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ARTICLE INFO ABSTRACT

Handling editor: P Rios The demand for high-performance polymer composites has driven research to enhance the mechanical, thermal,
and tribological properties of polybutylene terephthalate (PBT). However, neat PBT suffers from limitations such
as low thermal conductivity and poor wear resistance. To address these issues, we developed PBT composites
reinforced with functionalized phenolic microspheres (FPM-BDO) and 3-mercaptopropyl trimethoxysilane-
modified tungsten carbide (M — WC). The resulting FPM-BDO/M-WC/PBT composites exhibited significant
improvements. The percolated heat conduction networks formed by M — WC increased thermal conductivity to
0.627 W/m-'K, a 129 % enhancement over neat PBT. The addition of FPM-BDO improved crystallization,
increasing crystallinity and tensile strength by 20.3 % while maintaining 94.3 % of the original elongation at
break, overcoming the brittleness of neat PBT. Tribological performance was also enhanced, with a 46.1 %
reduction in the coefficient of friction and a 50.6 % decrease in the specific wear rate. These improvements were
attributed to effective load transfer, heterogeneous nucleation, and a free-volume expansion effect, which
collectively enhanced strength, ductility, and wear resistance. The combined effect of FPM-BDO and M — WC
successfully addressed the major limitations of neat PBT, making these composites promising for automotive,
aerospace, and industrial applications that require high-performance, thermally stable, and wear-resistant
materials.
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1. Introduction conditions [8,9]. To overcome these limitations, polymer blending and

filler incorporation have been explored as effective strategies [10,11].

Polymer materials have become indispensable in modern industries
because of their lightweight nature, ease of processing, and versatile
properties [1,2]. Engineering polymers, such as polyamide [3], poly-
carbonate [4], and polyethylene terephthalate [5], are widely used in
applications ranging from automotive components to electronic devices
owing to their excellent thermal, mechanical, and chemical resistance
properties. Among them, polybutylene terephthalate (PBT) is preferred
for precision applications because of its high mechanical strength,
dimensional stability, and chemical resistance [6,7]. Despite these ad-
vantages, neat PBT exhibits significant brittleness, which limits its
impact resistance and wear performance, particularly under high-stress

However, these conventional approaches often result in performance
trade-offs, such as reduced tensile strength, compromised thermal con-
ductivity, or increased brittleness, which restrict their widespread
adoption in high-performance applications. In a recent study, Su et al.
explored the development of fluorinated graphite (FGr)-reinforced
PTFE/PBT composites for deep-sea applications, focusing on enhancing
tribological performance under high-pressure seawater conditions.
Their findings demonstrated a 96 % reduction in wear rate at optimal
FGr content, highlighting the effectiveness of FGr in improving wear
resistance and transfer film formation in extreme environments [12].
In this study, a novel PBT composite was developed by incorporating
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functionalized phenolic microsphere (FPM-BDO) and tungsten carbide
(WC). The integration of FPM-BDO in a PBT matrix has not been pre-
viously reported, highlighting its novelty and potential to offer unique
advantages over conventional reinforcement strategies. FPM-BDO acts
as a heterogeneous nucleating agent, facilitating crystallization and
increasing free volume, which enhances polymer chain mobility. This
results in a synergistic improvement in both tensile strength and
ductility, mitigating the brittleness commonly observed in neat PBT.
Additionally, WC further enhances the tribological and thermal prop-
erties of the composite due to its exceptional hardness, high thermal
conductivity, and wear resistance [13]. Moreover, WC was modified
with 3-mercaptopropyl trimethoxysilane (MPTMS), which improved its
interfacial adhesion with the PBT matrix, ensuring enhanced dispersion
and stress-transfer efficiency. Previous studies have demonstrated that
WC-reinforced polymer composites exhibit enhanced tribological
properties in high-wear applications [14,15]. This study builds on those
findings by investigating the combined effect of FPM-BDO and
MPTMS-modified WC (M — WC) in a PBT matrix.

The final FPM-BDO/M-WC/PBT composite exhibited remarkable
improvements across multiple performance metrics. Its tensile strength
increased by 20.3 %, reaching 51.21 MPa, while its elongation at break
increased 1.94-fold compared to that of neat PBT. The thermal con-
ductivity of the composite improved significantly, reaching 0.627 W/
m-K, representing a 129 % increase over that of neat PBT. Additionally,
the coefficient of friction decreased by 46.1 %, and the specific wear rate
was reduced by 50.6 %, confirming enhanced wear resistance. The
combination of FPM-BDO and M — WC effectively mitigated the
inherent brittleness of PBT while simultaneously enhancing its me-
chanical strength, thermal stability, and tribological properties, making
the composite a promising material for high-performance industrial
applications.

2. Results and discussion
2.1. Characterization of the fillers

The fabrication process of the fillers and composites is schematically
illustrated in Fig. 1 and detailed in the experimental section. The
morphology of the fillers analyzed using FE-SEM is depicted in Fig. 2.
The FE-SEM image of the FPM (Fig. 2a) displayed smooth spherical
particles with an average diameter of 3.6 pm, indicating a uniform and
well-defined structure. In the case of FPM-BDO, nanosized particles were
observed on the surface of the FPM spheres, which increased the particle
size to approximately 3.7 pm. As the FPM ratio decreased from 8 % to 2
%, the density of the nanosized particles on the surface increased
significantly, resulting in an irregular and rough texture, as shown in
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Fig. 2b and c. WC exhibited particles featuring an agglomerated struc-
ture with sharp edges (Fig. 2d), consistent with its high-hardness
properties. However, M — WC exhibited a smooth surface and a uni-
form particle distribution (Fig. 2e), confirming the success of the surface
treatment [16].

The structural characteristics of WC and M — WC were further
analyzed using field-emission transmission electron microscopy (FE-
TEM), as shown in Fig. 2. The low-resolution TEM image of WC, pre-
sented in Fig. 2f, revealed irregularly shaped particles with sharp edges,
which is consistent with the agglomerated morphology observed in the
FE-SEM images. The lattice fringes were clearly visible, indicating the
crystalline nature of WC, and the measured d-spacing of 0.245 nm,
corresponded to the characteristic [101] plane of WC, as shown in
Fig. 2g. Conversely, the FE-TEM image of M — WC (Fig. 2h) revealed a
noticeable change in surface structure, where the particles exhibited a
thin, amorphous coating layer due to the MPTMS treatment. Although
the lattice fringes of the WC core remained intact, as shown in Fig. 2i, the
presence of the coating confirmed the successful surface modification.

The EDS elemental mapping further confirmed the observed surface
modifications. The mapping of WC, shown in Fig. 2a, revealed a uniform
distribution of tungsten and carbon elements, which are the primary
components of WC. The mapping of M — WC (Fig. 2b) displayed addi-
tional signals for silicon and sulfur, indicating that an MPTMS coating
was present on the WC particles. The clear detection of silicon and sulfur
elements confirms the successful chemical modification of the WC sur-
face and the formation of a thin MPTMS layer (see Fig. 3).

The structural and thermal properties of the fillers were analyzed
using XRD, FT-IR spectroscopy, and TGA, as shown in Fig. 4. The XRD
patterns of WC and M — WC, presented in Fig. 4a, exhibited sharp
diffraction peaks, indicating the crystalline nature of WC. Characteristic
peaks corresponding to WC were observed at 20 = 31.48°, 35.62°, and
48.26°, which are associated with the (001), (100), and (101) planes,
respectively. In the case of M — WC, the peak positions remained un-
changed, confirming that the MPTMS treatment did not alter the crys-
talline structure of WC [17].

The FT-IR spectra of the FPM and FPM-BDO were analyzed to
confirm the successful chemical modification of the FPM with butane-
diol. As shown in Fig. 4b, the spectrum of the FPM displayed charac-
teristic peaks at 1595 cm™! and 1476 cm™!, which correspond to the
aromatic C=C stretching vibrations and C-H bending vibrations,
respectively. Additionally, the broad peak around 3446 cm™! was
attributed to the —OH stretching vibrations of the phenolic groups in the
FPM [18]. Conversely, the spectrum of FPM-BDO exhibited significant
changes. The —~OH stretching peak at 3446 cm ™! broadened and inten-
sified, confirming the introduction of hydroxyl groups from butanediol.

Furthermore, a new peak was observed at 1049 cm~ !, which
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Fig. 1. Schematic illustration of the composite fabrication process.
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Fig. 2. FE-SEM images of (a) the FPM, (b) FPM-BDO (2 %), (c) FPM-BDO (8 %), (d) WC, and (e) M-WC. (f) Low- and (g) high-resolution FE-TEM images of WC. (h)

Low- and (i) high-resolution FE-TEM images of M-WC.

Fig. 3. EDS elemental mappings of (a) WC and (b) M-WC.

corresponds to the C-O stretching vibrations likely originating from
newly formed ester bonds due to the reaction with butanediol. Addi-
tionally, a distinct peak was detected at 750 em !, which is attributed to
the out-of-plane bending vibrations of aromatic C-H bonds. This peak,
which was absent in the FPM, indicates a change in the substitution
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pattern of the aromatic ring caused by the grafting of butanediol. These
modifications clearly demonstrate that butanediol was successfully
grafted onto the FPM, as the characteristic peaks of the FPM were
retained while additional peaks unique to butanediol appeared. Simi-
larly, the FT-IR spectra of WC and M — WC (Fig. 4c) displayed no
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Fig. 4. (a) XRD patterns of WC and M-WC. FT-IR spectra of (b) the FPM and FPM-BDO and (¢) WC and M-WC. (d) TGA curves of FPM-BDO.

significant peaks for pristine WC because of its inert nature. However, M
— WC exhibited new peaks at 1079 em ™}, 951 ecm ™), and 1018 ecm ™,
corresponding to Si-O-Si, Si-C, and Si-O-W bonds, respectively, con-
firming the successful attachment of MPTMS onto the WC surface.

The TGA curves of the fillers (Fig. 4d) provided insights into their
thermal stability. As the proportion of FPM increased, the thermal sta-
bility of the materials improved owing to the relatively stable nature of
FPM. The TGA curve of the FPM exhibited an initial weight loss around
300 °C due to the decomposition of residual volatile compounds, fol-
lowed by a major weight loss between 400 °C and 600 °C due to the
degradation of the phenol-formaldehyde framework. Compared to the
FPM, FPM-BDO demonstrated slightly higher thermal stability, with its
decomposition occurring at a higher temperature, possibly due to the
presence of BDO. The TGA curves of WC and M — WC are presented in
Fig. S1. WC exhibited no significant weight loss up to 800 °C, reflecting
its high thermal stability. M — WC exhibited a slight weight loss around
350 °C, which is attributed to the decomposition of the MPTMS coating.

The XPS spectra of the fillers, shown in Fig. 5, were analyzed to verify
the surface chemical composition and successful functionalization of the
materials. The C 1s spectrum of the FPM in Fig. 5a displays characteristic
peaks at 284.8 eV, 286.2 eV, and 288.6 eV, which correspond to C-C and
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C=C, C-0, and n—x* shakeup satellites, respectively. The O 1s spectrum
in Fig. 5b further confirms the presence of oxygen-containing functional
groups, with a peak at 533.2 eV, attributed to C-O bonding. These re-
sults confirm the successful synthesis of FPM with functional groups
suitable for further chemical modification [19]. Conversely, the spectra
of FPM-BDO were observed to exhibit significant changes. The C 1s
spectrum in Fig. 5c demonstrates the presence of multiple
oxygen-related functional groups, including C-O (286.3 eV), C=0
(288.7 eV), and C-O-C (287.5 eV), indicating the successful grafting of
butanediol onto the FPM surface. Similarly, the O 1s spectrum in Fig. 5d
displays a broad peak with deconvoluted signals, suggesting the for-
mation of C-O-C and C=0 bonds, further confirming the modification
of the hydroxyl functionality.

The C 1s spectrum of WC in Fig. Se exhibits a strong peak at 283.5 eV,
which is attributed to carbide carbon. The W 4f spectrum in Fig. 5f
displays peaks at 31.7 eV and 34.1 eV, confirming the WC chemical
state. These results reflect the intrinsic stability and chemical structure
of pristine WC [20]. In contrast, M — WC exhibited new peaks due to
functionalization with MPTMS. The C 1s spectrum in Fig. 5g illustrates
the appearance of a peak at 286.3 eV, which is attributed to C-O bonds
introduced by the MPTMS coating. The W 4f spectrum shown in Fig. 5h
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Fig. 5. XPS spectra of (a) FPM C 1s, (b) FPM O 1s, (c) FPM-BDO C 1s, (d) FPM-BDO O 1s, () WC C 1s, (f) WC W 4f, () M — WC C 1s, (h) M — WC W 4f, and (i) M —

WC Si 2p.

remained largely unchanged, with WC peaks still dominant. Further-
more, the Si 2p spectrum (Fig. 5i) displays distinct peaks at 102.3 eV and
103.5 eV, which correspond to Si-O-Si and Si-O-W bonds, respectively.
This verifies that MPTMS has been successfully attached to the WC
surface.

2.2. Cross-sectional morphologies of composites

The cross-sectional morphologies of neat PBT and the various FPM-
BDO/PBT and FPM-BDO/M-WC/PBT composites were analyzed using
FE-SEM, and the results are shown in Fig. 6. Neat PBT exhibited a
smooth and homogeneous structure, as revealed by its cross-sectional
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image in Fig. 6a. Conversely, the FPM-BDO/PBT composites exhibited
significant structural modifications depending on the FPM-BDO content.
For 2FPM-BDO/PBT, its cross-section (Fig. 6b) displayed a microfibrillar
structure, indicating enhanced ductility. As the FPM-BDO content
increased to 4 % and 6 % (Fig. 6¢ and d), a denser microfibrillar network
formed, contributing to improved load transfer between the filler and
polymer matrix [21]. However, at 8 % FPM-BDO/PBT (Fig. 6e), particle
aggregation was observed, leading to localized filler clustering, which
may diminish the mechanical properties due to stress concentration
effects [22].

For the FPM-BDO/M-WC/PBT composites, the addition of M — WC
further influenced the cross-sectional morphology. The cross-section of



J. Kim et al.

Journal of Materials Research and Technology 36 (2025) 6578-6589

Fig. 6. Cross-sectional FE-SEM images of (a) neat PBT, (b) 2FPM-BDO/PBT, (c) 4FPM-BDO/PBT, (d) 6FPM-BDO/PBT, (e) 8FPM-BDO/PBT, (f) 4FPM-BDO/10M-WC/
PBT, (g) 4FPM-BDO/20M-WC/PBT, (h) 4FPM-BDO/30M-WC/PBT, and (i) 4FPM-BDO/40M-WC/PBT.

4FPM-BDO/10M-WC/PBT (Fig. 6f) exhibited a uniform distribution of
M — WC particles alongside FPM-BDO, indicating good dispersion and
interaction with the matrix. Ata 20 % M — WC content, shown in Fig. 6g,
a dense distribution of M — WC particles was observed, accompanied by
shear yielding features, suggesting enhanced mechanical toughness. At a
30 % M — WC content, (Fig. 6h), the composite displayed both micro-
fibrillation and shear yielding, ensuring balanced structural reinforce-
ment [23]. However, at the highest filler content, the microfibrillar
structure was no longer observed. Instead, the material exhibited shear
yielding as the dominant deformation mechanism, indicating that at this
high filler concentration, the reinforcing effect of microfibrils was sup-
pressed in favor of plastic deformation.

2.3. Thermal properties of the composites

Fig. 7 illustrates the thermal properties of neat PBT and the various
FPM-BDO/PBT and FPM-BDO/M-WC/PBT composites analyzed using
DSC, TGA, and thermal conductivity measurements. The DSC curves of
the composites are presented in Fig. 7a, while the corresponding T and
Tec values are summarized in Fig. 7b. According to the DSC analysis,
Neat PBT exhibited a single endothermic melting peak, whereas the
FPM-BDO/PBT composites displayed a double melting peak in their DSC
curves. This double melting behavior is typically associated with
recrystallization processes or the presence of different crystal structures
within the polymer matrix. The introduction of FPM-BDO fillers altered
the crystallization behavior, leading to a lower T, which suggests an
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enhancement in nucleation due to the presence of the fillers [24]. The
cold crystallization temperature (Tcc) represents the temperature at
which polymer chains reorganize into crystalline domains during
reheating. A lower Tcc indicates enhanced nucleation efficiency and
improved chain mobility, leading to easier crystallization. The incor-
poration of heterogeneous nucleating agents, such as FPM-BDO, in-
troduces abundant nucleation sites within the polymer matrix, thereby
lowering the energy barrier for crystallization. These agents promote
crystallization through both chemical interactions (e.g., hydrogen
bonding, dipole-dipole interactions) and epitaxial nucleation mecha-
nisms, enabling the polymer chains to crystallize at lower temperatures
[25].

Among the composites, SFPM-BDO/PBT exhibited the lowest T, and
a relatively high degree of crystallinity (Xc), confirming that FPM-BDO
effectively acted as a heterogeneous nucleating agent by providing
abundant nucleation sites, thereby promoting crystallization [26].

The thermal conductivity of the composites is shown in Fig. 7e, while
the theoretical values obtained from the Agari-Uno model are presented
in Fig. 7f. Neat PBT exhibited the lowest thermal conductivity (0.273 W/
m-K), while the incorporation of FPM-BDO alone slightly reduced the
thermal conductivity to 0.236 W/m-K. This decrease can be attributed to
the low intrinsic thermal conductivity of FPM-BDO, which introduces
additional interfacial boundaries and increases the free volume within
the matrix, thereby hindering efficient phonon transport [27].

In contrast, the addition of WC significantly improved the thermal
conductivity due to its inherently high thermal conductivity and its
ability to form continuous heat conduction pathways. FPM-BDO/10M-
WC/PBT, 20M-WC/PBT, and 30M-WC/PBT exhibited a steady in-
crease in thermal conductivity, with FPM-BDO/40M-WC/PBT reaching
the highest value (0.5987 W/m-K). However, the difference in thermal
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conductivity between 30M — WC and 40M — WC was relatively small,
indicating that the percolation threshold was reached at 30 wt%, and
further addition of WC resulted in only marginal improvement due to
slight filler aggregation [28].

The MPTMS surface modification of WC played a critical role in
enhancing interfacial compatibility, reducing interfacial thermal resis-
tance, and ensuring efficient phonon transport. The experimental values
closely matched the predictions from the Agari-Uno model (Fig. 7f),
confirming its applicability in predicting the thermal transport behavior
of these composites. To further verify the experimental results, the
Agari-Uno model was employed to predict the thermal transport
behavior of the composites (Fig. S3). A more detailed theoretical
approach regarding the calculation of composite thermal conductivity
using the Agari-Uno model, including derivations and parameters used,
is provided in the Supporting Information.

2.4. Mechanical properties of composites

The stress—strain curves of neat PBT and the FPM-BDO/PBT com-
posites are presented in Fig. 8a, while the corresponding tensile strength
and elongation at break values are summarized in Fig. 8b. Neat PBT
exhibited a tensile strength of 49.82 MPa and an elongation at break of
10.7 %, indicative of its inherent brittleness [29]. The incorporation of
FPM-BDO fillers enhanced the tensile strength and ductility, with the
most significant improvement observed in 6FPM-BDO/PBT, which
achieved a tensile strength of 51.21 MPa and an elongation of 18.2 %.
This improvement suggests that FPM-BDO acts as a stress-transfer agent,
facilitating load distribution within the polymer matrix. However, at 8
wt% FPM-BDO, both tensile strength and elongation decreased to 48.30
MPa and 14.7 %, respectively, likely due to filler aggregation and
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composites with different M — WC filler ratios. (d) Tensile strength and strain of the composites with different M — WC filler ratios.

microvoid formation, leading to a reduction in interfacial adhesion and
mechanical stability.

The stress-strain behavior of FPM-BDO/M-WC/PBT composites is
depicted in Fig. 8c, with the tensile strength and elongation values
summarized in Fig. 8d. The addition of M — WC significantly enhanced
the tensile strength, attributed to the inherent stiffness and mechanical
reinforcement of tungsten carbide. The 40M-WC/PBT composite
exhibited the highest tensile strength of 93.6 MPa, but its elongation was
limited to 5.3 %, indicative of increased brittleness at high filler content.
Among the FPM-BDO/M-WC/PBT composites, FPM-BDO/30M-WC/PBT
displayed the best balance between strength and ductility, achieving a
tensile strength of 80.4 MPa and an elongation of 8.2 %. This suggests
that 30 wt% M — WC provides optimal reinforcement, efficiently
transferring stress without excessive particle agglomeration. However,
at 40 wt% M — WG, the tensile strain decreased to 7.1 %, suggesting that
increased filler content led to reduced flexibility due to more rigid
particle interactions.

The mechanical reinforcement observed in the FPM-BDO/PBT and
FPM-BDO/M-WC/PBT composites can be attributed to multiple rein-
forcing mechanisms. First, the uniform dispersion of FPM-BDO fillers
within the PBT matrix facilitates stress transfer across the polymer
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chains, improving load distribution and reducing stress concentrations.
The increased elongation at break observed at moderate FPM-BDO
content (4-6 wt%) suggests that these fillers act as micro-
reinforcement sites, preventing crack propagation and delaying fracture.

In contrast, the incorporation of M — WC significantly improves the
stiffness of the composites due to the inherent rigidity of tungsten car-
bide [30]. At moderate filler content (10-30 wt% M — WC), the
increased tensile strength indicates effective stress transfer between the
matrix and the filler. However, at higher M — WC concentrations, filler
aggregation reduces the efficiency of stress transfer and increases the
likelihood of brittle fracture due to localized stress concentrations.

Additionally, fracture surface analysis (Fig. S6) suggests that multi-
ple toughening mechanisms contribute to the observed improvements.
In the FPM-BDO/PBT composites, the presence of microfibrils and shear
yielding features indicates enhanced energy dissipation during defor-
mation. This suggests that FPM-BDO enhances the plastic deformation
capacity of the polymer, increasing its ductility. Conversely, in the M-
WC-containing composites, the presence of microcracks and interfacial
debonding suggests that WC reinforcement primarily enhances the
material’s stiffness, leading to a more brittle fracture behavior at high
filler content.
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Overall, these findings suggest that the combination of FPM-BDO and
M — WC fillers can be optimized to achieve a balance between strength
and toughness in PBT composites. The synergistic effect of FPM-BDO in
improving ductility and M — WC in enhancing stiffness provides an
effective strategy for tuning the mechanical properties of polymer
composites. However, excessive filler content in both cases leads to
diminishing returns due to filler aggregation and stress localization,
emphasizing the need for controlled dispersion to achieve optimal me-
chanical performance.

The mechanism by which FPM-BDO enhances the ductility of the
PBT matrix is illustrated in Fig. 9. The brittle fracture behavior of neat
PBT is primarily attributed to its rigid molecular chain structure and
strong intermolecular interactions. These factors restrict the movement
and rotation of the PBT molecular chains, leading to limited chain
mobility and poor energy dissipation under mechanical stress. This re-
sults in a brittle fracture with minimal elongation before failure [31].

The hydroxyl groups in the FPM-BDO fillers establish hydrogen-
bonding interactions with the carbonyl groups in the PBT backbone.
These interactions effectively act as stress-transfer bridges, improving
the load distribution and reducing local stress concentration within the
matrix. Additionally, the multiarmed architecture of FPM-BDO further
enhances ductility by creating localized regions with increased free
volume. These regions act as molecular “cushions,” enabling increased
chain mobility and reducing the likelihood of brittle fracture. Simulta-
neously, the hydrogen-bonding interactions ensure that the overall
mechanical integrity of the composite is preserved, even under high
strain. This dual functionality of FPM-BDO—serving as both a rein-
forcement agent and a ductility enhancer—results in simultaneous
strengthening and toughening of the PBT matrix.

2.5. Tribological properties of composites

The tribological properties of neat PBT and its composites containing
unmodified WC and M — WC were analyzed through friction coefficient
and specific wear rate measurements, as shown in Fig. 10. The friction
coefficient results (Fig. 10a) indicate that neat PBT exhibited a relatively
high friction coefficient (0.3459), which can be attributed to its inherent

PBT

PFM-BDO/PBT
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surface roughness and high resistance during sliding [32]. The incor-
poration of unmodified WC (40WC/PBT) into the PBT matrix resulted in
a reduced friction coefficient (0.3875), corresponding to a 12.7 %
improvement compared to neat PBT. This reduction can be explained by
the high hardness of WC, which serves as a protective barrier, reducing
direct contact between the polymer surface and the counterpart mate-
rial, thereby minimizing friction-induced wear. However, unmodified
WC exhibited weak interfacial adhesion with the polymer matrix, which
can lead to nonuniform load distribution and partial WC detachment
under frictional stress.

In contrast, the MPTMS-treated WC (M — WC) composites showed a
more pronounced reduction in the friction coefficient due to the
enhanced interfacial bonding and uniform dispersion of WC particles
[33]. Specifically, the 40M-WC/PBT composite exhibited the lowest
friction coefficient (0.3078), representing an 11.3 % improvement over
unmodified WC/PBT and a 19.7 % improvement over neat PBT. The
MPTMS treatment improves interfacial adhesion, preventing particle
pull-out and ensuring a more stable contact surface, leading to reduced
frictional resistance. Additionally, the functionalized WC surface mini-
mizes micro-roughness, further lowering the friction coefficient.

The specific wear rate (Ws) was calculated using the following
equation:

wear loss

W= DxFxL

where D, F, and L denote the density of the composite, the applied load,
and the sliding distance, respectively. The physical parameters utilized
for these calculations are summarized in Table 1. The specific wear rate
results, as illustrated in Fig. 10b, validate the effectiveness of M — WC in
improving wear resistance. Neat PBT exhibited the highest specific wear
rate (5.2469 x 10~% mm3/N.m), demonstrating its susceptibility to
surface degradation under prolonged frictional stress. The addition of
unmodified WC led to a decrease in the wear rate (3.1299 x 10”4 mm?3/
N-m), corresponding to a 40.3 % improvement, primarily due to the
hardness of WC providing better resistance to abrasion. However, the
weak interfacial bonding between unmodified WC and PBT limits its
effectiveness, leading to localized stress concentrations and particle
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Fig. 9. Ductility-enhancing mechanism of the FPM-BDO/PBT composites.
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Fig. 10. (a) Friction coefficients and specific wear rates of (a) the reference composites and (b) the composites with various filler ratios.

Table 1
Physical properties of the composites before and after the wear test.

Sample Density (g/cm?) Before weight (g) After weight (g) Weight difference (g) Applied load (N) Sliding distance (m)
Neat PBT 1.35 3.5929 3.5878 0.0051 10 720

FPM-BDO/PBT 1.33 3.4168 3.4118 0.0050

40WC/PBT 2.13 4.3325 4.3277 0.0048

40M-WC/PBT 2.13 4.3951 4.3934 0.0017

FPM-BDO/10M-WC/PBT 1.48 3.8702 3.8656 0.0046

FPM-BDO/20M-WC/PBT 1.64 3.9708 3.9668 0.0040

FPM-BDO/30M-WC/PBT 1.84 4.1431 4.1400 0.0031

FPM-BDO/40M-WC/PBT 2.11 4.2234 4.2216 0.0018

pull-out, which can contribute to long-term material wear.

The M-WC-based composites demonstrated further improvements in
wear resistance. 10 % M-WC/PBT exhibited a reduced wear rate of
4.3168 x 10~* mm®/N-m, indicating an initial enhancement in wear
resistance. 20 % M-WGC/PBT exhibited a wear rate of 3.3875 x 10~*
mm3/N-m, suggesting a more effective load transfer due to improved
interfacial bonding. 30 % M-WC/PBT achieved a wear rate of 2.3400 x
10~* mm3/N-m, highlighting an optimal balance between load distri-
bution and wear resistance. 40 % M-WC/PBT exhibited the lowest wear
rate of 1.1848 x 10~* mm®/N-m, representing an overall improvement
of 77.4 % over neat PBT and 62.1 % over unmodified WC/PBT.

The enhanced wear resistance of M-WC-based composites is attrib-
uted to their strong interfacial adhesion and uniform filler dispersion,
which promote effective load transfer and prevent WC particle detach-
ment. This finding suggests that MPTMS treatment not only strengthens
the filler-polymer interface but also ensures a homogeneous stress dis-
tribution, reducing material loss and enhancing long-term durability
[341.

The FE-SEM images of the composite surfaces after the wear test are
presented in Fig. 11. These images provide crucial insights into the wear
mechanisms of the neat PBT and PBT-based composites, highlighting
differences in material removal, surface roughness, and filler-matrix
interactions.

The worn surface of neat PBT (Fig. 11a) exhibits deep, irregular wear
tracks, indicating severe adhesive wear. The polymer matrix undergoes
extensive plastic deformation and material removal, resulting in rough,
uneven wear surfaces. The absence of reinforcement fillers leads to
localized stress concentration, causing excessive surface damage under
frictional stress [35]. The significant deformation observed further
confirms that neat PBT lacks sufficient resistance to sliding wear.

In contrast, the worn surface of FPM-BDO/WC/PBT (Fig. 11b)
demonstrates a reduction in wear severity, with relatively smoother
wear tracks compared to neat PBT. The incorporation of WC particles
improves stress distribution, minimizing severe surface degradation.
However, due to weak interfacial adhesion between unmodified WC and
the polymer matrix, some WC particles are detached from the wear
track, indicating that unmodified WC offers limited reinforcement due
to insufficient bonding with PBT.

The FPM-BDO/10M-WC/PBT composite (Fig. 11c) shows shallow
and uniform wear tracks, indicating effective wear resistance enhance-
ment due to the MPTMS treatment on WC. The improved interfacial
adhesion between M — WC and PBT prevents particle detachment and
enhances stress transfer during sliding wear. The smoother wear tracks
suggest that the composite structure remained stable under frictional
stress, with minimal material loss.

As the M — WC content increases, the worn surfaces exhibit pro-
gressively less damage and better surface integrity. The FPM-BDO/20M-
WC/PBT (Fig. 11d) and FPM-BDO/30M-WC/PBT (Fig. 11e) composites
exhibit minimal material removal, with a more continuous and uniform
surface morphology. The presence of M — WC particles enhances load
distribution, significantly reducing the depth and width of wear tracks.
The nearly uniform height of the worn and unworn regions suggests
greatly reduced material loss, confirming the protective effect of well-
dispersed M — WC fillers.

The FPM-BDO/40M-WC/PBT composite (Fig. 11f) demonstrates the
highest wear resistance, with its worn surface exhibiting exceptionally
smooth and uniform wear tracks. The absence of visible surface damage
or particle detachment suggests that the strong interfacial adhesion
between M — WC and PBT ensures structural stability during extended
wear cycles. The high thermal and mechanical stability of M — WC,
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Fig. 11. FE-SEM images of (a) neat PBT, (b) FPM-BDO/WC/PBT, (c) FPM-BDO/10M-WC/PBT, (d) FPM-BDO/20M-WC/PBT, (e) FPM-BDO/30M-WC/PBT, and (f)

FPM-BDO/40M-WC/PBT composites after the wear test.

confirmed by TGA results, allows it to withstand prolonged frictional
stress without degradation.

To further analyze wear mechanisms, Fig. S4 presents high-
magnification SEM images of the worn composite surfaces. The worn
region of neat PBT (Fig. S4a) displays severe plastic deformation, deep
grooves, and micro-cracks, confirming that adhesive wear is the domi-
nant wear mechanism. In contrast, FPM-BDO/40M-WC/PBT (Fig. S4b)
exhibits shallow grooves and a well-maintained surface, indicating a
transition from severe adhesive wear to mild abrasive wear, due to the
presence of hard M — WC particles enhancing wear resistance.

Further confirmation of wear behavior is provided in Fig. S5, which
shows SEM images of the wear test ball surfaces after friction testing.
The ball surfaces tested against neat PBT (Fig. S5a) exhibit significant
material transfer and deep wear scars, indicating high friction and se-
vere wear interactions. However, as the M — WC content increases, the
wear scars become progressively shallower and more uniform
(Fig. S5b-f), confirming that M — WC reinforcement reduces direct
material transfer and enhances composite durability.

3. Conclusions

In this study, a novel FPM-BDO/M-WC/PBT composite was devel-
oped to enhance mechanical strength, thermal conductivity, and wear
resistance while addressing the inherent brittleness of neat PBT. The
incorporation of FPM-BDO facilitated heterogeneous nucleation and
increased free volume, thereby improving crystallization behavior and
ductility. Additionally, M — WC, with its high hardness and thermal
conductivity, significantly enhanced wear resistance and thermal sta-
bility while maintaining strong interfacial adhesion with the PBT
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matrix. The optimized FPM-BDO/M-WC/PBT composite exhibited a
20.3 % higher tensile strength of 51.21 MPa and a 1.94-fold greater
elongation at break than neat PBT. Its thermal conductivity increased to
0.627 W/m-K, a 129 % enhancement compared to that of neat PBT.
Additionally, its coefficient of friction decreased by 46.1 %, and its
specific wear rate was reduced by 50.6 %, confirming superior tribo-
logical performance. FE-SEM analysis of the worn surfaces revealed
smooth wear tracks and reduced material detachment, highlighting the
effectiveness of M — WC in reinforcing the durability of the composite
under frictional conditions. Overall, the integration of FPM-BDO and M
— WC successfully improved the thermal, mechanical, and wear-
resistance properties of PBT composites, making them promising can-
didates for automotive, aerospace, and industrial applications that
require high-performance, thermally stable, and wear-resistant
materials.
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