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Heat-conductive silicone grease (HCSG), one of the most common composite thermal interface materials
(TIMs) used in many advanced applications, is limited by its low thermal conductivity (TC). Different surface
modification agents are required to improve the dispersion of TC additives and the interfacial compatibility
with the silicone matrix. In this study, MQ silicone resin (MQ) was used to modify two kinds of self-made
spherical boron nitrides (SBNs), with different particle sizes, using the sedimentation method. The amount
of filler content allowed within the SBNs increased owing to the similar polarity of the MQ and the silicone
matrix, and a HCSG with a TC of 122 W (m™ K™% and a thermal resistance (TR) of 0.49 °C W™ was
obtained, respectively. In addition, the TC pathway was formed more easily with the 15 um SBNs than with
the 5 um SBNs. In order to verify its potential application in battery thermal management, the HCSG was

assembled on the surface of the liquid-cooling plate in the 18 650-battery module, and it was found that
Received 8th December 2021

Accepted 11th January 2022 the maximum temperature of the battery module could be maintained below 42 °C, and the temperature

difference could be controlled within 5 °C. Thus, with these excellent performances, the MQ silicone resin

DOI: 10.1039/d1ra08929¢ reported here, with respect to the assembly methods, will provide insights into the thermal management
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1 Introduction

Lithium-ion batteries (LIBs) have been extensively employed in
electric vehicles (EVs) owing to their high energy density, low
self-discharge, and long cycling life."* To achieve a high energy
density and driving range, the battery packs of EVs often
contain several batteries. Owing to the compact construction,
heat dissipation has become a huge problem. Studies have
shown that batteries constantly generate significant heat during
the charging and discharging process, reducing the battery
performance and power life, and even causing deformation.>*
Thus, there is a need for an efficient battery thermal manage-
ment system that enables the timely dissipation of heat. Air,>”
liquid,*™*° and phase-change material (PCM) cooling™™* are the
three principal thermal management technologies. However,
owing to the technical level or properties of PCM defects,
thermal interface materials (TIMs) are usually used to fill the
microgaps in different shapes of liquid- or PCM-cooling systems
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to improve the heat transfer efficiency. Zheng et al.** designed
dense aluminum cooling tubes installed around prismatic
batteries, and the gap between the batteries and the cooling
tubes was filled with TIMs. Liu et al.*® prepared various heat-
conductive silicone greases (HCSGs) by adding aluminum
nitride, copper powder, and carbon fiber as thermal conductive
additives and coating them between prismatic batteries and
phase-change materials (PCMs) to control the temperature.
Xiao' coated a commercial heat-conductive silicone grease
(HCSG) between a soft package battery and homemade PCM to
enhance the heat transfer efficiency. However, in all existing
studies, TIMs were coated on the battery side. In long-term use,
the HCSG may shift and contact the electrodes owing to its good
fluidity, and the poor insulation results in a short circuit.
Therefore, there is a need to develop an HCSG that provides
a better thermal management solution in battery systems.
Boron nitride (BN), which exhibits a high thermal conduc-
tivity (TC) of 250-300 W (m~ " K~ ') and a low density, has been
extensively studied as an ideal filler for TIMs."”** However, BN
cannot be well dispersed in the matrix owing to the surface
inertia and poor interface compatibility with the polymer
matrix. In addition, preliminary experiments have shown that
flaky BN exhibits a thickening effect owing to its large specific
surface area and other factors. To solve these problems, filler
surface modification has been investigated.** To further
improve the effect of surface modification, silicone resin has
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recently been studied. Moreover, the sol-gel method has been
widely used to introduce silicone resin on filler surfaces. Zhao™
used SiO, to modify carbon nanotubes through the sol-gel
method and compounded them with polyurethane, obtaining
a material with a TC of 0.31 W (m ™' K %). Cui** also modified
carbon nanotubes with SiO, using the sol-gel method and com-
pounded them with epoxy resin. SiO, improved the interaction
between the carbon nanotubes and the epoxy resin and increased
the TC of the epoxy resin from 0.144 to 0.240 W (m ' K™ ") at a fill
content of 1 wt%. Ahn** modified the surface of BN particles
with SiO,, which increased the surface free energy of the
particles and enhanced the interface adhesion with an epoxy
dimethylsiloxane resin matrix. The author prepared a material
with a TC of 3.1 W (m ™" K "), which is 24% higher than that of
BN without modification. Kim** coated copper nanotubes with
SiO, by introducing tetraethyl orthosilicate, which proved that
an appropriate dosage of SiO, can enhance the TC of copper
nanowire/epoxy terminated polydimethylsiloxane (PDMS)
composites from 0.8 to 1.1 W (m~' K~ '). MQ silicone resin
(MQ), a polysiloxane with a chemical structure similar to that of
SiO,, consists of a mono-functional link (R3SiOy/,, M) and
a quad-functional link (SiOy,,, Q). MQ has been used to enhance
the mechanical properties of silicone materials due to its good
compatibility with silicone resin, enabling it to be used as
a surface modification reagent and enhance the interface effect
between fillers and the silicone matrix.

Owing to the MQ solubilizing in anhydrous ethanol rather
than in water, a BN containing MQ fabricated using sedimen-
tation instead of the complex “sol-gel” process has been
proposed. Surface modification of MQ and its influence on the
heat conductivity of HCSG has been explored. Furthermore, the
prepared HCSG was coated between a battery module and
a liquid-cooling plate to verify its availability.

2 Experimental
2.1 Materials

Platelet-like BN (1 pm) was purchased from Zibo Jingyi Ceramic
Technology Co., Ltd, and the spherical BN (SBN) used was
homemade. PDMS (500 and 10 mPa s) were provided by
Guangzhou Suixin Chemical Co. Ltd. MQ was supplied by
Guangzhou Delta Organic Silicon Technology Development Co.
Ltd.
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2.2 Preparation of the SBN

The method previously reported by Ren® was adopted herein.
Spherical boron nitrides (SBNs) with different particle sizes
(Fig. 1) were obtained under optimized manufacturing condi-
tions using an air-flow spray dryer (SP-1500, Shanghai Shunyi
Experimental Equipment Co. Ltd).

2.3 Surface modification of SBNs and preparation of HCSG

MQ and SBNs were dissolved in anhydrous ethanol and stirred
to fully cover the SBNs with MQ. Deionized water was dripped
slowly until no further precipitation occurred. The modified
SBN powder (MQ@SBN) was filtered out and dried at 80 °C.
Different weights of PDMS and MQ@SBN powder were fed into
a planetary vacuum mixer (MT-0.75L, Guangzhou Tianze
Machinery Equipment Co. LTD) and stirred for 3 h. The plan-
etary vacuum mixer was maintained at —0.1 MPa and 75 °C
(Fig. 2). Then, the HCSG was collected and aged for 1 d prior to
testing.

2.4 Materials characterization

Fourier-transform infrared (FT-IR) spectroscopy was performed
using a Spectrum100 spectrometer (PerkinElmer, USA) ranging
from 4000 to 400 cm™ ' at room temperature. The thermal
stability of MQ@SBN was measured using thermogravimetric
analysis (TGA, HCSGA2, Mettler Toledo, Switzerland). Scanning
electron microscopy (SEM) was conducted using an ATC-SCUT
scanning electron microscope (Carl Zeiss, Germany). The
viscosity of the HCSG with different fillers was determined
using a viscometer (NDJ-8S, Shanghai Jingtian electronic
instrument Co. LTD) at 25 °C and 0.3 rpm. The TC and thermal
resistance (TR) of the HCSG were measured using a TC-3000 TC
meter (Xiaxi Electronic Technology Co., China) and a LW-9389
TR tester (Ruileng Technology Co., China), respectively. The
heating diffusion was evaluated using a TiS10 FLUKE infrared
thermal imager.

2.5 Preparation of the battery module and its experimental
system

Fig. 3 shows a schematic diagram of the experimental system.
Nine commercial 18 650 ternary lithium-ion power batteries
with a capacity of 3200 mA h were connected in a 9P configu-
ration (nine strings in parallel) using a laser-spot welding

20um

Fig.1 Morphology and particle-size distribution of two specifications of SBNs.
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Fig. 2 Schematic diagram of the MQ@SBN preparation procedure.

machine. Finally, the battery module was charged/discharged
using a BTS-5V30A-NTF battery-testing system (Shenzhen New-
are Electronics Co. Ltd., China). Three T-type thermocouples
were mounted on the center of the surface of the three cells in
the battery module and connected to an Agilent 34970A data
acquisition unit (Keysight Technologies, Inc.). The temperature
of the oven was set as 30 °C and the charge-discharge param-
eters are shown in Table 1.
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3 Results and discussion
3.1 Rheological behavior

Rheological behavior is a major concern in the practical pro-
cessing of TIMs. The good rheological properties of TIMs make
them easy to operate and they can be well fitted on a plane,
which may result in a lower contact TR. Meanwhile, a weak
thickening effect means that more additives can be filled into
the matrix to achieve a high TC. Fig. 4a shows the viscosity of

Thermocouples
Battery tester

Agilent 34790A

Fig. 3 Schematic diagram of the experimental setup.
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Table 1 Charge—-discharge parameters of the battery pack

Time Cut-off
Process (min) Current (A) voltage (V)
Rest 30 — —
Constant current — 28.8 (cut-off current of 2.0) 4.2
charge and constant
voltage charge
Constant current — 28.8 3.0
discharge
Rest 240 — —

BN/PDMS and SBN/PDMS with various filler contents. Viscosity
is a measure of the interior of a slurry system and it is sensitive
to changes in the microstructure of the slurry system.* At a filler
content of lower than 35 wt%, an increase in the filler content
has little effect on the viscosity; it changes gradually. Once the
filler content is above 35 wt%, the interior friction among the
fillers and the interaction between the filler and polymer chains
increases the viscosity.”® Compared to the 1.0 pm platelet-like
BN-filled mixture, the viscosity of the SBN-filled mixture is
much lower at high filler content regions. Furthermore, larger
SBNs contribute to the viscosity more than small SBNs. The
reduction factor (n) of viscosity is introduced herein, which is
defined as follows:

~ Mim —

K 100% 1)

:ulum

in which, 4 and u; ,m are the viscosities of the SBN-filled
composite and the 1 um BN/PDMS, respectively. Fig. 4b shows
that when the filling content is 65 wt%, the viscosity of the 15
pm SBN/PDMS and 5 um SBN/PDMS decreased by 47.9% and
29.4%, respectively, compared with that of the 1.0 um BN/
PDMS. The increase in viscosity is attributed to the interior
friction. In addition, the probability of interactions and block-
ages occurring among the fillers increases because of the
superior specific area of the platelet-like BN. Compared with the
platelet-like BN, SBNs with a lower specific surface area have
a reduced interfacial interaction with PDMS. This is the reason
for the viscosity of the 5 um SBN/PDMS being slightly higher
than that of the 15 um SBN/PDMS.

(a) 2000 -
. —=—15 um SBN
£ 1509 —e— 5 m SBN
& 1 um BN
2
‘A 1000 4
(=]
2
2
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0 T T T T
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Fig. 4
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3.2 Surface treatment analysis

FT-IR analysis revealed that pristine SBN exhibits character-
istic absorption bands at approximately 818 and 1378 cm™ ",
which are attributed to the B-N-B and B-N bonds, indicating
the transverse and in-plane vibrations, respectively (Fig. 5a).””
The spectrum of MQ®@SBN shows a band centered at
1087 cm™ ', ascribed to Si-O-Si asymmetric stretching.
Meanwhile, the peaks at 1256 cm ™" (the variation of Si-CHj)
and 2955 and 850 cm™" (the stretch of ~CH;) are evident of
MQ.*®** The two weight loss steps in the curves during the
decomposition of MQ (Fig. 5b) are, respectively, attributed to
the evaporation of water (a byproduct of the thermal poly-
condensation reaction of the remanent hydroxyl groups) from
room temperature to 250 °C and organic groups, including
-CH,-, CH,=CH, -OCH,CHj; thermally decomposed from 250
to 700 °C. The final loss of SBN at 700 °C was 1.13%, including
the binder and the absorption of a small amount of water. The
weight loss of MQ@SBN was greater than that of the SBNs,
reaching 3.17% at 700 °C, which indicates that MQ was
effectively loaded on the SBNs. Elemental distribution analysis
was employed to investigate the uniform modification of MQ
by the sedimentation process. Fig. 5e-h show the B and N
elements from the SBNs, and the Si element was from MQ. The
hydroxyl groups on the surface of the SBNs and MQ provided
the O elements. This shows that the sedimentation method
could uniformly modify the SBNs with MQ.

The modification effect of MQ on SBN is attributed to the
settling of the fillers in PDMS. Certain amounts of SBNs and
MQ@®@SBN were fully suspended in the 10 mPa s PDMS using
30 s of ultrasonic treatment. As shown in Fig. 5i, the SBNs and
MQ@®@SBN were dispersed uniformly in PDMS at the beginning.
However, with time, the SBNs and MQ®@SBN precipitated at
different degrees owing to gravity. The presence of MQ slowed
the precipitation of the SBNs, and this therefore layered slightly
after 72 h. This is because MQ, as an organosilicon, has
a molecular structure similar to that of PDMS, and the similar
chemical polarity enhances the interaction between the SBNs
and PDMS. Furthermore, as MQ has a cage-like structure, the
chain-like PDMS can be “locked” inside, enabling SBN and
PDMS to combine tightly.*

(b) =51 8 5umSBN
I Ji15umSBN

-
=3
L

Viscosity Reduction (%

25 35 45 55 65
Filler Content (wt%)

(a) Viscosity of HCSG with different shapes and sizes of fillers. (b) Variation in the viscosity with filler content.
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Fig. 5 (a) FT-IR spectrum of MQ@SBN. (b) TGA curves of SBN, MQ, and MQ@SBN. (c) and (d) SEM images of MQ@SBN and the elemental
distribution of (e) Si; (f) N; (g) B; (h) O. (i) Settlement comparison of SBN and MQ@SBN.

3.3 Heat transfer performance

The matrix phonon propagation directly affects the TC of the
materials, and the interfacial heat transfer between two
dissimilar materials can be controlled by adjusting the phonon
impedance of the two materials.*® Previous studies have

© 2022 The Author(s). Published by the Royal Society of Chemistry

demonstrated that improving the phonon impedance matching
between the polymer matrices and solid fillers can reduce the
interface thermal resistance (ITR) and improve the TC of the
polymer composites. **** Surface modification of the fillers
improves the phonon impedance matching. PDMS composites
were fabricated with different weight ratios of MQ@SBN, and
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the size of SBN was 15 um. To determine the influence of the
surface modification on the thermal transfer properties of
HCSG, the TC of the fabricated MQ@SBN/PDMS was examined
as a function of the MQ@SBN concentration, and the results are
shown in Fig. 6a. The TC of the SBN/PDMS increased with an
increase in the filler content. However, when the filler content of
SBN was greater than 67 wt%, the TC of SBN/PDMS decreased
because the filler content of SBN had reached the maximum.
HCSG was so hardened that defects occurred inside SBN/PDMS,
severely effecting its TC. In contrast, if the filler content of
MQ@®@SBN was greater than 67 wt%, MQ@SBN/PDMS could still
maintain a certain viscosity and wettability, and its TC showed
an increasing trend. The thermal transport in SBN is mainly
related to the phonon conduction. First, the MQ-layer chemical
structure is similar to that of PDMS, and this makes it
compatible with the PDMS matrix, enhancing the interfacial
interaction between the matrix and SBN and decreasing the TR.
Second, the MQ coating layer decreases the modulus mismatch
between SBN and the PDMS matrix, reducing the ITR at the
interface, thereby improving its phonon transmission.”* Fig. 6b
shows the relationship between the thermal transfer property

(3)1'4 —s—SBN ——0.5w % MQ@SBN
1.3] ——10wt% MQ@SBN —v— 15wt% MQ@SEN
7] —e—20wt% MQ@SBN —a— 50w 1% MQ@SBN
—12 —F—4
VARE {ff e R
%1.0 %"
S —%
Pl g
0.8 ii_____%‘:::: et
0.74+— - . - . . .
58 60 62 64 66 68 70
Filler Content (wt%)

Fig. 6
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and the MQ dosage. As an amorphous polymer, superfluous MQ
with a low TC inevitably results in degradation. Therefore, it is
necessary to explore the rational dosage. According to the similar
compatibility principle, MQ may promote the interface compat-
ibility between the fillers and the silicone matrix, enhancing the
interaction between the fillers and the matrix, and improving the
dispersion of the fillers.** With the same filler content, 1.0 wt% of
MQ promoted TC, reaching 1.22 W (m~ " K™ '), compared to the
0.91 W (m™ " K ') of SBN/PDMS. However, above 1.0 wt% MQ, the
TC decreased. This is because an increase in the portion of MQ,
which has a lower TC than SBN, reduces the portion of the highly
thermally conductive SBN, reducing the TC of the filler. The SEM
morphological images (Fig. 6¢—f) show that a layer with too much
MQ does not form a uniformly composed and smooth layer but
exhibits an aggregated rough surface. The rough surface forms
a new ITR layer that increases the phonon scattering and reduces
the TC.*>***%%” Therefore, 1 wt% MQ was adopted for subsequent
experiments.

To demonstrate the heat dissipation ability of the
MQ@SBN/PDMS composite, a hot platform was utilized as the
heat source to determine the heating transfer capacity during
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(a) The influence of the MQ dosage on the TC. (b) The influence of the MQ dosage on the TC at a filler content of 70 wt%. Surface SEM

images of (c) pure SBN, (d) 1.0 wt% MQ@SBN, (e) 2.0 wt% MQ@SBN, and (f) 5.0 wt% MQ@SBN.
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the heating process. The thermography and temperature
change of the platform were monitored and recorded every 5 s
through infrared thermal images and are displayed in Fig. 7a.
As MQ®@SBN/PDMS possesses an optimized heat conduction
network, it turned to a darker color more rapidly owing to its
higher thermal conductivity. As shown in Fig. 7b, the
MQ@SBN/PDMS composites exhibited a faster rate of
temperature increase in the same working time, while the
PDMS samples showed the slower rate of temperature change,
therefore the MQ@SBN/PDMS could dissipate the accumu-
lated heat in a timely and rapid manner. Thus, the composite
materials exhibited significantly greater thermal conductivity
than that of the pure PDMS, which as a thermally conductive
material can be applied at the interface of composite materials
to improve the thermal conductive performance. For these
materials, the temperature of the platform surfaces were
reduced by 15 °C, this can be attributed to the protective
performance of the electrical devices during the operating
process.*®

As shown in Fig. 8a and b, the SBN/PDMS composites
exhibited a higher TC than that of the platelet-like BN-filled
composite for all filler contents. When the filler content was
58 wt%, the TC values for the three kinds of HCSG were 0.81,
0.95, and 1.11 W (m~ ' K™ ). The spherical structure improved

b un U8
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Lo ¢l
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Fig. 8 Effect of filler content on (a) the TC and (b) the TR.

0.10

(a)

0.05 4
0.00 4
-0.05 4
-0.10 4
-0.15 4

log (K¢)

-0.20 A
-0.25 4
-0.30 4
-0.35 1

= MQ@SBN(15um)
A SBN

y=0.0118x-0.45399
C,=1.4C,=0.18

y=0.0098x-0.47284
C,=1.3C,=0.19

Fig. 9

Content of filler (vol.%)

b
®) o], _
4 i 0
0.65 - T i
O 0.60 - i
(&_/ .
o 0.554
e - = MQ@SBN(I5um) .
0.501 . « MQ@SBN(5um) ¥
.4 MQ@BN
0.45 +— T T . T . T
58 60 62 64 66 68 70
Fillers Content (wt%)
1.4
(b) ®  MQ@SBN(I5um)
139 — Agari model of MQ@SBN(15um)
g 2] 4 sBN m,
X 1 — Agari model of SBN .
Z 114 i
21.04 /'/
=
5091
= | |
§ 0.8 4 .
= 0.74
£
S 0.6
=
o5
0.4 +— r r T r T T T

Filler content (vol%)

(a) Logarithm of the TC of SBN/PDMS and MQ@SBN (15 um)/PDMS linearly fit using Agari's model. (b) Comparison of the measured

thermal conductivities of composites with calculated conductivities using Agari's model.
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the heat transfer. In the platelet-like MQ@BN/PDMS compos-
ites, the contact between the platelets of BN was weak, and the
contact area was not sufficient. In contrast, there was no
phonon scattering at the interface because of the tight contact
in the SBN, thus PDMS could not easily permeate its interior.
The interaction between BN and the contact area was extended,
which enhanced the TC of the SBN/PDMS composites. The TC
of MQ®@BN/PDMS also declined when the filler content was
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greater than 64 wt%. By observing the appearance of HCSG at
that point, we found that the MQ®@BN/PDMS had hardened
owing to the excess filler content of BN, and a defect appeared
inside the material. The heat transfer path was destroyed,
resulting in a decrease in the TC. Owing to cracks, the grease
could not coat the surface of the testing platform, which further
increased the TR. On the other hand, SBN showed more contact
points, and the weak thickening effect helped maintain the
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Fig. 10 Photo of (a) the battery module, (b) the liquid-cooling plate, and (c) the testing system. (d) Temperature and (e) temperature difference
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HCSG wettability and heat conductivity. The TC values of
MQ®@SBN(5 um)/PDMS and MQ@SBN(15 um)/PDMS were 1.12
and 1.22 W (m~' K", respectively, and their TR values were
0.52 and 0.49 °C W™, respectively. The 15 pum SBN-filled PDMS
composites exhibited a higher TC than those filled with 5 pm
SBN, probably because the former possesses a superior filler
stacking mode.***

Based on the generalization of models of series and parallel
conduction in composites, Agari and Uno*»** modified the
Maxwell model, and the equation is calculated using the
following equation:

lOg(Kc) = VfCZ 1Og([<p) + (1 - Vf)IOg(Cle)

In which, K, Kn,, K}, are the thermal conductivity of the polymer
composites, the PDMS matrix, and the SBN, respectively. V; is
the volume fraction of the SBN. C; is a factor related to the effect
of the filler on the secondary structure of the polymer and C, is
a factor related to the ease of forming conductive chains of
filler. Using the data shown in Fig. 9a, It was observed that in
our system, the C; values of the two composites were higher
than 1, indicating that there were no secondary structure effects
in the polymer.

3.4 Temperature distribution of the battery modules

The electrochemical performance of LIBs is sensitive to
temperature.** High temperature conditions can not only result
in sharp capacity degradation of LIBs, but also causes some
thermal safety problems, including explosion and self-igni-
tion.**** To control the temperature and temperature differ-
ences in power battery modules (packs), researchers have
developed various battery thermal management system tech-
nologies for battery modules.*® Cylindrical batteries are one of
the most common types used in battery modules, which were
usually connected in series or parallel using nickel sheets to
produce a higher capacity. However, owing to the macroscopic
warping of the nickel sheet connected to the batteries, the
bottom of the battery module cannot fully contact the liquid-
cooling plate.

Therefore, the heat generated by the batteries cannot be
transferred to the cooling device in time. TIMs can fill the gap
between the module and the liquid-cooling plate to effectively
eliminate the air at the interface, increase the heat transfer area,
and achieve efficient cooling and temperature uniformity
(Fig. 10a—c). As shown in Fig. 10d and e, through analyzing the
temperature of the battery module with or without HCSG during
the charge and discharge process, it was found that the
maximum temperature of the batteries in the module could be
maintained below 42 °C during the charging and discharging
processes. Compared with that, the maximum temperature of
the battery module without HCSG was still almost 45 °C, or even
higher. During the entire charge and discharge process, the
temperature difference of the module with HCSG could drop to
below 5.5 °C, which was obviously lower than that of the module
that did not contain HCSG. These results proved that the
prepared HCSG materials can satisfy the insulating require-
ment of batteries, which could expand their application modes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

In order to decrease the contact TR, in this study, SBN surfaces
constructed using the sedimentation method between MQ and
the PDMS matrix have been proposed. A reduced stiffness silica
intermediate on the SBN improved the interaction between the
stiff SBN and the soft PDMS and reduced the modulus
mismatch between them. Heat transfer in the MQ@SBN/PDMS
composites was higher than that in the SBN/PDMS composites
for 5 and 15 pm SBN loadings with an adequate thickness of
MQ. In addition, the spherical-structured filler showed a higher
TC than the platelet-like filler. Using a battery liquid-cooling
system, the prepared HCSG was proved to meet the insulation
requirements and effectively improved the cooling effect. In
addition, when the HCSG was assembled on the surface of the
liquid-cooling plate in the 18 650-battery module, the
maximum temperature of the battery module could be main-
tained below 42 °C, and the temperature difference can be
controlled to within 5 °C. Therefore, it can be concluded that
the MQ-modified composite could decrease the TR and improve
the installation process, therefore it has great potential for use
in fundamental research and advanced applications, such as
thermal energy storage and thermal management.
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