Applied Polymer

SCIENCE

Thermal and mechanical properties of liquid silicone rubber composites
filled with functionalized graphene oxide

Xiong-wei Zhao, Chong-guang Zang, Yu-quan Wen, Qing-jie Jiao

State Key Laboratory of Explosive Science and Technology, Beijing Institute of Technology, Beijing 100081,
People’s Republic of China

Correspondence to: C. Zang (E - mail: zangchongguang@bit.edu.cn)

ABSTRACT: To improve the thermal and mechanical properties of liquid silicone rubber (LSR) for application, the graphene oxide
(GO) was proposed to reinforce the LSR. The GO was functionalized with triethoxyvinylsilane (TEVS) by dehydration reaction to
improve the dispersion and compatibility in the matrix. The structure of the functionalized graphene oxide (TEVS-GO) was evaluated
by Thermogravimetric analysis (TGA), Fourier transform infrared (FTIR) spectra, X-ray diffraction (XRD), and energy dispersive X-
ray spectroscopy (EDX). It was found that the TEVS was successfully grafted on the surface of GO. The TEVS-GO/LSR composites
were prepared via in situ polymerization. The structure of the composites was verified by FTIR, XRD, and scanning electron micros-
copy (SEM). The thermal properties of the composites were characterized by TGA and thermal conductivity. The results showed that
the 10% weight loss temperature (7)) increased 16.0°C with only 0.3 wt % addition of TEVS-GO and the thermal conductivity pos-
sessed a two-fold increase, compared to the pure LSR. Furthermore, the mechanical properties were studied and results revealed that
the TEVS-GO/LSR composites with 0.3 wt % TEVS-GO displayed a 2.3-fold increase in tensile strength, a 2.79-fold enhancement in
tear strength, and a 1.97-fold reinforcement in shear strength compared with the neat LSR. © 2015 Wiley Periodicals, Inc. J. Appl. Polym.
Sci. 2015, 132, 42582.
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INTRODUCTION induces plenty of oxygen-containing groups on the surface of
graphene sheets.'® The graphene oxide (GO) possesses large
possibility to be modified to improve the dispersion and com-
patibility in the polymer matrix. Scientists have proposed many
different surface treatments and functionalization techniques for
enhancing the interface interaction of GO with the polymer
matrix.'*?? Among these attempts, polysiloxane are widely
applied to modify the graphene sheets. As examples, Li et al.>
synthesized two different silane coupling agents functionalized
GO and prepared two kinds of epoxy nanocomposites. Wan
et al”* investigated the surface functionalization of GO with 3-
glycidoxypropyltrimethoxy silane coupling agent and fabricated
silane-f-GO/epoxy composites.

Graphene, a class of 2D nanomaterial with a hexagonal lattice
array of sp” hybridized carbon atoms, has received much atten-
tion due to its remarkable electronic,' thermal,” and mechani-
cal®® properties since it was firstly exfoliated by Geim and
coworkers® in 2004. Graphene has been used in a variety of
applications ranging from electronic science® to polymer nano-

7-10

composites and proposed as an alternative or supplementa-

tion to traditional carbon nanotube (CNT) in reinforcements of

polymer composites. Several groups have reported that ther-

1,13,14 16,14

mal,"" piezoresistive,'> mechanica and electrica proper-

ties of polymer composites were improved by using graphene or

GO additives. Thanks to operability and appropriate curring process, liquid

However, to a large extent, the applications of graphene/poly-
mer composites were largely limited by the poor dispersibility
and compatibility of pristine graphene in the polymer matrix.
Owing to the strong intrinsic van der Waals attraction between
the sheets and the high surface area, it is difficult for the gra-
phene nanosheets to disperse in the polymer matrix.">™"” To set-
tle this problem, a common methodology is acid oxidation that

© 2015 Wiley Periodicals, Inc.
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silicone rubber (LSR) lends themselves to a broad range of
applications, in particular for the sealing of electronic devices.
Nevertheless, in general, the poor thermal conductivity of LSR
makes it a problem for the coated or potted devices to dissipate
the excess heat, thus leading to damage or a reduced lifetime of
devices. Moreover, it is necessary to reinforce the mechanical
properties of LSR to protect the coated devices. To ease this
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current situation, many trials have been attempted.”*® As
examples, Mu et al.”® researched the thermal conductivity of sil-
icone rubber filled with ZnO in a wide volume range, and stud-
ied the effect of formed conductive particle chains on thermal
conductivities. Zhou et al?’ prepared Al,Os/silicone rubber
composites, and investigated the effects of the amounts of
AL, O3 on thermal conductivity and mechanical properties of sil-
icone rubber. The thermal conductivities of silicone rubber
composites reach a big value by filling ZnO, Al,O; or other fill-
ers, but the amounts of fillers are considerable. Moreover, with
the addition of fillers loadings, the mechanical properties of sili-
cone rubber composites become worse and worse, and the vis-
cosities of the composites before curring become bigger and
bigger, which does not contribute to the utilization. For this, we
studied the surface functionalization of GO with triethoxyvinyl-
silane (TEVS) coupling agent to improve the performance of
LSR. The silane functionalized GO (TEVS-GO) can not only
enhance the thermal conductivities of LSR composites, but also
strengthen the mechanical properties of composites with little
loadings. And there is no influence on the viscosity of the com-
posites. The composites with both GO and TEVS-GO were pre-
pared with different fillers loadings. Thermal and mechanical
properties of the composites were measured to evaluate the per-
formance of the composites.

EXPERIMENTAL

Materials

Commercial polydimethylvinylsiloxane (PMVS, M, = 75,300)
and polymethylhydrosiloxane (PMHS, M,, = 71,200) were pur-
chased from Shangdong Dayi Chemical Co., China. The vinyl
content of PMVS is 0.5 mol % and the hydrogen content of
PMHS is 0.3 mol %. A platinum catalyst and an inhibitor were
synthesized in our laboratory. Natural graphite flakes were sup-
plied by Qingdao Hensen Graphite Co., China. Triethoxyvinylsi-
lane (TEVS), potassium permanganate (KMnO,), sodium
nitrate (NaNOs), sulfuric acid (H,SO,), hydrogen peroxide
(H,0,), ethanol, ammonia solution, and toluene were received
from Sinopharm Chemical Reagent Beijing Co.

Preparation of GO

Graphene oxide (GO) was prepared by a modified Hummers
and Offeman’s method.”>*° 4 g graphite and 4 g NaNO; were
mixed with 160 mL H,SO, in a 1000 mL beaker and stirred
uniformly in an ice bath for 15 min, maintaining the tempera-
ture at 0°C. Then 16 g KMnO, was slowly added into the mix-
ture over the course of 10 min while stirring, and the reaction
vessel was kept under the ice bath to prevent the temperature
from exceeding 20°C. After that, the reaction vessel was trans-
ferred to a 30°C water bath, stirring the mixture for about 30
min. Subsequently, 160 mL deionized water was added slowly
with strong mechanical stirring to control the temperature
below 100°C. Eventually, 500 mL deionized water and 60 mL
30% H,0, were added into the mixture to terminate the reac-
tion. The warm solution was filtered and washed with deionized
water repeatedly until the pH value of supernatant reached 6.
GO was obtained after drying in a vacuum oven at 60°C.
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Preparation of TEVS-GO

100 mg GO was dispersed in 200 mL ethanol through ultrasoni-
cation (in a water bath, 40 kHz) for 6 h in a three-neck flask.
Then 5 mL TEVS and 0.5 mL ammonia solution were added into
the mixture. After that, the mixture was quickly transferred into
a water bath with fierce stirring at 65°C for 48 h under reflux.
The reacted GO was filtered and washed with ethanol 3-5 times
to remove the unreacted TEVS molecules. Afterwards it was dried
in a vacuum oven at 60°C. The functionalized GO was obtained
and assigned as TEVS-GO [as shown in Figure 1(a)].

Preparation of TEVS-GO/LSR and GO/LSR Composites

Figure 1(b) depicts the preparation of TEVS-GO/LSR compo-
sites. As a typical procedure, TEVS-GO was dispersed in toluene
for 2 h through ultrasonication to obtain uniform suspension.
Then, the suspension was mixed with PMVS (3 : 1 weight ratio).
After PMVS was completely dissolved, the mixture was stirred at
70°C until constant weight and a viscous TEVS-GO/PMVS solu-
tion was obtained. Next, PMHS, platinum catalyst, and inhibitor
were thoroughly mixed with the TEVS-GO/PMVS mixture (the
weight ratio of PMVS : PMHS =1 : 2). After degassed to remove
the air bubbles, the mixture was poured into a polytetrafluoro-
ethylene mold and cured for 24 h at 80°C. The TEVS-GO/LSR
composites containing 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 wt %
TEVS-GO were prepared by the above mentioned steps, and GO/
LSR composites were also obtained by the same method.

Characterization

Thermogravimetric analysis (TGA) was performed with a
Netzsch TG 209 Fllris thermogravimetric analyzer (Selb, Ger-
many) from ambient temperature to 800°C at a heating rate of
10°C min~' under a nitrogen atmosphere. Fourier transform
infrared (FTIR) spectra were conducted using an IFS 66V/S
FTIR spectrometer (Bruker, Germany). GO and TEVS-GO were
separately pressed into pellets with potassium bromide and then
scanned from 500 and 4000 cm™ ' at a resolution of 4.0 cm ™.
The composites were scanned directly. X-ray diffraction (XRD)
was used for the X-ray analysis via a Bruker D8 Advance X-ray
diffractometer using Cu (Ko) radiation (/4 = 0.154 nm) with the
step size 0.014° ranging from 5 to 50° at a speed of 2° min~ .
GO and TEVS-GO were separately pressed to form a plane for
X-ray analysis, and the composites were prepared by curing a
plane for testing. Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) were obtained on a
cold field emission scanning electron microscopy (SEM; S4800,
Hitachi High-Technologies Corp.). The fracture surfaces of the
composites were coated gold before scanning.

To measure the mechanical properties of LSR composites, sam-
ples were tested using an Electronic universal testing machine
(WDS-10, Beijing Guance Testing Instrument Co.). The tensile
strength and elongation at break were measured according to
the GB/T 528-2009 of China with a dumbbell specimen. The
tear strength was performed in accordance with GB/T 529-2008
(China) with a right-angled shape specimen. And HG/T 3848-
2008 (China) was implemented to measure the shear strength
with the specimen dimensions 120 X 15 X 10 mm®. The speci-
men was sheared three parts by moving up and down of the

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42582



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Hj H, H;
PMHS
S CHy  CH,
CH, g”l“@*oﬁ ?'M

LSR chain—_ VA
1

8 H,
\/\,Eﬁcr?]{nr H

Hsy Hy

p— -

WILEYONLINELIBRARY.COM/APP

Hj Hj H;
TEVSGO + H-$i0--0-Si-0-0-SiH —>

CIENCE

TEVS
65C, 48h

CH, CHy ~
e Hy CHfﬁﬁo O—$i-H N
CH, p

e s e e e e e e i R O

i R ' CH,
| g roalyst oy, =cH-| Si—0|-cH=CH,
/—\/x/‘s_uu\o’l' A ™ T I
o o oo TRRED CH; ly
M\,g gH‘ CH,—CH
TEVS-GOLSR PM'\ S
CH, cH, CH
1 Pt catalyst
H—| Si-OFH + CH,=CH- Sl—O —CH=CH,——H~- S—O H,—CH,— SI—O CH=CH,
| inhibitor !
3 CH3 X CH3 ly 3 y ”.r

Figure 1. Scheme of procedure for preparation of (a) TEVS-GO and (b) TEVS-GO/LSR composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

clamps. Every sample was tested at least five times, and the
average value was recorded.

Thermal conductivity of LSR composite was calculated with the
following equation in accordance with ASTM E1461:

j.:OCXpXCp

where / is the thermal conductivity, o is thermal diffusivity, p is
density, and cp is specific heat capacity, respectively. The ther-
mal diffusivity was conducted on a Netzsch LFA 447 system
(Selb, Germany) with the temperature ranging from 25 to
150°C. The density was calculated by Archimedean method. The
volume was measured by the displacement of water. The weight
was tested by an electronic balance. The specific heat capacity
was measured by a differential scanning calorimeter (DSC,
Netzsch 200 F3 Maia, Selb, Germany) from 25 to 150°C at a
heating rate of 10°C min~ ' under a nitrogen atmosphere.

RESULTS AND DISCUSSION

TGA Analysis
Different materials exhibit distinct thermal stability and thermal
decomposition behaviors. Figure 2 presents the TGA curves of
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graphite, GO, and TEVS-GO. The pristine graphite hardly
decomposes till the temperature goes up to 800°C and exhibits
high thermal stability.”' After oxidation, owing to the removal
of adsorbed water and decomposition of some oxygen-
containing functional groups, GO has a slight weight loss below
150°C. This phenomenon can be observed in our previous
work.*? Afterwards, a significant weight loss appears at tempera-
ture between 150 and 260°C, which may be attributable to large
decomposition of the unstable oxygen functionalities** (such as
hydroxyl and carboxylic groups etc.). Compared with the ther-
mal behaviors of graphite and GO, TEVS-GO displays a better
thermal stability and undergoes weight loss by three steps.
TEVS-GO presents a slighter weight loss below 150°C than GO,
demonstrating the change of the sheets surface and decrease of
active oxygen-containing functional groups. From 170 to 260°C,
the weight loss may result from the degradation of unreacted
oxygen-containing functional groups of GO. For the third sec-
tion, between 260 and 480°C, the weight loss is likely attributed
to the decomposition of the grafted TEVS, which demonstrates
the existence of TEVS on the surface of GO, modifying the GO
surface properties successfully.
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Figure 2. TGA curves of graphite, GO, and TEVS-GO. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

FTIR Spectra Analysis

A comparison of FTIR spectra of GO, TEVS-GO, pure LSR, and
TEVS-GO/LSR composite are shown in Figure 3. In the case of
GO, the stretching vibrations of C=0 from carbonyl and car-
boxylic groups is detected around 1732 cm™'!, C=C stretching
at 1637 cm~ !, O—H stretching at 3451.5 cm™ ', C-O vibration
of the C-OH at 1220 cm™', O-H vibration of the C-OH
groups at 1385 cm™ ', and C-O—C at 1050 cm ™ '.>*»** After sur-
face functionalization of TEVS, the band at 34515 cm™'
becomes weaker, and C-O vibration of the C-OH at 1220 cm !
vanishes, likely resulting from the reaction of C-OH and TEVS.
Moreover, two new bands appear at 1035 cm™ ' and 920 cm™,
corresponding to the stretching of Si-O-Si bond,* which is
ascribed to the hydroxylation of TEVS molecules in the solu-
tion. Therefore, it is reasonable to deduce that the TEVS mole-
cules experience hydrolysis and dehydration. Above all, the
disappearance of C-O vibration in C-OH and presence of the
stretching of Si—-O-Si bond demonstrate the occurrence of a
chemical reaction between GO and TEVS. For the TEVS-GO/
LSR composite, the absorption band at around 1637 cm ™',
which is attributed to —-CH,=CH, group in TEVS-GO, disap-
pears in the spectra, suggesting the chemical bonding between
TEVS-GO and PMHS. Besides, in the FTIR spectra of TEVS-
GO/LSR composite, the doublet at 2860 cm ! and 2930 cm ™!
are observable corresponding to symmetric and asymmetric
vibration of ~CH,— groups.***> Compared to the pure LSR, the
TEVS-GO/LSR composite exhibits a strong absorption at
2860 cm ™' and 2930 cm™', further demonstrating the occur-
rence of chemical reaction between TEVS-GO and PMHS and
successful preparation of TEVS-GO/LSR composites.

XRD Analysis

Figure 4 displays the X-ray diffractograms pattern of graphite,
GO, TEVS-GO, pure LSR, and LSR composites with different
fillers. A strong and sharp diffraction of graphite can be
observed at 26.3°, corresponding to the diffraction of C (002)
plane with a d-spacing of 0.339 nm.*” After oxidation, the peak
vanishes, and a new broad peak appearing around 20 = 10.8°
corresponds to the C (002) plane of GO, which indicates that
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Wavelength (cm™)
Figure 3. FTIR spectra of GO, TEVS-GO, pure LSR, and 0.3 wt % TEVS-
GO/LSR composite. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

the crystal structure of graphite had been destroyed.”® Owing to
the oxidation, oxygen-containing functional groups insert into
the graphite sheets, and the interlayer spacing is expanded to
0.819 nm. After modifying with TEVS, the (002) diffraction
peak of GO disappears in the TEVS-GO diffraction pattern,
demonstrating the variation of lamellar structure of GO. More-
over, a new broadening peak arises ranging from 6 to 10.5° in
the TEVS-GO diffraction pattern, and a sharp peak emerges at
approximately 8.9°, corresponding to an interlayer d-spacing of
0.993 nm. This result confirms that TEVS is intercalated into
the GO sheets further, increasing the interlayer spacing and
inducing change of crystal structure of GO, which is consistent
with the consequence of TGA and FTIR previously. In case of
the pure LSR, due to the scattering of the cured silicon
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Figure 4. X-ray diffractograms of graphite, GO, TEVS-GO, pure LSR, and
LSR composites with different fillers. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. EDX spectra of (a) GO and (b) TEVS-GO. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

molecules, a wide diffraction from 10° to 15° can be observed,
revealing its amorphous nature. Note that all the LSR compo-
sites filled with GO or TEVS-GO show similar diffraction pat-
terns as the pure LSR. The diffraction peaks corresponding to
GO and TEVS-GO are not detected, as indicated by the dotted
line in Figure 4, demonstrating the exfoliation of them.*

EDX Analysis

Energy dispersive X-ray spectroscopy (EDX) was performed to
detect the elemental compositions of materials. Figure 5
presents the EDX spectra of GO and TEVS-GO. The presence of
silicon on TEVS-GO is confirmed by the appearance of the Si
signal at 1.82 keV,”” which is consistent with the above discus-
sions. In addition, the atomic percentages of GO and TEVS-GO
are summarized in Table I. As can be seen, no silicon signal is
detected on GO, yet, 3.09% silicon atomic percentage is tested
on TEVS-GO, demonstrating success of modifying. The varia-
tions of atomic percentage of C and O reflect the transforma-
tion of the functional groups on graphene sheets surface,
reacting with TEVS.

Morphology Analysis

To explore the interfacial quality in the polymer composites, the
fresh fracture surface of the samples were observed by SEM after
a tensile test. The fracture surface of pure LSR is flat and hardly
exhibits upheaval [Figure 6(a,b)]. In the GO/LSR composites, a
thick sheet structure is observed on the matrix surface at the
low magnified SEM image [Figure 6(c)], and the GO aggrega-
tions can be seen at the edge of the sheet structure, as directed
by the black arrow. At the high magnification image of GO/LSR
composites, the same GO aggregates also can be noticed [Figure
6(d)], and some obvious gaps are observed, confirming no
interaction between the GO sheets and polymer matrix, as indi-
cated by the arrows. During the failure process, the aggregates
and the gaps could induce some micro-cracks to fail the
strength of composites. In the case of TEVS-GO/LSR compo-
sites, no obvious clusters of TEVS-GO sheets are noticed. The
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low magnified image of TEVS-GO/LSR composites in Figure
6(e) reveals that a relative good compatibility of TEVS-GO and
the polymer matrix is obtained, and no sheet/matrix gaps are
observed on the fracture surface, indicating the improvement of
interfacial interaction between TEVS-GO and LSR matrix after
surface silane functionalization. Furthermore, the contact area
of TEVS-GO and LSR matrix is smooth [Figure 6(f)], and some
polymer molecules seem to be grafted on the surface of TEVS-
GO sheet, as directed by the black arrows. This interaction can
promote the local stress transfer between the polymer matrix
and sheets efficiently to improve the strength of composites.”>®

Thermal Stability of GO/LSR and TEVS-GO/LSR Composites

The thermal stability of GO/LSR and TEVS-GO/LSR composites
with different loadings is shown in Figure 7. The 10% weight
loss temperature (T;9) and the residue at 800°C (Rgg) are used
to evaluate the thermal stability of the composites. As can be
seen in Figure 7, the GO/LSR composites show a lower thermal
stability than the pure LSR, and the thermal stability decreases
with the increase of GO loadings. The T;, of the pure LSR
starts at 497.5°C, while that of the composites with 0.05 wt %
GO at 495.0°C and 0.3 wt % GO at 474.5°C, as listed in Table
II. The decrease of initial decomposition temperatures of GO/
LSR composites may be related to the degradation of GO.”
While the TEVS-GO/LSR composites exhibit a higher thermal
stability, and the thermal stability increases with the addition of
TEV-GO. The Tj, of TEVS-GO/LSR composites are 500.5°C
(0.05 wt % TEVS-GO loading) and 513.5°C (0.3 wt % TEVS-

GO loading), respectively. The initial decomposition
Table I. Results of EDX Analysis

Sample C (atom %) O (atom %) Si (atom %)
GO 61.30 38.70 =

TEVS-GO 66.68 30.23 3.09
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Figure 6. SEM images of fractured surface of (a) X10.0 k and (b) X25.0 k of neat LSR, (c) X10.0 k and (d) X25.0 k of GO/LSR composites, (e)
X10.0 k and (f) X60.0 k of TEVS-GO/LSR composites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

temperature of TEVS-GO/LSR composite increases 16.0°C at 0.3  chains to make the thermal decomposition of composites a dis-
wt % TEVS-GO loading compared with that of the pure LSR,  advantage. In addition, the Rgy of pure LSR is 57.27%, while
which may be attributed to the uniformly dispersion of TEVS-  for the composites 55.98% (0.05 wt % GO/LSR), 50.82%
GO in the LSR matrix, trammeling the movement of LSR (0.3 wt % GO/LSR), 61.14% (0.05 wt % TEVS-GO/LSR), and
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Figure 7. TGA curves of GO/LSR and TEVS-GO/LSR composites with dif-
ferent loadings. Inset is the higher magnification of the referred part as
circle indicated. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

64.17% (0.3 wt % TEVS-GO/LSR), respectively. The tendency
of Rgy is similar to that of T}, The addition of TEVS-GO is
beneficial to Rgpy of composites, while the GO decreases Rggy of
composites.

The degradation of pure LSR occurs by two steps: degradation
of alkyl groups and degradation of the main chains of siloxane.
Due to the energy of silicon—oxygen bond is greater than that
of silicon—carbon bond, the silicon—carbon bonds break firstly,
when the silicone rubber suffers from heat. The GO contains
many oxygen-containing groups, such as —-OH, -COOH, and so
on. These oxygen-containing groups easily initiate the degrada-
tion of alkyl groups, resulting in the degradation of silicone
rubber further. Besides, the air in the gaps between GO and the
matrix (shown in Figure 6) is another factor to lead to the deg-
radation of the GO/LSR composites. After modified with TEVS,
the GO sheets could combine with the chains of siloxane by in
situ polymerization, forming chemical crosslinking points and
improving the thermal stability of the composites. Moreover,
the TEVS-GO could form network in the matrix to act as a bar-
rier to inhibit the emission of volatile degradation products.’>”’

Thermal Conductivity of GO/LSR and TEVS-GO/LSR
Composites

Figure 8 indicates the thermal conductivity of the composites
with various loadings of filler at a temperature of 25°C. As we
can see, the thermal conductivities of the polymer composites

Table II. TGA Data of GO/LSR and TEVS-GO/LSR Composites with Dif-
ferent Loadings

Sample T10 (°C) Rsoo (%)
Pure LSR 497.5 57.27
0.05 wt % GO/LSR 495.0 55.98
0.3 wt % GO/LSR 4745 50.82
0.05 wt % TEVS-GO/LSR 500.5 61.14
0.3 wt % TEVS-GO/LSR 585 64.17
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Filler content (wt%)
Figure 8. Thermal conductivity of GO/LSR and TEVS-GO/LSR compo-
sites with different filler loadings. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

increase with the addition of fillers. At the loading of 0.3 wt %,
the thermal conductivity of GO/LSR composites reaches 0.3 W
m~' K™, a moderate potentiation compared to the initial ther-
mal conductivity of LSR (0.19 W m~ ' K™'). However, at the
same loading, the TEVS-GO/LSR composite possesses a thermal
conductivity value of 0.38 Wm ™' K™' (approximate 200% of the
neat LSR). Furthermore, with the increase of filler loadings, the
thermal conductivities of TEVS-GO/LSR composites are always
higher than those of GO/LSR composites, which may associate
with the interfacial compatibility and homogeneous dispersion of
fillers.** The TEVS-GO could boost the thermal conductivity of
LSR composites to a same value with lesser filler content than
GO, exhibiting high efficiency of enhancement. The relative
enhancements TEVS-GO/LSR than GO/LSR composites become
from 7.9% (0.05 wt % filler loadings) to 42.1% (0.3 wt % filler
loadings). This phenomenon is likely attributable to the forma-
tion of thermal conductive network composed by TEVS-GO.

The conduction of heat is through the atomic vibration along
the polymer molecules chains in the LSR matrix, while by elec-
tron transfer in GO. Due to the high electron mobility, the gra-
phene has a high thermal conductivity. So, with the addition of
fillers, the composites exhibit a higher and higher thermal con-
ductivity. Nevertheless, the aggregates of GO make it a low rein-
forcement efficiency and the gaps between the GO sheets and
polymer matrix prevent the transfer of heat from the polymer
molecules chains to the GO sheets in the GO/LSR composites.
With the use of TEVS, the vinyl on TEVS-GO could react with
the LSR chains directly, linking the GO sheets with the LSR
matrix by chemical bonds, which makes it possible to conduct
the heat from the polymer molecules chains to the sheets
directly, performing a high thermal conductive -efficiency.
Besides, after modification, the compatibility and dispersibility
of GO sheets in the polymer matrix are improved, making for
the formation of heat conduction network in the composites to
facilitate the heat transmission in the matrix.

Mechanical Properties of GO/LSR and TEVS-GO/LSR
Composites

The reinforcing effects of GO and TEVS-GO on the mechanical
properties of LSR composites are summarized in Figure 9. With
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Figure 9. Mechanical properties of GO/LSR and TEVS-GO/LSR composites: (a) tensile strength, (b) elongation at break, (c) tear strength, and (d) shear
strength. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the GO content increasing, the mechanical properties of poly-
mer composites are enhanced, as presented in Figure 9(a,c, and
d). The tensile strength, tear strength and shear strength of GO/
LSR composites increase from 0.892, 2.383, and 0.438 MPa to
1.512, 4.613, and 0.749 MPa, respectively (approximately

69.51%, 93.58%, and 71.01% increases over the neat LSR,
respectively) when the GO content increases from 0 to 0.3 wt
%. However, the enhancement of tear strength and shear
strength of GO/LSR composites decreases and trends to disap-
pearance after the filler content reaches to 0.15 wt %, which

(b)

TEVS LSR chain
LSR chain

Figure 10. Model structure of TEVS-GO/LSR composites: (a) vertical view and (b) lateral view. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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may result from the filled GO reaching critical content and
beginning agglomeration (as observed in the SEM images of
Figure 6(c,d)). As the TEVS-GO loading increases from 0 to 0.3
wt %, the tensile strength, tear strength, and shear strength of
TEVS-GO/LSR composites increase from 0.892, 2.383, and
0.438 MPa to 2.047, 6.66, and 0.861 MPa, respectively. The
improving efficiency of TEVS-GO on mechanical properties is
more obvious than that of GO with the same filler loading.
Compared with the neat LSR, TEVS-GO/LSR composites with
only 0.3 wt % TEVS-GO exhibit a marvelous enhancement in
tensile strength (approximately 2.3-fold increase over the neat
LSR), tear strength (approximately 2.79-fold increase over the
neat LSR), and shear strength (approximately 1.97-fold increase
over the neat LSR), revealing that TEVS-GO possesses a high
improving efficiency to promote the load transfer. This high-
efficiency improvement may be associated with the well-
dispersement of TEVS-GO in the polymeric matrix and strong
interfaces between TEVS-GO and the LSR matrix (as indicated
in the SEM images of Figure 6(e,f)). The elongation at break of
both GO/LSR and TEVS-GO/LSR composites decreases with the
fillers loading increasing [Figure 9(b)], which may be attributed
to low flexibility of GO and TEVS-GO, as well as the poor
interfaces of GO and the LSR matrix in GO/LSR composites.

Owing to the interaction of covalent bonds, the TEVS-GO has a
high-efficiency improvement on mechanical properties of LSR
matrix (Figure 9). Figure 10 shows the interaction of TEVS-GO
and LSR chain: (a) vertical view and (b) lateral view. The —
CH=CH, bond on the surface of TEVS-GO can react with the
—Si—H bond of PMHS by in situ polymerization under the cata-
lyst, as shown in Figure 10(a). This linkage of the GO sheets
and the LSR chains can not only improve the interfacial interac-
tion between the sheets and polymer matrix, but also promote
the load transfer. Besides, the existence of TEVS on the gra-
phene sheets surface improves the compatibility of GO sheets
and the LSR matrix, decreasing the agglomeration of the sheets
in the matrix.

CONCLUSIONS

In summary, a stratagem was proposed via addition of GO
functionalized by TEVS to enhance the mechanical properties
and thermal properties of LSR composites. Results from TGA,
FTIR, XRD, and EDX analysis indicated that the GO sheets
were successfully modified by the reaction with TEVS. The SEM
images displayed that TEVS-GO exhibited excellent compatibil-
ity with the LSR matrix, and strong interfacial interactions
between TEVS-GO and the LSR polymeric chain were formed.
The thermal stability of LSR was improved by filling TEVS-GO.
The thermal conductivity increased from 0.19 W m™"' K™! for
neat LSR to 0.38 Wm ™' K' for the 0.3 wt % TEVS-GO/LSR
composite. Furthermore, the 0.3 wt % TEVS-GO/LSR compo-
sites, prepared by in situ polymerization, possessed approxi-
mately a 2.3-fold increase in tensile strength, a 2.79-fold
increase in tear strength, and a 1.97-fold increase in shear
strength. The thermal properties and mechanical properties of
TEVS-GO/LSR composites exhibited more substantial reinforce-
ment compared to those of GO/LSR composites. Therefore,
TEVS-GO was designed as an effective nanofiller to improve the
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performance of polymeric matrix, and TEVS-GO/LSR with
excellent properties was fabricated for a wide range of
application.
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