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Abstract: This study investigated the effect of silane and surfactant treatments of graphene
nanoplatelets (GnPs) on the mechanical and thermal properties of silicone rubber (SR) composites.
GnPs were modified with aminopropyltriethoxysilane (APTES), vinyltrimethoxysilane (VTMS), and
Triton X-100, and then the pristine GnPs and functionalized GnPs were individually incorporated into
the SR. Compared with the pristine GnP/SR composite, the composites reinforced with modified GnP
showed better tensile strength, elongation at break, and thermal conductivity properties due to better
dispersion of modified GnPs and stronger interfacial interactions between the modified GnPs and
matrix. The mechanical properties and thermal conductivity of the VTMS-GnP/SR composite were
comparable to the properties of the Triton-GnP counterpart, but better than that of the APTES-GnP/SR
composite. In addition, the VTMS-GnP/SR composite demonstrated the highest thermal stability
and crystallization temperature among the four types of composites. The remarkable improvement of
mechanical and thermal properties of the VTMS-GnP/SR composite was mainly due to the covalent
linkage of VTMS-GnP with SR. The VTMS treatment was a more appropriate modification of GnP
particles to improve the multifunctional properties of SR.

Keywords: silicone rubber; graphene nanoplatelets; functionalization; mechanical properties;
thermal properties

1. Introduction

In recent years, carbon nanofillers such as carbon nanofibers (CNFs) [1], carbon nanotubes
(CNTs) [2] and graphene [3] have attracted significant interest all over the world, owing to their
inherently high mechanical strength, and good electrical and thermal conductivity. Graphene, first
discovered in 2004 [4] as a single atomic thick two-dimensional carbon layer, has extraordinary
mechanical, thermal and electrical properties, and is considered to be a novel reinforcement in
polymer nanocomposites [5]. Graphene nanoplatelets (GnPs) consist of multiple layers of graphene
corresponding to partially exfoliated graphite [6]. Compared with single layer graphene, GnPs can be
produced at large scale through top-down methods and commercially available with different particle
sizes at a relatively low cost. As a result, GnPs are regarded as a promising carbon nanofiller for
nanocomposites due to their good balance of properties and cost [7].

The overall reinforcement of graphene/GnP in polymer matrix depends greatly on the
dispersion level of nanofillers and the interface interaction between two components [8,9]. However,
graphene/GnP tends to form agglomerates through van der Waals force, which makes it difficult to
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disperse in the matrix [10]. Besides, graphene/GnP surface is rather atomically smooth and has a lack
of active sites, probably resulting in a weak interfacial strength between the matrix and fillers [11].
The properties of the filled composite may be further enhanced if the fillers are properly modified.
The approaches of modifying graphene/GnP can be mainly divided into two methods: (i) covalent
bonding between the oxygen functional groups of graphene/GnP and modifiers; and (ii) non-covalent
attachment of molecules on the surface of platelets. The former approach is confirmed to be an effective
way to achieve the enhanced interfacial interactions between the filler and matrix, and further increases
the mechanical and thermal performance [12,13]. Wang et al. [14] synthesized covalently functionalized
graphene nanosheets (f-GNSs) by chemically grafting 3-aminopropyl triethoxysilane (APTS) and
produced epoxy composite using f-GNSs as filler. It showed that the tensile strength of epoxy resins
was increased by 45% at 1 wt % f-GNSs; meanwhile, the initial thermal degradation temperature of
epoxy composite was improved by 20 ˝C at the same loading. Ma et al. [15] reinforced epoxy using
GnP that covalently functionalized with a long-chain, end-amine surfactant, resulting in a significant
increase in Young’s modulus and glass transition temperature of the modified GnP/epoxy composite.
Although covalent functionalization of graphene/GnP can produce a good interface for graphene/GnP
composites, the covalent bonding remains less than satisfactory due to the limited oxygen functional
groups of graphene/GnP, or the unfortunate production of defect sites within the conjugated graphene
sheet structure. As an alternative, non-covalent functionalization of graphene/GnP was carried
out through physical absorption, including π-π stacking interactions and van der Waals force with
surfactants or well-defined polymers. Wan et al. [16] treated graphene using a non-ionic surfactant
to improve the compatibility and wettability with epoxy resin, and the strength of the composite
filled with the treated graphene was greatly enhanced by 57% at 0.1 wt% compared to the neat epoxy.
Teng et al. [17] used pyrene poly(glycidyl methacrylate) (Py-PGMA) to non-covalently functionalize
GNSs; as a consequence, the thermal conductivity of Py-PGMA-GNS/epoxy was higher than that of
the pristine GNS composite. However, to our knowledge, there are few reports on the study of the
comparison of covalently and non-covalently modified graphene/GnP on the properties of silicone
rubber (SR) composite.

Silicone rubber, one of the non-carbon skeleton polymers, has been widely used due to its
excellent elasticity, physical and chemical properties, and good tolerance to extremely low and high
temperatures [18]. Thus, based on these features, SR can be considered a good choice of elastomers in
many extreme environments [19,20]. However, the applications of SR are usually limited by the low
mechanical strength. Therefore, fillers (e.g. nanosilica, carbon black and clay) are usually incorporated
into the SR matrix to improve its strength and stiffness. Compared with traditional fillers, graphene
filled silicone composite might display multifunctional properties, i.e. increased thermal and electrical
conductivity, increased thermal stability, and increased mechanical performance, which can meet the
demanding requirements of new applications [21–23].

In this work, we focus on the investigation of the effect of covalently and non-covalently
functionalized GnP on the mechanical and thermal properties of SR composites. The covalent
functionalization of GnP was conducted based on the reaction between hydroxyl groups on GnP
and silane coupling agents. Moreover, the terminal moieties of silane coupling agents, chemical or
non-chemical bonding, with the polymer matrix is also worth considering. Based on this idea, we
chose common aminopropyltriethoxysilane (APTES) and vinyltrimethoxysilane (VTMS) as coupling
agents. For non-covalent functionalization of GnP, nonionic surfactant Triton X-100 was selected
to modify GnP through physical absorption since it has been proven to be effective in dispersing
carbon materials [16,24]. The schematic of the surface treatment of graphene nanoplatelets is shown in
Figure 1. The morphologies, and mechanical and thermal properties of the obtained SR composites
were investigated to evaluate the effect of different treatments on the dispersion and interface in
the composites.
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Figure 1. Schematic of the surface treatment of graphene nanoplatelets (GnP) particles with
different modifiers.

2. Experimental

2.1. Materials

GnPs were provided by XG Sciences, Inc. (Lansing, MI, USA). They were ultra-thin particles
having a platelet-like morphology with a lateral dimension of 5 µm and a thickness of 5–10 nm.
Methyl vinyl silicone rubber (110-2; Mn = 500,000–700,000; vinyl content = 0.15–0.18 mol %) was
purchased from BlueStar Chengrand Research Institute of Chemical Industry (Chengdu, China), and
2,5-bis(tert-butyl peroxy)-2,5-dimethyl hexane (DBPMH, Aladdin Industrial Inc., Shanghai, China) was
used as vulcanizing agent. Aminopropyltriethoxysilane (APTES) and vinyltrimethoxysilane (VTMS)
were kindly supplied by Heowns Biochemical Technology Co., Ltd. (Tianjin, China). Triton X-100
(polyoxyethylene octyl phenyl ether, POPE), methanol, ethanol, and tetrahydrofuran (THF) were all
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Additionally, distilled water
was used in the process of surface treated GnP. All reagents were used without further purification.

2.2. Preparation of GnP with Different Treatments

For the preparation of silane treated GnP, it was carried out in water/ethanol mixture. Firstly,
300 mg GnP was added into 300 mL ethanol-water under sonication for 30 min. Then, 450 mg
APTES or VTMS was mixed with the above mixture at 65 ˝C, and the reaction was processed
for 12 h under stirring. Subsequently, the mixture was filtered with filters with pore size of
0.22 µm. The products, aminopropyltriethoxysilane-GnP and vinyltrimethoxysilane-GnP, abbreviated
as APTES-GnP and VTMS-GnP, respectively, were then washed several times with methanol and
distilled water sequentially, and dried in a vacuum oven at 60 ˝C for 12 h.

For surfactant treated GnP, GnP (300 mg) was dispersed in 300 mL water containing 450 mg
Triton X-100 and both sonicated for 30 min. The suspension was then kept at 65 ˝C for 12 h under
stirring. GnPs possess a large surface area, and Triton X-100 could be physically absorbed on the
platelets. The surfactant treated GnP, namely Triton-GnP, was obtained by filtration and washed with
water, and then dried in a vacuum oven at 60 ˝C for 12 h.

2.3. Fabrication of GnP/SR Composites

The GnP/SR composites reinforced with 2 phr GnP were prepared by a solution blending method,
which is described as following. SR was first dissolved in THF under continuous stirring to obtain
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a homogeneous SR solution. Meanwhile, GnPs were dispersed in THF (10 mg/mL) by sonication
for 45 min. GnP/THF mixture was then added to the homogenous SR solution, and stirred for
30 min, followed by adding 1.5 phr DBPMH. The entire mixture was further sonicated for 2 h under
stirring. THF was evaporated off by heating the mixture on a magnetic stir plate at 65 ˝C. Then, the
high-viscosity mixture was dried in a vacuum oven at 60 ˝C for 24 h. The black gum was vulcanized
in a mold at 165 ˝C and 10 MPa for 15 min. The secondary vulcanization process was carried out at
180 ˝C in a conventional oven for 2 h, and finally the GnP/SR composites were obtained. The neat SR
was also prepared following the same procedure.

2.4. Characterization

2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded from 500 to 4000 cm´1 at a resolution of 2 cm´1 using a Nicolet FTIR
spectrophotometer (Nicolet 6700, Nicolet Instrument Company, Madison, WI, USA). The GnP particles
were incorporated with KBr and pressed into a pellet for the measurement.

2.4.2. Raman Spectroscopy

Raman spectroscopy characterization was obtained on a Renishaw inVia-Reflex (Gloucestershire,
England, UK) with a 532 nm Ar laser. The Raman spectra of GnP were recorded in the range of
500–3500 cm´1 at room temperature.

2.4.3. Morphology

A field emission scanning electron microscopy (FESEM, Zeiss Ultra Plus, Carl Zeiss NTS GmbH,
Oberkochen, Germany) was used to observe the morphology of pristine GnP operating at 5 kV.
The tensile fracture surfaces of silicone-based samples were performed using a Quanta FEG450
environmental scanning electron microscope (ESME, FEI Company, Hillsboro, OR, USA) at an
accelerated voltage of 15 kV. The samples of fracture surfaces were previously sputtered with a
conductive layer of gold before imaging.

2.4.4. Tensile Testing

The tensile properties were measured using a universal testing machine (Instron-4465, Instron
Engineering Corporation, Norwood, MA, USA) with a crosshead speed of 500 mm/min according to
GB/T 528-2009 [25] at room temperature. The dumbbell shape samples were prepared with dimension
of 75 mm ˆ 4 mm ˆ1.6 mm. Each group was tested at a minimum on three specimens.

2.4.5. Thermogravimetric Analysis (TGA)

The thermal stability of the samples was performed on a TGA STA449c/3/G (NETZSCH Group,
Selb, Germany). About 15 mg of sample was heated in an alumina crucible from ambient temperature
to 800 ˝C in nitrogen atmosphere, with a heating rate of 10 ˝C/min.

2.4.6. Differential Scanning Calorimetry (DSC)

DSC was applied to determine the crystallization and melting behavior of neat SR and its
composites (Perkin Elmer Pyris1 DSC, Waltham, MA, USA). The sample was heated from ´50 to 0 ˝C,
and kept at 0 ˝C for 10 min to eliminate the thermal history. Then, the temperature was cooled down
to ´100 ˝C, followed by heating to 0 ˝C. All scans were conducted in nitrogen atmosphere and the
heating/cooling rate was maintained at 10 ˝C/min.
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2.4.7. Thermal Conductivity

Thermal conductivity of the composites was measured using a TC-7000H Laser flash apparatus
(SINKU-RIKO, Chigasaki-shi, Japan) at room temperature. The samples were cut into square shape
with length of 8 mm and thickness of 1.6 mm.

3. Results and Discussion

Figure 2 shows scanning electron microscope (SEM) micrographs of the pristine GnP particles.
As can be seen in Figure 2a, GnP are small platelet-shape particles and have the tendency to form
agglomerations due to their high surface area. In addition, note that the particle size ranges from 2 µm
to 15 µm. The high magnification displayed in Figure 2b clearly shows the GnP agglomerates. Like
other nano materials, it would be a great challenge to achieve uniform dispersion in polymers.
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Figure 2. Scanning electron microscope (SEM) images of pristine GnP: (a) low magnification and
(b) high magnification.

FTIR and Raman spectroscopy were employed as measurements to monitor the functionalization
of GnP. Figure 3a shows the FTIR spectra of treated GnP after subtracting the reference spectrum of the
pristine sample GnP. As for the silane treated GnP, the peak at 1100–1056 cm´1 can be assigned to the
symmetric and asymmetric stretching vibration of Si-O-Si, indicating the existence of silane hydrolysis
products on the surface of GnP [14]. In the spectrum of APTES-GnP, the doublet located at 2924 and
2854 cm´1 corresponds to –CH2 asymmetric and symmetric stretching vibration, respectively [26].
However, the characteristic bands of –NH2 that should appear at around 3300 cm´1 was not observed,
which is possibly attributed to overlapping with the peak of absorbed water [14]. In terms of VTMS
treated GnP, the bands appearing at 1411 cm´1 and 2914 cm´1 can be assigned to vinyl groups and
C–H vibration, respectively [27]. These findings probably suggest that chemical reactions between
hydrolyzed silane and GnP took place. Unlike silane treatment, Triton X-100 surfactant was physically
absorbed on the surface of GnP through hydrophobic segments, the peaks at 1220–1100 cm´1 can
be assigned to C–O stretching bands, reflecting Triton X-100 molecules attached on the surface of
GnP [28]. The absorption peak at 2870 cm´1 and a small shoulder at 2950cm´1 probably correspond
to the symmetric and asymmetric stretching vibration of –CH3 and –CH2 groups from Triton X-100,
respectively; nevertheless, it is difficult to distinguish the stretching vibration of –CH3 with –CH2

groups because they are very close to each other [16,28]. The Raman spectra of pristine and treated
GnP are shown in Figure 3b. The obvious absorptions at 1353 cm´1 and 1576 cm´1 correspond to
the D band and G band, respectively. D band refers to disorder of the in-plane graphene structure
and G band relates to the sp2 resonance on an ordered graphitic lattice. The intensity ratio of D band
to G band (ID/IG) generally represents the density of defects [15]. The surfactant treatment slightly
increases the ID/IG, indicating no significant change in the structural integrity of GnP after being
absorbed with Triton X-100. Through silanization, the ID/IG increases from 0.13 to 0.22, which reveals
that the covalent functionalization can introduce a relatively high level of defects in GnP.
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Figure 4 shows the dispersion state of the pristine GnP, APTES-GnP, VTMS-GnP and Triton-GnP
in THF. Apparently, the pristine GnP precipitated in THF only after standing for 1 h, while the treated
GnP showed very little sediment. After standing for 12 h, the pristine GnP deposited completely and
formed a transparent liquid on the top. The silane modified GnP largely settled on the bottom and the
upper portion became partially visible grey, while the Triton-GnP dispersion remained stable in the
environment. This confirms that the modified GnP shows better dispersion stability than the pristine
GnP, and is more evidence for the superiority of Triton treated GnP.Materials 2016, 9, 92  6 of 12 
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Figure 5 depicts the typical stress-strain curves of the neat SR and its composites. The detailed data
of tensile strength, elongation at break and tensile modulus (stress at 100 and 300% strains) of the neat
SR and its composites are summarized in Table 1. The addition of GnP improves the tensile strength
as well modulus, and the reinforcement is more pronounced in the modified GnP composites [9].
As presented in Figure 5 and Table 1, the tensile strength of the neat SR and its composites follows
the order: SR < pristine GnP/SR < APTES-GnP/SR < Triton-GnP/SR < VTMS-GnP/SR. Compared
with the neat SR, the tensile strength of the pristine GnP/SR composite is increased by 29% from
0.31 to 0.40 MPa, whereas that of the composite with VTMS-GnP shows an improvement of 58%.
The platelets can form physical entanglement with the silicone chains, and transfer the load from the
matrix to the platelets; nevertheless, the poor dispersion of GnP and weak interfacial adhesion limit
the reinforcement of pristine GnP. The Si–CH2=CH2 groups anchored on VTMS-GnP surface were
expected to form some firm chemical links with the silicone chains, resulting in a good interfacial
interaction between the platelets and matrix, which was more efficient at transfering the stress from
the silicone to the platelets interface, and therefore increased the tensile strength the most. However,
chemical bonding between the APTES treated GnPs and the SR cannot be formed, and the number of
active sites on the pristine GnP surface is limited, so the improvement of this silane treatment is not
obvious. To our surprise, the reinforcement of surfactant treatment on the mechanical performance is



Materials 2016, 9, 92 7 of 13

almost the same with the VTMS coupling agent. The hydrophobic octyl group of the surfactant can be
absorbed on the surface of the platelets, while the hydrophilic segment interacts with silicone through
hydrogen bonding [29]. The surfactant acts as a bridge between the GnPs and rubber matrix, resulting
in improved compatibility and wettability of the platelets, which provides a good adhesion to the
silicone (see Figure 6e). The elongation at break of the GnP/SR composites is remarkably increased,
possibly arising from the slippage of the rubber chains along the platelets during the tensile stretching;
the value of the VTMS-GnP and Triton-GnP composites were increase by 133% and 148%, respectively,
when compared to the neat SR, much higher than that of the pristine GnP composite. The more
prominent reinforcement of VTMS-GnP and Triton-GnP is attributed to the good dispersion of GnP
and enhanced interfacial interactions between GnP and silicone matrix.Materials 2016, 9, 92  7 of 12 
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Figure 5. Typical stress-strain curves of neat silicone rubber (SR) and the composites filled with
various GnP.

Table 1. Tensile properties of neat SR and the composites filled with various GnP.

Sample Tensile Strength
(MPa)

Elongation at
Break (%)

100% Modulus
(MPa)

300% Modulus
(MPa)

SR 0.31 ˘ 0.028 273 ˘ 9 0.175 -
Pristine GnP/SR 0.40 ˘ 0.031 344 ˘ 12 0.193 0.367
APTES-GnP/SR 0.43 ˘ 0.025 372 ˘ 7 0.195 0.375
VTMS-GnP/SR 0.49 ˘ 0.019 406 ˘ 5 0.212 0.405
Triton-GnP/SR 0.48 ˘ 0.015 421 ˘ 11 0.199 0.387

The morphologies of the tensile fracture surfaces of the neat SR and its composites are displayed in
Figure 6. The fracture surface of the neat SR is quite smooth and flat, while the composites show more
rough and tortuous pathways. Since the pristine GnP is not compatible with the silicone matrix, some
platelets stack to produce high thickness (see the circle in Figure 6b). In addition, the fracture surfaces
of the composites containing pristine GnP and APTES-GnP show more platelets projecting outside
from the surfaces (see the arrow in Figure 6), meaning a weak adhesion to the matrix. In contrast, the
VTMS-GnP and Triton-GnP seem to be well embedded in the silicone matrix, an indication of better
adhesion to the rubber. All these observations confirm the good interfacial interactions between the SR
and VTMS-GnP or Triton-GnP are in good agreement with the high mechanical properties.

Figure 7 shows the TGA curves and corresponding first differential thermogravimetric analysis
(DTGA) curves of the neat SR and the composites. The initial decomposition temperature (T0.1)
defined as 10% weight loss temperature, the temperature of 50% weight loss (T0.5) as the mid-point of
decomposition, and the temperature of maximum decomposition rate (Tmax) are listed in Table 2. The
value in the bracket means the increase of temperature compared with the corresponding temperature
of SR. It can be seen that the T0.1 of the neat SR appears at 462.5 ˝C, and then a rapid weight loss
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centers at 528.2 ˝C, corresponding to the decomposition of the siloxane chains. For filled samples, the
T0.5 and Tmax shifts towards higher temperatures, indicating that the addition of GnP can improve
the thermal stability significantly. The T0.5 and Tmax of the pristine GnP composite are 549.1 and
568.3 ˝C, respectively; an increase of 23.7 and 40.1 ˝C, respectively, compared with the neat SR. The
incorporation of two-dimensional GnP is postulated to form a platelet barrier effect, slowing the escape
of volatile decomposition products, and thereby increasing the thermal stability. Similar results were
reported in a polymer/nanoclay composite [30]. Besides, GnP with high thermal conductivity might
act as a heat dissipater and help in transferring and diffusing the thermal energy, which reduces the
heat concentration on the matrix, thus moving the Tmax to higher temperatures [31]. This effect in
improved thermal stability was also confirmed in the CNT filled polymer system [32]. As seen in
Figure 7 and Table 2, the VTMS treated GnP composite has improved thermal stability, while that of
the APTES and Triton treated GnP composites are almost unchanged compared to the pristine GnP
composite. This may be due to the chemical links between VTMS-GnP and silicone leading to an
increase in the rigidity of siloxane chains, and also due to the good VTMS-GnP/silicone interaction
that offers a better barrier effect. Moreover, the thermal degradation of the composite with pristine
GnP or APTES-GnP shows a one-step process like neat SR, suggesting that the incorporation of the
two type GnP particles does not alter the degradation nature of silicone. In the case of the VTMS-GnP
and Triton-GnP composites, a small shoulder below 550 ˝C in the DTGA curves appeared, implying
that a good interface interaction induces the difference in degradation behavior, which is consistent
with the ESEM observations.
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Figure 6. Field emission scanning electron microscopy (ESEM) images of the tensile fracture surfaces
of neat SR and the composites: (a) SR; (b) pristine GnP/SR; (c) APTES-GnP/SR; (d) VTMS-GnP/SR;
and (e) Triton-GnP/SR composites.
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Figure 7. Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA)
curves of neat SR and the composites with different GnP measured in nitrogen atmosphere: (a) TGA
curves and (b) DTGA curves.

Table 2. Characteristic TGA temperature data of neat SR and the composites with different GnP
measured in nitrogen atmosphere.

Sample T0.1 (˝C) T0.5 (˝C) Tmax (˝C)

SR 462.5 525.4 528.2
Pristine GnP/SR 471.5 (+8.9) 549.1 (+23.7) 555.3 (+30.1)
APTES-GnP/SR 462.6 (+0.1) 551.4 (+26.0) 558.4 (+30.2)
VTMS-GnP/SR 468.7 (+6.2) 558.7 (+33.3) 583.6 (+55.4)
Triton-GnP/SR 468.6 (+6.1) 546.2 (+20.8) 572.1 (+43.9)

The influence of GnP (pristine or treated) on the crystallization and melting behavior of SR
was investigated with DSC analysis, and the results are shown in Figure 8 and Table 3. In the DSC
crystallization curve (Figure 8a), an exothermic peak of the neat SR around at ´76.88 ˝C is observed,
reflecting the crystallization of silicone. The crystallization temperatures (Tc) of the filled silicone
shift to higher temperatures, indicating that GnP here could facilitate faster crystallization of the
molten chains and GnP substantively acts as a nucleating agent [33,34]. The Tc of the APTES or
Triton treated composite is comparable to the value of the pristine GnP/SR composite. However, the
VTMS-GnP/SR composite shows a much higher value, and it could be inferred that heterogeneous
nucleation of VTMS-GnP/SR composite is much faster, which is ascribed to the chemical links between
two components. The crystallization degree of all composites, as determined from the heat of fusion
(∆Hm), shows a reduction compared to the neat SR. The addition of laminar GnP may impede the
rearrangement of some silicone chains during the crystallization process. Menes et al. also reported the
decreased crystallinity in the thermoplastic polyurethane/ultra-thin graphite nanocomposites [35].
The decrease of crystallinity is more significant in the composite with VTMS-GnP; that is, the hindrance
effect of GnP covalently linked to silicone is much stronger. These results imply that the chemical links
between GnPs and silicone play an important role on the behavior of crystallization. According to
Table 3, the melting temperatures of the GnP/SR composites do not change considerably compared to
the neat SR, which indicates that GnP does not correlate with the crystal structure.

It is known that the thermal conductivity depends on the content, dispersion of fillers, and
the thermal contact resistance of interface between the fillers and matrix [36–38]. For amorphous
polymers, the phonons play an important role in the heat conduction [3]. In order to improve the
thermal conductivity of the composites, a decrease in the phonon scattering or acoustic impedance
mismatch at the interface between the matrix and fillers is needed, and as a result the functionalization
of fillers seems to be a feasible approach. For example, Ganguli et al. [39] treated exfoliated graphite
using 3-aminopropoxyltriethoxy silane, and the thermal conductivity of the treated composite was
almost double that of the untreated composite at 8% filler loading. Likewise, the thermal conductivity
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of silicone composite would be further increased after the treatment of GnP particles. The effect of
unmodified and modified GnP on the thermal conductivity of silicone composite was also studied and
the results are presented in Figure 9. The thermal conductivity of the neat SR is 0.171 W/mK; in the
presence of pristine GnP, the value arises to 0.232 W/mK, an improvement of 35.7%. For modified
GnPs, the thermal conductivity of APTES-GnP/SR, VTMS-GnP/SR, and Triton-GnP/SR composites
increases 46.2%, 54.4% and 57.3%, respectively, as compared to the neat SR, which is relatively higher
than that of the pristine GnP/SR composite. The thermal conductivity of VTMS-GnP/SR composite is
superior to the APTES treated counterpart, mainly due to a better interfacial adhesion between SR and
VTMS-GnP resulting from the formation of chemical links between VTMS-GnP surface and silicone
chains. The enhanced interfacial adhesion reduces phonon scattering, leading to higher thermal
conductivity. Interestingly, the composite filled with surfactant treated GnP shows marginally better
performance in thermal conduction than the VTMS treated GnP composite. As mentioned before,
the Triton treated GnP had a little higher structural integrity than the silane treated GnP, which was
beneficial for increasing heat transfer. This result further confirms that the surfactant Triton X-100
treated GnP has fine dispersion and interfacial quality in the SR composite.Materials 2016, 9, 92  10 of 12 
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4. Conclusions

In this work, the effects of GnP with different treatments on the mechanical and thermal
properties of GnP/SR composites were investigated. It has been found that the SR composite
showed a considerable improvement in the mechanical properties and thermal conductivity after
surface modification of GnP. For the silane treatment, the increase in mechanical properties and
thermal conductivity of the VTMS-GnP composite were much higher than that of the APTES treated
counterpart, which was due to the stronger interfacial interactions between VTMS-GnP and silicone
chain resulting from the formation of chemical bonds. The Triton X-100 modified GnP composite
exhibited comparable mechanical properties compared to the VTMS-GnP/SR composite. It is
also noted that the VTMS treated GnP composite demonstrated the highest thermal stability and
crystallization temperature among the four types of composites. This study suggested that GnP
modified with VTMS was more effective in improving the multifunctional properties of SR. The
surfactant Triton X-100 treatment also provided us with a potential way to fabricate GnP composites
with improved properties.

Acknowledgments: We would like to thank Key Laboratory of Advanced Technology for Specially Functional
Materials of Ministry of Education for the support to undertake this research work leading to this publication.

Author Contributions: The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Al-Saleh, M.H.; Sundararaj, U. A review of vapor grown carbon nanofiber/polymer conductive composites.
Carbon 2009, 47, 2–22. [CrossRef]

2. Thostenson, E.T.; Ren, Z.; Chou, T.W. Advances in the science and technology of carbon nanotubes and their
composites: A review. Compos. Sci. Technol. 2001, 61, 1899–1912. [CrossRef]

3. Potts, J.R.; Dreyer, D.R.; Bielawski, C.W.; Ruoff, R.S. Graphene-based polymer nanocomposites. Polymer
2011, 52, 5–25. [CrossRef]

4. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef] [PubMed]

5. Balandin, A.A.; Ghosh, S.; Bao, W.Z.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal
conductivity of single-layer graphene. Nano Lett. 2008, 8, 902–907. [CrossRef] [PubMed]

6. Li, B.; Zhong, W.H. Review on polymer/graphite nanoplatelet nanocomposites. J. Mater. Sci. 2011, 46,
5595–5614. [CrossRef]

7. XG Sciences, Inc. Avaliable online: http://www.xgsciences.com (accessed on 27 January 2016).
8. Cravanzola, S.; Haznedar, G.; Scarano, D.; Zecchina, A.; Cesano, F. Carbon-based piezoresistive polymer

composites: Structure and electrical properties. Carbon 2013, 62, 270–277. [CrossRef]
9. Haznedar, G.; Cravanzola, S.; Zanetti, M.; Scarano, D.; Zecchina, A.; Cesano, F. Graphite nanoplatelets and

carbon nanotubes based polyethylene composites: Electrical conductivity and morphology. Mater. Chem.
Phys. 2013, 143, 47–52. [CrossRef]

10. McAllister, M.J.; Li, J.L.; Adamson, D.H.; Schniepp, H.C.; Abdala, A.A.; Liu, J.; Herrera-Alonso, M.;
Milius, D.L.; Car, R.; Prud'homme, R.K.; et al. Single sheet functionalized graphene by oxidation and
thermal expansion of graphite. Chem. Mater. 2007, 19, 4396–4404. [CrossRef]

11. Verdejo, R.; Bernal, M.M.; Romasanta, L.J.; Lopez-Manchado, M.A. Graphene filled polymer nanocomposites.
J. Mater. Chem. 2011, 21, 3301–3310. [CrossRef]

12. Georgakilas, V.; Otyepka, M.; Bourlinos, A.B.; Chandra, V.; Kim, N.; Kemp, K.C.; Hobza, P.; Zboril, R.;
Kim, K.S. Functionalization of graphene: Covalent and non-covalent approaches, derivatives and
applications. Chem. Rev. 2012, 112, 6156–6214. [CrossRef] [PubMed]

13. Lonkar, S.P.; Deshmukh, Y.S.; Abdala, A.A. Recent advances in chemical modifications of graphene. Nano
Res. 2014, 8, 1039–1074. [CrossRef]

http://dx.doi.org/10.1016/j.carbon.2008.09.039
http://dx.doi.org/10.1016/S0266-3538(01)00094-X
http://dx.doi.org/10.1016/j.polymer.2010.11.042
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1021/nl0731872
http://www.ncbi.nlm.nih.gov/pubmed/18284217
http://dx.doi.org/10.1007/s10853-011-5572-y
http://dx.doi.org/10.1016/j.carbon.2013.05.064
http://dx.doi.org/10.1016/j.matchemphys.2013.08.008
http://dx.doi.org/10.1021/cm0630800
http://dx.doi.org/10.1039/C0JM02708A
http://dx.doi.org/10.1021/cr3000412
http://www.ncbi.nlm.nih.gov/pubmed/23009634
http://dx.doi.org/10.1007/s12274-014-0622-9


Materials 2016, 9, 92 12 of 13

14. Wang, X.; Xing, W.Y.; Zhang, P.; Song, L.; Yang, H.Y.; Hu, Y. Covalent functionalization of graphene with
organosilane and its use as a reinforcement in epoxy composites. Compos. Sci. Technol. 2012, 72, 737–743.
[CrossRef]

15. Ma, J.; Meng, Q.S.; Zaman, I.; Zhu, S.M.; Michelmore, A.; Kawashima, N.; Wang, C.H.; Kuan, H.C.
Development of polymer composites using modified, high-structural integrity graphene platelets. Compos.
Sci. Technol. 2014, 91, 82–90. [CrossRef]

16. Wan, Y.-J.; Tang, L.C.; Yan, D.; Zhao, L.; Li, Y.B.; Wu, L.B.; Jiang, J.X.; Lai, G.Q. Improved dispersion and
interface in the graphene/epoxy composites via a facile surfactant-assisted process. Compos. Sci. Technol.
2013, 82, 60–68. [CrossRef]

17. Teng, C.C.; Ma, C.C.M.; Lu, C.-H.; Yang, S.-Y.; Lee, S.H.; Hsiao, M.C.; Yen, M.Y.; Chiou, K.C.; Lee, T.M.
Thermal conductivity and structure of non-covalent functionalized graphene/epoxy composites. Carbon
2011, 49, 5107–5116. [CrossRef]

18. Bhowmick, A.K.; Stephens, H.L. Handbook of Elastomers, 2nd ed.; Marcel Dekker: New York, NY, USA,
2001; p. 605.

19. Kim, E.S.; Kim, E.J.; Shim, J.H.; Yoon, J.S. Thermal stability and ablation properties of silicone rubber
composites. J. Appl. Polym. Sci. 2008, 110, 1263–1270. [CrossRef]

20. Kim, E.S.; Lee, T.H.; Shin, S.H.; Yoon, J.S. Effect of incorporation of carbon fiber and silicon carbide powder
into silicone rubber on the ablation and mechanical properties of the silicone rubber-based ablation material.
J. Appl. Polym. Sci. 2011, 120, 831–838. [CrossRef]

21. Pradhan, B.; Roy, S.; Srivastava, S.K.; Saxena, A. Synergistic effect of carbon nanotubes and clay platelets in
reinforcing properties of silicone rubber nanocomposites. J. Appl. Polym. Sci. 2015, 132, 41818. [CrossRef]

22. Gan, L.; Shang, S.M.; Yuen, C.W.M.; Jiang, S.X.; Luo, N.M. Facile preparation of graphene nanoribbon filled
silicone rubber nanocomposite with improved thermal and mechanical properties. Compos. Part B Eng. 2015,
69, 237–242. [CrossRef]

23. Raza, M.A.; Westwood, A.; Brown, A.; Hondow, N.; Stirling, C. Characterisation of graphite nanoplatelets
and the physical properties of graphite nanoplatelet/silicone composites for thermal interface applications.
Carbon 2011, 49, 4269–4279. [CrossRef]

24. Rastogi, R.; Kaushal, R.; Tripathi, S.K.; Sharma, A.L.; Kaur, I.; Bharadwaj, L.M. Comparative study of carbon
nanotube dispersion using surfactants. J. Colloid Interface Sci. 2008, 328, 421–428. [CrossRef] [PubMed]

25. Chinese Standard. Rubber, Vulcanized or Thermalplastic—Determination of Tensile Stress-Strain Properties;
GB/T 528-2009; Standardization Administration of the People’s Republic of China: Beijing, China, 2009.

26. Yang, H.F.; Li, F.H.; Shan, C.H.; Han, D.X.; Zhang, Q.X.; Niu, L.; Ivaska, A. Covalent functionalization of
chemically converted graphene sheets via silane and its reinforcement. J. Mater.Chem. 2009, 19, 4632–4638.
[CrossRef]

27. Dai, Z.; Zhao, N.; Fan, H.S.; Zhang, L.; Zhang, X.L.; Xu, J. Preparation and properties of organic-inorganic
hybrid composites based on polystyrene and an incompletely condensed polyvinylsilsesquioxane oligomer.
J. Appl. Polym. Sci. 2010, 117, 2497–2505. [CrossRef]

28. Li, Q.X.; Church, J.S.; Kafi, A.; Naebe, M.; Fox, B.L. An improved understanding of the dispersion of
multi-walled carbon nanotubes in non-aqueous solvents. J. Nanopart. Res. 2014, 16, 2513. [CrossRef]

29. Kaleemullah, M.; Khan, S.U.; Kim, J.K. Effect of surfactant treatment on thermal stability and mechanical
properties of CNT/polybenzoxazine nanocomposites. Compos. Sci. Technol. 2012, 72, 1968–1976. [CrossRef]

30. Burnside, S.D.; Giannelis, E.P. Synthesis and properties of new poly(dimethylsiloxane) nanocomposites.
Chem. Mater. 1995, 7, 1597–1600. [CrossRef]

31. George, J.J.; Bhowmick, A.K. Ethylene vinyl acetate/expanded graphite nanocomposites by solution
intercalation: Preparation, characterization and properties. J. Mater. Sci. 2007, 43, 702–708. [CrossRef]

32. Verdejo, R.; Saiz-Arroyo, C.; Carretero-Gonzalez, J.; Barroso-Bujans, F.; Rodriguez-Perez, M.A.;
Lopez-Manchado, M.A. Physical properties of silicone foams filled with carbon nanotubes and functionalized
graphene sheets. Eur. Polym. J. 2008, 44, 2790–2797. [CrossRef]

33. Pradhan, B.; Srivastava, S.K. Synergistic effect of three-dimensional multi-walled carbon nanotube-graphene
nanofiller in enhancing the mechanical and thermal properties of high-performance silicone rubber. Polym.
Int. 2014, 63, 1219–1228. [CrossRef]

http://dx.doi.org/10.1016/j.compscitech.2012.01.027
http://dx.doi.org/10.1016/j.compscitech.2013.11.017
http://dx.doi.org/10.1016/j.compscitech.2013.04.009
http://dx.doi.org/10.1016/j.carbon.2011.06.095
http://dx.doi.org/10.1002/app.28633
http://dx.doi.org/10.1002/app.33139
http://dx.doi.org/10.1002/app.41818
http://dx.doi.org/10.1016/j.compositesb.2014.10.019
http://dx.doi.org/10.1016/j.carbon.2011.06.002
http://dx.doi.org/10.1016/j.jcis.2008.09.015
http://www.ncbi.nlm.nih.gov/pubmed/18848704
http://dx.doi.org/10.1039/b901421g
http://dx.doi.org/10.1002/app.32129
http://dx.doi.org/10.1007/s11051-014-2513-0
http://dx.doi.org/10.1016/j.compscitech.2012.08.020
http://dx.doi.org/10.1021/cm00057a001
http://dx.doi.org/10.1007/s10853-007-2193-6
http://dx.doi.org/10.1016/j.eurpolymj.2008.06.033
http://dx.doi.org/10.1002/pi.4627


Materials 2016, 9, 92 13 of 13

34. El Achaby, M.; Arrakhiz, F.-E.; Vaudreuil, S.; el Kacem Qaiss, A.; Bousmina, M.; Fassi-Fehri, O. Mechanical,
thermal, and rheological properties of graphene-based polypropylene nanocomposites prepared by melt
mixing. Polym. Compos. 2012, 33, 733–744. [CrossRef]

35. Menes, O.; Cano, M.; Benedito, A.; Giménez, E.; Castell, P.; Maser, W.K.; Benito, A.M. The effect of ultra-thin
graphite on the morphology and physical properties of thermoplastic polyurethane elastomer composites.
Compos. Sci. Technol. 2012, 72, 1595–1601. [CrossRef]

36. Mu, Q.H.; Feng, S.Y. Thermal conductivity of graphite/silicone rubber prepared by solution intercalation.
Thermochim. Acta 2007, 462, 70–75. [CrossRef]

37. Wang, F.Z.; Drzal, L.T.; Qin, Y.; Huang, Z.H. Mechanical properties and thermal conductivity of graphene
nanoplatelet/epoxy composites. J. Mater. Sci. 2015, 50, 1082–1093. [CrossRef]

38. Lin, J.; Zhang, H.Y.; Tang, M.Y.; Tu, W.Y.; Zhang, X.B. Improved thermal property of a multilayered graphite
nanoplatelets filled silicone resin composite. J. Mater. Eng. Perform. 2015, 24, 920–929. [CrossRef]

39. Ganguli, S.; Roy, A.K.; Anderson, D.P. Improved thermal conductivity for chemically functionalized
exfoliated graphite/epoxy composites. Carbon 2008, 46, 806–817. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/pc.22198
http://dx.doi.org/10.1016/j.compscitech.2012.06.016
http://dx.doi.org/10.1016/j.tca.2007.06.006
http://dx.doi.org/10.1007/s10853-014-8665-6
http://dx.doi.org/10.1007/s11665-014-1356-2
http://dx.doi.org/10.1016/j.carbon.2008.02.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Experimental 
	Materials 
	Preparation of GnP with Different Treatments 
	Fabrication of GnP/SR Composites 
	Characterization 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Raman Spectroscopy 
	Morphology 
	Tensile Testing 
	Thermogravimetric Analysis (TGA) 
	Differential Scanning Calorimetry (DSC) 
	Thermal Conductivity 


	Results and Discussion 
	Conclusions 

