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In recent years, thermally conductive polymer-based composites have garnered significant attention due to

their light weight and easy formation process. In this work, the thermal conductivity of ultra high molecular

weight polyethylene (UPE) composites was improved through construction of a hybrid filler network of

boron nitride sheets (BNs) and carbon nanotubes (CNTs) in the matrix via hot compression. The

morphology, UPE aggregate structure, thermal conductivity, heat dissipation capacity and thermal

stability of the UPE composites were investigated. The thermal conduction mechanism of the UPE

composites was explored through simulations with Agari's semi-empirical formula. The results showed

that the thermal conductivity of the UPE composite with 40 wt% BNs and 7 wt% CNTs was 2.38 W m�1

K�1, which was 495% higher than that of pure UPE, showing a synergistic effect between BNs and CNTs.

The simulations with Agari's semi-empirical simulation suggested that increasing the CNT content

contributed to synergistically assist BNs to form a better continuous and effective hybrid filler thermal

network, thereby reducing phonon scattering and thermal resistance between BNs. In addition, UPE

composites doped with BNs and CNTs presented better heat dissipation capacity and higher thermal

stability as compared to that of pure UPE.
1. Introduction

With the rapid progress of miniaturization and weight reduc-
tion of electronic components1–3 and thermal management
materials,4–6 thermally conductive polymer-based composites
have garnered signicant attention due to their light weight and
easy formation process. However, the low intrinsic thermal
conductivity of polymers severely restricts the utilization of
polymers in electronic equipment.

Compared to manipulating polymer chain alignment to
form specic orientations7–9 and yield high crystallinity10,11 in
the matrix to obtain high thermal conductivity, doping llers
with high thermal conductivity into polymers is a simple and
effective way to improve the thermal conductivity of composites.
However, the type,12–15 dimensions,16–19 size20,21 and concentra-
tion22,23 of the ller are factors that play signicant roles in the
thermal conductivity of composites. In addition to the above
factors, two other important factors are the ller arrangement
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in the polymer matrix,24–27 which forms thermal conduction
pathways, and the interfacial thermal resistance caused by the
poor dispersion and weak interaction of the ller.28–30 Currently,
the ller arrangement resulting from a segregated structure31–34

in a polymer matrix is a typical method of constructing
a continuous thermal conduction network. Adjusting the ller
orientation35–38 in a polymer matrix is a special way to gain
a better ller arrangement, resulting in higher thermal
conductivity. In terms of ller orientation, novel two-
dimensional (2D) materials39–41 with unique atomic congura-
tions and singular properties have attracted attention. Mean-
while, this nding has drawn attention to increasing the
thermal conductivity of composites by adding hybrid llers to
reduce the interfacial thermal resistance inside composites.42–44

Some researchers45 have demonstrated the synergistic effect of
carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs)
via constructing a hybrid ller thermal conduction network in
polyvinylidene uoride (PVDF) composites. Other researchers46

have constructed and optimized the thermal conduction
network of hybrid llers by regulating the mass ratio between
boron nitride (BN) and aluminium nitride (AlN), conrming the
synergistic effect of zero-dimensional and two-dimensional
llers for generating large thermal conductivity enhance-
ments. Another study47 adopted GNPs to replace BN for con-
structing thermal conduction channels, thereby increasing the
thermal conductivity of polyethylene glycol (PEG) composites.
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra08416a&domain=pdf&date_stamp=2019-12-09
http://orcid.org/0000-0003-1170-7872
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08416a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009070


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 8
:2

9:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Hence, these composites with hybrid thermally conductive
llers could offer higher thermal conductivity at lower ller
concentrations, which may be better for use in electronic
components and thermal management materials.

Although constructing hybrid ller thermal conduction
networks is very effective for obtaining composites with high
thermal conductivity, there are few reports about the thermal
conduction mechanism of hybrid llers in the construction of
thermally conductive networks. In this work, ultra high
molecular weight polyethylene (UPE) is chosen as the matrix
because UPE has better performance than other thermoplastic
polymers. We hope to prepare thermally conductive UPE
composite materials to broaden the application eld of ther-
mally conductive polymer-based composites. Then, the hybrid
ller thermal conduction network is constructed by introducing
two-dimensional sheet-like BN and one-dimensional CNTs. The
thermal conduction mechanism of the hybrid ller network is
explored via scanning electron microscopy (SEM) morphology
observations, thermal conductivity measurements and Agari's
semi-empirical equation simulations. In addition, the effects of
the hybrid ller network on crystallization, heat dissipation,
and thermal stability are also discussed.
2. Materials and methods

The average diameter of the UPE powders (Mv ¼ 2.5 � 106 g
mol�1) was 150 mm, which were supplied by LianLe Chemical
Co., Ltd. (Shanghai, China). The average diameter and density
of the hexagonal boron nitride sheets (BNs) was 4.45 mm (Fig. 1)
and 2.25 g cm�3, respectively, which were obtained from Ying-
kou Tianyuan Chemical Research Institute Co., Ltd. (Liaoning,
China). Industrial grade multi-walled CNTs with an average
diameter of 20–40 nm and an average length of 29.43 mm (Fig. 1)
and a true density of 2.1 g cm�3 were purchased from Nanjing
XFNANO Materials Tech Co., Ltd. (Nanjing, China).
2.1. Preparation of the UPE composites

BNmicrosheets were rst dried in an oven at 80 �C for 12 h. UPE
powder was then mixed with a certain number of BN micro-
sheets in a high-speed mixing machine for 1 min. During high-
Fig. 1 SEM images and size distributions of (a) BNs and (b) CNTs.

This journal is © The Royal Society of Chemistry 2019
speed mixing, the UPE and BN surfaces were negatively charged
and adsorbed on the inner wall of the device due to friction
between the UPE, BNs and the metal inner wall of the equip-
ment. Then, a certain number of CNTs was added to the mixing
machine, followed by another 1 min of mixing. At this time, the
CNTs had adsorbed on the surface of the UPE and BNs due to
electrostatic adsorption. Next, the mixtures were diverted to
a mould for hot pressing at 220 �C and 17.6 MPa for 5 min aer
preheating for 20 min. The resulting UPE composites were cold
compression moulded for 40 min. The sample notation and the
corresponding compositions are listed in Table 1.
2.2. Characterization

A scanning electron microscope (JSM-7500F, JEOL, Japan) was
used to observe the morphology of the samples, wherein the
SEM observations were performed at an acceleration voltage of
5 kV. The samples were gold sputtered for 4 min before SEM
examination.

The weight loss of samples was obtained by a thermal
gravimetric analyser (Q50, TA) operated over a range from 40–
600 �C at a heating rate of 10 �C min�1 under a nitrogen
atmosphere.

The crystalline properties of the samples were evaluated with
a differential scanning calorimeter (Q20, TA). The samples were
heated to 200 �C rst, cooled to 40 �C and then reheated to
200 �C at a rate of 10 �C min�1. The crystallinity (Xc) was
determined according to the following equation:

Xc ¼ DHm

DH0ð1� 4Þ � 100% (1)

where DHm is the melting enthalpy of the samples, DH0 is the
melting enthalpy when the crystallinity of UPE is 100% (290 J
g�1),48 and 4 is the mass fraction of BN microakes.

The thermal conductivity was measured with a hot-wire
thermal conductivity instrument (Xiatech TC3000E, China) in
accordance with ASTM D5930. Before the thermal conductivity
measurement, the hot wire was placed between two of the same
samples with thicknesses of 3 mm, followed by applying
a certain pressure on top of the stacked samples to promote
better contact between the hot wire and the samples.
RSC Adv., 2019, 9, 40800–40809 | 40801
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Table 1 Sample notation and the corresponding compositionsa

Sample UPE (wt%) BN (wt%) CNT (wt%)

UPE 100 0 0
UPE/xBN 60–99 1–40 0
UPE/yCNT 60–99 0 1–40
UPE/xBN/yCNT 50–98 1–40 1–10

a x or y represents the concentration of BNs or CNTs in the composites.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 8
:2

9:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The real-time temperature of the UPE composites was
monitored with a thermal camera (MAG62, Shanghai Juge
Electronic Technology Co., Ltd.), and thermal images were ob-
tained during the cooling procedure.

The ller size distribution was determined with a laser
particle size analyser (Mastersizer 2000, UK).
3. Results and discussion
3.1. Morphology of the UPE/BN composites

The Fig. 2 shows the SEM morphologies of the cryo-fracture
surfaces of UPE composites with various concentrations of
BNs or CNTs. As illustrated in Fig. 2a and b, a clearly porous
structure is found for the cryo-fracture surface of pure UPE. The
porous structure disappeared aer introducing a small
concentration of CNTs. However, a small CNT concentration
Fig. 2 SEM images of (a) UPE, (b) UPE/7CNT, (c) UPE/40BN and (d) UPE

40802 | RSC Adv., 2019, 9, 40800–40809
cannot form a complete segregated structure in the UPE matrix
via hot compression. With the addition of BNs up to 40 wt%,
most of the BN microakes overlap each other to form
a continuous pathway (Fig. 2c). In addition, Fig. 2d demon-
strates that a small number of CNTs appear in the gap between
the BNmicrochips, effectively assisting the BNs to form a better
continuous path. The related EDS morphologies of the UPE/
40BN and UPE/40BN/7CNT composites are presented in
Fig. S1.† With the introduction of CNTs, the EDS results show
that the CNTs exist between BNs. This also indicate that the
CNTs play a bridge role in the interlayer of BNs. Moreover,
a similar effect can also be found from TEM image (Fig. S2†)
could further conrm the bridging of BNs by the exible one
dimension llers (CNTs).
3.2. Crystallization behaviour of the UPE composites

The aggregate structure of composites is one of the factors
affecting thermal conductivity. Herein, differential scanning
calorimetry (DSC) was used to study the melting peak temper-
ature, crystallization peak temperature and relative crystallinity
of the UPE composites. The melting curves and crystallization
curves are shown in Fig. 3, and the DSC thermal parameters are
summarized in Tables 2 and S1.† Fig. 3 shows that the melting
peak temperatures and crystallization temperatures of the
composites uctuate slightly in the range of 3 �C as the BN or
CNT concentration increases. Table 2 shows that as the BNs
content increases, the crystallinity of the UPE/BN composites
/40BN/7CNT composites.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Melting curves and (b) crystallization curves of the UPE composites.
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rst increases and then decreases. This behaviour indicates that
in the case of a certain concentration of BNs, BNs play a good
role in heterogeneous nucleation in the UPEmatrix, resulting in
improved crystallinity. Then, further adding BNs restricts the
movement of UPE chains, hindering the orderly arrangement of
molecular chains during the cooling process, resulting in
a decreased crystallinity. Furthermore, when the content of BNs
is xed at 40 wt%, the introduction of CNTs leads to a further
decrease in crystallinity. A small CNT concentration could
contribute to the improvement of the UPE/CNT composites
(Table S1†).49 This nding indicates that when the content of
BNs is high, further doping CNTs only reduces the crystallinity
of the UPE/BN/CNT composites due to the restriction of UPE
chain motion.
3.3. Thermal stability of the UPE/BN/CNT composites

TGA can be used to characterize the thermal stability of the UPE
composites from room temperature to 600 �C under a nitrogen
atmosphere. The TGA and DTA curves are presented in Fig. 4,
and the relevant thermal data are listed in Tables 3 and S2.†
These curves show that there is only a single thermal decom-
position process of the UPE composites from 400 �C to 500 �C.
This nding indicates that the addition of BNs or CNTs has no
effect on the thermal decomposition mechanism. The 5%
weight loss temperature (T5) of pure UPE is 431.7 �C. The T5 of
the UPE/40BN composite is 459.4 �C, which is 27.7 �C higher
than that of pure UPE, showing that the introduction of BNs
helps to improve the T5 of composites due to the high thermal
Table 2 DSC thermal parameters of the UPE/BN/CNT composites

Sample Tm (�C) DHm (J g�1) Tc (�C) DHc (J g
�1) Xc (%)

UPE 137.4 159.4 116.0 159.9 54.83
UPE/10BN 138.1 155.0 115.5 153.8 59.39
UPE/20BN 135.8 141.3 117.9 136.6 60.91
UPE/30BN 135.3 120.9 116.6 116.2 59.56
UPE/40BN 134.4 91.3 116.8 88.3 52.47
UPE/40BN/3CNT 136.2 81.5 117.7 77.5 47.27
UPE/40BN/5CNT 136.4 74.1 117.2 70.9 46.48
UPE/40BN/7CNT 136.8 71.2 116.6 69.1 46.31

This journal is © The Royal Society of Chemistry 2019
conductivity of BNs.50 And these BNs efficiently hinder the
diffusion of the volatile decomposition part.51 Furthermore, the
T5 of the UPE/BN composites doped with 3 wt% CNTs was
further increased. The T5 of the UPE/40BN/3CNT composite is
458.2 �C, which is 26.5 �C higher than that of pure UPE.
Moreover, when the xed BN content is 40 wt%, the T5 of the
UPE/40BN/7CNT composite is 464.1 �C, which is 32.4 �C higher
than that of pure UPE. To better understand the role of thermal
decomposition temperature in thermal stability, some
researchers52–54 have adopted the heat resistance index (THRI) to
comprehensively characterize the thermal stability of compos-
ites according to the T5 and T30 of the composites. The higher
the THRI is, the better the thermal stability. In the case of the
same BN content, the THRI values of the composites doped with
3 wt% CNTs are higher than those of the samples without CNTs
(Table S2†). Moreover, when the content of BNs is xed at
40 wt%, the T5 is further increased by adding CNTs. A possible
reason for this phenomenon is that the introduction of CNTs
leads to the formation of more efficient hybrid ller conduction
pathways in the matrix, which efficiently hinders the diffusion
of the volatile decomposition part.
3.4. Heat dissipation behaviour

The sample was placed on a hot plate for 30 min to ensure that
the inside of the sample reached 75 �C. Then, the heated
samples were transferred quickly to a copper platform. At the
same time, the temperature change curves and infrared images
were recorded with an infrared camera to investigate the heat
dissipation capacity of the composites. Fig. 5a and b shows that
pure UPE takes a substantial amount of time to cool from 75 �C
to 40 �C, showing a relatively low heat dissipation speed. UPE/
7CNT takes as much time as pure UPE to cool during the
same temperature range. This nding shows that 7 wt% CNTs
rarely contribute to the increase in the heat dissipation speed of
UPE/7CNTs. Moreover, it could be observed that the decline in
the surface temperature follows the following sequence: UPE/
40BN/7CNT > UPE/40BN > UPE/7CNT z pure UPE. Note that
UPE/40BN/7CNT exhibits a faster heat dissipation speed than
UPE/40BN, UPE/7CNT and pure UPE. This nding indicates
that the existence of CNTs synergistically enhances the heat
dissipation capability of composites.
RSC Adv., 2019, 9, 40800–40809 | 40803
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Fig. 4 (a) Thermogravimetric analysis (TGA) and (b) differential thermal analysis (DTA) curves of the UPE composites.

Fig. 5 (a) Temperature profiles of the UPE composite as a function of coo
the cooling process.

Table 3 Thermal data of the UPE composites from TGA

Sample T5 (�C) T30 (�C) T50 (�C) Tmax
a (�C) THRI

b (�C)

UPE 431.7 458.6 467.4 473.6 219.4
UPE/10BN 437.8 466.7 475.9 479.2 223.0
UPE/20BN 447.0 474.6 483.3 485.0 227.2
UPE/30BN 454.7 479.2 487.6 486.2 230.0
UPE/40BN 459.4 482.5 491.6 487.7 231.9
UPE/40BN/3CNT 458.2 481.6 491.2 486.1 231.4
UPE/40BN/5CNT 464.6 485.7 495.4 488.8 233.9
UPE/40BN/7CNT 464.1 485.7 496.8 487.5 233.8

a Decomposition temperature at the maximum rate of weight loss.
b THRI ¼ 0.49[T5 + 0.6(T30 � T5)], T5 and T30 are the 5% and 30%
weight loss temperatures, respectively.

40804 | RSC Adv., 2019, 9, 40800–40809
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3.5. Thermal conductivity of the UPE/BN/CNT composites

Fig. 6a and b presents the thermal conductivity and enhance-
ment of the UPE composites with various contents of BNs. The
thermal conductivity enhancement ratio (TCER) of the UPE/BN/
CNT composites shown in Fig. 6b could be dened as follows:

TCER ¼ lUPE=xBN=yCNT � lUPE=yCNT

lUPE=yCNT

� 100% (2)

where lUPE/xBN/yCNT and lUPE/yCNT represent the thermal
conductivity of the UPE/xBN/yCNT and UPE/yCNT composites,
respectively. The thermal conductivity of the UPE/CNT
composites is shown in Fig. S3.†
ling time and (b) thermal infrared images of the UPE composites during

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Thermal conductivity versus BN content in the composites, (b) the thermal conductivity enhancement of the UPE composites
compared with the UPE/yCNT, (c) the thermal conductivity versus CNT content in the composites, and (d) the synergistic efficiency of BNs and
CNTs versus the content of BN in the composites.
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The thermal conductivity of pure UPE is only 0.4 Wm�1 K�1.
The introduction of BNs could enhance the thermal conduc-
tivity of the UPE composites.55 With the addition of 40 wt% BNs,
the mechanical properties of the UPE composites decreased
(Fig. S4 and Table S3†). But the thermal conductivity of the UPE/
40BN, UPE/40BN/1CNT, UPE/40BN/3CNT, UPE/40BN/5CNT and
UPE/40BN/7CNT samples reached 1.62, 1.81, 1.96, 2.09 and
2.38 W m�1 K�1, respectively, which are 341.46%, 355.81%,
344.68% and 376% higher than that of pure UPE, UPE/1CNT,
UPE/3CNT, UPE/5CNT and UPE/7CNT composites, respec-
tively. The thermal conductivity of the UPE/40BN/7CNT samples
is 495% higher than that of pure UPE, which is a large thermal
conductivity enhancement for the UPE composites (Fig. S5†).
This nding indicates that the increases in the thermal
conductivity of the UPE samples is quite dependent on the
concentration of BNs, possibly because BNs form a ller
network in the UPE matrix. This reason will cause thermal
energy to rapidly transfer along the ller network, further
resulting in great improvement in the thermal conductivity of
the UPE composites.

However, different CNT contents can improve the thermal
conductivity of composites to different degrees. To further
understand the role of CNTs in UPE composites, the thermal
This journal is © The Royal Society of Chemistry 2019
conductivity of the composites can be drawn in Fig. 6c. As the
CNT content increases, the thermal conductivity of the UPE/
7CNT samples was only 0.5 W m�1 K�1, which is a limited
improvement in the thermal conductivity of the UPE compos-
ites. The slope of the thermal conductivity curves increases from
0.015 without the addition of BNs to 0.106 with the incorpora-
tion of 40 wt% BNs. This nding indicates that the effect of
CNTs on the improvement in thermal conductivity is limited
without BNs. However, as the BN content increases, the effect of
adding CNTs on improving the thermal conductivity of the UPE
composites is becoming increasingly obvious.

To obtain a better sense of whether this effect is positive or
negative, the synergistic efficiency (f) is introduced and dened
as follows:

f ¼ lBN=CNT � lUPE

ðlCNT � lUPEÞ þ ðlBN � lUPEÞ (3)

where lBN/CNT, lBN, lCNT and lUPE denote the thermal conduc-
tivity of the UPE/BN/CNT, UPE/BN, UPE/CNT composites and
pure UPE, respectively. If f > 1, BNs and CNTs display a syner-
gistic effect on the improvement in the thermal conductivity of
UPE. The higher the value of f is, the higher the thermal
conductivity of the composites.
RSC Adv., 2019, 9, 40800–40809 | 40805
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Fig. 7 Logarithmic thermal conductivities of the (a) UPE/BN, (b) UPE/xBN/1CNT, (c) UPE/xBN/3CNT, (d) UPE/xBN/5CNT and (e) UPE/xBN/7CNT
composites as a function of the total volume fraction of fillers.
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Fig. 6d shows that the f values of all UPE/BN/CNT composites
are higher than 1, which suggests that there is a synergistic
effect between BNs and CNTs. Moreover, under any BN content,
the higher the content of CNTs is, the higher the value of f,
indicating a stronger synergistic effect between BNs and CNTs.
However, different CNT contents have different synergistic
effects on different BN contents. For instance, when the CNT
content is 1 wt% or 3 wt%, the maximum value of f appears
when the BN content is 20 wt%. When the CNT content is 5 wt%
or 7 wt%, the maximum value of f when the BN content is
30 wt%. Obviously, it is essential to understand why the thermal
conductivity of the UPE/BN/CNT composites could be improved
40806 | RSC Adv., 2019, 9, 40800–40809
by doping a small number of CNTs. This behaviour will be
discussed in the following section.

3.6. Thermal model simulation

To better understand the construction of the thermal conduc-
tion channels in the composites, the experimental data were
tted with Agari's semi-empirical model,56–58 which could be
used to characterize the connection mechanisms in UPE
composites. The logarithmic equation of Agari is shown as
follows:

log l ¼ V(X2C2 log l2 + X3C3 log l3) + (1 � V)log(l1C1) (4)
This journal is © The Royal Society of Chemistry 2019
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Table 4 Related parameters of the Agari model obtained by
calculation

Sample C1 C2 C3

UPE/xBN 0.99 1.04
UPE/xBN/1CNT 1.01 1.10 0.78
UPE/xBN/3CNT 1.02 1.15 0.81
UPE/xBN/5CNT 0.99 1.16 0.82
UPE/xBN/7CNT 0.99 1.19 0.85
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where C1 denotes the effect of BNs on the aggregation structure
of UPE; C2 and C3 denote the effect of BNs and CNTs on the
continuous thermal conduction channel, respectively, wherein
larger values of C2 and C3 indicate that the llers more easily
form thermally conductive channels; V stands for the total
volume fraction of BNs and CNTs; l, l2, l3 and l1 denote the
thermally conductivities of the composites, BNs, CNTs and UPE
matrix, respectively; and X2 and X3 represent the ratio of BNs
and CNTs to total llers, respectively.

Fig. 7 shows the logarithmic values of thermal conductivities
as a function of the total volume fraction of llers. The corre-
lation coefficients obtained by tting the experimental data of
the UPE/xBN, UPE/xBN/1CNT, UPE/xBN/3CNT, UPE/xBN/5CNT
and UPE/xBN/7CNT samples are 0.9811, 0.9774, 0.9781,
0.9894 and 0.9861, respectively. Herein, l2 is 290 W m�1 K�1, l3
is 3000 W m�1 K�1 (ref. 59) and l1 is 0.40 W m�1 K�1. The
results calculated with eqn (4) are shown in Table 4. The results
shows that the parameter C2 of the UPE/xBN composites is 1.04.
Fig. 8 Schematic diagram of preparation process and heat transport pa

This journal is © The Royal Society of Chemistry 2019
The parameters C2 and C3 of the UPE/xBN/1CNT composites are
1.10 and 0.78, respectively, which are higher that the C2 of the
UPE/xBN composites. This nding suggests that the introduc-
tion of a small number of CNTs decreases the thermal resis-
tance of the UPE/xBN/1CNT composites,58 contributing to
phonon transmission and forming an effective continuous
thermal conduction path in the UPE composites, thereby
increasing the thermal conductivity of the composites. More-
over, with increasing CNT concentration, the parameters C2 and
C3 of the UPE/xBN/7CNT composites are 1.19 and 0.85,
respectively, showing the general trend of sustained growth.
This nding indicates that CNTs synergistically assist BNs to
form a better hybrid ller thermal network, which effectively
reduces the thermal resistance among the llers and improves
the thermal conductivity of the composites.
3.7. Mechanism of thermal conductivity enhancement

Fig. 8 shows the thermally conductive enhancement mecha-
nism according to the results obtained by thermal conductivity
measurement and morphological characterization. As depicted
above, there are several factors determining the thermal
conductivity of the UPE composites, which mainly include the
aggregate structure of the matrix, ller type, ller content, ller
dispersion and thermal resistance between llers. In this work,
we mainly study the hybrid ller network constructed by BNs
and CNTs and their synergistic effects on UPE composites.

When only a small number of CNTs is added, there is long
distance between BNs, which causes strong phonon scattering
among BNs, resulting in limited improvement of thermal
thways of UPE/BN/CNT composites.

RSC Adv., 2019, 9, 40800–40809 | 40807
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conductivity of UPE/BN composites. At this time, doping CNTs
that play a role as bridges shortens the distance among the BNs
but still cannot form a continuous thermally conductive hybrid
ller network. Similarly, for the UPE/10BN/3CNT and UPE/
10BN/7CNT composite, the improvement in the thermal
conductivity is limited, which is just 4.84% and 19.35% higher
than that of UPE/10BN, respectively. When a large number of
BNs exists, the role of exible one-dimensional ller (CNTs)
bridging two-dimensional ller (BNs) is signicantly
enhanced,60 resulting in the formation of a better continuous
and effective hybrid ller thermal network.46,61 For example, the
thermal conductivity of UPE/40BN/3CNT (1.96 W m�1 K�1) and
UPE/40BN/7CNT (2.38 W m�1 K�1) is 20.99% and 46.91%
higher than that of UPE/40BN, respectively. This obtained result
indicates that the effectiveness of CNTs as bridges depends on
the content of BNs in the UPEmatrix. The higher the BN content
is, the more obvious the effect. In addition, increasing the CNT
content contributes to reducing the gap and thermal resistance
between BNs, improving the heat transport among BNs, which
contributes to the formation of a better continuous and effective
hybrid ller thermal network.

In short, the introduction of CNTs synergistically assists BNs
to form a better continuous and effective hybrid ller thermal
network, which leads to a signicant increase in UPE/BN/CNT
composites. This hybrid ller thermal network also greatly
improves the heat dissipation capacity and thermal stability of
the composite.

4. Conclusions

In summary, UPE composites doped with BNs and CNTs were
prepared via hot compression. A small number of CNTs cannot
form a continuous thermal conduction path in the UPE matrix,
resulting in low thermal conductivity of UPE/CNT composites.
When the BN content increases, the SEM morphology shows
that CNTs exist as bridges between BNs, promoting BNs to form
a better continuous thermal conduction channel, leading to
high thermal conductivity in the UPE composites. When the BN
content is 40 wt%, further doping with 7 wt% CNTs further
improves the thermal conductivity of UPE composites. The
thermal conductivity of UPE/40BN/7CNT reaches 2.38 W m�1

K�1, which is 376% and 495% higher than that of UPE/7CNT
and UPE samples, respectively. Meantime, the C2 and C3 of
the UPE/xBN/7CNT composites calculated by Agari's semi-
empirical equation are higher than those of the UPE/xBN/
1CNT composites. This result shows that the introduction of
CNTs synergistically assists BNs to form a better continuous
and effective hybrid ller thermal network, reducing phonon
scattering and thermal resistance between BNs, which possibly
can be the main reason for the improvement in the thermal
conductivity of the composite. Moreover, UPE composites
doped with BNs and CNTs exhibits a better heat dissipation
capacity than pure UPE or UPE composites with single ller. In
addition, the T5 of UPE/40BN/7CNT is 464.1 �C, which is 32.4 �C
and 4.7 �C higher than that of the pure UPE and UPE/40BN
samples, respectively. This nding indicates that the construc-
tion of such a hybrid ller thermal network can achieve higher
40808 | RSC Adv., 2019, 9, 40800–40809
thermal stability. These obtained results could provide some
good application prospects for UPE composites in areas where
require thermal conduction, heat dissipation and thermal
stability.
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