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ABSTRACT: The crystallization, morphology, micro-
hardness, scratch hardness, dynamic modulus, and wear
behavior of high performance poly(ether-ether-ketone)
(PEEK) matrix nanocomposites reinforced with 0 to 30 wt
% silicon nitride (Si3N4) nanoparticles were reported. The
crystallinity of PEEK nanocomposites increases at 2.5 wt %
Si3N4 but, thereafter it decreases with increasing Si3N4

content due to the hindrance to the ordering of PEEK
chains. The crystallization peak temperature and crystalli-
zation onset temperature increases by 14�C for 10 wt %
nanocomposite. The melting temperature does not vary sig-
nificantly with Si3N4 content. SEM shows almost uniform

distribution of Si3N4 in the PEEK matrix. The Vickers micro-
hardness and scratch hardness increases significantly up to
10 wt % Si3N4 content.The dynamic modulus of nanocom-
posites increases below and above Tg of PEEK. The specific
wear rate of nanocomposites with 2.5 wt % Si3N4 is reduced
significantly and it is lowest at 10 wt % Si3N4. However, the
coefficient of friction of nanocomposites is more than that of
pure PEEK. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119:
311–318, 2011
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INTRODUCTION

Poly(ether-ether-ketone) (PEEK), a semicrystalline
thermoplastic engineering polymer, exhibits excel-
lent thermal, mechanical, chemical, and electrical
properties. It is an attractive material for journal
bearings and piston rings under various loading
conditions as it is comparatively fatigue resistance
and exhibits a low creep rate at higher tempera-
tures.1–4 Its low coefficient of friction and compara-
tively low wear rate than other polymers has
attracted its use for as a rubbing surface material in
machinery.5 Its wear resistance (inverse of wear rate)
has been significantly improved by incorporating
fibers, such as carbon fiber,3,6 carbon nano fibers,4

and particles, such as CuS,7 Si3N4,
8 SiO2,

9 SiC,10 and
ZrO2.

11 The improvement in wear resistance of com-
posites was attributed to the smoothing of the coun-
ter surface, the developing of a transfer film,
improved hardness and modulus. However, the
smoothness, hardness, and stiffness12–13 are not only
the factors controlling the wear behavior, but also
the nature and stability of the transfer film and its

adhesion to the counter surface affects the wear
properties.13–15 Moreover, the wear resistance signifi-
cantly depends on many factors, such as dispersion
state, size, volume fraction, and type of nano
sized particles, and crystallinity of the polymer
matrices.16–17

Recently, Goyal et al.18,19 have demonstrated the
effect of micro and nano particles of Al2O3 on wear
resistant of PEEK matrix composites. They reported
that nanoparticles were more effective than micro
particles in improving wear resistance of PEEK com-
posites prepared and tested under the similar condi-
tions.18–19 Wang et al.8 have studied the wear behav-
ior of Si3N4 filled PEEK nanocomposites using
block-on-ring machine.8 However, authors have not
discussed crystallinity, scratch hardness and
dynamic modulus of this nanocomposite, which are
important factors to know about the wear mecha-
nisms of composites. In view of above, PEEK matrix
nanocomposites were fabricated by incorporating
Si3N4 nanoparticles ranging from 0 to 30 wt % using
hot pressing technique. The crystallization behavior,
morphology, microhardness, scratch hardness,
dynamic modulus, wear and friction properties of
nanocomposites were evaluated using differential
scanning calorimeter, scanning electron microscopy,
Vickers microhardness, scratch hardness tester,
dynamic mechanical analyzer, and pin-on-disk wear
tester, respectively. Moreover, optical microscope
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was used to study nature of transfer film developed
on counter surface during sliding wear using pin-on
disk tester.

EXPERIMENTAL

Materials

The commercial PEEK (GATONETM, Grade 5300PF)
was used as matrix. The silicon nitride (Si3N4) nano-
particles purchased from Aldrich Chemical Com-
pany was used as reinforcement. The density and
BET specific surface area of Si3N4 is 3.44 g/cm3 and
103–123 m2/g, respectively. As received ethanol of
Merck grade was used for homogenizing the Si3N4

nanoparticles and the PEEK powder. Figure 1 shows
TEM image of Si3N4 powder, which shows that the
shape of the nanoparticles is almost spherical with
particle size less than 50 nm.

Fabrication of the PEEK/Si3N4 nanocomposites

PEEK matrix nanocomposites reinforced with Si3N4

up to 30 wt % loading were fabricated using the
method described in our previous article.1 The dried
powder of Si3N4 was suspended in an ethanol using
ultrasonic bath for 30 min and PEEK powder was
well mixed with it through magnetic stirring. The re-
sultant slurry was dried in an oven at 120�C to
remove the excess ethanol. The dried mixed powder
was filled in a steel die and hot pressed at 350�C
and 15 MPa. Fabricated samples were coded as NC-

X, where X indicates wt % of the Si3N4 in the PEEK
matrix.

Characterization methods

Morphological examination

To study the degree of dispersion of Si3N4 in the
matrix and worn surfaces, samples were coated with
gold using a gold sputter coater [Polaron SC 7610]
and studied using SEM (Hitachi S-3400N). The trans-
fer films formed between the pin and counter sur-
face were examined by optical microscopy (Nikon).

Differential scanning calorimetry

The normalized heat of crystallization, degree of
crystallinity, melting point, and crystallization peak
temperature of PEEK and nanocomposites were
determined using DSC (Du Pont Instruments 910
DSC). The samples placed in an aluminum pan was
first heated from 30 to 400�C at a heating rate 10�C/
min and soaked isothermally at 400�C for 1 min to
allow complete melting of the samples. The samples
were then cooled to temperatures below 120�C at a
cooling rate 10�C/min. Each sample is subjected to
single heating and cooling cycles under a dry nitro-
gen purge, and data are recorded during the first
heating and cooling cycle. The crystallinity percent-
age (vc) of PEEK constituent in nanocomposite was
determined by vc ¼ DHc � 100/(DH�

c. W), where,
DH�

c is the heat of crystallization (130 J/g) for 100%
crystalline PEEK,1 DHc is the heat of crystallization
for nanocomposite and W is the mass fraction of
PEEK in the nanocomposites.

Mechanical properties (microhardness, scratch
hardness, and dynamic modulus)

The microhardness was measured using Vickers
hardness tester (DVK-2S, Japan) under load of 50 g
and dwell time of 15 sec. An average of six readings
was reported as the microhardness. For the measure-
ment of scratch hardness of PEEK and nanocompo-
sites, the diamond indentor was held on a pivoted
beam to position it orthogonally on the flat substrate
as shown in Figure 2. The sample was secured on
the stage which can be manually adjusted along X-
and Y- axes. A fixed normal load (62.08 g) was used
and the scratch is made on the samples by manually
moving the stage containing the sample at a con-
trolled slow rate past the indentor. The width of the
permanent scratch created by the indentor was
measured using an optical microscope. The scratch
hardness (Hs) can be calculated, to a good approxi-
mation, by Hs ¼ 8�W/p�d2, where, W is the normal
load and d is the scratch width. The dynamic modu-
lus of PEEK and nanocomposites were determined

Figure 1 TEM image of Si3N4 powder, scale bar: 100 nm.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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in the three point bending mode using dynamic me-
chanical analyzer (PerkinElmer DMA 7e) from 30 to
250�C at a heating rate of 5�C/min and a frequency
of 1 Hz. The tests were carried out in argon atmos-
phere under static load of 110 mN and a dynamic
load of 100 mN.

Wear rate and coefficient of friction

Wear rate and coefficient of friction were conducted
on a pin-on-disk wear tester at a sliding speed of
1.0 m/s and nominal pressure of 0.2 to 0.8 MPa. The
tests were conducted for a total sliding distance of
15 km for low pressures and 9 km for higher pres-
sures. The EN-24 steel disc of diameter 76.48 mm
and thickness 5 mm was employed as the counter
surface. It was heat treated to harden to HRC4. The
disc surface was polished with abrasive paper to a
surface roughness of Ra ¼ 0.21 lm. The surface of
the counter surface and pin was cleaned thoroughly
with cotton dipped in acetone. The wear tests were
carried out at a relative humidity of 52 6 2% and
31 6 2�C condition. The decrease in the height of
the composite pin disc was measured using a digital
micrometer with a precision of 1 lm. The tests were
performed till two successive equal height reduc-
tions (i.e. wear rates) were attained. The dimension-
less wear rate of the samples can be given by, h/s
¼ Ws. p, where, h is the height of the sample removed,
s is the sliding distance, and p is the nominal pressure.
The specific wear rate (Ws) can be determined by the
slope of the line between the h/s and p.

RESULTS AND DISCUSSION

Morphological examination

Figure 3 shows SEM images of the PEEK/Si3N4

nanocomposites. It can be seen from Figure 3(a,b)
that nanoparticles are well dispersed in the matrix
of NC-5 and there is no observable agglomeration of
the nanoparticles. In case of NC-10 as shown in Fig-
ure 3(c,d) nanoparticles are still well dispersed but

some agglomerates having sizes about 100 nm can
be seen. Figure 3(e,f) show large aggregate and
severe porosities of few microns size in NC-20 and
NC-30 nanocomposites, respectively. This is due to
the decrease in interparticle distances as the nano-
particles loading in nanocomposites increases and it
results in clusters or agglomerates of Si3N4 nano par-
ticles due to the weak Van der Waal forces.

Differential scanning calorimetry (DSC)

From the heating and cooling DSC curves, the ther-
mal properties are calculated and tabulated in Table I.
The crystallinity percentage of PEEK (vc) is calcu-
lated with 130 cal/g as the heat of crystallization for
the 100% crystalline PEEK.1 During cooling, the crys-
tallinity increases for NC-2 (2.5 wt % Si3N4) but,
thereafter it decreases with increasing Si3N4 content
as shown in Table I. It increased from 28.3% for pure
PEEK to 31.2% for NC-2 and then dropped to 23.9%
for NC-10 and 16.65 for NC-30. The decrease in crys-
tallinity for nanocomposites at higher loading indi-
cates that the nanoparticles have imposed hindrance
to the PEEK macromolecular chains in getting into
an ordered crystalline structure. The peak tempera-
ture of crystallization (Tc) for pure PEEK was 260�C
and it increased by 14 to 274�C for NC-10. The
increase in Tc with increasing Si3N4 indicates that the
nanoparticles acted as a heterogenous nucleation
sites and hence, enhanced the rate of PEEK crystalli-
zation. As the nanoparticles dispersed quite effi-
ciently, which provide numerous nucleation sites for
the PEEK chains to crystallize. But, with increase in
the nucleation sites, the nanoparticles also hinder the
molecules to crystallize and hence the decrease in
crystalline fraction despite increase in the crystalliza-
tion temperature. The crystallization onset tempera-
ture (Ton) was 267�C for pure PEEK and was above
280�C for NC-10 as shown in Table 1. The melting
temperature, Tm, has not varied much with the Si3N
content. It has remained at 335 6 3�C for the entire
composition range. However, the variation in Tm

about 2–3�C of nanocomposites was observed similar
to those with nano silica or nano alumina.20

Mechanical properties

Vickers microhardness

Figure 4 shows the microhardness of the nanocom-
posites as a function of Si3N4 content in the PEEK
matrix. It can be seen that microhardness increases
significantly up to 10 wt % Si3N4. This improvement
is attributed to higher microhardness (1700 kg/mm2)
of Si3N4 compared to PEEK, which resist penetration
of indentation in the matrix. However, above 10 wt
% Si3N4 the increase in hardness is not significant.

Figure 2 Scratch hardness apparatus. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3 SEM images of polished nanocomposites of (a,b) NC-5, (c,d) NC-10, (e) NC-20, and (f) NC-30; scale bar 10 lm
(a,c,e,f) and 1 lm (b,d).

TABLE I
Thermal Property of PEEK/Si3N4 Nanocomposites Determined by DSC

Sample
code

% Si3N4 in PEEK
Normalized heat of
crystallization (J/g)

Crystallinity
(%)

Ton

(�C)
Tc

(�C)
Tm

(�C)By wt. By vol.

NC-0 0 0 36.79 28.30 267.1 260.0 334.3
NC-2 2.5 0.96 40.65 31.26 274.0 268.2 335.8
NC-5 5 1.95 34.40 26.46 282.3 271.9 337.2
NC-10 10 4.03 31.12 23.94 281.0 274.2 335.8
NC-20 20 8.63 27.95 21.50 268.3 260.5 334.1
NC-30 30 13.93 21.60 16.61 265.4 255.5 332.2

314 BALAJI, TIWARI, AND GOYAL

Journal of Applied Polymer Science DOI 10.1002/app



This might be attributed to the decreased crystallin-
ity as confirmed from DSC and presence of poros-
ities in nanocomposites with higher Si3N4 loading.

Scratch hardness

The variation of the scratch hardness of nanocompo-
sites with Si3N4 content is also shown in Figure 4.
The scratch hardness test being a dynamic test
shows that the scratch hardness has significantly
increased even for low dispersoid loading. It
increases from 19 kg/mm2 for the pure PEEK to
30 kg/mm2 or NC-2 nanocomposite, i.e., 60%
improvement in scratch hardness at 2.5 wt % Si3N4.
The increase in the crystallinity of PEEK and the
uniform dispersion of nano Si3N4 particles might
have imparted a very high scratch resistance of
nanocomposite at lower filler content. This indicates
that the improvement in crystallinity of PEEK might
be an important factor in improving the scratch
hardness.21 Moreover, the higher hardness of Si3N4

compared to pure PEEK and the change in morphol-
ogy of PEEK matrix in the adjacent region of the
reinforcement can also contribute to the improved
scratch hardness.22 However, the increase in the
scratch hardness is not proportionate to the Si3N4

content at higher loading. For example, it increased
from 30 kg/mm2 for NC-2 to 37 kg/mm2 for NC-20.
The presence of agglomerations/porosities and
decreased crystallinity of PEEK for nanocomposites
containing more than 10 wt % Si3N4 probably
resulted in only a marginal increase in scratch
hardness.

Storage modulus

Figure 5 shows the storage modulus as a function of
temperature for the pure PEEK and nanocomposites
containing 2.5 wt % (NC-2) and 5 wt % Si3N4 (NC-
5). As expected, the storage modulus increases at all
temperatures with increasing Si3N4 content in the

PEEK matrix. The modulus of nanocomposites
exhibits fairly stable values up to 100�C. The modu-
lus increases due to the high modulus of Si3N4 com-
pared to pure PEEK and from the interface formed
between the Si3N4 and the matrix. However, the
modulus of pure PEEK and nanocomposites
decreases with increasing temperatures particularly
above 100�C. This is due to the fact that molecular
relaxation increases with increasing temperature. A
similar trend is observed for Al2O3 filled PEEK
nanocomposites.18

Wear rate and coefficient of friction

The specific wear rate of PEEK and its nanocompo-
sites is shown in Figure 6. The specific wear rate of
nanocomposites decreases with increasing Si3N4 con-
tent. It is lowest for the 10 wt % nanocomposite. The
significant decrease in wear rate can be attributed to
the increased hardness, scratch hardness, and
dynamic modulus of nanocomposites. However, on
further increasing Si3N4, it increases abruptly despite
higher hardness of NC-20 than pure PEEK. Thus,

Figure 4 Microhardness and Scratch hardness of PEEK/
Si3N4 nanocomposites.

Figure 5 Storage modulus versus temperature of PEEK/
Si3N4 nanocomposites.

Figure 6 Specific wear rate of PEEK/Si3N4 nanocomposites.
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the hardness alone does not decide the wear rate of
nanocomposites containing higher loading, though it
influences particularly in the composites with low
loading. There is some mechanism like transfer film
that play important role.

Figure 7 shows the coefficient of friction (l) of
PEEK and its nanocomposites as a function of the
load. The coefficient of friction is the least for pure
PEEK and it has increased with both the load as
well as the Si3N4 content. For a load of 14.7 N, the l
increases from 0.31 to 0.44 as Si3N4 content increases
from 0 to 20 wt %. This is similar to that of Al2O3

filled PEEK nanocomposite.18 As the Si3N4 nano par-
ticles increases there will be more microploughing
and third body abrasion taking place which will
increase the friction between the pin and the counter
surface. And because of this increased friction more
and more metallic particles get into the wear debris,
which are detected by the EDS.

SEM study of the worn surfaces of nanocomposites

Figure 8 shows SEM of the worn surfaces of pure
PEEK and its nanocomposite pins. The worn surface
of pure PEEK shows signs of adhesive wear which
is caused by the removal of flaky or lamellae like de-
bris from the pin surface. Therefore adhesive wear is
the dominant wear mechanism for pure PEEK. In
case of NC-10, microploughing is also seen along
with adhesive wear. The microploughing arises due
to the third body abrasion resulting from the hard

Figure 7 Coefficient of friction as a function of load for
PEEK/Si3N4 nanocomposites. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

Figure 8 SEM of worn surface of pins of; (a) pure PEEK, (b) NC-10, and (c and d) NC-20.
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nano particles getting loosened from the matrix. This
results in the abrasion of even hard metallic disc.
Though, both mechanisms of wear were seen in the
NC-20, the transfer film was not continuous and the
Si3N4 nano particles could be observed in the micro-
graph at a higher magnification in Figure 8(d). The
worn surface of NC-20 contains wear particles from
the steel counter surface which was confirmed from
energy dispersive spectroscopy (EDS) as shown in
Figure 9. The presence of Fe and Cr elements in

worn surface confirms the abrasion of counter sur-
face by NC-20 nanocomposite pin.

Optical microscopy of transfer films

Figure 10 shows the nature of transfer film formed
on the steel counter surface due to sliding wear of
nanocomposites. Figure 10(a) shows the as polished
initial surface of the counter surface. Figure 10(b–d)
shows the transfer films developed after 3 km slid-
ing by pure PEEK, NC-10, and NC-20 nanocompo-
sites, respectively. Pure PEEK forms a continuous
loosely transfer film, which covers the troughs and
asperities of the counter surface. A uniform transfer
film can be seen in the case of NC-10, therefore
exhibits a low specific wear rate. But for NC-20,
the transfer film is only partial on the counter sur-
face, possibly because of poor adhesive strength of
the film with the counter surface. At a higher dis-
persant loading, particle-particle interaction is sub-
stantial leading to aggregation and this hinders the
formation of continuous transfer film. The increase
in the Si3N4 nano particles up to 10 wt % decreases
the specific wear rate as the transfer film is thin, te-
nacious, and coherent. The microhardness also
increases substantially from 24 kg/mm2 for PEEK to
29 kg/mm2 for NC-10. Above 10 wt % loading,

Figure 9 EDS of wear debris of NC- nanocomposite.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 10 Optical micrographs of transfer films developed on steel counter surface during sliding wear for; (a) polished
counter surface, (b) pure PEEK, (c) NC-10, and (d) NC-20. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Si3N4 agglomerates hinder the formation of a contin-
uous transfer film and thereby increases wear rate.

CONCLUSIONS

The PEEK matrix nanocomposites reinforced with
varying loading of Si3N4 nanoparticles were success-
fully fabricated by hot pressing. The presence of Si3N4

acts as a strong nucleating agent which results in
improvement in crystallinity of PEEK at 2.5 wt %
Si3N4 content but decreases degree of crystallization
above it. The crystallization peak temperature, crys-
tallization onset temperature, Vickers hardness,
dynamic modulus, and scratch hardness were
improved significantly up to 10 wt %. These improve-
ments may be attributed to the uniform distribution
of Si3N4 nanoparticles in the PEEK matrix as con-
firmed from SEM images. The wear rate of nanocom-
posite with 2.5 wt % was decreased significantly and
of nanocomposite with 10 wt % was the lowest. How-
ever, above 10 wt %, properties were not improved
significantly due to the formation of aggregates. The
SEM images of the nanocomposite pins and optical
microscopy observation of the wear tracks indicate
that the formation of a good adherent transfer film
play an important role in improving wear resistance.

We thankGharda Chemicals, India for providing PEEK pow-
der for this work.
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