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Abstract

Nanoindentation and nanoscratch testing have revealed large differences in nanomechanical behaviour on uniaxially and biaxially drawn
poly(ethylene terephthalate) films. Differences can be ascribed to the processing history of the film. The biaxial material exhibited signifi-
cantly higher hardness and elastic modulus than the uniaxial film, presumably due to increased crystallinity from the second draw. The
biaxially drawn material was also less susceptible to creep deformation. The plasticity index, the ratio of the dissipated energy to the total
indentation energy, was greater on the uniaxial film, indicating that it exhibits less plastic deformation than the biaxially stretched film. The
differences in processing also affected the resistance of the films to nanoscratching wear. The wear resistance of the films correlated with the

ratio of the hardness to the modulus. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Surface and near-surface mechanical properties of thin
films and coatings can be critical to their final performance.
The rapidly expanding field of depth-sensing nanoindenta-
tion provides a quantitative method for mapping the
mechanical properties, such as hardness and elastic modu-
lus, of the surface/near-surface region [1-3]. Quantification
is possible through the use of diamond indenters with well-
defined tip geometry [2—6], combined with established
models for determining the mechanical properties from
the measured data. Nanoindentation has been employed
extensively to characterise the mechanical properties of a
wide range of hard coatings and surface-modified layers
[7—14]. The principle behind nanoindentation is similar to
microhardness testing, which employs greater applied load
so that the residual indent can be measured optically.

Microhardness testing has provided a wealth of valuable
quantitative data regarding deformation processes occurring
in semicrystalline polymers such as poly(ethylene
terephthalate) (PET) [15], poly(aryl-ether-ether-ketone)
(PEEK) [16] poly(propylene) [17] poly(ethylene) [18],
elastomers, such as polyisobutadiene rubber [16], and
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amorphous polymers such as poly(methyl methacrylate)
(PMMA) [16,19], and many other systems including
polymer blends, copolymers and composites [20,21]. It
has been shown that when all components in a multi-
phase system have a glass transition (7,) above room
temperature, the microhardness obeys the additivity law,
the total measured hardness being the sum of the mass
fractions of the hardness of the individual components
[21]. It is therefore possible to utilise microhardness
measurements to determine the mechanical properties of
components and phases, which are not accessible to direct
measurement. Microhardness measurements can also be
used to detect T, by following hardness as a function of
temperature. Fakirov and co-workers determined a linear
relationship between hardness and temperature on a wide
range of polymers, including PS, PMMA, PET, PC [22].
Variations in polymer microhardness have been correlated
to differences in crystallinity [23,24], molecular weight
[24], cohesive energy density [25], microstructure [26],
elastic modulus [18] and yield stress [27].

Despite the insights which microhardness testing has
provided, far fewer studies of the nanoscale indentation of
polymeric materials have been reported [1,15,21,28-32],
presumably due to the time-dependent mechanical beha-
viour which can complicate the interpretation of the results.

In 1990, Ion and co-workers investigated the indentation
behaviour of undrawn and uniaxially drawn PET film [28],
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and found clear differences in their hardness and elastic
properties, although exact values of their hardness were
not reported. Briscoe and co-workers have shown recently
that with newer data analysis methods [29], such as that
proposed by Oliver and Pharr [3], it is possible to obtain
reliable values of the hardness and modulus.

Flores and Balta Calleja, and Briscoe and co-workers
have shown that hardness measurements with the imaging
(microhardness) and compliance (depth-sensing indenta-
tion) techniques are in good agreement in the micron regime
for amorphous PET [15] and PMMA [16] films.

In the present work, we build on these earlier studies, and
report (i) a systematic nanoindentation study of oriented
PET film and (ii) nano/microscratching wear testing of the
PET film. Oriented PET film has been subject to extensive
characterisation at the macroscale [33,34] and the nanoscale
[35,36], and therefore is an ideal material to investigate the
applicability of depth-sensing indentation to the mechanical
characterisation of polymeric materials at the nano/
microscale.

In the indentation study, we investigate the effect of film
processing history, and experimental parameters, such as
loading and unloading rate, hold time at peak load, plastic
depth, on the mechanical properties (hardness, modulus,
plasticity index) of the film. The relationship between the
indentation response and the results of the scratching wear
tests has been investigated. We were interested to determine
whether there was a direct correlation between the film
hardness and its wear resistance, or whether the microscale
wear resistance of the films is a function of the hardness/
modulus ratio, as has been recently suggested [37,38].

2. Experimental
2.1. Materials

The PET films used in this study were a biaxially drawn
PET and an experimental uniaxially drawn material, with a
draw ratio of 3.3. Both were obtained from ICI (Wilton,
UK) and used as received. For the biaxial material, the
draw ratios for the first draw in the machine direction and
the subsequent transverse draw were both set approximately
equal (~3.2) so that the their product was ~10 [33]. Both
films were additive-free and of very low surface roughness
[35].

2.2. Nanoindentation

A NanoTest System manufactured by Micro Materials
was used for the nanoindentation testing. Details of the
specifications of the instrument have been published
previously [1,21]. The NanoTest is a pendulum-based
depth-sensing system, with the sample mounted vertically
and the load applied electromagnetically. Current in the coil
causes the pendulum to rotate on its frictionless pivot so that
the diamond probe penetrates the film surface. Test probe

displacement is measured with a parallel plate capacitor
with sub-nm resolution.

A Berkovich (three-sided pyramidal) diamond indenter
was used for all the indentation testing. In view of the round-
ing of the indenter at the tip, it is necessary to determine the
area function of the indenter to obtain meaningful values of
hardness and modulus. The area function for the diamond,
which is used to determine the contact area for a given
depth, was calibrated by indentations to different depths
into fused quartz (load range: 0.5-200 mN). Fused quartz
is an isotropic material used as a calibration standard by the
nanoindentation community because its hardness and elastic
modulus do not vary significantly with indentation depth.
The area function for the diamond used in this work was
A = 21.8h% + 2100h,, where h, is the contact depth. For
comparison, the area function of an ideal Berkovich
diamond is A = 24.5h>. Fused quartz was also used to deter-
mine the instrument (frame) compliance, which was
0.48 nm/mN for the instrument used in this work. The
measured depth is adjusted for the effect of instrument
compliance in the instrument software. The indentation
loading and unloading rates were set equal in all the tests.
The normal experimental conditions were 0.1-5mN
applied load, initial (contact) load 0.03 mN, loading rate =
unloading rate = 0.06 mN s, with a 60 s holding period at
peak load. To determine the importance of these parameters
on the measured hardness and modulus, experiments were
performed where one of these parameters was varied while
keeping the others constant. Indentations were load-
controlled (constant velocity) and repeated at least five
times on different regions of the film surface.

2.3. Multi-pass nanoscratch testing

A NanoTest System was also used for the nanoscratch
testing. Multi-pass scratch tests over the same region of
the film surface can be scheduled in the instrument software.
To investigate the wear resistance of the PET films, sche-
dules of repeat alternate ‘off-load’ topography scans and
‘on-load’ scratch tests were set up. A 25 pm radius spherical
diamond was used as the probe in all the tests. In the initial
topography scan, a small load of 0.1 mN was applied to the
probe and the sample scanned for 100 wm at 0.5 ums ™',
and automatically moved back to its starting position for the
scratch test. In the scratch test, the probe is moved along the
same track for 10 pm (this can aid levelling of data if neces-
sary) before the applied load is ramped at 0.02 mN s ' to the
pre-set maximum load 1 mN, at 35 pm. For the remainder
of the test (35-100 wm), the probe scratched the film
surface at a constant load of 1 mN. After automatically
moving the sample back to its starting position, the process
was repeated (total topographic scans 4, scratches 3), before
a final topography scan (at 0.1 mN applied load).

2.4. Indentation data analysis

A schematic of a loading—unloading cycle is shown in
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Fig. 1. Schematic representation of loading—unloading cycle.

Fig. 1. For clarity creep occurring during the hold period at
maximum load has been omitted. It is possible to define
several different plasticity indices. Following Briscoe and
co-workers [29], we use the plasticity index, Ip, which is
defined as the ratio of the plastic (or dissipated) energy, i,
the area between the loading and unloading curves, to the
elastic (or recovered) energy, ., the area bounded by the
unloading curve, the maximum depth (%,,,,) and the maxi-
mum and minimum applied load as shown in Fig. 1 [29,39].

Iy = i/ (h, + ) )]

The depth vs. load raw unloading data was fitted to a
power-law function, as originally proposed by Oliver and
Pharr [3], to determine the hardness and modulus of the film,
after correction for the effects of instrument compliance

(Eq. (2))

Contact compliance C = total compliance (C,)
— machine compliance (C,,) (2)

where contact compliance = 1/contact stiffness. The power-
law function has the form

P =a(h — hp)" 3)

where P is the load, (h — h;) is the elastic displacement, and
a and m are material constants. The indenter contact (or
plastic) depth, #., is determined from the expression:

hc = hmax - S(CPmax) “4)

where C is the contact compliance equal to the tangent at
maximum load (Pp,). The value of £ is a function of the
indenter geometry and depends on the pressure distribution
that is established after the plastic deformation. For flat
punch indenter £ is 1, whereas for a Berkovich indenter,
as used in this study, & is taken as 0.75 since most indenters
have a rounded tip. The plastic depths corresponding to
these indenter geometries are shown in Fig. 1. The diamond
area function A(h.) was determined separately from
indentations into fused quartz.

The hardness (H) is determined from the peak load (P.x)
and the projected area of contact, A:

H=P,,/A &)

To obtain the elastic modulus, the unloading portion of
the depth—load curve is analysed according to a relation
which depends on the contact area:

C = 7 /(2E,A%) (6)

where C is the contact compliance and E; is the reduced
modulus defined by

VE, = (1 — })E, + (1 — ¥)IE, (7

where vis the Poisson’s ratio for the sample, v;, the
Poisson’s ratio for the indenter (0.07), E,, the Young’s
modulus for the sample and E;, the Young’s modulus for
the indenter (1141 GPa) [40].

In obtaining accurate hardness and modulus values, it was
necessary (particularly for very shallow indentations) to
determine the offset in the apparent depth caused by the
application of a set finite load to make contact (i.e. a
‘zero-error’ correction). In all the data reported in this
paper, the loading data have been fitted to a power-
law function (Eq. (8)) in the instrument software to
determine this depth offset, as has been done previously
[15,16].

P = a(h — hy)" ®)

where P is the load, hg, the real depth zero, a, a mate-
rial parameter and n, the index of the deformation
(indentation exponent).

The fit of the loading curve data to this function is very
good. Fig. 2 shows a typical power-law fit to a 3 mN inden-
tation into the biaxial film; the fitted curve superimposes
virtually exactly over the loading data. When a Berkovich
indenter is used, the value of n is often very close to 2
[41-44]. However, deviations from this are known to
occur, particularly for polymers (e.g. due to strain-rate
effects), and are discussed in more detail in Section 3.
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Fig. 2. A3 mN indent on the biaxial Melinex film showing the power-law fit
to the loading data to determine the true depth zero.
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Fig. 3. Five superimposed indentation curves on the biaxial Melinex O film.
The indentations were to a maximum applied load of 5 mN at a loading rate
0.06 mN s~ ! with 60 s hold period at peak load.

3. Results and discussion
3.1. Indentation: general features

Nanoindentation testing can be used as a qualitative tool
for investigating polymer film uniformity. The data showed
that both the uniaxial and biaxial material were homo-
geneous films exhibiting mechanically uniform properties
from region-to-region across the surface. To illustrate this,
Fig. 3 shows load—depth data from five 5 mN indentations
spaced 20 wm apart on the surface of the biaxial Melinex
‘O’ film. The loading—unloading curves superimpose
almost exactly, indicating that the film is mechanically
homogeneous at the sub-pm scale.

Fig. 4 shows single 3 mN indentations into the biaxial and
uniaxial materials. It is immediately clear that the mechan-
ical response of the two polyester films differs considerably
despite their identical chemical composition. The maximum
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Fig. 4. Indentation curves on biaxial and uniaxial films. The indentations
were to a maximum applied load of 3 mN at a loading rate 0.06 mN s ™'
with 60 s hold period at peak load.

indentation depth at peak load is greater on the singly drawn
film and there is also a clear difference in the unloading
behaviour. In addition, the uniaxial material exhibited
almost double the amount of creep deformation during the
holding period at maximum load. The hardness and reduced
modulus have been determined from these indentation
curves using a method originally proposed by Oliver and
Pharr which fits a power-law function to the unloading
curve [3].

The hardness and reduced modulus determined from the
3 mN indentations in Fig. 4 were 0.252 and 3.55 GPa,
respectively on the biaxially oriented film and 0.141 and
2.72 GPa, respectively on the uniaxially oriented film. The
biaxial film is ~80% harder and ~30% stiffer. It is inter-
esting to compare the hardness values with those obtained
by microhardness measurements on undrawn PET samples.
Since, in general, microhardness obeys the additivity law,
the total measured hardness can be written as the sum of the
hardness of the volume fractions of crystalline and
amorphous material:

H=wH. + (1 —w)H, )

where H, and H, are the intrinsic microhardness of the
crystalline and amorphous phases, respectively, and w, is
the volume fraction of crystalline material (i.e. wt% crystal-
linity) [21]. The accuracy of this relationship has been tested
on several systems, and indeed a linear relationship between
H and w, has been observed on melt-crystallised poly-
propylene, PET, and nylon 6 annealed at different tempera-
tures [23,24]. Extrapolation of the linear plot of H vs. w,
enabled Vanderdonckt and co-workers to estimate the H
values of fully crystalline and completely amorphous PET
as 0.400 and 0.120 GPa, respectively [23]. The crystallinity
of the biaxial Melinex film is ~45-50% [33,45]. The esti-
mated crystallinity from the nanohardness measurement is
~47% in good agreement with this. The crystallinity of the
uniaxial film is ~33%, considerably lower than the biaxial
film, due to the absence of the second draw and subsequent
heat set. The much lower measured nanohardness is in
agreement with this, although a value closer to 0.2 GPa
would have been predicted from the microhardness data.

3.2. Creep deformation

Hardness is defined as resistance to permanent deforma-
tion. As the film hardness is derived from the contact depth
at maximum load, it will be affected by creep deformation
occurring during the dwell time at maximum load. In
addition, it is known that that if this dwell time is absent,
the sample will continue to deform viscoplastically, while
the load is being removed, significantly distorting the shape
of the unloading curve. This leads to inaccurate values of the
modulus as it is determined from the tangent to the slope of
the unloading curve at maximum load [15,29,46]. The
variation in hardness and modulus with rate of loading
and the creep occurring during the holding time has been
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Fig. 5. Creep deformation ratio vs. hold time on biaxial film (squares) and
uniaxial film (filled circles). (error bars shown are =5%).

investigated to determine standard conditions with which to
evaluate the influence of processing history and any
variation of mechanical properties with depth from the
film surface.

Fig. 5 shows how the extent of creep deformation varies
slightly with the dwell time at peak load. The ratio of displa-
cement during hold vs. the total displacement was fairly
small (~0.04-0.05 at 60 s). Hardness and modulus values
obtained from indentations to a peak load of SmN at a
loading rate 0.06 mN/s, with differing hold periods at peak
load are shown in Table 1 (for the biaxial film) and Table 2
(for the uniaxial material). It is clear that there is a small
decrease in both quantities as the hold period was extended
on both samples.

From the data in Tables 1 and 2, a 60 s dwell time was
deemed acceptable for the majority of the experiments,
since this is sufficient to reduce significantly the effect of
creep on the unloading data, while keeping the overall
experimental time to a few min, and not greatly affecting
the measured hardness. For comparison, Briscoe and co-
workers decided a holding time of 10 s was sufficient to
minimise the effects of creep on the unloading data in a
previous study of poly(methylmethacrylate) (PMMA),
polystyrene (PS), polycarbonate (PC) and ultrahigh
molecular weight polyethylene (UHMWPE) [29], and in a
ultramicrohardness study on amorphous PET, Flores and

Table 1
Effect of dwell time on hardness and modulus of biaxial film (peak load:
5 mN; loading rate: 0.06 mN sfl)

Dwell time (s) Hardness (GPa) Reduced modulus (GPa)

10 0.259 = 0.03* 3.11 £0.04
60 0.248 = 0.02 2.96 = 0.04
180 0.235 £ 0.04 291 £ 0.03
600 0.214 £ 0.00 291 £0.05

* The standard error in the mean (from five indentations) is shown as an
indication of the reproducibility of the measurements.

Table 2
Effect of dwell time on hardness and modulus of uniaxial film (peak load:
5 mN; loading rate 0.06 mN sfl)

Dwell time (s) Hardness (GPa) Reduced modulus (GPa)

10 0.139 = 0.01° 2.61 £0.02
60 0.132 £0.01 242 £ 0.01
180 0.125 £0.01 2.34 £0.01
600 0.119 = 0.02 2.34 £0.02

* The standard error in the mean (from five indentations) is shown as an
indication of the reproducibility of the measurements.

Balta Calleja found that although 6 s was acceptable for
hardness, longer hold times were preferable for accurate
modulus determination [15].

Creep data (depth increase during hold vs. time) were
found to follow the general logarithmic creep formula
(Eq. (10)), which has recently been used to describe the
creep behaviour of glasses, ceramics and thin DLC coatings
[46] by nanoindentation.

h=AlnBt+ 1) (10)

where & is the increase in depth at maximum load, t, the
time, and A and B, the fitting parameters. Analysis of creep
data from repeat indents to 5 mN at 0.06 mN/s gave mean
values of A of 30.6 and 18.5 on the uniaxial and biaxial
material respectively. Mean values of B were 0.19 and
0.16, respectively.

3.3. Loading rate behaviour

The variation in hardness, modulus and indentation
exponent with rate of loading and unloading was examined
over the range of loading rate (= unloading rate) of 0.01—
1.0mNs™', while keeping the holding period constant
(60 s) for indentations to a peak load of 5 mN. The indenta-
tion exponent (n) determined from the power-law fits to the
loading curves (Eq. (8)) was very similar for both films, and
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Fig. 6. Variation of hardness with loading rate on both films: biaxial
(squares) and uniaxial film (filled circles).
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varied clearly with loading rate, e.g. n ~ 1.73 at 0.01 mN/s,
increasing to ~1.87 at 1.0 mN/s. Figs. 6 and 7 illustrate that
the hardness and modulus exhibit different trends with
changing loading rate. For both materials there is a moder-
ate (~30%) rise in hardness as the loading rate is decreased
from 1.0 to 0.01 mN s !, whereas the modulus is virtually
unchanged throughout the whole range. Since the elastic
modulus is determined from the slope of the unloading
curve, this implies that the recovery is not strongly time-
dependent under these experimental conditions. Microhard-
ness measurements on amorphous PET films have
previously shown the elastic modulus to be sensitive to
the loading rate, increasing by ~20% when the loading
rate was increased from 0.47 to 13.2 mN/s, which the
authors attributed to increased viscoelastic recovery at the
higher loading rates [15]. Increasing the hold time from 6 to
200 s was found to dramatically reduce this effect. This
finding supports the choice of experimental conditions
employed in this current work (low loading rate together
with relatively long hold time) for determination of reliable
modulus values.

Interestingly, the ratio of the hardness of the two materi-
als remains constant independent of the loading rate;
H(biaxial): H(uniaxial) ~ 0.53. Both materials creep more
during the hold period when subjected to more rapid loading
and hence have lower hardness, as this is determined from
the contact depth immediately before the unloading process.
In their ‘abrupt loading’ tests on undrawn and uniaxial PET
films, Ion and co-workers found an increased maximum
on-load depth in than in slow-loading experiments [28].
They suggested that viscous flow was occurring at the
much higher mean stress involved in the abrupt loading
test. In microhardness measurements, no appreciable
variation in hardness with loading rate was observed on
amorphous PET films by Flores and Balta Calleja, using a
hold time of 6 s and a peak load of 147 mN [15]. In contrast,
indentations into PEO [47] and PMMA film [29,48] have
revealed a strain-hardening effect.
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Fig. 8. Variation of hardness with plastic depth on both films: biaxial film
(squares) and uniaxial film (filled circles).

3.4. Variation of mechanical properties with depth from the
film surface

Figs. 8 and 9 show the variation in hardness and modulus
with depth, calculated from 50 indentations, at 0.1 mN inter-
vals covering the loading range 0.1-5.0 mN, into each film
surface. The loading rate was 0.06 mN/s and the dwell time
60 s in all the tests. Since each point represents a single
indent rather than an averaged value, there is some point-
to-point variability, though it is very small.

For both materials, Figs. 8 and 9 show a very slight rise in
hardness with a more pronounced rise in reduced modulus
as the indentation depth decreases. On the uniaxial film, the
hardness varied from 0.130 GPa at a plastic depth of
1251 nm to 0.155 GPa at 118 nm. The reduced modulus
varied from 2.47 to 4.21 GPa over the same range. On the
biaxial film, the hardness varied from 0.248 GPa at a plastic
depth of 904 nm to 0.299 GPa at 131 nm. The reduced
modulus varied from 3.42 to 5.27 GPa over the same
range. The increases in hardness and modulus became
more pronounced when indenting to less than 400 nm
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Fig. 9. Variation of reduced modulus with plastic depth on both films:
biaxial film (squares) and uniaxial film (filled circles).
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Fig. 10. Variation of indentation exponent with plastic depth on both films:
biaxial film (squares) and uniaxial film (filled circles).

from the film surface. The near constant hardness above
500 nm is agreement with the results of Flores and Balta
Calleja on isotropic PET film [15]. They investigated the
variation of hardness with indentation depth on glassy PET
by ultramicrohardness testing and found that, once correc-
tion for tip defect was made (i.e. an accurate area function
for the tip was used), the hardness was essentially indepen-
dent of depth in the range 0.5-9 pm.

It is interesting to speculate on whether the increase in
hardness near to the surface is an indentation size effect, or
represents a change in the mechanical properties of the near-
surface region due to enhanced crystallinity. On polymers
which strain-rate harden, such as PMMA [29,48], increasing
near-surface hardness and modulus has been attributed to a
strain-rate effect. In a load-controlled (constant velocity)
indentation the strain rate will decrease with increasing
indentation depth, which is thought responsible for the
apparent decrease in hardness with depth [48]. On PET,
however, which unlike PMMA does not strain-rate harden,
the explanation must be more complex.

Several factors can affect whether the normal relationship
[41-44] between load and depth during an indentation (load
«a depthz) holds. Deviations from this (i.e. n ¥ 2) can occur
when (i) there is strain rate hardening, (ii) there are visco-
elastic effects, (iii) the mechanical properties (hardness and
modulus) vary with depth due to a changing crystallinity
profile [49]. It is clear that viscoelastic effects are important
for PET since n is always less than 2 in our tests. Visco-
elastic effects can be also be inferred from the observed
variation in the indentation exponent, n, with loading rate.

We have also investigated how the indentation exponent
varies with depth at constant loading rate. Fig. 10 shows the
variation of the exponent with plastic depth corresponding
to the indentations in Figs. 8 and 9. It can be seen that above
500 nm, n is ~1.8 on both the uniaxial and biaxial films, and
decreases with depth below about 500 nm. Pollock and co-
workers also observed that their values of n, determined by a
different procedure, tended to decrease nearer the surface,
and that this tendency was increased on drawn PET films
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Fig. 11. Variation in plasticity index with maximum applied load between
0.65 and 5.0 mN: biaxial film (squares) and uniaxial film (filled circles).
The plastic depths corresponding to these loads were 302—912 nm on the
biaxial film and 409—1235 nm on the uniaxial material.

[28]. It has previously been suggested that PET films are
more crystalline in the near-surface region than in the bulk
[45], possibly due to orientation-induced crystallisation
[50]. In view of this, the conclusion of Pollock and co-work-
ers [28], that drawing the films has a greater effect of the
topmost layers seems reasonable, although clearly, care
must be taken in interpreting the near-surface indentation
response of viscoelastic-plastic materials.

3.5. Plasticity index

The plasticity index, as defined by Eq. (1), has been
calculated in the instrument software without including
the displacement (creep deformation) occurring during the
hold period. Fig. 11 shows the variation of the plasticity
index with applied load for both materials. It is clear that
the uniaxial material deforms more plastically than the
biaxially stretched Melinex. Interestingly, although there
are differences in elastic modulus over the range of applied
load, both materials being harder and stiffer nearer the
surface, this has relatively little influence on their plasticity.

3.6. Multi-pass nanoscratch testing

Typical results from multi-pass scratch tests are shown in
Figs. 12 and 13. It is clear that both surfaces are worn
considerably under these conditions. Table 3 summarises
the results from five tests. There are clear differences
between the samples. The biaxial film exhibits better wear
resistance as judged by both on-load total (elastic + plastic)
depths and off-load plastic depths after the three scratches.
Table 3 also shows that the biaxial film exhibits less plastic
deformation than the uniaxial film, having a lower ratio of
the plastic to total depth. This mirrors the differences in
plasticity index observed in the indentation experiments,
although an exact correlation should not be expected due
to the differences in indenter shape (and hence contact
strain) in the two sets of experiments.

It has been reported that a low E/H ratio is beneficial for
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Table 3
Multi-pass scratch test results

Film Total depth (nm)* Plastic depth (nm) Ratio of plastic to total depth
Uniaxial 722, 861 367, 488 0.51, 0.57
Biaxial 584, 494, 652 231, 194, 321 0.39, 0.40, 0.49

* The total (on-load) and plastic (off-load) depths are taken from the final scratch on each sample.

wear resistance by limiting plastic deformation and promot-
ing elastic deformation [1,37]. If resistance to scratching
wear is proportional to H/E, which is closely related to
the elastic recovery parameter [1], then we would expect
wear to be ~1.6 times greater on the uniaxial film based on
the difference in E/H between the two materials determined
from indentation measurements (e.g. using the data in
Tables 1 and 2). Table 3 shows that (within the precision
of the measurements) this was found experimentally.

The surface topography after scratching was quite differ-
ent on the two samples. A pattern consisting of alternating
peaks and troughs was observed in the region after 35 um

Probe depth/nm
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Scan distance/um

Fig. 12. The evolution of surface damage during a multi-pass scratch test on
the biaxial film. The scan direction is from left to right in all 7 scans. Scans
1,3, 5 and 7 are low-load topography scans, and 2, 4 and 6 are scratch tests.
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Fig. 13. The evolution of surface damage during a multi-pass scratch test on
the uniaxial film. The scan direction is from left to right in all 7 scans. Scans
1,3, 5 and 7 are low-load topography scans, and 2, 4 and 6 are scratch tests.

scan distance previously scanned at 1 mN constant load,
possibly due to a stick-slip process. On the biaxial material,
the size of the peaks increases with each subsequent scan.
Their wavelength (i.e. peak-to-peak repeat distance of the
saw-tooth structure) is significantly greater on the uniaxial
film, although the structure is less regular. The sample
orientation with respect to the scratching direction was
altered between the two sets of experiments on the uniaxial
film. The values of the total depth were within 20% of each
other, suggesting that film orientation does not greatly effect
the resistance of the surface/near-surface region to scratch-
ing wear, as has been found in studies of AFM-tip induced
wear of the same material [51].

4. Conclusions

Nanoindentation and nanoscratch testing have revealed
large differences in the mechanical properties of uniaxially
and biaxially drawn PET films, which can be ascribed to the
differences in processing history of the films. Melinex O, the
biaxially drawn material, exhibits significantly higher hard-
ness and elastic modulus than the uniaxial film, presumably
due to its higher crystallinity. The biaxial film is also less
susceptible to creep deformation. The plasticity index, the
ratio of the dissipated energy to the total indentation energy
is greater on the uniaxial film, indicating that it exhibits less
plastic deformation than the biaxially stretched film. The
differences in processing also affect the resistance of the
film to nanoscratching wear. The wear resistance of
the films correlated with the ratio of the hardness to the
modulus.
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