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Silicone rubber (SR) is widely used in the field of electronic packaging because of its low dielectric
properties. In this work, the porosity of the SR was improved, and the dielectric constant of the SR foam
was reduced by adding expanded microspheres (EM). Then, the thermal conductivity of the system was
improved by combining the modified boron nitride (f-BN). The results showed that after the f-BN was
added, the dielectric constant and dielectric loss were much lower than those of pure SR. Micron-sized
modified boron nitride (f-mBN) improved the dielectric and thermal conductivity of the SR foam better
than that of nano-sized modified boron nitride (f-nBN), but f-nBN improved the volume resistivity,
tensile strength, and thermal stability of the SR better than f-mBN. When the mass ratio of f-mBN and f-
nBN is 2:1, the thermal conductivity of the SR foam reaches the maximum value of 0.808 W-m K
which is 6.5 times that before the addition. The heat release rate and fire growth index are the lowest,
and the improvement in flame retardancy is mainly attributed to the high thermal stability and physical
barrier of f-BN.

© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

With the rapid development and popularization of fifth-gener-
ation mobile communication technology (5G), electronic devices
and equipment are developing in the direction of high frequency,
high speed, high integration, and miniaturization, which puts
higher requirements on the dielectric properties and thermal
conductivity of 5G electronic packaging materials [1—4]. Research
on the structural design of electronic packaging materials with low
dielectric, high thermal conductivity, and excellent comprehensive
properties is of great significance for the rapid development of 5G
technology [5—7]. Additive liquid silicone rubber (ALSR) has
excellent insulation, thermal stability, low dielectric, weather
resistance, and processability and is widely used in the field of
electronic packaging. However, it still needs to optimize its
dielectric and thermal conductivity properties to further achieve
the key breakthrough of 5G technology [8—10]. By adding
expanded microsphere (EM) foam, the porosity of the material can
be improved and the dielectric constant of the material can be
reduced, but their thermal conductivity and flame retardancy of the
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composites were degraded due to the fact that the shell layer of EM
is a flammable polymer and the interior is a flammable low-boiling-
point alkane, which is not enough to satisfy the use of the electronic
encapsulant for 5G [11—13]. Therefore, it is still necessary to further
modify the composite material to improve its comprehensive per-
formance and meet the actual use requirements.

At present, there are three main methods to improve the ther-
mal conductivity of polymer matrix composites. The first is to add
thermally conductive fillers to the polymer matrix, relying on the
high filler content to form a thermally conductive network chain in
the matrix to improve the thermal conductivity [14—16]. The sec-
ond method is to use high-thermal conductivity materials to build a
highly efficient thermal conductivity network inside the matrix
through structural design, however, this method is relatively
complicated in preparation and is not suitable for large-scale in-
dustrial production [17,18]. The third method is to use different
kinds, shapes, or sizes of mixed thermally conductive fillers for
compounding; for example, boron nitride (BN) layers of different
sizes are used for mixed filling to achieve the purpose of improving
thermal conductivity [19]. Li et al. [20]prepared KH550-treated BN
particle-filled phenolic resin composites and investigated the ef-
fects of concentration, particle size, and hybridization of BN on the
thermal conductivity of the composites. The phenolic resin filled
with larger particle size BN (15 pum) showed higher thermal
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conductivity than that filled with smaller particle size BN (0.5 pm),
which was attributed to the fact that smaller BN particles could
connect the large BN particles together to form a thermally
conductive pathway. Wang et al. [21] have studied the effect of the
particle size of TiO, on the dielectric properties of composites, and
the results show that as the size of TiO, decreases, the interfacial
polarization within the material is enhanced and the dielectric
constant (Dy) of the composite increases. Therefore, it indicates that
the filling of larger-particle size thermally conductive fillers can
both reduce the Dy and enhance the thermal conductivity of the
material; the composite of fillers with different particle sizes can
obtain higher thermal conductivity.

In this work, in order to improve the thermal conductivity and
flame retardant properties of the silicone rubber (SR) composites
after EM filling, the surface of BN was modified by the silane
coupling agent vinyl trimethoxysilane, and the micron-sized
modified BN (f-mBN) and nanometer-sized modified BN (f-nBN)
were filled into the ALSR either individually or in a mixture. During
the curing process, the vinyl on the surface of modified boron
nitride (f-BN) can react to the Si—H bond in SR so that f-BN and the
matrix are covalent bonds to form a strong interface interaction,
which significantly improves the comprehensive properties of the
composite foams, and to study the effects of the mixing ratio of f-
BN with different particle sizes on the electrical, thermal, me-
chanical, and flame retardant properties of the SR composite foams.

2. Experimental
2.1. Experimental materials

Micron-sized hexagonal boron nitride (mBN) and nanosized
hexagonal boron nitride (nBN) were purchased from Shanghai
McLean Biochemical Technology Co., China. Two-component plus-
formed liquid silicone rubber (HT-9820) was purchased from
Shenzhen Hongtu Silicone Technology Co., Ltd, China. Silane
coupling agent vinyl trimethoxysilane (A-171) was purchased from
Huaian Heyuan Chemical Co., Ltd, China.

2.2. Preparation of f~-mBN and f-nBN

Taking f-mBN as an example, the specific modification steps
were as follows: a 90% aqueous ethanol solution was configured by
mixing a quantitative amount of ethanol and water, and 1.0 g of A-
171 was dropped into 100 ml of ethanol solution with constant
stirring and mixing, and then drops of acetic acid were dropped in
to adjust the pH value of the solution to about 5. 10 g of mBN was
added into the above solution with ultrasonic stirring for 20 min,
and then transferred to an oil bath and reacted with constant
stirring at 70 °C for 4 h. The reacted solution was filtered under
vacuum and washed with deionized water and ethanol for 2—3
times, and then put into a vacuum oven at 80 °C to be dried for 12 h,
and the final product after drying was named f-mBN. The steps of
the modification of f-nBN were the same as those described above.

2.3. Preparation of SR/EM/f-BN nanocomposites

The preparation process of SR/IEM/f-BN composite foams is as
follows: the weighed EM, f-mBN, and f-nBN were mixed evenly and
then divided into two equal parts, respectively, added to the A
component and B component of the additive molding liquid sili-
cone rubber, and stirred thoroughly for 30 min to make the mixture
homogeneous, and then the two were then mixed together with
continuous stirring for 10 min, and the stirred mixture was put into
the vacuum oven for defoaming treatment. The mixture will be put

Table 1

Raw material formulations of composite foams
Sample SR/phr EM/phr f-mBN/phr f-nBN/phr
SR 100 0 0 0
SR/EM 100 5 0 0
SR/EM/f-mBN 100 5 30 0
SR/EM/f-BN21 100 5 20 10
SR/EM/f-BN12 100 5 10 20
SR/EM/f-nBN 100 5 0 30

into the vacuum oven and vacuumed continuously at room tem-
perature for bubble removal. After the elimination of air bubbles,
according to the density of the samples under the free foaming
beforehand, the corresponding mass of the mixture is slowly
poured into the Polytetrafluoroethylene (PTFE) mold and then left
for 5 min to eliminate a small number of air bubbles on the surface,
then the mold is then sealed and put into the oven for pre-curing at
80 °C for 10 min, curing and foaming at 120 °C for 20 min, and then
insulated and cured for 30 min at 100 °C. After the curing and
foaming process, the samples were removed and cooled to room
temperature. The nomenclature and formulations of the prepared
composites are shown in Table 1.

2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) was obtained by
a Nicolet 6700 spectrometer (Nicolet Instruments, USA) for quali-
tative analysis. X-ray diffraction (XRD) was obtained by a horizontal
high-power X-ray powder diffractometer TTR-III (Rigaku Electric
Co., Japan) for the physical phase analysis of the samples. Ther-
mogravimetric analysis (TGA) was measured by the TGA Q5000
Thermogravimetric Analyzer (TA, USA) for analyzing the thermal
stability of the samples under nitrogen. Scanning electron micro-
scope (SEM) testing was carried out using a SU8220 cold field
emission scanning electron microscope (Hitachi) to observe the
surface morphology of the samples. The dielectric constant and
dielectric loss were measured by a ZJD-C dielectric constant tester
(Beijing AVIC Times Instrument Co., Ltd., China). The volume re-
sistivity was measured and calculated by a ZC36 high resistivity
meter (Shanghai Precision Instrument Co., Ltd., China). Thermal
conductivity was obtained by a HOTdisk 2500s thermal constant
analyzer. A cone calorimetry test was carried out on a cone calo-
rimeter (Suzhou TESTech Testing Instrument Technology Co., Ltd.,
China), and the thermal radiation flux is 35 kW-m2.

3. Results and Discussion

3.1. Structural and morphological characterization of boron nitride
and modified boron nitride

For example, the structure and thermal stability of mBN and f-
mBN were characterized using IR, XRD, and TGA tests. As shown in
Fig. 1(a), the IR spectra of mBN showed a broad peak at 1389 cm™!
and a sharp peak at 815 cm™!, which corresponded to the in-plane
stretching vibration of B—N and the out-of-plane bending vibration
of B—N—B, respectively, and the absorption peak at 3435 cm™!
corresponded to the stretching vibration of the surface —OH of
mBN. The IR spectra of f-mBN showed an absorption peak at
1100 cm ™! corresponding to the stretching vibration of the Si—0
binding, and a weak absorption peak at 1612 cm™', which can be
attributed to the stretching vibration of the C=C double bond.
Fig. 1(b) shows the XRD patterns of mBN and f-mBN. mBN has
several representative diffraction peaks at 26.6°, 41.5°, 43.8°, 50.1°,
and 55.1° corresponding to the (002)(100),(101),(102),and (0
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Fig. 1. (a) FT-IR spectra; (b) XRD patterns; (c) TGA curves of mBN and f-mBN; SEM images of (d) f-mBN and (e) f-nBN; (f) digital photo of SR and its composite foams.

0 4) interlayer crystal planes, respectively, and the same diffraction
peaks are present for f-mBN at the corresponding angles, which
indicates that f-mBN has not undergone significant changes in the
crystal structure after modification. The thermal stability and
structure of mBN and f-mBN were investigated by TGA curves un-
der nitrogen, as shown in Fig. 1(c), mBN has excellent thermal
stability without obvious thermal mass loss processes, and the final
mass loss at 800 °C is only 0.53% (mass), which can correspond to
the thermal elimination of a small amount of impurities on the
surface. The mass loss of the modified f-mBN at 800 °C is 1.29%
(mass), and the extra mass loss is caused by the thermal elimination
of siloxane groups grafted on the surface. Fig. 1(d) and (e) show the
SEM images of f-mBN and f-nBN. It can be seen that f-mBN exhibits
a relatively complete irregular lamellar morphology, the mBN has a
large aspect ratio, and it is easier to form a thermally conductive
pathway inside the substrate. In contrast, the particle size of nBN is
much smaller, with a transverse size between 100 and 500 nm,
showing a circular flake-like morphology. Fig. 1(f) shows the
macroscopic digital photographs of SR and its composite foams
under free foaming conditions, and it can be seen that the pure SR is
translucent with a smooth and flat surface. The composite foams
with different sizes of f-BN added have little change in color and
almost no difference in size, but their surface is rougher and has a
frosted feel.

3.2. Electrical properties of SR/EM/f-BN composite foams

Fig. 2(a) and (b) show the Dy and Dr of SR and its composite
foams at 1 MHz; the Dy of pure SR is 3.16, which cannot meet the
requirements of 5G for electronic packaging materials. After the
addition of f-BN with different particle sizes, the Dy of each com-
posite foam has a different magnitude of decrease. As the particle
size of modified BN decreases, the Dy of the composite foam in-
creases, which is due to the fact that the smaller the particle size of
BN, the larger the specific surface area, the larger the interfacial
area formed with the substrate, and the interfacial polarization

inside the material is enhanced, and thus the D rises. After adding
EM and f-BN, the change of Df in composite foams was similar to
that of Dy. The Dy of pure SR was 0.00948, and the Dy of SR/EM foam
was reduced to 0.00694 after the addition of five parts of EM and
foaming, but the Df of composite foam was slightly increased after
the addition of f-BN, which was caused by the loss of interfacial
dipole relaxation, which is similar to the change of Dy. This is
because the smaller the f-BN particle size is, the stronger the
interfacial polarization is inside the composites, and the resulting
interfacial dipole relaxation loss is also higher, so Dy increases.
Fig. 2(c) shows the volume resistivity of SR and its composite
foams. The main chain of the SR consists of repeating Si—O—Si
units, which have excellent electrical insulating properties, and the
figure shows that the volume resistivity of pure SR is
5.6 x 10" Q-cm. After the addition of f-BN with different particle
sizes, the volume resistivities of the composite foams are sub-
stantially increased to 16.5 x 10" to 22.8 x 10" Q-cm. It can be
noticed that the volume resistivity of the composite foams in-
creases continuously with the increase in particle size of BN, which
may be due to the stronger interaction of the small-sized f-BN with
the matrix and the stronger binding of the carrier movement
within the matrix, so that the composites with the addition of
nano-sized f-nBN have a higher volume resistivity. Fig. 2(d) shows
the thermal conductivity of SR and its composite foams. Pure SR has
a low thermal conductivity of 0.229 W-m~!-K~! because of poor
crystallinity and severe scattering of internal phonons at defects
such as grain boundaries, etc. The comparison revealed that the
thermal conductivity of the four samples with f-BN added was
ranked as “SR/EM/f-nBN < SR/EM/f-mBN < SR/EM/f-BN12 < SR/EM/
f-BN21”. The enhancement efficiency of the thermal conductivity is
greater for the f-mBN than that of the f-nBN because the larger-
sized thermally conductive filler can reduce the contact area with
the polymer matrix and lower the interfacial thermal resistance to
increase the thermal conductivity. While the smaller-sized ther-
mally conductive filler has a larger surface area and a larger inter-
facial thermal resistance, the probability of being covered by the
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polymer is also increased, and the probability of bonding between
the particles to form a thermal conduction path is lower.

Fig. 3(a) shows the thermal expansion curves of SR and its
composite foams in the temperature range of 0—120 °C. The figure
shows that the dimensional change of pure SR in the tested tem-
perature range shows a good linear relationship with temperature,
with a dimensional change of 4.50% at 120 °C. Comparison of the
four samples with the addition of f-BN reveals that the SR/EM/f-nBN
composites with the addition of nano-sized boron nitride have the
smallest volume expansion and contraction, and the final dimen-
sional change is closest to that of pure SR, which may be attributed to
the fact that the smaller the size of f-BN, the more interfaces are
formed with the matrix, and the stronger the interaction force is,
which is capable of better restricting the thermal movement of the
polymer chain segments and thus controlling the volume contrac-
tion and expansion process of the composites. Fig. 3(b) and (c) show
the TGA and derivative thermogravimetry (DTG) curves of SR and its
composite foams under a nitrogen atmosphere. It can be found that
pure SR gradually starts to degrade at about 300 °C and reaches the
maximum rate of mass loss at about 600 °C until the mass is basically
stabilized at about 700 °C, a process that mainly corresponds to the
breakage of the side groups of the silicone rubber and the degra-
dation of the main chain. It was found that the maximum mass loss
rate of the samples with f-BN was in the order of “SR/EM/f-
mBN > SR/EM/f-BN21 > SR/EM/f-BN12 > SR/EM/f-nBN”, which
could be attributed to the fact that the smaller the size of f-BN, the
larger the interfacial bonding area and the stronger the interaction
force with the matrix. The larger the size of f-BN, the stronger the
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interaction force and the stronger the restriction on the thermal
movement of silicone rubber molecular chains. The amount of re-
sidual char of pure SR at 800 °C is 38.3% (mass), and the amount of
residual char of the samples of SR/EM is only 26.9% (mass). After
adding f-BN, the residual char of the composite foams increased to
38.6%—40.0% (mass), which was higher than that of pure SR, thanks
to the high thermal stability of BN itself and the strong interaction
between f-BN and the SR matrix.

3.3. Mechanical properties of SR/IEM/f-BN composite foams

The mechanical properties of SR and its composite foams were
investigated by tensile testing and hardness testing. Fig. 3(d) and
(e) show the elongation at break and tensile strength of SR and its
composite foams after tensile testing. The elongation at break of
pure SR was higher at 376.92%, and that of the foam with the
addition of EM was reduced to 354.00%. After the addition of f-BN
with different particle sizes, the elongation at break of each com-
posite foam was further reduced to vary from 269.68% to 285.96%,
which may be due to the fact that a larger number of portions of f-
BN were added in this section, which created some defects inside
the material, and so the elongation at break decreased instead. As
shown in Fig. 3(e), the tensile strength of pure SR was 3.45 MPa,
that of the SR/EM/f-mBN with the addition of f~-mBN was 2.22 MPa,
while the tensile strength of SR/EM/f-nBN with the addition of f-
nBN has a tensile strength of 2.73 MPa. The tensile strength of the
composite foams increases with the decrease in the particle size of
the f-nBN, which is due to the fact that the smaller the particle size
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Fig. 4. (a) HRR; (b) THR; (c) SPR and (d) TSP curves of SR and its composite foams.
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is, the larger is the interfacial area between BN and the matrix, and
the stronger is the interaction. Fig. 3(f) shows the hardness test
results of SR and its composite foams. Pure SR has better elasticity,
and the hardness is only 21 HA. After continuing to add f-BN with
different particle sizes, the hardness of the composite foams further
increased from 37 to 44 HA, which is due to the fact that BN is a
rigid material with high hardness. The hardness of the samples
with f-BN added is ranked as “SR/EM/f-mBN > SR/EM/{f-BN21 > SR/
EM/f-BN12 > SR/EM/f-nBN”, which may be due to the fact that f-
mBN has a larger size and thickness and is relatively rigid and less
prone to deformation. The composite foam with added micron-
sized BN is stiffer.

3.4. Flame retardancy of SR/IEM/f-BN composite foams

The fire safety of SR and its composite foams was investigated by
cone experiments. Fig. 4(a) and (b) show the heat release rate (HRR)
and total heat release (THR) curves of SR and its composite foams,
and the detailed data are shown in Table 2. Thanks to the high
thermal stability and physical barrier effect of f-BN, the composite
foams with different particle sizes of f-BN have significantly lower
values of Peak of heat release rate (PHRR) and THR, and the tpygrg
also increases significantly. Comparatively, the PHRR values of the
samples with f-BN were ranked as “SR/EM/f-mBN > SR/EM/f-
nBN > SR/EM/f-BN12 > SR/EM/f-BN21”, which shows that f-nBN
has a better effect on the reduction of HRR than the f-mBN, and
because the f-nBN will fill into the voids of the f-mBN during the
material molding process, a denser physical barrier, a better

Table 2
Cone results of SR and its composite foams

blocking effect. The fire growth index (FGI), which is the ratio of the
PHRR of material to the time taken to reach the peak, can be used to
measure the fire spreading performance of material, and the
detailed data are given in Table 2. The change rule of FGI value of
the composite foam with added f-BN was consistent with PHRR,
and the fire hazard was significantly reduced, in which the SR/EM/f-
BN21 sample had the lowest FGI value of 0.97 kwW-s~'-m~2, which
was 31.9% of that of pure SR. The amount of residual char after
combustion of pure SR was 57.3% (mass), and the residual char mass
of the foam with only EM added was reduced to 41.1% (mass),
whereas the char formation of the samples with f-BN added was
significantly higher, and more residual char could effectively
insulate the heat and retard the exchange of oxygen and gas phase
products between the matrix and the combustion region. Fig. 4(c)
and (d) show the smoke production rate (SPR) and total smoke
production (TSP) curves of SR and its composite foams. The peak
SPR of pure SR was 0.05 m?-s~ !, and the TSP value was 7.45 m>.
Because EM is composed of carbon-based polymer on the outside
and low-boiling paraffin on the inside, more flue gas is produced
during incomplete combustion, so the SPR peak value of SR/EM
foam is increased to about 0.20 m?-s', and the TSP value is
increased to 9.22 m? After adding f-BN, the SPR value of the
composite foam is significantly lower than that of SR/EM, which is
similar to that of pure SR, and the TSP value is significantly lower
than that of pure SR, and the smoke hazard is significantly reduced,
and fire safety is improved.

The char residue of the sample was further analyzed by SEM.
Fig. 5 shows the SEM images of the internal char residue of SR, SR/

Sample PHRR/KW-m 2 THR/MJ-m 2 tPHRR/S FGI/kW-s~'-m~2 Residue char/% (mass)
SR 356.2 58.4 117 3.04 57.3
SR/EM 346.7 36.5 73 4.75 41.1
SR/EM/f-mBN 21338 315 131 1.63 60.4
SR/EM/f-BN21 148.1 304 152 0.97 63.6
SR/EM/f-BN12 151.6 30.5 134 1.13 62.8
SR/EM/f-nBN 1718 300 132 1.30 64.0

20 pm
ol 5 }.’l"?')]\l’.k;l‘:lﬁfm“ W0 TN

Fig. 5. SEM images of char residues in (a) SR, (b) SR/EM and (c) SR/EM/f-BN21 composite foams; the illustration shows the corresponding XRD pattern.
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EM, and SR/EM/f-BN21 composite foams. It can be seen that the
inner layer of the residual char of pure SR has many pores tens to
hundreds of microns in size, some of which are direct to the matrix.
The internal char residue of the SR/EM foam material with EM added
is still a bubble-like structure with many pores, but some flocculent
substances are attached to the carbon-silicon skeleton, which may
be the residue after the combustion of the EM shell. The internal
char residue of SR/EM/f-BN21 has undergone significant changes;
the originally large pores have been blocked, and the char layer has
become very dense and compact. In addition to a wide diffraction
peak, the XRD pattern in the figure also shows a characteristic peak
that can be attributed to BN. It can be inferred that the BN layer
remaining in the carbon slag constitutes a dense physical barrier,
inhibiting the combustion process of the SR matrix [22—24].

4. Conclusions

On the basis of EM foaming, modified BN with different particle
sizes is added to the SR composite foams. The results show that the
thermal conductivity, electrical insulation, thermal stability, and
flame retardant properties of the composite foams are significantly
improved after adding f-BN, and Dy and D are still much lower than
pure SR. It is found that when the ratio of f-mBN and f-nBN is 2:1, the
thermal conductivity of the composite reaches the maximum value
of 0.808 W-m~!-K~!, which is caused by the improvement of the
packing tightness of f-BN in the foam. Moreover, f-nBN improved the
electrical insulation and tensile strength of materials better than f-
mBN, but f-mBN improved the dielectric properties and thermal
conductivity of materials better than f-nBN. The flame retardancy
mechanism was explored through condensed phase analysis, and
the char layer quality of the composite foams with f-BN added was
better. The improved flame retardancy is mainly attributed to the
high thermal stability and physical barrier effect of f-BN.
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