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Experimental and Three-
Dimensional Finite Element Study
of Scratch Test of Polymers at
Large Deformations
An experimental and numerical study of the scratch test on polymers near their surfa
presented. The elastoplastic response of three polymers is compared during scratc
at large deformations: polycarbonate, a thermosetting polymer and a sol-gel hard co
composed of a hybrid matrix (thermosetting polymer-mineral) reinforced with oxide n
particles. The experiments were performed using a nanoindenter with a conical diam
tip having an included angle of 30 deg and a spherical radius of 600 nm. The obs
tions obtained revealed that thermosetting polymers have a larger elastic recovery a
higher hardness than polycarbonate. The origin of this difference in scratch resist
was investigated with numerical modelling of the scratch test in three dimensions. S
ing from results obtained by Bucaille (J. Mat. Sci.,37, pp. 3999–4011, 2002) using an
inverse analysis of the indentation test, the mechanical behavior of polymers is mo
with Young’s modulus for the elastic part and with the G’sell-Jonas’ law with an ex
nential strain hardening for the viscoplastic part. The strain hardening coefficient is
main characteristic parameter differentiating the three studied polymers. Its valu
equal to 0.5, 4.5, and 35, for polycarbonate, the thermosetting polymer and the reinf
thermosetting polymer, respectively. Firstly, simulations reveals that plastic strains
higher in scratch tests than in indentation tests, and that the magnitude of the p
strains decreases as the strain hardening increases. For scratching on polycarbonat
for a penetration depth of 0.5mm of the indenter mentioned above, the representa
strain is equal to 124%. Secondly, in agreement with experimental results, nume
modeling shows that an increase in the strain hardening coefficient reduces the pe
tion depth of the indenter into the material and decreases the depth of the residual gr
which means an improvement in the scratch resistance.@DOI: 10.1115/1.1645535#
s
h

t

t

r

inly

ter
idual
pth
h

the
The
to
tion
nds

to

to-
ses,
cent
ngle
ver-

ring
late

ic

i.e.
f the
oly-

e

1 Introduction
Organic materials are often used in the ophtalmic industry

cause of their low density, their relative toughness and their h
elastic recovery. But their hardness and scratch resistance i
low compared to those of mineral materials, which degrades t
optic and esthetic properties. In order to improve their scra
resistance, a sol-gel hard coating~1–3 mm! is deposited on the
surface. The resistance to scratches of such a layer is due
mechanical properties, for which the measurement is imposs
with classical tests~tension or compression!. Instrumented scratch
is then a good alternative to study such materials. On the o
hand, the mechanical understanding of such a test is intricate
still in progress.

Experimental studies of scratch on polymers have been ca
out to investigate the formation of wear particles@1#. The transi-
tion of the ductile to brittle behavior depends on the attack an
of the indenter and on the size of the volume strained by
indenter@2–5#!. The attack angle,b, ~or the included angle,u, for
a conical indenter! is related to the representative strain in inde
tation or scratch through the following relation suggested
Johnson@6# ~Fig. 1!:

« r50.2 tanb50.2 cotu. (1)

In fact, the value of the proportionality coefficient depends
the kind of test~scratch or Indentation@7#!, so this definition
strictly speaking is not satisfactory, and may be misleading@8#.

Contributed by the Tribology Division for publication in the ASME JOURNAL OF
TRIBOLOGY. Manuscript received by the Tribology Division August 29, 2002; r
vised manuscript received June 24, 2003. Associate Editor: Q. J. Wang.
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But it is well established that the lower theb, the lower the plastic
strains. Thus, for small values ofb, the plastic deformation is
small compared to the total deformation, and the scratch is ma
elastic. This behavior is called ‘‘ironing’’@9#. The material
sinks-in in front of the indenter, the contact between the inden
and the material occurs at the front and at the rear and the res
depth of the groove is low compared to the penetration de
under loading@10,11#. All of these behaviors observed in scratc
tests on polymers are well identified, but the relationship with
mechanical properties of the materials is not well understood.
objective of this study is to utilize finite element simulations
show that the scratch resistance of a polymer, or the transi
between the elastic behavior and ductile ploughing, depe
greatly on strain hardening.

Three dimensional finite element analysis of materials due
scratching is recent. Tangena et al.@12# and Kral and Komvopou-
los @13# have performed finite element simulations on elas
plastic materials under sliding contact conditions. In these ca
the representative strain defined with Eq. 1 is less than one per
and elements are not severely deformed. For larger attack of a
b, elements beneath the indenter are extremely distorted. To o
come this numerical difficulty a new mesh must be created du
the calculation. Numerical techniques may be used to simu
scratch tests at large deformations: Bucaille et al.@11# and Sub-
hash and Zhang@14# have used a code utilizing of an automat
remeshing procedure and an explicit code, respectively.

In a previous work, Bucaille et al.@15# and Bucaille@16# stud-
ied three polymers and identified their mechanical behavior,
the true stress-true strain curve, using an inverse analysis o
indentation test with two different indenter shapes. For these p
-
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mers, scratch experiments are compared with numerical re
using a commercially available software. The effect of the rhe
ogy is analyzed and more specifically the effect of strain hard
ing of each polymer, on their behavior in scratch and indenta
tests.

2 Experimental and Modeling Procedures

2.1 Nanomechanical Testing. Three polymers were consid
ered in the present study: two bulk materials, polycarbonate~PC!
and CR39®, and a varnish of 3mm thick, oa10. Polycarbonate i
a thermoplastic polymer obtained by injection molding. CR3®

~diethylene glycol-bis allyl carbonate! is a thermosetting resin ob
tained by casting and heated for 20 hours at 80°C. The mono
is an allyl resin which not only polymerizes but also cross-lin
which results in a thermoset plastic. The varnish is compose
an hybrid matrix~thermosetting-mineral! reinforced with nanopar-
ticules of silica~with a typical size about 10–15 nanometers!. The
precursor of the hybrid matrix, the glymo, leads to a crosslink
material having polymeric and mineral segments, due to the
O-Si bonds. The polymer segments induce a time dependent
chanical behavior: this is the reason why, in the following part
this study, the hard coating will be assimilate to a thermoset
polymer reinforced by nanoparticules of silica, but one sho
remain that is a simplified description of a complex material.
function is to protect substrates from scratches. This varnish
deposited on the CR39® by dip coating. These materials are co
sidered as homogeneous and thus, have constant mechanical
erties through their thickness.

The scratch experiments were performed using
NanoindenterII® from MTS. The load and displacement resol
tions of the system are 75 nN and 0.1 nm, respectively. The
denter is first displaced tangentially with a small normal load,W
50.02 mN, to record the profile of the initial surface of th
sample. This linear scan produces no permanent groove in
material. The indenter is dept perpendicularly to the surface,
the normal load is increased to the specified value,W. The normal
force W is then maintained constant, and the tip is displaced t
gentially with a scratch speed,v, over a scratching distance of 2
mm. The average values of the normal force, the tangential fo
Ft and the penetration depth,h, are measured over the scratchin
distance. The apparent coefficient of friction was calculated as
ratio of the tangential force to the normal force:

m05
Ft

W
. (2)

Finally, the indenter is displaced with a normal loadW
50.02 mN, perpendicular to the scratch direction across the
tom of the groove. The profile of the residual scratch is recor

Fig. 1 Geometrical parameters measured during a scratch test
Journal of Tribology
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which yields the scratch width,b, and the residual height,hr , 90
minutes after the scratch test~Fig. 1!. For polycarbonate,b is
considered to be the distance between the peaks of the la
pile-ups. For CR39® and oa10, no pile-up was observed and th
b is measured as shown in Fig. 2.

Scratch hardness is defined as the ratio of the normal forc
the projected residual contact area. For materials having a
modulus to flow stress ratio (E/s), the material sinks-in in front
of the indenter and the elastic recovery is large, whereas for h
values, the behavior is mainly plastic and a pile-up in front of t
indenter occurs. Thus, the elastic recovery and the pile-up of
material around the tip are potential sources of error in calcula
scratch hardness. As the amount of elastic recovery can no
measured using the nanoindenterII, nominal scratch hardne
defined by assuming that the contact only occurs over the fron
the indenter as in the case of metals, on a half disc:

Hs1/25
8W

pb2
(3)

Scratch tests were performed on polycarbonate, CR39® and
oa10 with an axisymmetric diamond cone having an includ
angle of 30 deg and a tip radius of 600 nm. Considering
definitions of the representative plastic strain imposed by a sh
indenter given by Johnson@6# and Bucaille et al.@15#, the repre-
sentative strain resulting from indentation by a conical inden
with a spherical tip may be written as follows:

« r50.2
h

a
. (4)

Normal forces were chosen in order that the penetration of
indenter in all materials reaches at least 500 nm, which co
sponds to the maximum value of the attack angle,b, of 60 deg.
For the penetration depths considered in the scratch experim
« r is at least 16%. Three normal forces were chosen for poly
bonate and CR39® and one for oa10~Table 1!. In preliminary
nanoindentation experiments on oa10 using a pointed Berko
tip, both hardness and Young’s modulus were constant for p
etration depths lower than 600 nm. This shows that the influe

Fig. 2 Experimental profile of the scratch groove of oa10 mea-
sured with the tip of the nanoindenter used as a profilometer 6
min and 90 min after the scratch test, vÄ2 mmÕs, WÄ1 mN.
The residual depth and the scratch width continue to decrease
several minutes after the scratch test.

Table 1 Normal loads used for scratch experiments for
vÄ2 mmÕs

W (mN)

PC, CR39® 0.49 0.73 0.98
oa10 0.98
APRIL 2004, Vol. 126 Õ 373
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of the substrate can be neglected in further mechanical anal
Normal forces were limited to 0.98 mN to avoid delamination
the coating or formation of brittle fractures. Optical observatio
of the residual grooves revealed no evident cracks. This indic
that, at this scale of observation, the behavior of the three p
mers is viscoelastic or ductile. For all the samples, the scra
speed,v, was equal to 2mm/s.

2.2 Simulation of Scratch and Indentation. Scratching
simulations were modeled using the Forge3® implicit code using
an automatic remeshing procedure. The domain is a right-an
parallelepiped. Figure 3 shows half of the finite-element m
corresponding to the regionx>0, with the plane x50 a symmetry
plane. The displacement of the mesh in the other directions
prevented by two planesy50 andz50 which are also considere
as symmetry planes. The size of the domain was chosen so
boundary effects do not influence the results~Table 2,@16#!. The
indenter used in the scratch experiments was considered rigid
modeled as an axisymmetric cone with an included angleu530
deg and a spherical tip of 600 nm radius. The displacement of
indenter was along they-axis with a scratch speed of 2mm/s, its
penetration depth was constant, and was equal to the value
ported in Table 3. Elements of the domain were three-dimensio
meshes with four-node tetrahedra. Far from the indenter, elem
had a typical length of about 1mm. With the Forge3® software,
parallepiped boxes were used, and where the mesh was refine
nodes were at least in contact with the indenter on the gener
in the planex50. For example, a scratch simulation on polyca
bonate required 11,000 nodes and 45,000 elements, abou
hours of CPU time, and a remeshing procedure every five in
ments. For each time increment, normal and tangential fo

Fig. 3 Three-dimensional view of the mesh used for the simu-
lation of scratch. The mesh box placed near the indenter tip
contains small sized elements and moves with the indenter
along the Y axis. The indenter is a cone of semiapical angle
uÄ30 deg with a tip radius of 600 nm.

Table 2 Size of the domain and typical size of elements near
the indenter in the scratch simulations

Maximum
Penetration~mm!

Width
~mm!

Length
~mm!

Height
~mm!

Size of Elements
near the Indenter~mm!

1 8 50 10 0.04
374 Õ Vol. 126, APRIL 2004
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were computed. A post processing procedure gave the avera
several geometrical parameters such as the scratch width,b, the
pile-up height~for polycarbonate!, hb , and the residual depth,hr
~Fig. 1!. For CR39® and oa10, the material sinks-in near the i
denter, as observed in scratch experiments. However, the tra
tion between the groove and the nominal surface of the materi
not as marked and can not be determined as shown in Fig. 2.
simulation, the scratch width is defined as the contact width
tween the indenter and the mesh under loading, and scratch h
ness is computed considering a half-disc of contact~Eq. 3!.

The indentation test was modeled with Forge2®, a two dimen-
sional axisymmetric finite element code. A two-dimensional re
angular mesh incorporating six-nodes elements was constru
Elements had a length of 0.04mm near the indenter and of 3mm
far from the indenter. The rigid indenter was modeled as an a
symmetric cone with an included angleu530 deg and a spherica
tip of 600 nm radius. During loading, the ratio of the indent
speed,ḣ, to the penetration depth,h, was maintained constant an
equal to 0.049 s21. More details concerning simulation of th
indentation tests are given in@15#.

2.3 Modeling of the Rheology of the Polymers. All poly-
mers were considered as homogeneous and bulk materials. T
rheological and tribological properties are summarized in Table
The elastic behavior was modeled by a linear law with two co
stant parameters: Poisson’s ratio,n and Young’s modulus,E, i.e.,
the viscoelasticity is neglected. This strong assumption will
discussed later.E was determined in indentation with the slope
the beginning of the unloading curve via a method described
@17# ~Table 4!. Poisson’s ratio of polycarbonate and CR39® were
obtained in compression@16#. The value ofn for the varnish was
assumed to be the same as for CR39® ~Table 4!. The yield condi-
tion was given by the von Mises yield criterion and the flow stre
was described by a simplified G’sell-Jonas law@18#:

s5Kehg«2
«̇m, (5)

whereK is a strength coefficient,hg is the strain hardening coef
ficient, andm the sensitivity to the strain rate. This law was fir

determined for uniaxial tests and the exponential term,ehg«2
,

models the strain hardening of polymers at large deformations
to the extension of macromolecules of polymers. Bisilliat@19#
showed that this strain hardening begins earlier and is large
tension than in compression. These three parameters were d

Table 3 Penetration depths used for scratch simulations for
vÄ2 mmÕs

h (nm)

PC, CR39® 500 750 1000
oa10 500

Table 4 Coefficient of friction, elastic and viscoplastic proper-
ties of polycarbonate, CR39 ® and oa10 used in the simulation
of scratch and indentation tests. Friction coefficient, m, was
obtained by measurements of apparent friction coefficient in
scratch †16‡; n was measured in compression †16‡; E was ob-
tained in indentation †17‡; m , K , and h g were determined using
an inverse analysis of indentation †15,16‡.

PC CR39® oa10

m 0.3 0.3 0.2
m 0.053 0.078 0.033
K (MPa•s2m) 102 145 138
hg 0.5 4.5 35
E (GPa) 2.4 2.1 3.19
n 0.35 0.4 0.4
Transactions of the ASME
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mined by an inverse method, based on the interpretation of
force-penetration curves in indentation with two indenter sha
@15# ~Table 4, Fig. 4!.

Bucaille et al.@15# considered that this strain hardening al
occurs during an indentation test. Macromolecules of polymer
locally extended in the directions normal to the indenter spe
This can explain why the strain hardening exponent in indenta
is similar to the value in compression. Figure 4 shows that
yield stress is similar for oa10 and CR39®, and 37% higher than
for polycarbonate. But the most noticeable effect of the nature
the material is on the strain hardening exponent: for polycarb
ate, the value ofhg is about nine times lower than for the therm
setting polymer, CR39®. This effect is even larger when nano
particles are added to a thermoset matrix. Interestingly,
evolution of the strain hardening exponent can be well correla
with the existence of chemical crosslink in the CR39®, compared
to polycarbonate, or with the colloid addition in the sol-gel ha
coating compared to the CR39®. This remains a phenomenolog
cal description of the behavior of these materials. Neverthel
this phenomenological model seems well adapted for the purp
of this paper, that is focused on the major differences exis
between the three analyzed materials, particularly for the la
deformations.

Friction at the interface between the indenter and the mate
for both simulation of indentation and scratch tests was mode
with a Coulomb coefficient of friction,m. Its value was deter-
mined with measurements of the apparent coefficient of fricti
m0 , for sliding of a sphere on polycarbonate, CR39®, and oa10
@16#. This coefficient is assumed to be the same in indentation
scratch, and to be independent of strain and strain rate~Table 4!.

3 Results and Discussion
Experimental and numerical results of scratch tests on poly

bonate, CR39®, and oa10 are plotted in Figs. 5, 6, and 7. In t
first section, measurements obtained with the nanoindenter
considered. These results are then compared with those o
numerical simulations. For a similar penetration depth, the in
ence of the modeling of the rheology on the behavior obser
and computed in the scratch test is discussed for the three p
mers. Finally, the behavior of polycarbonate and CR39® during
indentation and scratch tests is compared.

3.1 Results of Scratch Experiments. Figure 5 shows the
variation of the normal load with the penetration depth of po
carbonate and CR39® measured during scratch experiments. F
oa10, only a normal force of 0.96 mN was chosen, which co
sponds to a penetration depth of 560 nm. For polycarbonate
CR39® the penetration depth increases with increasing nor
force. For a normal force of 0.96 mN, the penetration depth

Fig. 4 True stress-true strain curves of polycarbonate, CR39 ®

and oa10, obtained by an inverse analysis in indentation by
Bucaille †16‡ for «̇Ä10À1 sÀ1. These results show that CR39 ®

and oa10 have a larger strain hardening than polycarbonate.
Journal of Tribology

: https://tribology.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: h
the
es

o
are
ed.
ion
the

of
on-
-
-
his
ted

rd
-
ss,
ose
ing
rge

rial
led

n,

and

ar-
e
are
the
u-
ed
oly-

y-
or
re-
and
al
of

oa10 is 2 times and 1.7 times lower than for polycarbonate
CR39® respectively, indicating that the varnish is much hard
than the two bulk materials. This is confirmed by the measu
ments of hardness~Fig. 6!. The hardness of oa10 is thus 6 time
higher than that of polycarbonate and CR39®. Figure 6 also shows
the variation of the hardness with the penetration depth.

Measurements of hardness are prone to several errors, a
particularly bad estimation of the contact radius may induce
large error in the computation of the scratch hardness. It w

Fig. 5 Normal forces of polycarbonate, CR39 ® and oa10 as a
function of the penetration depth of the indenter. Comparison
between experimental and numerical results of scratch tests.

Fig. 6 Depth dependence of scratch hardness of polycarbon-
ate, CR39® and oa10 computed with a half disc of contact.
Comparison between simulations and experiments of scratch
tests. Error bars are due to the uncertainties in the experimen-
tal measurement of the scratch width.

Fig. 7 Apparent coefficient of friction of polycarbonate, CR39 ®

and oa10 measured during scratch experiments and simula-
tions as a function of the penetration depth
APRIL 2004, Vol. 126 Õ 375
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observed on polycarbonate grooves that the heights of the pile
are not the same on each side of the groove. This was attribut
the shape of the indenter. The fabrication of such axisymme
indenters is very complicated, and the actual indenter is not
fectly axisymmetric. This implies a difference of at least 10%
the value of the scratch width, depending on the direction of
scratch. The second source of error is due to the viscoelastici
polymers: for oa10, the residual scratch width measured 6 min
and 90 minutes after the scratch test decreases about 18%~Fig. 2!.
Within this period, the scratch width of polycarbonate remain
quite constant. Although most of the viscoelastic recovery h
pens for all materials in the first seconds after the scra
~Gauthier et al.@10#! and can not be observed with the nano
denter, the error in the estimation of the scratch width due
viscoelasticity was only considered for the thermosetting po
mers and added to the 10% due to the actual shape of the inde

Nevertheless, the trend forHs1/2 is to increase with increasing
penetration depth for polycarbonate and CR39® although for all
the penetration depths considered here, the attack angle is eq
60°. This indicates that, for such penetration depths, the sphe
part of the indenter has a strong influence on the behavior of
material. For polycarbonate, the increase of hardness is a
13%, while it reaches 23% for CR39®. This confirms that the
variation of the representative strain with penetration depth i
scratch test is better described by the ratioh/a than the attack
angle. According to Eq. 4, this ratio increases about 30% for b
polycarbonate and CR39® as W increases from 0.48 mN to 0.9
mN. In addition, this increase in hardness with increasingh indi-
cates that the flow stress increases as the strain in the ma
increases and that it is more marked for CR39®.

Figure 7 shows the variation in the apparent friction coeffici
of polycarbonate, CR39® and oa10 with the penetration dept
The apparent coefficient of friction increases as the penetra
depth increases. The apparent coefficient of friction can be
vided in the sum of the ploughing component,mp , and the fric-
tion component,ma @20#:

m05mp1ma . (6)

The friction component depends on the Coulomb coeffici
friction m. By assuming that the contact pressure is constant a
interface between the indenter and the material, the factorsmp and
ma do not depend on the nature of the material itself, but on
penetration depth of the indenter into the material and on
magnitude of the elastic recovery at the rear of the indenter@20#.
Even if m is smaller for oa10 than for polycarbonate and CR39®,
the low values ofm0 for oa10 are then interpreted as the con
quence of the large elastic recovery at the rear of the indenter,
phenomena being smaller for CR39® and even smaller for poly-
carbonate. These results show that the nature of the materia
important consequences on the response in a scratch test; an
this effect is larger than the influence of the penetration depth
the next section, these experimental results are compared
those computed in numerical simulation of scratch tests with
rheological model adopted in Sec. 2.3.

3.2 Comparison Between Experiment and Simulation.
Results of the simulations show the same trends as those obs
during scratch experiments, i.e., an increase ofHs1/2 andm0 as the
penetration depth increases, except for variation in hardnes
polycarbonate which decreases about 16%. This is attribute
the fact that the groove width is a bad estimation of the con
area. From the simulations, the real projected contact areaA,
between the indenter and the material was determined. Sc
hardness (Hs5W/A) can thus be calculated without uncertainti
in the value of the contact area at the rear of the indenter or
difference between the measured scratch width and the real
tact width. For polycarbonate,Hs increases with increasing pen
etration depth. This confirms that the deformation level increa
with increasing penetration depth. Figure 5 shows that nor
forces computed from the simulations are about 30% higher t
376 Õ Vol. 126, APRIL 2004
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those computed during scratch experiments. The rheolog
model adopted is relatively simple and, in particular, does not t
into account the strain softening of polycarbonate at small stra
the dependence of the hydrostatic pressure, nor the anisotropy
to the macromolecular orientation of the material at high stra
As the difference between simulation and experiment is relativ
constant with increasing penetration depth, this error may be
tributed to an overestimation of the strength coefficient,K, or
Young’s modulus,E. Furthermore, the behavior of a material du
ing a scratch is much more complex than during an indenta
test. The material is highly compressed in front of the indenter
in tension at the rear. Indeed, Bucaille and Felder@7# showed that
the representative strain is about 1.7 higher during a scratch
than during indentation. The behavior obtained in indentation
then extrapolated, which also may explain why computed nor
forces are higher.

The variation ofm0 with increasingh is larger than what was
determined experimentally, however, values are of the same o
of magnitude~Fig. 7!. Figure 6 shows that the normal hardness
computed from the simulations are higher than hardnesses m
sured during scratch experiments. This is especially marked
CR39® whereHs1/2 is three times higher in the simulations, a
though the difference in the normal force is much lower~Fig. 5!.
As explained in the previous section, the width of the resid
groove continues to decrease several minutes after scratc
which implies an error in the estimation in the frontal contact a
and thus the hardness.

Inherent differences in this type of complex test and simulat
of these materials remain. However, finite element simulati
showed, as observed during scratch experiments, that the app
friction coefficient is higher for polycarbonate and is smaller f
CR39® and finally for oa10, and that the hardest material is oa
following by CR39® and then polycarbonate. Although the rhe
logical law adopted to model polymers is relatively simple a
does not take into account some aspects of the physical prope
of these materials, the software reproduces well, at a first appr
mation, their behaviors during a scratch test.

3.3 Influence of the Rheology on the Scratching Behavior.
In this section, the scratch behavior of the three polymers fo
penetration depth equal to 500 nm computed in the simulatio
and for a normal force equal to 0.98 mN for the experiments w
a scratch speed equal to 2mm/s is compared. Based on finit
element results, the origin of the evolution of hardness and ap
ent friction coefficient for the polymers is investigated.

For a similar nominal penetration depth, the apparent coe
cient of friction varies from 0.93 for polycarbonate to 0.37 f
oa10~Table 5!. This is due to the elastic recovery of the rear fa
of the indenter, which is larger for the thermosetting resins~Sec.
3.1!. In the present section, finite element simulations bring n
information which helps interpret the experimental measureme
Even if nominal penetration depths are equal (h50.5mm) for all
the polymers studied, the contact height,hc ~Fig. 1!, depends
strongly on the scratched material. Figure 8 shows that foh
50.5mm, the contact height computed varies from 0.35mm for
oa10 to 0.7mm for polycarbonate. For this indenter, the transiti
height between the spherical and conical part is equal to 0.3mm.
The ploughing component,mp , of m0 is then strongly modified by
this difference in the contact height. By considering only the fro

Table 5 Apparent coefficient of friction, scratch hardness
computed with the entire projected contact area, HsÄWÕA, and
elastic recovery in the groove computed in the simulations, v
Ä2 mmÕs and hÄ500 nm

Material Polycarbonate CR39® oa10

m0 0.93 0.62 0.37
Hs (MPa) 405 969 1387
12hr /h (%) 16 40 49
Transactions of the ASME
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tal part of the contact between the indenter and the material
by using analytical models ofm0 given in @20#, mp varies from
0.58 ~oa10! to 0.82 ~PC!. For oa10, this value is higher than th
measured value. However, the contact with the rear of the inde
decreases this ploughing part. Thus, without friction and fo
complete elastic recoverym0 tends to 0. Values ofm0 can then be
related to the magnitude of the elastic recovery of the mate
Figure 9 shows that for polycarbonate, the projected rear con
area represents only 24% of the contact in front of the inden
For oa10, frontal and lateral contact radius are smaller than th
for polycarbonate and the projected contact area is a comp
disc. Numerical modelling has shown that the contact pressure
the front and on the rear back of the indenter are similar, so
value ofm0 for oa10 corresponds to the adhesive part of fricti
which acts on both frontal and back parts. The elastic recov
occuring at the rear face of the indenter during a scratch test
be divided into an instantaneous recovery and a viscoelastic
covery. The first part is modeled in simulations by Young’s mod
lus. The viscoelastic behavior has not been modeled and has
a small effect on the rear of contact; on the other hand, i
responsible for the delayed elastic recovery which explains
higher values of 12hr /h measured during scratch experimen
~Tables 5 and 6!. The elastic recovery, 12hr /h, measured in the
bottom of the groove is 54%, 93%, and 97% for polycarbona
CR39® and oa10, respectively~Table 6!. Figure 8 and optical
observations~Fig. 10! show that scratching on polycarbonate
plastic, with a large pile-up formation in front and on the sides
the groove. The ratio of the height of the lateral pile-up,hb , to the
penetration depth,h, is about 23% in both simulation and exper
ment. The behavior of the thermosetting polymers is nearly e
tic, no pile-up on the side of the scratch is observed during
periments and simulations~Fig. 2!. The same variation was
computed in the finite element simulation~Table 5!. One must
note the particular behavior of CR39® in front of the indenter
in Fig. 8. There is a small pile-up of the material, however t
contact boundary is located below the nominal surface of
material.

The polymers were modeled with a large strain hardeni
Modeling of the scratch test show similar behaviors as those
served in the experiments. A simulation of the scratch test
polycarbonate, with a saturation of the strain hardening at a pla
strain of 1.5~s;280 MPa!, shows that the material flow is totall
different: the frontal pile-up degenerates to chip formation~Fig.
11!. Additional simulations confirmed that this behavior is ev
more marked as the strain hardening is saturated for sm
strains. Plastic strains are much higher and the elastic recove
almost zero. Experimentally, such damage is not observed.
shows the importance of correctly modelling the rheology of po

Fig. 8 Scratch profile computed in simulation in the plane x
Ä0 for polycarbonate, CR39 ® and oa10, vÄ2 mmÕs, h
Ä500 nm. For polycarbonate a pile-up is created at the front of
the indenter. For oa10, the material sinks-in and the elastic re-
covery at the back of the indenter is more than 50 percent.
Journal of Tribology
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carbonate and taking into account the strain hardening. On
other hand, viscoelastic effects principally contribute to the ela
recovery at the rear of the indenter.

3.4 Plastic Strains and Representative Strain in Indenta-
tion and Scratch Tests. The behavior of polymers can be bett
understood by plotting the evolution of the ratio of the plas
strain, «p , to the elastic strain,«e , as a function of the plastic
strain ~Fig. 12!. The elastic strain is the ratio between the flo
stress,s, and Young’s modulus,E. The flow stress is computed
with Eq. ~5!. For polycarbonate, and for plastic strains lower th
1 ~Fig. 4!, the flow stress is almost constant, and the elastic st

Fig. 9 Top view of the contact area between the indenter and
the material computed in simulation of scratch tests, h
Ä500 nm, vÄ2 mmÕs. For oa10, the elastic recovery at the back
of the indenter is complete.

Table 6 Apparent coefficient of friction, scratch hardness
computed with the frontal contact area, Hs1Õ2 , penetration
depth and elastic recovery in the groove measured during
scratch experiments, vÄ2 mmÕs and WÄ0.98 mN

Material Polycarbonate CR39® oa10

m0 1.22 0.82 0.34
Hs1/2 (MPa) 312 380 2062
h (nm) 1100 950 505
12hr /h (%) 54 93 97
APRIL 2004, Vol. 126 Õ 377
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is also constant so the deformation of the material is mainly p
tic. For higher plastic strains, the consequence of the strain h
ening is that the elastic strain becomes higher than the pla
strain. The behavior of the material becomes more and more e
tic. This explains why during indentation the material sinks
under the indenter: plastic strains at the limit of the contact do
exceed 0.4, while in scratch test these values reach the valu
one, which represents the maximum value of«p /«e512, and then
form a lateral pile-up~Figs. 12 and 13!. The same behaviors wer
observed in the scratch experiments~Fig. 10!. For CR39® and
oa10, the behavior is similar, however the ratio of«p /«e does not
reach values higher than 2; with respect to the elastic strains
plastic strains are not sufficient to form a pile-up.

Fig. 10 Optical view of the residual groove of polycarbonate
performed with the nanoindenter for WÄ0.98 mN and v
Ä2 mmÕs. During the indentation step „right side …, polycarbon-
ate sinks-in; during scratch test pile-ups are visible on the side
of the groove and at the end of the groove.

Fig. 11 Scratch profile of polycarbonate computed in simula-
tion for two different rheological behaviors introduced in the
software. If von Mises stresses „sÄ280 MPa… are saturated for
plastic strains higher than 1.5, a chip is produced in front of the
indenter.

Fig. 12 Ratio of the plastic strain to the elastic strain as a
function of the plastic strain, for polycarbonate, CR39 ® and
oa10, «̇Ä10 sÀ1. For polycarbonate, plastic strains may be
more than ten times higher than elastic strains, this explains
the formation of piles-up.
378 Õ Vol. 126, APRIL 2004
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Previous discussions have demonstrated that the hardne
Hs1/2, measured after scratch experiments are not reliable and
Hs computed in finite element simulations by considering t
whole contact area represents a mean value of the contact pre
that the indenter exerts on the material. By the following disc
sion it will be demonstrated that the representative strain i
scratch test, defined in the spirit of Tabor@21#, depends strongly
on the rheology of the material. While for plastic materials, t
ratio between hardness and representative flow stress,Hs /s, is
equal to 3@21#, Gauthier et al.@10# consider for PMMA a value of
1.84. In a first approximation, this ratio is assumed to be the sa
for the three polymers studied here. Values of hardness,Hs , are
indicated in Table 5 for a scratch speedv52 mm/s. The strain rate
in a scratch test is defined by Briscoe et al.@2# as the ratio of the
scratch speed,v, to the scratch width,b. «̇ is then equal approxi-
mately to 1 s21. The representative strain is deduced from Eq
with coefficients in Table 4. The representative strain is equa
0.22, 0.54, and 1.24 for oa10, CR39® and polycarbonate, respec
tively. These values are in agreement with the values indicated
the map of equivalent plastic strains in Fig. 13. Bucaille a
Felder@7# modeled scratch tests on elastoplastic materials with
strain hardening and proposed a relation of the representa
strain:

« r50.151 logS E

s
cotu D cotu (7)

By replacing cotu with h/a, the representative plastic strain
then equal to 0.042, 0.046, and 0.14 for oa10, CR39® and poly-
carbonate, respectively. Values are lower than those calcul
above. This difference is explained as follows: the range of pla
deformation of polymers is much higher than for other materia
Compared to metals, the strain hardening of polymers is hig
and starts for larger plastic strains. Equation~7! is thus not adapt-
able for such materials and a factor equal to at least 5 mus
introduced. Most of the authors have used the same definitio
indentation and scratch tests for the representative strain, a
Tabor @21#. The difference in the behavior between scratch a
indentation tests, observed for instance for polycarbonate, imp
that material flow around the indenter is not similar. In a scra
test, the material is first compressed in front of the indenter, an

Fig. 13 Maps of equivalent plastic strains computed in simu-
lation of scratch and indentation tests for polycarbonate and
CR39®, hÄ0.5 mm; indentation v ÕhÄ0.49 sÀ1; scratch v
Ä0.2 mmÕs. Plastic strains are higher during scratch tests than
during indentation tests. The behavior of polycarbonate is
more plastic than for CR39 ®: plastic strains are higher and a
lateral pile-up is created „scratch ….
Transactions of the ASME
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in tension at the rear back of the indenter. The magnitude of th
phenomena depends on the mean deformation imposed by
indenter and on the material. For polycarbonate, plastic str
computed in simulation are greater than 2 during a scratch, an
not exceed 1 during indentation~Fig. 13!. For CR39®, maximum
values of plastic strains are 2 times greater during scratch
than during indentation tests~Fig. 13!. This confirms, to a first
approximation, the ratio of 1.7 between the representative stra
scratch and indentation tests for elastic-perfectly plastic mate
suggested by Bucaille and Felder@7#. By increasing the penetra
tion depth of the indenter during indentation, plastic strains
crease and reach constant values, but they are not high enou
reach those computed during a scratch. This confirms, as alr
explained in Sec. 3.2, that the stress-strain curves used to m
the behavior during scratch are an extrapolation of the beha
determined from indentation.

4 Conclusions
Scratching of three polymers by a sharp indenter was studie

thermoplastic polymer~polycarbonate!, a thermosetting polyme
~CR39®!, and a sol-gel hard coating reinforced with oxide nan
particles~oa10!. The aim of this work was to state more precise
the relations between scratch behavior and rheology at h
strains. Previous work@16# on the same materials using an inver
analysis of the indentation test with two indenter geometr
showed that the main difference between these three materia
their strain hardening behavior. The strain hardening expon
was found to be 0.5, 4.5, and 35 for polycarbonate, CR39®, and
oa10, respectively.

Scratch experiments using a nanoindenter were conducte
these three materials, with a conical indenter having an inclu
angle equal to 30 deg and a spherical tip of 600 nm radius,
three normal loads. Finite element simulations were also
formed with the same indenter and the rheology identified dur
indentation@16#. Both experiments and simulations showed
increase in hardness and apparent friction coefficient with incr
ing penetration depth. Numerical modelling also reproduced
same classification of the three polymers observed during scr
experiments, i.e., friction coefficient is lower for the thermosett
resins, and hardness increases in the following order: PC, CR®

and oa10. Simulation and experiment showed that polycarbo
has a plastic behavior characterized by the formation of pile-
in front of the indenter and on the sides of the residual groo
Scratch experiments exhibited a large viscoelastic recovery on
bottom of the residual groove, which can reach 90% for the th
mosetting resins. Although such large viscoelastic behaviors w
not modeled, ductile ploughing and elastic deformation, for po
carbonate and thermosetting resins, respectively, were reprod
in the simulations.

The origin of these behaviors is strongly linked to the str
hardening of the polymers. The increase in the strain harde
firstly increases the elastic recovery at the rear face of the
denter, which decreases the apparent friction coefficient; and
ondly increases the hardness of the material. This indicates a
damental notion, specific to polymers: in order to reduce
residual groove after a scratch test, the material must be hard
elastic at the same time. Here oa10 is more than three times h
than polycarbonate, and its elastic recovery is twice as high. Th
two types of behavior have been successfully modeled with
exponential strain hardening of the G’sell Jonas’ law. Con
quently, the higher the strain hardening, the higher the scr
resistance.

For strain hardening materials, plastic strains do not dep
only on the geometry of the indenter. Plastic strains are highe
Journal of Tribology
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scratch tests than in indentation tests. Maps of equivalent pla
strains have revealed that plastic strains are higher for polycar
ate than for the thermosetting resins. This shows that the relat
ship suggested by Johnson@6# for indentation tests on metals ca
not be used to define the representative strain in a scratch te
polymers. The piling-up/sinking-in transition is linked to the rat
of plastic strain to elastic strain. Plastic strains ten times hig
than elastic strains are thus sufficient to form a pile-up.
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