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ABSTRACT: In this work, several perfluoropolymers (PFP), including
commercial polytetrafluoroethylene (PTFE), perfluorinated ethylene—
propylene copolymer (FEP), tetrafluoroethylene-perfluoroalkyl vinyl
ether copolymer (PFA), and irradiated PTFE (iPTFE) were used as
additives to lubricate carbon fiber (CF)-reinforced polyphenylene sulfide
(PPS) composites. The tribological properties of the yielding composites
were studied and correlated with the melt processability of PFPs.
Although the neat FEP and PFA have higher friction coefficients when
compared with neat PTFE, the composites filled with FEP and PFA
additives were found to exhibit a lower friction coefficient compared to
PTFE at PFP content below 10 wt %. Moreover, the iPTFE-filled
composites also showed similar results as FEP or PFA filled ones, very
different from PTFE at low additions. Based on the morphological
investigation, we postulate that FEP, PFA, and iPTFE are melt-kneaded
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with PPS due to their melt processability at processing temperature, leading to the good dispersion in composites in the form of
smaller deformed spheres and/or fibril bands. The well-dispersion of PFPs in composites promotes the formation and growth of the

transfer film on the counterface during sliding.

1. INTRODUCTION

Nowadays, polymer materials are playing an indispensable role
in many fields,” and high-performance polymer composites are
emerged increasingly by the addition of functional fillers.”’
Among various polymer composites, carbon fiber (CF)-
reinforced polyphenylene sulfide (PPS) composites have
been of interest for over decades due to their high strength,
heat resistance, corrosion resistance, self-lubrication, and other
excellent performances.*”® Thanks to the aforementioned
advantages, CF-reinforced PPS composites have played a grand
role in the fields of aerospace, machinery, and marine
manufacture.”® Nevertheless, owing to their relatively high
friction coefficient and wear rate at high speeds and heavy
loads, it is desired to improve the tribological properties of
CE/PPS composites further by incorporating some solid
lubricants.

As a typical representative of solid lubricants, polytetra-
fluoroethylene (PTFE) has attracted much attention for
decades due to its very low friction coefficient.”™"> For this
reason, PTFE was widely used as a self-lubricant matrix or as
an additive to prepare high-performance polymeric tribo-
materials."*~'® For instance, both powdery PTFE and fibrous
PTFE have been proved to be effective in imli)roving the
tribological properties of PPS-based composites.'”~>* How-
ever, to the best of the authors’ knowledge, PTFE is a hard-to-
process polymer with extremely high melt viscosity (near zero
melt flow rate), which limits its good dispersion as an additive
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in the matrix by conventional melt processing methods. To
obtain effective self-lubrication, it is necessary to increase the
amount of PTFE added, which may be detrimental to the
overall performance (e.g, mechanical properties) of the
manufactured composite.””** Therefore, it is the pursuit of
researchers to get balanced properties of PPS composites at
low PTFE content by uniform dispersion. Achieving a
homogeneous dispersion of PTFE in a matrix is attractive
and challenging but not easy unless the PTFE is melt-
processable. To reach the targets, many novel melt-processable
PTFE-like perfluoropolymers (PFP) have been developed by
introducing other perfluorinated monomers into the PTFE
synthetic system. As a result, a series of new PFPs, such as the
melt-processable perfluorinated ethylene—propylene copoly-
mer (FEP) and tetrafluoroethylene-perfluoroalkyl vinyl ether
copolymer (PFA), have been successfully prepared and
commercialized and proved to have properties similar to
PTFE.> ™%
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Figure 1. Characteristics of the PFPs. (a—d) molecular structure, morphology, and particle size distribution of PTFE (al—a3), FEP (b1-b3), PFA
(c1—c3), and iPTFE (d1—d3), respectively; (e) XRD patterns; (f) FT-IR spectra; (g) DSC curves; (h) transient friction coefficient.

Studies have shown that neat FEP and PFA performed
higher friction coefficients when compared with PTFE due to
their relatively irregular molecular chains.”**’ Therefore, FEP
and PFA have rarely been used to prepare self-lubricating
components in place of PTFE but rather for other nonfriction
fields such as insulating tubes or thin films, proton exchange
membrane fuel cells,”® and other electrochemical applica-
tions.”’ Moreover, few studies have been conducted so far on
the tribological properties of composites filled with FEP and
PFA as self-lubricant additives. Considering the melt
processability of FEP and PFA, they are supposed to be well
distributed in a thermal-resistant polymer matrix with high
processing temperature, which then may give better tribo-
logical properties to the filled composites.

In the present work, nonmelt-processable PTFE and other
three kinds of melt-processable PFPs, including FEP, PFA, and
irradiated PTFE (iPTFE), were added into 30 wt % CF/PPS
composites. The effect of PFP types and contents on the
tribological behaviors of the composites was comprehensively
investigated. This work aims to reveal the impact of melt
processability of PFP on the tribological behaviors of the
hybrid PPS composites and to gain more insight into the
tribological mechanisms of PFP.
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2. EXPERIMENTAL SECTION

2.1. Materials. The commercial PTFE (code 002A) is a
product of Shanghai 3F New Material Co. Ltd., China. FEP is
obtained from Zhejiang Jinhua Yonghe Fluorochemical Co.,
Ltd., China. PFA is provided by Daikin Co., Ltd., Japan.
Irradiated PTFE (iPTFE) with melt processability was
prepared by irradiating the PTFE (code 002A) under a 2
MGy dose.”” According to their melt processability, PTFE is a
nonmelt-processable PFP, and the other three (FEP, PFA, and
iPTFE) are melt-processable PFPs. The rheological behaviors
of the three melt-processable perfluoropolymers are shown in
Figure S1. The characteristics of the four perfluoropolymers
are collected in Figure 1. As indicated by the obvious
crystallization peaks in the XRD pattern and melting peaks
in the DSC curve, all four PEPs are crystalline polymers, and
PTEE has the highest melting point. The friction coeflicient of
PFPs in Figure 1h indicates that PTFE has the lowest friction
coefficient, and FEP has the highest one. The test was only
carried out for 600 s because the worn volume of FEP was too
large for a continuous test. In addition, it should be pointed
out that the friction coeflicient of iPTFE is not given because it
could not be processed to a test specimen with sufficient
mechanical strength.

PPS is purchased from Dunhuang Xiyu Special New
Material Co., Ltd. (China). Short carbon fiber (CF, T-300)
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with a diameter of 7 um and length of 8 mm is a product of
Weihai Guangwei Composite Co., Ltd. (China). The CF/PPS
composite, one of the starting materials for the present work,
was prepared by melt-kneading CF with PPS in a fixed CF/
PPS weight ratio of 3/7.

2.2, Preparation of CF/PPS/PFP Composites. The
mixture of CF/PPS composites with PFPs was melt blended
on a twin-screw extruder (SJZS-10A, Wuhan Ruiming Plastic
Machinery Co., Ltd., China) operated at temperatures of 310,
320, 330, and 320 °C in four zones along the screw direction.
The blended mixtures were then injection molded to a 30 X 6
X 7 mm?® testing specimen on an injection molding machine
(8ZS-20, Wuhan Ruiming Plastic Machinery Co., Ltd., China)
at the barrel temperature of 320 °C and the mold temperature
of 130 °C. The injection pressure was set at 0.5 MPa and
maintained for 60 s.

2.3. Characterization. The tribological tests were carried
out on a ring-on-block tester (M-200, Beijing Guance Testing
Machine Co., Ltd., China) according to GB/T 3960—2016
(Chinese Standard), and the schematic diagram of the
frictional pair is shown in Figure 2. The load and sliding
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Figure 2. Schematic diagram of frictional pair (a) and specimen after

friction (b).

worn scar width

6 mm

speed applied to the specimen were 200 N and 200 rpm (0.42
m/s), respectively. The transient friction coefficient, average
friction coefficient, and wear rate of the composites were
calculated by the following formulas.

M
RXF

g ®
where u is the friction coefficient, M represents the friction
torque (N-mm), R refers to the radius of the steel ring (mm),
and F is the applied load to the test specimen (N).

2 2
V=d ﬂarcsin(i] — E R* - b—
180 2R 2 4 )
Wy = K
t (3)

where V represents the wear volume (mm?), d is specimen
width (mm), b is the width of worn scar (mm), R represents
the steel ring radius (mm), Wv is the wear rate, and ¢ is the
sliding time (s).

Three specimens were tested for each sample, and the
results were averaged to give the average friction coeflicient
and wear rate. Both the specimens and counterparts were
thoroughly cleaned with ethanol before testing.

The worn and cryofractured surfaces of the CF/PPS/PFP
composites, sputter-coated with a thin gold layer, were
inspected using an SU3500 SEM (Hitachi, Japan) operated
under 15 kV acceleration voltage. The elemental compositions
of the cryofractured surface were also analyzed on an SEM
equipped energy dispersive X-ray spectrometer (SEM—EDX,
Oxford, UK). Attenuated total reflectance Fourier transform
infrared spectrum (ATR-FT-IR) was detected on a Nicolet
6700 spectrometer (Thermo Fisher, USA), with a scan sum of
16 and a resolution of 2 cm™". The elements on the worn scar
surface were characterized by an AXIS Ultra DLD X-ray
photoelectron spectroscope (XPS, Kratos, UK). X-ray
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Figure 3. Transient friction coefficient of CF/PPS/PFP composites. (a) 0, (b) S, (c) 10, (d) 15, and (e) 20 wt % PFP.
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Figure 4. Tribological properties of CF/PPS/PFP composites. (a) Average friction coefficient; (b) wear rate.

debris ;

Figure 5. Worn scar SEM images of CF/PPS/S wt % PFP composites. (a) PTFE, (b) FEP, (c) PFA, and (d) iPTFE.

diffraction (XRD) measurement was carried out on an
Empyrean diffractometer (PANalytical, Netherlands).

3. RESULTS AND DISCUSSION

3.1. Tribological Properties. The transient friction
coeflicient of CF/PPS/PFP composites with different PFP
contents is given in Figure 3. Figure 3a—e indicates that all
specimens exhibit a remarkably high friction coefficient at the
initial running-in stage. After that, composites filled with
different PFPs show significant differences in the variation
trend of the friction coefficient. During the stable friction
period, the PTFE composite, as a reference, has a relatively
high friction coeflicient, while the composites filled with melt-
processable PFPs (FEP, PFA, and iPTFE) exhibit a lower and
more stable friction coefficient at a PFP content below 10 wt
%. It is noticeable that the PFA-filled composite displays the
lowest friction coefficient. With the increase of PFP addition,
the friction coefficients of composites of four PFPs are
gradually convergent. For example, the steady friction
coeflicient of PTFE composites is only slightly higher than
the other PFP composites at the PFP addition of 15 wt %
(Figure 3d), and the friction coefficient of four PFP
composites are close to the same value at the PFP addition
of 20 wt %.

For the sake of comparison, the average friction coefficient
and wear rate of the composites were calculated and are shown
in Figure 4. Although the neat FEP and PFA have a higher
friction coefficient than the neat PTFE (Figure 1h),
composites filled with FEP and PFA exhibit a lower average
friction coefficient and wear rate than the PTFE composite at
low PFP addition content (below 10 wt %), which is opposite
to the performance of neat PFP. It is also noticed that the
average friction coefficient and wear rate of iPTFE filled

composites are lower than those of the PTFE-filled one at low
PFP addition even though they have similar structures.

The above investigation indicates that the effect of PFP type
on friction and wear properties of composites vary from
remarkable (at S wt % PFP) to unobvious (at 20 wt % PFP),
implying that the intensive distribution of PFP is achieved in
the matrix in the latter case. In other words, PFP in the matrix
alters from scattered or discrete (S or 10 wt %) to dense
distribution (20 wt %), and there is enough PFP on the
frictional surface to lubricate each sliding surface of the steel
ring at 20 wt % PFP addition (shown in Figure S2). In this
case, the type of PFP is a less important factor for affecting
lubrication, and the composites with different PFPs showed a
similar friction coefficient. Further investigation concerning
with the effect of PFP type on friction and wear properties
becomes insignificant at much higher PFP content.

3.2, Tribological Mechanism. The aforementioned
results suggest that the melt-processable PFPs (FEP, PFA,
and iPTFE) seem to afford CF/PPS composites with better
tribological properties at low content (below 10 wt %). To find
out the origin of the anti-friction, the worn scar of composites
containing 5 wt % PFP was measured by SEM and the images
are shown in Figure 5. As depicted, the worn scar surfaces of all
the composites are smooth without obvious plastic deforma-
tion, but there are also clear differences in the enlarged worn
scar images. For the S wt % PTFE-modified composite (Figure
Sa2), severe cracks and debris on its worn surface suggested
that the major wear follows abrasive wear and fatigue wear
mechanism. Whereas, the worn scars of CF/PPS composites
filled with S wt % of melt-processable PFPs (FEP, PFA,
iPTFE) display a smooth surface with little debris (Figure Sb—
d), and the wear mechanism is presumed to be the slight
abrasive wear.
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Figure 6. XPS spectra of the worn surface of CF/PPS/S wt % PFP composites. (a) Wide scan, (b) C 1s of the 5 wt % PTFE composite, (c) S 2p of
the S wt % PTFE composite, and (d) O 1s of the S wt % PTFE composite.

The elemental compositions of the worn surface were
characterized by XPS, and the results are illustrated in Figure 6.
As shown in Figure 6, the C, N, S, and F on the worn scar
surface are consistent with elements of raw materials, while the
high content of the O element on the worn surface does not
exist in the raw materials. The high resolution spectra of C 1s,
O 1s, and S 2p (in Figure 6b—d) indicate that the existence of
O element is mainly related to the oxidation of C and S.
Moreover, the results in Table 1 also show that the O/C ratio

Table 1. Relative Content of C, O, S, and F on the Worn
Surface of the 5 wt % PFP Composite (%)

PFP name C (0] F S o/C
PTFE 70.73 16.49 5.46 7.32 23.31
FEP 71.48 16.74 6.37 5.42 23.42
PFA 81.38 13.00 0.74 4.88 15.97
iPTFE 78.81 14.27 0.71 6.21 18.11

on the worn surface of the composites relies on the type of
PFP. The O/C ratios of PFA and iPTFE composites are
obviously lower than that of the PTFE composite, indicating
that the composite with 5 wt % PTFE experienced more severe
frictional oxidation reactions caused by high temperature
during the friction process. In other words, the improved
tribological performance of CF/PPS composites with melt-
processable PFP (especially for PFA and iPTFE) is attributable
to the alleviation of frictional drag, which well explains the
reduction in the friction coefficient and wear rate at low PFP
additions.

The surface morphology and composition of the transfer
films formed on the steel rings when rubbed with § wt % PFP
composites were compared. As can be seen from Figure 7, the
transfer film formed by PTFE composite is small and discrete,
while the transfer film was larger and more continuous for FEP,

40320

PFA, and iPTFE composites. According to the formation
mechanism of transfer film, the accumulated friction heat and
interfacial shearing are responsible for the transfer and
adhesion of the composite material on the surface of a steel
ring.”**** The formed transfer film on the steel ring reduces
the direct contact of the steel ring with the composite, thus
reducing the continuous scraping of the steel ring to the
composite. In this scenario, it is believed that the transfer film
formed at the sliding interface drives a significant improvement
in the tribological properties of the composites. As a result, for
S wt % melt-processable PFP (FEP, PFA, and iPTFE)-filled
composites, more transfer films are formed on the steel ring,
which renders the composite with a lower friction coeflicient
and wear rate.

These results demonstrated that PFP types could influence
the tribological properties and wear mechanism of the yielding
composites at low PFP additions. Considering their different
structures and melt processability, the cryofractured surfaces of
CF/PPS/5 wt % PFP composites were observed (Figure 8),
and a great morphological diversity emerged. PTFE in the
composite retains its irregular morphology after melt
processing, just like its original appearance in Figure la.
However, the morphologies of melt-processable PFPs in their
composites changed significantly compared to the original
morphology. FEP and iPTFE existed as spheres or quasi-
spheres in their composites, while PFA was in the form of
flakes or fibers.

The above results proved that the morphology of PFP in its
composites has a significant impact on the formation of
transfer film and ultimately affects the tribological properties of
composites. To the authors’ knowledge, the morphology
changes are mainly attributed to deformation caused by shear
and/or flow during processing (sketched in Figure 9). PTFE,
with the highest melting point and highest melt viscosity,
performs like a solid filler that could withstand the processing
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Figure 7. SEM images and EDS analysis of the steel ring sliding against CF/PPS/S wt % PFP composites. (a) PTFE, (b) FEP, (c) PFA, and (d)

iPTEE.

Figure 8. Cryofractured SEM images and the corresponding EDS mapping of CF/PPS/S wt % PFP composites. (a) PTFE, (b) FEP, (c) PFA, and

(d) iPTFE.

temperature and shear force during processing and con-
sequently retains its original appearance in the composite.
Melt-processable PFP particles (FEP, PFA, and iPTFE),
however, could melt, deform or flow, and even break under
shear force in melt processing because of their lower molecular

40321

weight and lower melting temperature. Upon release of shear
force, the molten or deformed particles tend to aggregate again
or recover to spherical solid during the cooling process.
Therefore, melt-processable PFPs in composites are present in
a spherical or quasi-spherical form (FEP, iPTFE) and a flaky or
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Figure 9. Schematic diagram of the fabrication process and tribo-film formation. (a) Fabrication process, (b) morphological changes of PFPs, and

(c) tribo-film formation.

fibrous (PFA) shape, depending on melt-flow differences at
processing conditions. Compared with their original particle,
the condensed melt-processable PFPs appeared as the smaller
particle and/or longer length strip (in Figure S3) in the PPS
matrix. In other words, the melt-processable PFPs would have
a larger specific area than their original ones after melt
processing. The larger specific area means that melt-
processable PFPs will be better dispersed in the matrix than
PTFE, which effectively increases their contact area with the
steel ring and promotes the formation of high-quality self-
lubricating transfer films (in Figure 7b—d), resulting in the
better self-lubricating properties.

4. CONCLUSIONS

In summary, PTFE and other three kinds of melt-processable
PFP-filled CF/PPS composites were prepared by melt-
blending, and their tribological properties were evaluated.
From this study, the following conclusion could be drawn.

Although the friction coeflicients of neat FEP and PFA are
higher than that of PTFE, the friction coefficients of their filled
composites are lower than that of the PTFE-filled material at
low PFP addition (especially at 5 wt %). Similar results were
shown for iPTFE filled composites.

The melt-processability of PFP is supposed to promote the
dispersion of PFP in the PPS matrix, which favors the
formation of transfer film, thereby reducing the friction
coefficient and wear rate at low PFP addition. This work
provides new strategies for the preparation of wear-resistant
composites at high temperatures using melt-processable PFP as
an additive.
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