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To improve the perfection of a three-dimensional thermally conductive network in polyimide (PI)
composite film and with respect to the economy and simplicity of processing, a strategy of the two-step
synergism of AlL,Oz microspheres and hexagonal boron nitride (BN) nanosheets was proposed. First, BN
nanosheet-coated Al,O3 microspheres (ALOz@BN) were prepared by electrostatic self-assembly method
for the first step of the synergism. Then, the ALOz@BN&BN/PI composite film containing ALLOs@BN and
BN was fabricated by a two-step method for the second step of the synergism, and was systematically
characterized. With an optimized mass ratio of 2 : 1 of AlLbOsz@BN to BN, the thermal conductivity of the
35 wt% ALOs@BN&BN/PI composite film reached 3.35 W m™ K™, and was increased by 1664%
compared to that of pure Pl. The synergism of the ALOz and BN was the most significant in the
AlbO3@BN&BN/PI composite film with the thermal conductivity, which was 36.6%, 23% and 22% higher
than that of the AlLOs/Pl, BN/PI and AlL,Os@BN/PI composite films, respectively. The enhancement

. 4215t S ber 2020 mechanism of heat conduction was clearly demonstrated. The BN coated on the surface of Al,Oz mainly
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Accepted 8th November 2020 played a bridging role between the Al,Oz and the BN network, which improved the perfection of the

thermally conductive network. The Al,Os@BN segregated the Pl matrix to construct the BN network
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1. Introduction

With the development of lightweight, miniaturized and ultra-
thin electronic devices, high-performance thermal manage-
ment materials and thermal interface materials (TIM) have
become one kind of the key materials to meet the heat dissi-
pation requirements of electronic devices.'” Filled thermally
conductive polymer composites are an important kind of
material due to their simple preparation technology, and their
remarkable enhancement effect of the thermal conductivity.
Common thermally conductive fillers include carbon black,*
alumina (Al,0O3),” boron nitride (BN),® graphene oxide (GO),”*
zinc oxide® and silicon carbide.™ It is difficult to achieve high
thermal conductivity at a low filler content with the traditional
blending process, while the mechanical property, aging prop-
erty and thermal property of the corresponding composite will
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network. This work provided a novel strategy for the preparation of conductive polymer composites.

be deteriorated at a high filler content.'"**> In recent years, in
order to solve this contradiction, researchers have proposed
four novel strategies. The first is to design new thermally
conductive fillers, such as flawless graphene,* exfoliated BN
nanosheet (BNNS)" and BN nanotubes.” The second is to
construct a three-dimensional thermally conductive network by
anovel method, such as electrostatic spinning,'® chemical vapor
deposition (CVD),"” template method,"*?° freeze-drying
method,* and segregated structure method.*” The third is to
decrease the thermal resistance at the heat conduction inter-
face, mainly by increasing the compatibility of the interface®
and reducing the interface scattering of phonons.** The fourth
is to make thermally conductive fillers to be oriented by using
an electric or magnetic field,” directional freezing® and shear
induction.”” The resulting composites show anisotropy, and the
thermal conductivity in a certain direction can be significantly
enhanced.

As an important electronic packaging material, polyimide
(PI) has a low inherent thermal conductivity of about 0.2 W m™*
K. It is usually necessary to prepare the PI composite with
high thermal conductivity in practical application, which is
a hot topic in current research.*”*® In recent years, the research

This journal is © The Royal Society of Chemistry 2020
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on the preparation of thermally conductive PI composites is
mainly focused on the surface modification of the filler,>
construction of the 3D network based on the template,* elec-
trostatic spinning processing® and synergism of different fillers.
Zhou et al.® used BN to modify the surfaces of the copper
nanoparticles and nanowires to enhance the thermal conduc-
tivity and dielectric properties of the PI composite film. Gong
et al.*® prepared graphene woven fabrics (GWFs) on a nickel
mesh using CVD method, and then built a 3D thermally
conductive network using the GWFs as a template, which
significantly improved the thermal conductivity of the PI
composite films. Xia et al® successfully prepared Al,O;
nanoparticle-coated polyamide acid (PAA) fiber for the first time
with a core-shell structure using coaxial electrospinning tech-
nology. The as-prepared Al,O;@PI thin film was obtained with
an effective thermally conductive network, and also has good
thermal and mechanical properties. Song et al.** found that
anisotropic BN and spherical Al,O; or aluminum nitride (AIN)
formed a synergistic thermally conductive network structure,
thus improving the thermal conductivity of the composite film.
Due to its good insulation performance and high thermal
conductivity of up to 600 W m ™" K~ !, BN has been well known
as a relatively ideal filler for the preparation of composites with
high thermal conductivity and electrical insulation. To obtain
the expected enhancement in the thermal conductivity of
composites, some researchers®*>* specifically proposed an
improved strategy based on the synergistic effect of BN and
other fillers. In the strategy, BN was coated on the Al,O;
microspheres instead of a randomly dispersed hybrid of the
two, thereby further enhancing the synergistic effect. Zou et al.**
used a chemical coupling reaction to obtain BNNS-coated Al,O;
microspheres, and found that the thermal conductivity reached
2.43 W m ' K for the resulting EP composite with a filler
content of 65 vol% and optimal BNNS-to-Al,O; ratio of 1:7.
This thermal conductivity value is significantly higher than that
of the composites with only Al,O; or the hybrid of Al,O; and BN.
However, such a high content of filler is not suitable for the
preparation of the polyimide composite films.

In this work, on the basis of the several strategies referred
above and our previous work,** a two-step synergism strategy
was used for the first time to fabricate thermally conductive PI
composite films containing BN nanoplatelets and Al,O;
microspheres. In the composite film, BN-coated modified Al,O;
(Al,O;@BN) was prepared by the electrostatic self-assembly
method for the first step of synergism, and further collabo-
rated with randomly oriented BN for the construction of
a thermally conductive network with segregated structure for
the second step of synergism. In the strategy, the ratio of the two
fillers was optimized at a low content of 35 wt%, and the
AlL,O;@BN content was minimized to reduce the cost of mate-
rials, and the simple solution blending process was retained.
Meanwhile, it is expected that the synergistic effect of BN and
Al,O; can be effectively exerted to obtain a relatively perfect
three-dimensional thermally conductive network. The corre-
sponding mechanism of heat conduction was also explored to
provide a valuable reference for the design of novel conductive
polymer composites.

This journal is © The Royal Society of Chemistry 2020
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2. Experimental

2.1. Materials

a-Al,O; microspheres with an average particle size of 5 pm were
supplied by Xiamen Zhanfan Trading Co., LTD., China. Hexagonal
BN nanosheets, with a diameter of 0.5-1 um and thickness of
about 30 nm, were purchased from Shanghai Xiang Tian Nano-
materials Co., LTD., China. y-Aminopropyl-triethoxysilane
coupling agent (product name: KH550) and phthalic anhydride
(PMDA) were provided by China Alighting Technology Co., LTD.
4,4-Diaminodiphenyl ether (ODA) was obtained from Shanghai
Macklin Biochemical Technology Co., LTD., China. N,N-Dimethyl
acetamide (DMAC), absolute ethyl alcohol and glacial acetic acid
were purchased from Xilong Scientific Co., Ltd., China.

2.2. Fabrication of BN coated Al,O; hybrid

As shown in Fig. 1, the preparation process of the BN coated
Al,O; hybrid (Al,0;@BN) included the following three parts: (1)
surface functionalization of BN:***® BN was subjected to heat
treatment at 900 °C for 3 h, and ultrasonic treatment in
deionized water for 5 h to obtain the hydroxylated BN (BN-OH)
after drying in vacuum oven for 12 h. (2) Surface functionali-
zation of Al,05:*” Al,0; was added to a round-bottomed flask
containing KH550 ethanol-water solution with a concentration
of 2 wt% (pH 5-6 with glacial acetic acid for adjusting the pH
value), and stirred mechanically for 2 h in a water bath at 60 °C.
The resulting mixture was filtered, and the wet filter cake was
washed with ethanol three times to remove the residual
coupling agent. After drying overnight in a vacuum oven, the
surface-aminated Al,O; (Al,0;-KH550) was obtained. (3) Elec-
trostatic self-assembly of Al,O; and BN:** the weighted BN-OH
and Al,03;-KH550 in a certain ratio were added to deionized
water (pH 4-5 with glacial acetic acid for adjusting the pH
value), and then ultrasonically dispersed for 30 min and further
mildly stirred for 4 h. In this process, under an acidic condition,
Al,0;-KH550 was positively charged due to surface amino hydro-
lysis, and BN-OH was negatively charged due to surface hydroxyl
hydrolysis. The negatively charged BN and the positively charged
Al,O; were self-assembled under static electricity to realize the
coating of BN on Al,O;. The final product Al,O;@BN was obtained
by collecting and drying the precipitate of the suspension,
achieving the first synergistic effect of the two fillers.

2.3. Preparation of PI composite films

Fig. 2 shows the synthesis route of the two-step preparation
process of the PI film. A fixed filling of 35 wt% was selected for
the preparation of the PI composite films, in which the 35 wt%
filling for BN or Al,O; generally exceeded the thermal percola-
tion threshold and met the condition of forming the thermally
conductive network.® As a representative PI composite film, the
AL, O;@BN&BN/PI composite film was prepared, as shown in
Fig. 1. To realize the second synergistic effect of Al,O; and BN,
6.3 g hybrid of Al,0;@BN and BN in specific proportions was
added in the solution of 8.615 g ODA and 82 g DMAC at room
temperature, and then the mixture was mechanically stirred for
4 h. Subsequently, 9.385 g PMDA equivalent to ODA was added

RSC Adv, 2020, 10, 42584-42595 | 42585
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Fig. 1 Schematic illustration of ALOz@BN preparation and fabrication process of the Al,LOs@BN&BN/PI composite film.

to the mixture in batches within 2 h, followed by the continued
reaction for 2 h. The obtained poly(amic acid) (PAA) composite
solution was placed in a vacuum oven to remove bubbles. Finally,
the solution was spread on a clean glass substrate, followed by
thermal imidization in an oven from room temperature to 350 °C
ata rate of 2 °C min~* and at 350 °C for 1 h. The Al,O;@BN&BN/PI
composite film with a thickness of around 80 pm was obtained
from the glass substrate by immersion in hot water. For compar-
ison, using a similar procedure, the pure PI film and the BN/PI,
AL,O3/PI, Al,O;@BN/PI and Al,O;&BN/PI composite films were
prepared by adding the different fillers, respectively. It should be
noted that the Al,O;&BN/PI composite film was obtained by add-
ing the two fillers at the same time.

2.4. Characterization

Scanning electron microscopy (SEM, Quanta FEG 450, FEI, USA)
was used to investigate the surface morphology of the different
fillers and the microstructure of the corresponding PI composite
films. Fourier transform infrared spectroscopy (FTIR, TENSOR 27,
BRUKER, Germany) was used to characterize the changes of the
surface functional groups before and after modification of Al,O;
and BN. An energy dispersive X-ray spectrometer (EDS, X-MAX20,
Oxford, UK) was used to analyze the distribution of elements B
and Al in the composite film. A thermal conductivity analyzer
(TPS2500S, HOT DISK, Sweden) was utilized to measure the in-

ODA DMAC

° PMDA °

Fig. 2 Synthesis route of the pure PI.
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plane thermal conductivity of pure PI and PI composite films,
according to the transient plane source method testing standard
(ISO 22007-2). The specimens were disk-like with a diameter of
20 mm and thickness of around 0.25 mm by stacking three layers
of the films. Infrared thermography (FLIR, E50, Germany) was
used to record changes in the surface temperature of the pure PI
and PI composite films. Thermal gravimetric analysis (TGA,
STA449F3, NETZSCH, Germany) was carried out to evaluate the
thermal stability of the PI thermal composite films in the range
from room temperature to 900 °C at 10 °C min ' under the
protection of nitrogen. A precision impedance analyzer (4294A,
Agilent, USA) was used to analyze the dielectric properties of the
pure PI and PI composite films at room temperature in the
frequency range of 10° to 10® Hz. The specimens for the dielectric
properties analysis were 1 cm thick, and pasted with aluminum
foil on both sides. The tensile strength of the pure PI film and
composite films was measured using a universal tensile tester
(KDL5000N, KAIDE, China) at room temperature with a cross-head
rate of 2 mm min~". The dumb-bell specimens (Type 5) were
prepared in accordance with ISO 527-3.

3. Results and discussion
3.1. Characterizations of Al,O;@BN

Fig. 3a shows that the morphology of Al,O; was typically
spherical with a relatively smooth surface, and had a diameter
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in the range of 1-8 um and a wide particle size distribution.
Fig. 3b shows that the shape of the BN was typically flaky with
a size of 500 nm-1 um. As shown in Fig. 3c-g, the morphology of
Al,O;@BN was significantly changed compared to that of Al,O;
in Fig. 3a. A certain amount of flaky BN particles were evenly
coated on the surface of Al,O;, and the amount of BN on the
surface of Al,0; accordingly decreased with the increase of the
mass ratio of Al,O; to BN. On the whole, this indicates that the
coating of Al,O; by BN was successfully realized by using the
principle of electrostatic self-assembly, and the coating amount
of BN can be controlled by changing the mass ratio of the two
fillers. However, Fig. 3c shows that BN did not completely coat
the surface of Al,O3, which may be due to the small amount of
KH550 that caused the charges on the surface of Al,O; to be
insufficient to attract enough BN. At the same time, it can be
clearly seen that BN was scattered around the Al,O; particles.
This is mainly attributed to the fact that the total amount of BN
exceeded the limit of charge balance between BN and Al,O3, and
the excess BN cannot be attracted to the surface of Al,O;. In
addition, a small amount of BN coated on Al,O; was detached
from Al,O; during the sample preparation process due to the
weak interaction between BN and Al,O;. This finding is
a common phenomenon in the preparation of composite
particles by electrostatic self-assembly.*® Zou et al.** reported
that the chemical bonding between BNNS and Al,O; was
introduced to obtain a better and stable coating in
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Al,O;@BNNS. However, the corresponding preparation process
was more complicated than the electrostatic self-assembly
method. As far as the preparation process in this work is con-
cerned, 2 : 1 was optimized among the different proportions of
Al,O; to BN. As shown in Fig. 3d, the resulting Al,O;@BN had
a relatively high coating amount similar to that in the propor-
tion of 1: 1 (Fig. 3c), and BN was almost not excessive.

In order to clearly observe whether BN is uniformly coated on
the surface of Al,O3, the magnified SEM images of Al,O;@BN
with different particle sizes of Al,O; at 2 : 1 mass ratio of Al,O3
to BN is shown in Fig. 3h and i. It is clear that the particle size of
Al,O; has an effect on the amount of BN coating. The amount of
BN coated on Al,O; with smaller particle size is less than that
with larger particle size, which may be attributed to the steric
hindrance of BN on the surface of Al,O; with small particle size.
Although BN did not completely coat the surface of Al,O;, the
distribution of BN on the surface of Al,0; was uniform and
independent of particle size.

Fig. 4a gives the FTIR spectra of BN before and after hydroxyl
modification. The two strong absorption peaks at 1384 cm ™"
and 807 cm™* are attributed to the in-plane tensile vibration
and out-of-plane bending vibration of B-N,***” respectively. The
modified BN shows a hydroxyl absorption peak at 3230 cm™*
that is wider and stronger than that of the original BN, indi-
cating the successful hydroxyl modification of BN.>**” Fig. 4b
shows the FTIR spectra of pristine Al,Os, Al,0;-KH550 and

Fig. 3 SEM images of (a) ALLOs, (b) BN and (c—i) Al,bOs@BN with different ratios of AlLbO3z to BN: (c)1:1,(d, handi)2:1 (e) 3:1,(f)4:1and(qg)

5:1
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Fig. 4 FTIR spectra of (a) BN and BN-OH, (b) Al,Os3, Al,Os—NH, and AlLLOz@BN.

AlL,O;@BN. The absorption peaks at 763 cm * and 567 cm ™!

corresponding to Al-O were observed from all samples, and the
absorption peaks at 3434 cm ™' and 1647 cm ™' are attributed to
the stretching and bending of -OH, respectively.’®* After
functionalization of Al,0; with KH550, a new Si-O absorption
peak appeared at 1046 cm ™', and the stretching and bending
absorption peaks of N-H were observed at 3441 cm ' and
1631 cm ™, respectively. In addition, the absorption peaks at
2980 cm ™" and 1388 cm™ " are characteristic of the asymmetric
and symmetric stretching vibrations of —-CH,, respectively.
These results indicate that Al,O; was successfully modified with
KH550 in the form of a covalent bond, and the amino groups were
introduced onto the surface of Al,0;.>*® The B-N characteristic
peaks from Al,O;@BN at 1386 cm™ " and 801 cm™ " further indi-
rectly confirmed the successful coating of Al,O; by BN.

3.2. Microstructure of PI composite films

SEM images of the teared fracture surface of the PI composite
films with different fillers are shown in Fig. 5. The pure PI film
(Fig. 5a) had a dense interior structure and a smooth fracture
surface. As shown in Fig. 5b, although Al,0; was uniformly
distributed in the matrix of the Al,O3/PI composite film, there
were obvious gaps between Al,O; and the matrix, indicating
a weak interface interaction and a high interfacial thermal
resistance between them. For the BN/PI composite film (Fig. 5¢),
BN was relatively uniformly distributed in the matrix, but
mainly in the form of thick layered aggregates, which means
that a certain thermally conductive network was constructed.
When Al,O; and BN were introduced together into the matrix
(Fig. 5d), Al,O; segregated the matrix into a continuous phase
region, and BN was distributed in the matrix, which was
a typical segregated structure. In contrast to that of the BN/PI
composite film, the distribution state of BN in the matrix of
the Al,O;&BN/PI composite film was changed by the segregated
structure,* which is beneficial to the formation of a relatively
perfect thermally conductive network in a low BN content.
However, in the Al,O;&BN/PI composite film, the segregated
structure was relatively sparse due to the large size and the
limited loading of the Al,O; microparticles. On the other hand,
there was no effective contact between Al,O; and the segregated

42588 | RSC Adv, 2020, 10, 42584-42595

BN network, which does not help to form an efficient thermally
conductive network in the composite film. We also noted that
the stacking or assembly of BN nanoparticles on the surface of
the Al,O; microparticles with no coupling agent treatment has
already been reported in the literature,***” in which the osmotic
pressure difference between BN and Al,O; in blending drives
BN to stack on the surface of Al,0;. To achieve this, a very high
alumina content (70 vol%) is required. However, the total
content of the fillers is only 35 wt% in the Al,O;&BN/PI
composite film, where the gap between the Al,O; particles
and between Al,O; and BN is too large to produce enough
osmotic pressure difference to drive BN to stack on the surface
of alumina. In this work, BN should be successfully assembled
on the surface of Al,O; under the action of static electricity by
the two-step method without the limitation of high filler
loading.

Compared to that in the Al,O3/PI, the gaps between Al,O;
and the matrix in the Al,0;@BN/PI composite film (Fig. 5e)
significantly decreased. Al,O; was embedded in the matrix,
which is helpful to reduce the interfacial contact thermal
resistance between them. This change is mainly attributed to
the coating of Al,O; by BN, which can improve the wettability of
Al,O; by way of the PAA solution as a result of the similar
interfacial chemistry between PI and BN.** Moreover, the
surface modification of Al,0; with KH550 can improve the
interfacial interaction between PI and Al,O;, which can further
reduce the interfacial contact thermal resistance between them.
It can be further observed that there was the obvious BN in the
matrix close to Al,03, which should correspond to the BN
detached from Al,O; during the preparation of the composite
film. Although Al,O;@BN also formed a certain segregated
structure network in the PI matrix, the network was not perfect
due to a low content of the detached BN. So, the large PI region
(circled by yellow solid lines in Fig. 5e¢) appeared to hinder the
formation of an effective thermally conductive network of BN.
As shown in Fig. 5f, when BN and Al,O;@BN were used together
in a certain proportion, a thermally conductive network of BN
with segregated structure by Al,O;@BN in the Al,O; @BN&BN/PI
composite film was obtained. This thermally conductive
network was also denser and more complete compared to that
in Al,O;&BN/PL It can be seen that the fracture morphology of

This journal is © The Royal Society of Chemistry 2020
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Fig.5 SEMimages of the teared fracture surface of the pure PI (a) and Pl composites with different fillers: (b) AlbOs/Pl, (c) BN/PI, (d) ALOs&BN/PI,
(e) ALOs@BN/PI and (f-h) ALOs@BN&BN/PI. The mass ratio of Al,O3 : BN is 2 : 1 in the composites (d—h).

the continual matrix around these Al,O; particles was relatively
rough compared to that without BN in Fig. 5b. In addition, there
were no obvious layered agglomerations of BN in the matrix,
which implies that BN was dispersed well in the matrix, and
a denser thermally conductive network was constructed.

Fig. 5g shows the local magnification of the edge region
(indicated by yellow dashed frame) of the Al,O; microparticles
in Fig. 5f. It can be found that BN was coated on the surface of
Al,O;. This improved the interface adhesion between Al,O; and
the matrix, and reduced the interface thermal resistance. This
also implies that the first step synergism of the two fillers was
achieved. Meanwhile, the BN coating is also conducive to the
contact between Al,O; and the BN thermally conductive

This journal is © The Royal Society of Chemistry 2020

network in the matrix, playing a bridging role and participating
in the construction of a relatively perfect thermally conductive
network. Fig. 5h shows the further enlargement of the matrix
zone close to Al,O;, which is surrounded by the yellow solid
frame in Fig. 5f, and reveals that the BN in the matrix apparently
formed a thermally conductive network. The red arrow in Fig. 5f
indicates the efficient conductive path of heat flow in the
composite film. The heat flow can be conducted along the paths
via segregated BN thermally conductive network, Al,O; and BN
coated on the surface of Al,O;, indicating the second step
synergism of the two fillers.

Fig. 6a shows the EDS element mapping on the same region,
which corresponds to the Al,O;@BN&BN/PI composite film in

RSC Adv, 2020, 10, 42584-42595 | 42589
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Fig. 5f. The distribution of element Al was consistent with the
shape and distribution of Al,0;. Element B was relatively
uniformly distributed in the matrix, which also indicates that
BN constructed a dense thermally conductive network in the PI
matrix. At the same time, element B also appeared in the
position of Al,O;, suggesting that BN was coated on the surface
of Al,O;. Additionally, element B was uniformly distributed in
the edge region of Al,O3, where the distribution of element B
overlapped with that of element Al. This implies that BN was in
contact with the Al,O; particles, playing a bridging role.

Based on the results of the EDS analysis and the SEM anal-
ysis above, Fig. 6b gives a schematic diagram of the heat
transfer mechanism of the Al,O;@BN&BN/PI composite film.
Al,O; and BN synergistically construct an efficient thermally
conductive network in the composite film in a two-step process.
The Al,O;@BN with the first synergistic effect segregates the PI
matrix, so that the BN dispersed in the matrix forms a thermally
conductive network with a segregated structure. The effective
contact between Al,O; and BN further enhances the thermally
conductive network via the bridging effect of the BN coated on
Al, O3, achieving the second step synergism of the two fillers.
When the heat flow is conducted in the in-plane direction, it can
be transferred efficiently from high temperature to low
temperature along the path via the BN-segregated thermally
conductive network, the BN coated on the surface of Al,0; and
Al,O;. In summary, several strategies were used to enhance the
thermal conductivity of the Al,O;@BN&BN/PI composite film,
which mainly include: (1) the synergism of the fillers hybrid, (2)
the construction of a three-dimensional segregated network, (3)
the strengthening of a thermally conductive interface, and (4)
the network bridging. Among them, the coating of BN on the
surface of Al,O; by electrostatic self-assembly played a key role
in building a perfect heat conduction network by bridging the
heat conduction network.

3.3. Thermal conductivity of PI composite films

Fig. 7a and b show the in-plane thermal conductivity of the
different PI composites with different mass ratios of Al,0; to BN
at a total filler content of 35 wt%, and the corresponding
thermal conductivity enhancement compared to pure PI,
respectively. The thermal conductivity of the Al,O5/PI composite
film increased to 2.45 W m~" K™, and was 1189% higher than
that of pure PI(0.19 W m™* K '), which indicates that the Al,O;
loading of 35 wt% exceeds the thermal conductivity percolation

(@)

Fig. 6
composites.
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threshold. The addition of Al,O; can also significantly improve
the thermal conductivity of the PI composite film. On the other
hand, although the inherent thermal conductivity of BN is
significantly higher than that of Al,O;, the thermal conductivity
of the BN/PI composite film (2.73 W m~" K~ ') was only slightly
higher than that of the Al,O5/PI composite film. As illustrated by
Fig. 5c, these results are mainly attributed to the agglomeration
and layered distribution of BN, which are not conducive to the
formation of an effective thermal conduction network. By the
introduction of BN in all mass ratios of Al,O; to BN, the thermal
conductivity of the Al,O;&BN/PI composite films was further
enhanced compared to that of the Al,O5/PI composite film, but
was not higher than that of the BN/PI composite film. Appar-
ently, Al,O; and BN cannot play a significantly synergistic effect
in a random hybrid form, despite constructing the expected
segregated structure. This is mainly attributed to no bridging
between the Al,0; and the BN thermally conductive network,
and the poor wettability of Al,O; to the PI matrix.

For the Al,O;@BN/PI composite films, the thermal conduc-
tivity changed significantly with the variety of the mass ratio of
Al,O; to BN. The mass ratio of Al,O; to BN of 2 : 1 was optimized
for the improvement of the thermal conductivity. The thermal
conductivity of the resulting composite film was increased to
2.74 Wm ™' K ' and even slightly higher than that of the BN/PI
composite film, indicating the first synergistic effect of Al,O;
and BN. Referring to the SEM analysis, this result is attributed
to the fact that the coating of Al,O; by BN can increase the
interfacial compatibility between Al,O; and the PI matrix, and
accordingly reduce the interfacial thermal resistance. Moreover,
part of the BN detached from Al,O; was dispersed in the PI
matrix, and a certain thermally conductive network with
segregated structure was constructed.

When BN was further used together with Al,O;@BN in the
different ratios, as the result of the two-step synergism, the
thermal conductivity of the Al,0;@BN&BN/PI composite films
was significantly improved compared to that of the Al,O; @BN/
PI composite films. It was also higher than that of the BN/PI
composite film. When the mass ratio of Al,0;@BN to BN was
2:1, the thermal conductivity of the Al,O;@BN&BN/PI
composite film was increased to the highest value of 3.35 W
m ' K ', and was 1664% higher than that of pure PL It was also
36.6%, 23%, 22% and 28.4% higher than the Al,05/PI, BN/PI,
Al,O;@BN/PI and Al,O;&BN/PI composite films, respectively.
This indicates that the two-step synergistic effect of Al,0; and

% x
&2 ALO;@BN () BN PI

(a) EDS element mapping of the Al,Os@BN&BN/PI composites. (b) Schematic diagram of the heat transfer in the ALOs@BN&BN/PI
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Fig. 7 (a) Thermal conductivity of the Pl composite film with different mass ratios of A,O3 to BN. (b) Thermal conductivity enhancement of

different Pl composite films with the Al,Oz-to-BN mass ratio of 2 : 1.

BN at the mass ratio of 2 : 1 is the most significant in the Al,-
O;@BN&BN/PI composite film. In contrast, the thermal
conductivity of the Al,0;@BN&BN/PI composite films with
other ratios of Al,O;@BN to BN was decreased. For the ratio of
1: 1, alow Al,O; content is not conducive to the construction of
the segregated structure. When the ratio was higher than 3 : 1,
the low-content BN cannot form the complete thermally
conductive network, resulting in the decrease of the thermal
conductivity with the increase of the ratio.

Fig. 8 exhibits the evaluation of the potential application of
the PI composites for the thermal management of the electronic
product. As shown in Fig. 8a and b, the as-prepared composite
films were used as substrates to support a light emitting diode
(LED) chip using thermal grease. The variations of the
maximum surface temperature of the LED chip as a heat source
were measured in a timely manner by a portable infrared
thermal imager (Fig. 8c and d). The temperature rise and
equilibrium temperature of the LED chip with working time
reflect the differences in the heat conduction and heat dissi-
pation of the PI composite films, which is consistent with those
in the corresponding thermal conductivity in Fig. 7. Under the
same LED working conditions, the Al,O;@BN&BN/PI composite
film displayed a relatively lower temperature rise rate and
a significantly lower equilibrium temperature than those of the
other composite films. For example, the corresponding equi-
librium temperature was about 81 °C, and 26.1 °C lower than
that of the pure PI film, reflecting the good heat conduction and
heat dissipation of the Al,0;@BN&BN/PI composite film.

To assess the enhancement of the thermal conductivity of
the AlL,O;@BN&BN/PI composite films, a comparison on the
thermal conductivity of the relevant PI thermal conductivity
composite films reported in the last year is given in Table 1. The
thermally conductive fillers used in the PI composite films
involved several common electrically conductive fillers, such as
Cu, Ag and graphene, and the insulating thermal conductive
fillers, such as BN, Al,O3, SiC and AIN. The nano-sized fillers,
especially for metal or carbon nanomaterials with excellent
thermal conductivity, can generally achieve significant
enhancement at a low filling (<15 wt%). It is noteworthy that

This journal is © The Royal Society of Chemistry 2020

only 7 wt% BNNS fabricated by the efficient exfoliation of BN
nanosheets increased the thermal conductivity by 1080%,"
which is similar to the enhancing effect of the conventional BN
of more than 30 wt%. Apparently, great attention has been paid
to the synergism of the fillers hybrid for further improvement of
the thermal conductivity. The graphene woven fibers prepared
by template method have also achieved the significant
enhancement of 1418% only at 11 wt% content due to the
construction of an efficient three-dimensional network. In the
practical application, considering the economy and process
simplicity, the >30 wt% micro-sized BN,*"**> Al,O; (ref. 31) and
AIN*' were commonly introduced to the PI matrix to achieve an
increase of 1000% in the thermal conductivity, while also
meeting a practical requirement of heat management.** By
comparison, the 35 wt% Al,O;@BN&BN/PI composite film
containing 17 wt% BN and 18 wt% Al,O; achieved the thermal
conductivity of 3.35 W m ' K™ ! and a relatively high enhance-
ment of 1664%. This means that the strategy of the two-step
synergism used in this work had a significant effect in
improving the thermal conductivity of the PI composite film.
Moreover, the combination of Al,O; and BN can reduce the cost
of fillers and retain the advantages of process simplicity.

3.4. Thermal stability of PI composite films

The thermal stability of the pure PI and PI composite films was
evaluated by TGA, and the main thermal parameters of different
prepared PI composite films are shown in Table 2. Clearly, the
pure PI and all kinds of PI composites exhibited excellent
thermal stability, which is mainly attributed to the presence of
aniline and imide rings in the polyimide molecular chains.® For
example, the thermal stability temperatures of the pure PI cor-
responding to 5% weight loss (Tsq), 10% weight loss (T1¢4) and
the maximum degradation rate (Tyax), occurred at 562.8 °C,
576.9 °C and 591.1 °C, respectively. The thermal stability of all
PI composite films has been improved to some extent because
both BN and Al,0; have a high heat capacity and thermal
conductivity, and play a role of mass transfer barriers to inhibit
the escape of volatile degradants.®*®

RSC Adv, 2020, 10, 42584-42595 | 42591
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the working time.

3.5. Dielectric properties of PI composite films

Fig. 9 shows the variation of the dielectric constant and
dielectric loss with frequency for the pure PI and the PI
composite films with the different fillers. The relative permit-
tivity and the dielectric loss of pure PI at 1 kHz were 1.8 and

42592 | RSC Adv,, 2020, 10, 42584-42595

(d)

Fig. 8 Evaluation of the potential application of the Pl composites for thermal management of electronic products: (a) schematic diagram of the
Pl composite film supporting the LED module, (b) photos of different PI composites, (c) infrared thermal imaging of LED with different PI
composite substrates varying with working time, and (d) the surface temperature of LED with different Pl composite substrates as a function of

0.007, respectively. The introduction of BN and Al,O; increased
the permittivity and dielectric loss to some extent due to the
interfacial polarization effect of the fillers. Because the specific
surface area of the flake BN is larger than that of Al,O; and the
interfacial polarization effect produced by BN is greater than

This journal is © The Royal Society of Chemistry 2020
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Table 1 A comparison of various fillers for the in-plane thermal conductivity enhancement of Pl composite films

A Enhancement
Filler Content (wt%) Wm K™Y (%) Ref.
BN layer coated Cu nanowires 10 2.61 1417 29
Ag nanoparticles loaded rGO 15 2.12 685 7
Graphene woven fibers 12 3.73 1418 30
SiC nanowires grafted graphene 11 2.63 989 10
ALO; 30 2.41 980 31
AIN 30 2.40 980
BN 30 2.81 1320 6
Exfoliated BN nanosheet 7 2.95 1080 14
Al,0;@BN&BN 35 3.35 1664 This work

Table 2 Characteristic thermal data of the Pl composite films with
different fillers

Residual at

Sample Tsoo (°C)  Tiow (°C)  Tmax (°C) 900 °C (%)
Pure PI 562.8 576.9 591.1 56.21
Al,O;/PI 563.4 581.8 591.4 67.98
BN/PI 567.9 591.8 606.4 64.69
AlL,O,&BN/PI 562.9 578.6 602.1 67.76
AlL,O,@BNPI 565.2 581.2 595.7 65.18
AlLO;@BN&BN/PI  563.3 579.9 597.3 69.39

that of Al,03,** the permittivity and dielectric loss of the BN/PI
composite film were higher than those of the Al,O3/PI
composite film. The relative permittivity and the dielectric loss
of the Al,O;@BN&BN/PI composite films at 1 kHz were 2.48 and
0.013, respectively, which are low values for the dielectric
properties of the thermally conductive composite and suitable
for insulated electronic packaging applications.

3.6. Mechanical properties of PI composite films

The mechanical properties of the filled polymer composites are
of great significance in practical applications, but are generally
deteriorated due to serious agglomeration under high filling
content.”>*® The tensile test of the PI film and PI composite

(@)

= PurePl o ALO/I A BN/PI
v ALO&BNPI & ALO@BN/PI

i _ 20,
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AAAAAA‘
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2F

Relative dielectric constant

Frequency(Hz)

films was conducted to investigate the tensile strength of
different composite films, and evaluated the flexibility of the
Al,O;@BN&BN/PI composite film. As shown in Fig. 10a, the
Al,O; @BN&BN/PI composite film was folded easily and was not
broken after being folded many times, indicating its good
flexibility. Fig. 10b shows the variety of tensile strengths of
different composite films. The tensile strength of the pure PI
composite films is 90.4 MPa. The tensile strength of the
composite films was decreased to some extent due to the stress
concentration from the high-loading fillers. The tensile strength
of the BN/PI composite film was the lowest and decreased by
74.4% compared to that of the pure PI film, which should be
attributed to the layered agglomeration of BN. According to the
SEM analysis above, micron-sized spherical Al,0; was easily
dispersed in the matrix. The addition of Al,O; also changed the
distribution of the fillers, resulting in a reduction of the stress
concentration. Therefore, the tensile strength of the composite
films containing Al,O; did not seriously deteriorate. The tensile
strength of Al,O5/PI, Al,O;&BN/PI and Al,O;@BN/PI was
decreased by 29.8%, 28.5% and 28.6%, respectively. The Al,-
O;@BN&BN/PI composite film had the highest tensile strength
among all composite films. This means that the Al,O;@BN&BN/
PI composite film was significantly improved in thermal
conductivity by the two-step synergism of the fillers, while its
mechanical properties were maintained.

(b)
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Fig. 9 Frequency dependence of (a) the dielectric constant and (b) dielectric loss of the Pl composites with different fillers.
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4. Conclusions

In this work, a strategy of two-step synergism was proposed to
significantly improve the thermal conductivity of PI films with
respect to the efficient construction of a three-dimensional
conductive network, and to the economy and simplicity of
processing. For the first step of the synergism, BN-coated
modified Al,O3; composite particles (Al,O;@BN) were success-
fully prepared by the electrostatic self-assembly method. The
BN coated on the surface of Al,O; played the roles of bridging
the thermally conductive network, and improving the interface
between Al,O; and PI. For the second step of the synergism,
AlL,O;@BN further collaborated with BN to fabricate the Al,-
O3;@BN&BN/PI composite film, in which Al,O; helped BN to
form a thermally conductive network with a segregated struc-
ture in the PI matrix. Accordingly, under the two-step synergistic
effect of the two fillers, the thermal conductivity of the Al,-
O;@BN&BN/PI composite film was significantly improved
compared to that of pure PI and the other control composite
films. The Al,O3-to-BN mass ratio of 2:1 was optimum for
preparing the Al,O;@BN&BN/PI composite film. When the
mass ratio of Al,O;@BN to BN was 2 : 1, the thermal conduc-
tivity of the PI composite film with the filler content of 35 wt%
increased to the maximum value of 3.35 Wm ™ K™*, which was
1664% higher than that of pure PI. Compared with the relevant
studies, this is a high-level enhancement effect. In addition, the
composite film had excellent dielectric properties, thermal
stability and mechanical properties, which is expected to have
potential applications in the fields of electronic packaging
materials, thermal management materials and thermal inter-
face materials. The strategy of the two-step synergism of fillers
for the enhancement of the Al,O;@BN&BN/PI composite film is
also recommended for the design and preparation of novel
polymer composites with high thermal conductivity or electrical
conductivity.
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