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1 | INTRODUCTION

Alois K. Schlarb®%3

In the present study, tribological properties of PEEK/CF/nanosilica composites with
distinct amounts of silica nanoparticles against steel were studied by using a block-
on-ring tribometer followed by the characterizations of associated transfer films and
polymer worn surfaces. The results demonstrate that the content of silica
nanoparticles exerts an obvious influence on the friction and wear properties of
PEEK/CF/nanosilica composites. Under low-load conditions, the friction coefficient
and specific wear rate exhibit opposite dependence on the nanosilica content. The
friction coefficient decreases with increasing nanofiller content, while the specific
wear rate increases with enhancing nanosilica loading. When the load conditions
were changed toward high values, the divergence of the tribological properties
becomes insignificant, which show less dependence on the nanosilica loading. Taking
into account the practical applications of such composites, the composite containing
2 wt.% silica nanoparticles can serve as an excellent candidate for manufacturing tri-

bological components in the practical applications.
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fibers, glass fibers, and aramid fibers. The solid lubricants reduce the
friction, while the reinforcing fibers enhance the wear resistance of

Polyetheretherketone (PEEK) is one of the mostly used high-
performance polymers for industrial applications, which exhibits excel-
lent mechanical properties and thermal resistance.® Its glass transi-
tion temperature and melting temperature are 150°C and 343°C,
respectively.* As a representative of high-performance polymers used
as tribological materials for producing different components in
mechanical and automotive engineering, for example, sliding bearing
bushings, cages of high-precision ball bearings, polymer gears, etc.,
PEEK has been paid much attentions.>® It is generally accepted that a
high-performance polymer-based tribomaterial consists of a high-

performance polymer, such as PEEK, polyimide,?*°

11

polyphenylene
sulfide,** internal solid lubricants (polytetrafluoroethylene, graphite,

molybdenum disulfide), and reinforcing fibers, for example, carbon

the polymer composite.

Recently, the friction and wear properties of such tribocomposites
have been successfully controlled by adding functional fillers at differ-
ent length scales for further increase of their tribological properties, for
example, submicro- and nano-sized particles.*?>"*” In the study of Zhang
et al.,*® they studied the roles of low-loading nano-sized silica particles
(1 vol.%) on the friction and wear behavior of short carbon fiber (SCF)/
PTFE/graphite (micro-sized)-filled PEEK. It was found that the
nanoparticles remarkably reduced the friction coefficient in the studied
range of pressure (p) and velocity (v) conditions up to 7 MPa and 2 m/s.
With respect to the wear performance, the wear resistance of the
PEEK composite was greatly improved under high pv-conditions by
addition of nanosilica. In a more recent study,'® Chang and co-workers
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investigated the impact of nanofiller content on the tribological proper-
ties of PEEK. It was reported that there was an optimum filler loading
for the specific wear rate. More importantly, like other properties of
polymer nanocomposites, homogeneous distribution of nanoparticles
within the PEEK matrix and strong filler/matrix interphase is responsi-
ble for the improvement of the tribological performance.*”?° In sum-
mary, it can be concluded that addition of nano-sized inorganic
particles can reduce the friction and wear of the polymer materials.

To guide the designing of PEEK components with high reliability,
tailored friction, and wear performance for tribological applications,
studies on the friction and wear mechanisms of PEEK composites
have been the pursuit of researchers. Transfer films have been found
to be a crucial factor in governing the tribological functionality of
PEEK composites.??2 As for the role of rigid particle fillers, it was
revealed that the particles may slide or roll between the fiber and
counterpart interface depending on the loading parameters.?® The
movement pattern of the rigid particles may be closely related to the
near surface properties of the mating polymer materials, which also
showed great contribution to the tribological characteristics of poly-
mer materials.?* In our recent study,25 it was revealed that the inter-
nal solid lubricants were no more than the indispensable component
for ensuring superior tribological performance of polymer composites
owing to the synergetic effect between the carbon fibers and the rigid
particles. Meanwhile, such tribocomposites with high-carbon-fiber
content exhibited excellent mechanical properties, which can broaden
their applications. In this work, tribological properties of PEEK/CF/
nanosilica composites with different nanosilica contents were investi-
gated in a wide range of pressure and sliding velocity conditions and
compared with those of a conventional PEEK-based tribocomposite,
in which only carbon fibers and graphite particles were incorporated.
In addition, the friction and wear mechanisms were characterized
based on the comprehensive analysis of the polymer worn surfaces
and transfer films formed on the steel counterpart. The aims of the
present study are, on the one hand, to explore the optimum nanofiller
loadings for the tribological performance of PEEK composites and, on
the other hand, to reveal the dominant mechanisms in governing the
tribological performance of the composites studied.

2 | MATERIALS AND METHODOLOGY
2.1 | Materials and samples preparation

VESTAKEEP 2000G from Evonik Industries, Germany, was chosen as

the polymer matrix due to its excellent mechanical properties and
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thermal resistance. Chopped carbon fibers (Sigrafil C30) provided by
SGL Group, Germany, graphite powder (RGC 39A) from Superior
Graphite, Sweden, and nano-sized silica (Aerosil R9200) from Evonik
Industries, Germany, were utilized as reinforcing fillers. Their specifica-
tions according to the manufacturers are given in Table 1. In addition,
morphology images of the as-received fillers are shown in Figure 1.

The nanosilica content in the composites was varied from 1 to
10 wt.%. The designations and detailed formulations of the compos-
ites are introduced in Table 2. Traditional PEEK tribocomposite
(PEEK-Tr.) without nanosilica was used as the reference material. The
combinations of PEEK and different kinds of fillers were chosen based
on the experimental results of our recent study,?* which studied the
influence of inorganic particles on the tribological performance of
polybutylene terephthalate (PBT) composites. The composites were
prepared on a co-rotated twin-screw extruder (ZSE 18 MAXX,
Leistritz Extrusionstechnik GmbH, Germany) by using a multistep
compounding approach. In a first step, a PEEK masterbatch filled with
20 wt.-% silica nanoparticles was prepared. Afterward, it was diluted
to the target concentrations by mixing with pure PEEK. The final com-
pounding of the composites was succeeded by feeding this pure
PEEK/PEEK masterbatch mixture and chopped carbon fibers in the
main feeder of the twin-screw extruder. The temperature of the
heating zones was set to 120°C, 370°C, 395°C, 395°C, 395°C, 395°C,
395°C, 395°C, 395°C, and 395°C from the hopper to the nozzle. The
screw speed and throughout were chosen as 100 rpm and 2.5 kg/h,
respectively. In comparison, the traditional PEEK composite filled with
chopped carbon fibers and graphite particles was prepared by feeding
pure PEEK and chopped carbon fibers in the main feeder followed by
feeding the graphite particles through a side feeder under same
processing conditions. This multistep compounding process can lead
to a high dispersion and distribution quality of the particulate fillers
according to early studies.??*°

After compounding of the designed composites, they were injection-
molded to sheets with a dimension of 50 mm x 50 mm x 4 mm by using
an injection molding machine (Engel victory 200/80 spex, ENGEL Austria
GmbH, Austria), from which the mechanical and tribological specimens
were milled. During injection molding, the cylinder temperature was kept
at 385°C, 395°C, 395°C, and 395°C in different zones. The mold temper-
ature was chosen as 195°C. The processing chain from the row materials
to the testing specimens is shown in Figure 2. After injection molding of
all the composites, the density of each composite was determined
according to Archimedes' principle by using a precision balance (Kern ABT
220-50M, Germany). The results are shown in Table 3. The density of the
composites was used to calculate the specific wear rate of the studied

composites.

TABLE 1  Specifications of different fillers according to the manufacturers?¢-28
Filler designation Trade name Particle size Fiber diameter Fiber Length Density
CF Sigrafil C30 - 7 pm 6 mm 1.8 g/cm3
Graphite RGC 39A 18-22 um (d90) — — 2.25 g/cm®
Nanosilica Aerosil R9200 12 nm - - 2 g/cm®
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FIGURE 1

Designation of the Tribocomposites

Morphology of the as-received filers: (A) carbon fiber, (B) graphite, and (C) nanosilica

TABLE 2 Compositions and
designations of the tribocomposites

Polymer/fillers PEEK-Tr PEEK/CF-N1  PEEK/CF-N2  PEEK/CF-N5 PEEK/CF-N10 studied
PEEK wt% 80 79 78 75 70
CF wt.% 10 20 20 20 20
Graphite wt% 10 — — — —
Nanosilica wt% — 1 2 5 10
< |
w- o
T 2 PEEK Mechanical und tribological
l L composites specimens
v

@@i
oL

* %Eai*"ﬁ*
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Compounding

Injection molding

speed for determining the Young's modulus was chosen as 1 mm/min,
while it was kept at 50 mm/min for calculating the tensile strength.

Five samples were examined for each PEEK composite, in order to cal-

Tribological investigations were carried out on a block-on-ring (BoR)
testing device at room temperature under dry sliding conditions, as it is

FIGURE 2 Processing chain for preparation of the mechanical and tribological testing specimens
TABLE 3 Density of the studied composites
Composites Density, g/cm®
PEEK-Tr 1.376
culate the mean values.
PEEK/CF-N1 1.373
PEEK/CF-N2 1.377
ALY e 2.3 | Tribological tests
PEEK/CF-N10 1.415
2.2 | Mechanical tests described in an early study.®

In order to reveal the mechanical properties of the composites, tensile
tests were performed on a Zwick universal testing machine
(RetroLine, Zwick GmbH & Co. KG, Germany) at room temperature
following the international standard DIN EN ISO 527. The crosshead

This test configuration is a commonly
used approach for characterizing tribological behavior of polymer/steel
tribopair. The dimension of the specimen is 4 mm x 4 mm x 10 mm,
which was prepared from the injection-molded sheet. The testing area
was the area of 4 x4 mm? Steel ring made of 100Cré (INA
IR60X50X25, Schaeffler Technologies AG & Co. KG, Germany) was
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used as counterpart. Its surface roughness (R,-value) is approximately
0.1 to 0.2 um. After tribological characterizations, the steady-state fric-
tion coefficient and specific wear rate were evaluated. The specific

wear rate (w,) was determined according to formula (1):%2
ws=Am/(p-Fn-v-t) [mm®/(Nm)] (1)

in which, Am is the mass loss of the composite material, p pre-
sents its density, and Fy denotes the normal load. v and t are the slid-
ing speed and time, respectively. For each pv-combination, at least
three tests were conducted for determining the average friction coef-
ficient and specific wear rate.

2.4 | Analysis of the worn surfaces transfer films

Worn surfaces of polymer samples and transfer films formed on the
steel ring were characterized by using a Keyence laser scanning micro-
scope VK-X1050, Japan, and a JEOL scanning electron microscope
(SEM, JSM-6460 LV SEM, Japan) with energy-dispersive X-ray (EDX)
spectroscopy. In addition, the thickness of the transfer films was
determined by applying a focused ion beam (FIB) system (FEI Altura
875 Dualbeam, USA). In order to avoid the damage of the transfer
films during the FIB cutting process, the counterbody surface was
sputtered with a thin layer of platinum prior to the cutting process.

3 | RESULTS AND DISCUSSION

3.1 | Mechanical properties

Mechanical performance of polymer materials is of vital importance
for their applications, which is also very important for tribological
applications of such materials. Generally, high mechanical properties
can significantly enhance their load-bearing capacity and broaden the
pv-limit of polymer-based tribomaterials. Figure 1 shows the tensile
properties of PEEK composites. As is seen in Figure 3A,B, addition of
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high amounts of carbon fibers and nanosilica into PEEK matrix leads
to enhanced stiffness and strength compared to that of PEEK-Tr.
However, high filler loading impairs the ductility of the PEEK/CF/
nanosilica composites (Figure 3C). The elongation at break of PEEK/

CF/nanosilica composite with 10 wt.% nanosilica content is about 3%.

3.2 | Friction and wear properties

The steady-state friction coefficient and specific wear rate of PEEK-Tr
are shown in Figure 4. As can be seen, the friction coefficient exhibits
less dependence on the pv-conditions except at 8 MPa and 4 m/s,
which is between 0.3 and 0.45 in the studied range of pv-conditions
(Figure 4A). More surprisingly, PEEK-Tr presents the lowest friction
coefficient of 0.26, once the pv-product was raised to 32 MPa-m/s.
Considering the specific wear rate of PEEK-Tr, it is observed that,
unlike the friction coefficient, the wear resistance of PEEK-Tr is much
susceptible to the pv-level. Under pv-conditions higher than 6 MPa-m/
s, an increase in the pressure at same velocity leads to an decrease of
the specific wear rate up to 51%, as is shown in Figure 2B.

With respect to the friction performance of PEEK/CF/nanosilica
composites, it can be clearly seen from Figure 5A that the friction
coefficient of the composites decreases with increasing pv-product,
independent on the nanosilica content. The lowest friction coefficient
can be found under the highest load condition, that is, 8 MPa and
4 m/s, which is less than 0.1. More importantly, the nanoparticle con-
tent exerts pronounced effect on the friction property under low- and
moderate-load conditions up to 6 MPa-m/s (Figure 5A). At 1 and
2 MPa-m/s, high amount of nanosilica leads to much better friction
performance. However, moderate amount of nanofillers results in low
friction coefficient when the pv-condition is raised to 1:4 and
3:2 MPa:m/s. Under high-load conditions, the nanofiller content has
almost no impact on the friction behavior of the PEEK/CF/nanosilica
composites. All the composites present similar friction coefficient.
Figure 5B shows the dependence of specific wear rate on the pv-
conditions and nanosilica concentrations. Unlike the dependence of
the friction coefficient on the load conditions and nanofiller contents,

BPEEK-TT.

@ PEEK/CF-N1
OPEEK/CF-N2
B PEEK/CF-N5
BPEEK/CF-N10

Elongation at break, %

FIGURE 3 Mechanical properties of the PEEK/CF/nanosilica composites (A) Young's modulus, (B) tensile strength, and (C) elongation at

break
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the specific wear rate exhibits distinct trend. In the studied pv-range,
PEEK/CF-N10 shows generally the highest specific wear rate
(Figure 5B), especially at 1 MPa and 1 m/s. Its specific wear rate is
twofold higher than that of other PEEK/CF/nanosilica composites at
1 MPa-m/s. In contrast, the PEEK/CF/nanosilica composites filled
with low loadings of nanosilica, that is, 1 and 2 wt.%, present much
better wear performance in the studied range of pv-conditions. Over-
all, it can be concluded from Figure 5 that PEEK/CF-N2 displays
simultaneously lowest friction coefficient and high wear resistance in
a wide range of load conditions among the PEEK/CF/nanosilica com-
posites studied.

Compared the tribological properties of PEEK/CF/nanosilica com-
posites with those of the traditional PEEK composite (PEEK-Tr), it can
be observed that addition of nanoparticle into the PEEK/CF compos-
ite significantly reduces the friction coefficient and enhances the wear
resistance, especially under moderate- and high-load conditions
(Figures 4 and 5). For instance, the friction coefficient of PEEK/CF/
nanosilica composites at 8 MPa and 4 m/s shows a reduction of more
than 100% compared to that of PEEK-Tr. Similar phenomenon can be
also observed for the wear resistance of the materials. The specific
wear rate of the PEEK/CF/nanosilica composites at 4 MPa and 4 m/s
is around 0.8*107¢ mm3/(Nm), which is 1.5*107¢ mm?3/(Nm) for
PEEK-Tr (Figure 4). As mentioned above, PEEK/CF-N2 exhibits the
best tribological performance in the studied range. Its friction coeffi-

cient and specific wear rate are similar to those of a high-performance

pv-combination, MPa-m/s [M

wear rate of PEEK-Tr on the load
m H I conditions
'<_r' N
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FIGURE 5 Comparison of

(A\) friction coefficient and (B) specific
wear rate of PEEK/CF/nanosilica
composites with various nanofiller
contents

pv-combination, MPa-m/s [MPa:m/s]

PEEK-tribocomposite under extreme pv-conditions reported in the
which is filled with 10 vol.% carbon fiber, 8 vol.% solid
lubricant, and 2 vol.% nanosilica. However, this tribocomposite pre-

literature, >3

sents much higher mechanical properties due to the high amount of
carbon fibers (Figure 3A,B). In order to evaluate the potential for the
practical applications of PEEK/CF-N2 composite, we compare its fric-
tion and wear performance with that of a commercially available high-
performance PEEK-based tribocomposite (Victrex WG101, Victrex
plc, UK). The results demonstrate that both the friction coefficient
and specific wear rate of PEEK/CF-N2 are lower than those of
WG101 under similar pv-conditions measured from a BoR tribometer
which were reported in Reference 34, which indicates that PEEK/CF-
N2 can be an excellent candidate for producing polymer-based tribo-

logical components in service.

3.3 | Tribological mechanisms

In order to elucidate the friction and wear mechanisms of the studied
PEEK composites, worn surfaces of the polymer specimens after the
sliding wear tests were inspected by using a laser scanning micro-
scope. The micrographs of the worn surface of PEEK/CF/nanosilica
composites at 1 MPa and 1 m/s are shown in Figure 6. The composi-
tion of the materials exerts obvious influences on the surface mor-

phologies of the polymer sample. In comparison to the relatively
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FIGURE 6 Representative micrographs of the polymer worn surfaces of (A) PEEK-Tr, (B) PEEK/CF-N1, (C) PEEK/CF-N2, and (D) PEEK/CF-
N10 at 1 MPa and 1 m/s. The sliding direction is from the left- to the right-hand side. The scale bar is same for all the images

rough worn surface of PEEK/CF-N10 with deep plowing furrows in
some contact regions (Figure 6D), PEEK/CF-N1 exhibits smoother
worn surface, as is shown in Figure 6B. As considering the worn sur-
faces of PEEK-Tr and PEEK/CF-2, both composites present similar
micrograph of the worn surface, whereby shallow plowing furrows on
the contact region can be clearly observed (Figure 6A,C). It is com-
monly accepted that the adhesion component dominates the friction
performance under lower load conditions within polymer/steel
tribosystems.313° This smooth worn surface of PEEK/CN-N1 enlarges
the real contact area between the steel and polymer sample. As a
result, friction coefficient of PEEK/CF-N1 shows the highest value
among all the materials studied due to enhancing adhesion between
the sliding pair (Figure 5A). On the contrary, deep plowing furrows
induced by fractured carbon fibers or some nanosilica agglomerates at
high filler content lead to high material loss of the sample during the
sliding wear test, which significantly impairs the wear resistance of
PEEK/CF-N10 at 1 MPa and 1 m/s, as is shown in Figure 5B.

When the pv-combination was increased to 8 MPa and 4 m/s,
the difference of the worn surface morphology between different
PEEK composites becomes insignificant (Figure 7), which is associated

with the cross-talk contribution of the frictional deformation

component. Under extreme load conditions, the carbon fibers were
forced to bear the high pressure applied on the sample due to its high
stiffness compared to that of PEEK matrix. As a result, the adhesion
component of friction is reduced. In this case, the friction and wear
properties of PEEK/CF/nanosilica composites with distinct composi-
tions do not differ from each other owing to the same carbon fiber
concentration of these nanocomposites (Figure 5, pv-conditions
above 16 MPa-m/s). More importantly, addition of nano-sized ceramic
particles clearly changes the tribological mechanisms of the PEEK
composites (Figure 7B-D). The worn surface of PEEK/CF/nanosilica
composites is much rougher than that of PEEK-Tr (Figure 7A), which
indicates that the real contact between the sliding pair is diminished
compared to that at low pressure. This decreasing real contact area
leads to less adhesion between the polymer sample and steel ring
interface. Consequently, PEEK/CF/nanosilica composites exhibit
lower friction coefficient (Figures 4 and 5).

Analysis of the worn surface of PEEK/CF-N2 by means of FIB
under high resolutions provides additional information on the tribo-
logical mechanisms of PEEK/CF/nanosilica composites. As is seen
from Figure 8A, PEEK/CF-N2 exhibits quite rough surface with some
fractured carbon fibers as indicated by the black arrows. Close
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FIGURE 7 Worn surface morphology of (A) PEEK-Tr, (B) PEEK/CF-N1, (C) PEEK/CF-N2, and (D) PEEK/CF-N10 at 8 MPa and 4 m/s. The
sliding direction is from the left to the right-hand side. The scale bar is same for all the images

inspection of the worn surface demonstrates that PEEK/CF-N2 pre-

sents quite poor carbon fiber/matrix-interphase (Figure 8B). More
interestingly, carbon fibers protrude out of the area of polymer mate-
rial, which means that they bear the load applied on the composite
under high-load conditions during the sliding process. In addition, par-
ticulate wear debris accumulates adjacent to the carbon fibers, as can

be clearly seen in Figure 8B. Similar morphologies can be also

FIGURE 8 Micrographs of PEEK/
CF-N2 at (A) low and (B) high
magnification under a pv-condition of
8 MPa and 4 m/s. The sliding
direction is from top to bottom. The
black arrows in (A) indicate the
fractured carbon fibers

observed on the worn surfaces of other PEEK/CF/nanosilica compos-
ites studied in this work (Figures S1 and S2). These phenomena lead
to diminishing real contact areas during the sliding wear test. As a
result, the adhesion between the sliding pair is also reduced. Thus, the
PEEK/CF/nanosilica composites exhibit much lower friction coeffi-
cient than that of PEEK-Tr under the same pv-condition, which shows

smoother worn surface (Figure 9). Moreover, the rolling of tiny rigid
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nanoparticles between the sliding pair under extreme load conditions
can also contribute to the friction reduction, as reported in our early
studies.®3¢ The accumulation of the wear debris and inorganic parti-

cles adjacent to the carbon fibers serves as third bodies between the

FIGURE 9 Micrographs of PEEK-Tr at 8 MPa and 4 m/s. The
sliding direction is from top to bottom
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sliding pair, which might prevent the severe wear of the polymer
matrix.

It has been generally accepted that the formation of transfer films
on the steel counterpart, that is, structure and properties, plays a vital
role on determining the tribological performance of polymer/steel
tribosystems.333738 Analysis of the transfer films formed on the steel
counterface reveals that the wear particles of PEEK/CF/nanosilica
composites are entrapped into the deep grooves (dark areas in SEM
images in Figure 10) on the steel surface in the earlier sliding process
that reduces the surface roughness and thus decreases the abrasion
of the counterpart asperities. More interestingly, it is also manifested
that PEEK/CF/nanosilica composites present similar morphology of
transfer films independent on the load conditions and nanofiller con-
tent (Figure 10).

Inspection of the transfer film structure in its thickness direction
by using FIB cut of the steel counterpart clearly reveals that the trans-
ferred materials are entrapped into the deep grooves of the steel
counterbody (Figure 11) and smooth the counterface. In addition,
transfer films can be also found on the smooth areas of the
counterbody surface, as is shown in Figure 11. The thickness of the
transfer films can attain hundreds of nanometers. As is seen, there is
almost no difference of the transfer films between PEEK/CF/nano-
silica composites with different particle contents under the same pv-
condition. It can be therefore concluded that the distinction of the
friction and wear properties of the PEEK/CF/nanosilica composites

FIGURE 10 Representative micrographs of transfer films formed on the steel counterface of (A) PEEK/CF-N2 at 1:1 MPa:m/s, (B) PEEK/CF-
N10 at 1:1 MPa:m/s, (C) PEEK/CF-N2 at 8:4 MPa:m/s, and (D) PEEK/CF-N10 at 8:4 MPa:m/s. Sliding direction is from top to bottom
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(A) Pt-layer

FIGURE 11

Representative micrographs of transfer films generated at different pv-products in thickness direction: (A) PEEK/CF-N2 at

1:1 MPa:m/s, (B) PEEK/CF-N10 at 1:1 MPa:m/s, (C) PEEK/CF-N2 at 8:4 MPa:m/s, and (D) PEEK/CF-N10 at 8:4 MPa:m/s
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FIGURE 12 Quantitative elemental distribution of the tribofilms
after being slid against the steel counterpart under distinct load conditions

can be mainly contributed to the adhesion and abrasion nature between
the sliding pair.Quantitative SEM/EDX-analysis of the transfer films
formed on the steel ring surface in a broad area (Figures S3 and S4)
reveals that, independent on the load conditions and compositions of
the tribocomposites, the transfer film presents similar elemental compo-
sitions, for example, C-, O-, Si-, Cr-, and Fe-element, as is shown in
Figure 12. Considering the atom content of the transfer films, as-
received ring without transfer film exhibits the highest content of Fe-ele-
ment. When transfer film was generated, the content of Fe-element
drops due to the partially covering of the composite on the steel surface
(Figure 10). In addition, the tribofilm of PEEK/CF-N10 generated under a
load condition of 8 MPa and 4 m/s shows the lowest Fe-element con-
tent and highest content of Si- and O-element, which means that more
transfer materials are presented in the inspected areas. Nevertheless,
based on the micrographs and EDX-analysis, it can be concluded that

there is no significant distinction of the transfer film generation between

different load conditions and material compositions. In this study, differ-
ent friction and wear properties are mainly caused by the distinct pat-

terns of the polymer worn surfaces, as mentioned above.

4 | CONCLUSIONS

In the present study, tribological properties of PEEK/CF/nanosilica
composites with distinct nanosilica loadings were systematically
investigated under dry sliding conditions on a BoR apparatus. The fol-

lowing conclusions can be drawn:

1. It is revealed that PEEK composites filled with carbon fibers and
silica nanoparticles exhibit much better friction and wear perfor-
mance compared to those of PEEK-Tr. More importantly, their tri-
bological performance is strongly dependent on the nanofiller
content.

2. PEEK/CF/nanosilica composite filled with 2 wt.% nanosilica
exhibits excellent tribological properties in the whole pv-range
studied, which can meet the requirements of the industrial
applications.

3. It is of great interest to reveal that the transfer film shows similar
morphology and composition independent on the nanosilica con-
tents and pv-conditions. The dominant tribological mechanisms,
which determine the friction and wear behavior of the PEEK/CF/

nanosilica composites, are the abrasive or adhesive wear,

ACKNOWLEDGEMENTS

The authors thank the financial support of the German Research
Foundation (DFG) for this work (Grand No.: SCHL 280/33-1). We also
acknowledge Evonik Industries (Germany), SGL Group (Germany), and
Superior Graphite (Sweden) for providing the experimental materials.
We would also like to thank Mr. J. Lésch, IFOS GmbH, Kaiserslautern,
Germany, for his support on the SEM characterizations.

Open access funding enabled and organized by Projekt DEAL.

85U SUOWILLOD BAER1D 3|edt dde U AQ peuRA0B B1e Sa PR VO B8N JO S3INJ o} AXeIq1 8UIIUO AB]IM UO (SUORIPUOD-pU.-SLULBYWO"AB| 1M AReq U |uo//SAIY) SUORIPUOD Pue SWwid L 84} 885 *[202/70/vT] Uo ARiqIT8UIIUO A8|IM ‘TepUeT-uieie S.este TRISIRAILN SUISIULDS L BUDSIZRid-PUe|URUY Aq £Z£5 1ed/200T 0T/10p/woo" A3 M AReIq1jeut|uo//Sdny o1y papeo|umoq ‘8 ‘T20Z ‘T8STe60T



LIN ano SCHLARB

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on

request from the corresponding author. The data are not publicly

available due to privacy or ethical restrictions.

ORCID

Leyu Lin & https://orcid.org/0000-0001-7287-7010
REFERENCES

1. Yuan MJ, Galloway JA, Hoffman RJ, Bhatt S. Influence of molecular

10.

11.

12.

13.

14.

15.

16.

17.

weight on rheological, thermal, and mechanical properties of PEEK.
Polym Eng Sci. 2011;51(1):94-102.

Zhou B, Ji X, Sheng Y, Wang L, Jiang Z. Mechanical and thermal prop-
erties of polyetheretherketone reinforced with CaCOg. Eur Polym J.
2004;40(10):2357-2363.

Puértolas JA, Castro M, Morris JA, Rios R, Ansén-Casaos A. Tribologi-
cal and mechanical properties of graphene nanoplatelet/PEEK com-
posites. Carbon. 2019;141:107-122.

Lin LY, Tlatlik H, Gralla R, Igartua MA, De Baets P, Schlarb AK.
Mechanical and thermal behaviours of polyetheretherketone-based
multi-scale composites. J Compos Mater. 2012;47(17):2087-2096.
Wang QH, Xu J, Shen W, Liu W. An investigation of the friction and
wear properties of nanometer SizN, filled PEEK. Wear. 1996;196(1-2):
82-86.

Li J, Zhang LQ. Carbon nanotube as a reinforcing additive for PEEK
composite filled with carbon fiber. J Reinf Plast Compos. 2010;29(10):
1523-1533.

Pei XQ, Friedrich K. Sliding wear properties of PEEK, PBI and PPP.
Wear. 2012;274-275:452-455.

Lin LY, Schlarb AK. Effect of the varied load conditions on the tribo-
logical performance and the thermal characteristics of PEEK-based
hybrid composites. Tribol Int. 2016;101:218-225.

Min C, Liu D, Shen C, et al. Unique synergistic effects of graphene
oxide and carbon nanotube hybrids on the tribological properties of
polyimide nanocomposites. Tribol Int. 2018;117:217-224.

Song J, Yu 'Y, Zhao G, Qiu J, Ding Q. Comparative study of tribological
properties of insulated and conductive polyimide composites. Friction.
2020;8:507-516.

Jiang Z, Gyurova LA, Schlarb AK, Friedrich K, Zhang Z. Study on fric-
tion and wear behavior of polyphenylene sulfide composites
reinforced by short carbon fibers and sub-micro TiO, particles. Com-
pos Sci Technol. 2008;68(3-4):734-742.

Zhang G, Rasheva Z, Schlarb AK. Friction and wear variations of short
carbon fiber (SCF)/PTFE/graphite (10 vol.%) filled PEEK: effects of fiber
orientation and nominal contact pressure. Wear. 2010;268:893-899.
Bayerl T, Schlarb AK. Welding of tribologically optimized poly-
etheretherketone films with metallic substrates. Tribol Int. 2010;43:
1175-1179.

Greco AC, Erck R, Ajayi O, Fenske G. Effect of reinforcement mor-
phology on high-speed sliding friction and wear of PEEK polymers.
Wear. 2011;271(9-10):2222-2229.

Sharma SM, Ankush A. Friction and wear behaviour of Fe-Cu-C based
self lubricating material with CaF, as solid lubricant. Ind Lubr Tribol.
2017;69(5):715-722.

Zhong Y, Xie GY, Sui GX, Yang R. Poly(ether ether ketone) composites
reinforced by short carbon fibers and zirconium dioxide nanoparticles:
mechanical properties and sliding wear behavior with water lubrica-
tion. J Appl Polym Sci. 2011;119(3):1711-1720.

Friedrich K. Polymer composites for tribological applications. Adv Ind
Eng Polym Res. 2018;1:3-39.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.

30.

31

32.

33.

34.

35.

36.

37.

38.

paolymers
advanced. __ 3159
technologies WILEY

Zhang G, Chang L, Schlarb AK. The roles of nano-SiO, particles on
the tribological behavior of short carbon fiber reinforced PEEK. Com-
pos Sci Technol. 2009;69:1029-1035.

Kurdi A, Wang H, Chang L. Effect of nano-sized TiO, addition on tri-
bological behaviour of poly ether ether ketone composite. Tribol Int.
2018;117:225-235.

Basak AK, Pramanik A, Islam MN. Failure mechanisms of nanoparticle
reinforced metal matrix composite. Adv Mater Res. 2013;774-776:
548-551.

Wang QH, Pei XQ. Tribology of Polymeric Nanocomposites. Oxford:
Elsevier B.V; 2013 91 p.

Laux KA, Schwartz CJ. Influence of linear reciprocating and multi-
directional sliding on PEEK wear performance and transfer film for-
mation. Wear. 2013;301(1):727-734.

Chang L, Zhang Z, Ye L, Friedrich K. Tribological properties of high
temperature resistant polymer composites with fine particles. Tribol
Int. 2007;40(7):1170-1178.

Kapoor A, Franklin FJ. Tribological layers and the wear of ductile
materials. Wear. 2000;245(1-2):204-215.

Lin LY, Schlarb AK. The roles of rigid particles on the friction and wear
behavior of short carbon fiber reinforced PBT hybrid materials in the
absence of solid lubricants. Tribol Int. 2018;119:404-410.

N N. Product Specification. Ross-Shire, UK: SGL Carbon Fibers Ltd; 2010.
N N. Product Specification. Sundsvall, Sweden: Superior Graphite; 2008.
N N. Product Specification. Hanau, Germany: Evonik Industries AG; 2019.
Lin LY, Suksut B, Schlarb AK. Manufacturing of Nanocomposites with Engi-
neering Plastics. Cambridge, UK: Woodhead Publishing; 2015 279 p.
Hassinger |. Analyse und Entwicklung des Extrusionsprozesses zur
Erhéhung der Dispersionsqualitit von Nanopartikel-Polyamid 6-
Verbundwerkstoffen [PhD thesis]. Technische Universitit Kaisers-
lautern; 2014.

Lin LY, Schlarb AK. Recycled carbon fibers as reinforcements for
hybrid PEEK composites with excellent friction and wear perfor-
mance. Wear. 2019;432-433:202928.

Friedrich K, Zhang Z, Schlarb AK. Effects of various fillers on the sliding
wear of polymer composites. Compos Sci Technol. 2005;65:2329-2343.
Qi HM, Zhang G, Chang L, Zhao F, Wang TM, Wang QH. Ultralow
friction and wear of polymer composites under extreme unlubricated
sliding conditions. Adv Mater Interfaces. 2017;4(3):1601171.

N N. Materials Properties Guide. Thornton Cleveleys, UK: Victrex PLC;
2021.

Kaldcska G. An engineering approach to dry friction behaviour of
numerous engineering plastics with respect to the mechanical proper-
ties. Express Polym Lett. 2013;7:199-210.

Chang L, Zhang Z, Zhang H, Schlarb AK. On the sliding wear of nano-
particle filled polyamide 66 composites. Compos Sci Technol. 2006;66:
3188-3198.

Harris KL, Pitenis AA, Sawyer WG, et al. PTFE tribology and the role
of mechanochemistry in the development of protective surface films.
Macromolecules. 2015;48:3739-3745.

Guo LH, Zhang G, Wang DA, Zhao FY, Wang TM, Wang QH. Signifi-
cance of combined functional nanoparticles for enhancing tribological
performance of PEEK reinforced with carbon fibers. Compos Part A
Appl Sci Manuf. 2017;102:400-413.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Lin L, Schlarb AK. Development and
optimization of high-performance PEEK/CF/Nanosilica hybrid
composites. Polym Adv Technol. 2021;32:3150-3159. https://
doi.org/10.1002/pat.5327

85USD| T SUOWIWIOD BA 81D |ceo!dde au Aq peusenob ae sapne O ‘8sn Jo Se|n 10} ARiq1T 8UIIUO 43I UO (SUONIPUOD-PUB-SLLBI W0 A8 | 1M Ale.q 1 puluo//:SANY) SUONIPUOD pue SWis 18U 88S " [Z0Z/70/yT] Uo Ariqi8uluO 481 ‘Mepue-Ueinesiesiey IBISIBAIUN 8YISIULD | 8YISIZ Rid-Puelusyy Aq £ZES 1ed/Z00T 0T/10p/wod A3 | im Ale.q 1 jpul|uo//sdny wouy pepeojumoq ‘g ‘TZ0Z ‘T8ST660T


https://orcid.org/0000-0001-7287-7010
https://orcid.org/0000-0001-7287-7010
https://doi.org/10.1002/pat.5327
https://doi.org/10.1002/pat.5327

	Development and optimization of high-performance PEEK/CF/Nanosilica hybrid composites
	1  INTRODUCTION
	2  MATERIALS AND METHODOLOGY
	2.1  Materials and samples preparation
	2.2  Mechanical tests
	2.3  Tribological tests
	2.4  Analysis of the worn surfaces transfer films

	3  RESULTS AND DISCUSSION
	3.1  Mechanical properties
	3.2  Friction and wear properties
	3.3  Tribological mechanisms

	4  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


