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Most of the highly thermally conductive polymer-based composites currently face problems that must be

solved before they can be directly used in industrial production. Herein, a practical polybutylene

terephthalate (PBT)/polycarbonate (PC)/graphite nanoplatelet (GNP) thermally conductive composite

with relative low filler content was prepared by a conventional melt-blending technique. GNPs

selectively distributed and oriented in the PBT phase afford the composite a low percolation threshold

and anisotropic thermal conductivity. Investigation of the influence of filler content on the final

comprehensive performance showed that a prepared PBT/PC/GNP composite with 20 vol% GNPs

exhibited superior performance in thermal conductivity, heat resistance, and mechanical properties. The

in-plane and through-plane thermal conductivities of the composite were 5.82 W m�1 K�1 and 1.06 W

m�1 K�1, respectively, which were increased by 2430% and 361% as compared to that of a neat PBT/PC

blend. The Vicat softening temperature increased by 17.7 �C and reached 213.7 �C, while the mechanical

properties also maintained a good application level.
1 Introduction

With the rapid development of microelectronic techniques for
integration and functionalization, efficient heat dissipation has
become urgent and important for electronic devices.1,2 The
thermally conductive polymer composite has the advantages of
low density, adjustable thermal conductivity, good exibility,
and easy processing, and has strong potential application
prospects in the electronics industry because it can be applied
to solve thermal management problems.3–5 Numerous studies
have been carried out to increase the thermal conductivity of
polymeric composites via a variety of approaches, such as using
unique mixing methods,6–9 functional modication,10–13 elec-
trospinning,14,15 in situ polymerization16–19 and other sophisti-
cated methods.20,21

For example, Bryning et al.22 developed a method to disperse
puried single-walled carbon nanotubes (SWCNTs) into epoxy
with ultrasonic treatment and signicantly reduced the percola-
tion threshold. Guo et al.14 designed a new chemically modied
graphene (CMG) thermally conductive ller by functionalizing
graphene oxide (GO), and the high thermal conductivity of pol-
yimide composite with low ller content was realized via
sequential in situ polymerization and electrospinning-hot press
technology. Xu et al.23 presented the recent achievements of
thermal conductivity in polymers and polymer-based nano-
composites from both experimental and theoretical perspectives.
eering, Beijing Technology and Business
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3

Nevertheless, due to the complicated operations, harsh reaction
conditions, high cost, or the utilization of toxic solvents, most of
these methods cannot easily be used in industrial production.
Therefore, how to use existing industrial equipment and tech-
nology to enhance the thermal conductivity of polymeric
composites is of great signicance.

The advantages of melt mixing are simple operation, high
efficiency, low cost, and easy implementation, and because of
these advantages, it is one of the most commonly used indus-
trial processes for the preparation of polymeric functional
composite. Because increasing the thermal conductivity of
a polymer usually requires lling with a large amount of ller,
melting-blending methods are ideal to use because they can
achieve an effective dispersion or ordered distribution of the
ller in the polymer matrix and also reduce the ller content.

There has been great interest in recent years in platelet-like
functional llers due to their anisotropic structure and higher
thermal conductivity.24–26 The use of asymmetrically shaped
llers that are easily oriented or overlapped into a network in
a polymer matrix is an effective strategy for achieving high
thermal conductivity with low ller levels. For instance, Mar-
connet et al.27 fabricated an oriented carbon nanotube (CNT)/
epoxy nanocomposite using an in situ injection approach, in
which epoxy was injected into CNT arrays to obtain a composite
with an axial thermal conductivity of 4.87 W m�1 K�1 at
16.7 vol% CNT, which is much greater than the reported values
of unaligned CNT-lled composites. Sun et al.28 report a boron
nitride (BN) plate/polycarbonate (PC) composite in which BN
plates were aligned in PC, and the obtained composites
possessed a maximum thermal conductivity of 3.09 W m�1 K�1
This journal is © The Royal Society of Chemistry 2019
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along the aligned direction as the BN loading reached
18.5 vol%. The above results illustrate that oriented llers in
polymer matrix are expected to enhance the thermal conduc-
tivity of the resulting composites due to the presence of
minimum thermal resistance along the oriented direction.

The use of a co-continuous polymer blend as a matrix to
distribute the ller segregation in one of the phases has proven
to be an effective means of reducing the percolation threshold
for polymer-based conductive materials.29 Cao et al.30 reported
multi-walled carbon nanotubes (MWCNTs) and silicon carbide
(SiC) nanoparticles selectively distributed in the poly(vinylidene
uoride) (PVDF) phase of PVDF/polystyrene (PS) blends that
achieved a percolation threshold of 2.9 vol% loading, thus
yielding higher thermal conductivity. A polybutylene tere-
phthalate (PBT)/polycarbonate (PC) blend, which was used in
the current study, is different from general polymer blends
because it is a polymer pair that can chemically react with each
other. The transesterication reaction between PBT and PC not
only increases the compatibility of the two polymers, but it also
can adjust the phase structure of the PBT/PC blend by trans-
esterication inhibitors.31 Based on our previous work,32

graphite nanoplatelets (GNPs), possessing a typical two-
dimensional layered structure that is used as ller with excel-
lent thermal conductivity, can be selectively distributed in the
PBT phase. The GNPs create favourable conditions for the
preparation of polymer-based composites with low ller load-
ings and high thermal conductivity.

This research is dedicated to the development of a polymer-
based thermally conductive composite that can be directly and
industrially produced. Taking GNPs and a PBT/PC blend as the
functional ller and matrix, respectively, PBT/PC/GNP
composites were prepared by melt mixing. The effects of the
ller content and orientation on the thermal conductivity of the
composite were investigated, and the corresponding thermal
conducting mechanism is also discussed. Additionally, from an
application perspective, the heat-resistant and mechanical
properties of the composites were also investigated.

2 Experimental
2.1 Materials

All the materials used in the present work are industrial grade.
Polybutylene terephthalate resins (PBT201-G0ST) with a density
of 1.3 g cm�3 (25 �C) were provided by Beijing Research Institute
of Chemical Industry, China. Bisphenol-A PC (2805) with
a density of 1.18 g cm�3 (25 �C) was purchased from Bayer Co.,
Ltd., Germany. The GNPs with a lateral size of 8 mmwere supplied
by Qingdao Yanhai Carbon Material Co., Ltd., China. Triphenyl
phosphite (TPPi) was provided by J&K Scientic Ltd., China.

2.2 Sample preparation

An appropriate quantity of PBT and PC was dried in a vacuum
oven at 120 �C for 6 h and premixed with TPPi (1 wt% with
respect to the matrix) in a high-speed mixer. Then, PBT/PC
blends (in a volume ratio of 1/1) lled with various amounts
of GNPs were prepared by melt mixing in a torque rheometer
(XSS-300) at 240 �C with a rotation speed of 60 rpm for 10 min.
This journal is © The Royal Society of Chemistry 2019
The above melted and mixed composites were hot
compressed to obtain the desired size and thickness using a hot
press machine (LP-S-50) at 240 �C under 50 bars for 15 min to
obtain a series of specimens required for testing. Fig. 1 shows the
general manufacturing process of the PBT/PC/GNP composites.
2.3 Characterization

The thermal conductivity was measured with a LFA 467 laser
ash thermal conductivity analyser (NETZSCH, Germany).
Specimens were prepared in cubic shapes that were 10 mm in
side length and 1 mm in thickness. The brittle fracture cross-
sections of the composite were observed by scanning electron
microscopy (SEM) (FEG 250, Quanta FEI). The PC phase was
selectively etched by dichloromethane (CH2Cl2) in advance. All
the samples were sprayed with gold before observation.

Differential scanning calorimetry (DSC) (Q100, TA Instru-
ments) was used to study the crystallization properties of the
blends. The instrument was calibrated with indium as a stan-
dard, and all measurements were conducted under nitrogen
atmosphere. The weight of the samples for DSC measurements
was 5–10 mg. The samples were heated to 250 �C at a heating
rate of 10 �C min�1 and isothermally maintained for 3 min to
eliminate any complex thermal history. Then, they were cooled
to 40 �C at the rate of 10 �C min�1 and isothermally maintained
for 3 min. Subsequently, they were heated again to 250 �C at
10 �C min�1. The crystallinity (cc) for the PBT component was
calculated by

cc ¼
DHm

DH0
m �WPBT

� 100% (1)

where DHm denotes the melting enthalpy measured by DSC
during the heating, DH0

m denotes the melting enthalpy of
perfect PBT crystals (142 J g�1),33 and WPBT denotes the weight
fraction of PBT in the samples.

The Vicat soening temperature (VST) of samples was
measured with a micro control Vicat soening point testing
instrument (ZWK-1302-B) according to the GB/T1633-2004
standard. The temperature was increased in a heated environ-
mental chamber at 120 �C min�1, with applied stress of 10 N.
Thermogravimetric analysis (TG) of samples was performed
using a TA Instruments Q50 machine. Each specimen was
placed into a platinum crucible and heated at a scan rate of
20 �C min�1 from room temperature to 800 �C under a nitrogen
atmosphere.

Tensile tests were performed using a universal tensile
machine (CMT6104) at room temperature with a crosshead
speed of 50 mm min�1 according to the GB/T1040.2-2006
standard. The no-notch impact strength of the sample was
tested using a beam impact testing machine (XJZ-50) according
to the GB/T 1043.1-2008 standard.
3 Results and discussion
3.1 Thermal conductivities

The thermal conductivity is the primary indicator for evaluating
the performance of a thermally conductive composite. Fig. 2
RSC Adv., 2019, 9, 36316–36323 | 36317
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Fig. 1 Schematic illustration of the fabrication process for the PBT/PC/GNPs composite.
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presents the thermal conductivity as a function of GNP content
for PBT/PC/GNP composites. It can be seen that both the in-
plane and the through-plane thermal conductivity of the PBT/
PC/GNP composite continuously increased with the increasing
GNP content. The thermal conductivity of the PBT/PC/GNP
composite is typically anisotropic, and the in-plane thermal
conductivity is much higher than that of through-plane thermal
conductivity. When the content of GNPs is lower than 20 vol%,
the in-plane thermal conductivity signicantly increases with
the increase in ller content; beyond 20 vol% of GNPs, the in-
plane thermal conductivity slightly increased with the
increasing GNP content.

It has been determined that the percolation threshold of
PBT/PC/GNPs is approximately 20 vol%. In contrast, the
through-plane thermal conductivity slowly increased with the
increasing GNP content, and no percolation threshold was
observed, but the growth rate aer 20 vol% was higher than that
before 20 vol%. Thus, for this composite system, 20 vol% of the
Fig. 2 Thermal conductivity of PBT/PC/GNPs composites with various
GNPs content.

36318 | RSC Adv., 2019, 9, 36316–36323
GNP loading is an important node. At 20 vol% GNP content, the
in-plane and through-plane thermal conductivity of the PBT/PC/
GNP composite is 5.82Wm�1 K�1 and 1.06Wm�1 K�1, which is
2430% and 361% higher than that of a neat PBT/PC blend,
respectively. From 20 to 30 vol% GNP content, the in-plane and
through-plane thermal conductivity of the PBT/PC/GNP
composite increased 5% and 54%, and reached 6.09 W m�1

K�1 and 1.63 W m�1 K�1, respectively.
The cross-sectional microstructure of PBT/PC/GNP compos-

ites was observed via SEM to explore their thermal conduction
mechanisms. Before acquiring images, the sample surfaces
were etched with CH2Cl2, which resulted in the retention of the
PBT phase and the leaching out of PC with resultant formation
of holes, as shown in Fig. 3. Fig. 3a shows that there are a small
number of GNPs (5 vol%) that are embedded in PBT, and the
hole le by PC is clearly visible. This leads to less thermally
conductive paths formed, and the corresponding thermal
conductivity is low. By increasing the GNP content to 10 vol%
(see Fig. 3b), many GNPs are observed, with decreasing gaps
between adjacent GNPs and some connecting GNPs. Fig. 3c and
d show similar morphologies, in which the GNPs are closely in
contact with each other and are highly oriented along the
horizontal direction. This indicates that a dense thermal
pathway formed, resulting in a signicant increase in the
thermal conductivity of the PBT/PC/GNP composite. In the
vertical direction, 30 vol% GNP content is denser than that of
20 vol% GNPs, which results in a higher through-plane thermal
conductivity. The GNPs oriented in the polymer matrix are
generated by shear ow and provide extra-lateral pressure
during actual processing. The two-dimensional layered struc-
tural GNPs are prone to arrange themselves along the horizontal
direction. The orientation of ller inevitably leads to the
anisotropic property of the composite.

Fig. 4 provides a schematic diagram of the heat conduction
model, which clearly expresses the thermal conducting mech-
anisms of the PBT/PC/GNPs composites. The gure shows that
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images of cross section of PBT/PC/GNPs composites with different GNPs content: (a) 5 vol%, (b) 10 vol%, (c) 20 vol%, (d) 30 vol%. The
PC phase was selectively etched by dichloromethane.
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the oriented and well-stacked two-dimensional layered struc-
tural GNPs established an efficient conductive network as well
as phonon transfer pathways, especially in the plane direction
of GNPs because of their perfect p–p chemical bond structure.
Therefore, the high in-plane thermal conductivity of the PBT/
PC/GNP composite was achieved. However, phonon scattering
is inevitable between GNP surfaces and at the interface with
polymers. Thus, there is a decrease in heat transfer efficiency
Fig. 4 Schematic diagram of heat transfer paths for PBT/PC/GNPs com

This journal is © The Royal Society of Chemistry 2019
that results in low thermal conductivity in the through-plane
direction of PBT/PC/GNPs composites.

3.2 Crystallization properties

The crystallinity (cc) of the polymer plays an important role in
its thermal conductivity because phonon transfer in the crys-
talline region is more efficient than that in the amorphous
region through the vibration of the crystal lattice.34 The
posites.

RSC Adv., 2019, 9, 36316–36323 | 36319
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crystallization behaviours of neat PBT/PC and PBT/PC/GNP
composites were investigated by DSC, and the melting and
crystallization data are also summarized in Fig. 5. As shown in
this gure, the neat PBT/PC has two melting peaks, but the PBT/
PC/GNP composite has only one peak, corresponding to the
crystal melting of PBT. This is because during the slow heating
process, the imperfect crystal portion formed by PBT melts rst,
and the unmelted portion is subsequently used as the nucle-
ation point to form the melting recrystallization, which can be
melted at a higher temperature, thus forming the molten
bimodal. With the GNP incorporation, the crystallization of PBT
is improved.35

All of the PBT/PC/GNP composites exhibited almost the
same melting point (Tm), which is similar to that of the stable
crystallization melting point of neat PBT/PC (218.5 �C). Fig. 5b
shows that the introduction of GNPs induces an increase in the
crystallization temperature (Tc). For example, neat PBT/PC
exhibits a Tc of 183.9 �C. When the GNP content is at 30 vol%,
the composite shows a Tc of 208 �C, which is 24 �C higher than
that with no added GNPs. This indicates that GNPs play a role in
heterogeneous nucleation and increase the crystallization
ability of PBT. However, interestingly, the crystallinity of cc is
different. When the GNPs are less than 10 vol%, the cc of the
PBT/PC/GNPs composite remains at approximately 34%, and
when the GNPs are present at more than 15 vol%, the cc

signicantly decreased. The reason for that is because a greater
quantity of lled GNPs reduces the relative content of the PBT
component, and the excessive addition of GNPs inhibits the
mobility of polymer chains. As a result, the cc of PBT is reduced.

It is worth noting that the thermal conductivity of the PBT/
PC/GNP composite increases with the increase in GNP content
(Fig. 2), which indicates that cc is not the main reason for the
enhanced thermal conductivity in such a highly lled
composite system. The GNP content has a decisive effect on
increasing the thermal conductivity of composites.
Fig. 6 Vicat softening temperature of PBT/PC/GNPs composites with
various GNPs content.
3.3 Heat-resistance properties

Improving the heat-resistance properties of thermally conduc-
tive composites is of great signicance for expanding their
range of applications.
Fig. 5 DSC heating (a) and cooling (b) curves of neat PBT/PC and PBT/

36320 | RSC Adv., 2019, 9, 36316–36323
The VST reects the upper limit of the normal use temper-
ature, and the thermal degradation temperature reects the
upper limit of the safe service temperature of the composite.
These are important indexes for characterizing the heat-
resistant properties of materials.

Fig. 6 shows the VST of neat PBT/PC and PBT/PC/GNP
composites as a function of different GNP content. Obvi-
ously, the VST of the PBT/PC/GNPs gradually increased with
the increase in the GNP content. For instance, the VST of the
PBT/PC/GNPs composite with 20 vol% GNPs is 213.7 �C,
which is 17.7 �C higher than that of the neat PBT/PC blend.
These experimental results illustrate that lled GNPs effec-
tively increase the heat resistance of the composites. This is
because the rigid GNPs dispersed in the polymer matrix limit
the movement of molecular chains and act as a skeleton to
strengthen the deformation resistance of PBT/PC/GNPs
composites. By increasing the GNP content from 20 vol% to
30 vol%, the VST of the PBT/PC/GNP composite only
increased 1% and reached 215.9 �C. This occurred because it
formed a frame network at 20 vol% GNPs, as shown in Fig. 3c
and d.
PC/GNPs composite.

This journal is © The Royal Society of Chemistry 2019
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The TG curves for neat PBT/PC and PBT/PC/GNP composites
are presented in Fig. 7, and the corresponding characteristic
data are listed in Table 1. Fig. 7 shows that all of the composites
exhibit a two-step degradation mechanism, in which the rst
step is attributed to the degradation of the PBT phase (onset
temperature at approximately 346 �C) and the second one to the
PC phase (onset temperature at approximately 467 �C); all the
terminal decomposition temperatures are higher than 624.8 �C.
Obviously, the thermal weight loss of PBT/PC/GNP composites
decreases with the increase in the GNP content. The corre-
sponding weight loss temperature and the terminal decompo-
sition temperature are increased at the same stages with
increasing addition of GNPs. Additionally, the corresponding
Theat-resistance index (THRI) of neat PBT/PC and PBT/PC/GNP
composite is also improved (Table 1).

The heat-resistance properties of the PBT/PC/GNP compos-
ites are improved with the addition of increasing quantities of
GNPs. This occurs because compared to neat PBT/PC, GNPs
possess relatively higher specic heat capacity (C) and thermal
conductivity, preferably absorbing heat, which results in the
degradation of PBT/PC molecular chains at higher tempera-
tures. When the GNP content is at 20 vol%, the decomposition
Table 1 Corresponding characteristic thermal data for neat PBT/PC and

GNP content (vol%)

Temperature for weight
loss (�C)

5 wt% 30 wt%

0 390 415
5 390.2 419
10 391.7 424.4
15 392 428
20 394 437.3
25 396 489.6
30 397 506.6

a The sample's heat-resistance index is calculated by36 Theat-resistance ind
decomposition temperature of 5 wt% and 30 wt% weight loss, respectivel

Fig. 7 TG curves of neat PBT/PC and PBT/PC/GNPs composites.

This journal is © The Royal Society of Chemistry 2019
temperature for 5 wt% and 30 wt% weight loss reaches to 394 �C
and 437.3 �C, respectively; the terminal decomposition
temperature increases to 687.4 �C, and the corresponding THRI

value of the PBT/PC/GNP composite is 214.3 �C, which is 15.8 �C
higher than that of neat PBT/PC. From 20 vol% to 30 vol%
GNPs, the THRI value was enhanced by 6%, and the temperature
reached 226.8 �C. In summary, the PBT/PC/GNP composite l-
led with greater than 20 vol% GNPs exhibit excellent heat-
resistance properties that provide favourable conditions for
their practical application.

3.4 Mechanical properties

For most thermally conductive functional polymeric compos-
ites, the mechanical properties are critical. To enhance the
thermally conductive properties, the ller particles should
contact each other and form a connected network. To improve
themechanical properties, particles should conglomerate in the
matrix, and it is easy to cause stress concentration. Therefore, it
is necessary to nd a balance between function and perfor-
mance for a polymeric composite.

Fig. 8 presents the mechanical properties of the PBT/PC/
GNPs composites with varying quantities of GNPs. It is noted
that the Young's modulus of the PBT/PC/GNP composite was
enhanced with increasing GNP content because effective
deformation resistance could occur due to the high ller
content and orientation of the GNPs. The tensile strength of
the PBT/PC/GNP composites increased up to the optimal value
at 5 vol% GNP incorporation, but it decreased with further
addition of GNPs. Compared with neat PBT/PC (41.3 MPa), the
maximum tensile strength of the PBT/PC/GNP composites
with 5 vol% GNPs reached 48.2 MPa, an increase of 17%, while
the impact strength and elongation at break of the composites
continued to decrease. This occurred because appropriate
amounts of GNPs have a reinforcing effect on the PBT/PC
blend due to the selective distribution of GNPs that greatly
increased the efficiency of the formation of the force trans-
ference network.37 However, with excessive addition of GNPs,
the ller particle conglomeration in the matrix weakens the
interfacial bond and leads to a reduction in the mechanical
properties of the PBT/PC/GNPs composites.38
PBT/PC/GNP composites

Tterminal decomposition temperature (�C) Theat-resistance index
a (�C)

624.8 198.5
632.2 199.7
639.8 201.5
675.5 202.7
687.4 214.3
689.8 221.6
694.6 226.8

ex ¼ 0.49 [T5 + 0.6(T30 � T5)], where T5 and T30 correspond to the
y.
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Fig. 8 Mechanical properties of PBT/PC/GNPs composites with various GNPs content.
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For GNP content at 20 vol%, the tensile strength, impact
strength, and elongation at break of the PBT/PC/GNP composite is
26 MPa, 12.5 kJ m�2, and 0.59%, respectively, which still main-
tains a high application value. Once the GNP content increases to
30 vol%, the tensile strength, impact strength, and elongation at
break of the PBT/PC/GNP composites decreased to 15.3 MPa, 6.75
kJ m�2, and 0.23%. Therefore, PBT/PC/GNP composite lled with
20 vol% GNPs has better application prospects and cost perfor-
mance. The ability to simultaneously improve the thermal
conductivity and mechanical properties is a long-term technical
challenge for thermally conductive composites.
4 Conclusions

In summary, an anisotropic thermally conductive PBT/PC/GNP
composite with high thermal conductivity was prepared using
a simple melt-blending technique. The selective distribution
and orientation of the ller in the PBT/PC blendmatrix afforded
the composites with high thermal conductivity, good heat-
resistance properties, and more optimal mechanical proper-
ties. Good cost performance was attained for the PBT/PC/GNP
composite with the balanced node of 20 vol% GNPs loading.
The in-plane and through-plane thermal conductivities of
composite with 20 vol% GNPs are 5.82 W m�1 K�1 and 1.06 W
m�1 K�1, respectively, which were enhanced by 2430% and
361%, respectively, as compared to that of a neat PBT/PC blend.
The heat resistance of the composites was signicantly
increased, and the VST reached 213.7 �C. Additionally, the
tensile strength and impact strength of the PBT/PC/GNP
composite were maintained at 26 MPa and 12.5 kJ m�2,
respectively. Because these composites have the advantages of
simple preparation and superior performance, they have high
application value in the eld of heat dissipation.
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