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ABSTRACT: Indentation is a relatively simple and virtually nondestructive technique of assessing mechanical properties of materials by
an indenter inducing localized deformation into a solid surface. The load—displacement curves, the hardness, and the elastic modulus
data together with associated analysis for poly(ether ether ketone) (PEEK) surfaces are presented as a function of contact displace-
ment. The major conclusions are that nanoindentation into the polymer show a surface hardening response that is dependent upon
the contact conditions. PEEK, a semicrystalline polymer, has bimodal nanoindentation characteristics because of the presence of hard
crystalline lamella within a softer amorphous phase. The bimodal character is confirmed by the load—displacement, the hardness, and
the elastic modulus data. The semicrystalline polymer exhibits periodic fluctuations in mechanical properties with the increasing pen-
etration depth. Finally, the nanoindentation is found to be a convenient method to estimate the degree of crystallinity of semicrystal-
line polymers. The technique may provide a convenient means to understand morphological description of the polymeric surfaces.
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INTRODUCTION

The evaluation of material properties at the very first surface
molecular layers has always been a challenge. It is believed that
these properties govern some aspects of the contact performance
of these materials especially in many surface engineering and
tribological applications. Therefore, material selection and
design for such applications profit from knowledge of near sur-
face properties. Indentation at the nano scale has been estab-
lished as a convenient method to investigate the mechanical
properties of materials at reduced penetration depths for the
past two decades."™"!

The near surface mechanical properties investigation by indenta-
tion is challenging. Any method that relies on optical imaging
of the contact after indentation is not suitable because of large
and unacceptable errors for small scale indentations. This prob-
lem has been largely overcome by the use of a contact compli-
ance method based on the measurement of the reaction force
on the indenter as a function of the imposed displacement, or
vice versa, resulting in a set of loading and unloading curves for
each indentation operation. The hardness and the elastic modu-
lus are computed entirely from the analysis of the load—dis-
placement curves obtained from the loading—unloading cycles
performed. Therefore, measurement of the residual contact area
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is not required in this method.'">'® The inevitable presence of
imperfections in indenter tip geometry is another problem
encountered during the hardness evaluation by indentation.'*"
These tip defects could be comparable to the full indent size
and might cause a significant error in the evaluated property
values. Briscoe and Sebastian® have examined this problem for
polymeric materials and proposed an analytical method based
on tip defect estimation.

The response of polymeric materials during the unloading seg-
ment of the indentation experiment may show a creeping effect;
that is, immediately after the unloading segment begins, the
penetration depth slightly increases, although the imposed load
decreases at a constant rate. This means that the material creep-
ing rate is higher in magnitude than the imposed unloading
rate during the first portion of the unloading; this effect may be
encountered even at the highest available unloading rates. The
creeping effect may be readily detected by the occurrence of a
characteristically round shape of the data, “a nose”, at the cor-
respondence of the loading—unloading peak. This phenomenon,
which may be anticipated in view of the highly time-dependent
deformation and relaxation nature of polymers, may dramati-
cally affect the evaluation of the hardness of these surfaces (no
elastic or viscoelastic recovery seems to occur at the incipient
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unloading). This problem can be avoided by providing a defi-
nite hold segment at the maximum load before subsequent
unloading.®”

The interpretation of the indentation of polymeric surfaces
poses further difficulties because of the complex viscoelastic-
plastic response of such materials as well as their thermal sensi-
tivity. Polymers show different behaviors under different contact
conditions because of strain and strain-rate dependence of their
properties. Therefore, the surface mechanical properties of poly-
mers are a function of the imposed contact conditions, such as
the indenter geometry, the penetration depth (the strain), the
loading rate (i.e. strain rate), and the ambient temperature. The
overall mechanical properties of semicrystalline polymers are
strongly influenced by the degree of crystallinity of the poly-
mer.'"® The degree of crystallinity of a semicrystalline polymer
can be varied to some limited degree by following different
thermal treatments, for example quenching the melt produces
an amorphous, whereas annealing produces a crystalline (semi-
crystalline) polymer.

PEEK, poly(oxy-1,4-phenylene-oxy-1,4-phenylenecarbonyl-1,4-
phenylene), is a highly aromatic semicrystalline thermoplastic
polymer, first commercially synthesized in 1975.'7 It may be
manufactured in both amorphous and semicrystalline grades
with the maximum achievable crystallinity of ca. 48%. PEEK
has a specific gravity of 1.265 in the amorphous state and 1.320
with maximum achievable crystallinity. Typical values of molec-
ular weight for the PEEK are 30,000—-45,000.'® The semicrystal-
line PEEK samples were melted and then quenched (rapid
cooling) in water, to produce the amorphous PEEK and
annealed (slower or controlled cooling) to produce the crystal-
line polymer. The load—displacement curves, the hardness, and
the elastic modulus data obtained from the nanoindentation
and subsequent associated analysis for an amorphous and a
semicrystalline PEEK surfaces are reported as a function of con-
tact displacement.

EXPERIMENTAL

Nanoindenter

The normal indentation hardness experiments were conducted
using a NANO INDENTER® IIs machine, supplied by Nano
Instruments, TN, USA. A continuous contact compliance
indentation mode has been adopted with the machine."?
Therefore, the nanoindentation machine has the ability to ena-
ble the experimental determination of the indentation hardness
and the elastic modulus of material being indented without
actual measurement of the area of indentation. The machine is
capable of operating in the microgram load range. The theo-
retical depth resolution of the indenter is in the nanometer
range. A three sided diamond pyramid tip, a Berkovich Tip, is
attached at the bottom of the indenter rod. The sides of the
pyramid tip make an angle of 65.3° normal to the base. There-
fore, perfectly plastic indents, using a Berkovich Tip, appear as
equilateral triangles. An electromagnetic aluminium coil sur-
rounded by a solenoid magnetic field connected at the top of
inner indenter tube is utilized to apply the normal load. A
three-plate capacitive displacement sensor measures displace-
ment of the indenter tip.
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The geometry of the diamond indenter tip and hence area of
indentation was resolved by indenting against fused silica and
performing the indent area calibrations using indenter area
function presented in the following equation:

A=24.51+my h.+ myh 2+ myhY 4+ my b/ + ms b1
+mghl/ ¥+ mz /% + mghl/ 128 (1)

where A is the area based on indentation displacement, h. The
silica is presumed to be spatially homogenous mechanically. An
initial factor of 24.5 is used to account for the perfect Berkovich
tip indenter. The load frame stiffness of the nanoindenter was
calculated to be 7.05 X 10”7 N/m and the tip area function coef-
ficients to be used in indenter area function, equation 1 were

m=-2.55%X10"", my=—6.45X10"% my= —1.71 X 10~ %,
my=—3.96 X 107>, ms= 6.55X 107>, mg=—1.08 X 10~ %,
my= —2.12X10"* mg=—3.36 X 10>

Hardness and elastic modulus were calculated as a continuous
function of the penetration depth using the continuous stiffness
indentation mode(NANO INDENTER® IIs, operating instruc-
tions).'”?® The continuous stiffness method utilizes the super-
imposition of a very small AC current onto the DC current
loading ramp system. As a result the probe tip oscillates at 1
nm amplitude at a frequency of 45 Hz during the indentation
loading segment. Therefore, small compliance curves consisting
of the loading and unloading from superposition were gener-
ated during the indentation loading process. Hence the material
parameters such as the hardness and the modulus were deduced
as a continuous function of indentation displacement. The con-
tinuous stiffness mode is particularly useful for polymeric mate-
rials because of the large variation in mechanical properties and
the presence of the negative slope in the initial unloading seg-
ment because of creep.®

Materials

Commercially available semicrystalline PEEK 1.2-mm-thick
sheets, Goodfellow catalogue # EK303031, Cambridge, UK, were
used. The crystallinity of the virgin semicrystalline sample was
estimated to be 40% by the differential scanning calorimeter
(DSC).>" The polymer samples were melted using a 3-mm-
thick aluminium sheets on a hot press, at a temperature of
380—400°C, to produce crystalline and amorphous samples. The
crystalline samples were produced by allowing the sample to
gradually (annealing) to ambient temperature. The
annealed samples were found to possess 31% crystalline content
by DSC analysis. Whereas quenching the heated samples in cold
water produced amorphous samples, which had negligible crys-
talline content. The average peak surface roughness of these
samples was evaluated using an optical profilometer and ranged
between 0.1 and 0.5 um. The surface roughness which affects
nanoindentation results is much smaller than those measured
by conventional profilometry.

cool

Procedure

Continuous stiffness nanoindentation experiments were con-
ducted on virgin, quenched and annealed PEEK samples at con-
stant loading rate of 300uN/sec to a maximum depth of 5000
nm. Constant effective strain rates (0.025 sec ') and constant
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displacement rate (5 nm/sec) experiments were also performed
on virgin PEEK samples. The effective constant strain rates were
achieved by application of constant displacement rate segments
for different indentation displacement. The indenter was held
for 20 sec at the maximum load to account for the material
creep behavior of the polymer surface. A final hold segment of
50 sec after 80% unloading was applied to account for the ther-
mal drift during all indentation experiment. Hardness and elas-
tic modulus were calculated as a continuous function of
penetration depth using continuous stiffness indentation
mode.'”? All polymeric samples were indented at 50 different
locations nominally 100 pm apart.

RESULTS AND DISCUSSION

Load-Displacement Curves

Figures 1-3 present typical loading—unloading cycle data curves
of the quenched (amorphous), the virgin (semicrystalline), and
the annealed (semicrystalline) PEEK surfaces, respectively. The
data were obtained at constant loading—unloading rates of 300
HN/sec upto a maximum penetration depth of 5000 nm. The
indents were spaced ca., 100 pm from each other. The loading
portion of an indentation cycle starts from 0 nm indentation
displacement to a maximum displacement of 5000 nm at maxi-
mum load to account for material creep. The loading portion
was followed by a hold segment (20 sec) at the maximum
indentation load to account for the creeping effect. The unload-
ing step starts from the maximum load to an unrecoverable
indentation depth at zero load of the surface. A constant load
hold step of 50 sec, after 80% unloading, was provided in the
unloading segment at 80% load recovery to account for the
thermal drift in the indentation experiments. The indentation
reaction load was observed to remain near zero for all indenta-
tion experiments at low penetration depth (approximately <100
nm) during loading. This region is termed as the induction
phase of the indentation experiment** and may have arisen
from the surface determination errors, the unaccountable physi-
cal imperfections of the indenter tip and the uncertainties asso-
ciated with the calibration procedures. The surface
determination errors results from the surface roughness at

Indentation Force /mN
5 n 2 bt 8 &
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Figure 1. Indentation load—displacement data for the quenched PEEK
sample at constant loading rate. The loading and unloading rates were
maintained at 300 pN/sec. The loading portion was followed by a hold
segment (20 sec) at the maximum indentation load.
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Figure 2. Indentation load—displacement data for the annealed (30% crys-
talline) PEEK sample at constant loading rate. The loading and unloading
rates were maintained at 300 uN/sec. The loading portion was followed
by a hold segment (20 sec) at the maximum indentation load.

nanometric scale of the surfaces. The precise range of the induc-
tion phase is inevitably unknown, therefore the load—displace-
ment data are presented as that obtained from the machine.
The indenter to the surface contact was established based on a
doubling of the contact stiffness. A better insight can be gained
from the subsequent data on the hardness and modulus. The
tip area function and the contact stiffness of the indenter were
calibrated against a fused silica, which has a 10 to 10*times
higher modulus than the polymeric surfaces, prior to indenta-
tion experiments on the polymers. The requirement of a stand-
ard material with Young’s Modulus comparable to the
polymeric surfaces, for the tip area calibrations and the stiffness,
is anticipated in the future. An unsuccessful effort was made to
calibrate the tip area function and the load frame stiffness
against a polystyrene (PS) surface; the natural surface hardening
of the PS was thought to be the major reason for this failure.

Figure 1 presents typical load—displacement data of the
quenched (amorphous) PEEK samples. The loading curves from
different indentations spaced ca. 100 pm apart performed on
the quenched PEEK samples showed a fairly consistent response.
The maximum indentation displacement of 5000 nm was

Indentation Load /mN

0 1000 2000 3000 4000 5000 6000
Indentation Displacement /nm
Figure 3. Indentation load—displacement data for the as received (40%
crystalline) PEEK sample at constant loading rate. The loading and
unloading rates were maintained at 300 pN/sec. The loading portion was
followed by a hold segment (20 sec) at the maximum indentation load.
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Figure 4. Peak indentation load, to induce 4000 nm penetration, as a

function of degree of crystallinity of PEEK. The vertical lines embody

range of peak indentation loads with mean of loads presented by rectan-

gular pyramids.

reached at indentation force of 35 = 2 mN. The plastic unrecov-
erable indentation depth at zero loads was 3100 = 50 nm. Fig-
ure 2 is a typical loading—unloading cycle data set of the
annealed (30% crystalline) PEEK. As can be seen from Figure 2,
the maximum indentation displacement was achieved at differ-
ent maximum loads 65 % 30 mN. This bimodal peak behavior
of the semicrystalline polymer is an indication of the multi-
phase present in the polymer. As can be seen from Figures 2
and 3, the indentation response of semicrystalline PEEK can be
characterized as a multiphase response, similar to that of metal
alloys.”>* The compliance data obtained from indentation of
the virgin (40% crystalline) PEEK is presented in Figure 3. The
multiphase behavior, multiple peak loads at the maximum
indentation displacement, is prominent for the virgin semicrys-
talline polymer. The load—displacement curves can be grouped
into two broad categories, a softer phase indentation in the
region 50 = 15 mN and a harder phase indentations 160 * 20
mN at maximum penetration displacements. These multiphase
responses were believed to be from the crystalline and amor-
phous regions of the polymer. The crystalline region was
believed to be the one showing the harder response, whereas the
amorphous regions were softer. The creep at maximum load
hold segment was also found to be larger in amorphous regions
compared to the harder crystalline domains. The indents in the
intermediate regions were at places where the indentation depth
was more than the thickness of crystalline lamellae. The poly-
meric surfaces were found to be harder in the increasing order
of their degree of crystallinity of the polymer. The amorphous
polymer is found to be softer, which required lower normal
loads to induce comparable penetration depth.

Figure 4 shows the range of indentation peak loads observed to
induce 4000 nm penetration depths in PEEK samples. As can be
seen from Figure 4, the peak loads were within acceptable range
of error (<5%) for the amorphous PEEK samples (=~ 3% crys-
tallinity). The range of observed peak values increase with
increasing degree of crystallinity of the polymer. The large varia-
tions in the peak loads are an indication of the presence of mul-
tiplephases because of crystalline and amorphous regions in the
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semicrystalline polymer. The variations in the load-displace-
ment data from indentation of the amorphous and the semi-
crystalline provides an initial insight for the presence of a
bimodal behavior, which is confirmed later by the hardness and
elastic modulus data as well.

Figure 5 shows the compliance curves of virgin (40% crystal-
line) PEEK at a constant effective strain rate of 0.025 sec . The
imposed rate of deformation during indentation, the strain rate
é, is correlated with the displacement rate or the loading rate of
the indenting body over the softer surface. In normal indenta-
tion, the strain rate acts in a direction perpendicular to the sur-
face and may be defined as ¢ =ky(h /h), where h is the
displacement, k- is the nominal displacement rate and k, is a
material constant, usually taken to be equal to 1.° Therefore, it
may be defined as the inverse of the time required for the
indenter to traverse a contact displacement unit. If the loading
rate, P-, is the experimental parameter controlled during the

indentation, the strain rate may be expressed as

_ p. . .
e=k <7h(‘3P /uh)>' The effective constant strain rates were

achieved by applying constant displacement rate segments in
terms of increasing displacements. These were selected as dis-
placement rate of 1 nm/sec until 40 nm depth, then 2 nm/sec
until 80 nm, 4 nm/sec till 160 nm, and so on to a displacement
rate of 64 nm/sec to maximum depth of 2560 nm. A similar
multiphase behavior as observed in constant loading rate seg-
ments was also observed in this type of experimentation. The
ratio of peak loads for harder and softer phases of PEEK was
found to be the major difference for constant loading rate seg-
ment and the constant strain rate indentation. The load—dis-
placement data at constant loading rate has shown 3 : 1 harder
to softer phase peak loads, whereas for constant strain rate
experiments the ratio was observed to be 3 : 2. The difference
in the experimental contact conditions may be the major reason
for the different ratios. The effective strain rate is higher during
initial loading for the constant loading rate segment; therefore,
the peak depth has been achieved at lower normal loads for the
softer region in the constant loading rate experiments compared
to the constant strain experiments. The constant displacement

35
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Indentation Force /mN

0 500 1000 1500 2000 2500 3000
Indentation Displacement /nm

Figure 5. Indentation load—displacement data for the as received PEEK
(40% crystalline) sample at constant strain rate. The effective strain rate
was maintained at 0.025 sec”' during loading segment.
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Indentation Force /mN
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Figure 6. Indentation load—displacement data for the as received PEEK

(40% crystalline) sample at constant strain rate. The displacement rate
was maintained at 10 nm/sec during loading segment.

rate indentation load—displacement data are shown in Figure 6.
Again multiphase behavior is evident from the curves and a
ratio similar to the one observed in the constant strain rate
experiments was seen. The bimodal character of the semicrystal-
line polymer is more prominent with increasing penetration
depths.

Indentation Hardness and Elastic Modulus

Indentation Hardness. The normal indentation hardness data
as a function of indentation depth for the virgin (40% crystal-
line) PEEK are presented in Figure 7. The figure shows only
selected graphical data from the indentation experiments per-
formed in different regions of the polymeric surface. The excep-
tional large variations were seen for hardness values at lower
scales specifically at low penetration depths (<50 nm). These
values were thought to be because of the errors present in sur-
face determination, the tip geometry defects, and indentation
size effects.”***” These values were not regarded as physically
significant. A peculiar harder and more diverse response can be
seen at near-to-surface layers particularly at penetration depth
(100-500 nm) from all the figures. This can be attributed to
localized modifications of the physical properties because of
environmental exposure some time before the experiments or
during the fabrication processing of polymeric materials. These
near-to-surface modifications may have resulted from morpho-
logical aging or localized oxidation of the polymeric surfaces. It
is interesting to note that the trends are similar in almost all
cases. The observed near to surface hardness response is similar
to the one reported by Briscoe and co-workers.® They have
reported large uncertainties in the hardness of polymers for dif-
ferent polymeric systems with nanoindentation without the
application of the continuous stiffness mode.

Therefore the hardness values corresponding to indentation
depths of more than 500 nm will be considered mainly for the
property evaluations. The multiphase behavior, as depicted ear-
lier from the load—displacement compliance curves of PEEK,
can be confirmed from these hardness-depth graphs. The
diverse multiphase response of PEEK can be interpreted from
Figure 7. Curve 2 in the figure corresponds to the softer phase
with hardness of approximately 0.2 GPa and curve 1 indicating
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Hardness /GPa

0 500 1000 1500 2000 2500 3000 3500 4000
Indentation Displacement /nm
Figure 7. Indentation hardness as a function of indentation displacement
data for the as received PEEK (40% crystalline) sample at constant load-
ing rate of 300 uN/sec.

the harder phase present in the polymeric material with 0.55
GPa indentation hardness. The curves 3 and 4 characterize the
indentation through multiphase regions that is harder and
softer regions of the polymers. An interesting fact can be noted
from the two curves that they were either harder or softer ini-
tially and then switch the properties at approximately 2000 nm.
As can be seen in the figure curve 3 shows a harder region of
the polymeric surface at lower penetration depths and then a
continuous decreasing trend of the hardness at higher penetra-
tion indicating softer regions underneath. In comparison, the
curve 4 shows a softer region initially while harder one at
higher penetration depths. There are no comparable data on
bimodal character of semicrystalline polymers in the literature.
The bimodal indentation response of metal alloys is reported in
terms of hard and soft phases.”>*>°

The indentation hardness as a function of penetration depth for
the quenched (amorphous), the annealed, and the virgin semi-
crystalline PEEK surfaces are presented in Figure 8. The hard-
ness data presented are based on the median of the compliance
curves for the respective polymeric surfaces only for compara-
tive purposes. A peculiar surface hardening of the polymeric
surfaces was observed for all the polymers. Comparatively

Hardness /GPa

0 1000 2000 3000 4000 5000 6000
Indentation Displacement /nm

Figure 8. Hardness as a function of indentation displacement data for the

quenched PEEK (curve 3), the annealed PEEK (curve 2) and the virgin

PEEK (curve 1) sample at constant loading rate of 300 uN/sec. The hard-

ness is averaged from a minimum of 25 indentation experiments for each

polymer.
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Figure 9. Indentation hardness as a function of indentation displacement
data for the as received PEEK sample at constant strain rate of
0.025 sec” .

higher gradients in the surface hardening response were seen for
the thermally treated polymers as compared to the virgin semi-
crystalline polymers. These higher surface hardening gradients
can be attributed to the thermal treatment history of the poly-
mers. The induction phase, lower indentation displacement,
hardness values originated from the tip calibration defects at
lower penetration depths can be neglected. An increasing trend
of the measured hardness was observed with the increase of the
crystallinity of the PEEK surfaces. The calculated hardness val-
ues for the amorphous PEEK were similar to the ones reported
by Deslandes and Rosa.”” They have established an interrelation-
ship between the crystallinity of PEEK and the microhardness.
Although the trends in increasing crystallinity were similar,
comparatively lower hardness values were observed in the pres-
ent study in comparison to those given by Deslands and Rosa*’
for crystalline PEEK surfaces (255 = 20 MPa). These differences
in the computed hardness values can be attributed to the inden-
tation scale effects and the differing experimental procedures.
They have performed the experiment using Buehler Micromet II
microhardness tester equipped with a diamond square pyramid
tip of included angle 136° under a load of 100 g for 5 sec. The
hardness was then evaluated by determining the indentation
area by an imaging technique.

08
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Hardness /GPa
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0 200 400 600 800 1000 1200
Indentation Displacement /nm

Figure 10. Indentation hardness as a function of indentation displacement
data for the as received PEEK sample at constant displacement rate of 10
nm/sec.
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Figure 11. Frequency density distribution based on Indentation hardness
of semicrystalline PEEK sample. The frequency is calculated on a sample
width of 0.05 GPa and based on 50 indents at constant loading rate of
300 uN/sec.

Figures 9 and 10 present the selected hardness data of the virgin
semicrystalline PEEK obtained at the constant strain rate and
the constant displacement rate loadings, respectively. The figures
provided further evidence for the bimodal response of the semi-
crystalline PEEK during indentation. The indentation hardness
as a function of displacement is shown in these figures under
constant strain rate and displacement loadings, respectively. As
can be seen from the figures a strain softening response for the
harder phase and a strain hardening response for the softer
phase is also evident.

Frequency Distribution. The indentation hardness frequency
density distribution, based on a sample length of 0.05 GPa in
the interpolated data from 50 indents is presented in Figure 11.
The hardness values were taken at 4000 nm for each indent.
The presence of two peaks in the distribution clearly indicates
the bimodal nature of the polymer. The first peak at approxi-
mately 0.2 GPa corresponds to the softer amorphous phase of
the polymer. The harder crystalline phase had given rise to the
second peak at about 0.55 GPa. Therefore, 0.2 GPa is found to
be the limiting hardness difference differentiating the amor-
phous and the crystalline phases. The bimodal character will
disappear if a larger step size for the frequency distribution is

Young's Modulus /GPa

0 500 1000 1500 2000 2500 3000 3500 4000
Indentation Displacement /nm
Figure 12. Elastic Young’s Modulus as a function of indentation displace-
ment data for the as received semicrystalline PEEK sample at constant
loading rateof 300 uN/sec.
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Figure 13. Elastic Young’s Modulus as a function of indentation displace-

ment data for the as received semicrystalline PEEK sample at constant

strain rate of 0.025 sec” .

selected. The differences in hardness of an amorphous and a
crystalline phase of a semicrystalline polymer can be because of
the differences in the chain mobility and the density differences.
The crystalline portion was estimated to be 36% on the basis of
a peak area, which is similar to the crystallinity of the polymer
as estimated by the DSC analysis. The peak area was calculated
from the height of the histogram columns. Hence, the nanoin-
dentation hardness provides a convenient and a nondestructive
method for the degree of crystallinity determination of a semi-
crystalline polymer.

Young’s Modulus. The elastic modulus of semicrystalline PEEK
as a function of indentation displacement is shown in Figures
12-14 for different loading conditions. These curves also con-
form to the presence of multiphases in the semicrystalline poly-
mer as discussed above with indentation hardness. The hard
crystalline phase is estimated to have a modulus of 8 GPa
(curve 1) and the amorphous soft phase approximately 4 GPa
(curve 2). Similar results were seen for elastic modulus values
from indentation experiments performed under a constant
strain rate and constant displacement rate. As can be seen from
Figures 13 and 14, the two curves are smoother in the softer
phase, whereas there were higher fluctuations present in the
harder crystalline phases. These fluctuations might be because
of higher plastic deformations taking place in the hard phase.

Young's Modulus /GPa

0 200 400 600 800 1000 1200
Indentation Displacement /nm

Figure 14. Elastic Young’s Modulus as a function of indentation displace-

ment data for the as received semicrystalline PEEK sample at constant dis-

placement rate of 10 nm/sec.
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Figure 15. Elastic Young’s Modulus as a function of indentation displace-
ment data for the quenched PEEK (curve 3), the annealed PEEK (curve
2), and the virgin PEEK (curve 1) sample at constant loading rate of 300
uUN/sec.

Another reason might be the indentation depth has exceeded
the crystal size of this phase thus entering the amorphous and
the crystalline phase boundaries.

Figure 15 shows the elastic Young’s Modulus data of the PEEK
surfaces as a function of indentation contact displacement, com-
puted using the continuous stiffness method. Young’s Modulus
was evaluated using a modulus of 1141 GPa and a Poisson’s
Ratio of 0.07 for the diamond indenter.”® The figure shows a
strong increasing trend for the modulus values with the decreas-
ing of the indentation depth for all the systems. These trends
are similar to those observed for the normal hardness (Figure
15). The possible localized minor modification or surface crys-
tallinity of the material properties of the near-to-surface layers
of the PEEK during fabrication could provide an acceptable
explanation for the higher modulus value near to the surface as
compared to the bulk values. The elastic modulus was found to
be increasing with the increasing of the crystallinity of the poly-
mer. The fact that the modulus curves for the semicrystalline
polymers were significantly noisier than the amorphous poly-
mers especially at lower penetration depths is probably because
of complex discontinuous deformation processes during inden-
tation into the semicrystalline polymers.

Periodicity in Properties. The periodic nature of the fluctua-
tions observed in the nanoindentation data was analyzed by cor-
relation analysis for the presence of any regularity or
periodicity. The experimental data were used to obtain a poly-
nomial function in the range with minimum experimental
errors, i.e., 2000-3000 nm indentation displacement. The overall
trends of the data were then removed to observe the periodicity
or regularity. Figures 16—18 present some selected data showing
the fluctuations, after removal of the established trend from the
experimental data for the elastic modulus of the quenched, the
annealed and the virgin PEEK (the data points are linked for
the sake of clarity). As can be seen from Figure 16 the data are
reasonably smooth for the quenched PEEK. Periodic fluctua-
tions in properties of the semicrystalline polymers were
observed as can be seen in Figures 17 and 18. These fluctuations
appear to be governed by discontinuities in the polymeric mate-
rials and can be related to the spherulites present in the
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Figure 16. Data trend based on removal of the main trend for the elastic
modulus of quenched PEEK as a function of indentation displacement
data in the range 2000 nm to 3000 nm.

semicrystalline PEEK. The period (200 nm) of these fluctua-
tions corresponds to the likely size of mesophase. The spherulite
sizes of the PEEK in case of crystallization across carbon fiber
composites were reported to be 10-20 pm.? Therefore it might
correspond to the thickness of mesophase of the crystals in the
polymer.*® A clear morphological description of the semicrystal-
line PEEK is not available without extensive and costly investi-
gation. This might include X-ray, transmission electron
microscope, and neutron scattering although precedents have
not been clearly established.

Therefore, the bimodal character of the semicrystalline polymers
is established from the continuous stiffness mode indentation.
The reported surface mechanical properties are shown to be
influenced by the degree of crystallinity of the polymer. The
bimodal character may not be observed from the conventional
macroindentation data because of averaging of the data from all
the indents. The conventional indentations provide single point
data from each indent evaluated at the maximum loading point.
The data obtained from different indents are averaged to eluci-
date the hardness and the elastic modulus of the surfaces. As
shown above, the bimodal character of the semicrystalline poly-
mers can only be obtained from the continuous hardness and
the elastic modulus data evaluations as function of the imposed
displacement as well as by the selection of a proper sample
length for the frequency density and time series analysis of the
data.
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Figure 17. Data trend based on removal of the main trend for the elastic
modulus of annealed PEEK as a function of indentation displacement
data in the range 2000-3000 nm.
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Figure 18. Data trend based on removal of the main trend for the elastic

modulus of the as received (virgin) semicrystalline PEEK as a function of
indentation displacement data in the range 2000-3000 nm.

CONCLUSION

This article presents the experimental results from normal
indentations performed on amorphous and semicrystalline
PEEK at depths of 0-5 um. The surface mechanical properties
were seen to be influenced by the indenter loading conditions
and the penetration displacements utilized. Data for the elastic
modulus and the hardness are presented for all polymeric mate-
rials and are found to be dependent on contact conditions.
These properties appear to be unreliable at penetration displace-
ments close to the surface. This can be because of change in the
mechanical and physical properties of polymers because of their
manufacture or aging. However, the most probable reason
might be the precise unestablished imperfections in the indenter
tip calibration. The surface mechanical properties of the semi-
crystalline polymers are a function of the degree of crystallinity.
The higher the crystalline content of the polymer, more will be
the ordering of the molecular chains. Hence the greater are the
surface mechanical properties of the polymeric surface. A
bimodal response to indentation is observed for semicrystalline
polymer. A method to calculate the crystallinity of the semicrys-
talline polymers based on nondestructive indentation has been
developed. The bimodal character is confirmed by the load—dis-
placement, the hardness, and the elastic modulus data. The
creep at maximum load hold segment was also found to be
larger in amorphous regions compared to the harder crystalline
domains. The bimodal response was thought to depend upon
whether the polymer is indented in the softer, amorphous phase
or the harder, crystalline phase. The proportion of the two
regions was found to be similar to the ratio of crystallinity of
the polymer. The precise mode of bimodal character depends
upon the selection of a proper data interpolation that is sample
length for the time series analysis of the data. Periodic fluctua-
tions in the surface mechanical properties of the semicrystalline
polymers were found with increasing penetration depths. These
fluctuations were likely to arise from the material heterogene-
ities, namely crystalline spherulites in the semicrystalline poly-
Morphological of the semicrystalline
polymers would further elucidate these fluctuations.

mers. investigations

Finally, the continuous stiffness mode nanoindentation method
is found to be a convenient method for investigating surface
mechanical properties of semicrystalline polymers, which show

©WILEY i ONLINE LIBRARY
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bimodal and viscoelastic-plastic behavior. The nanoindentation
technique may provide a convenient means to understand mor-
phological description of the polymeric surfaces.
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