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Abstract

Fracture processes of thin (10-100 um) polystyrene films on PMMA substrates have been investigated within macroscopic single-asperity

sliding contacts with rigid spheres. Using the resources of in situ contact visualization, the development of cracks has been analyzed under
both elastic and plastic conditions for various values of the ratio of the contact radius to the film thickness. Under elastic contact conditions,
damage mechanisms were dominated by the formation of a network of regularly spaced cracks at the leading edge of the contact. These
processes were analyzed in the light of a fragmentation model based on contact mechanics simulations of the stress field induced within the
cracked films. It emerged from this contact mechanics analysis that the mean spacing between adjacent cracks can be correlated to the

strength of the polymer coating.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric coatings are largely used to improve contact
mechanical and tribological performance of engineering
materials and optical components. However, the development
and selection of such films is a very complex and costly task.
The number of parameters is huge, spanning from material,
physical, mechanical and surface properties to the behaviour
of complex films/substrate systems. In addition, there is a lack
of data and understanding regarding the actual deformation
and fracture mechanisms involved in such coatings.

Within this context, abrasion resistance remains one of
the key issues regarding the lifetime of organic coatings.
During abrasive wear damage, the initial stage is usually
considered to be the process of contact and scratch between
the polymer surface and a sharp asperity. The accumulation
of the associated microscopic failure events eventually
generates wear particles and gives rise to weight loss.
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Investigating such processes within macroscopic contacts
between rough surfaces is, however, a difficult task due to
the multiple interactions between individual sliding micro-
asperities. In order to overcome these limitations, model
experiments are often considered which attempt to simulate
the damage induced by a single asperity contact [1].
Although the wear rate itself is not monitored, such
experiments provide the opportunity of getting a more
detailed insight into the deformation and fracture mechan-
isms involved in asperity engagements. In such exper-
iments, the selection of different indentor geometries and
loading conditions offers the possibility of exploring the
viscoelastic/viscoplastic response and brittle failure mech-
anisms over a wide range of strains and strain rates. For bulk
polymers, the observed damage evolves through a range of
severity as the contact strain is increased: visco-elastic
smoothing or ‘ironing’, plastic or viscoplastic grooving,
extensive plastic flow and tearing, pronounced fracture or
tearing and finally cutting or chip formation can be
identified [2-8]. These approaches have been popularized
for a variety of amorphous and glassy and semi-crystalline
polymers by Briscoe and co-workers [9,10] who put
together in the form of ‘deformation maps’ the different
deformation regimes.
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Nomenclature

a radius of the contact area

h film thickness

K; Mode I crack tip stress intensity factor

P applied normal load

Do maximum Hertzian contact pressure

R radius of the sphere counterface

L™ experimental critical length between two
adjacent cracks under sliding conditions

LD theoretical critical length between two adjacent
cracks under sliding conditions

o relative displacement between the leading edge
of the contact and the location of a crack

0 coefficient of friction

oo™ Maximum value of the surface tensile stress

Similar regimes can be identified in the case of polymeric
coatings. Within the fracture domain, regular crack patterns
are often observed at the leading edge of the contact under
the action of predominantly tensile stresses [7,8,11,12].
A critical normal force is often ascribed to the occurrence of
such cracking processes, but the way it relates to known
polymer failure properties such as fracture toughness is still
a matter of debate [6]. In addition, the contribution of
substrate deformation to the development of contact cracks
within thin polymer films remains largely unknown. As a
first approach, the magnitude of these effects may be
assumed to depend largely on the ratio of the contact area, a,
to the film thickness, 4. In many contact situations, this a/h
ratio can vary by orders of magnitude depending on whether
the macroscopic or micro-asperity contact lengths are
considered. There is therefore a need for a better under-
standing of coating fracture processes as a function of this
characteristic a/h ratio.

Within the frame of this investigation, fracture mechan-
isms of thin (10-100 pm) polystyrene (PS) films on
polymethacrylate (PMMA) substrates have been investi-
gated within macroscopic sliding contacts with smooth
spherical asperities. Using the resources of in situ contact
visualization, the various stages of the development of crack
networks within the PS film have been observed for a range
of contact conditions which were characterized by different
ratios of the contact radius, a, to the film thickness, A. The
resulting crack patterns have been analyzed in the light of a
fragmentation model which considers that failure is driven
by the evolving tensile stress field induced within the
cracked PS film at the leading edge of the contact. For that
purpose, a contact mechanics analysis of the cracked coated
systems has been developed which is able to simulate the
film unloading/reloading processes associated with the
propagation of successive cracks during sliding.

2. Experimental details

2.1. Elaboration of the film systems

The polymer systems investigated in this study consisted
in a poly(methylmethacrylate) (PMMA) substrate coated

with poly(styrene) (PS) films 10-100 um in thickness. In
order to promote an optimum stress transfer between the
two polymer layers, a thin (about 40 nm) layer of a PS-b-
PMMA block copolymer was inserted at the PS/PMMA
interface during the processing of the specimens. Mode I
fracture tests carried out by Brown et al. [13] indicated that
such di-block polymers can dramatically improve the
adhesion between PS and PMMA, provided that the
thickness of the copolymer layer is greater than one fourth
of the polymer long period, which was the case in the
present study.

Both the PMMA and PS polymers were provided as
pellets by Atofina (France). Their molecular and mechanical
properties are given in Table 1. The PS-b-PMMA block
copolymer was provided by Polymer Source Inc. (Canada).
The number average molecular weights of the PS and
PMMA arms were 8X10* and 9.1X10% gmol ™ 1,
respectively.

The PMMA substrate was obtained by compression
moulding of pellets at 160 °C between two thick float glass
plates which allowed minimizing the surface roughness. All
the plates were 6 mm thick.

The block copolymer was directly spun-cast on the
PMMA plates from a 0.8 w% solution in toluene. Separate
measurements by ellipsometry using silicon wafers as a
substrate indicated that, for the selected spin coating
conditions, the thickness of the copolymer layer was about
40 nm.

The polystyrene films were elaborated independently by
dip coating on float glass plates. Pyrolyzed (600 °C) glass
plates were removed at constant speed from a 10% wt
solution of PS in toluene at R.T. A preliminary investigation

Table 1
Mechanical properties of the polymers (from ref [35])
PMMA PS
M,, (10° g/mol) 68 200
T, (°C by DSC) 114 98
E (GPa at 25 °C) 33 3
oy (MPa) 136 105
o, (MPa) 100 55
v 0.4 0.35

E is the Young’s modulus, » is the Poisson’s ration. ¢, and ¢ denote the
yield and the crazing stress, respectively.
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showed that it was possible to vary the film thickness in the
range 10-100 um by varying the removal speed of the plate
and the number of dipping cycles. Profilometry measure-
ments also showed that the thickness of the dip coated films
did not vary by more than £ 2 pm within the region used for
the contact experiments.

In the final processing stage the PS coated glass plates were
directly pressed in the heated press (160 °C, two hours) against
the PMMA substrates covered with the copolymer layer. The
specimens were subsequently allowed to cool down slowly at
RT before demolding. Roughness measurements by inter-
ferometry indicated that the maximum peak-to-valley height,
R,, of the film surface was in the order of 30 nm.

2.2. Tribological tests

The film damage processes were investigated within
sliding contacts with rigid spherical indenters. Using the
resources of in situ contact visualization, the occurrence of
contact cracks was investigated for various ratios of the
contact radius, a, to the film thickness, & (Fig. 1). For that
purpose, two separate experimental devices were used:

(i) Low a/h ratios (in the order of the unity) were
achieved by means of a specific scratching machine,
the so-called ‘microvisioscratch’ device. This
machine, which is fully described elsewhere [2],
allows to scratch the surface of polymer materials
using a rigid tip under imposed normal load and
scratch velocity. During the tests, the velocity of the
moving tip and the normal and tangential loads are
continuously recorded. In addition, a built-in micro-
scope allows in situ observation and measurement of
the groove left on the surface. In the experiments to be
detailed, the speed of the tip was kept constant to
10 um s~ ' while the normal load was varied stepwise
during each scratch test in as many steps as required
to explore the desired strain range. The used tips were
spherical diamond indenters having various radii of
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Fig. 1. Investigated ranges of mean contact strain, a/R, and ratio of the
contact radius to film thickness, a/h, for the two different experimental
setups used in this study. White boxes: reciprocating sliding tribometer;
grey boxes: scratch tester.

curvature, namely 116 and 240 pm. A steel ball with a
5 mm radius was also used. During the experiments,
the average strain, a/R, varied from about 0.1 to 0.4
and the mean contact pressure from approximately
80-200 MPa, which corresponds to contact con-
ditions ranging from elastic to plastic responses.

(i) The second tribological device allowed performing
sliding tests under predominantly elastic conditions
within macroscopic contacts about one millimetre in
diameter, i.e. for a/h ratios ranging from about 10-100.
It consisted in a specific reciprocating sliding device,
which was used in the present investigation in a single-
pass sliding mode. For a detailed description of this
device, the reader is sent to reference [14]. Sphere-on-
flat contacts under constant imposed normal force
(between 10 and 250 N) were realized using plano-
convex glass lenses of various radii of curvature (from
5.2t020.7 mm). During the experiments, a continuous
tangential motion at constant velocity (10 pm s~ ")
was applied to the polymer specimen with respect to
the fixed glass lens. Both the normal load and the
tangential forces were continuously monitored. Sim-
ultaneously, a microscope and CCD camera coupled
with an image acquisition device allowed to record
contact pictures through the glass lens. Depending on
the radius of the lens, R, and the normal load, the mean
contact pressure ranged from about 40 to 120 MPa.
The corresponding average strain, a/R, varied from
0.015to0 0.1.

2.3. Numerical simulations

Theoretical simulations were undertaken in order to assess
the distribution of contact stresses within the cracked
polystyrene film under elastic conditions. The approach was
based on semi-analytical and semi-numerical contact mech-
anics algorithms which allow calculating stress fields and
stress intensity factors at the cost of a moderate computational
cost. Such calculations have already been successfully applied
to the analysis of contact fatigue behaviour of epoxy materials
[15]. Within the frame of this investigation, the coating
fragmentation processes were analyzed using an equivalent
two-dimensional, cylinder-on-cracked-flat configuration. For
a given a/h ratio, the bidimensional contact conditions were
adjusted in order to achieve the same maximum value of the
tensile stress at the leading edge of the contact (where cracks
were found to nucleate) than for the equivalent three
dimensional sphere-on-flat configuration.

The used contact model rests on linear fracture mechanics
and on an analogy between cracks and continuous distri-
butions of dislocations. A distribution of cracks of given
lengths, orientations and locations within the contact can be
introduced in the model. Dubourg et al. [16] have developed a
frictional contact crack model that allows taking into account
the existence of multiple cracks within a contact field by
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modifying the pioneering formulation proposed by Cominou
[17] and combining it with unilateral contact techniques.
Interactions between cracks are automatically determined and
accounted for, as well as the closure-opening-sliding
sequences along the faces of the cracks during the loading
cycle. Mode I and mode II effective stress intensity factors
under non proportional multiaxial sequential loadings can also
be calculated at crack tips.

Within the frame of this investigation, simulations were
carried out assuming that the coating cracks were straight
cracks oriented perpendicular with respect to the surface.
Although it was not possible to support this hypothesis by
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reliable direct observations of cross sections of the cracked
PS films, previous investigations using brittle epoxy
polymers under similar contact conditions [15] indicate
that this is a reasonable approximation. Both observations
and contact mechanics simulations showed that the cracks
which nucleate at the edge of the contact (as observed for
the PS coating, see below) propagate perpendicularly to the
surface under a predominantly mode I tensile field. These
conclusions were found to hold up to cracks depths which
corresponded approximately to the contact radius. For the
present numerical simulations, the maximum crack depth
did not exceed one half of the contact radius.
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Fig. 2. Deformation modes and fracture processes within a contact between a 50 um coating and a spherical diamond tip with a 240 um radius of curvature.

(@) contact rear angle, w;([J) local friction coefficient, as calculated using the flow lines model detailed in references [27,28]. As the contact strain, a/R,
increases, the transition from viscoelastic to plastic contact conditions is indicated by the increased contact dissymmetry, i.e. by a decrease in the contact rear
angle, w. During this experiment the ratio of the contact radius to the film thickness ratio varied from 0.2 to 1.6.
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3. Results

3.1. In situ analysis of film cracking processes

The contact deformation behaviour and damage modes
were at first investigated for moderate a/h ratios using
the ‘microvisioscratch’ device. In order to vary the average
contact strain, a/R, from elastic to plastic conditions, the
normal load was incrementally increased during the lateral
displacement of the tip. For each normal load step, in situ
observations allowed to identify the nature of the contact
loading from an analysis of the actual shape of the contact
area. A typical example of the changes in the contact shape
as a function of the average contact strain, a/R, is shown in
Fig. 2 for a PS film 50 um in thickness and a 240 pum radius
tip. As detailed in references [2,3,18], the deformation
response of the polymer surface can mainly be defined from
a measurement of the contact rear angle, w, which is
reported in the figure. At normal loads of a few tenths of a
Newton, i.e. a/R ratios less than about 0.1, the tip slides
elastically over the surface of the polymeric material and no
residual groove is observed. The contact area is circular and
the rear angle, w is therefore equal to /2. The observed
slight decrease in w when a/R ratios become close to 0.15 is
indicative of the occurrence of viscoelastic effects: these
processes induce the formation of a groove which relaxes
within a time comparable to the contact time. Within this
deformation regime, a network of curved cracks concave to
the wake of the spherical indenter was observed. Such
cracking processes present close similarities with the
surface cracks which were observed under sliding spherical
indenters by Bethune [12] for bulk polystyrene and by
Sadeghipour et al. [19,20] and by Chateauminois et al.
[21-23] for epoxy materials. They are also reminiscent of
the so-called ‘partial Hertzian cones’ observed by Lawn and
co-workers [24,25] when a sphere is translated across a
glass surface under purely elastic conditions. According to
Hamilton’s contact mechanics analysis [26], such cracks
can be attributed to the predominantly tensile nature of the
stress field at the leading edge of the contact.

When the contact strain, a/R, is further increased up to
about 0.2, the transition from viscoelastic sliding to
viscoplastic scratching conditions is indicated by a strong
decrease in the contact rear angle and the formation of a
permanent groove in the wake of the contact. This regime is
characterized by a partial viscoelastic recovery of the
groove, the material being predominantly subjected to
plastic strains under the contact. This transition to
viscoplastic conditions was associated with a disappearance
of the curved cracks network.

As contact strain becomes greater than 0.25, some pile-
up is observed in the front of the contact zone.
Simultaneously, some cracking processes are detected in
the frontal push-pad. As opposed to cracks induced under
viscoelastic contact conditions, these cracks are convex to

wake of the contact. They result probably from the bending
stresses associated with frontal pile-up.

A flow lines model detailed elsewhere [27,28] was also
used to determine the value of the true (i.e. interfacial)
coefficient of friction as a function the contact strain (Fig. 2).
The occurrence of plastic deformation within the contact
(for a/R>0.2) is associated with an increase in the
interfacial friction while a nearly constant value of about
0.1 is achieved within the viscoelastic regime. These values
of the local coefficient of friction were used to assess the
magnitude of the tensile stresses at the leading edge of
the contact using Hamilton and Goodman’s equations for
the sliding of a rigid sphere on a semi-infinite elastic
substrate. Although these expressions have been defined for
elastic contact conditions, they were, to a first approxi-
mation, assumed to remain valid as long as the contact strain
is lower than 0.2, i.e. as long as the contact is not completely
plastic, which corresponds to the regime where cracks were
initiated at the rear of the contact. In Fig. 3, the calculated
maximum tensile stresses have been reported as a function
of the mean contact strain, together with the values of the
mean contact pressure. This later parameter was measured
from the ratio of the normal load to the actual contact area. It
increases with the contact strain up to a plateau value of
about 200 MPa which corresponds to plastic contact
conditions. For the PS coating under consideration, the
calculated tensile stress in the viscoelastic cracking regime
was about 50 MPa. An unexpected result is that this tensile
stress remains constant while the mean contact pressure
increases. This can be attributed to the fact that the true local
friction coefficient decreases from 0.1 to 0.05 as the ratio
a/R increases from 0.1 to 0.2. There is therefore some
indication that the cracks induced at the rear edge of the
viscoelastic contacts could regulate the friction level.

Using the modified reciprocating sliding device,
additional tests have been carried out at large a/h ratios
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Fig. 3. Mean contact pressure (@) and maximum calculated tensile stress
() at the rear edge of the contact as a function of the contact strain (50 pm
coating—240 pm tip radius). The maximum tensile stress has been
calculated from the true local coefficient of friction and the mean contact
pressure using Hamilton’s theory [26].
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(a/h>10) under predominantly elastic conditions. As it
was observed in the viscoelastic regime for small a/h
ratios, the damage induced by the sliding motion consisted
in the development of a network of curved cracks concave
to the wake of the spherical indenter. No cracks were
observed within uncoated PMMA substrate under similar
contact conditions, which tends to indicate that cracks were
localized within the PS coating. The enlarged size of the
contacts allowed to capture the details of the development
of the crack pattern from the resources of in situ contact
visualization (Fig. 4). At the onset of the tangential
loading, an initial crack is nucleated at the rear edge of the
contact, where the surface tensile stress reaches its
maximum value. Subsequent cracks are observed to

(@)

(b)

(c)

nucleate not exactly at the leading edge of the contact
but at two symmetrical locations with respect to the contact
meridian plane. As the sliding distance is further increased,
regularly spaced cracks are simultaneously nucleated at the
contact edge along two opposite locations which make an
angle of about 45° with respect to an axis oriented along
the sliding direction and passing through the centre of the
contact. Once- formed, these cracks tend to propagate
slowly toward the rear of the contact along curvilinear
paths. Cracks which nucleate at opposite locations with
respect to the sliding direction eventually merge at the
leading edge of the contact to give the final concave crack
pattern left in the wake of the indenter after the removal of
the glass slider.

Fig. 4. In situ observation of the development of a crack pattern in the PS film under elastic sliding conditions. The contact strain is a/R=0.032, the ratio of the
contact radius to the film thickness is 45. (a) Overall view of the contact during the sliding process. The insert box delimits the magnified area shown in Fig. b.
(b) Details of the contact showing the successive nucleation of cracks and their propagation toward the rear of the contact. (c) Schematic description of the
initial crack nucleation and propagation stages. Cracks 1, 2 and 3 are successively nucleated according to an unloading/reloading process associated to crack

opening mechanisms and to the sliding of the rigid counterface.
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A simple elastic contact mechanics analysis can provide
some preliminary insight into the development of such a
crack network. Due to the similarity of the PMMA and PS
Young’s modulii (cf Table 1), the coated polymer system
can reasonably be assimilated to a homogeneous semi-
infinite body. If the perturbations of the stress field due to
the occurrence of cracks are neglected in a first approach,
the tensile stresses at the edge of the contact can be
estimated analytically using Hamilton’s theory. Accord-
ingly, the principal surface stresses, 6, and o,, have been
calculated along the curvilinear abscissa corresponding to
the leading edge of the contact. As shown in Fig. 5, the
coordinate along this curvilinear path was defined by the
angle, ¢, with respect to the x (sliding) axis. The calculation
was carried out using the mean experimental value of the
coefficient of friction, i.e. u=0.3, and the stress values have
been normalized with respect to the maximum Hertzian
pressure, p,. In addition, the orientation of the principal
surface stresses has also been plotted in the Figure. It turns
out that the maximum principal stress, gy, is only slowly
decreasing when the angle, ¢, is increased from 0° to 45°,
i.e. within the range where cracks were experimentally
observed. Moreover, the o,/g, ratio remains low within this
domain, which indicates that cracks remain nucleated under
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Fig. 5. Calculated values and orientation of the surface principal stresses
along the leading edge of the contact. The calculation have been performed
using Hamilton’s theory [26], a value of the coefficient of friction equal to
0.3 and average values of the elastic constants reported in table I. The
maximum principal stress, g, has been normalized with respect to the
maximum Hertzian pressure, po. Cracks were observed experimentally for
0< ¢ <45°. The values of the ratio g,/0 show the essentially tensile nature
of the cracks within this range.

a predominantly tensile stress field whatever their location
along the contact edge. Interestingly, this contact mechanics
analysis also shows that the angle, «, of the maximum
principal stress, o, with respect to the sliding direction is
progressively decreased when ¢ is increased, which also
corresponds to the experimental observations of cracks
orientation (see Fig. 4).

3.2. Analysis of the fragmentation patterns

Whatever the considered a/h ratio, damage processes
under (visco)elastic conditions were clearly related to the
generation of a network of tensile cracks at the leading edge
of the contact. The regular spacing of the observed crack
patterns suggests that the cracks are successively nucleated
according to an unloading/reloading process within the PS
coating. When a crack is nucleated at the leading edge of the
contact, it can be assumed that coating stresses are relaxed
in its vicinity. Accordingly, the formation of a new crack
will require that the tensile stresses are rebuilt within the
coating up to some critical value associated with the
strength of polystyrene. This film reloading mechanism will
occur as a consequence of the relative displacement
between the glass slider and the cracks. A critical length
can tentatively be attributed to this reloading process, which
should be of the order of magnitude of the crack depth. The
occurrence of such a fragmentation mechanism is supported
by some order of magnitude estimate of the stress intensity
factors at the crack tip which can be derived from fracture
mechanics solutions for plates with periodic parallel cracks.
Analytical calculations derived by Isida [29] indicate that,
when the distance, b, between adjacent cracks become
small with respect to their length, the stress intensity factor,
K;, at the crack tips tends to the following limiting value:
K; = gy/blm where o, is the remote tensile stress. The
investigated contact configuration is obviously different
from a cracked plate configuration in the sense that the PS
layer is deposited onto a substrate and that the applied
contact stress field is heterogeneous. However, it turns out
that, if typical values of g,=100 MPa and b=30 pum are
considered, one gets a value of the critical stress intensity
factor, K;c, of the order of 0.3 MPa m/ 2, which is the right
order of magnitude for the toughness of polystyrene.

The values of the critical lengths associated with the
coating’s fragmentation mechanisms and their dependence
on the film thickness has been considered more in details
from a quantitative post mortem analysis of the crack
patterns. The mean distance between two adjacent cracks
has been measured by image analysis using grey level
profiles taken in the middle of the crack pattern and along
the sliding direction. As shown in Fig. 6, a mean critical
length, L7", between cracks can be determined from the
statistical distribution of inter-cracks spacing distances. In
Fig. 7, experimental data are summarized in a non
dimensional plot giving the normalized critical length,
LZ*P/h, as a function of the ratio a/h. It appears that all data
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Fig. 6. Determination of the statistical distribution of the distances between two adjacent cracks from post mortem observations of the sliding traces. The mean

exp

experimental critical length, L., between adjacent cracks is taken from the maximum in the distribution.

points obtained for a/h ratios ranging from 1 to 100 rescale
on a single scatter band, independently on the film thickness
(from 10 to 100 um) and with some evidence of a saturation
of LI /h when a/h exceeds about 60. The fact that LIP/h is
continuously decreasing below this threshold a/h ratio can
tentatively be interpreted by the fact that the stress gradients
associated with the tensile reloading of the film at the
vicinity of a crack become steeper for small contact radii. As
a result, the tensile reloading of the film up to failure should
occur over a decreased length with respect to the crack
depth, i.e. with respect to the film thickness if cracks are
assumed to propagate up to the interface.

It is also worth noting that, depending on the contact
loading conditions (contact radius, applied normal force),
different frictional forces and contact stresses were
achieved, but that these parameters did not affect
significantly the normalized critical length for a given a/h
ratio. From frictional force measurements under elastic
conditions, the maximum tensile stresses at the edge of the
contact were found, using Hamilton’s approach, to range
from about 40 to 100 MPa, i.e. values greater that the
threshold tensile stress for craze nucleation in polystyrene

(20-30 MPa) [30]. This result tends to show that, provided
the contact stresses are greater than the coating failure
stress, the fragmentation pattern is relatively independent on
the magnitude of the tangential loading.

4. Contact mechanics analysis of the fragmentation
processes

The above detailed cracking mechanisms present close
similarities with the fragmentation processes which are
observed in many heterogeneous systems such as fibre
reinforced composites [31,32] paints or coatings [33,34],
where a brittle phase is intimately associated with a more
ductile phase and loaded under tensile conditions.
Independently on the system geometry, a saturation of the
mean distance between adjacent cracks is often observed
when the applied strain is increased. The value of this
critical length can be shown to be governed by the
statistical distribution of the failure properties of the brittle
phase and by the stress transfer processes occurring at the
interface [34]. Interface shear stress concentrations at
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Fig. 7. Experimental values of the normalized critical length, LZ/h, as a
function of the normalized contact radius, a/h. These values were obtained
for film thicknesses ranging from 10 to 100 um and contact radii varying
between 30 pm and 1 mm.

the vicinity of the failure points are often reported to induce
some debonding, which in turn increases the critical lengths
associated with stress transfer and tensile failure. As a
result, interface properties can play a major role in
fragmentation processes. Within the context of the present
investigation, the sensitivity of the observed fragmentation
processes to interface properties have been considered by
performing some sliding tests using specimens without the
block copolymer layer at the PMMA/PS interface.
According, to Brown et al. [13], such a modification can
result in a dramatic decrease in the mode I interface fracture
energy. However, no significant change in the measured
critical fragmentation lengths was observed for the sliding
conditions under consideration. Moreover, no evidence of a
flaking-off of the PS coating was observed during the
sliding tests. In the absence of any detectable interface
effect, a perfect bonding between the PS coating and the
PMMA substrate was therefore assumed in the subsequent
mechanical analysis of fragmentation processes.

In order to assess the changes in the critical length as a
function of the film thickness and the contact radius, contact
mechanics simulations have been carried out by considering
an equivalent bidimensional contact between a cylindrical
indenter and an elastic body containing a single crack
oriented perpendicular to the surface (Fig. 8). This two-
dimensional approach avoided the complexities of three-
dimensional numerical simulations of cracked contacts.
Moreover, the validity of such a two dimensional approach
is supported by the fact that the magnitude of the contact
tensile stresses did not vary very significantly in the area
were cracks were observed (see principal stress calculations
in Section 3.1). Due to the similarity of the PMMA and PS
modulii, the cracked substrate was considered as a
homogeneous body, where the crack depth corresponds to
the coating thickness. As detailed below, the validity of this
later assumption was indirectly supported by an estimate of
the crack tip stress intensity factors.
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Fig. 8. Schematic description of the two dimensional geometry considered
for the numerical contact mechanics simulations of the cracked coatings. 0
is the distance between the crack and the leading edge of the sliding contact.
g, is the calculated surface tensile stress. Both the coating and the substrate
are assumed to behave elastically and the depth of the crack is set to the
coating thickness.

In a first approach, interactions between adjacent
cracks were neglected and the simulations have been carried
out considering an isolated crack. The simulations have
been performed for different a/h ratios, while keeping
constant the maximum value of the Hertzian pressure (po=
100 MPa) and the coefficient of friction (u=0.3). During
the calculations, the profile of the surface tractions
associated with the sliding of the rigid sphere was
incrementally shifted from a reference position. As shown
in Fig. 8, this reference position was defined as the x
coordinate where the trailing edge of the contact coincides
with the crack location.

In a first stage, the values of the mode I stress intensity
factors, K, at the crack tip were estimated. As sliding
proceeds from the initial indenter position, the crack is
opened by the tensile stresses and K; is progressively
increased up to a maximum value (Fig. 9a). Above this
maximum, K; decreases as the contact stress field is
displaced far from the crack location. The value of
the maximum in K; has been reported as a function of the
contact radius to film thickness ratio in Fig. 9b. Within the
experimental a/h range, the maximum stress intensity
factors are close to the toughness of polystyrene, which
support the hypothesis of cracks propagating through the
whole coating thickness.

The profiles of the surface tensile stress in the vicinity of
a crack have also been calculated for different values of the
sliding distance normalized with respect to the contact
radius. Fig. 10 shows an example of such a simulation for a
moderate a/h ratio equal to 2. The profiles are characterized
by the existence of a peak stress whose location corresponds
to the leading edge of the contact, similarly to what would
be calculated for an uncracked Hertzian contact. However,
for the considered sliding distances, the magnitude of the
tensile peak stress is much lower than that for an uncracked
substrate (i.e. gy = 2upy, = 60 MPa). This lowered peak
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Fig. 9. Calculated values of the mode I stress intensity factor, K, at the tip
of a contact crack. The depth of the cracks corresponds to the thickness, &,
of the coating. (a) Changes in K; as a function of the sliding distance, 0,
normalized with respect to the coating thickness. For 6/h=0, the leading
edge of the contact coincides with crack location. (b) Maximum value of
the stress intensity factor, K;"**, as a function of the normalized contact
radius, a/h.

stress illustrates the strong relaxation of the coating stresses
which results from crack opening processes. When the
sliding distance is increased, the tensile reloading of the film
is indicated by the progressive increase in the peak stress.
Accordingly, a theoretical critical length, Lﬁh, can be defined
as the distance relative to the crack location where the
calculated peak tensile stress reaches the failure strength of
the PS coating. This critical length can be considered as a
theoretical prediction of the mean distance between two
adjacent cracks. If, for example, a strength of 20 MPa is
considered as a failure criterion for the PS layer, the
corresponding normalized critical length, L" a, can be
estimated to be about 0.1.

In Fig. 11, the profiles of surface stresses close to a crack
have been reported for a higher a/h ratio (i.e. a/h=100). As
opposed to the previous situation (a/h=2), the unloading
processes associated with the opening of the crack are
insufficient to lower the coating tensile stresses below
known values of the failure strength of polystyrene. In other
words, the simulation indicates that multiple tensile cracks
should be nucleated simultaneously close to the leading
edge of the contact when the contact radius becomes much
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Fig. 10. Calculated surface tensile stress profiles for increasing values of the
normalized distance, 4 = 6/h, between the crack and the leading edge of the
contact (a/h=2). The increment of the normalized displacement between
two successive profiles is 2>X 1072 The figure shows an example of the
determination of the critical reloading length, L", assuming that the
strength of the coating is 20 MPa.

larger than the coating thickness. This conclusion is
consistent with the experimental observations for high a/h
ratios (see Fig. 4) which showed that multiple cracks were
indeed simultaneously induced within the contacts. On the
other hand, only individual crack nucleation events were
observed for contacts with a/h ratios close to the unity.

In Fig. 12, the theoretical normalized critical lengths,
L"/h, have been reported as a function of a/h assuming three
different values of the coating failure stress, namely 10, 20
and 30 MPa. Whatever the value of this strength criterion,
the curves show distinctly a saturation of the critical length
at high a/h ratios. The existence of such a saturation process
can be related to the fact that the calculated stress gradient in
the vicinity of the crack remains unaffected by its depth
above some critical a/h value. The shaded area in Fig. 12
corresponds to the experimental data band reported in
Fig. 7. It can be noted that theoretical data are very
consistent with the experimental ones if the failure strength
of the film is set to 30 MPa, i.e. a value close to the
acknowledged crazing stress of PS. Such a result supports
on a quantitative basis the potential assessment of the
strength of a polymer coating from fragmentation exper-
iments carried out under sliding conditions.

5. Conclusions

The cracking processes of brittle polystyrene coatings on
Polymethylmethacrylate substrates have been investigated
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Fig. 11. Calculated surface tensile stress profiles for a/h=100 and for a null
distance between the crack and the leading edge of the contact. The stress
relaxation associated with crack opening is insufficient to lower the tensile
stress below acknowledged values of the strength of polystyrene (between
20 and 30 MPa). The figure shows an example of the determination of the
critical reloading length, L, assuming that the strength of the coating is
20 MPa.

within sliding contacts with rigid counterfaces under both
elastic and viscoplastic contact conditions. For large contact
strains (i.e. a/R>0.2), cracks convex to the wake of the
indenter were nucleated at the front edge of the contact, in
regions where a significant viscoplastic pile-up was
observed. Under elastic and viscoelastic contact conditions
(i.e. a/R<0.1), the damage of the PS coating was associated
with the generation of a network of curved cracks at the
leading edge of the contact under the action of
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Fig. 12. Theoretical values of the normalized critical length, L"/h, as a
function of the normalized contact radius, a/h. The three curves were
obtained assuming different strength failure criteria for the polystyrene
layer: (O) 10 MPa, (@) 20 MPa, (O) 30 MPa. The dashed grey area
corresponds to the experimental data reported in Fig. 7.

the predominantly tensile stress field. The analysis of
these cracking patterns was undertaken within the frame of
an analogy with the generic fragmentation processes
observed in many brittle coatings under the action of a
remote tensile stresses. In such systems, it is generally
considered that cracks are induced as a result of stress
transfer processes at the coating/substrate interface. For the
contact configuration under investigation, the relevant
interface for stress transfer was clearly the contact interface
as no significant effect of the adhesion between the PS and
PMMA layers was observed. As compared to other loading
configurations (bending, tension...), one of the main
characteristics of the contact loading is that the associated
fragmentation processes are not induced under the action of
a remote homogenous tensile stress field, but under the
action of the moving contact stress field. Within this
context, the progressive nucleation and propagation of
cracks at the leading edge of the contact can be attributed to
the succession of unloading and reloading stages associated
with crack opening and sliding processes, respectively. The
validity of this analysis was confirmed by contact mechanics
simulations of the cracked contacts which allowed
quantifying the critical lengths associated with the tensile
reloading of the PS films in the vicinity of a crack as a
function of film thickness and contact size. The calculated
critical lengths were found in excellent agreement with the
experimental data obtained for a wide range of film
thicknesses. From a material point of view, it emerged
from this contact mechanics analysis that the mean spacing
between adjacent cracks could be correlated to the strength
of the polymer coating, provided that the ratio of the contact
radius to the film thickness is known. Contact fragmentation
experiments could therefore be envisaged as an alternative
to bulk fragmentation tests in situations where, for example,
the geometry is incompatible with the application of an
homogenous remote tensile field.
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