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With the development of highly integrated and miniaturized electronic devices, silicone rubber composites with
good mechanical flexibility, high thermal conductivity and excellent flame resistance have aroused considerable
interest in both industrial and research community. However, the effect of different geometries of thermally
conductive fillers on the processing, mechanical and thermal properties as well as flame resistance of silicone
rubber composites is still not clear. Herein, liquid silicone rubber (LSR) composites filled with three geometries of
thermal conductive fillers i.e. spherical-like aluminum oxide (Al2O3), irregular aluminum nitride (AlN) and 2D
boron nitride (BN) sheets were prepared by an extremely simple mechanical-mixing process. As expected,
incorporation of BN sheets into LSR matrix produces much higher increase in the viscosity, tensile strength and
hardness than the corresponding AlN and Al2O3 fillers, respectively. Typically, at a fixed filler loading of 120 phr,
the increased thermal conductivity and heating/cooling efficiency of the BN/LSR composites display much better
than the corresponding AlN/LSR and Al2O3/LSR composites, e.g. 316, 124 and 88% improvement in thermal
conductivity, respectively. Interestingly, the thermal stability and flame resistance of the three composites
present unexpected different phenomena. Compared with the pure LSR, the addition of AlN and Al2O3 exacer
bates the thermal degradation of LSR chains, while the presence of BN sheets improves the flame resistance of
LSR dramatically, which is attributed to the compact BN/silica residue after burning that effectively restricts the
heat and oxygen to attack the inside LSR chains.

1. Introduction
With the progress of science and technology, the development of
microelectronic devices towards miniaturization, lightweight, electri
cally insulating, high integration, superb heat dissipation and excellent
flame retardant performance has become an important trend, thus
posing more demanding requirements and tougher challenges to
improve the performance of traditional thermal conductors. Many new
thermally conductive materials have been prepared and are promising

for practical use in daily life [1–4]. Among them, additive liquid silicone
rubber (LSR), as a polymer composed of low-viscosity vinyl dimethicone
(PDMS-Vi) and hydrogen dimethicone (PDMS-H), has attracted consid
erable academic and industrial interests [5,6]. The high bonding energy
of Si–O–Si chains in the PDMS network endows LSR with excellent
mechanical flexibility, high temperature stability and outstanding water
resistance [7–11]. Further, the fabrication of the LSR materials is rela
tively simple and environmentally friendly due to the efficient and green
hydrosilylation reaction of PDMS-Vi and PDMS-H under ambient
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temperature [12]. However, the LSR elastomer usually shows a low
thermal conductivity and thus cannot be directly used for heat dissipa
tion application.
Typically, these thermally conductive fillers can be classified into
three categories: (i) carbon-based nanofiller, (ii) metal particles and (iii)
ceramic filler. During the past decades, various carbon-based fillers (e.g.
graphene and carbon nanotube) and metal particles (e.g. copper,
aluminum and silver) were widely explored to improve the thermal
conductivity of LSR elastomer [13–15]. The previous work has proven
that the presence of carbon or metal fillers is effective to construct the
thermally conductive network in the LSR matrix and thus obtain high
thermal conductivity for potential application. Unfortunately, these
electrically and thermally conductive nanofillers still show some
drawbacks for practical use. First, these fillers usually induce the elas
tomer with high electrical conductivity and they cannot be applicable
for some fields where the electrically insulating is critically needed.
Second, the high cost of carbon nanofillers and performance reliability
of metal particles under complicated environments (e.g. wet and cor
rosive atmospheres) are still obstacle for their wide utilization. More
over, most of above fabricating strategies still involve in complicated
processes (e.g. harmful solvents to disperse the fillers [16], and con
struction of complex 3D structures [4,17]), making them less desirable
for practical applications.
To overcome the above issues, construction of thermally conductive
and electrically insulating network of ceramic fillers in LSR matrix via a
simple processing is attractive and has been applicable for fabricating
the commercial product. Typically, aluminum oxide (Al2O3) with 20–29
W m− 1K− 1, aluminum nitride (AlN) with ~200 W m− 1K− 1 and boron
nitride (Al2O3) with >250 W m− 1K− 1 are most widely used to enhance
the thermal conductivity of the LSR elastomer without altering the
electrical insulating nature [18,19]. Previous work has demonstrated
that incorporation of the commercial ceramic fillers can effectively
enhance the thermal conductivity of the silicone rubber materials and
keep their superior low dielectric constant and electrically insulating
performance [18,20–25]. However, there are several issues in these
thermally conductive silicone rubber composite systems. First, the LSR
filled with these fillers and their hybrid still display low thermal con
ductivity values, (e.g. ~0.6 W m− 1K− 1 for 30 vol% Al2O3 [18], ~0.42 W
m− 1K− 1 for 40 wt% BN [24], 0.554 W m− 1K− 1 for 50 wt% AlN/BN [22],
and ~0.64 W m− 1K− 1 for 20 wt% Al2O3 and 20 wt% BN [26]), and even
induce the decreased mechanical properties [21], which are not unde
sirable for heat dissipation application. Second, some surface modifi
cation techniques have been proven to improve the thermal conductivity
[18,23], while the complicated multi-step processing and the use of
solvents are still obstacles for real application. More importantly, for
these thermally conductive LSR composites, once the temperature of the
heat source is out of control, they would cause serious fire disasters.
Hence, the flame retardant properties of these LSR composites must be
paid more attention; unfortunately, there is little literature to consider
this. Therefore, it is of great significance to investigate the processing,
thermal conductivity and flame retardancy of silicone rubber filled with
different types and geometries of thermally conductive fillers.
In this study, we prepared the LSR composites filled with different
geometries of commercial thermally conductive fillers (i.e. sphericallike Al2O3 particle, irregular AlN particle and 2D BN sheets) by using
a facile mechanical-mixing process. The rheological and mechanical
properties, as well as thermal conductivity values of the three types of
LSR composites at different filler loadings, were investigated to analyze
the effect of the geometries of thermally conductive fillers on the pro
cessing, mechanical and thermal properties of the composites. The
structure and morphology observations were observed and discussed to
understand the discrepancy of the filler network formed in the LSR
matrix and optimize the filler loading. Furthermore, the flame retardant
properties of these LSR composites were investigated and compared to
understand their fire safety after exposing a flame. The related flame
resistant mechanisms were also proposed and compared based on the

residue structure observation and analysis.
2. Experimental section
2.1. Materials
Vinyl dimethicone (PDMS-Vi, 5000cp) with ~0.16 wt% vinyl con
tent, hydrogen dimethicone (PDMS-H, 30cp) with ~0.5 wt% hydrogen
content were provided by Zhejiang Xinan Chemical Industrial Group
Co., Ltd. (Hangzhou, China). Karstedt’s catalyst-diluted with the con
centration of 3000 ppm was supplied by Betely Polymer Materials Co.,
Ltd. Acetylene cyclohexanol was purchased from Sanen Chemical
Technology Co., Ltd. Spherical-like alumina particles, irregular
aluminium nitride particles and 2D Hexagonal boron nitride sheets were
bought from Qinhuangdao Yinuo High-tech Material Development and
Ya’an Baitu Advanced Materials Co., Ltd in China, which have an
average grain size between 10–20 μm.
2.2. Preparation of LSR composites
The preparation process of LSR composites containing three different
thermally conductive fillers was introduced as following (see Fig. 1a).
Typically, the PDMS-Vi and the thermally conductive fillers were
separately mixed in the Internal mixer to obtain the A component. Next,
acetylene cyclohexanol (as an inhibitor) and PDMS-H were added to
prepare the B component. After that the Components A and B were
mixed after being stirred by a high-speed mixer for 15 min at 800 rpm.
Subsequently, the Karstedt’s catalyst was added to the mixture and
stirred for 10 min to obtain the prepolymer. Finally, the prepolymer was
poured into a self-made PTFE mold to remove the bubbles with a vac
uum drying oven, and was moved into a blast drying box and dry for 4 h
at 120 ◦ C to cure the LSR matrix (Fig. 1b). The designation of LSR
composites with different loading of three types of thermally conductive
fillers were symbolized separately as pure LSR, Al2O3/LSR-x, AlN/LSR-x
and BN/LSR-x composites, with x standing for the filler content relative
to the LSR matrix. For example, the sample code of Al2O3/LSR-120
represents the LSR composite filled with 120 phr Al2O3 particles.
2.3. Characterization
The microscopic morphology of various thermally conductive fillers
and the cross-linked network of the four types of LSR composites were
observed by scanning electron microscopy (SEM, Sigma-500, ZEISS).
The viscosity and rheological properties of various samples were char
acterized by a rotary viscometer (NDJ-79, Brookfield) and rheometer
(DHR-2, America). The tensile strength and elongation of the samples
were measured with a tensile machine (Lloyd Ls100plus) at room tem
perature. Each sample was cut into dumbbell-shaped splines with a
length of 155 mm, a width of 6 mm, and a thickness of 2 mm. Five
samples of each composition were conducted to obtain the average
values. The thermal properties of the samples were measured by using
thermogravimetric analysis (TGA, TA Instruments Q500), and the
samples were warmed from 25 to 800 ◦ C at a heating rate of 20 ◦ C min− 1
under nitrogen atmosphere. The Shore hardness of the samples was
measured by a digital hardness tester (SAC-J, HBO). Three dumbbellshaped splines with a thickness of 2 mm were stacked together as a
set of samples, which were taken at three points for measurement and
the average value is calculated. The thermal conductivity of the samples
was tested by a thermal conductivity tester (DRL-III, China) according to
ASTM D5470. Each sample was cut to a thickness of 2 mm and 12.5 mm
in diameter. The flame resistance of the three types of the LSR com
posites (20 mm in length, 10 mm in width and 2 mm in thickness) was
conducted by a typical UL-94 vertical test. The LOI values were
measured using a JF-3 type oxygen index meter in accordance with
ASTM Standard D2863-2009. The infrared images of the samples during
vertical burning tests, heating process and cooling process were
2
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Fig. 1. (a) Schematic of preparation process of thermally conductive LSR composite. Different thermally conductive fillers (Al2O3, AlN and BN with almost same
lateral size of 10–20 μm) were added to the prepolymer and mixed at room temperature to prepare a LSR composite sample with a width of ~12 cm. (b) Schematic
diagram of the hydrosilylation reaction of the silicone prepolymers (PDMS-Vi and PDMS-H) during the fabricating process.

recorded using an infrared camera (FLIR E60) with a certain range of
detection from − 10 to 650 ◦ C.

typical Newtonian behavior at very low frequency, for which the com
plex viscosity displayed a plateau independent of frequency but obvious
decrease with further increasing frequency (Fig. 2b). Comparatively, for
the AlN/LSR-120 and BN/LSR-120 samples, the Newtonian behavior
disappeared, and no plateau was observed at low frequency. Obviously,
while comparing pure LSR and Al2O3/LSR and AlN/LSR composites, the
BN/LSR-120 composites showed the highest complex viscosity, consis
tent with the apparent viscosity values. Fig. 2c and d shows the storage
modulus (G′ ) and loss modulus (G′′ ) of pure LSR and three LSR com
posites with the strain rate. Among all the samples, the BN/LSR-120
composites showed a clear plateau throughout all the frequency range,
indicating the transition from liquid-like state of LSR prepolymer to
solid-like viscoelastic behavior, suggesting the formation of an inter
connected BN network structure in the silicone matrix [27]. While the
Al2O3/LSR-120 and AlN/LSR-120 composites show increased G′ values
with increasing the frequency as that of pure LSR (Fig. 2c). Similar
tendency in the G′′ values was also observed for all samples and the G′′
values of the Al2O3/LSR-120 composites at low frequency increases
more greatly than that of the AlN/LSR-120 and BN/LSR-120 composites,
which is strongly dependent on the structure and morphology of the
fillers investigated.
Based on the above discussion and analysis, the presence of ther
mally conductive fillers into the LSR matrix leads to obvious changes of
the dynamic rheological behavior of the LSR prepolymer. The observed
transition from liquid-like to solid like behavior at low frequency is
likely attributed to the formation of interconnected filler network
structure in the LSR matrix, which effectively inhibits the motion ability
of LSR molecular chains [27,28]. Consequently, the chain relaxation of
LSR molecule in the composites is restrained after addition of the

3. Results and discussion
3.1. Rheological and mechanical properties
Generally, the presence of organic fillers in the low-viscosity silicone
rubber prepolymer induces a significant increase in processing diffi
culty. To evaluate the effect of different types of thermally conductive
fillers on the processing of LSR composites, the rheological properties of
LSR elastomer composites were conducted and shown in Fig. 2. As ex
pected, the viscosity of the LSR prepolymer shows obvious increasement
with increasing the filler loading. While, the different types of thermally
conductive fillers have various impacts on the viscosity of LSR prepol
ymer. At fixed content, the 2D BN sheets induce higher viscosity value
than the corresponding AlN and Al2O3 fillers. Typically, at the filler
content of 120 phr, the viscosity values of the LSR containing BN, AlN
and Al2O3 fillers are 650, 21 and 10 Pa s as shown in Fig. 2a, respec
tively. This may be attributed to the effective interfacial interaction
between the BN sheet and the LSR chain and the formation of BN
network in the matrix, which can restrict the ability of molecule
mobility (discussed later). From the processing facet, the low-viscosity
feature is attractive to fabricating the commercial thermally conduc
tive LSR composites.
The processing behavior of the LSR composites can also be obtained
from the dynamic rheological properties of silicone rubber with three
types of thermally conductive fillers, and the results were shown in
Fig. 2b-d. Clearly, the pure LSR and Al2O3/LSR-120 samples exhibited a
3
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Fig. 2. Comparison of rheological properties of LSR composites. (a) Viscosity of the three thermally conductive LSR composites with different thermal conductive
fillers. (b) Complex viscosity, (c) storage modulus (G′ ) and (d) Loss modulus (G′′ ) of LSR composites containing different thermally conductive fillers at a fixed
content of 120 phr.

thermally conductive fillers. Notably, the 2D BN sheets show much more
effective to restrict the LSR molecule relaxations than the irregular AlN
and spherical Al2O3 particles, which is probably attributed to the highest
surface area and aspect ratio of the BN sheets [29]. Besides, the BN
sheets would produce stronger interfacial interactions with the linear
silicone molecules and thus substantially inhabit the chain mobility [30,
31]. Such an effect has been suggested by the previous molecular dy
namics studies in which the polymer mobility was altered due to geo
metric constraints at nanofiller surfaces [32]. Comparatively, the
spherical Al2O3 particles with low surface area have a relatively worse
interphase zone with the LSR molecules and thus result in a lower
impediment of chain mobility.
The interfacial interactions between the thermally conductive fillers
and the LSR polymer were also reflected by the mechanical properties of
the composites after curing. Fig. 3a shows the representative stressstrain curves of the pure LSR and three types of LSR composites with
120 phr of Al2O3, AlN and BN fillers, and the corresponding tensile
strength and elongation at break were summarized and shown in Fig. 3b
and c. Normally, incorporation of these thermally conductive fillers
would increase strength and stiffness and decreased ductility, while the
presence of AlN in the LSR displays a different tendency. The tensile
strength values of three types of the composites can be enhanced with
increasing the filler content, while the improvement in the strength of
the BN/LSR system is much more significant than the other two com
posites (Fig. 3b). Typically, compared with the tensile strength of pure
LSR with 0.498 MPa, the BN/LSR-120, AlN/LSR-120 and Al2O3/LSR120 composites are enhanced to 0.927, 0.879 and 0.548 MPa, respec
tively, indicating the effective reinforcing effect of the BN fillers. In the
case of the elongation at break, it is expected that the strain values at
break decrease with increasing the filler content for both BN and Al2O3

fillers (Fig. 3c). While, the elongation at break of the AlN/LSR presents
slight increase below 120 phr and then decreases with further increasing
the AlN filler content. The Shore hardness values of three composites as
a function of the filler content were also measured and shown in Fig. 3d.
As expected, the presence of these organic fillers in the LSR elastomer
produced dramatic increase in the hardness, and the BN sheets can
produce the much higher hardness than the corresponding the AlN and
Al2O3 fillers. This should be also ascribed to the effective dispersion of
BN sheets with a relatively high stiffness and their interfacial interface
between the filler and the matrix and the formation of the inter
connected filler network, which will be discussed later.
3.2. Thermally conductivity
Fig. 4a shows the thermal conductivity values of the LSR composites
with three types of thermally conductive fillers as function of the filler
loading. For all sample, it can be seen that the presence of the Al2O3, AlN
or BN fillers produces a dramatic enhancement of thermal conductivity
of the LSR composites in comparison with the pure LSR. Further, the
conductivity value is almost linear with the filler loading, and it is
interesting that the BN sheets result in much higher thermal conduc
tivity values in comparison with the corresponding AlN or Al2O3 filler at
a low filler content. Typically, the thermal conductivity of the pure LSR
elastomer is only about 0.25 W/(mK) at room temperature due to its
amorphous nature. Comparatively, the Al2O3/LSR-120, AlN/LSR-120 or
BN/LSR-120 composites with 120 phr fillers exhibit obvious increase in
thermal conductivity, i.e. 0.47, 0.56 and 1.04 W/(mK), respectively,
which are about 88%, 124% and 316% improvements in the thermal
conductivity when compared with that of the pure LSR (Fig. 4b). The
highest thermal conductivity enhancement of the BN/LSR composites is
4
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Fig. 3. Comparison of mechanical properties of LSR elastomer composites: (a) typical stress-strain curves of pure LSR and thermally conductive LSR composites filled
with different thermally conductive fillers at a fixed content of 120 phr. (b) Tensile strength, (c) elongation, and (d) hardness with different contents of fillers.

attributed to the effective formation of the thermally conductive
pathway in the LSR matrix [33], which will be discussed later.
To further demonstrate the difference of the thermal conductive path
of the three composite materials, the surface temperature variations of
various samples with time during heating and cooling were recorded by
an infrared thermal imager. Fig. 4c and d displays the temperature
changes of pure LSR and LSR composites as a function of time; and the
related infrared thermal images were shown in Fig. 5. To evaluate the
heating efficiency, all the samples were kept under the ambient condi
tion for 2 h and were then placed onto a hot stage with a surface tem
perature of 90 ◦ C to ensure the same temperature condition. Similarly, to
analyze the heat dissipation performance, all samples were also kept on
the same hot stage of 90 ◦ C for 0.5 h and then the heating source was
closed to cool the temperature from the high temperature to room
temperature. As shown in Fig. 5a, the surface temperature of the BN/
LSR-120 composite exhibits the fastest increase with time when
compared with those of pure LSR, Al2O3/LSR-120 and AlN/LSR-120
composites during the heating process, although the AlN/LSR-120
composite shows much more increase in the temperature than the
Al2O3/LSR-120 composites. The surface temperature of the BN/LSR-120
sample is higher than the other two Al2O3/LSR-120 and AlN/LSR-120
composites and reaches more than 80 ◦ C at 80 s (Fig. 4c), while the
temperature value of the pure LSR is about 70 ◦ C. During the heat
dissipation process, the BN/LSR-120 composite also presents much
faster decrease in the temperature than the other two composite sam
ples, while the pure LSR sample shows the worst heat dissipation
(Fig. 5b). The surface temperature of the BN/LSR-120 sample can be
cooled from 95 ◦ C to less than 30 ◦ C at 40 s, and its temperature is always
lower than the values of the two Al2O3/LSR-120 and AlN/LSR-120
composites in the entire time investigated (Fig. 4d). It should be noted
that the surface temperature of the pure LSR sample was still kept

>30 ◦ C after 80 s, although its initial temperature was almost same as
those of the composites. The above results are well consistent with the
observed thermal conductivity values of the three composites shown in
Fig. 4b.
3.3. Microscopic observations
To disclose the related difference observed in the mechanical and
heat dissipation behaviors in the three types of LSR composites, SEM
images of various samples after tensile tests were observed and shown in
Fig. 6. In general, the mechanical property and thermal conductivity of
the polymer composites with dispersed filler particles are related to the
following key factors [34,35]: (ⅰ) the distribution of the filler in the
matrix, (ⅱ) interfacial stress transferring efficiency or interfacial thermal
resistance, and (ⅲ) filler structure and property. As shown in Fig. 6a,
spherical 0D-Al2O3 particles with smooth surface and small specific
surface area are highly dispersed in the matrix, but they are difficult to
form the continuous filler network, which is not helpful for the effective
heat transformation. Moreover, the obvious interfacial gap between the
Al2O3 particle and the matrix and some debonded particles on the sur
face can be observed in Fig. 6b, and this phenomenon of the poor fill
er/matrix interface would induce the high heat resistance and stress
transferring from the matrix to the particles [23], thus leading to the
mild improvements in the mechanical strength and thermal conductivity
values. In case of the AlN/LSR-120 composites, the irregular AlN par
ticles show much better dispersion in the matrix and some of the AlN
particles seem to construct partial thermally conductive pathway
(Fig. 6c), and several AlN particles are observed to debond from the
matrix (Fig. 6d). The formation of the partial conductive pathway of AlN
particles and its much higher thermal conductivity as well as the slightly
debonding phenomenon are likely ascribed to the much higher
5
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Fig. 4. (a) Thermal conductivity of LSR composites with different contents of fillers. (b) Histogram of thermal conductivity and TC enhancement of pure LSR and LSR
composites filled with different thermally conductive fillers at a fixed content of 120 phr. (c) Heating-time and (d) cooling-time curves of pure LSR and three types of
thermally conductive LSR composites.

Fig. 5. Infrared thermal images of pure LSR and LSR composite samples as a function of time (The filling content of thermally conductive filler is fixed at 120 phr):
(a) Heating process from room temperature to 90 ◦ C and (b) cooling process from 90 ◦ C to room temperature.

improvements in the mechanical strength and thermal conductivity in
comparison with the corresponding the Al2O3 particles, as shown in
Figs. 3a and 4a.
Fig. 6e and f presents the typical SEM images of the fracture surface

of the BN/LSR-120 composites at different magnifications. It can be
visible that the 2D BN sheets with large contact area are highly dispersed
in the LSR matrix and thus form an interconnected BN network (Fig. 6e).
Such filler network is compact and continuous, where the in-plane plates
6
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Fig. 6. Typical SEM images of LSR composites: (a, b) Al2O3/LSR-120, (c, d) AlN/LSR-120 and (e, f) BN/LSR-120 composites, and (g) Schematic diagram of heat
conduction mechanism of LSR composites containing different filler networks.

of these BN sheets are in contact with each other to construct many
thermally conductive pathways in the matrix [36–38]. On the other
hand, the BN sheets are well embedded in the LSR, and some LSR
molecules seem to be attached on the sheet surface (Fig. 6f), which is
expected to reduce the thermal contact resistance between the matrix
and the sheet when heat transfers along the BN network [38,39]. This is
well consistent with the highest enhancement in the tensile strength of
the LSR composites (see Fig. 3a) since the effective stress transferring
efficiency from the matrix to the sheet is obtained via the strong fill
er/matrix interface. Clearly, the above interconnected BN network and
the good filler/matrix interface are quite different from the relatively
poor conductive pathway of the Al2O3 and AlN particles and their weak
filler/matrix interface observed in the latter two systems. As a result, at
the same filler content, the introduction of the BN sheets produces the
best interconnected conductive pathway for the heat dissipation, thus
leading to the highest improvement in the thermal conductivity
(Fig. 4a).

high temperature condition [44]. As expected, incorporation of inor
ganic particles into the LSR produced the increased weight residue at
800 ◦ C, i.e., 59.4%, 62.4% and 64.9% for the Al2O3, AlN or BN fillers
(Table 1), respectively. However, the thermal behaviors of these com
posites were quite different. The presence of Al2O3 or AlN fillers results
in obvious decrease in the thermal stability of LSR matrix, and the T5%
(temperature of 5 wt% weight loss) and Tmax (the temperature of the
maximum weight loss) show significant decrease, e.g. from ~681 ◦ C of
Tmax for pure LSR to ~516 and 488 ◦ C for the Al2O3/LSR-120 and
AlN/LSR-120 composites, respectively. Notably, the addition of the
same content of BN sheets does not alter the thermal stability. Although
the Tmax of the BN/LSR-120 composite has little change in the DTG
curves (Fig. 7b), the T5% value displays the highest value of 545 ◦ C
among all the samples studied, which is much higher than 427 and
402 ◦ C for the Al2O3/LSR-120 and AlN/LSR-120 composites (Table 1),
respectively. The above results demonstrate that the three types of
thermally conductive fillers have different impacts on the thermal sta
bility of the LSR molecules, and the BN sheets can produce much higher
thermal stability of the LSR than the other fillers.
To further explore the flame resistance of these three composites, the
vertical burning tests were performed, and the corresponding thermo
graphic images during the tests were also conducted and shown in
Fig. 7c. As expected, when exposed to an alcohol burner at around
1000 ◦ C for 10 s, pure LSR was easily ignited due to a large number of
methyl groups on the PDMS chains [23]. As shown in Fig. 7c, the pure
LSR failed to self-extinguish after ignition 10 s and continued to burn
with some smoke emission, which indicates the poor flame resistance
and the large amounts of SiO2 production. Further, the thermographic
images of the pure LSR sample further demonstrate that the continuous
combustion with high temperature still occurs after removing the flame
source. As expected, the addition of Al2O3 or AlN particles does not
improve the flame resistance of LSR, and can be easily ignited after

3.4. Thermal stability and flame resistance
As is well known, once the heat dissipation ability of the thermally
conductive composite is not sufficient for practical use, the temperature
around the sample increases dramatically and thus leads to the critical
fire risk [40–42]. Consequently, the thermal stability and flame resis
tance of these LSR composites should be critically considered. TGA
curves of pure LSR and three types of LSR composites under nitrogen
atmosphere from room temperature to 800 ◦ C were conducted and the
resulting curves were shown in Fig. 7a. It can be seen that pure LSR starts
to degrade at about 343 ◦ C due to the thermal pyrolysis of the organic
side-groups and Si–O–Si backbone [43], and a stable weight residue of
~45.8% was obtained at 800 ◦ C since the effective transformation of
organic silicone polymer into inorganic silica residue was formed at the
7

Y.-T. Li et al.

Composites Part B 238 (2022) 109907

Fig. 7. (a) TGA and (b) DTG curves of pure LSR and LSR composites from room temperature to 850 ◦ C under nitrogen atmosphere. (c)Vertical burning tests and the
corresponding thermographic images of pure LSR, Al2O3/LSR, AlN/LSR and BN/LSR composites.

burning test were carefully examined and shown in Fig. 8. As expected,
the original shape of pure LSR was basically maintained and the burned
zone shows obvious brittle feature; and many porous silica nanoparticles
are visible on the sample surface due to the thermal decomposition of
silicone molecules [40,45,46] (Fig. 8a). Such porous silica structure can
act as effective barrier to inhibit the oxygen and heat to thermally
degrade the inside silicone chains, and similar self-extinguishing layer
was observed in our previous work on the cross-linked silicone coating
after combustion [42,47,48]. Interestingly, the presence of 120 phr
Al2O3 and AlN particles did accelerate the thermal degradation of the
LSR molecules during burning process and thus induces the serious
structure damage to form small-size powder and cracks on the sample
surface after burning, which is hardly observed in the LSR composites
since the inorganic fillers usually enhance the thermal stability flame
resistance [49]. Comparatively, the BN/LSR-120 sample after burning
shows good structure integrity, and no crack and powder can be
observed on the sample surface.
Several reasons are probably ascribed to the different thermal sta
bility and flame retardant phenomena observed in the three LSR-based
composites. First, the micro-structure analysis discloses that many
cracks and micrometer powder are visible in the burned zone for these
two samples (see Fig. 8b and c) owing to the relatively poor network of
the Al2O3 and AlN particles, which cannot restrict the heat and oxygen
transformation to feed the combustion reactions of the LSR molecules
during burning or under high temperature conditions. Moreover, some
residual oxygen would exist inside the samples since the poor interface
caused some holes (Fig. 6). When applying a high temperature treatment
or a flame source, the residual oxygen would accelerate the thermal
degradation of the polymer chain [9,50,51], thus promoting the struc
ture damage of the samples. Comparatively, the corresponding BN
sheets can form an intact and interconnected network in the LSR matrix

Table 1
The related TGA data and LOI values of Pure LSR and three types of LSR
composites.
Sample code

T5%(◦ C)

Tmax(◦ C)

Residue at 800 ◦ C

LOI value

Pure LSR
Al2O3/LSR-120
AlN/LSR-120
BN/LSR-120

456
427
402
545

679
516
488
671

45.8%
62.4%
59.4%
64.9%

26.1 ± 0.3
24.2 ± 0.2
23.8 ± 0.2
38.8 ± 0.2

exposing the samples to an alcohol burner for 10 s. It can be seen that the
flame spreads all the Al2O3/LSR-120 and AlN/LSR-120 composite
samples rapidly until their structures show obvious damage in about
120 s. During the flame propagation process, the temperature values of
these two samples also show dramatic increase with time, confirming
the deteriorated flame resistance behaviors, which is well consistent
with the decreased thermal stability phenomena in Fig. 7a. Notably, for
the BN/LSR-120 composites, the sample is difficult to be ignited even
after being exposed to an alcohol burner for 10 s (Fig. 7c), and the
structure of the sample is well kept, showing excellent flame resistance.
The thermographic image of the sample shows that the flame cannot
spread after removing the flame source, and the temperature also de
creases to be ambient temperature in 80 s. Clearly, the flame resistance
of the BN/LSR-120 composites is quite different from the above
Al2O3/LSR-120 and AlN/LSR-120 composites, which is also consistent
with the measured LOI values shown in Table 1. Compared with pure
LSR with the LOI value of ~26.1, the presence of 120 phr Al2O3 or AlN
particles reduces it to be about 24.2 and 23.8, while incorporation of
120 phr BN sheets can improve the LOI value to be ~38.8.
In order to elucidate the possible flame retardant mechanisms of the
three types of thermally conductive LSR composites, the samples after
8
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Fig. 8. Residual photographs of four kinds of splines after burning for 10 s and surface SEM images of (a) pure LSR, (b) Al2O3/LSR, (c) AlN/LSR and (d, e) BN/LSR
after burning. (f) Flame retardant mechanism analysis of the Al2O3/LSR, AlN/LSR and BN/LSR composites.

(Fig. 6c), and such BN network can transfer into a compact
BN/nano-silica residue layer after burning (see Fig. 8d). Consequently,
the oxygen would not pass through the compact residue to offer the
combustive for the thermal degradation or combustion reaction of the
inside molecules [52–54]. Therefore, the structure integrity of the
AlN/LSR-120 composites can be well kept and the morphology and
structure near the burned zone show almost unchanged after burning
(Fig. 8e). The related schematic illustration about the heat and oxygen
transformation occurred in the above three LSR composites during the
burning process is shown in Fig. 8f. In case of the worse flame resistance
observed in the Al2O3/LSR and AlN/LSR composites in comparison with
pure LSR, the heat transformation during burning may play important
roles. As shown in Fig. 5, the improved thermal conductivity of the LSR
composites can promote the heat transformation through the samples.
Thus, when these two samples were exposed on the flame, the high
temperature of the flame source should be transferred from the surface
to the inside LSR chains. Consequently, after being ignited, the poor
filler network combined with the rapid heat transformation would
accelerate the flame spread, as shown in Fig. 7c. In the BN/LSR-120
composites, although the heat transformation can be well conducted,

the formation of the compact silica/BN network as oxygen barrier in
hibits the ignition of the LSR molecules effectively [55–57], thus
achieving the better flame-retardant performance when compared with
those of other composite systems.
4. Conclusion
In summary, silicone rubber elastomer composites filled with three
different geometries of inorganic thermally conductive particles were
prepared by a facile mechanical-mixing procedure, and the processing,
mechanical property, thermal conductivity and flame retardant perfor
mance of these composites were comparatively investigated. The rheo
logical and mechanical properties tests show that the addition of BN
sheets causes higher increase in viscosity of LSR prepolymer, tensile
strength and hardness of the cured LSR elastomer than the corre
sponding AlN and Al2O3 fillers. Interestingly, the thermal conductivity
and flame resistance of the three composites present unexpected
different phenomena. Typically, the BN/LSR-120 composites show
much higher thermal conductivity and more effective heating/cooling
rates than the AlN/LSR and Al2O3/LSR composites, e.g. 316, 124 and
9
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88% improvements in thermal conductivity for the three composites,
respectively. While, compared with the pure LSR, the addition of AlN
and Al2O3 exacerbates the thermal degradation of LSR chains, while the
presence of BN sheets improves the flame resistance of LSR dramatically.
The structure and morphology observation disclosed that the BN sheets
produced the formation of the interconnected filler network in the LSR
matrix and promoted the effective stress and thermal transferring, and
the formation of a compact BN/silica residue after burning can restrict
the heat and oxygen to attack the inside LSR chains effectively. This
work provides a deep understanding and holds a great promise further
design of advanced functional silicone rubber composites for potential
practical applications.
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