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ABSTRACT: The tribological properties of poly(ether—
ether—ketone) (PEEK)/aluminum nitride (AIN) composites
reinforced with micro- and nano-AIN particles were eval-
uated under dry sliding conditions. The wear resistance of
pure PEEK is 10-fold higher than mild steel. It was further
improved by 2-fold at 20 wt % micro-AIN and by more
than 4-fold at 30 wt % nano-AIN composite compared
with pure PEEK. The improvement in wear resistance was
attributed to a thin and coherent transfer film. However, it

was deteriorated on further increasing micro-AIN. The
coefficient of friction of the composites was increased.
Scanning electron microscopy and optical microscopy of
worn surfaces and transfer films have been explained in
detail. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 124: 4612
4619, 2012
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INTRODUCTION

High performance polymer composites'” are used
increasingly for engineering applications under hard
working conditions. They provide unique mechani-
cal, thermal, and tribological properties with low
weight to ensure safety and economic efficiency. For
examples, plastic gears are widely used for the parts
of copy machines and printers due to light weight,
reduced noise, anticorrosion, and an excellent flexi-
bility in design when compared with metal gears.’
In tribological environment, the virgin polymer
could not be used due to its higher coefficient of
thermal expansion (CTE) and low thermal conduc-
tivity. This results in transfer film layers of lower
thermal conductivity between the meeting surfaces.
In other words, the contact temperatures are higher
and may frequently reaches near to the melting tem-
perature of the matrix.* New developments in the
automotive sector demand for the polymer compo-
sites, which can withstand higher loads and environ-
mental temperature of about 120°C.° Under such
conditions, polyamide and ultra high molecular
weight polyethylene could not fulfill the require-
ments completely.®

Although the addition of fillers to polymers
improved their hardness, stiffness, and strength,
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which resulted in improved wear resistance.” How-
ever, the hardness® and strength® are not only the
factors controlling the wear behavior but also the na-
ture and stability of the transfer film developed
between the sample and counterface, and its adhe-
sion to the counterface affects the wear proper-
ties.'”!" The transfer film mainly consists of worn
fillers and matrix fragments, which could reduce the
direct contact between the sample and counterface.
This may lead to decrease in the contact pressure
and the sub-surface stress. Under such circumstance
the wear resistance is increased provided the trans-
fer film is thin, uniform, and tenacious.'*!® Lancas-
ter et al. demonstrated that the wear rate of compo-
sites is reduced by modifying the counterface
surface and by supporting the applied load.'” Wear
resistance of PTFE composites have been improved
by more than two orders of magnitude by reinforc-
ing alumina'® and ZnO nanofillers. However, fric-
tion coefficient was higher than the unfilled PTFE."”
Nevertheless, addition of fillers such as ZnO and
SiC to polyphenylene sulfide’ and CuO, CuS, and
CuF, to poly(ether—ether-ketone) (PEEK)'"'> deterio-
rated the wear resistance of pure polymer due to the
poor adhesion of the transfer film with the counter-
face. Moreover, the wear resistance significantly
depends on other factors such as dispersion state,
size, volume, and type of filler particles,'®" surface
roughness of the countersurface,®® and crystallinity
of the polymer.”” On the other hand, coefficient of
friction does not depend on the type*' and size'® of
filler particles.
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PEEK has been widely used in many applications
due to its unique properties such as outstanding
thermal, mechanical, chemical, moisture resistant
properties, low coefficient of friction, and high serv-
ice temperature.*>*® It is an attractive material for
journal bearings and piston rings under various
loading conditions as it is comparatively fatigue re-
sistant and exhibits a low creep rate up to about
250°C.2425 Despite its low coefficient of friction, its
wear resistance often limits its utilization in tribolog-
ical system. The specific wear rate of PEEK was
quoted to be about 107> mm®/N m, which appear to
be too large to be used as a rubbing surface material
in machinery.* However, its wear resistance can be
significantly enhanced by up to two orders of mag-
nitude by introducing fillers such as carbon fiber,*
carbon nanofibers,”” short carbon fibers?® CuS,'
SisN ™ Si0,,'° SiC,% and Zr0,.2® The improved
wear resistance was attributed to the smoothing of
the counterface, and the developing of a transfer
film which results in reduced ability for ploughing,
tearing, and other non-adhesive components of
wear. Plasma surface treatment improved the wear
resistance of PEEK and its composites due to cross
linking of PEEK and improvement of the interface
strength of composites.”

Recently, we have demonstrated that micro- and
nano-size aluminum nitride (AIN) particles are very
effective in improving the thermal, crystallization,
mechanical, and dielectric properties of PEEK."*? It
is well known that AIN is widely used as electronic
substrates, heat sinks, and electronic packaging due
to its low CTE (4.4 x 107¢/ °C), high electrical resis-
tivity (>10"* Q cm), high thermal conductivity (230
W/m K), and low dielectric constant (8.9 at 1
MHz).*® Despite its good thermal, mechanical and
electrical properties, unfortunately tribological prop-
erties of AIN filled polymer composites were rarely
reported in literature. It was, therefore, thought to
be worthwhile to explore the effect of the AIN on
the wear and friction properties of PEEK. Moreover,
it is expected that owing to good thermal conductiv-
ity of AIN (better than SizNy, SiO,, SiC, and ZrO,),
this might improve wear resistance of polymer com-
posites. For this purpose, PEEK matrix composites
reinforced with 0-50 wt % micro-AIN and 0-30 wt
% nano-AIN particles were prepared by hot pressing
and their wear and friction properties were eval-
uated using pin-on-disk wear tester.

EXPERIMENTAL
Materials

The commercial PEEK (GATONE™: Grade 5300PF)
was used as matrix. It has a reported inherent vis-
cosity of 0.87d1/g measured at a concentration of 0.5

g/dl in HSO,4. The particulate AIN powder sup-
plied by Aldrich Chemical Company was used as
received. As received ethanol of Merck make was
used for homogenizing the AIN and PEEK mixture.
Particle size distribution for the PEEK and AIN were
determined on a GALAI CIS-1 laser particle size
analyzer. The particle size of PEEK powder ranges
from 4 to 49 um and of AIN from 1.5 to 9.6 um. The
mean diameter of the PEEK particle was 25 um and
of the AIN was 4.8 um. The particle size of nano-
AIN powder obtained from Alfa Chemical Company
was 10-20 nm.

Preparation

High performance PEEK matrix composites rein-
forced with 0-50 wt % micro-AIN and 0-30 wt %
nano-AIN were prepared using hot compression
molding. PEEK and AIN powder were dried over-
night in an oven at 150°C. Dried powder of micro-
AIN and PEEK was well premixed in an ethanol
medium through magnetic stirring in concurrent
with heating to evaporate ethanol. In case of nano-
composites, dried nano-AIN powder was suspended
in an ethanol for 3 h under ultrasonic bath to break
down the agglomerates before mixing with PEEK
powder. Except additional step of ultrasonication,
remaining procedure was similar for both systems.
Simultaneous stirring and heating will not allow set-
tling of AIN particles at the bottom of the beaker.
The suspension was stirred continuously at 80°C for
8 h on a digital magnetic stirrer [Heidolph MR 3001
K], which results in PEEK/AIN powder. The result-
ant powder was dried in an oven at 120°C to
remove an ethanol. Then, the pure PEEK and its
composite samples were prepared using a laboratory
hot press under a pressure of 15 MPa and 350°C.
Composite samples were coded by ANM-X and
ANN-X, where ANM and ANN denote micro-AIN
and nano-AIN powder, respectively as reinforcement
in the PEEK matrix. The X is the wt % of micro- or
nano-AIN powder in the matrix. Table I shows wt %
and vol % of AIN particles added to the PEEK
matrix. The weight fraction of AIN can be changed
to volume fraction by using equation; V; = W//[W;
+ Wu(ps/ pm)l, where V¢ is the volume fraction, Wy is
the weight fraction, and pyis the density of AIN par-
ticles. W,, and p,, are the weight fraction and the
density of PEEK matrix, respectively.

Characterization

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 0.5-1.25 MPa. The
tests were conducted for a total sliding distance of
9 km, which were divided into three stages with
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TABLE I
Weight (Volume) Percentage of AIN Particles Added to
the PEEK Matrix

wt % 10 20 30 40 50
vol % 4.21 9.00 14.50 20.9 28.4

wt % AIN into vol % was converted by assuming the den-
sity of PEEK and AIN 1.29 and 3.26 g/cm?, respectively.

3 km each cycle. The EN-24 steel (C: 0.4 %, Si: 0.2 %,
Mn: 0.6 %, Ni: 1.5 %, Cr: 1.2 %, Mo: 0.3 %, and Fe:
bal.) disk of diameter 76.48 mm and 5 mm thick was
used as a countersurface. It was heat treated to
harden to R, 50-52. The disk surface was abraded
with water proof SiC paper to a surface roughness
of R = 0.06 um. The surface of the countersurface
and pin was cleaned thoroughly with cotton dipped
in acetone. The test was performed under a 48 * 2
relative humidity and 30°C condition. The specific
wear rate (W,) can be determined by the slop of the
line between the height loss per unit sliding distance

(h/s) and the nominal pressure (p) as given in
Eq. (1)

h/s = Wsp

where /1 is the height of the sample removed and s
is the sliding distance. The composite pin height
losses were measured by measuring height to an ac-
curacy of 1 um. To investigate the role of transfer
film on wear rate, the specific wear rate of mild steel
(MS) was also determined under the similar test
conditions.

Scanning electron microscopy (SEM) (Philips XL-
30) was used to examine the worn surface of the
composites pins and wear debris. All samples were
coated with a thin layer of gold to make them elec-
trically conductive prior to examining on SEM.
Energy dispersive spectroscopy (EDS) was used to
test the elemental composition of the contact surface
of the composites. The transfer films formed
between the pin and countersurface were examined
by optical microscopy.

RESULTS AND DISCUSSION
Wear and friction testing

Figure 1 shows the specific wear rate (W,) for the
MS, PEEK, and PEEK/AIN microcomposites. The W;
of PEEK is 9.7 x 107° mm’/N m and of MS is 95 x
107° mm®/N m under the similar test condition. The
W, of MS is approximately one order of magnitude
higher than that of pure PEEK despite its much
higher Vickers hardness (125 kg/mm?®) compared
with PEEK (24 kg/mm?). It may be due to the for-
mation of hard iron oxides debris during repeated
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Figure 1 Specific wear rate for mild steel (MS), PEEK
and PEEK/AIN microcomposites (sliding speed: 1 m/s
and sliding distance: 9 km). Data show the average of
three readings.

sliding and hence, poor transfer film on the counter-
surface. In addition to this, for steel-steel sliding, the
main factor may be attributed to adhesive wear due
to the cold welding points. In case of pure PEEK,
moderate wear rate is attributed to the unstable
transfer film appeared on its wear scar which results
in lumpy and flaky debris. These debris particles
could not be spread out uniformly and hence result-
ing in poor adhesion between the transferred debris
and countersurface."' Figure 2 shows the W, for the
MS, PEEK, and PEEK/AIN nanocomposites. It can
be seen from Figures 1 and 2 that the W, of the
micro- and nanocomposites decreases with increas-
ing AIN content and it reaches to a minimum level,
ie, 52 x 107°* mm®/N m for 20 wt % (9 vol %)
micro-AIN composite and 2.3 x 107® mm®/N m for
30 wt % (14.5 vol %) nano-AIN composites. When
the micro-AIN content is above 30 wt %, the W, is
increased drastically with an increasing AIN content,
despite their higher hardness and stiffness'” com-
pared with pure PEEK. The significant improvement

Specific wearrate (x10°mm’/N.m)
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Figure 2 Specific wear rate for mild steel (MS), PEEK,
and PEEK/AIN nanocomposites (sliding speed: 1 m/s and
sliding distance: 9 km). Data show the average of three
readings.
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Figure 3 Coefficient of friction as a function of load for
PEEK/AIN microcomposites (sliding speed: 1 m/s and
sliding distance: 9 km).

in wear resistance (inverse of specific wear rate) of
composites may be attributed to two main factors.
First, the increased hardness and stiffness of the
composites containing lower wt % AIN. Second, for-
mation of a thin, uniform, and tenacious transfer
film on the counterface. This transfer film covers the
asperities of the counterface and reduces its wearing
effect on the composite pin surface. The resultant
transfer film plays the dominant role during wear
process. The decreased wear resistance at higher
micro-AIN content may be attributed to several fac-
tors. First, poor quality transfer film could not cover
the asperities of counterface. Second, poor quality
transfer film results in decrease in interparticle dis-
tance of detached micro-AIN particles in the transfer
film with increasing micro-AIN particles which in
turn leads to aggregation of AIN particles. These
aggregates may act as additional abrasives and give
rise to birth to a third body wear mechanism. The
resultant debris was powdery and separated out
from the countersurface during subsequent sliding
because of poor adhesion to the countersurface.
Third, angularity shaped hard micro-AIN particles
may substantially abrade the countersurface, as veri-
fied by examining the worn surface of 50 wt % (28.4
vol %) composite pin using EDS, and regenerate
new track during every successive cycle, which
results in additional wear of the composite. To
understand the wear mechanism of composites SEM,
EDS and optical microscopy of the composite sam-
ples have been discussed in next section.

Figures 3 and 4 show the coefficient of friction (1)
of the PEEK/AIN micro- and nanocomposites,
respectively as a function of load and AIN loading.
From Figure 3, it can be seen that the p for pure
PEEK decreases with increasing load. The p for
micro- and nanocomposites was also decreased
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slightly with increasing load. However, it is clear
that the p of all microcomposites was higher than
that of pure PEEK. This is similar to the results of
PTFE composites containing Ni powder.® For the
50 wt % microcomposite, the p was highest and fluc-
tuated between 0.69 and 0.85. However, the p or
nanocomposites was slightly lower at smaller load
and higher at larger load than that of pure PEEK as
shown in Figure 4. The higher p may be attributed
to the increased contribution to the deformation
components of friction by the hard AIN particles
during sliding against the polymer and similar
particles present in the transfer film."!

Optical microscopy of the transfer films

Figure 5(a) shows optical microscopy image of as
polished initial surface of the countersurface. Figure
5(b—d) shows the transfer films developed after 3 km
sliding by pure PEEK, 20 wt % and 50 wt % micro-
composites, respectively. Figure 5(b) shows that
pure PEEK forms a transfer film with moderate
quality, which does not cover completely trough and
asperities of the countersurface. In case of 20 wt %
microcomposite, formation of a uniform and tena-
cious transfer film occurs as shown in Figure 5(c).
This contributes to a significant decrease in specific
wear rate. But, in case of 50 wt % microcomposite,
there is only partial development of transfer film on
the countersurface as shown in Figure 5(d,e). This
may be due to the poor adhesive strength of the
transfer film with countersurface.® It is well known
that at higher ceramic particles loading particle—par-
ticle interaction occurs, which results in aggregates.
Hence, these aggregates hinder the formation of a
continuous transfer film on the countersurface.

1

0.8
s
k)
=

0.6 -
% ‘Qﬁ
5
ﬁ 0.4 1
© —4—0 vol% —— 4.2 vol%
© 02 - —A-90vol%  —A-145voPs

0 : : .
10 15 20 25 30
Load (1)

Figure 4 Coefficient of friction as a function of load for
PEEK/AIN nanocomposites (sliding speed: 1 m/s and
sliding distance: 9 km).
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Figure 5 Optical micrographs of transfer films developed on steel countersurface during sliding wear for (a) as polished
countersurface, (b) ANM-0 (PEEK), (c) ANM-20, and (d and e) ANM-50. Arrow shows sliding direction (sliding speed: 1
m/s and sliding distance: 3 km). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com. |

SEM study of worn surfaces

The SEM images of the debris of pure PEEK, 30 wt
% (ANM-30) microcomposite and MS are shown in
Figure 6(a—c), respectively. The wear of PEEK gener-
ates flaky or lamellae like debris on the steel coun-

Journal of Applied Polymer Science DOI 10.1002/app

tersurface during wearing because the debris can be
easily removed during subsequent wear. The size of
ANM-30 microcomposite debris is smaller than that
of pure PEEK. As the AIN content in PEEK increases
debris particle size decreases. Figure 6(c) shows that
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Figure 6 SEM of debris of (a) ANM-0, (b) ANM-30, (c) mild steel (scale bar: 50 pm), and (d) EDS of debris of mild steel.

the size of wear debris generated by MS is from sev-
eral microns to more than 50 pm and debris have
sharp edges, which probably result in much higher
wear rate of MS than that of pure PEEK and its com-
posites. Figure 6(d) shows EDS of debris of MS. We
can clearly see that there are two most strong peaks
indicating presence of oxygen and iron, i.e., forma-
tion of iron oxide during repeated dry sliding.
Figure 7 shows SEM images of the worn surfaces
of the pure PEEK and its microcomposites. The
worn surface of pure PEEK shows a sign of adhesive
wear as shown in Figure 7(a,b), which was caused
by the removal of flaky or lamellae like debris from
the pure PEEK surface. This indicates that adhesion
is the dominant wear mechanism for pure PEEK. In
contrast, ANM-20 microcomposite shows adhesive
and microploughing wear as shown in Figure 7(c,d).
Figure 7(e) showing the worn surface of ANM-50
also indicates adhesive wear with sign of micro-
ploughing. It is obvious that in this case the adhe-
sive film is quite discontinuous/patchy. Thus, AIN
particles present in the composite pin are exposed,
which can be clearly seen at higher magnification in

Figure 7(f). The worn surface of ANM-50 also con-
tains wear particles originating from the steel coun-
tersurface. To confirm this, EDS was conducted on
the worn surface of ANM-50 composite pin. The
EDS spectrum shows presence of Al (from AIN), Fe
and Mo elements (from EN-24 steel countersurface).
This reveals that AIN along with PEEK and metallic
particles containing Fe/Mo are transferred from the
composite pin and countersurface, respectively to
form a mechanically mixed layer on the composite
pin. Thus, SEM and EDS examination of worn
PEEK/AIN composites indicates that higher loading
of micro-AIN in the composites can cause three phe-
nomena named as adhesive film becomes discontin-
uous, microploughing mechanism becomes operative
due to third body abrasion resulting from hard par-
ticles (AIN and steel) in the debris, and even hard
countersurface also gets damaged generating metal-
lic particles. Figure 8 shows SEM image of worn sur-
face of the 30 wt % nano-AIN (ANN-30) nanocom-
posite. This shows that adhesive wear is almost
abated. Hence, wear rate of the nanocomposites is
decreased significantly.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 SEM of worn surface of (a and b) ANM-0, (c and d) ANM-20, and (e and f) ANM-50 [scale bar: 300 um (for a,

¢, and e) and 50 um (for b, d, and f)]

CONCLUSIONS

On the basis of the above investigations, the follow-
ing conclusions can be drawn.

1. Wear resistance (i.e., inverse of specific wear
rate) of PEEK sliding against EN-24 steel coun-
tersurface is increased by about 2-fold at 20 wt

Journal of Applied Polymer Science DOI 10.1002/app

% micro-AIN and by more than 4-fold at 30 wt
% nano-AIN content. The significant improve-
ment in wear resistance is attributed to the for-
mation of a thin and coherent transfer film
between the composite pin and countersurface.

. Wear resistant of PEEK/AIN microcomposite

containing above 30 wt % AIN decreases with
increasing AIN. This is attributed to the poor
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Figure 8 SEM of worn surface of ANN-30 (scale bar: 300
pm; arrow shows sliding direction).

quality transfer film and third body wear
mechanism.

3. Coefficient of friction of microcomposites is

higher than that of pure PEEK. However, it is
lower for nanocomposites at smaller load than
pure PEEK.
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