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Abstract
Surface cracking in a multi-layered medium due to diding of a rigid asperity was andyzed usng
lineer dadtic fracture mechanics and the finite dement method. Overlapping of the crack faces
and assumptions about the didributions of surface tractions were avoided by usng specid
contact dements. The main objectives of this sudy were to obtain solutions for the tensle and
shear dress intensty factor (SIF) and to determine the crack propagation path in the first layer
due to repetitive diding. The crack propagation direction was predicted based on the maximum
(tensle or shear) SIF range. The effects of crack length, diding friction, and crack-face friction
on the SIF and crack propagation direction are discussed in the context of finite dement
solutions. Simulation results demondrate the effects of crack growth in the dadtic surface layer
on the accumulation of plagtic drain in the dadic-plasic underlying layer and the sgnificance of
crack growth increment on the propagation path. It is shown that the surface crack propagates
toward the layer interface a an angle of ~57 deg. from the origind crack plane, independent of
crack growth increment, in far agreement with experimental observations. Based on the obtained
results, a genera fatigue approach for surface cracking is derived for multi-layered media

subjected to repetitive diding contact.



1. Introduction

Coatings are often used to enhance the tribologica performance and endurance of various
components with contact interffaces. The wear ressance of hard protective coatings, such as
ceramics, cemented carbides, and diamond-like carbon, greetly affects the rdiability of many
mechanicd sysems. However, the inherent high hardness of these materids is obtaned a the
expene of low fracture toughness. Consequently, contact fatigue and/or fracture of hard
overcoats are dominant fallure mechaniams in many mechanica systems subjected to continuous
diding contact, such as gear flanks, bearing surfaces, and hard disk drives.

Contact andyss of layered media subjected to normd and tangentid (friction) surface
tractions has been the objective of numerous past studies. King and O Sulllivan [1] investigated
the plane-drain problem of a rigid cylinder diding over an dadic layered haf-space in both in-
plane and anti-plane (i.e, dong the cylinder axis) directions and found a high tensle dress a the
traling edge of the contact region. Kra and Komvopoulos [2] performed three-dimensond
finite dement dmulations of a rigid spherica indenter diding againg an dadic-plagtic layered
medium and discussed the likelihood of transverse (ring) crack formation a the surface in the
wake of the indenter. Ring crack formation has been observed on glass dong the wake of a
diding conical indenter [3] and on the surface of carbon-coated magnetic rigid disks subjected to
microscratching [4]. Gong and Komvopoulos [5] used the finite dement method to andyze
norma and diding contact of a rigid cylindricd asperity on a patterned eadtic-plagtic layered
medium. The high surface tensle dress a the traling edge of the contact region indicated a
greater probability of surface cracking in patterned layered media compared to smooth-surface
media. In a three-dimensond thermomechanical anadlyss of Gong and Komvopoulos [6], a high

therma tensle dress was predicted dightly below the trailing edge of the contact region, which



is conddered to be regpongble for the initiation of thermd cracking in the wake of diding
microcontacts.

Although the contact dress/srain fidd in layered media has been extensvey investigated,
fracture mechanics sudies are rdativey sparse and limited to homogenous and brittle (elastic)
haf-spaces. Severd fracture andyses of homogenous media [7-10] have shown that crack
initigtion is favored a the traling edge of the contact region, where the maximum tendle sress
aises during diding. Beuth and Klingbeil [11] performed a plane-drain fracture andyss of an
dadic thin film bonded to an dadic-plagtic substrate and observed that substrate yielding
increased the likelihood of film cracking due to the increase of the energy for crack growth n the
film. Olivera and Bower [12] sudied fracture and ddlamination of thin coatings due to contact
loading and reported a greater probability for fracture originating from flaws in the coating than
the substrate or the interface. It was aso found that the fracture load and crack pattern were
strongly affected by the eastic property mismatch between the layer and the substrate materias.

Surface crack growth due to repesated diding contact resembles a fatigue process in which the
crack propagation rate is proportional to a power of the dress intengty factor (SIF) range, DK.
Experiments by Mageed and Pandey [13] have shown that the crack propagation direction due to
mixed mode cyclic loading can be determined from the maximum tengle dress criterion, which
depends on DK, and DK, . Alfredsson and Olsson [14] performed experimental and numerical
dudies of norma contact fatigue caused by the formation of ring/cone and laterd cracks and
discovered that surface crack growth occurred in the direction where the shear SIF was close to
zero and that the propagetion rate was dominated by DK, . Lin and Smith [15,16] conducted a
finite dement fatigue andyds of surface cracked plates and obtained results for the SIF and

fatigue life Ko et d. [17] dudied both experimentaly and andyticaly crack growth and wear



particle formation on diding sted surfaces and reported that the anaytica predictions for the
wear particle Sze and wear volume were in fair agreement with experimenta resuilts.

Despite vduable ingght into surface cracking in thin coatings obtained from earlier studies,
vey little is known about the effect of plagic deformaion in the underlying materid (layer or
substrate) on the growth direction of surface cracks. In addition, the effects of friction, initia
crack length, and crack growth on the accumulation of pladticity in the underlying medium have
not been consdered in previous fracture mechanics andyses. Therefore, the objective of this
invedtigation was to andyze surface cracking in a multi-layered medium due to repetitive diding
of a rigid asperity udng the finite dement method. SIF and crack propageaion results are
presented in terms of coefficient of friction a the contact region and crack interface and initid
crack length. Another god of this study was to develop a fracture mechanics gpproach that yidds
edimates of contact faigue life for dadic-plagic multi-layered media undergoing surface

cracking due to repetitive diding contact.

2. Modeling Procedures

2.1 Problem Definition and Finite Element M odel

Norma and shear tractions produced between contacting rough surfaces are transmitted
through asperity microcontacts with detigical distributions depending on the effective surface
roughness, norma load, and materid properties of the interacting surfaces. When the average
ageity spacing is dgnificantly larger than the mean microcontact Sze, interaction of the
dress/srain fidds of neighboring microcontacts is secondary [18] and the problem is smplified
to tha of a dngle asperity in contact with a layered medium. Figure 1 shows schematicadly an

agperity diding over a layered medium containing a crack of initia length ¢ perpendicular to the



free surface of the medium. The postion of the asperity relative to the crack is denoted by yp
(Fig. 1).

Fane-drain diding smulaions were peformed with a two-dimendond finite dement mesh,
such as that shown in Fig. 2(a), conasing of gpproximatey 9,000 eight-node, isoparametric,
quadrilatera elements (depending on the initid crack length and crack propagation peth). The
horizontal and vertica dimensons of the mesh are equd to 24R and 3.1R respectively, where R
is the radius of the rigid asperity (assumed congant in dl smulations). The nodes at the bottom
boundary of the mesh were condrained agangt displacement in the verticd direction, while the
nodes a the left boundary were condraint againgt displacement in the horizonta direction. The
mesh was refined a the surface in order to increase the accuracy in the caculation of the contact
aea and dressdrain fidd in the highly sressed surface layer. The mesh was further refined
around the crack, as shown in Fig. 2(b) for a propagating crack. In the vicinity of the crack tip,
the mesh consds of 36 eght-node, isoparametric, collapsed quadrilatera plane-drain dements
with their midside nodes adjacent to the crack tip displaced to the quarter-point distance in order
to Smulate the square root sngularity of the stress fidd a the crack tip [19,20]. Since the
andysis is based on linear fracture mechanics, the crack-tip nodes were constrained to move
together in order to prevent crack-tip blunting during crack growth.

Specid contact dements were used to mode contact or separation between surface noda
points and the surface of the rigid asperity, based on the measurement of the reative distance of
the two surfaces in the norma direction. If the obtained distance was less than the specified
tolerance, it was assumed that contact was established and the appropriate contact force was
gpplied at the corresponding node. The locad surface overclosure (i.e, displacement of a noda

point a the surface of the deformable medium into the rigid surface) and reative dip were



obtained a each integration point of the contact eements. These kinemaics were used in
conjunction with appropriate Lagrange multiplier techniques to model surface interaction.

To examine the accurecy of the finite dement modd, especidly the mesh around the crack
tip, the classcd problem of an edge-cracked medium subjected to far-fidd tendon in the
direction perpendicular to the crack plane was solved using the finite dement mesh shown in
Fig. 2. The entire mesh was modeled as a homogeneous eadtic materid. The vaue of the mode |
SIF obtaned from the finite dement andyss was found to differ from the anaytical solution
[21] by only 23 percent, indicaiing the suitability of the finite dement modd for fracture
andyss.

2.2 Material Propertiesand Plasticity M odels

The thickness, h, dastic modulus, E, and yield strength, sy, of each layer in the multi-layered
medium are given in Table 1. These thickness and mechanicd property vaues are typicd of
layers used in magnetic rigid disks conssting of carbon overcoat (layer 1), CoCrPt magnetic
medium (layer 2), CrV underlayer (layer 3), and NiP (layer 4) dectroplated on Al-Mg substrate.
The von Mises yidd criterion was used to determine whether yidding occurred a a materid
point. The Misesyidd condition, g, is expressed as

g=J,- k*»=0, (1)

where k isamaterid constant, and J; isthe second deviatoric stressinvariant given by

J, =SS, 2)

||

N

where S; =s; - d;s ,, inwhich sjj is the stress tensor, dj; is Kronecker's delta function, and sm

is the mean octahedra stress (s m = Siil3).

For uniaxid dress date, the yidd criterion can be written as
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where sy is the von Mises equivdent dress, and sy is the yidd drength under uniaxia tenson.
Pagic deformation was based on the usud associated flow rule, assuming negligible plagic
volume change. An updated Lagrangian formulation was used in dl contact smulations. In the
present modd, the firgt layer was assumed to be dadtic, while dl the other layers were modded

as eladtic-perfectly platic. The equivaent plagtic srain, €, , isobtained as

i

g, = Q[%deipde”p vz, 4

where W is the drain path, and eijp denotes the components of the plagtic strain tensor. The

plesiic flow rule was applied only to yidding materid for which sy = Sy. The usud dadic

condtitutive equationswere used when sy <Sy.

2.3 Calculation of Stress Intengity Factors
In linear dadtic fracture mechanics, the norma and shear Sresses at the crack tip due to
diding contact can be expressed in terms of the tensile (mode I) and shear (mode 11) SIFs, K,

and K, , respectively, defined as

Ki =lim 2prs , (r,q) )
Ki =lim 2prt (1, a) (6)

where r and q are cylindrical polar coordinates and x and y are Cartesian coordinates at the crack
tip (Fig. 1). Based on the method proposed by Chan et d. [22], the magnitudes of K, and K,

were determined from linear extrapolation of least-square line fitsto the s, and t,, stress data

cdculated a ten nodes in the vicinity of the crack tip adong the crack plane (q =0). The



accuracy of this method has been evaluated in an earlier finite dement andyds of Komvopoulos

and Cho [23] dedling with subsurface crack propagation in a haf-space due to a moving asperity.

2.4 Crack Growth Rate and Fatigue L ife

The crack growth rate was assumed to follow a power-law relationship [24]

dc _ m
N A(DK)"™, (7)

where N is the number of loading cycles (representing the number of asperity passes required for
the crack to propagate by an infinitesma distance, dc), and A and m are materia congtants.
Integration of Eq. (7) yieds afaiguelife rdation,

N Ct dC
N dN = ¢
QT A"

: (8)

where N is the number of fatigue cycles required for the crack to grow from an initid length ¢ to
a length ¢;. Since DK depends on the specific geometry, externd loading, and gack length, it is
not possible to obtan accurae esimaes of fatigue life usng Eq. (8). To circumvent this
difficulty, an Euler integration agorithm was adopted in the numerical Smulations,

Dc

N, =N + =01, 9
i+ j £|D<(CJ)|m J A r ( )

Ciu=C; +Dc , (10)
where ¢ is the crack length in the jth crack growth cycle, and Dc is the crack growth increment,

which is condant in each amulation. The effect of the crack growth increment on the crack

propagation path is discussed in alater section.



2.5 Simulation of Siding Contact and Crack Growth

Smulaions were peformed with the finite dement code ABAQUS (verson 5.8). Each
gamulation condsed of three sequentid deps. Frd, the rigid asperity was incrementdly
advanced into the medium to a specified depth and then displaced tangentidly over the
neighborhood of the surface crack by a distance approximately equal to eight times the haf-
contact width. Finaly, the asperity was unloaded following the same incrementd path as for the
loading. These smulation steps were repeated in the same order for severa cycles in order to
model repetitive diding. To examine the dependence of the SIFs on friction, the coefficient of

friction between the surface of the multi-layered medium and the asperity, m and the crack faces,

m, was varied between 0 and 0.5. In order to study the effect of the initid crack length on the
SIF didributions and crack propagation direction, four initid crack lengths (i.e, ci/h;= 0.125,
0.25, 0.5, and 0.875) were used in the finite dement moded. After each loading cycle, the mesh
around the crack tip was modified to account for the growth of the crack by the specified

increment in the direction of maximum tendle SIF range, DK™, determined during the

particular loading cycle.

To account for the deformation history effect on the SIF ranges, crack propagation, and
evolution of pladicity in the second layer, the dress'dran date in the multi-layered medium
generated after a given number of cycles was included in the subsequent loading cycle by usng
the following method. Fird, diding of the asperity over the modified mesh was amulated with
dl the nodes of the kink faces locked together. Then, the nodes of the first kink were unlocked
and asperity diding over the medium was smulaied again following exactly the same path. This
procedure was repeated until dl the kinks were unlocked sequentidly. Findly, a new crack

growth increment was smulated in the next diding cycle. In view of the excessive computationa



time of these crack growth smulations, only one initid crack length (ci/hy = 0.25), but different
crack growth increments, were modeled in this sudy. A smulaion was terminated when the

crack propagated very close to the interface of the first and second layers.

3. Results and Discussion
3.1 Crack Length Effect

To obtain generdized solutions, the SIFs were normalized by 2P/pa’?, where P is the norma
force gpplied by the moving asperity, and a is the corresponding haf-contact width. In addition,
the asperity distance from the crack, Y, , was normdized by the haf-contact width, and the crack
length by the thickness of the firgt layer, h;. Figure 3(a) shows K, as a function of dimensonless
asperity podtion and crack length for m=m, =0.5. In dl Smulation cases, K, assumes nonzero
vaues only when the asperity passes over the crack (y,/a > 0), apparently due to the effect of
crack closure that is enhanced by the predominantly compressive dress fidd ahead of the diding
asperity. When the crack is just behind the trailing contact edge (y./a > 1), K, increases rapidly
to a pesk vaue and then decreases gradudly as the asperity moves further to the right of the
crack. In addition, Fig. 3(a) reveds a strong dependence of K, on crack length, indicating that
the longer the crack, the higher the tendle dress at the crack tip. Moreover, the maximumK,

increases with an increase in crack length and the corresponding asperity position occurs further

to the right of the crack.
The variaion of K, with asperity podtion and initid crack length, shown in Fg. 3(b), is
complex compared to that of K,. The range of K, increases with crack length; however, K|

decreases rapidly to zero after the asperity passes over the crack (yp./a > 1). When the asperity

dides over the crack region, the predominant mode changes from shear to tensile However, a
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comparison of the results shown in Figs. 3(a) and 3(b) shows that DK, is sgnificantly less then
DK, , approximately by an order of magnitude. Hence, because the crack growth rate depends on

DK (Eq. (7)), it may beinferred that crack growth is predominantly affected by the tensile mode.

3.2 Sliding Friction Effect
The dress fidd in the vicinity of the crack tip is drongly affected by the magnitude of
friction traction at the surface. Figure 4 shows the \ariaion of K, and K, with asperity postion

and coefficient of friction a the contact region (m = 0.1, 0.25, and 0.5) for c¢/h; = 0.125and m =

0. The increase of K, and K, with friction coefficient is a consequence of the enhancement of
the shear traction a the contact region and the higher stresses produced at the crack tip. The
maximum value of K, occurs as soon as the asperity dides over the crack, while that of K
occurs when the asperity is over the crack.

Figures 5 shows the effect of coefficient of friction between the crack faces on the variation

of K, and K, for ¢/ =0.125 and mr=0.5. Figure 5(a) shows that K, is not affected by the
friction condition a the crack interface. This is expected because the magnitude of K, is
controlled solely by the syy stress (Eg. (5)), which is not affected by the shear traction generated
between the crack faces. Although the variation of K, with agperity podtion is quditaively
gmilar to that shown in Fg. 4(b),K, deceases with the increase of crack-face friction, which is

oppodte from the trend obtained with the increase of coefficient of friction a the contact
interface. This behavior is attributed to reduced dip between the crack faces due to the increase
of the coefficient of friction at the crack interface. Thus, crack-face friction promotes shear stress

relaxation, in agreement with the fracture mechanics anayss of Komvopoulos and Cho [23] for

subsurface crack growth pardle to the free surface of a homogeneous hdf-space. Since K, is
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sonificantly grester than K, (Figs 4 and 5), it may be infered that diding friction exhibits a
gdrong effect on the variation of the tendle and shear SIFs, whereas the effect of crack-face
friction isrelatively secondary.
3.3 Crack Growth Direction

The crack growth direction was determined based on the maximum shear or tensle SIF
ranges. The dominance of the shear and tensle modes during crack growth depends on the

maximumvauesof DK, and DK, , where K, and K, aregiven by [25]

Ko(d,Yp /a)=s+/2pr = cosg[ K, cosZE- gK” sing] (11
K.(q,y,/a) :srq«/Zpr :cosg[ K, sng+K, (3cosq- 1)] (12

Because of the dependence of K; and K; on asperity postion (Figs 3-5), K, and K, are
functions of yp/a. The maximum tensle and shear SIF ranges, DK™ and DK™, respectively,
are defined as

DK™ =max[ DK, (q)] = max[ K

] (13)

- K.
S ,max |q =q s.min g =q

DK,™ =max[DK, (q)] = max[ K - K

] (14)

t,max |q:q' t,min q=q"

where subscripts max and min denote maximum and minimum vaues of K, and K, , and g* is
agven vdue of g, which varies between —180 and 180 deg. For fixed angle g = g*, K,

Max| g=q"

and K

s min g WETE determined at different asperity positions during a diding cycle. Then, the

ange gwas varied between - 180 and 180 deg. to determine the maximum vaue of

(K - K ) , which is used to obtain DK™ . The same procedure was used to

s,max| _ s,min
q=q

o=q"
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determine DK,™ . Based on this approach, the crack growth direction was determined from Eqgs.
(11)-(24).

Figure 6 shows the variation of dimensonless DK, and DK, with angle g and crack length
for m=m =0.5. The increase of DK, and DK, with crack length is a consequence of the
increase of K; with crack length and the rdatively smdl contribution of K;; (Fig. 3). The fact tha
the maximum vaues of DK, are higher than those of DK, indicates the dominance of the
tensle mode in the crack growth process. Moreover, the maximum vaues of DK, occur & an

agle g »10deg. independent of crack length, suggesting that crack propagation will occur
toward the diding direction. Figure 7 shows the initid crack propagation direction, i.e, firs

devition (kink) angle, g1, as a function of initid crack length for m=m =0.5. The data

indicate a greater tendency for shorter cracks to propagate initidly toward the diding direction

than longer cracks.

3.4 Crack Propagation

To examine the evolution of crack-tip stresses, development of crack growth path, and
accumulation of plagtic deformation in the underlying layer, results are presented in this section
for ci/lhy = 0.25 and m=m =0.5. Crack propagation was smulated based on the crack growth
direction predicted based on the maximum tensile SIF range, assuming a certain crack growth
increment. As explained in section 2.5, the sress and drain fieds produced in a given crack
growth cycle were updated in the subsequent cycle in order to Smulate continuous crack growth

by taking into account the stress/strain history effect.

Figure 8 shows the effect of crack growth cycles on the variaion of dimensonless K, and

K, with dimensonless agperity posdtion for Dc =h /8. In each cycle, the crack propagated by
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an increment Dc in the direction of DK™ . Figure 8(8) shows that the variation of K, with
asperity pogtion is quditatively smilar to that shown in Fig. 3(a). However, crack growth causes

the increment of DK, initidly to increase and then to exhibit smdl fluctuations with further crack

growth, which are attributed to variaions in the crack growth direction as the crack propagates
deeper into the firgt layer, discussed in detail below. In addition, crack growth produces nonzero

K, vaues even when the asperity is to the left of the crack and causes the maximum vaue of
DK, to occur at a grester distance of the asperity from the crack. These phenomena are attributed

to the effect of crack face separation (either partiad or complete) and the mixed mode crack

growth. As discussed earlier, the gppreciably lower values of K, by an order of magnitude,
compared to those of K, (Fig. 8(b)) reved a dominant effect of the tensle mode in crack

propagation. Indeed, in al crack growth cycles it was found that DK™ > DK,™ . Table 2 gives

normdized DK™ in terms of devidion angle a each crack growth cycle, Dg, totd deviation

angle from the initid crack direction (perpendicular to the surface), GQiota, @nd corresponding
crack growth cycle. DK™ was caculated from the results of K, and K, , shown in Fig. 8, usng
Egs. (11) and (13). The data given in Table 2 confirm that crack growth leads to an increase in
DK ™ and crack propagation direction at q » 57 deg.

To examine the dependence of the crack growth direction (i.e, direction of DK.™) on the
magnitude of crack growth increment, crack paths obtained for Dc = hi/4, hi/8, and hy/16, ci/h; =
0.25, and m=m =0.5 ae compared in Fg. 9. It is interesting to note that, after the first or

second crack increments, the crack growth paths become amost pardle to each other, showing a

common deviation angle from the direction norma to the free surface of ~57 deg. This suggests
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that the crack growth increment does not affect the crack propagation direction. The obtained
crack growth path is condstent with experimental observations of Ko et a. [17] according to
which, crack growth commences a an angle of ~30 deg. with respect to the diding direction, i.e,
60 deg. from the direction normd to the surface versus 57 deg. predicted in the present study.
Moreover, the smulated crack propagation toward the interface is in quditative agreement with
numerica results reported by Oliveira and Bower [12] for fracture of thin coatings due to contact
loading.
3.5 FatigueLife Mode

The finite dement results presented above can be used in conjunction with the Euler
integration agorithm discussed in section 24 to derive a contact fatigue modd. While in the
finite dement amulations the crack grows by an increment Dc in each asperity passage, in redity
crack growth commences after severa asperity passes. To mode this phenomenon using the
smulation results, it is assumed that DK™ (either tendle or shear, depending on which is larger)
remans congant during crack propagation by Dc, and the actua number of asperity passes, i.e,
fatigue cycles, is cdculated from Eg. (9). To demondrate this gpproach, a graphite substrate
coated with a pyrolytic carbon layer was sdected for analyss because it conssts of an eadtic
(hard/brittle) carbon layer and an eadtic-plagsic (soft/ductile) graphite subdrate. The fatigue
properties of pyrolytic carbon, m=19 and A=1.86" 10 *®*m/cyde (MPavm)*°, quoted from
the study of Ritchie and Dauskardt [26], were used in the cdculations. The normaized number

of fatigue crack growth cycles, N, isgiven by

. 2 Dc/
N o A 252)m|\| =a h

i pa < D" 15
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where N is obtained from Egs. (9) and (10), and D, = DK™ (c,)/(2P/pa"?) is the normalized
SIF range. Figure 10 shows the variaion of normalized crack length, c/hy, with N° for

c,/h, =025 and Dc=h /8. The very steep dope of the fatigue curve observed after the first

few crack incrementsisindicative of the brittle behavior of pyrolytic carbon.

3.6 Evolution of Crack-Tip Stresses

Reaults for the dress fidd at the crack tip, obtained at different stages of the smulated crack
growth process, are presented next for ¢, /h, =0.25, Dc=h /8, and m=m =0.5. Figure 11
shows contours of von Mises equivalent gtress in the vicinity of the crack tip produced in the firg
crack growth cycle. When the crack is adjacent to the tralling edge of the contact region
(yp /a=126), it remains fully open (Fig. 11(a)) and the intensfied Stresses a the crack tip
produce the maximum vaue of K, shown in Fig. 3(a). However, when the asperity dides further
to the right (y, / @ =5.88), the crack faces move closer © each other (stress relaxation) and the
gze of the high-gtress region at the crack tip decreases (Fig. 11(b)). This crack behavior is
atributed to the high tensle dress a the traling edge of the contact region (diding friction
effect), which decreases rapidly with the increase of the distance from the contact edge. Since the
high dresses a the crack tip occur remote from the interface during the initid stage of crack
growth, the crack-tip stresses do not affect the accumulation of plagtic deformation in the second
layer during diding contact.

Figure 12 shows contours of von Mises equivaent dress in the eighth crack growth cycle,
reveding remarkable changes in the dress field at the crack tip due to the propagation of the
crack close to the interface. Conversdly to the initid stage of crack growth, Fig. 12(a) shows that

the crack remans partidly open when it is close to the traling edge of the contact region
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(yp /a=126), while Fig. 12(b) shows tha the crack opens fully when the asperity moves
further to the right (y,/a=2.52). This behavior is consgent with the fact that the maximum

vdueof K, inthiscaseoccursat y, /a=2.52 (Fig. 8(8) and is a consequence of the change of
the crack propagation direction. In addition, the high-stress region at the crack tip is very close to
the interface, affecting the stresses in the second layer. The large dress discontinuities at the
interface (Fig. 12(b)) are due to the dgnificant eastic modulus mismatch of the two layers. The
intengfication of the dress fidd in the second layer as the crack propagates closer to the
interface affects the deformation in the second layer adjacent to the interface. This phenomenon

isdiscussed in detail in the following section.

3.7 Development of Plasticity in the Second L ayer

The effects of crack length, friction a the contact region and crack interface, and diding
cycles on the deformation of the dadtic-plastic second layer are examined in this section. It is
noted that for the loading conditions and layer materid properties used in this sudy, the
deformation in the third and fourth dadic-plasic layers is purdy dadic. Thus, Stresssran

results for these layers are not presented here for the sake of brevity.

Figure 13(@) shows the maximum equivdent plagtic drain, ég“’x, in the second layer versus

dimensionless asperity position and crack length for m=m, =0.5. In &l cases, ég‘a‘increesesas
the asperity dides over the multi-layered medium in a smilar fashion, reaching a Seady dae a a
distance from the crack gpproximatdy equa to five times the haf-contact width. The results
show tha the accumulaion of plagticity does not depend on the (initid) crack length, evidently
because the high-siress field a the crack tip is far away from the interface (when the crack is

redatively short) to affect deformation in the second layer. Thus the crack effect on the
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propengity for plastic flow in the second layer is negligible until the crack tip reaches a distance
less than h;/8 from the interface, as shown by the smulation results The location of ég‘ax in the
second layer is dways a the interface with the firgt layer below the asperity and shifts dong the
interface as the agperity dides over the medium, in agreement with a previous finite dement
andyss of normd and diding contact of a rigid cylindrical asperity on a patterned dadtic-plastic
layered medium [5].

Houre 13(b) shows the variation of ég‘a" in the second layer with dimensonless asperity
position and coefficient of friction a the contact region and crack interface for ¢, /h, =0.125. As

the asperity dides on the surface of the multi-layered medium, ég‘axincrem monotonicaly,

exhibiting a trend gmilar to that shown in Fg. 13(a). As expected, é,;“aximens'fies with the
increase of coefficient of friction a the contact region due to the pronounced effect of the surface
shear (friction) traction on the subsurface dress field. However, the effect of crack-face friction
is negligible because it only affects the dress fidd a the crack tip, which, in this case, is far
away from the interface to affect the dress date in the second layer. Therefore, only friction at
the contact region affects the accumulation of pladticity in the second layer when the crack tip is
remote from the layer interface.

Figure 14 shows contours of € )in the second layer obtained in the eighth crack growth cycle
for two asperity postions, ¢, /h, =0.25, Dc=h /8, and m=m =0.5. When the crack is just
behind the trailing edge of the contact region (Y, /a=1.26), the crack is partidly closed and

ég‘ax aises below the crack tip, adjacent to the interface with the firs layer (Fig. 14(a)).

However, when the asperity moves further away from the crack (y, / a = 2.52), the crack opens
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fully, while ég“"x occurs again below the crack tip close to the interface (Fig. 14(b)). This differs

from the results of previous crack growth cycles showing that ég‘a" shifts dong the interface

under the moving asperity. This finding provides additiond evidence for the effect of crack-tip
stresses on the evolution of pladticity in the second layer.

In the case of multiple asperity contacts, knowledge of the accumulaion of pladticity in the
multi-layered medium is of particular importance. The results of the present andyss can be used

to examine the evolution of pladticity in the second layer due to multi-asperity contacts with
gpacing larger than the average contact width. Figure 15(a) shows ég“"‘x in the second layer versus
dimensonless agperity podtion for different crack growth cyces, ¢ /h, =025, Dc=h/8,
andm=m =0.5. A gradud incresse in é,’)“ax occurs when the asperity dides over the medium
and with the increase of crack growth cycles (i.e, crack propagation). The increments of
ég‘ax decrease with increasing crack growth cycles because the crack tip is remote from the
interface to affect the devdopment of pladticity. However, in the eghth crack growth cycle, a
shap increase in ég‘a" is encountered when the asperity dides over the crack due to the small

distance of the high-gtress region a the crack tip from the interface. To better illustrate the effect

of crack-tip stresses on the evolution of plagtic deformation in the second layer, the increment of

maximum plagic drain, De_;nax is plotted as a function of number of (smulated) crack growth
cycles, n, in Fig. 15(b). The decrease of D(-F;“"’x up to the seventh crack growth cycle reveds the

dominant effect of repetitive diding, while the sharp increase of Dég‘ax in the eght crack growth

cycle, i.e, when the crack propagates very close to the interface, illudrates the effect of the
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crack-tip stresses on plagtic flow in the second layer, within a smdl region close to the interface
with thefird layer.

While the present andyds provides indght into surface cracking in dadic-plasic multi-
layered media subjected to cyclic loading, the obtained results can be used to discuss possible
falure mechanisms. For ingtance, when the crack propagates to the interface, failure may occur
due to ddamination dong the wesker interface, resulting in the formation of a sheet-like wear
paticle Assuming that the fatigue life is dominated by crack growth in the firg layer, i.e, layer
debonding occurs rapidly after the crack reaches the interface, the fracture approach presented in
this study can be wed to estimate the loading cycles required to form a wear particle. However,
in the case of high interfacid drength, the crack may propagate into the second layer, where it
may become inactive or shear eventually toward the surface to produce a wear particle, asin the
case of homogeneous media [17], depending on the dtress fidd. Crack growth in the eadtic-
plagic second layer can be accomplished with appropriate modification of the finite eement

mesh used in thisandysis.

4. Conclusions

Surface cracking in a multi-layered medium containing a crack perpendicular to the free
surface due to repetitive diding of a rigid asperity was andyzed usng linear eadic fracture
mechanics and the finite dement method. Based on the presented results and discussion, the
following main conclusons can be drawn from this study.

1. The ggnificantly higher vdues (by an order of magnitude) of the tendle dress intendty
factor, K,, than those of the shear dress intengty factor, K, obtained in al smulation
cases indicate that surface cracking in the multi-layered medium due to diding contect is

controlled by the tengile fracture mode.
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. Longer surface cracks produce sgnificantly higherK, vaues and margindly dfferetK,
vaues. Higher friction a the diding contact region increases both K, and K, dggnificantly
due to the strong effect of the surface shear traction on the crack-tip stresses. The increase of
friction at the crack interface promotes stress relaxation that decreases the magnitude of K, ;
however, the effect on K, isnegligible.

. Based on the maximum tensle dress intendty range, DK™, initid crack growth was found
to occur a an angle of ~10 deg. from the origind crack plane, independent of initid crack
length. Although the crack length effect on the crack growth direction is negligible, the effect
on the magnitudesof DK™ and DK™ isdgnificant.

. After the fird few (1-3) crack growth increments, the crack growth paths obtained with
different propagation increments become dmost pardld to each other, exhibiting a common
devigion angle from the origind crack plane of ~57 deg., in far agreement with
experimenta observations.

. Crack growth increases the magnitudes of K, and DK, . An gpproach for estimaing the
contact fatigue life due to surface crack growth in multi-layered media was derived from the
finite dement results, and its gpplication was demondrated by fatigue crack growth results
obtained for a graphite substrate coated with a pyrolitic carbon layer.

. The dffect of initid crack length on plagtic deformation in the dadtic-plastic second layer is
negligible because the crack-tip stresses do not reach the layer interface. The effect becomes

ggnificant only when the crack propagates very cose to the inteface, a distance

approximatdy less than one-eghth of the fird layer thickness The coefficent of friction a
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the contact (diding) region exhibits a dominant effect on the plagic dran accumulaing in
the second layer, while the effect of crack-face friction isinggnificart.

7. The maximum plagtic gtrain in the second layer increases rapidly as the crack tip approaches
the interface due to the effect of the high-stress fiddld at the crack tip. This causes the
maximum plagtic drain in the second layer to arise dways below the crack tip adjacent to the
interface rather than below the diding asperity, as found for uncracked dadtic-plagtic layered

mediain earlier sudies.
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Table 1. Thicknessand material propertiesof each layer in the multi-layered medium

Layer R E (GPa) Sy (GPa)
1 0.025 260 -
2 0.078 130 2.67
3 04 140 2.58
4 2.6 160 2.67

Table2. Current crack deviation angle, total deviation angle, and maximum
tensle stressintensity factor range versuscrack growth cyclefor ¢, /h, =0.25,

Dc=h,/8,and m=m, =05

Crack growth cycle Dq (deg.) Crotal (0EQ.) DK ™ /(2P /pa"?)
1 11 11 0.5342
2 28 39 0.7462
3 18 57 0.9947
4 -8 49 1.0256
5 8 57 1.1281
6 -8 49 1.1416
7 8 57 1.2397
8 -6 51 1.2778
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Fig. 15 (a8 Maximum equivdlent plasic srain, €, in the dastic-plastic second layer versus
dimensonless asperity postion, y, /a, for different Smulated crack growth cycles, and
(b) increment of maximum equivdent plagic drain, Dél[,“ax in the dadtic-plastic second
layer versus number of smulated crack growth cycles, n. (The results shown in (8 and

(b) arefor ¢, /h, =0.25, Dc =h /8,andm=m, =0.5).
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