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The aim of this study was the improvement of the thermal conductivity and tribological properties of poly-
phenylene sulfide (PPS) with carbon fiber (CF) and graphene oxide (GO) fillers. Whereas CF reduce the me-
chanical strength of PPS, 3-mercaptopropyltrimethoxysilane (MPTMS)-treated CF improve the interfacial
adhesion properties of fillers and PPS matrices, which increase the mechanical properties of composites. The
improved thermal and mechanical properties of composites were confirmed via diffraction scanning calorimetry,

dynamic mechanical analyzer, and wear test. The silane-modified PPS/20M-CF/5M-GO composite has a thermal
conductivity of 0.323 W/meK, which is 175% greater than that of the neat PPS composite. The friction coefficient
has decreased from 0.236 to 0.176 and the specific wear rate has decreased from 1200 to 300 E—07 mm?/Nem.

1. Introduction

Polymer materials have widely been used in different fields such as in
the aerospace field [1,2], energy industry [3,4], textile industry [5],
biology, medical science [6,7], and automotive industry [8,9]. Polymer
materials have many advantages such as their low cost and light weight;
in addition, they are easy to process and do not react with water. The
performance of automobiles can be improved by reducing the weight of
their components. Therefore, polymer plastics are used in various inte-
rior and exterior materials in the automotive industry. For instance,
polycarbonate (PC) is a polymer plastic widely used for interior and
exterior materials of automobiles [10,11]. More specifically, PC is used
for headlamp lenses, outer door handle fields, wheel caps, roof rails, and
bumpers [12,13]. However, the use of PC does not result in good
chemical stability. By contrast, the use of polyamide (PA) results in good
chemical stability, thermal stability, impact resistance, friction, and
wear resistance. Hence, PA is used in engine room components, cylinder
head covers, engine covers, cooling fans, and outdoor handles [14-16].
In addition, various polymer plastics such as acrylonitrile butadiene
styrene copolymers, polybutylene terephthalate (PBT), polyurethane,
polyvinyl chloride (PVC), polyethylene (PE), and polypropylene are

used [17-21]. Among these plastic, polyphenylene sulfide (PPS) is a
crystalline super engineering plastic with very high heat resistance,
good chemical resistance, flame-retardancy properties, and dimensional
stability [22]. The high heat deflection temperature (above 270 °C)
makes PPS a suitable interior material that withstands high tempera-
tures that occur, for instance, in engine rooms [23]. Because of its good
wear resistance, many researchers are studying its suitability as a wear
resistance material. D. Zhang et al. reported PPS composites with short
carbon fiber, graphite, and tungsten disulfide to improve the tribological
properties. The PPS/SCF/Gr/WS, composite shows low specific wear
rate (3.57 E-07 mms/Nm) lubricated with diesel [24]. A. Jain et al.
fabricated PPS composite with short carbon fibers, graphene oxide, nano
diamonds as a filler. Under water lubricated condition, the wear rate was
reduced in the order of 10° [25]. However, the thermal conductivity of
PPSis only 0.2 W/mK which is lower than other engineering plastic such
as PBT (0.27 W/mK) [18], PVC (0.45 W/mK) [19], PE (0.5 W/mK for
high density PE) [20]. And PPS has a low glass temperature (near 90 °C)
due to the flexible sulfide linkage between the aromatic rings and a low
impact strength [25,26]. These drawbacks should be improved to
applicate PPS composites for automotive industrial.

In this study, a highly wear-resistant PPS matrix was combined with
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carbon fiber (CF) and graphene oxide (GO) fillers to improve the
tribological and thermal properties. Carbon fibers have a low density,
good chemical resistance, and high strength [27]. K. Stoeffler et al. re-
ported PPS composites reinforced with recycled carbon fiber. The me-
chanical properties was enhanced with adding recycled carbon fiber
fillers [28]. S. Zhou et al. reported PA6/PPS matrix with 15 wt% carbon
fiber which enhanced mechanical and tribological properties [29]. GO
has been widely used as a filler to improve the mechanical and tribo-
logical properties of polymer matrices such as Nylon and PPS [30]. By
adding silane-treated carbon fibers and graphene oxide to the PPS ma-
trix, the tribological performance can be improved. The PPS/CF/GO
composite was prepared via melt extrusion. By modifying the carbon
fiber and GO fillers with silane material, the mechanical and thermal
properties of the composites were improved. 3-mercaptopropyl trime-
thoxysilane (MPTMS) is a silane coupling agent with a thiol group
(R-SH). The thiol functional group in MPTMS can form hydrogen
bonding with the sulfur of PPS. Treating the CF and GO fillers with
MPTMS to improve the interfacial adhesion with the PPS polymer ma-
trix could improve the thermal and tribological properties of the
PPS/CF/GO composites. Before the MPTMS treatment, the CF fillers
were pretreated with acid and strong oxidizer to form hydroxyl group on
the surface of CF. Whether or not MPTMS was combined with the CF and
GO fillers was confirmed through Fourier-Transform Infrared spectros-
copy, Thermogravimetric analysis and X-ray photoelectron spectros-
copy, and it was confirmed that the CF filler was aligned in a certain
direction in the PPS matrix through MPTMS treatment. The storage
modulus of the composite PPS/20M-CF/5M-GO was enhanced 2 times
compared to neat PPS. The thermal conductivity was increased to
0.323W/mK which is 175% greater than neat PPS. In addition, certain
tribological properties such as the friction coefficient and specific wear
rate were improved. The friction coefficient was decreased due to the
addition of silane treated carbon fiber and GO. Hence, these PPS/CF/GO
composites can be used in interior or exterior materials and heat pumps
in the automotive industry.

2. Experimental section
2.1. Materials

Polyphenylene sulfide (PPS) was obtained from Solvay, and the
graphene oxide power was purchased from Grapheneall (Korea). The
chopped carbon fiber powder was purchased from FRP shop (Korea).
Moreover, methyl alcohol (99%), nitric acid (60%), and tetrahydrofuran
(THF) were purchased from Daejung Chemical and Metals Co., Ltd.
(Seoul, Korea), and 3-mercaptopropyl trimethoxysilane (MPTMS, 95%)
and 1.0 M lithium aluminum hydride in THF (LiAlH,4) solution were
obtained from Sigma-Aldrich. All reactants were used as received
without purification.

2.2. Treatment of carbon fibers and graphene oxide

The 10 g of chopped carbon fiber powder was treated with nitric acid
refluxing at 120 °C for 6 h to promote surface oxidation and subse-
quently dried in a vacuum oven at 60 °C overnight. The obtained carbon
fibers were treated with LiAlH,4 solution in THF solvent for 24 h and
dried in a vacuum oven at 60 °C overnight. Subsequently, the 10 g of
oxidized carbon fibers were dispersed in methyl alcohol; 3 g of MPTMS
was slowly dropped into the solution, which was then stirred for 24 h.
The obtained MPTMS-treated carbon fibers are called “M-CF”.

The graphene oxide was directly treated with MPTMS owing to the
oxygen-functional groups on the surfaces. The 5 g of graphene oxide
powder was dispersed in 60 ml methyl alcohol; subsequently, 1.5 g of
MPTMS was added to the solution, which was then stirred for 24 h. The
obtained MPTMS-treated graphene oxides are called “M-GO”
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Table 1
Component ratios of composites.
Sample PPS (%) CF (%) M-CF (%) GO (%) M-GO (%)
Neat PPS 100
PPS/20CF 80 20
PPS/30CF 70 30
PPS/40CF 60 40
PPS/20M-CF 80 20
PPS/20M-CF/5GO 75 20 5
PPS/20M-CF/5M-GO 75 20 S5

2.3. Fabrication of PPS/CF/GO composite

The untreated and MPTMS-treated carbon fibers and GO and neat
PPS were inserted into a twin-screw melt extruder (model BA-11, Bau-
tek, Korea) operating at 270-300 °C. During extrusion, the vacuum
pump was operated to extract vaporized gases and moisture from the
extruder screw zones. The extrudates were collected and pelletized at
290 °C via injection molding (model BA-915, Bautek, Korea) to prepare
composites. The component ratios are shown in Table 1.

2.4. Characterization

Fourier-transform infrared (FT-IR) spectroscopy (PerkinElmer Spec-
trum One) was used to confirm the successful attachment of MPTMS on
the carbon fiber and graphene oxide surfaces. The binding energies of
the carbon fiber and GO fillers were determined via X-ray photoelectron
spectroscopy (XPS; K-Alpha, Thermo UK) with a 1486.6 eV Al K, X-ray
source. The chemical structures in the fillers were determined with a
Raman spectrometer II (DXR2xi, Thermo) with a near-infrared laser
operating at 532 nm and a CCD detector. In addition, the crystalline
structures of the fillers were determined via X-ray diffraction (XRD; D8
Advance, AXS Bruker) over a 20 range of 10°-80° at 40 kV and 40 mA
and a scan rate of 1° s~! under A = 0.154056 nm Cu K, radiation.
Moreover, field-emission scanning electron microscopy (FE-SEM;
SIGMA) was used to study the morphology of the GO and CF fillers and
cross-sectional images of the fabricated composites. The elemental maps
of M-GO were prepared with energy-dispersive X-ray spectroscopy (EDS;
Thermo NORAN System 7, SIGMA). The elemental maps and
morphology of M-CF were prepared with field-emission transmission
electron microscopy (FE-TEM; JEM-F200). Thermogravimetric analysis
(TGA, TGA-2050, TA Instruments) of the untreated and MPTMS-treated
fillers was performed by heating the samples from room temperature to
800 °C at 20 °C min~! in a nitrogen atmosphere. The crystallization
characteristics versus the temperature of the untreated and MPTMS-
treated fillers were determined with differential scanning calorimetry
(DSC, DSC-Evo, KEP Tech). The thermal conductivity (x) was calculated
based on the relationship x = a%p%C,, where p, a, and C, are the
composite density, thermal diffusivity, and specific heat capacity,
respectively. Furthermore, the LFA 447 Nanoflash (NETZSCH) equip-
ment was used to measure the thermal diffusivity, and DSC was used to
quantify the specific heat capacity of the fabricated composites. The
densities of the composites were calculated with the Archimedes
method. Their mechanical properties were measured with a universal
testing machine (3344Q9465, Instron Co.) at a cross-head speed rate of
1 mm/min. The viscoelastic properties of the composites were deter-
mined at —20 to 300 °C with a dynamic mechanical analyzer (DMA;
Triton Technologies, UK). The wear test was conducted with the ball-on-
disk method and multi-purpose wear simulation system (NEO-TRIBO).
In this step, the composites were injected into a mold with 30 mm
diameter and 4 mm thickness. The counterpart ball was SUJ2 bearing
steel, the ball diameter was 12.7 mm, the rotation radius was 11.5 mm,
the load applied to the sliding part was 10 N, and the sliding speed was
83 rpm for 2 h. Finally, the wear test was conducted in the dry state
without oil on the surface.
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Fig. 1. (a) FT-IR spectrum and the corresponding high-resolution FT-IR spectra with the wavenumber (b) from 2000 to 900 cm™! (c) from 900 to 70 cm ™" and (d)

from 3500 to 2700 cm ! of GO, M-GO, CF and M-CF fillers.

3. Results and discussion

3.1. Confirmation of successful MPTMS attachment on carbon fiber and
graphene oxide fillers

To confirm the successful attachment of MPTMS on the carbon fiber
and GO, the samples were studied with FT-IR spectroscopy as shown in
Fig. 1. The pristine carbon fibers exhibit straight lines from 4000 to
2000 cm™!, which decrease rapidly. After the attachment of MPTMS on
the carbon fibers, two small peaks occur near 2900 cm™!, which
correspond to —OH functional groups and methyl group of MPTMS; the
small peak at 1050 cm™! is associated with Si-O bonds that originate
from MPTMS [31]. From the FT-IR results, it was difficult to find the
FT-IR peak of MPTMS because it was less attached to the surface of the
carbon fiber (about 10%) as shown TGA result in Fig. 5(a), will be dis-
cussed below. The pristine GO shows a wide peak from 3680 to 1860
em ™!, which correspond to ~OH functional groups on the GO surfaces.
The FT-IR peaks at 1720, 1617, 1048, and 970 cm ™! are associated with
C=0, C=C, C-OH, and C=C bonds, respectively [31]. After the
attachment of the MPTMS on the GO, the wide peak between 3680 and
1860 cm-1 decreased because MPTMS reacts with the ~OH functional
groups of the GO surface. and the small peak of 2900 cm™! shows the
methyl and methylene groups of MPTMS. The M-GO sample still shows
1735, 1650, and 1052 cm ™! peaks, which correspond to pristine GO. The
three additional peaks at 1035, 1000 (which correspond to Si-O-Si
bonds) and 800 em ! (stretching vibration peak of Si-O bond) confirm
the successful attachment of MPTMS on the GO surface. The MPTMS
attachment on carbon fibers and GO can also be confirmed via XPS, TGA,

and XRD analyses and Raman spectra.

Fig. 2 shows the XPS results of the GO and M-GO samples. The C 1s
peak of pristine GO comprises five peaks at 289.4, 288.24, 286.79,
284.74, and 285.66 eV, which correspond to O-C=0, C=0, C-0-C,
C-C, and C-OH bonds, respectively [31]. The C-OH peak at 285.66 eV
vanished, whereas S 2p peaks of thiol functional groups (R-SH) emerged
at 164.79 and 163.58 eV after the MPTMS treatment. The Si 2p peak at
102 eV indicated Si—-O bond in MPTMS. Thus, the MPTMS molecules
react with —~OH functional groups on the GO surfaces. The carbon fibers
show a similar C 1s peak, which is related to C=0, Si-O-C, C-S, and C-C
bonds due to the surface oxidation of the carbon fibers, Si-O-C bonds of
MPTMS, C-S bonds of MPTMS, and C-C bonds of the carbon fibers,
respectively, as shown in Fig. 2(e and f) [32]. Similar to M-GO, M-CF
also shows S 2p peak of R-SH thiol group and Si 2p peak of Si-O bond in
MPTMS. Evidently, MPTMS has successfully been attached to the carbon
fiber surfaces.

The Raman spectra were recorded to confirm the change in the
surface defects of the carbon fibers and GO before and after the MPTMS
treatment as shown in Fig. 3(a). The change in the surface defects can be
confirmed based on the calculated ID/IG ratio of the D and G bands.
Pristine GO has an ID/IG ratio of 1.22, which decreases to 1.08 for M-
GO. The ID/IG ratio has decreased owing to the defects on the GO sur-
face during the MPTMS treatment. A similar trend occurred during the
MPTMS treatment of the carbon fibers. The ID/IG ratio of the untreated
carbon fibers is 1.38. After the MPTMS treatment, the ID/IG ratio
decreased to 1.31 for M-CF. Before the MPTMS treatment, the carbon
fibers were treated with nitric acid and LiAlH4 to obtain oxygen-
containing functional groups, which have resulted in defects on the
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Fig. 2. High-resolution XPS spectra of (a) GO C 1s peaks, and M-GO (b) C 1s peaks (c) S 2p peak (d) Si 2p peak. High-resolution XPS spectra of (e) CF C 1s peaks, and

M-CF (f) C 1s peaks (g) S 2p and (h) Si 2p peaks.
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Fig. 3. (a) Raman spectra (b) XRD patterns of GO, M-GO, CF and M-CF fillers.

carbon fiber surfaces.

The crystallinity of the fillers was studied with XRD spectroscopy as
shown in Fig. 3(b). The pristine GO shows two specific peaks at 11° and
42°, which agree well with those reported in Ref. [33]. After the MPTMS
treatment, the peak at 11° decreased and became broad; by contrast, the
other peak at 42° vanished. Thus, the MPTMS was successfully attached
to the GO surface, and the GO sheets were exfoliated, which has reduced
the GO crystallinity. In the case of the carbon fibers, the peak at 25° to
26° decreased after the MPTMS treatment (such as that of M-GO). Unlike
the M-GO sample, the carbon fibers exhibit high crystallinity before and
after the MPTMS treatment. According to the XPS, FT-IR, Raman, and
XRD analysis results, MPTMS has been successfully attached to the
carbon fibers and GO; in addition, the MPTMS-CF-GO components are
well connected after the treatment.

3.2. Morphologies of carbon fiber and GO fillers

The morphologies of the carbon fiber and GO fillers were determined
with FE-SEM images (Fig. 4). The MPTMS-treated carbon fiber has a
clear surface with a diameter of 10 pm. The MPTMS treatment has not
changed its morphology. To confirm the successful attachment of
MPTMS, EDS elemental maps were recorded using FE-TEM due to the
less attachment of MPTMS on carbon fiber surface. The presence S and Si
atoms of MPTMS is confirmed that MPTMS was successfully attached to
carbon fiber surface. Unlike the M-CF sample, M-GO has clearer EDS
elemental maps obtained from FE-SEM owing to the higher ratio of
MPTMS, which is confirmed by the TGA results.

3.3. Thermal properties of carbon fiber and graphene oxide fillers

The TGA analysis was conducted in nitrogen (N3) gas. The untreated
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Fig. 4. (a) FE-TEM image, EDS elemental mappings of (b) carbon (C) (c) sulfur (S) (d) silicon (Si) of M-CF filler. (e) FE-SEM image, EDS elemental mapping of (f) C
(g) S and (h) Si of M-GO filler. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) TGA curves. (b) TGA derivative (c) DSC curves of GO, M-GO, CF and M-CF fillers.

carbon fibers are stable in Ny gas up to 800 °C, whereas GO shows two
parts of thermal degradation as shown in Fig. 5(a). The weight loss up to
150 °C is due to the removal of water molecules trapped between the GO
sheets. Above 150 °C, oxygen-containing functional groups are pyro-
lyzed. After 200 °C, 10% of the GO weight remains. Due to the TGA
analysis was conducted in a nitrogen atmosphere, carbon atoms in GO

partially reacted with oxygen in the hydroxyl groups attached to the GO
surfaces, leaving 10% by weight. The TGA plot of M-GO shows a similar
thermal degradation behavior of GO and the weight loss decreases above
200 °C, which is similar to the behavior of previously reported MPTMS-
treated materials. The MPTMS-treated carbon fibers reveal slight ther-
mal degradation above 350 °C. Moreover, the M-GO sample is slightly
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Fig. 6. Cross-sectional FE-SEM images of (a) neat PPS (b) PPS/20CF (c) PPS/20M-CF (d) PPS/30CF and (e) PPS/20M-CF/5M-GO composites.

thermally degraded above 350 °C, which indicates the degradation of
MPTMS above 350 °C [34,35]. The weight loss of M-GO after TGA
method was 48.2% while weight loss of GO was 92.5% which indicates
about 44% of MPTMS was attached on the surface of GO. Similar to
M-GO, M-CF shows similar trend during TGA analysis. The weight loss of
M-CF was only 8.7% which indicates 8.7% of MPTMS was attached on
carbon fiber. The carbon fiber is a material with strong chemical resis-
tance. Therefore, a very small amount of hydroxyl groups were formed
on the carbon fiber surface through acid and LiAlH,4 treatment. For this
reason, only 8.7% of MPTMS was attached on the carbon fiber which
makes difficult to find peaks related to MPTMS in the FT-IR analyzed
above (Fig. 1).

The DSC curve of GO in Fig. 5(c) shows endothermic heat flow up to
150 °C, which then becomes endothermic heat flow above 150 °C. Under
150 °C, the trapped water molecules between the GO sheets evaporate;
above 150 °C, the oxygen-containing functional groups are pyrolyzed.
Because the pristine GO was not subjected to a purification process, the
exothermic peak is stronger than that of the M-GO filler. After the
attachment of MPTMS on the GO surface, the product was dried in a
vacuum oven overnight, which has resulted in a lower weight loss in the
TGA results and a smaller exothermic peak in the DSC curve. The DSC
curves of the untreated carbon fibers and M-CF show approximately
straight lines because the carbon fibers remain stable at high tempera-
tures, as presented in the TGA results.

3.4. Cross-sectional morphologies of PPS/carbon fiber/graphene oxide
composites

The FE-SEM study was conducted to determine the cross-sectional
morphologies of the composites as shown in Fig. 6. The FE-SEM image
of the neat PPS shows an amorphous and unclear surface. The composite
with untreated carbon fibers has randomly distributed-fibers without a
specific filler orientation. After the MPTMS treatment, the M-CF filler is
ordered with a specific direction; this can be due to the attached
MPTMS. Compared to the untreated carbon fiber composite, the

MPTMS-treated carbon fiber composite shows fewer cracks and voids
and a smooth surface. This can affect the mechanical properties of the
composite, as discussed below. After the addition of graphene oxide, the
morphology of the composite does not look different.

3.5. Thermal and mechanical properties of PPS/carbon fiber/graphene
oxide composites

The measured through-plane thermal diffusivity and conductivity of
the carbon fiber and GO fillers in the PPS matrix composites are shown
in Fig. 7. The thermal diffusivity has been increased up to 30% carbon
fiber content (PPS/30CF), while decreased when the carbon fiber con-
tent was 40% (PPS/40CF). As the carbon fiber content increases,
agglomeration of the carbon fiber appears in the PPS composite and the
interface between carbon fiber and PPS matrix increases, which can
become factors hindering thermal diffusivity in the through-plane di-
rection. After the MPTMS treatment, the carbon fiber fillers are aligned
with a specific direction; by contrast, the untreated carbon fiber com-
posite exhibits no specific direction, as discussed above (Fig. 6). More-
over, the MPTMS-treated carbon fibers and PPS matrix have greater
bonding strength owing to the thiol functional groups of MPTMS; these
decrease the thermal resistance at the interface and increase thermal
conductivity. The thermal conductivity was calculated by multiplying
the thermal diffusivity, density, and specific heat capacity. The obtained
thermal conductivities are presented in Fig. 7(b). The thermal conduc-
tivity increases with increasing carbon fiber content. In Fig. 6, the car-
bon fiber filler is randomly distributed and functions as a heat path.
After the MPTMS treatment, the carbon fiber filler is ordered with a
specific direction, and the thermal conductivity is increased. The highest
thermal conductivity of the PPS/20-M-CF/5-M-GO composite is 0.323
W/meK (for comparison, the thermal conductivity of neat PPS is 0.185).

The mechanical properties of the filler-reinforced polymer compos-
ites are determined by the compatibility and interfacial adhesion char-
acteristics of the components and the dispersion characteristics of the
filler. The tensile strength of neat PPS without a filler is 58 MPa, while
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Fig. 7. (a) Thermal diffusivity (b) thermal conductivity of PPS/CF/GO composites. PPS/CF/GO tensile stress of (c) various carbon fiber ratio (d) MPTMS treatment.

(e) Storage modulus and (f) tan delta of PPS/CF/GO composites.

the 20%, 30% and 40% PPS/CF composites have lower tensile strengths:
41, 35, and 26 MPa, respectively. Carbon fibers are known to have very
high tensile strength (270 GPa [36]). However, in this study, the carbon
fibers were chopped, which decreased their tensile strength. As the
carbon fiber content increases, the tensile stress gradually decreases, as
shown in Fig. 7(c). To maintain the good mechanical properties, we
chose 20% carbon fiber content and studied the MPTMS-treated com-
posite. When the carbon fibers are oxidized, the carbon fiber surface
includes defects, which degrade the tensile strength of the composite.
The MPTMS treatment has increased the tensile strength of
PPS/20-M-CF to 51 MPa. Moreover, the addition of M-GO (i.e., the
sample PPS/M-CF/M-GO) has increased the tensile strength (53 MPa,
which is comparable to that of the neat PPS composite). The mechanical
properties have been improved by adding MPTMS-treated carbon fibers

and GO to the composites; this was confirmed with the DMA as shown in
Fig. 7(e and f). Owing to the introduction of carbon fibers on the PPS
matrix, the glass transition temperature of the PPS composites has
increased by increasing carbon fiber fillers (from 120.8 to 134.16 °C)
due to the carbon fiber. Compared to PPS/20-CF composite,
PPS/20-M-CF composite shows lower glass transition temperature,
121.53 to 120.27 °C. It can be seen that MPTMS treatment increases the
bonding force between carbon fiber and PPS matrix and improved dis-
persibility of carbon fiber filler as discussed above (Fig. 6), which de-
creases glass transition temperature. Similar trend was shown in
PPS/20-M-CF/5-M-GO composite which has 119.80 °C lower than
PPS/20-M-CF/5-GO composite, 121.82 °C. Moreover, the storage
modulus has increased owing to the introduction of carbon fibers and
MPTMS treatment. This improvement is due to the improved stress
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(a) Neat PPS - -
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Fig. 9. FE-SEM images of (a) neat PPS (b) PPS/20CF (c) PPS/20M-CF (d) PPS/30CF (e) PPS/20M-CF/5GO and (f) PPS/20M-CF/5M-GO composites after wear test.

transfer at the interface of the composites. The MPTMS-treated com-
posites have decreased voids and cracks, as shown in Fig. 4; they indi-
cate improved stress transfer. The tensile strain of the 20% and 30%
carbon fiber composites has increased, whereas the tensile strain of the
40% carbon fiber composite is decreased compared to that of the neat
PPS composite. The carbon fibers are longer than 20 pm; this long length
can keep the PPS matrix in place and increase the tensile strain. The
MPTMS treatment has increased the bonding force between the PPS
matrix and carbon fiber filler, thereby resulting in higher tensile strain.

Furthermore, wear tests were conducted to determine the tribolog-
ical properties of the composites as shown in Fig. 8. The friction coef-
ficient firstly increased from 0.236 to 0.402 for the neat PPS composite
and to for the 40% carbon fiber-containing composite. The untreated
carbon fiber-containing composites have some voids and cracks which
increase the surface roughness, so it seems that the friction coefficient

was increased. After the MPTMS treatment for 20% carbon fiber-
containing composite, the friction coefficient decreased to 0.254, and
for 20% carbon fiber and 5% GO containing composite, the friction
coefficient decreased to 0.176 which is 75% lower than the friction
coefficient of neat PPS, 0.236. As shown in Figs. 6 and 9, the voids and
cracks were diminished after MPTMS treatment, the friction coefficient
was decreased compared to untreated composites. The top surface of the
PPS/CF/GO was the smoothest in the MPTMS-treated samples for both
CF and GO (PPS/20M-CF/5M-GO) as shown in Fig. 9(f). Due to the ex-
istence of hydroxyl group on GO surface and large surface area, good
mechanical interlocking occurring on the corrugated rough surface of
GO will lead to good interfacial adhesion between GO and PPS matrix
[37]. In addition, treating with MPTMS on GO surface formed additional
thiol functional group which can lead to good interfacial adhesion be-
tween GO and PPS. For this reason, the tribological performance was
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Table 2
Physical properties before and after the wear test of the PPS/CF/GO composites.
Sample  Density Before After Weight Applied Sliding
(g/cms) weight weight difference load (N) distance
(€] (€3] ® (m)
Neat 1.208 3.3731 3.3720 0.0011 10N 720 m
PPS + 0.08
PPS/ 1.357 3.3746 3.3736 0.0010
20CF + 0.05
PPS/ 1.371 3.4967 3.4962 0.0005
30CF + 0.07
PPS/ 1.405 3.6373 3.6364 0.0009
40CF + 0.04
PPS/ 1.388 3.7481 3.7472 0.0009
20M- + 0.08
CF
PPS/ 1.396 3.5830 3.5826 0.0004
20M- + 0.07
CF/
5GO
PPS/ 1.341 3.5502 3.5499 0.0003
20M- + 0.05
CEF/
5M-
GO
Table 3

Comparison of specific wear rate of PPS/20M-CF/5M-GO composite with pre-
viously reported PPS composites.

Composite Specific wear rate (E—05 Testing Ref
mm?®/Nm) condition

PPS/10SCF 5 Dry [25]

PPS/0.9 Wt%CNT 1.838 Dry [38]

PPS/PTFE/SCF20 3.79 Dry [39]

PPS/PTFE/CF 4.28 Dry [40]

PPS/0.47Ag 6.94 Dry [41]

PPS@PDA-CNTs- 2.5 Dry [42]
SiC

PPS/20M-CF/5M- 3 Dry This
GO work

improved along with the improvement of the mechanical and thermal
performances discussed above. The specific wear rate (W;) was calcu-
lated with the equation below:

W, = wear loss/D x F x L

where, D, F, and L denote the density of the composite, applied load and
sliding distance, respectively. The physical parameters for calculating
specific wear rate were shown in Table 2. The specific wear rate
decreased from 1200 to 670 E—07 mm®/Nem with increasing carbon
fiber content. After the MPTMS treatment, the specific wear rate was
decreased. Similar to friction coefficient, M-CF and M-GO increase the
bond strength with the PPS matrix which makes the decrement of wear
loss. The addition of MPTMS-treated GO to the PPS/CF composite has
reduced the wear rate and friction coefficient. The specific wear rate of
PPS/20M-CF/5M-GO was comparable to recent results of PPS compos-
ites (see Table 3).

Fig. 9 shows the FE-SEM images of the composite surface after the
wear test. Each composite shows wear tracks, which were created by
balls during the wear test. The surface of wear track shows smoother
surface than undamaged surface. The carbon fibers have almost not been
damaged because carbon fiber withstands a high temperature of 800 °C
as shown in TGA results. The wear tracks are about almost same height
as where they were not worn due to the small wear loss after wear test
which can be seen that the tribological properties were enhanced by
adding MPTMS-treated carbon fiber and GO as shown in Fig. 8(b). In
summary, by adding MPTMS-treated carbon fiber and GO to the PPS
matrix, the thermal, mechanical, and tribological properties of the
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composite have been improved.
4. Conclusions

In this study, carbon fiber and GO fillers were treated with MPTMS to
increase the bonding strength between the PPS matrix and fillers. The
carbon fibers remained stable during the high-temperature treatment
and treatment with the chemical solvent; the oxidation process was
conducted before the MPTMS treatment. The MPTMS-treated fillers
were studied with different methods. The treated and untreated fillers
were added to the PPS matrix and melted together with twin-screw melt
extrusion; in addition, PPS/CF/GO composites were fabricated with
melting injection molding. The MPTMS-treated carbon fiber and GO-
containing composite shows improved thermal properties (the thermal
conductivity has increased from 0.185 to 0.323 W/meK) and mechanical
properties (the Young’s modulus has increased 188% higher than neat
PPS, and the tensile strain has been improved). Although the addition of
carbon fibers decreased the tensile stress first, in the case of the MPTMS-
treated carbon fiber composite, the tensile stress is similar to the tensile
stress of neat PPS. This may be due to the increased bonding strength
between the PPS and MPTMS-treated fillers. The thermal conductivity of
the PPS/20M-CF/5M-GO composite was increased to 0.323 which is
175% greater than neat PPS. After the wear test, the friction coefficient
decreased owing to the carbon fibers; in addition, the specific wear rate
is approximately 400% better than that of neat PPS. Thus, PPS/CF/GO
composites are suitable candidates for heat pumps and interior materials
in the automotive industry.
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