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In the present work, AlN was modified with vinyltriethoxysilane (VTES), and its effect on the properties of a thermally conductive
composite of high impact polystyrene (HIPS), and AlN was investigated. Three composites, HIPS/AlN5, HIPS/AlN9, and HIPS/
moAlN9, were prepared by mixing HIPS and AlN in a toluene solution, followed by hot pressing. The HIPS/AlN composite was
characterized by tensile test, impact strength, flexural strength, and hardness shore D. The sample HIPS/moAlN9 showed the
improvement of these properties compared to that of the HIPS/AlN9 sample. The increment of those mechanical properties
was due to the good interaction between the modified AlN and HIPS resin matrix, which was revealed by morphology
observation by SEM. Incorporating modified AlN into the HIPS matrix was also found to enhance the thermal conductivity by
about 20%, from 0.15 for HIPS to 0.18 (W/m·K) for HIPS/moAlN9. It was explained due to the good adherence of AlN to the
HIPS, which provided more thermal conductive routes than HIPS/AlN. This approach provides a possible strategy to prepare
thermally conductive HIPS composite, which may be suitable for electronic device that required heat dissipation.

1. Introduction

Since the introduction of the first plastic, Bakelite, by Leo
Baekeland in 1907, the world has experienced a revolution-
ary advancement in plastics [1]. Plastic materials find exten-
sive applications across various industrial sectors and the
consumer goods industry [2–4]. Notably, one of the most
significant areas where plastics have made a remarkable
impact is in serving as materials for electrical devices
[5–7]. However, many polymeric materials exhibit thermal
insulating properties, with thermal conductivity typically
ranging from 0.1 to 0.5W/m·K. This inherent insulating
behavior has led to widespread use of plastics in numer-
ous parts of electrical devices. Yet, their thermal insulating
nature poses limitations on their applications, potentially
resulting in increased temperatures within devices and
compromising the overall performance of electrical sys-
tems [8, 9].

The most common method to enhance the thermal con-
ductivity of plastics involves the addition of thermally con-
ductive fillers. These fillers typically include carbon-based
additives such as graphene, carbon nanotubes, carbon fibers
[10–13], metals [14–16], and metal oxides [17, 18]. Addi-
tionally, aluminum nitride (AlN) has emerged as a promis-
ing and effective filler in thermally conductive composites
used in electrical devices due to its exceptional thermal con-
ductivity, high electrical resistivity, and cost-effectiveness.
When utilized as a thermally conductive filler, AlN is often
modified with a silane coupling agent to optimize its inter-
action with the polymer matrix. For example, Zhou et al.
successfully fabricated thermally conductive polypropyl-
ene/AlN composites by incorporating octyltriethoxysilane-
functionalized AlN nanoparticles [19]. In another study con-
ducted by Lule and Kim, the thermal conductivity of poly
(butylene succinate)/AlN composites was investigated, high-
lighting the superior effectiveness of vinyltriethoxylsilane
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(VTES) as a surface modification agent for AlN particles
compared to other types of silane coupling agents [20].

High impact polystyrene (HIPS), a member of the poly-
styrene family, offers versatility by combining favorable poly-
styrene traits with exceptional impact resistance. Its broad
range of applications [21, 22] includes its use in electronic
devices, particularly for electrical insulation and consumer
electronics accessories. However, HIPS demonstrates rela-
tively low thermal conductivity, measuring only 0.1W/m·K
at room temperature [23, 24]. Furthermore, its thermal con-

ductivity exhibits minimal increase with rising temperatures
[25]. Recent research efforts aimed at enhancing the thermal
conductivity of HIPS have explored various strategies
[26–28], such as incorporating metal alloys. For instance,
Yu et al. investigated the use of Cu alloys to improve HIPS’
thermal conductivity [24]. While the results showed consis-
tent thermal conductivity regardless of temperature, an
increase in Cu alloy content up to 70% was found to poten-
tially compromise the dielectric properties of HIPS, posing
a risk of electrical applications being affected.
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Figure 1: FTIR spectra of AlN and modified AlN.
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Figure 2: TGA diagram of AlN and modified AlN.
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The objective of this study was to enhance the thermal
conductivity of HIPS while maintaining its mechanical
properties by integrating AlN as a filler. HIPS/AlN compos-
ites were synthesized through a solution mixing method,
followed by a comprehensive characterization encompassing
evaluations of both thermal conductivity and mechanical
properties. The surface modification of AlN particles was
conducted using VTES to improve the interaction between
the plastic matrix and the filler. To the author’s knowledge,
no previous studies have investigated or reported on ther-
mally conductive HIPS/AlN composites.

2. Materials and Methods

2.1. Materials. The resin matrix used in this work is high
impact polystyrene plastic beads (Styrolution PS 476 L) that
were supplied from Styrolution, Germany. Aluminum
nitride particles as a thermally conductive filler with an
average size of 10μm and purity of 99.9% were provided
from Aladdin Industrial Corporation, China. Vinyltriethox-
ysilane as a silane coupling agent with a purity of 97%, eth-

anol as a solvent for modification (95%), and toluene
(99.7%) as a casting solvent were purchased from Sigma-
Aldrich, Germany.

2.2. Surface Modification of AlN Particle. Firstly, the AlN
particles were dispersed in ethanol by ultrasonicating for
30 minutes before pouring into a two-neck flask. Then,
10wt% of VTES (based on the weight of AlN particles) were
added to the mixtures in the two-neck flask. The modifi-
cation was carried out by stirring the mixture at 80°C for
5 hours. After that, the modified AlN was centrifuged at
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Figure 3: Modification of AlN and preparation of HIPS/AlN composite.

Table 1: Composition of HIPS/AlN composites.

Samples HIPS (phr) AlN (phr) moAlN (phr)

HIPS 100 — —

HIPS/AlN5 100 5 —

HIPS/AlN9 100 9 —

HIPS/moAlN9 100 — 9
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10,000 rpm for 15 minutes three times to remove unreacted
VTES. Finally, modified AlN (moAlN) was placed in an
oven and dried at 50°C to remove residual solvent.

2.3. Preparation of Thermally Conductive Composites. HIPS/
AlN and HIPS/moAlN composites were fabricated by using
the solution mixing method with toluene as a casting sol-
vent. HIPS pellets were dried in a desiccator at 80°C for 4
hours to remove any residual moisture. AlN and moAlN
were dispersed in toluene by stirring and sonicating for 30
minutes each. Then, HIPS pellets were slowly added under
continuous stirring. This process was completed after the
HIPS pellets were fully dissolved. The mixture then was
poured on stainless steel trays and dried completely. Then,
it was cut into small pieces. The amount of AlN in the com-
posites used was 0, 5, and 9 phr, and that of modified AlN
was 9 phr.

To prepare the film for mechanical and thermal testing,
the composite samples were pressed with hot pressing at
180°C under a pressure of 20MPa in 10 minutes. The sam-
ples, after that, were cooled to the room temperature while
keeping at the same pressure. The film was prepared with
a thickness of 3mm.

2.4. Characterizations. Fourier-transform infrared spectros-
copy (FTIR) measurement of AlN and moAlN was carried
out with a Thermo Scientific Nicolet iS50 FTIR spectrometer
at 100 scans, with wavelengths ranging from 400 cm-1 to
4000 cm-1, and a resolution of 4 cm -1.

Thermal gravimetric analysis (TGA) of the AlN and
moAlN particles was performed on a TA Q500 instrument

at a heating rate of 10°C/min from room temperature to
800°C in a nitrogen atmosphere. The weight of AlN and
moAlN used for TGA measurement was 10mg and 60mg,
respectively.

The thermal conductivity (λ, W/m·K) measurement
method is based on the principle of determining the temper-
ature gradient and heat flux through the object to be mea-
sured using a heat flow meter. The measuring system
includes two FHF25C series heat flux sensors: HUKSEFLEX,
Memory Hilogger LR8450—HIOKI—and PMC-18-5A,
Compact Low Noise Linear DC Power Supply—KIKUSUI.

Tensile strength was determined according to ASTM
D638 on the INSTRON 5582-100 kN Universal Mechanical
Testing machine with a 20mm/min test speed.

The flexural strength was determined according to the
international standard ISO 178:1993, measured on a Lloyd
LRX Plus Materials Testing Machine with a 20mm/min
bending speed.
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Figure 4: Tensile strength of HIPS and HIPS/AlN composites.

Table 2: Impact strength, flexural strength, and hardness shore D
of HIPS/AlN composites.

Samples
Impact strength

(kJ/m2)
Flexural strength

(MPa)
Hardness
shore D

HIPS 8.074 75.28 74 64 ± 0 19
HIPS/AlN5 8.703 58.12 71 88 ± 0 38
HIPS/AlN9 8.857 60.23 70 63 ± 0 38
HIPS/
moAlN9

9.626 62.93 72 13 ± 0 19
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The izod impact strength was determined on a Tinius
Olsen Plastic Pendulum Impact Tester IT504 machine
(USA) according to ASTM D256–06.

Shore D hardness was measured by Shore D Durometer
Hardness Tester HT-6600D.

Scanning electron microscope (SEM) analysis of the
sample was observed by field emission scanning microscopy
(FE-SEM) with JEOL JSM 7600 (USA). The sample was frac-
tured, and the fracture surface was observed.

Energy dispersive analysis (EDX) mapping of elements
in the samples was carried out with the FE-SEM system
HITACHI S-4800. The accelerating voltage is 20 kV.

3. Results and Discussion

3.1. Modification of AlN. ATR-FTIR spectroscopy was uti-
lized to characterize the surface of AlN particles before and
after modification. Figure 1 depicts the ATR-FTIR spectra
for AlN and moAlN. In the FTIR spectra for AlN, a funda-
mental vibration that appeared at 675 cm-1 was attributed
to AlN. Additionally, no significant differences are evident
in the FTIR spectra between raw and moAlN nanoparticles.
This observation suggests that there might not have been the
formation of new functional groups on AlN after modifica-
tion. However, earlier studies propose that this lack of signif-
icant change could be attributed to the formation of only a
small amount of hydrolyzed VTES on AlN [25]. Conse-
quently, further investigation into the formation of hydro-
lyzed VTES was conducted using TGA and SEM/EDX.

Figure 2 displays the TGA curves of AlN and moAlN.
The TGA curve for AlN indicates no significant weight loss
across all temperatures. On the other hand, the TGA curve

for moAlN exhibited a two-step weight loss pattern. The ini-
tial step involved the loss of absorbed moisture at lower tem-
peratures, followed by the subsequent loss of organic groups
attached to the AlN particle surface at higher temperatures.
The weight loss observed in moAlN particles accounts for
approximately 2wt%, corresponding to the removal of VTES
introduced during surface modification. These TGA results
further support the successful grafting of the silane coupling
agent onto the surface of the AlN particle as proposed in
Figure 3.

3.2. Characterization of HIPS/AlN Composite. Table 1 shows
the composition of HIPS/AlN composites. Three HIPS/AlN
composites were prepared with 5 phr, 9 phr of raw AlN, and
9 phr of modified AlN. The control sample, HIPS resin, was
also prepared. The mechanical properties of these compos-
ites were characterized, and the morphology was observed.
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Figure 5: Thermal conductivity of HIPS and HIPS/AlN.

Table 3: Thermal conductivity of HIPS/AlN composites.

Temp. (°C)
Thermal conductivity (W/m.K)

HIPS HIPS/AlN5 HIPS/AlN9 HIPS/moAlN9

30 0.143 0.143 0.144 0.148

40 0.146 0.149 0.145 0.153

50 0.150 0.156 0.151 0.158

60 0.151 0.161 0.158 0.168

70 0.153 0.164 0.168 0.181

80 0.161 0.173 0.177 0.190

90 0.172 0.180 0.193 0.196

5International Journal of Polymer Science



Figure 4 shows the stress-strain curves for the HIPS,
HIPS/AlN5, HIPS/AlN9, and HIPS/moAlN. As shown in
Figure 4, the ultimate tensile strength of the HIPS sample
was 22.0MPa. This value decreased to 17.0MPa for HIPS/
AlN5 and 15.2MPa for HIPS/AlN9. It suggests that loading
with AlN particles decreased the ultimate tensile strength of
HIPS resin. It may be due to the lack of interaction between
the AlN filler and the HIPS matrix. Poor interaction of AlN
and HIPS may be resulted in disconnection between the AlN
filler in the HIPS matrix. After modification of AlN with
VTES, the ultimate strength of HIPS/moAlN9 was about
16.3MPa, which was a little higher than that for HIPS/AlN
composite. This slight improvement may be attributed to
the functionalization of the AlN surface with VTES. The
vinyl group, -CH=CH2, in the AlN surface may increase
the hydrophobicity of AlN particles. Therefore, modified
AlN may have interacted better with HIPS resin compared
to raw AlN.

Table 2 shows the impact strength, flexural strength, and
hardness of HIPS, HIPS/AlN5, HIPS/AlN9, and HIPS/
moAlN. The impact strength of HIPS increased as increas-
ing AlN loading. The increase in impact strength for HIPS/
AlN composites demonstrated that the composites have a
better resistance to fractureness under stress at high speed
of testing. It is essential for the application of the HIPS/
AlN composite. The sample HIPS/moAlN9 composite pre-
pared with modified AlN shows the highest impact strength
that is 9.626 kJ/m2. The increase in impact strength for

HIPS/moAlN9 suggests a better interaction between the
modified AlN and HIPS matrix.

In contrast to impact strength, the flexural strength of
the HIPS/AlN5 and HIPS/AlN9 is 58.12MPa and 60.23MPa,
respectively. This value decreased compared to that of HIPS
(75.28MPa). However, the flexural strength improved a lit-
tle to 62.93MPa for HIPS/moAlN. As can be seen, the flex-
ural strength slightly increased with increasing AlN loading.
This property is completely distinguished from the tensile
strength, in which the higher the AlN loading, the poorer
the tensile strength. It was noted that HIPS/moAlN achieved
high tensile strength, impact strength, and flexural strength
among the samples. It suggested that modifying AlN
increased the compatibility for the AlN with the HIPS
matrix. This observation is consistent with the literature that
good dispersion of filler in resin matrix resulted in better
performance of the tensile strength and the flexural strength
[29–31]. It may confirm that the dispersion of AlN in the
HIPS matrix is more improved after AlN was modified
with VTES.

The HIPS/AlN composites were subjected to a hardness
test with shore D type. The hardness of the composites is the
ability of materials to withstand force without deformation
and indentation. As shown in Table 2, the hardness value
for HIPS was 74.64, and those for HIPS/AlN5 and HIPS/
AlN9 were 71.88 and 70.63, respectively. The hardness of
the HIPS/AlN composite was found to decrease when
increasing AlN loading. However, the hardness of HIPS/

(a) (b)

(c) (d)

Figure 6: SEM images of (a) AlN powder at 1,000 magnification and (b) at 10,000 magnifications and (c) HIPS/AlN and (d) HIPS/moAlN
at 1,000 magnification.
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moAlN increased slightly to 72.13 after AlN was modified
with VTES. This result suggests that the HIPS/moAlN com-
posite could exhibit a comparable ability to resist the defor-
mation to that of HIPS [32, 33].

3.3. Thermal Conductivity. The heat conductivity of HIPS/
AlN was characterized by measuring thermal conductivity
across various temperatures, ranging from 30°C to 90°C.
Figure 5 displays the thermal conductivity values of HIPS,
HIPS/AlN5, HIPS/AlN9, and HIPS/moAlN9, with specific
values listed in Table 3. As temperatures increased, the ther-
mal conductivity of both HIPS and HIPS/AlN composites
exhibited an upward trend. At a certain temperature, the
thermal conductivity of HIPS/AlN and HIPS/moAlN com-
posites was noticeably improved as compared to that of
HIPS. It was noted that the thermal conductivity of HIPS/
AlN5 was higher than that of HIPS/AlN9 at temperatures
ranging from 40°C to 90°C, while it was lower thermal

conductivity than HIPS/AlN5 at temperatures from 70°C
to 90°C. This evidence suggested that AlN contributed to
the thermal conductivity of HIPS/AlN composites. HIPS/
moAlN9 exhibited the best thermal conductivity at a range
of temperatures from 30°C to 90°C. This result may be
attributed to better dispersion of moAlN in the HIPS
matrix, leading to better thermal conductivity [34].

3.4. Morphology Observation. The distribution of AlN in the
HIPS matrix is a very important indicator for enhancing the
mechanical and thermal properties. Figure 6 shows the SEM
images of AlN, HIPS/AlN, and HIPS/moAlN. The observed
surface was prepared by fracturing the composite sample
after keeping it in the freezer for several hours. The SEM
image of AlN shows that AlN powder has different sizes
and shapes. The size of AlN particles was about 5μm. As
can be seen in the SEM image of HIPS/AlN, the boundary
between the AlN and HIPS matrix was clearly visible. It

C Ka1_2 AI Ka1 N Ka1_2

Si Ka1 O Ka1

Figure 8: EDX mapping for HIPS/moAlN9 (a) C map, (b) Al map, (c) N map, (d) Si map, and (e) O map.

C Ka1_2 AI Ka1 N Ka1_2

Figure 7: EDX mapping for HIPS/AlN9 (a) C map, (b) Al map, and (c) N map.
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may be explained to be due to the poor compatibility of AlN
with the HIPS matrix.

In contrast, the SEM image of HIPS/moAlN showed an
unclear boundary between the AlN and HIPS matrix. It
was evidence of better interaction and compatibility between
modified AlN and HIPS. The better interaction, the better
reinforcement of AlN for the HIPS matrix. Furthermore,
the better compatibility of HIPS and moAlN also provides
much more effective thermal conduction pathways for the
HIPS/moAlN composite, as discussed previously.

3.5. SEM/EDX Mapping. The dispersion of AlN in HIPS resin
was investigated through SEM/EDX mapping. Figure 7
shows the EDX mapping of C, N, and Al elements for
HIPS/AlN. The mapping of Al (Figure 7(b)) demonstrates
that the dispersion of AlN in the HIPS matrix is uneven.
Particularly, some parts in the images illustrate the absence
of Al atoms, and the other shows the agglomeration.

Figure 8 shows the EXD mapping of C, N, Al, S, and O
for HIPS/moAlN. The mapping of Al (Figure 8(b)) revealed
a better dispersion of Al atoms in the HIPS/moAlN than in
the HIPS/AlN sample (Figure 7(b)). It was noted that the
distribution of Al atoms showed a correlation with the distri-
bution of Si and O atoms (Figures 8(d) and 8(e)), respec-
tively. The presence of Si and O in the EDX mapping of
HIPS/AlN suggested the successful modification of AlN.
The homogenous distribution of Si indicated that the modi-
fied AlN was dispersed better in the HIPS matrix than AlN.
The enhancement could be attributed to the modification of
AlN particles with VTES.

4. Conclusion

In this study, novel composite materials comprising HIPS
and AlN were fabricated and studied for their mechanical
properties and thermal conductivity. The successful modifi-
cation of the AlN surface using VTES as a silanization agent
was achieved. This modification notably enhanced the
interaction between the moAlN particles and the HIPS
matrix, resulting in an improvement of dispersion. The
result demonstrated that, at a loading of 9 phr, the HIPS/
AlN composites exhibited better thermal conductivity at
room temperature and at higher temperatures. Moreover,
the mechanical properties of HIPS/moAlN surpassed those
of HIPS/AlN composites at the same filler loading. It indi-
cated that the interaction between HIPS and the modified
AlN was improved. These outcomes signify the successful
creation of thermally conductive HIPS which possesses
commendable mechanical properties. The result in the pres-
ent work, thus, may broaden HIPS’s potential applications,
particularly as thermally conductive materials for electronic
devices.
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