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The energy crisis has driven increased adoption of electric vehicles (EVs) in the automotive sector, with a focus
on lightweight engineering plastics (EPs) for fuel efficiency. This study aims to enhance the mechanical prop-
erties and thermal conductivity of EPs to address heat-related concerns in EVs and electronic devices. A hybrid
filler (milled glass fiber, boron nitride, and graphene oxide) was introduced to polyphenylene sulfide (PPS), using
a simultaneous grafting process with poly(catechol/polyamine) (PCPA) and silane additives. Filler aggregation in
the resin matrix was overcome with surface-treatment agents such as Bis[3-(triethoxysilyl)propyl] tetrasulfide
(Si69), catechol, and tetraethylenepentamine. PCPA polymerization on the filler surfaces bridged connections
between fillers and silane molecules. The resulting surface-treated hybrid composite showed a 637 % increase in
thermal conductivity (2.102 Wm K1) and a 63.94 % increase in tensile strength (65.87 MPa) compared to the
base matrix. Incorporating 40 wt% surface-treated mGF, 30 wt% raw BN, and 6 wt% surface-treated GO, along
with PCPA and Si69 treatments, achieved this improvement. The hybrid filler composites significantly enhanced
thermal conductivity and mechanical properties, providing a rapid and convenient solution to challenges in

robustness and heat dissipation for electronic vehicles and devices.

1. Introduction

Addressing the global energy shortage and mitigating carbon emis-
sions have become pressing issues [1,2]. Electric vehicles (EVs) run on
electricity and are emerging as a viable substitute for conventional ve-
hicles that rely on fossil fuels in the automobile industry [3]. The per-
formance of electric vehicles (EVs), which are heavily dependent on
their fuel efficiency, is closely tied to the weight of their chassis [4].
Consequently, there is an increasing focus on finding robust materials
that can substitute current parts, lower the total weight of the vehicle
(excluding the battery packs), and improve overall efficiency [5]. En-
gineering plastics (EPs) stand out as promising candidates in the auto-
motive sector due to their processability, water resistance,
cost-effectiveness, and lightweight nature [6-8].

However, challenges to the widespread adoption of EPs exist [9,10].
Polyamide (PA) has high moisture absorbance, and polycarbonate (PC)
has issues associated with poor chemical stability [11,12]. During
high-temperature molding, Polybutylene terephthalate (PBT) tends to
undergo hydrolysis, while polyurethane is vulnerable to heat and
polyvinyl chloride (PVC) is sensitive to cold temperatures [13,14].

These limitations hinder the broader application of EPs across various
fields. Polyphenylene sulfide (PPS) has emerged as a remarkable
super-engineering plastic that could solve these issues [15,16]. It can
resist high temperatures, retain its chemical resistance, display
flame-retardant properties, and uphold dimensional stability [17,18].
With a comparatively higher melting point of 275 °C, it stands out as a
promising option for various applications [19,20].

Despite its merits, PPS has drawbacks in thermal conductivity
compared to other engineering plastics. Accordingly, various thermally
conductive fillers, including graphene [21,22], graphene oxide (GO)
[23,24], carbon nanotubes [25,26], boron nitride (BN) [27,28], and
aluminum nitride [29], have been introduced to enhance the thermal
properties of polymers. Among these fillers, hexagonal-BN (h-BN) has
attracted considerable attention as a ceramic filler and is frequently used
in crafting high-thermal-conductivity composites [30]. Its appeal lies in
its inherent features, namely a notable in-plane thermal conductivity of
185-300 Wm K1, remarkable chemical stability, enhanced insulating
characteristics, and weak dielectric properties [31,32]. These attributes
are especially crucial in applications related to electronic devices
[33-35].
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Fig. 1. Schematic of surface treatment and composite fabrication.

Table 1

Compositions of the matrices and composites.
Composite Matrix Composite Total

PPS mGPS Total Matrix BN rGPS

PPS 100 % - 100 % 100 % - - 100.0
ml0 90 % 10 % 100 % 100 % - - 100.0
m20 80 % 20 % 100 % 100 % - - 100.0
m30 70 % 30 % 100 % 100 % - - 100.0
m40 60 % 40 % 100 % 100 % - - 100.0
m40/B15 60 % 40 % 100 % 85 % 15 - 100.0

%
m40/B15/ 60 % 40 % 100 % 82 % 15 3% 100.0

13 %

m40/B15/ 60 % 40 % 100 % 79 % 15 6 % 100.0
16 %

m40/B30 60 % 40 % 100 % 70 % 30 - 100.0

%
m40/B30/ 60.00 40.00 100.00 67 % 30 3% 100.0
r3 % % % %
m40/B30/ 60.00 40.00 100.00 64 % 30 6 % 100.0
16 % % % %

Graphene has recently become a focal point in research, primarily
due to its outstanding thermal conductivity, reaching approximately
5300 Wm 'K~! [36]. This remarkable property is realized through a

two-dimensional pathway that facilitates both phononic and electronic
heat transport [37,38]. For polymer composites, attaining the desired
thermal conductivity hinges on two crucial factors: ensuring the even
dispersion of fillers within the matrix and fostering robust interfacial
adhesion [39,40]. However, despite the impressive thermal perfor-
mance of graphene as a filler, the strong interactions among the
sp2-conjugated carbon sheets can lead to aggregation within the poly-
mer matrix. Moreover, the limited compatibility between graphene and
the matrix results in weak interfacial interactions, creating acoustic
phonon mismatches [41]. These mismatches impede heat transfer
within the composite by introducing thermal boundary resistance [42].
Researchers have explored various approaches to overcome these limi-
tations, with achieving functionalization through either chemisorption
or physisorption of organic compounds using grafting or coating tech-
niques being a common strategy [43,44].

M. Kim et al. prepared MgO@MOoS;, core—shell structure to fabricate
composites. The PPS/MgO@MoS2/PA composites showed a filler ratio
and thermal conductivity of 40 wt% and 4.07 W/m-K [45]. Seki et al.
used carbon fiber and synthetic graphite hybrid filler to create blend of
PPS and SPS composites. The PPS—SPS-30SG-10CF composites reached
a filler ratio and thermal conductivity of 40 wt% and 4.17 W/mK,
respectively [46].

Silane coupling agents, known for forming strong connections be-
tween organic and inorganic materials, have played a crucial role in
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GO

Fig. 2. FE-SEM images of (a) mGF, (b) BN, (c) GO, (d,e) mGPS, and (f) rGPS.

these endeavors [47,48]. Typically comprising silicon atoms with sulfide
atoms; hydrolyzable components, often in the form of alkyl linkers; and
an organofunctional group, these agents have proven invaluable [49,
50]. In our experiment, we chose Bis[3-(triethoxysilyl)propyl] tetra-
sulfide (Si69) for this task.

Nevertheless, the substantial expense associated with dopamine
creates a notable barrier to its extensive utilization in industrial appli-
cations [51]. Given the structural resemblance of both the catechol
moiety and the amino-terminal group to dopamine, the potential to
establish robust adhesion exists [52]. To provide a cost-effective alter-
native, this study opted for catechol and polyamine to synthesize PCPA
in place of poly(dopamine). Consequently, the adoption of PCPA pro-
vided a cost-effective and straightforward approach, enabling the
bonding of Si69 to the filler surface through polymerization at an
appropriate pH. PCPA exhibits excellent adhesive performance and
chemical reactivity for secondary reactions, making it useful for
improving interfacial compatibility between fillers and the matrix. Si69,
as a silane coupling agent, can enhance interfacial compatibility due to
hydrogen bonding between the matrix and the hydroxyl groups on the
silica surface [53,54].

In the research, composites were formulated by combining PPS with
surface-treated mGF, raw BN, and GO fillers. The silane-treated mGFS
and rGPS fillers were well dispersed when mixed with the PPS matrix.
We analyzed the mechanical properties, thermal conductivity, and
insulation of this composite according to the mixing ratio of BN and
rGPS fillers.

2. Experimental
2.1. Materials

GO powder was obtained from Grapeneall Co., Republic of Korea.
Hexagonal BN, boasting a purity of 99 % and an average diameter of 12
pum, was provided by Momentive Performance Materials Inc., USA.
Milled glass fiber (mGF; average fiber length of 300 pm) was supplied
from Fiber Man Co., Republic of Korea. PPS was provided by Lotte
Chemical Co., Republic of Korea. Si69, polycatechol, and tetraethyle-
nepentamine (TEPA) were acquired from Sigma Aldrich. Additionally,
ethanol, distilled water, acetic acid, and hydroiodic acid needed for the
experiment were supplied by Daejung Chemical Co., Republic of Korea.

2.2. Preparation of surface-treated GF

Fig. 1 shows the composite’s surface treatment, reaction mechanism,
and fabrication process. To prepare PCPA and conduct silane treatment,
catechol, and PETA were mixed at a molar ratio of 3:1, whereas Si69 was
incorporated at a weight ratio of 1:10 relative to mGF. Catechol, PETA,
mGF, and Si69 were blended in 200 mL of distilled water. The solution
was then stirred in an oil bath at 60 °C for 4 h at 500 rpm. The resulting
material, having undergone PCPA and silane treatment, was subse-
quently filtered and dried in a vacuum oven at 70 °C for 48 h. This
product, having undergone PCPA and silane treatment on mGF, was
designated as mGPS.

2.3. Preparation of surface-treated GO

The process for reducing graphene oxide (GO) involved the use of



Y. Cho et al.

Polymer Testing 141 (2024) 108633

(a) (b) (c)
mGPS BN rGPS
3 |on ™ 3 3
s C-H LA LA
w o @
g e 2 =0 V¢
§ |mGF g g [GO cH Si-0
: ‘ : RN VAN
n n un
[ [ [
o o o
2 a B-N 2 c-0
Si-0 B-N o
(IR N TN N NN TN N TN TN AN TN TR T S S S | T TN TN N N TN TN SN T AN Y T T T A N PO TN SN SN AN SN TN TN N N SN TN T S N N 1
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
(d) T T T T T T 7T T (e) | BN R B S R SN R B S S (f) T T T T T T T T 717
mGPS o Si2p BN B1s rGPS C1s
g ; B-N ; C-0-H/C-0-Si 4§
s - =
2 2 =y
7] ; @ @
S Si-O-C/Si-O ¢ S S
£ £ £
1 | 1 | 1 | 1 | \ | L PO T TN SN TR [N SR NN TR [N S ' L 1 ! | L 1 ! 1 1 1 1
110 108 106 104 102 100 08 194 193 192 191 190 189 188 187 202 200 288 286 284 282 280

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 3. FT-IR spectra (a) mGF and mGPS, (b) BN, and (c) GO and rGPS. XPS deconvolution of (d) Si 2p of mGPS, (e) B 1s of BN, and (f) C 1s of rGPS.

hydroiodic acid and acetic acid. The reduction solution was created by
combining hydroiodic acid and acetic acid at a volume ratio of 3:1.
Initially, 5 g of GO was dispersed in 200 mL of the reduction solution and
stirred with a magnetic bar at 500 rpm for 24 h to form reduced gra-
phene oxide (rGO). Afterward, the acidic rGO mixture was filtered thrice
with di-water neutralizing its pH. The resulting rGO cakes from the
filtration were subsequently dried in a vacuum oven at 70 °C for 48 h.

To prepare PCPA and conduct silane treatment, catechol, and PETA
were mixed in a molar ratio of 3:1, whereas Si69 was incorporated in a
weight ratio of 1:10 relative to rGO. Catechol, PETA, rGO, and Si69 were
blended in 200 mL of distilled water. The solution was then stirred in an
oil bath at 60 °C for 4 h at 500 rpm. The resulting material, having
undergone PCPA and silane treatment, was subsequently filtered and
dried in a vacuum oven at 70 °C for 48 h. This product, having under-
gone PCPA and silane treatment on rGO, was designated as rGPS.

2.4. Fabrication of the composites

Si69 and PCPA treated and untreated with mGF, BN, and GO were
incorporated into PPS pellets using a twin-screw melt extruder (model
BA-11, Bautek, Korea) operating at 290 °C. The extrudates were gath-
ered and pelletized at 300 °C through injection molding (model BA-915,
Bautek, Korea) to produce composites with diverse shapes. Subse-
quently, the mechanical and thermal properties of the resulting com-
posites were thoroughly examined. The composition and their
corresponding designations are listed in Table 1.

2.5. Characterization

The morphological features of the matrices, fillers, and composites
were evaluated using a field-emission scanning electron microscope (FE-

SEM; Sigma, Carl Zeiss). The platinum coating was done on the upper
surface of the sample before imaging. This is because to use FE-SEM, the
sample must be made conductive. The attenuated total reflection mode
was used in Fourier-transform infrared spectroscopy (FT-IR; Spectrum
One, PerkinElmer, USA), covering a wavelength range from 400 to 4000
cm ™!, and was employed to investigate the functional attributes of the
matrix and surface modifications of the fillers. An ESCA 2000 X-ray
photoelectron spectrometer (VG Microtech) was employed for X-ray
photoelectron spectroscopy (XPS) to examine the surface characteristics
of the BN and GO fillers. X-ray diffraction (XRD; New D8-Advance,
Bruker-AXS) within a 20 range of 10-80° confirmed the crystalline na-
ture of both the matrix and fillers.

The thermal stability and degradation characteristics of the matrices,
fillers, and composites were evaluated through thermogravimetric
analysis (TGA; TGA 2050, TA Instruments) at a temperature range of
50-800 °C under a nitrogen atmosphere. Tensile strength and tensile
strain of both matrices and composites were determined using a uni-
versal testing machine (UTM; 3344Q9465, Instron Co., Norwood, MA,
USA) at a crosshead speed of 5 mm/min. Furthermore, dynamic me-
chanical analysis (DMA; PerkinElmer DMA 8000, PerkinElmer, Wal-
tham, MA, USA) was performed to measure the storage modulus, loss
modulus, and tan delta over a temperature range of 30-200 °C, with a
heating rate of 3 °C/min and a frequency of 1 Hz.

The thermal conductivity was calculated using Equation (2) from the
measured values:

K=aepeC, 2)

where K represents thermal conductivity, p is the density, o is the

thermal diffusivity, and C;, is the heat capacity of the composite.
Thermal diffusivity, specific heat capacity, and bulk density were

measured at room temperature using Laser Flash Analysis (LFA)
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Fig. 4. XRD spectra of (a) mGF and mGPS, (b) BN, and (c¢) GO and rGPS. TGA curves of (d) BN, (e) mGF and mGPS, and (f) GO and rGPS.

(NanoFlash LFA 467, Netzsch Instruments Co., Selb, Germany), Differ-
ential Scanning Calorimetry (DSC-7, PerkinElmer Co.), and an Electro-
magnetic Balance (HR-250AZ, A&D Company Limited, Tokyo, Japan)
that applies Archimedes’ principle, respectively.

Finally, the thermal conductivity enhancement (TCE) was deter-
mined using Equation (3):
TCE :% x 100%

m

3)
where Ky, represents the thermal conductivity of the matrix.

3. Results and discussion

3.1. Filler characterization

Fig. 2 presents a comparative examination of the morphological
characteristics of mGF, BN, and GO fillers, according to whether they
underwent surface treatment. Raw fillers with clean surfaces are indi-
cated in Fig. 2(a—c). However, Fig. 2 (d and e) shows the uneven surfaces
of mGPS and rGPS. It indicates successful Si69 and PCPA grafting on the
mGF and rGO surfaces after grafting the surface treatment agent. These
effective surface modifications are illustrated by the morphological
changes observed in the FE-SEM analysis.

Fig. 3 presents a comprehensive comparative analysis of the chemi-
cal properties of mGF, BN, and GO fillers in various states utilizing FT-IR
and XPS spectra. Fig. 3(a) shows the raw mGF and mGPS. Significantly,
both mGF and mGPG exhibit Si-O absorption peaks at approximately
900 cm~!. Additionally, the FT-IR spectrum of mGPS reveals distinct
peaks at 780, 1080, 1400, 2980, and 3680 em ™}, corresponding to C=C,
C-0, C=0, C-H, and O-H absorption. The FTIR spectrum of a raw BN is

shown in Fig. 3(b). Raw BN exhibits B-N absorption peaks at approxi-
mately 765 and 1305 cm ', The FTIR spectra of raw GO and rGPS are
depicted in Fig. 3(c). Raw GO exhibited peaks at approximately 1620
and 3400 cm ™! attributable to G-O and O-H stretching. The reduction
and surface treatment process was confirmed by the FT-IR spectrum of
rGPS, which exhibited noteworthy peaks at 765, 1035, 1550, 2925, and
3340 cm ™} corresponding to C=C, Si-O, C=0, C-H, and O-H stretching.
These distinctive peaks in the GO and rGPS spectra provide clear evi-
dence for the reduction and surface treatment of GO.

Furthermore, an XPS analysis was conducted to confirm the presence
of PCPA and Si69 on the surfaces of the mGF and GO fillers as well as the
state of BN. Fig. 3(d—f) depict the Si 2p deconvolutions of mGPS, B 1s
deconvolutions of BN, and C 1s deconvolutions of rGPS, respectively.
The deconvoluted Si 2p peaks in mGPS correspond to O-Si-O (105.6
eV), Si-0O-C/Si-0 (103.7 eV), and Si—-C (102.2 eV) bonds. The decon-
voluted B 1s peaks in BN filler are attributed to B-OH (191.2 eV) and
B-N (190.4 eV). The rGPS filler exhibited peaks corresponding to O-C-O
(288.3 eV), C-O-H/C-0-Si (286.2 eV), C-S (285.2 eV), and C-C/C-H
(284.6 eV) bonds. These peaks provide evidence for the polymerization
of PCPA and the presence of grafted silane molecules [55,56]. Notably, a
slight shift in binding energy was observed due to different surface
treatments. In summary, both FT-IR and XPS analyses confirmed the
surface treatment applied to the fillers.

Fig. 4 presents a comparative analysis of the XRD spectra and TGA
spectra of the fillers to assess their properties. In the XRD analysis of
mGF and mGPS, the fillers exhibit no distinct peaks owing to the
amorphous characteristics of mGF and PCPA. However, the XRD spec-
trum of BN displays distinctive patterns with peaks at approximately
26.46°, 41.23°, 43.67°, 49.88°, 54.84°, 71.18°, and 75.74°, corre-
sponding to the (002), (100), (101), (102), (004), (104), and (110)
planes. For GO, the XRD patterns reveal peaks at 11.37° and 42.59°,
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Fig. 5. Cross-sectional FE-SEM images of (a) PPS, (b) m10, (c) m20, (d) m30, (e) m40, and (f) mGPS in PPS.

corresponding to the (001) and (100) planes. The rGPS fillers, on the
other hand, exhibited distinct peaks at 25.19° and 43.08°, corresponding
to the (002) and (100) planes, attributable to the reduction procedure of
GO. These XRD patterns demonstrate minor shifts for each filler, sug-
gesting that the hydroxylation process and the attachment of surface-
treatment agents had a modest impact on the crystallinity of the fillers
[57,58].

To assess thermal stability and the composition of surface-treatment
agents, the thermal degradation properties of the fillers are examined in
Fig. 4(a—c). Raw mGF exhibits excellent thermal stability and, therefore,
the ability to characterize the weight percentage of the grafted surface
treatment agents in mGPS. The degraded weight percentage of the mGPS
was 4.5 %, indicating that 4.5 wt% of the Si69 and PCPA were well

attached to the surface of the filler. Raw BN displayed exceptional
thermal stability, with a degradation temperature of 2973 °C. Compar-
atively, raw GO degraded was almost completely degraded at approxi-
mately 200 °C. However, rGPS exhibited enhanced thermal stability.
The rGPS filler degraded slowly until the temperature reached 800 °C.
Moreover, the GO reduction and PCPA polymerization with Si69 on the
GO surface enhanced thermal stability [59,60]. This is because, after
surface treatment of GO with PCPA and Si69, chemical bonds were
formed. These bonds altered the thermal decomposition pathway,
thereby increasing thermal stability [61].
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3.2. Composite characterization

Fig. 5 presents cross-sectional FE-SEM images of the matrices with
various contents of mGPS filler, ranging from raw PPS to m40, which
contains 40 wt% of mGPS. To ensure a smooth surface for analysis, the
samples were cryogenically frozen with liquid nitrogen and then frac-
tured before FE-SEM imaging. As shown in Fig. 5, raw PPS exhibited
clean and neat surfaces. However, with the increase in the content of
mGPS filler, the matrices exhibited more cylindrical glass fibers as well
as good filler dispersion. Fig. 5(e), depicting the m40 matrix, reveals that
the mGPS fillers were not only vertically but also horizontally aligned in
the matrix. As vertical injection molding was used to fabricate the
matrices, the mGFS tended to be vertically aligned. However, an in-
crease in the amount of mGFS led to both a vertical and horizontal
distribution of the filler. Moreover, mGPS exhibited excellent interfacial
interaction with PPS, as the filler was well-coated with PPS when it
fractured.

Fig. 6(a and b) compare the mechanical properties among the
matrices with various mGPS contents. In all ratios, the tensile strength
increased as mGPS was added to PPS. As can be seen in the FE-SEM
photos of m10, m20, and m30 in Fig. 5(b,c, and d), after vertical in-
jection molding, mGFS was vertically aligned and the tensile strength
also gradually increased to 41.34, 46.26, 57.31 MPa. On the other hand,
at m40, it showed a sharply high tensile strength of 80.26 MPa, which is
due to the increase in the ratio of mGFS in Fig. 5(e), the horizontally
aligned mGFS increased the mechanical properties. The elongation at
the break of the matrices exhibited a similar trend.

The adequate content of mGPS filler grants slight flexibility, as the
filler has a good affinity to the PPS polymer. Importantly, the mGPS not
only enhanced the dispersal of fillers in the matrix but also significantly
improved the mechanical properties. When the content of mGFS
exceeded 40 wt%, the amount of mGFS became too high compared to
the PPS matrix, resulting in the inability to form a composite. Therefore,
the m40 was chosen as a matrix for the fabricating composites.
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Fig. 7. Cross-sectional FE-SEM images of (a) m40/B15/r0, (b) m40/B15/r3, (c) m40/B15/16, (d) m40/B30/10, (e) m40/B30/r3, and (f) m40/B30/16.
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The TGA and dTG curves of PPS and m40 are compared in Fig. 6(c
and d). The thermal stability of the m40 was enhanced through the
incorporation of mGPS filler. Fig. 4 confirms that the thermally stable
nature of mGPS increased the m40 matrix. Additionally, the successful
attachment of mGPS filler on PPS owing to surface treatment led to an
increase in mechanical strength and thermal stability.

Fig. 7 displays cross-sectional FE-SEM images of the composites. The
mGPS and BN fillers were well dispersed in all composites. The hexag-
onal BN fillers and two-dimensional rGPS were attached to the cylin-
drical mGPS. The surface treatment of mGPS and rGPS played the
increased affinity among fillers as well as with the PPS matrix. There-
fore, a significant thermal conductivity enhancement is expected
through the thermal pathway formed by hybrid fillers. Fig. S1 is the EDS
elemental mapping image of the m40/B30/r6 composite. Through EDS
elemental mapping, it can be confirmed that mGFS, rGPS, and BN are
well dispersed in the PPS matrix.

Fig. 8 depicts a comparative analysis of the mechanical properties
across different composites. The inclusion of BN fillers led to a gradual
decline in mechanical strength. In contrast to the BN filler, when

sufficient rGPS (6 wt%) was incorporated into the composites, the ten-
sile strength increased. For instance, m40/B15/r6 and m40/B30/16
demonstrated tensile strengths of 77.02 and 65.87, whereas those of
m40/B15/r3 and m40/B30/r3 were 74.08 MPa and 62.12 MPa,
respectively.

When the content of the filler BN increased from 15 wt% to 30 wt%,
it was confirmed that the tensile strength decreased due to the excessive
addition of the filler.

However, the integration of fillers did not significantly affect the
elongation at break for the composites. Fig. 7 shows that the fillers and
PPS were well mixed owing to the enhanced affinity following surface
treatment, and the tensile strength remained similar to that of the m40
matrix. Consequently, the concurrent surface treatment of fillers using
Si69 and PCPA not only improved the dispersion of fillers in the matrix
but also significantly improved the mechanical properties.

In Fig. 8(c), an increasing concentration of BN filler within the
composites led to an increase in storage modulus. This behavior can be
attributed to the addition of BN, which hindered the molecular chain
mobility and movement within the matrix. In contrast, when the carbon
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filler rGPS content increased, the storage modulus decreased. This is
because well-dispersed rGPS, which is compatible with the matrix,
softened the stiffness between the BN fillers that hindered the matrix’s
molecular chain mobility and movement [62,63].

Similarly in the tan § curve of Fig. 8(d), as the content of fillers in-
creases, the tan § curve corresponding to the glass transition tempera-
ture peak tends to shift in the high-temperature direction. As the content
of rGPS grafted with Si69 and PCPA increases, the mobility and move-
ment of the matrix’s molecular chain are restricted due to hydrogen
bonding with PPS and mGPS [64,65].

Consistent with the observations from the UTM results, the DMA
results confirm that the inclusion of various fillers deteriorated the
mechanical properties.

Fig. 9(a—d) compares the matrix and various composites’ thermal
conductivity and thermal conductivity enhancement (TCE). Thermal
conductivities for the matrix and composites PPS, m40, m40/B15, m40/
B15/r3, m40/B15/r6, m40/B30, m40/B30/r3, and m40/B30/r6 were
measured at 0.285, 0.375, 0.930, 1.195, 1.277, 1.690, 1.877, and 2.102
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Wm 'K}, respectively. Notably, m40/B30,/16 exhibited the most sub-
stantial enhancement, demonstrating an impressive 637 % increase in
thermal conductivity. As shown in the FE-SEM images of Fig. 5(e) and 7
(e and f) and S2, BN and rGPS, which are fillers with high thermal
conductivity, were arranged following the mGPS fiber, thereby forming
a heat transfer path. Moreover, the successful surface treatment and
well-dispers of these hybrid fillers led to an overall enhancement in the
thermal conductivity of the composites.

The incorporation of 30 wt% BN and 6 wt% rGPS hybrid fillers with
surface treatment produced the highest TCE among the various
composites.

Fig. 9(c) compares the thermal conductivity and elongation at break
values obtained in this study and those of flexible polymer composites
reported in various studies. The electrical insulation properties were
also assessed by measuring the electrical conductivities of both the
matrix and composites, as depicted in Fig. 9(d). The addition of BN and
the implementation of surface treatment contributed to the enhance-
ment of the electrical insulation properties. Notably, all the composites
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demonstrated commendable electrical insulation characteristics.

Furthermore, the heat-dissipation capabilities of selected film sam-
ples were investigated using an infrared camera. This analysis entailed
the acquisition of sample images as a light-emitting diode (LED)
generated heat, which was subsequently passed to the heat sink. The
surface temperature of the LED lamp was documented using an infrared
camera, as depicted in Fig. 10(a). A sequence of thermal images
demonstrated that the exterior temperature of the LED lamp, when
equipped with the neat PPS and m40/B15/r3 composite was higher than
that with the m40/B30/r6 composite, indicating the outstanding heat-
dispersion ability of the m40/B30/r6 composite. As depicted in
Fig. 10(b), the LED lamp with the neat PPS maintained a temperature of
150 °C for 280 s, the m40/B15/r3 composite maintained a temperature
of 138 °C for 410 s, and the m40/B30/r6 composite maintained a
temperature of 124 °C for 640 s. The m40/B30/r6 composite exhibited a
mean temperature variation of 26 °C compared to the neat PPS, and the
m40/B15/r3 composite exhibited a difference of 14 °C. This is because
the horizontal distribution of mGFS led to the alignment of fillers rGPS
and BN, and the treatments with PCPA and Si69 enhanced the interfacial
compatibility between the filler and the matrix. These fillers were
crucial in forming heat transmission pathways, which facilitated effi-
cient heat dissipation.

4. Conclusion

PPS has advantages such as high-temperature resistance, chemical
resistance, and flame retardancy in the field of engineering plastics.
However, it has the disadvantage of lower thermal conductivity
compared to other engineering plastics. This study focuses on devel-
oping highly thermally conductive composites by integrating a hybrid
filler composed of mGF, BN, and GO into PPS. The resulting surface-
treated hybrid composite exhibited an impressive thermal conductiv-
ity of 2.102 Wm-1K-1 and a tensile strength of 65.87 MPa, representing
remarkable increases of 637 % and 63.94 %, respectively, compared to
the base matrix. The improvement in high thermal conductivity and
mechanical properties was achieved for the following two reasons:

(1) The surface-treated mGPS was mixed into the PPS matrix and
evenly dispersed. With the aid of mGPS, the plate-shaped struc-
tures of rGPS and BN were evenly dispersed and arranged
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vertically, forming a heat transfer path, resulting in the m40/
B30/1r6 composite achieving high thermal conductivity.

(2) We created mGFS and rGPS fillers by performing silane surface
treatment on mGF and GO using Si69 and PCPA. The surface
treatment enhanced the compatibility between the fillers and the
matrix, contributing to improved thermal conductivity and me-
chanical properties.

In conjunction with the straightforward melt extrusion process
involving PCPA and Si69, this provides a quick and convenient solution
to the challenges associated with mechanical strength and heat dissi-
pation in EVs and electronic devices.
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