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Abstract: In this work, the influences of alumina (Al2O3) particle size and loading concentration on
the properties of injection molded polycarbonate (PC)/boron nitride (BN)/Al2O3 composites were
systematically studied. Results indicated that both in-plane and through-plane thermal conductivity
of the ternary composites were significantly improved with the addition of spherical Al2O3 particles.
In addition, the thermal conductivity of polymer composites increased significantly with increasing
Al2O3 concentration and particle size, which were related to the following factors: (1) the presence of
spherical Al2O3 particles altered the orientation state of flaky BN fillers that were in close proximity
to Al2O3 particles (as confirmed by SEM observations and XRD analysis), which was believed crucial
to improving the through-plane thermal conductivity of injection molded samples; (2) the presence
of Al2O3 particles increased the filler packing density by bridging the uniformly distributed BN
fillers within PC substrate, thereby leading to a significant enhancement of thermal conductivity. The
in-plane and through-plane thermal conductivity of PC/50 µm-Al2O3 40 wt%/BN 20 wt% composites
reached as high as 2.95 and 1.78 W/mK, which were 1183% and 710% higher than those of pure PC,
respectively. The prepared polymer composites exhibited reasonable mechanical performance, and
excellent electrical insulation properties and processability, which showed potential applications in
advanced engineering fields that require both thermal conduction and electrical insulation properties.

Keywords: injection molding; polycarbonate; boron nitride; spherical alumina; thermal conductivity;
microstructure; mechanical properties; electrical insulation

1. Introduction

Nowadays, the booming development in the fields of new energy sectors, cloud
computing, the Internet of Things, high-speed communication, and artificial intelligence are
imperceptibly changing our daily life. However, heat dissipation is a growing concern due
to the integration of multifunctional components in confined areas, especially in the fields
of microelectronics [1], battery units [2], and new energy sectors [3]. Thermally conductive
polymer composites demonstrate an edge over metals and ceramic materials in terms of
weight advantage, excellent resistance to corrosive environments, and most importantly,
good processability and moldability [4,5], which can be scaled at large quantities without
causing much additional costs [6]. Therefore, developing high performance thermally
conductive polymer composites has become the core interest of researchers from both
academic and industrial spheres.

It is known that the intrinsic thermal conductivity of polymers is very low (0.1–0.5 W/mK),
which cannot meet the stringent requirements of industrial sectors [2,7]. Thus, a great effort
has been devoted to developing highly thermally conductive polymers to suit the needs of
the above-mentioned fields. The synthesis of intrinsically thermally conductive polymers
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is currently impractical, since very complex processes are involved, and the yields are
always not satisfying [8–10]. In addition, synthesizing intrinsically thermally conductive
polymers is costly, and only a few types of materials are available that are not cost effective
and also not compatible for large scale industrial applications [11,12]. The commonly
accepted approach is adding thermally conductive fillers to the polymer matrix using either
solution [13,14] or melt blending methods [15–17]. Although solution mixing achieves
better filler distribution and the prepared composites exhibit higher thermally conductive
properties [18], the use of large amounts of solvents limits its wide use in industrial
sectors [19]. Therefore, the melt blending method, which is industrially compatible and
environmentally benign, has been widely adopted to prepare thermally conductive polymer
composites [20,21].

Conventionally, different types of thermally conductive fillers such as carbonaceous
fillers, metallic fillers, and ceramic fillers are adopted for preparing thermally conductive
polymer composites [22]. However, the use of metallic [23] and carbonaceous [24,25] fillers
impairs electrical insulation properties of polymer composites, which restricts their appli-
cations in fields that require electrical insulation performance. As a result, ceramic fillers
such as boron nitride (BN) [26], alumina (Al2O3) [27], and aluminum nitride (AlN) [2] are
commonly employed to prepare thermally conductive yet electrically insulative polymer
composites. It has been accepted that the formation of a thermally conductive network
and the increase of filler packing density are prerequisites for achieving thermally con-
ductive polymer composites [28]. Under such circumstances, filler concentrations as high
as 30 vol% are not rare in terms of preparing thermally conductive polymer compos-
ites [2]. Thus, great effort has been paid to constructing thermally conductive pathways
and increasing filler packing density while not significantly impairing the mechanical and
processing properties.

BN, which exhibits a planar structure alike flake graphite has been widely adopted
to prepare thermally conductive polymer composites due to its intrinsically high thermal
conductivity and thermal stability [29,30]. Injection molding, which is geared towards mass
production at industrial scales, exerts a complex shearing influence on polymer melts that
leads to a preferential orientation of planar fillers in injection molded articles [31–33]. In
this scenario, a great discrepancy was noted in terms of the measured thermal conductivity
with respect to melt flow direction, i.e., in-plane (along the flow direction) and through-
plane (perpendicular to the flow direction) directions [34,35]. For example, there is a great
possibility of forming intact filler conductive pathways along the melt flow direction due to
the preferred orientation of planar fillers, whereas the properties in pathways perpendicular
to the flow direction are significantly impaired [36,37]. As a result, there is a great anisotropy
in the values of thermal conductivity for injection molded samples related to the melt flow
direction [38].

Presently, numerous studies have indicated that hybrid filler loading is effective in im-
proving the thermal conductivity of polymer composites by facial construction of thermally
conductive pathways [39–41]. In a previous study [42], we found that the incorporation
of spherical Al2O3 particles was effective in altering the orientation state of planar BN
fillers in polycarbonate (PC)-based composites, thereby minimizing the difference between
in-plane and through-plane thermal conductivity. In addition, Liu et al. [43] reported that
the addition of a small amount (5 wt%) of spherical graphite was instrumental in building
a more compact and denser filler packing structure in 45 wt% flake graphite (FG)-filled
polypropylene (PP) composites, which was beneficial to improving the thermal conduc-
tivity of the resultant moldings. In another work [44], the same authors reported that
the loading of spherical Al2O3 particles was able to affect the orientation state of FG in
PP-based composites. As a result, both in-plane and through-plane thermal conductivity
were enhanced for PP/FG composites. Moreover, they reported that the size of Al2O3 parti-
cles played a role in building thermally conductive pathways, and the addition of smaller
size Al2O3 particles was proven to be more effective. However, the above studies were
performed using the compression molding method, which exerts much lower shearing
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impact on the polymer melts when compared with the injection molding process [45]. To
the best of our knowledge, the influence of spherical particle size on the distribution state
of planar fillers under the influence of high shear rates has scarcely been studied.

To attempt to bridge this knowledge gap, spherical Al2O3 particles of different sizes
were employed by using PC/BN composites as the model systems, and the properties such
as thermal conductivity, morphological and mechanical properties, as well as rheological
properties of ternary PC/Al2O3/BN composites were systematically investigated. In this
work, we reported that both the loading content and the size of spherical particles played
a role in determining the distribution state of planar BN fillers. This work provided a
new perspective in simultaneously improving the in-plane and through-plane thermal
conductivities of injection molded polymer composites without significantly impairing the
processability and mechanical properties, which show potential applications in the fields
that require both thermal dissipation and excellent electrical insulation properties.

2. Experimental Section
2.1. Materials

Polycarbonate (PC, L-1225M) with a melt flow index of 28.8 g/10 min (300 ◦C @ 1.2 kg
load) was produced by Teijin Polycarbonate China Ltd. (Jiaxing, China). Two-dimensional
boron nitride (BN) fillers with an average size of 35 µm were purchased from Dandong
Rijin Science and Technology Co., Ltd. (Dandong, China). Spherical alumina (Al2O3) with
respective particle sizes of 5 and 50 µm were provided by Zhengzhou Sanhe New Materials
Co., Ltd. (Zhengzhou, China).

2.2. Preparation of Samples

Briefly, PC, BN, and Al2O3 were thoroughly dried at 60 ◦C for at least 10 h prior to melt
blending. Then a series of filler-containing PC-based composites (Table 1) was prepared
using a twin-screw extruder (TSSJ-25/33, Chengdu Tarise Chemical Engineering Co. Ltd.,
Chengdu, China). The screw rotation speed was set at 30 rpm. The temperatures from
the hopper to die zones were set from 240 to 260 ◦C. Then, the extrudates were pelletized,
fully dried under the above-mentioned conditions and used for injection molding using
an MA-2000 injection molding machine (Ningbo Haitian Machinery Inc., Ningbo, China).
The melting and mold temperatures were set at 280 and 100 ◦C, respectively. The injection
speed was set at 150 mm/s. The approximated shear rates were higher than 105 1/s. The
larger size, i.e., 50 µm, Al2O3 particles were denoted as AL, the smaller Al2O3 particles
were named as AS, and the BN was abbreviated as B. Thus, PC/50 µm-Al2O3 40 wt%/BN
20 wt% composites were termed as PC/AL40B20. The same nomenclature system was
applicable to the other systems, as listed in Table 1.

Table 1. Formulation of PC/Al2O3/BN composites.

Samples PC (wt%) BN (wt%) 5 µm-Al2O3
(Small, wt%)

50 µm-Al2O3
(Large, wt%)

PC/B5 95 5 0 0
PC/B20 80 20 0 0

PC/AL10-60 90-40 0 0 10-60
PC/AS10-60 90-40 0 10-60 0
PC/AL20B5 75 5 0 20
PC/AL20B20 60 20 0 20
PC/AL40B5 55 5 0 40
PC/AL40B20 40 20 0 40
PC/AS40B5 55 5 40 0

PC/AS40B20 40 20 40 0
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2.3. Characterization

The thermal conductivity (λ) of PC-based composites was measured using a LFA467
flash apparatus (NETZSCH, Selb, Germany). Samples with a diameter of 25 and a thickness
of 0.2 mm were adopted. It should be noted that this technique reports λ in both the
in-plane and through-plane directions. Five replicates were tested for each sample.

The morphology of filler-containing composites was observed by a scanning electronic
microscope (SEM; Thermoscientific Apreo S, Oxford Instruments, Abingdon, UK). All
samples were fractured in liquid nitrogen, and then the cryo-fractured samples were coated
with gold to enhance image resolution.

XRD patterns of the composites were collected using an X-ray diffractometer (Ultima
IV, Rigaku, Tokyo, Japan), and the scans were conducted in a 2θ range of 20–60◦ at a
scanning speed of 2◦/min.

The viscoelastic properties of samples with a diameter of 25 mm and a thickness of
1 mm were determined using a dynamic rheometer (MCR302, Anton Paar, Graz, Austria).
The test was carried out under a constant-strain mode, where the applied strain was set at
1%. The scan frequency ranged from 100 to 0.01 Hz, and the test temperature was set at
260 ◦C.

The tensile strength was determined using a UTM4204 universal tester (Shenzhen
Suns Company, Shenzhen, China) at 10 mm/min as per GB/T 1040.2-2006. The bending
tests were carried out on a UTM4204 universal tester according to GB/T 9341-2008. The
impact strength of specimen with a 2 mm V-notch was measured in accordance with GB/T
1843-2008. Five replicates were tested for each sample.

The resistance (Rx) of samples was measured using a high resistance meter (ZC-90F,
Shanghai Taiou Electronics Co., Ltd., Shanghai, China), and the volume resistance (ρv) was
obtained using the following equation:

ρv = RxS/L (1)

where L is the distance between the electrodes, and S is the cross-sectional area of the
samples. Three replicates were tested for each sample.

3. Results and Discussion
3.1. Thermal Conductivity of PC/Al2O3 Composites

The thermal conductivity (λ) of PC/Al2O3 composites and their enhancement ratio
to pure PC are presented in Figure 1a,b, respectively. Results showed that there was an
increment on the λ with an increasing content of Al2O3. The addition of either larger size or
smaller size Al2O3 particles contributed to an obvious increase of λ when compared with
pure PC. However, the enhancement ratio became more appreciable when the filler content
reached 40 wt%, regardless of the particle size. This was likely related to the formation of
intact thermally conductive pathways at this certain filler concentration [46]. It is worth
noting that the λ of PC/AS was higher than that of PC/AL counterparts when the filler
concentration was less than 40 wt%; however, an opposite trend was observed when the
filler concentration exceeded 40 wt%. The above observation further indicated that the
thermally conductive network was likely constructed in the vicinity of 40 wt% Al2O3, and
the difference in the values of λ between both PC/Al2O3 composites was likely related to
the state of filler distribution. For example, a larger number of As particles were present
in PC composites when compared with the AL-containing counterparts. According to Li
and Shimizu [47], higher shearing conditions were effective for improving the state of
distribution of inorganic fillers. Therefore, the improved distribution of spherical particles
would be beneficial for improving the λ when the filler content was below 40 wt%. As
shown in Figure 2, spherical Al2O3 particles exhibited a relatively uniform distribution
in PC substrate, which was attributed to the high shearing conditions involved during
the injection molding process [48]. Moreover, the mean distance between adjacent Al2O3
particles decreased significantly with increasing filler concentrations, which was critical for
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improving λ. When the concentration of Al2O3 reached 40 wt%, samples with larger size
particles exhibited more compact filler packing structures and less filler/matrix interfacial
thermal resistance [28,49], thereby leading to a higher increment in λ for corresponding
PC-based moldings.
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Thus, it can be concluded that larger size Al2O3 particles exhibited a higher efficiency
in forming thermally conductive pathways at higher filler concentrations (i.e., >40 wt%),
which was likely related to the size effect of the fillers, i.e., Al2O3 particles. For example,
less contact surface was likely formed between adjacent larger size particles when forming
a thermally conductive network; the specific surface area of 50 µm Al2O3 particles was
much smaller when compared with their 5 µm counterparts. As such, fewer matrix/filler
interfacial defects were generated in PC-based composites with respect to larger size Al2O3
particles. Under such circumstances, less phonon scattering occurred in terms of 50 µm
Al2O3 particle-containing PC-based composites, which led to a higher λ for corresponding
composites when the filler concentration exceeded 40 wt% [49].

3.2. Thermal Conductivity of PC/Al2O3/BN Composites

As reported in previous studies [21,42], planar BN would exhibit a typical orientation
along the flow direction due to the intense shearing effect, thereby leading to a higher
anisotropy in thermal conduction properties in different directions, i.e., along the flow
direction (i.e., in-plane λ) and perpendicular to the flow direction (i.e., through-plane λ).
It was also found [42] that the orientation state of planar BN could be altered with the
incorporation of spherical Al2O3 particles, thereby concurrently improving both the in-
plane and through-plane λ of injection molded samples. Herein, the influence of the size of
Al2O3 particles on the λ of PC/BN/Al2O3 composites was highlighted.

The λ values of PC/BN/Al2O3 composites, which were measured along the flow
direction and perpendicular to the flow direction, are displayed in Figure 3. Figure 3a,b
indicate that no significant enhancement in through-plane λ was observed for PC/BN
composites and a great enhancement in in-plane λ when the BN concentration was increased
from 5 to 20 wt%, which was related to the preferred orientation and increased addition of
planar BN fillers in injection molded samples. Interestingly, there was a significant increase
in both the in-plane and through-plane λ with the incorporation of spherical Al2O3 particles,
as shown in Figure 3. For example, the through-plane λ and in-plane λ of PC/AL40B20
composites reached as high as 1.78 and 2.95 W/(mK), which were 710% and 1183% higher
than those of pure PC, respectively. This was definitely related to the formation of a more
compact filler network that contributed to the significant increase of λ. Moreover, the
addition of spherical Al2O3 particles would, to some extent, alter the orientation state of
planar BN fillers, thereby contributing to a much greater enhancement in both in-plane
and through-plane λ. The influence of particle size of Al2O3 on the λ of PC/BN/Al2O3
composites was studied as well. Results showed that samples with larger size Al2O3
exhibited a much greater increase in λ, which was attributed to the higher efficiency of
forming thermally conductive pathways by using larger size spherical particles. In this
scenario, the use of AL particles not only reduced the contact thermal resistance between
filler/matrix and filler/filler, but they also acted as bridges between adjacent fillers. Both
factors contributed to a significant enhancement of λ for subsequent moldings.

The mechanism for thermal conductivity enhancement of subsequent composites is
depicted in Figure 4. As shown in Figure 4a, planar BN fillers tended to preferentially align
along the melt flow direction due to the predominant shearing effect induced by injection
molding. Under such circumstances, injection molded PC/BN composites would exhibit
a great discrepancy between in-plane λ and through-plane λ. The preferred orientation
of BN was, to some extent, impaired with the incorporation of Al2O3 particles. As a
result, in addition to the presence of Al2O3 particles, the partial deflection of planar BN
would increase the likelihood of constructing thermally conductive pathways across the
perpendicular to flow direction, thereby leading to an increase of through-plane λ without
much influence on in-plane λ. Moreover, more planar BN fillers would be deflected with
the increasing addition of Al2O3 particles. In this scenario, the difference between in-plane
λ and through-plane λ was minimized at higher Al2O3 loading concentrations. In addition,
the size of Al2O3 particles played a role in determining the deflection state of planar BN.
Larger size Al2O3 particles tended to exert a greater influence on the orientation state of
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BN fillers, which explained why the PC/BN/Al2O3 composites with 50 µm Al2O3 particles
demonstrated higher λ than the 5 µm Al2O3-containing counterparts. As a result, the
addition of larger size spherical Al2O3 particles had a more positive effect on improving
the in-plane and through-plane λ of injection molded samples.
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3.3. Morphology of PC/Al2O3/BN Composites

The microstructure of PC/Al2O3/BN composites is displayed in Figure 5. As shown
in Figure 5g,h, planar BN fillers exhibited preferential orientation along the melt flow
direction, regardless of filler concentrations. In addition, both BN and Al2O3 particles
showed a relatively uniform distribution within the PC substrate. The presence of BN fillers
was labeled using red arrows. Figure 5a–f show that BN fillers, which were located far away
from Al2O3 particles, remained in the preferential orientation state along the flow direction;
however, planar BN fillers that were located in the vicinity of Al2O3 particles showed
some deflection due to the steric hindrance effect imposed by Al2O3 particles. Under
such circumstances, the possibility of constructing intact thermally conductive pathways
was increased across the thickness direction, i.e., perpendicular to flow direction. As a
result, the in-plane and through-plane λ would be concurrently enhanced for injection
molded PC/BN/Al2O3 composites. Moreover, the deflection degree of BN fillers increased
with increasing Al2O3 content and particle size, which is beneficial for building a denser
thermally conductive network. Therefore, a larger size Al2O3 demonstrated an edge
over smaller size particles in terms of altering the orientation state of BN fillers, thereby
leading to a significant increase of both in-plane and through-plane λ for subsequent
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3.4. XRD Analysis

According to literature [50], the orientation degree of BN can be assessed using XRD
analysis. Basically, the peak intensity ratio of the (002) plane to the (100) plane of BN
was employed to reflect the orientation state of BN [41,51]. The XRD spectra and the
peak intensity ratios for related polymer composites are presented in Figure 6. Results
showed that the peak intensity ratio of the PC/B20 composite was the highest among the
studied systems. The peak intensity ratio of the PC/B20 composite was higher than that
of PC/B5, which was related to the reduced melt viscosity related to the incorporation
of a larger fraction of planar fillers (see Figure 7c). However, the peak intensity ratios for
PC/BN/Al2O3 composites decreased significantly when compared with binary PC/BN
composites, which was ascribed to the filler-induced deflection of planar BN fillers [42].
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Specifically, the values of peak intensity ratio decreased with increasing content of
Al2O3, provided that the content of BN and the particle size of Al2O3 remained the same.
In addition, the peak intensity ratios of PC/AL/BN composites were higher than those
of PC/AS/BN counterparts when the concentrations of Al2O3 particles and BN were
the same. Thus, it can be concluded that both increasing the concentration of Al2O3
particles and using larger size Al2O3 led to a higher degree of deflection for planar fillers in
injection molded samples, which was crucial to improving the through-plane λ of related
polymer composites.

3.5. Rheological Properties

The viscoelastic properties of PC/BN and PC/Al2O3/BN composites were studied
using a dynamic rheometer, as displayed in Figure 7. The values of storage modulus (G’) as
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a function of sweeping frequency are given in Figure 7a. Results showed that the values of
G’ increased with increasing sweeping frequency and total filler loading concentrations. In
particular, the values of G’ at the lowest frequency, i.e., G’0.01Hz, increased with total filler
concentrations, which was related to the reinforcement effect of the added fillers [52]. A
plateau was not visible for PC/BN and PC/Al2O3/BN 5 wt% composites, suggesting that
an intact filler network structure was absent in the above systems. Moreover, a plateau was
visible for PC/Al2O3/BN 20 wt% composites, signifying the existence of an intact filler
network that consisted of spherical Al2O3 and planar BN, which was crucial for improving
the λ. Figure 7b,c show that the peak of tan δ shifted to higher frequency regions coupling
with a reduction of peak value, and a shear thinning behavior became more noticeable with
increasing filler concentrations, which was attributed to the transition from a viscous to
solid state of polymer melts arising from the presence of inorganic fillers [36,53].

The microstructural changes of polymer composites were further evaluated using the
van Gurp–Palmen and Cole–Cole plots, as given in Figure 7d,e, respectively. Figure 8d
showed that the values of phase angle for PC/Al2O3/BN composites decreased greatly at
lower complex modulus regions when the concentration of BN reached 20 wt%. Moreover,
the Cole–Cole plot changed from a semicircular to a linear shape with an obvious tailing
effect, suggesting that the PC/Al2O3/BN composites exhibited typical solid-like behav-
ior owing to the formation of three-dimensional thermally conductive pathways [42,54].
Furthermore, Figure 7f shows that there were negligible changes in the values of G’0.01Hz
when the filler content of BN was increased from 5 to 20 wt% for binary PC/BN composites,
suggesting that no microstructural change (i.e., the formation of a filler network) was
detected in PC/BN composites. Moreover, the changes in G’0.01Hz were also insignificant
for PC/Al2O3/BN 5 wt% composites, and such changes became more noticeable when the
concentration of BN reached 20 wt%, especially for PC/Al2O3 40 wt%/BN 20 wt% com-
posites, which was related to the microstructural change related to the increasing addition
of inorganic fillers [52]. It was worth noting that the values of G’0.01Hz at lower frequency
regions of the PC/AS40B20 composite were higher than its PC/AL40B20 counterparts,
which suggested that the filler network structure consisting of 5 µm Al2O3 and BN exerted
a much stronger confinement effect on polymer chains, which was likely related to the
higher specific surface area of smaller Al2O3 particles [49]. However, this did not mean
that such a filler network structure had a higher efficiency in dissipating heat because the
particle size played a positive role in determining the λ of polymer composites [38,49,55].

3.6. Mechanical and Electrical Properties

The mechanical properties, including tensile strength, elongation at break, flexural
strength, and notched impact strength of PC-based composites are presented in Figure 8.
Results showed that the mechanical properties, particularly for elongation at break and
notched impact strength, of PC/Al2O3/BN composites deteriorated significantly with the
incorporation of BN and Al2O3 fillers, which was likely attributed to the poor interfacial
interactions between the host substrate and inorganic fillers, as well as the formation of
filler network structures that acted as structural defects [16]. Figure 8 shows that the
mechanical properties of PC/AL40B20 composites were higher than those of PC/AS40B20
composites. For example, the tensile strength, elongation at break, flexural strength, and
notched impact strength of the former were 49.8 MPa, 1.83%, 81.4 MPa, and 3.66 kJ/m2,
respectively, whereas those of the latter were 46.5 MPa, 1.59%, 69.2 MPa, and 3.48 kJ/m2, re-
spectively. The above results were likely related to the fact that smaller Al2O3 particles had
a tendency to form agglomerates due to their higher specific surface areas and the presence
of more filler/matrix interfacial defects [49,56], thereby leading to a much lower mechan-
ical performance for smaller Al2O3 particle-containing polymer composites. In general,
PC/AL/BN composites showed reasonable mechanical properties, which demonstrated
potential applications in industrial sectors.
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The volume resistivity of PC/BN and PC/Al2O3/BN composites is shown in Figure 9.
It can be seen that all samples demonstrated excellent electrical insulation properties, since
the volume resistivity of all PC/BN and PC/Al2O3/BN composites exceeded 1015 Ω·cm.
Therefore, the prepared polymer composites demonstrated exceptional electrical insulation
properties, excellent thermal dissipation properties in both in-plane and through-plane
directions of injection molded parts, and reasonable mechanical properties that can be
targeted for applications in the fields of electronic devices and battery units, where both
thermal conduction and electrical insulation are primary concerns.
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4. Conclusions

In this work, incorporating spherical alumina (Al2O3) particles was found to be
effective in altering the orientation state of planar boron nitride (BN) fillers in injection
molded PC-based composites. Both the in-plane and through-plane thermal conductivity
of PC/Al2O3/BN composites were concurrently enhanced with the addition of spherical
Al2O3 particles. Both increased particle size and loading content of Al2O3 were found
to be crucial in affecting the orientation state of BN fillers, especially for those in the
vicinity of Al2O3 particles, as corroborated by SEM observations and XRD analysis. The
deflection state of planar BN fillers and the presence of larger size Al2O3 particles were
beneficial for constructing intact thermally conductive pathways, thereby leading to a
significant improvement in through-plane thermal conductivity without much influence
on in-plane thermal conductivity. For example, the through-plane and in-plane thermal
conductivity of PC/AL40B20 composites reached as high as 1.78 and 2.95 W/mK, which
were 710% and 1183% higher than those of pure PC, respectively. In addition, the prepared
PC/Al2O3/BN composites demonstrated reasonable mechanical and exceptional electrical
insulation properties, which show potential applications in the fields of electronics, battery
units, and so forth.

Author Contributions: C.Z.: Investigation, visualization, writing—original draft. Y.B.: Investigation,
data curation, formal analysis. H.Z.: Resources, funding acquisition, supervision. S.Z.: Conceptual-
ization, funding acquisition, supervision, writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (52103040)
and the China Postdoctoral Science Foundation (2020M673217).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: There are no competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

References
1. Ma, H.; Gao, B.; Wang, M.; Yuan, Z.; Shen, J.; Zhao, J.; Feng, Y. Strategies for enhancing thermal conductivity of polymer-based

thermal interface materials: A review. J. Mater. Sci. 2020, 56, 1064–1086. [CrossRef]
2. Han, Z.; Fina, A. Thermal conductivity of carbon nanotubes and their polymer nanocomposites: A review. Prog. Polym. Sci. 2011,

36, 914–944. [CrossRef]
3. Coetzee, D.; Venkataraman, M.; Militky, J.; Petru, M. Influence of Nanoparticles on Thermal and Electrical Conductivity of

Composites. Polymers 2020, 12, 742. [CrossRef] [PubMed]
4. Zhou, S.; Chen, Y.; Zou, H.; Liang, M. Thermally conductive composites obtained by flake graphite filling immiscible Polyamide

6/Polycarbonate blends. Thermochim. Acta 2013, 566, 84–91. [CrossRef]
5. Zhou, S.; Yu, L.; Song, X.; Chang, J.; Zou, H.; Liang, M. Preparation of highly thermally conducting polyamide 6/graphite

composites via low-temperature in situ expansion. J. Appl. Polym. Sci. 2014, 131, 131. [CrossRef]
6. Vadivelu, M.A.; Kumar, C.R.; Joshi, G.M. Polymer composites for thermal management: A review. Compos. Interfaces 2016, 23,

847–872. [CrossRef]
7. Wei, B.; Chen, X.; Yang, S. Construction of a 3D aluminum flake framework with a sponge template to prepare thermally

conductive polymer composites. J. Mater. Chem. A 2021, 9, 10979–10991. [CrossRef]
8. Gu, J.; Ruan, K. Breaking Through Bottlenecks for Thermally Conductive Polymer Composites: A Perspective for Intrinsic

Thermal Conductivity, Interfacial Thermal Resistance and Theoretics. Nanomicro Lett. 2021, 13, 110. [CrossRef]
9. Li, Y.; Gong, C.; Li, C.; Ruan, K.; Liu, C.; Liu, H.; Gu, J. Liquid crystalline texture and hydrogen bond on the thermal conductivities

of intrinsic thermal conductive polymer films. J. Mater. Sci. Technol. 2021, 82, 250–256. [CrossRef]
10. Ruan, K.; Zhong, X.; Shi, X.; Dang, J.; Gu, J. Liquid crystal epoxy resins with high intrinsic thermal conductivities and their

composites: A mini-review. Mater. Today Phys. 2021, 20, 100456. [CrossRef]

http://doi.org/10.1007/s10853-020-05279-x
http://doi.org/10.1016/j.progpolymsci.2010.11.004
http://doi.org/10.3390/polym12040742
http://www.ncbi.nlm.nih.gov/pubmed/32230802
http://doi.org/10.1016/j.tca.2013.05.027
http://doi.org/10.1002/app.39596
http://doi.org/10.1080/09276440.2016.1176853
http://doi.org/10.1039/D0TA12541E
http://doi.org/10.1007/s40820-021-00640-4
http://doi.org/10.1016/j.jmst.2021.01.017
http://doi.org/10.1016/j.mtphys.2021.100456


Polymers 2022, 14, 3477 13 of 14

11. Yang, X.; Liang, C.; Ma, T.; Guo, Y.; Kong, J.; Gu, J.; Chen, M.; Zhu, J. A review on thermally conductive polymeric composites:
Classification, measurement, model and equations, mechanism and fabrication methods. Adv. Compos. Hybrid Mater. 2018, 1,
207–230. [CrossRef]

12. Zhang, F.; Feng, Y.; Feng, W. Three-dimensional interconnected networks for thermally conductive polymer composites: Design,
preparation, properties, and mechanisms. Mater. Sci. Eng. R Rep. 2020, 142, 100580. [CrossRef]

13. Liu, B.; Li, Y.; Fei, T.; Han, S.; Xia, C.; Shan, Z.; Jiang, J. Highly thermally conductive polystyrene/polypropylene/boron nitride
composites with 3D segregated structure prepared by solution-mixing and hot-pressing method. Chem. Eng. J. 2020, 385, 123829.
[CrossRef]

14. Cui, X.; Ding, P.; Zhuang, N.; Shi, L.; Song, N.; Tang, S. Thermal Conductive and Mechanical Properties of Polymeric Composites
Based on Solution-Exfoliated Boron Nitride and Graphene Nanosheets: A Morphology-Promoted Synergistic Effect. ACS Appl.
Mater. Interfaces 2015, 7, 19068–19075. [CrossRef]

15. Zhang, X.; Wu, K.; Liu, Y.; Yu, B.; Zhang, Q.; Chen, F.; Fu, Q. Preparation of highly thermally conductive but electrically insulating
composites by constructing a segregated double network in polymer composites. Compos. Sci. Technol. 2019, 175, 135–142.
[CrossRef]

16. Zhou, S.; Shi, Y.; Bai, Y.; Liang, M.; Zou, H. Preparation of thermally conductive polycarbonate/boron nitride composites with
balanced mechanical properties. Polym. Compos. 2020, 41, 5418–5427. [CrossRef]

17. Zhou, S.; Lei, Y.; Zou, H.; Liang, M. High thermally conducting composites obtained via in situ exfoliation process of expandable
graphite filled polyamide 6. Polym. Compos. 2013, 34, 1816–1823. [CrossRef]

18. Agari, Y.; Ueda, A.; Nagai, S. Thermal-Conductivities of Composites in Several Types of Dispersion-Systems. J. Appl. Polym. Sci.
1991, 42, 1665–1669. [CrossRef]

19. Al-Saleh, M.H.; Sundararaj, U. A review of vapor grown carbon nanofiber/polymer conductive composites. Carbon 2009, 47,
2–22. [CrossRef]

20. Leung, S.N. Thermally conductive polymer composites and nanocomposites: Processing-structure-property relationships. Compos.
Part B Eng. 2018, 150, 78–92. [CrossRef]

21. Bai, Y.; Shi, Y.; Zhou, S.; Zou, H.; Liang, M. Highly Thermally Conductive Yet Electrically Insulative Polycarbonate Composites
with Oriented Hybrid Networks Assisted by High Shear Injection Molding. Macromol. Mater. Eng. 2021, 307, 2100632. [CrossRef]

22. He, X.; Wang, Y. Recent Advances in the Rational Design of Thermal Conductive Polymer Composites. Ind. Eng. Chem. Res. 2021,
60, 1137–1154. [CrossRef]

23. Krupa, I.; Cecen, V.; Boudenne, A.; Prokeš, J.; Novák, I. The mechanical and adhesive properties of electrically and thermally
conductive polymeric composites based on high density polyethylene filled with nickel powder. Mater. Des. 2013, 51, 620–628.
[CrossRef]

24. Li, X.-H.; Liu, P.; Li, X.; An, F.; Min, P.; Liao, K.-N.; Yu, Z.-Z. Vertically aligned, ultralight and highly compressive all-graphitized
graphene aerogels for highly thermally conductive polymer composites. Carbon 2018, 140, 624–633. [CrossRef]

25. Xu, F.; Bao, D.; Cui, Y.X.; Gao, Y.Y.; Lin, D.; Wang, X.; Peng, J.W.; Geng, H.L.; Wang, H.Y. Copper nanoparticle-deposited graphite
sheets for highly thermally conductive polymer composites with reduced interfacial thermal resistance. Adv. Compos. Hybrid
Mater. 2021. [CrossRef]

26. Yu, C.; Zhang, J.; Tian, W.; Fan, X.; Yao, Y. Polymer composites based on hexagonal boron nitride and their application in thermally
conductive composites. RSC Adv. 2018, 8, 21948–21967. [CrossRef]

27. Ouyang, Y.; Bai, L.; Tian, H.; Li, X.; Yuan, F. Recent progress of thermal conductive ploymer composites: Al2O3 fillers, properties
and applications. Compos. Part A Appl. Sci. Manuf. 2022, 152, 106685. [CrossRef]

28. Zhou, S.; Luo, W.; Zou, H.; Liang, M.; Li, S. Enhanced thermal conductivity of polyamide 6/polypropylene (PA6/PP) immiscible
blends with high loadings of graphite. J. Compos. Mater. 2015, 50, 327–337. [CrossRef]

29. Guerra, V.; Wan, C.; McNally, T. Thermal conductivity of 2D nano-structured boron nitride (BN) and its composites with polymers.
Prog. Mater. Sci. 2019, 100, 170–186. [CrossRef]

30. Lei, Y.; Liang, M.; Chen, Y.; Zhou, S.; Zou, H. Crystallization and thermal conductivity of poly(vinylidene fluoride)/boron nitride
nanosheets composites. Polym. -Plast. Technol. Mater. 2020, 59, 1552–1561. [CrossRef]

31. Wieme, T.; Duan, L.; Mys, N.; Cardon, L.; D’Hooge, R.D. Effect of Matrix and Graphite Filler on Thermal Conductivity of
Industrially Feasible Injection Molded Thermoplastic Composites. Polymers 2019, 11, 87. [CrossRef] [PubMed]

32. Fiske, T.; Gokturk, H.S.; Yazici, R.; Kalyon, D.M. Effects of flow induced orientation of ferromagnetic particles on relative magnetic
permeability of injection molded composites. Polym. Eng. Sci. 1997, 37, 826–837. [CrossRef]

33. Zhou, S.; Hrymak, A.; Kamal, M. Electrical and morphological properties of microinjection molded polypropylene/carbon
nanocomposites. J. Appl. Polym. Sci. 2017, 134, 45462. [CrossRef]

34. Yoo, Y.; Lee, H.L.; Ha, S.M.; Jeon, B.K.; Won, J.C.; Lee, S.-G. Effect of graphite and carbon fiber contents on the morphology and
properties of thermally conductive composites based on polyamide 6. Polym. Int. 2014, 63, 151–157. [CrossRef]

35. Mazov, I.; Burmistrov, I.; Il’inykh, I.; Stepashkin, A.; Kuznetsov, D.; Issi, J.-P. Anisotropic thermal conductivity of polypropylene
composites filled with carbon fibers and multiwall carbon nanotubes. Polym. Compos. 2015, 36, 1951–1957. [CrossRef]

36. Bai, Y.; Zhou, S.; Lei, X.; Zou, H.; Liang, M. Enhanced thermal conductivity of polycarbonate-based composites by constructing
a dense filler packing structure consisting of hybrid boron nitride and flake graphite. J. Appl. Polym. Sci. 2022, 139, e52895.
[CrossRef]

http://doi.org/10.1007/s42114-018-0031-8
http://doi.org/10.1016/j.mser.2020.100580
http://doi.org/10.1016/j.cej.2019.123829
http://doi.org/10.1021/acsami.5b04444
http://doi.org/10.1016/j.compscitech.2019.03.017
http://doi.org/10.1002/pc.25805
http://doi.org/10.1002/pc.22586
http://doi.org/10.1002/app.1991.070420621
http://doi.org/10.1016/j.carbon.2008.09.039
http://doi.org/10.1016/j.compositesb.2018.05.056
http://doi.org/10.1002/mame.202100632
http://doi.org/10.1021/acs.iecr.0c05509
http://doi.org/10.1016/j.matdes.2013.03.067
http://doi.org/10.1016/j.carbon.2018.09.016
http://doi.org/10.1007/s42114-021-00367-1
http://doi.org/10.1039/C8RA02685H
http://doi.org/10.1016/j.compositesa.2021.106685
http://doi.org/10.1177/0021998315574753
http://doi.org/10.1016/j.pmatsci.2018.10.002
http://doi.org/10.1080/25740881.2020.1757104
http://doi.org/10.3390/polym11010087
http://www.ncbi.nlm.nih.gov/pubmed/30960070
http://doi.org/10.1002/pen.11725
http://doi.org/10.1002/app.45462
http://doi.org/10.1002/pi.4534
http://doi.org/10.1002/pc.23104
http://doi.org/10.1002/app.52895


Polymers 2022, 14, 3477 14 of 14

37. Zhou, S.; Wu, Y.; Zou, H.; Liang, M.; Chen, Y. Tribological properties of PTFE fiber filled polyoxymethylene composites: The
influence of fiber orientation. Compos. Commun. 2021, 28, 100918. [CrossRef]

38. Chen, H.; Ginzburg, V.V.; Yang, J.; Yang, Y.; Liu, W.; Huang, Y.; Du, L.; Chen, B. Thermal conductivity of polymer-based
composites: Fundamentals and applications. Prog. Polym. Sci. 2016, 59, 41–85. [CrossRef]

39. Lee, G.-W.; Park, M.; Kim, J.; Lee, J.I.; Yoon, H.G. Enhanced thermal conductivity of polymer composites filled with hybrid filler.
Compos. Part A Appl. Sci. Manuf. 2006, 37, 727–734. [CrossRef]

40. Wang, Z.-G.; Gong, F.; Yu, W.-C.; Huang, Y.-F.; Zhu, L.; Lei, J.; Xu, J.-Z.; Li, Z.-M. Synergetic enhancement of thermal conductivity
by constructing hybrid conductive network in the segregated polymer composites. Compos. Sci. Technol. 2018, 162, 7–13.
[CrossRef]

41. Pan, C.; Kou, K.; Zhang, Y.; Li, Z.; Wu, G. Enhanced through-plane thermal conductivity of PTFE composites with hybrid fillers
of hexagonal boron nitride platelets and aluminum nitride particles. Compos. Part B Eng. 2018, 153, 1–8. [CrossRef]

42. Bai, Y.; Shi, Y.; Zhou, S.; Zou, H.; Liang, M. A Concurrent Enhancement of Both In-Plane and Through-Plane Thermal Conductivity
of Injection Molded Polycarbonate/Boron Nitride/Alumina Composites by Constructing a Dense Filler Packing Structure.
Macromol. Mater. Eng. 2021, 306, 2100267. [CrossRef]

43. Liu, H.; Gu, S.; Cao, H.; Li, X.; Li, Y. A dense packing structure constructed by flake and spherical graphite: Simultaneously
enhanced in-plane and through-plane thermal conductivity of polypropylene/graphite composites. Compos. Commun. 2020, 19,
25–29. [CrossRef]

44. Cao, H.; Gu, S.; Liu, H.; Li, Y. Disordered graphite platelets in polypropylene (PP) matrix by spherical alumina particles: Increased
thermal conductivity of the PP/flake graphite composites. Compos. Commun. 2021, 27, 100856. [CrossRef]

45. Abbasi, S.; Carreau, P.J.; Derdouri, A. Flow induced orientation of multiwalled carbon nanotubes in polycarbonate nanocompos-
ites: Rheology, conductivity and mechanical properties. Polymer 2010, 51, 922–935. [CrossRef]

46. Luo, W.; Cheng, C.; Zhou, S.; Zou, H.; Liang, M. Thermal, electrical and rheological behavior of high-density polyethy-
lene/graphite composites. Iran. Polym. J. 2015, 24, 573–581. [CrossRef]

47. Li, Y.; Shimizu, H. High-shear processing induced homogenous dispersion of pristine multiwalled carbon nanotubes in a
thermoplastic elastomer. Polymer 2007, 48, 2203–2207. [CrossRef]

48. Zhou, S.; Hrymak, A.N.; Kamal, M.R. Microinjection molding of polypropylene/multi-walled carbon nanotube nanocomposites:
The influence of process parameters. Polym. Eng. Sci. 2018, 58, E226–E234. [CrossRef]

49. Wang, Y.; Zhang, W.; Feng, M.; Qu, M.; Cai, Z.; Yang, G.; Pan, Y.; Liu, C.; Shen, C.; Liu, X. The influence of boron nitride shape
and size on thermal conductivity, rheological and passive cooling properties of polyethylene composites. Compos. Part A Appl.
Sci. Manuf. 2022, 161, 107117. [CrossRef]

50. Hamidinejad, M.; Zandieh, A.; Lee, J.H.; Papillon, J.; Zhao, B.; Moghimian, N.; Maire, E.; Filleter, T.; Park, C.B. Insight into
the Directional Thermal Transport of Hexagonal Boron Nitride Composites. ACS Appl. Mater. Interfaces 2019, 11, 41726–41735.
[CrossRef]

51. Sun, N.; Sun, J.; Zeng, X.; Chen, P.; Qian, J.; Xia, R.; Sun, R. Hot-pressing induced orientation of boron nitride in polycarbonate
composites with enhanced thermal conductivity. Compos. Part A Appl. Sci. Manuf. 2018, 110, 45–52. [CrossRef]

52. Kasgoz, A.; Akın, D.; Durmus, A. Rheological behavior of cycloolefin copolymer/graphite composites. Polym. Eng. Sci. 2012, 52,
2645–2653. [CrossRef]

53. Pötschke, P.; Abdel-Goad, M.; Alig, I.; Dudkin, S.; Lellinger, D. Rheological and dielectrical characterization of melt mixed
polycarbonate-multiwalled carbon nanotube composites. Polymer 2004, 45, 8863–8870. [CrossRef]

54. Zheng, Q.; Zhang, X.-W.; Pan, Y.; Yi, X.-S. Polystyrene/Sn-Pb alloy blends. I. Dyn. Rheol. Behav. J. Appl. Polym. Sci. 2002, 86,
3166–3172.

55. Kim, H.S.; Bae, H.S.; Yu, J.; Kim, S.Y. Thermal conductivity of polymer composites with the geometrical characteristics of graphene
nanoplatelets. Sci. Rep. 2016, 6, 26825. [CrossRef]

56. Osman, M.A.; Atallah, A. Effect of the particle size on the viscoelastic properties of filled polyethylene. Polymer 2006, 47, 2357–2368.
[CrossRef]

http://doi.org/10.1016/j.coco.2021.100918
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.compositesa.2005.07.006
http://doi.org/10.1016/j.compscitech.2018.03.016
http://doi.org/10.1016/j.compositesb.2018.07.019
http://doi.org/10.1002/mame.202100267
http://doi.org/10.1016/j.coco.2020.02.007
http://doi.org/10.1016/j.coco.2021.100856
http://doi.org/10.1016/j.polymer.2009.12.041
http://doi.org/10.1007/s13726-015-0348-x
http://doi.org/10.1016/j.polymer.2007.02.066
http://doi.org/10.1002/pen.24682
http://doi.org/10.1016/j.compositesa.2022.107117
http://doi.org/10.1021/acsami.9b16070
http://doi.org/10.1016/j.compositesa.2018.04.010
http://doi.org/10.1002/pen.23221
http://doi.org/10.1016/j.polymer.2004.10.040
http://doi.org/10.1038/srep26825
http://doi.org/10.1016/j.polymer.2006.01.085

	Introduction 
	Experimental Section 
	Materials 
	Preparation of Samples 
	Characterization 

	Results and Discussion 
	Thermal Conductivity of PC/Al2O3 Composites 
	Thermal Conductivity of PC/Al2O3/BN Composites 
	Morphology of PC/Al2O3/BN Composites 
	XRD Analysis 
	Rheological Properties 
	Mechanical and Electrical Properties 

	Conclusions 
	References

