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Abstract
An dadic-pladtic finite dement andyss of a sohere indenting and diding over a layered medium
with a patterned surface consisting of equaly spaced rectangular pads was conducted in order to
invedtigate the effect of the pattern geometry on the contact pressure distribution and subsurface
gress-dran  fidd. Threeedimensond diding dmulaions were peformed for laterd
displacement of the indenting sphere gpproximately equal to two times the pad period. Three
complete loading cycles, involving indentation, diding, and unloading of a rigid sphere, were
samulated to assess the effect of repested diding on the dresses in the firg (hard) layer and
plagic deformation in the underlying (soft) layer. Thermomechanicd diding contact smulations
for an dadic-plagtic layered medium with a patterned surface and an dadtic-plagtic sphere with
properties identical to those of the first layer were carried out to examine the effect of frictiond
hegting on the deformation behavior of the medium. Results are presented for the temperature
digribution and maximum temperature variation a the surface and the evolution of subsurface
plagicity in teems of Peclet number. The likdihood of thermd cracking in the wake of
microcontacts during diding is interpreted in the context of the thermd tensle stress caused by

temperature gradients in the layered medium.



1. Introduction

Enhancement of the tribologicd peformance and functiondity of contacting surfaces is
commonly achieved through depodtion of thin surface layers (overcoas) exhibiting high
hardness and low coefficient of friction. Andyss of the dresses and deformation in layered
media due to diding contact is criticd to the desgn of many mechanicd components. The
primary objective in previous theoreticd and numerica andyses has been the examination of the
effect of the thickness and mechanical properties of protective overcoats on the contact stress and
drain fidds in the overcoat and underlying substrate media However, rdatively less is known
about the role of surface geometry microfeatures (typicaly produced by lithography and eectron
beam techniques) on the dadtic-plagtic deformation and temperature rise due to frictiond hesating
in layered media. Petterned layered media are used in many leading-edge technologies, such as
high-density data storage (Chou et a., 1996; White et d., 1997) and magnetic random access
memory media (Savas e d., 1999). Achromatic interferometric lithography has been used to
faoricate arays of microdructures with spatid periodicity of ~100 nm for ultra-high dengty
magnetic storage applications (Farhoud et d., 1998; Savas et d., 1999).

Contact of dadtic bodies possessng smdl-amplitude snusoidd surfaces has been examined
in early andyticd dudies in order to shed light into the effect of surface geometry on the contact
dresses. Usng complex variables, Westergaard (1939) obtained a closed form solution for the
elagic contact of a snusoidal surface and a smooth plane. Dundurs et a. (1973) used a Fourier
andyss in a dress function gpproach to solve the previous problem. Johnson et d. (1985)
determined the pressure didtribution and contact area, and derived closed-form asymptotic
solutions for both light and heavy contact loads resulting in dmogt full contact. Komvopoulos

and Choi (1992) andyzed norma contact between regularly spaced rigid asperities and an dadtic



haf-gpace and obtained finite eement solutions for the maximum contact pressure, normd load,
and subsurface stresses in terms of the asperity distribution and indentation depth. Ramachandra
and Ovaart (2000) examined the stresses produced in discontinuous coatings for different coating
profiles and mechanicd properties of the coating and subdtrate materids, and observed a
ggnificant decrease of the contact pressure pesks when the coating discontinuities possessed
crowned edges. Gong and Komvopoulos (2003) andyzed normd and diding contact of a rigid
cylindrica asperity on patterned eadtic-plagtic layered media using the finite dement method to
reved the effect of the pattern geometry on the resulting deformation and dress fiedlds. While the
maximum plagic dran due to diding contact decreased with increesing amplitude-to-
wavdength ratio of snusoidd surface patterns, the high surface tensile sress a the trailing edge
of the contact region indicated a greater probability of surface cracking for patterned media.

The temperature rise a diding interfaces due to frictiond heeting may affect sgnificantly the
tribologicd  behavior of dectromechanicd components Thermomechanicdl  andyss  of
homogeneous hdf-spaces subjected to a fast moving heat source have shown that the surface
dress fidd is predominantly compressve (Ju and Huang, 1982), and the maximum therma
tensle dress occurs dightly below the trailing edge of the contact region (Huang and Ju, 1985)
a a depth where the temperature gradient begins to vanish (Ju and Liu, 1988). This critica depth
depends on the Peclet number, which is a function of diding speed, contact radius, and materia
diffusvity. Ju and Chen (1984) conducted a thermomechanicd contact andysis for layered
media under a moving friction load and a moving heat source and discussed crack initiation
based on the determined dtress field. Leroy et a. (1989) derived a two-dimensond mode for a
layered medium subjected to a trandating heat source and reported high stresses in overcoats

with thermomechanicd properties dgnificantly different from those of the subdrate materid.



Cho and Komvopoulos (1997) performed a fracture mechanics andyss of subsurface crack
propagatiion and showed that, while frictiond heating exhibits a negligible effect on the crack
propagetion direction, it increases the in-plane crack growth rate and reduces the critical crack
length a the onset of out-of-plane growth a the right crack tip. In a more recent sudy, Ye and
Komvopoulos (2003) developed a finite ement modd to examine the smultaneous effects of
mechanicd and therma surface traction on the deformation of eadtic-plastic layered media, and
interpreted the propengty for plagtic flow and cracking in terms of the thickness and thermd
properties of the layer, norma load, and Peclet number.

Despite important indght into thermomechanicad contact deformation of dadtic-plastic media
derived from previous dudies, a comprehensve three-dimensond contact andyss for eadic-
plagtic patterned layered media has not been reported yet. Therefore, the principa objective of
this dudy was to examine the effects of pattern geometry, coefficient of friction, indenter
sharpness (radius), and diding cycles on the sresses and drans aisng in layered patterned
media subjected to norma and shear (friction) surface tractions. Another objective was to
andyze the effect of frictiond heeting on the surface temperaiure distribution and subsurface
plagticity. Deformation and frictiond hedting in paterned layered media is discussed in the
context of finite dement results for the contact pressure didribution, subsurface dresg'strain
fidds, and temperature rise a the contact surface obtained for different indentation depths,

coefficient of friction, diding cydes, indenter radius, and Peclet number.

2. Modeling Procedures

2.1 Finite Element Model
Figure 1 shows a three-dimensond finite dement modd of a sphere in contact with an

dadic-plagic layered medium with a patterned surface. Due to symmetry, only one-hdf of the



sphere and layered medium were modeled in order to reduce the computation time. The finite
dement mesh condgs of 25732 eght-node linear interpolation dements having a totad of
33,099 nodes. The normdized mesh dimensons are x/H = 2.443, y/H = 0.260, and zZH = 1.0,
where H is the totd thickness of the mesh. Four pads of congtant height of 0.86b and equdly
gaced at lateral distances | = 0.714b, where b is the sde of the square pad surfaces, were
modded a the surface of the finite dement mesh (i.e, pad period equa to b + I). In these
gamulaions, the sphere was assumed to be rigid with a radius of curvature R'H = 0.763 and
1526. Siding was dmulated by displacing the sphere dong the podtive x-direction in an
incrementa  fashion. The nodes on planes x = 0, y = 0, and z = 0 were condrained againg
disolacement in the x-, y-, and z-direction, respectively. In the thermomechanicd andyss, the
length of the finite dement mesh was reduced to x/H = 1.588 and the number of pads to three
due to the excessve computation time in coupled thema and mechanica contact andyss.
Therefore, the mesh in the thermomechanicd smulations conssted of 20,995 eght-node,
coupled temperature-displacement finite dements comprisng a totd of 27,585 nodes. In
addition, the sphere was assumed to be eastic-perfectly plastic with a radius of curvaiure R/IH =
1526 and thermomechanica properties identical to those of the first layer. The temperature at
the nodes of planes y = 0, and x/H = 0 and 1.588 was set equal to 20 °C. Heat conduction was

restricted across the sphere/layered medium contact interface.

2.2 Material Propertiesand Constitutive Models

The normdized thickness, h/H, and dadtic-plagtic properties of each layer materid of the
patterned layered medium are given in Table 1. These thickness and mechanicd property vaues
are typicad of layers used in magnetic recording rigid disks condgting of carbon overcoat (layer

1), CoCrPt magnetic medium (layer 2), and CrV underlayer (layer 3) deposited on NiP-coated



Al-Mg subgtrate. The eastic modulus and yield strength of layers 1 and 2 have been determined
from nanoindentation measurements (Komvopoulos, 2000). The specific heat, thermd
conductivity, and dendty of the first layer are representative of carbon films (Graebner, 1996;
Morath et d., 1994; Tsa and Bogy, 1987). All other dendty and therma properties were
obtained from data compiled by Kaye and Laby (1986).

Yielding & a materid point occurred when the von Mises equivdlent sress, s, , satisfied the

yield condiition,

e3
Swm 8’3 ij IJ H =Sy, (1)
where §; denotes the components of the deviatoric stress tensor, and s, is the tensle yied

drength under uniaxid tenson. Plasic deformation was based on the usud associated flow rule,
assuming negligible plagic volume change. To account for nonlinearities, an updated Lagrangian

formulation was used in dl the smulations Each layer was modded as an dadtic-perfectly

plastic materid. The equivaent pladtic strain, €, defined as

Q\ —depdeIJ : 2
where G is the drain path, was used to track the evolution of pladticity in the layered medium.
The usud dadic conditutive equetions were used whens, <s. , and the plagtic flow rule was
applied a materid points where the von Misesyield condition s, =s, was satisfied.
2.3 Thermal Mode
Siding friction a contact interfaces of mechanicad components promotes disspation of

energy in the form of heat within the vicinity of the red contact area The disspaed frictiond

heat is respongble for the temperature rise a the contact interface of diding bodies, causng the



development of therma dresses and variaions in the rea contact area and contact pressure
digribution due to therma expanson. Since these changes in the contact conditions affect the
heat generation rate and heat conduction across the contact interface, the therma and mechanica
dress/dran fiedds are fully coupled and, therefore, must be determined smultaneoudy rather
than sequentidly. In this sudy, the temperature was integrated based on a backward-difference
scheme, and the coupled system was solved usng the Newton method. A fully coupled thermal-
dress andyds autometicaly invokes a nonsymmetic matrix sorage and solution scheme to
improve the computational efficiency. This is because the diffness matrix is asymmetric due to
friction and the convective term in the conduction-convection equetion.

The hesat flux dengty dueto frictiond hest, q, is given by

q=hnpu, (©)
where h is the fraction of mechanicad work disspated as heat, mis the coefficent of friction, p is
the contact pressure, and u is the diding speed. In the present smulations, it is assumed that h =
1.0, which is consgtent with the concluson of Uetz and Fohl (1978) that nearly dl the energy
disspated in a friciond contact is trandformed into heat. The amount of frictional hesat
instantaneoudy conducted into each contacting body depends on the heat partition factor.

Although the contact interface was modded to have zero heat cepacity, it was assgned
properties for the exchange of heat by conduction and radiaion, as in a previous study (Ye and
Komvopoulos, 2003). However, heat flux due to radiation was neglected as much smdler than
that due to conduction. The flux dendty across the contact interface (from the sphere to the

layered medium), g, is defined as

. :kg(ql-qZ)i (4)



where g; and ¢, are temperatures at surface nodes of the contacting bodies (i.e., the sphere and
patterned layered medium, respectively), and kq is the gap conductance, defined as k/Dl, where k
isthe therma conductivity of the first layer, and DI isthe Sze of the smalet finite dement.

The hest flux dendty into each contacting body, q: and g, respectively, is given by

qlz-qc+fq
d, =9, +(@- f)q

Q)

where f is the heat partition factor indicating the fraction of heat disspated into one of the
contacting bodies (sphere). Smulations were peformed for f = 0.5, i.e, evenly distributed hest

between the sphere and the layered medium.

2.4 Finite Element Smulations

Quasi-gatic contact Imulations comprisng three sequentid steps of loading, diding, and
unloading of a sphere on a layered paiterned medium were performed in an incremental fashion.
Norma contact (indentation) was smulated by advancing the sphere toward the eastic-plagtic
medium up to a specified indentation depth, d (or norma load). Subsequently, the sphere was
displaced laerdly to a maximum disance, S of about ten times the contact radius maintaining
congtant indentation depth d and coefficient of friction, m and then unloaded following the same
deps as for the loading. All smulations were performed with the multipurpose finite eement
code ABAQUS. Friction coefficient vaues of 0.1 and 0.5 were used in the smulations in order
to sudy the effect of friction on the dresssrain fields produced in the layered medium. In
addition, consecutive passes of the sphere were smulated to investigate the dependence of stress

and plagtic dran on diding cycles The thermomechanica smulaions were peformed for m=
0.5 and Peclet number Pe = Air/a, where r is the contact radius after indentation, and a is the

thermd diffusvity of the sphere, equd to 0.09 and 0.9.



3. Results and Discussion

Finite dement solutions for the stresses and drains in an dadtic-plagic layered medium due
to indentation and diding of a rigid sphere ae presented firg in order to eucidate the
dggnificance of surface microgeometry (patterning) on contact deformation and to edablish a
reference for comparison with thermomechanicd andyss results The effects of friction
coefficient, sphere radius, and diding cycles are discussed next in terms of results for the contact
pressure, contact area, subsurface stresses, and maximum plastic srain. Lastly, smulation results
from a fully coupled thermomechanicd contact andyss of an dadic-plagic sphere indenting
and diding over an dadic-plagtic layered patterned medium are presented to illudrate the effect

of frictiond heating on the surface temperature rise and subsurface deformetion.

3.1 Contact Mechanics Analysis

Figure 2 shows the contact pressure didribution (in the plane of symmetry y = 0) produced
on a sngle pad due to indentation by a rigid sohere versus normdized indentation depth, d/R.
Initiad contact occurred at the center of the pad (x/b = 0). For shdlow indentations (d/R =
0.0025), the contact pressure didtribution is smilar to the profile predicted by the Hertz theory.
However, increasng the indentation depth (/R = 0.005 and 0.0075) causes the maximum
contact pressure to shift from the center to the edge of the contact area (Fig. 2(a)). Further
increase of the indentation depth (/R 32 0.01) produces pressure spikes at the edges of the
contact area (Fig. 2(b)), condstent with the contact pressure profile obtained for a layered
medium with a meandered surface pattern (Gong and Komvopoulos, 2003). This change of the
contact pressure is atributed to the development of a plastic zone in the second soft layer and the
relatively higher rigidity of the pad ddes. The asymmetry of the contact pressure profiles at large

indentation depths (i.e, d/R = 0.0125 and 0.015) is due to the congtraint of the nodes on plane



x/H = 0 agang disolacement in the x-direction. However, this effect was negligible in the results

presented bdow due to the much smdler indentation depth used in these smulations. The

normaized maximum von Mises equivalent dress in the firgt layer, s ™/ sSyi, ad normalized
red contact area, A /A,, ae plotted in Figs. 3(@ and 3(b), respectively, as functions of

normalized indentetion depth, d/R, where sv; is the yidd strength of the first layer and A, is the
pad surface area. For reatively shdlow indentations (i.e., partid contact between the sphere and
the pad surface), both maximum Mises dress and contact area increase monotonicaly with
indentation depth. For d/R > 0.008, the maximum Mises dress reaches the yield srength of the
layer materid and a smdl plagtic zone develops adjacent to the contact interface. Full contact of
the pad with the sphere occurs when d/R 2 0.1. Thus, dagtic and dadtic-plagtic deformation of
the pad is associated with partid and full contact with the sphere, respectively.

The variaion of the maximum contact pressure, pmax, and maximum equivdent pladic dran

in the second layer, ég‘ax, with normdized diding digance, SR, for m= 0.1 and 0.5 is shown in

Figs 4(a) and 4(b), respectivdly. The periodic fluctuation of the maximum contact pressure is
due to the pattern geometry. The fact that the two pesk values of pmax are farly dose suggests
that interaction between neighboring pads is secondary. The ég‘ax dran in the second layer
increases dgnificantly a the beginning of diding, reaching a steady state at a distance of about
two times the pad period &R = 0.48). However, a longer diding distance for the plagtic dtrain to
reech a seady date was found for a layered medium with a smooth (flat) surface (Gong and
Komvopoulos, 2003). This mgor difference between patterned and smooth layered media is due
to the reduced plastic deformation in the patterned medium. As shown in Figs. 4(a) and 4(b), the

coefficient of friction influences profoundly both the maximum contact pressure and the plastic
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gran in the second layer. Although the pressure and drain results for m= 0.1 and 0.5 exhibit
smilar trends, much higher pesk vaues of contact pressure and plagtic strain were obtained with
the higher coefficient of friction

Fgure 5 shows the evolution of the equivdent plagic dran in the layered medium with
diding distance for m= 0.5 and d/R = 0.005. For pure norma contact @R = 0, Fig. 5(@)), the
maximum plagtic strain occurs below the contact interface and the plagtic zone is confined in the
second layer. Sliding of the sphere over the pad edge (SR = 0.07, Fig. 5(b)) causes the formation
of two smdl plagtic zones in the second layer a the lower right corner of the pad due to the
effect of stress concentration. When the sphere dides over the next pad @R = 0.12, Fig. 5(c)),
stress concentration produces a small plagtic zone in the first layer a the upper left corner of this
pad, and the maximum plagtic srain occurs a the interface of the two layers, amilar to smooth
layered media (Kra and Komvopoulos, 1997). Figures 5(d)-5(f) show that the maximum
equivdent plagtic strain occurs dways a the interface of the fird and second layers. The close
gmilarity of the plastic zones in each pad confirms that interaction of the dress fieds in each pad
is negligible and that deformation depends only on the pad geometry and mechanica properties
of eech layer materid.

The dependence of the maximum von Mises equivdent dress in the firg layer and
maximum equivaent plagic drain in the second layer on the disance and cycdes of diding is
shown in Fg. 6 for m= 0.1 and d/R = 0.005. The close agreement between the results of the
second and third diding cycdles suggests that, for the smulated friction coefficient and

indentation depth, a steady-date sress/strain fied is reached after two diding cycles. The change

of s > after the first diding cycle (Fig. 6(8)) is a consequence of the residua sress due to the

permanent digortion of the pads in the firg diding cycle. The pesk vaue of ég‘ax is reached
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during the firg diding cycle and does not change with additiond diding cyces (Fig. 6(b)). This

behavior differs from that of a layered medium with a smooth surface for which, ég‘ax increases

with diding cycles (Krd and Komvopoulos, 1996). In addition, the pesk vaue of e_;"a"inthe

patterned medium is equa to ~0.036, which is sgnificantly less than that of the smooth layered
medium (Gong and Komvopoulos, 2003). The appreciably less plagtic deformation and
inggnificant effect of repetitive diding on the dress and drain fidds of patterned layered media
(compared to smooth layered media) demondrates the beneficia effect of surface patterning in

diding contact deformation.

The effect of the sharpness of the rigid sphericd indenter on the normalized s ™ in the first
layer and é;‘w in the second layer can be andyzed by comparing the results for d/R = 0.005 and
0.01 shown in Fig. 7. The diding distance S is normalized by the pad period, b + I. As mentioned
in the discusson of Fig. 6(a), the periodic fluctuation of s ™ with diding digance (Fig. 7(8)) is
due to the patern geometry. Significantly larger vaues of s ™ in the firg (hard) layer (Fig.
7(a)) and é;‘w in the second (soft) layer (Fig. 7(b)) are produced with the relatively sharp sphere.

The Mises yied condition in the hard layer (5 " /sy1 = 1.0) is satisfied only in the case of the

sharp sphere (/R = 0.01). A steady-state é;‘w is obtained in the soft layer after the sphere dides

a distance of about two times the pad period, for both d/R = 0.005 and 0.01. The results shown in
Fig. 7 illustrate the dependence of pladticity in hard overcoats on the indenter sharpness. Thus,
gndl plagic zones may be produced even in ultrathin surface layers under rdatively light

contact loads, depending on the range of small wavelengths comprising the surface profile,
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3.2 Thermomechanical Analysis

Fnite dement results from a fully-coupled thermomechanica contact analyss of an dadtic-
perfectly plagtic sphere (with thermomechanica properties identica to those of the figt layer)
diding over the patterned medium are presented in Figs. 8-10 to illudrate the effect of frictiond
heating on the surface temperature rise and plagtic flow in the soft layer. Temperature and plastic
dran rexults are interpreted in terms of diding distance and Peclet number. To examine the
effect of Peclet number on the temperature fidd and deformation behavior of the layered
medium, smulation results are presented for m= 0.5 and Pe = 0.09 and 0.9.

Figure 8 shows the evolution of the surface temperature digribution on three neighboring
pads aong the plane of symmetry (y = 0) for Pe = 0.09 and d/R = 0.01. The results are presented

as a temperature increase from the room temperature, DT, normdized by 20a /pku , where @ is

the average heat flux rate at the contact region (i.e, total heat flux divided by the contact area,
pr?), and k is the thema conductivity of the sphere, while the x coordinate is normalized by the
contact radius, r. As expected, the temperature distribution due to norma contact (indentation) of
a dngle pad is symmetric and its effect on neighboring pads is negligible (Fig. 8(a). When the
sphere dides over the edge of the left pad (Fig. 8(b)), the maximum temperature increases
ggnificantly and shifts to the traling edge of the contact region (Fig. 8(b)), demonstratiing a
pronounced effect of frictiond heating during diding. The maximum temperaure rise a the
tralling edge produces a maximum tensle therma dress dightly below this contact edge, which
is consdered to be responsible for therma cracking in the wake of diding microcontacts. In
addition, a noticegble temperature rise occurs a the front contact edge as soon as the sphere

establishes contact with the middle pad. This temperaiure rise intendfies sgnificantly when the
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sphere dides over the left corner of the middle pad (Fig. 8(c)), evidently due to the high pressure
pesk at the sharp corner of the pad edge. A dmilar temperature evolution is observed as the
sphere dides over the middle and right pads (Figs. 8(d)-8(f)). The close smilaity of the
temperature digtributions produced when the sphere is over the center of the middie and right
pads (Figs. 8(d) and 8(f)) suggests that frictiona heating at a pad is not affected by the heat flux
a neighboring pads.

Figures 9(@) and 9(b) show the normdized maximum temperature, Tmax, in the firg and
second layers, respectively, as functions of normadized diding distance and Peclet number. The
maximum temperature in the firs layer occurs a the surface and in the second layer a the
interface with the first layer. The periodic fluctuation of Tmax with diding distance observed only
for Pe = 0.9 suggedts that the pattern geometry effect on the maximum temperature in each layer
is pronounced only for a relatively high Peclet number. The marked increase of Tmax in both
layers obtained for Pe = 0.9, especidly at the surface of the first layer (Fig. 9(a)), demonstrates
that the temperature fidd in the layered medium is a strong function of the Peclet number. The
gmilar pesk vaues of Thax IN Fg. 9@ indicate that interaction between neighboring pads is
negligible. Furthermore, comparison of the results shown in Figs. 9@ and 9(b) for Pe = 0.9
shows that vaues of Tnax in the fird layer are much higher than those in the second layer. In the
diding dmulaions for m= 05 and Pe = 0.9, the highest temperature change in the first and
second layers was found to be equa to ~220 °C and ~50 °C, respectively. Such high surface
temperatures may induce therma cracking and degrade the mechanical properties of the surface
layer.

Figure 10 shows the variation of the maximum equivdent plagic drain in the second (soft)

layer with normdized diding disance and Peclet number for m= 0.5 and d/R = 0.01. A rapid
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increase of é;”axet the beginning of diding ad a steady dtate at a diding disgance SR = 0.17 is
shown for both Peclet numbers. While the effect of the Peclet number on ég‘ax is negligible

during the initid dage of diding, larger vdues of é;"a" (~5.7%) were produced with the higher

Peclet number when SR > 0.17. This is attributed to the fact that the surface temperature and
difference between the maximum surface temperatures for Pe = 0.09 and 0.9 increase with
diding digance untl SR > 0.17 (Fig. 9(@). This temperature difference produces a therma
dress that affects the plagtic drain in the second layer. Thus, a higher Peclet number induces
larger temperature rises a the surface of the firsd hard layer and larger plasic drans in the

second soft layer of the medium.

4. Conclusions
A dadic-pladic finite dement andyds of norma contact (indentation) and diding of a

spherica indenter on a layered medium with a patterned surface was performed in order to study
the effects of coefficient of friction sphere radius, and diding cycles on the contact stress and
deformation fidds. In addition, a fully coupled thermomechanicad finite dement andyss was
caried out to obtain solutions for the surface temperature distribution and to eucidate the effect
of Peclet number on the maximum temperaiure rise and subsurface pladticity. Based on the
presented results and discussion, the following main conclusions can be drawn.

1. The maximum contact pressure shifts from the center to the edge of the contact area a@ a
critica indentation depth @/R > 0.005). Pressure spikes occur at the contact edges in the case
of reaively degp indentations (/R > 0.01). For shdlow indentations (/R < 0.01), the
maximum von Mises equivdent dress in the fird layer and contact area increase

monotonicaly with indentation depth. Yidding in the firs (hard) layer adjacent to the
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surface commences when d/R > 0.008, and full contact of a pad with the sphere occurs diR >
0.01 when the sphere center is over the center of the pad surface.

. The contact pressure and subsurface stresses and plastic strains exhibit periodic fluctuations
due to the pattern geometry. The dmilarity of the dress/strain results of neighboring pads
suggests that interaction effects are negligible for the modded pattern geometry. High-
fricion diding (i.e, m = 0.5) increases dgnificantly the maximum equivdent plagic dran in
the second (soft) layer during the beginning of diding, leading to a seady date after a diding
distance about two times the pad period. The reduced pladticity in the soft layer d patterned
layered media compared to that of smooth layered media demondrates the beneficia effect
of surface patterning in diding contact.

. Steady-date dress/srain fields were produced after the firs diding cycle, suggesting that
deformation in the layered medium is independent of diding cyces. This is a profound
difference with smooth layered media, for which the maximum von Mises equivdent dress
in the fird layer and maximum equivdent plagic drain in the second layer have been found
to increese dgnificantly with diding cydes. In low-friction diding, rdaively sharp sphericd
indenters promote the formation of smdl plastic zones in the fird hard layer a the shap
corners of the pad edges.

. Normd contact (indentation) of a pad yidds a symmetric temperature distribution and
negligible temperature rise a neighboring pads. Siding intensfies the temperaure fidd,
causing the maximum temperature to shift from the center to the trailing edge of the contact
region. This leads to the devedopment of a high themd tendle dress dightly beow the
trailing edge of the contact region, which is consdered to be responsible for therma cracking

in the wake of diding microcontacts.
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5. The periodic variation of the maximum temperature rise in both the first and the second layer
with diding digance is due to the pattern geometry. The temperature fidd in the layered
medium is a grong function of the Peclet number. The amilar pesk vaues of the maximum
temperature in each layer illudrate that thermd interaction between neighboring pads is
negligible. Increasing the Peclet number enhances the temperature rise a the surface and the
development of therma stresses in the firg (hard) layer and produces larger plagtic strains in
the second (soft) layer and in smdl regions of the firg layer, in the vicinity of the sharp pad

edges.
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Table 1. Thicknessand thermomechanical properties of layersin the patterned

layered medium

Medium Layer 1 Layer 2 Layer 3
Thickness (WH) 0.015 0.374 0.611
Elastic modulus (GPa) 168 130 140
Poisson’ sratio 0.3 0.3 0.3
Yied strength (GPa) 13 2.67 2.58
Thermd expansion (K1) 3.1 10° 13" 10°® 49 10°
Specific heat (JgK) 0.5 0.411 0.438
Conductivity (W/mK) 5.2 105 96.5
Density (kg/nt) 215" 10° 8.9  10° 7197 10°
Diffusivity (nf/s) 484" 10° 28.7° 10° 30.64° 10°
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Fig. 10 Maximum equivdent plagtic dran in the second (soft) layer versus diding distance and

Peclet number for m= 0.5 and d/R=0.01.
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