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ABSTRACT: Poly(ether ether ketone) (PEEK) composites
reinforced by short carbon fibers (SCFs) and nanoscale
zirconium dioxide (ZrO,) particles were prepared by
twin-screw extrusion compounding and subsequently
injection molding. The effects of SCFs and ZrO, nanopar-
ticles on the mechanical properties and wear behavior of
PEEK composites with water lubrication were investi-
gated. The mechanical properties of the composites were
dramatically enhanced by the incorporation of SCFs. The
addition of nano-ZrO, also promoted efficient improve-
ments in the stiffness and hardness but degraded the
impact strength. The compounding of the two fillers
remarkably improved the wear resistance of the compo-
sites under aqueous conditions and especially under high
pressures. The excellent wear resistance of the PEEK/car-

bon fiber (CF)/ZrO, composites under aqueous conditions
was revealed to be due to a synergy effect between the
ZrO, nanoparticles and CFs. The SCFs carried the major-
ity of the load during a sliding process and prevented
severe wear of the matrix. The incorporation of nano-
ZrO; efficiently inhibited CF failure by reducing the stress
concentration on the CF interface and the shear stress
between two sliding surfaces via a positive rolling effect
of the nanoparticles. Furthermore, a linear correlation was
found between the wear rate and some mechanical prop-
erties of the composites. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 119: 1711-1720, 2011
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INTRODUCTION

Because many industrial devices and components
made of steel or alloys that involve relative motion
in aqueous environments are prone to corrosion, it is
valuable in science and is significant in engineering
to develop polymer-matrix composites as potential
substitutes for metallic materials for the sake of
improved corrosion resistance in aqueous media and
light weights. The properties required for a tribologi-
cal matrix include a high service temperature, good
chemical resistance, high mechanical properties,
high wear resistance, and outstanding cohesive
strength. Within this framework, poly(ether ether ke-
tone) (PEEK) is regarded as one of the most promis-
ing polymer materials for tribological applications in
aqueous environments. The tribological performance
of neat PEEK under aqueous conditions was
reported by Yamamoto and Takashima.! However, it
seems that neat PEEK exhibits relatively poor wear
resistance with water lubrication in some cases. To
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facilitate more applications by enhancing the anti-
wear properties of PEEK, various types of fillers
have been incorporated into PEEK under different
conditions.

Excellent candidates for many tribological applica-
tions, short carbon fibers (SCFs) are widely used in
PEEK composites for which wear resistance is an
important issue, even at elevated temperatures and
under aqueous conditions.” ' Generally, SCFs can
increase the creep resistance, hardness, and com-
pressive strength of PEEK composites and reduce
their adhesion to their counterpart and the frictional
heat in the contact area. Furthermore, the fibers
carry the main load between the contacting surfa-
ces,"! so carbon fiber (CF) reinforced PEEK always
shows excellent wear resistance with water lubrica-
tion.>'° Hence, the mechanical and tribological per-
formances of PEEK composites can be greatly
improved by the incorporation of SCFs.

Nanoparticle-reinforced polymers are attracting
more and more attention because of their unique
properties resulting from the nanoscale structures.
The extremely high specific surface area facilitates
the creation of a great amount of interphase in com-
posites and a strong interaction between the fillers
and the matrix. Some nanometric inorganic fillers
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TABLE I
Mechanical Properties of PEEK and PEEK/10CF/ZrO, Composites
PEEK/CF/ Tensile Young's Fracture Impact Microhardness
No. ZrO, (wt %) strength (MPa) modulus (GPa) strain (%) strength (kJ/ m?) (kg/ mm?)

0 100/0/0 98.1 + 1.3 3.70 = 0.04 21.62 = 0.87 6.73 = 1.31 219 = 1.0
Al 90/10/0 145.0 £ 2.2 9.40 + 0.29 290 = 0.11 9.11 = 0.77 25.3 =09
A2 85/10/5 1569 = 2.2 9.73 + 0.10 354 +0.12 8.86 = 0.29 255+ 24
A3 80/10/10 161.1 = 1.3 10.41 = 0.34 3.06 = 0.12 8.13 = 0.58 268 + 2.4
A4 75/10/15 1679 = 1.5 11.55 = 0.22 2.63 = 0.27 737 = 0.19 284 + 2.1
A5 70/10/20 1712 = 1.7 12.31 = 0.09 242 +0.24 6.63 + 0.32 30.6 = 1.5

have been demonstrated to have the ability to
reduce the friction and wear of polymers. In the case
of PEEK matrix nanocomposites, small amounts of
inorganic nanoparticles, such as silicon nitride, sili-
con dioxide, silicon carbide, and zirconium dioxide
(ZrO,), contribute to reductions in the friction co-
efficient and wear rate under dry-sliding condi-
tions.”>” Wang et al.'"®'? investigated the effects of
nanometric particles on the tribological behaviors of
PEEK with water lubrication and found that the
enhancement of the wear resistance should be attrib-
uted to the improvement in the formation of a high-
quality transfer film by the incorporation of silicon
carbide nanoparticles. However, an efficient transfer
film could not be formed easily in some other cases.
Moreover, the wear behaviors of the composites are
also affected by the proportion of the nanoparticles.
The wear rates of the nanocomposites always
achieve a minimal value with increasing filler con-
tent. With excessive nanofiller content, particle
agglomeration might degrade the wear perform-
ance.'"* A homogeneous dispersion of the nanopar-
ticles and good particle-matrix bonding have been
thought to have further benefit for property
improvements.**!

Recently, some investigations of the effects of
hybrid reinforcement by inorganic submicro/nano-
particles and SCFs on the tribological behavior of
polymers composites under dry-sliding conditions
have been conducted.**?° It is believed that there is
a synergistic effect of SCFs with fine particles on the
enhancement of the wear resistance. The protection
of the SCF—matrix interface by the nanoparticles and
a rolling effect of the nanoparticles between the ma-
terial pairs have been proposed. However, there is
no report on the tribological behavior and wear

mechanism of inorganic submicro/nanoparticles
compounding with CF hybrid composites with
water lubrication. In this work, the mechanical per-
formances and tribological behaviors of PEEK com-
posites reinforced with CFs and nano-ZrO, particles
with water lubrication were investigated. The effects
of CFs and ZrO, nanoparticles on the wear perform-
ance were studied. Furthermore, the relationships
between the mechanical properties and wear behav-
iors were also examined.

EXPERIMENTAL
Materials

Commercially available PEEK and PEEK with 30% CF
were supplied by Degussa Co., Ltd., Germany. ZrO,
nanoparticles with an average size of 80 nm were
supplied by Nanjing Haitai Nano Co., Ltd., China.

Specimen preparation

The PEEK/CF/ZrO, composites were divided into
two groups: PEEK/10CF/ZrO, (group A) and
PEEK/CF/10ZrO, (group B). The compositions of
the two PEEK composite groups are listed in Tables
I and II. For comparison, neat PEEK and PEEK com-
posites filled individually with 10 wt % CF (PEEK/
10CF) or 10 wt % ZrO, (PEEK/10ZrO,) were also
prepared. The PEEK grade with 30% CF was used
as the master batch to dilute the aforementioned
compositions. The compounding of different grades
of PEEK with the nanoparticle fillers was achieved
with a twin-screw extruder at a screw speed of 360
rpm and a processing temperature of 390°C. All the
materials were dried in an oven at 150°C for 6 h

TABLE II
Mechanical Properties of PEEK/CF/10ZrO, Composites
PEEK/CF/ Tensile Young's Fracture Impact Microhardness
No. ZrO, (wt %) strength (MPa) modulus (GPa) strain (%) strength (kJ/ m?) (kg/ mm?)
Bl 90/0/10 102.8 = 0.1 3.91 = 0.05 19.05 = 1.87 6.30 = 0.32 227 0.8
B2 80/10/10 161.1 = 1.3 10.41 = 0.34 3.06 = 0.12 8.13 = 0.58 268 £ 24
B3 75/15/10 1914 = 1.3 13.54 = 0.15 2.29 = 0.05 8.57 = 0.26 293 =18
B4 70/20/10 2155 * 1.2 17.62 = 0.45 2.08 = 0.01 9.36 = 0.64 342 * 40
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before melt processing. The extrudate was continu-
ously cooled by water and pelletized. The pellets
were dried in an oven at 150°C for 6 h before injec-
tion molding. Standard test bars were injection-
molded at a mold temperature of 180°C.

Wear tests

Wear tests were conducted on an MM-W1A univer-
sal wear-testing machine (Jinan Shijin Co., Ltd.,
China) using a three-pin-on-disk configuration. Both
the cylindrical specimen pins (4.8 mm in diameter
and 12.8 mm long) and the stainless steel counter-
part disk (4Cr13, HV476) were polished with 1500-
grit silicon carbide water-abrasive paper. The aver-
age roughness of the counterface was 0.038 pm. All
the tests were carried out at the ambient tempera-
ture over a period of 2 h at a sliding velocity of 2.0
m/s. The applied load ranged from 1 to 8 MPa. The
polymer—metal interface was immersed in tap water.
Before and after the test, the pins were ultrasonically
cleaned and dried at 150°C for 3 h before weighing.
Then, the mass loss of the composite pins was meas-
ured with a Mettler AE240 (Switzerland) electronic
balance (accuracy = 0.01 mg) for the calculation of
the specific wear rate. The specific wear rate (K) was
calculated after the test with the following equation:

K- Am
pFNL

)

where Am is the mass loss of the pins (mg), p is the
density of the pins (g/cm®), Fy is the applied load
(N), and L is the total sliding distance (m). Three
replicated friction and wear tests were performed
for each specimen to minimize data scattering, and
the average of the three replicate test results is
reported as the specific wear rate in this work.

Mechanical properties

Tensile tests were carried out on a universal testing
machine (Zhineng Instrument Co. Ltd., Changchun,
China) with a crosshead speed of 5.0 mm/min. A
load cell of 20 kN and an extensometer with a gauge
length of 25 mm were used. The parallel segment of
the dumbbell-shaped specimens for tensile tests was
30 x 5 x 4 mm®>. Notched Charpy impact tests were
carried out on a JJ-5 pendulum impact apparatus
(Zhineng Instrument Co. Ltd., Changchun, China)
according to ASTM D 6110. For each specimen, the
data reported here represent the average results of
at least five successful tests. The microhardness was
measured with a Future-Tech (Japan) FM-700e Vick-
ers microhardness tester. A load of 100 gf with a
loading time of 10 s was applied. At least 10 data
points were collected to calculate the microhardness
value for each specimen.
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Morphological observation

After the test, the worn surfaces of the composite and
the counterface and also the wear debris were coated
with a thin layer of gold and then examined with a
JSM-6301F (Japan) scanning electron microscope.

RESULTS AND DISCUSSION
Mechanical properties

Tables I and II show the results of tensile, notched
impact, and microhardness tests for the two groups
of PEEK composites as well as neat PEEK. The ten-
sile strength, Young’s modulus, and microhardness
were evidently enhanced by the addition of the two
fillers. The composite filled with 10% ZrO, nanopar-
ticles showed slight increases in the tensile strength
and Young’s modulus versus neat PEEK. Mean-
while, the incorporation of 10% CF into neat PEEK
led to increases of 48% and 1.5 times in the tensile
strength and Young’s modulus, respectively. An
ascending trend with the filler loading for the tensile
strength, Young’s modulus, and microhardness was
found for the hybrid composites. The tensile
strength linearly increased from 145 MPa for com-
posite Al to 171 MPa for composite A5 with a
growth rate of 17.9% as the content of ZrO, nano-
particles increased from 0 to 20 wt %. Simultane-
ously, Young’s modulus and the microhardness
increased by 31.0 and 20.9%, respectively. As for
group B, as the CF content changed from 0 to 20 wt
%, the highest values of the tensile strength, Young’s
modulus, and microhardness were 2.1, 4.5, and 1.5
times the lowest values, respectively. Although both
fillers had obvious reinforcement effects for neat
PEEK, the more significant enhancements of group B
showed that the SCFs played a key role in improv-
ing the mechanical performances of PEEK.

In contrast, the elongation at break of the hybrid
composites dropped sharply with the incorporation
of both fillers and decreased gradually with increas-
ing filler content because the fillers restricted the
motion of polymer chains physically or chemically.”
The fracture strain of PEEK/10ZrO, was only a little
lower than that of neat PEEK. However, a rapid
drop was found for the PEEK/10CF composites.
Therefore, the addition of fillers, especially with the
compounding of CFs, degraded the tensile ductility
in this case.

Apparently, the two fillers had opposite influences
on the notched Charpy impact strength. The incor-
poration of CFs into PEEK resulted in the enhance-
ment of the impact strength, and the impact strength
significantly increased with increasing CF content.
However, the filled nano-ZrO, reduced the impact
strength of the composites. As is known, the impact
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energy is consumed primarily during crack initiation
and secondarily during crack propagation. On the
one hand, when fillers are incorporated into poly-
mers, they enhance the composites and restrict crack
initiation; on the other hand, the fillers might
restrain the molecular motion and thus reduce the
amount of energy consumed in matrix plastic defor-
mation. The different effects of the two fillers on
the impact strength could be attributed to the differ-
ences in their shapes and sizes (especially the
reinforcement mechanism). The CFs possessed a
reinforcement efficiency superior to that of the nano-
71O, particles. In addition, the energy spent in pull-
ing the CFs from the PEEK matrix played an impor-
tant role during crack propagation. Therefore, the
CFs resulted in higher fracture resistance to the frac-
ture failure of the composites.

Tribological properties

The results for the friction coefficient and wear rate
of two typical PEEK/CF/ZrO, hybrid composites
chosen from the two composite groups against stain-
less steel as a function of the applied load with
water lubrication are presented in Figure 1. Figure
1(a) shows that although the friction coefficients of
the PEEK/10CF/20ZrO, and PEEK/20CF/10ZrO,
composites fluctuated with different loads, they
were all at a level of approximately 0.01. Meanwhile,
both composites exhibited dramatic wear performan-
ces at different loads. As shown in Figure 1(b), the
wear rates of the hybrid composites all showed a
reduction with the applied load increasing. The low-
est wear rates were achieved at 8 MPa for both com-
posites, and they were almost 1 order of magnitude
lower than those at 1 MPa.

Commonly, an applied load affects wear behavior
in many ways. Sliding between materials results in
heat generation and hence increases the temperature
of two frictional surfaces. A high applied load
always leads to a temperature increase at the rub-
bing surfaces under dry-sliding conditions. Thus, the
polymer surface might be plasticized, and this might
be followed by a decrease in the carrying capacity,
which facilitates the easy detachment of the polymer
and results in severe wear. However, for the CEF-
reinforced composites, the wear rate was almost not
affected by the load until a critical value was reac-
ehd.® Besides, water could act as a cooling agent in
this case, and this meant that friction-induced ther-
mal and mechanical effects might be inhibited in an
aqueous environment. Actually, the temperature
increases of the water under various loads were all
less than 10°C under the conditions used for all the
hybrid composites, and this showed that the heat
could be efficiently dissipated from the sliding sur-
face. Apparently, PEEK/CF/ZrO, hybrid composites

Journal of Applied Polymer Science DOI 10.1002/app

ZHONG ET AL.

(a)0.05
—=— PEEK/10CF/20ZrO,
S (.04 —°— PEEKI20CF/10Zr0,
-
0
o 0.03-
[T
o
T 0.02}
2
0
£ 001}
m \—
3 3
0.00 -
0 2 a4 & s

Load/MPa

| —a— PEEK/10CF/20ZrO,
| —o— PEEK/20CF/10ZrO,

B

0.01}

Wear rate/10°mm*(Nm)"' &

Load/MPa

Figure 1 Effect of the load on (a) the friction coefficient
and (b) the wear rate of the PEEK/10CF/20ZrO, and
PEEK/20CF/10ZrO, composites (test conditions: water
lubrication, 2 m/s sliding velocity, and 2-h sliding
duration).

are suitable for wear applications with water lubrica-
tion, especially under high loads.

Effect of CFs

Generally, CFs can effectively improve the wear re-
sistance of polymer composites by serving as funda-
mental load-bearing elements during the wear pro-
cess under dry conditions.'! However, this might be
different under aqueous conditions because water
can act as a cooling agent and lubricant medium.
Water also takes away the wear debris between the
sliding surfaces, and this will influence the forma-
tion of a transfer film.?®?° Therefore, the wear mech-
anism of CFs needs to be clarified in this case. Fig-
ure 2 shows the friction coefficients and wear rates
of PEEK/CF/10ZrO, composites with various
amounts of CFs under different applied loads and
aqueous conditions. Under 1 MPa, the friction coeffi-
cients fluctuated around 0.01, and the wear rate
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Figure 2 Effect of CFs on (a) the friction coefficient and
(b) the wear rate of the PEEK/10ZrO, composites (test
conditions: water lubrication, 2 m/s sliding velocity, and
2-h sliding duration).

slightly decreased as the fibers filled the composite.
Within the studied range, the friction coefficient and
wear rate of the PEEK composite filled only with
ZrO, nanoparticles rapidly rose when the pressure
was higher than 2 MPa. Both the friction coefficient
and wear rate increased by 3 orders of magnitude as
the load rose from 1 to 4 MPa. This implied that the
tribological properties of the PEEK/10ZrO, compo-
sites severely deteriorated under high loads because
of the lack of protection from the CFs. The friction
test for the PEEK/10ZrO, composite could not be
carried out at a load higher than 4 MPa because of
severe vibrations of the test machine caused by the
high frictional force, so no wear test data under 8
MPa are provided. However, the incorporation of
10wt% CF significantly improved the tribological
performances of the composites: both the friction
coefficient and the wear rate decreased dramatically.
The friction coefficients of CF-filled PEEK/10ZrO,
composites under loads higher than 2 MPa were still
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around 0.01. The wear rates of the hybrid compo-
sites varied with the CF content and the applied
load. With the CF content between 10 and 15 wt %,
the wear rates were almost at the same level. After
that, the wear rates decreased and finally reached
the lowest value when the CF content reached 20 wt
%. The lowest wear rate of 1.77 x 10°® mm’/Nm
was achieved when the load was 8 MPa for the
PEEK/20CEF/10ZrO, composite. It can be concluded
that PEEK composites with CFs exhibit better wear
resistance under high pressures in water.

To identify the wear mechanism of the PEEK com-
posites and the effects of the CFs and load on the
wear rate, the morphologies of the worn surfaces for
the PEEK/10CF/10ZrO, composite at 1 and 4 MPa
were observed with scanning electron microscopy
(SEM), as shown in Figure 3. The worn surfaces
under both conditions were characterized by mild
ploughing and microsurface damage caused by mild
fatigue wear. This indicated that the main wear
mechanism of the hybrid PEEK composites consisted
of mild abrasion and fatigue wear. Figure 3 clearly
shows that the main mechanisms were fiber thinning
and breakage. These observations implied that CFs

Figure 3 Morphologies of the worn surfaces of the
PEEK/10CF/10ZrO, composite under applied loads of (a)
1 and (b) 4 MPa (test conditions: water lubrication, 2 m/s
sliding velocity, and 2-h sliding duration).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Typical morphologies showing (a) scuffing and
(b) wear debris on the worn surfaces of the PEEK/10ZrO,
composite under a load of 4 MPa (test conditions: water
lubrication, 2 m/s sliding velocity, and 2-h sliding
duration).

supported most stress during the sliding process. In
this way, the matrix was protected from severe abra-
sion. This was also confirmed by the SEM morpholo-
gies of the PEEK/10ZrO, composite without CFs. As
mentioned previously, the PEEK/10ZrO, composite
showed bad performance at 4 MPa. Two typical
morphologies of worn surfaces of the PEEK/10ZrO,
composite at 4 MPa are illustrated in Figure 4(a,b).
Obvious signs of scuffing and plastic deformation
along with wear debris on the worn surface implied
that the PEEK/10ZrO, composite suffered severe
wear because of a lack of CFs. Without the main
load-bearing phase in the surface layer, a large
amount of wear debris was worn out when the load
exceeded the critical value. This kind of wear debris
might have acted as an abrasive third body on the
sliding surfaces and might account for the severe
vibrations of the test machine and badly deteriorated
wear performance. The exfoliation on the worn sur-
face indicated that there was fatigue—delamination
behavior during the friction process.”® Furthermore,
the interfacial combination of the particles and the
matrix was weakened in water with a high applied

Journal of Applied Polymer Science DOI 10.1002/app
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load. The weak particle-matrix interface could act as
crack nucleation and facilitate propagation of the
fatigue crack on the subsurface. The cyclic stresses
resulting from the contact of the composite surface
with the hard asperity of the counterface led to
fatigue wear and layer peeling on the pin surface.
Accordingly, a large amount of sheet-form exfolia-
tion accumulated on the worn surface and then fell
onto the rubbing surface; this caused a severe abra-
sive effect on the composite. Actually, the friction
force and the contact temperature were greatly
increased when the pressure increased up to 4 MPa,
and this further caused easier plastic flow and accel-
erative breakage of the matrix, especially in the
interfacial region.

When there is sliding with a steel counterface
under dry conditions, the formation of a transfer film
is always thought to be an important factor enhanc-
ing the wear resistance of a polymer composite.”’
However, with water lubrication, the presence of
water greatly inhibits the formation of the transfer
layer by washing the wear debris away.’*** In this
case, no obvious film formation was found on the
hybrid composite’s counterpart surface because the
prepolished scratched marks still could be seen, as
shown in Figure 5(a). Nevertheless, a thick and
lumpy transfer film could be observed on the coun-
terface for the PEEK/10ZrO, composite at 4 MPa
[Fig. 5(b)]. Furthermore, lots of wear debris could be
collected from the water. Figure 5(c) shows the wear
debris gathered after the wear test of the PEEK/
10ZrO, composite under 4 MPa. The debris was in
the form of sheets, and this indicated fatigue—delami-
nation behavior during the friction process.’>>* Also,
the presence of debris between the rubbing surfaces
worsened the wear resistance of the composite and
further roughened the counterface by forming a thick
transfer film on it. Moreover, the high wear rate of
4.35 x 107> mm®/Nm for the PEEK/10ZrO, compos-
ite under 4 MPa was also consistent with the large
amount of transferred material. In other words, the
presence of the transfer film and the wear debris was
evidence of the severe wear in this case. In contrast,
this kind of material transfer could not be detected
for the PEEK/CF/ZrO, composites. The weight
losses of the hybrid composites at loads ranging from
1 to 8 MPa were almost at the same level, that is, less
than 0.3 mg (as shown in Table III). The height loss of
the worn surface (Ah) could be roughly calculated
with the following equation:

An =AM 2

p-3-m(f)

where d is the diameter of the pin surface (mm). The
densities of the hybrid composites ranged from 1.332
to 1.539 g/ cm3, and the diameter of the pin was 4.8
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Figure 5 Morphologies of (a) the steel counterface of the
PEEK/10CF/10ZrO, composite, (b) the steel counterface of
the PEEK/10ZrO, composite, and (c) the wear debris of
the PEEK/10ZrO, composite (test conditions: water lubri-
cation, 2 m/s sliding velocity, 4-MPa applied load, and 2-
h sliding duration).
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mm. When the mass loss was assumed to be 0.3 mg,
the height loss was determined to be 3.6-4.1 pm.
This meant that the height losses of the composite
pins at different loads were all less than 7 um (ie.,
the average diameter of the CFs). The wear of the
composite pins was so low during the sliding pro-
cess that the material losses at various loads were all
less than one fiber layer. Therefore, the wear debris
of the hybrid composites was hard to collect, and a
transfer film could hardly be detected on the coun-
terface. Furthermore, because the mass losses of the
composites at different applied loads were all at the
same level, the wear rates of the composites showed
a decreasing trend as the pressure increased. There-
fore, it is rational to say that CFs are the main rea-
son for the outstanding antiwear properties of the
PEEK/CEF/ZrO,  composites under  aqueous
conditions.

Effect of the ZrO, nanoparticles

Figure 6 shows the friction coefficient and wear rate
of PEEK/10CF/ZrO, composites as functions of the
ZrO, nanoparticle content. Figure 6(a) reveals that
the friction coefficients of the PEEK/10CF composite
were below the level of 0.01, and the applied loads
had little influence on it. Under 1 MPa, when ZrO,
nanoparticles at a concentration of 5 wt % were
added to the PEEK/10CF composite, the friction
coefficient of the composite increased rapidly, and
this indicated that the nanoparticles slightly
increased the friction coefficient of the composite
under a low pressure. With the further addition of
the nanoparticles to a concentration of 20 wt %,
there was no obvious change in the friction coeffi-
cient. Under pressures higher than 2 MPa, however,
the variation of the nano-ZrO, proportion had
almost no effect on the friction coefficient of the
composites.

As shown in Figure 6(b), the specific wear rates of
the composites were obviously influenced by the
nano-ZrO, content. The incorporation of 5 wt %
nano-ZrO, led to a decrease in the specific wear
rates of the PEEK/10CF composite. Then, the wear
rates slightly rose with the nano-ZrO, content

TABLE III
Mass Losses of PEEK/CF/ZrO, Composites Under Different Loads

Mass loss (mg)

Load (MPa) Al A2 A3 (B2) A4 A5 B3 B4
1 019 =006 016 =003  022+007  022+008 008005  023=008 013 =007
2 022002  015=005  025+008 022005 01003  026%007 019 =008
4 019 =002  014=004  028+006  026=007  011=003  028=008 017 =005
8 021002  012*006 027 +003  028+008 016006 027 =007 0.6 = 0.08

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Effect of ZrO, nanoparticles on (a) the friction
coefficient and (b) wear rate of the PEEK/10CF/ZrO, com-
posites (test conditions: water lubrication, 2 m/s sliding
velocity, and 2-h sliding duration).

increasing to 10 wt % and remained nearly
unchanged until 15 wt % was achieved. With the
further addition of nano-ZrO,, the wear rate
dropped remarkably and reached the lowest value.
Similarly, increases in the pressure led to an evident
decline of the wear rate, as shown in Figure 6(b).

To identify how ZrO, nanoparticles and CFs
worked synergistically on the wear behavior of the
hybrid composites, the worn surfaces of the PEEK/
10CF and PEEK/10CF/5ZrO, composites are illus-
trated in Figure 7. Fiber thinning, debonding, and
breakage could be found on both worn surfaces [Fig.
7(a,b)]. However, more microscuffing could be found
on the worn surface of the ZrO,-filled composite at 1
MPa. This might be attributed to the nanoparticles
brushed from the matrix during the sliding process,
which became abrasive at low pressures. Figure
7(c,d) shows that the worn surfaces with nanopar-
ticles were much smoother, and the CF breakage,
debonding, and peeling were greatly restricted with
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the addition of 5% nano-ZrO, at 8 MPa. It is well
known that the wear performance of SCF-reinforced
polymer composites is governed mainly by fiber
thinning, breaking, and peeling under dry-sliding
conditions.”** Fiber removal plays an important role
in the wear mechanism. After the fiber peels off from
the surface, the matrix is subjected to more intensive
microploughing and microcutting attacks by steel
asperities because of a lack of support and protection
of the fibers, so more wear of the matrix can occur.
With the incorporation of the nanoparticles, less fiber
removal was observed on the worn surface for the
hybrid composite, as shown in Figure 7(c,d). This
should be attributed to the superior wear resistance
of the PEEK/10CF/ZrO, composite under these
conditions. To understand this advantage, we used
high-magnification SEM images to observe typical
fiber thinning and breakage on the worn surfaces of
PEEK/10CE/5ZrO, and PEEK/10CF composites
[Fig. 7(ef)]. Obviously, although the main wear
mechanisms were still fiber thinning and breakage
for both composites, fiber debonding was greatly
restrained by the incorporation of nanoparticles. In
this way, the fibers could be maintained in the ma-
trix. This led to an enhanced load-carrying capacity
of the surface layer, which improved the wear resist-
ance of the hybrid composites. For the PEEK/10CF
composite, when the matrix material on and around
the CFs was worn out, the CFs became exposed and
suffered the impact of the asperities on the counter-
face. When the contact stress exceeded the load
capacity, the CFs were cracked. However, the stress
concentration on the CFs appeared to be reduced by
the addition of the nanoparticles. This might be due
to two factors. On the one hand, the reinforcement of
the nanoparticles on the PEEK matrix could reduce
the stress concentration at the fiber-matrix interface.
On the other hand, a positive rolling effect of the
nanoparticles between the material pairs took place
during sliding, and this could reduce the shear stress
between the two sliding surfaces. Moreover, the roll-
ing effect also protected the SCFs from more severe
wear mechanisms, especially at high sliding speeds
and pressures.”®® In addition, the particles may
have acted temporarily as distance holders between
the rubbing surfaces and reduced the hard abrasion
of the counterface to CFs.

Relationship between the mechanical properties
and wear behavior

The effect of the filler content on the tribological
behaviors of the hybrid composites might be
explained by the variation of the mechanical proper-
ties to some extent. Actually, there have been many
works studying the relationship between the me-
chanical properties and the tribological performances
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Figure 7 Morphologies of the worn surfaces of (a,c,e) the PEEK/10CF/ZrO, composite and (b,d,f) the PEEK/10CF

composite.

of polymer-matrix composites.’*** Some mechanical
properties of composites, such as the hardness, elon-
gation at break, flexural modulus, and tensile
strength, or a product of these factors usually has a
significant influence on the wear behaviors of com-
posites. Accordingly, materials possessing high stiff-
ness and hardness can effectively resist deformation
and crack propagation before fracture and, therefore,
might achieve much lower specific wear rates. It is
believed that the wear rate is a function of mechani-
cal, tribological, and material parameters. A theoreti-
cal expression for the wear rate under lubricated
conditions was derived from the concepts of crack

propagation, damage accumulation, and classical
mechanics by Lhymn.*”” According to this expres-
sion, the wear rate is inversely proportional to the
product of the hardness (H), Young’s modulus (E),
and elongation at break (¢). In this case, as shown in
Figure 8, the wear rates of PEEK/10CF/ZrO, com-
posites with nanoparticle contents ranging from 5 to
20 wt % showed a high linear correlation to 1/HEE.
The wear rate of the hybrid composites exhibited an
increasing tendency with increases in the ZrO, con-
tent in the range of 5-15 wt % and further showed a
strong drop-off trend when the ZrO, content
reached 20 wt %.
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Figure 8 Wear rate of the PEEK/10CF/ZrO, composites
(with the nano-ZrO, content varying from 5 to 20 wt %)
versus 1/HEe.
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As previously mentioned, the two fillers in the
hybrid composites showed different influences on
the mechanical performances. CF filling could signif-
icantly enhance the hardness and Young’s modulus
of the hybrid composites. However, the tensile strain
at break sharply dropped as the fiber was com-
pounded. Contrarily, the incorporation of the nano-
particles led to lower increases in the hardness and
Young’s modulus and also caused less deterioration
of the elongation at break. Therefore, HEe could be
regulated by changes in the proportions of the two
fillers in the hybrid composites. In this way, we can
expect optimized wear resistance to be achieved for
the hybrid composites with the highest value of
HEe. Further work should be devoted to obtaining
more details about how the mechanical properties
affect the wear behaviors.

CONCLUSIONS

The tribological properties of PEEK/CF/ZrO, com-
posites under aqueous conditions have been investi-
gated. The effects of CFs and nano-ZrO, on the wear
behavior have been discussed. The following conclu-
sions can be drawn:

1. The PEEK/CF/ZrO, composites possess excel-
lent wear resistance under aqueous conditions
because of a synergy effect between the ZrO,
nanoparticles and CFs.

2. The CFs carry the main load between the con-
tact surfaces and protect the matrix from fur-
ther severe abrasion of the counterpart.

3. The incorporation of nano-ZrO, can efficiently
inhibit CF failure in two ways: (1) by reducing
the stress concentration on the CF interface
through reinforcement of the matrix and (2) by
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reducing the shear stress between two sliding
surfaces via a positive rolling effect of the
nanoparticles between the material pairs.

4. The wear rates of the hybrid composites are

dependent on some mechanical properties.
There is a good linear correlation between the
wear rate and the product of the hardness,
Young’s modulus, and elongation at break.
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