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thermal conductivity in
polyamide-6/graphene composites via a “bridge
effect” of silicon carbide whiskers†

Na Song, ‡* Haidong Pan,‡ Xingshuang Hou, Siqi Cui, Liyi Shi and Peng Ding*

It is urgent to manufacture a polymer composite that has high thermal conductivity and mechanical

properties simultaneously to meet the heat dissipation requirement of electronic devices. In this paper,

we report a bridge effect of Silicon Carbide whiskers (SiCw) on the enhancement of thermal conductivity

(TC) in polyamide-6/graphene (PG) composites. The composite was made by melting, stirring through

an Internal mixer. Experimental results show that the TC of the PG composites increases with additional

introduction of SiCw, particularly in the through-plane direction. For example, based on the PG-2

sample (2 wt% graphene in polyamide-6 (PA) matrix), the thermal conductivity enhancement (TCE) of

PASC-24 (similar to 2 wt% graphene and 43.2 wt% SiCw in the PA matrix) in the through-plane direction

is 199%, while in contrast, the TCE in the in-plane direction is just 5.4%. Meanwhile, the mechanical

properties of the composites are synchronously enhanced, indicating that it is a convenient method and

can be widely applied in various thermal interface materials (TIMs) and thermal management systems.
Introduction

With the application and development of electronic products,
effective thermal management technology has become the key
to the normal operation of electronic products in many elds.1–3

Polymer composites with light weight, corrosion resistance, low
cost, easy processing, etc. are widely used in various electronic
devices, such as light-emitting diode devices, batteries and
communication equipment.4,5 However, most polymers have
low thermal conductivity (0.1–0.5 W m�1 K�1), far below the
demand of thermal conductivity of most electronic products.4,6,7

Many researchers have tried to combine nanoscale thermally
conductive llers and polymers to improve the TC.8,9

Graphene has extraordinarily high in-plane thermal
conductivity (2000–5000 W m�1 K�1 near room temperature),
mechanical strength, and ultralarge specic surface area.
Within several years since discovered, graphene has been widely
applied to various elds on account of these unique proper-
ties.10–13 It has been proved that the TC of the composites can be
greatly enhanced by introducing graphene into polymer.14–17

Park et al.18 reported a TCE of 90% in polystyrene composites
just with 10 vol% of graphene. However, the heat conduction of
graphene exhibits pronounced anisotropy, the TC in the in-
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plane direction (lx) exceeds its TC in the through-plane direc-
tion (lz) counterpart by three orders of magnitude, whereas the
value is about 5 W m�1 K�1 19, quite evidently, the low lz of
graphene composites limits its wider application. Many
researchers have adopted various methods to improve the lz of
polymer/graphene composites, our group14 reported a method
that the covalent modication of graphene can improve the lz of
PA composites from 0.29 to 0.41 W m�1 K�1, increased by
41.4%. Yuan et al.20 reported that the combined use of tetrapod-
shaped zinc oxide (T-ZnO) whiskers and boron nitride (BN)
akes can improve the lz of phenolic formaldehyde resin (PF),
the maximum lz of 1.48 W m�1 K�1 is observed with a T-
ZnO : BN mass ratio of 1 : 9 (the total mass is 60 wt%) which is
35.8% higher than that of PF/BN binary composite. Both of
them builded a thermal path in the through-plane direction,
however, neither the TC or TCE is pretty well. Hence, how to
fabricate a polymer/graphene composite that has a high TC in
the through-plane direction is necessary and urgent.

In this paper, we report a bridge effect of SiCw on the
enhancement of TC in the PG composites. That the TC of the PG
composites increases with additional introduction of SiCw,
particularly in the longitudinal direction. It is due to that 1-D
SiCw could lled the gap between the 2-D graphene nanosheets
to prevent the accumulation of graphene, and a thermally
conductive path is additionally constructed in the longitudinal
direction.21,22 With the help of hot pressing, the combination of
the ller and the matrix is more tight,23 these effectively reduce
the interface thermal resistance. With 2 wt% graphene in the PA
composites, the lz is 0.52 W m�1 K�1, and the lz of PASC-24 is
1.55 W m�1 K�1 with similar graphene content, the TCE is
This journal is © The Royal Society of Chemistry 2017
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199%. While, the lx of the above composites increases from
7.11 W m�1 K�1 to 7.49 W m�1 K�1, the TCE is just 5.4%. The
PASC composites have high values of lz and lx simultaneously,
the maximum TC presented in the PASC-4 (9 wt% graphene and
36 wt% SiCw in the PA matrix) can reach 2.31 and 8.55 W m�1

K�1 in the two direction, compared with the pure PA, the TCE is
508% and 187%, respectively. Meanwhile, the mechanical
properties of the composites are synchronously enhanced, the
Young's modulus and microhardness of the PA composites
increase from 2.11 to 4.98 GPa and 0.11 to 0.214 GPa, increased
by 136 and 94.5%, respectively. The high lx and lz of the PASC
composites, especially the enhancement of lz and mechanical
properties is rarely reported in other literature before, and it can
be applied in TIMs, connectors and other high-performance
thermal management systems.
Experimental
Materials

PA slices were purchased from SINOPEC BALING COMPANY,
whose density is 1.128 g cm�3; graphene nanosheets were
provided by LEVSON(Shanghai, China); SiC whiskers were
purchased from SHENGNA COMPANY(Shanghai, China),
whose purity is 99% and the aspect ratio is 20.
Fig. 2 (a) The photographic images of samples, illustration of (b)
samples for lz and (c) samples for lx.
Preparation of PA composites

PA composites were prepared via melt-blending process
described as below (schematically represented in the Fig. 1).

Firstly, the PA slices were dried in an oven at 90 �C for 2
hours. Secondly, PA slices were blended with graphene in
a Internal mixer with graphene content of 10 wt% to obtain PG
masterbatch (blended at 230 �C for 5 min at a rotation speed of
45 rpm). Eventually, the PG masterbatch was blended with PA
slices with 0.1 wt%, 0.5 wt%, 1 wt%, 2 wt% and 3 wt% of gra-
phene in the Internal mixer, respectively, and then the PG
composites were obtained. The samples were named PG-0.1,
PG-0.5, PG-1, PG-2, PG-3.
Fig. 1 The preparation flow chart of the PA composites.

This journal is © The Royal Society of Chemistry 2017
Under the condition that the total lling (graphene and
SiCw) amount is 45 wt%, the ller and PA were prepared by melt
blending under the same processing conditions as above. The
resulting product had a gravimetric ratio of SiCw to graphene is
1 : 0, 24 : 1, 8 : 1, 4 : 1, respectively, which was name PASC-0,
PASC-24, PASC-8, PASC-4, the content of graphene in each
component is 0 wt%, 1.8 wt%, 5 wt%, 9 wt%, respectively.

The fabrication of the PA composites testing materials is
depicted as follows: (1) putting the composites in the mold in
a at vulcanizing machine (2) melting at 220 �C for 10 min to
soen the material (3) degassing three times (4) pressing under
15 MPa for 10 min (5) cooling under 15 MP and then stripping.
A cylindrical thermal conductive test sample (12.7 mm diameter
and approximately 1.7 mm thickness) was obtained to test the
lz, and then the samples with 25 mm diameter and 40 mm
thickness were acquired by mold compression between two
parallel plates to test the lx (Fig. 2).
Characterization

Fourier transform infrared (FTIR) spectra were recorded on an
AVATAR370 Fourier infrared spectrometer using potassium
RSC Adv., 2017, 7, 46306–46312 | 46307
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bromide pellets. Raman spectra were obtained using an INVIA
confocal micro Raman spectrometer with a 633 nm laser. X-ray
diffraction (XRD) patterns were collected by a D/MAX2500/PC X-
ray diffractometer with Cu-Ka radiation (l ¼ 0.154 nm). Trans-
mission electronmicroscopy (TEM) graphs were acquired under
a 200CX transmission electron microscope. High-resolution
transmission electron microscopy (HRTEM) was acquired by
JEM-2010F, scanning electron microscopy (SEM) images were
acquired with a JSM-7500F emission scanning electron micro-
scope. The size of graphene nanosheets were determined by
nanoparticle size analyzer (Mastersizer 2000 Malvern Instru-
ments, U.K). Micro-mechanical properties measurements were
carried out using a microhardness tester Triboindenter (Hysiror
Co., Ltd, USA). The thermal conductivities of the nano-
composites were measured by a Netzsch LFA 447 Nanoash at
25 �C. lz and lx were determined by measuring the heat ux and
the differential temperature across the samples. The test was
repeated at least six times for each nanocomposite to ensure
data accuracy and reproducibility.
Results and discussion
Characterization of graphene nanosheets and SiCw

The graphene have a distinct 2-D sheet structure, the size
distribution of graphene nanosheets is nearly homogeneous,
most of them distribute in about 10 mm and six layers (Fig. 3a
Fig. 3 Characterization of fillers (a) the SEM image of the graphene nan
image of the SiCw (d) the Raman spectrum of the graphene nanosheets

46308 | RSC Adv., 2017, 7, 46306–46312
and b, S1†). The structures and the defect density of graphene
nanosheets were characterized by Raman spectra (Fig. 3d), D
peaks appearing at 1350 cm�1, are ascribed to the amorphous
carbon and lattice defects in the graphene. G peaks appearing at
1581 cm�1, caused by the vibrational mode of the phonon E2g in
the hexagonal graphene structure, which is the sp2 vibrational
characteristic peak of carbon.24,25 The D-to-G peak intensity
ratio is as low as 0.19, indicating that the graphene nanosheets
have low defect densities,26 which is good for heat conduction
compared with high defect densities in the polymer compos-
ites.27 Besides, the SiCw have a distinct 1-D whisker-like struc-
ture (Fig. 3c), the aspect ratio is 20. The size of graphene
nanosheets and SiCw is consistent with the data provided by the
manufacturer.
TC of PG composites

The TC of the PA composites were measured by a “laser ash”
technique. The thermal conductivity is obtained by the formula:
K ¼ a � r � Cp, where a is the thermal diffusivity, r is the mass
density and Cp is the specic heat of the sample. The detailed
mechanism andmethodology of the laser ash system have ever
been reported in our previous study27,28 (Fig. S2†). XRD spec-
trum was used to characterize the physical form of matter in the
polymer composites. From the XRD spectrum (Fig. 4), pure PA
are observed with peaks at 2q ¼ 20.5� and 24.7, corresponding
to (200) and (002) reections of a-form crystal, respectively.29
osheets (b) the HRTEM image of the graphene nanosheets (c) the TEM
.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XRD spectrum of the graphene nanosheets, SiCw, pure PA and
PA composites.

Fig. 6 The model of thermal conduction: the thermal path in the PG
composites.
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Both of the graphene and PG composite are observed with peaks
at 2q ¼ 25.6�, which d-spacing is 3.46 Å, corresponding with the
thickness of a layer of graphene30. The detailed TC values of the
PG composite can be found in Fig. 5a and Table S1.† The lx of
pure PA was 2.98 W m�1 K�1, which is similar to the value that
we have ever reported.14

With the increase of ller content, the lx and lz of the PG
composites increase consistently. When 3 wt% of graphene
nanosheets were added in PA matrix, the lx can reach as high as
7.81 W m�1 K�1, the lz is 0.58 W m�1 K�1. The enhancement of
the TC are generated by the high TC ller of graphene in the
polymer composite.31,32 Obviously compared with the lz, the lx

of all the composites are higher (Fig. 5a). It is caused by the
anisotropic thermal conduction of the graphene in the polymer
composites.19 The TC of the polymer is determined by vibration
of the of the phonon.33 The in-plane direction of graphene
nanosheets is a perfect carbon–carbon conjugate structure, the
vibration of the phonon is high, leading a good lx. Contrastly,
there is a van der Waals' force on the through-plane direction,
which can not form an effective heat conduction channel,
Fig. 5 The TC of the PA composites in the two direction (a) PG compo

This journal is © The Royal Society of Chemistry 2017
leading to a low lz
34,35 (Fig. 6). During the hot-pressing, the

orientation of graphene in PAmatrix were formed, which can be
seen in the Fig. 7b, graphene has a linear lamellar structure
distribution in it, giving rise to a more obvious anisotropic TC.36

It is worth noting that the TC increase rapidly with introduction
of a little graphene nanosheets, while the addition of graphene
content exceeding 0.5 wt%, the TC increase slowly both in the
in-plane and through-plane direction. It may be caused by the
aggregation of graphene nanosheets due to the van der Waals
force between layers during the melting processing,34 which is
not benecial to build a thermal path.
TC of PASC composites

The low lz value of PG composites is due to the anisotropic
thermal conduction of graphene and its orientation in the PA
matrix,37 which is inevitable during melting processing and hot-
pressing process. Obviously, the low TC, especially in the
through-plane direction, limits the application of PA compos-
ites in the thermal management systems. Therefore, in this
sites (b) PASC composites.

RSC Adv., 2017, 7, 46306–46312 | 46309
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Fig. 7 (a)The model of thermal conduction: the thermal path in the PASC composites and the SEM images of the PA composites (the yellow
arrow represents graphene nanosheets, the green arrow represents SiCw) (b) PG composites (layered structure) (c) the hybrid structure of the
PASC composites (d), (e), (f) the 1-D SiCw between 2-D graphene nanosheets (g) the layered structure of the PASC composites.
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section, the bridge effect of SiCw on the enhancement of
thermal conductivity of PG composites were studied. The XRD
spectrum of PASC (Fig. 4) is almost identical to the PG, in
addition to that, there are two new peaks in the spectrum, which
are similar to the characteristic peaks of SiCw,38 indicating that
SiCw is lled inside the PA composites. The TC values of the
PASC composites are shown in the Fig. 5b and Table S2.† The lz
of PASC-24 is 1.55 Wm�1 K�1, compared with the PG-2, the TCE
is 199%. Contrastly, the lx of the above composites increase
from 7.11 W m�1 K�1 to 7.49 W m�1 K�1, the TCE is just 5.4%.
With the increasement of the ratio of graphene to SiCw, the
maximum lx and lz of PSAC-4 can reaches 8.55 and 2.31 W m�1

K�1, respectively, which can meet the need of electronic appli-
cations.7 Some articles have been reported this bridge effect,20,21

however, they are either bad bridge effect or expensive raw
materials. Evidently, the TC and TCE of the PASC composite is
one of the highest values ever reported for the composite of two
kind llers (Table 1).

In contrast with the PG composites, an interesting
phenomenon appeared: the TC of the PG composites in the
through-plane direction was enhanced effectively with the
Table 1 The TC and TCE of the two fillers compared with one filler in t

TCE(%) lz (W m�1 K�1)
Total content
and the ratio

35.8 1.48 60 wt% (1 : 9)
17.4 1.75 10 wt% (1 : 3)
�18.8 0.808 50 wt% (4 : 1)
23 �0.55 35 wt% (6 : 1)
38 0.662 21.5 wt% (20 : 1.5)
87.6 0.89 8.4 wt% (4 : 1)
92 0.98 10 vol% (1 : 1)
�71.4 �0.6 35 wt% (6 : 1)
199 1.55 45 wt% (1 : 24)
508 contrast with matrix 2.31 45 wt% (1 : 4)

46310 | RSC Adv., 2017, 7, 46306–46312
addition of SiCw, it mainly caused by the following reasons:
Fig. 7c–g show that under the shearing force of the Internal
mixer, the 1-D SiC whiskers could lled the gap of the 2-D
graphene nanosheets, especially in the through-plane direction,
it can be observed that the columnar structures with vertical
erects are sandwiched between the graphene nanosheets
(Fig. 7d–f). Its two end junctions may be formed the hydrogen
bonds with graphene nanosheets, and then combined more
closely (Fig. S3†) and a SiCw thermally conductive paths is
constructed in the through-plane direction. Just like Liu45 re-
ported that the cross-linkers are effective paths for transmitting
the through-plane direction phonon modes of graphene, but
ineffective for the in-plane modes. Moreover, Varshney46

explained this phenomenon from the molecular dynamic
simulations and constructed “pillared-graphene” architecture
through combined carbon nanotube (CNT) with graphene in
the through-plane direction, which is same with the model
constructed (Fig. 7a). The scattering of the through-plane
direction phonons occurs at long distances (at the junctions),
and thus improving the overall phonon mean-free-path and
increasing lz. With the help of hot pressing, the PASC
he through-plane direction

Two ller synergistic
in the matrix

One ller in
the matrix Matrix Ref.

BN and T-ZnO BN PF 20
Graphene and SWCNT Graphene Epoxy 21
BN and Al2O3 BN Epoxy 39
BN and MWCNT BN iPP 40
Graphene and BN Graphene PS 41
Graphene and BN Graphene PA 42
CF and BN CF PA 43
Graphite and CF Graphite PA 44
Graphene and SiCw Graphene PA This work
Graphene and SiCw Graphene PA

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Mechanical properties of Young's modulus and microhardness
for the PA composites by nano-indentation technique (insets is the
image of bending PASC film).
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composites formed a ordered layered structure, which can be
seen in the Fig. 7g, and the TCE of the through-plane direction
exceed its in-plane direction.47,48 It may be caused that the 1- D
SiCw lled the gap between the 2-D graphene nanosheets and
then formed a good TC channel in the through-plane direction.
It is worth pondering that the ller used in this paper has
reached 45 wt%. How to use a lower ller to achieve this effect is
worthy of future research.
The mechanical properties of the composites

To achieve a better bridge effect to enhance the TC of the PG
composites, more llers (up to 45 wt%) were added into the PA
composites.40 High ller loading may result in the loss of
mechanical properties of the polymer composites, nonetheless,
in this work we achieve a synergistic effect that mechanical
properties are enhanced with the TC increase simultaneously,
including well bending toughness. Fig. 8 displays Young's
modulus (E) and microhardness (H) of the composites by nano-
indentation technique, which is widely used to characterize the
mechanical behavior of materials at small scales.49 The Young's
modulus (E) and microhardness (H) of the PA is 2.43 GPa and
0.134 GPa, respectively, which is similar with the value that we
ever reported.41 It can be found that the mechanical properties of
the PG composites is a little bit down, which may relate to the
decreasing of crystallinity caused by the incorporation of gra-
phene.29 Compared with the PG-2 the Young's modulus and
microhardness of the PASC-24 increase from 2.11 to 4.98 GPa and
from 0.11 to 0.214 GPa, improvements of 136 and 94.5%,
respectively, the bridge effect is signicantly. This result can be
ascribed that the 1-D SiCw lled the gap between the 2-D gra-
phene nanosheets to prevent the accumulation of graphene and
constructed a 3-D structure to resist the pressure.
Conclusion

In this work, we achieve a bridge effect of SiCw on the
enhancement of TC in the PG composites. It is a time- and cost-
This journal is © The Royal Society of Chemistry 2017
efficient approach to manufacture the PASC composite through
the Internal mixer. From the characterization and analysis,
a conclusion was acquired that the SiCw could lled the gap
between the graphene nanosheets, especially in the through-
plane direction to prevent the accumulation of graphene, and
a thermally conductive path is constructed in the through-plane
direction. The TCE of the through-plane direction can reaches
as high as 199%, the maximum can reach 508% related to PA
matrix. The value of the TC can reach the need of the electronic
application. Meanwhile, the mechanical properties of the
composites are synchronously enhanced. Beyond that it has
practical value in large quantities of industrial production
without use of any organic reagents and catalysts.
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