(k)(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
fatigue data are taken under mode I (tensile) conditions and since It is not
known whether delamination cracks grow by mode I, by mode 11 (in-plane
shear) or a by combination, can eqn. (1) be used at all ? If the correlation
between 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
fatigue crack growth rates and wear rates.

Experimental materials

The- ideal method of demonstrating the correlation 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
is almost 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 yield strength [4, 51. This indicates that, although the
material at the tip of a growing crack is plastic, the elastic properties dom-
inate the crack propagation in cyclic loading situations where linear elastic
fracture mechanics is valid.

The significance of thi, finding is that it is difficult 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.

Hahn anti Simon [61 collected crack growth rate data for various
aluminum alloys. The data were generated at many laboratories under varying
conditions. The two alloys for which the moat datli were available were
7075-T6 and 2024.T3. Hohn and Simon found that the data agreed quite
well and shoWed that the fatigue crack propagation rate of 7075-T6 was three
times that of 2024 in dry air, five tims that of 2024 In wet air and ten .. ;,
times that, of 2024 if Ah was proportional to the yield stress. Plot. of da/dN
for the two aluminums are shown in Fig. 2.

J", •"
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Therefore it was considered useful to study the wear rates of the two
aluminums, The alloys have similar microstructures; in both cases the
precipitates are intermetallic compounds and the precipitate size and spacing
are approximately the some [71]. 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 behavior.

The hardness of 7075-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-T6 should be 4/5 times that of 2024-TS, Also, since
the number of asperity contacts depends almost linearly on the applied
normal load [81, the stress at an asperity contact is rosighly constant and is
probably related to the hardness; thus the number of asperity contacta or
loading cycles for 7075-T6 should be about 4/5 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
(ie, the distance from the surface to the location where the stress intensity
factor is a maximum) depenids sensitively on the traction at the asperity con-
tact [1. 1Flowever, 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 i& nearly the same for
both alloys, the delamination crack propagation rate in 7075-T6 should
be 3- 10 times that of 202.4-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) (4/5) (4/5) or
2 - 7 times thiat of 2024-T3.

Specimen preparation and testing

As-received 9. mm (3/8 in) bars of 7075-T6 aluminum and 6.4 mm
(0.252 in) bars of 2024-T3 aluminum were turned and ipolishcd to a diamcter
of 6.35 mm (0.25 in). The polishing was performed using kiuccessively finer
grits, ending with O.b M m diamond paste. This was done to ensure a smooth
surface, to minimise subsurface damage and to minimize transient wear due
to aspovity deformation,

The specimens were teited uwing a cylinder-on-cylinder geometry, Each
pecin'ien was placed in a lathe chuck and was rotated against a stationary

AISI 52100 steel slider of diameter 6.35 mm (0.25 in). The normal and
tangential loads were monitored by strain gages on the slider support bar,
which were connected to a Sanborn recorder.

The sliding pair was enclosed in a chamber which was evacuated before
the test. bra•sg the test the chamber was filled with argon gbe . The argon-
was dried by ptheing it through calcium carbonate before entering the chagn-
bet. During the test the chamber was vented through a bubbler to ensure a
small positive pressure within the chamber,

(' ' .
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TABLE I

Resulti ,i wear tests on 7075-T6 and 2024.T3 aluminum*

Material Teat time (min) Weilpht lios (mg)

2024.'3 5.0 0.35
7.5 0.44

10.0 0.46
12.5 0.57
15.0 0.70

70731-76 5.0 0.15
7.5 0.30

10.0 0.30
12.5 0,44
15.0 0.04

*1 kil normal load; 2 m min . sliding peed; coefficihnt of
friction 0.3 - 0,38,

ito

A

/

0 I tO II1 20 Iis 0 DI
SiLIDING DISTANCE (•I)

Fig. 3. The worn volume vs, the Aliding disItnco for 707 5.TO (0) and 2024T3 (0) alm.-
num with an ouied( dsnuity of 2.7 0 em"'

All tests were run at a sliding speed of 2 m min A and a normal load
of ]. kg, Tests were performed on each alloy for sliding disltances of 10, 15,
20, 25 and 30 m. Wear was measured by weighing each specinen before and
after the teat to an accuracy of 0.01 mig. The results are tabtulated in Table 1.

Results and discussion

In all cases, the steady state coefficient of friction varied from 0.3 to

0.38 during the test.
Pigure 3 shows the volume worn as a function of the sliding distance.

Leart-square fitsi to the data are also shown. Tho 70O75 specimen, despite its

A. !

.._,w 
now .. . . .. .
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being harder than the 2024 specimen, exhibits a higher wear rate by a factor
of 1.34 (0.83 X 10 2 mm3 m 1 and 0.62 X 10 2 mm3 m I respectively).
This indicates that there is a correlation between the fatigue crack propaga-
tion rate and the wear rate (or the delamination crack propagation rate) even
though the wear rate ratio 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 differences were ignored.

Figure 3 also shows that the amount of wear of 7075 was less than 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 was polished less. 'rests
could not be run at higher slidlng distances since the geometrical changes
due to wear became too large.

It is still impossible to answer the first question about the mode of
crack propagation and the volues of C and m. However, something may be
said about the applicability of eqn. (1), i.e. whether delamination cracks
grow in region B of Fig. 1. Jahanmir and Suh [21 calculated that delamination
cracks in mild steel grow at about 10 ' min cycle 1. We have not yet been
able t o 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 4 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 lnown
about the mechanics of inte'.action as discussed in ref. 1,

Conclusions

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) m .
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WEAR OF COPPER-BASED SOLID SOLUTIONS
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MassachuJselts Iniffitgte of Techinoogy, Cambridge, Mall. 02139 (U.S.A.)

(Received Jonuary 2, 1977)

Summary

The effect of solute atoms on 1liding wear was studied by alloying
OFHC copper with chromium, silicon and tin, 'Tli hardness was found to
increase linearly with the atomic solute content although the rate of
hardening was different for different solutes.

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

Introduction

The limitations and shortcomings of the adhesion theory [1, 2], such an
the inability to explain the effect of microstructure on wear, have been
elaborated in previous papers. Subsurface defoi.,matlon, crack nucleation and
crack propagation are the basic processes of delamination wear [31. They
can occur sequentially if the metal can deform plastically and Is free of pre-
existing voids and cracks, or simultaneously if the material contains those
imperfections, It in well established that these processes are structure
sensitive, thus implying that the microstructure plays an important role In
determining the wer 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 since it affects the rate of plastic -'

deformation and the surface traction at each asperity which In turn controls

h
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the subsurface deformation, crack nucleation and crack propagation pro-
ceases. Furthermore, the delamination theory of wear predicts adverse
effects if the 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 decreases 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 (2.3 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 uwider a dry and purified argon atmosphere. Graphite was
used both as a susceptor and as a mold in the case of copper-tin alloys. For
copper-silicon alloys, aluminum oxide molds were used to avoid the reaction
between silicon and graphite. The temperature was monitored by means of
an optical pyroineter to an accuracy of ±5 VC. After reaching the desired
temperature (1150 TC for Cu-Sn and 1450 TC for Cu-Si), it was maintained
for 1 h to allow good mixing of the two components of the alloy. The
cooling was very slow until the solvus temperature was reached and then the
cooling rate was increased to minimize precipitation during cooling,

The cast rods with a diameter of 17 mm were then encapsulated in
Vycor tubes under vacuum an( iomogenized at 800 TC for 50 h. The temp.
erature was controlled to within ±t3 •.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 passes at a spindle speed of 214 rev rain " and a
feed rate of 0.06 mm rev''. The machined rods were polished with emery
papers of different grit size. After fifial 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 microstuictures are shown in
Fig. 1.

After heat treatment, the specimens were finished with 3 pm diamond
lapping compound. Then they were washed with soup and water, rinsed with
alcohol and dried with an air blower. The specimens were then weighed to an
accuracy of 0.01 mg and tested.

I
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TABLE I
Ex pei'mental materials: Vcopper solid solutions*

Alloy Composition ReerystallizatIon treastment Grain sizo
(MM)W t. At.% 'rempavatuke (T) Time' (min)

O1FiR, Cu -. 360 2 50 2H
Cu Sn 2.5 1.4 790 120 35
Cu Hn 6.0 3.4 790 60 40
CU Sn 10.0 5.7 790 30 30
CU SI 1.M 2.3 M fi0 300 75
Cu Si 4.0 8.6 8 60 300 90
Cu Cr 0.47 0.58 1070 5 450
Cu Cr 0.66 0.H1 10701 5 485

'Tiv purity or the mactorials tusd was: OFRIC 00.98%; Sn 99.89%; .91 9.0999%.

C
rj5 . 1. OPtical micrograph@ ahowling the represenltative xvilorostruoturvo oft solid solutions:
a) OFHC copper, (b) Cu -5.7 xt. On, (a) Cu 8.06 t.% Hi and (d) Cu- 0.81 at.% Cr,

Wear test#
Wear tests were carried out on a lathe using a cyihraer-on-cylinder

geometry. The specimens were rotated by the spindle of the lathe and the
stationary slider wax held In a holder connected to a lat'oe tool dynanaometer.
The slider was made of AMB 52100 steel (Brinell hardneia 500 kg mm " ) and- '"

was polished to the sine conditions as tho specimens. The dynamomieter 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 load was sufficient to reach the steady
state delamination process). In order to avoid temperature effects, all the
tests were carried out at a sliding up-ed of 200 cm min 1. 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.

Copper ChwP5

Fur naea (aCOO*C) Vacuum Trap

2-Wov B- Post Lina
Volvo .vI~ ~)Bubbler

Hoadeolk * Chuck Vacuum Pump

Seal Sei hwi Dynamometer

Fig. 2. A mchematle diagram of the experimental met.up used for wear tests.

Metcdlography
The wear track surface and subsurface were observed in a scanning

electron microscope (SFM). For wear track observations 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
polhihing was carried out in a vibrating polisher with a slurry of 0.05 Mm
alumina powder. Then the specimens were etched with potasium dichromate
solution. The polishing and etchingwere 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 increase of the solute content. It can also be seen that different
elements produce different hardening for the same atomic content of solute.

* "
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Each point representa an average of five meaurements and the haro represent the
itandard deviulion,

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 ia
not as effective as that of tin but there Is still an increase of about 60% for
Cu-8,6 at,% Si, 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, 51.

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

.21 .
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Fig. 4, The friction coefficient as a function of the atomic content of solute, Tho frictioncoefficient, was calculated usingl the sltealdy sttett tangential force, The sidlnlg speed was'. ' ,."

2mmin'A,

_ _ _ _



70

coefficient decresi'.s linearly with the increame in the atomic content of
solute in the cases of Cu.- Sn arid 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 increasesi.

1.0

1.00

FIR.~ ~ ~ ~TOI %. Th errt st to hSOLUTE

Fig 5.r~ewee rae a a uncionor heatomic per cent of solute. The normal load warn

Fig. 6. Scanning aiactron ralcro~raphs of wear traak~i: (a) OFHC c~opper, (b) (,u 5i.7 at.%o
83n, (c) Cu-8. 6 ikt.% S1 and (d) CuS 0.81at, % Cr. 7he normal load was 2 kg at. a Ild Ing o
speed of 2 mn min" and the gnliding distanc~e was 200 in.

................~~ ...... .......
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'T'he effict of composition on the wear rates is shown in Fig. 5, The
wear rate is decreased as the amount of solute increases, but the decrease Is
different for (different solutes, particularly for silicon and tin. In the case of
Ct-.Cr alloys there is uncertainty in defining a curve since the experimental
points art, very close,

Microscope exi.mination was conducted to check whether or not the
delahmination process occurred, Figure 6 shows scanning 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
delaminotion wear sheets have formed. It is also interesting to note that the
top surface of the particles is very smooth,

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. The;se micrographs indicate that cracks tend to propagate parallel to
the surface and then to extend to the surface, The depth at which cracks
propagate seems to be different for specimens with different compositions.
This difference Is more striking between micrographs (a) and (b) in Fig. 7;

b-

a . ' ''r .. . .' ''i-

V'iM, 7. Scanning electron hlkroglrphs of tite autmurfacem. The matorilaa and test condi-
tionas ale the same as In the previous figure,
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the former (OFHC Cu) shows cracks propagating at a depth of the order of
50 ,m, and the latter (Cu-5,7 at.% Sn) shows cracks at a depth of the order
of 15 Jim.

Discussion

The microscope observations of the worn specimens show three facts:
(a) that wear sheets formed by cracking (Fig, 6); (b) that there was extensive
subsurface deformation; and (c) that there are subsurface cracks running
parallel 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
as shown in Figs. 5 and 4, respectively. We shall first consider these results in
terms 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 been made
in the past j61 and plastic strains as high as 16 or greater have been found
for situations similar to those in this study; these strains are much larger
than those encountered in normal bulk deformation and can only be
explained in terms of the effect of the high hydrostatic pressure acting near
the asperity-surface contact an. of cyclic creep. The mechanism of plastic
deformation under cyclic loading due to the normal and tangential
components Is discussed in the companion paper by Jahanmir and Suh [71.

The process of cyclic croep in a sliding situation can be stated as
follows. When two surfaces are brought together, contact Is only established
at the asperities [1]. As the contact area is very small, local plastic deforma.
tion will occur under the asperities. Increasing the hardness increases the load-
carrying capacity at each asperity, but to a first order approximation the
plastic zone size and the area of contact are not changed. However, the
number of contacting points will be decreased, which decreases the real area
of contact [81. Thus the main role 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, a friction force is generated. This combination of normal and
tangential tractions results in a zone of compressive stresses below and alload
of the asperities and a zone of tensile stresses behind the asperities, (The size
of the zone of tensile stresses, as well as the magnitude of the stresses, Is
chiefly controlled by the tangential traction and thus by the friction coeffi.
cient,) Therefore, the material near the surface will experience a cyclic state
of loading each time an asperity passes by. Since the loading history is the
same for all asperities, the cyclic loading is characterized by a constant stress
amplitude which will be determined by the hardness and friction coefficient,. : ,"
The number of cycles at a given location is given by the number of asperities

,I .4•o, ............ .... •...................................
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that have passed jver 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 amount of subsurface deformation that has been
observed in addition to the deformation mechanism analyzed elsewhere (7],

Therefore alloying affects the process of subsurface deformation in two
ways: (a) it increases the hardness (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 [71
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. First, the mech-
anism of crack nucleation is not known precisely for the case of single-phase
materials. Secondly, the analysis does not hold for cases where no particles
are present. Nevertheless, cracks do nucleate and it is conceivable that the
influence of the friction c'oefficient will be the same, This means that a
reduction in the friction coefficient decreases the depth at which cracks are
likely to he nucleated, which leads to a reduction in the wear rate.

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

Figure 5 mhows that, the reduction of the wear rate is less in the case of
the Cu.-.Si systemn than in the case of Cu-Sn. This is due to the fact that in
Cu Si, the friction coefficient is slightly higher (Fig. 4) and the hardness is
lower (Fig. 3) than in the case of Cu.-Sn. Also Cu-.Cr, which has the lowest
hardness of all the alloys, exhibits wear rates comparable with Cu- Sn,
because its friction coefficient is the lowest among all the alloys (Fig. 4).
These results are in agreement with the discussion given above.

Although an explanation of the results has been given in terms of
phenomenoiogical quantities such 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 are important basic questions. Unfortunately, all those
effects are not known at present and even a qualitative explanation is not
possible, In any case, crack nucleation and crack propagation do not seem to
be the dominant processen in these alloys. If they were, the wear rate would
not have decreased as the solute content is increased because any addition of

solute3 tends to accelerate the crack nucleation and crack propagation
processes.

The variations in the friction coefficient as a function of composition
.* also support the delamination theory. Two mechanisms have been proposed

I ''-
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to explain the generation of friction forces: adhesion at the contacting
asperities 121 and plowing of softer metal by hard asperities 1101. 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 as
the atomic per cent of the solute, This leads to a range of valups of 900 -
1100 erg cm ' for all alloys. With that assumption, the change in surface
energy alone cannot explain the variations observed in the friction coefri-
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 decreases linearly with the increase in the hardness. This
result follows the same trend as results reported in the past for cubic metals
under abrasive conditions, when plowing is the important mechanism I11 I.
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 coefficients 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,

1.2

06

800 100 120 140
HARLDINSS 1kg, mrnOl

Fig, 8. The friction coefficient an a runction of hardners, The normal load wag 2 klg and
altdinig speed wag 2 rn mi 1 .
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Conclusions

Microscope ol)servatlons conducted on worn specimens show that wear
in 'cipper-based solid solutions occurs as postulated by the delamination
theory of wear. An increase in solute content improves wear and friction
behavior of those materials. The effect of solute addition on the wear rate is
twofold: (a) it reduces the friction coefficient which reduces the deforma-
tion rate', the depth of crack nucleation and crack p.,opagation rate; and (b)
it InereaseR the hardness which decreases the plastic deformation rate and
the number of loading cycles por unit sliding distance, Furthermore, the
reduction in the friction coefficient 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 he 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-hardeited copper
chromium alloys (Cu--0.58 at.% Cr and Cu--0.81 at,% Cr) aged for different
periods of time at 500 "C. The hardness of these materials was founcU to
increase initially with the aging time and then to decrease; the maximnum
value was reached after about 100 min of aging. Metallographtc examination
of worn specimens indicated that the wear process proceeded by subsurface
deformation, crack nucleation and crack propagatton, i.e. by delamination.
The frition coefficient was found to be constant ror both alloys and for all
aging times. In the early stages of pre(.ipttation botth the wear rate and the
wear coefficient decreased. As the aging continued the wear rate and the
wear coeff4cient increased even though the hardness also incrpawid. The wear
coefficient remained constant for the overaged alloys. The decretc.e in both
the wear rate and wear coefficient in the early stagils of precipitation is du.
to the fact that particles are small and cobh.rent and requl"- a largn amount
of subsurface deformation for ,'vack nucleation, With furtner aging, the
particles grow and become Incoherent, increasing the wear rate due to easier
crack nucleation. For the casa of the overaged alloys, the wear coefficient
tends to become constant because the wear process is controlled bý, the crack
propagation rate which is found to be inderendent of the aging time for both
alloys,

Introduction

According to the delamination theory [1.1, the wear of metals is a
result of several sequential and Independent processes, namely subourface
deformation, crack nucleation and crack propagation. As discussed in the
overview paper [1], the microstructure of metals plays an important role in
the mechanics of these processes and thus In the wear properties of metals,
Although these processes operate sequentially, normally one of them is the
dorminant process; the relative importance of each process is determined by
the 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 bondinq with the matrix; thus the wear rate is controlled by
the density of disper'oids 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 were obtained [4, 5J. 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 Vycr 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 mm (0.25 in). After
machining, the specimens were recrystallized at 1070 "C for 5 min,
aged at 500 cC for different periods of time in evacuated Pyrex capsules and
were then quenched in water. Representative microstructures are shown in

V.,

Fig. 1. Optical micropgaphu showing r~presnntative microatructures of preeipitation-
hardened Cu-0.81 at.% Cr alloy for aging times of (a) 6 min, (b) 1000 min and (c)
10 000 min. The aging temperature was 500 TC.

---- ~ .- ., - . . -. ~ -
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TAEIE 1

Experimental mnateriis

Parameter Alloy Aging time (min)

100 1 000 10000

Volume fraction V. × 1.0I Cu 0.68 Cr 6.19 6,25 5.31
Cu-0.81 Cr 6.96 6.97 7.09

Mean free path X (,urm) Cu- 0.68 Cr 68.9 70,49 71.8
Cu 0.81 Cr 51,84 03.02 53100

Particle size d (prm) Cu-0,58 Cr 0,54 0.55 0.58
Cu-0.81 Cr 0,55 0.56 0.58

Fig, 1. Quantitative measurements characterizing the particle structure of the
overaged alloys 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 mm (0.25 in). The surface speed during wear tests was in
all cases 200 cm min I 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 65 kg mm 2 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 [6].

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 alloys. Thus the increase in hardness result.
ing from the aging treatment does not seem to affect the friction coefficient.

In Figure 3(b) the wear rate, which is defined as the volume of material
lost per unit sliding distance, is plotted as a 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 approximately 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-
nes is indicated by arrows A mad B for Cte-O.5 Cr and Cu-0.81 Cr,
respectively). ": :,...

To check the effect of microstructural parameters the wear coefficient
(a dimensionless number obtained from the wear rate by multiplying by the•
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Fig. 2. The Vickers microhardnem under a 200 g normal load ma a function of aging time.
The specimens were subjected to an aging treatme•nt at 1500 'C and were water quenched
at 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 decreases in the early stages of aging
but, after some time of aging (in the present case about 6 min), it Increases
rapidly and then levels off asymptotically to a constant value.

As the microstructural differences between the two Cu-Cr alloys are
characterized by the volume fraction and the mean 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), respectively. The wear
resistance decreases with an increase in the volume fraction 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 17).

Figure 5 shows micrographs of wear tracks of the precipitation-harden-
ed alloys aged for 5 and 10 000 minutes. The sliding direction is 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 cracks are very close to the surface, while for the specimen aged
for 10 000 nin cracks are tormed 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 microgmaphs 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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Fig., 3. Friction and wear properties of precipitation -hardened Cu-.Cr alloys as o function
ot the agling time: (a) friction coefficient, (b) wear rate and (c) wear coefficient, Tlhe
normal load was 2 kg and the duration of the tests was 100 mlin at a slidingi speed of200 1v rain"l,

Structure. Such a feature seems to be caused by the presence of a number of
cracks above the depth at which the cracks tend to propagate fatetst.

Discussion

Metallographic observations of the surfacto ýFtl. 5), of the subsurface
(Fig. 6) and of wear particles (Fig. 7) clearly show that wear cecurs by
processes of subsurface deformation, crack nucleation end crack propagation,
an postulated by the delamination theory of wear.,.

The material in the subsurface is deformed incrementally by the moving. ., .. ,
asperities which impoe cyclic loading that results from normal and tangen ... .2••.
rial tractions. 7he important paramoterp controlling the subsurface deform&-""•,".':

, 0,- I L .'•"

, ~~~~tion wre the hardness and the friction coefficiet• (I mref 2). As the hardness,,,,, •:

rA• .. .. .. . ! .I'
,• •.,, !.• ." . . .1 .
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Fig, 4. The wear reslotance (reciprocal of the wear coefficient) vx. (a) the volume fraction
and (b) the mean free path of Cu.-Cr alloys for 1000 min or treatment,

FIg. 6. fleanning electron micrographs of wear track@ oft the precipitation -hardened Cu.-
0.81 at7.% Or alloy for an aging time of (a) 5 min and (b) 10 000 min. Th# sliding direction
Is from left to right.

is increased low subsurface deformation will accumulate. Since the friction
coefficient is constant for both alloys and for all treatment timne. (Fig. 41(a)).

the ocaionof heaubsurface cirack nucleation sites and the crack propaa. :
tion depth will not be affected significantly by the aging process. Therefore

l '
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Fig. S.anning electron micrugraph of the subxurfaco of precipitation.hardened Cu-. ,H I
at.19, Cr alloy aged for (a) 5 mrin and (b) 10 000 mlin.

Fig. 1. fcanning electron micrographs of wesr particles collecteod from west itoat or the
specimen of Cu--0.81 at,% Or 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
increases 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-
come the surface energy of the void, According to Argon and his coworkers
18], 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 and 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 110] have found that, for an elastic
perfectly plastic matrix, tensile radial stresses are developed at the particle-
matrix interface. These stresses are maximum at some distance from the sur.
face, Further, they have shown that, for particles greater than 1 gm, cracks
can be nucleated after only a limited number of cycles.

The wear rate is also affected by the coherency of particles. In the early
stages of precipitation, since particles are coherent (11.], the stress required
to separate the particle from the matrix will be large, Therefore crack
nucleation requires large amounts of subsurface deformation in order to
develop a sufficient interfacial stress between the matrix and the particle.
Since the increased hardnes decreases the deformation rate, the wear coeffi.
cient (and thus the wear rate) is decreased. The steep increase of the wear
coefficient shown in Fig. 3(c) after reaching a minimum value Is due to the
loss of coherency requiring loss stress for decohesion of a particle from the
matrix and is also due to the increased particle size. The deformation rate
still decreases but the deformation required for nucleation decreases even
faster. Further, as the interparticle Owcing decreases during the early stages
of aging, cracks have to propagate smaller distances in order to join with
neighboring cracks. This explains why the wear coefficient of Cu-0.81% Cr
alloy should be greater than that of Cu-0.588% Cr alloy because the former
has a largar volume fraction of second-phase particles and possibly has a
smaller interparticle spacing. .

After the maximum hardness is reached, the volume fraction of particles
does not increase with asging time anymore and coarsening of particles occurs, I

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 be considlered; the
crack growth rate and the interparticle 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 rate 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 [101. Assuming that the material is delaminat-
ed by successive layers, the crack growth rate is calculated 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 1 and 6 X 10--4 PM
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 coefficient when the trantition from crack
nucleation rate controlled wear to crack propagation controlled wear occurs.
The effect of the mean free path is 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 pa.ticle size, the curve for
Cu-0,81% Cr should be higher than that for Cu.-0.58% Cr, as shown in
Figs. 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 earlier paper 101], should give a quantitative relationship
between the microstructure and the wear rates of two-phase metals. Mean-
while the empirical evidence and discussion presented in this paper should
provide guidelines for the design of two-phase alloys for good wear
properties.

Conclusiors

(1) An increase 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 increased crack nucleation rate (which increases owing to
increased incoherency at the particle-matrix interfaces).

(2) The maximum wear resistance occurs at aging times shorter than
thos which yield maximum hardness in the systems studied because crack
nucleation occurs easily near the maximum hardness. ;

(3) As aging proceeds, with the alloy continuing past maximum hardness
into the overaging regime, and particles grow, cracks are easily nucleated at

.1~~,,•, Mb .-- -..--



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 incoherent
second-phue particles decreases in ovwraged alloys owing to the increased
number of cracks joining between particles.

(6) For good wear resistance it is desirable to have a large voluime
fraction of very small and coherent particles.
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Summary

The effect of surface roughness and integrity on the sliding wear of
metals was investigated experimentally. The results are consistent with the
delamination theory of wear, The initial wear rate was influenced by the
surface roughness and the applied load but the steady state wear rate was
independent of the initial roughnesm. Under low applied loads delamination
of smooth surfaces commences son after slidixig 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 rougher surface, The opposite is found under
high loads since original asperities are removed immediately. It is also shown
that machining damage to the surface or the subsrirface (in the form of
deformation, voids and cracks) accelerates the initial wear rate of the
machirsed surface,

Introduction

Surface tupography atid surface integrity are two major surface charac-
teristics which affect the wear behavior of 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 nmcnhal geometric shape. The term surface integrity is
used to characterize the quility of the surface and the subsurface material in
terms of plastic deformat&.n, cracks, structural heterogeneity by phase
tranxformatlons, and residual stresses, all of which may be affected by
surface preparation methods.

*Part of the results presmnted In this paper wu also presntod at the CIR meeting
In Germany In 197,, 'o

*eprownt addre-.: Department of Mechanical Engineering, University of Californla,
Berkeley, Calif. 94720, U.,.A,

• • .,.
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The effect of surface roughness and surface integrity on wear behavior
is investigated experimentally in this papel. The experimental results are
shown to be consistent with the delamination theory of wear. The effect of
surface waviness on wear has been analyzed elsewhere [1 I and it will be
reviewed in the discussion section of this paper,

The wear behavior at the initiation of sliding interaction, before a
steady state condition is reached, is referred to as the run-in phenomenon.
Queeor et al. [21 have shown that run-in wear depends on the original
surfaLe roughness when wear tests were conducted under lubricated condi.
tions. Rowe et al. [3, 41 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 reached the surfaces become very
rough, These observations are all consistent with the mechanisms of the
delamination theory of wear 15 - 71. According to the Lheory, the initial
smoothing is associated with the removal of machining marks (8], However,
when steady state wear by delpminattion is established, the wear surfacea
become rough owing to the craters left after wear sheets lift off the surface.

The quality of a machined surface in related to the degree of damage
generated in a surface layer during machining, A study by Abrahamson et al.
18] has shown that subsurface damage introduced during machining increases
the initial wear rate. Scott et al, (91 and Allen (101 showed that surface
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 amociates [11 . 1S1, its effect on sliding wear was not
investigated previously.

Experimental procedure

Wear tests were carried out on a lathe usiog a cylinder.on.cylinder
testing geometry, The 0.6 cm diameter specimens were rotated at a surface
speed of 3 cm s I and the stationary AISI 52100 pins (0,6 cm rin diameter)
were pushed against the specimens by normal loads of 0.106 and 0.850 kg.
A series of tests 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
surrounding the contacting surfaces. All tests were run dry and at room
temperature.

The materiale tested were commercial cold-rolled AI81 1018 steel
(hardness 84 kg mm"') and 70/30 brass (hardness 46 kg mm 1), A variety of
surface finishes were genorated by turning. The surface finishes ranged from
1.2 to 10.4 Tm (c~i~a,), They were generated by turning at 319 rev Olin
with a 0,13 mm depth of cut at various feed rates. Some specimens were
prepared with cutting tools having a range of positive and negative rake
angles to study the effect of subsurface damage generatel by machining.
Another series of specimens was prepared by orthogonal tutring lubricated
with lard oil, using tools with positive and negative rake angles.
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The effect of surface roughness

r•he 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 Fig. 1(a) and parallel to these in Fig. 1(b), The wear track on the
rough surface (Le, 3.4 pm c.l.a.) has become smooth and there is no evidence
of adhesive or transferred particles.

(at) (1I)

Fig, 1. Plastic de.'ormittlon of the uriginal asperities for AISI 1018 steel (cylinder-on.
cylinder geometry); (a) tlidlntr perpondloular to that machining inarks, 2.0 Mm c.l.a.
surfatite finish, atftr ten piasses under a normal lond of 0.91 ks; (h) sliding parallel to the
mitchining aiarks, 3.3 pin cdla. surface finilh, after 0.25i m of sliding undor a normal lould
oar 0.35 km.

The results of wear teots on samples with varying roughness and normal

loads are presented in Fig, 2, Under a load of 0.850 kg (Fig. 2(a)) the rough
surfaces have a slightly larger total weight loss than the smoother aurface.
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
removed and steady state delamination is reached, the wear rate of all sur-
fNes is the same.

Figure 2(b) shows that under a 0,106 kg normal load, the smoother
surface has a greater total weight loss than the rough surface. However, the
steady state delamination rate of both surfaces is the seine, The difference in
wear is due to the difference in the time delay before the onset of delamina-
tion. The 1 ,2MA m c.l.a. surface started delamination after 9 m of sliding,
whereas delamination of the 2.7 pm p.i.a. surface began after 32 m of sliding,
This was not observed under large loads because the contact stress was
sufficient to remove the original asperities and to initiate delaxninlaion
almost immediately.

The result of the wear test on AISI 1020 steel performed by
Abrahamson et alt. 18 with a pirn-ondisk machine Is given in Fig. 3. These '.*'

: 1 '•l t' , 'i,
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load of 0.860 kg, A18I 1018 stool, 0 2.1 jum c.1..,, A 6.0 M v.l..., 07,8 Mm e.I.a.-,
(b) normal load of 0.106 kit, 0.12 Jim vc1..., A 2.7 pm oia.

tests were run under conditions similar to the ones reported here, the only
exception being that the pin.on-disk tests were done at an average surface
speed of 7,8 cm s- . 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 thin normal load are independent of the testing geometry.

These tests show that the surface roughness does not affect the steady
state wear rate Lit only influences the initial wear behavior of machined
surfaces. The fact that the rough surfaces under low loads wear leu than
smooth surfaces has interesting practical implications in the design and ' . ,

prepwlation of sliding surfaces. Thse rmeults suggest that rough sliding sur.- "' "
faces under low contact stresses will last longer th.m smoother surfaces.

:1
rI
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IiJl nq Oilaonce 1m) Sliding t an, c, I(m)
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Fig. 3. Welpht los an a function of slidlng distance for AISI 1020 iteel (pin.on.diak
eoumetry) 171: (a) under a normal load of 0,30 kg, ' '0.1 {im e.la,, ^ 0,3 Mum c.i,a,,

V 1,1 mm c.i,, S 4,8 Mm cia; (b) under a normal load of 0.075 kU, A 0.3 Am cI.a.,
0 4.8 Mm c. La.

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 sliding components. This was observed when specimens
generated by a worn tool were wear tested under a low (0.75 kg) normal
load, In these specimens the wear data were scattered and the delayed
delamination associated with rough surfaces was not observed.

The effect of surface integrity

According to the delamination theory, steady state aliding wear of
metals occurs by subsurfe.e deformation and by void and crack nucleation
and propagation. Therefore, if the prepared surface contained any surface or
subsurface damage (i.e. deformation, voids and cracks), one would expect a
larger initial wear rate. This is shown in Fig. 4 for an an-drawn surface and
for a polished surface, The initial weight loss of the as.drawn surface is
higher because of the surface damage generated during drawing, as shown in
Fig, 5(a). (The as.drawn surface was lightly polished with a no. 4/0 emery

paper to remove the surface oxides,) 'I'e polished surface was prepared by
polishing off 0,06 mm with no. 2 emery paper and a final polish with a 4/0

.em-iry paper. This process generated a relatively damage-free surface, as
observed in Fig, 5(b), which led to a lower weight loss than that for the as.
drawn specimen,

The effect on wear of subsurface damage geneoaled by machining is
shown in Fig. 6. The otwo serie, of specimens were machined using a sharp
and a chipped cutting tool, u shown in Fig. 7. The chipped tool was still

, . *
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Fig. 6. Sectlona perpendicular to the surface mhowlng the typical microatructure of
1018 steel: (a) as drawn, (b) after polishlng.

capable of producing fine surface finishes and from a machinist's point of
view it was still useful. The difference in the initial weight lou of the two
series of specimens is due to the larger subsurface damage generated by the
chipped tool (10 pm deep) compared with that of the sharp tool (2 pm deep),
which ip observed in Figs. 8(a) and 8(b) respectively, It is interesting that the
subsurface deformation caused by the chipped tool was sufficient to
generate wear sheets (Fig. 9) on the machined surface.

Machined surfaces could also contain subsurface damage if machining .'..
parameters such a the rake angle, cutting tool radius or depth of cut were

IL ,..-- ----
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Fig, 6. The effect of subsurface maehining damage on wear of 1018 steel: o 1.4 Pm c.I~a.,
A 4,8pm r.l.a., 0 2.1. Mm .li.a., A 6,0 Mm c.I.a., 4 7.8 Mm c.l~a.

(a) (b)

Fig. 7. Scanning electron micrographs of the rake face of (a) a chipped cutting tool and
(b) a sharp cutting tool,

not selected properly. Turley [14, 161 has shown that the depth and the
degree of deformation in 70/30 bra increases as the rake angle decreases.
At large negative rake angles the tool does not out, but rather it slides over
the surface causing plowing and subsurface deformation. The depth of
deformation 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: 400 rake; 8* rake- and 1.3 aim honed radius, 40° rake, The
figure shows that all specimens have the same wear rate. This is probably 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

I* I,
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N

(a) (h)

Fig. H. SeVtionk perpendicular to the surface., showing typical subsurfa'e damage of
1018 strel: (a) machined with a chl!ped tool, 4.8 pm c.l.a.; (b) muehined with a sharp
tool, 6.0 Mlm C,,I.•,

Fig. 9. Wear sheets on the machined surface of a 3.3 Mm cAi.a. surface fittish, prepared
with a chipped cutting tool,

tools might have 1aot been sufficient to affect the wear behavior.Therefore
70/30 brass specimens were prepared by orthogonal turning with +25', +56
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 the samples
cut with positive and negative rake angle tools. Subsurface observations of
the machined surfaces showed that the depth of deformation was 25 pm for
the +256 tool mnd 30 pm for the -15" tool. 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 layers reported by Turley ranged from 600 pm ,• ,
for a +250 tool to 900 p m for a -15' tool. Such a difference in the deformed

- .. ,__ _ __ _ __ _ _ __- .- - - * - . . . . . .
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Fig, 10. Wear of 1018 steel specimens muahinad with three different cutting tools under
a normal load of 0.85 kg: 6 40' rake angle, 1.3 jAm e8'~a., 0 8" rake angle, 2,15 pm c.ia.-:
A 1.2 mm honed radius, 40" rake angle, 2.0,Mm c.l.a.

regions generated by the two tools should resalt 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 samples, no difference in the
wear behavior was observed.

The leformation depth in brass observed by Turloy was much more
than the L 'formation depth reported here, probably because of the difference
in the machining conditions. Turley's specimens were prepared by planing,
whereas the specimens 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 applications,
since each type of machining generates a different type of damage in the
finished product.

Discussion on surface roulhnes and integrity

The results presented here substantiate the predictions of the
delamination theory in regard to surface roughness and integrity. The signif-
icance of this Investigation is not only in the verification of the dclamination
theory but also in the practical implications of the results. It has been shown
that specification of surface roughness alone is not sufficient; the surface
integrity, surface preparation method and machining variables must also be
properly specified for sliding surfaces,

A recent investigation (16] has shown that burnishing, which it the
final surface preparation procedure in some applications, decreases the initie! .. ' .

"4.,'•'' ,
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wear rate of sliding surfaces. In burnishing, the original machining marks are
deformed and fractured and some 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
original surface [161 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
i, the long 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 rpcent paper [1] it has been
shown that waviness can cause seizure of two geometrically constrained
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 considered in this paper has been 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 (i.e. deformation, voids and
cracks), mechanical changes (i.e. residual stress) and metallurgical changes
(i.e. phase transformation). Based on the results presented here it can be
concluded that microstructural defects decrease the wear 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 [171. Since 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 primarily causes micro-
structural defects and does not cause any observable metallurgical changes.
Machining at moderate speeds with a worn tool generates a surface layer
softer than the bulk (probably overtempered martensite). However, machin-
ing at higher speeds with a worn 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. Tbes
softer subsurface is overtempered martensite. Similar metallurgical changes
have also been observed for ground surfaces (11 - 13).

I
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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 softer, prediction of the wear behavior becomes
more difficult, A harder surface may resist deformation and delamination,
but if any large wear 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 tb,.t the
prodiction of wear behavior cannot be based on the hardness alone, and that
the microstructure must also be considered [191. 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 stresses. The na•ture of the residual stress depends 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 stress, whereas grinding at higher speeds and at larger depth of cut
produces a tensile residual stress at the surface [121. In some turning
operations, however, the near-surface residual stresses were observed to be
always tensile, and the depth and their magnitude increased with the size of
the wear land 1181. 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, a compressive residual
stress can be beneficial only if no subsurface microstructural defects (voids
and cracks) have been generated during machining.

The above discussion 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 characteristics,
the effect of surface roughness on wear dependo on the nature of the
application, on the operating conditions 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 casc, 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 easily 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, decisions on desirable surface topography .
should be made after consideration of all the important factors involved.

-- .4
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Further work is clearly needed to develop a systematic w.Ay A ,haracerizfing
and specifying the surface topography and integrity.

Conclusions

Based on the investigations presented in this 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
smoother 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) Tho 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 (AISI 1045)
was investigated under various combinations of loads and sliding wear con-
ditions using a rotating beam test. The direction of the maximum tensile
stress due to bending was perpendicular to that due to wear [11. 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
iesults 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 fstigup life is
manifested primarily by the stress field imposed by the slider on the speci-
men. In the case 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 slider and the pVat 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 coin-
bination of fatigue loading and wear is a major problem for aircraft com-
ponents and high speed machines. However, the question of what happens
to these parts when the relative displacement between the slider and the
part is large and occurs only along a single direction has not been investi-
gated in the past,

The purpose of this paper is to present the results of a combined
fatigue-wear study contlucted 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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Fg. 1. A chimnatlct diagram of the sp+ecimen used for combined fatie-wear tests.

isolation of the effect of loading conditions 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 pm of the surface and therefore it will affect 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 a 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, iK 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 cylindrical rods 16 mm (5/8 in) in diameter. Slwcl-
mens were. then machined to the final configuration shown in Fig. 1 The
straight 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 12,7 mm (1/2 in) radiuti. Then the necked
zone was polished to a minimum diameter of 6.4 minn with emery paper of
sequentially reduced grit size, and finished with 6 pm particle size diamond
lapping compound, Some of the specimens were then plated with a layer
of cadmium or with a flash of nickel followed by a layer of gold. The initial
thickness of the plating was about 0.1 pm for cadmium and 0.05 pim for
nickel followed by 0.5 pm of gold.

Fatigue and combined fatigue.wear tests were carried out by rotating
the specimens on a lathe, rho fatigue geometry used wu the classical
cantilever rotating beam with the load applied at the end. The fatigue load
as well as the normal load on the slider was applied by dead weights. The .! ., ,...

load on the slider was in all cases 0.3 kg. The friction force was measured by
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Vent

Fig. 2. A schematic diagram of the experimental set-up used to carry out the combined
ratigue-wenr tests,

means of a strain gage assembly to which the slider was attached, The sliders
were in the form of cylindrical pins of 3.2 mm (1/8 in) of AISI 52100 steel
(BUN 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 test was evacuated and filled with argon gas (Fig. 2). The
tests were run until complete failure at a speed of 1000 rev sin"n.

Results

A series of different tests was carried out with AISI 1045 steel to show
the effect of sliding wear on the fatigue life. Ordinary fatigue tests were 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 1.07 121.

In Fig. 3, the resulting S--N curves are shown. In the range of higher
stresses (greater than 35 kg mm 2), and thus shorter life, no remarkable
difference was found between the plain fatigue and the fatigue-wear speci-
mens, whereas for the lower stresses some differences exist. First, combined
fatigue wear reduces the life by about a factor of two. Second, the reduction
in life is more apparent in the case of combined fatigue wear with polished
specimens.

Figure 4 shows both the test zone and the fracture surface of a speci-
men which failed at 8.0 X 106 cycles under a stress amplitude of 34.5 kg

m'm 2. Figure 5 shows similar features but for a specimen subjected to com.
bined fatigue wear. The stress amplitude in this case was 32 kg mm 2 and

,. . . __ _ _ _ _ _ _ _ -. -
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the number of cycles to failure was 4.33 x 105 cycles. These two micro-
graphs look basically similar, the only difference being the presence of a
wear track.

Figure 6 shows the wear volume, calculated from measurement# of the
width and depth of the wear track, as a function of the number of cycles.
Although there is some scatter, it is clear that the wear rate of coateid speci-
mens, particularly the nickel-gold coated specimen, is reduced by an order
of magnitude, whereas the reduction for cadmium coated upecimens In only
a factor of S.
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Fig. 5. A specimen fr,.uured in the combined fatigue-wear test. The strem smplitude was
:12 %g mm- 2 and the number of cycles to failure was 4.33 X 10.
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Fig. 6. The logarithm of the wear volume as a function of the logarithm of the number of
cycles to failure, The wear volume was calculated by measuring the depth and width ol
the wear taekse

Discussion

The results in the lost section show that, the fatigue life is reduced when
sliding wear is imposed on the fatigue loading. It can be explained in terms ;.,
of the accelerated crack nucleation rate due to the sliding action.

' • . .i.. , :.':• 4"•i'•
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Fig. 7. The streaw due to sliding in the direction of bending stress a a function of the
number of cycles to failure,

The sliding action imposes a cyclic state of loading on the material near

the surface [31. Under this cyclic loading the matrix can undergo plastic

deformation and cyclic creep along shear bands in the direction of sliding,
wceating 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. Fleming and Sub
showed that there is a location below the surface where the crack growth
rate is a 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 field (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 clarity the effect of the contact loading on the overall of
cyclic loading, the stress history of the specimens w" examined through a
stress analysis for an elastic specimen [2]. Figure 7 shows the time depen.
dent change of stres in the axial direction due to the load on the slider; this
strew was calculated in terms of the measured geometry of worn specimens
and sliden. Figure 8 is a schematic diagram of the loading history of the
specimen at the contact point. It Illustrates the fatigue loading cycle.(Flg.
8(b)), the loading cycle in the bending plane due to the load on the slider N
(Pig. 8(c)) and the meult of a superposition of FPis, 8(b) and 8(c) (Fig. 8(d)).
It is clear that the actual number of fatigue loading cycles Is doubled owing U
to the load applied by the slider during the early phase of the atliue tesUng

K4jA
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(d)

(b)

Fig. 8. A schematic diagram UIustr~ating the loading history of a given point sit th. surface:
(a) milder anti specimen, (b) banding loading cycle, (c) sliding action loading cycle and
(d) resultant of loading in (b) and (c).

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 upproxlmately 2.. This Is in agreement
with the result, shown in Fig. 8 for the curves for plain fatigue and for
combined fatigue wear.

Another feature of Fig. 8 in the greater reduction in the fatigue life for
the teels run an polished specimens than that for the unpolished ones. Thim
is probably due to the fact that the polishing removed the prosttained aur.
face layer from the specimen. This layer contained compressive residual
Aroses% which opposed the tensile stress due to bending.

The results for the coated specimens shown in Fig. 8 show that no
improvement lin the fatigue U~fe was obtained by coating. H~owever, the wear
resistance of the specimen was Mratiy Improved especially for the case of
the nickel-gold plated specimens (Fig. 6). According to the delamination
theory of wear, the coating should reduce the wentrtate of the specimen as

A4



108

a result of the reduction of the subsurface deformation in the direction of
sliding [61, 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-
suits are explainable in terms of loading cycles.

Conclusions

The main conclusions that can be drawn from this work are u follows.
(1) The load applied by the slider increases the crack nucleation rate

near the surface and doubles 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 effective 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 stainless steel and
commercially pure titanium (75A) was studied using a pin-on-ring geometry.
All the tests were carried out in air without any lubricant. The sliding speed
wan 0.5 - 10.0 m t- and the normal force was 49.0 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. Thbe wear
rate of 304 stainless steel Increased monotonically with speed, wherein the
wear rate of 1020 steel and titanium first decreased and then increased and
again decreasd, with a maxcimum occurring at about 5 mi s~l. The complex
variation of the wear rate as a function of speed is explained In terms of the
dependence of the friction coefficient, hardness and toughness of the ma.
terials on temperature. Microscope examinations of the weer track, the sub-
surface of worn specimens and the wear particles indicate that the wear mode
was predominantly by subsurface deformation, crack nucleation and growth
processes, i.e. the delamination process, similar -to the low speed sliding wear
of metals. Oxidative and adhesion theories proposed in the post to explain
the high speed sliding wear of metals are found to be incompatible with the
experimental observations.

introduction

The papers presented so for in this issue of Weare emphasihe subsurface
deformation, crak nucleatioin and crack growth as Important processes in
the low speed sliding weow of me"al. Both the metallographic and the
empirical evidence presented clearly support this view. In these papers the
experimental conditions were chosen so that the tempelratur, Hose wad
minimal; hence thermal aspects could be neglected. Howeve, it is well
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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 speeds 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 [71.

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 181, whereas some other observations show, surprisingly, that the
wear 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
.xisting theories. TheI' purpose or this paper is to investigate critically the
rn((hanism of wear at high sliding speeds and to explore the poss-.bility that
delamination wear might take place under such conditions-.
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Materials and procedures

AISi 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 v'ear 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.

TABLE I

Experimental materials

Component Material Approximate Hardness Density
composition (MPa) (103 kg m -3)

Specimen AISI 1020 steel 0.2% C, 0.4% Mn 2300 7.78
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% 0

Slider AISI 52100 steel 1.02% C, 0.35% Mn 7260 7.83
0.28% Si, 1.45% Cr
0.025% P, 0.025% S

AISI 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 generation I at the contact is the same over the entire

Best Available Copy
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Fig. 1. Microstructuros of experimerntal materiaiu: (a) AISI 1020 steel, (b) AISI 304
stainless steel and (c) 75A titaniumt,
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contact area. Finally, it is possible to calculate the surface 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 25 mm high, 25.4 mm long and
6.35 mm thick. The nominal contact area was a portion of a cylinder and
was about 1.6 X 10 4 mi. The specimens were prepared by machining at
small depths of cut with a copious supply of lubricant. Both the specimen
and the ring were pol¶swt% to 4/0 emery graide but no attempt was made to
measure the surface rt ,'• ness. The spechimen and the ring were cleaned with
trichloroethylene before testing. 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 0.5. 10.0 m a '. The duration of the test was
1800 s. All tests were done in air without any lubricant. The temperature of
the specimen wni 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 metallographically.
Selected specimens were cut, polished, etched with standard etchants and
observed in a scanning electron microscope (SEM). Wear particles 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 tabulated in Table 2.

TrABLE 2

Additional teat results for A1l8 1020 steel and AISI 304 stasinless ateel

T°est no. 8urirac Normal sliding Friction Volume Wear rate
speed force distance coefflclets. loss (x10 1' a 8 m 1 )
(mu'1 ) (N) (km) (10 Oim

3 )

A18I 1020 steel
1 152 9 10,87 18.73 0.70 17.60 0.94

2 5.56 14.22 20.71 0.57 70A48 3,40
3 8,50 13,33 15.72 O.2 56.29 3.58

4 0.47 83,32 0.95 1.11 105 ,2.16
6 2.69 33.86 4.39 0.80 23.05 5.39
6 8.75 30.06 1.88 0.47 44.21 23.51
A131 304 ulaudlous steel
1 2.4.8 11,76 17.70 0.96 76.46 4.32
2 5,35 1.1.11 18.91 0.86 01.78 4.85
3 8.74 18.88 16,72 0.73 60.18 3.00
4 1.67 36.51 9,51 0.81 128.90 12.96
5 5,18 31.78 3,98 0.84 39.035 1.186 8,05 29.90 7,88 0.86 78.85 9,.87 1 "'.•'-*•''

*An A11l 4150 steel dise of 0.1 m in dlntar and 0,84 om thick was used as the slider.
6,8.66 19.•9 .8,,086.71,5 9.8

I i•, - . , . • ",. i 1



Results

Figure 3 shows the friction coefficient as a function of the logarithm of
the sliding speed. The friction force usually fluctuated during the first few
minutes of the test, especially at low gliding 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 coefficient decrease gradually with an
increase in speed and that Its value at high speeds is about a one-half of its
value at low speeds In the speed range investigated. It can also be seen that
the friction coefficient for AISI 1020 steel Is higher than that for the other
two miaterials.

1-Z-ri--rTr~m-' I T I Firnr I 1

7: AISI 1020 Steel

I" 1'IIIfl' I I I In if -Cl 4181 304 SIoIInsaa Steel
IL' C 75A Tlhonlurn

Di AISI 304 Stainle seel8e*
o 75A Tiioniurn
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Fig. 8, The friction coefficlent us. the logarithni or the sliding speed. The friction coef fi-
cient was calculated using the steady &tat* values of Owi tangential traction. Each point
represvinta an averags of thre values.

Fig. 4. 11he logarithm or wear rate us. the logarithm (of the 6liding speed, The normal force
was 49,0 N and the duration of the test was 1.8 X 103 a. Kacli point reopresenils an
wavrage of three values,

The wear rate as a function of the sliding velocity is shown in Fig. 4. '
The wear rate of 304 stainless steel Increauus monotonically with the eliding
speed whereas the wear rate of both 1020 steel and 76A titanium first do-
crease, then increases and reaches a maximum and then decrease again.
Both maxima are at a speed of about 5 ms 1-. Trhe wear rate "AZ') stainless
steel, which is more oxidation resistant thaji 1020 stoel, is about the same as
that of 1020 steel. In fact, the stainless steel exhibits a higher wear rate than
thes 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 thi work.
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To investigate the effect of temperature rise on the friction and wear
properties, the temperature of the specimen was monitored continuously.
The temperature exhibited an initial transient for a period of about 5 min
and then reached a steady state value which depended on the sliding speed,
the normal load and the material, 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 estimated
surface temperatures are plotted in Fig. 5 as a function of the sliding speed
for all the materia!s, As it is 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 sliding 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.
itnental measurement of temperature. 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 temperatures thus calculated, if the friction coefficient and
wear rates are replotted as functions of the average surface temperature, the
general shape of theme curves remains the same as in Figs. 3 and 4 because
the temperature is essentially a monotonically increasing function of the
sliding 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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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 worn 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
figure that large plastic deformation of the surface took place an a result of
sliding. In fact, the material flowed so extensively that a "mushrooming"
effect was observed at speeds greater than 1 m s 1.

Scanning electron micrographs of the subsurface, shown in Fig. 7,
clearly indicate that large scale subsurface deformation took place as a 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 essentially platelike and several hundred micrometers

(-) (b)

Fig, 6 Surface of worn specimens: (a) AIBI 1020 stel, (b) AI1I 804 stainles steel and

(a) 75A titanium. The normal force was 49.0 N, alldPng speed was 5 m s-1 and the ; lip,
duration of the teat wus 1.8 X 10s s. 811dinl direction bi from rtight to left.

L . 7 ,_
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(a) (b)

(()

Fig. 7, 8canning electron micrographs of the subsuriace: (a) AISI 1020 steel, (b) A181
304 stainless steel and (c) 75A titanium, Experimental conditions were the same as. iven
in Fig. 6. Sliding direction Is from left to right.

in diameter. These wear particles are similar to the particles collected from
low speed sliding tests on a variety of steels [101 and copper and copper
alloys [111. It appears that although oxidation and delamination take place
simultaneously, particle removal from the surface seems to he by crack
nucleation and growth processes.

Discussion

Micrographs of worn surfaces (Fig. 6), scanning electron micrographs of
subsurfaces (Fig. 7) and characteristic wear particles shown in Fig, 8 clearly
Indicate that the mode of wear particle formation at the speed of 5 m a-
was 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
interface. However, it can also be seen from Fig. 8 that some oxidation took
place either during the subsurface crack growth or after the wear sheet was
formed,

, , ,
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(a) 'b)

(c)

Fig. H. Wear partcles, of (a) AIRI1 1020 steel, (b) AISI 304 stainles stoel asid (c) 75A
titanium. Experimental conditions were the same as given In Pig. 6.

Although the mechanism of delamination seems to be reasonably well
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 discussion of how the temperature rise due to frictional
heating can result in an increased or decreased wear rate, the variation of
friction coefficient with sliding speed (or temperature) needs to be consider-
ed, The reduction of the friction coefficient as a function of the sliding
speed (or temperature) has been explained in the past on the basis of oxide
formation [12- 15], Above a critical temperature, when the oxidation rate
becomes appreciable, a thiv layer of oxide spreads on the surface. If the
thickness of the oxide film is of the order of 100 X 10"'° m and if the

qM,,
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hardness of the oxide is not greatly different 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 parameters as speed, 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 oxlde-metal contact is taking place. The sharp transition in
the friction coefficient around a sliding speed of I 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 accumulates 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 [168 ) that soft metals accumulate
more subturface deformation for a given sliding distance than hard metals,
mainly owing to the larger number of asperity contacts. The amount of
deformation depends on the normal load, 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 hardness. 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 rapidly, the
deformation rate increase due to the lower hardness should outweigh the
decrease due to the lower friction coefficient; the deformation rate should,
therefore, increaip 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 exampler., To identify the exact
mechanism it is necessary to stWdy the problem case by case. In the case of I
single-phase single-component systems, in the absence of phese transforma-
tion. lom of hardness is basically due to thermally activated dislocation
motion. Although the exact n.echaniiam of so.tening at high temperatures is
not isolated In the materials tested, some speculations can be made. In the
1020 steel, both dispersion )f Cottrell atmospheres and dissolution of
carbide particles contribute to softtning. In the case of the single-phase 304
stainless steel it may be due to extensive cross slip, whereas in the case of
titanium operation of secondary slip syskntas at high temperature together
with cro•s slip can be given as possible reasons,

As discussed earlier, two conditions have to be satisfied for crack
nucleation around inclusima: (a) the normal tensile stress across the , .

_ _ _ _ _ _ _..__ _ _ _ _ _ _ _, F
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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 phase 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, 181. 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
difficult at high temperatures for several reasons, First, it is difficult to
develop large normal stress at the particle-matrix boundary because of
extensive cross slip. Secondly, because of dynamic recovery and even
recrystallization at high temperatures the stored elastic energy will be
smaller than in room temperature deformation. 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 effecta were negligible, i.e. for the case when the test
temperatures are below about one-half of the absolute melting temperature
of the materials. At these temperatures deformation takes place predominant.
ly by dislocation glide and is homogeneous. However, at high temperatures
other modes of deformation such as grain boundary sliding and dLffusion
creep become important (and may even be dominant); the crack nucleation
problem should then take into consideration those modes of deformation
along with the glide mode. Further, the stress criterion given previously may
not even be applicable at high temperature; Instead a critical strain criterion
semj more reasonable, Nevertheless, the stress and energy criteria seem to
be applicable for the conditions used In this investigation because the temp-
eraturer are not very high.

Once the cracks are nucleated, they grow by the repeated loading
imposed on the crack tip by the moving asperities. In the linear elastic frac-
ture mechanics approach adopted in a previous paper [201 it was assumed
that crack growth rate can be expressed as a power function of the stress
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
controlled by crack growth i tes. 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 seem to be the case for speeds less
than 5 m sa- , as can be seen from Fig. 4. This implies first that the crack
growth rate does not control wear and/or that the linear elustic facture
mechanics analysis of high speed sliding crack growth rates is not valid. It
appears that both of these are possibilities.

It appears, therefore, that the overall wear rate Is a complicated fune-
tion of the friction coefficient, the hardness, the bond strength of the ',I V
particle-matrix interface, 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 appears
that type 304 stainless steel exhibits an increasing wear rate as a function of
the sliding speed throughout the test range because of a reduction in hard-
ness, Further, the reduction in friction coefficient does not appear to
comipensate 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 s'-
'The decrease in wear beyond a speed of 5 m a- I 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 is conceivable that at high
temperatures secondary slip systems operate making the material more
ductile. The increase in the wear rate below 1 m s 1 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"1dative wear mechanism.

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 even in the absence of a temper-
ature gradient because of different thermal properties of different phases. In
the case of polycrystalline h.c.p. metals, which are generally anisotropic with
respect to thermal expansion coefficients, thermal stresses can be induced
because of different expansions in adjacent grains. Also strain rate effects are
neglected in the discussion. However, it is well known that at high strain
rates even luctile metals behave like brittle solids. In any case these factors
may affect 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 trtcks, of the
subsurface and of wear particles clearly indicates that the mode of wear was
by delamination. Adhesion and oxidative theories of wear seem to be
incompatible with observations. A quantitative description of wear behavior
awaits developments in the mechanical aspects of cyclic deformation, crack
nucleation end 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 AIBI 1020 steel Is always higher than
that of AISI 304 stainless steel and that of commercial titanium. The friction
coefficient is only weakly affected by the normal load and decrase with
increasing speed; the reduction for 1020 steel is the larget.

(2) The wear rate of stainlem steal increases monotonically with the
speed, whereas it goes through a maximum in the neighborhood of 5 m a- -

.1i ni mi nm • '" -• .. , , •. .. ,
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for both 1020 steel and titanium. The drop in wear rate occurs because 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 wear particles (collected during the
test) indicates that the mechanism of wear was subsurface deformation,
crack nucleation and propagation, Le. the delamination mechaniism.

(4) Oxidative, adhesion and abrasive wear are not the dominant modes
of wear under the conditions observed although they may operate a-Amultan-
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 calculated 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 variety of experimental techniques are available for the measurement
of the temperature of sliding contacts. Measuremeni of the thermoelectric
e.m.f. produced by the sliding pair, infrared techniqu,?s, physical and
chemical changes associated with the temperature rl:e 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 measured 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 unde.A'-
estimates the surface temperature because the temperature gradient near the
surface is much steeper than In the interior. Thus, numerical methods are
generally preferred.

Figure Al shows the schematic arrangement of the slider, the specimen
and the thermocouples, As a result of frictional work, heat is generated at the
interface and flows Into the specimen and the slider; the amount is depen-
dent on the geometry and on the thernal, mechanical and tribological prop-
erti-s of both the specimen and the slider. A steady state is 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 calculate the steady stats average surfacw temper-
sture.

For the arrangement shown in Fig, Al, the specimen can be regarded as
a fin and the heat flow as essentially one dimensional (within the specimen).
TIbis is a simplifiction of the more elaborate two-dimensional problem
treated previously [All. The steady state solution to this problem is given as
[ A21I

I,.- ,• '.••
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Flu. Al.8Behemstic srrangement of" the slider, the specimen and the thsrmoeouples.

T-T, cosh (hC/kA)3Q -x)
T, - T--- coah (htC/sA )1I 

(AI)

where T is the temperature at a distance X from the surface, T, is the
ambient temperature, T, the average interface temperature, h the heat
transfer coefficient, C the circumference of the fin, A the cross-sectional
area of the fin, h the thermal conductivity of the fin and I the length of the
fin. Generally, It in difficult to estimate the heat transfer coefficient on

which the colution is dependent. Also, the length of the fin is not necessarily
the length of the specimen because grips, a dynamometer etc. are attached
to the specimen. Therefore, Instead of calculating the surface temperature
directly from eqn. (AM), it is necessary to evaluate it from experimentally
measured temperatures along the direction of heat flow (perpendicular to
the sliding surface) at different locations. "Tus, if T,, T-, Tg and Ts are the
temperaturea at the surface and at distances X I, X2 and X a, respectively, then
from eqn. (Al)

T, - cosh m(I -- xI)

T. -- Ta cosh ml
T, - Ta cosh m(I- xj)
T 1  s oa m (A2)

T. -- T ch M1-(M)

To - T,. cosh e(I-- Xg)

T. - T. cosh ml

where m - (hC/kA)u'. Fvom eqn. (A2) ...

T. - T. coahm -x,) AO "0

Ts.- Ts~T cosh m(I - X,)
.4"o 

r ..- ,..-

,• ' " ' ,, L. •'v,
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T1 -Ta coshm(l--xX1 )

Ta-T. coshm(1--x3 )

Using the identity

t2 0

cosh t = 1 + - + -+
2! 4!

and considering up to the second order terms only, then
2

a Y - X2)2 
- (l-XI)2  -- (1 -- a) (A5)

2

Soling a2-(-x) for (1--m)n(A6)

Solving for 1. m and T,

1 -2(3 -a) - X2a(3 -1) + X20(a - 1)1 2 3 (A7)
2 X1 (0 - a) - X2a( -- 1) + X3 1(a -- 1)

M 2(0 -- a) 1/2
m 0a( - X2 )2 - 0( - X3) 2  (A8)

and

(T1 - T.) cosh ml
cosh re(l-- X1)

Equation (A9) has been used in the present work to calculate the sur-
face temperature making use of the experimentally measured temperatures
T1 , T2 and T3 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 observed 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 I is reasonably good, the present method
seems to be satisfactory.
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Summary

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

Introduction

The Webster's New Collegiate Dictionary defines theory as "a plausible

or scientifically acceptable general principle or body of principle, offered to
explain phenomena...". A corollary of this definition is that a theory, if it
is valid, should provide insights into how problems associated with the given
phenomenon can be solved. The purpose 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 thes are by far the best means of minimizing wear
if such lubrication is possible. However, there are situations where the operat-
ing conditions do not permit the use of any lubricants. Also, contingency
meaures for Wmar ptventlon are neceMry when lubricants me depleted
from crltical parts (e.g, in the transmission csing of helicopters). In such
situatkuns, the basic wear properties of the solid materials and any modifica-
tion o the surface properties that hmprove wear characteristics become
Unpoi Lant factors,

In the put, the wear properties of metals have been characterized In a
mthet cursory manner by only speclfying the chemistry and the hardness of

0twehnt addrem: Mebamnlcal 3ngIneeIng Doper waist, Unievalty of California,
Berkeley, Calif. 04730. U.S.A.
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metals but neglocting microetructural 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
wear 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 is to establish meaningful characterization
parameters which can be used by design engineers in the specification of
materials for wear applications.

The microstucture of a 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 been 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 loads. 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 141 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 as possible without introducing crack
nucleation sits. The low coefficient of friction exhibited by such hard
materials as group IV B and group V B carbides attests to this conclusion.

'hoe adheelonal component of the frictional force has a similar effect
on the wear rate. An identical or similar pair of metals has P greater tendency
for adhesion than those which differ to the extent of not forming solid
solutions [9]. Rabinowie has inveetigpted this problem extensively and has
produced a compatibility chart for varous combinations of pure elements,
as shown in 7g, 1, It is clear that the beet combination for low friction and
low wear applications Is two hard qinglo-phase materials which are not
chemically oompi Uble (ie. those shown by solid circles in Fig. 1).

The crystal structure of metals he* a significant Influence on the wear
rate. Since the crystallographic rientation of metals ner the surface changes
so that the slip planes line up parallel to the surface, the frictional force is
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Fig. 1. Rabinowlca's compatibility chart for various metal comnbinations derived from
binary diagisma of the respective element& (from ret. 9) In terms of preferred anti-
friction surfacs;: 0 two liquid phases, stdid solution les then 0. 1% solubility (lowet
8dheion); 0 two liquid phases, Alid solution greater than 0.1%, or one liquid phase,
solid solution leow than 0, 1% solubility (next lowest adheeion)i 0 one liquid phase, solid
solution between 0.1% and 1% solubility (higher adheslon); o one liquid phase, solid
solution over 1% (higher adhesion), Blank boxes indicate Insufficient information.

lowered by the easier slip (especially in the absence of plowing), Hexagonal
close packed (h.c.p.) metal, with their c/a ratios greater than the ideal 16888
are 1enerally recognized is metals with easy slip. However, even metals such

sa cobalt which has a c/a ratio of 1.626 can be modified through the forms-
tion of solid soluUons to give good slip properties, One technique of making
use of the slip properties of such h.c.p. metals in to disperse a small volume
fraction of haMr particles such as WO in an h.c.p. matrix such ta cobalt (note
that WC and Co form a solid solution). In such a system, the normal load Is
carried by the hard particles and the matrix provides low friction properties.
Although the frictional force can be very small when sliding against such a
surface, this type of surface is only good when the applied normal load is
relatively low, as in instruments. Such a coating has been made by plasma

spraying.

Microetucturs comldMetloms y p:

As discussed earler (11, the prooesese that lead to wear of metals are
subsurface deformation, crack nucleation and crack propagation. I' 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 hardness and
toughness of materials. Unfortunately, it Is 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 microatructure of wear resistant materials is an exercise in such an opti-
mization process.

The flow strenith of materials should be made as high as 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 are decreased if at least one member of the sliding pair is a solid solu.
tion [41. The improved wear resistance Is due to the lowered frictional force
and the decreased surface layer deformation rate, and the consequent lowdr
rate of crack nucleation. Nitriding and carburizing of steel is certainly a
desirable thitg to do in this sense. However, one of the problems encountered

* 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 onlzy 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 increame in hardness. As soon as large second-phase particles
are introduced, crack nucleation occurs quite readily and the crack propaga-
tion rate tends to become the wear rate determining proess 121. One ii-
teresting Investigation would be to make two-phase materials in which the
second phase is so small (according to Argon at al., les than 200 A 1101 ) that
it only contributes to the hardness without providing crack nucleation sites.
Another possibility in to incream the volume fraction of hard particles to
a point where the matrix metal constitutes only a small fraction of the
volume, e.g, cutting tools made of tungsten carbide bonded with cobalt.

One interesting mema of minimizing wear Is through the creation of
a fiber reinforced compoaite with preferentially oriented fibers, It seems
reasonable to speculate that if fibers me plwed with their axes perpendicular
to the surface, cracks parallel to the surface will not be able to propagate,
since the crack tip opening displacement (and therefore the stresm concentra-
tion at the crack tip) will be prevented by the stiffness of the fibers, Such
an idea was tried by undergraduate students at MIT using a uniaxially ori-
ented Kevlar organic fliber-epoxy composite [11]. Their results are shown
in Fig. 2. The specimens with fibers normal to the surface had the highest
coefficient of friction and yet had the lowest wear rat.., 'heress the reverse A,

.ws true for the specimits with fibers parallel to the surfae. The exact
wear mechanisms of these composites are being investigated at MIT.
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FiM. 2. Friction coefficient and wear rate of Keeiar fi er reinforced epoxy composites
under a load of I kIt and a sliding speed of 2.54 m a ,', L and T denote the specimeni with
flLber oriented parallel and transverse to tho sliding diretion, Wling In the plane of the
surface: N denotes specimens with fibers oriented perpendicular to the surface (from
ref. Il.The upecifle ar rat" (am3 kIt 1 m )were: --L-- 19,3 X lfl;. 9.9 X
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Coating technique

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 solid lubricant technology Is outuide the scope of this paper,
onlI the implications of the delaumination theory on thin soft metal layers
W wlbe diussed.

Notwithstanding thn controversy concerning the dynamics 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
several orders of magnitude ( 121. The critical nature of the thickness of
the plate was brought out by the delamination theory [1, 121. In general, the
thickness of the soft layer must be of the order of 0,1 urn. Recent exper-.
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ments at MIT indicate that such a coating is effective even at high speeds and
prevents 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 a 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 pm, 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 possible even in the absence of plastic deformation if
there are preexisting cracks,

Good candidates for coating materials am such hard ceramics as Al 2 O3 ,
WC, TiC and HfC. They can be applied using chemical vapor deposition
(CVD) techniques 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 a aupersaturated solid solution using a rapid heating and cooling tech-
nique 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 resistance of hard coatings. In any sliding situation where
abrasive wear is possible soft coatings cannot be used since they can easily
be removed by abrasive wear. A major disadvantage of hard coatings in a
non-abrasive environment is that if any large wear particle is generated from
the coating material it can act as an abrasive particle and can damage the
soft surfaces of other sliding components. This problem becomes more
critical as the coating-substrate bond strength decreases.

Coating formed during sliding
The formation of a soft or a herd layer on a substrate through a chem.

ical reaction between certain components in the lubricant and the substrate
shou!d be investigated by considering whether or not it lowers the coefficient
of friction. The effect of these layers may be not only the minimization of
metal-to-metal adhesion but also the ieduction of the tangential component
of load which 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 layers got removed at a faster rate than the 1W
delamination rate by the sliding action, the wear rate will be accelerated. ' .

.', .., ...
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Surface quality

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 tribolog.cal 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 ts 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 (ie. a geo-
metrically constrained system) on wear was discussed elsewhere [15], Since
the tangential component of the surface traction can increase to a large
value when there is a long range variation of the surface profile (i.e, waviness),
the wear rate can he 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 wtructures 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-
fore a material for wear applications is not well defined until the wear char-
acteristics have been specified in addition to the current specifications.
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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 discused, based on the data obtained with four
different copper. based solid solutions and with aluminum, nickel and AISI
304 stainless steel. Since crystal plasticity (and thus the SFE) affects all
aspects of delamination wear (i.e. biurface 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-phae particles is largely 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 hard particles,
the hardness of the matrix and the surface traction. For single-phase metals,
however, this model fot crack nucleation does not apply, although It is
expected that the crack propagation phenomenon is the same for both single-
and multi-phase metals. Since cracks may not nucleate readily in single-phase
metals, it is still not certain whether crack nucleation or crack propagation
controls the wear rate.

Suh [9) speculated on various plausible mechanisms for crack nude-
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 affect all aspects of delamination wear and therefore the role of each
cannot be easily isolated. The purpose of this paper is to shed some light on
these unresolved questions by considering the wear process In terms of , .
stacking fault energy (SFE), especially in view of the recent publications by
Hirth and Rlgney (10] and Rigney and Olaeser [11i ,

I.J ".s*'
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It is well eitablished that SFE affects such mechanical 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 cross-slip [121, 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 [131, and consequently low cycle fatigue life is
improved with a decrease in the SFE 1121. In view of these observations,
Hirth and Rigney's argument that the walls of dislocation cells may act as
crack nucleation sites and as the path for crack propagation is certainly
plausible [ 101. However, the role of the SFE in delamination wear cannot be
assessed similarly through a simple extrapolation of the bulk behavior since
the SPE also affects hardness, which in turn controls crack nucleation and
propagation rates through its effect on surface traction and the resulting
stress field [2, 31. 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 AISI 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-Si and Cu-Sn solid solutions studied
earlier [6]. Commercially pure nickel and 1100 aluminum were chosen
because their SFEs are the higheit 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 ,org cm-", like the majority of copper alloys.

Commercially pure 1100 aluminum in the form of 12.7 cm diameter
rods was swaged down to 0.635 cm diameter at room temperature without
any intermittent annealing. The swaied rods were then annealed in air at300 VC for I h. Commetvially pure nickel, which was obtained w•; cold-drawn
rod of 0.635 cm diameter, was annealed in vacuum-sealed Vycor capsules at
800 9C for 1 h. Metallographic examination did not show any observable
precipitates at 1000 X. 7me AISI 304 stainless steal wu tested as received. All
specimens in the form of 0.685 cm diameter and 7.5 cm long rods were
polished on abrasive papers of various prits and diamond lapping compound.
The final polishing was done with 0.25 om diamond lapping compound. The
Ai8I 52100 steel slider (0.635 cm dimeter) was polished similarly.

All the tests were carried out with a cylindor.on-cylinder geometry at.a
sliding speed of 2 m min- I uind a normal load of 2 kg in a dry deoxygenated
argon atmosphere. ThI normal load and the friction coefficient were contin..
uoudy monitored by a dynomometer-Sanbor recorder assembly. Except in
the case of 1100 aluminum, the duration of each test was 100 main, The test
duration for aluminum was 20 min because the wear rate wu vary high and
the geometry of the wear track changed substantially after 20 min. The

• ' • , , .... .•-i
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specimens were weighed before and after the wear test to an accuracy of
0.01 mg and the difference was recorded as weight lose due to wear. Other
details are the same as those given in an earlier paper on copper-based solid
solutions 16).

Results and discussion

Figure 1 shows the weer rates of copper-based solid solutions, alumi-
num, nickel and AISI 304 stsinless steel as a function of hardness. Table 1
also lists other physical properties of aluminum, nickel and AISI 304 stainless
steel.

The experimental results with copper-based solid solutions show that
except in the case of Cu-Zn alloys the wear rate decreases with increue in
hardoess. This Is consistent with the fact that the increase In hardness
decreames both incremental plastic deformation and surface traction
(Fig. 2). These results are discumsed in detail in a preceding paper [5].
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Fig. 3. The wear rate as a function of the SFE: 0 OFHC copper, Ln Cu-Si, 0 Cu-Sn,
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rates has been explained earlier in term- 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 [131
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-Si alloys. This difference in the wear rate, however, can
also be explained by considering the differences in hardness and coefficient

()f friction. Copper is softer than Cu-8.6 at.% Si by about 36%, while the
cot-fficient of friction of copper is 0.98 and that of the copper--silicon alloy
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is 0.74. Therefore the higher crack nucleation and propagation rates In copper
were compensated for by the higher hardness and lower coefficient of friction
of the copper--silicon alloys. Similar reasoning can be applied to all copper-
based solid solutions except the Cu-Zn alloys..

The behavior of the copper-zinc alloys deviates from the general pattern
established by the other copper-based solid solutions. UPs wear rate increase
with the solute content, while that of the others decreases instead. These
result.9, however, ane consistent with the results published in the literature
(14)1. It is also interesting to note that the hardness of bias increases slightly

with solute content up to 90% sine. Consequently, it. coefficient of friction

explained as follows, The SF3 of bgas approaches an asymptote when the solute
contant exceeds about 20% (Fig. 6). As a result the crack nucleation and -~t

propagatio rates of brass may not change significantly wheni the solute
content exceedls 20%. F~uthbezmce, their hardness and friictional coefficient
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do not vary significantly in this range of solute content. Therefore it is
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
and the lower wear Wate of the Cu-10 at.% Zn alloy in comparison with the
bras with higher zinc contents cannot be explained on this basis. It appears
that the segregation of zinc at grain boundaries is the major cause for the
observed anomaly [161.

Conclunions

In sliding wear all the factors involved (namely, surface traction, plastic
deformation, crack nucleation and crack propngation) must be considered
in evaluating the effect of metallurgical variables on the wear rate of metals.

The SFJ' may affect the wear rate through its influence on hardness and the
crack nucleation and crack propagation rates. However, the wear rate need
not be a simple function of the SFE.
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Summary

The mechanism of the sliding wear of metals in corrosive media was in.
vestigated, In particular, the role of chemical heterogeneities on chemical
interactions between the sliding surface and its environment was studied
using 2024 aluminum alloy and sodium chloride solutions of varying pli
and NaCI concentration, Sliding wear tests with a cylinder-on-cylinder geom-
etry were performed at a sliding speed of I m min- and a normal load of
9#.8 N (I kgf). The resultA show that at pH , 0 and pH - 14, the wear rate is
dominated by the dlisolution of aluminum lito the NaCl solution. In the
interkmediatt pH range, the wear rate is shuwn to be controlled by the con.
joint actions of corrosion and delaminatiokn wear, Microscope examinatioui
of the worn specimens by means of a scanning electron micrascope 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 preceding papers (1 - 101 on the
delamination theory of wear have covered various theoretical and practical
aspects of the first two controlling factors, te. material properties and load.
ing conditions. The purpose of this paper Is to present the work done on the
effect of any chemical interaction 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 presuro (EP)
lubrication of sliding surface., which is often considevxl as a form of con-
tralled corrosive wear, and lubrication and wear of machinery in a marine
environment, in which salt water and salt-bearing air provide a corrosive

*This paper wa added to this series after the paper "An overview of the dalawinsotio
theory of wear" (1 I was accepted for publication,
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medium. The practical implications of this study can be summarize'd in two
aspects of wear control:

(1) to provide insight into the controlling factors of effective lubrica-
tion,

(2) to understand better the mechanism of corrosive wear and its rela-
tionship to delamination wear iij practical situationr.

From either the lubrication or the componeatt failure viewpoint, the
conventional conception of corrosive wear is primarily the regeneration and
removal of a surface film on the Aliding surfices.

In the absence of an "active" lthricant, the corrosive wear problem ham
always been considered in terms of oxidative wear models (11 - 13]. The
basic assumption of these models is that wear of the sliding surfaces is iA
result of removal of the surface oxAde ]W-er, and hence the wear rate is con.
trolled by the diffusion of oxygen ntom, through the oxide layer, The valid-
ity of these models, however, is questionable whcn one considows the observa.
tions of plate-like wear particles and the large-scale subsurface deformation
on a sliding surface. The delamination process, i.e. subsurface deformation,
crack nucleation and crack propagation, ius indeed been shown [8] to he
dominant in the wear of metas even at high sliding speed, in spite of the
fact that the wear track is highly oxidized owing to excessive temperature
rise during sliding.

From the boundary (and EP) lubrication perspective, there seems to
be a general acceptance of the view that lubrication is brought about by a
chemically formed surface film at the sliding interface. However, the nature
of this surface film has not been conclusively identified. Some researchers
have claimed that the surface film is an organometallic compound [14- 161,
while others have suggestedw an Inorganic film [171. 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-
picted a clear picture of the mechanism involved nor adequately provided
a scientific basis for the design or selection of lubricants. Their limitations
stem from the fact that most of these theories failed to recognize several
important physical phenomena on the sliding surfaces, such a the following.

(1) Chemical and mechanical actions have always been assumed to act
independently. Chemical reactions may reduce the surface traction (and
hence the friction coefficient) through the formation of a surface film, which
in turn reduces the plastic deformation on the sliding surfaces. Concurrently,
plastic deformation due to mechanical interactions leads to an accumulation
of strain energy, thus enhancing chemical reactivity, Such accumulation of
stored energy Is most probably non-uniformly distributed on the sliding
surface because of the structurally heterogeneous nature of the surface. The
mechanical action may also expose nasent metals which could act as cats.
lyots for anychemical reaction between the metal surface and its environment.

- .1"'r•',:
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(2) Although it has been considered in very general terms, the hetero-
geneous nature of the metallurgy and the chemistry of the metal Murfaces
has always been disregarded in the study of corrosive wear, This fact hampers
the applicability of most existing theories,

(3) It is generally recognized that there Is a limit of operation of the
surface film u 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 possibility of a localized corropion
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 metals in corrosive media. It is intended to dem-
onstrate that the conventional homogeneous corrosive wear theory does not
account for the observed wear rate, and that the overall wear rate is i com-
plex function of localized reaction, film formation and delamination,

Materials and procedures

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 t, exhibit intergnmulr corronion in an aqueous
medium containing chloride Ions J 18). The susceptibility of 2024 aluminum
alloy to intergranular corrosion (an be explained in terms of preferential
precipitation of an AIsCuMg intermetallic phase along the grain boundaries
[191, resulting in an anodic copper-depleted solid solution region arouad
these precipitatei. In a corrosive medium such as sodium chloride solution,
the anodic copper-depleted region corrodes preferentially by an electro.
chemical process.

In the study, the au-received aluminum rods (6.35 mm diameter) were
cut into 100 mm pieces. These specimens were then solutioniaed at 773 K
for 60 min, water-quenched to room temperature immediately, then aged
at 448 K for 120 min and finally water-quenched again to room temperature.
This heat treatmut cycle has been reported [19j to enhance the sweeptibil-
ity to intergpnmlar corrosion of aluminum alloy, Sliding wear tests ware
performed with this heat-treated aluminum alloy in aqueous sodium chloride
solutions (wee Pig. 1).

Two parameters were adjusted during the experiment: (1) the concen.
tration of NaCI In soltion; (2) the pH of the solution. These two parameters
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indicated that the precipitation~ proceeded too rapidly at an elevated tem-
perature (as revealed by the specimen's hardness change), making aging time
impractical for use as a varipble 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
steel. This material was chosen for two reasons.

(1) The hardness of this material was approximately 1.47 X 109 N m
(150 kg mm 2). whereas that of the heat-treated aluminum alloy specimen
was 8.8 X 10O N m-' (90 kg mm"'), The higher hardness of the slider mini..
mized complications due to deformation of the slider during the tests.

(2) The corrosion current density in the 2024 aluminum-AISI 304
stainless steel galvanic cell was measured to be 12.8 p A cm *2 in a 3.6% NaCII
solution at 298 K (20). This low corrosion rate does not mnodify the corro-
sion rate of the aluminum spcimen very substantially through a galvanit'
coupling effect.

The sodium chloride solutions were prepared by dissolving laboratory
grade granular NaCI in freshly prepared distilled water. The pH of the distilled
water and NaCI solutions was varied by addition of HCI or NaOH to cover
the pli range 0 - 14. In most laboratory corrosion tests on aluminum alluys,
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hydrogen peroxide is addnd to the test solution to speed up cathodically
controlled reactions [191. In these tests 15 g 1- of 3% H202 was added to
all solutions.

Before the wear tests, the heat-treated specimens were abraded with
silicon carbide papers to remove the surface oxide layer. They were then
fine polished with 1 pm then 0.25 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 ( I kgf) and the sliding
speed was maintained at 1 m min-1 . 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 scolution 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
i cotton swab. The specimen was then blow dried.

The tra•nsverse 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 cut, polished, etched with Keller's reagent and
then observed in a scanning electron microscope (SEM).

Most of the tests were repeated three to five times to check the repro-
ducibility.

Results

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

Fig. 2. Intergranular corrosion of 2024 aluminum uialoy in sodium chloride solutions con-
tamIng 15 g I' HZ0 2: INaC I a (a) 0.001 M, (b) 0.1 M, (c) I M. Corrosion tests lsted
300 min at 298 K. The pH of all three solutions was measured as S,
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(a) ( )(
Fig. 3. The murtauq topography of corrot.ed 2024 hitumlnun apeolm'una In 0.001 M NOCI
at ela) pY1 - 0, N' I) pHt - 6, And (c) pH -I 14.

Figure 3 is a scanning electron micrograph of the surface topographies
of uimilar corrosion test specimens at three pli levels (0, 6 and 14). At pH- 6
the figure shows pitting~ and intergranular corroslion, whereas at pH 0 or 14
the spechimen indicates corrosion through unifrnrm dissolution of the alumi-
num matrix,

After the intergranu:Ar corrsion and pitting behavior of 2024 alumi-i
nunm alloy in NoCI h:Ad bee~i established, the effect ot such localized corro..
sion on sliding wear was investigated. The results are shown- in Figs. 4 - 7,

Figure 4(a) shows the var~ation of thn wear ý,.oefficlent with NaCi con,
centration in the test solution at ptl 6. The figure showst that the wear coef-
ficient is not a monotonic function of NaUI concentration, Wi.ring the wvear
tests, it was obse'rved that the wear tracks appeared shiny unt.0 the concen-

* ~tration was increased to 0.006 M, above whichi a black gelatiriouA deposit
was formed. The quantity of the deposit seemed to ixvcrease with NaCI con.

* centration.
The dependence of friction coefficiont on NaCI concentration is shown

in Fig. 4(b), At all conc-intrations the friction coefficient is hligher than that
obtained with distilled water alone, The figure also shows thkti theve is a de-
crease in friction in the high NiiCI concentration range (above 0.01 M). This

*decrease in friction smems to be reiziod to the formiation of the geleti~nous
reaction products.

Figure 4(c) shows the variation of the pH of the oolutilon collected from
the zone of sliding contact as a function of NaCI concenuration. The pH of
all solutions before the went test was about 6, Above 0.001 M the pH of the
solutions after a wear test Increased with concentration, indicaftln an ifteroama
in hydroxyl ion concentration.

The above obcerr'ations, show thsut the presence of chloride ions In the
tomt solution leads to a higher wear coefficient than that obtained with
distilled water only. These result., coupled with the observations In the cor.
rosion tests, tufp9st that a localized corrosion mnechanism provides at plausible
explanation for the increase of the wear coefficient with MaCI coincentration.
Howev'er, the decrease in wear coefficient in the higha NaCI concentration
range (associated with the for~nation of a gelatinous deposit) Indicates that
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Fig. 4. (a) Wear coefficient, (b) friction coeffioient and (c) pH of solution after wear test
as it function of midlum chlorcie concentration In molars: 0 before test, 0 after test.

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
wear coefficient.

Figures 5 - 17(a) &how the dependence of the wear coefficient on pH at
thre N*Ci concentrations (0 M, 0.001 M and 1.0 M respectively). Figure

4(a) has indicated that the wear behaviors are different at these three con-
centrations,

With distilled water only (Fig. 5) the wear coefficient is relatively con-
stant within the pH range 8. 11, At both the'loW pH (below 3) and highi pH
(above 1 1) ends the wear coefficient increases very rapidly to I0-1. This
value is extraordinarily high compared with the waar coefficient experienced
In most wear mod"a, which i typically iem than Ms". Such a high value of
the wear coefficient sugata that most of the material loss is probably due
to severe corrosion (dissolution). This argument is indeed supperted by the
measured dopth of materia• loss due to corrosion alone, as shown in Fig,
6(c); this figure shows the depth of uniform corrosion on the sides of the
weav track, which were covered by a film of the test solution during the wear 't",". .
, .st. Visual examination of the wear specimens during the wear tests showed

L I..... :1,______
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PIS. 6. (a) Weer coefficient, (b) friction coefflcient and (c) uniform corroslon as a funa.
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 rnre 0 - 14.

At an NaCI concentration of 0.001 M the variation of the wear coef-
ficient with pH (Fig. 8(a)) at the high and low pH range (pH less than 1 and
pH above 12) is similar to that shown in Fig. 5(a). The tunlform corrosion
characteristics are also similar in these piH ranges (Figs. 5(c) and 6(c)). In the
intermediate pH range (2- 12) the wear coefficient varies parnbolically with
pH, whereas in the cue with water only the wear coefficient is independent
of pH. This result shows the detrimental offect of Ci , m the sliding weor
of 2024 aluminum alloy in an aqueous eiwironment. At pH - 0. 1 and
pH - 10. 12 a black deposit was 61ai 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 decreaws gradually to about 0.4 as the pH In-
creses to 14. However, there is a relatively sharp decrease in friction coof-
ficient to about 0,3 at the low pH end (pH - 0 and 1). Once again, these ,,..
oboervations suggest that the overall wear rate is a complex function of .. s6

locali*zd corrosion, surface film formation and mechanical action. '

7.71
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At an NaCI 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 p11 range the wear coefficient is about 3.5 X 10-3 com-
pared with 1.7 X 10"' in the latter liquid. The friction coefficient (Fig. 7(b))
follows a trend similar to that obtained at an NaCI concentration of 0.001 M,
i.e. low valued 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 NaCI concentrations considered.

To strengthen further the localired corrosion hypothesio, 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 proimess of the
precipitation hardening process Is shown in Fig. 8. The figure shows that the
hardness reaches its maximum value of approximately 9.2 X 10' N m I in

IiI SII-111 11
7.9

AII" TimI*(min)al 900K

Fig. 8. The hardnels of 202A alhlmini4 ,i sloy as a function of aging time at 298 K. The
specimena were solutlonizod at 778 K for 1 h, water-quenched and thet aged,

about 1000 min. The wear tests r,,sulta ar shown in Pig. 9; the figure shows
that for the 0.001 M solution the weay coefficient increases Le aging time
inreases. The wear coefficient for thi tests with distilled water, however,
shows only a marginal Increlse for the mamne aging time. This result with dis-
tilled water shows that the increase In wear coefficient with aging time in the
0,001 M NaCI solution is not a consequence of the hardneus change but is
due to the preeence of the chloride ioion.

An interesting obervation from this teot result is that the wear coet. ,
ficient Increa as the hardness of the material increses with aging time, This
observation Is Inconsistent with th; postulate of the adhesion theory of we.

' "<", "_ "r_ _' -,
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* conjoint a~ctions of delamination snd localized cortasion.
Figures 10 - 12 provide evidence suppoatlng the Jelanilnation theory of

wear. These figures illustrate the delamination, processes o~f subsurface de-
formation, subsurface crack initiation and propagation, and eventual detach-

* ment of sheet-like particles from the sliding surface, respectively.
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Fig. 11. A subsurface crack propagating parallel to the surface on a sliding wear specimen.
The specimen material is 2024 aluminum alloy. The tost solution was 0,001 M NaCI at
pH (A.

Fiig. 12, A typical dalamlnated wear particle. The specimen material is 2024 aluminum
nlloy. The test solution was 0.001 M NaCl at p|| 6.

Figure 13 shows the initiation of a surface crack along a grain boundary
as a result of preferential chemical reaction. Shent-like particles are detached
from the surface as a result of the simultaneous development of surface
(chemically initiated) and subsurface (mechanically Induced) cracks. Such a
sheet-like particle in also observed in Fig. 13. Figure 14 is another typical
example of pits initiated on the surface, complementing the propagating sub-
surface cracks in the formation of a wear particle. The figure also shows
that the corrodant probably passed through the surface pits and chemically
attacked the subsurface crack.

ipit

Fig, 1. Chemically lniltlb, A pit along a girain boundary of a 9014 aluminum speci•en, 'ihe
wear test was in 0.001 M Na(I at pHBS 0...

EI--,--. ..............



Fig. 14, Wear particle foirmation by conjoint Actions of surface pita and subsurface cracki.
The wear toot wAs In 0.00) M NaCtI at pH1 ii

Figure 15 differentiates the surface appearances of the wear specimens
in 0.001 M and 1.0 M NaCI solutions at pH 6. With the former solution no
surface film wiw obM;trvrnd during the wear tests, while in the latter a renidual
surface film was observed.

Fig. 16. Compwasien of the wear track charactoedatcs. Tast (a) was In 0,001 M NoCI at
pH C. Toot (b) was IP 1.0 MA NaCi at pH 6. Note the surface film on apecimen (b).

Figure 18 shows the subsurface of it specimen tested In.a 0.001 M NaCI
solution at pH 1.It has been repotted that a surfsice film was observed during
the wear tost (Figs. 6(a) and 8(b)). Hence this figure shows that interpanular
corrosion occurs even In the proeeerce of a surface film "note the difference

int the etched appearanices of two adjacent grains), W
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Pig. 16. InWrpanular corroslon of 2024 aluminum specimen durlng wear test in 0.001 M
NaCl at pil 1.

Discussion

In the previous studies on the delamination wear of materials [1 - 101,
the test conditions were so chosen that the environment effect was negligible.
In this study the role of chemical Interactions between the environment and
the sliding surfaces was emphasized. The results indicate that chemical
internetiona cxhlbit 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 standpoint 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 coefficient as well as the wear
coefficient were lowered whetever the wear tests conditions were such that
a gelatinous surface film was visually present.

Surface traction, together with other factors such as normal load and
hardness, determines the rate of the delamination processes of subsurface
deformation, crack initiation and propagation, Hence the presence of a our-
don of the surface traction, Extrapolating this argument to a situation where

the friction coefficient is very low, one could conclude that the wear rate
would then be predominantly detormined by chemical interactions. In
practice, an extremely low friction coefficient can only be achieved in a
thick film lubrication regime, i.e. hydrodynamic lubrication. In this regime,
however, it is well known that the effectiveness of a lubricant is controlled
by its physical properties such as viscosity rather than its chemical properties.
In contrast, the friction coefflclent in the boundary (and EP) lubrication
regime, where the external load is high and/or the sliding speed is low, is..
typically of the order of 0.1 - 0.8, Under these circumstances, the role of
delamination in determining wear rate is again significant, In this study, the



friction coefficient wiis about 0.4 - 0.5 for most tests and the formation of
wear particles by dela~nlnatlon in evident from the micrographn (Figs. 10 - 12).

As a consequence of the preceding discussion, one of the major draw.
backs of the conventional theories of corrosive wear become. P.pparent, i.e.
the importance of surface traction has not been considered. In these theories,
material lose is solely attributed to the mechanical removal of surface reac-
tion products, which may hold true only In R situation with extremely low
friction coefficient.

Nonetheless the overall wear rate in a cherntcally reactive environment
is determined by neither removal 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 preforential chemical
reactionN; at localized sites. The chemically different constituents on an en-
gineering alloy surface would involve different amounts of Gibbs free energy
changes when reacting chemically with the environment. Moreover, the
kinetics for reactions involving different phases on R multiphwae 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 reoults of

* the tests with aging time at room temperature us a variable validate the
* hypothesis that this increase in wear rate is a consequence of preferential

corrosion at localized sites. Coupled with the microscope observations of the
worn specimens, these experimental results therefore lead to the conclusion
that the overall wear rate is a complicated function of t'elarnination, localized
corrosion, and regeneration and removal of surface film. This observation
is Incompatible with the concept of a homogeneous material surface in
the conventional theories; consequently, the major contribution of this study
is that the picture of a heterogeneous surface Is rejuvenated.

This study has also raised another question on the assumption of a
complete coverage of the sliding surface by a surface film in most existing
models of corrosive wear. The micrograh shown in Fig. 16 indicates that,
under the wear tbst conditions in which a surface film is formed, localised
corrosion still takes place, resulting In a network of Intergranular cracks.
Such cracks, could be detrimental to the lift of a mechanical component by
acting as stress Intensified sites. In fact the quesetion of what would happen
to the sliding surface wheom the surface ffilm Is ruptured has nevar been
looked Into systormatically.

In summary, this investioation has illusftrted the significance of localized
corrosion (aso a consequence of surface heterogeneities) in the study of cor-
rosive wear, which has been astonishingly disreardd In most existing cot-
rosive wear theories.
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Up to this point, the electrochemistry In the wear tests has not been
discussed, A brief discussion is thus attempted here to explain some 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 ion 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 (eg. see the
Pourbaix diagram for the Al--water system at 26 *C [211).

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 -" AI" + 3e'

Dissolution of the oxide layer also takes place at highly alkaline pH levels.
Corrosion (dissolution) of aluminum again takes place owing to complex ion
formation: 3

AI+OH +H 2 0 -. A10 2 +!-H2
2

In the intermediate pH range, the passivating oxide film is thermody-
namically stable, However, this protective behavior Is known to be greatly
modified when certain anions such as Cl are present, Hoar 1221 has shown
that a process of ion exchange probably takes place between adsorbed anions
on the outside of the film and the oxygen ions of the oxide lattice. Under
the action of the electric field induced by polarizable adsorbed anions, metal
cations are pulled outwards through the film, whereupon they dissolve as
anion complexes, In this manner, an adsorption--exchange process enhances
the corrosion (dissolution) of aluminum, It has also been shown [23] that
the electric field induced increases an the anion concentration increases, thus
enhancing the rate of the dissolution process. With this background, explana.

hions fore mation of the blck deposit and the increase in pH at highSchloride concentration seem plausible.

The presence of Cl enhances the dissolution of aluminum in anodic
sites, and the dissolved cationic aluminum subsequently hydrolysew:

Al~s + 3HsO -. AI(OH)a + 3H#

This reaction shows that AI(OH)s may precipitate, forming a deposit on the
sliding interface; the reaction is pH dependent. The pH dependence suggests
that the deposit observed In the highly acidic solution (Fit. 4) could be a
blend of AlCls (which normally i, highly soluble in water) and AI(OH)5
since then the reverse reaction is favored.

So far we have Ignpored the possible reaction(s) at the cathodic site. It
Is known that in a near-neutral aqueous solution with dissolved oxygen the . •' ,, ..
dominant cathodic reaction is

0 C+2H2O+4e- 40H-

• ,,"_. .__
n , _ _.__,_ ", . " .,, ".
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This reaction shows that the alkalinity at the cathodic sites increases. How-
ever, the above discussion on the effect of CQ on the corrosion behavior of
aluminum suggests that this cathodic reaction is enhanced by the increasing
concentration of Cl (mince anodic 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
residual strain energy produced by plastic deformation in the subsurface is
not clearly identified. Figure 14 shows that NaCI solution has probably passed
through the surface pita and chemically attacked the subsurface crack; the
exact nature of such influence of the corroding medium on subsurface crack
propagation has not been pursued in detail. Furthermore, it has been 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 tensile zone behind aw
asperity on these surface cracks [31. All these possibilities may only have
minor influences on wear rate aad await further clarification in the futuri'.

Conclusions

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

(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 capability of a surfece film formed In boundary (or E•P)
hibrication.

(2) The surface film does not provide complete passivation of the sur-
face, Preferential reactions leading to localized corrosion are still possible.

(3) Pkeferential chemical reaction at localized sites as a result of chem-
ical and structural heterogeneities can accelerate the wear process (ie. iri-
crease the wear rate) by initiating surface cracks.

(4) A complete picture of the corrosive wear process should include
both the formation of a surface film and the localized reactions, The latter
have been disregarded by the clasical theories of corrosive wear.

(5) The overall wear rate ib a complex function of both mechanical
and chemical Interactions. Microscope examination of ths wear tracks and
the subsurfaces of the worn specimens indie'ted that the wear is due to the
delamination wear mechanisms (i.e. subaurface deformation, crack nuclea.
tion and propagation) as well as the corrosive effect of the environment which
geonrates surface cracks by heterogeneous chemical interactions.
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